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ABSTRACT: The emerging interest in aqueous rechargeable Chevrel anode NiHC
batteries has led to significant progress in the development of
next-generation electrolytes and electrode materials enabling
reversible and stable insertion of various multivalent ions into the
electrode’s bulk. Yet, despite its abundance, high salt solubility,
and small ionic radius, the use of manganese ions for energy
storage purposes has not received sufficient attention. Herein, we
present the use of MogSg; (Chevrel phase) as an anode for Mn?*
insertion. By careful optimization of the electrolyte solution,
high-capacity values exceeding 90 mAh/g and long-term stability
(more than 1500 cycles) have been obtained. Based on in situ
XRD analysis, the charging mechanism and the associated structural changes occurring during Mn>" insertion have been
carefully studied. Finally, we demonstrate for the first time a rocking chair aqueous Mn-ion battery comprising a Chevrel
anode and NiHCF cathode.

he search for viable alternatives to Li-based batteries 12 times more abundant than Zn''), safe, and inexpensive

I has led to extensive research efforts toward utilization element,'” and its salts are highly soluble in water. These

of other cations for electrochemical energy storage."” advantageous characteristics make Mn an ideal ion for large-

For grid-level energy storage in MWh to TWh scales, usage of scale energy storage applications. As the ionic radius of Mn*" is

flammable organic electrolytes poses a major concern. only slightly larger than that of Zn*" (i.e, 0.81 A vs 0.74 A

Meanwhile, aqueous electrolytes are safe and environmentally respectively),’> many Zn-ion hosting compounds such as

friendly and therefore serve as an attractive alternative.” The Prussian blue analogs, V,05, MnO,, etc. may well accom-
need for safe batteries for large energy storage leads to the modate insertion of Mn ions as well.'#

accelerated development of novel aqueous electrolytes in Despite the enormous potential of aqueous Mn-based

which hydrogen and oxygen evolution are suppressed as a batteries, the use of Mn*" as a charge carrier cation in aqueous

result of decreased water activity or/and formation of the solid batteries appears to have received limited attention compared

electrolyte interface layer.* Such optimizations lead to to zinc. Only recently an Mn-metal battery paired with V,05
realization of aqueous electrolytes that have an extended and benzoquinone as possible cathodes was reported by Bi et
pot‘ential wiéldow dOf tlilp ;0 4 :”D lalkt)}‘:ritn% for .thte usla%‘e O/f al.'® However, the electrochemical stripping and deposition
various anode and cathode materials that have intercalation . . .
deintercalation potentials outside the thermodynamic stability process (.)f tI.1e Mn. r'netal ano.d € was not descrlbed. 1{1.dep th in
X 6 the publication, raising questions about the reversibility of the
window of water.” Given the need for abundant and cheap system and its charge storage mechanism. As the standard

batt terial bstantial h efforts h b . . L .
j‘l ery rmaterials, su ,S ?n 1a' researc ) e7 orts . ave been reduction potential of Mn/ Mn?" is significantly more negative
directed toward post-lithium ion batteries,” particularly Na-

ion® and K-ion;” meanwhile, with respect to water-based
batteries, most of the studies are focused on Zn-metal Received:  October 3, 2022
batteries.'” In the search for further potential transition metals Accepted:  October 19, 2022
(TM), electrolytes based on precious (Au, Pt, Ag), low Published: October 27, 2022
abundant (Co, Ni) toxic heavy metals (Hg, Pb, Cd, Cr), and
poor soluble cations (Ti) are obviously less attractive.
Manganese (Mn) on the other hand is an abundant (about

© 2022 American Chemical Society https://doi.org/10.1021/acsenergylett.2c02242
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Figure 1. Electrochemical studies of Mn-ion intercalation into Chevrel electrodes in 1 M and saturated MnCl,. (a) Cyclic voltammetry
profiles collected at 2 mV/s. (b) Capacity vs scan rate plot. The error bars were calculated based on three independent measurements. The
GCD profiles of 1 M and saturated MnCl, are shown in panels (c) and (d), respectively. (e) Long-term performance of Mo4Ss measured at 5

A/g.

than Zn/Zn** (ie, —1.19 V compared to —0.76 V, both vs
SHE), Mn-metal batteries can potentially offer attractive
energy densities that are higher than Zn-based systems. In
practice, however, with such a low reduction potential of Mn**
in conventional aqueous electrolytes, a concurrent hydrogen
evolution reaction (HER) is unavoidable due to parasitic water
decomposition, resulting in poor reversibility of the Mn plating
process. To address this issue, Yang et al. recently suggested
using a modified electrolyte solution containing 0.6 M MnSO,,
2.5 M NaClO,, and 1.4 M glycine.'® The latter components
are introduced to increase the ionic conductivity of the
electrolyte (NaClO,) and suppress the water activity in the
solution, thus increasing the overpotential for HER. Yet,
despite the improved performance, the cell is unsuitable for
practical applications, mostly due to the poor reversibility of
the Mn anode. Considering the complexity of the Mn
deposition/stripping process and its poor eﬂiciency,17 new
anodes that allow the reversible insertion of Mn ions should be
developed. Herein we demonstrate that MogSg (Chevrel) can
be used as an effective anode material for Mn-ion intercalation-
based batteries. Using saturated MnCl, solution as an
electrolyte, high capacity values and promising long-term
cycling performance of the Chevrel anodes have been shown.
Further mechanistic insights related to the Mn intercalation
process including its migration pathways, the associated
activation energies, and the possibility of co-insertion of
protons to the Chevrel host structure were provided using in
situ XRD. Finally, a rocking chair Mn-ion battery comprising
Chevrel anode and nickel hexacyanoferrate (NiHCF) cathodes
was demonstrated.

In search for potential anode materials capable of reversible
insertion of Mn ions, we evaluated the use of the Chevrel
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phase (MogSg). While Chevrel-based electrodes were predom-
inantly studied as cathodes for Mg-ion batteries,"® its unique
structure allows fast and reversible insertion of various
transition metal cations including Zn(II),"" Ni(II), and
Co(I1).*° The possibility of intercalation of Mn(II) ions into
the Chevrel structure was discovered more than three decades
ago;21 however, to the best of our knowledge, the use of
Chevrel electrodes for Mn-ion batteries has never been
reported.

The Chevrel phase was made according to prior reports.”
As can be seen, the synthesized Chevrel contains micron-sized
aggregates composed of small nanometric particles with an
average dimension of 100 nm (Figure Sla). The XRD pattern
of the Chevrel corresponds to a rhombohedral crystal structure
(Figure S1b). The electrochemical insertion of Mn ions into
the Chevrel electrodes was evaluated in 1 M and saturated
(6.97 M) MnCl, solutions. The potential stability window of
both diluted and saturated solution was first measured on bare
grafoil substrate. As shown in Figure S2, a stable electro-
chemical window was obtained upon scanning from —1 V to
0.95 V in both electrolyte solutions. Interestingly, for the
concentrated electrolyte, the potential window can be
extended up to —1.4 V, whereas below this voltage, Mn ions
are partially reduced to metallic manganese followed by H,
generation and formation of Mn(OH), (see zone ii in Figure
S2). In contrast in the diluted solution, the Mn deposition
potential can not be approached at this range, and completely
irreversible currents resulting from H, formation were
observed. The formation of Mn(OH), on the cathodic side
facilitates irreversible formation of Mn(OH), at the relatively
low anodic potentials (zone (iii)) indicated by a pronounced
oxidation wave at ~0.5 V (vs Ag/AgCl). Finally, beyond 1.05

2
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Figure 2. (a) Cyclic voltammograms of Mn(II) intercalation into MogSs. (b) In-situ XRD data for each CV potential are marked in (a). (c)
Evolution of the volume and unit cell parameters during the discharge process. Calculated Fourier maps for (d) pristine MosSg powder and
(e) electrochemically manganese inserted Mn,Mo,S; at the (x, y, 0) layer.

V, the Cl, evolution reaction takes place. Nevertheless,
working in the stable potential regime (zone I in Figure S2)
guarantees a a suitable operating range.

Considering the above, the cyclic voltammogram (CV) of
the Chevrel electrodes in both 1 M and saturated electrolytes
solutions is shown in Figure la. As can be seen, the insertion
process of Mn** into the MoSg host is characterized by three
well-resolved redox peaks. A “Nernstian type” shift of ~50 mV
toward positive potentials is observed when switching from
diluted to saturated electrolytes. Similar to other divalent
cations, the insertion of Mn?" into Chevrel structure involves
four-electron transfer accompanied by intercalation of two
Mn(II) ions, according to the following equation:**

2Mn*" + 47 + Mo,S; — Mn,Mo,S,

As the Chevrel structure has two tetrahedral sites accessible
for cation insertion, the intercalation of TM ions into Chevrel
is expected to occur via multiple steps.”* The peaks at high
potentials are related to the occupation of the inner sites in the
MogSg structure, while insertion of cations into the outer sites
occurs at more negative gotentials. Interestingly, unlike
intercalation of Mg*® or Zn"® cations which is expressed by
two well-defined redox peaks, intercalation of Mn** into the
Chevrel structure appears to be more complex. Such
phenomena might be related to possible changes in the
oxidation state of the Mn(II) that occur at various intercalation
stages™ or to a rearrangement of the inserted ions in the two
possible insertion sites (i.e., hoping from cavity 1 to cavity 2 as
will be further discussed) due to electrostatic repulsions
between the intercalated Mn ions.”” Clearly, further in-depth
studies are needed to reveal the true origin of this behavior.

Figure 1b depicts the capacity dependence on charging rates
(the corresponding CV profiles are shown in Figure S3).
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Galvanostatic charge—discharge (GCD) profiles collected at
0.5 A/g (Figure 1c,d) reveal experimental capacity values of 93
+ 14 mAh/g in concentrated MnCl, electrolytes, while a
lower value of 86 + 3.3 mAh/g was measured in the diluted
electrolytes. More pronounced capacity differences were
observed at the highest current density (S A/g) where the
value of 68 + 1.4 mAh/g was obtained in the saturated
electrolyte, while only 57 + 3.2 mAh/g was detected in 1 M
MnCl,. Nevertheless, as shown in Figure le, excellent long-
term cycling stability was observed in both saturated and
diluted solutions as expressed by a capacity retention of more
than 96% after 1500 cycles and high Coulombic efficiencies
(>99.3%).

Importantly, application of low current densities allows
approaching the theoretical capacity values of Mn,Mo4Sg, viz.
113 mAh/g as shown in Figure S4. Further energy-dispersive
X-ray spectroscopy (EDS) of the cycled Chevrel electrodes
reveals the presence of Mn in the charged (—1 V) samples but
not in the discharge (0 V) anodes; see Figure SS.

The difference in experimental capacity values in 1 M and
saturated electrolytes raises the question of the origin of the
enhanced capacity in the saturated MnCl, solution. As the
ionic conductivity of the dilute solution is higher than that of
the saturated solution (i.e., 48 mS/cm vs 37 mS/cm for 1 M
and saturated solution, respectively), this effect cannot be
attributed to the kinetics of the Mn ion intercalation process.
Therefore, we considered another hypothesis that higher
capacity in saturated MnCl, might be attributed to co-
intercalation of protons into the Chevrel due to the acidic
nature of these solutions (pH = 1.4 for saturated vs pH = 4 for
1 M MnCl,). To test this, we adjusted the pH of the diluted
electrolyte by adding a calculated amount of HCI (0.013 M)
into a 1 M MnCl, solution to achieve a pH value roughly
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path.

comparable to that of the saturated solutions. The GCD
profiles of the low concentration cells that were acidified
(comparable to that of the saturated solutions). The GCD
profiles of the low concentration cells that were acidified
(Figure S6a) show that the capacity values of the Chevrel
electrode were increased to values comparable to those of the
saturated electrolytes. Furthermore, the performance of the
MogSg in 0.013 M HCI electrolytes clearly indicates the
insertion of protons into the Chevrel phase. This is evident
from the well-expressed voltage plateaus and reversible redox
peaks in the GCD and CV plots shown in Figure S6b,c,
respectively. To the best of our knowledge, the possibility of
proton intercalation into Chevrel has never been reported. As
can be seen from Figure S7, electrochemical cycling of the
Chevrel in highly acidic conditions (e.g., 0.5 M HCl) results in
significant water splitting that takes place at potentials well
before the proton intercalation; therefore, insertion of protons
into Chevrel can be achieved only in diluted acids.

Further understanding of the manganese intercalation
mechanism was accomplished by in-situ XRD measurements.
The XRD measurements were taken from a selected point
upon the negative and the positive scanning potentials of the
CV measurement (see Figure 2a). The corresponding changes
in the XRD patterns are shown in Figure 2b. As can be seen, a
gradual shift toward lower angles during Mn insertion was
identified. The peaks were shifted back to their original
position upon Mn extraction (charging) process. Based on the
observed shift, a reversible expansion/contraction during the
Mn insertion/extraction process of 4.41% was calculated for a
unit cell parameters, whereas the unit cell parameter ¢
decreased by 4.37%, and the total unit cell volume expanded
by 4.26% after Mn insertion (Figure 2e). Detailed information
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on unit cell evolutions can be found in Table S1. The pristine
Mo4Sg and manganese inserted phases were further analyzed
by X-ray Rietveld refinement (Figure S8; Figure 2c,d) and
electron density maps (Figure 2d,e). From the obtained
electron density map, one can see that the manganese ions are
equally distributed inside the inner cavity (denoted as Mnl)
and outer cavity (Mn2) both comprising six equivalent
tetrahedral sites as illustrated in Figure S9.

The manganese migration pathways (purple colored zones)
along the c-axis are shown in Figure 3a)b. In general, the
diffusion of the metal ions in the Chevrel structure occurs via
two competing transport pathways viz. circular motion of the
ion within six equivalent tetrahedra sites of cavity 1 (denoted
as P1—P1 in Figure 3b) and diffusion between adjacent cavities
(usually from P1 to P2 through P3).”* As depicted in Figure
3c—e, the lowest activation barrier was found for P1 to P1
(0.065 eV). As the distance between two neighboring inner
sites is significantly shorter than the distance between the inner
and the outer sites (i.e.,, M1 and M2, see Figure S9) and due to
the stronger repulsion interactions of the Mn—Mo in the outer
sites, the inserted Mn atom will first occupy the first cavity.
Unless higher polarization to more negative potential is
applied, the Mn ions will move in a circular motion in the
inner ring.29 Indeed, higher activation energy was calculated
for Mn motion from P1—P2 (0.269 eV), while the highest
migration barrier was calculated for Mn diffusion from P2—P3
(0.703 eV). As this pathway is less favorable from an energetic
point of view, it has a major influence on the ion’s progressive
diffusion.

In a similar way, we have calculated the proton cation
migration in the Chevrel lattice. Figure S10a,b presents the
migration pathways through the ab-plane and along the c-axis.

https://doi.org/10.1021/acsenergylett.2c02242
ACS Energy Lett. 2022, 7, 4161-4167


https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c02242/suppl_file/nz2c02242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c02242/suppl_file/nz2c02242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c02242/suppl_file/nz2c02242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c02242/suppl_file/nz2c02242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c02242/suppl_file/nz2c02242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c02242/suppl_file/nz2c02242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c02242/suppl_file/nz2c02242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c02242/suppl_file/nz2c02242_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c02242?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c02242?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c02242?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c02242?fig=fig3&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.2c02242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

164@
1.2 —iag
—2A/g
> ——5Alg
Woos
0.4
0'0 T T T
0 10 20 30

Capacity (mAh/q)

[
o
!

Capacity (mAh/g)

-
o
L

) T T T T

O0000000000ooooooooooooooooooooocoooooooo%ooooooo» 100
—

90

Capacity (mAh/g)

80

Efficiency (%)

F70

60

50
100

Cycle number

Figure 4. Electrochemical behavior of a rocking chair Mn-ion battery. (a) GCD profiles at different current densities, (b) long-term stability

of a full cell comprising Mo4Sg anode and NiHCF cathode

Due to their smaller size, proton intercalation into the Chevrel
matrix is defined by a lower activation barrier (0.230 eV) than
manganese insertion (0.703 eV) (see Figure S10d,e). The
possible proton sites in the Chevrel phase are suggested based
on the lowest energy diffusion pathways as depicted in Figure
S10

Encouraged by the excellent performance of the anode side,
our further efforts were directed toward finding a suitable
cathode to enable the reversible insertion of Mn ions. Although
the use of V,0; as an insertion cathode for Mn-ion was
recently proposed,‘%o’31 its potential operation range is wide,
spreading over 2 V as can be seen from GCD profiles (see
Figure S11) making this cathode not practical. In the search for
a more suitable cathode material, the use of NiHCF was
evaluated. Detailed information about the synthesis of the
NiHCF, XRD, and SEM images can be found in the
Experimental Section and in Figure S12. Using saturated
MnCl, electrolyte, capacity values of 43 mAh/g at 0.5A/g and
24 mAh/g at SA/g were observed. Yet, a relatively fast capacity
fading of 63% was observed throughout S00 cycles (Figure
S13).

The electrochemical performance of the full cell comprising
a Chevrel anode and a NiHCF cathode is presented in Figure
4. As seen from the GCD profiles in Figure 4a, an average
voltage of 1.2 V and overall capacity of ~30 mAh/g, 25 mAh/
g, and 20 mAh/g (based on the mass of both electrodes) were
measured at 1, 2, and 5 A/g, respectively. During 100 cycles,
92% of the initial capacity was preserved, while no significant
changes in the voltage profiles were identified (see Figure 4b).

As can be seen in Figure 4b, the stability of the full cell still
poses a challenge. Clearly, as the stability of the NiHCF
cathode in the half-cell configurations was significantly lower
than that of the Chevrel, the rapid fading of the full cell can be
attributed to the degradation on the cathode side. As the
performance of Prussian blue analog structures are highly
affected by the synthesis conditions and their compositions,*”
future synthesis efforts may help to improve cycling stability of
the NiHCF cathodes.

In summary, the use of MogSg as an anode allowing the
reversible Mn-ion insertion from aqueous electrolytes was
demonstrated. By application of in-situ XRD, the migration
pathways and the associated diffusion energy barriers of both
Mn and protons inside the Chevrel structure have been
revealed. Unlike metallic Mn which raises significant difficulties
for practical utilization in aqueous and organic electrolyte
solutions,®® the use of Chevrel as an anode enables excellent
Mn-ion storage capacities and cycling stability, making it an
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attractive anode candidate for aqueous Mn-ion batteries.
Finally, a rocking chair Mn-ion battery comprising a Chevrel
anode and NiHCF cathode was successfully demonstrated for
the first time. Regarding the cathode side, further inves-
tigations are needed to find suitable electrode materials with
higher capacity and better stability. Nevertheless, as the field of
Mn-ion batteries is at its infancy, we strongly believe that this
study will promote further investigations of the anode and
cathode materials for Mn-based energy storage applications.
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