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Abstract
Fine graphite micropowder was processed in a downstream tubular reactor to perform a fast and homogeneous plasma-enhanced
chemical vapor deposition of an organosilicon-plasma coating onto the powder surface. As a single process run results in the
deposition of a non-continuous coating, consisting of a nanoparticle distribution, on the powder surface, the powder was
repeatedly reprocessed until a continuous coating was obtained. The coating was imaged with focused ion-beam scanning
electron microscopy and chemically characterized with Raman spectroscopy and X-ray photoelectron spectroscopy. The assess-
ment of the powder flowability was also performed to investigate the roughness of the coated surface. The chemical character-
ization indicated that the coating is composed of amorphous hydrogenated silicon carbide with a little oxygen contamination.
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1 Introduction

Cold-plasma surface modifications are a versatile tech-
nique of material processing, which allows to functionalize
and improve the surface properties of a multitude of mate-
rials with no alteration of their bulk properties [1–3].
Although cold-plasma technology succeeded in matching
the request for industrial applications aiming to modify
substrates with macroscopic (and often flat) surfaces, the
processing of granular materials still poses grave draw-
backs, mostly related to the difficult handling of the sub-
strate material and the poor homogeneity of the obtained
surface modification [4, 5]. In fact, powders (especially
micropowders under 30 μm in diameter) often exhibit a
poor flow behavior (flowability) and are therefore difficult
to handle in a conventional plasma reactor for flat

substrates, because of the particle aggregation and the large
surface area to be exposed to the plasma [6, 7]. As one-half
of the products and at least three-quarters of the raw mate-
rials in the chemical industry are in granular form, the
solution of such drawbacks is the major challenge in the
application of plasma processes to powder technology [8].
In fact, powder technology involves several types of mate-
rials in granular form (metals, metal oxides, pigments,
polymers, minerals), which have important applications
in various industrial fields (electronics, paints, cosmetics,
biotechnology, recycling or blending of plastics, petro-
chemistry, pharmaceutics etc.); however, proper and ho-
mogeneous surface modifications are necessary in order
to acquire the new surface properties required by the dif-
ferent applications, while the difficulty of the powder han-
dling increases with decreasing particle sizes [6, 8, 9].

As regards glow-discharge-plasma processing, different
types of reactors have been used to process powder substrates,
such as mechanically-stirred reactors, rotary-drum reactors,
fluidized-bed reactors, circulating-fluidized-bed reactors,
downstream gravity reactors [7, 11–14]. Although the agita-
tion of the batch of powder particles is a key factor to promote
the plasma-particle contact and narrow the particle residence-
time distribution in the reactor (and consequently improve the
processing homogeneity), nevertheless both mechanically-
stirred and rotary-drum reactors still show too broad a distri-
bution, in addition to the formation of hot spots and the
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aggregation of finer particles [4, 5, 9, 13]. On the contrary,
reactors based on fluidized beds are more suitable for favoring
plasma-particle interactions, due to excellent interphase mass
and heat transfer, narrower residence-time distribution and flat
temperature profiles [9, 11, 13]. Circulating-fluidized-bed
(CFB) reactors especially proved to be effective to optimize
the plasma-enhanced chemical vapor deposition (PECVD) of
coatings up to 1 μm in thickness onto particles with average
diameter of the order of 100 μm [15, 16]. But for finer parti-
cles, the most suitable apparatus is hitherto the downstream
reactor, which is superior to the other reactor types thanks to
an extremely narrow residence-time distribution and a short
average residence time of the particles [5]. In fact, a down-
stream plasma reactor basically consists of a vertical plasma
tube, in which 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; such a typical pug-flow regime of the powder
in the reactor dramatically favors the plasma-particle interac-
tions and the process homogeneity, also enabling process
throughput of several kilograms per hour [17, 18, 19]. On
the contrary, CFB reactors show poor performance with pow-
der particles below 30 μm in average diameter, as the powder
fluidization is prevented by the increased interparticle cohe-
sion; moreover, 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 [20].

The technology of the downstream reactor was used by our
group first to improve the wettability of polymeric powders
(high-density polyethylene, copalyamide) by applying an ox-
ygen plasma grafting; then to improve wettability, flowability
and water-dissolution behavior of powders for the food and
the pharmaceutical industry (lactose, salicylic acid) by
performing PECVD of SiOx-containing coatings [18, 19,
21]. As regards PECVD, the processing resulted in a distribu-
tion of nanoparticles of the order of 10 nm in size deposited on
the surface of the powder particles, rather than a continuous
layer, due to the short residence-time of the powder particles
in the plasma zone [7, 22].

In the present study, we therefore aim to prove the feasibil-
ity of the downstream-reactor PECVD of a continuous
organosilicon-plasma coating onto a fine micropowder of
about 15 μm in average particle diameter, for which a CFB
reactor is not suitable for the aforementioned reasons. The
necessary increase in deposited mass was obtained by
reprocessing the same powder batch 6 times with the down-
stream reactor, which was fed with and organosilicon mono-
mer (hexamethyldisilane, abbrv. HMDS). The fine
micropowder was graphite, of which we already succeeded
in improving the flowability with single-run downstream-re-
actor PECVD processing [7]. Indeed, graphite is an important
raw material for the industry, and recently silicon-bearing
graphite has further raised the interest in this material, due to

its promising mechanical, chemical and electrochemical prop-
erties [23, 24]. The powder surface was imaged with focused
ion-beam scanning electron microscope (FIB-SEM). The sur-
face chemical characterization was performed with Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS),
two analytical techniques that are popularly used in the char-
acterization of carbon materials and plasma coatings, respec-
tively [25, 26]. In addition to these, the processed powder was
characterized also by means of a flow-behavior (flowability)
tester.

2 Experimental Section

The process scheme of the downstream tubular inductively-
coupled RF plasma reactor utilized for the PECVD processing
of graphite micropowder is shown in Fig. 1,with a photo of an
Ar / HMDS plasma. A 1.5 m long glass tube, with an inner
diameter of 40 mm (1), is the zone of ignition of glow-
discharge plasma. The tube is cooled down with deionized
water filling the gap between the plasma tube and the external
tube (2). The discharge was driven by an inductively-coupled
plasma (ICP) source, consisting of a radio-frequency (RF =
13.56 MHz) power generator (3), an impedance matching
network (4) and a water-cooled copper coil (5). The reactor
was evacuated to 3 Pa pressure with a two-stage (roots and a
rotary vane pump) vacuum system (6), then the plasma feed
gas was supplied and the system pressure was set to 150 Pa by
means of a butterfly pressure-control valve (7). The feed gas
(8) consisted of a 1:1 mixture of argon (PanGas, purity
>99.999%) and HMDS (Sigma-Aldrich, purity >98%) set
with flow controllers andmixer and kept constant at 500 sccm.
The plasma discharge was ignited at 1200W. Synthetic graph-
ite micropowder (TIMREX® KS5–25, 15 μm average parti-
cle diameter) was then conveyed from the storage tank (9) into
the plasma tube with a screw powder feeder (10) at a feed rate
of 0.6 Kg/h, and mixed with the gas feed in a conical nozzle
(11). In order to keep the powder residence time (and conse-
quently the powder processing time) fixed at circa 0.1 s, both
the total flow rate and the system pressure were kept constant
[1, 7]. The processed powder was separated from the exhaust
gas stream below the plasma zone by a downcomer (12), a
cyclone (13) and a filter unit (14), and eventually collected in
vessels (15). Once the storage tank was emptied, the reactor
was stopped and repressurized, then the storage tank was
refilled with the processed powder, in order to repeat the
PECVD to augment the coating mass. Overall, 6 process rep-
etitions (hereinafter referred to as runs) were performed on the
same powder batch.

The imaging of the graphite particles was performed with a
focused ion-beam scanning electron microscope (Zeiss NVision
40 FIB-SEM) equipped with a stub specimen holder, on which
graphite was fixed by means of conductive stickers. A focused
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beam of Ga+ ions was operated at 30 KVand 80 pA in order to
obtain milled cross-sections of the powder particles, which were
subsequently imaged with SEM (tilt angle = 54°) at 5.0 kV
electron-acceleration voltage, 60 μm aperture size, SE2 image
mode, and 5.0 mm working distance.

Preliminary chemical and structural investigation of graph-
ite surface was performed with a Raman spectrometer (inVia
Raman microscope, Renishaw) equipped with an Ar-ion laser
source. Graphite was placed on aluminum-tape-covered glass
slide and focused with a 50x-objective microscope, then the
spectra were acquired at an excitation laser wavelength of
514 nm (1800 l/mm grating), 2.5 mW power level and room
temperature (10 s experiment time, 9 scans averaged).

Elemental composition and speciation of the graphite sur-
face 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). Graphite was placed and
pressed with aluminum paper into bowl-shaped aluminum
sample holders (6 mm diameter) without any sticker. The re-
sidual pressure in the spectrometer during the spectra acquisi-
tion was always below 10−7 Pa. A non-monochromatic Al Kα
X-ray source (1486.6 eV) operating at 200Wwas 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 respec-
tively 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
[27]. The full-width-at-half-maximum-height (FWHM) of the
Ag3d5/2 high-resolution signal acquired under the same exper-
imental conditions as above was 1.3 eV.

The acquired XPS spectra were referenced to the adven-
titious carbon C1s signal at 285 eV (except those of the
native graphite) and fitted by means of CasaXPS software
with Gaussian–Lorentzian (GL) line shape, after applica-
tion of Shirley background-subtraction routine. All fitting
parameters were constrained except the peak intensity, and
the binding energies of the signal components were
assigned according to literature [28–33]. The quantitative
analysis was performed for C1s, O1s and Si2p signal by
considering the peak areas in the high-resolution spectra,
which were corrected for Scofield photoionization cross
sections, asymmetry function, attenuation length, and ana-
lyzer transmission function [33–37]. The relative sensitiv-
ity factors calculated for C1s signal, O1s signal and Si2p
signal were respectively 1.00, 3.23 and 0.54. The maxi-
mum uncertainty of the measured binding energies equal
to 0.2 eV [38]. The maximum errors of the sets of atomic
percentages of a repeated quantitative analysis (3 repeti-
tions) 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).

Fig. 1 Glow-discharge-plasma
downstream reactor for fast
processing of micropowders,
adapted from [21]
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The flowability of graphite was assessed with a ring shear
tester (RST-XS, Schulze Schüttguttechnik) equipped with a
30 ml shear cell, according to the procedure described by
Schulze to quantify the powder flowability factor [39]. A
pre-shear stress of 5000 Pa and consecutive shear stresses of
1000, 2500, and 4000 Pa were applied to the shear cell filled
with the graphite specimen. Each measurement of flowability
factor was repeated at least 3 times and the maximum error of
the set of repetitions of each measurement was taken as an
uncertainty of its average value.

3 Results and Discussion

The FIB-SEM images of the milled cross-sections of the par-
ticles of native and coated graphite are shown in Fig. 2. The
first process run resulted in the deposition of a non-continuous
coating, consisting in a nanoparticle distribution, on the sub-
strate surface, which was already observed in previous studies
about the downstream-reactor PECVD [7, 19]. The subse-
quent 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 coat-
ing is supported by the flowability assessment of the proc-
essed graphite, reported in Table 1. In fact, the flowability
factor of the native powder is 3.4 ± 0.1, typical value for co-
hesive non-flowing powders, and increases to 11.4 ± 0.3, typ-
ical value for free-flowing powders, already after the first run.
[19]. Such a flowability improvement is a consequence of the
nanoparticle distribution deposited on the powder surface,
which can reduce the interparticle van der Waals attractive
forces by roughening the particle surface [7]. But the progres-
sive formation of a continuous coating (runs 2 to 6) does not
invert the increasing trend of the flowability-factor, which
reaches a plateau of 13.1 ± 0.1 (run 5). Therefore, the rough-
ness of such a continuous coating is undiminished compared
to that of the initial nanoparticle-coated surface (run 1), as it
would have occurred if a smoother continuous coating had
instead been formed [22].

The Raman spectra of native and processed graphite are
shown in Fig. 3. 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) [40–42]. Such
features are preserved in the spectra of the graphite processed in
the 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

Fig. 2 FIB-SEM images of native and plasma-processed graphite
micropowder labelled with the respective process-run numbers

Table 1 Values of the flowability factor of native and plasma-processed
graphite micropowder

Process run Flowability factor [−]

0 (native graphite) 3.4 ± 0.1

1 11.4 ± 0.3

2 11.6 ± 1.4

3 12.7 ± 0.3

4 12.8 ± 0.2

5 13.1 ± 0.1

6 13.1 ± 0.1
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Raman spectra of Fig. 3 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 (Fig. 2) [41, 43]. When
the graphitic-carbon features are completely lost (run 6), the
graphite substrate is no longer Raman detectable, because the
coating is now fully continuous and also thicker than the
Raman sampling depth in it. The Raman analysis therefore sup-
ports the FIB-SEM inference that a continuous coating is formed
on the graphite surface after 6 process runs. However, by com-
paring the Raman spectra of processed graphite to that of stan-
dard crystalline Si (Sigma-Aldrich, also shown in the figure),
featuring amain sharp band at ca. 515 cm−1 between two smaller
ones at ca. 300 and 970 cm−1, no evident silicon signal is recog-
nizable in these spectra, aswell as no new carbon bands replacing
the graphitic ones [40, 44]. Literature comparison thus suggests
that such a coating might resemble amorphous hydrogenated
silicon carbide (a-SixCy:H, with x ≈ y) [44–46]. In fact, the
Raman spectra of such plasma-deposited coatings feature 3 typ-
ical bands (listed hereinafter according to their Raman efficien-
cy), 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 [44, 45]. Si-Si and C-C bands can
be clearly detected respectively in silicon-rich and carbon-rich
samples, while the Si-C band is more difficult to detect [44,
45]. Since in nearly-stoichiometric 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 [45, 46]. Moreover, a continuous amorphous silicon-
carbide coating has a Raman sampling depth of about 50 nm
(at the used excitation laser wavelength of 514 nm), i.e.

significantly lesser than the present FIB-SEM-estimated thick-
ness (~100 nm), which is in accord with the aforementioned
consideration about the observed disappearance of the graphite
features in its Raman spectrum [47, 48].

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 essential-
ly 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) [38]. 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 (not shown) of the native
graphite features a photoelectron-emission signal from carbon
at a binding energy (BE) of 284 eV (C1s), whereas the survey
spectrum of the run-6 graphite features signals from silicon
and oxygen too, at 102 eV (Si2p, beside Si1s at around
150 eV) and 532 eV (O1s), respectively [28]. The same set
of elemental signals was found also in the spectra of the graph-
ite processed in the runs 1 to 5. Hydrogen is not mentioned as
it is not XPS detectable, whereas the oxygen contamination is
a common feature of plasma coatings, arising from the oxygen
embedding into the plasma-deposited material which occurs
during either the deposition process or the subsequent coating
air exposure [1, 38, 46]. The atomic-percentage ratios of the
coating, calculated from the high-resolution spectra of the run-
6 graphite (Fig. 4), are reported in Table 2. The Si/C atomic-
percentage ratio is ca. 0.8, in accord with the interpretation of

Fig. 3 Raman spectra of native
and plasma-processed graphite
micropowder labelled with the
respective process-run numbers
and highlighting the detected
Raman signals
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the Raman spectra (Fig. 3), whereas the O/C and O/Si ratios
are respectively ca. 0.12 and 0.16, corresponding to a-
Si0.417O0.062C0.521:H, which emphasizes the scarce amount
of oxygen as a simple process contaminant .

From the preliminary observation of the C1s high-
resolution spectra in Fig. 4, it is evident that the C1s signal
of the coated graphite shows a more symmetrical and broader-
FWHMpeak compared to the homologous signal of the native
graphite (the FWHM values are reported in Table 2). Indeed,
the C1s signal of pure graphite (maximum at 284.3 eV) has a
narrow FWHM but is markedly asymmetrical due to the pres-
ence of a π→ π* shake-up transition in the higher-BE range
(at 290.4 eV) [29]. 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 carbon in the coating, but
it features no asymmetrical tail in the higher-BE range [28].

Thus, the coating carbon is clearly distinguishable from the
substrate carbon [30].

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 the
silicon atoms is oxidized [28]. 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 [28, 49].

Based on the above considerations, we then propose a
peak-fitting model of C1s and Si2p high-resolution signals,
shown in Fig. 4, with peak-fitting parameters and results re-
ported in Table 3.

The native-graphite C1s signal was fitted with a sp2-carbon
component centered at 284.3 eV (1) plus a shake-up compo-
nent at 290.4 eV (2) [29]. In contrast, the coated-graphite C1s
signal was fitted with 3 components: a main sp3-carbon com-
ponent 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 compo-
nent at 283.7 eV (2), which is attributed to the silicon-

Fig. 4 XPS high-resolution
spectra of native and plasma-
coated graphite (run 6)
micropowder with peak-fitting
components

Table 2 Surface elemental composition (atomic-percentage ratios) of
plasma-coated graphite (run 6) micropowder

Si / C [−] O / C [−] O / Si [−]

Plasma coating (run-6 graphite) 0.80 ± 0.01 0.12 ± 0.00 0.16 ± 0.00
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bonded aliphatic (hydrogenated) carbon, and a side compo-
nent at 286.2 eV (3), corresponding to the oxygen-bonded
carbon of ether environment [28, 30–32, 46]. 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 oxygen-bonded
silicon of siloxane environment, and a small-area component
at 99.9 eV (3), attributable to the scarce Si-Si bonds [28, 32,
33]. 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
essentially consists of cross-linked -CH2-Si-CH2- segments
[50, 51]. The oxygen is then likely to be embedded in the
coating by bonding with couples of silicon atoms and also
with couples of carbon atoms, so that the coating features
minor XPS-detected siloxane and ether phases. Such a collat-
eral process takes place during both the deposition process,
when the reactor residual oxygen is likely to favor the break-
ing of the monomer Si-Si bond and the hydrogen detachment
from the methyl groups, and the coating air exposure, when
the coating free radicals tend to take up oxygen atoms to
eliminate their dangling bonds [1, 46].

4 Conclusion

We performed a repeated PECVD reprocessing of fine graph-
ite micropowder of 15 μm in average diameter with a down-
stream tubular reactor, in order to obtain a powder that is
continuously covered by an organosilicon-plasma coating.
FIB-SEM and powder-flowability assessments revealed that
the coating initially consisted of a nanoparticle distribution,
which progressively grew until a rough continuous coating
was obtained after 6 process runs. The chemical

characterization with Raman spectroscopy and X-ray photo-
electron spectroscopy permitted to identify the main phase of
the coating as amorphous hydrogenated silicon carbide, with
minor siloxane and ether phases arising from the oxygen em-
bedding in the coating during either the plasma deposition or
the subsequent coating air exposure. The obtained result
proves that the downstream-reactor PECVD is a valid tech-
nology to apply silicon-containing coatings onto particles of
graphite micropowders.
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