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Abstract
In the present work, experiments of plasma-enhanced chemical
vapour deposition of Si-containing coating onto TIMREX® synthetic
graphite micropowders were performed in order to improve both the
powder flow behaviour and the galvanometric performance of the
material.
The flow behavior is one of the most important properties for the
storage, transport and manufacturing of micropowders of industrial
use, since well flowing powders can be handled and treated in an
easier and cost-effective way compared to cohesive and sticking
powder, minimizing the risk of pipe and hopper clogging as well as
complicated mixing and sieving. However, the conventional techniques for improving the powder flow behaviour, involving the
admixtures of flow-regulating nanoparticles, are inherently
time-consuming and poorly effective. An example of cohesive
micropowder of great industrial interest is synthetic graphite, which
finds application as an electrochemically active material for negative
electrodes of Li-ion batteries, the most common battery type for
portable electronic devices. Since the electrochemical capacity
delivered by pure graphite (~372 mAh/g) is too low for boosting the
use thereof as an active material for high-capacity (>1000 mAh/g)
battery, suitable for electric-vehicle propulsion, functional Si-based
coatings can be applied to graphite surface in order to increase the
delivered capacity. However, the conventional techniques for coating graphite, requiring harmful precursors and high-temperature
processing make them cost-wise unfavourable and environmentally
unsustainable.
Plasma-enhanced chemical vapor deposition implemented in a
downstream, tubular, glow-discharge-plasma reactor fed by orga-
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nosilicon monomers and Ar can be a valid alternative technique for
processing graphite micropowder for both purposes with high
throughput at low temperature.
In fact, the flow behavior of TIMREX® graphite was improved by
depositing a non-continuous coating on the micropowder surface,
consisting of nanoparticles on the order of 10 nm in size, which
reduces the interparticle van der Waals forces causing cohesion of
the native powder. Thereby, the originally cohesive graphite became
completely free-flowing after plasma processing with minimized
total gas flow rate and less than 1% of deposited-Si weight percentage. A quasi-Arrhenius relation between flow-behavior increase
and energy delivered per mass of monomer W/FM was found,
properly corrected for the Ar/monomer flow-rate ratio at high energy
levels, which enables to use flow-behavior measurements to study
the deposition process and as a proxy metric to evaluate surface
coatings of powders that are otherwise complicated to characterize
by standard metrologies.
In order to increase the Si weight percentage of the processed
graphite above 5 %, graphite was repeatedly plasma processed in a
multiple experiment, which allowed to attain a continuous coating,
on the order of 100 nm in thickness, and reach a deposited-Si
weight percentage of 7.9 % after 6 process runs, with no deterioration of the acquired flow behavior. The continuous coating was
imaged with focused ion-beam scanning electron microscopy and
chemically characterized with Raman spectroscopy and X-ray
photoelectron spectroscopy, which revealed a material consisting of
amorphous hydrogenated silicon carbide with a little O contamination. However, testing electrodes prepared with TIMREX® graphite
coated by such a material showed drawbacks, in terms of delivered
capacity and cycling stability, when cycled in Li-ion battery. The
reason for this is the unfavorable chemistry of the plasma coating,
which makes the Si electrochemically inactive and does also
quench the activity of the graphite substrate, and is mainly attributed
to the C excess in the coating. Therefore, while being already
optimal for improving the graphite flow behavior, the plasma process
in a downstream tubular reactor requires further enhancements and
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investigations to be effective in improving the galvanometric performance of graphite for the next generation of Li-ion batteries.
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Riassunto
Nel presente lavoro sono stati effettuati esperimenti di deposizione chimica di film contenenti Si da fase vapore, stimolata da
plasma, su micropolveri di grafite sintetica TIMREX®, al fine di
migliorare sia le proprietà di flusso che le prestazioni galvanometriche del materiale.
Le proprietà di flusso sono tra le più importanti per lo stoccaggio,
il trasporto e la lavorazione di micropolveri di uso industriale, dato
che polveri simil-fluide possono essere maneggiate e lavorate più
facilmente e a costi più bassi rispetto a polveri coesive e coalescenti, con minimizzazione del rischio di intasamento di tubi e
tramogge, di segregazione e di agglomerazione. Tuttavia, le tecniche convenzionali di miglioramento delle proprietà di flusso,
basate sull’uso di nanoparticelle regolatrici di flusso additive, richiedono tempi lunghi e sono scarsamente efficaci. Un esempio di
micropolvere coesiva di grande interesse industriale è la grafite
sintetica, che trova applicazione come materiale elettrochimicamente attivo per gli elettrodi negativi delle batterie agli ioni di Li,
comunemente usate nei dispositivi elettronici portatili. Poiché la
capacità elettrochimica della grafite è troppo bassa (~ 372 mAh/g)
per rendere conveniente l’uso di essa negli accumulatori ad alta
capacità (> 1000 mAh/g) per veicoli elettrici, l’applicazione di film
funzionali a base di Si sulla superficie delle particelle di grafite è una
possibilità per ottenere un incremento di capacità del materiale.
Tuttavia, le tecniche convenzionali di deposizione sono dispendiose
ed ecologicamente insostenibili, poiché fanno uso di reagenti generalmente nocivi e di alte temperature di processo.
Per entrambi gli scopi, la deposizione chimica da fase vapore
stimolata da plasma, implementata in un reattore tubolare al plasma
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a bassa pressione alimentato con monomeri di organosilicio e con
Ar, può essere una valida alternativa di modifica rapida della superficie della grafite a bassa temperatura.
Infatti, le proprietà di flusso della grafite TIMREX® sono state
migliorate grazie alla deposizione di un film non continuo, costituito
da una distribuzione di nanoparticelle dell’ordine di 10 nm, capace
di ridurre l’intensità delle forze di van der Waals responsabili
dell’attrazione tra le particelle di polvere. In questo modo, la grafite
originariamente coesiva è stata resa simil-fluida con un flusso totale
di gas di processo minimizzato e con meno dell’1 % in peso di Si
depositato. Una relazione di tipo Arrhenius è stata individuata tra
incremento di fluidità ed energia investita per massa di monomero
W/FM, opportunamente corretta per il rapporto tra i flussi di Ar e
monomero, che fa della misura di fluidità un valido mezzo sia di
studio del processo di deposizione sia di caratterizzazione di polveri
modificate estremamente difficili da caratterizzare in altro modo.
Al fine di aumentare la percentuale in peso del Si depositato
oltre il 5 %, il processo al plasma è stato quindi ripetuto sulla stessa
polvere, finché dopo 6 passaggi un film continuo dell’ordine di 100
nm di spessore non è stato individuato, corrispondente a una
percentuale in peso di Si depositato di circa il 7.9 %, e senza compromissione delle proprietà di flusso. Il film è stato osservato con il
microscopio elettronico a scansione e a fascio ionico e caratterizzato chimicamente con la spettroscopia Raman e la spettroscopia
fotoelettronica a raggi X, che hanno rivelato un materiale costituito
da carburo di silicio amorfo idrogenato con una piccola contaminazione da O. Tuttavia, elettrodi di prova preparati con grafite
TIMREX® rivestita da un tale materiale hanno mostrato inconvenienti, in termini sia di erogazione che di ritenzione della capacità.
La ragione di ciò è la composizione chimica sfavorevole del film, che
rende il Si perlopiù elettricamente inattivo, compromettendo anche
l’attività del substrato grafitico, ed è principalmente attribuibile
all’eccesso di C nel film.
Di conseguenza, sebbene già ottimale nel miglioramento delle
proprietà di flusso di micropolveri di grafite, futuri ulteriori miglioramenti e studi sono necessari affinché il processo di deposizione al
plasma a bassa pressione in un reattore tubolare permetta di ot-
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tenere la grafite ad alta capacità della prossima generazione di
batterie agli ioni di Li.
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1 Introduction

1.1 Motivation and objective
Powder is any material composed of discrete particles of less
than ~1 mm in size, which finds application basically in every field of
manufacturing industry, from pharmaceutical to food-processing,
from metallurgical to cosmetics and from paint to plastics industry.
Most materials in the chemical industry are in powder form and their
manufacturing processes are heavily influenced by the surface
properties and flow behavior of the powder particles. Fine powders
of ~10 µm in sizes are especially affected by a poor flow behavior,
which means troubles in handling, conveying, mixing and sieving
the powders during the manufacturing processes, since the
equipment can easily clog up. Thus, the improvement of the powder
flow behavior is often a necessary prerequisite for the start of a
successful manufacturing process. However, this does also represent a time-consuming and uneconomical step thereof.
Among micropowders, synthetic graphite assumes great industrial importance, since it is the electrochemically active material
utilized in most Li-ion batteries for portable electronic devices. In
fact, negative electrodes made from graphite can store electrochemical energy by hosting Li cations into the graphite lattice during
the charge phase of the battery. But the low theoretical limit of the
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available electrochemical capacity still hampers the use of graphite
for fully electric vehicles, to which the application of a functional
Si-based coating onto the graphite surface is a possible solution.
However, conventional graphite coating techniques generally require high-temperature processing and harmful precursors, which
make them cost-wise unfavorable and environmentally unsustainable.
Based on the above mentioned, a new and environmentally-sustainable surface-modification technology, suitable for both
functionalizing the graphite particles and at the same time improving
the flow behavior thereof, would therefore be greatly successful.
Towards this end, plasma-enhanced chemical vapor deposition,
properly implemented in a downstream tubular reactor for fast
powder processing, was investigated in the present work as an
innovative technology for processing graphite micropowders with
high throughput. In fact, plasma is a versatile, environmentally-sustainable and resource-saving tool for dry material processing
at low temperature, which permits to attribute new and disparate
functionalities to the surface of a substrate material in just one-step
processing, without altering the bulk nor compromising the integrity
thereof. This technology was already found to be effective to improve the flow behavior of several powders, but a mathematical
model of correlation between that and the plasma process parameters is still missing.
Thus, the main objective of the present thesis is to perform experiments of plasma-enhanced chemical vapor deposition onto
graphite micropowders, modelling the deposition process to pursue
a better understanding thereof and evaluating both the flow behavior and the galvanometric performance of the obtained material,
for the purpose of a possible application in the field of energy-storage devices.
Structure of the present thesis
The present thesis after this first introductory chapter is structured as follows.
Chapter 2 reports basics about plasma state and plasma technology applied to powder processing, explains the concept of
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powder flow behavior and the method of improving it, and reports
fundamentals and the state of the art about graphite as an active
material for Li-ion batteries and modified graphite for high-capacity
energy-storage.
Chapter 3 describes the downstream tubular reactor for plasma
processing of powders utilized in the present work and the experimental procedure.
Chapter 4 lists the analytical methods adopted for the characterization of the material properties.
Chapter 5 reports the experimental results of plasma-enhanced
chemical vapor deposition onto synthetic graphite micropowders,
which are subdivided in flowability results and galvanometric results.
Chapter 6 and Chapter 7 reports the conclusions and the outlooks of the work, respectively.
In Appendix the properties of the powder substrates and the
combinations of experimental parameters are summarized.

5

2 Basics and state of the
art

2.1 Plasma-enhanced chemical vapor
deposition (PECVD)
Plasma science began in the XIX century with Humphry Davy
and Michael Faraday’s investigations about electrical arcs and
low-pressure discharges, but only in 1928 the term “plasma” was
introduced by Irvin Langmuir to denominate a partially ionized but
overall neutral gas, which is regarded as the fourth state of matter
after solid, liquid and gaseous states [1]. Initially considered nothing
more than a mere scientific curiosity, plasma experienced a growing
interest by the scientific community since the mid-XX century, when
the development of proper power generators disclosed the plasma
applicability in a wide variety of industrial fields. Nowadays, the
plasma technology covers a multitude of successful applications,
ranging from microelectronics to medicine, from aerospace to
energy harvesting, from textile manufacturing to plasma TVs etc.
[1][2]. In the following subparagraphs the basics of plasma science
and technology are reported, with emphasis on the plasma deposition (often referred to as plasma-enhanced chemical vapor deposition) of coatings onto powder substrates, to which the present work
is devoted.

6

2 Basics and state of the art

2.1.1 Non-thermal plasma
A plasma is a gas of free ions, electrons and neutral atoms or
molecules moving in random directions that keeps an overall electrical neutrality [2][3]. The present work deals with low-pressure
weakly-ionized plasma, named glow-discharge, and use thereof in
the processing of powder materials. The term “glow” indicates that
the plasma bulk is bright in contrast to the relatively dark boundaries
[2]. This type of plasma has the following features [2][3] :
System pressure in the range 10 – 103 Pa (medium vacuum).
Discharge electrically driven by a voltage source.
Small ratio of ion density to neutral-species density (<10-3).
Steady state sustained by continuous ionization of neutral
species.
5. Electron temperature much higher (Te ~ 10,000 K) than heavy
(ionized and neutral)-species temperature (T0 ~ 300 K).
6. Significant occurrence of collisions between charged and neutral species.
7. Presence of a transition zone (sheath) between plasma bulk
and boundaries with peculiar properties.
1.
2.
3.
4.

The basic setup for the ignition of a glow discharge (Figure 2.1)
consists of a voltage source that drives current through a
low-pressure gas between two parallel conducting plates or electrodes; the gas electrical breakdown eventually results in a
glow-discharge plasma [3].
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Figure 2.1. Basic setup of a glow-discharge plasma, adapted from [3].

Such a type of artificial plasma is thermodynamically different
from space plasmas, which constitute more than 99% of the visible
universe (since stars and most interstellar matter are plasmas). In
fact, space plasmas are strongly-ionized plasmas whose electron
and heavy species have the same temperature (Te = T0 ~ 10,000 K),
i.e. they are in thermal equilibrium (thermal plasmas) [2]. In contrast,
electrically-driven non-thermal plasmas are never in thermal equilibrium, since the energy from the voltage source is first accumulated by the electrons during their mean free path, and is afterwards
only partially transferred from them to the heavy species (as the
electrons are much lighter than these) [2]. This is the reason why the
electron temperature in electrically driven plasma is initially always
higher than that of the heavy species; later collisions between
electrons and heavy species can eventually equilibrate their temperatures (Joule heating), unless time or energy are not sufficient
for the equilibration (such as in coronas and pulsed discharges) or
there is an intense cooling mechanism preventing the heating of the
entire gas (such as in glow-discharges due to the wall-cooling) [2].
Thence, the electron temperature together with the electron-number
density permits the identification of different types of natural and
artificial plasmas (Figure 2.2) [2][3].
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Figure 2.2. Plasma electron temperatures (expressed in eV; 1 eV = ca.
11,600 K) and densities, adapted from [2].

Non-thermal plasmas offer three major features that are attractive for applications in chemistry and material processing: (1) temperatures of at least some plasma species and energy density can
significantly exceed those in conventional chemical technologies;
(2) the concentrations of energetic and chemically active species
(such as electrons, ions, atoms and radicals, excited states, and
different-wavelength photons) are extremely high; (3) the
heavy-species temperature is as low as room temperature [2]. Such
peculiar features permit significant intensification of traditional
chemical and material-manufacturing processes and often also a
successful stimulation of chemical reactions that are impossible in
conventional chemistry, while preserving the material integrity [2]. In
material processing, these discharges are utilized as miniature
chemical factories, in which feedstock-gas molecules are broken
into positive ions and chemically reactive etchants, deposition
precursors, and so on, which then flow toward the substrate surface
and physically or chemically react on it [3]. While energy is trans-

2.1 Plasma-enhanced chemical vapor deposition (PECVD)

9

ferred also to the substrate (e.g. in the form of ion bombardment),
the energy flux does promote chemical reactions on the substrate,
and not merely heat it [3].
On the other side, high-pressure (~ atmospheric pressure) arc
discharges are also utilized for material processing, but due to their
proximity to the thermal-equilibrium condition they are utilizes
mainly to transfer heat to the substrate (e.g. in order to increase
surface reaction rates, melt, sinter, or evaporate materials, or weld
and cut refractory materials) [3].
Some basic concepts of the plasma theoretical framework are
reported in the following subsections.
Debye length
The Debye length λD (Equation 2.1.1) is the length scale of a
plasma below which a significant charge separation can take place,
i.e. the assumption of electrical neutrality is not maintained and no
plasma can exist [2]. Hence, the neutrality is fulfilled only in a volume larger than a sphere with radius λD, the so-called Debye
sphere:

1

λD

2

=

1

λD ,e

2

+

1

λD ,i

2

=

e2
ε 0 kB

 ne ni 
 + 
 Te Ti 

(2.1.1)

where λD,e is the electron Debye length, λD,i the ion Debye length, ne
is the electron number density, ni is the ion number density, e is the
elementary charge, ε0 the vacuum permittivity, Te the electron
temperature, Ti the ion temperature and kB the Boltzmann constant
[2][4]. In discharges driven by an electromagnetic field with a frequency above a critical threshold, the ions can no longer follow the
field oscillation, so that the ion term in Equation 2.1.1 is negligible
and the plasma Debye length does approximately equal the electron
Debye length λD,e. For typical values of electron temperature and
density in glow discharges, λD,e is on the order of 10 µm [2].
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Thermodynamic equilibrium
As in any gas, temperature in plasma is determined by the average energies of the plasma species (neutral and charged) and
their relevant degrees of freedom (translational, rotational, vibrational, and those related to electronic excitation) [2]. Assuming a
uniform plasma, whose temperature is supposed homogeneous
and identical for all degrees of freedom, all components, and all
possible reactions, so that all plasma properties are unambiguous
functions of that, then the following five equilibrium statistical distributions describe the distribution of the populations of plasma
species with respect to temperature [2]:
1. The Maxwell-Boltzmann translational energy distribution applies
to all plasma species.
2. The Boltzmann distribution describes the population of excited
states for all plasma species.
3. The Saha distribution applies to ionization equilibrium.
4. Dissociation balance and other thermodynamic relations describe chemical equilibria.
5. The Plank distribution and other equilibrium relations apply to
the spectral density of the electromagnetic radiation.
Such a type of plasma is in a complete thermodynamic equilibrium; it might be imagined as so large a plasma volume that its
central part is homogeneous and not sensitive to boundaries, and its
electromagnetic radiation is that of a blackbody at the plasma
temperature [2]. However, plasmas under such conditions cannot
be realized in laboratory, and actually even thermal plasmas are
quite far from these ideal conditions, although they are sometimes
modeled thereby for simplicity [2]. Most plasmas are optically thin
over a wide range of wavelengths, which results in radiation much
less intense than the blackbody one; plasma non-uniformity leads to
irreversible losses due to conduction, convection, and diffusion,
which also compromise the complete thermodynamic equilibrium
[2]. In weakly ionized plasma, the temperature difference between
electrons and heavy neutral species is conventionally proportional
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to the square of the ratio of the electric field (E) to the system
pressure (p), and only when E/p is enough small the electron and
the heavy-species temperatures approach each other [2]. In fact,
the frequency of the plasma interspecies collisions is proportional to
the gas density, which is in turn proportional to the system pressure
[5]. Consequently, at low pressure the various species have different
energies, but with increasing pressure the electrons transfer more
energy to the heavy species due to the increasing collision frequency, until the diverse temperatures converge (Figure 2.3) [2]. A
small E/p is a basic requirement for local thermodynamic equilibrium, a more realistic and sophisticated model compared to the
complete one [2].
Figure 2.3.
Distinction
between
thermal and
non-thermal
plasma as a
function of
pressure,
adapted
from [6].

Plasmas under local thermodynamic equilibrium are usually
called thermal plasma and follow the major laws of equilibrium
thermodynamics; they can be characterized by a single temperature
at each point of space, by which the ionization and the chemical
processes are mainly determined (rather than by the electric input
via Joule heating) [2]. An example of thermal plasma in nature is the
solar plasma.
Numerous plasmas may exist very far from the thermodynamic
equilibrium and are characterized by several different temperatures
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related to different plasma species and different degrees of freedom
thereof, with the electron temperature significantly exceeding the
heavy-species one (Te >> T0) [2]. Ionization and chemical processes
in such non-equilibrium plasmas, which are called non-thermal
plasmas, are directly determined by electron temperature, and,
therefore are not so sensitive to thermal processes and gas temperature [2]. An example of non-thermal plasma in nature is the
aurora borealis. Although in non-thermal plasmas the relationship
between different plasma temperatures, as well as the set of corrected statistical distributions, can be quite complex, it can be
conventionally presented as Te > Tv > Tr ≈ Ti ≈ T0; where Te is the
electron temperature, Tv is the temperature of molecule vibrational
excitation, Tr is temperature of molecule rotational degrees of
freedom, Ti is the ion temperature and T0 is the temperature of
molecule translational degrees of freedom (or simply the gas temperature) [2]. Several non-thermal plasmas have electron temperature of ~ 1 eV (about 11,600 K), whereas the gas temperature is
close to room temperature, and are usually generated either at low
pressures or at lower power levels, or in different types of pulsed
discharge systems [2].
Interspecies collisions
The reactions occurring in a steady-state plasma involve charge
and energy transfer via elastic or inelastic interspecies collisions. In
elastic collisions the total kinetic energy is conserved, whereas in
inelastic collisions part of the kinetic energy is added to the
heavy-species internal energy, triggering excitation, ionization or
dissociation of molecules. Figure 2.4 reports the most important
collision reactions involving heavy species and electrons that can
take place in plasma. In weakly ionized plasmas such as glow
discharges, the collisions between electrons and neutral species
are usually the dominant ones, moreover the species excited by
collisions with charge species can undergo radiative deexcitation
processes, which attribute a typical glow to the plasma [1][3].
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Figure 2.4. Collision reactions involving electrons and heavy species,
adapted from [1], [7] and [8].

As a first approximation, assuming that the colliding species are
hard spheres with mass m and diameter d in an ideal gas at pressure p and temperature T, the sphere average velocity v and the
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mean free path l between two consecutive collisions are calculable
by the equipartition theorem and are respectively:

3kbT
m

(2.1.2)

2 k bT
2 πd2p

(2.1.3)

v=

l=

where kB is the Boltzmann constant [9]. Therefore, the higher the
system pressure, the shorter the mean free path and thence the
more frequent the collisions. As an example, for Ar at 300 K the
mean free path is ca. 1 mm at 5 Pa (medium vacuum), but drops to
ca. 70 nm at 1.01 x 105 Pa (atmospheric pressure). For this reason,
under proper conditions, a discharge may eventually thermalize with
increasing pressure, i.e. the electrons and the heavy species may
reach the same temperature thanks to a fast and efficient collision-induced energy partition among them, as previously shown in
Figure 2.3
Plasma sheath
Although plasma is overall neutral, it contacts the reactor walls
across non-neutral, positively-charged thin layers called sheaths [2].
These arise from the fact that the electron thermal velocity is much
higher than the ion one in non-thermal plasmas, so that the electrons reach the walls much faster than the ions after the discharge
ignition, leaving the region near the walls (i.e. the sheath) with an
excess of positively charged ions [2]. The lack of electrons in the
sheaths causes it to be a darker zone compared to the plasma bulk,
due to the lower concentration of light-emitting electron-excited
molecules [2]. The positively charged sheath results in a potential
profile shown in Figure 2.5: the plasma bulk is neutral and therefore
at a constant potential (φ), whereas close to the discharge walls the
positive potential drops causing a high electric field, acceleration of
positively charged ions, and deceleration of electrons and negatively charged ions [2]. The sheath width extends for few Debye
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lengths and is separated from the plasma bulk by a quasi-neutral
region, named presheath (Figure 2.5); this zone is wider than the
sheath (several Debye lengths) and features a small potential
difference necessary to accelerate the ions to the minimum velocity
required to leave the plasma bulk [2].
Figure 2.5.
Charged-specie
s number density (n) and
potential (φ)
close to the
reactor wall,
adapted from
[2].

The sheaths play an important role in various plasma systems
designed for specific processes, e.g. plasma sputtering: if there is a
difference in the electrode areas, the potential drop is higher on the
smaller-area electrode, which thus undergoes a stronger ion bombardment. Depending on the ion energy, a target material placed on
that electrode can thereby be activated for further reactions or expel
matter utilizable to coat a substrate placed on the opposite electrode
[2][10].
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2.1.2 Plasma ignition
Electrically-driven plasma requires a voltage source to be ignited, as illustrated in Figure 2.1. At a certain voltage the circuit current
undergoes a sharp increase, corresponding to the generation of an
electron avalanche after the breakdown of the feed gas, which is
intense enough to compensate the charged-species recombination
[2]. If the pressure is low (10 – 103 Pa) and the external circuit has a
large resistance (prohibiting large currents), a stable glow discharge
is ignited, which can be considered a major example of
low-pressure, high-voltage and low-current non-thermal plasma [2].
The voltage required for the breakdown depends on both the gas
pressure and the reactor geometry, according to the Paschen law:
given two parallel-plane electrodes, the direct-current breakdown
voltage is a function of the product of the gas pressure p and the
interelectrode distance d (the so called similarity parameter), with an
absolute minimum corresponding to the easiest breakdown conditions [2]. Breakdown curves are shown in Figure 2.6 for some
atomic and molecular gases, whose trends are slightly different due
to differences in the gas ionization energy and the ionization
cross-section [1].
To ignite a direct-current glow discharge, the electrodes have to
be conducting; when one or both the electrodes are non-conductive
(e.g. if the glow discharge is used for spectrochemical analysis of
non-conducting materials or for the deposition of insulating materials), they will be charged up due to the accumulation of positive or
negative charges, and the glow discharge will extinguish [11]. This
problem is overcome by applying an alternating voltage between the
two electrodes, so that each electrode will act alternately as the
cathode and anode, and the charge accumulated during one
half-cycle will be at least partially neutralized by the opposite charge
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Figure 2.6. Paschen breakdown curves for various a) atomic and b)
molecular gases, adapted from [2].
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accumulated during the next half-cycle [11]. The applied frequency
must be above 100 kHz, so that half the period of the alternating
voltage is less than the charging time of the insulator, otherwise the
electrodes continuously taking alternate opposite polarities bring
about a series of short-lived discharges, instead of a stable discharge [11].
In both direct-current and alternating-current plasmas driven by
low-frequency (< 1 MHz) sources, the discharge is sustained by a
charged-species conduction current flowing between the plasma-contacting electrodes; but above a critical frequency (ωip), the
ions cannot follow the oscillations of the electromagnetic field, so
that the discharge is sustained by displacement currents, with no
direct energy absorption from the electromagnetic field by the ions
and no necessary contact between plasma and electrodes [2][4].
Such a critical frequency is named ion plasma frequency (ωip) and
depends on both the ion mass (mi) and number density (ni):

ni e 2
ωip =
ε 0 mi

(2.1.4)

where e is the elementary charge and ε0 the vacuum permittivity [1].
Likewise, the electron plasma frequency (ωep) defines the critical
cutoff frequency above which the electrons cannot also follow and
absorb energy from the oscillating field and therefore permit the
discharge ignition:

ωep =

ne e2
ε 0 me

(2.1.5)

where ne and me are the electron number density and mass, respectively [1]. For glow discharges, the interval between ωip and ωep
usually ranges from less than one MHz to few GHz, thence specific
frequencies in that interval are assigned to operation of industrial
plasmas in order to avoid interference with radio communication
systems; among those, 13.6 MHz in the radio-frequency (RF)
domain is used most often [2].
Therefore, with a RF between the electron and the ion plasma
frequency, only the electrons absorb energy from the electromag-
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netic field and then transfer it to the heavy species by collisions [2].
The electron energy absorption can take place via an either stochastic- or ohmic-heating process; in the former, which predominates at low pressures where the interspecies collisions are less
frequent, the electrons gain energy by reflection at the oscillating
sheath edge; whereas in the latter, which predominates at high
pressure where the collisions are more frequent, the electrons
regain energy from the electromagnetic field after colliding with the
heavy species [12]. In an intermediate pressure range, both processes are significant and a mixed heating process is established
[3].
In addition to the classical capacitive coupling with two parallel-plane electrodes, the RF voltage can be applied to the plasma
also by means of an inductive coupling, as schematically shown in
Figure 2.7 b): the plasma zone is totally or partially surrounded by a
coil (inductive element) generating an RF magnetic field, which in
turn induces a solenoidal RF electric field (according to the Faraday
law) accelerating the electrons and sustaining the discharge [11].

Figure 2.7. a) Capacitive- and b) inductive- coupling configuration of
the voltage source of a tubular reactor, adapter from [11].
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However, the coupling in inductive-coupled plasmas is generally
not purely inductive, but has a capacitive component as well, due to
the walls of the reactor [11]. In fact, two distinct power modes exist in
inductive discharges for processing applications: a dominant capacitively-coupled discharge (so called E-mode) at low power, and a
dominant inductively-coupled discharge (so called H-mode) at high
power, which features a higher charged-species density and a much
brighter glow [11]. Moreover, at a sufficiently-high pressure (> 10
Pa) the mode transition features a hysteresis, therefore three operation domains can be distinguished: a stable E-mode zone at low
power, an unstable hysteresis zone in which the ignition in either Eor H-mode is possible, and a stable H-mode zone at high plasma
power [4][13]. An example of mode-transition graph is illustrated in
Figure 2.8.

Figure 2.8. Example of E-H-mode transition hysteresis of an inductively-coupled oxygen plasma ignited in a quartz-glass tube (80 cm long
and 4 cm in diameter) with a 6-turns coil, adapted from [14].
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The major advantages of the inductive coupling are the simplicity
of the concept, the more uniform plasma distribution in a tubular
reactor and the higher reachable electron number density (up to ne ~
1012 cm-3) compared to the capacitive coupling in the same pressure
range, thereby favoring the gas-phase plasma reactions [4][11]. On
the contrary, the capacitive coupling is more suitable for plasma
modifications involving heterogeneous gas-surface reactions on a
substrate placed on an electrode. For this reason, the inductive
coupling is the most convenient configuration for a downstream
tubular reactor devised for the fast processing of a floating-ground
powder flux. The concept of downstream reactor is introduced in
Subparagraph 2.1.4.

2.1.3 Material-depositing plasma
If the plasma feed gas is an organic, organometallic or other
compound related thereto, solid material can be deposited on the
plasma-contacting surfaces in the form of a coating and/or dust [15].
Plasma deposition is one of the most important processes mediated
by plasma, whose products have found several successful applications as surface modifiers in diverse fields, such as microelectronics, tools and machinery, biomedical devices, photovoltaics,
packaging, filtration, sensors, tissue engineering, composites,
textiles, fibers and of course powders [16]. Such applications make
use of one or more of the following characteristics of plasma coatings [5][15]:
1. Possible thickness up to ~ 1 µm.
2. Excellent adhesion to various substrate materials, including
polymer, glass, and metal substrates.
3. Pinhole-free and highly-crosslinked structure (although low
crosslinking, low molecular weight and good solubility in various
solvents can also be obtained).
4. Strong resistance to most chemicals.
5. Specific chemical and/or physical characteristics.
6. Possible grading of chemical and/or physical characteristics by
multilayer deposition.
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The feed gas may be introduced as a charge prior to plasma
ignition, however, for most practical coating processes, the monomer continuously flows into the plasma reactor and is totally or
partially converted into a plasma coating, while gaseous
by-products and unreacted monomer are continuously pumped out
of the reactor [15]. In case of organic coatings, the jargon term
“plasma polymerization” usually refers to the whole of plasmochemical reactions occurring in a glow discharge that result in the
deposition of organic coatings (polymers) from an organic feed gas
(precursor or monomer) [5][16].
Initially, polymers formed in a plasma were considered only an
insoluble deposit that just caused trouble in cleaning the plasma
reactor; but later it became evident that such an undesirable deposit
can be converted into an excellent coating by properly controlling
the plasma parameters and the deposition conditions [5].
Plasma polymerization offers important advantages compared
to the conventional polymerization. In fact, the latter requires several functional steps in order to coat a substrate in a wet and
time-consuming process, starting from the synthesis of a suitable
monomer; whereas in plasma polymerization all the functional steps
are replaced by an essentially one-step dry and resource-saving
process starting from a relatively simple gas, which often is not even
considered a monomer suitable for conventional polymerization [5]
[16]. In fact, plasmochemical reactions are generally very complex
and nonspecific in nature, often involving special excited states of
molecules that cannot be achieved, or can be achieved only with
great difficulty, by conventional chemical reactions [5]. Thus, plasma
polymerization should be recognized as a special way of preparing
unique polymers that cannot be otherwise prepared, rather than as
a special way of polymerizing monomers [5].
In general, polymer formation in plasma has been recognized by
Yasuda in the 1970s as an atomic (non-molecular) process involving all active species (especially free radicals) originated from the
plasma fragmentation of the monomer molecules, which accounts
for the highly-branched and disordered structure of plasma polymers [5]. In other words, while in conventional polymerization the
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monomer molecules are bonded together with a minimum alteration
of their chemical structure (molecular process), such that the polymer structure can be well predicted from the monomer one, in
plasma polymerization the only sure prediction one could make
concerns the elements constituting the polymer and, to a lesser
extent, the elemental ratios [5]. This is because the original monomer structure is largely destroyed during the process [5]. Such a
"non-molecular polymerization" can be named “atomic polymerization” (where “atomic” simply means that the polymer building blocks
are no longer molecules), consequently the broad meaning of
plasma polymerization according to Yasuda covers a wide range of
polymer-formation principles, and not only organic materials but
also metallic and inorganic materials [5].
Because of the atomic nature of the polymer formation, plasma
polymerization is highly system dependent [5]. Therefore, the
selection of a monomer for an expected polymer requires a
knowledge of the plasma-polymerization conditions (including
pressure, power, frequency, electrical coupling, feed-gas flow rate,
reactor geometry, properties of the substrate surface and position of
the substrate in the reactor) and the effect thereof on the wide
variety of plasma polymer properties that can be achieved [5][15].
As the reactor design varies from laboratory to laboratory, interlaboratory result comparison is generally not straightforward; moreover, there are also other plasma processes that may compete with
plasma polymerization in heterogeneous phase on the substrate
surface, e.g. plasma sputtering, plasma etching, low-temperature
plasma ashing and material surface modification with plasma of
non-polymerizing gases including O2, N2 and F2 (usually named
plasma treatment) [15].
Beside plasma polymerization, there are two particular process
variants that are illustrated in Figure 2.9 in order of increasing extent
of monomer fragmentation (i.e. degree of atomic polymerization). At
the lowest degree there is organic plasma synthesis, a process
involving a minimal plasma-monomer interaction [15]. Since the
monomer flow rate is 1 to 2 orders of magnitude higher than in usual
plasma polymerization, the residence time in the reactor is extremely short and the product is collected in a cold trap between the
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reactor and the pump, with little or no solid product formation [15]. In
this case the low degree of molecular fragmentation permits to
clearly recognize the monomer structure in the product [15]. The
plasma cyanation of toluene by cyanogen is a typical example of
plasma organic synthesis [17].

Figure 2.9. Illustration of the relationship between plasma polymerization
and other material-producing plasma processes, adapted from [15].

At the highest degree there is inorganic-coating deposition (alternatively named plasma-assisted chemical vapor deposition),
which usually involves deposition on a heated substrate at high
power and low pressure [15]. Such an expedient permits to reduce
the deposition rate and allow for extended contact between plasma
and any coating building block in heterogeneous phase, so that
most organic involatile components and hydrogen can be pumped
away, leaving the inorganic elements in the coating. The reaction of
SiH4 and NH3 to yield silicon nitride and the deposition of amorphous hydrogenated silicon are typical examples of plasma-assisted chemical vapor deposition [15].
Plasma polymerization (that is hereinafter named with the
common term “plasma-enhanced chemical vapor deposition
(PECVD)”) may approximate both these extremes, being predominantly either a molecular polymerization (but the complete elimination of the “atomic” component is nearly impossible) or an atomic
polymerization [5][15]. A special case is the plasma polymerization
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of organosilicon or organosiloxane (e.g. hexamethyldisiloxane
(HMDSO) with O2 in the feed gas, which is a combination of plasma
deposition and etching: O2 indeed acts as an etcher of the organic
moieties, but at the same time participates in the plasma polymerization as a copolymerizing gas (although it cannot plasma polymerize alone), permitting the deposition of SiOx coatings at a high
O2 /monomer flow-rate ratio [15].
Macroscopic kinetics of PECVD
The deposition rate and the chemical and physical properties of
the PECVD coating are influenced by the basic plasma parameters
such as electron density, electron energy-distribution statistics, gas
density and gas residence time in the plasma [15]. While the calculation of the last two quantities is straightforward by knowing
pressure and flow rate of the gas, the determination of both the
electron density and the electron statistics is non-trivial and has
approximately been accomplished for polymerizing plasmas only in
a limited number of cases [15]. Therefore, describing the PECVD
kinetics by means of quantities related to the basic plasma parameters, such as reaction-rate coefficients, reaction cross section,
active-species concentration etc. (the so called microscopic kinetic
description), is still an open question, inherently complicated due to
the complex kinetics of the plasmochemical reactions and the
uneasy indirect measurement of the electron density and the electron energy distribution [15][18][19].
An alternative and common approach (the so called macroscopic
kinetics) is the use of composite parameters containing user-set
plasma process parameters, such as generator power (W), monomer flow rate (F), system pressure (p), reactor sizes etc. [15]. The
most widely used thereof is the power to monomer flow-rate ratio
W/F, which can be interpreted as the energy density of the power
input into the plasma [15][16]. Yasuda found that W/F is the main
parameter directly controlled by the experimenter that influences the
macroscopic kinetics of PECVD as well as the chemical structure
and related physical properties of the plasma coating [5][15][20]. In
fact, W and F, as user-set process parameters, do obviously influence the basic plasma parameters, which in turn determine the
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PECVD outcome: by assuming, as a first approximation, that the
electron density increases linearly with W, whereas the gas residence time is inversely proportional to F, then the doubling of both
W and F will cause the doubling of the electron density and the
halving of the monomer residence time in the plasma, respectively
[15][21]. Thus, since the probability of electron-monomer collisions
remains thereby unchanged, it is argued that the chemical and/or
physical properties of the obtained plasma polymer remains constant if W/F is kept constant (being implicitly assumed that p and
whatsoever other conditions are kept constant as well) [5][15].
In contrast, the deposition rate generally shows a marked dependency on either W or F according to the value of energy density
(or input) W/F. In fact, Yasuda found that the mass deposition rate
markedly increases with W at low energy density, whereas it appears to be mainly proportional to F at high energy density [5][15].
Therefore, he identified two distinct domains of PECVD, illustrated
in Figure 2.10: an energy-deficient domain at low W/F, where
abundant monomer is available but the power input is insufficient to
polymerize it wholly (1); a monomer-deficient domain at high W/F,
where the power input is high but the system is underfed and the
monomer feed-in rate is the rate-determining factor (2) [5]. Moreover, several aspects of PECVD were found different in these domains: the "atomic" component of PECVD tends to increase in the
monomer-deficient region, whereas the fragmentation of the original
monomer molecules occurs to a lesser extent in the energy-deficient region [5].
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Figure 2.10.
Schematic
view of the
PECVD
domains
identified by
Yasuda,
adapted from
[5].

Recently, Hegemann et al. studied the dependency of the deposition rate on the plasma process parameters and validated a
simplified model that was first proposed by Park et al. to account for
Yasuda’s findings [16][20][22]. According to this model, the mass
deposition rate per unit area R is a function of plasma power W, the
monomer flow rate F and a geometrical factor G expressible as a
quasi-Arrhenius equation:

E 
R

= G exp  − a 
F
 W /F

(2.1.6)

where Ea is an activation energy. R/F, the mass deposited per
plasma volume and deposition area, is the deposition yield. Equation 2.1.6 describes a kinetic reaction activated by the energy
delivered per mole of monomer W/F, known as the composite
plasma parameter, which replaces the energy term RT of the canonical Arrhenius equation [20].
The theoretical basis of the macroscopic kinetic approach based
on a quasi-Arrhenius equation, despite the practical convenience
thereof, is still under discussion. In fact, Equation 2.1.6 is only a
simplified empirical model, which does not describe the complex
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kinetics of the reactions involved in PECVD and does not take into
account the effect of the system pressure [16][20][22]. This is because it relies on the efficacy of the plasma composite parameter
W/F, the use whereof, although widely accepted, does only provide
a qualitative understanding of the effect of the parameters W and F
on the whole deposition process [15]. In fact, von Keudell et al.
pointed out that the macroscopic parameters are not directly correlated to the complex reactions initiated by the electrons, therefore
the measurement thereof can only provide a limited knowledge of
the plasma reactions, as no hypothesis about reaction pathways
can be falsified or verified without measuring the microscopic parameters [15][20][23]. For instance, in the aforementioned example,
the doubling of W might unexpectedly change the electron energy
distribution (one of the microscopic parameter) and consequently
trigger plasmochemical processes that are normally impossible at
lower values of W, thereby altering the coating properties and the
trend of the deposition rate [15]. The quasi-Arrhenius plot might then
feature more than one recognizable activation energy, being each
one related to a single activated reaction pathway; also side effects,
such as adsorption of the unreacted monomer (at low W/F) and
ion-induced ablation processes (at high W/F), might alter the plot
shape, as illustrated in Figure 2.11 [16].
Moreover, this approach neglects any possible surface processes, which obviously play an important role in coating deposition, even though it is still appropriate if the plasma zone is the only
source of deposit products [15][16][24]. However, the effect of the
reactor geometry on the fraction of power input and monomer flow
rate absorbed by the glow-discharge can be taken into account with
proper correction factors, enabling the comparison of different
reactor setups [16].
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Figure 2.11. Typical quasi-Arrhenius plot for plasma-polymer deposition
featuring different activation energies and additional influences arising from
side effects, adapted from [16].

Another controversial aspect is the interpretation of the activation
energy Ea, which is not directly related to the average energy of the
monomer molecules, unlike the activation energy of the canonical
Arrhenius equation. In fact, van de Sanden pointed out that interpreting the parameter W/F in the quasi-Arrhenius equation as a
temperature related to the molecule average energy is misleading,
as in non-equilibrium plasmas the power input is mostly consumed
by the electrons while the gas temperature usually remains close to
room temperature [20][25]. Moreover, the average electron energy
is usually too low to initiate the dissociation of the monomer molecules, which is only due to a high-energy tail of the electron energy
distribution [20][25].
Nevertheless, the macroscopic kinetic approach can be considered the initial step towards a more rigorous kinetic study of a
plasma-deposition experiment, when a microscopic approach is too
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complicated to apply, due to the difficulty of measuring electron
energy and density and the complexity of the plasmochemical
reactions involved in the process [16][20][23][24]. From an engineering viewpoint, the quasi-Arrhenius equation is a convenient tool
for controlling the whole process and realizing the scale-up.

2.1.4 PECVD onto powders
Surface modification with non-thermal plasma is a versatile
technique of material processing, which allows to improve the
chemical and physical properties of a multitude of materials by
functionalizing the surface thereof with no alteration of the bulk
properties [1][2][5]. Although plasma technology succeeded in
matching the request for industrial applications aiming to modify
substrates with macroscopic (and often flat) surfaces, the processing of powder materials still poses grave drawbacks, mostly
related to the complicated handling of such a type of materials and
the poor homogeneity of the obtained surface modification [26][27].
In fact, powders (especially those under 30 µm in diameter) often
exhibit a poor flow behavior, and are therefore complicated to
handle in a conventional plasma reactor for flat substrates, because
of the particle aggregation and the large surface area that has to be
exposed to the plasma [20][28]. As one-half of the products and at
least three-quarters of the raw materials in the chemical industry are
in powder form, the solution of such drawbacks is the major challenge in the application of plasma processes to powder technology
[29]. In fact, powder technology involves several types of materials
in powder form (metals, metal oxides, pigments, polymers, minerals), which have important applications in various industrial fields
(electronics, paints, cosmetics, biotechnology, recycling or blending
of plastics, petrochemistry, pharmaceutics etc.); however, proper
and homogeneous surface modifications are necessary in order to
acquire the new surface properties required by the different applications, while the handling of the materials becoming more and
more complicated as the sizes of the powder particles become
smaller [28][29][30].
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In general, the up-to-date examples of surface modification of
powders by glow-discharge plasma belong to two categories of
plasma processing: plasma treatment and PECVD.
Plasma treatment is performed with glow discharges of gases
such as O2, N2, F2 etc., in order that the particle surfaces are functionalized with specific chemical groups (which is often called
plasma surface activation) or sterilized thanks to the effect of the
plasma active species. For example, the incorporation of polar
O-containing groups and N-containing groups is typically carried out
to improve the powder wettability and the material biocompatibility,
respectively [31][32].
On the other hand, PECVD is performed to deposit functional
coatings onto the particles of the substrate powder, with thickness
ranging from the nanometric to the micrometric scale. Thick continuous coatings are useful as diffusion barrier films for pharmaceuticals and protective films for pigments, as well as for
applications in catalysis and biomaterial engineering [33][34][35][36]
[37][38]. Non-continuous coatings consisting of nanoparticles are
effective to improve the powder flow behavior, as it is reported in
Subparagraph 2.2.2.
The aforementioned examples of plasma surface modification
of powder are well distinct not only in terms of plasma process
involved, but also in terms of processing time required. In fact,
plasma surface activation and PECVD of nanoparticles are fast
subsecond processes, whereas sterilization and PECVD of continuous coatings require much longer processing times (up to ~ 1
hour) [4].
For plasma treatment as well as PECVD, the following types of
reactors have mostly been utilized [20][39][40][41][42]:
a)
b)
c)
d)
e)

Mechanically-stirred reactors
Rotary-drum reactors
Fluidized-bed reactors
Circulating-fluidized-bed reactors
Downstream reactors.
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The concepts of mechanically-stirred and rotary-drum reactors
are illustrated in Figure 2.12 a) and b), respectively. These reactor
types were utilized for processing polymer powders as well as textile
fibers, e.g. to control the drug-release rate of acetylsalicylic-acid
powder by encapsulation in a polymeric coating [43][44]. Although
the agitation of the batch of powder particles is a key factor to
promote the plasma-particle interaction and narrow the particle
residence-time distribution in the plasma zone (and consequently
improve the processing homogeneity), nevertheless these types of
batch reactors show too broad a distribution, in addition to the
formation of hot spots and the aggregation of finer particles
[26][27][30][41]. Since the plasma-particle interaction is limited to
the upmost particles of the powder batch and the whirled up particles, the process homogeneity in such reactors is rather low, especially when powders with a broad distribution are processed, being
smaller particles easier whirled up than heavier ones [4].
In contrast, reactors based on fluidized beds (Figure 2.12 c)) are
more suitable for favoring plasma-particle interactions, due to better
interphase mass and heat transfer, narrower residence-time distribution and flat temperature profiles [30][39][41]. The fluidized-bed
reactor is the most commonly used batch-reactor concept, and was
utilized e.g. for the surface activation of high-density polyethylene
powder [4][45]. Circulating-fluidized-bed (CFB) reactors did especially prove to be effective to optimize the PECVD of coatings up to
1 µm in thickness onto particles with average diameter on the order
of 100 µm [33][46]. The concept of the CFB reactor is illustrated in
Figure 2.12 d): the powder particles are entrained through the
plasma zone by the process gas and subsequently separated from
the exhaust-gas stream by means of a cyclone unit, then they are
conveyed again into the plasma tube by aeration, so that the processing can be repeated several times. The particles in such a
reactor type are driven by the gas flow and require high flow rates to
be entrained [47]. The particle residence-time distribution is narrower than in the reactor types previously mentioned, moreover the
particle dispersion in the plasma zone is enhanced by the repeated
passing of the particles through the plasma zone [4]. CFB reactors
are particularly suitable for long-residence-time processing of
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relatively coarse particles, and were used e.g. for depositing SiOx
coatings onto silica-gel and salt powders, TiOx photocatalytic coatings onto glass beads and AlOx protective coatings onto silicon-carbide powder [33][37][48][49].
But for finer particles, the most suitable apparatus is hitherto the
downstream tubular reactor, which features superior performance
compared to the other reactor types thanks to an extremely narrow
residence-time distribution and a short average residence time [27].
In fact, a downstream reactor (Figure 2.12 e)) basically consists of a
vertical glass tube fed by the process gas and the powder substrate
from the top and vacuum pumped from the bottom, where a cyclone
permits the gas-particle separation and the collection of the processed powder [4]. The powder to be processed continuously flows
downwards concurrently with the gas feed and is uniformly distributed over the reactor cross section, with a short average residence
time (depending on the reactor length); such a typical plug-flow
regime of the powder in the reactor does dramatically enhance the
plasma-particle interactions and the process homogeneity, also
enabling process throughput of several kilograms per hour [50][51].
On the contrary, CFB reactors show poor performance with powder
particles below 30 µm in average diameter, as the powder fluidization is prevented by the increased interparticle cohesion and a large
amount of the initial powder batch (also more than 50%) is lost due
to the formation of a thick particle layer in stagnant zones of the
reactor walls [47].
However, a drawback of the downstream reactor is the need for
additional equipment to store and convey the powder substrate into
the reactor under vacuum, which consists of a powder-storage unit
and a screw conveyor [4]. Such an equipment is often subject to
powder clog, especially when relatively-low gas flow rate are utilized. Another important drawback is the overheating of the reactor
walls after prolonged processing, which can cause accumulation
and chemical degradation of the powder particles adhered onto the
walls in case of temperature-sensitive material [4]. Therefore,
additional equipment is also required to continuously cool down the
reactor walls.
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Figure 2.12. Reactor concepts for surface modification of powders with
glow-discharge plasma, adapted from [4].

The concept of downstream reactor arose from the work of Wei
and Zhu in the 1990s, who discovered that the axial solid dispersion
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is very low in reactors featuring a concurrent downward flow of gas
and particles, which brings about a narrow residence time distribution [52]. Later on, this reactor type was utilized to improve the
wettability of polymeric powders (high-density polyethylene, copalyamide) by O2 plasma treatment, and the wettability, flowability
and water-dissolution behavior of powders for the food and the
pharmaceutical industry (lactose, salicylic acid) by PECVD of SiOx
coatings [50][51][53]. As regards PECVD, the processing resulted in
the deposition of a non-continuous nanoparticle coating, due to the
short residence time in the plasma zone [4][20]. In fact, while enabling high process throughputs, the short residence time represents
an intrinsic limitation of this reactor type, which hampers the use
thereof if a prolonged processing time is required to deposit continuous coatings. Moreover, while proper setting of the process
parameters enables to maximize the monomer fragmentation, and
consequently the plasma deposition rate, the retention of the
monomer chemical structure generally requires a degree of fragmentation as low as possible (Subparagraph 2.1.3). This trade-off
between deposition rate and chemical retention represents another
limitation, if a specific coating chemical structure is desired. A
possible solution to the problem of the short residence time, in
addition to the mere elongation of the plasma tube, is the multiple
repetition of the experiment by manually reloading the powder-storage unit with in-process powder.
Based on the considerations reported above and in Subparagraph 2.1.2, the experiments of PECVD onto powder, subject of the
present work, were performed with a downstream tubular reactor,
equipped with an inductive-coupling RF-voltage source and an
external chiller unit for the cooling of the plasma tube.

2.2 Powder flowability
Powder manufacturing processes and applications are critically
influenced by the powder flow behavior, in addition to the specific
properties of the processed material. In fact, cohesive and sticking
powder can cause pipe and hopper clogging as well as troubles in
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mixing and sieving, whereas flowing powders can be handled and
processed in an easier and cost-effective way [20].
The powder flow behavior (hereinafter referred to as flowability)
can depend on several particle properties such as material density,
particle size and shape, surface roughness, surface free energy,
temperature, consolidation, moisture content, etc. [4]. Large particles usually exhibit a better flowability compared to small particles
having the same surface morphology and shape [54], and narrow
particle-size distributions also favor the flowability compared to
broad ones [55][56]. Surface roughness and particle geometric
shape also play an important role, as particles with rough surfaces
flow better than particle with smooth surfaces, and round particles
flow better than needle-shaped particles [20].
In physical terms, the powder flowability depends on the balance
between gravitational and interparticle attractive forces, with the
latter tending to dominate for micropowders having a mean particle
diameter of 30 µm or less (e.g. graphite micropowders investigated
in this work) [57][58]. Thus, the identification and the reduction of
such attractive forces are necessary in order to improve the flowability of such fine-grained micropowders, and therefore optimize
their manufacturing processes.

2.2.1 Powder interparticle attraction
In the dynamics of powder particles, three interparticle attractive
forces can be identified, i.e. the capillary force (Fcap), the electrostatic Coulomb force (FCoul) and the intermolecular van der Waals
force (FvdW) [59][60].
The capillary force is due to the capillary condensation that may
take place at the particle contact sites, even if the partial vapor
pressure is lower than the saturation one. In this case, liquid bridges
with a certain meniscus height are formed between the particles, so
that the liquid surface tension attracts the particles to each other
[60].
The Coulomb force is due to the electrical charge of particles in a
medium with a certain dielectric permittivity and can actually be
either attractive or repulsive, depending on the charge signs.
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The attractive ubiquitous interactions that are collectively named
van der Waals (vdW) force are the most important for dry neutral
powders and actually comprises three distinct intermolecular
components [60]. The first component is the Keesom force, which is
due to the interaction between permanent-dipole molecules; the
second component is the Debye force, which arises from the interaction between permanent-dipole and polarizable molecules; the
third component is the London dispersion force, which arises from
polarizable molecules featuring temporary dipoles due to the electron motion [60]. At least the dispersive interactions do act between
any pair of molecules and contribute the most to the vdW force
(except for highly polar molecules such as water), even if they are
the weakest component [59][60]. The intermolecular pair potential is
proportional to the inverse 6th power of the intermolecular distance
rm for all three components, so that the overall intermolecular VdW
pair potential WvdW can be written as:

WvdW = −

CvdW
rm 6

(2.3.1)

Where CvdW is a proper coefficient [60].
If it is assumed that the individual pair interactions in two macroscopic bodies are additive, WvdW can be determined (Equation
2.3.2) by integrating over all interacting molecules of the body
volumes V1 and V2:

dV2
r6
V2 m

WvdW = −CvdW ρm1ρ m 2 ∫ dV1 ∫
V1

(2.3.2)

where ρm1 and ρm2 are the molecule number densities [60].
A simplified analytical solution of Equation 2.3.2 was obtained by
Hamaker to calculate the WvdW between two spheres with radii R1
and R2 at a distance r (Equation 2.3.3), with the assumption d << R,
from which an expression of FvdW can be derived via differentiation
(Equation 2.3.4) [61]:

WvdW = −

H R1 R2
6r R1 + R2

(2.3.3)
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FvdW =

H R1 R2
6r 2 R1 + R2

(2.3.4)

where H (Hamaker constant) is a material property (directly proportional to CvdW , ρm1 and ρm2) and for most powders its value is in
the order of 1·10–18 J [62].
In order to identify the prevailing interparticle attractive interaction, Fcap, FCoul and FvdW between two 10-µm-diameter spherical
particles are plotted as a function of the interparticle distance D in
Figure 2.13 a). In case of a stationary powder, the particles are said
to be in contact with each other, although D can never reach zero,
but rather a minimum equilibrium gap (~ 0.4 nm) below which the
Pauli repulsion of the valence electrons becomes significant [60].
When D is in this nanometer range, Fcap is the prevailing attractive
force, but only for wet powders. Therefore, FvdW is the really prevailing force in such a range, as it overcomes FCoul by several orders
of magnitude, but it drops faster and becomes weaker than that
when the interparticle distance approaches the micron range.
Since the FvdW is the predominant force determining the cohesion
strength in dry micropowders, the ratio of the gravitational force
thereto is a guideline to understand the flowability of a certain powder

[4]. Being the gravitational force Fg acting on a spherical particle:

4
Fg = π R 3 ρ p g
3

(2.3.5)

where ρp is the material density and R is the particle radius, the ratio
of Fg to FvdW (Equation 2.3.6) is directly proportional to the square of
R:

Fg
FvdW

∝ R2

(2.3.6)

A logarithmic-scale plot of such a force ratio over R is reported in
Figure 2.13 b). As long as the gravitational force is prevailing, a
free-flowing powder is expected, but with decreasing particle size
the attraction force becomes predominant over the gravitational
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force (usually below an average particle diameter of 30 µm for most
powders), so that the powder is expected to be cohesive and poorly
flowable [57][58]. The empirical quantification of such different
powder flow behaviors is the flowability factor, with value ranging
from below 1 (non-flowing powder) to above 10 (free-flowing powder) [20][56]. A more detailed description of the flowability factor and
the calculation method thereof is reported in Subparagraph 4.2.3.

Figure 2.13. a) Comparison of the forces F acting on two water-wet
spherical particles with a radius of 5 µm as a function of the interparticle
distance D (water surface tension = 72 mN/m, liquid-bridge meniscus
height = 1 µm, water contact angle = 0°, electrical charge = 10−14 C, relative
permittivity = 1, H = 3·10–20 J), adapted from [57][59][63]. b) Ratio of Fg to
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Fvdw as a function of the particle radius R (D = 0.4 nm, H = 3 · 10−20 J, ρp =
1525 kg/m3), adapted from [59][63].

2.2.2 Flowability improvement by PECVD
The interparticle distance must therefore be increased in order to
reduce the intensity of the vdW interaction and improve the powder
flowability. This can be achieved by mixing the micropowder with
nanoparticle additives, called glidants, flow agents, or flow regulators, which reduce the interparticle attraction by intruding between
the powder particles [20]. In fact, since the glidant sizes are much
smaller than the particle sizes, the interparticle contact area (where
the FvdW acts at the highest intensity) decreases due to the intruded
glidants, resulting in an increase in the interparticle distance (Figure
2.14) and therefore a reduction of the FvdW intensity [64]. Such an
effect can also be obtained by roughening the particle surface, as
already found by Rumpf: the adhesion force between a particle and
a smooth wall is less intense if the particle surface is rough [65].

Figure 2.14. Powder particles a) without glidants, b) with well distributed
glidants and c) completely covered by glidants; adapted from [4][56].

Glidants that are often utilized in the pharmaceutical industry are
highly-dispersed silicon dioxide, metal oxides, magnesium carbonate and stearate, carbon black; which must be homogeneously
distributed onto the particle surface by dry mixing [56][57][58].
Improved methods based on the electrostatic charging of both
powder and glidants before the mixing were also proposed [66][67].
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However, all these seemingly simple methods are in practice complicated, as the resulting flowability improvement strongly depends
on the physical characteristics of the admixed glidants as well as the
mixing time and conditions, which influence the homogeneity of the
nanoparticle distribution [20][56][58][68][69][70][71][72]. In fact, if
the glidants are well distributed onto the surface (Figure 2.14 b)),
the attraction decrease is optimized; but if too many nanoparticles
are admixed (Figure 2.14 c)) a countereffect arising from the van der
Waals interaction between the admixed nanoparticles can partially
reverse the attraction decrease and therefore compromise the
flowability improvement [4]. Moreover, the long mixing time required
(up to several hours) is a serious disadvantage for the manufacturing process of flowable powders [58][72]. A successful and
time-effective alternative method to the glidant admixture for improving the powder flowability is the PECVD performed in a downstream tubular reactor [20][51][53][59]. In fact, due to the short
powder residence time in the plasma zone (~0.1 s), the PECVD
processing results in the deposition of a non-continuous coating (i.e.
a coating consisting of a distribution of nanoparticles rather than a
continuous layer), on the surface of the powder particles, as shown
in Figure 2.15 [20]. Since such a coating makes the surface rough,
the flowability is then improved, in the same way as the glidant
admixture [20][73].
This innovative approach was applied by Roth et al., after an initial attempt by Spillmann et al., to deposit non-continuous silica-containing coatings on the surface of lactose powder, by using a
mixture of siloxane as a polymerizing gas, oxygen as a copolymerizing gas, and argon as a carrier gas [4][53][74]. The flowability
factor of lactose increased from about 3 (cohesive behavior) up to
12 (completely free-flowing behavior) under a plasma power level of
400 W and a system pressure of 200 Pa. An electron-microscopy
image of the plasma-coated surface of lactose is reported in Figure
2.16 together with an image of the surface of the native lactose.
In general, the plasma deposition onto substrates does also
bring about a modification of the surface chemistry, so that the
surface character of the resulting material can become hydrophilic
or hydrophobic, depending on whether the surface free energy
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increased or decreased, respectively [5][75]. However, although the
attraction between plasma-coated particles is also strongly influenced by the surface free energy, the influence of the coating-amount-induced surface roughness on the flowability
improvement prevails by far over the influence of the coating-chemistry-induced surface free energy [76][77][78]. Therefore,
the amount of coating that is deposited on the powder surface (i.e.
coating mass deposition rate per unit area) can be considered the
predominant variable on which the flowability increase depends
[78].
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Figure 2.15. Fast PECVD of non-continuous coating onto powder particles,
adapted from [4].
Figure 2.16. a) Surface of native
lactose powder (GranuLac 200,
Meggle, 25 µm average diameter,
purity > 99%). b) Surface of the
same powder after PECVD of a
non-continuous
silica-containing
coating performed with a downstream tubular reactor, adapted
from [53].

2.3 Graphite powder
The powder substrate chosen for the experiments of PECVD
with downstream tubular reactor is synthetic graphite micropowder.
Graphite powder is an important industrial raw material thanks to its
good chemical and physical properties (such corrosion resistance,
lubricity, thermal conductivity and electrochemical capacity), which
find applications in metallurgical, mechanical, chemical and electrochemical industry [79]. As a consequence of the sp2 hybridization, each C atom has three nearest neighbors within the same layer
plane, with the distance between in-plane carbon atoms being
0.1421 nm, compared to 0.1544 nm in diamond (sp3 hybridization),
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and a interatomic bonding angle of 120° [80]. The in-plane bonding
energy of graphite is 430 kJ/mol, i.e. 80 kJ/mol higher than that of
diamond and one of the highest bonding energies known, whereas
the bonding energy between the basal planes (graphene layers) is
only in the range of vdW force [80]. This is because the overlapping
p-orbitals perpendicular to the basal planes are filled with delocalized electrons forming the weak p-bonds, with an interplane distance of 0.354 nm [80]. Such a peculiar layer structure gives rise to
an extreme property anisotropy: parallel to the basal planes graphite
is a metallic conductor, whose electrical resistivity increases with
temperature, whereas perpendicular to the planes graphite behaves
like a semiconductor [80]. The basal planes can easily be shifted
against each other, from which the graphite lubrication properties
arise; the material does also feature remarkable thermal conductivity (which is in-plane higher than that of Cu at room temperature and
decreases with that) and Young’s modulus (ca. 1060 GPa within the
plane, allowing a theoretical strength of 100 000 MPa) [80]. Beside
the energetically-preferred hexagonal stacking sequence of the
basal planes (ABAB, Figure 2.17 a)), a rhombohedral sequence
(ABCABC, Figure 2.17 b)) can also be present in natural graphite to
a certain degree (ca. 30%) or achieved by strong mechanical impact
and shearing during milling [79][80]. Neither natural graphite nor
synthetic graphitic carbons have perfect crystal lattices, since
various crystallographic defects (point defects in planes, defects in
the stacking sequence, bending of planes etc.) are always present
in the lattice and distort it significantly [80]. Indeed, the discrimination between graphitic and non-graphitic carbon is commonly based
on the mean interplane spacing c/2, ranging from 0.3354 (ideal
graphite) to 0.344 (non-graphitic carbon), which enables to calculate
the graphitization degree of the graphitic carbon [80]. Natural
graphite and artificially-produced highly-oriented pyrolytic graphite
are the closest to the ideal graphite lattice [80].
Natural graphite, abundant in several areas of the world, has
been used since historical times, but in the last century the advent of
higher-purity and higher-yield synthetic graphite has considerably
increased the field of applications, so that a large majority of
graphite products are now synthetic [79].
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Figure 2.17. a) Hexagonal and b) rhombohedral crystal lattice of
graphite, adapted from [81].

According to IUPAC, the term ‘‘synthetic graphite’’ (to prefer to
‘‘artificial graphite’’) refers to a material consisting of graphitic carbon obtained by graphitization of non-graphitic carbon, i.e. by
chemical vapor deposition (CVD) from hydrocarbons at a temperature above 2500 K, decomposition of thermally unstable carbides
or crystallization from C-supersaturated metal melts [80][82].
A major property of graphite is the ability of hosting foreign species such as atoms, ions, or molecules between the lattice planes;
when the bond between foreign species and C atoms is a
charge-transfer interaction, the resulting composite is named intercalation compound and features a considerable increase in
electrical conductivity along the lattice planes [79]. Indeed, the first
important application of intercalated graphite compounds was
lubrication, but thereafter the possibility of intercalating positive and
negative ions allowed for a number of applications in electrochemistry, primarily in the manufacturing of electrodes of Li-ion batteries
(LIBs) [79]. In fact, graphitic carbons can intercalate positively
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charged Li ions (Li+) at a potential very close to that of the Li/Li+
redox couple (ca. 0.20–0.05 V) and therefore successfully replace
hazardous metallic Li in LIBs [83][84][85][86].

2.3.1 Silicon-coated graphite for lithium-ion batteries
The scheme of the LIB is illustrated in Figure 2.18.
The setup consists of the following main components [87]:
1. A pair of electrodes (both electronic and ionic conductors).
2. An electrolyte (ionic conductor only, usually lithium hexafluorophosphate salt (LiPF6) solvated in a mix of ethylene carbonate
(EC) and dimethyl carbonate (DMC)).
3. A separator (usually polyethylene (PE) or polypropylene (PP)
membrane) preventing short circuits but enabling interelectrode
Li+ transport in the electrolyte-filled pore space.
When the battery is charged by applying an external voltage, this
provokes the extraction of electrons from the positive electrode and
the insertion thereof into the negative one, with consequent Li+
release into the electrolyte from the positive electrode and Li+
uptake by the negative one. The Li interelectrode transfer varies the
chemical composition of the electrode materials, which in turn increases the battery voltage over time until the battery is fully charged
(while the charge neutrality of the electrolyte is maintained by the
electrode-unreactive PF6 anions) [87]. When the battery is discharged by applying an external circuit, transfer occurs reversibly
while an electrical current passes through the circuit.
Graphite features both electronic and Li-atom conductivity and
can host up to 1 per 6 C atoms under ambient conditions, corresponding to a theoretical specific capacity of 372 mAh/g [87].
Graphite low cost, low intercalation potential and good cycling
stability account for the fact that a negative electrode made from
graphite micropowder (10 – 20 µm in average diameter) is nowadays present in most commercial LIBs, while the cathode material is
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usually a transition metal oxide (e.g. LiCoO2) featuring high working
voltage, structural stability and long cycle life [88][89][90].

Figure 2.18. LIB scheme, adapted from [91].

The superior specific power and specific energy of LIBs compared to other battery types (such as nickel cadmium, nickel-metal
hydride, and lead acid) made them the best battery technology
available for portable electronic devices. Nowadays, hybrid vehicles
can combine batteries and internal-combustion engines, however
fully-electric vehicles require further improvements in terms of
battery specific capacity and cycling stability [92][93].
The performance of graphite as an electrochemically active
material for LIBs largely depends on the quality of the Li+ intercalation into graphite and the reversibility thereof. This process should
ideally be fully reversible, but in reality the charge accumulated
when the battery is first charged is greater than the charge delivered
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when the battery is first discharged [87]. This charge loss is due to
the formation of the so called solid electrolyte interphase (SEI), a
graphite-overlaying film produced by the decomposition of the
molecules of electrolyte solvent. In fact, while aqueous electrolytes
are not stable at all in the voltage range (typically ca. 3 V versus
Li/Li+) of LIB operation, organic-solvent electrolytes are only partially stable, thence some solvent molecules are irreversibly reduced on the surface of the negative electrode during the first cycle
of intercalation/deintercalation of Li+ [87]. SEI formation mechanisms, composition and structure are not completely clarified yet.
Wang et al. proposed that Li+ is solvated by a shell of solvent
molecules that open up when the ions reach the negative-electrode
surface during the Li+ intercalation; since the interplane distance
increases during this process, it is thus possible that some solvent
molecules can also intercalate and react forming the SEI [87][94]. A
stable SEI can prevent further solvent decomposition and passivate
the electrode surface, while still being ion conductive, nevertheless
its formation is a charge-consuming side reaction in the first operation cycle [87]. Moreover, if the SEI is not stable, this phenomenon is
enhanced in the subsequent cycles, so that the battery experiences
a gradual capacity fading due to the Li consumption as well as the
increase in ion-conduction resistance [87].
The SEI dynamics depends principally on the characteristics of
the graphitic carbon [87]. Joho et al. noticed a linear correlation
between the SEI-induced first-cycle irreversible capacity loss and
the specific surface area of graphite, the latter being interpreted as
the surface exposed to the electrolyte solution [95]. Zheng et al.
concluded that the crystallographic structure and the particle morphology do also influence SEI significantly, since they observed that
coke and graphite powders with the same specific surface area
exhibit different irreversible capacity losses [96]. In fact, crystallographic defects and dangling bonds act as active sites for the
solvent reduction, and even the edge-to-basal-plane ratio can affect
the SEI properties [96][97].
The SEI-induced irreversible capacity loss is detrimental to both
the specific energy and the cycling stability of the battery. It is
usually minimized by using appropriate electrolyte additives, which
can suppress unwanted Li-consuming side reactions on the elec-
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trode surface, or applying an amorphous-carbon coating onto the
graphite particles [88][98][99][100]. In fact, the latter can prevent the
solvent decomposition by avoiding the direct contact between
graphite and electrolyte or reducing the specific surface area of the
former [88][99][100].
The application of a functional coating onto graphite particles is a
strategy pursued also to enhance the specific capacity of the graphitic electrode. Indeed, despite high electronic conductivity, low
electrochemical potential, high coulombic efficiency (i.e. reversible-capacity percentage, >95%), graphite specific capacity (ca. 372
mAh/g) is lower than desirable for the energy requirements of fully
electric propulsion [89]. Therefore, since 1990s several Li-blending
materials have been proposed to replace graphite, whereof the
most promising is Si, an abundant and harmless element featuring a
low operation potential versus Li/Li+ and a theoretical specific
capacity (ca. 4200 mAh/g at the formation of the Li22Si5 alloy), one
order of magnitude higher than that offered by graphite [89][101].
However, Si lattice undergoes up to 300% volume expansion and
contraction after repeated lithiation/delithiation cycles, which dramatically compromises the electrode integrity and the cycling stability, and thereby eventually the applicability of the material
[89][101].
To overcome this drawback, the use of nanostructured Si materials has been greatly investigated, since the nanoscale favors the
Li+ transport and reduces the material stress accumulation during
the cycles; however, the cycling stability of Si nanomaterials is
generally not comparable to that of graphite, because the higher
nanoscale surface area dramatically augments the side reactions
between material and electrolyte [89][101]. Therefore, several
materials, in particular carbons, have been tested as components of
Si-based composites to obviate the drawbacks of pure Si; the goal is
to obtain a product combining the high lithiation capacity of Si with
the good matrix properties (elasticity, conductivity, thermal and
electrochemical stability) of carbons, capable of buffering the Si
volume changes [89]. Toward this end, Si nanoparticles are the
most promising Si nanomaterial for the production of Si/C materials,
since they are relatively easy and cheap to synthesize (e.g. by
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Si-precursor CVD) and subsequently blend with carbons (including
nanostructured carbons) [101][102][103].
Although Si-based electrodes with good performance, including
high specific capacity and long cycle life, have been reported, the
wide application of Si has not been realized in commercial LIBs yet
[103]. Two major issues account for this. Firstly, the first-cycle
coulombic efficiency of the Si-based electrode is typically in the
range of 65–85%, which is far below that of commercial graphite
electrodes (90–94%) [103]. The later-cycle efficiency is usually
98.0–99.7% with a slight capacity fading over time, but it still requires further improvement to reach 99.9%, which is suitable for
practical applications [103]. Secondly, cost will inevitably become
one of the critical issues influencing the commercialization of the
Si-based anodes, because nanostructured Si is in any case more
expensive compared to graphite [103].
The first but still widely used method to prepare Si/C materials in
a cost-efficient way was the mixing of Si with various carbon
sources followed by pyrolysis [101][103]. Thereby, it is possible to
obtain levels of specific capacity up to ca. 700 mAh/g, depending on
the Si weight percentage (wt.%) in the mixture, with a good capacity
retention over time (ca. 500 mAh/g after more than 100 cycles)
[102][104][105][106]. Carbon source commonly utilized are resins,
gels, polymers and pitch [101].
Graphite can be a carbon source as well. Holzapfel et al. obtained a composite consists of aggregates of SiH4-pyrolysis Si
nanoparticles (~ 10 nm in size) homogeneously dispersed (20 wt.%)
among the graphite particles, whose reported specific capacity
keeps stable at ca. 1000 mAh/g after more than 100 cycles [102].
Even better performance can be obtained if the Si nanoparticles are
deposited onto the graphite particles by CVD with SiH4 precursor
(Figure 2.19); the resulting material, just bearing ca. 7 Si wt.%,
keeps the specific capacity above 500 mAh/g after more than 100
cycles [107]. Ternary materials obtained by combining graphite, Si
nanoparticles and a carbon phase are also reported in some works
[108][109]. The motivation for this approach is, on the one hand, to
optimize the buffering of the Si volume change and the Si-graphite
interconnection by means of a Li-conductive carbon phase; on the
other hand, to minimize the contact between Si surface and elec-
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trolyte, thereby preventing possible Li-consuming side reactions
[108][109]. CVD with both Si and C precursors is often utilized to
synthetize and deposit Si/C intermediate materials onto graphite
surface. Zhu et al. performed CVD of S/C microrods onto graphite
microsphere by using dimethyldiclorosilane (instead of more
harmful, explosive and expensive silane) and toluene as precursors,
to obtain a ternary composite at ca. 8 Si wt.% featuring a specific
capacity of almost 600 mAh/g after 50 cycles [110]. Similar results
were obtained by Zhang et al. by using chlorotrimethylsilane as a
precursor [111].
Figure 2.19. SEM image
of CVD Si nanoparticles
(7.1 wt. %) onto graphite
(TIMREX® KS6), adapted
from [107].

In sum, the synthesis methods so far reported in literature to
produce Si-based materials suitable for negative electrodes of LIBs
do range from pyrolysis to spraying, from sputtering to hydrothermal
reactions, from ball milling to CVD [89]. However, few works report
the use of PECVD as a synthesis method for such materials, and no
work dealing with PECVD-obtained ternary Si/C/graphite materials
was found [112][113]. PECVD can nevertheless be a convenient
technique for coating graphite micropowder when implemented in a
downstream tubular reactor, since it enables high process
throughput with limited consumption of process gas. Moreover, it is
a much more environmentally-benign technique compared to the
traditional ones, which generally require high process temperature
and harmful precursors (e.g. coal tar pitch) to coat graphite. In
contrast, PECVD of Si/C coatings onto graphite can be performed
with low-toxicity monomers such as organosilicons.
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The aim of the PECVD experiments reported in the present work
is therefore to apply a functional Si/C coating onto the graphite
substrate particles, in order to investigate the galvanometric as well
as the flowability properties of the processed material.
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3 Experimental methods

3.1 PECVD reactor
The process flow diagram of the downstream tubular reactor
(hereinafter referred to as DTR) for the processing of graphite
micropowder is shown in Figure 3.1, together with an image of an
Ar/organosilicon glow discharge. The used setup was thoroughly
described in previous publications [4][20][51][53]. The main components of the DTR are described in the following subparagraphs,
with reference to the numbered list reported in Figure 3.1.
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Figure 3.1. Process flow diagram of the DTR for PECVD processing of
micropowders installed at the Transport Process and Reaction Laboratory of ETH Zurich, adapted from [4].
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3.1.1 Gas-feed lines and powder supply
The flow rates of the process gases are set with gas flow controllers (Bronkhorst for the carrier gas, MKS for both the gaseous
monomer and the additional gas, respectively) supplied by gas
bottles at a pressure of 3 bar. The flow rate of the liquid monomer,
which is stored in a stainless steel vessel (10) under inert atmosphere (carrier gas), is set with a liquid flow controller (Cori-Flow,
Bronkhorst) and then evaporated and mixed with the carrier gas
with a controlled evaporator mixer (CEM, Bronkhorst) (11). The
mixture of carrier gas and monomer is then mixed with the additional
gas, if present, and fed into the top of the tubular reactor through a
metal sintered plate (Pfeiffer Vacuum) (16), which permits a uniform
distribution of the gas on the reactor cross section. The pipes
between the outlet of the flow controllers and the sinter plate are
kept warm at 70°C to prevent the monomer condensation [4].
The native powder substrate is stored in a 20 l stainless-steel
container (24) and conveyed into the glass tube (1) below the
sintered plate with a twin-screw feeder (K-MV-KT20, Gearbox type
B, K-Tron) (6) at flow rates 0.3 to 27 l/h, depending on the screw
rotational speed. The native powder is then mixed with the gas feed
in a stainless-steel converging-diverging nozzle (cross-section waist
5.5 mm, converging-part angle 14.66°, diverging-part angle 12°) (7)
and passes through the plasma zone of the glass tube at the same
speed as the gas [4].

3.1.2 Glass tube and plasma driving
The glow-discharge plasma is ignited in a 1500 mm long glass
tube (borosilicate glass 3.3, DURAN®, Schott) with an inner diameter of 40 mm and a wall thickness of 5 mm (1), shown in Figure 3.2.
The gap between glass tube and external tube (2) is filled with
deionized water to keep the reactor temperature constant at 20 °C
by means of a chiller (Julabo) (25). Such an expedient reduces the
risk for melting or chemical degradation of the particles adhered to
the tube inner walls and facilitates the detachment of these from
them. The discharge was driven by an inductively-coupled plasma
source operating at a radio frequency (RF) of 13.56 MHz supplied
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by a power generator (Cesar, Dressler) capable of a maximum
power signal of 1200 W (3). The generator was connected through
an impedance matching network (VarioMatch™ 1500, Advanced
Energy) (4) to the water-cooled insulation-cladded copper coil on
the external glass tube (5). The coil has 3.5 turns with one end
grounded and the other one connected to the RF signal. The external glass tube (borosilicate glass 3.3, Büchi) is a plane joint 1480
mm long tube with an inner diameter of 60 mm and a wall thickness
of 5 mm (2) [4][20].
Figure 3.2. Glass tube of the DTR,
adapted from [4].
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3.1.3 Gas-particle separation and powder collection
After the plasma processing in the glass tube, most powder particles are pushed down into the downcomer (9), a stainless-steel
tube with an inner diameter of 40 mm, and are collected in the
downcomer collection vessel (17a). A minor fraction of particles
enters the cyclone (8), where it is separated from the exhaust gas
stream and is collected in the cyclone collection vessel. The cyclone
gas-particle separation is based on the theory of Barth and Muschelknautz [108] and takes place as follows: once the gas-particle
stream enters the cyclone, it is dragged downwards into a vortex
along the cyclone inner walls, which is inverted in the conical section
of the cyclone. The particles then fall through the conical section into
the cyclone collection vessel (17b), whereas the exhaust gas is
sucked away through the dip pipe on the top of the cyclone [4].
Only the smallest-particle fraction leaves the cyclone with the
exhaust gas stream and enters the subsequent stage of the separation unit, the filter chamber. This consists of two in-series compartments (13 and 14) separated by a polyester filter membrane of
385 mm in diameter (TFV 478/170-A, Tecnofil) (18), on which the
particles are almost completely retained (efficiency grade of 99.94 %
for particles between 0.2 and 2 µm.). A rotating brush (19) is installed on the membrane to prevent the particle accumulation and
the consequent pressure drop across it during prolonged processing. The removed particles are collected downwards in the
filter-chamber collection vessel (17c). An additional filter (15) with
low pressure drop (F 630, Oerlikon Leybold Vacuum) is installed in
front of the system-pressure control valve (V15) to protect the
vacuum pumps in case of membrane damage [4].
All piping between the cyclone and the pump-protection filter has
a nominal diameter of 63 mm; the detailed designs of the cyclone
and the filter chamber are reported in previous publications [4].
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3.1.4 Pressure control and vacuum system
The system pressure is set with valve V15, a butterfly control
valve (series 61, VAT Vacuum Valves) installed after the pump
protection filter, which is connected to the pressure sensor (P2)
located at the lower end of the glass tube. An additional manual
butterfly valve between the control valve and the vacuum system
permits the complete isolation of the pumps from the filter chamber
(VBH100-X, Inficon) (V16) [4].
The evacuation of the reactor is obtained thanks to a water-cooled vacuum system consisting of a two-stage rotary vane
pump (TRIVAC D 65 BCS PTFE, Oerlikon Leybold Vacuum) (12a)
and a roots pump (RUVAC WS 1001 PTFE, Oerlikon Leybold
Vacuum) (12b). All piping between the pump-protection filter and the
roots pump has a nominal diameter of 100 mm [4].
Three bypass lines (nominal diameter 16 mm) are also installed
in the setup in order to avoid large pressure gradients between the
diverse reactor sections during the pump down and the venting.
Such pressure gradients have to be avoided, as they can cause an
unwanted powder motions in the reactor. All bypass lines and their
manual valves are drawn in Figure 3.1. The first bypass line (20)
connects the filter chamber to the gap between the sinter plate and
the nozzle, in order to prevent pressure drops across the cyclone,
the glass tube, and the nozzle. The second bypass line (21) connects the gap between the sinter plate and the nozzle to the powder
storage container, in order to level out pressure differences across
the powder bed and the twin-screw feeder. The third bypass line
(22) connects the pumps directly to the powder storage container
through a small protection filter (AS 30-60, Oerlikon Leybold Vacuum) (23), in order to permit a slow pump down of the reactor from
the top and therefore prevent an unwanted downward motion of the
powder through the twin-screw feeder [4].

3.2 Materials and reagents
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3.2 Materials and reagents
3.2.1 Powder substrates
Two types of synthetic graphite micropowders (TIMREX®,
Imerys Graphite and Carbon SA) were used as powder substrates
for the PECVD experiments: KS5-25 graphite and G-EP310 graphite. Their chemical and physical properties are similar, however they
differ in particle shape, since the former is a flaky graphite with
irregular particles, whereas the latter features round-shaped particles [115]. The properties of the two graphite micropowders are
summarized in Appendix.

3.2.2 Plasma process gases
For all PECVD experiments in the DTR, Ar (PanGas, purity
>99.999%) was used as a carrier gas.
The organosilicon monomers utilized to feed the DTR are:
hexamethyldisiloxane (HMDSO, Sigma-Aldrich, purity >98%),
trimethylsilane (TES, Sigma-Aldrich, purity 99%), hexamethyldisilane (HMDS, Sigma-Aldrich, purity >98%), which are common
and relatively-cheap monomers for PECVD deposition of
Si-containing coatings. In the experiments for flowability improvement, acetylene (C2H2) was also used as a comparative Si-free
monomer. In some experiments for galvanometric improvement,
more expensive methylsilane (MS, PanGas, purity >99.9%) was
used as a monomer with higher Si content. The monomer properties
are summarized in Table 3.1.

Table 3.1. Plasma monomers for graphite processing in the DTR.
Name
Hexamethyldisiloxane

Abbreviation
HMDSO

Structural
formula

Molar mass,
atomic wt.%s
162.38 g/mol
[C]=44%, [H]=11%,
[O]=10%, [Si]=35%
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Triethylsilane

TMS

116.28 g/mol
[C]=62%, [H]=14%,
[Si]=24%

Hexamethyldisilane

HMDS

146.38 g/mol
[C]=49%, [H]=13%,
[Si]=38%

Methylsilane

MS

[C]=26%, [H]=13%,
[Si]=61%

Acetylene

C2H2

26.04 g/mol,
[C]=92%, [H]=8%

3.3 Experimental procedure
Once the powder substrate, the process gas and the monomer
are selected, the DTR can be operated. The powder storage container must always be filled with at least 5 l of powder, so that the
twin-screw feeder is entirely in the powder bed [4]. Operating the
DTR in Figure 3.1 to perform a single experiment of plasma processing of powder requires the following stages:
1. Pump-down stage. All valves except V15, V10, and V9 must
be closed. The rotary pump must be activated and valve
V12 must be opened slowly to enable a slow pump down of
the reactor through the third bypass line without unwanted
powder motion. As soon as the pressure read by sensor P2
reaches 200 Pa, valve V16 must be opened and the roots
pump must be activated, while closing valves V12 and V10.
The pump down must continue until a base pressure of
10 Pa is reached [4].
2. Powder-processing stage. The flow rates of the process
gases and the monomer must be set with the respective
flow controllers, then the system pressure must be set with
the control valve (V15). After the setting of the power level
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and the discharge ignition with the generator, the matchbox
must be tuned to minimize the reflected power. Once a
stable discharge is established, the powder must be fed into
the reactor at the wanted rate by setting the rotational speed
of the twin-screw feeder. At the end of the wanted processing time, the powder feeder and the discharge must be
stopped consecutively, then valve V15 must be opened
completely and all flow rates must be set to zero. Subsequently, valve V16 must be closed and the vacuum pumps
must be deactivated consecutively [4][20].
3. Venting stage. The bypass valve (V10) must be opened to
prevent pressure gradients between the glass tube and the
separation unit during the venting. Then, the aeration valve
(V13) must be opened slowly to repressurize the reactor up
to the atmospheric level, at a rate adjustable with a needle
valve (V14) [4].
4. End stage: powder collection and reactor cleaning. The
powder fractions from the collection vessels must be
weighted and then mixed together and stored in polyethylene bottles. Finally, the glass tube, the downcomer, the
cyclone, the filter chamber and the collection vessels must
be properly cleaned with pressurized air and brushes in
order to remove powder leftovers [4].
In order to repeatedly process the same powder amount in a
multiple (n-run) experiment, the in-process powder collected after
each run must be reloaded into the emptied storage container (after
sampling for analyses) and the experimental procedure must be
repeated n times.

3.3.1 Overview of setting of process parameters
For the experiments of PECVD onto graphite for flowability improvement, plasma discharges were ignited at power levels in the
range 100 to 1000 W in a 1:1 Ar/monomer flow-rate ratio, and
discharges ignited at 200 and 1000 W were repeated also with gas
mixtures in 19:1 to 3:7 flow-rate ratios. The monomer utilized were
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HMDSO, TES, HMDS and C2H2 (Subparagraph 3.2.2). With HMDS
monomer, discharges were ignited with gas mixtures in 19:1 to 3:7
flow-rate ratios also at 1200 W, the maximum power level of the RF
generator. But with C2H2 monomer, the maximum stable power level
observed was 900 W in a 1:1 Ar/monomer flow-rate ratio, above
which a stable discharge with powder flux in the tube was impossible to keep independently of the matching setting. This is likely to be
due to an unstable hysteresis transition between plasma E-mode
and H-mode (Subparagraph 2.1.2), although the plasma obscuration due to the graphite-powder flux in the tube impedes a proper
visual identification thereof. Therefore, discharges ignited with C2H2
at 800 W (instead of 1000 W) were repeated with gas mixtures only
with gas mixtures in 7:3 to 3:7 Ar/monomer flow-rate ratios. The
powder-flux duration was 4 minutes at a speed of the powder-feeder
screw of 200 rpm (corresponding to a powder feed rate of ca. 1.6
Kg/h), in order to ideally obtain ca. 100 g of processed powder per
experiment. However, the set powder feed rate just gives a rough
estimate of the amount of collectable processed powder, since a
variable fraction thereof adheres onto the inner wall of the plasma
tube during plasma operation. In order to keep the average powder
residence time (and therefore the powder processing time) ideally
constant for every experiment, the total flow rate and the system
pressure were both kept fixed at 500 sccm and 150 Pa, respectively.
In fact, assuming an acceleration of the powder particles to the
mean gas velocity (vg) at the plasma-tube inlet and a total plasma
length (L) approximately equal to the reactor length, the average
particle residence time (τp) can be roughly estimated as:

τp =

L LApatm
=
vg
F

(3.1.1)

where F is the total gas flow rate (in sccm), A is the area of the
reactor section and patm is the system pressure (in atmosphere)
[4][5]. For the DTR utilized in the present work, the average powder
residence time was then on the order of 0.1 s (ca. 0.34 s). In view of
this, it would in principle be possible to increase the powder residence time by increasing the system pressure and/or reducing the
total gas flow rate. But in practice, there are limits to the variation of
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these parameters. In fact, too high a system pressure would considerably shrink the length of the discharge and make it essentially a
dusty plasma, therefore reducing the plasma deposition rate on
powder substrate in both cases [5]. On the other hand, too low a
total flow rate would easily cause powder clog in the powder-feed
equipment, so that 500 sccm is already considerable a minimized
total gas flow rate. A better approach to this problem, in addition to
the modification of the plasma-tube geometry, is the multiple repetition of the processing by manually reloading the powder-storage
unit with in-process powder, as already mentioned in Subparagraph
2.1.4. This approach was pursued in some experiments for galvanometric improvement in order to deposit a continuous coating onto
the graphite substrate. For the experiments for galvanometric
improvement, specific process conditions, among the ones for
flowability improvement, were selected in order to maximize the
coating amount, summarized in Appendix. The monomers utilized
were HMDSO, TES, HMDS and MS (Subparagraph 3.2.2).
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4.1 Surface characterization
4.1.1 Scanning electron microscopy
The surface of graphite particles was imaged using a scanning
electron microscope (Zeiss Leo 1530 SEM), installed at the Scientific Center for Optical and Electron Microscopy of ETH Zurich, in
order to reveal the presence of a coating on the surface of the
PECVD-processed graphite. The instrument is equipped with a stub
specimen holder, where graphite was fixed by means of conductive
stickers. A focused electron beam is then rastered over the specimen under high vacuum and the emitted secondary electrons are
collected by detectors. From the detected signal it is possible to
display a map of the surface relative brightness, and therefore an
image of the scanned surface [4][20]. The microscopy conditions
were 10.0 kV electron-acceleration voltage, 30 µm aperture size,
in-lens image mode, and 100 kx magnification.
The particle surface of graphite samples taken during the multiple experiment was imaged with a focused ion-beam scanning
electron microscope (Zeiss NVision 40 FIB-SEM) installed at the
same aforementioned center. Compared to the simpler SEM, the
FIB-SEM permits to observe the cross-section of a powder particle
and therefore to ascertain the presence of an overlaying thick
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continuous coating. A focused beam of Ga+ ions was operated at 30
KV and 80 pA under high vacuum in order to obtain milled
cross-sections of the powder particles, which were fixed on the stub
specimen holder by means of conductive stickers. The milled particles were subsequently imaged with SEM (tilt angle = 54°) at 5.0 kV
electron-acceleration voltage, 60 mm aperture size, SE2 image
mode, and 5.0 mm working distance.

4.1.2 Assessment of specific surface area
As mentioned in Chapter 2, the specific surface area (SSA) is an
important property of graphite utilized as electrochemically active
materials for LIB negative electrodes, since it influences the irreversible capacity loss thereof [95]. Therefore, the SSA of graphite
was determined with a BET-SSA analyzer (Tristar 3000, Micromeritics) installed at the Imerys Graphite & Carbon plant in
Bodio. The instrument registers the absorption isotherm of liquid N2
on the powder sample in a relative-pressure (p/p0) range 0.04 to
0.26 at 77° K, then the N2 monolayer capacity is determined according to the procedure proposed by Brunauer, Emmet and Teller
(BET) [116]. Known the cross-sectional area of the nitrogen molecule, the monolayer capacity and the weight of the sample, the
BET-SSA is then calculated.

4.1.3 Raman spectroscopy
Preliminary chemical and structural investigation of graphite
surface was performed with a Raman spectrometer (inVia Raman
microscope, Renishaw) installed at the Particle Technology Laboratory of ETH Zurich. Raman spectroscopy is often used to identify
and characterize carbon-based materials, as the Raman spectra of
these materials exhibit typical features related to the carbon-orbital
hybridization [117]. Graphite was placed on aluminum-tape-covered
glass slide and focused with a 50x-objective microscope, then the
Raman spectra were acquired at an excitation Ar-ion laser wavelength of 514 nm (1800 l/mm grating), 2.5 mW power level and room
temperature. The experiment time was 10 seconds (9 scans averaged).
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4.1.4 X-ray photoelectron spectroscopy
Elemental composition and speciation of the graphite surface
were determined by means of an X-ray photoelectron spectrometer
(SIGMA Probe 2 XPS, Thermo Fisher) equipped with an ALPHA 110
hemispherical electron energy analyzer (110 mm mean radius). The
apparatus is installed at the Laboratory of Surface Science and
Technology of ETH Zurich. Graphite was placed and pressed with Al
paper into bowl-shaped aluminum sample holders (6 mm diameter)
without any sticker. The residual pressure in the spectrometer
chamber during the spectra acquisition was always below 10−7 Pa.
A non-monochromatic Al Kα X-ray source (1486.6 eV) operating at
200 W was used for the spectra acquisition. Specimen emission
angle and source-to-analyzer angles were respectively 0° and 50°,
lens mode was large-area XPS, dwell time and energy step size
were respectively 50 ms and 0.1 eV. The analyzer was operated in
the fixed analyzer transmission mode, with pass energy set at 50 eV
for the acquisition of the survey spectra (3 scans averaged) and at
20 eV for the acquisition of the high-resolution spectra (27 scans
averaged). The spectrometer was calibrated and checked for linearity of the binding-energy scale according to the procedure reported in literature [118]. The full-width-at-half-maximum height
(FWHM) of the Ag3d5/2 high-resolution signal acquired under the
same experimental conditions as above was 1.3 eV. Native graphite
was cleaned by Ar+ sputtering (beam mode: 1 KV, 1 µA; raster size
= 10 mm) at 1.2 x 10-7 Pa for 1500 seconds prior to analysis.
The acquired XPS spectra were referenced to the adventitious
carbon C1s signal at 285 eV (except those of native graphite) and
fitted by means of CasaXPS software with Gaussian–Lorentzian
(GL) line shape, after application of Shirley background-subtraction
routine, when the assumption of homogeneity of elemental concentrations within sampling depth and lateral resolution can be
considered valid [9]. All fitting parameters were constrained except
the peak intensity, and the binding energies of the signal components
were
assigned
according
to
literature
[119][120][121][122][123][124]. The quantitative analysis was performed for C1s, O1s and Si2p signal by considering the peak areas
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in the high-resolution spectra, which were corrected for the respective sensitivity factors (s) calculated as:

sij = σ ij (hν ) Lij (γ )λi , M ( KE ) cos(θ )T ( KE )

(4.1.1)

where σij(hν) is the Scofield photoionization cross section of orbital j
of element i, Lij(γ) is the asymmetry function, λi,M(KE) is the inelastic
mean free path of the photoelectrons in the specimen matrix M, θ is
the photoelectron emission angle with respect to the surface normal
(0°) and T(KE) is the transmission function of the analyzer
[125][126][127][128]. Lij(γ), λi,M(KE) and T(KE) were calculated
respectively as follows:

1 3
Lij (γ ) = 1 + β ( sin 2 (γ ) − 1)
2 2

λi , M =

143
+ 0.054 KE
KE 2





2
a


T ( KE ) =
 2  KE  2 
a +
 
 PE  


(4.1.2)

(4.1.3)

b

(4.1.4)

where β is the asymmetry parameter, γ is the angle between X-ray
source and analyzer (50°), KE is the electron kinetic energy, PE is
the pass energy, a and b are calibration fitting parameters (equal to
7.6248 and 0.4719, respectively) [125][126][127][128]. The XPS
sampling depth (d ~ 10 nm) is defined as the depth from which 95%
of the emitted photoelectrons originate, and is estimated as [127]:

d = 3λi , M ( KE ) cos(θ )

(4.1.5)
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The relative sensitivity factors calculated for C1s signal, O1s signal
and Si2p3/2 signal were respectively 1.00, 3.23 and 0.54. The
maximum uncertainty of the measured binding energies equals 0.2
eV [9]. The maximum errors of the sets of atomic percentages of a
repeated quantitative analysis (3 repetitions) were chosen as uncertainties of the average values of the atomic percentages. The
errors were subsequently propagated to calculate the uncertainties
of the atomic-percentage ratios (C/O, Si/C and Si/O). The
high-resolution spectrum of Auger signal C KVV was also acquired
and differentiated with a 23-points Savitzky-Golay routine by means
of CasaXPS software [129].

4.2 Bulk characterization
4.2.1 Diffractometric sizing of powder particles
The powder-particle size distribution (PSD) was measured by
laser diffraction in order to verify that no powder-fraction loss occurs
in the DTR during the process. The PDS measurement apparatus is
installed at the Transport Process and Reaction Laboratory of ETH
Zurich. The powder sample was placed on a vibrating chute and
air-stream fed into the dispersing unit (RODOS, Sympatec), then
the dispersed particles passed through a HeNe-laser beam
(wavelength = 632.8 nm), giving rise to a diffraction pattern. This is
recorded by a diffractometric sensor (HELOS, Sympatec) and
elaborated by applying the Fraunhofer diffraction theory, in order to
calculate the equivalent spherical diameter distribution [4].
The measurement range covers particle diameters 0.1 to
875.0 µm. The calculated mean particle diameter d50 corresponds to
the median value with respect to the volume distribution, i.e. it is the
particle size where the cumulative volume or mass distribution q3
reaches 50 %. The particle sizes where q3 equals 10 % and 90 % are
labelled with d10 and d90, respectively. All these values are utilized to
calculate a normalized distribution width (span), which is represented by the quantity S in Equation 4.2.1 [4].
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S=

d 90 − d10
d 50

(4.2.1)

Each measurement was repeated at least 3 times and the
maximum errors of the set of repetitions were taken as uncertainties
of the average particle sizes. The errors were then propagated to
calculate the uncertainty of S.

4.2.2 Spark-discharge optical emission spectrometry
Estimate of Si weight percentage (wt.%) of graphite processed
with organosilicon plasma was determined by means of a
spark-discharge optical emission spectrometer (SDAR-OES),
installed at Imerys Graphite & Carbon plant in Switzerland. The
powder sample was compacted into a pressed pellet with a Herzog
press and then placed onto the excitation stand of an ARL spectrometer, which was previously calibrated with an internal standard.
Subsequently, a fully automatic analysis implemented by the software of the spectrometer manufacturer was performed under Ar
atmosphere and repeated until a repeatable analysis result was
obtained, by rotating the sample pellet each time. The instrument
sensitivity (0.01 %) was taken as uncertainty of measurement.

4.2.3 Assessment of powder flowability
As aforementioned, the powder flowability is one of the most
important mechanical properties of industrial micropowders, dependent on different particle properties (material density, PSD,
particle shape, surface roughness, surface free energy, temperature, consolidation, moisture content, etc.). Thence, a theoretical
particle-property-based prediction of the flowability of graphite is
nearly impossible and a proper measurement thereof is required [4].
The flowability measurement is based on the so-called uniaxial
compression test, illustrated in Figure 4.1. The powder sample is
first confined with sidewalls and compressed by the consolidation
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stress σ1, then σ1 ceases and the sidewalls are removed. Finally, an
increasing stress is applied until the powder breaks apart and flows
at a critical pressure σc (unconfined yield strength) [4][56].

Figure 4.1: Uniaxial compression test, adapted from [56].

σc increases with increasing consolidation stress. The relation
between σ1 and σc is defined as the flow function and its slope is
named flow function coefficient ffc (Equation 4.2.2) [130].

ff c =

σ1
σc

(4.2.2)

Powders can be classified according to ffc (Figure 4.2) as
non-flowing (ffc < 1), very cohesive (1 < ffc < 2), cohesive (2 < ffc < 4),
easy- flowing (4 < ffc < 10) and free-flowing (ffc>10) [130]. However,
only if the flow function is linear the powder flow behavior can be
described by the flow function coefficient only. On the contrary, if the
flow-function trend varies with the consolidation stress (dashed line
in Figure 4.2), the whole flow function should rigorously be used for
a thorough description of the powder flowability [4].
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Figure 4.2: Linear flow functions, an arbitrary flow function and the
classification of the flow behavior, adapted from [56].

Among all available measurement methods, the measurement
with a ring shear tester (RST), procedure described by Schulze
[131], is the most promising approach to determine the powder
flowability. In a RST, the powder sample is filled into an annular
shaped bottom ring and covered with an annular lid, then a vertical
normal force is applied on the lid to consolidate the powder sample.
In contrast to the simple uniaxial compression test, the sample is
sheared by rotating the bottom ring. The torque at the lid is measured until the critical shear stress is reached, where the transition
from elastic to plastic deformation occurs. The sample is
pre-sheared before each measurement to reach a uniform consolidation of the powder, and this procedure is repeated for several
consolidation stresses to obtain multiple shear points. All shear
points lie on the so-called yield-locus line, which is utilized, together
with the pre-shear point at the steady flow, to determine the parameters σ1 and σc and thus ffc [4]. A more detailed description of
such a procedure is reported in literature [56].
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The used RST (RST-XS, Schulze Schüttguttechnik) is equipped
with a 30 ml shear cell that was filled with the powder to analyze. A
pre-shear stress of 5000 Pa and subsequent shear stresses of
1000, 2500, and 4000 Pa were applied to the shear cell to calculate
the ffc of the powder (hereinafter referred to simply as flowability
factor ff). Each measurement was repeated at least 3 times and the
maximum errors of the set of repetitions were taken as uncertainties
of the average flowability measurements [20]. All data analysis was
performed with OriginPro software.

4.3 Galvanometric characterization
4.3.1 Preparation and cycling of testing electrode
Negative electrodes were prepared with PECVD-processed
graphite and galvanometrically tested at the Laboratory for Nanoelectronics of ETH Zurich according to the following procedure.
First, electrode slurries consisting of 92 wt.% graphite and 8 wt.%
Kynar HSV900 polyvinylidene fluoride (PVDF) binder (5wt.%
HSV900 premixed in N-Methyl-2-pyrrolidone (NMP)) were mixed
with additional viscosity-adapting NMP for 10 minutes with a
high-shear mixer and air-bubble deprived with 1 hour rolling-bar.
The slurries were then casted with a 150-µm-gap doctor blade on a
copper foil (as current collector) and dried at 80°C under constant
N2 flow for 2 hours.
In order to verify that no artifacts arise from the slurry additives,
the following alternative preparation step of the slurry was also
implemented. Slurries consisting of 96.5 wt.% graphite and 1 wt.%
carboxymethyl cellulose (CMC) predissolved in water were mixed
with additional viscosity-adapting water in a Thinky planetary mixer
at 2000 rpm for 2 minutes and air-bubble deprived. After latex binder
was added (2.5wt.%) and manually mixed with a spatula, the slurries were casted with a 150-µm-gap doctor blade on a Cu foil (as
current collector) and dried at 80°C under constant N2 flow for 2
hours.
Subsequently, coin-type half-cells were assembled under Ar
atmosphere with LiPF6-electrolyte solution (1M in 1:1 wt. EC:DMC)
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and then cycled between 0.01 V and 1.50 V at constant currents by
means of a potentiostat (Astrol, Switzerland) at ambient temperature.
A comparative testing electrode was also prepared with slurry
consisting of 69 wt.% native KS5-25 graphite, 18 wt.% commercial
amorphous/polycrystalline 1–25 µm Si microparticles (Alpha Aesar),
5 wt.% carbon black and 8 wt.% PVDF binder.
The first-cycle lithiation (charge) and delithiation (discharge)
capacities of the testing electrode were obtained from the
charge/discharge curve (voltage versus specific capacity). The
percent irreversible capacity loss Cirr of the electrode was calculated
from the charge/discharge capacities as follows:

C − Cdelith
%
Cirr = lith
Clith

(4.3.1)

were Clith and Cdelith are the charge and discharge capacity, respectively [95].
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The present chapter reports the results of PECVD onto graphite
powders with a DTR in two paragraphs. The first paragraph deals
with the results of PECVD for graphite flowability improvement,
which are in turn subdivided into two groups, i.e. results obtained at
low and high energy delivered per mass of plasma monomer (energy input), respectively. The second paragraph deals with the
results of the galvanometric tests of PECVD-processed graphite
and also reports the results of the multiple-processing for continuous-coating deposition, which was intended for improving the
galvanometric properties of the processed powder.
Part of the results reported in the present chapter were already
published by the author in [20][78] and here reproduced with the
editors’ permission.

5.1 Coating deposition for flowability
improvement
5.1.1 Graphite-particle size distribution
The PSD of native KS5-25 graphite and PECVD-processed
graphite is shown in Figure 5.1 a) and b). The graphite processed
with HMDS monomer at various Ar/monomer flow-rate ratios and
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power levels is here shown as a representative series of all processed powder. No significant alteration of the PSD curve shape is
observed, which is confirmed by the trend of the normalized distribution width (span, Equation 4.2.1) reported in Figure 5.2 a) and b).
The same outcome was observed for the powder processed with all
other monomers. Since the powder flowability is also influenced by
the size of the powder particles (in general, the smaller the particles
the lower the flowability factor), an unchanging PDS permits to rule
out that any possible flowability variation of the PECVD processed
powder can be attributed to a powder-fraction loss in the DTR during
the process [4].

5.1 Coating deposition for flowability improvement

Figure 5.1. a), b) PSD of graphite processed at various Ar/HMDS
flow-rate ratios and power levels compared to the native powder.
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Figure 5.2. a), b) Span trend of graphite processed at various
Ar/HMDS flow-rate ratios and power levels compared to the
native powder.
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5.1.2 Flowability trend at low plasma energy input
The trend of flowability factor with respect to plasma power in
the lower RF power range (100 – 500 W) at 1:1 Ar/monomer
flow-rate ratio (i.e. at low plasma energy input) is plotted in Figure
5.3. The flowability factor of the native KS5-25 graphite is 3.4 ± 0.1,
corresponding to cohesive flow behavior. The flowability factor of
the graphite processed in a 1:1 Ar/monomer flow-rate ratio at 100 to
500 W ranges from 3.7 ± 0.1 to 5.6 ± 0.1 for the HMDSO monomer,
3.8 ± 0.1 to 6.3 ± 0.4 for the TES monomer, 3.9 ± 0.2 to 5.0 ± 0.0 for
the HMDS monomer and 4.3 ± 0.1 to 7.5 ± 0.2 for the C2H2 monomer, respectively. This improvement of flowability of graphite
powder to the easy flowing regime is in agreement with previous
results on other powders: the higher the plasma energy input, the
more and larger the deposited nanoparticles and consequently the
greater the reduction in interparticle attractive forces and the related
flowabilty improvement [4][53][72][74]. Graphite treated in Ar with no
monomer at 100 W shows no improvement with respect to the
native powder (flowability factor 3.5 ± 0.0), keeping the flowability
factor constant up to 1000 W. Also the mixing of native graphite with
plasma nanoparticle dust (obtained by operating the DTR with 1:1
Ar/HMDSO ratio at 1000 W without powder flux) does not change
the flowability factor of the native powder. These observation clearly
indicate that neither the plasma processing with sole Ar nor the
nanoparticle admixture alter the powder surface and the powder
interparticle attraction, therefore the flowability improvement is
really due to coating deposition on the graphite surface. The photos
of the native cohesive graphite and the easy-flowing processed
graphite are shown for a visual comparison in Figure 5.4.
If a correlation exists between flowability factor and plasma
deposition rate, being the latter the predominant variable on which
the flowability increase depends (Subparagraph 2.2.2), then the
flowability-factor (ff) increment is a function of the plasma mass
deposition rate R (mass deposited per unit area and time), which is
in turn a function of the plasma process parameter:

ff − ff0 = f ( R (W , F , p, G ))

(5.1.1)
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where ff0 is the flowability factor of the unprocessed powder, W is
the plasma power, F is the monomer molar flow rate into the plasma,
p is the plasma pressure, and G is a factor that accounts for reactor
geometry and monomer conversion into deposit products [10, 11]. In
case of powders, the deposition rate R or deposition yield R/F is
non-trivial to measure, where is complicated to optical or electron
microscopy to quantify the thickness of a deposit on a non-planar
and irregularly shaped surface. In the present work it is then investigated whether it is possible to also relate flowability to plasma
composite parameter W/F in the framework of the macroscopic
kinetic model for PECVD (Equation 2.1.6 in Subparagraph 2.1.3). It
is thus assumed that the flowability function f of the previous equation is linear with respect to the deposition rate R and postulated
that:

E 

ff − ff 0 = CR = CGF exp  − a 
 W /F

(5.1.2)

where C is an empirical constant. If experimentally validated,
Equation (5.1.2) would provide a method to correlate the easily-accessible flowability measurement and the plasma process
parameters set by the experimenter, bypassing the measurement of
deposition rate R, which is complicated in case of a fast deposition
of a non-continuous coating.
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Native (KS5-25)
Ar (blank)
Ar / HMDSO
Ar / TES
Ar / HMDS
Ar / C2H2
Native + admixed
plasma nanoparticles
(synthesized @ 1000 W)
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Flowability factor
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Figure 5.3. Flowability factor of graphite processed with different
plasma process gases compared to the native powder and the powder
with admixed plasma nanoparticles.
Figure 5.4. a) Photo of
cohesive graphite (native
powder, ff = 3.4 ± 0.1).
b) Photo of easy flowing
graphite (powder processed with Ar and C2H2
at 800 W, ff = 8.9 ± 0.2).
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Based on Equation (5.1.2), the data in Figure 5.3, together with
the data of flowability factor at 200 W in 3:1 to 3:7 Ar/monomer
flow-rate ratios, were replotted on a quasi-Arrhenius plot where the
parameter W/FM replaces the original parameter W/F, in order to
take into account the effect of the monomer molar masses M on the
mass deposition rates (Figure 5.5) [5]. The flowability increase for all
monomers shows a linear trend versus (W/FM)-1, which can be
considered an indication of the validity of model given by Equation
(5.1.2) in the explored range of plasma energy input. The range
extends from ca. 3 to 20 MJ/Kg for the organosilicon monomers and
20 to 100 MJ/Kg for C2H2, the latter being shifted upwards by the
lower molar mass of the monomer.

Ar / HMDSO
Ar / TES
Ar / HMDS
Ar / C2H2

14

Ln(∆ff / FM)

13
12
11
10
9
8
0

1x10-7

2x10-7

3x10-7

1/(W/FM) [(J/Kg)-1]
Figure 5.5. Data from Figure 5.3 (plus data of flowability factor at 200 W
in 3:1 to 3:7 Ar/monomer flow-rate ratios) shown on a quasi-Arrhenius
plot (ff = flowability factor).
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According to Hegemann et al., a linear trend relating the deposition product to the specific plasma power indicates radical-dominated kinetics, in which radical species, formed in the
plasma bulk due to plasma-polymerization processes, lead to stable
deposit products when they reach the substrate surface [16]. The
slope of the linear trend is the activation energy Ea of the plasma-polymerization processes and the value of Ea is correlated by
Hegemann to the dissociation energy of the chemical bonds of the
monomer, giving information about the process reaction mechanism
[132][133]. In fact, Ea is a specific monomer-related parameter,
which is not significantly influenced by the type of PECVD reactor
used, unlike the geometric parameter G [16]. As reported in Table
5.1, Ea was found to be 42.0 ± 3.2 MJ/Kg for C2H2 and 8.5 ± 0.3
MJ/Kg for HMDSO (corresponding respectively to 11.1 ± 0.5 and
14.0 ± 0.7 eV/molecule). Both these results are in good agreement
with the findings of Hegemann et al., who calculated activation
energies of 33.6 and 7.6 MJ/Kg (i.e. 9.0 ± 0.6 and 12.8 ± 0.7
eV/molecule) for pure C2H2 and HMDSO based on fits to Equation
2.1.6 [133][134]. The small discrepancies in the values of Ea reported by Hegemann and the ones obtained in this study can likely
be attributed to differences in reactor geometry and composition of
the feed gases (pure monomer versus Ar/monomer mixture)
[16][133]. For TES and HMDS, Ea was found to be 11.2 ± 0.6 MJ/Kg
and 5.7 ± 0.4 MJ/Kg, respectively.
Table 5.1. Best-fit parameters of the quasi-Arrhenius plots in Figure 5.5
(confidence levels 95%).
Plot
Ar / HMDSO
Ar / TES
Ar / HMDS
Ar / C2H2

-Slope (Ea) [MJ/Kg]
8.5 ± 0.3
11.2 ± 0.6
5.7 ± 0.4
42.0 ± 3.2

Intercept
11.8 ± 0.1
12.2 ± 0.1
11.3 ± 0.1
14.2 ± 0.1

Correlat. coeffic. (R2)
0.99
0.99
0.97
0.96

Hegemann used the measured activations energies to put
forward hypotheses about the polymerization mechanism for each
monomer. For example, scission of the C2H2 triple bond requires 8.4
eV/molecule, which matches the activation energy of 9 eV/molecule
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(i.e. 33.6 MJ/Kg) obtained for C2H2. He therefore assumed that the
main polymerization mechanism involved in the plasma deposition
proceeds via the scission of triple bonds within the plasma zone. For
HMDSO, Hegemann postulated that monomer fragmentation involves the detachment of methyl radicals (scission of Si–C bond,
which occurs at an energy of 3.7 eV/molecule) and silyl radicals
(scission of Si–O bond, which occurs at an energy of 4.7
eV/molecule). If the energy is high enough to prevent oligomerization, crosslinking via –CH2– can be also assumed (scission of C–H
bond, 4.5 eV/molecule). The dissociation of these three bonds thus
requires a total of 12.9 eV/molecule, which is in good agreement
with the Ea value obtained from the quasi-Arrhenius plot (12.8 ± 0.7
eV/molecule). This assumption is also supported by the fact that
HMDSO-plasma films deposited at an energy input close to Ea do
chemically resemble polydimethylsiloxane, but also show a higher
hardness (i.e. greater crosslinking) [134]. The higher Ea found for
HMDSO series (as well as for TES and HMDS series) compared to
C2H2 one would therefore be a mere consequence of a higher
bond-dissociation energy required for starting the plasma-polymerization process. Indeed, in the case of complex molecules for which several reaction pathways can be recognized, the
effective activation energy Ea results from the superposition of the
activation energies of each reaction pathway controlling the fragmentation of the monomer molecule in the gas phase [135].
Therefore, the reaction pathway proposed for C2H2, involving scission of the triple bond, could be accompanied by activation of the
triple bond by detachment of both hydrogen atoms (5.8
eV/molecule) [136].
However, as already stated in Subparagraph 2.1.3, some authors pointed out that the macroscopic kinetic description of plasma
polymerization is an intrinsically limited empirical approach without
measuring the microscopic parameters (particle fluxes, electron
energy distribution, density and temperature etc.) [10][23]. Moreover, the energy input W/F and the activation energy Ea cannot
actually be directly related to the monomer bond energy, since in
non-equilibrium plasmas the gas temperature remains close to
room temperature and the power input is mostly consumed by the
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electrons, whose only a fraction has energy enough to initiate the
dissociation of the monomer molecules [25]. However, at this point it
is important to highlight that debating the interpretation of the role of
the parameters in Equation (5.1.2) and the validity of the macroscopic approach to study the kinetics of the plasma reactions is
beyond the aim of the present work. The macroscopic kinetic approach based on a quasi-Arrhenius equation is here proposed as an
empirical way to correlate the flowability of a plasma-processed
powder with the plasma process parameters bypassing the measurement of the deposition rate. In fact, coating thickness and mass
are extremely complicated to measure on micropowders, while
flowability measurements are relatively easy to perform.

5.1.3 Flowability trend at high plasma energy input
The overall quasi-Arrhenius plot of flowability factor versus
(W/FM)-1, related to the entire range of RF power (100 – 1000 W for
HMDSO and TES, for 100 – 1200 W HMDS and 100 – 900 W for
C2H2) and Ar/monomer flow-rate ratio (19:1 to 3:7), is shown Figure
5.6.The individual curves corresponding to the 4 different monomers are separately plotted in Figure 5.7 a), b), c) and d) with SEM
images of the surface of the processed graphite. The overall trend of
the curves in Figure 5.6 appears similar for all organosilicon
monomers, as they belong to the same monomer class. The trend of
the C2H2 series is shifted leftwards due to the lower monomer molar
mass. The flowability factor now ranges from 3.7 ± 0.1 to 11.6 ± 0.1
for HMDSO, 3.8 ± 0.1 to 11.6 ± 0.2 for TES, 3.9 ± 0.2 to 12.7 ± 0.1
for HMDS and 4.3 ± 0.0 to 9.5 ± 0.2 for C2H2. SEM images in Figure
5.7 confirm that this effect is a consequence of the deposition of
non-continuous nanoparticle coatings on the powder surface. In
fact, at low energy-input levels (< 20 MJ/Kg for organosilicons, <
100 MJ/Kg for C2H2), the nanoparticle distribution is so sparse to be
non-visible with SEM (data point α for TES and data points α and β
for HMDSO, HMDS and C2H2), but even so it is capable of improving the powder flow behavior significantly. On the contrary, at
high energy-input levels the nanoparticles (on the order of 10 nm in
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size) are clearly visible with SEM (data point β, γ and δ for TES and
data points γ and δ for HMDSO, HMDS and C2H2) and enhance the
flowability factor of the processed graphite up to the free-flowing
regime (ff >10) for all organosilicon monomers, whereas for C2H2
the maximum stable power level (900 W) limits the enhancement
only up to the easy-flowing regime (4< ff <10) [20]. Since no flowability increment is detected for graphite treated with sole Ar (Subparagraph 5.1.2), it can be concluded that at low energy input the
plasma coating consists of an extremely sparse distribution of
nanoparticles, which cannot be visualized with SEM but is nevertheless capable of altering the powder flowability significantly.
Flowability measurements thus represent an easy and sensitive
metric to characterize the powder surface and can reveal variations
due to the deposition of a non-continuous coating even when the
coating is extremely sparse.

Figure 5.6. Overall quasi-Arrhenius plot of the flowabiliy factor (ff) of
graphite processed with different plasma feed gases.
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But in all 4 curves in Figure 5.7, a linear quasi-Arrhenius trend
based on Equation (5.1.2) is identified only below a limit energy
level, above which Equation (5.1.2) is apparently no longer valid to
fit the flowability trend. For all 4 monomers, the data points belonging in the linear trend correspond to power levels ranging from
100 W to 500 W in the 1:1 Ar/monomer flow-rate ratio, and
Ar/monomer ratios from 3:7 to 3:1 at 200 W. On the other side, the
data points out of those ranges show different non-overlapping
trends. The upper limits of the linear quasi-Arrhenius trends identified in the plots of Figure 5.7 are assumed to be the abscissas of the
data points β. At the limits, the flowability factor of the processed
graphite belongs to the easy-flowing regime (4< ff <10) for all 4
monomers [53].
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Figure 5.7. a), b), c), d) Curves plotted in Figure 5.6 with SEM images of the
modified surface.

According to Hegemann, at higher energy inputs the deposition
process can follow different plasma-reaction pathways, with different activation energies; moreover also additional effects, such
ion-induced deposition or ablation, can influence the coating growth,
causing significant deviations in the quasi-Arrhenius trend [16].
Furthermore, the ratio of the flow rate of any additional gas (either
carrier or reactive gas) to the monomer flow rate in the plasma gas
feed is usually a non-negligible parameter in the quasi-Arrhenius
relation, and requires a weighing factor that is nevertheless very
small for carrier gases like Ar [133][137][138]. Here, the limits of the
linear trends in Figure 5.7 can therefore be interpreted as transition
onsets to a new kinetic regime, having a different activation energy.
Such a second kinetic regime is also significantly more sensitive to
the Ar/monomer flow-rate ratio compared to the first kinetic regime,
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where the effect of the ratio is not even evident, as the same quasi-Arrhenius relation can fit data points corresponding to different
ratios rather well.
Effect of the argon/monomer flow-rate ratio
The effect of the Ar/monomer flow-rate ratio can be studied
better if the flowability factor is plotted with respect to it on a normal-scale plot, as shown in Figure 5.8. For all 4 monomers, the
factor is almost constant for the lowest power (200 W), increasing
significantly only at the highest Ar/monomer ratios, where it belongs
to the second kinetic regime; but for the highest power, the factor
shows a strong increase and then a dramatic drop, while always
belonging to the second kinetic regime at all ratios. The SEM photos
shown in Figure 5.8 point out that such a drop is a consequence of a
deposition-rate decrease occurring at the highest Ar/monomer
ratios, since the nanoparticle distribution at the flowability maxima
(data points δ) is denser than the distribution detectable at the
highest ratio (data points ζ). The flowability maxima at 22:3
Ar/monomer flow-rate ratio for HMDSO (ff = 11.6 ± 0.1), 4:1 for TES
(ff = 11.6 ± 0.2) and 3:1 for HMDS (ff = 12.7 ± 0.1) are also the
highest flowability values obtained in this work. For C2H2 the flowability maximum (ff = 9.5 ± 0.2) is at 3:1 Ar/monomer flow-rate ratio,
which is also the highest ratio at which the highest-power discharge
was stable. In order to take into account such a combined effect of
both Ar/monomer flow-rate ratio and power level in the second
regime, it is therefore proposed the following revised empirical
relation for that regime, where Equation (5.1.2) is no longer sufficient alone to fit the flowability trend:




Ea 2
Ea 2
ff − ff 0 = CG2 FM exp  −
= CG2 FM exp  −
x
  W / FM + k
 (W / FM ) * 
 
W / FM
 



 (5.1.3)




where x is the Ar/monomer mass flow-rate ratio and k is an empirical
weighing factor, whose value is significant only in the second kinetic
regime.
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Figure 5.8. a), b), c), d) Flowability factor of plasma-processed graphite
at different feed gas compositions with SEM images of the modified
surface.

Based on Equation (5.1.3), a non-linear surface regression
algorithm (Levenberg–Marquardt) is applied to the data points of the
second kinetic regime (i.e. the data points not belonging in the linear
trends in Figure 5.7), in order to estimate the new best-fit parameter
k (in addition to Ea2 and the pre-exponential factor CG2). Then, the
plots shown in Figure 5.7 were replaced with new plots with respect
to ((W/FM)*)-1, while keeping the data points of the first kinetic
regime unchanged. The new revised plots are shown in Figure 5.9
and the best-fit parameters thereof are reported in Table 5.2. For all
4 monomers, the proposed revised quasi-Arrhenius relation can
now fit the data points of the second regime rather well. The new
apparent activation energy (Ea2) is now about one order of magnitude higher than the energy (Ea) of the first kinetic regime (Table
5.2).
Equation (5.1.3) was shaped on a revised quasi-Arrhenius
relation suggested by Hegemann and Oehr to fit the deposition yield
of O2/HMDSO plasmas:


Ea
R
= G exp  −

F
 W / F + cFc / W 

(5.1.4)

where R is the plasma deposition rate, Ea is an activation energy, W
is the plasma power, F is the monomer molar flow rate, G is a factor
accounting for reactor geometry and monomer conversion grade,
Fc is the oxygen molar flow rate and c is a fitting parameter [139].
The addition of the term cFc/W in Equation (5.1.4) was motivated by
the observation that an increasing O2 flow rate acts like an enhanced power input per monomer flow rate, since O2 promotes the
monomer dissociation, but such an effect is weakened again by an
increase in power input [139]. The analogous additional term in
Equation (5.1.3) can therefore be interpreted as an indication that, in
the second kinetic regime, also an increasing Ar flow rate can
promote the monomer dissociation, since Ar can absorb large part
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of the energy input and contribute to the fragmentation reactions of
the monomer molecules. In this way, the deposition rate is dramatically augmented and, consequently, the flow behavior of the processed powder can be enhanced up to the free-flowing regime (ff
>10). But at high energy-input levels, an Ar excess causes a deposition-rate drop (confirmed by the SEM images in Figure 5.8) and
therefore a flowability-factor decrease, due to both insufficient
monomer supply and also likely ablation effects induced by the Ar
ions [5][133]. The effect of the Ar/monomer ratio is anyway significant only above a critical energy, which is the transition energy to
the second kinetic regime.
The second regime could thus correspond either to a different
scheme of plasma-reaction pathways occurring during the fragmentation of the monomer molecules, or to ion-induced processes
occurring at high energy-input levels [16]. However, it is important to
point out again that a macroscopic kinetic approach alone cannot
generally permit to clarify the complex scheme of the plasma-chemical reactions, for which the knowledge of the microscopic
parameters (electron energy distribution, electron temperature etc.)
is necessary [21][23]. Nevertheless, the macroscopic approach
based on Equation (5.1.2) and Equation (5.1.3) remains a convenient empirical method to control the deposition process and predict
the outcome, since the direct measurement of the plasma deposition rate of non-continuous coatings is not easily accessible on
micropowders.

5.1 Coating deposition for flowability improvement

95

Table 5.2. Best-fit parameters of the quasi-Arrhenius plots in Figure 5.9
(confidence levels 95%).
Plots

-Slope

Intercept

(Ea)
[MJ/Kg]
Argon / HMDSO
(1st regime)
R2 = 0.99

8.5 ± 0.3

Weighing

Regime

factor (k)

transition

[MJ/Kg]

2×102

[MJ/Kg]

11.8 ± 0.1
17 – 23

Argon / HMDSO
(2nd regime)
R2 = 0.98

89.0 ± 4.8

14.3 ± 0.1

Argon / TES
(1st regime)
R2 = 0.98

11.2 ± 0.6

12.2 ± 0.1

4.0 ± 1.0

18 – 32
Argon / TES
(2nd regime)
R2 = 0.98
Argon / HMDS
(1st regime)
R2 = 0.97

78.0 ± 3.9

14.4 ± 0.1

5.7 ± 0.4

11.3 ± 0.1

3.5 ± 0.9

23 – 26
Argon / HMDS
(2nd regime)
R2 = 0.99

72.3 ± 3.9

14.3 ± 0.1

Argon / C2H2
(1st regime)
R2 = 0.96

42.0 ± 3.2

14.2 ± 0.1

Argon / C2H2
(2st regime)
R2 = 0.94

351.2 ± 33.5

2.8 ± 1.0

102 – 147
15.6 ± 0.1

54.7 ± 36.4
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Figure 5.9. a), b), c), d) Revised quasi-Arrhenius plots of Figure 5.7.

5.2 Coating deposition for galvanometric
improvement
The SEM images reported in Paragraph 5.1 reveal that graphite
PECVD-processed in a DTR is coated by a distribution of nanoparticles, i.e. a non-continuous coating. While such a coating is effective in improving the powder flowability with a relatively-low
deposited mass, thanks to the surface roughening that it brings
about, nevertheless the Si wt.% of the resulting Si/C/graphite material (when organosilicon monomers are utilized) is expected to be
too low to produce a significant increase in specific capacity [140].
Indeed the Si wt.% reaches a maximum of only ca. 1% for HMDS
monomer, as reported in Table 5.3, despite a theoretical monomer
fragmentation degree (calculable from the exponential factor of the
quasi-Arrhenius relation) close to 1. Indeed, part of the fragmented
monomer either undergoes recombination or converts into coating
deposited onto the inner wall of the plasma tube and dust collected
by the filter membrane.
For this reason, PECVD was properly refined in order to pursue a
coating increase on the graphite surface and raise the Si wt.% of the
obtained material above 5%.
Table 5.3. Maxima of Si wt.% individuated for different plasma process
gases after conventional PECVD with DTR.
Process gas
Ar / HMDSO
Ar / TES
Ar / HMDS

Energy
input
[MJ/Kg]
83
89
85

Flowability
factor

Si wt.%

Fragmentation
degree

10.4 ± 0.1
11.5 ± 1.1
11.0 ± 0.6

0.7
0.5
1.0

0.90
0.88
0.93
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5.2.1 Coating increase by reduction of powder
flux
The first step towards a coating increase is the reduction of the
PECVD-processed powder flux, which is expected to increase the
coating mass deposited on surface unit by reducing the amount of
powder resident in the DTR, i.e. the extent of the surface to be
coated. The speed of the powder feeder was then reduced from 200
rpm (corresponding to a powder feed rate of ca. 1.6 Kg/h) down to
50 rpm (ca. 0.2 Kg/h), the lower limit of the powder feeder.
The trend of Si wt.% and flowability factor of graphite processed
with HMDS monomer at 2 different plasma energy inputs (both in
the second kinetic regime) with decreasing powder feed rate is
shown in Figure 5.10 a) and b) respectively, together with SEM
images of the coated surface. The Si wt.% increases from 0.4 to 1.9
at 26 MJ/Kg, and from 1.0 to 3.4 at 85 MJ/Kg, as a consequence of
the increase in deposited coating mass, therefore confirming the
expectation. This is further confirmed by the SEM images, from
which it can be seen a densification of the nanoparticle distribution,
constituting the non-continuous coating, with decreasing powder
feed rate. In contrast, the flowability factor in Figure 5.10 b) increases considerably with decreasing powder feed rate only at 26
MJ/Kg, when it is not already in the free-flowing regime (ff > 10),
rising from 6.8 ± 0.3 to 10.5 ± 0.5. At 85 MJ/Kg the flowability factor
experiences a moderate increase only, ranging from 11.0 ± 0.6 to
12.3 ± 0.6. This is not surprising, since graphite processed at 85
MJ/Kg is already free-flowing at the highest powder feed rate (ff =
11.0 ± 0.6), and no further flowability-factor increase is possible
above a certain limit (the saturation limit is ca. 13 for graphite in the
present work). The reduction of powder feed rate is therefore effective in intensifying the PECVD onto powder in a DTR. However, with
too low a screw speed (< 150 rpm), the feed equipment is also more
prone to undergo powder clog.
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Figure 5.10. a) Si wt.% and b) flowability factor of graphite processed
with Ar and HMDS at 2 different plasma energy inputs with decreasing
powder feed rate, with SEM images of the modified surface.

5.2.2 Coating increase by multiple processing
The second step towards a coating increase is to perform a
multiple processing, i.e. repeatedly processing the same powder
batch n times by manually reloading the powder-storage unit with
in-process powder. A multiple-processing (n-run) experiment was
therefore performed under the same process conditions of data
point ν in Figure 5.10, i.e. energy input of 85 MJ/Kg and screw
speed of 100 rpm (ca. 0.6 Kg/h), the latter being kept above the
lower limit of the powder feeder (50 rpm, i.e. ca. 0.2 Kg/h for KS5-25
graphite) to diminish the risk of powder clog after prolonged processing. Overall, 6 process runs were performed on the same
powder batch for 60 min, in order to collect in-process powder
enough to fill up the powder-storage unit to an acceptable extent.
The FIB-SEM images of the milled cross-sections of the particles
of native and coated graphite are shown in Figure 5.11. The first
process run resulted in the deposition of a non-continuous coating,
which was already observed in Figure 5.10 (data point ν). The
subsequent runs bring about a progressive coalescence growth of
the plasma-deposited nanoparticles, until a rough continuous
coating, on the order of 100 nm in thickness, is formed on the
substrate surface (run 6). The roughness of the observed coating is
supported by the flowability assessment of the processed graphite,
reported in Table 5.4. In fact, the flowability factor of the powder
increases already after the first run from the native 3.4 ± 0.1 to
above 11, but the progressive formation of a continuous coating
(runs 2 to 6) does not invert the increasing trend of the flowability
factor, which reaches a plateau of ca. 13 (run 5). Therefore, the
roughness of such a continuous coating is undiminished compared
to the one of the initial nanoparticle-coated surface (run 1), as it
would have occurred if a smoother continuous coating had instead
been formed [4]. The trend of Si wt.%, reported also in the same
table, increases from 1.8 % (run 1) to a maximum of 7.9 % (run 6).
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Figure 5.11.
FIB-SEM images
of native and multiple-PECVD- processed graphite
labelled with the
respective process-run numbers.
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Table 5.4. Si wt.% and flowability factor of native and multiple-PECVD-processed graphite.

Process run

Si wt.%

Flowability f.

0 (native KS5-25 graph.)

-

3.4 ± 0.1

1

1.8

11.4 ± 0.3

2

2.9

11.6 ± 1.4

3

4.5

12.7 ± 0.3

4

5.4

12.8 ± 0.2

5

6.4

13.1 ± 0.1

6

7.9

13.1 ± 0.1

The Raman spectra of native and processed graphite are shown
in Figure 5.12. The native graphite powder exhibits a spectrum
having the following features: the weakest peak labelled D at about
1360 cm-1 (A1g mode of the breathing vibration of the six-fold rings in
disordered sp2-carbon phases), a more intense and broader peak
labelled 2D at ca. 2720 cm-1 (second harmonic of D) and the most
intense and sharp peak labelled G at ca. 1580 cm-1 (E2g mode of the
in-plane bond-stretching vibration of sp2-carbon atoms in monocrystalline graphite) [141][142][143]. Such features are preserved in
the spectra of the graphite processed in runs 1 to 3, but they
gradually disappear in the subsequent spectra until a complete
featureless spectrum is obtained (run 6). The gradual disappearance of the graphitic-carbon features in the Raman spectra reveals
an increasing structural disorder on the surface of the processed
graphite, which clearly arises from the progressive formation of the
coating observed in the FIB-SEM images of the graphite surface
[141][144]. The Raman analysis therefore supports the FIB-SEM
inference that a continuous coating is formed on the graphite surface after 6 process runs. However, by comparing the Raman
spectra of processed graphite to that of standard crystalline Si
(Sigma-Aldrich, also shown in the figure), featuring a main sharp
band at ca. 515 cm-1 between two smaller ones at ca. 300 and 970
cm-1, no evident silicon signal is recognizable in these spectra, as
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well as no new carbon bands replacing the graphitic ones
[141][145][146]. Literature comparison thus suggests that such a
coating might resemble amorphous hydrogenated silicon carbide
(a-SixCy:H, with x ≈ y) [145][147][148]. In fact, the Raman spectra of
such plasma coatings feature 3 typical bands (listed hereinafter
according to their Raman efficiency), attributable to the C–C bonds
(in the range 1300 – 1600 cm-1), the Si–Si bonds (300 – 600 cm-1)
and the Si–C bonds (600 – 100 cm-1), respectively [145][147]. Si–Si
and C–C bands can be clearly detected respectively in Si-rich and
C-rich samples, while the Si–C band is more complicated to detect
[145][147]. Since in a-SixCy:H (x ≈ y) coatings the Si–C bonds are
predominant, the Raman spectrum of such coatings can therefore
only feature a noisy signal in the range corresponding to the Si–C
band [147][148].
Since the coating detected on graphite processed in run 6 is
continuous and ~100 nm thick, it can be considered a surface-uniform sample whose elemental concentrations are essentially homogenous within the XPS sampling depth, which is < 10 nm
for all XPS-investigated elements in the present work, and the
lateral resolution (> 100 nm) [9]. Therefore, the XPS quantitative
analysis of the element signals can be performed in this case
without ambiguity, since any interference of the graphitic substrate
can in principle be ruled out. The XPS analysis of the obtained
continuous coating (run-6 graphite) supports the aforesaid conclusion drawn from the Raman analysis. The survey spectrum (shown
in Figure 5.13) of native KS5-25 graphite features a photoelectron-emission signal from C at a binding energy (BE) of 284 eV
(C1s), plus a tiny signal from O at 532 eV (O1s), the latter being a
common contamination of graphitic surfaces, which could not be
removed completely even by prolonged Ar+ sputtering. Indeed,
another tiny signal attributable to a slight Ar contamination is observable at 245 eV [119][149]. Side signals due to the Auger effect
are at 1235 eV (C KVV) and 975 eV (O KLL) [119]. The survey
spectrum of the run-6 graphite features signals from Si too, at 102
eV (Si2p, beside Si1s at around 150 eV) [119]. The same set of
elemental signals was found also in the survey spectra of graphite
processed in the other runs. H is not mentioned as it is not XPS
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detectable, whereas the O presence is a common feature of plasma
coatings, arising from the O embedding into the plasma-deposited
material, which occurs during either the deposition process or the
subsequent coating air exposure [5][9][148]. The atomic-percentage
ratios of the coating, calculated from the high-resolution spectra of
the run-6 graphite in Figure 5.14, are reported in Table 5.5. In accord
with the interpretation of the Raman spectra, the Si/C atomic-percentage ratio is ca. 0.8, corresponding to a-Si0.45C0.55:H.
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Figure 5.12. Raman spectra of native and multiple-PECVD-processed
graphite labelled with the respective process-run numbers and highlighting the detected Raman signals. The graph also shows the spectrum of standard crystalline Si.
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Figure 5.13. XPS survey spectra of native graphite and
multiple-PECVD-processed continuously-coated (run 6)
graphite with labelled signals.
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Figure 5.14. XPS high-resolution spectra of native graphite and multiple-PECVD-processed continuously-coated (run 6) graphite with
peak-fitting components.
Table 5.5. Surface elemental composition (atomic-percentage ratios) of
multiple-PECVD-processed continuously-coated (run 6) graphite.
Si / C
Plasma coating
(run-6 graphite)

0.80 ± 0.01

O/C
0.12 ± 0.00

O / Si
0.16 ± 0.00
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From the preliminary observation of the C1s high-resolution
spectra in Figure 5.14, it is evident that the C1s signal of the coated
graphite shows a more symmetrical and broader peak than the
homologous signal of the native graphite (the FWHM values are
reported in Table 5.6). Indeed, the C1s signal of pure graphite
(maximum at 284.3 eV) has a narrow FWHM but is markedly
asymmetrical due to the presence of a π→ π* shake-up transition in
the higher-BE range (at 290.4 eV) [120]. By contrast, the C1s signal
of plasma-coated graphite (maximum shifted to 285.0 eV) has a
broader FWHM, because of various peak components arising from
various chemical environments of C in the coating, but it features no
asymmetrical tail in the higher-BE range [119]. Thus, the coating C
is clearly distinguishable from the substrate C [121].
From the preliminary observation of the coating Si2p
high-resolution signal (maximum at 101.7 eV), which is chemically
shifted and broader in FWHM compared to the signal of pure silicon
reported in literature (centered at 99 eV with a FWHM of 1.4 eV), it
can be deduced that the monomer Si–Si bond is generally not
retained in the coating and a fraction of Si atoms is oxidized [119].
As a consequence, the BE maximum of the coating O1s signal is
expected to be in the range 532 to 533 eV, corresponding to the O–
C bond and the O–Si bond, which is actually confirmed by the O1s
high-resolution spectrum [119][150].
Based on the above considerations, it is then proposed a
peak-fitting model of C1s and Si2p high-resolution signals, shown in
Figure 5.14, with peak-fitting parameters and results reported in
Table 5.6. The native-graphite C1s signal was fitted with a
sp2-carbon component centered at 284.3 eV (1) and a shake-up
component at 290.4 eV (2), plus a tiny component centered at 288.1
eV (3) corresponding to O-bonded carbon (–C=O) [120]. In contrast,
the coated-graphite C1s signal was fitted with the following components: a main sp3-carbon component at 285.1 eV (1), taking into
account both the adventitious-carbon layer above and a possible
aliphatic-carbon environment in the coating, an intermediate component at 283.7 eV (2), which is attributed to the Si-bonded aliphatic
(hydrogenated) carbon, and a side component at 286.2 eV (3),
corresponding to the O-bonded carbon of an ether environment
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[119][121][122][123][148]. The Si2p signal was fitted with 3 components as well: a main component at 101.5 eV (1), attributable to
the Si–CH2 bonds, an intermediate component at 102.5 eV (2),
attributable to the O-bonded Si of a siloxane environment, and a
small-area component at 99.9 eV (3), attributable to the scarce Si–
Si bonds [119][123][124]. In fact, the Si–Si bond is the lowest-energy bond in the organosilicon molecules, the scission
whereof is considered to be the initial step of the fragmentation
mechanism of such molecules in a glow discharge, resulting in a
coating which mainly consists of cross-linked -CH2–Si–CH2- segments [151][152]. O is then likely to be embedded in the coating by
bonding with couples of Si atoms and also with couples of C atoms,
so that the coating features minor XPS-detected siloxane and ether
phases. Such a collateral process takes place during both the
deposition process, when the reactor residual O2 is likely to favor
the breaking of the monomer Si–Si bond and the H detachment from
the methyl groups, and the coating air exposure, when the free
radicals trapped in the coating tend to take up O2 to eliminate their
dangling bonds [5][41][148].
The composition of the continuous coating of run-6 graphite can
be considered essentially the same as the non-continuous coating
of graphite processed in runs 1 to 5, being the plasma process
conditions kept constant, and also the coating obtained with the
other organosilicon monomers utilized in the present work is likely to
belong in the same material class (slightly-oxidized a-SixCy:H).
However, the tentative XPS atomic-percentage ratios of run-1-to-5
graphite are considerably different from those of run-6 graphite, as
shown in Table 5.7. As already mentioned above, the ratios of
non-continuously coated graphite are neither representative of the
composition of the non-continuous coating, due to the interference
of the partially-exposed graphitic substrate, nor featuring a clear
trend, so that some Si/C ratios (of run-3-to-run-5 graphite) are even
higher than that of run-6 graphite. The graphite-substrate interference does also make the interpretation of the high-resolution
spectra ambiguous, since no certain spectra referencing, either to
graphitic sp2-C (284.4 eV) or aliphatic sp3-C (285.0 eV) can be set.
In view of this, a further confirmation that the coating of run-6
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graphite does not feature interference from the graphitic surface,
and the proposed fitting is reliable, is given by the observation of the
high-resolution spectra of the Auger C KKV signals. In fact, the fine
structure of the C KVV signal was recognized as a reliable fingerprint of the hybridization of C atoms in various allotropic form of
carbon materials [129]. In detail, it was noticed that the
peak-to-peak width of the C KVV signal (named D parameter),
which is easier to measure in the first derivative mode, ranges from
ca. 23 eV for pure graphite (sp2-C) to ca. 14 eV for pure diamond
(sp3-C), following a linear trend that enables to determine the
sp2/sp3 ratio in homogeneous carbon materials by calibration
[129][153]. This method can be applied, according to some authors,
also to polymers and more complex materials other than carbon,
even if the applicability of the linear calibration to determine the
sp2/sp3 ratio is still an open question [153]. The high-resolution
spectra of C KVV signal of native KS5-25 graphite and run-6
graphite are shown in Figure 5.15, whereas the values of D parameters of those and graphite processed in the other runs of the
multiple-PECVD experiment are reported in Table 5.7. The D parameter ranges from 22.9 eV for native graphite to 14.3 eV (close to
the value of diamond) for run-6 graphite, whereas for the other runs
it keeps between 16.70 and 15.60 eV with no trend. This outcome
permits to conclude that the continuous coating of run-6 graphite
does essentially contain C only in sp3-hybridization with no appreciable contribution arising from the underlying graphitic substrate,
unlike the non-continuous coating of graphite processed in the
previous runs. Therefore, the referencing to 285.0 eV for the XPS
spectrum of run-6 graphite is plausible, as well as the assignment of
the most intense band of the fitted C1s signal to sp3-C. However, it
must be pointed out that the lack of a linear trend in the sequence of
D values cannot enable to determine the sp2/sp3 ratio of the
XPS-analyzed surface. Therefore, despite its usefulness in confirming the absence of graphitic C in the continuous coating obtained in the multiple-PECVD experiment, also the D-parameter
method of Auger spectroscopy cannot actually completely account
for the sp2/sp3 transition for so complex a nanostructured surface,
like the one of the non-continuously coated graphite in the present
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work. This might depend on the peculiar chemical characteristics of
such a surface, firstly the presence of heteroatoms (O and Si) in the
coating, but also on side effects of the plasma/surface interaction,
such as the entrapment of free-radicals in the coating and the
generation of active sites on the sp2-C surface by Ar+ bombardment
(which are obviously more and more pronounced over the processing runs), as reported by some authors [154].

Table 5.6. Peak-fitting parameters and results of the high-resolution
spectra in Figure 5.14.

Signal

Peak

Band and

BE

FWHM

Line shape

Contr. [%]

max.

assignment
[eV]

[eV]

1 sp2 C–C

284.3

1.1

GL(90)T(0.9)

92.4

2 Shake-up

290.4

4.1

GL(50)

6.0

3 C=O

288.1

2.0

GL(50)

0.8

1 O=C

533.5

-

no fitting,
tiny signal

0.8

1 sp3 C–C

285.1

2.0

GL(50)

26.7

2 CH2–Si

283.7

2.0

GL(50)

17.9

3 C–O

286.2

2.0

GL(50)

6.5

1 O–C / –Si

532.2

2.4

no fitting

6.5

1 Si–CH2

101.5

1.8

GL(50)

26.1

2 Siloxanes

102.5

2.0

GL(50)

14.7

3 Si–Si

99.9

2.0

GL(50)

1.6

[eV]
C1s
(native
graphite)
O1s (not
shown )
C1s
(coated
graphite)
O1s

Si2p

284.4

533.5

285.0

532.2

101.7
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Table 5.7. Atomic-percentage ratios and D parameter calculated from
the tentative (except for run-6 graphite) XPS quantitative analysis of
multiple-PECVD-processed graphite.

Process run

Si / C

O/C

O / Si

D parameter
[eV]

0 (native KS5-25 gr.

-

0.01

-

22.9

1 (non-contin. coa.)

0.65

0.11

0.17

15.6

2 (non-contin. coa.)

0.57

0.09

0.15

15.4

3 (non-contin. coa.)

0.86

0.13

0.15

16.3

4 (non-contin. coa.)

0.82

0.12

0.14

15.6

5 (non-contin. coa.)

0.90

0.15

0.17

16.7

6 (contin. coat.)

0.80

0.12

0.16

14.3

≈ fully sp2-C)

Diamond [129][153]
(≈ fully sp3-C)

14
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Figure 5.15. Differentiated high-resolution Auger C KVV signals of native graphite and multiple-PECVD-processed continuously-coated (run 6) graphite with D parameter highlighted.
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5.2.3 Galvanometric performance of coated
graphite
The charge/discharge curves of graphite PECVD-processed in
run 1 of the multiple-processing experiment are shown in Figure
5.16 together with the curves of the native graphite. The graph
consists of two quadrants, showing the cycling voltage profiles of
the material lithiation over negative specific charge and the material
delithiation over positive charge, respectively. The curve of the
native graphite reveals a material featuring excellent galvanometric
cycling performance: the first-cycle charge/discharge capacity is ca.
371/360 mAh/g, very close to graphite theoretical level of 372
mAh/g, and keeps stable also after several cycles. In contrast, the
run-1 processed graphite features much lower first-cycle
charge/discharge capacities (ca. 297/238 mAh/g) and a marked
capacity fading over cycling.
This performance deterioration, combining both low initial capacity and capacity fading over cycling, is more and more pronounced for graphite processed in the subsequent runs, as
indicated by Figure 5.17 and Figure 5.18. Here, the initial
charge/discharge capacities are plotted with respect to the Si wt.%
of the processed material and the trend of the cycling discharge
capacity is plotted with respect to the cycle number, respectively. In
general, the more advanced the process run (i.e. the higher the Si
wt.%), the lower the initial charge/discharge capacity and the faster
the capacity fading, with a drop to an initial discharge capacity of
less than 100 mAh/g already after run 2. Moreover, the presence of
a continuous coating (run 6) instead of a non-continuous one (previous runs) seems to be irrelevant. The phenomenon was observed
also for testing anodes prepared with the alternative-binder method
(Subparagraph 4.3.1), whereby the processed powders are also
more prone to form agglomerates complicated to separate.
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Figure 5.16. Charge/discharge curve of multiple-PECVD-processed
graphite (run 1) compared to the native powder.

Figure 5.17. First-cycle charge/discharge capacity of multiple-PECVD-processed graphite compared to the native powder.
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Figure 5.18. Cycling charge/discharge capacity of multiple-PECVD-processed graphite compared to the native powder.
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This outcome might arise from the lack of electrochemical activity
of the Si-based material constituting the plasma coating. In fact, a
comparative mixture of native graphite and commercial Si microparticles features a first-cycle charge capacity close to the theoretical value, corresponding to the weighted mean of the capacities of
sole graphite and Si (Figure 5.19). Therefore, despite the rapid
capacity fading in the subsequent cycles, which is typical of
Si-based electrode and mainly due to the Si volume changes during
the cycling (Subparagraph 2.3.1), the Si in the mixture is electrochemically active [89][101]. In contrast, the PECVD-processed
graphite features no initial capacity increase but rather a marked
drop. In view of this, the Si in the coating deposited in the multiple-PECVD-processing experiment with HMDS monomer is considered electrochemically inactive to a large extent. Moreover, the
coating does also impede the underlying graphite substrate from
cycling stably, since the charge/discharge capacities of the processed powder is considerably below the values of the native
powder.

Figure 5.19. Charge/discharge capacities of a commercial-Si/graphite
mixture.

In view of this, in order to evaluate the effect of different
Si-containing monomers on the galvanometric performance, the
plots in Figure 5.17 and Figure 5.18 were reproduced in Figure 5.20
and Figure 5.21, respectively, with data of KS5-25 graphite processed with other organosilicon monomers by conventional single-run PECVD and featuring similar high values (ca. 11) of
flowability factor (i.e. similar coating-mass deposited per unit area
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and time, Equation 5.1.2) as graphite processed in run 1 of the
multiple-PECVD experiment. The sets of PECVD conditions thereof
are reported in Appendix (Table A.5.), whereas the atomic-percentage ratios of some samples, obtained from the tentative
XPS quantitative analysis, are reported in Table 5.8. With MS
monomer, the Si wt.% can reach ca. 5 % already by single-run
processing, although with no continuous coating deposited (Figure
5.22), thanks to the higher molecular Si content compared to the
other monomers (Table 3.1). However, although MS seems to show
slightly less-bad performance compared to the rest, none of the
used process gases can bring about a capacity improvement
compared to the native graphite, and for HMDS, HMDSO and TES
monomers the higher the Si wt.%, the lower in general the
charge/discharge capacity.

Figure 5.20. First-cycle charge/discharge capacity of graphite processed with different plasma process gases compared to the native
powders, together with the values of the flowability factor (ff).
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Figure 5.21. Cycling charge/discharge capacity of graphite processed with
different plasma process gases compared to the native powders.

Table 5.8. Atomic-percentage ratios and D parameter calculated from
the tentative XPS quantitative analysis of graphite processed with
different process gases, with reference to Figure 5.20.

Sample

Si / C

O/C

O / Si

D parameter
[eV]

Native KS5-25 gr.

-

Ar / HMDS (run 1)

0.65

0.11

0.17

15.6

Ar / HMDS (run 6)

0.80

0.12

0.16

14.3

Ar / MS

1.49

0.29

0.19

15.9

Native G-EP310 gr.

0.01

-

22.9

-

0.01

-

23.1

Ar / HMDS

0.61

0.10

0.16

15.8

Ar / MS

1.63

0.29

0.18

14.9

Diamond [129][153]

14
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Figure 5.22. SEM images of graphite processed with different plasma
process gases compared to the native powders, with reference to Figure
5.21.

The plots in Figure 5.20 and Figure 5.21 do also report the data
of the other type of synthetic graphite, G-EP310, used as a powder
substrate for PECVD in this work. This type of graphite features
round-shaped particles, whereas KS5-25 is an example of irregular-particle flaky graphite. This morphology difference reflects also
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on the Si wt.% and the flowability factor of processed G-EP310
graphite, which show slightly lower values compared to the rest.
Indeed, in general, a different morphology also means a different
deposition area and therefore a different deposition rate. It is thus
expected that the morphology difference also varies the galvanometric performance of the 2 processed powders, since particle
morphology can also affect the performance of Si/graphite electrodes [155]. Indeed, although the initial charge/discharge capacities of native G-EP310 graphite are comparable with those of KS-25
graphite, the PECVD-processed G-EP310 features a larger capacity drop compared to the material obtained from the latter, independently of the monomer used. This outcome is unexpected, since
literature works report that round-shaped particle morphology
should actually favor the electronic interparticle wiring, even though
the deposited Si nanoparticles expand during cycling [155].
Therefore, this discrepancy might further confirm that the
Si-containing coating is actually not electrochemical active and
consequently not comparable with other electrochemically-active
Si-based materials reported in literature.
The reason for such a lack of electrochemical activity of Si is still
not fully clear. Since the presence of Si–C:H groups in the coating is
the main chemical feature of an organosilicon-PECVD material, it is
then natural to question the electrochemical suitability of that
chemical functionality. Indeed, it is known that amorphous Si features good semiconducting properties, thanks to the H atoms saturating the dangling bonds of Si, with a consequent lowering of the
density of electronic states in the forbidden band gap and thence
improvement of the semiconducting properties [156]. On the other
hand, SiC is known to be an inactive material, since it cannot insert
Li+ [157]. However, Touahir et al. report the investigation of a
PECVD-obtained 150-nm-thick film of amorphous methylated–Si
(Si1-x(CH3)x:H), which shows no capacity deterioration but rather a
much better cyclability compared to a PECVD-obtained film of
amorphous Si of the same thickness [112]. This improvement is
attributed by the authors to the mechanical softening of amorphous
Si caused by the incorporation of –CH3 groups, which make the film
less sensitive to the volume changes during Li intercala-
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tion/deintercalation. But for Si1-x(CH3)x:H with x > 0.2, the chemical
structure of the film is different and features -CH2–Si–CH2- segments, instead of –CH3 groups just creating dead ends in the Si
network, with a parallel deterioration of the reversible capacity [112].
Therefore, the drawback of the material prepared in the present
work might arise from the C excess in the coating and the consequent presence of -CH2–Si–CH2- segments, instead of a consistent
Si network. This would probably also explain why graphite processed with MS monomer shows slightly less-bad performance
compared to the other samples (Figure 5.20), due to an allegedly
slightly higher content of Si–Si bonds. In fact, the tentative XPS Si/C
ratio thereof (Table 5.8) is much higher compared to those of the
other samples (but still much lower than that of the material investigated by Touahir et al.), although it is not actually representative of
the real composition of the coating, being this non-continuous.
The processed graphite does also exhibit an increase in BET
SSA compared to the native graphite, as shown in Figure 5.23
where the BET-SSA values are plotted with respect to the Si wt.% of
the processed material. In general, the more the Si wt.% deposited,
the higher the BET-SSA increase compared to the native value (ca.
8.6 m2/g), up to almost 40 m2/g when the coating is continuous (run
6 of the multiple-PECVD-experiment). This increase in BET-SSA
exhibited by coated graphite indicates that the coating features a
much more reactive surface compared to that of bare graphite,
which can also contribute to the deterioration of the galvanometric
performance. In fact, as already mentioned in Subparagraph 2.3.1,
a linear correlation is claimed to hold between the irreversible
capacity loss and the BET SSA of graphite, the latter being interpreted as the surface exposed to the electrolyte solution and
therefore prone to be the site of Li-consuming side reactions [95].
However, neither a clear correlation nor a trend is recognizable in
the plot in Figure 5.24, where the values of first-cycle irreversible
capacity loss of the pairs of data points shown in Figure 5.23 (calculated from the charge/discharge capacities with Equation (4.3.1))
are plotted with respect to the BET-SSA values. Here, the increase
in irreversible loss experienced by the PECVD-processed graphite
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seems to be essentially random with respect to the increase in BET
SSA.

Figure 5.23. BET-SSA values of graphite processed with different plasma
process gases compared to the native powders, together with the values of
flowability factor (ff).
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Figure 5.24. First-cycle irreversible capacity loss with respect of BET-SSA
values of graphite processed with different plasma process gases compared to the native powders, together with the values of flowability factor
(ff).

The increase in BET SSA (i.e. surface reactivity) experienced by
the PECVD-processed graphite might arise from the rough morphology of the surface coated with nanoparticle-like coating and
from residual dangling bonds of the deposited Si. The latter would
depend in general on the fact that plasma coatings tend to retain a
certain amount of plasma free radicals in their structure, depending
mainly on the chemical structure of the monomer, but also on the
plasma conditions [5]. As already mentioned in Subparagraph 5.2.2,
the best known effect of the free radicals is the unexpected O
content of coatings obtained from O-free monomers, due to O2
uptake from either atmosphere upon coating exposure or residual
air in the reactor during the processing [5]. In general, the lower the
amount of free radicals in the coating, the more stable the properties
thereof over time and also the better the electric properties [5].
Therefore, the free radicals retained in the coating might also interfere with both Li+ and electron conduction in PECVD-processed
graphite, thus contributing to degrade the galvanometric performance of the material independently of the co-occurring increase in
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BET SSA. This would explain the observed lack of correlation
between irreversible loss and BET SSA. Moreover, the partial
alteration of surface chemistry due to radical-induced O2 uptake
might also weaken the electrochemical activity of the coating.
A third contribution to the deterioration of the galvanometric
performance, in addition to Si electrochemical inactivity and surface
reactivity, might be the change of wettability of the coated graphite
compared to the native one. In the present work, proper investigation of wettability of graphite was not performed, since the proper
technique for performing a quantitative evaluation of the surface
free energy of micropowders, i.e. the Washburn method, is not
usable, due to an irreversible contamination of the measuring
apparatus caused by graphite [158]. However, by applying the
sessile drop technique to powder beds of ca. 1 cm2 in area, it was
possible to qualitatively observe that, whereas the native graphite is
hydrophilic, the PECVD-processed graphite is generally hydrophobic. This is not surprising, since plasma coatings obtained from
organosilicon monomers are usually hydrophobic [5]. Thence, it
cannot be ruled out that the acquired hydrophobicity of the processed graphite can negatively influence the interaction thereof with
the electrolyte solution.
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6 Conclusions

The improvement of flow behaviour is a prerequisite for a successful use of a micropowder in the industry, since it strongly influences the handling and the transport thereof. Among the
micropowders most utilized in the industry, graphite is especially
used in the electronic one, as it is the choice material for realizing
the negative electrodes of Li-ion batteries for most portable electronic devices. In order to improve both the flow behavior and the
galvanometric performance of graphite, towards the end of realizing
high-capacity batteries for electric vehicles, Si-containing coating
was deposited by PECVD with organosilicon monomers onto
graphite and investigated with various techniques. A DTR was used
as a specific PECVD reactor for modifying the surface of TIMREX®
graphite in a dry, homogeneous and low-temperature manner with
high throughput and no alteration of the micropowder structure and
PSD.
PECVD for flowability improvement
The flowability of synthetic graphite micropowder can be dramatically improved with a PECVD processing in a DTR fed by
mixtures of a monomer and Ar with minimized total gas flow rate,
which leads to the deposition of a non-continuous coating on the
surface of the graphite particles. The coating consists of nanoparticles on the order of 10 nm in size which make the graphite surface
rough, thus reducing the vdW interparticle attraction.
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The originally cohesive (ff = 3.4 ± 0.1) TIMREX® KS5-25 graphite
micropowder can thereby augment its flowability up to the
free-flowing regime (ff > 10), attaining the maximum effect with
HMDS monomer (ff = 12.7 ± 0.1) at a plasma energy input of ca. 70
MJ/Kg. The speed of the powder-feeder screw, the system pressure
and the total flow rate were kept constant at 200 rpm, 150 Pa and
500 sccm, respectively, in order to keep constant the powder deposition area and residence time. The process is feasible for all
investigated monomers (HMDSO, TES, HMDS and C2H2), although
with C2H2 the discharge instability at higher energy input (ca. > 180
MJ/Kg) limits the flowability increase up to the easy-flowing regime
(4 < ff < 10).
A quasi-Arrhenius relation was found between flowability-factor
increment and the user-controlled plasma composite parameter
W/FM (energy input), and the calculated activation energy Ea
(Equation (5.1.2) in Subparagraph 5.1.2) is in good agreement with
the findings of Hegemann et al. [133][134]. A measurement of
flowability factor in the plasma processing of powders can thus be
used for studying plasma-deposition processes in the same way as
a measurement of deposition rate in the plasma processing of
conventional materials, which is not a feasible method for most
plasma depositions on powders.
It was further demonstrated that flowability measurements are a
simple way to determine the presence of a sparse surface coating
that are below the detection limits of standard scanning electron
microscopy. The flowability increase experienced by only sparsely
coated powders at low plasma energy input is already considerable
(easy-flowing regime).
Above a critical energy level, the deposition process shows deviations from the quasi-Arrhenius kinetic regime, due to changed
plasma-reaction pathways or ion-induced processes. Moreover, the
Ar/monomer flow-rate ratio becomes a significant additional parameter influencing the deposition process, since Ar can absorb
large part of the plasma energy input and trigger the fragmentation
reactions of monomer molecules. An increasing Ar flow rate can
improve the plasma deposition rate and enhance the flowability of
the processed powder up to the free-flowing regime. But this en-
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hancing effect is reversed at high Ar/monomer ratios by an increase
in the energy input, due to both developed conditions of energy-excess per available monomer supply and likely ablation effects
induced by the Ar ions. A revised empirical quasi-Arrhenius relation
was thus propose to take into account the effect of the Ar/monomer
ratio at high energy-input levels.
The flowability improvement by PECVD is overall much more
effective compared to the conventional time-consuming method
involving admixture of nanoparticles synthetized elsewhere, and is
potentially attainable with all plasma-polymerizing monomers independently of the chemical properties of the coating [4].
PECVD for galvanometric improvement
The maximum Si wt.% of graphite processed by PECVD with
organosilicon monomers in the DTR under the process conditions
for flowability improvement was in general < 1 % for HMDSO and
TES monomers, reaching ca. 1% only for HMDS monomer at high
flowability level, which is anyway too low for being of practical
interest for the realization of high-capacity batteries. Therefore, the
Si wt.% was increased above 5 % by both reducing the powder feed
rate and performing multiple repetitions of the PECVD processing
with HMDS monomer, until a continuous coating on the order of 100
nm in thickness was obtained on graphite surface, corresponding to
7.90 Si wt.%, after 6 process runs, with no flowability deterioration.
Chemical and structural analysis of this material by Raman spectroscopy and XPS revealed that the deposited coating is an amorphous hydrogenated silicon carbide, a-Si0.45C0.55:H, consisting
mainly in cross-linked -CH2–Si–CH2- segments, with a limited
oxidation due to the O2-uptake by the free radicals in the coatings.
However, the obtained material features a marked deterioration
of the galvanometric performance compared to the native KS5-25
graphite. In fact, the first-cycle charge/discharge capacity drops
from ca. 380/356 mAh/g for native graphite to 297/238 mAh/g after
the first multiple-PECVD run, down to less than 100 mAh/g already
after the second run, with a parallel capacity fading in the subsequent cycles. The first-cycle charge/discharge capacity and the
cycling stability of graphite processed with other organosilicon
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monomers by conventional single-run PECVD is also deteriorated
compared to the native KS5-25 graphite, with a negative trend with
increasing Si wt.%. No improvement but rather a further deterioration of the galvanometric performance was observed by replacing
KS5-25 graphite with round-particle G-EP310 graphite.
This unexpected outcome arises from the lack of electrochemical
activity of the deposited Si. In fact, a comparative mixture of native
KS5-25 graphite and commercial Si microparticles features a
first-cycle charge capacity close to the theoretical value, despite the
rapid capacity fading in the subsequent cycles that is typical of
Si-based electrodes, indicating that the Si in the mixture is electrochemically active. In contrast, the PECVD-processed graphite
features no initial capacity increase but rather a marked drop,
indicating that Si deposited by PECVD is electrochemically inactive.
Moreover, the coating does also prevents the underlying graphite
substrate from cycling stably, since the charge/discharge capacities
of the processed powder is considerably below the values of the
native powder. The cause of the lack of Si electrochemical activity is
likely to be too high a C content in the coating, which results in the
presence of -CH2–Si–CH2- chains and the consequent absence of a
Si–Si network, as reported by Touahir et al [112].
The processed graphite does also exhibit an increase in BET
SSA compared to the native graphite, so that the more the Si wt.%
deposited, the higher the BET-SSA increase compared to the native
value (ca. 8.6 m2/g), up to almost 40 m2/g when the coating is
continuous (run 6 of the multiple-PECVD-experiment). This increase in BET SSA indicates that the coating features a much more
reactive surface compared to that of bare graphite, which might be
due to its rough morphology, but also to the plasma free radicals
entrapped in it. An increase in BET SSA can also contribute to the
deterioration of galvanometric performance. In fact, a linear correlation is claimed to hold between the irreversible capacity loss and
the BET SSA of graphite, the latter being interpreted as the surface
exposed to the electrolyte solution and therefore prone to be the site
of Li-consuming side reactions [95]. However, no correlation between the increase in irreversible loss and the increase in BET SSA
was observed in the PECVD-processed graphite. This might arise
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from the fact the free radicals retained in the coating can also
interfere with both Li+ and electron conduction in graphite, thus
contributing to deteriorate the galvanometric performance of the
material independently of the co-occurring increase in BET SSA [5].
Moreover, the partial alteration of surface chemistry due to radical-induced O2 uptake might also weaken the electrochemical
activity of the coating.
A third contribution to the deterioration of the galvanometric
performance, in addition to Si electrochemical inactivity and surface
reactivity, might be the acquired hydrophobicity of the processed
graphite, due to the coating obtained from organosilicon monomers,
which can negatively influence the interaction thereof with the
electrolyte solution [5].
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7 Outlook

Some open questions concerning the characterization of
PECVD-processed graphite powder, the process improvement and
the possibility of scale-up and future applications are summarized in
the following paragraphs.

7.1 Powder and PECVD characterization
Measurements of mass of non-continuous coating deposited
onto powder particles are in general extremely complicated to
perform, especially when the coating is extremely sparse. Flowability can be a valid proxy measurement for them, since it enables to
reveal variations due to the deposition of a non-continuous coating
even when the coating is so sparse that is not detectable with SEM.
Moreover, the empirical quasi-Arrhenius relation holding between
mass deposited by PECVD onto macroscopic substrates and
plasma process parameters is applicable also to the flowability
increase experienced by a powder substrate as a consequence of
the mass deposited. Below the upper saturation limit of the flowability factor, the model based on the quasi-Arrhenius relation permits
not only to control the process, but in principle also to estimate the
mass deposition rate, provided that the empirical constant C
(Equation (5.1.2) in Subparagraph 5.1.2) is known. The best approach to the determination of C would be the deposition of coating
only containing elements detectable with SDAR-OES or equivalent
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techniques (e.g. amorphous Si coating), so that a sufficiently reliable measurement of coating wt.% is possible. Since the model does
not involve the system pressure as a variable, the repetition of the
series of PECVD experiments at various system pressures would
therefore permit to refine the quasi-Arrhenius relation by including
the pressure in it.
However, the full understanding of the quasi-Arrhenius relation
does also involve the clarification of the role of the activation energy
Ea (Equation 2.1.6 in Subparagraph 2.1.3). This requires the determination of the plasma microscopic parameters by proper
plasma-diagnostic techniques. These are either in-situ techniques
for revealing charged particles (e.g. Langmuir probe for measuring
the electron and the ion density, the electron temperature and the
plasma potential) or also ex-situ spectroscopic techniques (e.g.
optical emission spectroscopy to determine the various excited
states of the discharge species and Fourier-transformed infrared
spectroscopy to investigate the monomer fragmentation), provided
that the glass of the plasma tube permits an adequate transmission
of the spectroscopic wavelength range [4][159][160]. Roth et al.
successfully utilized the Langmuir probe to characterize Ar/O2
plasma ignited in the DTR, measuring electron temperature on the
order of 10 eV and positive-ion density on the order of 1011 cm-3 [4].
However, the implementation of both the in-situ and the ex-situ
techniques is more complicated for polymerizing plasma. In fact, a
Langmuir probe would eventually be coated with plasma polymer
and thereby any current measurements would be altered or prevented, whereas the obscuration of the tube due to the coating
deposited onto the inner wall thereof would eventually impede the
spectroscopic analysis.
XPS is a powerful tool for determining chemical composition and
speciation of material surfaces, however with nanostructured-surfaces like the one of non-continuously coated graphite,
consisting of nanoparticles smaller than the extent of sampling
depth (~ 10 nm) and lateral resolution (>100 nm) of the technique,
the interpretation of the photoelectron signals is ambiguous [9][161].
A possible improvement of the technique can be the analysis of both
the photoelectron-signal and the background part of the XPS

7.2 PECVD improvement and scale-up
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spectrum, according to the method introduced by Tougaard, which
permits to obtain information concerning the layer structure of a
complex surface [161].

7.2 PECVD improvement and scale-up
While succeeding in improving the powder flowability up to the
free-flowing regime, all experiments of PECVD processing of synthetic graphite with organosilicon monomers failed to improve the
galvanometric performance of graphite. The reason for this outcome
is likely to depend mainly on the unfavorable chemical composition
of the plasma coating, in which Si is not electrochemically active.
The use of SiH4 monomer, instead of organosilicons, can clarify if
the preferential bonding of Si with C, observed in the coating deposited in the present work, is the cause of the lack of Si electrochemical activity. SiH4 is nevertheless much more complicated to
handle compared to the organosilicon monomers, since it is more
toxic and also strongly pyrophoric at ambient conditions, thus
requiring special precautions and safety equipment for the monomer storage as well as the exhaust-gas posttreatment [162].
Another possible cause of poor galvanometric performance is
the presence of free radicals trapped in the coating, to which in
general the relatively poor electric properties of plasma coatings are
often ascribed. The quantity of free radicals is determined largely by
the chemical structure of the monomer, in fact monomers containing
unsaturated C chains or cyclic structures tend to yield coatings with
a higher level of free radicals compared to other classes of monomers [5]. A sizable reduction of free-radical concentration can be
obtained by thermal-annealing posttreatment of the coated substrate at ~ 200 °C under vacuum for some hours [5]. The implementation of this method for the PECVD onto powder substrate
would therefore require additional equipment to perform the posttreatment on the powder stored in the collection vessels after
PECVD (Subparagraph 3.1.3).
The multiple-PECVD processing could be replaced with a process implemented in a sequence of few tubes in series with larger
sections, in order to increase the powder residence time (Equation
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3.1.1). This would dramatically optimize the process, eliminating the
external loading of in-process powder. A variant of this concept is a
two-stage process implemented in a sequence of 2 tubes with 2
distinct plasma zones fed with different process gases. This would
be intended, for instance, for performing PECVD followed by O2- or
N2-plasma treatment, in order to tailor the coating wettability and
investigate the influence thereof on the galvanometric properties of
coated graphite [4].
The DTR utilized in the present work does already fulfil some
requisites of an industrial-scale reactor, as it has a throughput up to
several kilograms of powder processed per hour. However, the
integration of the DTR in a production line would require apposite
vacuum locks and vacuum prechamber for both loading and discharging the powder before and after the processing, respectively,
while keeping the DTR under constant vacuum. Long-term operation of the DTR would also require a larger filter membrane (Subparagraph 3.1.3), equipped with a dedusting device for preventing
plasma-dust clog, and the admixture of fine glass beads to the
powder substrate, for reducing the powder accumulation on the
reactor wall during plasma operation [4].
Graphite is widely used as an electrochemically active material
for negative electrodes of LIBs, however it finds application also in
the mechanical industry as a solid lubricant in polymer composites,
thanks to its excellent wear-resistance and anti-friction ability, in
place of unsuitable or undesired fluid lubricants [79][163][164]. It
would therefore be worthwhile investigating the lubricity properties
of PECVD-processed graphite to determine whether PECVD can
improve them analogously to powder flowability.
In general terms, the technology of PECVD implemented in a
DTR is a powerful tool for processing countless types of micropowder materials. The process is fast, dry, potentially devoid of
harmful reagents, highly homogeneous and at low temperature.
Thence, this technology of powder processing is in principle suitable
for all fine-grained, cohesive, and thermolabile powders.
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Appendix
Properties of micropowder substrates
Table A.1. Physical, flow-related and electrochemical properties.

TIMREX®

Particle

m.powder

morphology

Bulk
density
[g/ml]

BET
SSA
[m2/g]

Flowability
factor

First-cycle
charge/discharge
capacity
[mAh/g]

KS5-25

Irregular

0.48

8.6

3.4 ± 0.1

371/360

G-EP310

Round

0.48

8.6

3.5 ± 0.1

401/358

Figure
A.1.
PSDs.
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Figure A.2. SEM images.

Figure A.3. Charge/discharge curves.
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Appendix
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Figure A.4. a) XPS survey spectra. b), c) XPS high-resolution C1s spectra.
d), e) Differentiated high-resolution Auger C KVV spectra.
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Table A.2. Peak-fitting parameters of the high-resolution spectra in Figure
A.4.
Signal

Peak

Band and

BE

FWHM

max.

assignment
[eV]

[eV]

1 sp2 C–C

284.3

1.1

GL(90)T(0.9)

2 Shake-up

290.4

4.1

GL(50)

3 C=O

288.1

2.0

GL(50)

1 O=C

533.5

-

no fitting,
tiny signal

1 sp2 C–C

284.3

1.1

GL(90)T(0.9)

2 Shake-up

290.6

4.1

GL(50)

3 C=O

288.1

2.0

GL(50)

1 O=C

533.2

-

no fitting,
tiny signal

[eV]

C1s
(KS5-25)

O1s (not
shown)

C1s
(G-EP310)

O1s (not
shown)

284.4

533.5

284.4

533.2

Line shape
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Summary of experimental parameters
Table A.3. Experimental-parameter ranges of the PECVD experiments for
flowability improvement of TIMREX® KS5-25 graphite (Paragraph 5.1).

Process gas

Ar / HMDSO

Ar / TES

Ar / HMDS

Ar / C2H2

Plasma
Power
[W]
100–1000
200
1000
100–1000
200
1000
100–1000
200
1000
1200
100–900
200
800

Ar/mon. flow
-rate ratio

Total flow
rate
[scm]

System
pressure
[Pa]

Screw
speed
[rpm]

500

150

200

500

150

200

500

150

200

500

150

200

1:1
3:7–19:1
3:7 –19:1
1:1
3:7–19:1
3:7–19:1
1:1
3:7–19:1
3:7–19:1
3:7 –19:1
1:1
3:7–19:1
3:7–7:3

Table A.4. Experimental parameters of the multiple-PECVD experiment for
depositing a continuous coating onto TIMREX® KS5-25 graphite (Paragraph 5.2).
Substrate
Process
run
1
2
3
4
5
6

Native KS5-25
Run-1 graph.
Run-2 graph.
Run-3 graph.
Run-4 graph.
Run-5 graph.

Plasma
power
[W]

Ar/HMDS
flow-rate
ratio

Total
flow rate
[scm]

System
pressure
[Pa]

Screw
speed
[rpm]

1200

3:1

500

150

100
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Table A.5. Experimental parameters of TIMREX® PECVD-processed
graphite cycled (Paragraph 5.2).
Substrate

Plasma
power
[W]

Ar/mon.
flow-rate
ratio

Total
flow rate
[scm]

Native KS5-25

1200

3:1

500

150

100

Run-1 graph.

1200

3:1

500

150

100

Run-2 graph.

1200

3:1

500

150

100

Run-3 graph.

1200

3:1

500

150

100

Run-4 graph.

1200

3:1

500

150

100

Run-5 graph.

1200

3:1

500

150

100

Native KS5-25

1000

22:3

500

150

200

Native KS5-25

1000

4:1

500

150

200

Native KS5-25

1000

1:9

500

150

50

G-EP310

1200

3:1

500

150

100

G-EP310

1000

1:9

500

150

50

Process
gas
Ar /
HMDS
(Run1)
Ar /
HMDS
(Run2)
Ar /
HMDS
(Run3)
Ar /
HMDS
(Run4)
Ar /
HMDS
(Run5)
Ar /
HMDS
(Run6)
Ar /
HMDSO
Ar /
TES
Ar /
MS
Ar /
HMDS
Ar /
MS

System
pressure
[Pa]

Screw
speed
[rpm]
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