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Abstract
Graphite is one of the most common used materials for the negative electrode of current lithium-ion batteries. However, it is one of the limiting factors for the recharge rate capability in a
battery. Therefore, this work focused on the separation of the different limitations of the material
itself. The influences of diffusion, surface reactions and ohmic potential drops could be separated
with the help of a newly developed thin-layer electrode technique.
Furthermore, the difference between a standard electrode response of graphite similar to a real
application and the actual rate capability of the material itself are evaluated. It shows clearly, that
the electrolyte diffusion limits medium and high rate capability. The morphology of particles determines the shape of the pores and connections between them. Thus, spherical particles seem to
perform better in standard electrodes than flake-like ones.
The evaluation of the rate-limiting influences of graphite leads to the chemical modification of
graphite to enhance the recharging rate capability. Two different approaches are investigated.
First, a titanate-coating on potassium-intercalated graphite has been synthesized to introduce a
surface stress. Second, chemical pillaring of the graphite bulk has been performed using partially-disproportionated graphite-oxide GOpd. The expansion of the interlayer distance leads to enhanced charge rate capability compared to standard graphite while the specific charge could almost be doubled. This material would be a break-through for high-power batteries if the severe
aging in the first 70 cycles can be overcome.
The investigation of the thermodynamic phase transitions in graphite revealed new insight initiated by mean-field modeling. The stage transitions at low state-of-charge could be refined insitu for the first time since the first investigation on the Li-graphite system in 1975. Both in situ
x-ray and neutron powder diffraction showed a continuous transition of stage 4L, 3L and 2L. The
solid-solution regime could be determined and parameterized crystallographically. This can explain the long-known paradox about the continuous c-axis shift reported in literature although
distinct stages are formed. Additionally, the sloppy potential profile in the low state-of-charge
region can be explained.
Based on the findings, different mechanisms could be proposed. First, a model about the diffusion pathway is proposed forming annuli in the graphite particle which propagate with different
diffusional velocity into the particle center. Second, a mechanism about the chemical pillaring in
GOpd and the aging mechanism could be proposed. Last, the stage transitions could be described
in more detail based on the new findings based on the diffraction techniques. These results might
guide future research and might help to improve todays batteries based on graphite.
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Kurzfassung
Graphit gehört zu den meistverwendeten Materialien für die negative Elektrode in heutigen
Lithium-ionen Akkumulatoren. Aber Graphit ist gleichzeitig auch der limitierden Faktor fuer die
Wiederaufladefähigkeit dieser Akkus. Deshalb hat sich diese Arbeit auf die Differenziation von
den verschiedenen Einflüssen im Material konzentriert. Die Einflüsse von Diffusion, Oberflächenreaktionen und Ohm’schen Spannungsabfällen konnten mit Hilfe der neu entwickelten
Dünnschichttechnik voneinander separiert werden.
Desweiteren werden die Unterschiede zwischen einer Standardelektrode und die eigentliche
Ladefähigkeit des Graphits selbst miteinander verglichen. Dadurch kann gezeigt werden, dass
die Lithium Diffusion im Elektrolyten für mittlere und hohe Raten limitierend ist. Die Morphologie der Graphitpartikel bestimmt die Porenform und Porverbindungen, so dass kugelförmige
Partikel eine bessere Ladefähigkeit zeigen als plattenförmige Partikel in Standardelektroden.
Diese Untersuchungen führen zu den Modifikationen von Graphit um die Ladefähigkeit zu
erhöhen. Zwei verschiedene Ansätze wurden untersucht. Als erstes wurde eine Titanatumhüllung
an Kalium-interkalierten Graphit realisiert um eine Oberflächenspannung aufzuprägen. Als
zweites wurden chemische Säulen im Graphit aufgebaut ausgehend von einem partielldisproportioniertem Graphitoxid. Die Aufweitung des Schichtabstandes führt zu einer verbesserten Ladefähigkeit im Vergleich zu Graphit, wobei auch die spezifische Ladung fast
verdoppelt werden konnte. Dieses Material könnte ein Durchbruch für Hochleistungsspeicher
werden, wenn die starke Alterung in den ersten 70 Zyklen unterbunden werden kann.
Die Untersuchung der thermodynamischen Phasenübergänge in Graphit ergab neue Einblicke
basierend auf einem Durchschnittsfeldmodel. The Phasenübergänge bei kleinen Ladezustand
konnten zum ersten Mal seit der Erforschung des Li-Graphit System 1975 aufgelöst werden.
Sowohl in situ Röntgen als auch Neutronen Streuung zeigten einen kontinuierlichen Übergang
von Phasen 4L, 3L zu 2L, wobei das jeweilige Mischbarkeitsgebiet kristallographisch parametrisiert werden konnte. Das kann das bekannte Paradoxon von der kontinuierlichen c-Achsen
Verschiebung in der Literatur erklären, obwohl genau definierte Phasen entstehen muessten.
Ausserdem, kann damit das abfallende Potentialprofil bei geringem Ladezustand erklärt werden.
Mit diesen Untersuchungen können verschiedene Mechanismen vorgeschlagen werden. Als
ersten kann der Diffusionsverlauf im Graphit diskutiert werden, der Kreisringe ausbildet, die mit
unterschiedlicher Diffusionsgeschwindigkeit in den Partikel voranschreiten. Als zweites wird der
Mechanisms der chemischen Säulen in GOpd and die beobachtete Alterung erklärt. Als letztes
werden die Phasenübergänge mit den neuen Details der Streuexperimente ergänzt. Diese
Ergebnisse könnten vielleicht weiterführene Forschung leiten.
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Motivation and goal of the PhD work
During my studies I got in contact with graphite where some problems occurred that I could
not solve. Despite the rich literature some details on kinetics and thermodynamics of graphite are
still missing where some new hypotheses about this material could be developed.
One of these hypotheses concerns the diffusion of lithium in graphite. A very high diffusion
coefficient was predicted by density-functional-theory but graphite seemed to be a rather medium-fast battery material as reported in literature. Therefore, the first goal of this thesis was the
proof of fast diffusion kinetics in graphite.
The second idea concerned a change of the elastic energy which needs to be overcome during
the lithiation of graphite. An idea was developed theoretically which aimed to introduce a stress
on the material to expand the distance between the graphene sheets in graphite. These modifications lead to novel features of graphite.
During the modeling of the phase diagram of the Li-graphite system, inconsistencies at very
low state-of-charge were recognized. Therefore, in situ diffraction techniques were applied to
graphite to elucidate the phase-transitions in this regime.
These developments let to further work to calculate the phase-boundary alignment in graphite
during a two-phase coexistence. The combination of the results led to sketches how lithium-ions
diffuse and organize in graphite.
On the one hand, these results help to understand the bottlenecks of graphite in lithium-ion batteries and, on the other hand, offer solutions to overcome these limitations (chemical modification, electrode engineering). The results might contribute to enhance the understanding of lithium intercalation in graphite and may help to improve some applications where this technology is
used, e.g., laptops and smartphones where the current recharge capability is very limited.
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1. Introduction
Lithium-ion batteries are currently used in many electronic devices like laptops, smartphones,
tablets, mp3-players and other portable devices. In these gadgets the recharging time of the used
lithium-ion battery is allowed to be more than two to three hours which is mostly done overnight.
But today the field of application is expanding to the transportation sector. Hybrid electrical vehicles and full electrical vehicles enter the market as an alternative to the combustion engine. Besides the need of a high specific energy and good volumetric energy density also aspects of aging, thermal management, safety, control systems and costs play a significant role.
But one aspect which is also very crucial concerns the recharging rate capability. When an
electrical vehicle “runs out of fuel”, meaning that the state-of-charge (SOC) of a battery is too
low to deliver enough power, a recharge is necessary. In contrast to the portable electronic devices, recharging for two to three hours at the electrical recharging station is inconvenient when
one wants to overcome long distances. The duration for recharging is mainly limited by the
negative electrode which is graphite in most cases of today’s lithium-ion batteries. The high specific charge of graphite and very negative potential close to metallic lithium is the key to a very
high energy density of the battery [1]. However, this very negative potential also limits the recharging of the graphite electrode because very limited kinetic overpotentials can be applied to
fill the particles with lithium-ions. This limits the rate drastically.
Other materials like titanates substitute graphite for high-power applications because titanates
have a less negative potential and possess three-dimensional solid-state diffusion thus allowing
higher overpotentials and rates. But the main disadvantages of these titanates are the lower energy density which is often less than half of cells with graphite (Li4Ti5O12 possesses a theoretical
specific charge of 175 mAh/g at ~1.55 V [2]). Therefore, one sacrifices energy density and battery voltage for the possibility to recharge more rapidly.
But what if one can improve the rate capability of graphite and still use all other advantages?
This could help to overcome the recharging problem for electrical vehicles while keeping a high
energy density which is a prerequisite for the application in the transportation sector. Therefore,
this work will focus on the identification of the bottlenecks during recharging of a graphite electrode and possible methods to overcome these bottlenecks by chemical modifications.
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To reach the goal for electric vehicles, improvements on the battery system seem to be most
promising. In general, batteries can be classified in primary and secondary batteries where the
former can only be discharged once while the latter system can be charged and discharged for
hundreds of cycles. Such secondary batteries are in the focus of current research because they are
more environmentally friendly compared to primary systems due to the reusability and can become more cost efficient over long-term cycling although their initial costs are high. Primary
batteries are for example the Leclanché cell based on manganese oxide. Secondary batteries are
e.g. the lead-acid battery, nickel-metal-hydride, nickel-cadmium, zinc-air, sodium-sulfur and
lithium-ion battery.

2.2 Lithium‐ion battery
Lithium-ion batteries work on a simple principle. Lithium-ions are often intercalated into layered structures of transition-metal oxides (e.g. LiCoO2) on the positive electrode and graphite at
the negative electrode as depicted in Figure 2. During charging of the battery lithium-ions diffuse
and migrate from the positive electrode to the negative one where the intercalation host is reduced. The ions are stored in the interslabs of the layered material. During discharge these ions
are extracted from the material in the negative electrode and diffuse and migrate through an electrolyte to the positive electrode where the lithium-ions get intercalated into the layered oxide.
The transition-metal oxide gets reduced during the lithium insertion. The half-cell reactions can
be formally written as:


 LiCoO2
Li   e   CoO2 

disch arg e
ch arg e

ch arg e

 LiC6
Li   e  C6 

disch arg e

 G   zFU

(2.1)
(2.2)
(2.3)

The driving force for charge and discharge depends on the electrical potential difference U between the materials which is related to the difference in the free energy of the system as shown
in eq. (2.3). During charge the electrical potential difference of the electrodes in the cell increases and the system has to be forced externally. During discharge the cell potential decreases and
the released energy can be used. Figure 2 shows the scheme of this process. Figure 3 shows
schematically the composite porous electrode including the main parts of a lithium-ion battery.
On the left hand side in Figure 3 one can find the copper current collector for the negative electrode. Copper is used because of its stability to lithium metal at very negative potentials, because
the Cu-Li binary phase diagram shows no intermediate phase at room temperature [6]. Only at
temperatures above 480°C a Cu2Li3 binary phase was calculated [7].
3
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The seeparator is also
a soakedd with electrrolyte and is
i located beetween bothh electrodess. The mainn
task of the
t separatoor is the electronic insuulation of booth electroddes to each other whilee guarantee-ing a goood ionic conductivity
c
y. This can be fulfilledd by using e.g. fiber cloth
c
with porosity
p
be-tween thhe fibers forr the electroolyte, a polyymer electroolyte or soliid electrolyttes. Examplles for fiberr
cloth arre glass fibeer and polyyethylene fibbers. Polym
mer electrolyytes are gennerally consisting of a
solid poolymer like polyethylene oxide orr polyacryloonitrile. Sollid electroly
ytes are ofteen made off
an inorgganic ceram
mic which coonducts ionns like e.g. Li
L 10GeP2S122 which exhhibits an ionnic conduc-tivity off 12 mS/cm at room tem
mperature similar to orrganic liquidd electrolytees [15].
The composite porous
p
electtrodes can be
b e.g. spiral-wounded
d in a cylin
ndrical casinng which iss
a
in
n a pouch-ceell or other geometricaal forms. Onne can also
displayeed in Figuree 4 [4], be assembled

Figure 4:
4 Cylindriccal, spiral-w
wounded baattery designned like a sttandard 186650 cell of dimensionss
18x65 m
mm [4].
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see parts oof the safetyy system of a cell in Figure 4. A reesistor withh a positive temperature coefficient PTC is indicatedd which inccreases its resistance
r
duuring short--circuit in the cell to pprevent a
he cell. Addditionally, th
here can be a vent whicch opens if a high gas pressure
thermal runnaway of th
evolves wiithin the cloosed cell preeventing exp
plosion.
The casinng and insuulating parts of this staandard cell are contribbuting to the overall mass
m
of a
battery. Thhis composiition in weigght percent (wt%) is presented in Figure 5. The
T active materials
m
in the negaative (anodee) and posittive (cathodde) electrodee take only 42 wt% of the total maass in an
18650 celll. In contrasst, all inactiive materialls like the current
c
colllectors and the casing take approximatelly 58 % of the
t total maass. This shhows clearlyy that also th
he system engineering
e
g can improve the ooverall enerrgy and pow
wer density drastically.
d

2.3 Matterials forr the posittive electrrode of Lii‐ion batte
eries
Active m
materials forr the positivve electrodee are generaally layered
d transition-m
metal oxidees where
the transitiion-metal changes
c
its oxidation state duringg lithiation and delithhiation. But besides
these layerred materials, there exxist also varrious other intercalatio
on hosts like spinel typpe structure, e.g. L
LiMn2O4, orr olivine tyype hosts, e..g. LiMPO4 (M=Fe, Mn,
M Ni, Co). Some of tthe most
utilized positive electrrode materiaals are summ
marized in Table
T
1.
Some mateerials for th
he positive electrode
e
weere already found in thhe beginning of the 19770’s and
are based oon layered dichalcogen
d
nides and triichalcogeniides. Some candidates are LiTiS2 [16, 17],
LiNbSe2 [118], and eveen other hosts are know
wn like AgT
TaSe2 and AgTiS
A
2 [19]. LiNbSe2 and AgTiS2 underrgo stage traansitions duuring lithiation and delithiation wh
hich can be stage 1, 2aand 3 for
LiNbSe2 [118] and stagge 1 and 2 for AgTaSee2 and AgT
TiS2 [19]. Inn contrast, LiTiS
L
2 has a sloppy
potential profile betweeen 1.8- 2.55V and a con
ntinuous c-aaxis expanssion of the lattice [16].
Al current collector
Anode matterial

C current collector
Cu
c

E
Electrolyte
Seeparator

Catthode materrial

Casing
Collecctor, binderr,
insulaation
Mass compoosition of ann 18650 celll [courtesy of Dr. Wohhlfahrt-Mehrrens, ZSW].
Figure 5: M
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Vanadiumpentoxide, V2O5, is another early material for the positive electrode [20, 21]. Several
phase transitions with a corresponding potential plateau are observed during the first cycle which
changes to a sloppy charge-potential curve in the following cycles. Also other vanadates were
investigated like V6O13 [22] and LixV3O8 made from H2V3O8 [23].
LiCoO2 was the first commercially available material for a full-cell [24]. It possesses a theoretical specific charge of 274 mAh/g, however, is restricted to a delithiation to circa 0.5 Li per unit
formula due to the phase transitions occurring at potentials positive to 4.2 V vs. Li+/Li [9, 25].
LiCoO2 crystallizes in hexagonal R-3m space group where the transition metal resides in octahedral side corner-sharing with three unit cells stacked above one another per unit cell (O3) [9]. At
extraction of 0.5 Li per unit formula, a monoclinic phase occurs [25] which is an intermediate
structure. At very positive potentials the structure becomes unstable and the transition-metaloxide layers collapse forming a so-called O1-phase where the cobalt-ions are still in octahedral
sites but are shifted to a face-sharing structure [9]. This process is to a very high extend irreversible so that only a practical specific charge of 145 mAh/g can be delivered in a potential
range up to 4.2 V. The energetically interesting potential range up to 4.6 V cannot be accessed
due to stability reasons [9, 25]. Additionally, cobalt is toxic and expensive which pushes research
towards other transition-metal-oxides.
Another candidate is LiNiO2 which is isostructural to LiCoO2 with a theoretical specific charge
of 274 mAh/g. However, it delivers only ~240 mAh/g in the first cycle and ages rapidly [26].
During the cycling three hexagonal and one monoclinic phase occur with a strong lattice expansion which often results in micro-cracks in the structure [27]. Additionally, a Li+ and Ni2+ ex-

Table 1: Selected active materials for the positive electrode in lithium-ion batteries.
Material
LiTiS2
Li3V2O5
LiCoO2
LiNiO2
LiMnO2
LiMn2O4
Li(MnxNiyCoz)O2
LiMnO3+NMC
LiFePO4
LiMnPO4
LiNiPO4
LiCoPO4
LiFeSO4F

Theor. specific charge
[mAh/g]
225
397
274
274
285
118
170
280
170
171
167
167
151

Potential
vs. Li+/Li
[V]
1.8-2.5
1.5-3.7
3.8-4.2
3.5-4.2
3.0-4.0
4.0-4.1
3.9-4.3
3.8-4.5
3.47
4.04
5.07
4.73
3.6
7

Energy density vs. Li+/Li
[Wh/kg]
480
1030
1096
1070
630
480
700
1150
590
690
850
790
540

Reference
[16]
[21]
[9]
[26]
[28]
[29]
[30]
[31]
[32]
[33]
[33]
[33]
[34]

change in the lattice can occur due to similar ion radii of these two ions. Ni2+-ions in the interslab
hinder the diffusion of lithium-ions which results in lower rate capability [26, 27]. Therefore, this
electrode material also possesses severe disadvantages which seem to be reduced by fluoride
doping and Lithium excess in Li1.08Ni0.92O1.9F0.1 [26].
LiMnO2 is another material which could be isostructural to LiCoO2. However, the pure form of
LiMnO2 is metastable in the R-3m space group and changes to Pmnm [35]. Only doping with Ni,
Co [35], Al or Cr [28] can stabilize the structure. The doping combination Li2MnO3+LiCrO2, i.e.
Li[Li0.2Cr0.4Mn0.4]O2 [28] can lead to a more stable cycling where more than 180 mAh/g can be
extracted during the first cycles [28]. But a formation of a spinel phase is often observed after a
few cycles [35]. These problems have prohibited the use in commercial applications so far.
Manganese spinel, LiMn2O4, is a very fast intercalation host due to its three-dimensional diffusion channels in the Fd3m space group [36]. The profile of the open-circuit potential consists of
three potential plateaus at circa 4.1, 4.0 and ~2.8 V vs. Li+/Li due to the different phase transitions [37]. The phase transition at ~ 2.8 V leads to an irreversible destruction of the material so
that only 0.8 Li can be excessed in the first two potential plateaus. Modeling confirmed a high
diffusion coefficient [29, 38, 39] which makes this material one of the fastest cathode materials
known today. But its low specific charge urges to use blended electrodes made out of a high specific charge material combined with LiMn2O4 for high power applications.
A combination of the previously mentioned layered transition-metal-oxides LiMO2 (M= Co,
Ni, Mn) being Li(MnxNiyCoz)O2 (NMC) combines most of the advantages of each single compound. A specific charge of 170 mAh/g can be extracted reversibly in the potential range from
3.9- 4.3 V [30]. Overlithiated NMC with composition Li1.1(Ni1/3Mn1/3Co1/3)0.9O2 shows no transition from O3 to O1 phase even at potentials positive to 4.5 V but release oxygen at very positive
potentials [40]. Today, the stoichiometric NMC has been further improved by using a Li2MnO3
stabilized NMC which shows specific charges of 280 mAh/g between circa 3.8- 4.5 V [31]. In
the first delithiation a plateau is observed which was attributed to the activation of Li2MnO3 with
partial oxygen release from the structure [31, 40]. This material is of particular interest because
of its high energy density and stable cycling.
LiFePO4 was first developed by Padhi et al. in 1997 [32]. Although it was firstly thought to
possess a low diffusion coefficient and electronic conductivity [8, 32] it is widely used today.
Carbon coating [10, 11, 41] improved the cycling performance significantly although too thick
carbon layers lead to a reduction of the LiFePO4 to Fe3P2 [11]. Also its low initial kinetics were
overcome with nanosizing [42] or doping of 1 wt% of Niob [43]. In general, LiFePO4 is a twophase separating material [44, 45] in which the phase boundary aligns in (100) direction if de-
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fects are present [46] and in (101) direction for coherent interfaces with partial phase-separation
at the surface [47]. This was first clarified by modeling of Cogswell amd Bazant [48]. The diffusion of lithium-ions in the olivine structure is along the y-direction in Pnma space group [49].
LiFePO4 is one of the most studied materials today and reveals many interesting features like
an extended solid-solution with 1 wt% Niob doping [43], a pure solid-solution reaction if nanosized below 20 nm [47, 50], a partial solid-solution reaction after deep discharge [51] and a
surface coating of pyrophosphates as a shell around LiFePO4 can improve rate capability to rates
up to 80C in a standard electrode [52-54]. Additionally, overpotentials might drive the pure
phase-separation mechanism to turn into an intermediate amorphous phase in a certain overpotential regime and particle size [55]. This aspect is still discussed controversially in literature but
recent modeling predicts a kinetic-driven solid-solution when high current densities are applied
[56]. An electrode of LiFePO4 could be assembled by biological viruses which dock to the
LiFePO4 and attach it to single-walled carbon-nanotubes [57, 58]. Furthermore, recent improvements to observe at atomic-scale resolution with annular-bright-field scanning transmission electron microscopy showed a staging at the interface between LiFePO4 and FePO4 similar to stage 2
as also observed in TiS2 and graphite [59, 60].
Additionally, the modeling of LiFePO4 needs to be described in more detail because it can be
used as a model electrode for other phase-separating materials. In 2004, Srinivasan and Newman
developed a shrinking-core model [61] which was further developed to give a history dependence [62]. But experiments [46] and calculations [63] showed that this isotropic approach is not
valid for the one-dimensional defined diffusion channels for LiFePO4. Therefore, the dominocascade model was developed [64] and further improved by information about the phaseseparation mechanism with a Cahn-Hilliard approach [65]. Additionally, it was predicted that
defects blocking the (010) diffusion channels lead to severe limitations of the propagation of the
phase boundary [66] and that a distribution of the particle size of LiFePO4 leads to a mosaic instability meaning that small particle phase-separate before bigger ones [67]. A hysteresis was
found to be due to the spinodal-decomposition of the LiFePO4 particle-by-particle [68]. These
findings can guide research for other phase-separating materials and will be used for reference.
Other olivines LiMPO4 (M = Mn, Ni, Co) also crystallize in the Pnma space group and have
much higher redox potentials with up to 5.07 V vs. Li+/Li for LiNiPO4 [33]. But all of them suffer under kinetic limitations which limits the extracted specific charge significantly. Also silicates show very positive redox couples positive to 4.5 V [33]. Another recently discovered material is LiFeSO4F which is also two-phase-separating like LiFePO4 but at slightly more positive
potential but lower specific charge [34].
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2.4 Materials for negative electrodes of Li‐ion batteries
Some materials which store lithium in the negative electrode are summarized in Table 2. The
highest charge density can be stored for pure lithium-metal negative electrodes [13, 68]. On the
surface of the lithium-metal, the organic electrolyte gets reduced forming a solid-electrolyteinterphase SEI with different inorganic and organic decomposition products of both the salt and
organic solvents from the electrolyte [13]. These surface films increase the resistivity during
charge and discharge significantly [69, 70]. But a more severe challenge concerns the dendrite
formation during lithium deposition on the metal electrode during charge of the battery system
which can be followed by NMR [71] and was also modeled to be of needle-like shape during
growth [72] with many branches [73]. These dendrites might lead to short-circuits if they grow
through the separator to the positive electrode which would a significant safety and life-time issue. Therefore, pure lithium-metal is used only in primary batteries commercially due to the
avoiding of lithium deposition during recharging in secondary batteries.
Graphite is another material for the negative electrode in lithium-ion batteries. The specific
charge for the lithiated graphite with formula LiC6 is 372 mAh/g [1] which is attained at potentials very close to metallic lithium. This results in a relatively high energy density (with respect
to the redox potential of LiFePO4/FePO4) in a full cell as shown in Table 2. The graphene sheets
in graphite are bonded by van-der-Waals forces [74] and undergo several phase transitions during lithiation/delithiation. Graphite has a hexagonal lattice with ABAB stacking of the graphene
layers but can also contain the metastable rhombohedral phase with ABCABC stacking [1].

Table 2: Selected active materials for the negative electrode in lithium-ion batteries.
Material
Li-metal
Graphite
Coke
Hard-carbons
TiO2 anatase
TiO2(B)
TiO2 brookite
TiO2 rutile
Li4Ti5O12
Li2Ti3O7
Li13Si4
Cu2O
SnO2

Theor. specific charge
[mAh/g]
∞ / 3861
372
~200
~1500
168
235
~165
315
175
198
3101
375
711

Potential
vs. Li+/Li
[V]
0
0 – 0.3
0 – 1.0
0 – 1.5
1.78
1.6
1.7
0.1-3.0
1.55
1.4 – 2.3
0 – 1.0
0 – 3.0
0 – 3.0
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Energy densi- Reference
ty vs. LiFePO4
[Wh/kg]
∞ / 13400
[13]
1240
[1]
610
[1]
4080
[1]
280
[75]
440
[75]
290
[75]
530
[75]
340
[2]
350
[76]
9210
[77]
740
[78]
1400
[79]

During lithiation the stacking order rearranges to a final AA stacking with lithium-ions in every
interslab in LiC6 structure [80]. All phase transitions will be explained in detail in the next section. It also forms a solid-electrolyte-interphase similar to the one on lithium-metal [13]. The
medium material costs, relative safe cycling compared to lithium-metal and reasonable specific
charge made it the most used negative electrode material used commercially up to date.
Other carbon derivatives can also be used. Coke delivers circa 200 mAh/g between 0- 1 V vs.
Li+/Li [1] while some hard carbons can store lithium up to specific charges of 1500 mAh/g [1].
There the lithium can reside in both covalent and ionic sites next to each other [81]. Also other
sites were proposed for the storage of the lithium-ions [1]. But hard-carbons often show a very
high irreversible specific charge in the first cycle due to the solid-electrolyte-interphase formation and suffer from severe aging which makes it unappealing for applications. Some special
carbons like graphitized carbon nanobeads also intercalate lithium with ~200 mAh/g [82]. Carbon nanofilaments give circa 400 and 220 mAh/g if heat-treated at 1000°C and 2800°C, respectively [83] and electrospun carbon nanofibers with specific charges is the same range as the filaments have also been reported [84].
Several titanates exist which can be used for electrochemical storage of lithium-ions. TiO2 can
occur in the form of anatase, brookite, rutile, TiO2(B) [75]. Anatase shows a phase-separation
plateau at ~1.78 V with ~0.5 Li reversible exchanged [75]. TiO2(B) cycles at ~1.6V with
Li0.91TiO2 giving a specific charge of up to 305 mAh/g in the first cycle and ~0.7 lithium in subsequent cycles [75]. Brookite cycles at ~1.7 V with 160-170 mAh/g specific charge while the
rutile TiO2 can be cycled if nanosized between 0.1-3V delivering circa 315 mAh/g [75]. It was
shown that an addition of surfactants improves rate capability of titanates due to a better particle
dispersion in the slurry [85]. Additionally, the titanium-spinel, Li4Ti5O12, is widely used which
can insert three lithium-ions to form Li7Ti5O12 at a potential of ~1.55 V giving 175 mAh/g [2].
Also the ramsdellite, Li2Ti3O7, can be cycled giving the theoretical specific charge if doped with
carbon to stabilize the structure [76] inserting two lithium-ions between 1.4 to 2.3 V vs. Li+/Li.
In general, the disadvantages of a more positive potential and a lower specific charge for all titanates can be compensated by an increased safety and higher charge rate capability especially
for the titanate spinel which is often used for high-power (but lower energy-density) applications.
Materials undergoing an alloying in the presence of lithium are able to deliver very high
charge. The most common material used is silicon which crystallizes as Li22Si5 in the fully lithiated form [86, 87]. However, this phase is often believed to be inaccessible electrochemically.
The alloy Li13Si4 seems to be formed with a theoretical specific charge of 3101 mAh/g which is
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consistent with specific charges found experimentally [77]. The large volumetric changes of silicon during lithiation (~300 vol% between Si and Li22Si5) lead to a pulverization of almost any
micrometer sized particle. Therefore, nanosizing and very porous silicon in the range of a few
nanometer can solve this issue partially [77]. However, the high irreversible specific charge in
the first cycle to form the SEI and its nanosizing which increases reactivity of the Li-Si alloy
drastically have prohibited the broad commercial application so far. Tin, aluminum and antimony can also be used to alloy with lithium but suffer from similar volumetric expansions causing
fracturing of the particles.
Last, conversion materials can be used where the lithium reacts e.g. with oxides or fluoride
compounds by an ion-exchange in the structure which often leads to an extrusion of the cation in
the starting material. Examples are CuO where the stored specific charge is highly dependent on
particle size and the back-conversion is believed to end at Cu2O [78]. Also SnO2 can be used and
cycled reversibly when embedded between graphene layers which can accommodate the strain
during the volumetric expansion while keeping the electronic network intact [79]. These materials also suffer from drastic volume changes during cycling and a high surface area due to nanosizing which increases the irreversible specific charge. Therefore, conversion materials are
still under research and have not been applied widely.

2.5 Thermodynamic stage‐transitions in graphite
As mentioned in the previous section, graphite undergoes several phase transitions during lithiation and delithiation [88]. Figure 6 sketches all known phase transitions at room temperature.
The dashed lines indicate the solid-solution regime which was approximated roughly from the
experimental phase diagram of the Li-graphite system [89]. The galvanostatic lithiation and delithiation response at C/7 rate is indicated in the top of Figure 6. 1C corresponds to a full charge or
discharge in one hour. This means that a C/7 rate takes seven hours to fully lithiate or delithiate
graphite. The open-circuit potential is somewhere between the charge and discharge curves, the
pseudo-open-circuit potential reflects the mean of the charge and discharge potential at a certain
state-of-charge. The regimes where only a single phase exists are indicated by the dashed lines
while the region between these single phases corresponds to the phase transition regime with a
phase-coexistence. These transitions can be of different character. For example, the stage 1L to
stage 4L, stage 2L to 2 and stage 2 to 1 transition undergo phase separation while the transitions
of stage 4L to 3L and 3L to 2L might be of different origin because x-ray diffraction data suggests a continuous shift of the c-axis parameter which would indicate a solid-solution phase transition mechanism [88, 90, 91]. The different phases in graphite are called stages because of their
ordering of the lithium-ions in every nth interslab. The different stages are shown in Figure 7.
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The lithiation starts from pure graphite in Figure 7a) and continues to stage 1L which is not a
new phase but reflects the miscibility of lithium in pure graphite at 300 K [89]. At zero kelvin
the miscibility is zero and hence no stage 1L exists [89, 92]. But the name stage 1L has been
used in literature to describe the disordered (liquid-like, L) lithium-ion intercalation in every interslab. In this work stage 1L will be also called graphite solid-solution since it captures the
origin of this lithium-ordering more precisely and would be consistent with all other solidsolutions of the pure stages as indicated in Figure 6.
A phase transition occurs from graphite solid-solution to stage 4L, where lithium-ions are intercalated in every fourth interslab in a liquid-like manner (disordered). The subsequent transitions from stage 4L to stage 3L followed by the transition from stage 3L to 2L is still under debate but it is clear that lithium-ions are ordered in every third and second interslab in a liquid-like
manner [90, 91]. The average in-plane density of these liquid-like stages varies in literature [93].
The transitions of these liquid-like stages have many interesting features. For example, Monte
Carlo simulations by Kirczenow [94] showed that the transitions between the stages can have
mixtures of stage 3, 2 and 1 where these stages can merge and separate during the transition. At
the end of the simulation a mixture of 3% stage 1, 82% stage 2 and 15% stage 3 were coexisting
where stage 3 was mainly located at the surface of the simulated particle [94]. The DaumasHerold domains which are local islands of intercalation formed very late in the transition process
[94] . Kirczenow [95] also simulated that during the transition from stage 3 to 2 an intermediate
graphite solid-solution = stage 1L
stage 4L
stage 3L
stage 2L

+

potential vs. Li /Li [V]
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Figure 6: Phase transitions of graphite during lithium intercalation with solid-solution and phasetransition regions derived from the phase diagram at ~300K [89], cycling at C/7 vs. Li+/Li, small
irreversible charge shifts phases to slightly higher state-of-charge as also shown by Dahn [88].
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The last stage transition transforms stage 2 to stage 1 with every interslab filled with lithiumions and LiC6 in-plane ordering [80, 88, 90] as shown in Figure 7f). The stage 2 to 1 transition
can deliver most of the specific charge as shown in Figure 6 and is also the best understood one.
An exceptional phase of Li-graphite intercalation compound Li-GIC is observed at very high
pressures of 50-60 kbar and 280°C which corresponds to LiC2 with lithium-ions in every hexagon [98]. The lithium-ion distance to each other is smaller than in lithium-metal [98]. This structure would be highly favorable for lithium-ion batteries due to three times the specific charge
compared to stage 1 LiC6 but decomposes via several intermediate phases at ambient pressure
[98].
The lithium-graphite intercalation compounds Li-GIC can be compared to other alkali and
earth-alkali metal intercalation compounds but shows an ordering of the lithium-ions in columns
in stage 1 and 2. Potassium [99], rubidium [100] and caesium [100] can also intercalate in graphite, however, form a helix-like ordering of the ion in stage 1. In contrast, sodium can only intercalate in very low amounts (NaC64 with ~ 25 mAh/g) [101] which was attributed to a lattice
mismatch of the sodium-ion to the hexagonal structure of graphite [100]. These GICs show additional or complementary properties to the Li-GIC. For example, potassium and rubidium can
have the fractional stage 3/2 which is a mix of stage 2 and 1 stacked above one another with an
ordering of CmCCmCmCCm at pressures between 15-19 kbar for K-GIC [102, 103] and 20 kbar
for Rb-GIC [104]. For K-GIC stages up to stage 8 have been reported [100]. Additionally, it
could be proven by diffraction techniques that K-GIC has stage mixing for stage ≥2 [105]. For
example at the state-of charge of expected pure stage 5 only 71% are attributed to stage 5 with
contributions of 19% of stage 4 and 10% of stage 6 packages [105]. Expected stage 4 consists of
94% stage4, 4% stage 5 and 2% stage 3, (accuracy ±1%) [105]. Stage 3 in K-GIC is maximum
98% pure and stage 2 is only pure shortly before its transition to stage 1 [105]. Such an investigation would shed more light on the higher stage transitions in Li-GIC but was not found in literature. This mixing seems to be less during deintercalation in K-GIC [106]. But mosaic spread
seems to increase with continuous vapor potassiation and depotassiation from 0.8 to 5 to 8° during the first three cycles [106]. These observations might also be present in Li-GIC and might
have to be considered although they have not been reported for Li-GIC explicitly.
These stage transitions can be also seen from a crystallographic point of view. Graphite crystallizes in hexagonal P63/mmc space group where the graphene layers are stacked in ABAB sequence above one another [92, 107]. Additionally, a metastable rhombohedral phase, R-3m, can
exist reflecting an ABCABC stacking found already by Debye and Scherrer [108, 109] but is
removed during heat-treatment at temperatures above 2800°C [110-113]. Figure 8 shows the
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nsity as shoown in Figuure 9a. Bothh dense stages, stage 1 and 2, crysttallize in
P6/mmm space
s
group
p but with 3.706 Å and 7.065 Å in c-direction
n [80]. This is in contraast to the
other alkalli-metal GIC
Cs which order
o
in C8-structure
w
with a heliccal stair typpe in CαCßC
CγCδCα
stacking foor K, Rb and CαCßCγC
Cα for Cs [1
114]. Also the
t earth-alkali metals,, CaC6, SrC
C6, BaC6,
and even Lanthanides
L
s, EuC6, Sm
mC6 and YbbC6 order thheir ions in [CαCß] staacking in P63/mmc
P
space grouup which is due to coullombic repuulsion of thee cations wiithin the dennse structurres [115118]. Therrefore, LiC6 crystallizess in an unussual columnn stacking which
w
is con
ntrary to thee known
coulombic repulsion and
a has to be
b treated ass an exceptioon [100, 115].
All foundd crystallog
graphic dataa on Li-GICs is summarrized in Tabble 3. The stages ≥ 2 doo not fill
one interslab completeely while leeaving the other
o
ones empty. Theyy order in loocal domainns, the so
g of a certaain stage
called Dauumas-Heroldd domains [119]. These domainss have a loccal ordering
which can shift after an islands length as shown in Figure
F
9b. Additionally
A
y, the expeerimental
phase diaggram of the Li-graphitee system is given in Figure 9 [1220] which suummarizes work of
many reseaarchers [80,, 89, 93, 96,, 102, 121].

Figure 8: G
Graphite strructure withh AB-stackiing of the ggraphene layyers and different faceets being
basal and pprismatic su
urfaces, zig--zag and arm
m-chair beloong to prism
matic surfacces (originall in [1]).

16

Some small featuures of Li-GIC whichh are observved during electrochem
mical cyclinng are alsoo
worth m
mentioning. A small hysteresis off 10 mV haas been repported for liithium-GIC and a gal-vanostaatic-intermitttent-titratioon technique can resollve the pseeudo-open-ccircuit poteential betterr
than a galvanostati
g
ic C/800 charge/dischaarge [88, 97]. Further, special
s
caree has to be taken
t
whenn
graphitee is cycled to very poositive potentials becauuse anion intercalation
i
n can occuur for ClO4[122], PF
P 6- [122, 12
23] and otheer anions.
Also m
modeling reeveals interresting featu
ures of grapphite. In thee beginning
g of graphitte modelingg
mainly ttwo differennt aspects of
o GICs werre investigatted which were
w either of
o electrostaatic or elas-tic origiin. The firstt approach to model thhe phase diaagram of grraphite wass done by Safran [124]]
who waas able to caapture the staging proccess of GICs by a Ham
miltonian wh
hich used atttractive in-plane annd repulsivee interplanee forces. Bu
ut also fractiional stagess occurred which
w
are noot observedd
at ambieent pressuree. This apprroach was developed
d
f
further
by in
ncluding a strong-scree
s
ening effectt
which removed thee fractional stages [125, 126].
Elasticc approachees started by modelingg the lattice expansion of GICs duuring ion inntercalation..
Modelinng of the laattice expansion in c-diirection by a spring-plaate model captured
c
thee lattice ex-pansionn quiet welll [17] but was
w shown to be insuffficient [92]]. Another attempt
a
by Kirczenow
w
in the Daum
was ablle to model the attractiion and repulsion at thhe domain boundaries
b
mas-Heroldd
domainss [119]. He showed thaat a domainn distance off less than 7.7
7 Å resultss in an attraaction in thee
case of Li-domainss while highher distances lead to reppulsion betw
ween the Lii-GIC-domaains. A first
a) LiC6 in-plane orrdering [1]

c) esstimated phase diagram
m of Li-grapphite [120]

b) Skettch of Daum
mas-Herold domains [119]

Figure 99: Graphite ordering during
d
lithiu
um intercalaation a) LiC
C6 in-plane order in staage 1 and 2
(taken ffrom [1]), b)
b sketch of Daumas-H
Herold dom
mains with local islandds of stage 2 (adaptedd
from [119]), c) estiimated Li-G
GIC phase diagram
d
(froom [102, 120
0]).
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combination of elastic and electrostatic effects by Hawrylak [127] was able to model all stage
transitions in K-GIC without the strong-screening effect which has no physical validation. The
elastic energy deleted the fractional stages although stage 3/2 could be modeled consistent with
experiments [103]. Other approaches like the modeling of stage 2L in the Li-GIC phase diagram
[128] and rotation of intercalation islands [129] were later meant to be not close to reality [92].
The bending energy model of Kirczenow was further developed by Hawrylak et al. [130] for
higher stages where he showed that the amount of islands should depend on the stage number
leading to longer equilibration times for higher stages. Additionally, elastic energy should be independent of coherency which means that little defects do not alter the total free energy of the
system [130] which will be important for phase boundary calculation in section 5.4. Additionally, the even stage numbers are more stable and lead to pure stages while odd ones can produce
fractional stages [130].
A following work by Hawrylak et al. [131] used the Landau- Ginzburg theorem (similar to the
Cahn-Hilliard approach [132-135]) showing that the intercalation proceeds via the formation and
migration of islands of intermediate stages while they combine previous elastic [17] and electrostatic [124] work. He predicted the fractional stages and an island wave length of 20 Å and a diffusion coefficient of 10-6 cm2/s for GICs which is very close to DFT calculation 20 years later

Table 3: Summary of crystallographic data for the lithium-graphite-system at room temperature
Phase
Graphite (2H)
Graphite (3R)

Space group
P63/mmc
R-3m

a-direction [Å]
a = 2.460(2)
(a = 3.635)
a = 2.456

Stage 4L

Parameter
c-direction [Å]
c = 6.704(5)
(alpha = 39.49)
c = 10.039

Reference

cox = 13.76, cred = 13.9

[97]

[107]
[109]
[109]

Stage 3L
Stage 3L

a = 2.4684

c = 10.408 (c = 2x3.33+3.748)
cox = 10.401, cred = 10.473

[91]
[97]

Stage 2L
Stage 2L

a = 2.4725

c = 7.065 (c = 3.33+3.735)
c = 7.055 ±0.005

[90]
[93]

Stage 2
Stage 2
Stage 2
Stage 2
Stage 1
Stage 1
Stage 1

P6/mmm

a = 4.2867

P6/mmm
P6/mmm

c = 7.025 (c1 = 3.245)
cox = 7.043, cred = 7.072
c = 7.024 ±0.005
a = 4.288 ±0.002 c = 7.065 ±0.01

[90]
[97]
[93]
[80]

P6/mmm
P6/mmm

a = 4.316
c = 3.703
a = 4.305 ±0.002 c = 3.706 ±0.01
a = 4.305
c = 3.706

[97]
[80]
[90]
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[136]. Additionally, the mixing of high stages shown experimentally [105] could be modeled
[137]. Ulloa and Kirczenow [138] showed that domain wall energy determines the difficulty of
ion intercalation so that Li can intercalate easily because it needs to overcome a low energy barrier for matching domain walls while ions like Na and Ca have a high symmetric and asymmetric
energy barrier so that these ions do not intercalate easily. These calculations are consistent with
experimental findings 20 years later for Ca-GIC [115]. These models should guide experimentalists and consider elastic energies like crystal strain, graphene bending, matching domains and
also electrostatics like Coulombic repulsion between cations for the evaluation of their experiments.

2.6 Experimental methods
2.6.1 Electrochemical measurement techniques
a) Galvanostatic cycling
Charging and discharging under constant current condition is called galvanostatic cycling
where the change in electrochemical potential is measured. Since the total specific charge can
often not be extracted fully during galvanostatic charge/discharge, especially at higher rates, a
constant potential step can follow which holds the electrode potential and measures the decreasing current. The difference of the measured potential during galvanostatic measurement and the
open-circuit-potential is the so-called overpotential which drives several kinetic processes like
the surfaces reactions, migration and is also partially due to ohmic resistances.
b) Potentiodynamic sweep/ cyclic voltammetry
When the potential-difference of an electrochemical system is changed at a certain sweep rate,
e.g. 10 mV/s, the current response is measured and can help to identify redox potentials of electrochemical reactions. But the overpotential can change drastically because the applied current
can change by several orders of magnitude which can change contributions from the linear ohmic resistance drastically.
c) Galvanostatic-intermittent-titration technique
This measurement technique applies galvanostatic currents for a certain time period which is
followed by an open-circuit period for a few hours in which the potential of the material can relax. The relaxation time includes many kinetic processes which try to relax back close to the
equilibrium. Some of these processes involve diffusion in the solid and electrolyte. The relaxation time needs theoretically infinite to reach the equilibrium; however, experiments have to be
stopped after a certain period of relaxation. Ohmic potential drops can be seen instantly after cur-
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rent shut-off if they are not connected to a capacitance or coil where they would form a RC or
RL time-constant of first order (for more information see transfer function theory). From this
technique the pseudo-open-circuit-potential can be extracted. Often the potentiostaticintermittent-titration technique is used where the diffusion coefficient can be extracted applying
the Cottrell equation [139].
d) Electrochemical impedance spectroscopy
Also alternating current can be applied to electrochemical systems. During electrochemical impedance spectroscopy the current response to an alternating potential-difference is measured
which gives information about amplitude and phase of the electrochemical impedance. These
data can be divided in real and imaginary contributions and are commonly plotted as Bode or
Nyquist plots. Additionally, a Fourier transform + filtering + back transformation can be applied
to extract the time constants of the electrochemical system [140, 141]. The experimental can often be fitted by resistance and capacitance elements and help to extract information about the
system [142]. To be able to fit the impedance response with linear RC-elements, the amplitude of
the mostly sinusoidal excitation of the EIS has to be restricted to the linear regime of for the processes in the system. This restricts the amplitude of the applied potential-difference to be normally much less than 30 mV which is the beginning of the Tafel-regime for a surface reaction. Very
small amplitudes suffer from noise. Therefore, often amplitudes of 10 mV are applied [142,
143].
2.6.2 Diffraction techniques
Diffraction is a widely used technique for material analysis. It can be applied to single-crystals
and powder by the use of x-rays, neutrons, electrons or other electromagnetic waves. From the
Bragg reflexes one can be extract the distance of crystallographic planes which fulfill the Bragg
equation:
n  2 d sin 

(2.4)

where λ is the wavelength of the incident beam, d is the distance between the crystallographic
planes and θ is the angle of the incident beam. The Bragg equation describes the additional distance a coherent beam has to travel between two parallel crystallographic planes. X-rays scatter
on the electron cloud of atoms which means a better scattering for elements with many electrons.
Generally, light atoms like H, He, Li almost do not diffract x-rays while Pb, Au, Ag diffract
very well. Neutrons scatter on the nuclei of elements and therefore show different scattering profiles for different isotopes of the same element. Neutrons can also scatter on light atoms and can
often be used as a complementary diffraction technique to x-ray diffraction (XRD). Especially,
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hydrogen has a strong neutron cross-section which can lead to diffuse scattering. Therefore, hydrogen has to be often replaced by deuterium which possesses a much smaller cross-section. Another feature of neutron diffraction concerns the transition-metals Ni, Mn, Co which have very
similar scattering in x-rays but can be differentiated more easily in neutron diffraction. But neutrons interact very weakly with matter which necessitates larger amounts of material in the beam
while x-rays diffract already at very low quantities of the material of interest.
Both ex situ and in situ diffraction can be applied. “In situ” is derived from Latin “at the place,
locally” which means essentially that the measurement is done directly at the same location
where the battery is cycled. In situ measurements often decrease or prevent problems like relaxation of the phases, transitions of metastable phases or contamination during sample preparation.
However, in situ measurements are often more difficult to perform experimentally compared to
ex situ diffraction of a sample which shows often much less parasitic diffraction from other materials like the current collector or cell parts. This is one of the challenges in situ cells have to
overcome.
From the diffractogram one can extract the space group and refine the crystallographic parameters of the unit cell by Rietveld refinement. For refinement of the diffractogram, many programs
can help to refine these parameters and atomic positions, e.g. Fullprof [144]. Further information
on structure of matter and crystallography can be obtained from De Graef [145].
2.6.3 Other methods
a) Scanning electron microscopy
Scanning electron microscopy uses a focused electron beam to scan the surface of a material of
interest. The electron beam interacts with electrons at the surface of the investigated material and
delivers information about morphology. The lateral resolution can be in the nanometer range
while different detectors can be used including the secondary electron and back-scattering detector. Secondary electrons are electrons from the material itself which were excited by the incident
electron beam giving different intensity depending on the tilt of the measured surface. Backscattering electrons originate from elastic scattering of the beam electrons on the surface of the
material and travel back to a detector. They contain often more information of the material composition since they interact with the material directly. Additionally, they can often deliver a more
topographic image of the surface when they are measuring from the side of the sample. In general, the material needs to be conducting. Otherwise, local charging can occur creating an electric
field thus decreasing the resolution drastically. Conductive additives like carbon or gold sputtering onto insulating materials can help to overcome this challenge.
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b) X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy XPS uses the outer photo effect and measures the kinetic energy and number of excited electrons which have been activated by x-rays. This technique can
measure the composition and valence state of the outer surface in the range of ~1-10 nm. X-rays
can penetrate much deeper into the material, however, the excited electrons deeper in the material are mostly trapped in excited states of the material again and do not leave the material to be
detected. The binding energy of the electrons are determined from

Ebond  E photon  Ekin  

(2.5)

where Ebond corresponds to the binding energy which is the difference of the energy of the x-ray
photons Ephoton, the measured kinetic energy of the detected electrons Ekin and the work function
of the spectrometer Φ. The measured number of electrons can be plotted versus the measured
binding energy giving element specific features. To measure the composition close to the surface
below 10 nm, sputtering can be applied. However, the material is often strongly distorted by
physical sputtering so that the results have to be interpreted carefully. XPS necessitates ultrahigh vacuum because the detector is often up to 1 m away from the sample.

2.7 Theoretical description of batteries
Electrochemical energy storage systems have been long known and were approached from a
modeling point of view from several perspectives including kinetic models describing mainly
diffusion, ohmic potential drops and surface reactions [143, 146, 147] , thermodynamic models
to described phase separation [65-68, 131], elastic models [17, 130] or finite-element-method
(FEM) of a previously tomographed battery electrode [148]. This section will shortly describe
the fundamentals of a set of, herein called, kinetic equation and is partially taken from Heβ and
Novak [149].
Starting from the equation system described by Newman et al. [146, 147] for a porous electrode, the equations for the potential drop in the electrolyte  Φe and electrolyte diffusion can be
described as [146]:
 e =



ie





 d ln f 0 
2 RT
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(2.6)

(2.7)

where the potential in the electrolyte Φe is a function of the current density in the electrolyte ie
divided by the electronic conductivity κ of the electrolyte which corresponds to the linear ohmic
part in eq. (2.6). The universal gas constant R, temperature T, Faraday constant F, transference
number t, activity coefficient f and concentration of the salt in the electrolyte ce model the concentration gradient dependent part of the potential drop in the electrolyte. Note that the current
density in the electrolyte ie has to be normalized to its area fraction in the porous separator and
electrode.
The electrolyte diffusion equation (2.7) is a sum of the diffusion described by Fick’s second
law which is adapted for porosity ε and the influence of the transference number [146]. The diffusion coefficient in the electrolyte De and concentration of the solvent c0 determine the Fickian
part while the transference number of the anions t0ne and current in the electrolyte account for the
conditions in concentrated solutions [147].
The equations governing the electrode kinetics of the negative and positive electrode include
the surface reactions which can be described by the Butler-Volmer equation (2.8) for each electrode material in an electrolyte where the overpotential η in eq. (2.9) is described to be the difference of the potential in the solid Φs, the potential in the electrolyte at the surface of the solid particles Φe to the open-circuit potential of the material UOCP. Additionally, ohmic potential drop in
the solid-electrolyte interphase can be accounted by a resistivity RSEI and the normalized current
density through the SEI [146].
I  i0 e

  a zF 


 RT 

 i0 e
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 RT 

(2.8)

  s  e  U OCP  RSEI in

(2.9)

where the superficial current density I is a function of the exchange current density i0 with an
exponential dependence on the overpotential η times an anodic and cathodic charge transfer coefficient α. In the case of a one-electron transfer process and assuming that the transfer coefficient
describes the symmetry of the energy barrier of the surface reaction one can simplify eq. (2.8) by
αa + αc = 1 [150]. One of the limitations of this modeling approach is the determination of the
open-circuit potential which is usually very difficult to measure precisely (see section 2.6.1 for
GITT). However, it is often necessary to model the OCP to understand several thermodynamic
effects as e.g. shown for LiFePO4 [65].
The diffusion of lithium ions in the solid can be represented by Fick’s second law in equation
(2.10) where the concentration change of lithium ions in the solid cS with time t is a function of
the diffusion coefficient DS and the concentration gradient in radial direction r [146].
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although one has to keep in mind that many other materials like graphite and LiFePO4 have a
very anisotropic diffusion of lithium ions in their structure compared to the isotropic radial diffusion of an assumed sphere which is modeled in eq. (2.10) [63, 131, 151]. Additionally, some of
the stage transitions in graphite are phase separating, which requires more sophisticated models
[65, 131]. The assumption of isotropic radial diffusion might give misleading results for phase
separation materials as discussed in literature [61, 62, 65].
Additionally, the potential drop in the porous electrode matrix

 Φs

can be described by Ohm’s

law which is adapted for tortuosity by an exponent of 1.5 for the porosity εS = 1- εe and conductivity in the solid σ as [146]:
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Furthermore, charge conservation is given by [146]:

  ie  Ain

(2.12)

where A is the surface area on the particles and in the current density normal to the surface. This
equation system will be used and simplified in section 3.1.2 for thin-layer electrodes.
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3. Kinetics of graphite electrodes
This chapter describes the identification of the rate limiting factors of graphite particles. Furthermore, solutions to improve the performance are given by proposing chemical modifications
of graphite. Section 3.1 and 3.2 are partially adapted from Heß and Novak [149].

3.1 Graphite in thin‐layer electrodes
As discussed in section 2.4, graphite is one of the most important negative electrode materials
used in lithium-ion batteries due to its very negative open-circuit potential, improved safety
compared to metallic lithium and moderate cost. But it has some major drawbacks, such as its
moderate specific charge of 372 mAh/g and its rather low practical rate capability, which is limited to ~2C for lithiation (charge with respect to a complete battery) and 20C for delithiation
(discharge) in standard electrodes [152]. However, recent ab initio calculation based on density
functional theory (DFT) and Monte Carlo simulations [136] yielded a diffusion coefficient larger
than D = 2·10-8 cm2/s for the diffusion of lithium in dense stage 1 and 2 in the presence of many
vacancies. But the diffusion coefficient decreases to 5·10-9 cm2/s for the fully lithiated stages 1
and 2 due to a low number of vacancies for Li hopping [136]. Similar results have been found
experimentally by Levi et al. [153], who determined the diffusion coefficient by applying the
potentiometric intermittent titration technique at 60 °C using the Cottrell equation. These experiments revealed highly fluctuating diffusion coefficients of approximately 5·10-9 cm2/s for the
transitions involving dense stage 1 and 2 that drop sharply to 10-10 cm2/s at the end of each phase
transition. For the liquid-like phases, i.e., stage 2L, 3L, 4L, and 1L, the diffusion coefficient was
determined to be approximately 1-5·10-8 cm2/s, dropping to a minimum of 10-9 cm2/s at the end
of each phase transition [153]. This suggests a difference in the lithium diffusion coefficients of
a factor of 10 for the liquid-like stages compared to the dense stages with LiC6 in-plane density.
In any case, from both the ab initio calculation [136] and the experiment [153], one would expect the rate capability of graphite to be higher than ~2C for charge and 20C for discharge [152]
for particles in the micrometer range.
It is known that the performance of graphite electrodes depends significantly on the electrode
preparation, due to its influence on the porosity, the tortuosity, and the overall electronic conductivity of the graphite network [152, 154]. To characterize the properties of graphite particles
themselves, however, it is necessary to avoid parasitic effects, such as electrolyte diffusion limitation within the porous electrode, electronic conductivity limitations, and the influence of the
counter electrode. It has been shown for electrochemical impedance spectroscopy and cyclic
voltammetry that thin layers of graphite can be used to separate the different electrochemical in25

fluences in a graphite electrode [155]. Here, we have therefore prepared thin-layer electrodes of
graphite flakes and thus aimed at avoiding porosity effects and reducing the active mass and consequently the specific currents applied to the electrolyte and the lithium counter electrode. These
thin layers consist of 2-3 flat graphite flakes stacked above one another (approximately 1 µm
thickness) and directly reflect the particles’ properties.
To understand the kinetics of graphite lithiation and delithiation, we separated the results into
the different stage transitions. Starting from pure graphite, 4-7 % of lithium with respect to LiC6
[state-of-charge (SOC) of 100 %] can be intercalated into stage 1L, solid-solution graphite [88],
where every layer is filled with lithium ions in a liquid-like manner, i.e., without any in-plane
order. Then, a phase separation occurs to form stage 4L from stage 1L, with every forth interslab
filled in a liquid-like manner. The next transitions between stages 4L, 3L, and 2L are still under
debate (see section 2.5). In stage 3L every third interslab is filled disordered while in stage 2L
every other interslab is filled liquid-like. The transitions proceed via movements of the DaumasHerold domains [131]. The next stage transition occurs from stage 2L, with every second interslab filled without any in-plane order, to the ordered dense stage 2, with LiC6 in-plane ordering in every other interslab [114]. Finally, a phase separation from stage 2 to stage 1 occurs,
forming a LiC6 structure in every interslab. In the dense stages 1 and 2, the lithium ions align in
straight columns, unlike all other alkali and earth alkali metals [100]. The intercalation kinetics
of graphite can be understood in terms of these stage transitions. From more details on the stage
transitions the reader is referred to section 2.5.
In the first section, the kinetics of a porous electrode will be discussed based on the work of
Doyle et al. [146]. Their equation system will be used to identify the main influences governing
the thin-layer half-cell electrode. In the second section, the thin-layer model electrode will be
used to investigate rate capability of graphite considering the side reactions occurring in these
electrodes.

3.1.1 Experimental preparation of thin‐layer electrodes
Graphite SFG6 from TIMCAL was used for all experiments. This sample has a specific surface
area of approximately 17.1 m2/g (from BET) and 50 % and 90 % of the graphite particles are
smaller than 3.3 and 6 µm along the a and b-axis, respectively [156]. The dimension of the flakes
along the c-axis of the SFG6 graphite sample is approximately 0.4 µm, as estimated from the
scanning electron microscopy image shown in Figure 10a. This kind of graphite consists of highly crystalline graphite flakes with a primary crystallite size along the a- and b-axis of ~30 nm
(La) and ~60 nm along the c-axis (Lc), as determined from XRD [156]. Slurries of graphite
(90 wt%) and PVDF binder (Kynar Flex, 10 wt%) in N-methyl-pyrrolidone (NMP) were used to
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cast the electrodes. For thin-layer electrodes, 3 wt% SuperP conductive filler (TIMCAL) were
added to give a mass ratio of 87:10:3 to account for the lower in-plane electronic conductivity
due to reduction in the number of conduction pathways compared to standard electrodes. The test
electrodes were cast onto a copper foil current collector by two different methods. For standard
electrodes with thicknesses of more than 30 µm, the doctor blade technique was used. For thinlayer electrodes of less than 20 µm, a spray nozzle technique was employed. The coated copper
foil was dried in vacuum at 80 °C in order to remove the NMP. The heating time was minimized
to reduce the risk of oxidation of the copper current collector. Subsequently, electrodes were
punched out and dried under vacuum at 120 °C for 12 h in order to remove remaining water and
NMP. The electrochemical test cells made from titanium were assembled in an argon-filled glove
box, under continuous removal of N2, O2, H2O, and organic volatiles. The SuperP electrodes
used as a reference were prepared with PVDF (Kynar Flex) in a mass ratio of 80:20 and coated
from a NMP slurry. An increased amount of PVDF was chosen due to the small particle size of
SuperP carbon. For comparison, blank copper current collectors were coated with pure NMP and
dried in a similar manner. 500 µl of 1M LiPF6 in EC:DMC 1:1 (wt%, Novolyte) and a lithium
counter electrode with a diameter of 13 mm were used in all experiments. Five nominally similar
thin-layer electrodes of graphite have been cycled and used to extract trends.
Electrochemical cycling was performed using a device from Astrol Electronic AG for standard
electrodes, and VMP3 (Biologic) for thin-layer electrodes. The VMP3 was essential because of
its fast current response time of 40 µs, which is necessary at a rate of 1000C (3.6 s per halfcycle). All electrochemical tests were performed in an environmental chamber at 25 ±0.1 °C.

3.1.2 Theoretical background for thin‐layer electrodes
Starting from the equation system described by Newman et al. [146, 147] which was described
in section 2.7 for a porous electrode, the equation system can be simplified considering the implications of the thin-layer electrode.
Applying the conditions of a thin layer (monolayer-bilayer) of graphite versus a lithium counter electrode simplifies the equation system of Doyle et al. [146] in section 2.7. By using a lithium counter electrode, one does not need to consider solid-state diffusion and ohmic potential
drop in the lithium disk counter electrode. Additionally, a very thin layer of graphite can be considered equipotential (if well connected electronically) neglecting thus the potential distribution
in the graphite matrix (eq.(2.11)). Furthermore, the applied geometrical current density I at the
current collector is transferred to the thin layer in the matrix as iS and passes to the electrolyte ie
via surface reactions. The thin-layer electrode is assumed to suppress any inhomogeneous current distribution in the direction perpendicular to the graphite layer.
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To estimate the influence of diffusion of lithium in the active intercalation material and the
electrolyte, Doyle et al. [146] defined two dimensionless numbers. They allow the identification
of diffusion limitations both in the solid and the electrolyte. The influence of the solid-state lithium diffusion is given as [146]:
Ss 

r 2i
Ds F (1   S )cs ,max hs

(3.1)

The dimensionless number of the solid SS depends on the ratio of lithium diffusion to the total
charge stored where cs,max is the maximum concentration of lithium in the solid active material, hs
is the thickness of the porous electrode, εS is the electrolyte porosity of the electrode with the solid material, r is the particle radius and DS the diffusion coefficient in the solid. The equivalent
dimensionless number to estimate the influence of the diffusion of lithium-ions in the electrolyte
Se was also given by Doyle et al. [146] as:

Se   he  hs 
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De F 1   S  cs ,max hs

(3.2)

which correlates the diffusion perpendicular to the graphite layer in the porous electrode hs and
in the separator he to the total charge stored.
For an electrode containing 0.2 mg of graphite per 1.33 cm2 geometrical area, the current density of 20 A/m2 corresponds to a charging rate of 36C. Based on the values listed in Table 4, the
dimensionless numbers Ss and Se are 0.28 and 0.29, respectively. The similar magnitude of both
dimensionless numbers indicates that the diffusion of lithium within the graphite particles plays a
significant role in the thin-layer electrodes. The estimate by Doyle et al. [146] for standard polymer batteries approximated the diffusion of lithium in the electrolyte to be three orders of magnitude larger than the solid-state diffusion of lithium ions with Se/Ss = 1500. However, the calculation for our case underestimates the influence of solid-state diffusion of lithium in graphite because a spherical diffusion is assumed despite the fact that graphite is a layered two-dimensional
intercalation host.
Additionally, graphite is known to undergo several phase separations during lithiation, where
the concentration gradient of lithium-ions is mainly confined at the interface between two different phases, as in the case of LiFePO4 [65]. In short, this comparison, which includes the additional crystallographic information, suggests that the diffusion of lithium in the solid contributes
significantly to the overall kinetics of the lithiation of the graphite thin-layer electrode and must
therefore be considered in both the calculations and the experiments.
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To estimate the concentration gradient in the electrolyte of the half-cell, Fick’s first law was
approximated by a linearization at steady state conditions:
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zF e
x

(3.3)

For the selected current density of 20 A/m2 the linear approximated concentration difference
would be 0.074 M across the separator with porosity εe. This value is considered negligible for a
solution of 1M salt in an organic electrolyte.
The electrolyte resistivity can also be estimated using the ionic conductivity of EC:DMC 1:1
with 1M LiPF6 at room temperature of 1.1 S/m [14]. For our geometry, this gives an electrolyte
resistance of 3.4 Ω. Thus, the potential drop of the concentration-independent term in eq. (2.6) is
9 mV when applying the linear approximation in steady state (eq. (3.4)). This potential drop in
the electrolyte can easily be subtracted from the total potential drop of the half-cell polarization
to account for this resistive effect. I corresponds to the total applied external current density.
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Furthermore, we can estimate the mass-transfer-limiting current density ilim = -zFDece(∞)/he
[13] to be 68 mA/cm2. Considering the porosity of the separator and neglecting tortuosity, this
leads to a limiting current of 36 mA, corresponding to 480C for a 0.2 mg graphite electrode.
Thus, at currents higher than 36 mA, the lithium depletion in the Nernst diffusion layer will govern the response of the system in our configuration.
In summary, we come to the conclusion that the limitations in the electrolyte play a minor role
in the rate performance of the thin-layer electrode up to C-rates of around 36C or even higher.
First, this is a result of the experimental minimization of the effects of porosity and tortuosity of
a thin-layer graphite electrode. Second, the low active mass translates into a low current density
in the electrolyte, causing small concentration gradients and small ohmic potential drops in the
electrolyte. In addition to the negligible influence of the parameters in eqs. (2.6) and (2.7), we

Table 4: Parameter set to describe the thin-layer graphite half-cells used for the experiments.
Parameter
rs
Ds
De
cs,max

Value

Ref.

1.65 µm
1·10-9 cm2 s-1
1.4·10-5 cm2 s-1
34175 mol m-3

[156]
[153]
[12]
calc.

Parameter
εS = εe
hs
he
i
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Value

Ref.

0.4
1 µm
200 µm
20 A m-2

est.
meas.
meas.

have used a lithium-metal counter electrode, in which diffusion of lithium within the lithium
metal (eq. (2.10)) and the ohmic potential drop in eq. (2.11) can be neglected except for the solid-electrolyte-interphase layer (SEI) on the lithium-metal surface. Therefore, the equation system
can be simplified. The main possible remaining influences limiting the thin-layer electrode performance are the kinetics of the surface reactions described by the Butler-Volmer equation both
on the graphite working and the lithium counter electrode, the diffusion of lithium within the
graphite particles, and the ohmic potential drops due to the contact resistance R0 and SEI resistance. Of course, the laws of conservation of mass in eq. (2.7), (2.10) and charge in eq. (2.12)
apply. Therefore, our experiments with thin-layer electrodes have mainly two side effects that
influence the response of the system: the lithium counter electrode surface reactions and the contact and SEI resistances of both, the lithium and the graphite electrode. Apart from this, the system response is mainly determined by the solid-state diffusion and surface reactions of the graphite particles in the thin-layer electrode.

3.2 Rate capability of thin‐layer electrodes of graphite
3.2.1 Electrochemistry of thin‐layer graphite electrodes
Thin-layer porous graphite SFG6 electrodes were prepared by homogeneous coating of graphite slurry onto a copper current collector by the spray technique. The electrode is depicted in
Figure 10a. The current collector shines through the porous electrode in the electron backscattering detector image in Figure 10b. From the SEM images we estimated that the porous
electrode consists of 2-3 flat graphite particles stacked on top of one another. Monolayers of
graphite particles can also be prepared as shown in Figure 11 but were not used for electrochemical characterization in this work because the very low active mass caused problems in the evaluation. The reasons for this, i.e., the side reaction of CuxO layer on the copper current collector
and the in-plane current distribution, will be discussed below.
To compare the thin-layer electrodes with standard graphite electrodes, we first tested the rate
capability of standard SFG6 electrodes (m = 4.1 ±0.05 mg, h = 55 ±2 µm). The galvanostatic response of the standard electrodes at different rates is shown in Figure 12. The results confirm
that standard graphite electrodes are limited to ~2C lithiation rate and 20C delithiation rate. This
is in agreement with our previously published results [152]. In Figure 12 one can see that the
overpotential rises significantly with increasing rate for standard electrodes. The overpotentials
decrease for graphite electrodes with intermediate thickness (m = 0.7 ±0.1 mg, h = 10 ±2 µm) as
shown in Figure 13. The total overpotential decreases even more significantly when using the
thin-layer graphite electrode (m = 0.168 ±0.002 mg, h = 1 ±1 µm) as depicted in Figure 14. To
compare the different kinds of electrodes, the overpotentials at 35 % SOC, i.e., during the transi30
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would occur. In addition to this, there exist diffusion limitations within the stage 2L to 2 and
stage 2 to 1 phase transitions, which decreases the respective practical specific charge associated
with these transitions. These results compare well with single-particle experiments performed on
MCMB (heat-treated at 2800 °C, spherical particles of 30 µm), where a discharge rate of 1000C
delivered ~85 % of the specific charge in a potential window of 0- 2.5 V [157]. We can reach a
similar rate in the thin-layer experiment, which confirms that our configuration is capable of investigating the properties of the active material. But one has to be careful comparing the results
for MCMB with highly crystalline flakes of graphite because MCMB is composed of very small
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graphitic domains mixed in between disordered carbon domains. MCMB therefore usually exhibits a higher diffusion coefficient, as shown by Takami et al. [110]. The experiment with a single MCMB particle shows the characteristic plateaus of the graphite stage-transition even at a
rate of 1500C, while no transition plateaus can be detected in the case of SFG6 graphite at rates
higher than 170C. It seems that the crystallite size, and thus the diffusion length, is important for
particle rate performance.
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3.2.2 Characterization of side effects in thin‐layer electrodes
A major challenge of the experiments with thin-layer electrodes is the influence of “parasitic
reactions”. The first one is concomitant lithium insertion into the 3 wt% of SuperP conductive
filler, which is needed to achieve good electronic conductivity of the electrode necessitated by
the reduced number of available current pathways. Furthermore, and even more importantly, the
conversion reaction of lithium with the naturally partially oxidized copper current collector
needs to be considered. Figure 16 illustrates the cycling and rate performance of SuperP electrodes, yielding 250 mAh/g of specific charge at a low rate. This translates into a parasitic charge
of 8.6 mAh/g in the composite electrode. Additionally, the tested blank copper current collector
is depicted in Figure 17, for which the specific charge is normalized to a virtual graphite mass of
0.2 mg. The current collector is always slightly oxidized on the surface, exhibiting a layer of
CuO on the outer surface and Cu2O between the Cu bulk and the CuO surface layer. The additional specific charge for the reduction of copper oxides was estimated to be 32 mAh/g (normalized to 0.2 mg virtual graphite mass).
Based on Faraday’s law and assuming Cu2O only, the calculated thickness of the Cu2O surface
layer is 21 nm, which is reasonable (CuO would be 11 nm thick, calculations in [149]). All other
cell components (binder, titanium container, etc.) showed no measurable specific charge. The
electrochemical double-layer capacity can also be neglected. A calculation with a specific surface area of 17 m2/g for SFG6, 62 m2/g for SuperP, and 1.33 cm2 for copper current collector
(times ~10x roughness) assuming 5 µF/cm2 of specific capacity gives a double-layer charge contribution of only 0.6 mAh per 0.2 mg of active material [149]. In total, we estimated that the parasitic reactions contribute more than an extra 10 % of specific charge. Especially for stage 1L
+
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and the potentiostatic step at the end of each rate cycle, the experiment would show a much
higher charge than the process under consideration itself, due to the influence of the oxidic layer
at the current collector.
In fact, there are three major challenges associated with extremely thin electrodes. They are the
parasitic side reactions, determination of the correct mass of the active material and aging of the
electrode during cycling. The influence of all three effects on the course of the electrochemical
curves can be estimated when one superimposes the results obtained for the three different active
materials (graphite, SuperP, CuxO). This means that, if the potential of the composite electrode
passes through the potential window of e.g. 1.5-0.3 V in a certain period of time, one can superimpose the contribution of the three different active materials, assuming a parallel circuit that
shares the total current. This assumption is only valid if no phase transitions, manifested as plateaus on the galvanostatic curves, occur within the relevant potential window, because a phase
transition reaction can be considered as a “constant potential step” for the other materials.
Since electrochemical cycling was conducted at a high charging (or discharging) rate followed
by a discharging (or charging) rate of C/3, one can precisely calculate the mass of the active material in the electrode from the course of the respective low rate half-cycle (electrochemical mass
estimate). This approach is valid if the specific charge ratio of all graphite stage transitions stays
constant relative to one another, allowing the identification of the loss of electronic contact of
some graphite particles in the electrode. From this calculated mass we can determine the extent
of particle “loss” of graphite as well as the contributions of CuxO and SuperP for low and medium rates. At high rates, the simple linear superposition is not valid anymore due to shading ef+
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fects of the graphite particles on the current collector, which increases the diffusion length within
the CuxO layer. The equation applied to estimate these effects is given by:
QTL  QLiC6  0.03

Q
 OF  QCuxO
0.87 SuperP
 f ( t , E )

QTL, LiC6 ,SuperP ,CuxO

(3.5)

with the specific charges Q of thin-layer electrode (TL), graphite (LiC6), SuperP, and CuxO. The
influence of SuperP has been adjusted for its mass fraction in the composite electrode and the
thickness of the CuxO layer can vary depending on the degree of oxidation, which is fitted by an
oxidation factor OF. The fitting parameters are presented in Table 5. With this superposition approach, the active mass, aging effects, and parasitic influences can be determined with high precision. The systematic error due to these three effects can be reduced from approximately 3036 % of the specific charge for the raw experimental data to about 6-8 %, i.e., by a factor of almost five. To account for stochastic errors, five nominally identical experiments have been evaluated in order to extract trends.
It is also very important to look into the current density distribution in the thin-layer electrode.
Inhomogeneous current distribution is known to occur perpendicular to the coating in standard
electrodes, where the diffusion limitations of the electrolyte in the porous electrode govern the
response of the system at high rates. If the thickness is very low, this inhomogeneity can be neglected. But inhomogeneous reactions along the lateral direction of the electrode become important. Figure 18 illustrates a monolayer and a bilayer of active particles with a corresponding
equivalent circuit across the copper oxide layer and between the active particles. Assuming the
previously estimated Cu2O thickness at the current collector of 21 nm and a specific resistance of
5000 Ωcm for semiconducting Cu2O [158], we can calculate the contact resistance of one particle in a monolayer (without interparticle contact). Assuming a full basal surface contact between
SFG6 and Cu2O, the contact resistance is calculated to be 133 kΩ which is particle size dependent [149]. Although there are smaller currents for smaller particles, this would not change the
Table 5: Parameter estimation from superposition (SuperP and CuxO based on 3rd cycle specific
charge at C/3).
Sample
1
2
3
4
5

graphite
mass
[mg]
0.168
0.165
0.206
0.209
0.217

total estimated
charge
SuperP CuxO
8.6
33
8.6
33.7
8.6
19.7
8.6
59.4
8.6
16.5
36

Remaining error
after correction
SuperP CuxO
3.9
9.4
3.9
9.8
3.9
5.6
3.9
17.3
3.4
5.4
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visualize the stage-dependent charge fraction as displayed in Figure 20, which shows the trends
for the experiments more clearly.
At high rates, the transitions between the liquid-like stages consume more than 80% of their
theoretical specific charges, while the formation of graphite solid-solution (stage 1L) even consumes approximately 90% of its theoretical specific charge for a lithiation rate of 20C. By contrast, the transitions to the dense stages 2 and 1 consume only 40% and 45% of their maximum
specific charges, respectively. This decrease is very significant because the transitions from stage
2L-2 and stage 2-1 contribute approximately 77% of the total specific charge of graphite. These
differences in behavior are not due to charge-transfer overpotentials at the electrode/electrolyte
interface, because the driving forces for the transitions are comparable with a potential difference
of 90 mV for the 1L-4L-3L-2L stage transition and 76 mV for the dense stage 2-1 transition.
However, the differences in the stage-dependent practical specific charge at high rates can be
explained by thermodynamic differences. Both stages 2 and 1 possess LiC6 in-plane density
[114]. By contrast, graphite stages 1L, 4L, 3L, and 2L have no in-plane order and lower in-plane
densities [88, 89]. The liquid-like stages only possess ordering along the c-axis, which defines
the respective stages. It seems that the solid-state diffusion coefficient of lithium in graphite is
smaller for the dense stages than the liquid-like stages. This is consistent with the trends already
described by Levi et al. [153] and Umeda et al. [159]. Both groups showed a difference in the
lithium diffusion coefficients of one order of magnitude between the liquid-like stages compared
to the dense stages. But, interestingly, the absolute values of the diffusion coefficients in references [153] and [159] also differ by a factor of 10 to 20.
The relative contributions of the different stage transitions to the charge released by the delithiation of graphite have also been analyzed (Figure 21). Here, the same trend as for lithiation can
be observed. The contributions of both stage 1 solid-solution (stage 1ss) and the transition from
stage 1 to 2 decrease sharply with increasing rate. But, surprisingly, the contribution of the stage
2-2L-3L-4L transitions compensate for the initial specific charge limitation during the dense
stage transitions. This can be seen more clearly in Figure 22, where each stage transition fraction
is normalized with respect to its initial low rate specific charge, thus visualizing the relative
changes. Clearly, the stage transitions towards the dense stages (stage 1ss and stage 1-2) exhibit
the same trend for discharge (Figure 21) as shown before for charging. Both transitions deliver
only ~40-45% at charging and discharging rates of 20C with respect to their low-rate specific
charges.
This shows that both processes, lithiation and delithiation, are symmetric with regard to the
corresponding diffusion coefficient. Also, the same phase boundary movement must occur be-
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tween the transitions for both charge and discharge. Here, the discussed compensation from the
stage 2-2L-3L-4L transitions can be observed, delivering more practical specific charge between
the rates of 1C-32C compared to the specific charge at a low rate of C/3. Of course, these stage
transitions cannot deliver more than their thermodynamically defined specific charges. But it
seems that the previous processes, i.e., stage 1ss and 2-1 transitions, are still ongoing when the
-1
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next stage 2-2L-3L-4L transitions start. This means that the phase boundaries of the previous
stage transitions still progress further into the center of the particle while a new phase boundary
develops at the edge surface of the graphite particles. Unfortunately, one cannot distinguish the
plateaus of the stage 2-2L-3L-4L transitions to separate the diffusion associated with the dense
stage 2 from the subsequent liquid-like phases (no detectable plateau). The relative contributions
-1
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of the following transitions from stage 4L-1L and within the stage 1L (graphite solid-solution)
increase sharply compared to their very low contribution to the total charge of graphite.
In summary, we found the following for the lithiation of graphite: In addition to the low applicable overpotential, the stage transition order is also important for the comparatively low lithiation rate capability of graphite. For delithiation, however, the fast liquid-like stage transitions
compensate for the slow dense stage transitions, allowing them longer diffusion times, which are
needed to propagate their phase boundaries further into the bulk of the particle. This can explain
the long-known asymmetry in the rate capability for the charge and discharge of graphite [152].
These results will be used to explain the lithiation/ delithiation from a mechanistic point of view
in section 6.1.

3.3 Overpotentials at thin‐layer graphite electrodes
As discussed in the theoretical section 3.1.2 for thin-layer electrodes, not only the solid-state
diffusion equation (2.10) has a strong influence but also the surface-reaction equations (2.8) for
both the thin-layer electrode of graphite and the lithium-counter electrode. This includes the
ohmic resistance which is implemented in the kinetic model of Newman et al. [146, 147] to be a
linear resistive contribution to the total measured overpotential (eq. (2.9)).
In this section, the kinetic-driven overpotentials will be investigated with respect to their influence on the rate capability of graphite. It was shown by Shim and Striebel [154] that the diffusion limitations through the electrolyte in the porous electrode in standard graphite electrodes are
one of the main limitations. The natural graphite they used with a medium density of 0.9 g/cm3
and 5 mg/cm2 loading delivered only ~85% of the total specific charge at C/2 charging rate in a
standard electrode. The discharge of these electrodes also showed strong diffusion limitations
with a smearing out of the stage transition potential plateaus at rates of >1C and high overpotentials (~400 mV at 5C discharge). In contrast, the rate capability of a single MCMB particle (30
µm, 2800°C heat treated) delivers a discharge rate of ~250C at 400 mV overpotential during galvanostatic discharge [157]. But which contributions increase the overpotential so drastically that
a single particle and a standard electrode differ by a factor of ~50 times? What are the effects
that determine the overpotentials in these graphite electrodes and what are the actual contributions from the graphite particles itself?
To investigate these effects the thin-layer electrode technique is used which avoids the diffusion limitations in the electrolyte in the porous electrode and is able to deliver similar results as
the single-particle technique but is easier to handle as shown in the previous section 3.2.
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To deconvolute the measured overpotential into the different contributions from the graphite
thin-layer electrode, the lithium-counter electrode, and the electrolyte, the equations system has
to be discussed shortly. First, the surface reactions can be described by the Butler-Volmer equation (2.8) where the overpotential is defined in eq. (2.9). Additionally, the potential drop in the
porous electrode matrix

 ΦS

can be described by Ohm’s law in eq. (2.11) but it will be a minor

effect due to the very thin electrode with good electronic contact guaranteed by the 3 wt% conductive filler. The potential drop in the electrolyte can be described by eq. (2.6) and can be simplified to the first term (linear part) for thin-layer electrodes until rates of <40C as discussed in
section 3.1.2. Diffusion in the electrolyte will limit the system response for currents higher than
36 mA (27 mA/cm2) for the used cell configuration (see section 3.1.2).

3.3.1 Cycling and side influences
The cycling of the thin-layer porous electrode of graphite SFG6 is presented in Figure 23
which is a modification of Figure 14. For both lithiation and delithiation the overpotentials increase with increasing rate as one expects. Only the first high rate delithiation cycle at a current
density of 28 mA/cm2 (665C) shows more positive potential than the second high rate cycle at
the same current but slightly higher normalized rate (681C) due to aging (particle loss). The third
high rate cycle is performed at 42 mA/cm2 (1055C) and cannot be compared due to the different
rate. There is also an apparent overshooting of the overpotential at the beginning of the first high
rate delithiation. This effect can come from either the graphite or the lithium counter electrode
since no reference electrode was used, and will be discussed later. For delithiation, the overpotentials do not limit the rate capability of graphite. For lithiation, the overpotentials also rise continuously but, in contrast to the delithiation, lead to a prematured hitting of the galvanostatic cutoff potential. This difference was found to be due to the diffusion of lithium in graphite in dense
stage 2 and 1 which leads to additional diffusion-limited overpotentials to the standard processes
of surface reactions and ohmic drops as discussed in section 3.2.3.
To separate the influences from the thin-layer electrode of graphite and the lithium counterelectrode, the same high current densities have been applied to symmetrical Li-Li cells as depicted in Figure 24. Both lithiation/delithiation and currents are referenced with respect to the standard half-cell configuration with a virtual graphite mass of 0.2 mg. One can see clearly that the
overpotentials from the Li-Li cell are significant compared to the 0.2 mg of graphite thin-layer
electrode. At a current density of 42 mA/cm2 the graphite-Li cell shows overpotentials of circa
1.1 V while the symmetric Li-Li cell shows ~0.83 V. That means that even at very low amounts
of loading of active material, the lithium-counter electrode contributes significantly to the overall
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overpotentials in the half-cell configuration in EC/DMC 1M LiPF6 electrolyte. This contribution
can come from both surface reactions and the resistivity of the solid electrolyte interphase (SEI).
Another important feature can be observed in the first high current density cycles shown in the
inset of Figure 24. An apparent overshooting of the overpotentials in the first high rate cycle is
detected for the Li-Li cell which starts at ~0.96 V and decreases monotonically to 0.73 V within
the 7.2 s of measurement. This overshooting seems to be of the same origin like the one observed
for the thin-layer half-cell of graphite. The following cycles also show a small overshooting of
the overpotential in the Li-Li cell but seem to be equilibrated at very short time. We did not find
a particular order of the time constant for this “equilibration” process as they seem to differ with
the rate for high current density delithiation. We will call this initial overshooting of the overpoDelithiation
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tential in the first cycles “high rate formation cycle” based upon the name of SEI formation.
These high rate cycles are performed after three low rate SEI formation cycles.
To get an insight into the origin of this overshooting of the half-cell overpotential, a linear superposition is shown in Figure 25. If one subtracts half of the Li-Li overpotential of the first and
second high rate formation cycle from the respective Li-graphite high-rate formation cycle, one
can see that the remaining overpotential is almost identical (Figure 25a). This indicates that the
observed initial overshooting originates mainly from the Li-counter electrode. These linear corrections can be done for all delithiation rates from Figure 23 and show the significant influence
of the Li-counter electrode on the overpotentials in half-cell measurements (Figure 25b).
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"Lithiation"

"Delithiation"
28 mA/cm

+

potential vs. Li /Li

1.5

-0.05
potential vs. Li /Li

0.7 mA/cm

2

+

1.0

2

1.0

1 cycle

0.5

2 cycle
th
5 cycle

0.0

st

nd

0

200
specific charge
2

0.49 mA/cm

56 mA/cm
2
42 mA/cm

2

28 mA/cm
0.21 mA/cm

0.5

2

70 A/cm

14 mA/cm
2

2

0.7 mA/cm

2

0

2

7 mA/cm
2
3.5 mA/cm

2.8 A/cm

0.00

2

2

0.0

200
400
specific charge [mAh/g]

0

200
400
specific charge [mAh/g]

Figure 26: Symmetrical Li-Li high rate cycling with scratched Li-metal electrodes.
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A small overshooting of the overpotential for the graphite electrodes might also be observed
for the first two high rate formation cycles because the slope of these delithiation rates differs
from the following delithiation rates slightly (Figure 25b). One has to keep in mind that overpotentials of the lithium-counter electrode depend mainly on the current density and are independent on the loading of the working electrode. However, the history of the lithium electrode also
influences the electrochemical response as shown in the inset in Figure 24. Therefore, experiments with standard electrodes should also have a strong contribution from the lithium counter
electrode to the total overpotential of a half-cell (e.g. ~125 mV at 7 mA/cm2).
For comparison, we also measured the electrochemical response of symmetrical Li-Li cells
where both lithium-metal electrodes have been scratched with a scalpel before assembling
(Figure 26). The overshooting differs with respect to the time constant for the decrease of the
overpotential. One possibility could be a difference in SEI composition with Li2CO3 and LiF
[13] but will not be the subject of this study.

3.3.2 Stage‐dependent overpotentials
The measurement of the high rates lithiation and delithiation shown in Figure 23 provides even
more insight into the behavior of graphite, when one plots the overpotentials at certain state-ofcharges (SOC). The overpotentials at the beginning of a new stage transition reflect the processes
of the new phase in environment of almost only the previous phase (nucleation). This means that
diffusion-limited overpotentials are very unlikely to contribute at these SOCs. The overpotentials
at the beginning of a stage transition will stem mainly from ohmic drops, surface reactions, adsorption, and possible nucleation overpotentials. One can extract the overpotentials at a certain
SOC within a stage transition, e.g. at 50% progress of a particular stage transition. At these
SOCs, diffusion-limited overpotentials of graphite may contribute to the overall overpotentials.
These overpotentials can only be extracted for stage transitions with a plateau in the opencircuit potentials because the change in the derivative with respect to SOC is used to determine
these points as in the previous section 3.2. The overpotentials of a progressing stage-transition
are determined from the SOC at the beginning of a new transition plus half of the specific charge
of the low rate cycle (C/3). This allows the independent extraction of overpotentials without the
influences of the different diffusion coefficients between the dense and liquid-like stages which
reduces the extracted specific charge of each transition differently as shown before[149].
Figure 27 shows the total overpotentials from the half-cell measurements for lithiation. The
transitions from stage 1L-4L-3L-2L, stage 2L-2, and stage 2-1 could be evaluated because they
show a significant change in the electrochemical response (plateau in OCP). The changes within
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the transitions between the different liquid-like stages 1L, 4L, 3L, and 2L were not possible to
identify especially at increasing rates due to very featureless characteristics in the galvanostatic
response. Additionally, the ohmic drop has been included which was extracted from electrochemical impedance spectroscopy giving ~4Ω, and will be discussed later.
Furthermore, the contribution from the lithium-counter electrode was evaluated from the symmetrical Li-Li cells and plotted as additional overpotentials to the ohmic drop in the electrolyte
(difference between green and yellow overpotentials in Figure 27). The remaining overpotential
can be attributed to the different transitions which show differences between the beginning and
the progression (20% or 50%) of the respective stage transitions due to diffusion limitation. A
progression of 50% of stage 2L to 2 and stage 2 to 1 are in the center of the potential plateau of
these transitions. In contrast, 20% of the transition of stage 1L-2L is located exactly at the end of
the stage 1L to 4L plateau and therefore reflects almost pure stage 4L. Thus the diffusion-limited
overpotential contributes much more at 20 % stage 1L-2L compared to the 50% progressed twophase transitions between stage 2L-2 and 2-1.
In general, it can be seen that the “parasitic effects”, namely the ohmic potential drop in the
electrolyte and the influence of the lithium counter electrode, contribute ~60% to the overall
overpotentials at 20C lithiation rate in a graphite half-cell. This visualizes clearly the important
influence of the lithium-counter electrode even when the active mass and respective current density is very low (0.2 mg graphite with 0.7 mA/cm2 ≈ 20C). These side effects can be subtracted
from the original galvanostatic response of the Li-graphite half-cell which leads to the overpotential response on the graphite thin-layer electrode alone as shown in Figure 28. This assumption of linear superposition holds for operation at low current densities because the nonlinear effects in eq. (2.6) can be neglected, as shown in section 3.1.2. Additionally, the assumption to
take only half of the overpotentials of the symmetrical Li-Li cell for the subtraction of the counter-electrode influences assumes the transfer coefficient α of the Butler-Volmer equation (2.8) to
be αa = αc = 0.5 (one step symmetric charge transfer).
The corrected overpotentials in Figure 28 indicate a Butler-Volmer type of process with a saturation of the overpotentials at less than 10 mV to the respective C/20 curve for the beginning of
the stage-transitions. But the standard Bulter-Volmer equation for a one-electron charge-transfer
needs more than 30 mV to be in the Tafel-regime [150]. Obviously, this process occurs at very
low specific current of less than 0.5 A/g and is saturated at around 10 mV. This process cannot
be due to an preceding adsorption process of lithium on the graphite composite electrode because
the characteristic overpotential – current density diagram would indicate another profile being
point-symmetric to our result [150].
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So far this process could not be identified but it seems to be also seen by other researchers for
LiFePO4, although they interpreted their results with linear relationships for exponentially decaying overpotential vs. current density diagrams [68]. They interpreted their results as a hysteresis
between charge and discharge due to the effects of the difference of miscibility gap and spinodal
gap on the potential profile in the case of a large amount of phase separating particles [68]. In
our case, a hysteresis might also exist (shown later) but the exponential behavior of the current
vs. overpotential occurs at much higher current densities compared to [68].
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A systematic measurement error can be excluded due to the fact that no such behavior is seen
for the symmetrical Li-Li cell (green curve in Figure 27 and Figure 29). This phenomenon would
results in a conflict for electrochemical impedance spectroscopy experiments (EIS) described in
section 2.6.1d). This technique assumes for a standard evaluation approach with linear RC elements a linearity in the measured potential regime (e.g. when imposing 10 mV AC amplitude vs.
OCP) which would be implicitly violated based on our findings. The experimental result would
still hold but the interpretation with linear elements in Randles circuits [142] would not be valid
anymore for graphite electrodes. However, to understand this phenomenon clearly and give a
correct advice for EIS experiments, further experiments are needed.
The same procedure can be applied to extract the stage-dependent overpotentials for the delithiation of the thin-layer electrode of graphite versus Li-metal. Figure 29 presents these overpotentials for the phase transitions of stage 1 to 2, 2 to 4L, 4L to 1L, and finally st1L to pure graphite. The transition between stage 2-4L which would include the intermediate phases of stage 2L
and 3L cannot be further separated due to the featureless potential rise in the SOC regime especially at rates of more than 5C. As a reference, the ohmic potential drop in the electrolyte across
the separator has been added to show its contribution (electrochemical impedance spectroscopy
determined ~4Ω). Furthermore, half of the overpotentials of the symmetrical Li-Li cell have been
added on top of the ohmic potential drop in the electrolyte.
For delithiation, the influence of the overpotentials of the lithium-counter electrode also contributes approximately 53% of the half-cell overpotential at 20C delithiation rate for the stage
transition of stage 4L-1L and is less for the other transitions. At delithiation rates of 40C, the
lithium counter electrode contributes even ~73% to the half-cell overpotential for the stage 4L1L transition. If one subtracts the parasitic contributions (ohmic drop in electrolyte and overpotentials of lithium counter electrode) from the respective stage-dependent galvanostatic response
in Figure 29, the overpotentials of the pure graphite thin-layer electrode can be determined as
depicted in Figure 30 (same procedure as for lithiation overpotentials). The beginning of a transition includes mainly the surface reactions and ohmic drops in the SEI and graphite particles
while the transitions at a certain degree of progress, e.g. 50%, include additional diffusionlimitation of the new phase.
In general, one can observe a similar trend as for the lithiation of graphite. The phase transition
from stage 4L-1L and 1L-graphite show very low overpotentials of less than 17 mV until rates of
40C. In contrast, the transitions of the dense stages 1-2 and 2-4L show a stronger increase of the
respective overpotentials with respect to the specific current. The 50% progress of a particular
stage transition is also evaluated and shows high additional diffusion-limited overpotentials for
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the transition to dense stage 2 (stage 1-2). For the transition of stage 2-4L smaller additional diffusion-limited overpotentials can be observed. For the 50% progressed liquid-like stage transitions 4L-1L only very small diffusion limited overpotentials can be detected. These classifications are consistent with the previously discussed results in 3.2.3 which was shown to be due to a
difference in the diffusion coefficient of the dense and liquid-like stages. Furthermore, the same
phenomenon at low current densities is seen on the graphite electrodes for delithiation (Figure
30). The origin could not be detected yet, as also discussed for lithiation.
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For delithiation, rates up to 1000C could be achieved for graphite with the help of the thinlayer technique (Figure 23). However, the plateaus of the different stage transitions could only
be separated clearly until rates of up to 40C. Above this rate an extrapolation of the trends for the
beginning of transitions of dense stage 1 and 2 (as shown in Figure 22) was done to extract the
overpotentials for rates up to 1350C. The results of this investigation are summarized in Figure
31 for the different samples and SOCs.
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Figure 31: Delithiation overpotentials at rates up to 1350C with the contributions of the lithium
counter electrode from Figure 24 and linear part of ohmic drop in electrolyte.
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The contributions of the lithium-counter electrode from Figure 24 and linear part of ohmic drop
in electrolyte have been added to show their influences on the half-cell behavior. One has to keep
in mind that the limiting current density was calculated to be 27 mA/cm2 for this cell configuration which corresponds to a rate of ~660C (see section 3.1.2 with adapted rate for lower active
mass due to aging). The influence of the limiting current density can be seen for the overpotentials of the symmetrical Li-Li cell which have been plotted in green in Figure 31. A deviation to
more positive potentials can be observed at rates of more than 700-800C which agrees with the
previous calculations. Interestingly, no blocking effect due to depletion of the electrolyte can be
detected. The effect of depletion would mean a steep increase of overpotential without an increase of the current density being confined to the limiting current density as shown in literature
[150]. For the thin-layer electrode with the given aspect ratio of electrode mass to electrolyte salt
concentration in Table 4 (page 29) the depletion of the electrolyte could fill the graphite particles
even at rates above 660C due to the excess of electrolyte. Therefore, only a small deviation of
the measured Li-Li overpotential from the expected profile is observed.
The overpotential shows a characteristic profile for both the lithium-counter and graphite electrode. The relative contribution of the lithium counter electrode to the total overpotential decreases for very high rates (Figure 31). However, the linear part of the ohmic contribution of the
electrolyte in eq. (2.6) contributes stronger for very high rates above 1000C compared to rates
below 200C. Again the overpotentials from graphite contribute only about 40% to the total overpotential at 1350C for the beginning of stage 1. For the estimated beginning of stage 2 the overpotentials show additional contributions compared to the beginning of stage 1 in Figure 32.
However, this cannot be attributed directly to some effect of stage 2 alone since phase mixing is
very likely to occur (see shrinking annuli model in section 6.1).
The overpotentials of graphite corrected for the contributions of both the electrolyte and the
lithium counter electrode can be further separated. The overpotential on the thin-layer electrode
of graphite can be further split in ohmic resistance from the solid-electrolyte-interphase and the
surface reactions, as discussed in section 3.3. The additional phenomenon which occurs at very
low current density can contribute to the overpotential at high current density where saturation is
expected. The fit of the experimentally measured overpotential of graphite (Figure 32) for the
beginning of stage 1 is presented in Figure 33. The relative contributions are indicated. The superposition of these effects (black) fits the experimentally determined overpotential profile (blue)
for stage 1 well. The extracted parameters from the fit give 17 Ω/mg for the SEI resistance. The
exchange current density was fitted best with i0 = 0.7 A/m2 (normalized per BET) and a transfer
coefficient of αa = ac = 0.5 for the surface reactions modeled by Butler-Volmer (eq. (2.8)).
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The saturation overpotential was estimated to be 8 mV for the low current-density phenomenon
as discussed earlier. The ohmic resistance of the solid-electrolyte-interphase gives a total resistance of 2.86 Ω for the 0.168 mg of active material on the electrode in Figure 33 of one out of
five samples which is decreased due to the particle loss during cycling (section 3.2.2). The resistivity can be described by:

RSEI  

R
l
l

 0,SEI
A
xA0
x

(3.6)

where the resistance of the solid-electrolyte-interphase RSEI is a function of the specific resistance ρ, the thickness l, and the area A of the SEI. Assuming that the specific resistivity and
the thickness of the SEI stay constant after the two low rate SEI formation cycles and the first
two high rate formation cycles, one can include the particle loss x as an reduced cross-section of
the initial area A0 of SEI. This leads to an increase of the relative SEI resistance with cycling due
to particle loss. The SEI resistance is summarized in Table 6 for the continuous cycling (aging).
One can see that the SEI resistance of the cell is increasing with increasing particle loss due to
the assumed dependence on the available SEI cross-section. However, the total resistance has to
be normalized to the available active surface area (ASA) which means in the case of graphite the
prismatic surfaces. The basal surface area is known to be inactive for lithium-ion intercalation
except of local defects [160]. Since no experimental ASA determination is available, we estimate
the ASA by a calculation for the dimensions from a SEM image as discussed in section 3.1.1.
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Figure 33: Fitting of experimental overpotential of thin-layer electrode of graphite, contributions
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The median particle diameter is determined to be 3.3 μm [156] and the stacking in c-axis
~0.4 μm (SEM estimate). This gives a ratio of 20% prismatic to 80% basal planes for an assumed cylinder with a specific ASA of circa 3.34 m2/g based on a BET of 17.1 m2/g. The ASA
surface reaction and equation (3.6) give a specific resistance of ρ·l = RSEI·AASA = 16 Ωcm2. In
general, the measured SEI resistance of 2.9-3.6 Ω (Table 6) is very small compared to the resistances which are usually found in EIS experiments. The EIS resistance of the SEI is usually
around 46 Ω according to Levi et al. [155] for thin-layer electrodes and needs to be modeled with
four R||C elements. So there is a strong discrepancy between our SEI resistance and usual EIS
extracted values. However, an SEI resistance of 46 Ω would be more a heat-source than a battery
system.
Also the Butler-Volmer surface reaction has to be adapted for the aging of the electrode as
shown in Table 6. But here the total exchange current is I = i0·ABET·x which is used for the fitting. However, to get the exchange current density normalized to the active surface area alone,
we have to apply the same calculation as for the SEI resistance. This results in an exchange current density of i0,ASA = 3.58 A/m2 (0.36 mA/cm2). Using this exchange current density to calculate the linear resistance of the Butler-Volmer-equation at very low current density and below

Table 6: Parameters for ohmic and surface-reaction overpotentials from the fitting in Figure 33.
Cycle
number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Discharge Particles
Rate [C]
x [%]
0.064
0.32
665
681
1380
1055
361
174
89.2
36.3
18.1
9.1
0.38
0.38
0.38
0.39
0.39
0.40
0.40
0.40

1
1
0.994
0.95
0.921
0.91
0.894
0.88
0.88
0.87
0.858
0.854
0.842
0.837
0.827
0.82
0.812
0.805
0.795
0.791

Ohmic SEI exchange
current
resistance
i0·A [mA]
[Ω]
2.86
2.01
2.86
2.01
2.88
2.00
3.01
1.91
3.11
1.85
3.14
1.83
3.20
1.80
3.25
1.77
3.25
1.77
3.29
1.75
3.33
1.73
3.35
1.72
3.40
1.69
3.42
1.68
3.46
1.66
3.49
1.65
3.52
1.63
3.55
1.62
3.60
1.60
3.62
1.59
53

Surface reaction resistance
RBV,lin [Ω]
12.8
12.8
12.8
13.4
13.9
14.0
14.3
14.5
14.5
14.7
14.9
15.0
15.2
15.3
15.4
15.6
15.7
15.9
16.1
16.1

overpotentials of ~20 mV (eq. (3.7)) gives a resistance of 71.5 Ωcm2 which is very similar to the
results of Dokko et al. [157] for a single MCMB particle although they did not correct their
overpotentials for SEI resistance. The linear resistance which should be measured by EIS experiments is also given in Table 6 and shows a resistivity of 13-16 Ω for very low overpotentials.
These results will be compared to EIS experiments of thin-layer graphite electrodes further below.

RBV ,lin 

RT
Fi0, ASA

(3.7)

Another aspect which needs to be addressed is a possible hysteresis of the overpotential for
charge and discharge in graphite. For another phase separating material, e.g. LiFePO4, a hysteresis of 20 mV has been detected [68]. They claim that such a hysteresis occurs for all phase separating materials due to the open-circuit potential overshooting in the SOC regime between miscibility and spinodal gap, as shown for the open-circuit-potential profile by Bai et al. [56]. Therefore, the measured potential profile with increasing rate was plotted in Figure 34 which is not
corrected for any side influence. One can clearly see the additional phenomenon at very low current density which was discussed above.
Furthermore, the overpotentials at 50% progress of a stage transition are also shown which increase rapidly for the stage 1 to 2 transition and intersect with the beginning of the stage 2-4L
transition already at ~15C. This means that the new stage transition is already nucleating while
the previous one is still progressing into the particle (see section 6.1 for description). To get an
insight into a possible hysteresis, Figure 34 was zoomed to rates below 1C for both lithiation and
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delithiation which is shown in Figure 35. The beginning of the stage transitions (stage 1-2, 2-2L,
4L-1L) show a distinct hysteresis. The estimated potential difference of the hysteresis is 6.6 mV
(σ = 0.64 for six samples) for the transition of stage 1-2, 13.25 mV (σ = 0.69) for the transition of
stage 2-2L, and 12.1 mV (σ = 0.85) for the transition of stage 4L-1L.
But there is also another interesting feature which can be observed in Figure 35. The overpotentials for both transitions from stage 1-2 and 2-2L have a different slope for lithiation and delithiation while the transition from stage 4L-1L has the same slope. When one plots the slope of
the stage 4L-1L transition as a reference in between the curves for stage 2-2L transition, the deviation can be seen more clearly. It seems that there is some effect which lets both the lithiation
and delithiation deviate from the normal slope. This low current density slope is determined by
the linear part of the Butler-Volmer equation, the SEI resistance, and the linear regime of phenomenon x. The measured hysteresis might come from a similar effect as discussed by Dreyer et
al. [68] based on the spinodal decomposition of phase separating materials but might also come
from surface wetting effects as shown by a new modeling approach by Cogswell and Bazant
[161]. This determination is beyond the scope of this study but would be important for the evaluation of EIS experiments because a hysteresis would add a non-linear feature to the equivalentcircuit-model.
Another feature which was suggested by J. Christensen, Bosch RTC during private communications concerns a shift of the open-circuit-potential of graphite to more negative potentials with
aging. Figure 36 depicts the overpotential profile at low rate C/3 lithiation and delithiation of
graphite with cycling number. Especially the beginning of a stage transition is of interest.
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Usually, one would expect either a constant overpotential for the same rate with cycling or a
slight increase which would be due to a continuous growth of the SEI even after the two SEI and
high rate formation cycles. This increase can be seen when one compares the first cycles (cycles
1-3) with the subsequent ones (>5 cycles). After these initial five cycles (SEI + high rate formation cycles) a decrease of the overpotential at the beginning of stage transition 1-2 and 2-2L
can be observed. For delithiation the C/3rate overpotential insects the initial C/20 reference potential at about 30 cycles. For lithiation, the beginning of stage 2 shifts drastically to more negative potentials which might be due to a suppression of the formation of stage 2L. Stage 2L has
been shown to be kinetically very slow compared to C/3 cycling [96].
In contrast, the overpotentials at the beginning of stage 4L-1L transition at C/3 rate stay constant during cycling for both lithiation and delithiation. Only the progression of this stage transition indicates a shifting to more negative potentials with lithiation cycling. It has to be stressed
that 20% progression of stage 1L-2L corresponds to expected pure stage 4L. This might indicate
a small aging of stage transition 1L-4L. This was shown to be possible if the degree of turbostratic disorder increases; however evaluated for MCMB [111].
Different features have been found during the investigation of the overpotentials for thin-layer
electrodes of graphite. Some of these might have a strong influence on other electrochemical
measurement techniques, e.g. EIS. Therefore, these influences need to be addressed.
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3.3.3 Electrochemical impedance spectroscopy of thin‐layer electrodes of graphite
To get a better insight into the electrochemical response of a lithium-graphite half-cell, electrochemical impedance spectroscopy can be applied which uses alternating voltage excitation to
determine the impedance for a broad variety of frequencies (see section 2.6.1). Usually, the influence of the lithium-counter electrode vanishes if one uses a reference electrode [142]. However, changes in the electrode configuration need to be avoided to compare the results for the thinlayer electrode technique directly with the EIS results. Therefore, full-cell EIS has been performed.
To compare the EIS of a lithium-graphite half-cell with our previous findings, first, the influence of the lithium-counter electrode has to be determined. Therefore a symmetrical Li-Li cell is
built with the same dimensions and configuration as the thin-layer electrode of Li-graphite. In
general, all effects like diffusion, surface reactions, and ohmic losses should be similar for the
Li-Li cell since the thin-layer electrode of graphite adds almost no additional tortuosity to the
standard diffusion through the separator. Also, an equipotential is expected for the bilayer of
graphite with 3 wt% SuperP as discussed in section 3.1.2. The Nyquist plots of the EIS of symmetrical Li-Li cells are shown in Figure 37 for the first SEI formation cycle and the “lithation” in
the second cycle. Lithiation/delithiation and rates are normalized to a virtual active mass of
0.2 mg of graphite.
One can clearly see the increase of the resistances of both semicircles during the SEI formation
cycles. The first “lithiation” shows the strongest increase which is consistent with the know
growth of SEI in the first cycle [13]. The biggest increase can be seen during the first hour of
cycling (blue) while further growth seems to decrease continuously similar to a reaction of first
order in time. An additional increase in resistance in the second lithiation is marginal.
After this formation cycle, high current densities have been applied as shown in Figure 38. The
current densities have been varied in the same order and with the same density as for the thinlayer electrodes. After each “lithiation” and “delithiation” an EIS has been measured. One can
clearly see a very strong decrease of the resistances of the symmetrical Li-Li cell after the first
high current density “discharge” (blue). It seems that an additional semicircle develops at low
frequencies. Further cycling at high current density “discharge” shows a continuous improvement of the cell to smaller resistivity. It has to be mentioned that during the subsequent low rate
“charge” of the symmetrical Li-Li cell the resistances increase again slightly. It seems that the
resistance tries to go increase back to its state before the high-current density “discharge”. This
shows that there exist a strong difference between the SEI formation cycles and the high rate
formation cycles as discussed above.
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The activation which was seen for the overpotentials of the Li-Li cell especially during the first
two high current density discharges can be confirmed by the EIS results. The overpotentials during galvanostatic high-rate discharge of the Li-Li cell in Figure 26 decrease with continuous galvanostatic cycling. However, this continuous phenomenon cannot be captured in Figure 38 due
to the interruption of galvanostatic cycling to perform EIS measurements. EIS was only performed at the end of “charge” and “discharge” of the Li-Li cell. The combination of both results
(galvanostatic and EIS) suggests that an decrease of resistivity of the lithium electrode occurs
which can be either due to an improvement of the SEI on lithium, an increase of the surface area
due to possible dendrite formation or other effects.
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To extract parameters of the processes in the Li-Li cell, a fitting with equivalent circuits can be
performed. Mostly, electrical circuits with resistivity R, capacitance C, and inductive L elements
can be combined in Randles circuits. Additionally, Warburg impedance is used to model diffusion of lithium in the solid. For electrochemical energy storage systems mainly parallel circuits
of R||C are used which are then attributed to different “physical” effects while the correct process
is often still under debate. One of the problems to fit the Nyquist plot with equivalent circuits is
the problem to determine the nmuber of R||C circuits to fit the experimental data. Many researchers take several R||C elements (five in [155]) and account four of them to the SEI. These
four different processes are the attributed to four different SEI components (= four inorganic and
organic layers). However, the more circuits one uses the better the fit (although maybe nonphysical).
To avoid this problem, a method was developed by Franklin and Debruin [140] which uses the
imaginary part of the impedance and transforms it into Fourier space. The imaginary impedance
is sufficient because the real and imaginary parts of the impedance are correlated by the Kramers-Kroenig relation [140]. Afterwards, a filter is applied to delete higher order oscillations after which a back-transformation in the frequency space is performed. The resulting spectra are
called distributed-relaxation-time (DRT) since they reflect the information about the timeconstants τ = RC of the parallel R||C circuits.
The DRT method was successfully applied to LiFePO4 based batteries by Schmidt et al. [162].
The filter after the Fourier transform was chosen to be a Hanning filter as in [162] for which the
cut-off was determined to be after eight harmonics by visual inspection. But the Hanning filter
itself allows an influence of higher Fourier coefficients due to its characteristic damping function. The resulting spectra of the DRT method are presented in Figure 39 and Figure 40 for the
SEI formation cycle and the high rates cycles, respectively.
To interpret these graphs, information about the position, height, and full-width at half maximum FWHM has to be extracted. If the position of the reflex changes its frequency, the respective time constant τ = RC changes. The FWHM reflects the degree of distributed times in eq.
(3.8) in a constant phase element Q which is often used instead of a real capacitor due to a broad
variety of double-layer capacities for different pores or grain boundaries in an electrochemical
cell. If the FWHM of a reflex is very broad in the DRT plot, the exponent of the distributed
phase element is rather small (~0.7). In contrast, if the reflex is a single line the exponent would
be 1 which means that the constant phase element is a pure capacitor. But since a filter is applied
which cuts-off the high frequency harmonics, a peak broadening would occur also for the pure
capacitor element where the FWHM depends on the number of harmonics considered for the
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back-transformation. Additionally, cut-off oscillations can be introduced at the upper and lower
frequency of the investigated frequency domain due to the filter.
If we interpret the results of the DRT method for the low rate SEI formation cycles in Figure
39 we can observed several changes during progressing cycling. The pristine Li-Li electrode
shows three weakly defined time-constants at 0.5 Hz, 2000 Hz, and ~35000 Hz and a long “plateau” regime between those frequencies. This “plateau” in the spectra indicates either several different time-constants or a non-linear effect which is not captured by pure R||Q elements. With
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cycling at very low rates to form the SEI, four distinct spectral time-constants are observed. Two
of them (at ~0.5 Hz and ~4 Hz) remain at their frequency during the course of cycling compared
to the pristine electrode EIS. In contrast, the other two time-constants at higher frequency of
30 Hz and 2000 Hz change their peak position to 20 Hz and 500 Hz, respectively. This indicates
that these two effects might change either their capacitance or resistance.
Additionally, the low frequency time-constant shows a very small FWHM compared to the
other three time-constants which indicates that the exponent of the constant-phase element is
closer to a value of of p =~1 and might even be a capacitor due to the artificial broadening of the
applied Hanning filter. Additionally, the height of all spectral DRTs growths with time indicating
that the resistances are increasing which is known to occur for lithium-metal electrodes in organic electrolytes for both calendric and cyclic aging [13]. Minor effects might be presented but are
convoluted in the spectra in Figure 39.
Such a transformation of the EIS Nyquist plot can also be done for the high current-densities
cycles which were presented in Figure 38. The resulting distributed-relaxation-times are plotted
in Figure 40 where both the pristine and DRT after the SEI formation cycles have been includes
for reference. The first high-current density formation cycle shows a drastic decrease of the
height of the peak intensities for the DRTs except for the one at very low frequency which increases and changes its peak position to slightly lower frequency. In the subsequent high-currentdensity cycles a decrease of all DRT heights can be observed.
Another feature is the stability of the position of the DRTs during the course of the highcurrent-density cycles. Only the high frequency DRT at 500 Hz after formation is shifting slightly back to higher frequencies (~600 Hz) but never reaches the original peak position in the pristine electrode. Saturation can be observed for all peak heights, positions and FWHMs which indicates a stabilization of the conditions in the Li-Li cell. Only a slightly change can be observed
after the third high-current density cycle compared to the 10th and 20th cycle. This stabilization of
the parameters was also observed for the overpotentials of the thin-layer electrode of graphite
after the first high-rate formation cycles in Figure 24 (section 3.3.1).
The DRTs during the SEI formation and high-rate formation cycles are performed with continuous cycling at various rates based on the standard cycling protocol as shown e.g. in Figure 23.
We can determine mainly four different R||Q circuits where one out of the four might be even a
R||C parallel circuit. Additionally, a linear resistance is needed to account for the electrolyte resistance in the cell. No Warburg impedance is needed for the symmetrical Li-Li cells because no
solid-state diffusion occurs and diffusion in the electrolyte is very fast compared to the frequency
range measured here (see discussion in section 3.1.2).
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Unfortunately, the fitting with four independent R||Q circuits was not distinct for the fitting of
the Nyquist plots in Figure 37 and Figure 38. Therefore, the circuits have been reduced to three
independent R||Q’s. The extracted parameters are displayed in Figure 41. One can see that the
electrolyte resistance is very slowly increasing with increasing cycle number which is incremented for each charge and discharge continuously. The electrolyte resistance is starts at ~3.9 Ω
in the first cycle and growth to ~4.2 Ω in the twentieth. Only at the starts of new measurement
protocols (indicated as *), the EIS has been measured at the end of previous and start of new protocol to measure relaxation influence during non-operation of the cell. There the EIS parameters
have been plotted for the same cycle number since no cycling was performed between these EIS
measurements.The capacitance C can be derived from the constant-phase element Q by the formula [163]:

Q * R 

1/ p

C

C  Q max 

(3.8)

R
p 1

(3.9)

RQ   p

(3.10)

where the resistance R of the parallel R||Q circuit is needed to detect the maximum angular frequency ωmax of the semicircle as shown in eq. (3.9). The exponent p determines the distribution
of time-constants τ which show different activation energies of the underlying processes [163].
Either the capacitance or the resistance can be distributed depressing thus the impedance semi80
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circle in the Nyquist plot. The extracted capacitance can be further used to get an estimate of the
used surface area for the process. A double-layer capacity of ~5 μF/cm2 is often seen for organic
electrolytes [164]. This area specific capacitance will be used hereinafter.
Additionally, the extracted capacitances and resistances from the EIS fits are for the full Li-Li
cell which means that resistances are added up while capacitances are summed by the inverse.
Assuming that both Li electrodes behave symmetric due to the very low amount of exchanged
lithium per cycle (19 μg per 1.33 cm2 adding 0.27 μm on the lithium electrode) the resistance can
be divided by a factor of two while the capacitance has to be double with respect to a single lithium-metal electrode:

Rtot  RLi_1  RLi_ 2

(3.11)

1
1
1


Ctot CLi_1 CLi_ 2

(3.12)

with RLi_1  RLi_ 2 and CLi_1  CLi_ 2 result in RLi  Rtot / 2 and CLi  2Ctot , respectively.
The electrolyte resistance increases strongly in the first “charge” from 3.6 Ω for the pristine to
4.1 Ω for the symmetrical Li-Li cell which is most probably a consequence of the further growth
of the SEI on Li-metal. However, the conductivity of the electrolyte should stay almost constant.
During the following “discharge” the resistance increases to 4.2 Ω and stays almost constant for
the subsequent 40 cycles (4.3 Ω after 41 charge and discharges). Therefore, the electrolyte resistance Relyte in Figure 41 seems to be influenced mainly during the SEI formation cycle and can
be assumed to be almost constant afterwards (~4.2 Ω for experiments in section 3.3.2).
The three independent R||Q circuits evolve differently. The first one can only be separated
clearly at the end of the formation cycle because the features are weak in comparison to the other
two processes as discussed above (Figure 39). During the “plateau” regions in the DRT, this R||Q
circuit diverged during the fitting procedure where the resistance was very close to zero and the
capacitance fluctuated strongly as shown in Figure 41.
Of more interest are the other two R||Q circuits. The resistances of the two main processes R2
and R3 increase continuously with cycling at low rate during the first cycles (SEI formation cycles). These resistances decrease drastically during the first high-current-density “discharge”.
The subsequent low-current “charge” shows a strong relaxation of the resistance of the third process R3 to almost the state before the high-current-density “discharge” while the resistance of the
fourth process R4 relaxes only slightly. The second high-current-density formation cycle indicates a further improvement of both resistivities, R3 and R4. The trends shows exponentially de-
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creasing resistances which try to relax (or heal) back to their state before the high-current density
“discharge”. The strongest improvements in resistivities are seen during the first three highcurrent density formation cycles which seem to approach an asymptote. During the subsequent
much lower current densities, no “healing” back to the initial resistance is observed anymore
(current densities same in Figure 24 for galvanostatic cycling). This shows clearly, that the processes can be stabilized after at least three subsequent high-current-density cycles.
The capacitances which are derived from the constant-phase-elements by eq. (3.8) show a more
diverse picture of the different processes. The capacitance of the first R||Q circuit (C2) is very
difficult to fit except at the end of the formation cycles and diverges as the resistance approaches
zero (as discussed above). But the capacitance of process #3 starts at around 200 μF and increases very strongly during the first high-current-density “discharge” formation cycles and subsequent low rate “charge” to about 30 mF (factor 150) as presented in Figure 41. In contrast, the
capacitance of process #4 increases very slowly and saturates at about 20 cycles at ~17 μF which
is three orders of magnitude smaller than the capacitance of process #3.
If we estimate the surface area from the area specific double-layer capacity (~5 μF/cm2 for organic electrolytes) and account for eq. (3.12) we get circa 0.6 cm2, 836 cm2 and 1.2 cm2 for the
surface areas of process #2, #3 and #4 in the first cycle, respectively. The maximum estimated
surface area is 1.52 cm2 (cycle 5, end of formation), 11900 cm2 (cycle 7, after C/3 “charge’) and
7 cm2 (cycle 40, saturation) for process #2, #3 and #4, respectively. The geometric surface area
of the lithium electrode is 1.33 cm2. Therefore, process #3 cannot be in direct contact to the electrolyte because its estimated area is more than three orders of magnitude deviating from the geometric surface area. But process #2 and #4 could correspond to the double-layer capacities between the electrode and the electrolyte based on the judgment of the approximated surfaces.
Because the resistivities of process #3 and #4 show a similar evolution during the SEI formation cycles and subsequent high-current-density formation cycles, no assignment can be done
to the processes of surface reactions or ionic conductivity in the SEI. But the evolution of the
capacitance with the respective surface area is evolving very differently for those two processes.
Figure 42 shows the relative changes of the resistivities and capacities of process #3 and #4. The
resistivities have a similar profile but the relative changes are stronger for process #3. In contrast,
the capacitance #3 is decreases when the resistance is increasing during the SEI formation cycles
(indirect proportional) while both R3 and C3 seem to behave directly proportional during the
high-current-density formation cycles. For process #4 the direct opposite is observed. During the
SEI formation cycles R4 and C4 are directly proportional while they are indirect proportional
during the high-current-density formation cycles.
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The correct assignment of the observed parameters changes of resistances and capacities to
physical processes in the battery is very difficult. Dendritic growth is known to occur on the lithium-metal electrode which shows accelerated growth during high-current-densities due to the
more inhomogeneous current distribution and decrease of surface diffusion time [72]. During
dendrite growth, a surface area increase is expected which will decrease the resistivity of the surface-reactions as eq. (3.7) shows where the exchange current is a function of area times exchange
current density. But the SEI resistance also decreases with increasing surface area as eq. (3.6)
shows. Also, the most significant surface area increase is seen after the high-current-density
“discharge” while an area decrease is seen during low current density “charge”. Therefore, process #4 can be related to the surface area increase due to the dendritic growth where the area increases from initially 1.2 cm2 to 7 cm2 during the 40 cycles. The dendritic growth (process #4)
influences the resistance and capacitance mainly by the increased surface area which enhances
the surface reactions governed by the Bulter-Volmer reaction due to an increasing surface are.
However, the changes are not very small from cycle to cycle as shown in Figure 41.
In contrast, process #3 shows a direct proportionality between the resistance and capacitance
for the high-current-density cycles. It was also discussed above that this process seems to be unrelated to a double-layer capacitance with the liquid organic electrolyte because of the very high
surface area. Therefore, it could be related to the grain boundaries of the composite SEI. To get
an approximation, if the grain size is reasonable, a rough estimation can be done. Assuming an
SEI thickness of 50 nm on the 1.33 cm2 lithium electrode with an area specific capacity of
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the primary cubes can be calculated from the volume V = n·a3 and C = Cspec·A = Cspec·n·6a2
where a is the length of the cube. For those values and the capacity at the end of the SEI formation cycle, the grain size would be a = 4.03 nm which might be reasonable with circa 1·1020
grains in the SEI. A smaller grain size might lead to more tortuosity which increases resistance.
Under those circumstances, both the resistance and capacitance would be directly proportional
which is consistent with the observations for process #3 for high-current densities in Figure 42.
The relative comparison of the changes of process #3 shows that during the first high-currentdensity “discharge” at 28 mA/cm2 (500C for Li-graphite cell) the capacitance is increasing by a
factor of 45 which could not be plotted in Figure 42 due to the scale. The subsequent low rate
“charge” (C/3 for Li-graphite) shows only an increase of a factor of 3. This means that the primary grain size would decreases from the fivth cycle (after SEI formation) from circa 580 nm to
~12 nm after the high-current-density cycles (cycle 6) and finally 4 nm for the low-currentdensity “charge” (cycle 7). This seems to be a bit unrealistic. Therefore, the physical origin of
process #3 cannot be confirmed accurately. However, it can be stated that this process cannot
originate from a process that is in contact with the organic electrolyte (double-layer).
Process #2 cannot be assigned so far. However, the decrease in resistivity and capacity of process #3 and #4 during high-current-density operation seem to show an improvement of the SEI
ionic conductivity during these cycles while the low-current-density “charges” might lead to a
“healing” of the SEI. This “healing” effect is very strong after the first high-current-density “discharge” and is much more suppressed during the following high-current-density cycles (Figure
41. Experiments with a reference electrode would be necessary to extract differences between
the two lithium-metal electrodes to confirm the results of this study.
But what are the changes on the thin-layer electrode of graphite during SEI formation cycles
and the high-current-density formation cycles? To get an insight, electrochemical impedance
spectroscopy has also been performed on Li-graphite cells. The mass of the thin-layer electrode
of graphite has been increased slightly to 0.33 mg to decrease self-discharge during the EIS
measurement. In contrast to the Li-Li EIS, the Li-graphite EIS is performed at two different DC
cell voltages being 10 mV and 1.5 V which corresponds to stage 1 and almost pure graphite versus lithium-metal. An EIS has been measured for the pristine cell and after each charge and discharge, respectively.
The results are plotted as Nyquist plots and presented in Figure 43 for both the delithiated
graphite electrode (Figure 43 left) and stage 1 (LiC6) electrode (Figure 43 right). The EIS of the
pristine Li-graphite cell has been plotted together with the EIS of discharge graphite samples
(~1.5 V) but was performed at 3 V vs. Li+/Li. The pristine electrode shows blocking electrode
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characteristics as the diffusion impedance increases steeply which shows that diffusion in the
solid graphite particles is hindered strongly. This is consistent with previous findings that Li intercalates in graphite solid-solution (stage 1L) at potentials below 0.8 V vs. Li+/Li [88].
For delithiated graphite a resistance growth can be seen during the SEI formation cycles in
Figure 43a) which is consistent with the observations for the symmetrical Li-Li cell in Figure 37.
After the first high-current-density formation cycle, a very drastic decrease of the resistance of
the first semi-circle (blue) can be observed which continues to decrease even after the second
high-current-density formation cycle (red). The following high-current-density cycles do not alter the EIS response anymore and almost only the diffusion resistance can be observed. This
change is very drastic and was never observed for standard electrodes to the best of our
knowledge.
For LiC6, a similar evolution of the EIS with cycling can be observed as shown in Figure 43b).
The EIS is always plotted before the delithiation cycle of graphite so that the states before the
high-current-density alteration can be compared. After the SEI formation cycles, a very high resistance is detected which changes very slightly from the first lithiation (black curve) to the second lithiation cycle (blue). However, the same significant decrease in resistivity can be observed
after the first high-current-density formation cycle (red). The second high-current-density formation cycles decreases the first semi-circle further but of smaller extend. The next seventeen
cycles influence the semi-circle slightly and a saturation of the EIS response can be observed.
To compare the results of the EIS of Li-graphite with the ones of the symmetrical Li-Li cell,
parameter fitting of the Nyquist plots has been performed. Here, the fitting was separated for the
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10 mV (right) after and before each high rate discharge conducted with the same current densities as the thin-layer graphite experiments in Figure 23.
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lithiated and delithiated graphite-Li cells because the response is very different between these
two state-of-charges. First, the lithiated stage 1 vs. Li was evaluated with one resistance for electrolyte conductivity and two parallel R||Q circuits in serious to the electrolyte resistance. A Warburg impedance and a capacitor have been added for the diffusion EIS response.
The evaluated electrolyte resistance Relyte and the two resistances of parallel R||Q circuits are
plotted in Figure 44 for the EIS at 10 mV. One can see the almost constant resistance of the electrolyte (4.1 Ω after the first lithiation) increases slightly to 4.25 Ω over the course of the 42
charge and discharge cycles.
The other two resistances of the R||Q parallel circuits are much more changing during the cycling. The resistance of process #2 and #3 are increasing during the SEI formation cycles and
seem to saturate which is consistent with the SEI growth observed in literature [13]. However, a
drastic decrease of the resistivities is seen after the high-current-density formation cycles by a
factor of 6.4 for process #2 and 2.8 for process #3. During the second high-current-density formation cycles (HCDFC) a further decrease is seen by a factor of 1.4 and 1.5 for process #2 and
#3, respectively. Process #3 has reached its equilibrium as it stays almost constant after the second HCDFC throughout the subsequent cycling (7.9-8.2 Ω). In contrast, process #2 is decreasing
continuously during the cycling from 3.6 to 2.3 Ω (third HCDFC to end of 42 cycles).
Also the capacities show a different evolution for process #2 and #3 which have been derived
from the constant-phase-elements by eq. (3.8). Process #2 shows a continuous increase of the
capacitance with cycling. However, a strong growth is observed for process #2 after the highcurrent-density discharges which was also observed for process #4 of the Li-Li system as shown
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above in Figure 41. Also a saturation of the capacitance is seen but at 10 times higher values than
the Li-Li system. The capacitance of process #3 is much more volatile for the Li-graphite cell.
The initial high capacitance of ~300 μF during the SEI formation cycles decreases after the highcurrent-density formation cycles. Saturation can be seen at around 150 μF if one excludes the
points in the third protocol. The relative changes of the parameters of process #2 and #3 can also
be plotted as presented in Figure 46b) for the case of the 10 mV Li-graphite system. Process #2
shows an indirect proportional behavior of its resistance and capacitance which was also seen for
process #4 of the Li-Li system. In contrast, no correlation can be found for the resistance and capacitance of process #3 of the Li-graphite system since the stable resistance R3 is parallel to a
very fluctuating capacitance C3. Therefore, process #2 might be assigned to dendrite formation
based on the similarities to process #4 of the Li-Li cell. Process #3 cannot be assigned but shows
similar characteristics as process #3 of the Li-Li cell. However, a clear separation between the
influences of the lithium and graphite electrode cannot be made.
A fitting of the EIS response of the Li-Graphite system at 1.5 V can also be investigated by
Randles circuits. Figure 45 depicts the evolution of the system which was fitted by a linear electrolyte resistance Relyte, two parallel R||Q circuits, a capacitance and a Warburg diffusion impedance as Relyte+Q2/R2+Q3/R3+C4+Wd4. The fitting could be done for the SEI formation cycles
and first two HCDFC. Subsequent HCD cycles show almost no semi-circle before the Warburg
impedance and are almost featureless. Therefore, the extracted parameters for higher cycle numbers are very fluctuating and should be treated with care. The electrolyte resistance shows the
same trend as the one evaluated at 10 mV for the Li-graphite system in Figure 44 which is only
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3.9 Ω for the pristine electrode and increases to 4.2 Ω after the SEI formation cycles staying constant for the subsequent cycles. In contrast, the resistance of process #2 is increasing during the
SEI formation cycle and drastically decreasing during the HCDFC reaching a value of ~1.5 Ω
after the first HCD cycle. The resistance of process #3 increases after the HCD cycles, however,
shows high scattering which is related to a difficult fitting of this process after the HCD cycles
due to the dominant influence of the Warburg impedance as shown in Figure 43.
The capacities of process #2 and #3 are plotted in Figure 45b). Process #2 shows a similar increase of capacitance C2 as for the EIS evaluation at 10 mV and for the Li-Li system which saturates after ~20 charge and discharge cycles. Process #3 undergoes a drastic increase in the related
capacitance after the first HCD formation cycle followed by smaller increases during the next
two HCDFC and stays nearly constant during the subsequent cycles. Additionally, the relative
changes of the processes for the Li-graphite system at 1.5 V (Figure 46a) show similar characteristics as the once at 10 mV. But the indirect proportionality of process #2 is only seen for the SEI
formation cycles and first HCDFC. Afterwards, some minor deviations from this trend can be
seen which are most probably due to the very featureless Nyquist plot for 1.5 V as discussed
above. The resistance and capacitance of process #3 are direct proportional for the first few cycles and become fluctuating for the subsequent cycles.
The two processes from the Li-graphite system cannot be easily attributed to processes on the
graphite thin-layer electrode due to the influence of the Li-counter electrode. But process #2
shows the same characteristics as process #4 of the Li-Li system which was attributed the surface
area increase due to dendrite formation on the lithium-metal electrode. This increases the surface
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area for surface-reactions, thus decreasing the resistance of this process as shown in eq. (3.7). If
one estimates the related surface area from the capacitance and an area specific double-layer capacity of 5 μF/cm2 as also done for the Li-Li system, one can see that the initial surface area of
1-2 cm2 increases to 40-50 cm2 during the cycling for process #2. The geometric surface area of
the lithium-counter electrode is 1.33 cm2 and the estimated graphite surface area is Atot = ABET·m
which gives Atot = 17.1 m2/g·0.33 mg = 56 cm2. The resistance of process #2 shows initially
80 Ω and decreases to ~3 Ω during the HCD cycles. The symmetric Li-Li system showed a resistance of 60 Ω after the formation cycles which decreases to ~18 Ω after the HCDFC.
If we use the equations for the full cell where the parallel R||Q circuits of graphite and lithium
are in series, we can extract the parameters for graphite. With eq. (3.12) and assuming that the
Li-Li cell has symmetric R||Q circuits, we get a capacity of 11 μF (~2.1 cm2) after the SEI formation cycles and -28 μF (~ -5.7 cm2) after the first three HCDFC. This shows clearly that the
processes of the Li-graphite system cannot be separated here and seem to be a convolution of
different processes. A reference electrode is needed to separate the effects from the graphite thinlayer electrode and the lithium-counter electrode.
However, a general conclusion can be made for both the Li-Li and Li-graphite cell. During SEI
formation the resistances within the cell increase which is consistent with previous findings [13].
But during the high-current-density cycles, the resistances decrease drastically for both the Li-Li
and Li-graphite cell which is a new finding. Usually, all resistances are continuously increasing
with further cycling or time (cycling and calendric aging). But here a significant improvement of
the performance of the cell can be shown after application of very high current densities. These
decreases in resistance are partially healing after the first three HCD formation cycles but are
staying almost constant for the subsequent cycles even when the current density is much lower
(C/3). This shows that at least three high-current-density formation cycles are necessary to reach
the steady-state on each electrode. This is consistent with the previous findings for the overpotential evolution during cycling in section 3.3.1 for the lithium-electrode and section 3.3.2 for the
graphite electrode.
This finding should guide future investigations of the rate-capability of active materials vs. a
lithium-metal counter-electrode since results might substantially differ if one increases the current-density each time instead of starting with a very high-current-density. Additionally, the
strong contributions of the lithium-counter electrode to the overpotentials of a half-cell need to
be taken into account if one wants to evaluate the rate-capability of a materials since both the
overpotential evaluation in section

3.3.2 and the EIS experiments show high resistivities on the

lithium-counter electrode.
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3.4 Com
mparison of differe
ent graphiite morph
hologies
With thee help of the thin-layerr technique, the stage--dependent rate capabiility and thee kinetic
limitationss have been tested for ggraphite SF
FG6 (Timcaal) which po
ossesses flakky morphollogy and
high crystaallinity. Butt how do otther morpho
ologies likee spherical or
o exfoliateed graphite particles
p
influence the
t rate cappability of the
t materiaal itself andd, thereinaftter, the respponse in a standard
electrode ffor commerccial lithium-ion batteriees?
To comppare the grapphites to each other booth the standdard electrode with thiccknesses off >50 μm
and the thhin-layer eleectrode cann be used. Figure
F
47 depicts
d
the two compllementary electrode
e
preparationn techniquees with the doctor-bladde techniquue which caan be used for electrodde thicknesses of ~
~20 to ~2000 μm (dried thickness after
a
solventt removal). Thinner eleectrodes aree usually
not possibble to be prrepared duee to scratchhing effectss of small agglomerattes during blading.
Thicker eleectrodes aree often not favored
f
duee to sedimenntation effeccts of conduuctive addittives and
the binder in the liquiid slurry. Additionally
A
y, small craccks can ofteen occur du
ue to electroode contraction duuring the sollvent removval. For thiccker electroddes, the docctor blade teechnique caan be applied severral times in a row but problem
p
witth electronicc conductivvity at the innterphase off the two
layers can occur.
In contraast, for thinnner electroddes than 20 μm,
μ anotherr technique was develooped as disccussed in
section 3.11.1. This tecchnique cann produce very
v
thin-layyers of a quuasi-single--particle layyer up to
several miccrometers and
a closes thhe gap betw
ween single-particles experiments [157] and standard
electrodes [152]. Thesse two technniques will be used in this
t section to comparee different ggraphites
r
capabillity. The thhin-layer tecchnique is used
u
to inveestigate for the rate
with respect to their rate
hite materiaal itself (witthout porosiity effects) while the sttandard elecctrode is
capability of the graph
used to invvestigate thee influencess of various graphites foor commerccial applicattions.

Figure 47: Preparation
n of electroddes with a) doctor-bladde techniquee for standaard electrodees [courNovak and PSI]
P and b) spray-nozzzle techniquue for thin-laayer electroodes.
tesy of P. N
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3.4.1 Particle
P
siize effects
The parrticles size is
i expected to influencee the rate caapability off graphite diirectly due to
t the long-er diffusion path foor lithium ioons in the solid
s
as show
wn in sectio
on 3.2.3 andd the smalleer availablee
surface area per maass of graphhite which is
i needed foor the surfacce-reactionss and SEI reesistance ass
3
To prrove these effects, diff
fferent graphhites have been
b
used in
i the thin-shown iin section 3.3.2.
layer electrode wh
hich minimizes effects of the electrolyte and lithium-cou
unter electrrode as dis-i section 3.1.2. Figuree 48 presentts the SEM images
i
of some
s
of the prepared thhin-layer
cussed in

mages of thiin-layer elecctrodes of SFG6
S
(1st linne), SFG44
4 (2nd line) and
a MCMB
B
Figure 448: SEM im
(PSI11, 3rd line), leeft) secondaary electron and right) electron
e
bacck-scatteringg detector.
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electrodes of graphites with SFG6 (Timcal) in the first row, SFG44 (Timcal) in the second row,
and a spherical mesocarbon microbead (MCMB, Osaka Gas) in the third row. Two images have
been taken for each thin-layer electrode of graphite with the secondary electron detector for an
overview of the morphology and the electron-back-scattering detector to show the copper current-collector shining through the electrode (light-grey).
SFG6 is characterized by a median particle size of 3.3 μm and 90% of the particles are less
than 6 μm [156]. SFG44 has a median particle diameter of 23.9 μm and a D90 value of 44 μm
[156]. They show similar high crystallinity with La = 62 nm and Lc = 30 nm for SFG6 and La =
57 and Lc = 40 nm for SFG44 and show a difference in the surface area measured by BET of
17.1 m2/g for SFG6 and 4.6 m2/g for SFG44 [156]. Additionally, very different carbons like
MCMBs can also be tested in comparison to high-crystalline graphites. They usually have smaller graphitic domains and some amorphous carbon between these domains. Other standard graphites have also been used to prepare thin-layer electrodes (SLP30, KS6, KS75, exfoliated graphite,
etc.(Timcal)) but are not shown in Figure 48 because they form similar thin-layer electrodes.
One can clearly see the differences between the flaky graphite SFG particle and the spherical
MCMB. This particle shape might play a role in standard electrodes since they form a different
pores size distribution and pore connections [154]. For thin-layer electrodes the differences were
unknown up to date.
Therefore, these thin-layer electrodes have been cycled galvanostatically at various rates with a
similar electrode loading. Figure 49 shows an electrode of SFG6 graphite with a mass of 0.64 mg
with 10% PVDF binder. The mass has been increased to the thin-layer experiments in section 3.2
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Figure 49: Galvanostatic cycling of graphite SFG6 with D90 = 6 μm, a graphite mass of
m=0.64±0.05 mg and an electrode thickness of h=10±1 μm.
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to avoid problems with the oxide-layer on the copper current collector and that no conductive
additive is needed. This avoids the parasitic effects which have been investigated and corrected
in section 3.2.2. Only low and medium current densities have been measured to avoid all nonlinear effects discussed in the previous sections. Figure 49 indicates that SFG6 shows very low
overpotentials at 2C charge (lithiation) compared to the low rate charge C/7. Additionally, only
low overpotentials are detected for medium rate delithiation at 25C discharge rate while the full
specific charge can be extracted.
To compare this cycling behavior with the same graphite type (flake, high crystalline), also
SFG44 has been tested under the same conditions as depicted in Figure 50. The rates have been
adapted to the mass which could be more precisely measured after the cycling due to the variation of the mass of the copper current collector after electrode punching. Therefore, the rates of
the different electrodes can vary slightly due to the mass adaptation after cycling has been performed. In contrast to the cycling performance of SFG6, the bigger graphite particles of SFG44
show much higher overpotentials for 1.5C charge rate compared to the 2C charge of SFG6. Additionally, the extracted specific charge of SFG44 during charging is lower than that of the
smaller counterpart. This is consistent with the investigation in section 3.2.3 which shows that
the diffusion limitations in the dense stage 1 and 2 are one of the main limitations during charging if the applicable overpotentials is not limiting.
During discharge, the same trend can be observed. The overpotentials for 28C discharge of
SFG44 are higher than the respective ones of SFG6. Also a small decrease in the extracted specific charge can be observed for SFG44 which is also consistent with the previous findings on
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Figure 50: Galvanostatic cycling of graphite SFG44 with D90 = 44 μm, a graphite mass of
m=0.59±0.05 mg and an electrode thickness of h=14±1 μm.
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the stage-dependent rate capability in section 3.2.3. The longer diffusion path hinders the progression of the dense stages into the particle and, thus, decreases the galvanostatically delivered
specific charge. The difference in the overpotentials between the medium rate discharge (>20C)
of SFG6 and SFG44 can only depend on the influence of the graphite material itself since diffusion limitations in the electrolyte are avoided by the thin-layer technique. Moreover, the influence of the lithium-counter electrode is exactly the same for the SFG6 and SFG44 electrode due
to the same current-densities applied for those cells with slightly different mass giving, thus, a
slightly different rate.
However, the BET of SFG6 is circa four times higher and since the particle shape is of similar
morphology, the specific prismatic surface area should also be higher for SFG6 compared to
SFG44. This means that the overpotential of the surface reactions have to be higher to account
for a lower prismatic surface area of SFG44. Additionally, the available surface area for the SEI
is reduced which increases the resistance as eq. (3.6) indicates. These two factors increase the
total measured overpotential has to be higher for bigger particles with the same morphology
(SFG44: SFG6) due to the lower specific prismatic surface.
As discussed above, also other standard graphites can be tested with respect to their influence
of particle size and should follow the same trend. Figure 51 shows the galvanostatic cycling of a
KS6 graphite electrode. In comparison, Figure 52 presents the galvanostatic cycling of a KS75
graphite electrode. KS graphites also consist of flake-like particles which have a slightly different aspect ratio than SFG graphite. The prismatic area seems a bit smaller from SEM images but
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Figure 51: Galvanostatic cycling of graphite KS6 with D90 = 6 μm, a graphite mass loading of
m=0.58±0.05 mg and an electrode thickness of h=6±1 μm.
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there are many small graphite domains attached on the basal plane on a main particle. Although
there is a difference observed in the irreversible specific charge in the first cycle which is higher
for KS graphites in both EC/DMC and EC/PC compared to the SFG counterpart [156], very little
difference might be seen for the rate capability for small and medium rates.
The BET surface area of KS6 graphite is 13.8 m2/g where 90% of the particles are smaller than
6 μm (D90) and 50% are less than 5.6 μm and the crystallite domains is La = 48 nm and Lc =
28 nm which is only very slightly smaller than SFG6 [156]. In comparison, KS75 graphite flakes
have a BET of 3 m2/g with a D90 value of 75 μm and D50 of 24 μm with a primary crystallite domain size of La = 54 nm and Lc = 34 nm. So, KS graphites are also very high crystalline graphites with a slightly smaller BET than the respective SFG graphite counterparts. The prismatic
surface ratio of KS graphites cannot be determined so that direct comparison of the surface reactions and ohmic resistance is not possible.
During charging of a thin-layer electrode of KS6 in Figure 51 only low overpotentials are observed for 2C charge compared to the low rate C/7 one. In contrast, the charging of KS75 at 2C
rate in Figure 52 shows slightly increased overpotentials at the beginning of a stage-transition,
e.g. stage 2-1, while strong diffusion-limited overpotentials arise during progression of the particular stage-transition. These diffusion limitations are even a bit higher forKS75 than in the
smaller SFG44 which show a similar extracted specific charge at 3C compared to the 2C of
KS75. This is consistent with the findings of the diffusion-limitations in dense stage 1 and 2 as
discussed in section 3.2.3.
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Figure 52: Galvanostatic cycling of graphite KS75 with D90 = 75 μm, a graphite mass loading of
m=0.67±0.05 mg and an electrode thickness of h=22±2 μm.
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The discharge of KS6 shows low overpotentials for medium discharge rates of 17C while the
KS75 graphite electrode shows almost overpotentials of a factor of 2x at medium rates compared
to KS6. This is consistent with the estimations done for SFG graphite because the BET surface
area of KS75 is a factor of 4.5x smaller than that of KS6 graphite giving similar changes of the
contributions of the surface reactions and SEI resistance as discussed for SFG graphite. KS75
graphite shows similar overpotentials at 21C discharge rate with regard to the 28C discharge rate
of SFG44, thus indicating higher overpotentials at the same rate for KS75 which is also consistent with the BET ratio of SFG44: KS75 of a factor of 1.5.
In general, this comparison of highly crystalline graphites shows that smaller particles show a
better charging performance for both overpotentials and extracted specific charge. In contrast,
for discharge only the overpotentials increase for bigger particles while almost the full specific
charge can be extracted for all measured highly crystalline graphite particles until a particle size
distribution of D90 < 75 μm. Only small specific charge losses are seen for the bigger graphite
particles which are less than 20% at medium high rates of ~20C which are sufficient for most
applications. The extracted specific charge dependence on the order of the stage transitions because the dense stages possess a smaller diffusion coefficient as discussed in section 3.2.3 while
during discharge the liquid-like stage transitions can compensate for this limitation of the dense
stages. The overpotentials clearly depend on the available surface for reactions (prismatic area,
although often only the BET is known) as shown in this section. This is consistent with theoretical predictions from the kinetic equations governing the system response.
Including the finding of Buqa et al. [156] for the irreversible charge loss in the first cycle in
EC/DMC, we propose the use of a smaller particle size of highly-crystalline graphite particles for
high power applications where an initial irreversible charge loss needs to be accepted (e.g., hybrid electrical vehicles with a small battery pack). In contrast, bigger graphite particles should be
used for high-energy applications where specific charge losses need to be avoided and recharging can be done slowly (e.g., laptops, cell phones).
A combination of smaller particles closer to the separator while the bigger particles are closer
to the current collector might be a good intermediate electrode because it can account for high
current pulses and could allow equilibration of the electrode during relaxation. Therefore, particle size engineered electrode might be beneficial for pulses application (e.g., start-stop of power
tools, electrical vehicles). Similar mixing of electrodes is done in the positive electrode by using
fast manganese spinel and high energy materials like NCA or NMC [4]. The evaluation of these
mixed graphite electrodes are beyond the scope of this work and are just proposed as a possible
solution for applications.
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3.4.2 Effects of particle shape on electrode performance
It was shown above that the particle size of graphite determines the galvanostatic response in
thin-layer electrodes. But what determines the response in a standard electrode of graphite where
diffusion limitations and tortuosity in the porous electrode contribute significantly to the electrochemical response? Shim et al. [154], Buqa et al. [152] and many others showed that the response of a standard electrode depends mainly on the diffusion in the electrolyte in the porous
electrode. But what determines the porosity of an electrode?
In an uncompressed electrode, the particles are loosely connected and are mainly hold together
by the binder (fibers and matrices of PVDF, PTFE, CMC, etc.). The pores are often very large
and the fraction of porosity of the total electrode volume can be ~35-40%. The pore shape should
mainly be defined by the particle shape and the pore size should depend mainly on the particle
size of the active material. Conductive additives and the binder influence the porosity according
to their volume fraction. The influence of the particle size on the thickness of an uncompressed
electrode can be clearly seen from the thin-layer electrodes in the previous section where a similar mass ration of the different flaky graphite particles SFG6: SFG44: KS6: KS75 with a mass of
0.64: 0.59: 0.58: 0.67 mg shows a strong increase of the electrode thickness with particle size
with 10: 14: 6: 22 μm (Figure 49-Figure 52). This shows clearly that bigger particles form bigger
pores between them, thus increasing the electrode thickness. In contrast, highly compressed electrodes are often pressed to the closest packing structure which is obviously different for spheres
than for flakes or quadratic particles. In a compressed electrode, the pores might be very small
and the connections between these pores might vary strongly with the particle shape.
To compare different graphites in a standard electrode, a colleague in the group, Dr. Wolfgang
Märkle, studied different graphites with different particle size, BET, morphology, particle shape,
and crystallinity with respect to their performance in a compressed electrode. The defined standard electrode consists of 91 wt% active material (carbons, Timcal) with 8 wt% of PVDF binder
(Kynar Flex) and 1 wt% SuperP conductive additive (Timcal) were the electrode is compressed
by calandering to an electrode density of 1.3 g/cm3 at an electrode thickness of 30 μm.
The discharge response of these defined standard electrodes where tested at different C-rates
where the response of the 15C discharge rate is shown in Figure 53 for three different samples of
an MCMB (PSI11), a special treated graphite, and an expanded graphite (PSI52). A clear difference can be observed for the specific charge which can be extracted galvanostatically for these
three different carbons in the standard electrodes. However, it has to be stressed that the MCMB
has a smaller total specific charge (~300 mAh/g) compared to the expanded graphite
(~400 mAh/g). When one plots the ratio of galvanostatic specific charge to the total specific
79

charge of the electrode, one can compare the 15C-discharge performance for different carbons.
Figure 54 shows this comparison for 63 different graphites and graphite-like carbons. The
MCMB (PSI11) delivers ~90% of the total specific charge galvanostatically at a discharge rate of
15C. In contrast, the expanded graphite can deliver less than 30% of its charge galvanostatically.
These results come from an investigation by Dr. Wolfgang Märkle and are just shown for reference in the standard electrodes.
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Figure 54: Galvanostatic part of 15C discharge experiment in standard electrode configuration
for different carbons [courtesy of Dr. Wolfgang Märkle, PSI].
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To compare the carbons, the best and worst samples in Figure 54 have been chosen to be tested
in the thin-layer electrode configuration. Figure 55 presents the galvanostatic response of a thinlayer electrode of an MCMB which showed the best performance at 15C discharge while Figure
56 shows the cycling of expanded graphite which was the worst sample during the galvanostatic
discharge at 15C in the compressed standard electrode. The MCMB consists of spherical particles with a D90 value of 15 μm and a D10 = 7 μm with a BET of only 1.8 m2/g [Dr. W. Märkle].
This small BET is due to the spherical shape of the MCMB particles which minimizes the surface to bulk ratio compared to other particle shapes. In contrast, the expanded graphite consists
of graphite particles which have been exfoliated partially on the prismatic surfaces with a D90
value of 40 μm and D10 = 5 μm where the BET is measured to be 22.5 m2/g [Dr. W. Märkle].
This BET surface area is five times higher compared to SFG44 with a similar D90 value mainly
due to the exfoliated prismatic surfaces.
The charging of the MCMB (lithiation) in the thin-layer electrode in Figure 55 shows that the
overpotentials increase significantly for 1C and 2C compared to the low rate C/5. Additionally,
the specific charge extracted galvanostatically decreases very strongly delivering less than 40%
at a 2C rate. Furthermore, the stage transition between graphite solid-solution (stage 1L) and
stage 4L is very badly defined even at low rates of C/5 which is consistent with findings of
Takami et al. [110] who showed that increasing disorientations of the graphitic domains decrease
the existence of stage 1L to 4L transition.
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Figure 55: Galvanostatic cycling of a mesocarbon microbead MCMB (PSI11) with a loading of
active material of m=0.9±0.1 mg and an electrode thickness of h=16±2 μm.
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In contrast, the expanded graphite shows very good performance during galvanostatic charging
at 1C and 2C rate in Figure 56. The overpotentials of the expanded graphite are smaller than the
once of the MCMB at the beginning of a stage transition for the same rate. Additionally, much
smaller diffusion-limited overpotentials are observed during the progression of a stage transition.
More than 70% of the total specific charge can be extracted during 2C galvanostatic charge as
compared to ~40% of specific charge for the MCMB.
For discharge a similar trend can be observed. The MCMB particles show very high overpotentials during 29C discharge while the expanded graphite shows roughly half of the overpotentials
at 32C discharge rate (~0.48 V: ~0.26 V at 50% SOC). Additionally, the MCMB cannot deliver
its specific charge at 43C discharge while still more than 80% of the specific charge can be extracted galvanostatically from the expanded graphite at 68C. This shows clearly that the best
sample of the compressed standard electrode (MCMB) which was three times better than the expanded graphite electrode completely changes its behavior in the thin-layer technique when particle properties dominate. Additionally, the particle size (D90 value) is more than 2.5 times higher
for the expanded graphite compared to the MCMB so that the trends are even more surprising.
The explanation for these contrary results can be explained by the morphology of the two different carbons. The MCMB consists of spherical particles as shown in Figure 48 (third row)
which form a very good porosity network in a compressed electrode with good connection between these major pores. The expanded graphite, however, staples in the electrode where the
ends of the basal surfaces (at the edge to the prismatic surfaces) are expanded due to the exfoliaCharges
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Figure 56: Galvanostatic cycling of graphite expanded graphite (PSI52) with a loading of active
material of m=0.7±0.05 mg and an electrode thickness of h=13±2 μm.
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tion. During calandering of the electrode, these flakes staple where the exfoliated ends of the basal plane block the connection between pores very efficiently. Therefore, the diffusion through
the porous electrode is hindered much more than for spherical particles which increases electrolyte-diffusion-limited overpotentials and leads to a prematured hitting of the cut-off potentials
although the particles itself would be able to respond much faster.
The main conclusions of this investigation shows that the particle properties (size, crystallinity)
with their respective influence on the solid-state diffusion, surface reactions and SEI resistance
define the response in a thin-layer electrode while they seem to play a minor role in compressed
electrodes. There the particle shape defined the pores (size, shape) and especially the connection
between these pores, thus dominating the galvanostatic cycling during medium and high rates.

3.5 Galvanostatic‐intermittent titration of graphite
There exist some influences which are very difficult to access and measure experimentally.
Some of these effects are e.g. the influence of the solvation energy of the lithium-ions when they
pass from the electrolyte where they are fully solvated by the organic solvents to the nonsolvated lithium-ion in the bulk of graphite. When lithium ions intercalate in graphite while staying partially solvated, exfoliation can occur [1, 13]. A properly built SEI protects the graphite
from a possible co-intercalation of the solvation shell. Some electrolytes are known to passivate
the prismatic surface not properly like in the case of propylene carbonate or acetonitrile which
can lead to an exfoliation of the graphite [13].
Another effect which is often discussed for modeling of the stage transitions in graphite concerns the elastic energy during lithium insertion and extraction in graphite (see section 2.5). During insertion, the interlayer distance of the graphene sheet increases from 3.35 Å [107] to
3.706 Å [80] by 10.6% while only a slight increase of ~1% is observed within the graphene layer
(1.42 Å to 1.435 Å [80, 107]). Also, modeling approaches on the bending energy for staggered
and matching domain walls found that there exist some contribution favoring either staggered or
matching domain walls depending on the ion size [130, 138].
To get an insight if either elastic energies or solvation energies can play a role for the overpotentials on graphite, the standard kinetic equation system has to be considered (section 2.7). Usually, all processes like diffusion, surface reactions and ohmic potentials drops are very dominant
in graphite electrodes. The thin-layer electrode approach already suppresses some of these influences as discussed in section 3.1.2. But diffusion limitations in graphite (section 3.2.3), surface
reactions and ohmic potential drops (Figure 33) are still significant during charge and discharges.
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One technique, namely the galvanostatic-intermittent-titration technique (GITT, section 2.6.1c)
might be able to access influences which contribute independently from rate to the overpotential.
This technique is usually used to determine the pseudo-open-circuit potential of a material. The
charge/ discharge is performed at a low rate and intermitted after a certain time or a certain cutoff potential after with the relaxation of the overpotential is monitored. This relaxation can last
from, e.g., 1-10h or until a certain slope of the relaxing voltage is reached.
Figure 57 presents the GITT of a thin-layer electrode of graphite SFG6 with 0.84 mg of active
material in a ratio of 90: 10 of SFG6: PVDF where the electrode thickness was determined to be
11-12 μm. The mass of the electrode was increase compared to the bilayer electrode experiments
in section 3.1.1 to reduce the parasitic effects of the copper current collector and avoid the use of
SuperP conductive additives. Additionally, the increased mass leads to a smaller normalized discharge-current since parasitic reactions are normalized with respect to a higher active material
mass as previously done for the EIS experiments in section 3.3.3. Figure 57a presents the GITT
with a cycling rate of C/37 and relaxation times of 10 hours. In this graph, the potentials are plotted versus the specific charge where the relaxation of the potentials is shown as “spikes” because
the state-of-charge does not change during the relaxation (zero current).
The characteristic stage transitions of graphite are clearly visible. Additionally, a hysteresis between charge and discharge for each stage transition can be observed as also discussed for the
thin-layer experiments in Figure 35. A zoom in the GITT reveals more insight into the hysteresis
and very low rate overpotentials as shown in Figure 57b. The relaxation overpotentials during
charge are higher compared to the ones for discharge. This is consistent for all stage transitions,
however, less for the transition of stage 2-1. Moreover, the hysteresis of the transitions of stage
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The progress of the potential of graphite is better depicted in Figure 57. If one zooms in special
regions of the charge and discharge profile of the GITT, one can show the different relaxation
phenomena during charge and discharge. Figure 60 presents the zooms into the region of transitions between the stages 1L-4L-3L-2L and 2L-2-1. During the stage transitions from stage 1L-4L
a diffusion relaxation can be observed. In contrast, the 10h relaxation between the stages 4L-3L2L shows no apparent saturation phenomenon. An ohmic potential drop is followed by an almost
linear potential increase with time. This is very unusual for intercalation materials. During the
stage transitions from stage 2L-2 a diffusion related part can be observed followed by the linear
potential increase with proceeding relaxation. In contrast, the transition from dense stage 2-1
shows a pure diffusion related relaxation which saturates after ~2h. Pure stage 1 shows the
standard diffusion related relaxation in its solid-solution regime.
Also the discharge of the thin-layer electrode shows uncommon relaxation phenomena as presented in Figure 61. During the transition from stage 1-2-2L and 2L-3L-4L-1L a small self-dis
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260

charge current can be observed. The overpotentials decrease at the beginning of the relaxation by
an initial ohmic potential drop after which it increases slightly. This can be observed where the
open-circuit-potential changes its value by a variation of the state-of-charge. Thus, this effect of
self-discharge cannot be observed during potential-plateau regions. During the relaxation of
stage 1 in its solid-solution, an ohmic potential drop and a linear potential rise can be observed.
During the transition from stage 1-2 a diffusion relaxation can be detected on top of the ohmic
potential drop after which the relaxed potential saturates. During stage 2 and the transition from
stage 2-2L a potential rise after on ohmic potential drop can be detected. In contrast, the transitions from stage 2L-3L-4L show an ohmic potential drop after which the potential stays constant.
This is the opposite of the relaxation during charge where even after 2 hours of relaxation no
sever deviation from a linear rising potential can be observed. The subsequent stage transition
from stage 4L-1L shows a diffusion related relaxation to an initial ohmic potential drop. The relaxations in the Figure 61b last only two hours because a previous GITT of the same cell had to
be taken because of a current shut-off.
In summary, we see that an ohmic potential drop is present at the beginning of each potential
relaxation after current interruption. During the stage transitions a diffusion-related potential profile can be observed following a profile in time of approximately e-t which is expected for diffusion. During pure stages and the transitions of stage 2L-3L-4L (and reverse), no significant diffusion relaxation is observed. But during these transitions very contradicting profiles appear for
charge and discharge. During charge no saturation can be seen even after 10 hours of relaxation
while the potential is almost instantaneously relaxed after a few minutes during discharge and
stays constant throughout the 10 hours of open-circuit.
To test the influence of side reactions on the GITT in Figure 57 - Figure 61, two different investigations have been carried out. Figure 62a shows the irreversible specific charge during oper-
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87

ation of the thin-layer electrode of graphite SFG6 for the GITT investigation. A relative small
irreversible specific charge was observed during galvanostatic cycling at C/8 and C/5 rate with
~20 mAh/g irreversible charge loss. During the GITT experiments at C/44 with either 2h or 10h
relaxation times, the irreversible specific charge seems to be independent of the relaxation time.
Both GITT experiments with 2h and 10h show an average irreversible charge of 96 mAh/g . This
results is counter-intuitive since one would expect a higher irreversible charge during extended
operation in the instability regime of the electrolyte (~ < 0.8 V vs. Li+/Li).
To test the self-discharge of the electrode, the cell voltage has been monitor under open-circuit
conditions in Figure 62b). Starting from pure stage 2 which corresponds to 50% SOC, the selfdischarge is measured and the potential reaches 1.5 V after 1427 hours under open-circuit idling.
Stage 2 was chosen since the stage 1-2 transitions shows very little features. A small interruption
is seen at ~ 700 h of monitoring due to a system crash. The time of non-operation of 64.75 h was
added to the timeline. Above 1.5 V a significant deviation from the standard graphite OCP is observed. The voltage should rise quickly to 3 V since almost no lithium-ions are stored anymore
in the bulk of graphite. Only surface groups are known to be cycled at these voltages [13]. Therefore, two different possibilities can be considered. Either the SEI can decompose which is known
for many other compounds like on CuO in the voltage range from 0-3 V [78] or very little sidereactions occur above 1.5 V, thus the OCP is stabilizing.
It is very important to stress that almost no deviation from the standard OCP of graphite is observed below 1.5 V which was used for the previous experiments in sections 3.2 - 3.4. From the
self-discharge experiment we can estimate the change of the open-circuit potential of graphite
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Figure 62: a) Irreversible specific charge during galvanostatic and GITT operation, b) selfdischarge experiment of same thin-layer electrode of graphite SFG6 as used for the GITT experiments in Figure 57 - Figure 61.
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Figure 62a) and indicates the different potential changes at different graphite open-circuit potentials. The interruption of the experiment is seen at ~700 h of the experiment but shows no significant deviation from the standard profile indicating that the leakage current through the measurement device is negligible.
At the steepest potential rise of the graphite OCP, 3.7 mV/10h are measured while
12.3 mV/10h are measured at the relaxation potential different in Figure 60a) at the same potential and subtraction of the ohmic potential drop. During the 2 h of relaxation of the discharge
GITT in Figure 61b) a potential rise of ~0.1 mV is seen although this value is within the noise of
the measurement equipment. The self-discharge corrected average potential change during relaxation of graphite is +0.86 mV/h for charge and -0.32 mV/h for discharge showing a much
stronger relaxation during charge of the graphite SFG6. However, it is difficult to judge if the
self-discharge is leading to the potential plateau during the relaxation in the discharge GITT in
Figure 61b) and the constantly increasing potential during the relaxation of the charge GITT in
Figure 60a). But since the self-discharge can contribute up to 30% of the relaxation voltage
(maximum, measured in the steepest OCP region), results have to be treated carefully.
In general, significant differences in the relaxation profile can be observed for the different
stage transitions and also for charge vs. discharge. Dense stage 1 and 2 seem to follow the standard diffusion profile during relaxation after an initial small ohmic potential drop followed by a
small self-discharge potential rise. In contrast, the liquid-like stage 4L, 3L and 2L show a very
uncommon continuous potential rise during the relaxation after low-rate charge while staying
constant during the relaxation after low-rate discharge. The initial ohmic potential drop is also
detected for all liquid-like relaxations as expected. However, more experiments would be needed
to prove these indicators of different overpotentials for charge and discharge of graphite at very
low rate where kinetic influences like surface-reactions and diffusion are negligible.
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3.6 Summary of kinetics on graphite
With the help of the newly developed thin-layer technique, several different properties of
graphite could be investigated. It could be proven that highly-crystalline graphite
1) is one of the fastest lithium-ion intercalation materials known up to now. Delithiation can be
done until rates of 680C above which electrolyte diffusion limitation hinder further investigation.
However, lithiation can be done only up to 6C based on a galvanostatically extracted specific
charge of 82% of the total specific charge (see section 3.2).
2) Besides the limited overpotential for the lithiation of graphite of ~80 mV the order of the
stage transitions is important. Due to the reduced diffusion coefficient in the dense stages of
graphite [136] compared to the liquid-like stages [153, 159], lithiation can deliver less specific
charge during galvanostatic cycling. The dense stage transitions come at the end of the lithiation
process thus allowing less time for the propagation of the dense stages into the bulk of graphite.
In contrast during delithiation, the liquid-like stage transitions come at the end of the discharge
process. Since they possess a higher diffusion coefficient, almost the full specific charge can be
extracted in the same overpotential regime of 80 mV.
The transition towards the dense stages, namely stage 1 and 2, deliver ~40% of their specific
charge at rates of 20C while the transitions towards the liquid-like stages, namely 2L,3L, 4L, and
1L deliver more than 80% of their respective specific charge during lithiation. During delithiation these liquid-like stage transitions can even compensate for the initial specific charge loss of
the dense stage transitions thus allowing rates of at least 680C when high overpotentials are allowed (section 3.2.3). Usually, such high rates are only seen if the intercalation material is nanosized which reduces the diffusion length drastically. But the investigated graphite has a median diameter of 3.3 μm which is two-orders of magnitude higher than comparably fast intercalation hosts thus four orders of magnitude different if standard Fickian diffusion is considered (eq.
(2.10)). A model will be presented in section 6.1 which can explain this behavior. This finding
can explain the long-know charge-discharge asymmetry in graphite.
3) The kinetic bottlenecks of graphite can be determined for different specific currents. For
very low currents of <0.5 A/g, an unknown phenomenon dominates the overpotentials of graphite which saturates at ~ 8 mV for both lithiation and delithiation. For specific currents ranging
from 4 to ~50 A/g, surface-reactions dominate the overpotential contribution while at higher currents of more than 160 A/g both ohmic potential drops in the SEI and surface reactions contribute almost equally to the total overpotentials (Figure 33 in section 3.3). The extracted exchange
current density has a value of i0= 0.7 A/m2 per BET (~3.6 A/m2 per estimate ASA) with an as-
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sumed transfer coefficient of αa= αc= 0.5 (α cannot be guaranteed because no high overpotentials
could be measured for lithiation due to possible lithium plating). The ohmic resistance was
measured to be ~2.9 Ω for the electrode which corresponds to 16 Ωcm2 if one normalizes over a
prismatic surface area of 3.3 m2/g (estimated from dimensions of the graphite SFG6 particles).
4) An activation process of the Li-graphite and Li-Li electrode can be observed during the first
two to three high-current-density discharges (section 3.3). Both high-rate experiments and electrochemical impedance spectroscopy found that the resistance decreases on the lithium-metal
electrode. The reduction of the resistance of the solid-electrolyte-interphase seems to be the
dominating process to improve the cell performance. It seems that the amount of grain boundaries increase significantly during the high-rate-formation cycles which leads to a strong reduction
in resistance since diffusion through the SEI is suggested to occur mainly on these grain boundaries [13]. However, direct evidence of an increase of the amount of grain boundaries could not be
found; only a high surface area increase could be detected which seems to be not in contact with
the electrolyte. A dendritic growth can also be seen but contributes much less too the improvements of the galvanostatic response as estimated from EIS. A significant effect on the graphite
electrode could not be investigated because deconvolution of the EIS of the Li-graphite thinlayer electrode was impossible.
5) Nonlinear effects are detected for the charge-discharge behavior around the open-circuit potential (±10 mV) as shown in section 3.3.2. A hysteresis of 6.6 mV for the transition of stage 1-2
and 12-13 mV for the transitions of stage 2-2L and 4L-1L where detected. Furthermore, an unexplainable phenomenon at very low current density has been observed which saturates at ~8
mV. These two effects lead to very strong nonlinearity for the electrochemical impedance spectroscopy in this voltage regime which could be an explanation for the failed deconvolution of the
Li-graphite EIS although the symmetrical Li-Li cell could be deconvoluted easily.
6) The particle properties of different carbons dominate the electrochemical response of a thinlayer electrode since electrolyte diffusion limitations are suppressed. But in standard electrodes
of graphites, these properties contribute minor to the overall response since electrolyte diffusion
limitations become dominating. Therefore, the particle shape seems to become the dominant
property of carbon since it defines the pore structure and connection between different pores.
This is shown clearly when one compares the best carbon (MCMB, spherical particles) with the
worst carbon (expanded graphite, flakes) of a compressed 30 μm thick electrode in the thin-layer
electrode configuration. There the exact opposite rate performance can be observed. The MCMB
delivers less specific charge and possesses higher overpotentials at the same rate than the expanded graphite as shown in section 3.4.
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7) Difference in the polarization at very low rates can be detected by the galvanostaticintermittent-titration-technique. Higher overpotentials are observed for lithiation compared to
delithiation. Additionally, very uncommon relaxation phenomena can be observed on top of the
initial ohmic potential drop and diffusional relaxation as discussed in section 3.5.
Besides these different findings for graphite, also many parasitic effects had to be investigated
to allow proper analytical evaluation of the respective data. The conversion reaction of the copper-oxide layer on the surface of the copper current collector and insertion of lithium in the conductive additive SuperP deliver additional specific charge to the graphite electrode. Additionally,
a proper determination of the active mass had to be found due to the variation of the mass of the
copper current collector by 25±0.1 mg while the active mass is ~0.2 mg (discussed in sec. 3.2.2).
Overpotentials of the lithium-metal counter electrode have to be considered when one wants to
evaluate the overpotentials of the active material which is usually neglected leading to incorrect
estimations of kinetic parameters (see sec. 3.3.1). Also, changes of the electrode during cycling
have to be taken into account like particle loss of graphite during cycling (aging), changes of
ohmic resistances during SEI formation, and high-current-density formation cycles (sec. 3.2.2).
Self-discharge of the Li-graphite cell need to be consider during operation at very low current
density and GITT measurements as discussed in section 3.5. Without the evaluation of these influences, the correct influences of the graphite electrode cannot be analyzed precisely.
The discussed findings lead to implications for the application of graphite as a negative electrode in lithium-ion batteries:
1) Ideally engineered electrodes of graphite with particles >3.3 μm will probably never exceed
6C rates for the recharging of a battery while high discharge rates of >20C are feasible (3.2.3).
2) Mainly the particle shape of the carbon defines the electrochemical response of a standard
compressed and thick electrode due to the better pore structure of, e.g., spherical particles (3.4).
3) The influence of the SEI resistance should be very low in a standard electrode since the active surface area reduces the low ionic resistance of RSEI =16 Ωcm2/ AASA giving only 2.86 Ω for
the thin-layer electrode with an ASA of ~5 cm2. Thus standard electrodes under homogeneous
reaction should have small SEI potential drops which is in strong contrast to EIS experiments
[155]. Also, surface reactions should have minor contribution in standard electrodes due to the
large active surface area (only under homogeneous electrode reaction). This shows clearly, that
the diffusion in the electrolyte should be the dominating effect governing the galvanostatic response of standard graphite electrode in a lithium-ion battery which is shown by several authors
[152, 154, 166] (section 3.3.2).
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4. Che
emical modificatio
ons of grraphite
The previous secction discussed several different kkinetic limitations in grraphite. Esppecially, thee
classificcation of th
of the densse stages coompared to the liquid-he different diffusion coefficients
c
like stagges and the kinetic oveerpotentials until rates of
o up to 20C
C are of stroong interestt, when onee
wishes tto improve the rechargging rate cap
pability of graphite.
g
Onnly rates of up to 20C are
a of inter-est for applications
a
s since theyy corresponnd to a full recharge of
o the batterry in 3 minnutes whichh
would bbe sufficientt for a rechaarging of an
n electrical vehicle at a power stattion (if the power sup-ply can be guaranteeed from thee electrical grid).
Therefore, this seection will investigate possible
p
cheemical moddifications of
o the graphiite particless
mitations innvestigated in
i section 3 where the research
r
wiill be focuseed especial-to overccome the lim
ly on thhe lithiation of graphitee which corrresponds too the recharg
ging of a fu
ull battery. The
T generall
conceptt will be foccused on thee increase of
o the interlaayer distancce of the graaphene sheeets to intro-duce eitther a surfaace stress orr to pillar th
he whole structure. Th
hese modificcations are intended too
reduce elastic
e
enerrgies duringg lithium insertion and a possible modificatio
on of the suurface reac-tion or diffusion
d
cooefficient off lithium in graphite. Fiigure 64 preesents a sim
mple sketch of the idea..
The disttance betweeen the grapphene sheetss should be increased from
f
3.35 Å to more thhan 3.706 Å
which w
would correespond to thhe stage 1 interlayer distance.
d
Addditionally, a fixation of the gra-phene laayers in AA
A stacking would
w
be id
deally. The first section will evalu
uate the inffluence of a
coating to “freeze” an expandeed interlayeer distance at
a the prismatic surfacees of graphitte while thee
second part of thiss chapter wiill use a moodification of graphite, namely grraphite-oxidde, to pillarr
the bulkk of graphitee chemicallyy.

Figure 664: Generall concept of lattice exp
pansion in graphite at either surfa
face and/or bulk to en-hance liithiation rate.
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4.1 Titanate coating of the prismatic surfaces of graphite
To apply a surface stress on the prismatic surfaces of graphite particles, one needs a very well
defined model material which has a clear separation between prismatic and basal planes. Timrex
graphites like SFG6 (Timcal) are very good for this purpose. In contrast, MCMB particles with
mixed small graphitic domains would be non-ideal for this investigation. The basal planes should
still stay uncoated if possible to avoid extra electrochemically inactive mass in the electrode. The
coating on the prismatic edge planes of graphite needs to fulfill several different conditions to
allow good cycling of the graphite material after a chemical surface modification. The coating
should:
•

bond chemically to the surface groups of graphite (OH, COOH, CHO)

•

be ionically conducting for lithium ions

•

form a solid solution with lithium between 0-1.5 V vs. Li+/Li or should be a nanosized phase separating material

•

and be chemically stable at 0 V vs. Li+/Li.

Some unknown boundary condition which might be helpful for the performance of the graphite
in an electrode can be either
•

an electrical conducting coating to have low Ohmic losses in the electrode or

•

an electrical insulating coating to replace the SEI partially reducing the irreversible specific charge in the first SEI formation cycles.

The chemical bond between the coating and the pristine graphite is necessary to guarantee
long-term stability during the 10% volume expansion in c-axis direction during cycling and prevent the electrolyte to diffuse between the coating and graphite through capillary forces. The
coating should be ionically conducting for Li-ions to reduce the ohmic potential drop across the
coating thus minimizing the additional overpotential losses during cycling compared to standard
graphite (see section 3.3). Furthermore, the material should preferably form a solid-solution during lithium intercalation in the potential regime of graphite to be able to offer most of the intercalated lithium at every side on the coating thus avoiding local phase-boundaries [65]. Additionally, nano-sized phase separating materials can be used since they become essentially non-phase
separating due to high energetic costs of building up a phase boundary within the bulk [50]. Another aspect concerns the chemical stability of the coating versus lithium-metal. Most oxides undergo an ion exchange with lithium at very negative potentials like CuO [78], LiFePO4 [51] or
other materials.
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One unknown condition concerns the electronic conductivity of the coating on graphite. An
electronic insulator but ionic conductor would form an artificial solid-electrolyte interphase
(SEI) which could reduce the irreversible specific charge in the first cycles since it would hinder
the reduction of the organic electrolyte at very negative potentials. However, if the coating is
synthesized on the active material before the casting of the electrode, conductive pathways
through the thickness direction of the electrode could be blocked. Then conductive additives
would have to be added guaranteeing a conductive pathway, thus, reducing the specific energy of
the electrode.
Several different possible coatings fulfill these theoretical requirements. Titanium-oxide, TiO2,
is such a candidate which is also used as an active material in a lithium-ion battery itself. It can
exist in several forms like anatase, brookite, rutile or TiO2(B) [75], as discussed in section 2.4.
But there exist a very fast intercalation host, namely titanium-spinel (Li4Ti5O12) which allows 3D
diffusion of lithium ions in the structure. Since it is a phase separating material with a potential
plateau at ~1.55 V vs. Li+/Li [2], it would need to be nano-sized. The coating should bond chemically to the graphite during an expanded state meaning that an ion is intercalated in the bulk material to increase the c-axis interlayer distance. The chemical bonding of the titanate to the graphite should ideally form a C-O-Ti bond. The goal of the surface coating is the hindering of collapse of the graphite back to its normal interlayer distance of 3.35 Å as much as possible. This
should introduce the desired surface stress in the first few nanometers of graphite. A shift of the
graphene layers back to AB stacking might not be hindered due to the small forces of the coating
compared to the bulk material.
The synthesis was performed by adding a complex of TiCl4 x 2THF to potassiated graphite
SFG6 in tetrahydrofuran (THF) as a solvent. Afterwards, a washing with deionized water was
used to form titanate from the titanium-metal on the prismatic surfaces. After an addition of an
excess (2x) of LiOH a calcination was done in a tubular furnace at 600°C under Argon atmosphere. The respective reaction equations are
4 KC8 + TiCl4 x 2 THF

THF

Ti@graphite + 4 KCl

Ti@graphite + H2O

THF

TiO2@graphite

TiO2@graphite + LiOH

600°C

Li4Ti5O12@graphite

The amount of TiCl4 was increased by a factor of 50x to be able to observe the titanate coating
in SEM images and by other methods. This was done to prove the synthesis method before applying it to the desired 3-5 atomic layers of coating. Figure 65 presents the SEM images of the
pristine SFG6 graphite particles (1st row) and the titanate coated SFG6 particles (2nd row). The
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coating cann be clearlyy seen on the
t prismatiic edge plannes which show
s
even small crackks being
probably due
d to the harsh
h
reactiion with thee deionizedd water durring the washing proceedure. A
coating of the basal planes
p
cannoot be judgedd from the SEM imagees. Small reesidues of unknown
u
d
beetween the graphite parrticles as shhown in Figure 66.
compositioon are also deposited
To get ann insight innto the hom
mogeneity off the coating on the prrismatic planes and to detect if
the basal pplanes migh
ht be coatedd, scanning--tunneling-m
microscopy images havve been takken at 15
kV as show
wn in Figuree 67. No cleear differencce between the coating
g and bulk could
c
be obsserved

mages of staandard SFG6 graphite flakes
f
(1st roow) and
Figure 65: Scanning-eelectron-miccroscopy-im
titanate-coated SFG6 (2nd row).

Figure 66: Deposition
ns between graphite
g
parrticles after reaction.
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which might
m
come from the very
v
thin-coating of a ffew nanomeeters and maay be due to misalign-ments oof the particlles to the ellectron beam
m. Howeverr, a clear coating can bee observed in the SEM
M
images and is mainnly present aat the prism
matic planes.. This is connsistent withh the reactioon pathwayy
m ions can only
o
react with
w TiCl4 att the ends off the grapheene layers which
w
act ass
since thhe potassium
confinedd ion chann
nels for the reaction. Additionally
A
, no exfoliaation of the graphene shheets is ob-served w
which is impportant for battery operation as shhown in Figuure 67.
To invvestigate thhe elementaal distributioon and com
mposition off the coatedd graphite S
SFG6 parti-cles, eneergy-disperrsive x-ray spectroscop
s
y (EDX) haas been usedd which is equipped
e
to the SEM.
ST
TEM, 15 kV
V

SEM, 15 kV

STEM, 15 kV

SEM, 15
5 kV

SE
EM, 5 kV

SEM, 5 kV

m
images of tiitanate coatted graphitee
Figure 667: SEM annd scanningg tunneling electron microscopy
SFG6, inhomogene
i
eous coatingg observed where
w
exfolliated graphhite surface are not coaated.
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Figure 68 ppresents thee EDX results of the tittanate-coateed graphite SFG6 powd
der which shows
s
an
atomic distribution off 90.8% carrbon, 6.2% oxygen and 1.3% titaanium whilee minor am
mounts of
d chlorine (0.15%)
(
aree detected. Silicon com
mes as a traace signal from
f
the
potassium (0.6%) and
M machine although noot present in
i the sampple. This
detector annd is often detected foor this SEM
shows cleaarly that som
me titanatess have been
n formed whhile some reesidues of KCl
K are stilll present
in the sampple powder after only a single wasshing step.

1μ
μm

Figure 68: Energy-disspersive x-rray spectroscopy (EDX
X) of titanaate-coated graphite
g
SFG6 with
correspondding SEM im
mage and elemental distribution of
o carbon, ox
xygen, siliccon, chlorine, potassium and tiitanium, powder with llow amountt of residuess.

1μm

Figure 69: Energy-disspersive x-rray spectroscopy (EDX
X) of titanaate-coated graphite
g
SFG6 with
mage and elemental distribution of
o carbon, ox
xygen, siliccon, chlorine, potascorrespondding SEM im
sium and tiitanium, maany residuess present in sample as seen
s
in resppective SEM
M image.
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Figure 69 shows the EDX investigation of a spot with many residues present. The elemental distribution differs strongly to the one presented in Figure 68 detecting much more potassium (7.2
at%), chlorine (2.7 at%) and slightly increased oxygencontent (9 at%) as compared to the previous EDX. This shows that the residues are probably mainly consisting of KCl and KOH because
hydrogen cannot be detected with this method. A proper washing with several washing steps or
warm water might dissolve the reaction products more effectively.
To detect what kind of titanate is formed on the surface of graphite, Raman spectroscopy has
been carried out. Figure 70 presents the Raman spectra of pristine graphite SFG6 and SFG44 in
the wavenumber range of 200-1700 cm-1. The characteristic D and G band of graphite can be detected at 1340 and 1586 cm-1 wavenumber, respectively [167]. Figure 71 shows the corresponding Raman spectra of titanate-coated graphite SFG6 and SFG44. No additionally Raman reflexes
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Figure 70: Raman spectroscopy images of a) pristine SFG6, b) pristine SFG44 with Lorentzian
fits of graphite D and G band.
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Figure 71: Raman spectra of titanate-coated graphite a) SFG6 with glass window, b) SFG44
without glass window.
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can be detected. But the broad reflexes at ~500 and ~930 cm-1 disappear when one measures the
Raman spectra without a glass disk covering the powder which can be seen in Figure 71 for the
SFG44 sample. The fitting of the D and G band of graphite by Lorentzian peak shapes are summarized in Table 7. A Lorentzian distribution can be fitted by three fitting parameters in the formula:


 2A
y   w2  w
2 


(4(
)
)
x
x
c



(3.13)

where y is the intensity at a certain wavenumber x with respect to the center position xc of a peak
with the width w and an area A. Three main peaks could be detected where the D band is connected to the so called disordered structure of graphite at ~1340 cm-1, the G band which corresponds to the Raman signal of the crystalline graphite at ~1586 cm-1, and a side band next to the
G band at ~1623 cm-1. The D/G ratio is considered to reflect the crystallite length in a, bdirection of the graphite single crystal domain, La, indicating a higher disorder for SFG6 compared to SFG44. This would indicate a smaller crystallite length in in-plane direction of graphite
consistent with the findings of Buqa et al. [156]. In general, no modification of graphite can be
detected and no titanate reflexes can be observed with Raman spectroscopy. Also no traces of
KCl or KOH can be found as compared to the EDX measurements above. The amount of titanate
might be too small to be detectable with Raman spectroscopy.
To evaluate the influence of the titanate coating on the electrochemical response on the graphite electrode, thin-layer electrodes of graphite SFG6 have been prepared. The electrode is com-

Table 7: Evaluation of Raman spectra of pristine and titanate-coated graphite SFG6 and SFG44
from Figure 70 and Figure 71 with a Lorentzian peak shape.

1st peak position xc
1st peak width w
1st peak area A
2nd peak position xc
2nd peak width w
2nd peak area A
3rd peak position xc
3rd peak width w
3rd peak area A
D/G ratio
La = 8.3/Rgd

Pristine material
SFG6
SFG44
1340.6
1342
41
56
5·105
5·104
1586.8
1585.3
18
15
9·105
2·105
1623.3
1623.3
18
22
7·104
8·103
0.49
16.9

0.23
36.7

100

Titanate coated material
TiO2@SFG6 TiO2@SFG44
1338
1335.8
43
54
2·105
1·105
1584.7
1580.7
17
17
5·105
5·105
1622.2
1620.1
14
13
3·104
1·104
0.46
18.2

0.23
35.5

posed of 87:10:3 (wt%) of SFG6 to PVDF binder to SuperP conductive additive to allow comparison to the thin-layer experiments of pristine SFG6 in section 3.2 and 3.3. Figure 72 presents
the first two SEI formation cycles with the aging over the first one-hundred cycles in the inset.
Additionally, the rate performance is shown in the second part of Figure 72.
One can see an electrochemical reaction from 1.75 V to 1.6 V in the first lithiation which is in
the same potential regime as the titanates (see section 2.4). An additional minor reaction can be
observed at 0.8 V corresponding to the SEI formation in EC:DMC 1M LiPF6 [13, 156]. A standard cycling profile of graphite SFG6 can be observed in the second cycle since the back-reaction
of the titanate is avoided by keeping the potential negative to 1.5 V vs. Li+/Li. During the subsequent medium and high-rate cycling a little increase of the overpotentials can be observed with
regard to the cycling response for the pristine SFG6 thin-layer electrode in Figure 23. This increase was expected since an excess of a factor of 50 was used to form the titanate coating on the
prismatic surface which adds an ionic diffusion resistance to the standard limitations of graphite.
No improvement of the extracted specific charge can be observed for the thick coating.
However, the aging of the electrode (inset in Figure 72) indicates much less particle loss during
cycling where 87% of the capacity can be still withdrawn after 100 cycles with reference to third
cycle during discharge. The cycling of a pristine SFG6 thin-layer electrode delivers only ~70%
after 50 cycles as shown in Figure 133 (page III in appendix). An electrochemical rate test of a
very thin coating of titanate on the prismatic surface of SFG6 would clarify if an increase of the
charge performance can be achieved by this method. But the improvement will be small since
only the first few nanometer of graphite will be affected by the surface-coating thus the bulk will
be almost unaffected.
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Figure 72: Electrochemical cycling of titanate-coated SFG6 a) formation cycles, b) various rates
of four different cells with a mass of m = 0.3-0.5 mg.
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4.2 Pillaring of graphite
Another idea concerns the so called pillaring of graphite which means that some molecules are
located in the interslabs of graphite thus increasing the c-axis distance between the respective
graphene sheets in graphite. Several methods could be used to create these molecular pillars. For
example concentrated sulfuric and nitric acid intercalate in graphite [100] and could be used to
react with alkali-metals thus forming salts in the interslabs of graphite. However, a problem
would be that the acid would react mainly at the prismatic surfaces of graphite in a similar manner as the alkali-metal used for the titanate coating in the previous section 4.1. Additionally, hydrogen gas release during the reaction might exfoliate the graphite particle if released in the bulk
as seen for DMSO solvated potassium intercalates in graphite during heat-treatment [168] or
other gas release reactions in graphite [100]. Therefore, one needs a chemically modified graphite which carries the anion for the salt formation or formation of a certain functional group already in the structure releasing no or very little gas during a subsequent chemical reaction. The
preferred cation is lithium for the usage in a lithium-ion battery while other metals like K, Cs,
Rb, Ca, Ba, Sr, Eu, Y [100] and metal-chlorides like FeCl3, AlCl3 [100] or solvated metalchlorides like MnCl2 and MgCl2 [168] could be used for other applications. To evaluate the influence of a pillaring in graphite, a partially-disproportionated graphite-oxide is used which was
developed by Dr. Tommy Kaspar (ETHZ) which contains mainly epoxide groups and also some
hydroxide and carboxyl groups attached to the graphene layers in graphite.

4.2.1 Characteristics of partially‐disproportionated graphite‐oxide (GOpd)
Parts of this chapter (synthesis, some figures, and tables) are adapted from the work for the
doctoral dissertation of Dr. T. Kaspar [169] already published [170] and are cited accordingly.
Graphite oxides can be synthesized by several different methods including but not limited to
the work by Brodie [171] or Hummers [172]. For this work, an adaptation of the Brodie method
has been chosen using 2 g of graphite SFG6 (Timcal) with 20 g of NaClO3 (analytical grade,
Fischer Scientific AG) and 20 ml of fuming nitric acid (HNO3, 99%, VWR) [169]. Graphite and
sodium chlorate have been mixed in a Schott flask. A cryostat has been used to constantly cool
the mixture to -20°C. Fuming nitric acid was added in very small quantities over a period of 4
hours where the atmosphere was kept in the flask by a small plastic cap on top of the Schott
flask. An open apparatuses was chosen to account for the risk of an explosion. Evolving gases
are mainly Cl2 and NOX gases [169]. The reaction product was kept overnight without cooling.
Afterwards a heating at 60°C over a period of 12 hours was performed after which the product
was washed with deionized water several times (centrifuge and decantation) until the pH value
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was close to 7. Thee product was
w dried in an oven at 60°C overnnight after which
w
it wass kept in ann
exsiccattor. The pro
oduct has ann ivory-white color annd consists of epoxide and hydroxxide groupss
as show
wn in a skettch in Figurre 73. The interlayer
i
d
distance
betw
ween the grraphite-oxidde sheets iss
~5.7-5.88 Å [169].
The partially-disp
proportionaated graphitee-oxide wass synthesizeed from graaphite oxidee by dispro-mosphere. The
T name off the resultiing productt is changedd from par-portionaation under Argon atm
tially-reeduced grap
phite-oxide as used in [169, 170] to partially-disproportiionated graaphite-oxidee
in this w
work due to the inert attmosphere used
u
during the heat-treeatment. 5000 mg of graaphite oxidee
from the precursorr SFG6 grapphite wheree heated in a quartz tub
be to 190°C
C. A very sllow heatingg
rate of 0.1
0 K/min was
w chosen from 190°C
C to 250°C due to stroong gas releease around 192°C andd
~210°C
C attributed to the hydrroxide and epoxide deccompositionn, respectivvely, which form H2O,,
CO, andd CO2 (Fig. 3.3 in [1669]). This sm
mall heatingg rate is neecessary to avoid pulveerization off
the grapphite-oxide to soot duriing dispropoortionation. Heating ab
bove 250°C can be donne at 10 K/hh
and furtther reducess the interlayer distancee of the parttially-dispro
oportionatedd graphite-ooxide form-ing an innterlayer raanging from
m 4.5 Å for the
t GOpd heat-treated at 250°C too standard graphite
g
dis-tance off 3.35 Å whhen heated to
t >1000 °C
C [169]. Thee shift of th
he c-axis can
n be observed by x-rayy
diffractiion becausee the macrooscopic structure of thee graphite SFG6
S
flakess is preservved. The in-terlayerr distance vaaries with thhe respectivve final dispproportionattion temperrature as shoown in Fig-ure 74 [[169]. One can
c observee that the GO
Opd with innterlayer disstances of 4.4
4 Å showss the broad-est FWH
HM which reflects
r
the unordered stacking
s
of the oxidized graphene layers in thhe GOpd44..
With deecreasing innterlayer distance, the stacking ordder increasess.
To gett an insight into the chemical com
mposition off the produccts after the partial dispproportiona-tion, ann elemental analysis was
w carried-oout as preseented in Taable 8 (adappted from [170]).
[
Thee
compossition chang
ges from thee precursor, graphite-oxxide, to less oxygen andd hydrogen with heat-

Figure 773: Chemical structure of graphitee oxide as a single grapphene layer sketch [1733].
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treatment ttemperaturee. First, the hydroxide surface grooups on thee basal plannes of the graphiteg
oxide sheeets get redu
uced showinng a drasticc decrease by
b a factor of four bettween the graphiteg
oxide and GOpd44 which
w
is the highest disstance that can
c be reacched by the thermal disproportionation [169]. With further incrrease of thee temperatuure the amouunt of bothh surface grooups dea
o the oxyg
of
gen and hyddrogen conttent from ellemental analysis to
creases furrther. This attribution
hydroxide and epoxid
de groups iis based onn the assum
mption that carboxyl annd carbonyl groups
contribute negligibly to the overrall composition in GO
Opd [170]. The
T evolutiion of thesee surface
d
in Figure
F
75 and
a shows thhe interlayeer distance gap
g betweenn the graphiite-oxide
groups is depicted
(5.7 Å) andd highest GOpd44 (4.44 Å) directlyy.
For the eelectrochem
mical experiiments, twoo different GOpd’s
G
aree used (GOppd43 and GOpd36)
G
although many
m
other intermediattes exist beetween GOppd44 and GOpd33
G
[169, 170]. Thhey have
been choseen because of
o a relativee high interllayer distannce and a low
w amount of
o hydroxidee groups
since the liithium-exchhange on thee hydroxidees at very neegative poteentials mighht release prrotons

Figure 74:: XRD (00zz) reflexes of graphite-oxide, paartially-dispproportionatted graphitee-oxides,
and graphiite (Cu K-α source, adaapted by M. Hantel, PS
SI, of Fig. 3.4
3 in [169],, investigatiion done
by Dr. T. K
Kaspar).

Table 8: Elemental
E
annalysis of graphite-oxid
g
de and the partially
p
dissproportion
nated graphiite-oxide
adapted froom [169, 1770] (adaptedd from Table 1 in [170]] in EA donne by Dr. T. Kaspar).
Ch
hemical nam
me

Eleemental com
mc-axiss distance
position
from
m XRD
Prrecursor: Tiimrex graphhite SFG6
Graphite
G
C6
3.35 Å [107]
In
ntermediate product: grraphite oxidde from SFG
G6 (modifieed Brodie method
m
[1699-171])
grraphite oxidde
C6O1.65(OH)0.98
5.744 Å [170]
Thhermally paartially-dispproportionatted graphitee-oxide
GOpd44
G
C6O0.85(OH)0.25
4.43 Å [170]
GOpd43
G
C6O0.96(OH)0.05
4.33 Å [170]
GOpd42
G
C6O0.90(OH)0.16
4.23 Å [170]
GOpd36
G
C6O0.61(OH)0.02
3.63 Å [170]
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which ccould attachh the anion of
o the salt in the electrrolyte (LiPF
F6) and form
m HF whichh could cor-rode thee battery in a real application.

Figure 775: Evaluation of elem
mental analyysis of GOpdd of variouss interlayer distances attributed
a
too
hydroxiide and epoxxide per C8 (Fig. 2c in [170], analyysis done by
y Dr. T. Kaaspar).

4.2.2 Electroche
E
emical ch
haracteriza
ation of partially‐disproporrtionated graphite‐‐
o
oxide
and pristine graphite
g
ox
xide
This ssection disccusses the electrochem
e
mistry of GO
Opd for thee use in lithhium-ion baatteries. Im-provem
ments and lim
mitations wiith respect to
t pristine graphite
g
willl be discussed.
4.2.2.1 Experimental
GO annd GOpd were
w used as received (ffrom Dr. T. Kaspar). Ellectrodes foor electrocheemical test-ing were made usinng 80 wt% GOpd
G
with 10 wt% PV
VDF binder (Kynar Fleex) and 10 wt%
w SuperP
P
conducttive additivee. The bindder was dissolved in N--methyl-2-ppyrrolidone NMP and mixed
m
for 5
min witth GOpd an
nd SuperP using
u
a stirrrer. The higghly viscouss slurry wass casted on copper foill
with thee doctor blaade techniquue. The slurrry was heaated for 4h at 80°C in vacuum
v
to remove thee
NMP. E
Electrodes of
o a diametter of 13 mm
m were punnched with an active mass
m
of 2.22-2.5 mg off
GOpd ggiving an electrode thicckness of 74
4 - 88 m (copper
(
currrent collecto
or: m = 24.998±0.1 mg,,
h = 21 μm). The electrodes haave been heeated for 122h at 120°C
C in vacuum
m to removee remainingg
water annd NMP. Half-cells
H
have been built using llithium-mettal as countter and refeerence elec-trode, a glass fiber separator and
a ethylenee-carbonatee: dimethyl-carbonate EC:DMC
E
1:1 (wt) withh
1M LiP
PF6 (Novoly
yte, batteryy grade) eleectrolyte inn an argon filled glovve box equuipped withh
N2,O2,H
H2O, and active carbonn filter. Elecctrochemicaal testing waas either done on Astrool Electron-ics or B
Biologic VM
MP3. For SE
EM images, the electroddes have beeen washed with DMC three timess
to remove LiPF6 saalt and driedd at 120°C for
f 2h to rem
move remaiining DMC washing soolvent.
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4.2.2.2 Requirements of GOpd for application in Li‐ion batteries
From a theoretical point of view, lithium intercalation in highly ordered graphite seems to be
driven by electrostatic effects which are elastically hindered. This leads to the well-known staging phenomena in graphite-intercalation compounds. The idea of this study is the removal of this
elastic stress due to c-axis expansion from graphite compared to standard LiC6 with the help of
molecular pillars. Therefore, non-exfoliated partially-disproportionated graphite-oxide was used
for this investigation. Some of the requirements will be discussed here to use GOpd for the application in lithium-ion batteries.
First, it is very important that the starting material is non-exfoliated and possesses a very low
BET surface area because the irreversible specific charge consumed during the solid-electrolyteinterphase formation depends approximately linearly on the surface area between the conducting
materials in the electrode and the organic electrolyte [13]. Many researchers exfoliate graphite or
graphite-oxide into single graphene sheets which they let collapse during the solvent removal.
They insert different interstitial molecules between these single-graphene sheets e.g. fullerenes
and carbon-nanotubes (CNT) [174], SiO2 and Co3O4 [175] or LiO2 after Li-NH3 reduction of GO
[176]. However, the resulting structures form a very unordered stacking with turbostratic disordered and wrinkled domains as shown in the SEM and TEM images of these mentioned investigations (Fig. 1,4c in [174], Fig. 1,4 in [175], Fig. 3 in [176]). This can lead to long diffusion
pathways for lithium ions in the structure unless defects are introduced into the graphene sheets.
Additionally, an increased specific surface area between the composite (graphene Atheor ~2500
m2/g) and the electrolyte would lead to an increase of the irreversible specific charge in the first
cycles. The low BET specific surface area is not a requirement for half-cell experiments where a
lithium-reservoir is used as the counter-electrode and, thus, often not discussed in articles with
nano-sized or very-high surface area active materials like silicon [77] or the mentioned stacked
graphene sheets with interstitial molecules [174-176]. The lithium uptake will be mainly detrimental for full cells of lithium-ion batteries where the amount of lithium is limited and small
amounts of lithium “consumption” in side-reactions lead to a direct decrease of the charge of the
battery. A good example of the SEI formation on graphene is observed during Raman measurements [177].
Another requirement is the increase of the interlayer distance compared to graphite while keeping a reasonable ordered stacking structure of the GOpd sheets as discussed in the introduction to
section 4.2. During the first charge, the lithium ions should bond to the epoxide and hydroxide
groups leading to an in-situ chemical reduction of the GOpd. This could lead to the formation of
lithium-alkoxides C6-OLi, and Li2O and LiOH molecules in the interslab between two adjacent
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GOpd layers which might lead to the discussed improvement of the charge rate capability compared to pristine graphite. Additionally, it might be possible to stored more lithium in the structure comparable to, e.g., disordered carbons [81] due to the reduced steric hindering. Up to seven
layers of interstitial alkali and earth-alkali layers are known to be possible as in the case of
Li3Ca2C6 [178].
The third requirement concerns the solvent shell co-intercalation which would lead to a reduction of the electrolyte within the GOpd structure if the potential is decreased below the stability
limit of the respective electrolyte (in this case of EC: DMC 1:1 1M LiPF6 at circa 0.8-0.9 V).
This could lead to the deposition of electrolyte reduction products in the interslab and possibly
an exfoliation during the gas release as seen for e.g. propylene carbonate [113, 156, 179, 180].
Fourth, the structure of the formed GOpd with the molecular pillars should not be altered during cycling which might lead to an aging of the material. Fifth, the volumetric expansions during
cycling should be small to avoid electronic contact losses in a “breathing” electrode when cycled
in the instability regime of the electrolyte (circa < 0.8 V in EC: DMC, 1M LiPF6). Last, the hydrogen content of the GOpd should be low to avoid HF formation as a decomposition product of
LiPF6 as discussed in the previous paragraph.

4.2.2.3 Electrochemical cycling of GO and GOpd
First, graphite-oxide was cycled in a standard electrode configuration described in paragraph
4.2.2.1. The active mass of the electrode is meff = 4.43 mg with an electrode thickness of h = 6465 µm in a ratio of 80:10:10 of GO: PVDF: SuperP. Conductive additive in needed compared to
standard graphite electrodes because GO and GOpd are electronically insulating. Figure 76 presents the electrochemical cycling in the potential range of 0.01-3 V vs. Li+/Li. During the first
formation cycle (inset in Figure 76a) a very high irreversible specific charge of 936 mAh/g was
measured. During the subsequent cycles, a rapid fading can be observed which saturates at approximately ~70 cycles and stays almost constant at ~100 mAh/g (slightly increases during cycling >100 cycles). The ratio of the specific charge of delithiation charge over lithiation charge is
called the cycling efficiency as depicted in the inset of Figure 76b). During the mentioned first
fifty cycles a high irreversible specific charge can be detected being ~ 10% in the first cycles (2nd
– 10th cycle) and decreases slowly to reach more than 98 % cycling efficiency after the 50th cycles. Therefore, pure graphite-oxide seems to be not suitable for the use as a negative electrode
in lithium-ion batteries.
The cycling of partially-disproportionated graphite-oxide with an interlayer distance of 3.6 Å is
shown in Figure 77. The mass of the active material is meff = 3.40 mg with an electrode thickness of h = 102- 104 μm. The standard electrode was also mixed in a ratio of 80:10:10 of GOpd:
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PVDF: SuperP and cycled in the same potential range as GO. During the first lithiation a very
high specific charge of 1130 mAh/g can be inserted while only 580 mAh/g can be extracted in
the subsequent delithiation thus leaving 550 mAh/g as irreversible specific charge during the first
cycle. During the following cycles a specific charge of 530 mAh/g can be inserted from which
~97% can be extracted during the delithiation. However, an exponential decay of the specific
charge can be observed during the first ~70 cycles after which the cycling efficiency increases to
over 99 %. The specific charge of the first 15 cycles is higher than the theoretical specific charge
of graphite which is marked by a dashed line in Figure 77.
The first lithiation is very different to all subsequent ones while delithiation in the first cycle is
similar to the following ones. Therefore, the first lithiation might be connected to an activation
process of the GOpd36. This is expected since the oxygen groups in the bulk of GOpd36 are intended to react with lithium to form the desired chemical pillars in the interslabs. The profile of
the charge/discharge curves is very different to graphite and shows rather a capacitor-like behavior than an intercalation process. For graphite, the main intercalation occurs at potentials negative to 0.25 V vs. Li+/Li as shown in section 2.5. For GOpd36 the main lithiation occurs at potentials negative to 1.5 V and delithiation mainly negative to 2 V although a certain specific charge
is extracted during the potentiostatic step at 3 V during delithiation. Additionally, a hysteresis
between low rate C/25 cycling of >1V can be observed which decreases with progressing aging.
The cycling of the GOpd43 with 4.33 Å interlayer distance between the graphene-oxide sheets
is presented in Figure 78. The mass of the active material is meff = 3.22 mg with an electrode
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first lithiation shows a very different lithiation potential profile with regard to the subsequent
lithiations. The specific charge of the lithiation in the first cycle delivers 1187 mAh/g while delithiation can extract only 700 mAh/g from the structure giving, thus, an irreversible specific
charge of 487 mAh/g. The second and third lithiation deliver 677 and 674 mAh/g, respectively
with a cycling efficiency of ~98.9 % in average. The respective cycling profiles of the second
and third cycle are almost identical as shown in Figure 78a. During continuous cycling at a rate
of 1C, a fading of the specific charge can be observed similar to the one of GOpd36. However,
the fading is more sever for GOpd43 compared to GOpd36 because it delivers a higher specific
charge in the first cycles and decreases to a lower specific charge (~259 mAh/g) in the hundredth
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cycle, thus, decreasing the specific charge by 420 mAh/g or 62% compared to the second cycle.
GOpd36 delivered still 273 mAh/g in the hundredth cycle, thus, undergoing a specific charge
loss of 260 mAh/g or 49%. This shows clearly that the GOpd43 delivers higher reversible specific charge during the first cycles but suffers from a more severe aging. The potential hysteresis
between lithiation and delithiation is more than 1V for GOpd43 and decreases with progressing
aging similar to GOpd36. The cycling efficiency is very low with ~97-98 % in the first fifty cycles and increases to more than 99 % for the cycles above 70 cycles as shown in the inset in Figure 78b.
The cycling of graphite SFG6 with an interlayer distance of 3.35 Å is presented in Figure 79
and serves as a reference material. The mass of the active material is meff = 3.02 mg with an electrode thickness of h = 48-54 μm. The electrode was also prepared with the same composition as
the previous electrodes with a ratio of 80:10:10 of SFG6: PVDF: SuperP and cycled in the same
potential range (0.01-3V vs. Li+/Li) which differs to the standard graphite composition and potential window in the previous sections 3 and 4.1. A distinct difference of the potential profile of
graphite SFG6 with respect to GO, GOpd36, and GOpd43 can be detected immediately. During
the first lithiation, a specific charge of 482 mAh/g can be inserted while 390 mAh/g can be extracted during the first delithiation leaving thus only 92 mAh/g or 19 % irreversible specific
charge during the SEI formation cycle.
The subsequent cycles show a very low irreversible specific charge due to a continuous SEI
growth especially on the lithium-counter electrode due to small dendrite formation. But all cycles after the tenth one show a cycling efficiency of more than 99.8 %. The specific charge in-
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creases even slightly from 390 to 430 mAh/g from the 10th to 550th cycle which are both above
the theoretical specific charge of graphite of 372 mAh/g. This extra specific charge comes mainly from the lithium insertion in SuperP as shown in Figure 16 which would give 70, 36, and 32
mAh/g in the first, second, and tenth cycle as an extra specific charge to the graphite electrode
due to the ratio of 80:10 of SFG6: SuperP. The extra specific charge from CuO is negligible except for the first cycle giving 17, 0.35, and 0.22 mAh/g in the first, second, and tenth cycle as an
extra specific charge to the graphite electrode due to the normalization with a higher active mass
of 3.02 vs. 0.2 mg in section 3.2.2. Thus, the specific charge of graphite SFG6 alone with the
subtraction of the SuperP and CuxO layer on the current collector gives 395, 365, and 358 mAh/g
which matches perfectly with the practical specific charge of graphite SFG6 of ~362 mAh/g.
Thus, the SEI formation on graphite and lithium-metal in the first cycle consumes just 33 and
3 mAh/g during the first and second lithiation.
In contrast to GO and GOpd, almost no specific charge can be inserted or extracted from
graphite positive to 1 V but the aging is almost negligible over the first 580 cycles with an efficiency at the detection limit of the Astrol machine above 99.8 %. The extra specific charge after
100 cycles might come from a reversible cycling of part of the SEI as observed for CuO [78].
Partially-disproportionated graphite-oxide can be also used for the positive electrode in an electrochemical capacitor. Therefore, GOpd43 has been cycled between 3-5 V against a lithium
counter electrode, thus, depleting the electrolyte EC: DMC 1:1, 1M LiPF6 by its salt. The galvanostatic cycling is depicted in Figure 80. During the first charge, an activation process starting
at 4.5 V can be observed where a specific charge of 178 mAh/g can be inserted while 111 mAh/g
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can be extracted, thus, leaving 67 mAh/g as irreversible specific charge. The PF6- insertion is also known to occur for pristine graphite which intercalates at potentials positive to 4.5 V to form
stage 2 with PF6C8 in-plane density as the final GIC giving up to 140 mAh/g where the c-axis
expands to 4.5 Å for stage 2 [123, 179].
For GOpd43, a lower specific charge can be extracted since the insertion is stopped at 5 V although pristine graphite needs to be cycled up to 5.5 V to form stage 2 [123]. During the second
and third cycle a very high irreversible specific charge is detected which is also seen for the PF6intercalation in pristine graphite (second charge in Fig. 2 of [123]). But here, EC: DMC has been
used as the electrolyte which is thermodynamically unstable at potentials positive to circa 4.2 V
vs. Li+/Li [181]. Therefore, these high irreversible specific charges in the first five cycles might
be mainly due to electrolyte decomposition forming a solid-permeable-interphase (SPI) on the
positive electrode [13].
This SPI is different from the SEI on the negative electrode because electrolyte can still permeate through the mainly polymeric SPI, thus, allowing a continuous decomposition in the subsequent cycles as opposed to the SEI which decreases electrolyte decomposition to a very low
amount after the first cycle [13]. The aging is very rapid as seen in Figure 80 and the cycling efficiency reaches only 90% after 25 cycles and exceeds never 96 % during the following 500 cycles. A specific discharge of 112 mAh/g can be extracted during the first three cycles in this potential range which might make GOpd43 a possible candidate for capacitor materials if a stable
electrolyte can be found. Ethyl-methyl-sulfone EMS with 1M LiPF6 might be more suitable because it seems to be oxidation-stable up to 5.63 V vs. Li+/Li [123].

4.2.3 Investigation of the formed solid‐electrolyte‐interphase by SEM imaging
If one takes a closer look on the first lithiation, one needs to find out if GOpd might exfoliate
due to a solvent-shell co-intercalation which needs to be avoided as discussed in the previous
section 4.2.2.2. Figure 81 and Figure 82 show the SEM images of GOpd43 at several stages in
the cycle life with the pristine material, after cycling to only 0.8 V and back to 3 V, after the first
full activation and SEI formation cycle, and after 408 cycles. Exfoliation of GOpd could be
avoided during the thermal disproportionation under Argon atmosphere which can be seen in
Figure 81 (1st row). The particles are comparable to the precursor graphite SFG6 in shape and
morphology which can be seen in Figure 83a) for comparison.
The SEM images of GOpd43 cycled to 0.8 V with a subsequent delithiation back to 3V are depicted in Figure 81 (2nd row). Also no exfoliation can be detected and no SEI formation on both
the prismatic and basal planes can be observed by eye because the instability regime of the elec112

trolyte E
EC: DMC 1:1,
1 1M LiP
PF6 is avoidded (~0.8 V).
V The SEM
M images after
a
the firsst full cyclee
betweenn 0.01-3 V in Figure 82
8 (1st row) show also no signs of exfoliatio
on. Especiallly, a closerr
look on the edge-planes reveall no exfoliaation of the GOpd43 bu
ut the expeccted formation of a sol-phase compparable to the
t SEI at standard
s
graaphite electtrodes show
wn for com-id-electrrolyte-interp
parison in Figure 83b). The SE
EI on GOpdd43 after thee first cycle seems to be thin.
In conntrast, after 408 cycles a very thick and roughh SEI can be
b observedd on GOpd443 as shownn
in Figurre 82 (2nd row).
r
The fiibers in the graph are left-overs from
f
the glaass-fiber sepparator andd
the smaall particles between thhe GOpd43 particles coorrespond to
o the 10 wtt% of SuperrP (see sec-tion 4.2.2.1). The SEI
S is especcially very rough
r
at thee prismatic edges
e
of thee particles. T
The secondd
picture after 500 cyycles showss an exposeed prismaticc surface off GOpd43 which
w
has been
b
uncov-mple preparaation for thee SEM inveestigation. One
O can seee that evenn
ered proobably duriing the sam
after 4008 cycles, no
n apparent exfoliation can be dettected and the
t SEI seem
ms to be raather thin att
the basaal surface which
w
is connsistent with
h SEI obserrvations on cycled pristtine graphitte [13]. Thee
SEI moorphology of GOpd43 after 408 cyycles appeaars to be veery similar to
t the one ffor graphitee
SFG6 electrodes affter several high-rate cyycles as shoown in Figuure 83b).

Figure 81: Scannin
ng-electron--microscope images of
o partially-disproportio
onated grapphite-oxide,,
1st row)) pristine GOpd43, 2nd row) after one cycle between
b
onnly 0.8-3 V in EC: DM
MC 1:1, 1M
M
LiPF6 shhowing the SEI formattion and stab
bility of thee structure toowards exfo
oliation.
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The aspeect that partts of the SE
EI broke-offf the GOpd443 particle in Figure 82
8 (2nd row b) show
that the SE
EI might nott be well-atttached to th
he surface of the particlle, e.g. theree might be no
n covalent bonds. Additionaally, the factt that the SEI on the prismatic
p
suurfaces brok
ke-off together with
parts of thee SEI on thee basal planne show a goood mechannical adhesion within thhe SEI overr a long

Figure 82: Scanning-electron-miicroscope im
mages of GOpd43,
G
1stt row) afterr one full cycle
c
between 0.011-3 V, 2nd roow) after 4008 full cyclles in EC: DMC
D
1:1, 1M LiPF6 shhowing the SEI formation andd stability of the structuure towards exfoliationn.

Figure 83: Scanning-eelectron-miccroscope im
mages of graaphite SFG66 a) pristinee and b) afteer severs
electtrode of secction 3.2.1) in EC: DM
MC 1:1, 1M LiPF6 show
wing the
al high ratee cycle (a sample
SEI formattion and staability of thee structure towards
t
exfo
foliation.
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range w
which is probably due to
t some pollymers in thhe SEI from
m the electroolyte reducttion as seenn
for the S
SEI on grapphite [13]. T
Thus, the SE
EI on GOpdd43 and graaphite seemss to be of siimilar com-positionn and morphhology.
A veryy interestin
ng and seldoom feature can be obseerved on th
he GOpd43 particles inn Figure 84..
One parrticle showss holes which are seveeral hundredd graphene-oxide layerrs deep and seem to bee
“burnedd” through the
t basal plaanes of the graphite-oxxide precurssor. This oriiginates proobably from
m
the therrmal dispropportionationn during thee heat-treattment of graaphite-oxidde under Arrgon atmos-phere w
where produ
ucts like H2O,
O CO, and CO2 develoop from thee starting material
m
C6O1.65(OH)0.988
to form C6O0.96(OH
H)0.05 as shoown in Tablee 8 [169, 1770].
To geet an estimaate of the caarbon loss during the thermal treeatment, an approximattion can bee
done. A
Assuming th
hat all hydrogen is bonnded to hyddroxide andd carboxyl groups
g
which leave ass
pure waater vapor and
a that the epoxide annd remaininng oxygen from
f
hydroxxide reactioons leave ass
pure carrbon-monoxxide, a carbon loss of 23
2 % compaared to the starting
s
grapphite-oxide is expectedd
as show
wn in reactioon equationn (3.14). A thermal
t
dispproportionattion of the starting graaphite oxidee
to H2O and CO2 would
w
consum
me only 100.5% of the starting graaphite oxidee based on the
t reactionn
15). The practical mass loss will be
b somewhhere betweenn these extrremes sincee
equationn in eq. (3.1
both CO
O and CO2 develop
d
[1669]. These holes
h
facilitaate the diffuusion of ionns into the bulk
b
materi-al but m
might also increase thee specific surface
s
areaa which wo
ould lead to
o a higher irreversiblee
charge dduring the SEI
S formatiion cycles. But it has to
t be stressed that onlyy one particcle is foundd
containiing these hooles. Howevver, many defects
d
at thhe surface an
nd in the bu
ulk are expeected due too
the estim
mated mass loss between 10.5-23%
%.

C6O1.65 (OH
O )0.98  0.77  C6O0.96 (OH )0.05  1.38  CO  0.47
0  H 2O

(3.14)

C6O1.65 (OH
O )0.98  0.895  C6O0.996 (OH )0.05  0.63  CO2  0.55  H 2O

(3.15)

mages of priistine GOpdd43 electrodde showing holes in onne out of ovver hundredd
Figure 884: SEM im
investiggated particlles. The verry small carb
bon network correspon
nds to 10 wtt% SuperP.
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To get ann insight innto the aging and SEI formation
f
o the otherr investigateed modificaations of
on
pristine graphite, SEM
M images have
h
also been
b
taken for
f graphitee oxide afteer 422 (Figgure 85),
d
the cycling of GOpd43 att positive potentials
GOpd36 aafter 102 cyycles (Figurre 86) and during
between 3--5 V after 527
5 full cyccles (Figuree 87). All eelectrodes have
h
been cycled
c
in EC
C: DMC
1:1, 1M LiPF6 in the standard ellectrode con
nfiguration described in paragrap
ph 4.2.2.1. Only
O
the
p
poteentials of 3--5 V have been
b
prepareed on an
GOpd43 ellectrodes foor the cyclinng at very positive
aluminum current-collector sincee copper dissolves at pootentials possitive to ~3..4 V vs. Li+/Li.
For graphhite-oxide, the SEI apppears to be very
v
similarr to the onee on graphitte SFG6. Buut on the
prismatic eedges, lineaar cracks cann be observed which inndicate that the underlaaying GO shheets are
partially exxfoliated ass shown in the
t zoom inn Figure 85b. But this exfoliation is very sm
mall compared to ann exfoliationn of pristinee graphite inn, e.g., proppylene-carbo
onate [13]. No
N total exfoliation
can be observed which
h excludes the exfoliattion processs to be the main
m aging mechanism
m
for GO.
However, tthe observeed slight exffoliation miight contribbute to a miinor amountt to the totaal loss of
specific chharge duringg the first feew cycles ass shown in Figure
F
76.

Figure 85: SEM of grraphite-oxidde electrodee after 422 full
f cycles in
i EC: DMC 1:1, 1M LiPF6 as
shown in F
Figure 76, SEI
S and slidee exfoliationn can be obbserved.

Figure 86: SEM of GO
Opd36 electrode after 102 full cyccles in EC: DMC 1:1, 1M LiPF6 as
a shown
in Figure 777, SEI can be observedd but exfoliation is absent.
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The S
SEI on GOppd36 can bee seen in thee SEM imagges in Figurre 86. A veery homogenneous mor-phologyy of the SEII is detectedd which seeems to be very
v
similar to the one on pristine graphite inn
Figure 883 but muchh more hom
mogeneous on
o the prism
matic edges compared to
t the abovve discussedd
GOpd433 in Figure 82. This might
m
come from the faact that the GOpd36 im
mages have been takenn
after 1002 cycles whhile the GO
Opd43 electrrode has seeen 408 cyclees being fouur times moore. No vis-ible signns of exfoliiation can be observed for the GO
Opd36 electrrode either. Thus, the aging
a
of thee
electrodde in Figuree 77 can alsso not be due
d to a maajor exfoliattion processs. Other aging mecha-nisms m
must dominaate the specific charge loss during the first 700 cycles.
In conntrast to thee GO, GOpd, and grapphite SFG6 electrodes which havee been cycleed betweenn
0.01-3 V,
V the GOppd43 electroode at positive potentiaals shows a significantt differencee in the sur-face film
m on the paarticles as sshown in Fiigure 87. A polymeric film with many
m
voidss and cross-linked ffibers is form
med on the particles. This
T film is called a soolid-permeabble-interphaase SPI andd
forms ddue to the oxxidation of the electrollyte at veryy positive pootentials [133]. As descrribed in thee
introducction section in 2.3, thhe SPI is permeable forr the electroolyte which
h leads to a continuouss
oxidatioon of the orgganic electrrolyte in eveery cycle. This
T is very consistent with
w the obsservation inn
Figure 887 which sh
hows many voids between the polyymeric film
ms. The disadvantage off this SPI iss
the conttinuous elecctrolyte deccompositionn in every cyycle while the
t PF6- difffusion throuugh a densee
film (likke the SEI on
o the negaative electroode) would probably bee very limitted or even almost im-possiblee. Thus, an electrolyte
e
w
which
is moore stable toowards oxid
dation would
d be neededd.
Work for GOpd for
f electrochhemical cappacitors shoows that aceetonitrile annd propylenee-carbonatee
t salt tetraaethylammoonium-tetraafluoroboratte TEABF4 and have a
can be uused as solvvents with the
good cyycling perfo
ormance oncce activatedd to 4.8 V while
w
cycled
d only betweeen 3-4.5 V in the sub-sequentt cycles [170]. But a fuull study foor the appliccation of GOpd
G
in thee positive ellectrode forr
lithium--ion batteriees is beyondd the scope of this workk.

Figure 87: SEM of
o electrode of GOpd4
43 on Al cuurrent collector after 527
5 full cyccles in EC::
DMC 1:1, 1M LiPF
F6 between 3-5V as shoown in Figuure 80, solidd-permeablee-interphasee observed.
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4.2.4 Investigation of elemental distribution of GOpd43 by EDX
To get more insight into the composition of the solid-electrolyte-interphase and bulk of an electrode of GOpd43, energy-dispersive x-ray spectroscopy (EDX) has been applied to the electrodes
at four different aging states. First, a pristine electrode with a ratio of 80:10:10 of GOpd43:
PVDF: SuperP has been investigated (Figure 89) which corresponds to the SEM images in Figure 81 (1st row). Figure 89 was taken at 15 kV over a measurement time of one minute and includes a SEM image of the measured electrode spot and the detected elemental distribution.
The pristine electrode was also assembled in a standard half-cell configuration with electrolyte
EC: DMC 1:1, 1M LiPF6 to allow comparison with cycled samples because residues of the salt
and glass-fiber separator might remain even after three times washing in DMC solvent. One can
see that the atomic ratio of carbon to oxygen of the pristine GOpd43 electrode is circa 7.6: 1 although the elemental analysis indicates a composition of C6O0.96(OH)0.05 (Table 8) which would
be a ratio of C: O of 5.9: 1. But one has to keep in mind that SuperP also contributes to the signal of the EDX measurement due to its 10 wt% of the overall electrode composition. SuperP has
a very high carbon to oxygen ratio compared to GOpd43, thus, perturbing the carbon: oxygen
ratio to higher carbon content.
Furthermore, it can be observed that the washing procedure was very successful, removing almost all LiPF6 salt since the phosphorus content is within the noise of the EDX measurement.
But the fluoride content contributes in total 5.5 at% to the overall composition of the electrode.
This can clearly not come from the LiPF6 salt but from the PVDF binder which has a weight
contribution of 10 wt% to the electrode. The theoretical estimated atomic contribution of C: O: F
in an electrode with 80 wt% C6O0.96(OH)0.05, 10 wt% SuperP (~100% C), and 10 wt% PVDF
(C2F2H2)n would be 100: 13.9: 4.75 while the detected ratio from EDX corresponds to 100: 13.1:
6.6. This deviation is within the error bars of the EDX or might originate from compositional
variations in the electrode. The detected silicon content comes most probably from residues of
the glass-fiber separator while the chloride and sodium content might come from residues of the
graphite-oxide synthesis with NaClO3 as described in section 4.2.2.1.
The EDX result of the GOpd43 electrode lithiated once to 0.8 V vs. Li+/Li and delithiated back
to 3 V is shown in Figure 89 corresponding to the SEM images in Figure 81 (2nd row). Figure 90
shows the EDX of the GOpd43 electrode cycled 1x between 0.01-3 V while Figure 91 shows the
GOpd43 electrode after 408 cycles 1x between 0.01-3 V corresponding to the SEM images in
Figure 82 in the 1st and 2nd row, respectively. The carbon content decreases with progress of the
cycling of the GOpd43 electrode which might be due to the formation of a surface film (SEI). In
contrast, the oxygen, fluoride, phosphorus and chloride content increase with increasing cycle
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numberr. Table 9 su
ummarizes the elemen
ntal distributtion from thhe EDX invvestigation where
w
eachh
cycled electrode
e
has
h been meeasured at two
t
different spots to detect possible variattions in thee
electrodde. Only thee GOpd43 eelectrode affter 408 cyccles has beeen investigaated three tiimes wheree
the thirdd spot was chosen
c
conttaining a larrge fiber (prrobably from
m the glass-fiber separrator) in thee
center oof the SEM image.

Figure 888: Energy--dispersive x-ray
x
spectrroscopy (ED
DX) of pristtine GOpd443 electrode exposed too
EC: DM
MC 1:1, 1M LiPF6 withh correspondding SEM im
mage and ellemental disstribution att 15 kV.

MC 1:1, 1M
M
Figure 889: EDX sppectroscopyy of GOpd443 electrodee cycled oncce to 0.8 V in EC: DM
LiPF6 w
with correspoonding SEM
M image and
d elementall distributionn taken at 15
1 kV.
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The SEM
M images with
w the largge fiber shoows an increease of Si, Na, and oxxygen whilee carbon,
fluoride annd phosphorrus decreasee in the atom
mic contribuution compaared to the two
t other measured
m
spots on thhe GOpd43 electrode after
a
408 cyycles. One can
c estimate the differrence of thee oxygen
content baased on the decrease of
o the carboon content of
o sample b)
b and c) at
a 408 cyclees (25.623.3·58.5/662.3 = 3.7 inn Table 9) while
w
the Sii and Na diffference is 1.71
1
and 0.775, respectivvely.

Figure 90: EDX specttroscopy off GOpd43 ellectrode cyccled once too 0.01 V in EC: DMC 1:1, 1M
LiPF6 withh correspondding SEM im
mage and ellemental disstribution taaken at 15 kV.
k

b
0.001-3 V in EC
C: DMC
Figure 91: EDX specttroscopy off GOpd43 ellectrode cyccled 408x between
mental distriibution takeen at 15 kV..
1:1, 1M LiiPF6 with coorrespondingg SEM imaage and elem
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A glass-fiber separator made of SiO2 and Na2O would need 3.8 at% increase in oxygen, thus,
showing that observed fiber in the SEM images of sample c) is most probably originating from
the separator which would have an estimated chemical composition of 80:20 (wt%) of SiO2 to
Na2O. No reference of the real composition of the separator from a datasheet could be found.
Thus, the contribution of Si, Na, and Cl in the elemental analysis by EDX can be explained.
To illustrate the evolution of the elemental composition from Table 9 for the different elements, Figure 92 has been created. All samples have been included although sample c) at 408x
cycled GOpd43 electrode has been marked differently and is excluded to draw trends due to the
influence of the glass-fiber separator as discussed above. Additionally, the samples of the EDX
investigation after 408 cycles have been shifted on the arbitrary x-axis to match the linear extrapolation of the EDX results of the pristine, 0.8-3V and 0.01-3V electrodes. This should help to
judge the evolution of the respective elements with respect to the bulk GOpd43.
In general, the SEI seems to grow during cycling since the carbon signal decreases with time.
This is consistent with the observations from the SEM images discussed in the previous paragraph. The SEI growth over time/cycling is very non-linear which might be misleading by the
arbitrary chosen x-axis in Figure 92. It is known to be mainly formed in the first lithiation below
the stability limit of the organic electrolyte [13]. In general, the carbon content can be used to
judge about the formation of the SEI on the GOpd43 and SuperP particles since the EDX possesses a certain penetration depth which is non-linear [182, 183]. While the carbon value decreases with progressing cycling, all other elements show an increase which indicates their contribution to the SEI composition. Oxygen, fluoride, and chloride increase almost proportionally
to the decrease of carbon. Both oxygen and fluoride are both parts of the SEI on the basal and
prismatic planes as Li2CO3 and LiF as shown by x-ray photoelectron spectroscopy (XPS) in EC:

Table 9: Atomic composition extracted from EDX measurements of GOpd43 at different cycling
states for an electrode with 80: 10: 10 of GOpd43: PVDF: SuperP in EC: DMC 1:1, 1M LiPF6
summarized from Figure 88 - Figure 91.
GOpd43
Pristine a)
Pristine b)
1x cycle 0.8V a)
1x cycle 0.8V b)
1x cycle 0.01V a)
1x cycle 0.01V b)
408x cycle a)
408x cycle b)
408x cycle c)

Carbon
82.7
83.4
80.0
80.0
76.9
76.4
65.6
62.3
58.5

Oxygen Fluoride Sodium Silicon
10.9
5.5
0.19
0.48
10.7
5.2
0.16
0.40
12.4
7.0
0.16
0.26
12.1
7.2
0.17
0.32
13.9
7.9
0.34
0.75
14.3
8.1
0.28
0.61
21.6
10.9
0.31
0.50
23.4
12.4
0.3
0.57
25.6
11.4
1.05
2.3
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Phosphor Chloride
0.03
0.12
0.03
0.13
0.08
0.16
0.08
0.15
0.14
0.17
0.11
0.16
0.84
0.33
0.82
0.28
0.8
0.34

DMC 1:1, 1M LiPF6 [13]. The increases in both contents are most probably due to SEI growth as
the samples were transferred to the SEM by an air-tight transfer chamber to avoid contamination.
In contrast, phosphorus, sodium, and silicon show a different evolution compared to O, F and
Cl in Figure 92. The sodium and silicon content vary very similarly to each other which might
come from variations of residues of the glass-fiber separator as discussed above. In general, the
separator sticks better to a cycled electrode where it might be partially pinned between particles
and the SEI. This is usually observed during cell disassembly. The strong increase in the phosphorus content after 408 cycles cannot be explained precisely. It is know that LiPF6 can decompose into HF and PF3O in the presence of traces of H2O in the electrolyte [13]. The LiPF6 salt in
the electrolyte is the only source for phosphorus in this electrode (see 4.2.2.1).
The differential plot in Figure 93 shows the evolution of the different elements in atomic percent in the different cycling states. All values correspond to the absolute changes and are compared to the pristine electrode. The oxygen amount has been corrected for a decrease of the
GOpd43 signal (based on carbon amount from GOpd43, thus, oxygen in Figure 93 does exclude
the oxygen from GOpd43 bulk) and the contribution of the glass-fiber separator has been subtracted. Therefore, the oxygen amount in Figure 93 only reflects the oxygen content in the SEI
inself without GOpd43 bulk and separator. The fluoride amount has been normalized to the value
which was measured for the pristine samples which originates only from the PVDF binder itself.
Also sodium and silicon have been corrected for the contribution of the glass-fiber separator assuming that all silicon comes from the separator with a composition of 80:20 wt% SiO2: Na2O as
discussed above. To test if these correction are valid, the values of the third sample at 408 cycles
is included in Figure 93. The values of this sample (with the glass-fiber in the center of the
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analyzed spot) give the same values for all other elements (C, O, F, Na, Cl, P) after the subtraction of the influence.
From Figure 93 one can see that the oxygen content increases with a factor of two with respect
to the fluoride atomic percentage. The ratio of oxygen: fluoride (already corrected for the PVDF
binder and oxygen in GOpd43) changes from a ratio of 1: 0.8 in the first cycle to 1: 0.46 after
408 cycles, thus, indicating a strong increase in oxygen content with higher cycle number. The
origin could be either further ethylene-carbonate and dimethyl-carbonate decomposition or a partial release of oxygen from the bulk GOpd43 and extrusion on the prismatic surfaces and defect
sites on the basal planes. Comparable EDX studies on the SEI of pristine graphite SFG6 could
help to judge which mechanism is more probable.
We come to the conclusion that the SEI composition is similar to the one on graphite as suggested from XPS results by Balbuena et al. [13] in the same electrolyte. But here a change to
higher oxygen content during long-term cycling can be observed which is unusual for a normal
SEI evolution which should be mainly finished after the first cycle. Also traces of chloride increase with cycling on the surface of the electrode. A very significant increase of phosphorus is
seen after 408 cycles which cannot be attributed to any process yet but must originate from the
salt LiPF6 in the electrolyte since no other phosphorus source is present in the half-cell. But why
both the oxygen and phosphorus content increase in the SEI on the expenses of the fluoride content cannot be explained from this investigation. Further experiments are necessary to understand
these changes.
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4.2.5 X‐ray photoelectron spectroscopy of GOpd43 (XPS)
To detect differences in the SEI and possibly also in the bulk of GOpd43 compared to graphite
SFG6, XPS analysis has been carried out for pristine, 1x lithiated and 1x cycled electrodes. The
electrodes of GOpd43 consist of 80:10:10 active material: PVDF: SuperP while the graphite
SFG6 electrodes consist of 90:10 SFG6: PVDF. Due to the 10% SuperP in the GOpd43 electrodes, XPS has been also performed on SuperP electrodes with 80:20 SuperP: PVDF. The electrodes have been cycled in a capacitor configuration against a counter electrode of activated carbon YP17 in EC: DMC 1:1, 1M LiPF6. A battery configuration against a lithium-metal counterelectrode was avoided to reduce the thickness of the formed SEI in the first cycle to a minimum
due to the different potential profiles through the cell keeping less volume of the electrolyte in
the reduction potential regime below ~0.8 V.
All XPS spectra of GOpd43, graphite and SuperP electrodes can be found in the appendix 8.3.
The XPS spectra of the pristine GOpd43 electrode are presented in Figure 135 with the respective deconvolution summarized in Table 16 for each peak position, FWHM and atomic percentage in the sample. Two spots have been investigated for the lithiated GOpd43 electrode which
are shown in Figure 136 and Figure 137 were the deconvolution is summarized in Table 17 and
Table 18, respectively. Also, two spots have been evaluated for the delithiated GOpd43 electrodes which have made a full first cycle as shown in Figure 138 and Figure 139. The deconvolution of the different spectra is presented in Table 19 and Table 20, respectively. As mentioned
above, also graphite electrodes have been investigated where the pristine XPS spectra are depicted in Figure 140 while the 1x lithiated graphite spectra are shown in Figure 141. The summary
of the peak contributions are summarized in Table 21 and Table 22 for the pristine and 1x lithiated graphite sample, respectively. Last, pristine and lithiated SuperP electrodes have been evaluated by XPS (Figure 142 and Figure 143 with summary in Table 23 and Table 24). Hereinafter,
the evaluated data from these experiments is used for discussions and to draw conclusions.
First, the evolution of the elemental contributions for the different electrodes can be summarized as shown in Figure 94. For the pristine electrodes, the carbon content is ~83% except for
the GOpd43 electrodes with 73% which show a high oxygen content of 6.5% as expected from
elemental analysis and EDX shown in the previous paragraphs 4.2.1 and 4.2.4. The fluoride content in all pristine starting electrodes is ~16 at%. To estimate the expected fluoride content in the
pristine electrode, one can assume that the electrode consists only of carbon and fluoride (F from
PVDF) which is a good approximation for graphite and SuperP electrodes. The 10 wt% PVDF
would result in 4 at% of fluoride normalized over the entire bulk. However, XPS is a surface
method which is usually restricted to the first 10 nm of the surface.
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But to estimate the atomic composition based on the surface ratios, the BET specific surface
areas of the respective materials have to be known. SFG6 possesses 17.1 m2/g and SuperP 62
m2/g [156]. The BET of the dispersed PVDF binder is unknown and can be estimated based on
the 16 at% by assuming a pure surface signal for the graphite SFG6 and SuperP electrode to be
BET (PVDF) ~ 30 m2/g and 44 m2/g, respectively. This is an unusually high BET for PVDF
which has only a BET of 4.5 m2/g for electrospray deposited composites [184]. Since both the
fluoride content estimated from EDX with ~5.4 at% in Table 9 in paragraph 4.2.4 and the fluoride content estimated from XPS in the pristine electrodes seem to be higher than expected from
its bulk and surface area estimated content (4.1 bulk at% and 2.8 BET at%), the electrode might
have some higher PVDF content on the surface of the dried pristine electrodes. This might come
from the drying procedure since the PVDF is dissolved in NMP which is removed in the vacuum, thus, evaporating preferred on the outer surface of the electrode which is the investigated
surface in SEM, EDX, and XPS.
The oxygen content is close to zero in the pristine electrode of SuperP while it contributes 1.8
at% in SFG6 and 6.5 at% in the GOpd43 electrode. The very low oxygen content in the SuperP
electrode shows that the surface groups of SuperP are mainly of a different origin than carboxylic or carbonylic character. Both phosphorus and lithium could not be detected in the pristine
electrodes since they have not been exposed to the electrolyte.
During the first lithiation to 10 mV, a solid-electrolyte-interphase forms which increases the
fluoride content while the XPS signal from the bulk carbon is reduced significantly. Additionally, the lithium content increases to a similar atomic content as the fluoride which might suggest
LiF in the SEI (however, PVDF and Li-intercalation might also contribute to the atomic ratio).
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Figure 94: Evolution of elements in XPS measurements of GOpd43, SFG6 and SuperP electrodes at different cycling states (pristine, 1st lithiation, 1st lithiation + delithiation) from the XPS
deconvolution in Figure 135 - Figure 143 summarized in Table 16 - Table 24 in the appendix.
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The oxygen content at the surfaces of both the SFG6 and SuperP electrodes increases to about
~9.5 at% while the oxygen at the surface of the GOpd43 electrode is much less with only 5.2
at%. Phosphorus content is minimal.
Delithiated electrodes have only been investigated for GOpd43 samples and show a decrease of
the fluoride and lithium content while carbon, oxygen and phosphorus content increase. The lithium content decrease is stronger than the fluoride which might show that also compounds other
than LiF contribute to the lithium decrease. But these atomic ratios give only a limited insight
into the composition of the surface of the different electrodes.
The C1s XPS spectra of the three different electrodes in the pristine electrodes are shown in
Figure 95a. The main peak is observed at -284.1 to -284.4 eV with a very small FWHM of ~0.50.9 eV which corresponds to the C-C bond energy in GOpd43, SuperP and graphite SFG6. A
second main peak can be observed at ~ -285.7 eV which can be assigned in parts to the H-C-H
bond in the PVDF binder. The third main peak at ~ -290.3 eV is assigned to the F-C-F bond in
the PVDF binder. But if one compares the atomic ratios of the fluoride content to the C1s peak at
-285.7 eV and -290.3 eV, small deviations can be observed in comparison to the (C2H2F2)n composition of PVDF. The pristine SuperP electrode shows a ratio of 15:15:10 at%, the SFG6 electrode 16:10:10 at% and the GOpd43 electrode 20:12:11 at% of F: C1s -285.7 eV: C1s -290.3 eV.
This indicates a high error bar of the XPS technique for analytical purpose. But the high ratio of
C-H bond in SuperP and the low oxygen content in the electrode let us propose that most surface
groups in SuperP could consist of C-H and C-C bonds. The ratios of the SFG6 and GOpd43 electrodes are closer to 2:1:1 at% which is expected from the chemical composition of PVDF.
The C1s spectra of the lithiated electrodes are shown in Figure 95b. Here, a much stronger difference of the spectra can be observed in comparison to the pristine electrodes. The C1s spectrum of graphite SFG6 shifts by 0.3 eV to higher binding energies (-284.7 eV) compared to the
SuperP and GOpd43 peaks at -284.4 eV. This shift is known to occur in LiC6 compared to standard graphite. Both SuperP and SFG6 possess a similar C1s spectrum. The first peak at -284.4 eV
(-284.7 eV for LiC6) contributes the most. C-O groups are usually located at -286 to -289 eV.
One would interpret the very broad double reflexes at ~ -287.1 and ~ -288.6 eV in Figure 95b to
be more important for GOpd43 than for SFG6 and SuperP, respectively. But these spectra are
misleading. Both peaks sum up to 12-13 at% for all three electrodes. But the C-C peaks is only
1/4th (1.4 at%) in the lithiated GOpd43 electrode compared to 6.8 and 4.5 at% for lithiated SuperP and SFG6, respectively. Also, the peaks at binding energies below -290 eV are similar for
the lithiated electrodes of graphite SFG6 and SuperP with ~5-6 at%. Only the GOpd43 electrode
shows only 3.4 at% for these high C1s XPS binding energies.
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The delithiated GOpd43 electrode (Figure 95c) is almost impossible to deconvolute precisely.
The reflex at -284.34 eV shows a very small FWHM of 0.8 eV. However, the C1s spectrum between -285 and -289 eV shows very little features. A deconvolution of the spectrum is shown in
Figure 138 and Figure 139 on page IX- XI in the appendix. Three to four different peaks with an
FWHM of ~1.5 eV are needed to fit the experimental spectrum reasonably. Since this result is
very imprecise, it is only used for comparison to the lithiated and pristine GOpd43 electrode.
The evolution of the various C1s peaks of the GOpd43, SFG6 and SuperP electrodes are displayed in Figure 95d. One can see that the position varies only slightly for the main peaks. Lines
are only drawn if the respective peak has been found in both electrodes of the pairs pristine/lithiated or lithiated/delithiated. Some peaks like the one at -291.4 eV could not be found in
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Figure 95: C1s spectra of GOpd43, SFG6 and SuperP electrodes in a) pristine, b) first time lithiated, c) once lithiated and delithiated, d) evolution of peak positions of GOpd43, SFG6 and SuperP electrodes with cycling (lines if peaks exist in pristine+lith or lith+delith sample, fits of C1s
peaks from Figure 135 - Figure 143 summarized in Table 16 - Table 24).
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the pristine electrode but in the cycled ones. A peak should correspond to a certain surface bond
and therefore not shift during cycling. Just the relative contributions of the chemical groups are
expected to vary. Figure 95d shows that there are several small peak shifts in the deconvoluted
spectra which indicate that the spectra cannot be deconvoluted with high precision and shows the
relative high experimental error compared to EDX, as discussed in 4.2.4. However, general
trends might still be possible to extract based on the C1s peaks but conclusions have to be treated
with care.
The evolution of the atomic ratio of the different C1s peaks for the GOpd43, SFG6 and SuperP
electrode are shown in Figure 96 where the of the C1s peak at -284.4 eV is shown in Figure 96a.
The contribution of this peak decreases drastically for the lithiated electrode which probably indicates the coverage of the carbon active materials by the solid-electrolyte-interphase. An increase of the -284.4 eV C1s peak for the delithiated GOpd43 electrode might indicate the partial
decomposition or densification of the SEI which is also observed for other systems when cycled
at potentials positive to 1.5 V vs. Li+/Li [13, 78].
Additionally, the peaks at -285.7 eV and -290.5 eV decrease for the lithiated electrodes compared to the pristine ones in Figure 96b and Figure 96c, respectively. Since these peaks are attributed to the C-H and C-F bonds in PVDF, one can conclude that the PVDF gets either covered
by SEI and/or partially dissolved in the electrolyte. Coverage by SEI might be more realistic
since both peaks increase during delithiation which is rather due to SEI decomposition than
PVDF crystallization from the electrolyte.
A careful examination of the peaks at ~ -287.1 eV and ~ -288.3 eV in Figure 96b and Figure
96c show some differences for the C-O bonds in lithiated GOpd43 electrode compared to the
lithiated SFG6 and SuperP electrodes. It seems that GOpd43 possesses rather more molecular
groups with single C-O bonds (~ -287.1 eV) than multiple C-O bonds like in carbonates. This
might come from small differences in the bulk since many epoxide and hydroxide groups exist in
the pristine GOpd43 electrode. But a precise determination is impossible. The peaks at higher
binding energy in the C1s spectra are displayed in Figure 96d and could correspond to different
C-F bonds due to the high electronegativity of fluoride causing a high binding energy.
To get more information about the surface groups at the electrodes, the other XPS spectra can
be evaluated. The O1s spectra of the three different pristine electrodes are depicted in Figure
97a. As expected, the GOpd43 electrode shows two rich O1s peaks at -531.2 and -533.4 eV and
one minor peak at -535.4 eV. The pristine graphite SFG6 electrode has small contributions of
O1s which could correspond to the surface groups on the prismatic edge planes. SuperP shows
no significant O1s contributions as expected from the evaluated C1s spectrum.
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The O1s spectra of the lithiated compounds show fewer differences as depicted in Figure 97b.
A peak is located at -533.7 eV while a second one is found at higher binding energy -535.7 eV.
The atomic composition and peak shape are very similar for the lithiated graphite SFG6 and SuperP electrodes while the lithiated GOpd43 electrode shows only half of the contribution from
the -533.7 eV peak. Additionally, a small contribution can be observed for the GOpd43 electrode
at -530.5 eV. The peaks could not yet be assigned to any chemical group.
Additionally, the fluoride F1s spectra are shown for the pristine and lithiated electrodes in Figure 98. While the pristine F1s spectra show mainly a single F1s peak at -687.6 eV which corresponds to the fluoride in the PVDF with F-C-F bond, the lithiated compounds show two distinct
peaks. One peak can be detected at -687.1 eV and the second at -689.8 eV. Both fluoride F1s
peaks of graphite SFG6 are shifted by 0.6 eV to higher binding energies which is probably due to
the standard shift in LiC6 as also observed for the C1s spectra of LiC6. The peak of the PVDF
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Figure 96: Evolution of atomic percentage of different C1s peaks with cycling, colors corresponding to peak positions in Figure 95.
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in the pristine sample is now hidden under two new peaks in the lithiated sample. This was also
observed in the C1s spectra for the F-C-F peak at -290.5 eV. Like for the C1s and O1s spectra,
the F1s spectra are similar for the pristine and lithiated electrodes of graphite SFG6 and SuperP
in amount and peak position. In contrast, the F1s peak at -687.1 eV of the lithiated GOpd43 electrode shows significantly more fluoride amount at this binding energy.
Additionally, the Li1s and P2p XPS spectra have been measured for the pristine and lithiated
electrodes. The pristine electrodes show no signal for the pristine electrodes as expected. However, the lithiated Li1s spectra are compared in Figure 99a where two main peaks can be found.
A minor Li contribution is observed at -56.6 eV with 4.2 at% for SFG6 and 5.8 at% for the
GOpd43 electrode. The second peak is observed at -57.8 to -58.2 eV which accounts for 26-32
at% of the total atomic content. The lithiated graphite SFG6 electrode (LiC6) is probably shifted
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Figure 97: O1s XPS spectra of GOpd43, SFG6 and SuperP electrodes in a) pristine, b) first time
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lithiated configuration.
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like the C1s, O1s and F1s spectra to higher binding energies. In contrast, no separation of the
Li1s spectrum of the SuperP electrode could be made since no significant features are detected in
the spectrum.
Also the P2p spectra have been measured for the pristine and lithiated electrodes. Of course,
the pristine electrodes show no phosphorus contribution since they have never been exposed to
the electrolyte which could be the only source of phosphorus and lithium with its LiPF6 salt. In
contrast, the lithiated electrodes show small contributions from the P2p spectra as shown in Figure 99b. The major P2p peak is observed at -139.1 eV which is shifted for the lithiated graphite
SFG6 electrode by 0.6 eV to higher binding energy as also observed for all previous spectra
(C1s, O1s, F1s, Li1s). Only GOpd43 shows another phosphorus contribution at -136.3 eV which
has only an atomic contribution of ~0.1 at%. The noise is very high since the atomic content of
phosphorus is very low.
In summary, the XPS analysis gives some extra information about the GOpd43 electrode. It
seems that the SEI is similar to the one on SFG6 and SuperP. But some differences can be observed. The XPS C1s spectrum shows much less contributions from C-C bonds in the lithiated
state. Also the O1s spectrum shows fewer contributions from the oxygen while more fluoride can
be observed in the lithiated GOpd43 electrode. The lithium content is highest in the GOpd43
electrode which might be related to the increased fluoride contents (e.g. LiF) while an extra
small P2p peak is observed.
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Figure 99: XPS spectra of GOpd43, SFG6 and SuperP electrodes in first time lithiated configuration for a) Li1s spectrum and b) P2p spectrum.
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4.2.6 X‐ray diffraction of GOpd43
To get a better insight into the bulk properties of partially-disproportionated graphite-oxide, xray powder diffraction (XRD) can be helpful. Figure 100 depicts the x-ray diffraction patterns of
pristine graphite-oxide, two pristine GOpd’s with 3.6 and 4.3 Å interlayer distances and the precursor graphite SFG6. One can clearly observe the shift of the (002) reflex of P63/mmc space
group to higher 2Theta angles from GO to GOpd43 to GOpd36 finally reaching graphite SFG6.
All Rietveld refinements have been based on the P63/mmc space group which corresponds to the
AB stacking structure in graphite. Based on these refinements, the reflex indexing can been performed and the refined space group parameters are summarized in Table 10 on page 134 in the
form for a hexagonal space group (a a c α=90 β=90 γ=120). The stacking defect, ABC-stacking,
is observed for pristine graphite SFG6 and is indexed in light green in Figure 100d. The insets in
Figure 100 show a zoom on the (100) and (101) reflexes since they show much lower intensity
than the (002) reflex. From these reflexes one can evaluate the C-C distance within the grapheneoxide and graphene planes.
The refined space group parameters in Table 10 show the distinct decrease of the distance between the graphene-oxide/ graphene sheets from GO to graphite SFG6 via the intermediate
GOpd43 and GOpd36. The trend can be better visualized in Figure 101. The value for the c-axis
can be determined very well from the pristine materials since the (002) reflex of an assumed
P63/mmc space group shows high intensity and relative low FWHM. In contrast, the a-parameter
of GO and GOpd compounds is very weakly defined. One can see that the respective (100) and
(101) reflexes do not capture the measured reflex shape in the insets in Figure 100. Especially, a
strong broadening between the (100) and (101) reflexes is observed. This “bridge” was suggested to be due to turbostratic disorder between the graphene-oxide sheets [169]. But here, we also
suggest the possibility of a C-C distance distortion due to the epoxide and hydroxide “bulksurface groups” on the graphene sheets. In general, an epoxide stretches the distance between the
C-C bonds to 1.47 Å instead of the 1.422 Å in graphite [185]. Although the carbon of the epoxide is sp3-hybridized, it can stay planar to the aromatic structure of graphene [185]. In contrast,
the hydroxide “bulk-surface group” forms a tetrahedron and sticks therefore out of the graphene
plane [185]. These defects might also contribute to the broad reflex shape of the (10z) reflexes.
The (101) reflex possesses a sharp front flank but a broad tail towards higher 2Theta angle.
The reduction of the c-axis can be explained by the decrease in the amount of surface groups
in the bulk as shown from the elemental analysis in Table 8 and Figure 75 on page 104. But the
variations in the C-C distance in the graphene-oxide planes show a very non-linear evolution
compared to the c-axis. The C-C bond in graphene is very strong and does not change much dur-
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ing intercalation processes, e.g. C-C distance in LiC6 is 1.435 Å while 1.42 Å in graphite (1.04%
change) as shown in Table 3. For graphite-oxide, a C-C distance of 1.438 Å is observed which
decreases to a value much lower than that of graphite for the partially-disproportionated graphite-oxides with 1.41 Å and 1.416 Å for GOpd43 and GOpd36, respectively. This relative small
difference in the C-C distance within the graphene-oxide sheets symbolizes very strong elastic
energy differences in-plane due to the very strong stiffness of the graphene sheets in a-bdirection of 1036 GPa for c11 (c33 = 40 GPa) [186]. The influence of the epoxide groups seems to
be not the reason of this C-C distance evolution since the GOpd compounds show a smaller distance compared to the aromatic graphite C-C distance. The GOpd compounds are believed to
contain mainly epoxide groups (Table 8 and Figure 75) and should lead to a stretching of the CC distance at least in one crystal direction. The chemical origin for these differences cannot be
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To get further insight into the crystallographic changes during cycling, ex situ XRD analysis
has been performed on GOpd43 electrodes after the first lithiation and for the lithiated and delithiated state after 70 cycles where the fading of the specific charge during electrochemical cycling saturates, as shown in Figure 78. The respective XRD patterns are depicted in Figure 102
where mainly three different phases can be detected. The refined crystallographic parameters of
the different phases are summarized in Table 11. First, the space group of GOpd43 can be detected which is indexed in black in Figure 102. The c-axis of the GOpd43 compound increases
from 4.33 Å in pristine GOpd43 to 5.704-5.744 Å after the first lithiation of GOpd43 which is
very close to the c-axis distance of the pristine graphite-oxide with 5.744 Å shown for comparison in Figure 101. The same c-axis distance can be found for the GOpd43 after 70 cycles as
shown in Figure 102c, however, the respective (002) reflex shows very little intensity. The reflexes (100) and (101) which correspond to the in-plane ordering in the GOpd43 particles cannot
be refined for GOpd43 after 70 cycles because their contributions are too weak. For the delithiation GOpd43 after 70 cycles, no contributions of the GOpd43 particles can be detected anymore.
The second phase which can be observed in the cycled GOpd43 electrodes can be assigned to a
phase with cubic Fm-3m space group where the a-parameter would be close to 4.05 Å. Compounds which fulfill this condition could be LiH, LiF, Al and many other metals. It is known that
the formation of a solid-electrolyte-interphase in EC:DMC 1:1, 1M LiPF6 leads to the formation

Table 10: Summary of refined space-group parameters of XRD of GO, GOpd43, GOpd36 and
graphite SFG6 from Figure 100, graphite shows additional rhombohedral group for ABC stacking defect, a- and c-parameter also calculated for C-C intralayer and C||C interlayer distance.
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of LiF [13] which was also confirmed by the EDX and XPS results discussed in sections
4.2.4and 4.2.5. Therefore, the second phase is assigned to LiF. The compound can also be detected after 70 cycles in both the lithiated and delithiated state which supports the finding of LiF
as it is stable during cycling in the respective potential regime of 0.01-3V [13].
A third phase can be detected in the GOpd43 electrode after the first lithiation which shows
very broad and minor reflexes. The identification of the phase is very difficult due to the weak
signal but would fit best to the space group of LiOH. The compounds Li2O and Li2CO3 do not
match with the detected reflexes. LiOH could form during the chemical reduction of the remaining hydroxide groups in pristine GOpd43 material but should be of rather low amount based on
the elemental analysis in Table 8. However, the pristine material could adsorb moisture when
stored in air which might lead to an increase in hydrogen within the GOpd43 material. LiOH was
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Figure 102: XRD refinement of GOpd43 after a) first lithiation to 3 mV, b) first lithiation to 0
mV, c) 70 cycles lithiated to 10 mV and d) 70 cycles delithiated to 3 V.
135

To allow comparison of the found second and third phase with other compounds, the ICSD
space groups of LiF, LiH, LiOH, Li2O, and Li2O2 have been added at the end of Table 11 with
the corresponding reference. The structure of Li2CO3 is monoclinic base-centered C 1 2/c 1 with
a=8.36, b=4.97, c=6.2, α=γ=90°, β=114.8° [187]. Li2O, Li2O2 and Li2CO3 do not correspond to
the detected reflexes in Figure 102 as stated above.

Table 11: Summary of refined parameters of GOpd43 after a) first lithiation (3 samples, 1)-3)),
b) 70 cycles lithiated in 4) and c) 70 cycles delithiated in 5) corresponding to refinements in Figure 102, phase #2 and #3 assigned to LiF and LiOH, respectively, parameters in black refined
while grey left unrefined.
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4.2.7 Electrochemical rate capability
The specific charge of the partially-disproportionated graphite-oxide could be improved compared to standard graphite as shown in paragraph 4.2.2.3. But the main purpose of the chemical
modification was the reduction of the elastic energy contribution by introduction of chemical pillars in the bulk graphite to increase the recharge rate performance since standard graphite is usually limited to 2C (30 min charge) to accept 80 % of its specific charge galvanostatically [152].
To investigate the rate capability of GOpd, cyclic voltammetry has been chosen since its electrochemical behavior is closer to a capacitor than to an intercalation material. The scan rate was
varied between 0.1 – 100 mV/s in the potential window of 0.01-3V vs. a lithium-counter electrode. These scan rates correspond to a charge time of ~8 h and ~30 s (C/8 to 120C in galvanostatic mode, respectively). GOpd43, GOpd36 and pristine graphite-oxide have been investigated
with various rates for their electrochemical rate capability.
Figure 103 shows the cyclic voltammetry of the GOpd43 electrode. The activation in the first
cycle is depicted in Figure 103a in comparison to the second cycle with the same rate of 1 mV/s.
The onset of the activation in the first cycle can be observed to occur at ~1.5V while the activation maximum is observed at ca. 0.38 V. A second process is observed close to 0 V vs. Li+/Li. In
contrast, the lithiation in the second cycle starts a ~2 V and increases its specific capacitance until 0 V. The delithiation in the first and second cycle are much more similar to each other. During the second delithiation two minor maxima can be observed at 0.44 V and 1.89 V with 630
F/g and 698 F/g, respectively. A reduced specific capacitance (<500 F/g) can be extracted above
2.4 V.
The cyclic voltammetry at various scan rates is depicted in Figure 103b. The lithiation at potentials positive to 1 V is very similar for the scan rates lower than 10 mV/s and show a capacitorlike charge storage behavior. But the lithiation in the potential regime of 0-1 V vs. Li+/Li is very
strongly dependent on the applied scan rate and appears to be rather an insertion mechanism than
an adsorption behavior. The delithiation scan rate of 0.1 mV/s shows a very high specific capacitance, always above 400 F/g except during the transition from lithiation to delithiation. Two major delithiation peaks can be observed during the very low scan rate of 0.1 mV/s at 0.19 V and
1.97 V with 892 F/g and 1180 F/g, respectively. These are very high specific capacitances in
comparison to some of the best electrochemical capacitors which use the same GOpd in acetonitrile or propylene-carbonate with a salt of tetraethylammonium-tetraflouroborate TEABF4 and
deliver 200 F/g which is considered to be a value very high for capacitors [193].
Furthermore, the lithiations seems to be still rate limited as its inserted specific capacitance depends very significantly on the scan rate as observed in Figure 103b. The subsequent delithiation
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at the same scan rate is therefore strongly influenced by the preceding lithiation due to the very
short constant-potential step which is limited to only 1 min potential hold at either 10 mV or 3V.
The first maximum of the specific capacitance during delithiation (~0.19 V for the scan rate of
0.1 mV/s) shifts to more positive potentials with increasing rate, thus, indicating a possible kinetic limitation (diffusion or reaction kinetics). In contrast, the second maximum at 1.97 V for the
very low scan rate of 1 mV/s seem not to shift but is suppressed strongly, thus, indicating rather
limited available lithium than kinetic influences since the overpotentials do not seem to change.
As discussed above in paragraph 4.2.2.3, a drastic aging is observed during the first 70 cycles
during galvanostatic cycling for GOpd43, as shown in Figure 78. As depicted in Figure 103c, the
aging was also compared for the scan rates of 1 mV/s in the 2nd, 12th and 22nd cycle which corresponds to the cycle after the formation cycle, first scan rate protocol from 0.1 – 100 mV/s and
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the second repetition of the scan rate protocol, respectively. A slight aging can be observed as
the specific charge decreases from an initial 467 mAh/g in the 2nd cycle to 84 % and 72 % in the
12th and 22nd cycle, respectively. The aging for the galvanostatically cycled GOpd43 electrode
with a potentiostatic step deliver 677 mAh/g in the 2nd cycle and decrease to 77 and 63% of the
677 mAh/g after the 12th and 22nd cycle, respectively. This difference might be related to the
time at which the GOpd43 electrode is exposed to reduction potentials below a certain voltage
threshold (e.g. ~0.8 V for electrolyte reduction or ~0.44 V for reactions also causing the activation). The influence of the cycling potential will be investigated in the next section 4.2.8.
The extracted specific charge for the different scan rates is presented in Figure 103d for the
performance during the first and second scan rate protocol. The extracted specific charge for
both lithiation and delithiation is higher during the first scan rate protocol for rates above 1
mV/s. Interestingly, the low scan rate of 0.1 mV/s delivers higher specific charge in the second
protocol despite the aging. Additionally, the delivered specific charge reaches an almost loglinear profile in the second sweep rate test. Therefore, one can conclude that the aging of the material is not only related to a specific charge loss but also to a rate capability loss during cycling.
Another aspect that can be observed in the extracted specific charges in the scan rate tests are
the differences between lithiation and delithiation in Figure 103d. For low scan rates lower than
3 mV/s a huge irreversible specific charge is measured in both, the first and second scan rate test.
The tests at 0.1 mV/s show a higher specific charge for delithiation than for lithiation which is
due to the a little bit faster preceding cycle at 1 mV/s which was not finished and shows therefore a positive current between 2.23 – 3.0 V although lithiation should occur. Therefore, the
practical specific charge depends on the previous cycle when measured with cyclic voltammetry.
In contrast, the sweep rates >5 mV/s show very little irreversible specific charge. This also supports the hypothesis that the time at which the active GOpd material is exposed to a certain potential regime influences the aging significantly.
The cyclic voltammetry of GOpd36 is presented in Figure 104. The activation cycle shown in
Figure 104a resembles a similar profile as the discussed GOpd43. But the onset of the lithiation
starts at a more negative potential of ~1.2 V vs. Li+/Li. The onset potential was shown to vary
linearly with the interlayer distance of the GOpd for capacitors with 1M TEABF4 in acetonitrile
[193]. But the onset potentials are shifted to much more negative potentials in 1M LiPF6 in
EC:DMC 1:1 (wt%) in comparison to the capacitor electrolyte in Fig. 3 of [193]. Additionally,
the maximum of the specific capacitance of the activation of GOpd36 is reached at 0.3 V which
is 140 mV more negative than for GOpd43. Also, the delithiation in GOpd36 is similar to the one
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of GOpd43 having two minor maxima at 0.43 V and 1.33 V with 722 F/g and 688 F/g in the 2nd
cycle, respectively.
The rate capability of GOpd36 is shown in Figure 104b and indicates similar lithiation profiles
as the GOpd43 electrode. Most of the insertion occurs at potentials negative to 1 V vs. Li+/Li and
depends strongly on the applied scan rate which indicates kinetic limitations as in the GOpd43.
During delithiation, however, a difference of the GOpd36 material can be observed. The first
delithiation maximum at a scan rate of 0.1 mV/s is located at 0.14 V and shows a higher specific
capacitance than the second peak at 1.73 V with 1080 F/g to 939 F/g, respectively. For the
GOpd43, the opposite was observed with slightly higher peak potentials of the respective maxima. Here, also a shift of the first peak potential to more positive potentials can be observed with
increasing scan rate indicating a kinetically limited process as seen for lithiation and also for the
GOpd43 electrode.
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Figure 104: Cyclic voltammetry of GOpd36 a) first two cycles with activation, b) rate capability
at various sweep rates from 0.1-100 mV/s, c) aging after 1st and 2nd sweep rate test and d) extracted specific charge at different sweep rates showing recharge rate performance.
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The aging of the GOpd36 electrode is presented in Figure 104c compared at 1 mV/s. The most
severe aging is observed between the 2nd and 12th cycle (first scan rate test) where the specific
charge decreases from 417 mAh/g in the second cycle to 81 % and 71 % in the 12th and 22nd cycle, respectively. This is also less severe as the aging observed during galvanostatic cycling of
1C followed by a constant-potential step at 0.01 and 3V as shown in Figure 77.
Figure 104d visualizes the extracted specific charging during the first and second scan rate test
at rates between 0.1 – 100 mV/s. The same trends as for the GOpd43 electrode can be observed,
however, less total specific charge can be stored in GOpd36 as also seen during galvanostatic
cycling in Figure 77. The irreversible specific charge is high for sweep rates <3 mV/s but drastically reduced above 5 mV/s. The second scan rate test shows a log-linear rate performance
which is drastically reduced compared to the rate performance during the first sweep rate test.
This indicates also an influence of the aging on the rate performance which was also observed
for the GOpd43 electrode.
The cyclic voltammetry of pristine graphite-oxide GO is shown in Figure 105. The activation is
very different to the partially-disproportionated GOpd’s presented above. The onset of the activation starts at ~2.1 V and possesses two minor maxima for the lithiation at ~1.5 V and ~0.42 V.
However, a continuous increase of the specific capacitance can be observed until 0 V vs. Li+/Li.
The specific capacitance during delithiation is very low (<150 F/g), thus, indicating a highly irreversible first lithiation. During the second cycle also a high irreversible specific charge can be
observed where only 28% of the 193 mAh/g can be extracted. These irreversible specific charges
are consistent with the previous findings for galvanostatically cycled GO electrodes in Figure 76.
Cycling at various scan rates is shown in Figure 105b where a high irreversible specific charge
can be also measured in the third cycle which was performed at a sweep rate of 0.1 mV/s. The
aging of graphite-oxide is shown in Figure 105c where the specific charge of 193 mAh/g in the
second cycle decreases to 65 % and 57 % in the 12th and 22nd cycle, respectively. It can be concluded that most of the fading of the specific charge occurs during the first three cycles where
the high irreversible specific charge of more than 50% is observed.
The rate performance during the scan rate tests is depicted in Figure 105d. The profile looks
similar to the ones of GOpd36 and GOpd43 but delivers much less absolute specific charge. One
can also see that the irreversible specific charge equilibrates after the very low rate scan rate of
0.1 mV/s in the third cycle. Additionally, an increased irreversible specific charge can be observed for low sweep rates as discussed for the GOpd electrodes.
When one focuses on the activation cycle, the sweep rate might have an influence on the involved reactions. For standard graphite, the galvanostatic cycling rate is known to influence the
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morphology of the SEI [194] and the exfoliation of graphite [195] during the first lithiation.
However, no major impact on the intercalation process itself has been observed. To test if the
activation of GOpd and GO during the first lithiation depends on the applied current density, the
first lithiation was performed at a scan rate of 10 mV/s as shown in Figure 106 for GOpd36 and
pristine GO. It can be observed that the increase of the sweep rate by a factor of 10 suppresses
the activation cycle significantly. For GOpd36 the onset of the lithiation is shifted to more negative potentials of ~0.9 V vs. Li+/Li and shows no activation maximum compared to the activation
at 1 mV/s in Figure 104.
Surprisingly, the “normal” activation process can be observed in the second cycle at a low rate
of 0.1 mV/s and shows the onset of the lithium insertion at ~1.4 V and an activation maximum at
0.59 V; both more positive than the observed onset and maximum at 1 mV/s in Figure 104.
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Figure 105: Electrochemical cyclic voltammetry of GO a) first two cycles with activation, b) rate
capability at various sweep rates from 0.1 - 100 mV/s, c) aging after 1st and 2nd sweep rate test
and d) extracted specific charge at different sweep rates to determine recharge rate performance.
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This potential shift could be due to the lower sweep rate or a slight pre-activation in the first
cycle at 10 mV/s. However, a drastic suppression of the activation process cannot be denied if
increased current-densities are applied. This indicates that the activation is rather connected to a
chemical reaction than a thermodynamic insertion of lithium in GOpd. The reaction kinetics of
the activation seems to be limited so that the activation occurs mainly in the subsequent low
scan-rate cycle. The rate capabilities of the following rate tests between 0.1 – 100 mV/s shows
no difference to the ones plotted in Figure 104d, thus, the delayed activation in the second cycle
seems to result in a similar end product.
The increased scan-rate shows also a suppression of the activation in the first lithiation of
graphite-oxide in Figure 106b. Here, a negative current is even observed during the intended delithiation from 0.01 V back to 3.0 V in the first cycle. This shows that almost all specific charge
in the first cycle is consumed irreversibly. The actual activation occurs in the subsequent second
cycle at 0.1 mV/s but shows a different activation profile compared to the one at 1 mV/s for GO
in Figure 105a. The onset of the lithiation shifts to slightly more positive potentials of ~2.2 V
and only a single local activation maximum can be observed. The activation maximum at ~1.5 V
in Figure 105a disappeared while the second one also shifted to slightly more positive potentials
at ~0.7 V. A very high irreversible specific charge of 640 mAh/g or 84% of the total specific
charge of the lithiation is consumed in the second cycle. As for the GOpd36 electrode, the scan
rate capability of the suppressed activation in the first cycle was the same as for the “normal”
activated GO electrode as shown in Figure 105d.
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4.2.8 Electrochemical cycling in limited potential window and GITT
To test the influence of the electrochemical cycling potential on the aging of the material, three
different potential windows have been chosen for cycling as depicted in Figure 107. First, the
galvanostatic cycling window was limited to 1.0- 3.0 V vs. Li+/Li while the material was lithiated to 10 mV in the first cycle to guarantee complete activation. The aging of the material can
mainly be detected in the first few cycles after the activation cycle, as shown in Figure 107a. The
inset depicts the cycling profiles of the activation cycles which have been performed every 302
cycles. The decrease of the specific charge is shown in Figure 107b where a very low fading is
observed during the first 1200 cycles. Interestingly, a higher specific charge during delithiation
can be observed after an activation cycle down to 10 mV as marked by stars in Figure 107b. This
means that some extra stored lithium cannot be extracted in the delithiation immediately after the
lithiation down to 10 mV and is removed in the subsequent cycles partially. As shown in the inset of Figure 107b, the specific charge during the activation cycles is very high (> 400 mAh/g)
and the material ages more severally than in the potential regime between 1- 3 V. But the total
extracted specific charge is limited to only 80 mAh/g which is very low and only as good as today’s capacitor materials [170].
The second potential window was chosen to be between 0.01- 2 V as shown in Figure 107c and
d. A rapid fading of the specific charge can be observed during the first five cycles which is
shown in Figure 107c. The inset depicts the activation of the material in the first cycle. The decrease of the specific charge with cycling is shown in Figure 107d and indicates some problems
with cycling during the first 150 cycles which is probably related to problems in the cycling device. After the initial problems, a continuous fading is observed where the specific charge drops
to 145 mAh/g after the 900th cycle. But the specific charge in the first delithiation (360 mAh/g)
drops to circa 233 mAh/g in the fifth cycle by more than 35%. Therefore, it can be concluded
that the aging is even more severe for the cycling between 0.01- 2V than the one when GOpd43
is cycled between 0.01- 3.0 V as shown in Figure 78 where an fading of 13.6 % is observed from
700 mAh/g to 605 mAh/g between the first and fifth delithiation, respectively.
Additionally, some continuous aging is observed even after 200 cycles, despite the fact that
almost no aging is observed during the 70th and 400th cycle of the GOpd43 electrode cycled between 0.01- 3.0 V. Usually, the increased potential window should lead to an enhanced fading of
the specific charge. But here, it can be concluded that the potential regime close to the lithiummetal potential seems to be very harmful to GOpd43.
Third, the potential window was chosen to be in an intermediate state with a cycling between
0.5- 2.5 V. Also, the first activation was only chosen to be performed to 0.5 V to not alter the
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Figure 107: Galvanostatic cycling in limited potential regime to determine aging influences on
GOpd43, a) cycling and b) aging between 1.0-3.0 V with activation to 0.01 V every 300 cycles,
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new cycling protocol, insets show activation in first cycle/cycles).
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structure too much. The cycling is shown in Figure 107e and the decrease of the specific charge
is shown in Figure 107f. The activation cycle is shown in the inset of Figure 107e). During the
first cycles a low aging of 6.8 % can be observed where the specific charge of the delithiation in
the first and fifth cycle decreases from 206 to 192 mAh/g. Afterwards, a continuous aging is observed during the next 900 cycles until a specific charge of 130 mAh/g is reached. Therefore, it
can be concluded that the potential window of 0.5- 2.5 V leads to much less aging compared to
the 0- 2 V potential regime but the material still suffers from fading of specific charge.
Additionally, it can be observed that the hysteresis between lithiation and delithiation decreases
for all three investigated potential windows as shown in Figure 107a, c and e which is consistent
with previous findings for galvanostatic cycling between 0.01- 3.0V as discussed in 4.2.2.3. To
investigate the origin of the hysteresis, galvanostatic-intermittent-titration (GITT) can be used to
detect the pseudo-open-circuit potential and overpotentials as described in section 2.6.1c) and
already used for pristine graphite electrodes in section 3.5. The GITT of GOpd43 is shown in
Figure 108a where the first three cycles are depicted. The specific current was below 0.015 A/g
which corresponds to a C-rate of ~C/35 for a respective continuous galvanostatic lithiation. The
relaxation time was chosen to be five hours for all GITT experiments in Figure 108.
During the first lithiation of GOpd43 high overpotentials can be detected before and at the beginning of the lithium insertion at 3.0- 1.5 V and 1.5- 1.1 V, respectively, which are lower in the
subsequent cycles (Figure 108a. The relaxation is measured to be over 400 mV before the lithium insertion while it decreases to 340 and 270 mV at 1.3 and 1.2 V, respectively. But the overpotentials during the lithiation negative to 1 V are significantly reduced to approximately 100
mV which is still high compared to a few millivolts found for pristine graphite electrodes in section 3.5.
During the delithiation of the GOpd43 electrode (Figure 108a), very low overpotentials of less
than 100 mV are observed at potentials between 0- 1 V. But at potentials between 1- 3 V a continuous increase of the overpotential can be observed which has its maximum during the galvanostatic delithiation at potentials of 3 V with more than 780 mV potential relaxation during the
five hours. During the galvanostatic discharge, after the 3 V potential cut-off has been reached
once, very low specific charge can be withdrawn in every discharge step. These results support
the previous findings that there are limitations to extract the specific charge at potentials positive
to ~2 V vs. Li+/Li. These limitations are probably not of kinetic origin since the very low rate of
C/35 and the long relaxation time allows even very slow diffusion or surface reactions to proceed. It seems that some reaction limitations might govern the system response positive to 2 V.
The real origin of these high overpotentials is unknown so far.
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During the second and third cycle of the GITT of GOpd43, low overpotentials below 100 mV
are measured throughout the entire lithiation. A similar profile is also observed during delithiation. At potentials between 0- 1 V, low overpotentials can be detected being less than 100 mV as
for the preceding lithiation. But at potentials between 1- 3 V, a continuous increasing overpotential can be observed which is 735 mV when the galvanostatic discharge reached the 3 V cut-off
potential the first time. Additionally, the hysteresis increases for the second and third cycle compared to the first cycle which can be better seen in Figure 108b where all specific charges are
normalized to the SOC interval of [0,1]. This approach introduces an error since irreversible reactions like the activation and SEI formation in the first cycle are also taken into account for the
normalization. But one can see that the first lithiation shows a more positive insertion potential
compared to the 2nd and 3rd lithiation. However, the first three delithiations appear very similar
with small differences at potentials positive to 2V.
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Figure 108: Galvanostatic-intermittent-titration-technique (GITT) results for a) GOpd43, b)
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Additionally, the stored specific charge is significantly enhanced for the second and third cycle
compared to galvanostatic cycling at 1 C in Figure 78 where 1025 and 955 mAh/g could be inserted compared to 677 and 674 mAh/g during the second and third cycle in Figure 78. But it can
be also seen directly that the fading of specific charge is increased for the GITT compared to
galvanostatic cycling at 1C which might be related to the increased exposure to very negative
potentials negative to 1 V, as shown above in Figure 107. The potential hysteresis between lithiation and delithiation is 1.21 V at an SOC of 0.5 in the second cycle and is not due to diffusional
or surface reaction limitations as discussed above. This high hysteresis would lead to high losses
during energy storage and is a substantial disadvantage of this material. But it has been shown
that this hysteresis decreases significantly with cycling as presented in Figure 78 and Figure 107.
The GITT result for GOpd36 is shown in Figure 108c and shows similar features like the
GOpd43 material discussed above. During the first lithiation, the onset of the lithium insertion is
shifted to more negative potentials compared to the GOpd43 electrode, as already discussed during the cyclic voltammetry experiments in section 0. Also, slightly increased overpotentials are
observed in the beginning of the lithiation which decrease to less than 100 mV at potentials between 0- 0.9 V. The overpotentials are even a bit lower than the ones observed for the GOpd43
electrode in Figure 108a. However, this is not an intrinsic material property of GOpd36 but is the
consequence of the smaller galvanostatic current rate which is reduced to C/72 since the electrode loading is about 3 mg while the GOpd43 electrode contained 1.77 mg. For comparison, a
GITT result for a GOpd43 electrode with increased loading of 4 mg is presented in the appendix
in Figure 144 which indicates reduced overpotentials for both lithiation and delithiation at C/80
compared to the GOpd43 electrode in Figure 108a performed at C/35. The relaxation of the C/80
GITT of GOpd43 is much closer to the one of GOpd36 and shows the differences of these very
small rates.
During the delithiation of the GOpd36 electrode in the first cycle, very low overpotentials can
be detected for the potential window of 0- 1 V as for the GOpd43 electrode. But the relaxation
overpotentials at potentials more positive than 1.5 V are significantly enhanced. When the galvanostatic delithiation reaches the 3 V cut-off potential for the first time, a relaxation potential of
1.13 V is observed during the subsequent five hours of relaxation. This is a factor of 1.5 times
higher than the one of the GOpd43 electrode. During the delithiation close to the 3 V cut-off potential very low specific charge can be extracted during each galvanostatic charge of 30 min indicating very strong limitation as observed for the GOpd43 electrode. No second cycle could be
measured due to time restrictions so that the hysteresis in the second and third cycle cannot be
evaluated.
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The GITT results for pristine graphite-oxide is presented in Figure 108d and shows severe differences to the partially-disproportionated graphite-oxides. During the first lithiation, the reaction onset is shifted to very positive potentials of ~ 2 V and relaxes by more than 600 mV at potentials positive to circa 1.5 V. Afterwards a decrease of the overpotentials can be detected
reaching ~140 mV relaxation at potentials negative to 0.5 V vs. Li+/Li. During the delithiation,
very low overpotentials can be observed in the potential regime of 0- 1 V after which the overpotentials rise continuously as for the GOpd electrodes. At potentials positive to 2 V, high overpotentials can be detected as for the GOpd electrodes. The delithiation of the GO electrode seems
to behave similar to the GOpd electrodes, judged from the overpotentials during cycling. However, a significantly enhanced irreversible specific charge is measured consistent with the previous findings in sections 4.2.2.3, 4.2.7 and 4.2.8.
Some miscellaneous side remarks are shortly listed here which might help to get more insight
into the material properties. During the preparation of lithiated GOpd powder in a glove box the
material showed striking electrostatic charge properties, standing vertically away from the steal
spoon and glass beaker. It was very difficult to focus the SEM on GOpd due to charging effects.
This indicates that GOpd is most probably an insulating material. However, the SEM images of
GOpd after lithiation were very easy to take indicating a better electric conductivity.
No color change was observed at 0 and 3 mV vs. Li+/Li indicating very different band structure
changes in GOpd and GO compared to standard graphite which has several color changes from
black to blue to red and finally to golden for the different lithiated phases, pristine graphite, stage
2L, stage 2 and stage 1, respectively.
The XRD patterns of lithiated GOpd showed high reactivity to air and moisture, even stronger
than observed for lithiated graphite. During the XRD experiment with pristine GOpd a c-axis
increase was detected during 21h XRD measurement in air with a new appearing and constantly
growing second peak at smaller 2Theta angle compared to the (002) reflex. This might be due to
H2O insertion from ambient air since no such new reflex was observed in a sealed capillary.
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4.3 Summary of chemical modifications of graphite
Two different approaches have been investigated to increase the interlayer distance between
the graphene sheets in graphite. First, a titanate coating was applied on potassiated graphite
which should spread the graphene sheets on the prismatic edge planes of graphite. A very thick
coating with an excess of approximately 50 times the needed amount of titanate was used to detect the coating in SEM images in Figure 65 to Figure 67 and EDX in Figure 68 and Figure 69.
Despite the very thick titanate coating, no bands have been detected in the Raman spectra in Figure 70 and Figure 71. This excess of coating leads to higher overpotentials during galvanostatic
cycling compared to pristine graphite, as shown in Figure 72. However, a decreased fading of
specific charge of the thin-layer electrodes of titanate-coated graphite SFG6 could be detected
compared to the thin-layer electrodes of pristine graphite. A coating of graphite with a very thin
surface layer of 3-5 atomic layers would be favorable to detect any influence on the charge rate
capability due to the applied surface stress.
A second approach aimed to increase the interlayer distance by a chemical pillaring of the bulk
material of graphite. A modified form of graphite, namely graphite-oxide (synthesized by Dr. T.
Kaspar), has been taken for this approach. But since the amount of epoxide and hydroxide
groups is very high in pristine graphite-oxide which would probably lead to high steric hindering
and accumulation of reduction products in the interslabs, a partially-disproportionated form of
graphite-oxide (GOpd synthesized by Dr. T. Kaspar) has been chosen. Most of the hydrogen is
removed during the thermal disproportionation in Argon atmosphere as shown by the elemental
analysis in Table 8. This material is ideal for the pillaring of the graphene sheets which are expected to form lithium-alkoxides and/or lithium oxide from the remaining epoxide and hydroxide
groups in the GOpd bulk.
Galvanostatic cycling showed significant thermodynamic differences between GO (Figure 76)
and partially-disproportionated GO (GOpd36 in Figure 77 and GOpd43 in Figure 78) compared
to pristine graphite (Figure 79). The lithium intercalation process observed in standard graphite
was replaced by a process similar to adsorption. But this adsorption possesses some extra features which differ significantly from that known for normal capacitor-like materials. The main
lithium-insertion occurs at potentials between 0- 0.5 V vs. Li+/Li while standard capacitor materials show a constant specific capacitance with a linearly decreasing potential vs. specific charge
profile. Additionally, the reversibly stored specific charge of GOpd43 and GOpd36 is dramatically enhanced compared to standard graphite. In the first delithiation 677 and 580 mAh/g can be
extracted for GOpd43 and GOpd36, respectively, being 1.88 and 1.61 times the specific charge
than the practical specific charge of the precursor graphite SFG6.
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Additionally, the GOpd material can be used to store anions like PF6-, as also known for graphite intercalation compounds. The galvanostatic cycling, shown in Figure 80, delivers only very
low specific charge of ~100 mAh/g in the first cycles which was also shown in the literature
[170].
However, for GOpd and GO during lithium insertion and GOpd for hexafluorophosphate insertion, a severe fading of the specific charge has been observed during the first 70 cycles after
which the aging rate is reduced significantly and the material ages only by a few percent during
the next 400 cycles. Additionally, an irreversible specific charge is observed during these initial
70 cycles after which a cycling efficiency of over 99 % is reached. Thus, it can be concluded that
the irreversible specific charge might be directly related to the fading of the specific charge decreasing below the specific charge of standard graphite electrodes, as shown in Figure 79. The
specific charges in the hundredth cycle are only 107, 259 and 274 mAh/g for GO, GOpd43 and
GOpd36, respectively. The pristine graphite electrode shows still 385 mAh/g (of graphite) which
is slightly higher than the practical specific charge of graphite SFG6 due to the 10 wt% of SuperP which was shown to add ~32 mAh/g of extra specific charge in the hundredth cycle. The
specific charge of the GOpd43 electrode cycled to positive potentials between 3.0- 5.0 V is only
63 mAh/g for storing PF6- -anions after 100 cycles, which is significantly less than the stage 2 in
graphite with a composition of (PF6)0.5C8 [123]. However, this stage 2 would be reached at 5.5 V
vs. Li+/Li while the cycling window of the GOpd43 electrode was limited to 3.0- 5.0 V.
To fulfill some of the requirements for the application of the GOpd material in commercial
lithium-ion batteries, exfoliation of the material must be avoided and a homogeneous SEI formation should be guaranteed. Therefore, SEM images have been taken confirming no visible exfoliation after the first and even after 400 cycles for GOpd43. Additionally, a SEI of similar
morphology as at graphite is created on the GOpd43 particles as shown in Figure 82, in comparison to a standard graphite electrode in Figure 83. But a very thick SEI can be observed on some
prismatic edge planes of the GOpd43 particles after more than 400 cycles which might be of rather polymeric origin judged from visual observations in the SEM images. Additionally, small
holes can be observed in a very small percentage of pristine GOpd43 particles, as shown in Figure 84. These holes originate probably from the thermal disproportionation leading to a mass loss
of circa 11-23 %, as calculated in section 4.2.3.
In contrast, SEM images on GO show some signs of a partial exfoliation during the cycling, as
depicted in Figure 85. The GOpd36 electrode shows also no visible signs of exfoliation and a
homogeneous morphology of the SEI after more than 100 cycles (Figure 86). In contrast, the
SEM images of the GOpd43 electrode cycled between more positive potentials of 3.0- 5.0 V vs.
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Li+/Li show a very thick and woven solid-permeable-interphase (SPI) on the surface of the particles depicted in Figure 87. This SPI is partially permeable for the organic electrolyte components, thus, not fully passivating the surface. This is advantageous for the PF6- insertion since
these ions probably show a very low ionic conductivity through a dense inorganic film (like in
the SEI on the negative electrode) but does not prevent the oxidation of the electrolyte in every
cycle.
The EDX measurements of the cycled GOpd43 electrodes shown in Figure 88 to Figure 91 of
section 4.2.4 correspond to the SEM images displayed in the preceding section 4.2.3. They reveal a continuous decrease of the carbon signal while the oxygen, fluoride and phosphorus signal
increase continuously during the cycling progress, as shown in Figure 92 and Figure 93. These
results support the picture of a continuous SEI growth on GOpd which is mainly finished after
the first cycle and approximately doubles during the consecutive 400 cycles. The increasing oxygen content during the SEI formation might indicate a formation of Li2CO3 which is a reduction
product of the organic carbonate electrolyte. However, no direct proof of Li2CO3 could be made.
Additionally, LiF seems to be formed with small contributions of phosphorus, as shown in the
EDX elemental analysis. The detected traces of chloride and sodium might originate from the
synthesis of graphite-oxide from graphite SFG6 by NaClO3 in conc. HNO3, as described in section 4.2.1.
To get further information of the SEI composition, XPS has been measured for GOpd43 electrodes where graphite SFG6 and SuperP electrodes have been used for reference. Three different
cycling states have been compared which correspond to the pristine, one time lithiated and one
full cycle (1x lithiation + delithiation). The carbon signal is reduced during cycling, as also detected for the EDX experiments. The atomic contribution of fluoride increases during the lithiation while it decreases slightly during delithiation of GOpd43. The lithium content shows a similar evolution during the cycling of GOpd43 electrodes. Interestingly, the relative oxygen content
decreases after the first lithiation of GOpd43 while it increases significantly for graphite and SuperP carbon. This is in contrast to the results of EDX which show a continuous increase of the
oxygen content. However, EDX delivers information from both the surface and parts of the outer
bulk material while XPS can only investigate the outermost ca. 10 nm of the surface. Thus, we
can conclude that the SEI of GOpd43 seems to be composed of less oxygen-containing species
like Li2CO3 or Li2O as compared to the SEI on graphite and SuperP. These results are in conflict
with the EDX results and need to be clarified by a third surface sensitive technique.
Very interestingly, the XPS C1s spectrum of lithiated GOpd43 shows more contributions in the
binding energy range of 286-289 eV compared to the C-C binding energy at 284.4 eV as shown
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in Figure 95b which might indicate a possible increased amount of C-O bonds. But a conclusive
deconvolution is impossible due to the limited amount of reference samples and high amount of
peaks making it difficult to deconvolute the C1s spectra precisely (evolution of reflex position
and amount shown in Figure 95d and Figure 96). In contrast, the O1s, F1s and Li1s XPS spectra
are very similar for the lithiated electrodes of GOpd43, graphite SFG6 and SuperP despite the
fact that the initial O1s XPS spectra differ significantly for the different materials due to the different oxygen content.
The XRD results in section 4.2.6 give more insight on the modification of the bulk of the different graphite derivatives. The pristine materials show not only the distinct interlayer distance
of 5.74, 4.3, 3.6 and 3.35 Å for GO, GOpd43, GOpd36 and pristine graphite, respectively. But
they also indicate a modification of the C-C in-plane distance which is 1.438, 1.41, 1.416 and
1.422 Å for GO, GOpd43, GOpd36 and SFG6, respectively. The defects in the structure due to
the hydroxide and epoxide groups are probably responsible for these differences although epoxides should usually stretch the C-C bond. However, a decrease of the C-C bond length below the
C-C distance in graphite is observed despite the fact that most bulk groups should be of epoxide
origin. The results of the attempted refinements of the XRD patterns in Figure 100 are summarized in Figure 101 and Table 10. Very broad reflexes are observed for the (100) and (101) reflex
which was attributed to a possible turbostratic disorder [169] but might also come from the
stretching and quenching of the C-C bond length due to the epoxide and hydroxide groups in the
pristine material, as proposed in section 4.2.6.
During the lithiation of GOpd43, the interlayer distance increases from 4.33 to 5.73 Å. The
lithiated interlayer distance of 5.73 Å is very close to the initial interlayer distance of pristine
graphite-oxide. Furthermore, the XRD patterns of the lithiated GOpd43 electrode indicate the
formation of LiF during the first charge which is consistent with the findings from EDX and
XPS. Some minor and very broad XRD reflexes are detected which cannot be assigned to Li2O,
Li2O2 and Li2CO3 but could correspond to LiOH as shown in Table 11 and Figure 102.
The XRD patterns after 70 cycles indicate only a very small diffraction of GOpd43 with an interlayer distance of ~5.7 Å for the lithiated electrode but no information about GOpd43 can be
extracted from the diffractogram of delithiated GOpd43 after 70 cycles. Only major contributions of LiF can be detected. Therefore, one can only conclude that the partially and very badly
defined crystalline structure of GOpd43 gets almost totally lost during cycling.
To test the influence of the pillaring in graphite, cyclic voltammetry has been used at various
scan rates. In the first cycle, an activation process can be detected for the GOpd electrodes
(Figure 103a and Figure 104a) which is expected since lithium most probably reduces the epox-

153

ide and hydroxide groups partially. The cyclic voltammetry of GO reveals a very high irreversible specific charge in the first cycle, as also seen during galvanostatic cycling. The capacitance
of GOpd electrodes is very high delivering much more than 500 F/g during low scan rates which
is a factor of 2.5 compared to today’s best graphene capacitors with TEABF4 in AN or PC, as
shown in Fig. 6c in [170]. The activation in the first cycle can be partially suppressed by high
scan rates which do not allow enough time for the reaction to occur, as shown in Figure 106. The
activation can be postponed to the second lithiation if the scan rate is simply increased to 10
mV/s compared to the 1 mV/s of the standard activation for electrodes of GOpd and GO.
The rate performance is significantly improved compared to pristine graphite where GOpd43
delivers ~ 200 mAh/g at a scan rate of 100 mV/s (30 s charge). This is a fundamental improvement compared to standard graphite electrodes which can be charged at ~2C (30 min) for standard electrodes. To determine the correct rate-capability of the GOpd material, a thin-layer electrode would be needed since electrolyte diffusion limitations might severally reduce the rate performance. But even the rate tests with a standard electrode show drastic improvements compared
to standard graphite electrodes, which was the goal of the chemical modification of graphite.
However, the material suffers from severe fading of the specific charge which decreases the
extracted specific charge during the cyclic voltammetry rate test already after a few cycles. The
aging rate is one of the biggest challenges since it needs to be very low for a useful battery material as described in paragraph 4.2.2.2. The aging occurs mainly in the first 70 cycles during galvanostatic cycling with constant potential steps but seems to be reduced during cyclic voltammetry with a short potentiostatic step of one minute after the periodic reduction and oxidation.
To test the influence of the applied potential window on the aging, three different potential
ranges have been chosen with 1-3V, 0-2V and 0.5-2.5V, as shown in Figure 107. Very low aging
is observed during the cycling between 1-3 V while even an enhanced aging rate is detected during the cycling between 0-2V. The potential window of 0.5-2.5 V indicates also some fading of
specific charge but the fading is less drastic than in the 0-2 V potential range. This leads to the
conclusion that the operation below 1 V vs. Li+/Li seems to be responsible for the capacity fading. No assignment of the aging process to electrolyte reduction and/or possible reduction of the
surface groups in GOpd can be done.
A second disadvantage of GOpd concerns the large potential hysteresis of this material during
cycling. To detect if the hysteresis is due to kinetic limitations or of thermodynamic origin, GITT
has been applied. The GITT of GOpd43 in Figure 108 shows a very high hysteresis of ~1.2 V
during the second and third cycle. Additionally, very high polarization of more than 700 mV is
detected at delithiation between 2-3 V where still a reasonable specific charge can be extracted.

154

The hysteresis decreases during cycling/aging of the GOpd material, as shown in Figure 107.
This very large hysteresis would lead to reduced energy efficiency in practical applications, e.g.
in batteries.
Furthermore, the GITT shows an enhanced specific charge during lithiation and delithiation of
more than 1000 mAh/g in the second cycle. It was already shown that there are very slow kinetics close to 0 V and 3 V which usually requires a potentiostatic step to deliver most of the specific charge. But such a high increase to 1025 mAh/g in the GITT experiment compared to the galvanostatic cycling of GOpd43 at 1C with 677 mAh/g might indicate a side reaction which could
be partially reversible as the specific charge for delithiation also increases.
It can be concluded that the modification of graphite both on the surface and in the bulk can influence the electrochemistry during lithium storage. Even if the rate capability might be improved while also the total specific charge is increased by a factor of ~1.88 compared to standard
graphite SFG6 electrode, severe challenges are encountered. The fading of specific charge, high
hysteresis of 1.2 V, kinetic limitations close to 0 and 3 V vs. Li+/Li and, finally, the dangerous
and time-consuming material synthesis of GOpd have to be overcome to make this material attractive for future lithium-ion batteries.
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5. Thermodynamics of graphite
The kinetic influences on the behavior of graphite electrodes have been investigated with regard to limitations caused by diffusion and surface reactions in section 3. But how do the different stage transitions proceed during the course of lithiation and delithiation? The stages in graphite have been summarized in section 2.5 including the different ordering of the lithium ions within the graphite for the stages/phases. Additionally, some investigations for the transitions between these phases have been discussed. But some aspects are still not fully understood like the
transitions between the stages in the lower third of the state-of-charge regime between stages 4L3L-2L.
This chapter focuses on the attempts to model the open-circuit-potential based on the free energy of these phases. Experimental validation will be done by both in situ x-ray powder diffraction
and in situ neutron powder diffraction to get more insight on the stage transitions at low state-ofcharge. Additionally, calculation of the orientation of the phase boundaries during the transition
will be carried out to complete the thermodynamic picture of graphite.

5.1 Modeling approach for open‐circuit‐potential of graphite
Several different models have been developed in the past thirty years to describe battery systems. The most complete model describing the kinetic influences in a porous electrode has been
developed by researchers around Newman [146, 147]. It includes diffusion in the solid and electrolyte, ohmic losses in the solid matrix and electrolyte, current distribution and surface reactions, as shortly introduced in section 2.7. This model has been extended by impedance models
and thermal models accounting for Joule heating [196]. The model can predict performance of
lithium-ion batteries very well and can be applied to estimate the aging influences in lithium-ion
batteries [197].
However, one of the major disadvantages of this model is the use of the open-circuit-potential
as a measured input parameter rather than a derivation from a modeling approach. This issue has
been approached by Ceder et al. [63, 151] for olivines, LiMPO4 (M=Fe, Mn, Co, Ni) in 2004 and
further developed to a model predicting electrochemical response under cycling conditions by
Bazant et al. [65, 66] with surface reactions and diffusion. This approach will be used and applied to graphite which shows also several different phase separations like the one in LiFePO4.
This approach has been developed by M. Heß and M. Z. Bazant before this PhD work and is only shortly mentioned here.
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The free energy of a material can be described by eq (5.1) with a homogeneous free energy f(c)
and an electronic contribution being responsible for the open-circuit-potential offset to a reference electrode, e.g. Li+/Li. Additionally, a gradient energy penalty K accounts for the energy
which is needed to create a phase boundary in the system based on the model by Cahn and Hilliard [132-135]. The free energy G(c) depends on the normalized concentration of lithium ions x
in the host at each state-of-charge [0, 1], the maximum density of lithium ions in the host material ρ, the electronic potential shift by the electron charge e, and the potential difference ΔΦ.
The homogeneous free energy f(c) is a function of an enthalpy part and entropy of mixing part
in eq. (5.2) where “a” is the enthalpy factor and kb the Boltzmann constant. If “a” is higher than
2kbT, the material separates into two different phases while it is forming a solid solution for values smaller than 2kbT. Note that the temperature T changes the ratio so that at high temperature
the material always forms a solid-solution which is very common as also seen for LiFePO4 [45]
and graphite [89, 92].
This concept is extended by an introduction of an enthalpy term for all interlayer interactions
for several graphite interslabs, as shown for 12 layers in eq. (5.3). The repulsive enthalpy factor,
aj, is chosen to decrease with distance by an exponent of -5 which is a higher than the one of vander-Waals forces of exp(-6). This value was chosen based on the modeling of Millman et al.
[125, 126] while all exponents smaller or equal to -4 work for the repulsive interaction.
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The results of the modeling of two interslabs in graphite results in a very simple 2D free energy
if one allows the concentration of lithium in the first and second interslab to vary. The free energy landscape based on the concentrations is shown in Figure 109a). One can see that the direct
pathway from an SOC of zero to one has a positive free energy. But the path to fill one layer first
after which the second layer is filled allows a pathways being less energetically expensive. Since
the pathway through stage 2, with only one layer filled while the second is nearly empty, would
also need a positive free energy. Thus, phase-separation is favored and the minimal trajectory
through the energy landscape is the preferred pathway. Moreover, it can be observed that the fill-
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ing of the interslabs is symmetric. If the first or second interslab is filled with lithium ions is energetically the same which shows the symmetry of this calculation.
Additionally, the optimal trajectory is calculated along the minimal free energy and leaves the
free energy landscape at the miscibility gap where phase separation is initiated. Usually, a continuation until the spinodal gap is allowed, however, nucleation can occur between the miscibility and spinodal gap. The spinodal gap is characterized by a free energy ΔG=0 while the miscibility gap reflects the energetic minimum of a phase by variation of the concentration. Additionally, one can see that a small solid-solution regime is allowed for each pure phase (graphite,
stage 2 and stage 1) at room temperature which is consistent with the phase diagram in Figure 9c
on page 17.
The open-circuit-potential can be derived from the optimal trajectory of the free energy from
equation (5.5) with the chemical potential μ and the homogeneous part of the chemical potential
symbolized by a bar on μ in eq. (5.6).
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The derived potential profile is shown in Figure 109b and matches some of the features of an
experimentally determined galvanostatic lithiation of graphite. Both the crystallographic ordering of lithium in every second and every interslab for stage 2 and stage 1 and the allowed solid-
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Figure 109: Modeling of graphite to stage 2 to stage 1 transitions in the Lithium-graphite system,
a) free energy of graphite depending on lithium concentration in 1st and 2nd interslab, b) resulting
calculated open-circuit-potential compared to experiment.
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solutions of the pure phases are captured sufficiently. Deviations of this simple mean-field model
are observed at the potential profile in the solid-solution regime of the phases and for the low
state-of-charge region where several other phases (stage 4L, 3L and 2L) are known to exist.
To include these higher stages, the model has been extended by a simulation with twelve independent interslabs in graphite where the interactions between the layers are of repulsive origin as
modeled by eq. (5.3) and (5.4). If one assumes the same in-plane density of LiC6 for these higher
stages, one can calculate the respective open-circuit-potential versus the SOC which is presented
in Figure 110a. One can observe that the interactions cannot capture the features of the low stateof-charge region at all.
In contrast, if one allows the concentration of all stages to vary between LiC6 and LiC14 inplane density in the interslabs, one can resemble the phase diagram and open-circuit-potentials
much better as shown for the OCP in Figure 110b. But also higher stages like stage 5 and stage 6
with LiC6 in-plane density form with this model. To get a better picture of the stage transitions
especially at low state-of-charge, experimental data are needed which might clarify if a certain
ordering exists and why higher phases do not form although they form in the potassium-graphite
phase diagram until stage 8 [92, 100].
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Figure 110: Modeling of graphite stage transitions capturing the full state-of-charge of the Ligraphite system at room temperature, a) stage 6-4-3-2-1 transition, b) stage transitions with reduced in-plane density of LiC14 for higher stages.
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5.2 X‐ray diffraction of graphite
To study the phase transitions during lithiation of graphite, in situ x-ray powder diffraction has
been carried out at the Swiss Light Source of the Paul-Scherrer-Institute. The goal was the detection of the transitions especially at the low state-of-charge. Previous XRD studies on Li-graphite
have found a continuous shift of the c-axis during the transitions from stage 4L-3L-2L [88, 97].
However, a continuous shift in the c-axis is theoretically not possible since the lithium is confined to the interslabs in graphite which has a very distinct interlayer distance even during the
different stages. Therefore, an own in situ XRD study has been carried out which will be compared to in situ neutron diffraction results on graphite during lithiation. This section will first describe the experimental setup of the experiment, and finally describe the evolution of the measured XRD pattern for galvanostatic and GITT mode.
Self-standing electrodes of graphite SFG44 (Timcal) have been chosen for the experiments due
to the high-crystallinity (section 3.4.1) but lower BET specific surface area compared to SFG6,
thus, resulting in less SEI formation. Electrode material slurries were prepared by dispersing
80 wt% graphite SFG44 and 20 wt% polyvinylidene fluoride (PVDF, Kynar flex) in acetone.
Test electrodes were prepared by doctor-blading the slurries on a PTFE surface at a slurry thickness of 400 µm after which the slurry was allowed to dry at room temperature and ambient pressure for several minutes. The dry film was peeled off the PTFE foil and cut into ~20x20 mm
electrodes. A hole of 8 mm diameter was punched into a copper mesh which is used as the current collector. The self-standing electrode was calendared onto the copper mesh after which the
composite was dried for >12h at 120 °C in vacuum and assembled in an argon-filled glove box
(O2, N2, H2O and active carbon filters). Lithium metal (99.9 %, Sigma Aldrich) served as counter
and reference electrode and was also rolled on a copper mesh (also with a center hole in th Cu
mesh).
The cells were assembled in a pouch cell configuration where the aluminum casing was
punched out in the center and replaced by a polyimide window (kapton). Additionally, a polypropylene window was added. Polyimide hinders oxygen and nitrogen diffusion while polypropylene is prohibiting moisture diffusion through the cell. The electrodes were placed so that the
hole in the copper mesh was located at the beam window. A glass-fiber separator was placed between the electrodes and soaked with 1M LiPF6 dissolved in ethylene carbonate (EC) and dimethyl carbonate (DMC) 1:1 wt%. The pouch cells were vacuum sealed and placed in a metal casing with hard rubber at the electrodes through which a mechanical pressure is applied on the
cells. Also samples with the standard pouch cell configuration without a kapton/polypropylene
window have been used.
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All electrochemical measurements were performed at room temperature using a sample changer especially designed for the MS powder beamline at the Swiss Light Source from PSI [198].
The wavelength of the incident beam was chosen to be λ=0.7085 nm which is very close to Mo
Kα wavelength. A Mythen detector was used in the range of -60 to -5 and 5 to 60 degree in 2Θ.
First, two different sets of electrochemical cycling profiles were chosen for the in situ XRD investigation. Figure 111 show these two different sets with the galvanostatic cycling at C/10 rate
until almost full lithiation and a galvanostatic-intermittent-titration-technique GITT (see introduction section 2.6.1c) for reference). The GITT was performed at C/20 rate with galvanostatic
steps until the current decreased to C/50 rate followed by a relaxation of ten minutes.
The first set allows analysis of all stage transitions during lithiation between stages 4L, 3L and
2L. The GITT allows a relaxation to detect if changes occur. Differences might indicate metastable phases or kinetic influences which would make ex situ XRD samples different from in situ
measured ones. These cells were the first samples measured and used a standard pouch cell configuration without a kapton/polypropylene window. Thus the reflexes from the cubic aluminum
do contribute to the diffraction pattern. Additionally, an “amorphous” bump below 10 degree in
2Theta is observed which might come from the glass-fiber separator.
Zooms of the diffraction patterns between 11.4- 12.4° and 18.8- 20.8° are shown in Figure 112
for the galvanostatically cycled graphite SFG44 electrode (first row) and the GITT condition
(second row). One can clearly observe the changes of the (00z) reflex starting at ~12.1° and
shifting to lower angles. This indicates an expansion of the c-axis which is consistent with previous findings (summarized in Table 3 in section 2.5). Additionally, a phase separation can be observed between 0.22- 0.2 V vs. Li+/Li which corresponds to the first potential plateau in Figure
111. Between 3.0- 0.22 V and 0.2- 0.12 V a rather continuous shift of the (00z) reflex can be observed which might indicate a solid-solution-like intercalation behavior.
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Figure 111: Electrochemical cycling of graphite SFG44 for in situ x-ray powder diffraction with
a) galvanostatic cycling between SOC = [0,1] at C/10 and b) GITT in SOC = [0,~0.3] at C/20
rate with potentiostatic step (ps) and 10 min relaxation (OCP).
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5.3 Neutron powder diffraction
This section has been published in parts [199] and [200] and the figures and parts of the text
are adapted for the experiments done on graphite. Neutron powder diffraction was conducted at
Institut-Laue-Laugevin in Grenoble, France. The goal was the investigation of structural transitions during the lithiation of graphite in the state-of-charge range from 7-30 %. The transition
should proceed from stage 1L to stage 4L by a phase separation. The next proposed transitions
are a bit unclear and involve the transitions to stage 3L and stage 2L where the L in the name of
the stages symbolizes the dilute disordered lithium order in the respective stages. The last transitions include dense stage 2 with LiC6 in-plane order every second interslab. The end structure
consists of LiC6 in-plane ordering in every layer which is dense stage 1. A detailed description of
the stage and phase transitions is summarized in the introduction section 2.5.
For the experiment 200 mg of graphite powder, SFG44 (Timcal), was used with deuterated EC:
DMC 1:1 (wt) with 1M LiPF6 containing 6.8 ppm of water (determined by Karl-Fischertitration). A glass fiber separator and a lithium metal counter electrode were used. Only the first
lithiation was investigated. During this cycle a solid-electrolyte-interphase is formed consuming
some extra lithium and electrolyte. The SEI formation was performed starting from 3V and also
inserting lithium until the potential decreased to 0.22 V vs. Li+/Li. During the formation 80
mAh/g were consumed from which ~25 mAh/g are reversible [88].
Figure 113 shows the galvanostatic cycling of the graphite half-cell in deuterated electrolyte.
Point 1 indicates the starting point in the beam at ILL in stage 1L after the main SEI formation
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Figure 113: Electrochemical lithiation of graphite SFG44 powder during in situ neutron powder
diffraction from point 1-5, continued cycling of the cell done without neutron diffraction due to
time restrictions at ILL to show proper cycling behavior, experiment performed at 50°C [199].
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of the titanium container marked with an “x” do not overlap with the most significant reflexes of
graphite marked with a “*”. Additionally, the intensities of the titanium reflexes are only of the
same order of magnitude as the graphite ones.
However, one needs to evaluate the pure phases before one can investigate the different transitions between them. Therefore, ex situ neutron powder diffraction patterns have been collected
on at least 400 mg of lithiated graphite powder for various lithiation degrees. The space groups
of dense stage 1 and stage 2 [80], and the ones of the starting material with AB [107] and ABC
stacking [109] are known and summarized in Table 3 on page 18. The NPD diffractions patterns
of these phases are shown in Figure 115. All diffraction patterns consisted of at least two different phases, e.g. small contributions of dense stage 2 in almost pure stage 1 (94%) for Figure
115a. Stage 2 shows some contributions of stage 1 (32%) in the delithiated sample which was
partially discharged from stage 1 as shown in Figure 115b.
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Figure 115: Rietveld refinements of patterns from ex situ NPD for a) charged stage 1, b) discharged stage 2, c) charged stage 2 and d) graphite starting material at λ = 1.36 Å.

165

In contrast, the NPD pattern of stage 2 in Figure 115c shows contributions from both stage 2L
and stage 3L. This sample was prepared by lithiation of graphite and therefore undergoes the
transition from stage 3L-2L-2 in contrast to the sample in in Figure 115b which was delithiated
from stage 1. The starting material graphite SFG44 shows two phases with AB stacking (hexagonal P63/mmc) and the metastable defect structure with ABC stacking (rhombohedral R-3m)
with a ratio of 72:28 as shown in Figure 115d. This ratio is slightly higher with respect to published data based on XRD with only 17% contribution of the ABC stacking in SFG44 [156].
To facilitate a proper refinement of the measured NPD patterns, a standard (Na2Ca3Al2F14) has
been measured before the NPD of the various Li-graphite samples, as shown in the appendix in
Figure 145. The Rietveld refinement matched well with literature data of Na2Ca3Al2F14 (I213, a=
10.257(1) Å [201] and deviated only on the third digit of the a-parameter. The zero-shift is -0.31
degree which is acceptable for neutron powder diffraction.
The Rietveld refinements of the different NPD patterns of graphite in Figure 115 are summarized in Table 12 on page 169. The crystallographic parameters determined from the refinement
show also slight variations on the third digit compared to the parameters from different studies
with XRD (Table 3 on page 18). The refinement of stage 1 is the best compared to all other
phases. For all other phases, a higher error (Rwp) is determined for the refinement which comes
primarily from the different FWHM of the crystallographic directions. The experimental FWHM
of the (300) reflex is much smaller compared the one of the (002) direction, however, the reflex
width was fitted with the same parameter set. The (xy0) reflexes are well defined and the calculated NPD pattern possesses a higher FWHM. In contrast, the FHWM of the (00z) reflexes are
broader than the calculated ones, thus, indicating a higher order in-plane than between the graphene planes. This is very reasonable since the bond is very well defined within the aromatic
graphene sheets but bonded less strongly between the different graphene planes by van-derWaals forces in pure graphite. Since stage 1 does not possess any pure graphite interslab, no such
deviation between (xy0) and (00z) reflexes is observed. In contrast, stage 2, 2L, 3L, 4L and
graphite have 1, 1, 2, 3, and infinite interslabs of highly lithium-deficient interslabs, thus, showing the anisotropy between the (xy0) and (00z) reflexes.
Next, the diffraction patterns of the remaining stages 2L, 3L, and 4L are investigated in the low
state-of-charge region. Despite various attempts to solve the space group of these stages, the respective space groups are still not identified. Usually, single-crystal diffraction is used to determine an unknown space group of a compound, however, only helped to find the a- and c-axis
parameters of stage 2L and 3L (Table 3) [90, 91] without a corresponding space group. For stage
4L, only the repeated distance in c-direction could be extracted so far [88, 97].
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The refined patterns of stage 3L, 4L and 1L are shown in Figure 116e-h (a-d are shown in Figure 115 to be compared together in Table 12). The first pattern shows Li-graphite charged to 130
mV which consists of pure stage 3L as shown in Figure 116e despite the fact that stage 2L was
expected. The refinement shows the discussed anisotropy of the measured reflex width for the
(xy0) and (00z) reflexes. For the first time, a space group could be assigned. Hexagonal
P6/mmm with a stacking sequence of A|ABA|A fits the best.
Another sample of Li-graphite which is discharged to 160 mV consists of a composite of stage
3L and 4L where the hexagonal space group P63/mmc with a stacking of A|ABAB|BABA|A and
a repeated c-axis of 27.16 Å fits best and indexes all reflexes. The refined diffraction pattern is
presented in Figure 116f. For the first time, a reasonable error of Rwp = 4.5 was determined for
the refinement.
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Figure 116: Rietveld refinements of ex situ NPD patterns of e) pure stage 3L after charge to 130
mV, f) discharge state at 160 mV with stage 3L and 4L, g) charge state at 190 mV with stage 3L
and frustrated stage 4L, h) charge state at 220 mV with pure stage 1L (graphite solid-solution).
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In contrast, the lithium-graphite sample being charged to 190 mV consisted of stage 3L with a
contribution of “frustrated” stage 4L despite the fact that pure stage 4L should be present at this
charge condition. The refined diffraction pattern is shown in Figure 116g. The name “frustrated”
stage 4L originates from the badly defined peak position of several reflexes of stage 4L during
charge compared to discharge. The difference of the diffraction patterns for charge and discharge
are shown in Figure 117 where the reflexes are highly broadened for stage 4L during charge (cyan). The charge rate was only C/100 for the sample preparation after which a potentiostatic step
of several days was applied with approximately three days of relaxation before the NPD was
measured. Despite these very mild conditions, stage 4L does not develop sufficiently during
charging. In contrast, the delithiation to 160 mV shows distinct reflexes of stage 4L.
Figure 116b and c give also more details on stage 3L. The c-axis parameter of stage 3L varies
strongly for the different state-of-charge conditions (potential cut-offs). The higher the state-ofcharge of stage 3L, the higher is the c-axis parameter of stage 3L. This indicates a so-called solid-solution within the phase of stage 3L. This would also explain the sloppy potential profile of
the lithium-graphite intercalation compound in the region between ~11- 18 % state-of-charge
(potential of 200- 130 mV) which cannot be due to a phase separation. The finding of the broad
solid-solution regime of stage 3L supports the findings of the thermodynamic mean-field model
presented in section 5.1 which lead to this investigation.
Last, the NPD pattern of the solid-solution regime of graphite (stage 1L) is presented in Figure
116h. A pure hexagonal phase with AB stacking can be observed. The rhombohedral defect
found in the starting material at 3V in Figure 115d cannot be detected anymore. This means that
~5% lithiation within the solid-solution regime of graphite remove the stacking defect to a non-
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Figure 117: Comparison of measured stage 3L and 4L during discharge to 160 mV and charge to
190 mV indicating frustrated stage 4L (weakly developed reflexes of stage 4L in pink).
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detectable amount. The c-axis is slightly expanded compared to the starting material graphite
SFG44 which is due to the disordered lithium-insertion in every interslab without the change of
the stacking order, as also reported earlier [88-90, 97].
The summary of all refinements of the ex situ neutron powder diffraction patterns of the standard and the various lithium-graphite-intercalation compounds is presented in Table 12. The entries under a)- h) correspond to the diffraction pattern in Figure 115a-d and Figure 116e-h, respectively. The order of the entries shows the highest lithiated phase on top and descends with
decreasing lithium content in the respective phase.
To visualize the extracted evolution of the a- and c-axis parameter, the calculated distances
have been plotted in Figure 118. The carbon-carbon distance within the graphene sheets can be
calculated from the a-axis parameters of the different stages and is depicted in Figure 118a. The
state-of-charge in the plot is approximated with respect to a standard cycle, although only the
formation cycle has been used to prepare the ex situ samples. Therefore, small errors in state-ofcharge determination are expected. However, a clear linear trend can be observed indicated by a
dashed line in Figure 118a. This means that the graphene sheets are very slightly expanding with

Table 12: Rietveld refined cell parameters of various ex situ samples of neutron powder diffraction with their respective name, charge/discharge state, space group and refinement parameters.
ch/dis,
voltage
Na2Ca3Al2F14
a) Stage1
ch 0.01V
a) Stage 2
b) Stage1
dis 0.12V
b) Stage 2
c) Stage 2
ch 0.1V
c) Stage 2L
c) Stage 3L
e) Stage 3L
ch 0.13V
Stage 3L
ch 0.16V
f) Stage 3L
dis 0.16V
f) Stage 4L
g) Stage 3L
ch 0.19V
g) Stage 4L
h) Stage 1L
ch 0.22V
Stage 1L
dis 0.5V
Stage 1L
dis 0.5V
d) graphite
pristine
~3V
d) graphite
Graphite
dis 3V

Space
group
I213
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P63/mmc
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P63/mmc
P6/mmm
P63/mmc
P63/mmc
P63/mmc
P63/mmc
P63/mmc
R-3m
P63/mmc

a-axis

c-axis

10.25049
4.31694 3.70298
4.29028 7.03667
4.31785 3.70285
4.29204 7.03773
4.29117 7.02487
2.47135 14.12953
2.46852 10.40365
2.46708 10.41872
2.46588 10.38789
2.46835 10.37033
2.46609 27.15605
2.46656 10.33613
2.46585 27.19822
2.46279 6.76532
2.46271 6.74683
2.46283 6.73300
2.46290 6.71653
2.46290 10.07154
2.46280 6.71542
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FWHM fraction
Rwp/
[%]
zero shift
0.32
0.37
0.48
0.35
0.45
0.55
0.46
0.42
0.42
0.42
0.44
0.4
0.47
0.33
0.41
0.45
0.46
0.32
0.37
0.4

100
94
6
32
68
26
28
46
100
100
44
56
55
45
100
100
100
72
28
100

8 /-0.31
5 /-0.28
7 /-0.25
4.5 /-0.3
11 /-0.28
10 /-0.31
4.5/-0.24
8 /-0.22
10/ -0.30
8 /-0.29
8 /-0.29
8 /-0.27
7 /-0.27
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graphene sheet storing the lithium in the interslab (AB to A|ABAB|BABA|A stacking). Also the
stacking sequence changes from stage 2L to 2 with A|AB|B to A|AA|A stacking. However, it is
unclear why the average C||C distance of pristine graphite, stage 4L, 2 and 1 are almost on the
same line.
One can also estimate the distance of the lithiated interslabs by subtracting the pure graphite
C||C distance of 3.358 Å (Table 12) from the repeated c-axis distances. If one compares the evolution of the lithiated interslab distance in Figure 118c with results of the lithium-graphite system
at >700K in Figure 118d [120] one can see similarities. However, Figure 118d shows the increase of pure stage 1L since only a homogeneous liquid-like filling of every graphite interslab is
observed. One can see that the filling in the respective stages might follow such a solid-solution
filling in every, every fourth, and finally every third interslab. Stage 2L possesses already a similar C-Li-C interlayer distance as stage 1. Stage 2 might deviate due to the compression of the
empty interslab in the AaAAaA stacking to 3.245 Å instead of 3.358 Å assumed for the calculation which was shown by Billaud et al. [90]. This finding can explain the sloppy potential profile
in this SOC regime and support the electrostatic interactions modeled in section 5.1.
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5.4 Graphite elastic energy modeling
Graphite intercalation might be possible to be modeled based on the Cahn-Hillard approach
[132-135] where the free energy could be mimicked by a mean-field approach, as shown in section 5.1. But elastic effects seem to have a major contribution towards the formation of stages
based on the findings from the overpotentials at very low cycling rate in section 3.5, the modification of graphite with chemical pillars in section 4.2, and the findings of the expansion of the
crystallographic space group during lithiation in section 5.2 and 5.3. Therefore, this section focuses on the elastic energy calculations based on the theory of Khachaturyan [202] which have
been applied to LiFePO4 by Cogswell and Bazant [48]. These calculations have been extended to
graphite together with these authors with the numerical code of D. Cogswell for Mathematica
and Matlab [48] which was adapted for the requirements to model graphite.
The free energy of eq. (5.1) in section 5.1 is extended by an elastic energy contribution, as
shown in eq. (5.7) [48] where ε is the strain and C the elastic stiffness matrix. The rest of the free
energy in eq. (5.7) and the homogeneous free energy in eq. (5.8) are the same as described in
section 5.1. The elastic strain in eq. (5.9) can be described as a homogeneous free strain for uniform deformation ε(bar), a term for inhomogeneous strain due to composition inhomogeneity ui,j,
and lattice misfit strain between two phases of graphite ε0 which is assumed to be linear dependent on the concentration in the host structure.
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The electrochemical surface reactions can be described by Butler-Volmer equation, eq. (5.10),
and the overpotential is defined as the difference between applied and equilibrium potential in
eq. (5.12). Note that the overpotential depends not only on the concentration as in the standard
kinetic model by Newman et al. [146, 147] described in section 2.7 but also on its gradient.
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(5.12)

The syystem needss to be stresss free which leads to thhe boundaryy conditionss:
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a

One can test if the minimum is well defined by variation of interfacial energy B(n). If a variation of the elastic energy is allowed to be 1% of the total interfacial energy one can see that the
minimum is only slightly perturbed. The crystallographic angle of the minimum energy corresponds to 58 degrees towards the graphene layer. If an energy perturbation of 1% is allowed we
get a difference in the angle of 58±5.2 degree. The minimum and the perturbation of the energy
by 1% to 101% are shown in Figure 121. The orange line indicates the minimum and 1% additional energy. This means that the phase boundary aligns preferably in (1 0 1.64) direction or 58°
in the crystal. During lithiation and delithiation the interface between stage 1 and stage 2 tries to
align in this crystal direction. The crystal direction (1 0 1.64) corresponds to ~76° with respect to
the graphene sheets if one observes the interface based on the SEM images or macroscopic dimensions (in crystal direction 58° as discussed above). Insertion of lithium in graphite is mainly
confined in (xy0) direction since the graphene layers do not allow lithium diffusion at room temperature and grain boundary diffusion is very slow [160].
The calculation can be performed for all stage transitions. However, the values of the elastic
constants are only available for graphite and stage 1 LiC6 [186]. Thus, an assumption is made
which averages the respective elastic constants for the different stages by a linear combination of
the known end phases. That means that stage 2 is assumed to be half the elastic constants of
graphite for the empty interslab and half the elastic constants for the lithium filled interslab (e.g.
c11(stage 4L) = 3/4c11(graphite)+1/4c11(stage 1)). This assumption probably deviates for the liquid-like stages since the in-plane density of lithium is reduced compared to stage 1, as shown in
section 5.3. But this estimation can give an approximated crystallographic direction of the phase
boundary. DFT calculations for the missing phases are needed to calculate precise orientations.
In contrast, the crystallographic expansions for the different stages are well known and summarized in Table 3 of section 2.5. However, the investigation with in situ NPD on graphite in section 5.3 found that the higher stages 4L, 3L, and 2L seem to undergo a solid-solution type of
transition which results in slight variations of the crystallographic data found in the literature
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Figure 121: Elastic energy plotted over the angle a) plot from 0-π, b) zoom on minimum.
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(Table 3). So the systematic error for the calculation for the stage transitions between stages 2L3L and 3L- 4L might be higher. The other transitions should be closer to reality since both crystallographic data and elastic constants are better established.
The calculations for all stage transitions are summarized in Table 13. All transitions show a
minimum of the elastic energy at ~70° versus the graphene plane. Additionally, an energy perturbation of 1% would rotate the phase boundary only by a few degrees which indicate that the
minimum is very well defined. This calculation is based on a coherent interphase in graphite.
However, small defects and minor dislocations can lead to an incoherent interphase [48] which
can influence the alignment of the phase boundary significantly. To calculate the minimum of
the elastic energy for an incoherent interphase, two different scenarios have been evaluated.
First, an incoherent interphase in c-direction of graphite was assumed which might reflect defects in the stacking of the graphene layers, e.g., turbostratic disorder. Second, an incoherent interphase in-plane of the graphene layers has been considered which might be due to, e.g., point
defects or grain boundaries. These incoherencies are modeled by assuming zero strain in (100)
and (001) direction for incoherency a- and c-axis direction, respectively.
Figure 122 shows the elastic energy of the phase transition from stage 1 to stage 2 for an incoherent interface in (001) and (100) direction. It can be seen that the shape of the energy graph
with respect to the crystal direction changes significantly of the incoherency in (001) while a
similar shape is observed for the stage 1-2 transition in the case of an incoherent interface in
(100) direction. Additionally, the minimum changes drastically for the first case while the second
shows a similar direction as for the coherent interphase calculation. This can be better visualized
in Figure 123 where the two-dimensional cross-section of Figure 122 is given in a-c-plane. The
outer butterfly-like shape corresponds to the coherent interface while the inner butterfly shape
and the small lemon-like shape correspond to the incoherent interface in (100) and (001) direction, respectively. The minimum of the elastic energy rotates significantly for the incoherent interface in c-direction while the other stays almost the same as for the coherent interface.

Table 13: Calculated angle of phase boundary between coherent phase during the stage transitions, 1% energy variation to the minimal energy shows rotation by small energy perturbations.

Stage 1 - 2
Stage 2 - 2L
Stage 2L- 3L
Stage 3L- 4L
Stage 4L- 1L

Phase boundary
vs. graphene plane
76.7°
66.3°
73.3°
65.1°
74.7°
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1% energy
variation
74°-79°
62°-70°
70°-76°
59°-70°
71°-77°
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Taking the full equation set with the free energy in eq. (5.7), the surface reaction with the overpotential (eq. (5.10) and (5.12)), and the boundary conditions in eq. (5.13) and (5.14), one can
simulate the behavior of graphite for the different stage transitions including the elastic contribution. Here, a coherent interface between stage 1 and stage 2 has been chosen. The interfacial energy penalty tensor K is not known for graphite so that the one of LiFePO4 had to be taken as
this might be the best available estimate [48]. Furthermore, no higher order terms could be included in the homogeneous free energy in eq. (5.8) to separate between the different stages since
the model in section 5.1 was not able to capture the open-circuit-potential and phase diagram of
lithium-graphite sufficiently. Furthermore, the modeling is done in 2D while the development in
in-plane direction would be helpful to investigate the ordering due to the hexagonal symmetry of
the system to compare the calculations to the findings by Funabiki et al. in Figure 124.
However, interesting features can still be accessed by the model. The chosen parameter for the
enthalpy term is a best fit to the phase diagram in Figure 9c and OCP as described in section 5.1.
Three different scenarios are chosen for the investigation. First, a relaxation at a SOC of 75%
lithiated graphite is calculated. Second, the lithium intercalation starting from stage 2 and continued to stage 1 is performed. Last, the reverse process, delithiation from stage 1 to stage 2, is
investigated. The numerical calculations have been based on a finite difference method of first
order with a backward time stepping [48]. The grid was chosen to be 1200x 200 in a- and c-axis,
respectively due to the flake like particle shape of graphite SFG6 as an experimental counterpart.
However, the dimensions of graphite are circa 3300x 500 nm; however, the computer is limited
to a smaller grid.
The first scenario concerns the relaxation of a graphite particle at an SOC of 1:1 of stage 1 and
2 equivalent to 75% total state-of-charge. No lithium flux is applied externally but lithium could
formally exit the particle at the left and right edges and reinsert at the same time. Figure 125
shows the evolution of the concentration in the graphite particle during the relaxation. The concentration is visualized on a grey scale where black relates to stage 2 (50% of total SOC) and
white reflects full lithiation being stage 1 (100% SOC). The time is normalized to a virtual
charge rate of C/2.
At the beginning, t = 0, a homogeneous concentration profile was set with 75% total SOC. After the first time stepping a very inhomogeneous concentration profile can be observed which
separates in stage 1 and stage 2 after the second time stepping (t = 0.008). However, the phases
do not align and a typical Cahn-Hilliard type of phase separation can be observed. During progressing relaxation of the graphite (t = 0.25), small islands of phases grow together to bigger
ones and the phases begin to align in the direction of minimal elastic energy which was calculat-

178

ed to bee 76.7° for the coexisttence of stag
ge 1 and 2.. At the end
d of the relaaxation the islands aree
complettely formedd and align in
i the direcction of minnimal elasticc energy as calculated before, Ta-ble 13. This relaxaation shows that elastic energy migght play a significant
s
r
role
on how
w the phasess
c
w
with the investigations on graphitee rate kinet-align to each other. The findinngs can be combined
o develop a sketch for phase
p
distribbutions in graphite
g
(seee section 6.1).
ics in seection 3.2 to
t = 0:
c
a
t = 0.004:

t = 0.008:

t = 0.25:

t = 0.5:

t = 0.75:

t = 1:

Figure 125: Evoluution and distribution of lithium concentratiion during relaxation of graphitee
starting at 75% staate-of-chargge (grey), separation innto lithium-rich phasee (stage1) annd lithium-oundaries, tiime normaliized to C/2.
poorer pphase (stagee 2) with chharacteristic alignment of phase bo

179

The second scenario focuses on the lithiation of graphite during the transition from stage 2 to
the end phase, stage 1 LiC6. 100% stage 2 is present at the beginning of the lithiation at t = 0 in
Figure 126. During the lithiation, the concentration increases homogeneously which corresponds
to the solid-solution regime of pure stage 2, as also found by the above described XRD and NPD
experiments in sections 5.2 and 5.3. At t = 0.22 or an SOC of circa 0.61 of the total SOC, stage 1
nucleates spontaneously due to the spinodal decomposition. It has to be stressed that nucleation
is not modeled here but the spinodal gap is reached, thus, a tiny numerical perturbation leads to
phase separation. In reality, nucleation starts probably at much lower SOC due to possible nucleation events and inhomogeneous concentrations within the particle. The region around the new
formed stage 1 decreases its concentration closer to the original stage 2 concentration, thus, indicating a relaxation of the concentration close to the spinodal gap back to the miscibility gap.
During progressing lithiation, the phase boundary between stage 1 and stage 2 tries to align as
much as possible to the direction of minimal elastic energy as shown in Table 13 and also observed during the relaxation. Finally, stage 1 (white) occupies more and more graphite as lithiation progresses. At the time t = 0.92 which is equivalent to an SOC of 0.96, finally only stage 1
fills the graphite particle. However, the concentration at this point is only Li0.96C6, thus, reflecting the solid-solution regime of stage 1 at room temperature. At t = 1 full LiC6 is reached where
the image had to be framed to allow judgment. The solid-solution range of stage 1 is smaller
compared to the one of stage 2 which is not a thermodynamic difference but rather the real solidsolution since no nucleation is needed for the extinction of stage 2. This shows the clear difference between the spinodal and miscibility gap. These calculations are the first ones for graphite
to the best of my knowledge and give good insight into the thermodynamics during the graphite
stage transitions.
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5.5 Summary of thermodynamic stage transitions of graphite
This chapter focuses on the phases and phase transitions of the lithium-graphite system. Since
graphite undergoes five different stage transitions at room temperature during lithiation, a model
has been developed based on a mean-field approach in section 5.1. The free energy of graphite
has been modeled which captures the characteristics of the phase diagram and open-circuitpotential of graphite. The approach found several unexplained features in the lower state-ofcharge regime of the phase diagram/OCP. The model indicated a reduced in-plane density of
lithium for stages 4L and 3L and some hindering of the stage 2L formation. Additionally, a normal phase separation like in the case of stage 1-2 could not be validated by the model for the liquid-like stage transitions.
These findings lead to the investigation of the phases and phase transitions by in situ XRD and
in situ and ex situ NPD in sections 5.2 and 5.3, respectively. A continuous shift of the c-axis can
be observed in Figure 112 for the transitions between stages 4L-3L-2L while a phase separation
can be observed for the stage transitions 1L-4L, 2L-2, and 2-1. However, the XRD patterns
showed very low intensity and were very difficult to refine due to much stronger aluminum reflexes overlapping with the (110) reflex of graphite.
In contrast, the NPD diffraction data showed very good results. For the first time, all space
groups could be refined. Stage 1, stage 2, and graphite are known from the literature [80, 107,
109]. However, only the repeated distance and in-plane carbon-carbon distance is known for
stages 2L, 3L, and 4L as summarized in Table 3. The refined space group parameters of these
stages could be identified and correspond to an AA stacking for the lithiated interslab while AB
stacking is observed for the empty interslabs. Another interesting feature was detected. The stages 3L and 4L show a solid-solution behavior where the a- and c-axis parameters vary with degree
of lithiation. These findings support the model in section 5.1. The sloppy potential profile in the
regime between stage 4L-3L-2L can be explained by a solid-solution in the respective stage as
shown in Figure 118.
Furthermore, a frustration of stage 4L was found during the lithiation of graphite as shown in
Figure 117. The reflexes of stage 4L are badly defined during lithiation with shoulders and
strong peak broadening while stage 3L shows well defined reflexes. In contrast, during the delithiation of graphite at a potential of 160 mV, both stage 3L and 4L are very well-defined and
show distinct reflexes. This can explain the sloppy potential profile for the transition of stage 1L
to 4L since stage 3L might already develop. This means that the transition starts from stage 1L
and phase-separates to a mix of stage 4L/3L. These findings need to be included in the model in
section 5.1 to describe the phase diagram and OCP precisely.
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The last part of this section focused on the orientation of phase boundary between the five different stage transitions in section 5.4. Based on the calculations of Khachaturyan [202] it could
be found that the minimal elastic energy for a coherent interface aligns around 70° for all coexisting phases as summarized in Table 13. Additionally, the minimum is very well defined which
could be estimated by an energy perturbation of 1% compared to the minimum.
Furthermore, the influence of an incoherent interface in a) (001) direction and b) (100) direction has been investigated. For an incoherent interface in c-direction, the phase boundary rotates
to circa 20° for the different stage as summarized in Table 14. However, the minimum is very
badly defined so that an energy perturbation of just 1% could rotate the phase boundary between
circa -45 to +45° with respect to the graphene planes. In contrast, an incoherent interface in (100)
direction shifts the minimum only by two degrees to more inclined angles and is as well-defined
as the minimum for the coherent interphase.
Last, a model for phase separation was combined with the elastic energy contributions based
on the work of Cogswell and Bazant [48]. The adaptation of their model to graphite allowed the
study of the alignment of stage 1 and 2 to each other during relaxation and galvanostatic lithiation. It could be found that the stages try to align close to the minimum energy as calculated
above. However, deviations from this alignment can be observed during the beginning of the relaxation and partially during the lithiation which show that the phases can often not align due to
reasons of forming a continuous phase boundary. These finding might help to understand the
progression of the stages in the bulk of graphite and will be used in combination with the experiments of the rate kinetics of graphite in the next section.
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6. Models for graphite
This chapter focuses on the combination of the previously collected experimental and calculated results for graphite from chapters 3, 4, and 5 to draw conclusions on several mechanisms. In
the first part, the kinetics of graphite during galvanostatic cycling (section 3.2) will be combined
with knowledge about the thermodynamic stage transition from sections 5.2 and 5.3, while information about the phase boundary will be included as well (section 5.4).
In the second part, a sketch of the reaction mechanism in partially-disproportionated graphiteoxide will be discussed. Both the electrochemical and analytical experiments from section 4.2
will be combined with the previous findings for graphite (e.g., section 3.5) to draw conclusions
why graphite-oxide possesses an increased rate capability combined with 1.8 times the specific
charge of pristine graphite.
The last section focuses on the phase transitions in the liquid-like stages of lithium-intercalated
graphite. Literature data and the findings in section 5 will be combined to describe the transitions
between the stages.

6.1 Diffusion pathway model
It has been found that the different stage transitions contribute differently to the total rate capability of graphite, as shown in section 3.2.3. The transitions towards the dense stages (stage 1 and
2 with LiC6 in-plane density) are limited and deliver only ~40% of their specific charge at 20C.
However, the transitions towards the liquid-like stages (lower in-plane density and disordered)
deliver more than 80% of their respective specific charge at 20C charge rate. Surprisingly, the
transitions between stages 2-2L-3L-4L deliver even more specific charge during 20C discharge
as compared to C/20 rate. This is obviously thermodynamically impossible; however, the previously very limited stage transition stage 1 to stage 2 can further progress into the graphite particle while the next phases propagate into the particle, thus, withdrawing more specific charge than
at low discharge rate.
This difference might probably be due to the different diffusion coefficients for the dense and
liquid-like stages. It was found that the diffusion coefficient of the liquid-like stages is enhanced
by a factor of ~10x compared to the dense stages [153, 159]. But how can the different diffusion
coefficients and the order of the respective stage transition lead to such a tremendous difference
in rate capability for charge and discharge?
To visualize this behavior, an arbitrary single particle of graphite was marked with the different
stage colors using gold for stage 1, red for stage 2, and blue for stage 2L in Figure 127. Nuclea-
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tion of a new phase is assumed to occur at the edge-plane and subsequently propagate into the
center of the particle. At high rates of lithiation, the stage 2L-2 transitions cannot deliver the full
specific charge (Figure 20). Therefore, as the total overpotential increases due to diffusion limitation, the surface of the particle will reach the thermodynamic potential of the next stage transition, stage 2-1. When the nucleation of the new stage 1 is initiated at the edge plane, it also propagates into the particle, taking over more and more of the edge-plane. The different stages in the
particle distribute in a similar manner as the annuli of trees. This is due to the fact that lithium
ions can only diffuse in the interslabs of the graphene layers. Grain boundary diffusion can occur
but it was shown to be five orders of magnitude slower than the in-plane diffusion of lithium ions
[160].
The phase distribution along the radial vector in Figure 127 is displayed in Figure 128. The
black line indicates the phase boundary between stage 1 and stage 2, while the red one illustrates
the stage 2 to 2L phase boundary. Phase boundaries in graphite are expected to be isotropic along
the a- and b-axis due to the hexagonal symmetry of the structure as discussed in section 5.4. But
there is an alignment along the c-axis to minimize elastic energy, which is indicated in the figure
(the calculations are presented in section 5.4). One can see that, although the particle appears to
be composed of more than 50% of stage 1 from the outside (the golden phase seen from the basal
plane at the top in Figure 127), the actual fraction of stage 1 is very small in the entire particle, as
shown in Figure 128. This would imply that one cannot judge the real state-of-charge of a single
particle directly from colorimetry. Also, the Daumas-Herold domains are indicated in Figure 128
for stage 2 and 2L, where local domains of the respective stage exist but alternate after a certain
island length [131]. The annuli model is an adaptation of the shrinking core model for LiFePO4
[61], which has been developed further, including information of the phase boundary alignment
and using the Cahn-Hilliard phase separation model [65, 133]. The sketch is also consistent with
previous models of graphite staging based on the Cahn-Hilliard approach [131].
Plotting the concentration profile along the interslab third from the top in Figure 128, which includes the phase boundaries, one can sketch the profile of the interslab concentration (Figure
129). One can see that the standard Fick’s diffusion equation is not applicable over the entire particle when phase boundaries are present. Fick’s law can be used in the solid-solution regime of
each pure phase that develops a standard diffusion profile over the single phase regime (including many Daumas-Herold domains). But at the phase boundaries, two different diffusion mechanisms can take place. On the one hand, lithium ions could diffuse from the solid-solution phase
(e.g., pure stage 1) to the interface, which then propagates further (concentration gradient in the
Daumas-Herold domains which propagates macroscopically into the particle). On the other hand,
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Due to the faster diffusion of lithium in the liquid-like stages, many phase boundaries can agglomerate during delithiation. But the phase boundaries are unlikely to collide, which would
mean an infinitely high flux just before the collision would occur. This is due to an infinitely
high concentration gradient within the pure phase dc/dr (first Fick’s law). Therefore, the graphite
particles are likely to possess more annuli simultaneously during delithiation.
In addition to the proposed diffusion pathway for medium and high rates there exists also an influence of the temperature on the rate capability of graphite. At higher rates, when the entire
edge plane is assumed to be covered with a pure phase, only the diffusion through the solidsolution of each phase governs the kinetics. But both the diffusion coefficient and the solidsolution miscibility regime depend on temperature, as shown in the binary phase diagram of the
lithium-graphite system [89]. Therefore, when the temperature decreases the flux per area (Fick’s
law J = -D dc/dr) would be significantly reduced due to a decrease in the permissible Δc for the
miscibility regime and a lower diffusion coefficient.
Both the experimental findings of the rate kinetics of graphite from section 3.2.3 and the developed shrinking annuli model have several implications for experiments with highly crystalline
graphite electrodes (excluding MCMB and HOPG). First, the diffusion coefficient cannot be extracted by applying Fick’s law over the entire particle when a phase boundary is present. Second,
two different diffusion pathways are possible, i.e., the diffusion of lithium through the solidsolution regime of each pure phase (including the Daumas-Herold domains), and the diffusion
along the phase boundaries between two pure phases. For high rates, the diffusion through the
solid-solution regimes seems to be the main diffusion mechanism. Third, the diffusion coefficient of the dense stages 1 and 2 seem to be lower than that for the liquid-like stages, supporting
the previously published trends of Levi et al. [153] and Umeda et al. [159]. Last, based on the
proposed shrinking annuli model, the asymmetry in the rate capability of graphite can be explained. However, on has to keep in mind that the maximum overpotential is very limited for
lithiation (~90 mV). Otherwise, lithium-plating would occur.
Some conclusions can also be drawn for the application of graphite electrodes in lithium-ion
batteries. Highly crystalline standard graphite electrodes with ideally engineered porosity and
electronic conductivity will probably not exceed 6C charge rate (10 min) for particles of diameters of more than 3 µm. However, a discharge at very high rate is feasible for practical applications.
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6.2 Proposed mechanism for lithium storage in partially‐disproportionated
graphite‐oxide
The intended purpose of the development of chemically modified graphite was the stretching
of the interlayer distance by either surface-coating or pillaring in the interslabs between the graphene layers of graphite. GOpd was used as one of the options since it possesses several different
oxygen-containing “bulk-surface” groups. We use here the new term “bulk-surface” since the
actual bulk would be graphite which is chemically oxidized to create “bulk-surface” groups containing oxygen. The “normal” surface is still similar to the one of the precursor SFG6, as seen in
Figure 81. But how could these “bulk-surface” groups possibly pillar the normal structure of
graphite?
Two different scenarios can be imagined for the pillaring which are sketched in Figure 131.
The starting material GOpd contains many epoxide and hydroxide groups as shown in Figure
131a. However, also some other groups can be present like carbonyl, carboxyl, and hydrogen
groups. During the first lithiation the GOpd could be reduced electrochemically by lithium to
form Li2O. Since this reaction product is solid it precipitates in the interslabs of the GOpd structure as shown schematically in Figure 131b. The diffusion rate of the molecule Li2O is probably
very low in the bulk material so that it might stay at its reduction location and forms, thus, a pillar between the graphene layers. Due to the increased spacing between the graphene sheets, more
lithium could be stored, e.g., in a bi-layer of lithium.
The second scenario would also involve a reduction of the “bulk-surface” groups of GOpd.
However, the reduction of epoxides and hydroxides would end after the formation of lithiumalkoxide bonded to the graphene sheets (Li-O-graphene). These alkoxides would stay in the interslabs between the graphene sheets, thus, pillaring the structure as sketched in Figure 131c.
Due to the interlayer distance increase, more lithium ions could be stored from steric point of
view. In contrast to the full reduction to Li2O, the lithium-alkoxide cannot move in the interslab
due to the covalent bond to the graphene sheets.
The increased specific charge of GOpd in respect to pristine graphite, as shown in Figure 77
and Figure 78, suffers from a rapid aging over the first 50 cycles after which the cycling efficiency reaches more than 99.8%, which is shown in the same figures. This phenomenon could be
explained by the proposed sketch in Figure 131d. The lithium-alkoxide could reduce finally to
Li2O at very negative potentials (Figure 131c) or would be already present (Figure 131b). Due to
the cycling, the normally immobile Li2O molecules would be pushed back and forth so that they
might form aggregates of Li2O in the interslabs. These can be imagined like regularly observed
the Daumas-Herold domains of intercalates in graphite [100]. Due to the agglomeration, the pil189
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Neither one of the two proposed pillaring mechanisms nor the aging mechanism could be proven directly. However, some hints could be derived from the different experimental methods, as
discussed in section 4.2 where several different electrochemical and analytical methods have
been used.
First, the changes of specific charge of GOpd during reversible cycling can be analyzed. In the
first cycle, a SEI formation and the activation of the material takes place as shown in Figure 82
and Figure 103, respectively. This leads to a high irreversible specific charge in the first cycle.
To separate both influences in the first cycle from each other, a similar graphite electrode has
been prepared with a ratio of 80:10:10 of graphite SFG6: PVDF: SuperP and cycled under the
same conditions (same mass, thickness, and cycling conditions). The extra specific charge in the
first cycle compared to the practical specific charge of SFG6 (~360 mAh/g) was attributed to the
insertion of lithium in SuperP and the SEI formation on SuperP, Cu current collector, and graphite SFG6. This superposition is based on the results of section 3.2.2 where this kind of superposition worked well for graphite thin-layer electrodes.
However, it cannot be guaranteed that GOpd forms the exact same SEI as the precursor graphite SFG6. But the investigations with SEM (section 4.2.3), EDX (section 4.2.4), and XPS (4.2.5)
show a relative similar SEI morphology with slight variations in the composition. The oxygen
content in XPS measurement was slightly lower for lithiated GOpd43 compared to both SuperP
and graphite SFG6 electrodes (Figure 94 and Figure 96). But the difference was very small and
might be partially due to the increased lithium content of GOpd43 electrodes in the XPS measurements which reduces the relative amount of oxygen and carbon, as shown in Figure 94.
Therefore, it will be assumed that the SEI of GOpd43 electrodes is very similar to the one on
graphite SFG6. This will be used to get a rough estimate of the reversible and irreversible charge
during electrochemical cycling. During the subsequent cycles, mainly the reversible insertion of
lithium in SuperP needs to be taken into account, as shown in Figure 16 on page 34.
The number of exchanged electrons is directly correlated with the specific charge by Faraday’s
law in eq. (6.1). With the above discussed assumption of similar SEI formation on graphite
SFG6 electrodes, the total specific charge of the GOpd43 electrode can be corrected for the SEI
and SuperP influence by a linear superposition of the charges, as shown in eq. (6.2).
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(6.2)

The results of the estimated exchanged electrons are summarized in Table 15. On the left hand
side, the exchanged electrons per C6O0.96(OH)0.05 are displayed for each lithiation and delithiation. It can be directly seen that the number of electrons in the first lithiation is substantially
higher compared to the subsequent cycles despite the fact that the contributions from SEI and
SuperP have already been subtracted. This means that the observed activation during the first
lithiation as seen by both galvanostatic cycling and cyclic voltammetry (Figure 78 and Figure
103) consumes some charge irreversibly. The following calculations are based on the cycling of
GOpd43 shown in Figure 78.
During the cycles 2-5 very low irreversible charge loss can be detected. However, a small contribution of an average of zirr(lith-delith) = 0.04 and zirr(delith-lith) = 0.02 can be observed during
each half-cycle. This might indicate a more significant aging for lithiation than for delithiation
which would be consistent with the findings of the restricted cycling potential window in section
4.2.8 where an increased aging rate was detected at very negative potentials. Lithiations usually
stay a longer period of time in the negative potential regime while the delithiation shows a capacitor like potential profile as shown in the cyclic voltammetry and GITT experiments in sections 0 and 4.2.8, respectively.
One can calculate the charge necessary to form lithium-alkoxides from the epoxide and hydroxide “bulk-surface” groups based on the elemental analysis in Table 8. Approximately, 1.065
electrons will be transferred to form Li-O-graphene in the first cycle for GOpd43 shown in Table
15b. The experimentally found irreversible specific charge corresponds to a zirr of ~1.1. Therefore, the pillaring mechanism based on Li-O-graphene formation in Figure 131c might be more
reasonable. In contrast, the complete reduction of GOpd43 to form Li2O in the interslabs in Figure 131b would consume zirr = 2.13 electrons (neglecting the possible formation of LiOH as a
side product).

Table 15: Transferred electrons z per C6O0.96(OH)0.05 during cycling of GOpd43 based on Faraday’s law in eq. (6.2) for a) total z for GOpd43 corrected for SEI and SuperP influence based on
identical graphite SFG6 system, b) comparison of experimental and theoretical irreversible and
reversible charge loss (z(theory) based on complete reaction of results of elemental analysis in
Table 8).
a)

cycle
1
2
3
4
5

z(lith)
3.36
2.11
2.11
2.05
1.95

z(delith)
2.25
2.12
2.08
1.97
1.89

b)
zirr(cycle 1)
zrev(cycle 2)
zirr(cycle 1-50)
zrev(cycle 50)

192

z(theory)
1.065
2.08

z(exp)
1.10
2.11
2.41
0.84

The reversible specific charge in the second cycle corresponds to z = ~2.11 electrons per
C6O0.96(OH)0.05 stored in the system (Table 15b), which would be more than double the electrons
stored in lithiated graphite LiC6 (z = 1). However, the specific charge of GOpd43 is less than
double the specific charge of graphite due to the increased molecular weight of GOpd43. These
2.11 electrons can either be stored by a reversible chemical reaction, by storage of extra lithium
in the cavities of the GOpd, or stored in a bilayer of lithium ions between two adjacent graphene
layers. Also other possibilities are possible and will be discussed hereafter.
As shown for the first cycle, the irreversible specific charge can also be estimated for all subsequent cycles. If one sums all irreversible specific charges/ exchanged electrons in the first fifty
cycles, a total amount of 2.41 electrons per C6O0.96(OH)0.05 are “consumed” irreversibly. Since
the SEI and SuperP contribution was subtracted before this analysis, this amount most probably
origins almost only from reactions in the GOpd43. If one calculates the formation of pure Li2O
and Li2O+LiOH from the results of the elemental analysis in Table 8 for these fifty cycles, one
would get a zirr(cycle 1-50) of 2.13 and 2.08, respectively. Here, the experimental irreversible
charge deviates much more to the calculated one compared to the first cycle. This might be due
to a slightly different SEI composition but cannot be proven. However, one can judge that the
lithium-alkoxide from the first cycle might reduce completely to Li2O. This would be consistent
with the findings for a limited cycling potential window as shown in section 4.2.8. Li-Ographene will probably be reduced further at very negative potentials. Therefore avoiding these
potentials could help to decrease the aging aret significantly, as shown in Figure 107a for cycling
between 1-3 V vs. Li+/Li.
The number of experimentally estimated reversibly exchanged electrons, however, decreases to
zrev of circa 0.84, as shown in Table 15b. The stored charge is now smaller than the one of graphite. This would be consistent with the aging mechanism proposed in Figure 131d. The reduction
product Li2O would be pushed periodically back and forth so that an agglomeration could occur.
This would lead to the discussed collapse of the interlayer spacing back to graphite, thus, allowing only a single lithium-ion layer between two adjacent graphene sheets. The precipitate L2O
would further reduce the available specific charge due to steric blocking of lithium-ion sites. Also some extrusion of Li2O could be possible especially near the edge planes which would result
in increased oxygen content at the prismatic edge surface. An increase amount of oxygen is observed in the XPS spectra of cycled GOpd43 electrodes compared to graphite SFG6 and SuperP
electrodes, as discussed in section 4.2.5.
Another evidence can be extracted from the XRD data on lithiated GOpd43 in section 4.2.6.
The initial c-axis parameter of 4.33 Å increases to 5.704- 5.744 Å for the lithiated GOpd43, as
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shown in Table 11. This value is very close to the one of pristine graphite-oxide with 5.74 Å in
Table 10. Graphite-oxide possesses a significant amount of hydroxide “bulk-surface” groups
which increase the c-axis distance due to the sp3-hybridization and vertical orientation of the hydroxide to the graphene sheets [185]. In contrast, epoxides keep the planar structure of graphene
intact, thus, allowing smaller c-axis distances [185]. This interpretation is consistent with the elemental analysis and XRD data of GO, GOpd, and graphite in Table 8 and Table 10, respectively. Since lithium-alkoxide forms a similar steric structure like hydroxide, the increased interlayer-spacing could be due to these pillars. This would also support the proposed mechanism in
Figure 131c as the Faraday law did. The estimated interlayer distance based on Li2O pillars cannot be judged since the orientation of the molecules in the interslabs are unknown.
The second main challenge is the description of the charge storage mechanism in GOpd. It was
found that the electrochemical delithiation behaves very close to a capacitor-type as observed
during galvanostatic cycling and cyclic voltammetry (Figure 78 and Figure 103). The lithiation
mechanism shows initially also a capacitor-like behavior. However, at potentials negative to 0.5
V vs. Li+/Li an additional diffusion limited insertion of lithium is detected. Furthermore, a very
high hysteresis between lithiation and delithiation can be observed with ~1.2 V at 50% SOC of
GOpd43. These two special features clearly indicate a significant difference to capacitor-like materials. But how can GOpd43 store more than two electrons reversibly?
To get an insight, one can search for possible other carbon based systems that might perform
similar to GOpd. Obviously, graphite shows an intercalation mechanism and is, despite the structural similarities, not a good model material for lithium storage in GOpd. Coke is an amorphous
carbon and shows also not many similarities as only ~0.6 Li per C6 can be inserted reversibly
with a low hysteresis (Fig. 11 in [1]). Also other soft-carbons differ significantly from GOpd.
In contrast, hard carbons show many similarities compared to GOpd. These carbons are essentially non-graphitizable which means that they do not form a well-defined graphitic stacking during heat-treatment. They possess a specific charge between 400- 2000 mAh/g combined with a
large hysteresis between charge and discharge [1]. Additionally, the galvanostatic cycling profile
of GOpd in Figure 108 looks very similar to the one of hard carbon (Fig. 13 in [1]). However,
the potential where the specific charge is inserted and extracted in GOpd seems to be stretched
by a factor of ~2 with respect to the potential of hard carbons. This means that the lithium insertion reactions of GOpd occur mainly between 0-2.5 V while hard carbons store lithium mainly
between 0- 1.2 V. However, the main lithium insertion occurs at potentials close to metallic lithium like in the case of GOpd. Therefore, hard carbons seem to be one of the closest relative in
the family of carbons regarding many aspects of the possible mechanism for lithium storage.
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Several different mechanisms have been proposed in the literature how the extra specific
charge with respect to LiC6 can be accommodated in hard carbons. The first one was proposed
by Sato et al. [81] who found covalently bonded lithium in hard carbons by NMR studies. They
proposed that lithium could occupy every hexagon of a graphene layer in contrast to every third
hexagon for LiC6 in-plane density in graphite [81]. Another possibility was proposed by Mabuchi [206] who indicated that the extra specific charge might come from lithium storage in the
cavities of hard carbons. A third approach discussed the possibility of lithium adsorption at the
zig-zag and arm-chair edge planes of graphene layers [207]. A fourth modeled is based on the
house-of-cards approach which means that very short graphene layers are stacked randomly. Xue
and Dahn proposed that lithium ions can be stored in nano-cavities of ~15 Å and adsorb on both
sides of graphene, thus, increasing the specific charge significantly [208]. They also found that
the amount of oxygen groups from chemical oxidation increases the hysteresis [208]. But which
of these storage mechanisms might be the main contribution for GOpd?
It was found by XRD in 4.2.6 that the interlayer spacing increases from 4.33 Å to ~5.73 Å for
GOpd43. Therefore, steric hindrance should not play a role so that the high-density storage of
lithium by Sato et al. [81] should be less probable. However, their findings of possibly covalently bonded lithium cannot be excluded.
The second approach discussed the possibilities of lithium storage in small cavities of hard carbons [206]. GOpd probably possesses many cavities and small holes in the graphene sheets.
These cavities can originate from the thermal disproportionation under inert atmosphere where
H2O, CO, and CO2 are some of the gaseous disproportionation products. Both CO and CO2 leave
point defects in the graphene sheets except if they get released at the edge or basal plane. These
point defects may grow to cavities during progressing disproportionation or even holes in the
structure as shown in Figure 84. The estimated mass loss of GOpd43 is circa 10.5- 23 % of carbon compared to the starting material graphite-oxide as estimated in eq. (3.14) and (3.15) for
pure CO and CO2 release, respectively. Thus, these cavities in the bulk structure could be a preferred storage site for lithium. However, the reversible specific charge of GOpd36 is less than
that of GOpd43 although more or bigger cavities should be present due to a higher carbon loss
(EA in Table 8). Therefore, either the cavity size is determining the extra specific charge or cavities are not the main storage mechanism.
The third approach focused on the adsorption of lithium ions on the edge planes of graphene
and grain boundaries of graphitic domains [207]. The amount of these sites in GOpd, however,
should be not more than maximum 10.5-23 % due to the carbon mass loss. If one assumes that
only a single lithium ion could reside in a point defect site, only a slight increase in specific
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charge could be explained. However, these lithium sites could be a part of the storage of lithium
ions in cavities as proposed by Mabuchi [206].
The model by Xue and Dahn [208] proposed the storage of lithium in cavities of ~15 Å between small graphene sheets stacked as a “house-of-cards”. They allowed also the storage of lithium on both sides of graphene without a neighboring screening layer of graphene. They showed
that the pore size towards the cavities determines the reversible and irreversible specific charge
in their pyrolyzed epoxy-resins at 600°C [208]. Their experiments showed also a high potential
hysteresis for pyrolyzed epoxy-resins. This model seems to be the closest to the experimental
observations for the GOpd materials since an irreversible specific charge is observed which also
depends on the amount of “bulk-surface” groups and a potential hysteresis of ~1.2 V can be detected while GOpd possesses still a high oxygen content of circa 1:6 of O: C (Table 8).
However, the GOpd is still partially ordered and shows few and broad Bragg reflexes as discussed in section 4.2.6. Thus, the “house-of-cards” sketch does not fully describe the structure of
GOpd. Additionally, the pore size is predefined by the disproportionation temperature (4.2.1).
Therefore, the GOpd might be an “ordered” form of hard carbon in a very broad perspective. The
adsorption of lithium ions on both sides of graphene sheets might also be a possible storage
mechanism in GOpd while cavities could contribute significantly. Thus, the model of Xue and
Dahn [208] seems to be the closest to our experiments. However, the idea of a bilayer of lithium
between the GOpd sheets as presented in Figure 131b) and c) seems to be more probable since a
certain ordering of the GOpd sheets is preserved. Direct experimental validation is still lacking to
judge if cavities or a bilayer of lithium is responsible for the high specific charge of GOpd compared to graphite.

6.3 Proposed mechanism for stage transitions in graphite
The in situ x-ray and neutron diffraction data in sections 5.2 and 5.3 revealed the ordering of
the graphene layers in stages 4L, 3L, and 2L. Additionally, the expansion of the average and
lithiated interslabs could be extracted as summarized in Figure 118. It was found that the liquidlike stages possess a solid-solution regime like graphite, stage 2 and stage 1. This was expected
from thermodynamic point of view but never described sufficiently in literature.
There can be commensurated and incommensurated ordering of intercalates in graphite intercalation compounds. For example, the potassium-graphite system possesses a commensurated
stage 1 with KC8 in-plane order while stage 2 possesses a KC12 in-plane density which does not
match with the underlaying graphite structure [100]. Commensurated ordering of intercalates
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occurs with a ratio of intercalate: graphite in ratios of one to 2, 6, 8, 14, 18, etc. The distance between neighboring intercalates would be equidistant for those ratios.
Figure 118c showed the evolution of the interlayer distance of the lithiated interslabs. It could
be observed that the interlayer spacing increases constantly for stage 4L and 3L with degree of
lithiation. If one compares the evolution of the interlayer distance of stage 1L (graphite solidsolution) at elevated temperatures (>700K), one can observe a similar trend as shown in Figure
118d [120]. However, the stacking order is unknown for stage 1L since it should transform from
AB stacking to AA stacking during the course of lithiation.
If one uses the evolution of the c-axis interlayer distance of stage 1L determined at >700 K for
the stages 1L, 4L, 3L, and 2L at room temperature (~300 K) as a rough estimate, one could extract approximated in-plane concentrations of lithium for the different stages. It has to be stressed
that this approach is very uncommon and might involve significant errors, however, could help
to determine the responsible forces causing the ordering and transitions.
Based on these assumptions, the concentration regime for stage 1L would range from 0- 6.8 %
of lithiation compared to LiC6 (100%). Stage 4L would exist from 7.2- 8.1% SOC with an inplane density of LiC18.5- LiC20.7 in every fourth interslab. Stage 3L would range from circa 16.521.6 % SOC with LiC12- LiC9.2 in-plane density. Stage 2L would be at a SOC of approximately
35% with LiC8.6 in-plane density.
However, the calculated SOC regimes deviate from the experimentally determined ones of section 3.2.3. The estimated concentration regime of stage 1L extends to 6.8-7 % SOC which is
consistent with the calculated range. In contrast, stage 4L is observed electrochemically at circa
12.6 and 12.8 % SOC for charge and discharge, respectively. Stage 3L is observed at circa 1818.8 % SOC, and stage 2L at circa 24 and 26.6 % SOC for charge and discharge, respectively.
The electrochemically observed solid-solution regime of dense stage 2 is between 47.2-52.8 %
SOC.
The solubility limit of stage 1L with circa 6.8 % agrees well between the electrochemical observed and calculated one from NPD. Also the estimated regime of pure stage 3L matches. In
contrast, stage 4L would need an increased in-plane density while stage 2L would need a decreased in-plane density to match the electrochemically observed values. It has to be stressed that
also only stage 1L and 3L were found as a pure single phase while stages 2L and 4L were always
mixed with stage 3L (and stage 2 in the case of stage 2L in Table 12). The necessary in-plane
density of stage 4L and 2L would be circa LiC11.7-11.9 and LiC11.3-12.5 to match the electrochemically observed SOC, respectively.
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The starting material is graphite as shown in Figure 132a). It can be filled up to ~6.8% SOC
with lithium in the miscibility region of the phase diagram at room temperature. This phase is
called stage 1L since every layer is filled with ~6.8% lithium. Next, a stage transition occurs to
form stage 4L as described in section 2.5. This transition seems to be triggered by elastic energy
because the average layer spacing decreases compared to stage 1L as shown in Figure 118.
However, now a solid-solution of stage 4L occurs which means that the in-plane density of lithium in every fourth layer increases continuously. This densification can occur until the electrostatic repulsion of the lithium ions is stronger than the electrostatic repulsion in c-direction plus
the elastic energy to form an expanded lithiated interslab every third layer instead of every fourth
one.
Now, stage 3L shows a similar solid-solution regime where a densification within every third
interslab is expected. However, the in-plane density should be increased compared to stage 4L
due to the mentioned electrostatic repulsion. After a certain in-plane density is reached, it is energetically preferred to undergo a transition to stage 2L where every other interslab is filled liquid-like. Stage 2L should also show a solid-solution with an increase of the in-plane density of
lithium in every other interslab compared to stage 3L and 4L. However, this densification is limited to a certain in-plane density around LiC8.5 to LiC9 before a phase transition occurs forming
LiC6 in-plane density in very other interslab as stage 2. This abrupt densification towards stage 2
is in contrast to the previously described transitions where a homogeneous concentration increase is detected. The transition from stage 2L to stage 2 seems to be mainly due to elastic energy since the average layer spacing is decreasing drastically as shown in Figure 118. This decrease of c-axis spacing coincides with the shift from A|AB|B stacking to A|AA|A stacking
which was found to compress the empty interslab to only 3.24 Å instead of the standard 3.35 Å
for standard graphite AB stacking [90].
The following stage transitions are well understood. Stage 2 undergoes a phase transition to
stage 1 where the stacking and in-plane density stay constant (AA, LiC6) [80]. However, it is not
understood why the lithium ions order in columns for stage 2 and stage 1 while all other intercalated alkali and earth-alkali metals order in helix form [100]. Electrostatic repulsion should rather favor the helix form, however, the column ordering is even observed for stage 2 with an
empty interslab between the lithiated interslabs. DFT calculations would be necessary to explain
the lithium ordering in columns. However, current DFT calculations have problems with the correct incorporation of the van-der-Waals forces in the empty interslabs [136, 186, 209, 210]. Further, research in this field is necessary to allow the completion of the model in section 5.1.
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6.4 Summary of sketched mechanisms for graphite and GOpd
This chapter focused on the combination of experimental data and modeling approaches to get
an insight into the kinetic and thermodynamic behavior of graphite and its derivatives. The first
section 6.1 combined the results from the rate capability tests of thin-layer graphite electrodes in
section 3.2 with the stage transitions of graphite in sections 2.5, 5.2, and 5.3. Additionally, the
calculations of the orientation of the phase boundary in section 5.4 were included to describe the
stage progression during cycling. Figure 127 sketched this progression which resembles the
shape of the annuli of trees. The propagation of the phase boundary into the particle is described
in Figure 128 where the concentration profile along the radial direction is sketched in Figure
129. This model is able to explain the differences of the rate capability of graphite based on the
order of the stage transitions in graphite. The dense stages (stage 1 and 2) possess a lower diffusion coefficient which prohibits full lithiation at elevated rates. Thus, especially the specific
charge of the stage transitions stage 2L-2 and 2-1 cannot deliver their expected charge. In contrast, the delithiation starts with the transition from stage 1 towards dense stage 2 which is as diffusion-limited as during charge. However, the subsequent liquid-like stage transitions can compensate for this loss allowing not only a longer diffusion period for the stage 1-2 phase boundary
but also increasing the diffusion by reducing the phase width in radial direction. This increases
the concentration gradient dc/dr, thus, increasing the diffusion rate based on Fick’s law. This
model is able to explain the long known asymmetry between charge and discharge of graphite
besides the limited overpotential available for charge of circa 80 mV.
Section 6.2 focused on the description of possible mechanisms for the improved rate capability
and specific charge of partially-disproportionated graphite-oxide. Two different scenarios were
proposed assuming the formation of either Li2O or lithium-alkoxide groups to pillar the graphite
structure as sketched in Figure 131. This probably leads to a reduction of the elastic stress during
lithium intercalation as intended. It was found by application of Faraday’s law on the galvanostatic cycling of GOpd43 and XRD measurements that the formation of Li-O-graphene “bulksurface” groups is more probable.
The strong aging of this material during the first 50-70 cycles (Figure 78) could also be
sketched. The reduction of the Li-alkoxides to Li2O might be the first step of the aging mechanism. These mostly “single” molecules are pushed back and forth periodically during lithium
insertion and deinsertion, thus, possibly forming agglomerates similar to the Daumas-Herold
domains of graphite. Due to the removal of the rather homogeneously distributed pillars to local
domains, the structure might collapse and try to form graphite-like domains. This would lead to a
decrease of the specific charge below the one of pristine graphite due to the blocking of many
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lithium sites by Li2O in the interslabs. This aging mechanism would be consistent with the findings for a significantly suppressed aging if cycling is limited to potentials between 1-3 V, as
shown in section 4.2.8. However, direct evidence of the pillars in GOpd and the aging mechanism could not be found yet. Further research is necessary to confirm these hypotheses.
The last section 6.3 extended the known information about the thermodynamic stage transitions
in graphite (summarized in section 2.5) by the experimental observations described in sections
5.2 and 5.3. All Li-graphite stages show a certain solid-solution regime at room temperature
which is included in the phase diagram in Figure 9 but has not been parameterized crystallographically. A densification of the lithium in-plane density is observed before the next stage is
formed, as sketched in Figure 132. Especially, the formation of stages 4L and 2 seem to be triggered by elastic energy which is accompanied by a decrease of the average interlayer distance, as
shown in Figure 118. In contrast, the transitions from stage 4L-3L, 3L-2L, and 2-1 seem to depend rather on electrostatic repulsion. However, DFT calculations would be needed to estimate
the contributions from elastic and electrostatic forces for the different stages.
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7. Conclusions and outlook
Several conclusions have been given in the respective summaries of the chapters in sections
3.6, 4.3, 5.5, and 6.4. This chapter summarizes the most important results and conclusions from
the combination of different experiments and models of all sections. Additionally, an outlook
will be discussed to guide further research on unsolved or newly found challenges.

7.1 General conclusion
7.1.1 Kinetics of graphite as a negative electrode in lithium‐ion batteries
The experimental chapter 3 investigated the kinetics of lithium intercalation in graphite. With
the help of the newly developed thin-layer technique for electrodes, several different properties
of graphite could be investigated. It could be proven that highly-crystalline graphite is one of the
fastest lithium-ion intercalation materials described up to now. Delithiation can be performed at
rates up to 680C for 3.3 μm big particles above which diffusion limitation in the electrolyte hinder further investigations. However, lithiation can be done only up to ca. 6C rates based on a
galvanostatically extracted specific charge of 82% of the total specific charge (see section 3.2).
Besides the limited overpotential for the lithiation of graphite of ~80 mV, the order of the stage
transitions seems to be important. Due to the reduced diffusion coefficient in the dense stages of
graphite [136] compared to the liquid-like stages [153, 159], significantly less practical specific
charge can be stored during galvanostatic lithiation. The transitions towards the dense stages,
namely stage 1 and 2, deliver only ~40% of their specific charge at rates of 20C. In contrast, the
transitions towards the liquid-like stages, namely 2L, 3L, 4L, and 1L, deliver more than 80% of
their respective specific charge during lithiation. During delithiation, these liquid-like stage transitions can even compensate for the initial specific charge loss of the dense stage transitions,
thus, allowing rates of at least 680C when high overpotentials are allowed (section 3.2.3). Usually, such high rates are only seen if the intercalation material is nanosized which reduces the diffusion length drastically. But the investigated graphite has a median diameter of 3.3 μm which is
two-orders of magnitude higher than comparably fast intercalation hosts [52].
To describe this charge-discharge asymmetry in graphite, a shrinking annuli model has been
developed in sect. 6.1. Knowledge about the stage transitions from both, literature and experimental findings from the in situ x-ray and neutron powder diffraction in 5.2 and 5.3 were combined with the calculations of the phase boundary orientation in sect. 5.4 to develop a lithiationdelithiation mechanism (Figure 127 - Figure 129). This mechanism can describe why more than
100% of practical specific charge can be withdrawn for the delithiation between 3- 32 C for the
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transitions between stages 2-2L-3L-4L. Additionally, this model can describe the asymmetry between charge and discharge and was a necessary tool to guide possible modifications of graphite
to change the performance towards a faster charge rate capability in chapter 4.
Furthermore, some kinetic bottlenecks of graphite could be determined for different specific
currents. For very low specific currents of <0.5 A/g, an unknown phenomenon dominates the
overpotentials of graphite which saturates at ~ 8 mV for both lithiation and delithiation. For specific currents ranging from 4 to ~50 A/g, surface- reactions dominate the overpotential contribution while at higher specific currents of more than 160 A/g both ohmic potential drops in the SEI
and surface reactions contribute almost equally to the total overpotentials. A hysteresis is measured to be 6.6 mV for the transition of stage 1-2 and 12-13 mV for the transitions of stage 2-2L
and 4L-1L. The hysteresis and the phenomenon at very low current density might lead to very
strong nonlinearity for the electrochemical impedance spectroscopy in the ±10 mV potential regime around the OCP which could be an explanation for the failed deconvolution of the Ligraphite EIS and would be important to consider for EIS on graphite in general.
An activation process of the Li-graphite and Li-Li cell can be observed during the first two to
three high-current-density discharges (section 3.3). Both high-rate experiments and electrochemical impedance spectroscopy found that the decrease is due to a resistance decrease on the lithium-metal electrode. The reduction of the resistance of the solid-electrolyte-interphase seems to
be the dominating process to improve the cell performance.
The particle properties of different carbons dominate the electrochemical response of a thinlayer electrode since electrolyte diffusion limitations are suppressed (section 3.1.2). Therefore,
bigger particles show a worse rate performance in the thin-layer electrode as shown for highly
crystalline graphite particles in section 3.4.1. However, in standard electrodes, these properties
contribute minor to the overall response since electrolyte diffusion limitations become dominating. Therefore, the particle shape seems to become the most important property of graphite since
it defines the pore structure and connection between different pores in standard electrodes.
Difference in the polarization at very low rates can be detected by the galvanostaticintermittent-titration-technique. Higher overpotentials are observed for lithiation compared to
delithiation. Additionally, very uncommon relaxation phenomena can be observed on top of the
initial ohmic potential drop and diffusional relaxation, as discussed in section 3.5. These overpotentials might originate from elastic energy contributions. These findings and the rate capability
guided the research on the chemical modification of graphite described in chapter 4.

203

7.1.2 Chemical modifications of graphite to enhance the recharge rate capability
Two different approaches have been investigated to increase the interlayer distance between
the graphene sheets in graphite in chapter 4 based on the findings for the rate kinetics in chapter
3. First, a titanate coating was applied on potassiated graphite which should spread the graphene
sheets on the prismatic edge planes of graphite. A very thick coating with an excess of approximately 50 times the amount of titanate was used to confirm the coating by SEM images and
EDX. This excess of coating lead to higher overpotentials during galvanostatic cycling, as shown
in Figure 72. However, a decreased fading of specific charge of the thin-layer electrodes of titanate-coated graphite SFG6 could be detected compared to the thin-layer electrodes of pristine
graphite. A coating of graphite with a very thin surface layer of 3-5 atomic layers would be necessary to detect any influence on the charge rate capability.
A second approach aimed to increase the interlayer distance by pillaring the bulk material of
graphite (section 4.2). A modified form of graphite, namely partially-disproportionated graphiteoxide (GOpd synthesized by Dr. T. Kaspar, ETHZ) has been chosen. This material is ideal for
the pillaring of the graphene sheets which are expected to form lithium-alkoxides and/or lithium
oxide from the remaining epoxide and hydroxide groups in the GOpd bulk. Also the precursor,
graphite oxide, (GO synthesized by Dr. T. Kaspar) was investigated for comparison.
Galvanostatic cycling showed significant thermodynamic differences between GO and partially-disproportionated GO compared to pristine graphite. The intercalation process observed in
standard graphite was replaced by a process similar to adsorption. But this adsorption shows
some extra features which differ significantly from those of normal capacitor-like materials. The
main lithium-insertion occurs at potentials between 0 - 0.5 V vs. Li+/Li while standard capacitor
materials show a constant specific capacitance. Additionally, the reversibly stored specific
charge of GOpd43 and GOpd36 is significantly enhanced compared to standard graphite. During
the first delithiation 677 and 580 mAh/g can be extracted for GOpd43 and GOpd36, respectively,
being 1.88 and 1.61 times the specific charge than that of the precursor graphite.
However, a severe fading of the specific charge has been observed during the first 70 cycles of
GOpd after which the aging is reduced significantly and ages only by a few percent during the
next 400 cycles. Additionally, an irreversible specific charge is observed during these initial 70
cycles after which a cycling efficiency of over 99 % is reached. Thus, it can be concluded that
the irreversible specific charge might be directly connected to the fading of the specific charge
decreasing below the specific charge of standard graphite electrodes. The specific charge in the
hundredth cycle are only 107, 259, and 274 mAh/g for GO, GOpd43 and GOpd36, respectively.
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An investigation with three different potential ranges (1-3V, 0-2V, and 0.5-2.5V) revealed that
the operation negative to 1 V vs. Li+/Li seems to be mainly responsible for the capacity fading.
No visible exfoliation has been observed for GOpd particles after the first and even after 400
cycles. Additionally, a SEI is created on the GOpd particles which possesses a similar morphology in comparison to standard graphite electrode which was also confirmed by EDX and XPS
measurements. But a very thick SEI can be observed on some prismatic edge planes of the
GOpd43 particles after more than 400 cycles which might be of rather polymeric origin based on
visual observations in the SEM images. In contrast, SEM images on GO show some signs of partial exfoliation during the cycling as depicted in Figure 85.
To get further information about the SEI composition, EDX and XPS measurements of the cycled GOpd43 electrodes have been measured (sections 4.2.4 and 4.2.5). The EDX results support
the picture of a continuous SEI growth on GOpd which is almost finished after the first cycle but
its thickness approximately doubles during the consecutive 400 cycles. Very interestingly, the
XPS C1s spectra of lithiated GOpd43 shows more contributions in the binding energy range of
286-289 eV compared to the C-C binding energy at 284.4 eV as shown in Figure 95b which indicates a possible increased amount of C-O bonds. This could indicate a possible lithiumalkoxide formation. But a conclusive deconvolution was impossible due to the limited amount of
reference samples and high number of peaks making it difficult to deconvolute the C1s spectra.
The XRD results in section 4.2.6 give more insight into the modification of the bulk of the different graphite derivatives. The pristine materials show not only the distinct interlayer distance
of 5.74, 4.3, 3.6, and 3.35 Å for GO, GOpd43, GOpd36, and pristine graphite, respectively. But
they also indicate a modification of the C-C in-plane distance which is 1.438, 1.41, 1.416, and
1.422 Å for GO, GOpd43, GOpd36, and SFG6, respectively. Very broad reflexes are observed
for the (100) and (101) reflexes which was attributed to a possible turbostratic disorder [169] but
might also come from the stretching and quenching of the C-C bond length due to the epoxide
and hydroxide groups in the pristine material as proposed in section 4.2.6.
During the lithiation of GOpd43, an increase of the interlayer distance is observed which increases from 4.33 to 5.73 Å corresponding to the initial interlayer distance of pristine graphiteoxide. This interlayer distance also indicates a possible formation of lithium-alkoxide pillars
which are isostructural to the hydroxide groups of pristine graphite-oxide.
To test the influence of the pillaring in graphite, cyclic voltammetry has been used at various
sweep rates. In the first cycle, an activation process can be detected for the GOpd electrodes
(Figure 103a and Figure 104a) which is expected since lithium most probably reduces the epoxide and hydroxide groups partially. The rate capability of GOpd electrodes is very high deliver205

ing much more than 500 F/g during low sweep rates which is a factor of 2.5 compared to today’s
best graphene based capacitors with TEABF4 in AN or PC (Fig. 6c in [170]). The activation can
be partially suppressed by increased sweep rates of 10 mV/s compared to 1 mV/s of a standard
activation which allow not enough time for the reaction to occur.
The rate performance is significantly improved compared to pristine graphite delivering ~ 200
mAh/g at a sweep rate of 100 mV/s (30 s charge). This is a fundamental improvement compared
to standard graphite electrodes which can be charged at ~2C (30 min) for standard electrodes. To
determine the true rate-capability of the GOpd material, a thin-layer electrode would be needed
since diffusion limitations in the electrolyte might severally reduce the overall rate performance.
But even the rate tests with a standard electrode show drastic improvements compared to standard graphite electrodes, which, in fact, was the goal of the chemical modification of graphite.
The material GOpd shows a large hysteresis of ~1.2 V between charge and discharge (Figure
108) which is not due to kinetic limitations but an intrinsic property of the material itself. Additionally, very high polarization of more than 700 mV is detected at delithiation potentials between 2-3 V where still a reasonable specific charge can be extracted. However, the hysteresis
shrinks during cycling/aging of the GOpd material as shown in Figure 107. This very large hysteresis would lead to a reduced energy efficiency during cycling.
A mechanistic sketch could be developed in section 6.2 where it was found that the formation
of lithium-alkoxide seems to be the most probable pillaring mechanism. Faraday’s law applied to
galvanostatic cycling and XRD measurements support this hypothesis. The aging might come
from a reduction of Li-O-graphene to Li2O which could agglomerate during cycling. This could
lead to the collapse of the expanded interlayer distance. However, direct evidence of the activation and aging mechanism is still needed.
It can be concluded that the modification of graphite, both on the surface and in the bulk, can
influence the electrochemistry during lithium storage. Even if the rate capability might be improved significantly while also the total specific charge increased by a factor of ~1.88 compared
to standard graphite SFG6 electrode, severe challenges are encountered. The fading of specific
charge, high hysteresis of ~1.2 V, kinetic limitations close to 0 and 3 V vs. Li+/Li, and dangerous
and time-consuming material synthesis of GOpd have to be overcome to make this material
promising for future lithium-ion batteries.
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7.1.3 Thermodynamic phase transitions in the lithium‐graphite system
Chapter 5 focused on the lithiated phases of graphite and phase transitions. Since lithiated
graphite undergoes five different phase transitions at room temperature, a model was developed
based on a mean-field approach in section 5.1. The modeled free energy of graphite mimicks the
phase diagram and open-circuit-potential and revealed that there are several unexplained features
in the lower state-of-charge regime of the phase diagram/OCP. The model indicated a reduced
in-plane density of lithium for stages 4L and 3L, and some hindering of the stage 2L formation.
Additionally, pure phase separation could only be confirmed for the stage transition 2-1.
These finding lead to the investigation of the phase transitions by in situ XRD and in and ex
situ NPD in section 5.2 and 5.3, respectively. For the first time, all space groups could be assigned. The structure of stage 1, 2, and graphite are known [80, 107, 109]. However, only the
repeated distance and in-plane carbon-carbon distance were known for stages 2L, 3L, and 4L, as
summarized in Table 3. The refined space group parameters of these stages could be identified
and correspond to an AA stacking for the lithiated interslab while AB stacking is observed for
the empty interslabs. Another interesting feature was also detected. The stages 3L and 4L show a
solid-solution behavior where the a- and c-axis parameters vary with degree of lithiation. These
findings support the model in section 5.1. The sloppy potential profile in the regime between
stage 4L-3L-2L can be explained by a solid-solution in the respective stage (Figure 118).
Furthermore, stages 3L and 4L are very well-defined and show distinct reflexes during electrochemical delithiation. In contrast, a frustration of stage 4L was found during lithiation as shown
in Figure 117. The reflexes of stage 4L are badly defined for lithiation while stage 3L is wellestablished. This can explain the sloppy potential profile for the transition of stage 1L to 4L since
stage 3L might already develop so that the transition forms a phase mix with 1L to 4L/3L.
The last part of this section focused on the orientation of phase boundary between all five different stage transitions described in section 5.4. Based on the calculations of Khachaturyan [202]
it could be found that the minimal elastic energy for a coherent interface aligns around 70° with
respect to the graphene sheets (summary in Table 13). Furthermore, the influence of an incoherent interface in a) (001) direction and b) (100) direction has been investigated. For an incoherent
interface in c-direction, the phase boundary rotates to circa 20° for the different stages. In contrast, an incoherent interface in (100) direction shifts the minimum only by two degrees.
Last, a model for phase separation was combined with the elastic energy contributions based
on the work of Cogswell et al. [48]. The adaptation of their model to graphite allowed the study
of the alignment of stage 1 and 2 to each other during relaxation and galvanostatic lithiation. It
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could be found that the stages try to align close to the minimal elastic energy as calculated.
These finding help to understand the progression of the stages into the bulk of graphite.
The new findings about the liquid-like stages 4L, 3L, and 2L helped to describe the transitions
in graphite in more detail, as discussed in section 6.3. The transitions seem to be triggered by
elastic and electrostatic forces. For the transition of stage 1L-4L and 2L-2 the elastic energy
seems to be the dominant driving-force which can be seen by a decrease of the average interlayer
distance in Figure 118 and a reordering of the stacking in graphite. In contrast, the transitions of
4L-3L, 3L-2L, and 2-1 seem to be dominated by electrostatic repulsion of the intercalated lithium ions.

7.2 Outline
Some aspects could not be solved in this work. For the rate kinetics of graphite described in
section 3, the unsolved aspects concern the electrochemical impedance spectroscopy. A threeelectrode cell would be necessary to detect if the high-rate discharge also improves the cycling
on the graphite electrode. Especially, the decrease of the SEI resistance after high current densities would be important to confirm. This would be helpful to give guidelines for the formation
cycles of graphite electrodes for high-power applications. Additionally, the thin-layer electrode
technique could be applied to other materials for which electrolyte diffusion limitations seem to
govern the electrochemical response during high rates. A thin-layer electrode with LiFePO4
showed already good results.
The modification of graphite in chapter 4 shows very high potential for further development.
First, the titanate coating needs to be synthesized forming a thin coating of only a few atomic
layers to evaluate if the charge rate capability can be improved. Second, the partiallydisproportionated graphite-oxide needs to be studied in more detail. Especially, a direct evidence
of the chemical modification and aging mechanism is necessary. Li-NMR could be crucial to
shed a light on the chemical bonds in the activated GOpd.
The raw material GOpd leaves also many possibilities to be modified chemically. Titanates
could be included in the structure which could be validated already in preliminary experiments in
Prof. Nesper’s group at ETH. Additionally, the gap between an interlayer distance of 5.7 Å for
GO and 4.6-3.3 Å for GOpd could be closed by applying a stoichiometric chemical reduction by
hydrazine. Preliminary experiments in the group of Prof. Nesper showed already promising results. Moreover, a partially-reduced graphite-oxide GOpr instead of a partially-disproportionated
graphite-oxide would be very helpful to determine the amount of lithium stored in cavities in
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GOpd. A preferred partial-reduction should reduce the graphene-oxide sheets without the introduction of point defects or cavities due to CO and CO2 release. If a similar specific charge can be
stored in GOpr as in GOpd, cavities would play a minor role.
Additionally, other cations like Na and K could be stored in GOpd. Preliminary experiments
showed a similar potential profile during cycling, however, a lower specific charge could be extracted compared to Li-GOpd. Especially, the sodium insertion is very important since Na does
almost not intercalate in pristine graphite showing only 35-40 mAh/g of specific charge [100].
This material could make a significant impact in the field of sodium batteries due to its advantages, if aging could be avoided.
For the investigations of the thermodynamic stage transitions in graphite in chapter 5, complete
evaluation of the in situ XRD and NPD data could help to clarify the mismatch of calculated and
measured in-plane concentrations of lithium in stages 4L, 3L, and 2L, as discussed in section 6.3.
This issue might be due to phase-mixing as discussed but needs to be validated.
Additionally, the refined phases should be used to develop the model in section 5.1 further
which actually initiated the research on the transitions at low SOC. The model would help to understand graphite better and develop the model of Newman et al. [146] further including thermodynamic information on the actual phase equilibria, as done for LiFePO4 [65]. A complete threedimensional model of the stage transitions based on the Cahn-Hilliard approach would help to
confirm the shrinking annuli model in section 6.1, however, the calculations might be very timeconsuming.
Last, the influence of temperature would be interesting to be studied with respect to the proposed influence of both the diffusion coefficient and the solubility limit determining the maximum concentration gradient in a single phase regime in graphite. These experiments could be
helpful to understand the performance of graphite under severe temperature conditions for vehicle applications at -20 to 60°C.
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8.3 X‐ray photoelectron spectroscopy (XPS) of partially‐disproportionated
graphite‐oxide (GOpd43), graphite SFG6 and SuperP electrodes
The XPS spectra in section 4.2.5 have been taken for GOpd43, SFG6, and Super electrodes in
three different cycling states. Pristine and one time lithiated electrodes have been measured for
all three electrodes while GOpd43 was also measured in the delithiated state after one cycle. The
GOpd43 electrode is composed of 80:10:10 of GOpd43: PVDF: SuperP while the graphite SFG6
electrode consists of 90:10 SFG6: PVDF and the SuperP one of 80:20 SuperP: PVDF due to the
very small particle size of SuperP. Both SFG6 and SuperP electrodes are used as reference samples. All electrodes where assembled in a capacitor configuration versus YP17 activated carbon
in EC:DMC 1:1 (wt), 1M LiPF6 with an excess of YP17. The electrodes were disassembled and
washed three times with DMC to remove remaining salt in an Argon-filled glove box and transferred with an air-tight transfer-chamber to the XPS. After the measurement, the electrodes have
been transferred back to the glove box in XPS transfer chamber after which they have been
transferred to the SEM machine in another transfer chamber to be tested by SEM and EDX.
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Figure 135: XPS of pristine GOpd43 electrode a) full XPS pattern, b) valence pattern, c) C1s
spectrum, d) O1s spectrum and e) F1s spectrum.

Table 16: Summary of deconvolution of XPS spectra of pristine GOpd43 electrode.
Name
C1s reflex 1
C1s reflex 2
C1s reflex 3
C1s reflex 4
C1s reflex 5
C1s reflex 6

Position
[eV]
284.43
285.69
286.4
288.22
290.44
293.03

FWHM
[eV]
0.87
1.25
1.5
1.74
1.49
1.46

At %
%
37.54
12.34
7.19
4.35
10.95
1.09

O1s reflex 1
O1s reflex 2
O1s reflex 3

531.2
533.35
535.71

1.81
1.58
1.56

2.82
3.49
0.23

F1s reflex 1
F1s reflex 2

687.42
688.44

1.41
1.47

12.63
7.37

8.3.2 XPS of GOpd43 after first lithiation, sample 1:
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Figure 136: XPS of GOpd43 after 1st lithiation a) full XPS pattern, b) valence pattern, c) C1s
spectrum, d) O1s spectrum, e) F1s spectrum, f) Li1s spectrum, g) P2p spectrum and h) C1s spectrum comparison at beginning of XPS measurement and after all other spectra (O1s, F1s, Li1s,
P2p, Valence) have been taken to determined sample changes in ultra-high vacuum over experimental period.
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Table 17: Summary of deconvolution of XPS spectra of GOpd43 after the 1st lithiation, sample 1.
Name
C1s reflex 1
C1s reflex 2
C1s reflex 3
C1s reflex 4
C1s reflex 5

Position
[eV]
284.45
285.96
287.17
288.76
292.15

FWHM
[eV]
0.97
1.44
1.44
1.44
2.13

At %
%
1.72
3.02
8.33
3.28
3.58

O1s reflex 1
O1s reflex 2

533.65
535.15

2.32
2.41

2.56
2.65

F1s reflex 1
F1s reflex 2

687.09
689.64

1.82
2.27

27.98
8.68

Li1s reflex 1
Li1s reflex 2

56.33
57.71

1.37
1.51

3.5
34.31

P2p reflex 1

138.95

2.77

0.4

8.3.3 XPS of GOpd43 after first lithiation, sample 2:
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Figure 137: XPS of GOpd43 after 1st lithiation a) full XPS pattern, b) valence pattern, c) C1s, d)
O1s, e) F1s, f) Li1s, g) P2p and h) C1s spectrum before and after intermediate spectra taken.
Table 18: Summary of deconvolution of XPS spectra of GOpd43 after the 1st lithiation, sample 2.
Name
C1s reflex 1
C1s reflex 2
C1s reflex 3
C1s reflex 4
C1s reflex 5
C1s reflex 6

Position
[eV]
284.47
285.8
287.1
288.52
291.55
292.69

FWHM
[eV]
0.84
1.5
1.5
1.51
1.51
1.3

At %
%
1.62
2.84
8.31
4.35
1.39
2.8

O1s reflex 1
O1s reflex 2

533.69
535.35

2.4
2.33

3.41
1.89

F1s reflex 1
F1s reflex 2

687.13
689.78

1.78
2.25

25.62
10.11

Li1s reflex 1
Li1s reflex 2

56.6
57.76

1.98
1.48

5.78
31.52

P2p reflex 1

139.08

1.82

0.36

VIII

8.3.4 XPS of GOpd43 after first lithiation + delithiation, sample 1:
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Figure 138: XPS of GOpd43 after 1st lith- + delithiation a) full XPS pattern, b) valence pattern,
c) C1s spectrum, d) O1s spectrum, e) F1s spectrum, f) Li1s spectrum and g) P2p spectrum.
Table 19: Summary of deconvolution of XPS spectra of GOpd43 after the 1st lithiation and delithiation, sample 1.
Name
C1s reflex 1
C1s reflex 2
C1s reflex 3
C1s reflex 4
C1s reflex 5
C1s reflex 6
C1s reflex 7

Position
[eV]
284.34
285.22
286.42
287.23
288.15
289.68
291.4

FWHM
[eV]
0.8
1.5
1.5
1.5
1.5
1.3
1.5

At %
%
6.48
13.42
5.28
5.01
1.80
1.29
5.21

O1s reflex 1
O1s reflex 2

533.19
534.76

2.15
2.15

5.36
3.02

F1s reflex 1
F1s reflex 2

685.98
688.55

1.52
2.2

16.54
14.35

Li1s reflex 1

56.63

1.41

21.23

P2p reflex 1
P2p reflex 2

135.55
137.98

1.65
1.64

0.25
0.76
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8.3.5 XPS of GOpd43 after first lithiation + delithiation, sample 2:
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Figure 139: XPS of GOpd43 after 1st lith- + delithiation a) full XPS pattern, b) C1s spectrum.

Table 20: Summary of deconvolution of XPS spectra of GOpd43 after the 1st lithiation and delithiation, sample 2.
Name
C1s reflex 1
C1s reflex 2
C1s reflex 3
C1s reflex 4
C1s reflex 5
C1s reflex 6

Position
[eV]
284.36
285.3
286.64
287.71
289.63
291.35

FWHM
[eV]
0.84
1.5
1.5
1.51
1.5
1.5

At %
%
7.92
12.8
6.36
3.95
1.41
4.74

O1s reflex 1
O1s reflex 2

533.11
534.55

1.98
1.98

4.94
3.51

F1s reflex 1
F1s reflex 2

685.98
688.5

1.44
2.09

17.35
14.44

Li1s reflex 1

56.63

1.37

21.53
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P2p reflex 2

135.28
137.93

1.61
1.77
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8.3.6 XPS of pristine graphite SFG6:
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Figure 140: XPS of pristine graphite SFG6 electrode a) full XPS pattern, b) valence pattern, c)
C1s spectrum, d) O1s spectrum, e) F1s spectrum, f) Li1s spectrum and g) P2p spectrum.

Table 21: Summary of deconvolution of XPS spectra of pristine graphite SFG6 electrode.
Name
C1s reflex 1
C1s reflex 2
C1s reflex 3
C1s reflex 4

Position
[eV]
284.11
284.42
285.91
290.14

FWHM
[eV]
0.55
1.44
1.44
2.06

At %
%
41.75
20.77
9.75
9.79

O1s reflex 1
O1s reflex 2

531.24
532.93

2.4
2.4

0.94
0.85

F1s reflex 1

687.62

2.05

16.15
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Figure 141: XPS of lithiated graphite SFG6 electrode in first cycle a) full XPS pattern, b) valence pattern, c) C1s spectrum, d) O1s spectrum, e) F1s spectrum, f) Li1s spectrum and g) P2p
spectrum.
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Table 22: Summary of deconvolution of XPS spectra of lithiated graphite SFG6 electrode.
Name
C1s reflex 1
C1s reflex 2
C1s reflex 3
C1s reflex 4
C1s reflex 5
C1s reflex 6

Position
[eV]
284.72
285.32
287.4
288.85
292.07
293.28

FWHM
[eV]
0.62
1.29
1.59
1.75
2.03
1.12

At %
%
4.5
4.88
7.05
6.35
2.59
2.77

O1s reflex 1
O1s reflex 2
O1s reflex 3

530.47
534
535.97

1.14
2.31
2.31

0.34
7.61
1.88

F1s reflex 1
F1s reflex 2

687.67
690.42

1.46
2.12

20.09
11.9

Li1s reflex 1
Li1s reflex 2

56.64
58.16

1.44
1.44

4.06
25.54

P2p total

139.74

1.56

0.43
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Figure 142: XPS of pristine SuperP electrode in first cycle a) full XPS pattern, b) valence pattern, c) C1s spectrum, d) O1s spectrum, e) F1s spectrum, f) Li1s spectrum and g) P2p spectrum.

Table 23: Summary of deconvolution of XPS spectra of pristine SuperP electrode.
Name
C1s reflex 1
C1s reflex 2
C1s reflex 3
C1s reflex 4

Position
[eV]
284.13
287.52
285.69
290.34

FWHM
[eV]
0.92
1.44
1.44
1.8

At %
%
56.3
3.04
14.8
10.43

O1s reflex 1

531.93

3.15

0.3

F1s reflex 1

687.82

1.98

15.14
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8.3.9 XPS of lithiated SuperP electrode:
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Figure 143: XPS of lithiated SuperP electrode in first cycle a) full XPS pattern, b) valence pattern, c) C1s spectrum, d) O1s spectrum, e) F1s spectrum, f) Li1s spectrum and g) P2p spectrum.

Table 24: Summary of deconvolution of XPS spectra of lithiated SuperP electrode.
Name
C1s reflex 1
C1s reflex 2
C1s reflex 3
C1s reflex 4
C1s reflex 5
C1s reflex 6

Position
[eV]
284.43
285.4
286.92
288.29
290.64
292.39

FWHM
[eV]
0.96
1.44
1.44
1.44
1.44
1.44

At %
%
6.75
3.04
5.62
6.42
1.6
5.09

O1s reflex 1
O1s reflex 2

533.7
535.74

2.16
2.12

7.74
1.62

F1s reflex 1
F1s reflex 2

686.99
689.72

1.45
2.04

20.3
13.91

Li1s reflex 1

57.46

1.51

27.3

P2p total

139.28

1.56

0.62
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8.4 GITT of GOpd43 with C/80
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Figure 144: Galvanostatic-intermittent-titration-technique of GOpd43 electrode at reduced current density compared to GITT of GOpd43 in Figure 108.

8.5 Neutron powder diffraction
To extract the zero shift and several other machine parameters, a standard material was measured which is Na2Ca3Al2F14. The cubic space group I213 with a refined crystal parameter of a=
10.2505 gives a zero shift of -0.3134 at a wavelength of 1.8679 Å. This zero shift is quite high
but possible for neutron diffraction. The refined NPD pattern is shown in Figure 145 with a refinement value of Rwp = 7.72 which is quite high despite of the good fit.
Yobs
Ycalc
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Yobs-Ycalc
Bragg positions

20

40
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80
100
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Figure 145: NPD diffraction pattern of Na2Ca3Al2F14. Used as a standard to determine machine
parameters like zero shift and reflex broadening (performed by Thomas Hansen, ILL D20).

XIX

8.6 Used machinery
Galvanostats:

Bat-small, Astrol Electronic AG, Switzerland
VMP3, Biologic, France
Bettschen Electronik AG, Switzerland

Electrochemical impedance spectroscope: VMP3, Biologic, France
Scanning electron microscope: Ultra55VP, Carl Zeiss, Germany
X-ray diffractometer: Empyrean, Panalytical, Netherlands
in situ x-ray powder diffraction: Materials Science Beamline at SLS, PSI Villigen, Switzerland
in situ neutron powder diffraction: D20 beamline at Institut-Laue-Langevin, Grenoble, France
X-ray photoelectron spectrometer: Escalab 220i XL, Thermo Scientific, United States
Raman spectroscope: LabRAM HR 800, Horiba Jobin Yvon, Japan

8.7 Permissions for reprints of figures
Figure 1, Figure 4, Figure 8, Figure 9a, Figure 124: Permission granted by Copyright Clearance Center.
Figure 2 and Figure 47: Permission granted by Prof. P. Novak, Paul-Scherrer-Institut
Figure 3:
Figure 5: Permission granted by Dr. M. Wohlfahrt-Mehrens, Zentrum fuer Sonnenenergie- und
Wasserstoffforschung Baden-Wuerttemberg
Figure 9b: Reprinted with permission from Phys. Rev. Lett., copyright (1982) by the American
Physical Society
Figure 9c and Figure 118d: with kind permission from Springer Science+Business Media B.V.
Figure 53 and Figure 54: Permission granted by Dr. W. Maerkle, Daimler AG
Figure 73: Permission granted by. Dr. C.E. Hamilton and Prof. A. Barron, Rice University
Figure 113 and Figure 114: Reproduced by permission of The Royal Society of Chemistry
(RSC), author reproduction
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