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Shape of the C KLL (KVV) Auger spectrum provides a measure of C sp2/sp3 hybridisations, alternative to C
1s spectra fitting. Due to a smaller kinetic energy of C KLL electrons than C 1s photoelectrons the inves-
tigated information depths are attributed to lower or higher surface sensitivity, respectively. Shape of the
KLL Auger spectrum of carbon nanostructures reflects density of electronic states (DOS) and contains con-
tributions of sp2 (graphite) and/or sp3 (diamond) hybridisations, whereas for oxygen and hydrogen con-
taining nanostructures this shape reflects chemical effects. C sp2/sp3 content is evaluated from parameter
D, which is defined as an energy difference between the maximum and minimum of the first-derivative C
KLL spectrum, where dependence of parameter D on C sp2/sp3 hybridisations is assumed to be linear
between the D values of graphite and diamond. Derived values of parameter D and therefore C sp2/sp3

hybridisations were found to be influenced by procedure of smoothing the Auger spectrum and D values
used for reference materials with pure sp3 and pure sp2 hybridisations. Purpose of this work was to esti-
mate reliability of C sp2/sp3 hybridisations derived from parameters D determined for a set of carbon
nanomaterials and study the chemical and morphological effects on the measured parameter D values.
Presence of an inhomogeneous distribution of hybridisation as a function of depth from the surface was

identified mainly in graphene oxides in contrast to graphite and reduced graphene oxide. The largest
influence on parameter D and then evaluated C sp2/sp3 content resulted from oxygen and hydrogen at
the surface and applied smoothing procedure in contrary to structural properties of carbon nanomaterials
(crystallinity, grain size). Values of parameter D for C sp3 and C sp2 hybridisations, i.e. 13.2 eV and 23.1
eV, respectively, are recommended to be used for linear interpolation proposed by Lascovich et al.

� 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The carbon material allotropes such as graphite, diamond, gra-
phene, carbon nanotubes, fullerenes, nanopods, etc. characterised
by different physicochemical properties, consist mainly of carbon
atoms involving tetrahedral (four-fold) sp3, trigonal (three-fold)
sp2 and negligible linear sp1 hybridisations, forming r (sp3) and
p bonds (sp2), where r bonds determine the mechanical proper-
ties, whereas p bond – the electrical and optical conductance.

The C sp2/sp3 content can be determined using the nuclear mag-
netic resonance, near edge X-ray absorption fine structure (NEX-
AFS), Raman spectroscopy, nuclear diffraction, electron
microscopy, Fourier transform infrared spectroscopy, ellipsometry,
electron energy loss spectroscopy (EELS), reflection electron energy
loss spectroscopy (REELS) and X-ray photoelectron spectroscopy
(XPS), etc. [1–5]. The above methods are limited by different depths
of analysis, quantification accuracy, especially in case of impurities
(oxygen, nitrogen, hydrogen, etc.) containing carbon materials, and
may modify the investigated surface. In Raman spectroscopy and
surface sensitive surface-enhanced Raman spectroscopy the G
band is attributed directly to the sp2 bonds, whereas the D band
originates from the sp2 microdomains of the bond angle disorder
induced by the sp3 hybridisations. In EELS and REELS the quantifi-
cation of carbon hybridisations from the intensities and energies of
electron inelastic energy loss on p and p + r bonds [4] is influ-
enced by impurities.

The XPS evaluation of C sp2/sp3 hybridisations utilises either the
C 1s spectra fitting and/or X-ray excited Auger spectra (XAES C KVV
or C KLL). However, several problems with determination of carbon
coordination values exist and therefore they may be burdened
with a statistical and systematic error due to a low signal to noise
ratio (particularly in XAES C KLL spectrum) and assumptions con-
sidered in evaluations. Although, the electron beam excited C KLL
Auger spectrum (AES C KLL) shows higher signal to noise ratio
the electron primary beam causes surface damage in carbon
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Table 1
Information depth (ID) in carbon of XPS analyses evaluated using Eq. (1). The values of
the IMFP in carbon are indicated [42]. The electron emission angle aout = 0� with
respect to the surface normal.

Sample Mg Ka Al Ka

C 1s C KLL C 1s
KE = 969.3 eV KE = 272 eV KE = 1202.3 eV
IMFP = 1.8 nm IMFP = 0.7 nm IMFP = 2.1 nm

ID(P = 99%) (nm) 8.2 3.3 9.7
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materials [6–8] and polymers [9] modifying their structural and
chemical properties. In the X-ray excited techniques the radiation
damage due to the X-ray exposure, local heating and effect of sec-
ondary (photo)electrons is related with the exposure and dose [10]
and no degradation was observed in carbon materials and poly-
mers at a specified acquisition conditions [9,11–13].

Evaluation of C sp2/sp3 content from the C 1s photoelectron
spectrum requires resolving it into components representing dif-
ferent carbon chemical forms (C sp2, C sp3, other oxygen groups
like hydroxyl CAOH, carbonyl C@O, carboxyl CAOOH, etc.) of char-
acteristic binding energy (BE), full width at half maximum (FWHM)
and BE separation values between C sp2 and C sp3 BE hybridisa-
tions. The fitting of C 1s spectra should account for a known com-
position and structure of materials. Literature reports that values
of BE, FWHM and C sp2/sp3 BE separation for C 1s spectra resulting
from the experiment and theory for carbon nanomaterials depend
remarkably on their structural disorder, defects, oxygen and
hydrogen content [5,14–18]. The ideal graphite exhibits C sp2 BE
at 284.5 eV [14]. Recent compilation of experimental BE and C
sp2/sp3 separation values indicated values of 284.25–285.0 eV
and �0.5–1.1 eV, respectively [5]. The density functional theory
(DFT) calculations resulted in smaller values of BE for C sp2 than
for a perfect graphite and in decreasing values for carbon nanos-
tructures containing electrons withdrawing groups (defects – pen-
tagons, hexagons, etc. and hydrogen) [5,15–17]. These calculations
were confirmed by experiments, where for defected and oxidised
graphite, and multiwalled carbon nanotubes (MWCNTs) few com-
ponents in the BE range of 284.24–284.0 eV were observed, what
was accompanied by increasing FWHM of the C 1s spectrum
[15–17]. The DFT calculations of defects in graphene showed
dependence of C 1s BE and FWHM values on the number of simu-
lated pentagons [18]. The BE separation value between C sp2 and C
sp3 resulting from experiments for different carbon nanomaterials
was indicated in the BE range from 0.6 eV to 1.35 eV [5,19–28]. The
values of 0.6 eV [19] and 0.8 eV [20] were obtained for diamond-
like carbon (DLC) films, 0.7 eV for graphene oxide [21], 0.9 eV for
graphite [14,22,23], 1.3 eV for onionlike diamond [24] and
MWCNTs decorated with Pd and Pd-ZrO2 nanoparticles [25–27]
and 1.35 eV for amorphous carbon [28]. The experiments showed
that the C 1s levels of three-fold and four-fold coordinated atoms
in amorphous C are separated, on an average, by ca. 0.9 eV, not
depending on of atomic density, and C 1s level associated with
three-fold coordinated atoms was located at lower binding energy
[22]. This BE separation value agrees well with the calculated sep-
aration ca. 1 eV within a first-principle calculations [22]. The val-
ues of C sp2/sp3 BE separation obtained by Fujimoto et al. [5] for
carbon-hydrogen-oxygen structures showed that the assignment
of the C sp2 and C sp3 peak and C sp2/sp3 separation value depend
on hydrogen content, whereas experimental results for diamond in
graphite are influenced by charging effect of diamond C sp3

domains [5]. The BE separation values between C sp2 and other
oxygen groups compiled elsewhere [24,27] indicated the following
values: 1.2–2.5 eV (CAOH), 2.1–3.5 eV (C@O) and 4.0–5.4
(CAOOH), decreasing for oxygen and hydrogen rich structures
[5]. For onionlike diamond [24] and MWCNTs decorated with Pd
and Pd-ZrO2 nanoparticles [25–26] the obtained experimental
value of C sp2/sp3 BE separation was also justified by the balance
between oxygen groups resulting from the C 1s and O 1s spectra
fitting.

The C KLL Auger spectrum reflecting the density of electronic
states (DOS) in carbon materials contains contributions from com-
ponents due to sp2 (graphite) and/or sp3 (diamond) bonds. Changes
in the carbon structure involve p DOS at about 280 eV kinetic
energy, whereas changes in the region of about 240–260 eV reflect
many-body correlation effects [29]. Lascovich et al. [30] proposed
that an energy distance between the maximum and minimum of
the C KLL Auger spectra first-derivative, defined as parameter D,
may be applied for evaluating the C sp2/sp3 content using a linear
interpolation of the respective values for diamond (100% of sp3

bonds) and graphite (100% of sp2 bonds). The proof for linearity
of this dependence was provided elsewhere [14]. A number of val-
ues of parameter D obtained from the X-ray excited C KLL spectra
recorded from different carbon nanomaterials was reported using
different spectrometers and acquisition conditions, e.g. 13.0–16.4
eV (diamond), 20.1–23.1 eV (graphite) [18,32–40], 21.5–23.1 eV
(clean graphite of various crystallinity and grain size) [40], 12.8–
14.1 eV (clean polyethylenes of different crystallinity and density)
[9,11], 13.6 eV (clean polypropylene) and 15.6 eV (clean polystyr-
ene) [9]. The scatter in the above values resulted not only from C
sp3 and other elements (mainly oxygen and hydrogen) but differ-
ent crystallinity and grain size. For graphite the parameter D
decreases due to oxygen impurities [38]. Carbonisation and
increasing content of C sp2 due to bond scission under electron
beam irradiation leads to increasing value of parameter D [9,34].

Advantage of evaluation of the C sp2/sp3 content using C 1s peak
fitting and parameter D results from various information depths
(ID) of the investigated (photo)electrons. Because the kinetic
energy (KE) of C 1s photoelectrons is larger than that of C KLL
Auger electrons (272 eV) the ID value of the C KLL spectra is
remarkably smaller [41]. The information depth (ID), i.e. the thick-
ness of layer from which a given percentage (P) of the detected sig-
nal electrons originates, ID(P = 99%), can be evaluated from the
equation [41]:

IDðP%Þ ¼ k cosaout ln
1

1� P=100

� �
; ð1Þ

where k is the electron inelastic mean free path (IMFP), material
and kinetic energy (KE) dependent [42], and aout is the electron
emission angle with respect to the surface normal. Comparison of
ID(P = 99%) for C KLL Auger electrons, photoelectrons measured
using Mg Ka and Al Ka radiation, including values of KE and IMFPs,
is given in Table 1. The ID(P = 99%) of C 1s photoelectrons is 2.5–2.9
times larger (Mg Ka and Al Ka, respectively) than ID of C KLL Auger
electrons.

The inhomogeneous profiles for DLC layers have been already
reported [30,38,43–45]. In a pulsed laser deposited DLC the C sp3

content increased with a laser intensity (from 33% to 60%) showing
the C sp2 rich surface [43]. Similarly, in hydrogenated amorphous
carbon (a-C:H) deposited by a dual ion beam sputtering the C sp3

hybridisations were influenced by hydrogen content, parameters
of deposition like hydrogen ion beam, growth rate leading to C sp2

surface enrichment (up to 10%) [30]. The DLC prepared by a mag-
netron sputtering of pure graphite target in different quantity of
Ar/CH4 mixture indicated C sp3 surface enrichment (for 30–40% of
CH4 in the mixture) and deficiency (for 70% of CH4 in the mixture)
[38]. The diamonds prepared by plasma-enhanced chemical vapor
deposition (CVD) in different CH4 mixtures indicated C
sp3/sp2 ratio from 0.81 to 1.81 [44]. Carbon atom coordination at
DLC film surfaces prepared by a pulsed laser deposition under a
mediumenergy Ar ion beam assisted growthwere determined from
high-energy resolved C 1s photoelectron spectra, X-ray induced C
KVV Auger electron spectra, and angular-resolved C 1s spectra
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(ARXPS) aided by maximum entropy method (MEM) [45]. The sp3

and sp2 fractions determined indicated an inhomogeneous depth-
resolved distribution of the fractions with the sp2 hybridisations at
the surface and sp3 beneath the surface [45]. For Pd-ZrO2 and
PdAu-ZrO2 nanoparticles decorated functionalised MWCNTs inho-
mogeneous profile of C sp2/sp3 was observed at the surface depend-
ing on the method of preparation [27]. For amorphous carbon
samples prepared by magnetron sputtering from a graphite target
the evaluated C sp2/sp3 content using C 1s and C KLL spectrum
was found to agree within the accuracy of ±1.5% [14]. Therefore,
evaluations of C sp2/sp3 content using the C 1s and X-ray excited C
KLLAuger spectramaybe a suitable tool for investigating the surface
inhomogeneous depth profiles in carbon nanostructures.

Previously reported results [21] for graphene materials (gra-
phene oxide and reduced graphene oxide) showed the remarkable
surface inhomegenouty from the REELS spectra. The present study
provides the results of evaluation of C sp2/sp3 surface inhomogene-
outy from the X-ray excited C KLL Auger spectra for graphenemate-
rials and selected carbon nanostructures not published before. The
influence of: (i) different chemical (oxygen and hydrogen content)
and (ii) structural (crystallinity and grain size) properties of carbon
nanostructures (graphite, MWCNTs, functionalised MWCNTs, gra-
phene oxides and reduced graphite oxides) on the parameter D
and evaluatedC sp2/sp3 content is investigated. The systematic error
resulting from: (i) the applied smoothing method to the X-ray
excited C KLL Auger spectrum, (ii) measurements of the samemate-
rial performed using different acquisition conditions and spectrom-
eters and (iii) selection of the reference values for parameter D used
in the linear approximation in order to justify the recommendedval-
ues of parameter D for C sp2 and C sp3 standards applied for a linear
approximation to evaluate the C sp2/sp3 content.
2. Experimental

2.1. Samples

The following sets of samples were studied:

(i) different crystallinity and density polymers such as low den-
sity polyethylene (PELD), high density polyethylene (PEHD),
ultra high molecular weigh polyethylene (PEUHMW),
polypropylene (PP) and polystyrene (PS) of oxygen free sur-
face, i.e. scratched in the ultra-high vacuum (UHV) [9,11],

(ii) highly oriented pyrolitic graphite (HOPG) of various mosaic
angles, crystallinity and grain size denoted as ZYH (low crys-
tallinity, small grain size), ZYB (medium crystallinity and
grain size), ZYA (high crystallinity, large grain size) oxygen
contaminated surface (ZYH-6.5 at.%, ZYB – 5.4 at.%, ZYA –
7.7 at.%) and those cleaved in the UHV [40],

(iii) nanocrystalline diamond samples grown by the CVD
denoted as NCD1 of surface oxygen content 2.8 at.%, grain
sizes of 50–100 nm and about 90% of C sp3 bonds at the
near-surface region [40], NCD2 (time of growth 10 hours,
terminated by H2) and NCD3 (time of growth 10 hours,
etched by H2SO4),

(iv) MWCNTs ‘‘as-received” and oxidised and thermally treated
[46–50],

(v) Graphite (Gr) [21,37], graphene oxides (GO) prepared from
this graphite using a modified Hummers method [51],
reduced graphene oxides (RGO) by hydrazine (N2H4) (RGOc,
RGO paste) and hydrazine and microwaves (RGOph) [21],

(vi) GO samples prepared from expanded graphite using a mod-
ified Hummers procedure (GOH) [51] and Marcano methods
(GOM1, GOM2) [52], RGO prepared from GO using thermal
treatment under pressure (RGOH) [53].
Detailed description of HOPGs, graphite, MWCNTs, GOs and
RGOs, origin, preparation procedures and their chemical and struc-
tural analysis by the XPS, REELS, scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and X-ray diffrac-
tion (XRD) can be found in already reported publications [21,46–
50,53].

2.2. Apparatus

The C KLL spectra considered in the evaluations were taken
from the X-ray photoelectron survey spectra (XPS) recorded using
two spectrometers, i.e. ESA-31 [54] and VG-ADES-400.

The ESA-31 spectrometer (homemade) is equipped with a high
energy resolution hemispherical electron energy analyser, an elec-
tron gun (LEG62-VG Microtech), an X-ray excitation source (home-
made) using Al Ka X-rays (hm = 1486.67 eV) and an Ar+ ion source
of AG21 (VG Scientific). The spectra were recorded in the fixed
retarding ratio (FRR) mode at FRR = 4 at a photon incidence and
electron emission angles of 70� and 0�, respectively, with respect
to the surface normal.

The VG-ADES-400 spectrometer (VG Scientific, UK) is equipped
with a hemispherical electron energy analyser, a scanning electron
gun (Kimball Physics, model EGG-3101) and an X-ray excitation
source. The XPS measurements were carried out using Mg Ka excit-
ing radiation (hm = 1253.6 eV) with the analyser pass energy
Ep = 100 eV in the fixed analyser transmission (FAT) working mode
at the X-ray incidence angle of 70� and the photoelectrons emis-
sion angle was of aout = 0�, with respect to the surface normal.

3. Results and discussion

3.1. C 1s and O 1s spectra of NCD2 and NCD3

The quantitative analysis of the survey spectra of NCD2 and
NCD3 performed using MultiQuant software [55] indicated at the
surface 5.3 at.% and 3.4 at.% of oxygen, respectively. The fitting of
C 1s and O 1s spectra was carried out using XPSPeak4.1 software
[56] and the results are shown in Table 2 and Fig. 1a and b,
respectively.

The C 1s spectra show the C sp2, C sp3 and oxygen groups like C
sp3-OH and C sp2 = O separated from C sp2 by 0.7 ± 0.3 eV, 1.3 ± 0.3
eV and 1.9 ± 0.3 eV, respectively (Table 2, Fig. 1a), whereas the O 1s
spectra indicate two components ascribed to C sp2 = O at 531.7 ±
0.2 eV and C sp3-OH at 533.2 ± 0.1 eV and separated by 1.5 eV
(Fig. 1b). No adsorbed water on nanodiamond surface is observed
in O 1s spectra. The content of oxygen groups resulting from fitting
of C 1s spectra is in agreement with the respective content result-
ing from fitting of O 1s spectra. The BE separation values from C sp2

hybridisation of C 1s transition are in agreement with those for dif-
ferently treated (1 0 0) and (1 1 0) single crystal nanodiamond sur-
faces [57–59], i.e. 0.6–0.9 (C sp 3), 1.1–1.6 eV (CAOH) and 2.0–3.0
eV (C@O). The BE separation value between CAOH and C@O groups
obtained for these nanodiamonds in a range 1.2–1.7 eV agrees with
that obtained in the present work, i.e. 1.5 eV [57–59]. For nanodi-
amonds the BE values of O 1s CAOH and C@O components
reported at 531.5–532.2 eV and 533.0–533.7 eV were dependent
on surface treatment (oxidation, laser ablation, hydrogen plasma
treatment) [57–59]. However, the obtained O 1s BE values are also
consistent with the calculated data by Fujimoto et al., i.e. 531.9 eV
and 533.2 eV, respectively [5].

No structural differences are observed betweenNCD2 andNCD3,
what is indicated by the same value of FWHM of C sp2 component,
i.e. 1.2 eV (Table 2). The hydrogen terminated nanodiamond
(NCD2) is characterised by a smaller number of C sp3 hybridisations
and C sp2 carbonyl groups in contrary to nanodiamond treated with
H2SO4 (NCD3), where surface oxidation is observed (Table 2).



Fig. 1. Fitting results of: (a) C 1s and (b) O 1s spectra recorded from nanodiamonds (NCD2, NCD3).

Table 2
Atomic content of carbon hybridisations and oxygen groups in nanodiamonds (NCD2, NCD3) resulting form fitting of the C 1s spectra.

Sample C 1s chemical state (at.%)

C sp2

284.4 ± 0.1 eV
FWHM (eV) C sp3

285.1 ± 0.3 eV
C sp3-OH
285.8 ± 0.3 eV

C sp2 = O
286.3 ± 0.3 eV

NCD2 66.2 1.2 23.2 3.1 2.2
NCD3 63.6 1.2 29.6 1.9 1.5
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3.2. Influence of smoothing procedure, crystallinity, grain size and
oxygen contamination on the evaluated values of parameter D

All the spectra were submitted to analyser transmission func-
tion correction using the QUASES Tougaard software [60]. The ratio
of signal to noise in the first derivative X-ray excited C KLL spectra
of carbon materials is low (Fig. 2a) and therefore the spectra
require further smoothing for evaluating the value of parameter
D (Figs. 2b and 3). Effect of smoothing of the first-derivative C
KLL spectra was evaluated on a set of spectra recorded from a wide
range of carbon materials and using different spectrometers. The
following smoothing procedures were applied: (1) adjacent
averaging method with 5 energy window points, (2) weighted
adjacent averaging method with 7 energy window points, (3)



Fig. 2. The (a) C KLL and (b) first-derivative C KLL Auger spectra recorded from highly oriented pyrolitic graphite (HOPG) [40], low density polyethylene (PELD) [9,11],
graphene oxides prepared from expanded graphite using a modified Hummers (GOH) and Marcano (GOM1) procedures and reduced graphene oxide prepared from GOH
(RGOH) [53].
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Savitzky-Golay algorithm, 2-nd order polynomial with 7 energy
window points and (4) Savitzky-Golay algorithm, 2-nd order poly-
nomial with 9 energy window points. Exemplary X-ray excited C
KLL spectra recorded from HOPG [40] and GO (so-called leaflet)
[21] resulting from the above procedures are shown in Fig. 3.

The root-mean-square deviation (RMS) between the evaluated
values of parameter D was calculated using the equation:
Fig. 3. Exemplary first-derivative C KLL spectra recorded from: (a) highly oriented pyro
modified Hummers procedure GO (so-called leaflet) [21] submitted to different smooth
RMS ¼ 100
Xn
i¼1

Xi � Xav

Xav

� �2

=n

" #1=2

; ð2Þ
where Xi is the value of parameter D in a selected set of samples, Xav

is the averaged value of parameter D for a selected set of samples
and n is the number of samples considered in the evaluation.
litic graphite (HOPG) [40] and (b) graphene oxide prepared from graphite using a
ing procedures.



Fig. 4. Linear interpolation between values of parameter D for a standard of C sp2

hybridisations (highly oriented pyrolytic pyrolitic graphite – HOPG) of various
crystallinity, grain size and oxygen content [40] and standard of C sp3 hybridis-
ations (nanodiamond) [14].
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The RMS deviation in parameter D due to different smoothing
procedures applied to all the considered spectra is 6.7%. The RMS
values of parameter D between the spectra of selected set of carbon
materials resulting from smoothing parameters, chemical (oxygen
content) and structural differences (texture, crystallinity, grain
size) are listed in Table 3. The values of RMS due to smoothing pro-
cedure are in the range of 1.5–9.7%. Oxygen clean surfaces of
polyethylenes (PELD, PEHD, PEUHMW, PP) [9,11] and HOPGs [40]
indicate that the RMS value of parameter D due to crystallinity
and grains size is the least, i.e. 1.5–3.0%. Various crystallinity and
grain size result in RMS values from 3.0% (HOPGs) to 6.1%
(polyethylenes). Increasing hydrogen content (polyethylenes and
polypropylene) results in increasing the RMS value to 11.2% indi-
cating influence of hydrogen bonds on the C KLL spectrum. Oxygen
contamination, which decreases the value of parameter D result in
increasing RMS values from 1.5% to 4.5% (nanodiamonds), from
3.0% to 9.3% (graphite of oxygen content of 0–7.7 at.%), from 9.7%
to 11.8% (MWCNTs of oxygen content of 1.7–13.4 at.%) and from
6.0% to 12.4% (GOs of oxygen content of 9.9–32.4 at.%). Changes
in parameter D value due to crystallinity and grain size are less
remarkable than those due to applied smoothing procedure and
oxygen and hydrogen presence at the surface.
3.3. Influence of parameter D values for standards on the evaluated
values of the C sp2/sp3content

The values of C sp2/sp3 content evaluated from the parameter D
depend on the applied values for standards in a linear interpolation
proposed by Lascovich et al. [30]. Exemplary linear interpolations
considering parameter D values representing C sp3 hybridisations
resulting from the average value for PELD, PEHD, PEUHMW [9]
and C sp2 hybridisations in HOPG of various crystallinity, grain size
and oxygen content [40] are shown in Fig. 4. The values of RMS
resulting from evaluation of C sp2/sp3 content in the investigated
carbon materials using a linear interpolation with different values
of parameter D for C sp2 and C sp3 standards are listed in Table 4.
The RMS value resulting from the structural properties like crys-
tallinity and grain size effect is 8.8%. Larger RMS values, i.e. 12.2
and 17.2%, result from oxygen contamination in HOPG standard,
i.e. 5.4 at.% and 6.5 at.%, respectively. The most remarkable RMS
value (30.5%) results from all different smoothing procedures.
Otherwise, for smoothing procedures applying adjacent averaging
and Sawitzky-Golay algorithms (1,3 and 2,4) the RMS values are
17.3% and 15.3%, respectively. Larger RMS value was observed
between the results obtained by the same algorithm with different
number of energy window points (1,2 and 3,4), i.e. 25.6% (adjacent
averaging) and 25.9% (Sawitzky-Golay).

The value of parameter D evaluated for clean HOPG surfaces
indicated the least substantial effect of crystallinity and density
(RMS = 3.0%) in comparison to clean polyethylenes (RMS = 6.1%),
Table 3
The values of root-mean-square deviation (RMS) in parameter D resulting from: (a) smo
chemical (oxygen content) parameters in carbon materials. Samples notation was given in

Sample/measurement No of spectra (n) RMS (%) of parameter D

Smoothing (a) Crystalli
and H c

PELD, PEHD, PEUHMW, PP [9] 4 5.2 11.2
PELD, PEHD, PEUHMW [9] 3 5.8 6.1
NCD1 [40], (NCD2, NCD3) 3 1.5
HOPGs [40] 6 (3) (3.0)
Various graphites [21,37] 7 6.4
MWCNTs [46–49] 8 9.7
GO [21,53] 7 6.0
RGO [21,53] 4 5.2
oxygen (2.8–5.3 at.%) contaminated NCDs (RMS = 4.5%) and
polyethylenes and polypropylene of different hydrogen content
(RMS = 11.2%) (Table 3). The average value of parameter D for dif-
ferent crystallinity and density polyethylenes was found to be 13.2
eV and for polypropylene – 13.6 eV [9], smaller than that obtained
for nanodiamond by Kaciulis et al. [34,35], i.e. 13.7, larger than that
obtained by Lurie and Wilson [31], i.e. 13.0 eV, and in agreement
with the value obtained by Jackson and Nuzzo [14], i.e. 13.2 eV.
No remarkable influence on parameter D with hydrogen content
was observed previously, i.e. 12.8–13.6 eV for clean polyethylenes
of various crystallinity and density and 13.6 eV for clean
polypropylene, when using different smoothing procedure [9]. Lar-
ger values of parameter D were reported previously for different
crystallinity diamond oxygen contaminated surfaces, i.e. 13.7 eV
(7.5 at.% of oxygen) [34], 16.4 eV (2.8 at.% of oxygen) [40] and
hydrogenated diamonds, i.e. 17.5–20.2 eV [35]. However, increas-
ing values of parameter D were also attributed to increasing con-
tent of sp2 hybridisations. The reported value 23.1 eV for UHV
cleaved medium crystallinity and grain size HOPGs [40] is in a
close agreement with the value obtained for Ar ion sputtered
HOPG, i.e. 22.8 eV [14]. Comparison of values of parameter D in
nanodiamond samples NCD1 [40], NCD2, NCD3 and GOs [21], with
defined and high C sp3 content and oxygen in the range 0–12.4 at.
%, indicated similar decreasing dependence of D values with
increasing oxygen content as in graphite-like samples of high C
sp2 content in the range of 41.4–80 at.%, with RMS between the
compiled experimental values and linear fit 3.7% (low C sp2

content) and 10.1% (high C sp2 content) (Fig. 5). For evaluations
othing procedures, (b) structural (crystallinity, grain size, hydrogen content) and (c)
Section 2.1.

nity and grain size/crystallinity
ontent O at.% content (b)

Crystallinity, grain size and oxygen content
(O at.% content) (c)

4.5 (2.8–5.3)
3.8 (5.4); 9.3 (7.7)
8.0 (2.5–4.8)
11.8 (1.7–13.4)
12.4 (9.9–32.4)
14.0 (1.7–12.1)



Table 4
The values of root-mean-square deviation (RMS) in C sp2/sp3 content resulting from evaluations using: (a) different values of parameter D resulting from selecting standards and
(b) smoothing procedures. Sample notation and samples description is included in Section 2.1.

Evaluation Standards – oxygen content (at.%) Parameter D [14,40] (a) No of spectra Smooth. proc. (b) RMS (%)

(a) Diamond; ZYH, ZYB, ZYA (0)
different crystallinity and grain size

13.2; 21.5–23.1 33 1–4 8.8

Diamond; ZYB(5.4)-ZYB(0)
different oxygen content, medium crystallinity and grain size

13.2; 21.0–23.1 33 1–4 12.2

Diamond; ZYH(6.5)-ZYH(0)
different oxygen content, low crystallinity and grain size

13.2; 19.8–22.6 33 1–4 17.2

(b) Diamond; ZYB (0) 13.2; 23.1 33 1–4 30.5
1,2 25.6
3,4 25.9
1,3 17.3
2,4 15.3
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of C sp2/sp3 content using a linear interpolation proposed by Las-
covich et al. [30] the values of 13.2 eV and 23.1 for diamond and
graphite, respectively, are recommended.
3.4. C sp2/sp3 surface content resulting from evaluations using C 1s and
C KLL spectra

The obtained values of C sp3 resulting from the X-ray excited C
KLL Auger spectra were compared to the respective values result-
ing from the C 1s peak fitting, derived and reported previously
Fig. 5. Dependence of parameter D on oxygen content in: (a) HOPGs, graphite,
MWCNTs and reduced graphene oxide samples (RGOs) [21,46–50] (high content of
C sp2 hybridisations and oxygen of 1.7–25.8 at.%) and (b) NCD1 [40], NCD2, NCD3
and graphene oxide samples (GOs) [21,53] (low content of C sp2 hybridisations and
oxygen of 0–32.4 at.%).
[21,46–50,53]. The average values of parameter D and their RMS
deviations were evaluated for all the smoothing procedures, where
derivation of C sp2/sp3 content proceeded using linear interpola-
tion between the recommended in this work standard values of
13.2 eV (C sp3) and 23.1 eV (C sp2).

Discrepancies between the C sp3 content at ID(P = 99%) of 8.2
nm (C 1s) and 3.3 nm (C KLL) (Table 1) indicate surface depth inho-
mogeneouty (Fig. 6a–c). The error bars indicating standard devia-
tion in C sp3 content resulting from different smoothing
procedures applied to the XAES C KLL spectra are smaller than dis-
crepancies resulting from evaluations using C 1s and C KLL spectra.
The amorphous carbon (C sp2) dominating at the surface of the ‘‘as-
received” MWCNTs covers oxygen groups (CAOH, CAOOH)
attached to carbon atoms through C sp3 bonds (Fig. 6a). Oxidation
of MWCNTs leads to increasing number of C sp3 hybridisations at
the surface due to attaching additional C sp3 oxygen groups
(CAOH, CAOOH). Thermal treatment at 350 �C dependent on time
of oxidised MWCNTs remarkably increases C sp3 hybridisations at
the surface due to surface diffusion of water from MWCNTs inter-
stitial channels, desorption of oxygen groups and finally in an
absence of oxygen groups due to thermal transformation of C sp3

into C sp2. Graphite (Gr) and chemically reduced graphene oxides
using hydrazine (RGOc) and hydrazine microwaves assisted
(RGOph) approaches show nearly homogeneous content of C sp3

in contrary to reduced graphene oxide by hydrazine in a water
solution (RGO paste) and thermally reduced graphene oxide under
pressure (RGOH), which show high content of C sp3 hybridisations
at the surface (Fig. 6b and c). Graphene oxides prepared from var-
ious starting graphite materials like graphite (GOph), and
expanded graphite (GOH, GOM1, GOM2) and using different chem-
ical procedures (e.g. modified Hummers and Marcano) indicate
remarkable C sp3 surface enrichment (Fig. 6b and c). Similar inho-
mogeneous depth profiles, exhibiting larger C sp3 content at the
surface, are observed for CVD prepared nanodiamonds with a more
remarkable differences for hydrogenated (NCD2) than for oxidised
(NCD3) surfaces (Fig. 6c).

4. Conclusions

Evaluations of carbon hybridisations using the C 1s photoelec-
tron and X-ray excited C KLL Auger spectra of various information
depths provided an information on their surface in-depth distribu-
tion. Homogeneous in-depth distribution was observed for gra-
phite and hydrazine reduced graphene oxide, however for
graphene oxides, reduced graphene oxides prepared under thermal
treatment and pressure, reduced graphene oxides in water solution
and CVD prepared nanodiamonds remarkable C sp3 surface enrich-
ment was observed. This excess of C sp3 bonds at the surface in
graphene oxide depending on the preparation method is probably
related with the surface area. The NCD prepared by the CVD



Fig. 6. Comparison of the C sp3 content resulting from fitting of the C 1s spectrum
and parameter D evaluated from the C KLL spectrum using a linear interpolation
and parameter D for standards 13.2 eV (C sp3) and 23.1 eV (C sp2). The values of C
sp3 resulting from fitting of the C 1s spectrum were taken from: (a) [50], (b) [21], (c)
[53] and Table 2. The error bars indicate standard deviations resulting from
different smoothing procedures applied to the XAES C KLL spectra.
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revealed inhomogeneous profile similarly as the NCD prepared at
special conditions elsewhere [38,44].

The reliability of values of parameter D and C sp2/sp3 content
resulting from the X-ray excited Auger C KLL spectrum and a linear
interpolation proposed by Lascovich et al. investigated for a set of
carbon nanomaterials (HOPGs, graphite, nanodiamonds, MWCNTs,
thermally treated MWCNTs, GOs and RGOs) was verified evaluat-
ing the root-mean-square (RMS) deviations in parameter D and
the respective C sp2/sp3 content due to various smoothing proce-
dures applied to C KLL spectrum and parameter D for different
set of standard used in a linear approximation. Similar consistent
approach was applied to evaluate the influence of carbon nanoma-
terials crystallinity, grain size and surface oxygen and hydrogen
contamination. The largest RMS deviations result from oxygen
and hydrogen contamination and the smoothing procedure applied
to the spectra in contrast to crystallinity and the grain size of car-
bon nanomaterials. The values of parameter D for standards, i.e.
diamond and graphite, 13.2 eV and 23.1 eV, respectively, were
recommended.
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