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Abstract

A simple, fast and general protocol for quantitative analysis of X-ray photoelectron spectroscopy
(XPS) data provides accurate estimations of chemical species in graphene and related materials
(GRMs). XPS data are commonly used to estimate the quality of and defects in graphene and
graphene oxide (GO), by comparing carbon and oxygen 1s XPS peaks, obtaining an O/C ratio. This
approach, however, cannot be used in the presence of extraneous oxygen contamination.

The protocol, based on quantitative line-shape analysis of C 1s signals, uses asymmetric pseudo-
Voigt line-shapes (APV), in contrast to Gaussian-based approaches conventionally used in fitting
XPS spectra, thus allowing better accuracy in quantifying C 1s contributions from graphitic carbon
(sp?), defects (sp® carbon), carbons bonded to hydroxyl and epoxy groups, and from carbonyl and
carboxyl groups. The APV protocol was evaluated on GRMs with O/C ratios ranging from 0.02 to
0.30 with film thicknesses from monolayers to bulk-like (>30nm) layers and also applied to
previously published data, showing better results compared to those from conventional XPS fitting
protocols.

Based uniquely on C 1s data, the APV protocol can quantify O/C ratio and the presence of specific

functional groups in GRMs even on SiOx, substrates, or in samples containing water.
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1. Introduction

Graphene and related materials (GRMs) have a wide range of different chemical, electrical and
electronic properties which render them useful for technological applications in composites, energy
storage, sensing, multifunctional materials, etc. [1-3]. A major issue hindering large-scale application
of such materials on an industrial scale is related to quality control and metrology: industrial end-
users are often confused by the wide range of commercially available graphene products, often with
questionable claims of outstanding quality and properties.

There is thus an urgent need to develop a graphene metrology based on standard definitions and
techniques, allowing valid comparisons between different materials [4, 5]. Unfortunately,
characterization of 2D materials such as graphene is not currently based on standard techniques such
as those used for quality control of 1D polymers.

An important step in this direction has recently been taken by Bianco et al. proposing a classification
of GRMs based on three parameters (fig. 1): average lateral size, average number of layers and degree
of oxidation (O/C ratio) [6, 7]. We have previously addressed the task of measuring lateral sizes of
2D nanosheets with high throughput and sound statistics, using automated image processing [2, 8].
Here, the focus is on the characterization of the chemical composition of GRMs and, in particular, on
their oxygen content (i.e., the X axis in fig. 1). This property is commonly expressed as the overall
O/C ratio of oxygen and carbon atoms present in the material.

The main technique used to characterize GRMs is Raman spectroscopy, which can evaluate the
defectivity of the honeycomb graphene lattice using vibrational phonons. This technique is ideal for
comparing high-quality GRMs, such as monolayers grown by chemical vapour deposition (CVD) for
electronics applications. However, it is less effective for characterizing GRMs obtained by graphite
exfoliation, often consisting of small platelets, with high defectivity, where oxygen-containing
defects are intentionally added to enhance solubility and processability in composites. The size of the
D Raman peak, commonly used to estimate graphene quality, increases with the number of defects,
but then decreases or even disappears for highly defective carbon-based materials [9].

An alternative technique for obtaining detailed information on the chemical composition of GRMs is
X-rays Photoemission Spectroscopy (XPS) [10]. This is a quantitative and reliable technique using
X-rays to remove electrons from the C 1s and O 1s levels of graphene and GRMs. The energies of
the emitted electrons depend on the atoms present and thus the chemical composition of the material.
This allows the guantification of elemental composition in the parts-per-thousand range, as well as

the nature of the chemical bonds. XPS can thus provide a measure of the number of defects through



the O/C ratio, quantify the different types of carbon functionalities present, indicate the formation of
chemical bonds, and evaluate the physisorption of molecules [11, 12]. The importance of this
quantification is crucial in order to correlate chemical properties of GRMs with their performance,
for example, in permeability [5], water purification [13] or bio-sensing [14]. Although XPS is an ideal
technique for characterizing GRMs, results available in the literature using this technique are often

rather incoherent.
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Fig. 1. Classification grid for the categorization of different graphene types according to three
fundamental GRM properties: number of graphene layers, average lateral dimension, and atomic

carbon/oxygen ratio. From ref. [6], with permission.

The O/C ratio is the most widely used and cited parameter in quantitative XPS analysis of GRMs,
and can be calculated using two methods:

1) AREA METHOD, which compares the overall areas of O 1s and C 1s XPS signals to give the
oxygen/carbon atomic ratio (O/Carea);

2) FITTING METHOD, based on the deconvolution of the C 1s signal into its various contributions:
graphitic carbon (sp?), defects (mainly sp® carbon), carbons bonded to hydroxyl and epoxy groups,
and those from carbonyl and carboxyl groups. The O/Ciit is then calculated using these C 1s signals,
without using the oxygen peak.

The area method is the more direct and accurate method with no systematic errors, but can only be
used where there are no external oxygen signal sources. To prevent artefacts influencing the O 1s
peak, all measurements have to be performed on GRMs deposited on oxygen-free substrates (e.g.
clean Au) or on "thick™ GRM samples (> 15 nm). The presence of oxygen, for example, prohibits a
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direct calculation of O/Carea On SiO2, the main substrate of interest for electronics applications. In
general, the interpretation of O 1s spectra is not straightforward because O1s peaks tend to be broad,
with multiple overlapping components, and preventing a clear distinction between the contribution
of the substrate and that of the deposited GRM. For this reason, we focussed our efforts to the
quantitative analysis of C 1s surveys.

The fitting method, on the other hand, can be applied to all substrates and sample thicknesses, but
usually shows systematic and intrinsic errors due to the fitting procedure used: the various C 1s
signals are usually fitted with symmetric Voigt curves, based on a convolution of Gaussian and
Lorentzian curves [15]. To compare the accuracy of these two methods, we analysed the data from a
number of published XPS studies on various GRMs, which calculated the O/Carea (Mmeasuring the area
of the peaks) and the O/Ciit, fitting the C 1s peak with multiple symmetric Voigt curves.

These XPS analyses include those by Stobinski et al. [16], Mattevi et al. [17], Poh et al. [18],
Jankovsky et al. [19] and Perrozzi et al. [20]. The XPS of Chemical Vapor Deposited Graphene
(CVD-G) was reported by Ray et al. [21] and the XPS of Multiwall Carbon Nanotubes (MWCNT)
by An et al. [22].

The articles cited above report both C 1s and O 1s XPS signals and the O/C values calculated with
the area method. These published O/C values were then compared with the values we calculated by
deconvoluted C1s signals, as reported in such publications.

Figure 2 shows the correlation plot of the O/C values obtained from the published data using the two
methods. The experimental details and data are reported in the Supporting Information (SI). Ideally,
the estimated O/C ratios should not depend on the method used (O/Csit = O/Carea) and should lie on

the bisector line of figure 2.

0.4Ff n T
— 03F I§ /,” 7
= | + e ]
9 02} # A i ,"l i H Ray |
O 4 A i Pid ® An
- § 1 . B Perrozzi 1
é o A Mattevi
01F - A Stobinski
é, ’ © Jankowsky
O Poh
00_,,’ - - --Expected i
0.0 0.1 0.2 0.3 04

O/C area

Fig. 2. Correlation plot of the oxygen/carbon ratio calculated using the area method (O/Carea) and the

fit method (O/Csrit) in selected published works, showing that the two methods do not correlate. Data
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from: Ray et al. [21]; An et al. [22]; Perrozzi et al. [20]; Mattevi et al.[17]; Stobinski et al. [16];
Jankowski et al. [19]; Poh et al. [18].

Figure 2 shows clearly that the two measurements are not coherent with each other, and that there is
a systematic overestimation of the O/Ciit values in the published data. In fact, estimation of O/C ratios
of GRMs deposited on oxygen-rich substrates such as SiOx, mica, glass or steel are likely to be
inaccurate [23] suggesting that studies presenting a chemical analysis of graphene-based devices in-
situ [24-28] could be affected by an intrinsic overestimation of the oxygen content.

As previously suggested by Yumitori [29], such overestimation can be due to an incorrect fitting
procedure. In fact, the C 1s peak is conventionally deconvoluted using symmetric Voigt curves for
all the C 1s peaks present, including the aromatic C 1s component from sp? carbon atoms which is
known to be asymmetric [30]. This is an intrinsic effect due to the interaction of the positive inner
core hole with electrons in the valence band. Thus, an asymmetric function is more appropriate for
describing the C 1s XPS peak of aromatic carbons [31, 32].

The use of a line-shape compatible with the known XPS peak asymmetries should, therefore, reduce
such over-estimations of O/Ciit ratios from XPS data.

To verify this hypothesis, we thus prepared several series of GRM samples with a wide range of O/C
ratios, ranging from 0.02 to 0.30 including graphite, CVD graphene, electrochemically exfoliated
graphite and reduced GO, which were then characterised by XPS. For each sample, the O/C ratio was
calculated with:

1) AREA METHOD, using the C 1s and O 1s peaks.

2a) Symmetric Fitting protocol using conventional symmetric VVoigt functions as in the literature;
2b) Asymmetric Fitting protocol using asymmetric pseudo-Voigt (APV) functions, taking into
account the semi-metallic behaviour of sp? carbons.

The contributions of all the other functional groups and the sp® C 1s signals were fitted using standard
symmetric curves.

Once validated, this comparative analysis on samples prepared for this purpose, it was applied to the
previously published experimental data cited above which were digitalised and fitted with the APV
method.

2. Experimental methods

2.1. Sample preparation



The samples we prepared and analysed with XPS were:

a)
b)

d)

Highly Oriented Pyrolytic Graphite (HOPG) (grade ZYH, Advanced Ceramics, Cleveland USA).
Graphene Oxide (GO) films produced via a modified Hummers method [20, 33, 34]. Thin films
of GO were produced by spin-coating a GO water suspension on cleaned silicon (see SI) and
their thickness measured by AFM. The thickness of each single layer of GO was 1.0£0.1 nm, the
sample thickness then being given as the number of layers [35].

Reduced Graphene Oxide (RGO) films were prepared by thermal annealing of GO samples in
high vacuum (HV, 10 mbar), at different annealing temperatures (from 160°C to 900°C). Upon
reduction to RGO, the layer thickness decreased to 0.4+0.1 nm in agreement with previous results
[35]. Thickness calibration measurements as a function of the number of consecutive spin-
coatings are reported in the SI.

3-dimensional graphene structures grown by Chemical Vapor Deposition (CVD-G) on self-
standing nickel foams [36]. Thus, our CVD-G was grown on nickel foams, producing 3-
dimensional structures which could be easily handled. CVD produces graphene of high quality,
although not quite as good as mechanical exfoliation using adhesive tape [37]. The nickel foam
was then acid-etched, leaving all-carbon, self-standing structures of pure CVD-G, without
residual PMMA contamination. CVD-G transferred on gold substrate was not used as testing due
to significant contamination caused by polymers used for sample transfer, i.e.
poly(methylmethacrylate) (PMMA), poly(lactic acid) (PLA), poly(phthalaldehyde) (PPA), and
poly(bisphenol A carbonate) (PC).

All of them are carbon/oxygen polymers and their presence on the surface can strongly affect the
measurement and the calculation of the O/C ratio of GRM.

Electrochemically-Exfoliated Graphene Oxide (EGO), prepared as previously described [38] to
produce nanosheets with tunable degrees of oxidation. Macroscopically thick membranes
(thickness ~100 nm, diameter =4 cm) were prepared by filtering the EGO-water suspension.
The membrane obtained was deposited on SiOx and dried in the UHV chamber at 200° C for 1 h
(or until the Reduced Gas Analyser showed no residual water). The XPS spectrum of EGO

prepared in this way was comparable to previously published data [14].

2.2. X-ray Photoelectron Spectroscopy

High-resolution XPS spectra of all samples were obtained using a Phoibos 100 hemispherical energy

analyser (Specs GmbH, Berlin, Germany) and Mg Ka radiation (ho = 1253.6 eV; power = 125W) in



constant analyser energy (CAE) mode, with analyser pass energies of 10 eV. The overall resolution
of 0.9 eV was measured and spectra calibrated using the Ag 3ds2 (368.3 eV) and Au 4f72 (84.0 eV)
signals from freshly Ar* sputtered samples. Base pressure in the analysis chamber during analysis
was 5x1072° mbar.

Data analysis and fitting were performed with CasaXPS software!, after Shirley background
subtraction [39].

Peak positions of the non-equivalent carbon species, based on literature data, were: aromatic carbon
(C-C sp?, 284.4 eV), aliphatic carbon (C-C sp?, 285.0 eV), hydroxyl (C-OH, 285.7 eV), epoxy (C-O-
C, 286.7 eV), carbonyl (C=0, 288.0 eV) and carboxyl (O-C=0, 290.1 eV) [10, 16, 40-42]. Figure S1
compares the various C 1s chemical shifts, as reported in the literature. Further secondary peaks
corresponding to plasmon/shake-up contributions are centred at +6.4 eV and +10.1 eV with respect
to the main sp? peak [43]. Analysis of the previously published XPS data was performed by extracting
the C 1s spectrum from each article using the Matlab Grabit routine?. More detail on instrumental

configuration and data analysis is available [14, 34].

2.3. Atomic Force Microscopy (AFM)

AFM was used to measure the film thickness using a Bruker MultiMode 8, with probe cantilevers
model RTESPA-300 (material: 0.01-0.025 Qcm Sb-(n)-doped Si, fo: 300 kHz, k: 40 N/m) working
in the tapping mode. We report the film thickness as the number of layers N, following a previously
reported procedure [35], since the thickness of single layers of GO and RGO changes from 1.0 to 0.4
nm as a function of the annealing temperature. For all the RGO devices, we calculated the equivalent
number of layers as the ratio between the measured thickness of the GO (i.e. before reduction) film

and the known thickness of the single GO sheet (1 nm).

3. Results and discussion

As mentioned in the introduction, peaks deriving from sp? and sp® carbons have different C 1s signals
when studied by XPS.
Defects in the graphene lattice due to sp* carbon atoms and those in covalently linked functional

groups can be described by symmetric Voigt curves (V). Such curves have no analytical form;

1 CasaXPS, www.casaxps.com
2 Matlab it.mathworks.com



although a symmetric Voigt curve can be modelled by a convolution of Gaussian (G) and Lorentzian
(L) curves: V = (G = L) (see Eqn. 1 below). The GL function is a good analytical approximation of
a Voigt function, and is known as Pseudo-Voigt [44]; the G curve describes the contribution of the
experimental setup (noise, energy/angular resolution, etc.), the L curve describes the intrinsic atomic
spectral line [45]. Other initial- and final-state effects [46] can be neglected at this resolution [47].
We thus fitted the symmetric peaks using the symmetric function GL(p), the product of G and L
curves, combined together using a weighting factor p (see Sl).

In o P\ (x—x0)2
1 —4In2 (1_100) P
' Z
myo\2m P (x=Xp)
(14450572

V =~ GL(x:0,Y,%0,p) = (1)

The variable x corresponds, for XPS profiles, to the binding energy (B.E.). xo corresponds to the peak
position, while c and y are the widths of the Gaussian and the Lorentzian peaks, respectively.

For our analysis p = 50% was used, with a full-width-half-maximum (FWHM) between 1.2 and 1.4
eV [31].

In graphite and high-quality graphene, on the other hand, all carbon atoms are sp? hybridized, with a
consequent asymmetric C 1s signal, due to the density of states (DOS) near the Fermi edge and to
many-body screening effects [31, 32, 48, 49].

One of the most common curve used to reproduce the asymmetry of the XPS peak is the well-known
Doniach-Sunjic (DS) [50] function. However, since its integral diverges is not suitable for multi-peak
fitting.

We thus fitted the asymmetric C 1s sp? signal using an asymmetric pseudo-Voigt (APV) function.
The function is a numeric convolution of an asymmetric Lorentzian curve, centered at x,, and a
Gaussian curve (G):

[L(x:y; w, xO)]a X< Xo

APV = LF(x:y,xq,a,B,w,m) = G(x:a(m), xy) *{ ()

[Lx:y,w,x)]F x> x,
here, a and S are the damping parameters of the Lorentzian functions, w is the relative weight of the

Lorentzian curve and m is the proportional factor between ¢ and y (o = 5’(’;—0 - ). The two formulae

and the parameters used are described in detail in SI. The specific APV we use (LF, eq 2) is optimized
for multi-peak fitting procedures and describes well the asymmetric peak shape [44]. We obtained
the correct parameters for the APV function by calibration of the C 1s sp? signal of freshly-cleaved
HOPG (100% sp? carbon). For this sample, the FWHM was 0.82+0.02 eV and the asymmetry
parameter was 0.14 [49] (see SI).

All the sp? components of the C 1s spectra presented in this paper were fitted by setting the asymmetry
parameter to 0.14. This corresponded to fix the values of «, fand m while the area is a free parameter
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and the FWHM values were ranged between 0.8 and 1.3 eV, due to the energy resolution of the
spectrometer.

All the other C components were fitted by Gaussian peaks with the overall C 1s envelope, setting the
peak positions at fixed position — with respect to the sp? peak (1-position parameter). Similarly to
the case of aromatic peak, areas and FWHMs of all the C contributions were free parameters where

the latter were optimized within a constrained range (1.2-1.4 eV).
3.1. Calculation of the O/C ratio

We first calculated the O/Carea from the ratio between the areas of the oxygen and carbon 1s signals,
taking into account the Relative Sensitivity Factors (RSF) given by photoemission cross-sections and

analyser transmission:

A RSF,
0/Carea = ois . Lis (3)
Acis RSFo 15

Although this is the most accurate and effective procedure, it can only be applied in the case of
oxygen-free substrates or bulk samples where the thickness is much larger than the photoelectron
mean free path in the sample. In all the other cases, the oxygen present in the substrate will contribute
to the spectrum, thus giving an overestimation of the O/C ratio. Thus, this procedure cannot be used
when graphene is supported on a common substrate such as silicon, due to the native oxide layer.
The O/C ratio using the fitting protocols was then calculated, by deconvolution of the C 1s signal,
which is the sum of the various C 1s peaks of the C-containing chemical species present. In this case,
both the photoemission cross-sections and analyser transmission terms do not change: RSFs are
constant and the total area (Awt) of all the C 1s peaks is directly proportional to the number of carbon
atoms present. The area of each single peak (Ai) is proportional to the number of carbon atoms in the
relative functional group. In this way, it is possible to estimate the overall O/C ratio given by the
contribution of the different species present: hydroxyl (1 to 1), epoxy (1 to 2), carbonyl (1 to 1) and
carboxyl (2 to 1) according to the formula:

1
Ac-oHt Ac=0 t 5" Ac-0-c 2 Ao-c=0 )

0/Csir =

Atot

This approach does not require monitoring of the oxygen photoemission peak, removing any artefact
due to spurious oxygen presence in the substrate or, more in general, contribution of oxygen not

chemically bounded with carbon atoms..
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The C 1s sp? peak was fitted using two protocols: (a) with the conventional symmetric Voigt function
(eqg. 1) and (b) APV using an asymmetric line shape (eg. 2). All the other components were fitted with
symmetric Pseudo-Voigt curves, the peak positions remaining fixed for both protocols.

To evaluate how much the substrate contributes to the O/Ciit signal we used, as an ideal test system,
layers of RGO prepared with varying thickness on an SiO2 substrate [35]. Sample thickness was
measured using AFM and also by monitoring the Si 2p peak of the silicon substrate. The Si 2p
contribution became negligible for RGO thicknesses above 14 nm, equivalent to =35 layers given a
thickness of 0.4 nm for individual layers, in agreement with previous results (see Sl). Thus, for all
successive measurements we used GO and RGO sample thicknesses above 14 nm.

The thickness of CVD-G grown on nickel had no substrate contribution, given that the nickel was
removed by etching before measurements [36]. The EGO sample membranes also had no substrate
contribution, being several micrometers thick.

Figure 3 shows, as an example, C 1s spectra of CVD-G fitted with both protocols. In figures 3 and
following, all the XPS spectra show the main functional groups labelled with different colours (the
sp? peaks are shown in red).

In general, both procedures gave a good fit of the experimental data (all the calculated reduced chi
square values ¥? [51] are lower than 3, as reported in table S6). In most of cases, the proposed APV
protocol gave on average lower ¥? values than conventional Voigt, indicative of a better fit. It is
noteworthy to remind that ¥2 is a statistic parameter indicating the quality of the fit for a given
protocol with different degrees of freedom (>300 for each acquired C 1s survey). For this reason, a
simple comparison can be only qualitative when the calculated values amount to very few units.

A more systematically approach regards the analysis of the relative abundance of the functional
groups using the two protocols and as well as the comparison with the O/C values obtained using the
area method. In general, using the conventional symmetric fit, the functional group C 1s intensities
obtained were systematically higher, because the symmetric fit had to compensate for the long tail of
the asymmetric sp? peak.

The O/C values calculated by the two fitting protocols were then compared with those calculated with
the area method.

The conventional symmetric fit provided an O/Crit ratio of 0.15+0.01, twice the O/Carea ratio
(0.069+0.001) whereas the APV function gave an O/Csit = 0.08+0.01, comparable to the O/Carea Value
[36].

A similar difference was observed also for more defective materials, such as RGO samples. Figure 4

shows, for example, the C 1s spectra of RGO reduced at annealing temperature Tann = 600 °C. The
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Voigt fit gave a value of 0.28+0.01, more than twice the O/Carea (0.107£0.002) value, while the APV
fit gave a value of 0.12+0.01, close to the O/Carea Value.

We also compared the FWHM of the C 1s peak, measured for the different samples since variations
are common in many graphitic-like materials (graphite, Kish graphite and thermally treated graphite)
and depend on the degree of crystallinity and the number of defects [31].

The FWHM of multilayer CVD-G (i.e. more than 30 single layers of graphene grown on nickel [36])
was 0.83+0.05, in excellent agreement to that of the HOPG used as a model for the sp? function
(0.82+0.02).

The sp? peak width (FWHM) of the RGO annealed at 600°C obtained with the APV fit was 1.20+0.03
eV, in good agreement with the values measured on disordered carbon structures such as Kish
graphite [52] whereas samples of more reduced RGO (Tann = 900°C) gave a smaller FWHM =
1.10+0.03 (figure S3).

a) CONVENTIONAL FIT

T LI B S B N B N

b) APV FIT 4

Intensity (a.u.)
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280 282 284 286 288 290 292 294 280 282 284 286 288 290 292 294
B.E. (eV) B.E. (eV)

C) Relative concentration (%)
Model sp? sp? C-OH C-0-C C=0 0-C=0 O/Cg

Conventional
67.6+0.9| 0.7+0.2 | 14.6+0.5| 11.3+0.2 | 3.5+0.1 | 2.3+0.1 |0.15+0.01
symmetric fit

APV fit 87.2:09| <0.2 5.4+0.1 | 4.3+0.2 | 1.820.1 | 1.3¢0.1 |0.08+0.01

Fig. 3. C 1s spectra of CVD-G grown on Ni, measured after etching the Ni. a) Conventional
symmetric Voigt fit; b) APV fit. Shirley background was subtracted and an offset added. Note that in
the conventional symmetric fit the functional group intensities look systematically higher, because
the symmetric fit had to compensate for the long tail of the asymmetric sp? peak. The O/Carea
calculated using oxygen and carbon peaks was 0.069+0.001. The table reports the precise abundancy

(in %) of the different chemical species, obtained with the two fitting protocols.
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Intensity (a.u.)
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67.6+0.9| 0.7t0.2 [ 14.6:0.5| 11.3+0.2 | 3.5¢0.1 | 2.3+0.1 |0.28+0.01
symmetric fit
APV fit 87.2t0.9| <0.2 54401 | 4.3t0.2 | 1.8+0.1 | 1.3¢0.1 [0.12+0.01

Fig. 4. C 1s spectra of RGO (Tann = 600°C). a) Conventional symmetric Voigt fit; b) APV fit. Shirley
background was subtracted and an offset added. The O/Carea Was 0.107+0.002. The table reports the

precise abundancy (in %) of the different chemical species, obtained with the two fitting protocols.
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Fig. 5. Correlation plot: O/Ciit vs. O/Carea. Values obtained from analysis of XPS data from our
samples using the conventional symmetric model (m), as in the standard literature approach, and the

APV fit (e) developed here. The dotted line corresponds to perfect, ideal correlation.
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Similar analyses were performed on nine different GRMs and the results are reported in the
correlation plot (figure 5). All values are tabulated in tables S3, S4 and S5 in the SI. While
conventional symmetric fitted data points are scattered on the graph, O/C values calculated with the
APV fit lie very close to the bisector line, providing straightforward evidence of the accuracy of the
developed APV protocol. The reduced chi-squared value obtained with the APV fit (f%= 1.2), was
significantly better than that obtained using the conventional symmetric Voigt fit (7%= 184) [51],
which was affected by a systematic overestimation of the oxygen content.

The APV protocol was then used for more challenging samples, such as GRM thin films deposited

on substrates containing oxygen (silicon with native oxide) (figure 6).
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Fig. 6. XPS spectra a) Si 2p, b) O 1s and ¢) APV deconvolution of C 1s of the RGO (Tann = 300°C)
with two thicknesses: 8+1 (O/Crit = 0.20£0.01) and 35£2 (O/Crit = 0.18+0.01) layers. The Si 2p signal
was not detectable on the 35-layer films.

We calculated the O/Ciit ratio of thick (35 layers) and thin (8 layers) of RGO coatings, each of them
annealed at three different temperatures (900, 700 and 300 °C). The thicker sample gave good
agreement between O/Crit and O/Carea With no Si 2p contribution; conversely, the XPS of the thin film
clearly showed the Si 2p signal from the underlying substrate (figure 6a). It was therefore not possible
to estimate the O/Carea Of the 8-layer sample, because the O 1s signal (figure 6b) showed contributions
from both the substrate (SiOx) and the film (C-O functional groups). Our APV fitting protocol (Figure
6¢) of the 8-layer sample was thus the only valid way to estimate the degree of RGO oxidation from
the XPS data. The APV fit was performed on data from samples with three different degrees of
oxidation obtained at three different annealing temperatures (Tann = 300, 600 and 900°C), the results
being summarized in table 1. The corresponding calculated O/Csit ratio depends on the annealing

temperature, as expected, due to the reduction of GO, but not on the thickness of the film, confirming
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that it indicates an intrinsic property of the material, with no interference from the substrate nor

contamination.

Annealing O/Ciit, as calculated with APV
temperature (°C) 35+2 layers 8+1 layers
900 0.0320.01 0.02+0.01

700 0.08+0.01 0.09£0.01

300 0.18%0.01 0.20%0.01

Table 1. APV O/Ciit ratios of RGO obtained with different temperatures and numbers of layers.

After testing the general validity of our APV fit, we applied it to the published data shown in figure
2. Figure 7 shows the calculated O/C values in the correlation plot. Our analysis is based on data
extracted using the Matlab Grabit routine from the pdf files, and thus with lower signal-to-noise ratios
than in the original publications. However, even with these limitations, one can see much better
agreement between the estimated values of O/Carea and O/Crit, (Figure 7, ¥%= 5.0) compared to the
values reported in the original articles (Figure 2, = 29). In general, the agreement was good for O/C
< 0.15, but less so for more complex, highly oxidized samples. At high oxygen content the C 1s
spectrum is more structured, giving a much lower signal-to-noise ratio. For example, we obtained
perfect agreement between O/Carea and O/Csit for two samples of Mattevi et al. with low oxygen
content (green triangles) [15], whereas the third, more oxidized sample in the same article did not lie

so close to the graph bisector.

04+t R
03} . i
E i " w
Lo ® A
Q 0.2} ,’/’ : Perroz.zi E
© T L B
. © Jankowsky
0.1} ( -
i g? llé % i - -o--E;Sected
00 'l.’ - 1 1 1 1 -
0.0 0.1 0.2 0.3 0.4

O/C area
Fig. 7. Correlation plot O/Carea Vs O/Ciit. of previously published data. O/Crit calculated after the
digitalization of published data with APV fit. Source of data: Ray [21]; An [22]; Perrozzi [20];
Mattevi [17]; Stobinski [16]; Jankowski [19]; Poh [18].
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4. Conclusions

The APV protocol described here allows much greater accuracy than conventional protocols in
estimating by XPS the O/C ratio and the carbon functionalization of materials.

As solid-state physics has shown, the sp? C 1s contribution to the XPS signal is strongly asymmetric,
but this fact has often not been taken into account in quantitative XPS analysis leading to an
overestimation of the oxygen content and a wrong chemical analysis. Our approach thus allows one
to eliminate oversimplifications commonly used in the XPS analysis of GRMs and develop a more
accurate and quite universal approach in the analysis of the XPS data.

The APV fit gives results based only on the C 1s XPS signal, thus avoiding artefacts from O 1s signals
from oxygen contamination of the samples or from the substrate. Consequently, this allows XPS
analysis and O/C ratio estimation over a much wider variety of samples compared to the usual
methods, based on the ratio of carbon and oxygen XPS peak areas. This is particularly important, for
example, in the characterization of materials for electronics or energy storage, where graphene is
often combined with silicon or other metal oxides.

The new APV protocol was verified on nine groups of prepared GRM samples with widely varying
oxygen content, thickness and substrate, giving results corresponding closely to the nature of those
samples.

APV also provides a valid contribution to improving the analysis of previously published XPS data
enhancing the value of past work in the field. For all the XPS data presented here as well as for the
selected previously published data, APV showed more coherent results than conventional protocols.
Finally, our approach can be easily applied not only to GRMs, but also to XPS data on other carbon-

based materials, providing a much clearer picture of their nature and quality.
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