Journal of Minerals and Materials Characterization and Engineering, 2016, 4, 62-72 ’Q:. Scientific
Published Online January 2016 in SciRes. http://www.scirp.org/journal/jmmce "tq’ Eﬁzﬁgmng
http://dx.doi.org/10.4236/immce.2016.41007 ¢

Characterization of Surface State of Inert
Particles: Case of Si and SiC

Désiré M. K. Abro?, Pierre Dabléz, Fernando Cortez-Salazar3, Véronique Amstutz3,
Hubert Girault3

!Laboratoire de Chimie Physique, Université F. H. B. Cocody, Abidjan, Cote d’lvoire

’Laboratoire de Thermodynamique de Traitement et Sciences des Surfaces et Interfaces, Institut National
Polytechnique F.H.B., Yamoussoukro, Coéte d’lvoire

*Laboratoire d’Electrochimie Physique et Analytique, Ecole Polytechnique Fédérale de Lausanne, Sion, Suisse

Email: abrodesire@hotmail.com
Received 26 December 2015; accepted 25 January 2016; published 28 January 2016

Copyright © 2016 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract

Silicon and Silicon carbide particles have been investigated by the mean of infrared (IR) spectros-
copy and X-ray photoelectron spectroscopy (XPS) to establish their surface states. The results of
this research are based on the estimation of the area under the high resolution peaks by isosceles
triangles. This approach leads to the repartition of the particles surfaces in term of atomic per-
centage and of type of bonds. The surface of silicon particles is divided up into 54.85% of Si-O
bonds and 36.85% of Si-Si bonds. The remaining surface is constituted of zeolite, the raw material
used to produce the silicon particles. The surface of silicon carbide particles consists of 50.44% of
Si-C bonds, 24.01% of Si-O bonds and 25.55% of graphite. 10.01% of the graphite is derived from
the oxidation of Si-C bonds while 11.48% is due to contamination. The zeta potential evolution
versus pH confirms the distribution of chemical groups found.
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1. Introduction

Silicon (Si) and silicon carbide (SiC) particles are widely used in energy storage, electronic applications and to
improve anticorrosion or mechanical properties of materials. In various processes such as the preparation of ce-
ramics and electrolytic codeposition [1] [2], they are generally suspended in solution with surfactants before
their use in the process. This crucial step may prove disastrous if suspensions form precipitates.
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Such behavior of the particles will necessarily lead to the production of materials of lower mechanical quality
[3]-[6]. Thus, determination of their chemical evolution and the definition of conditions that can ensure the sta-
bility of these phases are required. This investigation is essentially based on the characterization of the nature of
surface functional groups of these inert particles.

Particle surfaces are likely to be constituted of functional groups, as a result either the preparation process or
their interactions with their environment. In solutions, these groups may influence significantly the chemical and
physical behaviour of solid particles [7], owing to their specific reactivity with the solvent or other species
present in the solution. Therefore, it is fundamental to characterize these functional groups and, when possible,
their surface distribution for understanding and interpret these behaviors in a given solution.

In this study, infrared (IR) spectroscopy and X-rays photoelectron spectroscopy (XPS) analysis were per-
formed for a thorough understanding of the surface of silicon (Si) and silicon carbide (SiC) particles. While IR
spectroscopy has provided access to the surface functional groups, XPS spectroscopy has allowed determining,
for each element present at the surface of the samples, its atomic percentage and the nature of bonds with the
surrounding atoms. The change of zeta-potential of particles as a function of pH has also highlighted the nature
of their interactions with the species in solution. A compilation of these information has greatly contributed to
characterize particle surfaces in terms of their chemical composition and to elucidate their interactions with their
environments.

2. Materials and Methods
2.1. Specific Surface

The particles used in these studies are silicon (Si, 99.9%, Alfa Aesar), the size of which ranges from 1 to 5 um
and silicon carbide (SiC, Goodfellow), of a size of 0.1 to 1 um (Figure 1).

The specific surfaces of the particles were determined by the Brunauer-Emmett-Teller (BET) isotherm, which
is based on the adsorption and desorption of nitrogen molecules [8]. This experiment was run by the instrument
GEMINI 2375 MICROMERITICS.

2.2. Infrared Spectroscopy (IR)

The IR spectra were performed using a Perkin Flower apparatus, controlled by a SPECTRUM software. Infrared
radiations are sent to the samples of silicon and silicon carbide particles directly without immerse them first in
any solution. The different vibrations are recorded as a function of wavenumbers. IR spectra are analysed even
in the fingerprints zone; i.e. for wavenumber lower than 1500 cm ™.

2.3. X-Ray Photoelectron Spectroscopy (XPS)

The global and high-resolution XPS spectra were measured with an AXIS ULTRA apparatus. The different
kinds of atoms present at the particles surfaces and their surface concentrations in atomic percent and in mass
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Figure 1. SEM pictures of silicon (Si) and silicon carbide (SiC) particles.
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percent were determined from the global spectra. The high-resolution spectra for each particles are also provided.
Since the binding energy is characteristic of the number and the different types of bonds related to a specific
element, informations about surface states will be extracted using the isosceles method. For each peak of the
spectrum, the area defined by the isosceles triangle integrating the top of the peak is proportional to the number
of bonds present at the surface of the particles. To this end, the whole set of high-resolution spectra should be
presented in the same scale to obtain comparable surfaces. Therefore, the sum of these peak areas corresponding
to 100% of the bonds, can be correlated to surface of the particle studied. On the basis of the percentage of each
bonds detected by XPS, the area distribution of the different bonds can be calculated.

2.4. Zeta Potential

Zeta-potentials were measured for each type of particle in colloidal solutions containing 0.5 g/L of particles and
sodium chloride (99.5%, Fluka) at a concentration of 10 2 mol/L, prepared with previously deoxygenated and
deionized water. Solutions were prepared for different pH values, comprised between 2.5 and 5. The zeta-po-
tential values were determined using the Zetasizer apparatus Nanoseries ZS from Malvern Instruments.

3. Results and Discussions

3.1. Specific Surfaces

The specific surfaces determined by BET method are presented in Table 1. The specific surface area represents
the real surface of the particles for a mass of one gram. This non-intrinsic quantity is particularly related to the
procedure of preparation of the powder [9].

The analysis of the data provided in Table 1 shows that, as expected, the specific surface area of the particles
is in inverse relationship with their particle size. Thus, the SiC powder exhibits a higher surface area than the Si
powder, due to its lower size.

3.2. IR Spectra

3.2.1. IR Spectrum of Silicon
The IR spectra recorded for Si particles is presented in Figures 2(a).

100

~
W

S

Transmittance
W
S

25
0
3000 2600 2200 1800 1400 1000 600
Wavenumber (cm™)
@
100
~
o 751| SiC
Q
£
2 50
g
g
= 25
& 251
Si-C
0 stretching
3000 2600 2200 1800 1400 1000 600
Wavenumber (cm™)
(b)

Figure 2. (a) IR spectrum of Si particles; (b) IR spectrum of SiC particles.
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Table 1. Specific surface area of commercially available Si and SiC particles, as determined by the BET isotherm.

Particle Size (um) Specific area (m*-g™)
Si 1-5 5.7
SiC 01-1 21.30

In Figure 2(a), no absorption peak is clearly defined although a transmission band characteristic of the Si-O
bonds in the wave number range of 800 and 1200 cm* was is expected [10]. This is related to the homo-atomic
structure of this phase. In fact, the sensitivity of infrared spectroscopy is more pronounced for hetero-atomic
groups. However, the transmittance lower than 100% on the wavenumber window swept may indicate the pres-
ence of oxygen at the surface of the particles due to the interactions between the silicon atoms and the oxygen
present in the environment.

A band at higher wave numbers, centred on 2093 cm* was also observed on the IR spectrum of Si particles.
This corresponds to the presence of a Si-H group [11], which could originate from contaminations during the
preparation process of these particles.

3.2.2. IR Spectrum of Silicon Carbide
The recorded IR spectrum for the SiC particles is characterized by a unique, wide and intense absorption band,
centered around 780 cm™* (Figure 2(b)).

This band is characteristic of the Si-C bond. At higher wavenumbers, until 3000 cm?, the spectrum does not
exhibits any significant peak which would indicate any other functional group.

3.3. XPS Spectra

Two types of XPS spectra have been recorded for each material: the general spectrum and the high resolution
spectrum. The resonance peaks of the general spectrum can be correlated to the chemical bonds and conse-
quently species present at the surface of the particles. Their relative mass and atomic percentages are also de-
termined. The high resolution spectrum is performed for each chemical element detected in the general spectra.
It based on the deconvolution of the resonance peaks of core level electrons s and p for each elements. The peak
energy values of these photoelectrons for a specific element indicate the type of bond and the nature of the
atoms to which it is bonded. The characterization of the surface consists of the determination of chemical spe-
cies present thereon and their corresponding surface proportions. The set of atomic percentages originating from
the general spectrum provides, by counting, the number of photoelectrons emitted at a specific excitation ap-
plied.

3.3.1. General and Hihg Resolution XPS Spectra of Silicon Particles
The spectrum obtained from the XPS analysis of the silicon particles shows peaks characteristic of silicon,
oxygen and carbon atoms (Figure 3).

These peaks are followed on their left side by tails of lower intensities. The latters result from lower energy
photoelectrons detected. The lose energy are due to inelastic shocks occured before photoelectron detections
[12]. The presence of silicon on the surface is materialized by the Si,s and Si,, peaks around 160 eV and 100 eV
respectively. The signal for silicon is split in two peaks as two electrons are emitted from its p and s atomic
layers. This duplication is shown more precisely in the inset of Figure 3.

Besides the Si signal, an intense peak is observed at 533.06 eV and a smaller one at 555.1 eV. The first one
corresponds to the emission of a photoelectron from the O, layer, confirming the presence of oxygen at the
surface of the particles. The peak at 555.1 eV Oy, corresponds to the emission of backscattered Auger electrons
by oxygen atoms. The presence of carbon atoms at the surface of Si particles is revealed by a very low intensity
Cys peak at 285 eV. This carbon could arise from a contamination due to adsorption of (hydro)carbon com-
pounds or an impurity in the material. These results are in agreement with those obtained by Moreau [13] and J.
Binner [14].

The presence of adsorbed species that are oxygen and carbon confirm the lower transmittance obtained from
silicon particles IR spectrum.

The atomic and mass composition extracted from the general spectrum are shown in Table 2.
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Figure 3. XPS general spectrum of silicon particles.

Table 2. Silicon particles surface composition.

O C Si
Atomic % 45.25 7.75 47.00
Mass % 33.88 4.35 61.76

The high resolution spectra extracted from the general spectrum are shown in Figure 4.

The silicon Siy, HR spectrum indicates the existence of Si-Si bonds at around 99 eV [14]. This peak
characterizes the cristalline silicon phase. The presence of Si-O bond is confirmed by the peak at 103 eV on the
Si,p spectrum and the peak at 533 eV on the oxygen O;, spectrum. The silicon Si,, spectrum also shows a peak
at 107 eV corresponding to a typical Si-O bond of an aluminosilicate phase, in this particular case, the zeolite
[15].

The relatively low intensity of this peak may reflect an amorphous structure of this phase. This zeolite phase
could originate from the silicon preparation procedure. The zeolite might have served as raw material.

The presence of carbon at the surface of the Si particles is demonstrated by the carbon Cys spectrum with a
C-C peak positioned around 285 eV. The presence of C-O bonds is also suggested by the low energy peak at
around 286.5 eV on the same spectrum.

The HR spectrum O, of oxygen confirms the Si-O noticed in Si,, spectrum. The Si-O bonds arise from the
interaction of some silicon atoms on the surface with oxygen from the atmosphere.

This spectrum also shows a peak at 536.5 eV, typical of C-O bonds. These last bonds may result from a
fraction of the graphite that reacts with oxygen to establish equilibrium with atmosphere since this reaction is
thermodynamically favored. Thus, the surface of the silicon particles is constituted of oxygen that thereby
reduce the oxygen gradient against this phase.

The overall results of the XPS experiments conduct to the conclusion that the surface of the silicon particles is
composed of atoms of silicon, oxygen and carbon. However, the low intensity of the C,s energies indicated on
HR spectrum shows that carbon atoms are not strongly bound to the Si surface, on the contrary with silicon and
oxygen atoms.This carbon can therefore be considered as a contaminant.

The total surface of the particles can be determined by summing the area of the bonds of the Siy, spectum,
with the O-C area on the O spectrum and with the C-C area from de Cys spectrum. Table 3 summarizes the
values of the surfaces and the proportions of different types of bonds.

According to Table 3, silicon particles are highly oxydized. Si-O bonds cover about 54.85% of their surfaces.
Aside the fact that silicon oxidation is thermodynamically favoured according to its negative Gibbs energy i.e.
—857 KJ-mol ™, the oxydation of silicon particles is due to the cristallographic configuration of atoms. Then, on
pure silicon surfaces, the atoms located in the outermost atomic layer are not in the tetrahedral configuration
(Figure 5(a)). Instead, they are engaged in a square-based pyramid (Figure 5(b)) in which the binding energies
are higher than in the tetrahedron lattice. This is related to the angle of the polyhedron, which is smaller than
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Figure 4. High resolution spectra of silicon particles.
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Figure 5. Tetrahedral (a) and pyramidal (b) configurations of Si at the surface.

Table 3. Distribution in percentage of surface bonds and atomic fraction at Si surface.

Area (%) Atomic Fraction (%0)
Si-Si 36.85 20.87
Si-O 54.85 23.56
Al,SiOn; (zeolite) 4.52 2.56
Total Si (%) 47
c-C 3.03 1.38
Cc-O0 14 6.37
Total C (%) 7.75
TOTAL (%) 100

109.28°, rendering the structure less stable. Thus, part of these atoms react with oxygen to decrease the energetic
level of the surface Si bonds in order to partly relax the surface atomic layer.

3.3.2. General and High Resolution XPS Spectra for Silicon Carbide Particles
The spectra obtained from the XPS analysis of the SiC particles (Figure 6), presents the typical intense peaks of
Sizs, Sizp, O1s, Ok and Cyg, corresponding to the atoms of silicon, oxygen and carbon present at their surface.

The surface of these particles is also characterized by the presence of oxygen atoms, which reflect the
apparition of a binding oxygen species responsible for the equilibrium of the SiC surface with the atmospheric
oxygen.

The peaks of silicon and carbon have almost the same height with respect to the backgound; around 9000 CPS,
indicating that the species are in the stoichiometric proportions in the compound.

Table 4 provides atomic and mass proportions of the surface for carbon, silicon and oxygen.

The carbon Cys spectrum exhibits two types of bonds: the C-Si bonds at 282.8 eV [16] characteristic of the
silicon carbide phase and the C-C bonds at 285 eV (Figure 7).
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Figure 7. High resolution spectrum of SiC particles.

Table 4. Silicon carbide surface composition.

O C Si
Atomic% 20.02 45.73 34.25
Mass% 17.49 29.99 52.52

However, the intensity of the C-C line is higher than that obtained in the case of the silicon particles. Carbon
atoms originate from an another source. G. Ramis et al. [17] have shown that the C-C bonds on the SiC particle
surfaces are produced by the oxidation of Si-C bonds. A substitution reaction can occur as follows (Equation

(1)
Si—C+%02 —Si-0+C 1)

Thus, the carbon phase characterized by C-C bonds is derived.

Hence, the reaction of Equation (1) leads to O-Si-O groups and results in the silica formation.

By taking into account the stoichiometry of O-Si-O bonds and the amount of surface oxygen namely 20.02
at%, one can estimate at 10.01 at% the silicon atoms involved in this phase. In accordance with the oxidation
reaction of the SiC (Equation (1)), the amount of silicon oxidized equals that of the released carbon. In fact,
from the total carbon percentage, that is 45.73 at% (Table 4), 24.24 at% are bonded to silicon in the carbidic
phase, while 10.01 at% were produced by Equation (1) and remained at the surface. Finally, 11.48 at% of the
carbon atoms originate from environment contamination. The whole surface of the particles under scrutinity is
determined by summing up the Si-C area from de Siy, spectrum to the O-Si area from the O, spectrum and to
the area from the C-C of Cy spectrum. Table 5 shows the surface distribution of silicon and carbon bonds and

their atomic fractions at SiC surface.
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Table 5. Distribution in percentage of surface bonds and atomic fraction at SiC surface.

Area (%) Atomic Fraction (%0)
Si-C 50.44 24.24
Si-O 24.01 10.01
TOTAL Si (%) 34.25
C-C 25.55 21.49
Total area 100 -
Total C (%) 45.73

3.4. Zeta Potential Measurement

The change in zeta-potential values as a function of pH for Si and SiC particles is shown in Figure 8.

Changes in zeta potential are set in the light of the functional groups present on silicon and silicon carbide
surfaces. In the pH range investigated, the acid and basic forms of the water are H;0" and H,O respectively. To
attain comprehension of the zeta potential values, one will highlight all kinds of interactions that could take
place between the heterogeneous phases constituted by the solution and the solid particles.

Considering the electronegativity of two atoms of one bond, the less electronegative one presents a negative
charge deficiency, J+, arising from polarization. These sites become the adsorption zones for negative species
present in the environment (in the present case, in the solution). They can also attract water molecules, in partic-
ular, the free electrons doublet of oxygen. On Si and SiC particles, carbon or silicon atoms bonded with oxygen,
more specifically the C-O and Si-O bonds, should exhibit such sites.

Moreover, the electronic structure of graphitic carbon presents two empty 2p quanta boxes. These can bind to
the doublets of free electrons of the oxygen atom of the hydronium ion, H;O", therefore generating a positive
carbon environment.

When the pH of the solution increases, the proportion of the basic form of water rises. Under these conditions,
the atoms or functional groups which exhibit LUX-FLOOD acidity [18] will be attacked by the base species of
water, namely H,O. Therefore, the Si 6+ sites interact with H,O to form silanol groups, as shown in Equation

Q).

Si—-0-Si+H,0 = 2Si-0OH )]
In the same way, carbon 6+ sites lead to alcohol groups, Equation (3).
C-0-C+H,0=2C-0OH (3)

These reactions induce a change of symmetry of the 6+ polarized site, which passes from two to three.

The symmetry two is formed by the transversal section according to O-Si-O bonds (Figure 9(a)). Actives
species can approach the silicon site 6+ on both sides.

The symmetry three is oriented by the C3 like axe that represent the Si-OH bonds according to the symmetry
of molecules group theory (Figure 9(b)). The bond of silicon atom with OH is turned toward the solution while
others bonds concern the surface of the particle. In the same order, the number of approach sites for adsorbed
negative species also passes from two to three.

Regarding the silicon particles as such and considering the composition of silicon particles surface listed in
Table 2, the sites exhibiting a J+ polarization are silicon and carbon atoms when they are bound to oxygen
which exhibits a — partial charge. Those sites can adsorb chloride ions or water molecules while hydronium
ions can adsorb only on carbon. However, the proportion of carbon that can adsorb hydronium ions is small; it
corresponds to 3.03% of the area, which is only 1.38 carbon at% (Table 3). So the contribution from theses ad-
sorption processes, bringing positive charges at the surface of the particle are completely surpassed by chloride
ions adsorption on silicon ¢+ polarized sites.

When the pH increases, the molecules of water tend to react according to Equations (2) and (3), instead of
adsorbing on the J+ polarized sites. As a result, chloride ions are adsorbed to a greater extent and this adsorption
process is also enhanced by the silanol and carbon hydroxide formation. Therefore, the zeta potential is expected
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to become more and more negative with pH increasing as observed in the experimental results presented in Fig-
ure 8.

Silicon carbide presents Si-O bonds involving only 11.05 at% of silicon. These latter ones are 0+ charged due
to polarization. Additionally, free carbon atoms C, representing 22.35 at%, can adsorb hydronium ions so that,
the total charge remains positive at the surface of the particles. As the pH increases, the proportion of hydronium
ions in solution decreases as well as its adsorption rate on carbon. The total surface charge becomes less and less
positive. Concurrently, the reaction of silanol formation (Equation (2)) occurs due to the pH increase. In fact
hydroxyl ions concentration increases with the pH.

The adsorption of chloride ions also contribute to rise the negative surface charge, so that the total positive
surface charge of the particles decreases. This trend continues until the potential of zero charge (PZC) is reached
at pH 4.2. The PZC obtained in this work is close to that reported by Xiao et al. [19] for SiC particles dispersed
in KCI 0.01 M. At this pH, the SiC particles surface displaythe same amount of positive charge than negative
charges, leading therefore to a neutral particles surface charge.

For pH values higher than 4.2, the hydronium ions activity is drastically reduced and therefore their adsorp-
tion. The adsorption of negative charges at the surface is ensured by chloride ions. This adsorption increases due
to the three order symmetry that the silicon offers. The zeta potential becomes more and more negative.

4. Conclusions

A thorough characterization of Si and SiC particles was conducted in the present study in order to understand
the surface chemistry of these materials. The study of the infrared spectra of the particles enabled the identifica-
tion of functional groups at the particles surfaces. These were confirmed by the XPS measurements. Indeed, the
compositions in atomic and mass percentage of the particles surfaces have been resolved on the basis of a global
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XPS spectra, while, the high resolution spectra obtained by peaks deconvolution allowed the identification of the
various bonds in which atoms are involved. Peak areas integration by the method of isosceles triangle has been
found to be suitable to assess the atomic percentages as well as the proportions of the various bonds were estab-
lished. Thus silicon particles are respectively covered by 54.85% and 36.85% of Si-O and Si-Si bonds. The rest
being zeolite remaining from the raw material used. Silicon carbide SiC surface is constituted for 50.44% of
Si-C bonds, for 24.01% of Si-O bonds. Graphite represents 25.55% of the surface.

The determined surface functional groups and the physicochemical interactions that they are susceptible to be
responsible for are consistent with the zeta potential variation with respect to the pH of the solution. In fact, zeta
potential measures suggest, for both materials, the adsorption of hydronium and chlorine ions and water
molecules present in solution. Adsorption of chlorine ions and water molecules give to silicon particle negatives
zeta potential values. In the case of silicon carbide, adsorption of hydronium ions results to positive zeta
potential until a pH of 4.2. Finally, the surface state in terms of atomic percentages, is consistent with the
variation of zeta potential.
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