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Abstract

A simple, fast and general protocol for quantitative analysis-cdyXphotoelectron spectroscopy
(XPS) data provides accurate estimation$ chemical species igrapheneand related materials
(GRMs). XPS data arecommonly usedo estimate thequality of and defects ingrapheneand
graphene oxid€GO), by comparingcarbonandoxygen 1sXPS peaks obtaining an O/C ratidl his
approach, howevgcannot be used in the presence of extraneous oxygen contamination.

The protocal based omuantitative lineshape analysis of C Xsgnals usesasymmetric pseudo
Voigt line-shapes (APV)in contrastto Gaussiarbasedapproachegsonventionally used ifitting
XPS spectra, thus allowingetteraccuracyin quantifying C1s contributions from graphitic carbon
(sp), defects (shcarbon), carbons bonded hydroxyl and epoxy groups, and frontarbonyl and
carboxyl groupsThe APV protocolwas evaluatedn GRMs with O/C ratiosrangingfrom 0.02 to
0.30 with film thicknessesrom monolayers to bulike (>30nm) layers and alsoappliedto
previously publishedliatg showingbetterresults comparetb those fromconventionalXPSfitting
protocols

Baseduniquelyon C 1sdata, the AP\protocolcan quantify O/Gatio and the presence epecific

functional groupsn GRMsevenon SiCx, substrates, or in samplesntaining water.
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1. Introduction

Grapheneand related materialf{GRMs) have a wide range of different chemicagklectrical and
electronic propertiewhich render thenusefulfor technological applications in composites, energy
storagesensingmultifunctional materialsgtc.[1-3]. A major issue hindering larggcale application

of such materia on anindustrial scale is related to quality control and metralaggustrial end
users are often confused by the wide rangepaimercially availablgraphene products, oftevith
guestionable claims afutdanding quality and properties.

There isthusan urgent need to develop a graphene metrology based on standard definitions and
techniques, allowingvalid comparisons betweenifferent materials[4, 5]. Unfortunately,
characterization of 2D materiadsich aggraphene is naturrentlybased on standard techniques such
asthoseusedfor quality control of 1D polymers.

An important step in this direction has receiden takety Bianco et al. proposingclassification

of GRMs base@n three parametefBg. 1): average lateral size, average number of layersagice

of oxidation QO/C ratio) [6, 7]. We havepreviouslyaddressed the task of measuring latsizsof

2D nanosheets with high throughput and sound statistics, astoghnatedmage processinfg, 8].
Here,thefocusis on the characterization of the chemical compositioBRMs and in particularon
their oxygen content (i.ethe X axisin 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 characte@&®Ms is Raman spectroscopy, whidan evaluate the
defectivity of the honeycomb graphene lattice usibgational phonons. This technique is id&al
comparinghigh-quality GRMs, suchas monolayers grown by chemical vapour depos{t@D) for
electronics applications. However, it is less effectorecharacterizingsRMs obtained by graphite
exfoliation, oftenconsisting ofsmall platelets, with high defectivity, where oxygssntaining
defects are intentionalgddedo enhance solubilitgndprocessability in composites. The sizehod

D Ramanpeak, commonly used totemate graphene quality, increases with the number of defects,
but thendecreaseer evendisappears fonighly defective carboibased material®].

An alternative techniguier obtainingdetailed information on the chemical compositiotG&Ms is
X-rays Photoemission Spectroscopy (XH®Y]. This is a quantitative anreliable technique using
X-rays to remove electrons from the C 1s and O 1s levels of grapheGRat&l The energgs of
theemittedelectrons depend dheatoms present and thus ttieemicalcompositionof the material.
This allowsthe quantification oelemental composition in the pagerthousand rangeas well as

the nature of thehemical bondsXPS carthusprovide 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 moled¢aites12]. The importance of this
guantification is crucial in order to correlate chemical propertigSRifs with their performance,
for exanple, in permeability5], water purificatiorj13] or bio-sensind14]. AlthoughXPS is an ideal

techniquefor characterizingsRMs, results available ithe literature using this technique avéien

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

carbon/oxygen ratio. From rdB], with permission.

The O/C ratio is the most widely used and cited parameter in quantitative XPS anayBIM®f

and can be calculated using two methods:
1) AREA METHOD which compareghe overall areas of O 1s and C XPS signalgo give the

oxygen/carbon atomic ratio (Care9;

2) FITTING METHOD based orthe deconvolution afhe C 1ssignal intoits various contributions
graphitic carbon (s, defects (mainly sjcarbon), carbons bonded tigdroxyl and epoxygroups,
and those fronecarbonyl and carboxyjroups.The O/Gii is then calculated usingese C 1s signals
without usingthe oxygen peak

The areamethodis the moradirect andaccuratemethodwith no systematic errors, but can only be
used wherdhere are no external oxygen signal sour@espreventartefacts mfluencing the O 1s
peak all measurements have be performed oGRMs deposited on oxygenee substratese(g.
clean Au) oron "thick" GRM samples (> 151m). The presence of oxygefgr example prohibits a
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direct calculationof O/Carea0n SiQ, the main substratef interest forelectronicsapplications In
general, the interpretation of O 1s spectra is not straightfolvesraluse Ols peaks tend to be broad,
with multiple overlapping componentand preventing a clear distinction between th&rdaution

of the substrate and that of the deposited GRM. For this reasofpcussed our efforts tihe
guantitative analysis of C 1s surveys

Thefitting method on the other handan be applied to all substrates and sample thicknesses, but
usually slows systematic and intrinsic errotkie tothe fitting proceduraised the various C 1s
signalsare usually fitted with symmetricVoigt curves based on a convolution @aussianand
Lorentziancurves[15]. To compare the accuraoyf these two methodsgve analysedhe data froma
number of published XPS studie@svariousGRMs, which calculatedhe O/Grea(measuring the area
of the peaks) anthe O/G, fitting the C1speak with multiplesymmetricvoigt curves.

TheseXPS analysesnclude those byStobinskiet al. [16], Mattevi et al. [17], Pohet al. [1§],
Jankovskyet al. [19] and Perrozzet al. [20]. The XPS d Chemical Vapor Deposited Graphene
(CVD-G) was reported by Ragt al.[21] andthe XPS of Multiwall CarbonNanotubegMWCNT)

by Anet al.[22].

The articlescited aboveeport both C 1s and O XPS signalsandthe O/C values calculatedth
the area method hese published O/C values were then compared with the watiealculated by
deconvoluted Cl1s signals, as reported in such publications.

Figure2 shows the correlation plof the O/C values obtaindtbm the published datasing the two
methods The experimental details and data @meortedn the Supportinginformation(Sl). Ideally,
the estimatedO/C ratiosshould not depend on the method u@@fCit = O/Careg and should lie on

the bisector lin®f figure 2.
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Fig. 2. Correlation plobf the oxygen/carbon ratio calculated using the area me®@d¢9 and the

fit method(O/Ciit) in selectegublishedworks, showing thathe twomethodsdo notcorrelate Data
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from: Rayet al.[21]; An et al.[22]; Perrozziet al.[20]; Mattevi et al[17]; Stobinsk et al.[16];
Jankowskiet al.[19]; Pohet al.[1§].

Figure2 showsclearly thatthe two measurements are not coherent with each other, arleteais
a systematic overestimationtbe O/Gii: valuesin the publishedlata In fact, estimation of O/Catios
of GRMs deposited on oxygetch substrates stcas SiQ, mica, glassor steel are likelyto be
inaccuratg 23] suggestinghatstudies presenting a chemical analysis of grapbeased devices-
situ [24-28] could be affected by an intrinsic overggtion of the oxygen content.

As previously suggested by Yumitd&9], suchoverestimation can bdue toan incorrect fitting
procedureln fact theC 1s peak igonventionallydeconvolutedusingsymmetricVoigt curvesfor
all the C 1s peaks present, including the aromatic C 1s component ffeartsgn atoms whicis
known to be asymmetri@B0]. This isan intrinsic effect due to the interaction of the positiveer
corehole with electrongn the valence band hus,anasymmetridunctionis moreappropriatefor
describingthe C 1s XPSoeak of aromaticarbors [31, 32].

The use of a linshape compatible with tHeown XPS peak asymmetries should, therefarguce
suchoverestimations of O/ ratiosfrom XPS data

To verify this hypothesiswethuspreparedseverakeries 0lGRM sampleswith a wide range of O/C
ratios, ranging from 0.02 to 0.30cluding graphite,CVD graphene, electrochemically exfoliated
graphiteand reduced GQwhich were then characterised by XF8t each sample, tl@/Cratio was
calculatedwith:

1) AREA METHODusing the Cls and O 1s peaks.

2a) Symmetrid=itting protocolusingconventionabymmetricVoigt functionsasin theliterature

2b) AsymmetricFitting protocol using asymmetric pseudwoigt (APV) functions, taking into
account the semmetallic behaviour of grarbons.

Thecontributiors of all theotherfunctional groups and the$@ 1s signalsverefitted usingstandard
symmetric curves.

Once validatedthis comparative arlgsis on samples preparddr this purposeit wasappliedto the
previously publishe@xperimental dataited abovewhich were digitalised and fitted with the APV
method.

2. Experimental methods

2.1.Sample preparation



The samples wpreparedand analysed with XPS were

a)
b)

d)

Highly OrientedPyrolytic Graphitg(HOPG)(grade ZYH, Advanced Ceramics, Cleveland USA)
Graphene Oxide (GQiims produced viaa modified Hummers methd@0, 33, 34]. Thin films

of GO were produced by spiooatinga GO water suspension on cleaned sili¢eee SI) and
theirthicknes measured by AFMhe thickness of each single layer of GO wag@.D nm the
samplethicknesghen beingyiven asghe number of layer§35].

Reduced Graphene Oxide (RGO) fimvere preparedoy thermal annealingf GO samples in
high vacuum iV, 107 mbar), at different annealing temperatures (fr@60°C to 900°C)Upon
reduction to RGQthelayerthickness decreased t@$0.1 nm in agreement with previous results
[35]. Thickness calibratioomeasurements as a function tbe number of consecutive spin
coatingsare reportednthe Sl.

3-dimensional graphene structurgown by Chemical VaporDeposition(CVD-G) on self
standing nickel foas[36]. Thus, ourCVD-G wasgrown on nickel foars producing 3-
dimensional structureshich could be easily handle@VD producegraphenef high quality,
although not quitas good as mechanical exfoliatiosing adhesivéape[37]. The nickel foam
was then acid-etched leaving alicarbon, selstanding structuseof pure CVD-G, without
residuaPMMA contaminationCVD-G transferred on gold substrate was not used as tesieng

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 carbaate) (PC).

All of themarecarbon/oxygen polymerand theipresence on the surfacen stronglaffect the
measurement and the calculation of @€ ratio of GRM.

ElectrochemicallyExfoliated Graphene Oxide (EGO), prepared as previously des¢a88gtb
produce nanosheets witlunable degrees of oxidation. Macroscopically thick membranes
(thickness 100 rm, diameter 4 cm) were prepared by filtering the E&@ter suspension.
The membrane obtained was deposited on &id 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

prepard in this way was comparable to previously published [daffa

2.2. X-ray Photoelectron Spectroscopy

High-resolution XPS spectia all samplesvereobtained using Phoibos 100 hemispherical energy
analyser (SpeadSmbH, Berlin, GermanypndMg K@ di at i on ( power=123\) & 3. 6



constant analyser energy (CAE) mode, with analyser pass energies of 10 eV. The overall resolution
of 0.9 eV was measured and spectra calibrasiuly the Ag 3¢l2 (368.3 eV) and Au 4f2 (84.0 eV)

signals from freshiyAr* sputtered samples. Base pressure in the analysis chamber during analysis
was 5x10° mbar.

Data analysis and fing were performed withCasaXPS softwate after Shirley background
subtractior{39].

Peakpositionsof the na-equivalent carbospecie, based on literature dataere aromatic carbon

(C-C sp, 284.4 eV), aliphatic carbon {C sp#, 285.0 eV), hydroxyl (6DH, 285.7 eV), epoxy (-

C, 286.7 eV)carbonyl (C=0, 288.0 eV) and carboxyl-(@0, 290.1 eY[10, 16, 40-42]. Figure S1
compareghe variousC 1s chemical shiffsasreported inthe literature. Further secondary peaks
corresponding to plasmfshakeup contributions areentredat +6.4 eV and +10.1 eV with respect

to the main sppeak[43]. Analysisof thepreviouslypublished XPSlatawas performedy extracting

the C 1s spectrum from each article using the MaBedbit routing. More detail on instrumental

configuration and data analysssavailablg 14, 34].

2.3. Atomic Force Microscopy (AFM)

AFM wasusedto measure the film thickness using a Bruker MultiMode 8, with probe cantilevers
model RTESPA300 (material: 0.0D . 025 Ynydupe® i, & 300 kHz, k: 40 N/m) working

in the tapping modeaNe report the film thickness as the number of layerfolMwing a previously
reported procedutd5], since the thickness of single layers of GO and RGO changed féoim 0.4

nm as a function of the annealing temperatkoe all the RGQilevices, 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 GOesl{@ nm).

3. Results and discussion

As mentionedn the introduction, peakderiving from spand sp carbonshavedifferentC 1ssignals
when studied by XPS.
Defects in the graphene lattideie tosp® carbon atomsnd those ircovalently linked functional

groupscan bedescribed bysymmetricVoigt curves(V). Such curves have no analytical form

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



althougha symmetricvoigt curve can benodelledby a convolution of Gaussian (G) and Lorentzian
(L) curves:w  "O? 0 (see Egn. 1 below)he GL function is a good analytical approximation of
a Voigt function, and is known as PsetMoigt [44]; the G curve describes the contribution of the
experimental setup (noise, energy/angular resolution, etc.), the Larsesbeshe intrinsic atomic
spectral ling45]. Otherinitial- and finalstate effect$46] can be eglected at this resolutiqa7].

We thus fitted the symmetric peaks using sgenmetricfunction GL(p), the producof G and L

curves, combined together using a weightifagtorp (seeSl).

o 20 —o>——
@ "Obax, fi Fio e (1)

The variablex correspondsfor XPSprofiles, to the binding energy (B.E.)o Borresponds to theeak
position, whiles andg arethewidthsof the Gaussian and the Lorentzian peaks, respectively.
For our analysis g 50% was used, with fall-width-half-maximum (FVHM) between 1.2 and 1.4
eV [31].

In graphiteand highquality graphengon the other hanall carbon atoms are $pybridized, with a
consequent asymmetric C diginal due to the density of states (DOS) near the Fermi edge and to
many-body screening effec{81, 32, 48, 49].

One of the most common curve used to reproduce the asymmetry of the XPS peakelkknown
DoniachSunjic (DS)[50] function. Howeversince its integral diverges is not suitable for mpéiak
fitting.

We thus fitted thessymmetricC 1s sp signalusing a asymmetrigpseudeVoigt (APV) function.
The functionis a numeric convolution of an asymmetric Lorentzian curve, centered, a&nd a
Gaussian curve (G)

OLwWOL '@ hwh K O“ﬁ"“mzaﬁﬁaﬁb o o (2)
here,a andb are the dmping parameters of the Lorentzian functionss the relative weight of the
Lorentzian curveandm s theproportional factor betweenandf (, — 3 ). The twoformulae

and the parameters used described in detail in SThespecific APV we usel, eq 2)is optimized

for multi-peak fitting procdures and describes wetle asymmetricpeakshape44]. We obtained

the correct parameters for tiePV function by calibrationof the C 1s spsignalof freshly-cleaved
HOPG (100% sp carbor). For this samplethe FWHM was 0.82+0.02 eV and the asymmetry
parameter was 0.149] (see SI).

All the sp? components of th€ 1s spectra presented in this paper were fitted by setting the asymmetry
parameter to 0.14. Thiskgesponded to fix the values af bandmwhile the areas a free parameter

9



and theFWHM valueswere ranged between 0.8 and 1.3 eMue to the energy resolution of the
spectrometer

All the other C components were fitted by Gaussian pegksheoverall C 1s envelopesetting the
peak positiongt fixed positiori iwith respect to the $peak (tposition parameter)Similarly to

the case of aromatic peakeas andFWHMs of all the C contributions were free parameters where

the latter wer@ptimized within a constrained ran@e2-1.4 e\).

3.1.Calculation of theD/C ratio

We firstcalculated th®/Careafrom the ratio between the areas of the oxygen and carbon 1s signals,
taking into account thRelative Sensitivity Facto(RSF) given byphotoemission crossections and

analyser transmission:

578 0 ©)

Although this is the most accurate and effective proceduran only be applieth the case of
oxygenfree substrates dyulk sampleswvhere the thickness is much larger than the photoelectron
mean free path in the samplie all the other cases, the oxygen present in the substrate will contribute
to the spectrum, thugving an overestimation of 8hO/C ratio.Thus this procedure cannot be used
when graphene is supported on a common subsiuateas silicodueto the nativeoxidelayer.

The O/C ratiousing thefitting protocolswas then calculated, leconvolutionof the C 1s signal
which isthe sum othevarious C 1peaks of the €ontaining chemical specipsesentin this case,
both the photoemission cressctions andanalysertransmissiornterms donot change:RSFsare
constangnd he total area (&) of all the C 1peakss directly proportional to the number of carbon
atomspresent The area of each single peak)(& proportional to the number of carbon atomthe
relative functional group. In this way, it is possible to estimateotlegall O/C ratiogiven bythe
contribution @ the different speciegresent hydroxyl (1 to 1), epoxy (1 to 2), carbonyl (1 to 1) and
carboxyl (2 to 1)according to the formula

-0 o)

076 4)

Thisapproach does not requimenitoring ofthe oxygen photoemission pea&movinganyartefact
due tospuriousoxygenpresencan the substrater, more in general, contribution afkygennot

chemically bounded with carbon atoms.
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The C 1s sppeak was fittedisingtwo protocols (a) with theconventionasymmetric Voigfunction

(eq. J and (b)APV using arasymmetric line shagdeq. 2) All the other components were fitted with
symmetric Pseud¥oigt curves the peak positions remaining fixed for bptiotocols

To evaluate hownuch the substrate contributes to the ©8nal we usedas an ideal test system,
layers of RGO prepared with varying thickness on are Sibstratg35. Sample thickness was
measured using AFM and also by monitoring the Si 2p peak of the silicon substet8i Zh
contribution became negligibfer RGOthicknesses above4 nm equivalent t® 35 layersgivena
thickness of 0.4 nm fandividual layers in agreemenivith previous resultg¢see S). Thus, for all
successive measurements we used GO and RGO stmcgleesses aboviet nm

The thickness of CVE5 grown on nickel had no substrate contribution, given that the nickel was
removed by etching before measurem¢d&. The EGO sample membranes also had no substrate
cortribution, being severahicrometershick.

Figure 3 shows, a@nexample, C 1s spectra of CMB fitted with both protocols In figures 3 and
following, all the XPS spectrahowthe main functional groups labelled with differeaiours(the

sp? peaks are shown in red).

In general, both procedurgave a good fit othe experimental datal{ the calculated reduced chi
square value® [51] are lower than 3, agported in tablé&6). In most ofcasesthe proposedPV
protocolgave on average lowér valuesthanconventionalVoigt, indicative of a better fitlt is
noteworthy toremindth&2 i s a statistic parameter i ndi cat
pr ot o cdfferenivdegrelesf freedom(>300 for eachacquire@ 1s sufFwoey) hi s r
si mpbmpacasobe only qualitative when the calc
A more systematically afphprelateeabundanesg the fuhstiondlh e a
groupsusing the two protocols and as well as the comparison with the O/C values obtained using the
area methodn generalusing theconventionakymmetricfit, the functionalgroupC 1sintensities
obtained weraystematicallyhigher,becaus¢he symmetric fit had to compensate thoe long tail of

the asymmetric gppeak.

TheO/C values calculated by the tfitting protocolswere then compareaslith those calculated with
thearea method.

The conventionalsymmetric fit provided an O/Git ratio of 0.150.01, twicethe O/Carea ratio
(0.069+0.00) whereas tha&PV functiongaveanO/Ciit = 0.08t0.01 comparabléo theO/Careavalue

[36].

A similar differencewas observedlsofor more defective materials, suchR&O samplesFigure 4

shows for example the C 1s spectra dRGOreduced atnnealing temperatufexnn= 600 °C The
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Voigt fit gave a value of @8+0.01,more thartwice the O/Carea(0.107£0.003 value while the APV

fit gavea value of 0.12+0.0%lose tathe O/Greavalue.

We also compared the FWHM theC 1s peakmeasured for the different sampisce \ariations

are commoimn many graphitidike materials (graphite, Kish graphite and thermally treated graphite)
and dependnthe degree of crystallinity and the number of defgis.

The FWHM ofmultilayer CVD-G (i.e. more than 30 single layers of graphene grown on riig&g!

was 0.83+0.05in excellent agreemerto that ofthe HOPG used as a model for thé &mction
(0.82+0.02).

The sp peak width (FWHM) of the RGO annealed at 600°C obtained witAf\&fit was 1.20+0.03

eV, in good agreement with the values measured on disordered carbon structures such as Kish
graphite[52] whereas samplesf more redued RGO (Tann = 900°C) gave a smaller FWHM =
1.10+0.@ (figure S3).

a) CONVENTIONAL FIT

T LI B S B N B N

b) APV FIT 4

Intensity (a.u.)

.I...I.Wl...l...l;..l...l. PN T W U SO HI U SN S SN AUNTUN N SN U TN N T U
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 o€VD-G grown on Ni, measuredafter etchingthe Ni a) Conventional
symmetricVoigt fit; b) APV fit. Shirley background was subtracted and an offset aditsd.that in
the conventional symmetrifit the functional group intensitidsok systematically higher, because
the symmetric fit had to compensate for the long tail of the asymmefripesik. The O/Carea
calculated using oxygen and carbon pea#s0.062:0.001.The table reports the precise abundancy

(in %) of the different chemical species, obtained with thefittimg protocos.
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Intensity (a.u.)

a) CONVENTIONAL FIT

L T L N N B

b) APV FIT

M sp?

sp

3

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/Cy
Conventional
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 dRGO(Tann=600°C).a) Conventionasymmetric Voigt fit;b) APV fit. Shirley
backgroundvassubtracted andneoffsetadded The O/Greawas0.10%A0.0®. The table reports the

precise abundandyn %) of the different chemical species, obtained with thefittimg protocok.

0.4 1 Ll 1 L) ’/
@ 7
! L B
0.3 &
e L i s{'/
4= L
0.2F - i
Q 8t
O +ta # 5
0.1F l,i ®  Conventional fit
) 8% ® APV fit
I i,” ----- Expected
00k : \ , i
0.0 0.1 0.2 0.3 0.4
O/C area

Fig. 5. Correlation plot: O/G vs. O/Carea Values obtainedrom analysis of XPS data from our
samplesusingthe conventionabymmetricmodel(y), as in the standard literature approaigthe

APV fit (0) developechere Thedotted linecorresponds tperfect,ideal correlation.
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Similar analyses wergerformedon nine differentGRMs and the results are reported in the
correlation plot (figure5). All values are tabulated itablesS3 S4 and S5n the SI. While
conventionasymmetricfitted data pointsarescatteredn the graphO/C valuescalculated witlthe
APV fit lie very close tdhe bisector lineproviding straightforward evidence of the accuratyhe
developedAPV protocol. The reduced cguared valueo bt ai nteltrePWii(ttk Lwa$
significant | gbtaibed tusing theonvantoomalsymmedricVoigt fit (...= 1 8 45)],
which was affected by systematic overestimatcoof theoxygencontent

The APV protocolwas therused formore challenging samplesiich asGRM thin films deposited

on substrates containing oxygesiliCon with native oxide) (figureb).
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Fig. 6. XPS spectra a) Si 2p, b) O 1s andA@)V deconvolution ofc 1s of the RG@Tann= 300°Q
with two thicknesses: 8HD/Cit = 0.20+0.0}) and 35+ O/Ciit = 0.18+0.0] layers.TheSi 2psignal
was notdetectable othe 35-layerfilms.

We calculatedite O/Git ratio ofthick (35 layersiandthin (8 layersf RGO coatings, each of them
annealed athree different temperatures (900, 700 and 300. “Q)e thicker sample gave good
agreement between Qi#@nd O/Greawith no Si2p contribution; converselyheXPS of thethin film
clearly showedhe Si 2p signal from the underlying substrate (figbae It wasthereforenot possible
to estimate the OMiza0f the 8layer sample, because tBels signal (figuréb) showedcontributions
from boththe substrate (SKpandthefilm (C-O functional groups Our APVfitting protocol(Figure
60C) of the 8layer samplavas thughe only validway to estimatethe degree oRGO oxidation from
the XPS dataThe APV fit was performedn data from samples witthree different degrees of
oxidationobtained athreedifferent annealing temperaturé&{,= 300, 600 and 90C), theresults
beingsummarized in table I'he correspondingalculatedO/Ciit ratio depends on the annealing

temperatureas expectedlue to the reduction of G@utnot onthethicknessof thefilm, confirming
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that it indicates an intrinsic property of the material, with no interference from the sulpstrate

contamination

Annealing O/Giir, ascalculatel with APV
temperaturg°C) 35+2layers 8+1layers
900 0.03&0. 01 0.4#02 01
700 0.080. 01 0.9 01
300 0180 . 01 0.£0 01

Table 1 APV O/Gi ratiosof RGOobtained with differentemperatureandnumbersof layers.

After testingthe general validity obur APV fit, we applied ito thepublisheddatashownin figure

2. Figure 7 showsthe calculated O/C values in the correlation .plaar analysis is based atata
extractedusing the Matlab Grabit routirieom the pdf filesandthuswith lowersignatto-noiseratios
than inthe originalpublications. Howeverevenwith these limitationsone cansee much better
agreement between the estimated values ok€#hd O/G, (Figure7,? = P cor@pared to the
values reporigin the original article¢Figure2,? = 2I8 general, the agreement was gémdO/C

< 0.15 but lessso for more complex, highly oxidized samplest high oxygen content the C 1s
spectrum is morstructured giving amuch lowersignatto-noise ratio For example,we obtained
perfect agreement between @&and O/G: for two samples of Mattavet al. with low oxygen
content(green triangles[15], whereaghethird, more oxidized sampli& the same articldid notlie

so close tghe 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/Geavs O/Gi. of previously published dataO/Git calculatedafter the
digitalization of published dataith APV fit. Source of dataRay [21]; An [22]; Perrozzi[20];
Mattevi[17]; Stobinsk [16]; Jankowsk{19]; Poh[18§].
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4. Conclusiors

The APV protocol describedhere allows much greater accuradjan conventional protocolsn
estimatingoy XPSthe O/C raticand the carbon functionalizatiah materials

As solid-statephysics has shown, the?dp 1s contribution to the XPS signal is strongly asymmetric,
but this fact has often not beentaken into account imuantitative XPS analysideading to an
overestimation of the oxygen contemtd a wrong chemical analys@ur approachhusallowsone
to eliminateoversimplificationscommonly used in the XPS analysis@RMs and develop a more
accurate and quite universal approach in the analysis of the XPS data

TheAPV fit gives resultbasednly onthe C1sXPSsignal thus avoidingrtefactdrom O 1ssignals
from oxygencontamination othe samplesor from the substra Consequently, thigllows XPS
analysisand O/C ratio estimation over muchwider variety of samplesomparedto the usual
method, based on the ratio chrbon and oxygen XR&ak areaslhis is particularlymportant for
example,in the characterization ofmaterials for electronicer energy storagevhere graphene is
often combined with silicoonr othermetal oxides.

ThenewAPV protocolwas verifiedon ninegroupsof preparedsRM sampleswith widely varying
oxygen content, thickness @substrategiving results corresponding closely to the naturéhoe
samples

APV alsoprovides a valid contributioto improving the analysis of previously publishéBS data
enhancing the value of past work in the fidtdr all the XPS data presented here as well as for the
selectedpreviously publishedata,APV showedmore coherent results thaonventionaprotocos.
Finally, ourapproacttan be easily applieabt only toGRMs, but also toXPS data orother carbon

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