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Chapter

Surface Analysis of Graphene
and Graphite

Wenjing Xie and Chi-Ming Chan

Abstract

Graphene and graphite are two widely studied carbon materials. Due to their
particular properties and structure, graphene and graphite have been used in a variety
of fields such as electronic devices and sensors. The surface properties of graphene
and graphite as well as their derivatives are strongly connected to the performances
of devices and sensors. Thus, it is necessary to choose appropriate surface analysis
techniques for characterization, which are not only useful in the understanding of
the surface composition and structure but also in the design and development of
these types of materials. X-ray photoelectron spectroscopy (XPS) and time-of-flight
secondary ion mass spectrometry (ToF-SIMS) have been two of the key surface
analysis techniques that are widely used to characterize these surfaces. In this chapter,
an overview of the applications of XPS and ToF-SIMS in the study of the surfaces
of graphene and graphite is present. We hope that the information provided will
simulate more exciting and inspiring research on graphene and graphite and promote
practical applications of these carbon materials in the future.

Keywords: graphene, graphite, surface, XPS, ToF-SIMS

1. Introduction

Carbon materials have been widely used to promote technological advances in
various applications such as energy storage, catalysis, and sensors. These materials
which are mainly composed of carbon atoms exhibit diverse structures and proper-
ties depending on the valence bond hybridization of carbon. As a new member of
carbon materials, graphene exhibits extraordinary physical and chemical properties.
Graphene is a zero-bandgap semiconductor and exhibits room temperature electron
mobility, which is much higher than those of silicon or other semiconductors and
weakly affected by temperature and doping effect [1]. These properties impart the
rapid development of graphene-based transistors or integrated circuits which are
considered as a promising alternative to silicon electronics [1, 2]. The first graphene-
based circuit was developed by Lin et al. in 2011 [3]. The graphene integrated circuit
operates as a broadband radio-frequency mixer at frequencies up to 10 gigahertz and
exhibits outstanding thermal stability. Graphene is highly optically transparent and
absorbs only 2.3% of the incident white light [4]. Graphene also displays the high-
est thermal conductivity compared to other carbon materials [5]. Thus, graphene
has applications for transparent touchscreens, organic light-emitting diodes as well
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as solar cells. Large-area, continuous, transparent, and highly conductive graphene,
which can be produced by chemical vapor deposition (CVD) method, is used as an
anode in photovoltaic devices with a power conversion efficiency of up to 1.71% [6].
The large specific surface area, flexibility, and high electrical conductivity of gra-
phene make it an ideal material for sensors [7]. In particular, the graphene sensor for
COVID-19 detection can detect viruses faster and more accurate [7]. For example, a
graphene-based field-effect transistor biosensing device was created to detect spike
protein on COVID-19 with a limit of detection of 1 fg mL™" [8]. Graphene has a unique
two-dimensional (2D) single-sheet structure and is considered a building block of
other carbon allotropes. It can be wrapped up into zero-dimensional (0D) fullerene,
rolled into one-dimensional (1D) carbon nanotube, or stacked into three-dimensional
(3D) graphite [1]. In the graphite structure, each carbon atom is sp® hybridized. The
highly oriented pyrolytic graphite (HOPG) is a highly-ordered and high-purity form
of synthetic graphite. A new HOPG surface can be generated via simple tape cleav-
age. It is an ideal model to be used as a calibration standard for microscopic imaging
[9, 10], and a substrate for chemical reactions [11] and surface modifications by laser
irradiation and ion beam bombardment [12].

It is well known that the surface physical and chemical properties of materials
are quite different from those of their bulks. Many critical physical and chemical
reactions occur on surfaces of materials, such as oxidation, contamination, corro-
sion, and adsorption. As surface properties are governed by the atomic structure and
composition of the outermost layer of the surface of a material, it is necessary to use
appropriate surface analysis techniques for its characterization. X-ray photoelectron
spectroscopy (XPS) is a widely used surface analysis technique with a sampling depth
of 2-10 nm because of its simplicity in use and straightforward in data interpretation
[13, 14]. It provides nondestructive quantitative information with an accuracy of up to
0.1 at% on the elemental composition and the chemical state of the elements present
on the surface of a material. When high-sensitivity elemental analysis and spatial
distribution information of chemical species on a surface are needed, an extremely
surface-sensitive technique with a sampling depth of approximately 1 nm, the spatial
resolution of about 0.1 pm, and low detection limit up to ppm called time-of-flight
secondary ion mass spectrometry (ToF-SIMS) is applied [13, 14]. The secondary
fragments generated from the surface of a material are related to its surface chemical
structure, such as defects and the functional groups at its edges. However, quantita-
tive information can hardly be deduced from the ion intensities and data interpreta-
tion is more complicated. Therefore, a combination of XPS and ToF-SIMS can provide
complementary details about the chemical information of the surface of a material.

The objective of this chapter is to present an overview of the applications of XPS
and ToF-SIMS in the surface characterization of graphene and graphite, includ-
ing their preparation processes, impurities, surface defects as well as their surface
reactions. We hope this chapter will drive a deeper understanding of graphene and
graphite surfaces for faster development and wider applications of these types of
materials.

2. Synthesis of graphene

The high spatial resolution imaging and chemical specificity of ToF-SIMS make it
a suitable tool to investigate the uniformity of graphene and determine the number
of graphene layers. The high spatial resolution map using the C,” ion as a marker for
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The C,” ion map was veconstructed by accumulating the signals for (a) 20s, (b) 1005, and (c) 300 s of Cs*
sputtering, vespectively. (d) A plot of the C,” ion intensity integrated from the area line scan is shown in (c). (e)
ToF-SIMS C, ion image of graphene on a Cu substrate. (f) Optical image and (g) corresponding ToF-SIMS C,”
ion image of graphene on a SiO,/Si substrate [15].

the hexagonal graphene domains provides information about the uniformity of its
domains [15]. In addition, ToF-SIMS analysis of multilayer graphene was achieved

by cycles of high lateral resolution imaging followed by slow Cs* ion sputtering to
remove the graphene materials [15]. As shown in Figure 1, with 20 s of sputtering
time, a uniform graphene layer can be observed, while it takes approximately 100 s of
sputtering for the removal of the first layer of graphene. Prolonging the sputtering for
a longer time exposes all the buried adlayers underneath the top layer, and thus a total
of three layers of graphene can be observed after accumulating C,” signals for 300 s of
sputtering. The intensity of the C,” ion shows a stepwise increase with the number

of graphene layers. Particularly, the C,” ion intensity at each step shows a linearly
proportional increase to the number of graphene layers, and up to six layers of gra-
phene can be distinguished. These results are validated with analogous optical images
showing six layers of graphene. The ToF-SIMS chemical image shows its capability of
identifying the layer number of graphene on both Si/SiO, and Cu substrates.

CVD has been commonly used to grow large-area graphene sheets on various
metal substrates [16]. Cu foil is often chosen as a substrate and also a catalyst for
monolayer graphene growth [17]. The weak interaction between the graphene and
Cu foil allows the graphene films to expand over the grain boundaries with minimal
structural disruption, resulting in electron transfer from the Cu foil to the graphene
[16, 18]. ToF-SIMS is a suitable technique to determine the chemical structures cre-
ated from this interaction. It was found that peaks related to the interaction between
the graphene and Cu foil substrate, such as C,Cu™ and C4,Cu” ions, are present in
the ToF-SIMS negative ion spectrum obtained at 450°C [19]. The ToF-SIMS images
further verify that the C,Cu™ ion shows a distribution pattern similar to that of
the C,™ ion, which is a characteristic ion for graphene (Figure 2). Two areas
(60 pm x 60 pm) from the ToF-SIMS image of the C,” ion corresponded to areas
with high graphene and Cu concentrations were then picked for analysis. Both the
graphene-related peaks, i.e., the Cy” and C;H™ (where x=1, 2, 3...) ion series, and
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Figure 2.
ToF-SIMS images of different ions of graphene on a Cu foil substrate: (a) C,”, (b) C,, (c) Cu’, (d) C,Cu’,
(e) CuO and (f) Cu, ions [19].

peaks related to the interaction between the graphene and Cu foil substrate (C;Cu~
ion series) have higher intensities in the areas with a higher graphene concentration,
confirming the existence of the graphene-Cu interaction at the interface of the
graphene and Cu foil substrate.

Moreover, the oxidation protection of graphene for the Cu foil substrate was found
when comparing the ToF-SIMS negative ion spectra obtained from the areas with and
without graphene coverage [19]. The intensities of the peaks related to the oxidation
of the Cu foil substrate, such as the CuO™ and Cu,O" ions, are significantly higher in
the spectrum obtained from the area without graphene coverage. On the contrary, the
ion intensity ratios of Cu cluster ions to the Cu™ ion, such as the Cu; /Cu” and Cuy /
Cu’, are higher in the area with a higher graphene concentration. The Cu;™ ion shows
a distribution pattern similar to that of the C,” ion but complementary to that of the
CuO" ion (Figure 2). As the metal cluster ions are usually generated during the sput-
tering process by direct ejection from a metal surface, it can be anticipated that more
Cu cluster ions are formed from pure metal than from its oxides. Therefore, the higher
ion intensity ratios of Cu cluster ions to the Cu” ion in the areas with a high graphene
concentration also confirm that less oxidation occurred in the graphene-covered Cu
foil substrate than in the uncovered areas. The above results confirm that the growth
of graphene on a Cu foil substrate can prevent oxidation of the Cu foil substrate dur-
ing storage and annealing processes. The graphene on the Cu foil substrate can inhibit
the diffusion of small molecules, such as O, and H,0, into the interface between the
graphene and Cu foil substrate, thus preventing the oxidation of the copper.

3. Impurities in graphene and graphite

To better measure the optical and electronic properties of graphene, the graphene
grown on a Cu foil needs to be transferred onto another target substrate, such as Si wafer
or glass. During the transfer processes, a polymer such as poly (methyl methacrylate)
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(PMMA) is commonly used as a membrane support to prevent folding or tearing of
graphene [20, 21]. Studies have shown that there is still some residual PMMA remaining
on the surface of graphene after cleaning by chemical or thermal treatment [22, 23].
When exposed in the air or during XPS and ToF-SIMS measurements at room tempera-
ture, the adsorption of hydrocarbon and oxygen contaminants on the graphene and
graphite surfaces is very likely. Xie et al. developed a process to produce a very clean
graphene surface through annealing a graphene sample at 500°C in an ultra-high vacuum
chamber without creating any additional defects [24]. XPS was used to estimate the
residual PMMA and hydrocarbon contaminants on the graphene surface before and after
annealing at different temperatures based on the curve-fitting results. The XPS results
indicate that a clean surface was produced after annealing the sample at 500°C for 45
min. A similar experiment was repeated, and the sample was analyzed by ToF-SIMS.
After selecting representative ions of PMMA and hydrocarbons from ToF-SIMS spectra,
such as C;H;0," and CH;0™ for PMMA and C4Hs" for hydrocarbons, and calculating
their normalized intensities under different annealing conditions, the results confirmed
that the residual PMMA can be removed from the surface of graphene at 400°C, while
hydrocarbon contaminants require a higher temperature of 500°C to remove.

Furthermore, by using deuterium isotope-labeled PMMA and ToF-SIMS, the
residual PMMA on a graphene surface was identified, located, and quantified.
Figure 3 shows ToF-SIMS depth profiles and high lateral resolution maps of C;” ion
representing graphene and *H™ ion representing deuterated-PMMA [25]. As shown
in the depth profiles, the H™ ion is concentrated on the top surface and its intensity
drops when penetrating into the graphene structure. The C;™ ion increases gradually
and reaches a maximum at the depth of about 0.2 nm (*H" ion with relatively low
intensity), and then gradually decreases when going into the SiO, substrate layer.
The mapping results, as shown in Figure 3b and c, indicate that the *H™ ion appears
mainly in the same areas where the C;™ ion is present, confirming that the residual
PMMA is present on the graphene surface.

In addition, metallic impurities introduced during the transfer process can lead to
contamination of fabrication devices. The out-diffusing of these impurities toward
the substrate during the device processing can result in degradation of the device
parts located beneath graphene. ToF-SIMS was used to detect Cu and Fe residuals
originating from the transfer process of graphene [26]. The ToF-SIMS images of
transferred graphene showed the presence of Cu and Fe residuals on the areas cov-
ered with graphene. A comparison of ToF-SIMS mass spectra between the SiO,/Si
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Figure 3.

(a) ToF-SIMS depth profiles of *H™, C;” and SiO," ions. ToF-SIMS images of (b) C;~ and (c) *H ions [25].
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substrates with and without graphene confirmed that the presence of residual metals
is related to the graphene transfer process. Combined with total reflection X-ray
fluorescence, the residual metal (Cu and Fe) concentrations were calculated to be
approximately 10°-10"* atoms cm ™ regardless of the transfer method.

4. Defects in graphene and graphite

Studies have shown that defects can arise during the preparation process of
graphene. The defects in graphene exist in the form of sp’ carbons with more or less
than six carbon atoms in a ring [27]. Usually, one or two H atoms are attached to the
sp° carbons. The presence of defects in graphene can change its electrical, mechani-
cal and magnetic properties as well as surface chemical reactivities, thus having a
significant impact on the performance of graphene-based devices. On the contrary,
the surface of HOPG is almost defect-free with only delocalized sp” carbons and can
be used as a standard model for the study of surface defects on graphene. XPS has
been the preferred choice for determining the structures of graphene and graphite
surfaces [28]. Figure 4a shows an XPS C1s spectrum of HOPG, revealing a narrow
main carbon peak with the binding energy at 284.5 eV, accompanied by a broad and
asymmetric tail toward higher binding energy [28]. The asymmetry is due to the low
energy electron-hole pair excitation as the valence electrons respond to the presence
of the core hole. Two empirical approaches have been used to curve fit this asymmet-
ric line shape. The first approach uses an asymmetric Doniach-Sunjic function, which
was originally developed for analyzing the asymmetric line shapes of XPS spectra of
metals [29], while the other considers HOPG as a neutral alternant hydrocarbon and
fits its C1s spectrum with five symmetric components [30]. Xie et al. obtained clean
HOPG and graphene surfaces by annealing the samples at 500°C in an ultra-high
vacuum chamber [28]. A combination of Doniach-Sunjic and Gaussian-Lorentzian
functions was used to curve fit the asymmetric Cls spectrum of HOPG. An asymmet-
ric parameter of 0.035 was determined after considering the left full-width-at-half
maximum (FWHMpg) and the right FWHM (FWHMgp,:) of the Cls peak. The Cls
spectrum of clean HOPG was fitted with two components including the sp” carbon
peak and the n-n" shake-up peak (Figure 4a). However, for the curve-fitting of Cls
spectrum of graphene, a sp’ carbon peak representing the defects at the binding
energy varying between 285.0 and 285.5 eV also appears (Figure 4b). To confirm the
nature of the sp’ peak, defects were introduced on the surface of HOPG. An effec-
tive way of inducing defects on the surface of HOPG is ion bombardment, in which
the defect density can be controlled by varying the ion dose density. Defects created
on a HOPG surface can broaden the FWHM of its XPS C1s spectrum and make the
line shape on the high-binding-energy side of the peak more asymmetric due to the
disorder of its delocalized sp” structure and the development of the sp’ component.
Figure 4c shows that the FWHM of the C1s peak becomes broader and the sp’ carbon
peak intensifies as more defects were created on the surface of HOPG. The C1s curve
of the sputtered HOPG at the take-off angle of 20° (sampling depth about 2.6 nm)
showed a higher sp’ peak intensity compared with that at 90° (sampling depth about
7.5 nm). This result indicates that sp’ defects which were created by sputtering a
defect-free HOPG surface mainly concentrated on the top surface. The atomic ratio
of sp° carbons to sp” carbons in the sputtered HOPG samples determined by XPS
was used to estimate the amounts of sp> defects. For the HOPG sample, the ratio was
close to zero. As the sputtering dose increased, the ratio gradually increased. Note
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Figure 4.

X1§S C1s normalized spectra of (a) HOPG after 500°C annealing, (b) graphene on a SiO,/Si wafer after washing
with acetone and annealing at 500°C, and (c) HOPG after 500°C annealing followed by Ar* sputtering with a
sputtering dose of 5.0 x 10” ions cm™>. The black (—) and green (—) lines represent the experimental and curve-
fitted spectra, respectively. All spectra were obtained at 500°C at a take-off angle of 20° [28].

that sputtering creates defects but at the same time also removes the defects from the
surface. As a result, the ratio eventually reached a constant value when the rate of
defect generation equaled the rate of defect removal.

The defects in graphene can also be characterized using ToF-SIMS [28]. A com-
parison between the ToF-SIMS spectra of graphene and HOPG shows similar ions,
including C,", CyH', C, and C;H" (Figure 5). The typical fragment ions of graphene
and HOPG can be categorized into several types. The C;" and C, ion series are the
type that mainly comes from the direct breaking up of the sp areas of graphene and
HOPG surfaces. The H-containing fragment ions (CyH" and C;H") form another type
of typical fragment ions of graphene and HOPG. The C;H" and CH" ions contain at
least one hydrogen which would normally be absent from a defect-free graphene or
HOPG surface. Their presence in the spectra suggests that they were created via direct
ejection of the carbons at or near the defect areas of the graphene and HOPG surfaces.
Since graphene has many more defects on its surface, the probability of formation
of the C;H" and C;H" ions in graphene is higher, leading to their higher normalized
intensities. Another major difference between the spectra of graphene and HOPG
is that C;H," ions are present in the positive ion spectrum of graphene but absent in
the spectrum of clean HOPG. Therefore, it was suspected that the C;H," ions might
be generated at or near a defect in graphene. To further determine the origin of
CH," ions, ion bombardment was carried out to create defects on a HOPG surface.
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ToF-SIMS (a) positive and (b) negative ion spectra of HOPG after annealing at 500°C and graphene on a SiO.,/
Si wafer after washing with acetone and annealing at 500°C. All spectra were obtained at 500°C [28].

A detailed examination of the positive ion spectra of ion-bombarded HOPG surfaces
reveals the presence of the C;H," ions, confirming that these ions originated from
the defects created on the sputtered HOPG surfaces. Therefore, the C;H," ions can be
used as an indicator for the existence of defects in graphene and graphite surfaces.
Studies have shown that defects on graphite and graphene surfaces can be repaired
under a carbon atmosphere, a noble gas atmosphere, or in a vacuum [31-33]. The
repairs can improve their thermal and electrical conductivities and enhance their
mechanical strength. Xie et al. revealed that the defects created on the surface of HOPG
by ion bombarding can be repaired through high-temperature annealing [34]. Both XPS
and ToF-SIMS were applied to monitor the creation and repair of defects ina HOPG
surface. The ratio of sp’ to sp” carbons was calculated from XPS results for the HOPG
surface before and after sputtering as well as the sputtered HOPG surface after anneal-
ing under Ar at different temperatures. These results are shown in Figure 6a. This ratio
is close to zero for the HOPG and increases to about 0.09 after a dose of 5.8x10" ions
cm™? sputtering. After annealing at either 500 or 650°C, the ratio remains the same, but
annealing at 800°C reduces the ratio to about zero. Therefore, defects on the surface of
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(a) The ratio of sp’ to sp® carbons in the fresh HOPG sample, HOPG after Ar* sputtering at a dose of 5.8 x 10°
ions cm™? and after annealing in Ar at diffevent temperatures. (b) C KLL spectra of the fresh, sputtered, and
annealed HOPGs and (c) their first devivatives obtained at 500°C [34].

the sputtered HOPG can be repaired by annealing at 800°C in Ar. The ratio of the sp’ to
sp’ carbons can be estimated using the distance between the most positive maximum
and the most negative minimum of the first derivative of an XPS C KLL spectrum
which is referred to as the D parameter [35, 36]. For HOPG, this value varies from 21.2
to23.1eV [35, 36]. As shown in Figure 6b and c, the calculated D parameters are 21.3
and 20.1 eV for the fresh and sputtered HOPG, respectively. The decrease of the D
value implies an increase in the number of sp’ carbons on the surface. After annealing
at 800°C in Ar, the D value is 21.6 eV, which is similar to that of the fresh HOPG. The
recovery of the D value for sputtered HOPG after annealing again implies the conver-
sion of the sp> carbons which are present as defects on the sputtered sample to sp
carbons through annealing.

ToF-SIMS spectra were obtained from the surfaces of HOPG before and after
Ar” sputtering and the sputtered HOPG sample after annealing under flowing Ar at
different temperatures [34]. The normalized intensity of the C;H," ions was used
as an indicator to reveal the concentration of the defects on the HOPG surfaces. It is
obvious that the intensity of these ions was close to zero for the fresh HOPG because
it is a defect-free surface. Interestingly, the intensity of these ions for the sputtered
HOPG increased, indicating the creation of defects; while the intensity of these ions
for sputtered HOPG after annealing at 800°C was close to zero except for the CH,"
and C,H," ions, suggesting the healing of these defects created by sputtering.

5. Reactions on the surfaces of graphene and graphite

The performances of different reactions on graphene and graphite such as cataly-
sis, oxidation and reduction, as well as functionalization, are dependent on their
surface properties, which are the primary areas of interest. N-doped carbon materi-
als are promising catalysts that exhibit high electrocatalytic activity for the oxygen
reduction reaction with high durability [37]. By using HOPG as a model, several types
of N-doped HOPG model catalysts were created to investigate the active sites in the
oxygen reduction reaction [38]. These N-doped HOPG models included clean-HOPG,
Ar" ion sputtered HOPG and HOPG modified with different types of N such as pyri-
dinic and graphitic N on the surface. The introduction of different types of N on the
HOPG surface was verified by a least-square curve fitting analysis of XPS N1s spectra.
The pyridinic N and graphitic N component peaks were assigned at 398.5 and 401.1
eV, respectively. The active sites of the N-doped HOPG surface were then subjected
to oxygen reduction reaction and followed by XPS characterization. It was found that
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the concentration of pyridinic N decreased, while the concentration of pyridonic N
increased. This result suggests that the C atom next to pyridinic N is the active site,
which reacts with the OH species formed during the oxygen reduction reaction,
accompanied by the transformation of the pyridinic N to the pyridonic N.

Surface functionalization of graphene and graphite is also an essential process to
enable them to be used for various applications owing to the changes of the surface
chemistry such as hydrophobicity and hydrophilicity. For example, hydrogenation
reaction is a common way to introduce C-H bonds on the surfaces of graphene and
graphite by converting sp® carbons to sp’ carbons [39]. Birch reduction has been used
to convert localized sp® carbons to sp’ carbons at the edges of the graphite surface
without creating additional defects in the graphite structure [40, 41]. Figure 7a shows
a comparison of Cls spectra of graphite powder and hydrogenated graphite powder
and a curve-fitting analysis of the two spectra. From the XPS measurements of
graphite and hydrogenated graphite powders annealed at 500°C, the binding energy
of the Cl1s main peak of the hydrogenated graphite powder shifted by 0.4 eV toward
the high-binding-energy compared to that of the graphite powder [42]. In the C1s
spectrum of the graphite powder, only a dominant component peak representing
sp’ carbons and a small component peak representing sp’ carbons are observed. The
decrease and increase in the intensity of the sp” and sp’ carbon component peaks,
respectively, observed in the Cls spectrum of the hydrogenated graphite powder con-
firm the conversion of sp’ to sp’ carbons. However, one key disadvantage of using XPS
in the above analysis is that XPS cannot detect H and exactly confirm the increase in
the hydrogen concentration on a hydrogenated graphite powder surface. By contrast,
ToF-SIMS is extremely sensitive to hydrogen and can be used for this purpose instead.
Both the ToF-SIMS negative ion spectra of graphite and hydrogenated graphite pow-
ders show C,~ and C,H™ ion series; nevertheless, the major difference between these
two spectra is the increase of normalized intensities of the H™ and C,H™ ions after
hydrogenation (Figure 7b), strongly indicating a higher concentration of hydrogen
on the hydrogenated graphite powder surface.

Functionalization of graphene and graphite usually involves oxidation of their
surfaces by different processes [43]. Graphene and graphite oxides are compounds
consisting of carbon, oxygen and hydrogen with different ratios, obtained by
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Figure7.

(a) A comparison of the XPS Cis spectra of the HOPG, graphite powder and hydrogenated graphite powder, XPS
C1s curve-fitting vesults for graphite powder and hydrogenated graphite powder after annealing at 500°C. The
black (—) and green (—) lines represent the experimental and curve-fitted spectra, vespectively. (b) ToF-SIMS
negative ion spectra of graphite powder and hydrogenated graphite powder after annealing at 500°C [42].
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treating graphite with strong oxidizers. One common method to produce graphene
and graphite oxides is the modified Hummers’ method (MHM) [44, 45]. The oxi-
dation results in incorporation of hydroxyl and epoxy groups into the basal plane
and carboxyl groups at the edges of graphene and graphite [46]. The existence of
these functional groups, of which the chemical states and concentrations, can be
determined by XPS. One of the key difficulties to differentiate between hydroxyl
and epoxy groups is due to their similar C1s binding energies. To solve this problem,
chemical derivatization XPS has been commonly used. Trifluoroacetic anhydride
(TFAA) chemical derivatization has been applied to quantify the hydroxyl groups on
different surfaces [47, 48]. TFAA mainly reacts with the hydroxyl groups, leading to
the formation of CF; and ester carbons with identical concentrations on the surface
(Figure 8a). After the TFAA derivatization, the peak, which originally corresponds
to epoxy and hydroxyl groups, becomes mainly associated with the epoxy groups.
Following this ideal, graphite oxide powder was first prepared using the MHM. The
surface of this resulting graphite oxide powder was analyzed by XPS and the results
show that the surface mainly consists of C (74.4 at%) and O (25.2 at%) [49]. After the
labeling of the hydroxyl groups with TFAA, a small decrease of the C-O concentration
is observed as shown in Figure 8b, and only 1.4 at% of F was detected. According to
the reaction mechanism, the reaction between one TFAA molecule and one hydroxyl
group introduces three F atoms on surface, this means that the carbons representing
the hydroxyl groups should be less than 0.5 at% and the C-O component peak in the
C1s spectrum of graphite oxide powder is mostly due to epoxy groups on the surface.
The oxygen-containing functional groups on the surfaces of graphene and graphite
oxides can be further modified with different molecules through covalent or nonco-
valent bonds. Theoretical calculations have shown that the epoxy groups on graphene
and graphite oxide surfaces play an important role in the reactions with different
gases, such as oxidizing SO, to SO; at room temperature [50]. Based on the XPS result
showing that graphite oxide powder prepared using the MHM contains epoxy groups,
the reaction between the graphite oxide powder prepared by MHM and SO, was
carried out [49]. The reaction between the graphite oxide powder and SO, produced
about 3.8 at% of S on its surface. A comparison of the spectra (Figure 9a and b) of

o}
(a) P I
.S
—OH + 0 ———— —0—C—CF; + CF;COOH
Fi€” Vg

(b)

— Graphite Oxide Powder
—— Graphite Oxide Powder+TFAA
0.8

295 200 285 280
Binding Energy (eV)

Normalized Intensity
o
F-S

Figure 8.
(a) Reaction mechanism between TFAA and the hydroxyl group on a surface. (b) A comparison of Cis spectra of
graphite oxide powder before and after the reaction with TFAA at 25°C [49].
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Figure 9.

XPS C1s normaliged spectra of graphite oxide powder (a) before and (b) after the reaction with SO, obtained
at 25°C. The black (—) and green (—) lines vepresent the experimental and curve-fitted spectra, respectively.
ToF-SIMS negative ion spectra of graphite oxide powder (c) before and (d) after the reaction with SO, obtained
at 25°C [49].

graphite oxide powder before and after the reaction shows that the C-O peak decreases
while peak representing the carboxyl group almost stays the same after the reaction,
suggesting that the SO, mainly reacts with the epoxy groups to produce the C-O-SO;H
groups. ToF-SIMS spectra of graphite oxide powder before and after the reaction with
SO, were acquired. The C,” and C;H™ ion series representing the graphite peaks are
the dominant components in the ToF-SIMS negative ion spectrum of graphite oxide
powder (Figure 9c). After the reaction between the graphite oxide powder and SO,,
the sulfate-related peaks, such as HSO,™ and SO,", become the dominant peaks in the
spectrum (Figure 9d). The changes can also be seen from the increase of normalized
ion intensities of HSO,~, SO,~ and SO;" ions after the reaction with SO,. In addition,
the intensities of CH,SO,™ and C,H3;SO," ions also increase, indicating that most of the
SO, had reacted at and attached to the oxidation sites on the surface of the graphite
oxide powder. In summary, the epoxy groups on the surface of the graphite oxide
powder are responsible for the oxidation of SO, into bisulfate.

6. Conclusions

Graphene and graphite have been widely used in various applications owing to
their special properties and structures. In particular, the surface properties of gra-
phene and graphite are vital to the performance of many products utilizing these
materials. XPS and ToF-SIMS are two main surface analysis techniques that have
been used extensively and successfully to study the composition, structure, clean-
liness, defects, and reactions of graphene and graphite surfaces. XPS is widely used
to yield quantitative elemental and chemical state information of graphene and
graphite surfaces. ToF-SIMS provides chemical composition and detailed molecu-
lar structure information of graphene and graphite surfaces with high sensitivity.
A combination of XPS and ToF-SIMS has been shown to provide complementary
information allowing a full and in-depth understanding of graphene and graphite
surfaces, which facilitates the transition from fundamental research to practical
applications.
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