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In this work we have comprehensively characterised 13 products from commercial suppliers that are
claimed to be 2D materials: graphene, graphene oxide and reduced graphene oxide. The techniques
used have investigated the materials from the macroscale to the atomic scale. The results are consistent
across all length scales: none of the products meet the ISO definition of “a single layer of carbon
atoms”. Rather, they are largely nanographite with a small percentage of single layer material present.
One of the techniques used was inelastic neutron scattering (INS) spectroscopy. INS enables the

Received 2nd November 2021, materials to be examined in the C-H/O-H stretch region without the complications of electrical

Accepted 10th February 2022 anharmonicity that bedevil infrared spectroscopy. The spectra clearly show that most of the hydrogen is
present as sp?> C—H; sp®> C—H is either absent or present as a minority species. This provides strong

support for the Lerf and Klinowski model of graphene oxide. The spectra also show that the number of
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Introduction

Two-dimensional (2D) forms of carbon such as graphene
(graphene nano platelet, GNP), graphene oxide (GO) and
reduced graphene oxide (rGO) are the subject of intense
interest worldwide because their unique properties offer the
prospect of novel applications or improved performance in
existing systems.'™ However, to date the use of 2D carbons
has been restricted to a few niche applications such as improved
heat management for electronic devices® or reinforcement in
composite materials for sporting goods,® although there are
many more at the prototyping stage.”

Widespread usage of 2D carbons requires their manufacture
on the tonne to kilotonne scale. The production methods for
the three materials are quite different. Graphene (defined by
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hydroxyls present is small, indicating that most of the oxygen is present as epoxides or carbonyls.

the International Organization for Standardization (ISO) as
“a single layer of carbon atoms”®) can be produced by a variety
of methods. For special applications such as electronics,
chemical vapour deposition can provide large area (several
cm?®) defect-free graphene®'® but this method is expensive
and liquid phase exfoliation of graphite is generally used for
large-scale manufacture.'"'? Direct synthesis via gas phase'® or
solid state methods'® have been demonstrated and have the
potential to overcome the limitations of liquid phase methods.
Graphene oxide is usually made by oxidation of graphite
powder*™ and reduced graphene oxide by chemical reduction
of graphene oxide." In principle, reduced graphene oxide and
graphene should be the same material. In practice, the residual
oxygen functionalities present in reduced graphene oxide make
it a distinct material.

While 2D carbons produced in a laboratory can be unam-
biguously shown to be genuinely isolated sheets, for materials
produced on a commercial scale this is both less certain and
more difficult. Two major investigations'®'” of commercial
graphenes concluded that much of the material was nano-
graphite rather than graphene. Both papers used an array of
techniques, but most of them only sample areas of a few
microns or less. In a previous paper'® we showed that neutron
vibrational spectroscopy (inelastic neutron scattering, INS'®)
could provide atomic scale information from commercial gra-
phenes using sample sizes in the 3-30 g range, which is more
representative of the bulk of the material.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1
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The materials studied, method of production and their physical properties

Surface area

Mean BET (error)/

Elemental analysis XRD

Bulk density/ Crystallite size/ Number
3

Production method m* g’ gem C/wt% H/wt% N/wt% O/wt% nm of layers
3_GNP Liquid exfoliation 26(1) 0.128 984 <01 <0.1 0.6 12 37
6_GNP Electrochemical liquid exfoliation 9(1) 0.151 92.5 03 <0.1 3.7 18 55
11_GNP Liquid exfoliation 39(6) 0.148 96.4 0.2 0.1 1.4 16 48
12_GNP Liquid exfoliation 83(2) 0.201 88.5 0.9 0.6 6.0 17 51
13_GNP Liquid exfoliation 39(1) 0.057 97.9 0.1 0.1 03 14 42
5_GNP Liquid exfoliation 51(1) 0.231 94.5 0.2 <05 <05 25 75
9_GNP Dry exfoliation 329(6) 0.119 95.3 0.2 07 27 47 15
1_GO Liquid exfoliation (oxidation & reduction) 429(10) 0.017 77.2 1.0 <05 197 1.7 6
7_GO  Dry & mild exfoliation (oxidation) 257(6) 0.177 92.0 0.3 0.6 45 9.7 30
10_GO Dry exfoliation 713(20) 0.185 91.8 0.3 06 47 53 16
2_rGO Liquid exfoliation (oxidation & reduction) 452(10) 0.012 95.4 0.6 <0.5 1.3 1.9 6
4 rGO Liquid exfoliation (oxidation & reduction) 192(3) 0.011 95.6 0.3 <05 <05 6.6 21
8_rGO Dry & mild exfoliation (thermal reduction) 269(6) 0.178 94.9 0.2 0.6 25 94 29

In this paper we use a combination of physical measurements,
electron microscopy, X-ray photoelectron spectroscopy (XPS) and
vibrational spectroscopies (Raman and INS) to characterise a
range of 2D carbons from manufacturers who state that they
can supply material on the tonne+ scale per year. We show that
many of the materials are not what they claim to be. In addition,
we are able to better characterise the state of hydrogen (sp> C-H,
sp® C-H, O-H) in these materials.

Experimental section
Materials

The materials were sourced from a variety of suppliers. All of
the materials were obtained as powders and analyzed as
received and are listed in Table 1. Graphene samples 3_GNP,
6_GNP, 11_GNP, 12_GNP and 13_GNP are those previously
reported.’® The powders were dried in a vacuum oven for
12 h at 105 °C to remove any water residues or other volatile
matter.

The carbon, nitrogen and hydrogen content were determined
with the elemental analyzer Vario micro cube from Abacus and
the oxygen content with the rapid OXY cube from Elementar. For
each sample, two measurements were performed, and the average
was calculated.

The specific surface area of the 2D materials was determined
according to DIN ISO 9277 using the Brunauer-Emmett-Teller
(BET) method. Measurements were performed in duplicate
with a Micromeritics ASAP 2420.

Powder X-ray diffraction (XRD) data was obtained using a
CubiX from Malvern Panalytical. The crystallite size (D) and
average number of layers (N) were determined from the line-
width using the Scherrer equation®® and the equation N = (D/d)
+ 1, respectively (d = interlayer distance).*!

Transmission electron microscopy (TEM)

For the TEM investigations the graphene samples were treated
by liquid phase dispersion in isopropanol/water (ultrapure)
using ultra-sonication with both a focused sonotrode and an
ultrasonic bath. In spite of the comparably enforced input of

© 2022 The Author(s). Published by the Royal Society of Chemistry

ultrasonic dispersion energy even after dispersion the materials
appeared as partly still compact and partly opaque to the
incoming electrons. Very coarse or large particles were also
observed, depending on the individual sample. These large
particles could not be checked in detail in the TEM and are not
included in the images. Note that holey carbon foil was used as
support on the TEM-grids to allow for high resolution and
analysis of graphene structures at the nanoscale. This allows
the study of sample components which are adherent to the
support and also those in areas which are located in the holes
of the support, so can be analyzed without overlap.

TEM of ultrathin cuts (ultrasonic diamond knife) of
embedded stacks of GNP graphene particles in epoxy resin
(thickness of the electron-transparent cut section ca. 100 nm)
was also carried out. Tilting the sample allows an approximate
determination of the thickness of the stacked graphitic layers
with respect to the degree of exfoliation and the residual local
graphitic ordering.

Two instruments were used to study the samples: H-7500
Hitachi TEM operated at 100 keV with a LaBg cathode, which is
a high contrast instrument and a Jeol 2010F 200 keV analytical
TEM equipped with a field emission gun and an energy-
dispersive X-ray spectroscopy (EDX) detector system.

X-ray photoelectron spectroscopy (XPS)

XPS analyses were performed using a 1 mm spot of surface area
and monochromatic AlKo X-rays using an ESCALAB 250 Xi
instrument. A Shirley-type background subtraction®* was
applied to the data. Quantification (Table 2) was by peak
integration from Gaussian/Lorentzian line shape analyses, after
correction by a relative sensitivity factor of the transmission
function of the XPS spectrometer.

Raman spectroscopy

For each sample, Raman spectra were recorded using a Horiba
LabRam Evolution. For each sample, spectra from five different
points were recorded with a using a 50x long working distance
objective, laser excitation at 532 nm, a power of about 1.6 mW
at the sample and a measurement duration of 30 seconds.

Mater. Adv,, 2022, 3, 2810-2826 | 2811
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Table 2 TEM and XPS analysis of the materials studied

TEM average agglomerate size (powder) XPS analysis

Standard deviation =~ Number of particles Plasmon-loss O1s C-OH/

Mean/um Min./um Max./um  of max. size/um examined Clat% feature (%) of Cls O/at% C=—0¢
3_GNP 2.80 0.29 10.23 2.91 29 98.0 7.8 2.0 1.23
6_GNP 3.24 0.34 19.20 5.40 30 94.9 8.4 4.8 0.75
11_GNP 3.22 0.20 25.04 6.06 25 96.7 8.9 2.8 0.68
12_GNP 3.70 0.22 18.49 4.49 25 91.4 6.6 6.0 0.82
13_GNP  6.99 0.23 32.58 7.80 25 97.0 9.4 2.1 0.42
5_GNP 3.28 0.06 13.87 4.34 27 95.0 9.2 3.7 0.27
9_GNP 1.11 0.12 4.89 1.23 30 96.3 9.2 3.2 1.25
1_GO 5.35 0.23 18.55 4.97 24 84.4 4.6 14.5 1.27
7_GO 0.63 0.06 2.48 0.67 25 93.6 9.0 5.6 1.27
10_GO 3.96 0.80 7.94 1.73 30 94.6 8.5 5.1 1.12
2_rGO 5.96 0.57 12.75 3.75 31 97.8 9.8 1.9 0.80
4 rGO 6.63 0.16 21.43 5.87 28 97.4 9.5 2.0 1.42
8_rGO 1.82 0.20 4.86 1.31 28 94.6 9.1 4.4 1.23

4 Surface polarity: as approximated by the O1s signal contributions at ca. 533 eV and 531 eV.

The spectra were denoised by the spectrometer software and a
baseline correction was performed. The relevant parameters
were calculated by band decomposition of the spectra.

Inelastic neutron scattering spectroscopy (INS)

For the INS measurements, cylindrical thin walled aluminium
cells (0.5 mm wall thickness, internal diameter 4.5 cm and 6.0 cm
height) were produced to enable bulk quantities of graphene
powders to be used. 2D carbon samples of 3-20 g weight,
depending on the pouring density, were loaded into the cells
and slightly compressed with a piston. The cells were O-ring sealed
by a stainless steel top flange and pipe, connected to a welded
bellows valve (Swagelok®). After 12 h evacuation using a turbomo-
lecular pump, the sample was heated to 120 °C under vacuum.

INS spectra were recorded using the TOSCA**?** and
MAPS*>*® spectrometers at ISIS.>” On TOSCA the resolution is
~1.25% of the energy transfer across the entire energy range,
while on MAPS, under the conditions used here, it is ~1.5% of
the incident energy at the largest energy transfer and degrades
with decreasing energy transfer. TOSCA provides excellent
energy resolution at energy transfers <1200 cm™*, at larger
energy transfer MAPS provides better resolution by virtue of the
access to low momentum transfer, in particular it provides
access to the C-H and O-H stretch regions (2800-4000 cm™').>
Thus the instruments are highly complementary and enable the
complete “infrared” range, 0-4000 cm ', to be covered with
good resolution. All of the samples were measured on TOSCA,
selected ones were also measured on MAPS. On both instruments
the samples were cooled to <20 K and the measurement times
were 8-12 hours. For the TOSCA spectra, an empty can was
subtracted and the data then normalised to 1 g of sample. For
the MAPS data, as aluminium has no features in the region of
interest above 2000 cm ™', only the sample normalisation was
carried out.

Computational studies

Density functional theory (DFT) calculations of graphene were
performed using the Vienna Ab initio Simulation Package

2812 | Mater. Adv, 2022, 3, 2810-2826

(VASP).”® The calculations used the Projector Augmented Wave
(PAW) method***° to describe the effects of core electrons, and
Perdew-Burke-Ernzerhof (PBE)*" implementation of the
Generalized Gradient Approximation (GGA) for the exchange-
correlation functional. The energy cutoff was 800 eV for the
plane-wave basis of the valence electrons. The lattice parameter
was 2.456 A. A vacuum gap of 4 nm was created between the
graphene layers (along z direction). The total energy tolerance
for the electronic energy minimization was 10~ % eV. A supercell
(4 x 4 x 1 of the unit cell) was used for the phonon calculation.
The interatomic force constants were calculated by the finite
displacement method and the vibrational eigenfrequencies and
modes were then calculated using Phonopy.** The OCLIMAX
software®® was used to generate the simulated INS spectra from
the DFT-calculated phonon results.

Results
Physical properties

Table 1 lists the materials studied, their method of production
and some of their physical properties. Several trends are appar-
ent. The theoretical surface area of graphene®® is 2630 m”> g *
and this is likely to be also the case for graphene oxide and
reduced graphene oxide. It can be seen from Table 1 that none of
the materials comes close to this value. Most of the graphenes
are only a few percent of this value, the graphene oxide and
reduced graphene oxide have significantly larger areas in the
range ~10-30%. This indicates that none of the products
consist exclusively of single layer material.

XRD (see Fig. S1-S13, ESIt) shows that the crystallite size
ranges from 1.7 to 25 nm but with no correlation to the type of
material, Table 1. The XRD also shows that there are a
significant number of layers present in all the materials.

The elemental composition follows the expected trends.
Thus the graphenes are predominantly carbon, the graphene
oxides have a significant oxygen content and the reduced
graphene oxides are predominantly carbon but with an oxygen
content intermediate between that of the graphenes and the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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graphene oxides. We note that two of the graphenes (6_GNP
and 12_GNP) have oxygen contents that are more typical of the
graphene oxide samples.

The hydrogen content varies between ~0-1 wt% and all
three classes of material show the full variation. The nitrogen
content is generally low for the graphenes but there is some
present in both the graphene oxide and reduced graphene
oxide samples. This is understandable based on their method
of preparation:® two common methods for the oxidation of
graphite to graphene oxide use nitric acid and hydrazine is a
common reductant for graphene oxide to reduced graphene
oxide. However, it is to be emphasised that these are all trends,
there are outliers in all cases. We will return to discussion of
the composition in the sections on XPS and INS studies.

Transmission electron microscopy (TEM)

Using a 100 keV TEM instrument (high contrast mode, ideal to
visualize the fine structure of layered systems of low atomic
number) allowed the comparison of the shape, size and specific
micromorphology of the different 2D carbons at the microscale
and below. This information was combined with the results
from a 200 keV analytical field emission TEM (high resolution
and ideal for energy dispersive analysis (EDX) nanospot-
analyses) to check the morphology and local composition down
to the nanoscale. Together, the two instruments enabled the
determination of the dimension of graphene sheets as basic
structural units and to identify other carbonaceous constitu-
ents and trace contaminants. Due to the heterogeneity of the
particles of the various 2D carbon samples, higher resolution
analytical TEM work was necessary to visualize properties and
differences down to the nanoscale dimension of the graphene
sheets more clearly. A series of TEM-images at different
magnification are essential in order to document the varying
properties of these complex particle ensembles.

In agreement with the conclusions from the physical
measurements, and contrary to the expectation that largely
isolated, exfoliated single sheets were mostly present, the
carbonaceous particles resembled aggregates and agglomer-
ates. These may be classified according to DIN 53206 and
as seen by 3D-TEM for carbon black.*®

Survey images at low resolution, Fig. 1 and at higher resolution
Fig. 2 and S14 (ESIt), show that even more compact particles are
present, indicating incomplete ball mill grinding and exfoliation.

Sum
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This is the reason that the imaging conditions are complicated by
the sample-specific differences in agglomeration/aggregation and
polydispersity (which can be recognized and compared at low
TEM magnification). Defects (as defined in ISO/TR 19733:2019°")
are present and there are mismatches and tilting of single sheets
and stacked sheets. There are also local variations in thickness
and size plus the presence of other carbonaceous components,
contaminants (partly inorganic/metallic) and local density varia-
tions are present. In spite of the input of significant dispersion
force by liquid phase dilution and dispersion by ultrasonication,
the dispersion efficiency was limited.

The 100 keV TEM-images, Fig. 1 and S14 (ESI{), demonstrate
that while the micromorphology of the various 2D carbon
samples show some similarities, there are also pronounced
morphological differences, these are present both within a
sample and between samples. These indicate differences in
the graphite educts, efficiency of the exfoliation procedure and
oxidation treatments and the mechanical dispersion (or ball mill
grinding and other pretreatments at the materials’ suppliers).
Specifically, there are:

- Structural inhomogeneities (compare 3_GNP, 1_GO and
2_rGO in Fig. 2, sheets are largely present in 3_GNP, while
1_GO and 2_rGO show crumpled morphologies).

- Edged as well as spherical shape of polydisperse particles
(compare 5_GNP and 10_GO in Fig. 2).

- Structural defects and stacking disorder (indicated by two/
three-dimensional) lattice fringes and Moiré contrasts of the
graphitic basal plane arrangements of different sizes, including
small and large angle tilts of graphene sheets and graphitic
entities, tentative ‘tubes and ribbons’, at varying angle of
orientation and tilting, (see 7_GO and 8_rGO in Fig. 2) due to
different efficiency of the exfoliation processes and different
educt properties (these effects are clearly seen in the “tilt”
movies in the ESIt).

- Traces of adherent particles or included particles (e.g
silica, debris) (abrasion or corrosion from reactor steel - Fe,
Cr, etc.), sulfur and others as potential residues from ball
milling treatment and other de-structuring treatment of
compact graphitic matter (see Fig. S15 and Table S1, ESIT).

- Local variation of density and graphitic ordering/disorder
in the carbonaceous material.

- Presence of single layer, few-layer and multilayer 2D
carbon and other carbonaceous matter with different

ik )_h

Fig. 1 100 keV TEM survey images: left: 13_GNP, middle: 7_GO, right: 2_rGO. See also sample tilt movies at higher resolution in the ESL.¥

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2 rGO

8 rGO

Fig. 2 200 keV TEM images of the 2D carbons. Left column: graphenes, middle column: graphene oxides, right column: reduced graphene oxides.

proportions and degrees of residual aggregation/agglomera-
tion. (Sample 9_GNP in Fig. 2 shows these effects.)

Since the overview demonstrates pronounced differences in
size and shape, we attempted to estimate the varying dimen-
sion of graphene-like fine structures/substructures by statistical
evaluation of the TEM-images, see Table 2. The pronounced
heterogeneity and polydispersity of the more or less rectangular
or spherical compact and fine particles raises serious problems
in deriving reliable numerical results of the particle ensembles.
Contributions of different amounts of large particles could not
be evaluated and are missing. This has to be kept in mind in
potential attempts of working out and comparing weight and
number size distributions. Within this limitation, it can be
seen that for most of the 2D carbon samples the average
particle size is a few microns, although the individual samples
range from 1< to >30 microns in size. Comparison with the
crystallite size determined by XRD (Table 1, column 9) shows
that the maximum particle size largely follows the same pattern
as that of the crystallite size for the GNP and rGO samples,

2814 | Mater. Adv, 2022, 3, 2810-2826

although there is a factor of 10? in the relative sizes (um vs. nm).
This is not seen for the GO samples, where the pattern is inverted.

In some of the graphene samples, TEM-imaging suggests
some more graphiticity and enhanced long-range sp” order in
the outer zones of the particles than in deeper zones, Fig. 3.
This may partly be the result of differences in thickness in the
surface and “bulk” regions of linear — 2D - graphene sheets/
stacks and orientation effects. However, it is well-known, and
common, for carbon blacks that subsequent graphitization is
usually higher at the outer perimeter of those spherical — 3D -
powders.*® The observed sheets often show some curvature,
with overlap of sheets and the presence of three-dimensional
carbon. Defects and density variations are also present.
Together, all of these factors prevent the “ideal hexagonal
graphene patterns” from being observed. The term ‘para-
crystalline carbon” is used to describe the disorder of the basic
structural units in carbon black, a 3D material. Here, we use the
same term to describe these nominally 2D materials because
they show the same types of imperfections and disorder.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 200 keV TEM images of graphenes showing linear sp® type order
(i.e. graphite planes — d-spacing 0.34 nm) at the edges (left) and partly
turbostratic disorder in the interior (right).

The average degree of separation and isolation of stacked
graphene layers may be enhanced by additional treatments, as
shown in Fig. 4. The rGO’s, Fig. 4c and d, show a more crumpled
appearance and some more disorder and three-dimensional mor-
phology. EDX nano-spot analyses in Fig. 4a reveal the presence of
traces of particular debris including inorganic components (the
dark spots) and in Fig. 4b traces of sp>-carbon (circled).

The structural and morphological differences between GNP,
GO and rGO (tilt movies in the ESIt) in the survey images Fig. 1

Fig. 4 TEM of GNP ((a) and (b), exfoliated) and rGO (c) and (d), (oxidation
and reduction and exfoliation). The dark spots in (a) are inorganic material,
the circled area in (b) is partly sp*-carbon.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and in the 200 keV TEM images presented in Fig. 2 and Fig. S14
(ESIY) are also reflected in the XRD results (Table 1, calculated
layer range 75-6) by evaluation of an average number of layers,
decreasing from more compact graphitic ordering to spherical
mismatch for GO’s down to more crumpled partly isolated
disordered graphene sheets (TEM Fig. 2, comparison of TEM
images in Fig. 2-5).

Fig. 5 shows the different shapes and the local degree of
exfoliation and stacking of graphene sheets. No purely isolated

Fig. 5 HR-TEM of GNP recorded after liquid phase dispersion/ultrasonica-
tion/dilution and supported on holey carbon foil: (a) shows the turbostratic
disorder and adhesion of stacked sheets, (b) and (c) show the presence of
lubricostratic disorder, stacks of flat sheets; variations in local thickness and
bending/corannulene type sphericity. The areas 1 and 2 in (c) mark the spot-
diameter of the nano-EDX analyses confirming the presence of carbon and
no local contamination with elements of different density.

Mater. Adv, 2022, 3, 2810-2826 | 2815


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma01023a

Open Access Article. Published on 11 February 2022. Downloaded on 3/14/2026 8:03:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

single sheets are seen. The materials are electron-transparent
more or less tilted graphene sheets. Stacks of flat sheets are
seen as shown by the Moiré contrast (Fig. 5a, top right).
Variations of local thickness, bending/corannulene type spheri-
city and different carbon morphologies are also present. The
contrast variations in Fig. 5a and b show the presence of
turbostratic and lubricostratic disorder. Fig. 5c shows contrast
variations within individual layers. These are due to inorganic
contaminants (see Fig. S15 and Table S1, ESIT) and also the
presence of sp carbon.

In order to better visualize the structure of the samples,
tilting experiments of 13_GNP, 7_GO, 2_rGO were carried out in
the TEM. These comprise a series of images with the sample at
a different angle to the electron beam in each case. The images
are then assembled into a ‘movie’.>® The movies are included as
part of the ESL ¥ Inspection of these shows:

13_GNP: changing the tilt angle between 0 — 90 — 180° of
the TEM sample holder shows an expected anisotropy of the
staples of flat sheets of partly rectangular and triangular shape.
Moiré contrasts in tilting more or less electron transparent
sheets illustrate mismatch in ‘staple’ order and orientation.

7_GO: the material appears partly as opaque/spherical with
few Moiré effects. This is in-line with expansion and enhanced
separation between large/thicker sheets. Compared to 13_GNP
only weak changes of aspect ratio with tilt angle appear.

2_rGO: appears as even much more electron transparent/
translucent than the 13_GNP. Extended, bent, partly isolated
sheets of few graphene layers with partly spherical/crumpled
morphology appear. See also Fig. 4c and d.

In summary, it appears that the different commercial gra-
phene materials are more complicated than to be expected by
the ideal, extreme, expectation ‘“one single layer of graphene
only present”, and a corresponding systematic increase of
H-termination®® with decreasing sheet size and increasing
oxidative attack on the basal planes and the corresponding
increase of defects (e.g. by epoxidation). Together, Fig. 1-5 show
that the materials are heterogeneous at all length scales from
the micron to the nanometer. The combination of varying
degree of exfoliation, the average residual stacking height of
the remaining graphitic educt structures, the presence of
defects and functionalization may complicate the different
properties. Aberration corrected TEM offers further potential
in this area.”® This highlights the need for a combination of
several analytical methods."®

X-ray photoelectron spectroscopy (XPS)

For carbon-based materials, the sp> C1s contribution to the XPS
signal is strongly asymmetric and the asymmetry parameter
and C1s-peak width show variations,**** but this has often not
been taken into account in (semi-)quantitative evaluations.
Previous XPS studies of the C1s XPS of graphene oxide and
the same material after reduction®® suggests that, overall, there
is still a moderate degree of oxidation present in the reduced
materials. In addition, at low and even at high oxygen contents,
conventional Gaussian/Lorentzian line shape analyses of the
C1s signal can be unreliable in deriving the relative proportions
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of (e.g.) C=O0 groups at about 286 eV and also surface carboxyls
around 289 eV.*"** Therefore, both the C1s and O1s signals
were measured. The Ols was used for the semi-quantitative
numerical comparison of the degree of surface oxidation. The
evaluation of the C1s was confined to qualitative probing for
the presence of carbonyl (ca. 286/287 eV) and carboxyl groups
(ca. 289 eV). In particular, the plasmon-loss feature contribution
(ca. 291 eV) was used as a signature for sp> carbon. From Table 2
it can be seen that there is a rough inverse correlation between
the plasmon peak and the oxygen content. The two samples with
the lowest contribution from the plasmon peak, 12_GNP and
1_GO are the only samples that show the presence of sp® C-H.
Representative Cls spectra are shown in Fig. S16A (ESI}).
Overall, the C1s XPS spectra are all very similar so are not
particularly informative. We note that the INS data (see later)
provide information on the relative amounts of sp*> and sp®
carbon via the attached hydrogen atoms.

Fig. 6 shows a superposition of the high resolution O1s XPS
detail spectra of samples 1-13. These show considerable
chemical differences as expressed in the fine structure of the
oxygen signals of GNP, GO and rGO. Semi-quantitative evaluations
(Table 2) show that significant amounts of oxygen are present in all
the samples (including the ‘pure’ graphene materials) at varying
levels. These correlate reasonably well with the oxygen content as
determined by elemental analysis (Table 1), suggesting that the
oxygen is homogeneously distributed throughout the stacked
material and not just localized at the surface. The strongly varying
oxygen contents illustrate distinct differences in the preparation
and post-treatment processes in the manufacture of the graphene
products. For these nominally pure 2D materials, the values are
similar to those previously found for 3D carbon materials with
similar BET surface areas. Thus, values around 3-10% are observed
in the case of post-oxidized carbon black®® or activated carbons,*®*’
see Table S2 (ESIY).

The focus of deriving the relative proportions of different
functional groups uses the O1s peak. The peak superposition
(Fig. 6) show significant differences in both the relative and
absolute amounts of the species present, due to variations of the
C-OH/C=O0O contributions (more polar/H-acidic/“less-polar”
groups). As a rough assignment: ca. 533 eV is C-OH in e.g
phenolic, lactolic, carboxylic groups and ca. 531 eV region C=0O
in carboxylic, pyronic, lactonic, quinoid groups or others. The
peak separation be<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>