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a b s t r a c t

Graphite oxides synthesized by one and two step Brodie oxidation (BGO) and Hummers (HGO) methods
were analyzed by a variety of characterization methods in order to evaluate the reasons behind the
difference in their properties. It is found that the Brodie method results in a higher relative amount of
hydroxyl groups and a more homogeneous overall distribution of functional groups over the planar
surface of the graphene oxide flakes. The higher number of carbonyl and carboxyl groups in HGO,
detected by several methods, including XPS, NMR and FTIR, unavoidably results in defects of the gra-
phene “skeleton”, holes and overall disruption of the carbon-carbon bond network, stronger deviation
from planar flake shape and poor ordering of the graphene oxide layers. It is also suggested that func-
tional groups in HGO are less homogeneously distributed over the flake surface, forming some
nanometer-sized graphene areas. The presence of differently oxidized areas on the GO surface results in
inhomogeneous solvation and hydration of HGO and effects of inter- and intra-stratification. The pro-
posed interpretation of the data explains the higher mechanical strength of multi-layered BGO mem-
branes/papers, which are also less affected by humidity changes, thus providing an example of a
membrane property superior to that of HGO.

© 2016 Published by Elsevier Ltd.
1. Introduction

Graphite oxides (GO) are widely used as precursor for the
preparation of graphene oxide dispersions in water and other sol-
vents [1]. Graphene oxide dispersions can then be deposited into
various multilayered graphene oxide structures, chemically modi-
fied using solution-based methods, or reduced to prepare various
graphene-related materials for multifunctional applications. For
example, simple evaporation, filtration or spin-coating procedures
have been used for preparation of thin films [2e5] and free-
standing foils [1,6]. These GO foils of micrometer thickness are
named either as papers [6e8], or membranes [1,9e13] depending
on their intended applications. Unusual vapor, gas and liquid
permeation properties of GO membranes have recently attracted a
yzin).
lot of attention [13e16], whereas GO papers have been reported to
exhibit excellent mechanical properties [6].

It is known that GO papers and membranes inherit some
properties from graphite oxides, e.g. very similar distance between
graphene oxide sheets in the dried state and ability to swell in polar
solvents [6,10]. Many studies have also been aimed on reduction of
graphite/graphene oxides into graphene, e.g. Ref. [17] This subject
is out of scope of our study while we focus on difference in prop-
erties of multilayered graphene oxide materials.

Our recent studies revealed significant differences in hydration
and solvation properties of GO membranes and the precursor
graphite oxides. For example, graphite oxides can be intercalated
equally well by both water and alcohols (methanol and ethanol)
with amounts corresponding to several monolayers, the amount of
intercalated solvent strongly depending on variations temperature
and pressure conditions [18,19]. In contrast, the insertion of
methanol and ethanol in the GO membrane structure is limited to
only one monolayer and shows no change upon temperature

mailto:alexandr.talyzin@umu.se
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2016.12.097&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
http://dx.doi.org/10.1016/j.carbon.2016.12.097
http://dx.doi.org/10.1016/j.carbon.2016.12.097
http://dx.doi.org/10.1016/j.carbon.2016.12.097


A.V. Talyzin et al. / Carbon 115 (2017) 430e440 431
variations [20]. Recent results demonstrate that swelling of GO
membranes can be nearly identical to swelling of the precursor
graphite oxides for certain solvents (e.g. water) and rather different
for others (e.g. methanol, acetonitrile, dioxolane) [21]. Swelling of
GO membranes in various polar solvents is closely connected to
their permeation properties, which exhibit certain selectivity for
binary mixtures [20]. For example, fast water permeation through
GO membranes and decreased permeability by alcohols was re-
ported in several studies [13,22]. Quantitative evaluation of selec-
tivity in water/ethanol absorption by GO films was also performed
using neutron reflectivity [23].

Most of the recent studies have been performed using graphite
oxides prepared by different variations of the Hummers method
[24]. In many cases the results are considered general for “graphite
oxide”. However, it is known that GO prepared by other methods,
e.g. the Brodie method [25], exhibit remarkably different properties
compared to Hummers GO (HGO). For example, Brodie graphite
oxides (BGO) exhibit 50e100� higher temperature of exfoliation
[26,27], phase transition between one and two layered solvate
phases [28,29] absent in HGO [19], selective intercalation of
methanol or ethanol from binary mixtures with water [30]. The
nature of the difference between the Brodie and Hummers graphite
oxides remains poorly understood and only few studies are avail-
able on this subject [27,31,32]. It should be noted that a quantitative
estimation for the relative numbers of various functional groups
using reactions of GOwith various chemicals was available for HGO
already in 1960-s reporting hydroxyls and ether groups as the two
most abundant ones with carbonyls, enols and carboxyls present in
smaller amounts [33].

Considering the strong progress in the field over the past few
years and a lot of new accumulated results, it is necessary to re-
analyze the reasons behind the difference between graphite ox-
ides produced by Brodie and Hummers methods. The relations
between important properties of GO and, e.g., degree of oxidation
and type of functionalization remain to be poorly understood and
require clarification.

Brodie synthesis is usually performed using several oxidation
steps, which results in materials with a different degree of oxida-
tion after each step [34]. However, many properties of BGO have
never been studied as a function of oxidation degree. For example,
swelling in polar solvents and its temperature dependence were
studied mostly on one type of highly oxidized samples
[19,28,30,35e38].

Very few studies of GO membranes prepared using Brodie GO
are available at the moment [20]. Therefore, there is a strong in-
terest in testing Brodie graphite oxide for the preparation of
multilayered GO materials and in comparing their properties with
Hummers GO membranes.

In this study we compare the properties of Brodie graphite ox-
ides prepared using one and two oxidation steps. We also report
superior mechanical properties of graphene oxide paper/mem-
branes prepared using Brodie graphite oxide, as compared to
Hummers GO. The nature of the difference between Brodie and
Hummers graphite oxides and multilayered materials prepared
using their aqueous dispersions is analyzed using a variety of
methods: NEXAFS, NMR, FTIR and TGA.

2. Experimental

Graphite oxide powder samples were synthesized using the
original Brodie procedure [25] and Hummers method (HGO1) [24].
Graphite samples supplied by Alfa Aesar (natural flake, 325mesh,
99.8%) were used for Hummers GO synthesis, details of procedure
are available elsewhere [39]. A second sample of Hummers graphite
oxide was purchased from ACS Materials (HGO2). The same type of
commercial HGO was characterized in several of our previous
studies [19,20,27]. For preparation of membranes and mechanical
tests we used precursor graphite oxide prepared similarly to HGO1
but from different synthesis batch (HGO3).

Brodie oxidation was performed using 5 g small flake graphite
(Graphexel, <200 mm). It was mixed with 42,5 g sodium chlorate,
placed in an ice bath and 30 ml of fuming nitric acid was added
dropwise over ~1 h time under continuous stirring. The mixture
was continuously stirred for about 12 h at ambient temperature
and then heated to 60 �C for 8 h. After repeated washing with
deionized water and 10% HCl solution the paste was freeze-dried to
get a brown colored powder (BGO1). Part of this powder was used
to repeat the oxidation procedure (step 2 oxidation), which yielded
a light yellow colored powder (BGO2). The only difference
compared to the original Brodie procedure was the continuous
stirring of the reaction paste. However, this small improvement
allowed us to obtain a homogeneous and fully oxidized sample, free
from unreacted graphite, already after one oxidation step.

The oxidation state of GO powders was verified using XPS. This
method involves high vacuum conditions and samples are effi-
ciently dried from residual water to yield correct C/O ratio (atomic
percent). Brodie synthesis samples showed C/O¼ 3.4 and C/O¼ 2.7
for BGO1 and BGO2 samples, respectively. The BGO2 sample is only
slightly less oxidized compared to materials prepared using the
Hummers method HGO1 and HGO2 samples C/O ¼ 2.31 and C/
O ¼ 2.5, respectively. The XPS analysis also shows different impu-
rities for BGO and HGO, as expected from the synthesis procedure.
The Hummers method uses sulfuric acid and sulphur is always
found in this type of GO, 0.76% in HGO1 and 0.66% in HGO2. The
sulphur impurity most likely originates from sulphate anions and
~3% of oxygen is likely to originate from these impurities. Cor-
recting the C/O value to exclude oxygen originating from this im-
purity provided C/O ¼ 2.57 for HGO1 and C/O ¼ 2.71 for HGO2. All
samples also show minor impurities of nitrogen (up to 0.7%) and
chlorine (0.3%).

Water dispersions of HGO samples were prepared using mild
sonication for about 10e12 h followed by centrifugation for 1e2 h.
The BGO2 dispersion was prepared by adding NaOH (0.01 M) since
this type of GO does not get dispersed in pure water even after
prolonged sonication. The multilayered membrane/paper samples
were prepared by vacuum filtration of solutions through alumina
membranes (Anodisc 25, 0.2 mm, diameter: 25 and 45 mm from
Whatman GmbH). Finally, membranes were air dried directly on
alumina filters and then separated from the support. The free
standing membranes were air exposed for minimum 3 weeks prior
to mechanical tests as it is known from our earlier experiments that
water is very slowly removed from the multilayered samples [20].

NEXAFS spectra of BGO2 and HGO2 powders and thin films
were recorded at beamline D1011 of the National Laboratory for
Synchrotron Radiation (MAX-IV) in Lund, Sweden. Using polarized
monochromatic X-rays, incident at an angle of 55� with respect to
the sample surface, NEXAFS spectra were collected both near the
C1s absorption edge (photon energy 276e327 eV) and near the O1s
edge (photon energy range 520e570 eV). Total electron yield (TEY)
spectra were obtained by measuring the sample drain current.
Angular resolved NEXAFS of HGO2 and BGO2 films drop-casted on
Si wafers were measured at the C1s-edge.

Reference spectra were recorded in TEY mode of a gold coated
mica sample (Georg Albert, PVD-Beschichtungen) that had been
cleaned in-situ by sputtering with argon, and all NEXAFS spectra
were divided by the gold spectrum and normalized in the high
photon energy region [40]. The photon energy scale was calibrated
using the position of the exciton resonance at 291.65 eV of highly
ordered pyrolytic graphite (HOPG) as an energy reference [41].

Structural characterization of GO was performed using a
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Siemens 5000 diffractometer with CuKa radiation and using syn-
chrotron radiation X-ray diffraction (XRD) at beamline I711 of the
National Laboratory for Synchrotron Radiation (MAX-IV) in Lund,
Sweden. XRD images were collected from powder samples loaded
in glass capillaries, in some experiments with excess amounts of
solvents, in transmission geometry. The samples of GO/solvent
were also cooled down with 1e3� per min ramp using an Oxford
Cryosystems (CryoStream 700þ) cooler with XRD images recorded
with ~2e3� steps. The radiation wavelength was calibrated using a
LaB6 standard (l¼ 0.98987 Å). Fit2D softwarewas used to integrate
the diffraction images into diffraction patterns [42].

For mechanical tests the larger membrane discs were cut to
~10 mm wide stripes and tested using a dynamic mechanical
analyzer (DMA Q800), which utilizes non-contact, linear drive
technology to provide precise control of stress, and air bearings for
low friction support. Strain is measured using optical encoder
technology that provides unmatched sensitivity and resolution.
Membranes prepared under similar deposition conditions and with
similar thickness of ~ 4e5 mm were used for mechanical tests in
order to avoid thickness-related effects reported for GO papers [43].
The thickness was determined using digital micrometer and veri-
fied by SEM images taken from edge regions. As a referencewe used
common types of paper, (A4 cellulose based printer paper with
0.04 mm thickness) and elastic paper (“'Fisherbrand™ Lab Wipes”
0.3 mm thickness). The values of the Young's modulus were
calculated by the testing machine with fixed sample strain range of
0.1%e0.2%.”

Proton-decoupled 13C NMR spectra were recorded on a Bruker
500 MHz Avance III spectrometer equipped with a 4 mm MAS
probe and using a spin-rate of 12 kHz. 7500 scans were accumu-
lated for each spectrumwith a relaxation delay of 10 s. Spectrawere
processed using Topspin 3.2 (Bruker Biospin, Germany) and a
Gaussian window function with lb ¼ �10 Hz and gb ¼ 0.01 was
used.

3. Results

3.1. Structure and swelling of Brodie vs Hummers GO

The BGO sample synthesized for this study showed all typical
features earlier reported for that type of material. For example, XRD
data recorded at ambient conditions give d(001)¼ 6.4e6.9 Å value,
depending on ambient humidity levels. It is interesting to note that
even after one oxidation step we achieved a complete trans-
formation of the precursor graphite into graphite oxide as it is
evidenced by the absence of peaks from precursor graphite in XRD.

Complete oxidation also manifests in the swelling of the BGO1
in water and alcohols. Both BGO1 and BGO2 samples exhibited
typical phase transitions in liquid methanol related to insertion/de-
insertion of solvent layer. That type of phase transitions was re-
ported in our earlier studies for BGO immersed in methanol and
ethanol [28,30], as well as in several other solvents (e.g. acetone,
acetonitrile, DMF) [29,44]. Surprisingly, the difference between
structure and swelling properties of BGO1 and BGO2 is rather small.
For example, the d(001) ¼ 8.93 Å and d(001) ¼ 9.05 Å are found for
powder immersed in excess of liquid methanol for BGO1 and BGO2
oxidations, respectively. The difference between inter-layer dis-
tances measured for BGO1 and BGO2 is only about 0.1 Å despite
significant difference in oxidation degree (C/O ¼ 3.4 and C/O ¼ 2.7
for BGO1 and BGO2, respectively). It is interesting that diffraction
peaks of BGO become stronger and less broad (almost twice smaller
FWHM) in the methanol -swelled state compared to solvent free
powder. In contrast, HGO samples always show weaker and
broader peaks in the swelled state.

The swelling-induced ordering of GO layers observed in BGO can
be considered as an indication of more homogeneous (compared to
HGO) oxidation over the surface of individual flakes and a better
defined structure. This suggestion is supported by results of ex-
periments with methanol swelled samples upon temperature var-
iations. Both BGO1 and BGO2 exhibited the same phase transition
from the one-layer solvate phase into the two-layer solvate phase
below ~245 K, Fig. 1. The temperature of transition is nearly iden-
tical for these samples despite significant difference in oxidation
degree. In contrast, HGO samples exhibit continuous changes of
interlayer distance and extremely strong separation of GO layers is
achieved at low temperatures [19]. The effect of gradual shift of
d(001) can be explained by interstratification (mixed packing of
layers with different thickness) or non-uniform hydration of inter-
layers on the nanometer scale (intrastratification) [21,45].

Different interaction of BGO and HGO samples with water is
evidenced by the simple observation that HGO can easily be
dispersed by sonication to prepare a solution of graphene oxides,
while for BGO this procedure does not work. Only using slightly
basic solutions (e.g. 0.01 M NaOH) BGO can be dissolved to prepare
stable singleelayered dispersions without sonication.

Further information about the composition of BGO can be
extracted from the analysis of TGA/DSC data, Fig. 2.

The TGA traces of graphite oxides typically exhibit three regions:
the first region below 150 �C is where water is evaporated, the
second region is sharp weight loss between 200 �C and 300 �C
where explosive thermal degradation of GO occurs and the third,
almost flat region is found at higher temperatures. To distinct the
major step in thermal degradation of GO from continuous thermal
reduction which occur over the broader temperature interval, this
step will be named in following discussions as “exfoliation”.
Comparing TGA traces of BGO1 and BGO2 samples shows a rather
unexpected absence of strong difference, neither in exfoliation
temperature (280.2 �C and 284.2 �C, respectively) nor inweight loss
(26% and 28%, respectively), of the main exfoliation step. However,
samples of HGO studied in our TGA experiments always showed
lower temperatures for exfoliation (213e220 �C) [27,46] and a
broader interval of temperatures for this step, which is most
obvious when plotted in differential curves (about 2e3 times
broader peaks compared to HGO samples). HGO samples also
demonstrate much higher water loss at temperatures below exfo-
liation. Both BGO samples exhibited about 5 wt% loss due to water
evaporation, compared to 15e20% for HGO. Thus, HGO has the
ability to sorb more water at the same (ambient) humidity levels.

The very small difference between weight loss of BGO1 and
BGO2 on the exfoliation step, only 2%), deserves special attention as
it visibly contradicts XPS data. Considering the elemental compo-
sition of the samples, the expected weight loss, which corresponds
to complete removal of all oxygen, should be 23% and 27% for BGO1
and BGO2 respectively. However, the analysis of TGA data is not
straightforward due to two reasons: first, it is known that not all
oxygen is released from the GO samples and, second, that the gases
released on exfoliation steps include CO and CO2, not oxygen. The
formation of holes in the graphene sheets as a result of GO exfoli-
ation is known from the 60-s [33] andwas confirmedmore recently
by direct high resolution microscopy methods [47,48]. The experi-
mental data shown in Fig. 2 indicate that the BGO2 sample releases
more carbon (as carbon oxides) compared to BGO1 upon exfolia-
tion. This explanation is logical since more oxidized samples are
expected to be more defective and more likely to lose a higher
number of carbon atoms reacted with released oxygen-containing
groups.

On the other hand, the broader peak observed for the exfoliation
of HGO samples should be considered as an evidence of less ho-
mogeneous oxidation relative to the BGO oxidation, with some
regions of GO sheets more stable and some regions less stable to
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heating. Approximately the sameweight loss (25e27%) for samples
with C/O of about 2.7 indicates that HGO has more defective gra-
phene skeleton and a higher number of carbon atoms is lost in the
exfoliation process. Generally, a lower exfoliation temperature of
HGO is evidence for a different type of oxidation rather than a
consequence of a different oxidation degree. Note that stronger
oxidation results in a slight increase of exfoliation temperature for
BGO samples, while for stronger oxidized HGO samples the exfo-
liation point is about sixty degrees lower.
It should be concluded that the exfoliation temperature is very
strongly affected by the type of oxidation rather than the degree of
oxidation (C/O ratio). Therefore, it is extremely important to study
the difference between BGO and HGO by methods that allow
analysis of different functional groups attached to the GO sheets
and to make at least relative quantitative estimation of their
numbers.
3.2. Functionality of Brodie and Hummers GO by FTIR and NMR

Interpretation of spectral data with detailed analysis of func-
tional groups of GO is not unambiguous for the methods used here:
XPS, FTIR, NMR and NEXAFS spectroscopy. Rather different as-
signments are given to the same spectral features in the available
literature e.g. for XPS [49,50] and NEXAFS [42,51]. Therefore, it is
important to verify the interpretations provided by one method
with data collected using other methods.

One of the best methods to characterize functional groups of GO
is FTIR. The data published in our earlier studies indicate higher
relative amounts of C]O groups in HGO and an increased number
of CeOH groups in BGO [27]. Fig. 3 shows FTIR spectra recorded
from the BGO1 and BGO2 samples studied here, as well as HGO1.
These spectra are in good agreement with the data published for



A.V. Talyzin et al. / Carbon 115 (2017) 430e440434
progressively oxidized BGO by Szabo et al. [34]. The assignment of
FTIR peaks provided in this study will be used in the following
discussions.

The difference between BGO1 and BGO2 samples is most
obvious in the spectral region 1500-2000 cm�1 where peaks from
aromatic C]C (1613 cm�1) and C]O (1721 cm�1) vibrations are
found. The relative changes in intensity of these peaks should be
assigned to the different degrees of oxidation of BGO1 and BGO2
samples. However, the higher in intensity of the peak at 1750 cm�1

for the HGO sample only partly depends on the slightly higher
degree of oxidation and can be explained if the relative abundance
of C]O is higher.

In general, the better resolved and sharper peaks in the spectra
of the BGO samples confirm a better defined structure compared to
the HGO samples. The vibrational signatures from eOH groups are
also more intense and much better resolved in BGO samples. The
difference in oxidation degree between BGO1 and BGO2 is evident
only in the change of the relative intensity of some peaks while
HGO material is clearly different, especially in the spectral region
below 1500 cm�1. One need also to take into account that the FTIR
spectra were recorded using powders exposed to ambient humid-
ity. According to the TGA data, the HGO samples contains about 2e3
times moremoisture compared to BGO samples, which could affect
the spectra. The traditional interpretation of FTIR spectra does not
provide vibrational signatures that could be confidently assigned to
epoxy group oxygen (CeOeC), which is known to be one of the
most abundant functional groups in graphite oxides.

Further insight into the details of GO functionalization can be
obtained using NMR methods.

The NMR spectra shown in Fig. 4 for the BGO1 and BGO2 sam-
ples and for HGO2 provide the assignment for the peaks of themost
important functional groups of GO. The major peaks are from
epoxy, hydroxyls, and the C]C graphene skeleton. Smaller features
are assigned also to carboxyl, lactol, and C]O. Assignments are
based on refs [52,53].

Spectra of BGO and HGO2 shown in Fig. 4 were recorded with a
spin rate of 12 kHz but spectra of BGOwas also recorded at 5 kHz in
order to compare our results to an earlier study by Szabo et al. [34]
Comparing spectra from the different spin rates revealed that many
of the previously interpreted signals in the 5 kHz spectrum arise
from spinning sidebands. Therefore, the 12 kHz spectra were used
for interpretation.

Comparing spectra of BGO and HGO clearly shows that these
materials are markedly different. Surprisingly, the BGO samples
show a smaller amount of sp2 carbons compared to the HGO
sample. This visible paradox can be explained assuming more
inhomogeneous oxidation of graphene oxide sheets in HGO.
Fig. 4. NMR spectra of powder samples of A) HGO2, B) BGO1 and C) BGO2.
Clustering of functional groups, with the formation of nanometer
sized oxidized and not oxidized graphene areas was, indeed, re-
ported earlier by direct HRTEM observations [47]. Existence of large
graphene islands was postulated in some studies as typical for
“graphite oxide”. However, HRTEM studies available in the litera-
ture are so far limited only to various types of HGO [47,48,54].
Larger relative amounts of epoxy groups may contribute to this
effect. Epoxy oxygens connect two carbon atoms while hydroxyl
groups are attached to only one carbon. Therefore, with the same C/
O ratio the functionalization with epoxy groups will result in a
higher number of carbon atoms affected by oxidation.

This interpretation of NMR data is in good agreement with
structural data obtained by XRD, which clearly shows that BGO
exhibits better packing of layers and more crystalline structure
with well-defined mono-layer steps in intercalation of various
polar solvents (e.g. alcohols, acetone, DMF etc). The presence of
larger graphene areas in HGO will clearly disrupt the ordering in
packing of graphene oxide layers and lead to strongly inhomoge-
neous hydration/solvation in stronger andweaker oxidized regions.
The inhomogeneous hydration of HGO on the nanometer size scale
was actually directly observed in earlier published high resolution
Scanning Force Microscopy (SFM) studies [45].

3.3. BGO and HGO powders and thin films by NEXAFS

NEXAFS spectroscopy is a valuable method to characterize gra-
phene and GO. The fine structure in spectra at the C1s edge and the
O1s edge exhibits very distinct features. Several earlier published
studies reported detailed analysis of GO samples precipitated as
thin films or paper-like foils using sonicated dispersions of HGO
[42,51,55]. However, the interpretations of these spectra are
remarkably different and the identification of spectral signatures
for various functional groups is therefore somewhat uncertain. It is
also unclear how the conditions of sonication and precipitation
affect the structure and chemical composition of thin films.

The difference between BGO2 and HGO2 powder samples is
obvious from the spectra shown in Fig. 5. In the C1s NEXAFS
spectrum, HGO2 demonstrates a stronger C1s-p* resonance at
284.5 eV (peak 1 in Fig. 5a), compared to BGO, characteristic for the
conjugated C]C network of graphene, carbon nanotubes and ful-
lerenes. This corresponds with the NMR results, where a stronger
sp2 contribution was found for HGO2, and would confirm the
presence of graphene regions. This difference persists also after
dispersion of the precursor GO powders and their re-stacking into
thin films, see Fig. 6a.

The relative intensity of peaks is somewhat different for the
spectra of C K-edge recorded from BGO2 and HGO2 films compared
to powders but all the main features remain similar. The changes
are almost negligible for HGO2 samples but for BGO2 the difference
between the precursor GO and thin films is more pronounced.

Additional information, which may assist to the assignment of
peaks, can be obtained from angle-resolved NEXAFS experiments,
which allows the detection of the difference in orientation of
functional groups relative to the substrate. The angle resolved C1s-
NEXAFS spectra of HGO and BGO thin films, prepared by drop
casting on Si substrate (Fig. 7) show that the p* resonance of the
unoxidized rings (C]C) at 284.5 eV shows a very strong dichroism,
and increase in intensity with decreasing angle of incoming x-rays.
This indeed proves that the C]C of the graphene regions are planar
and parallel to the surface. (pz orbital is perpendicular to sample
surface).

The other dominant peak in the C1s NEXAFS spectra (Figs. 5a
and 6a) is the resonance at 288.0 eV (peak 5 in Fig. 5a). This peak
is much stronger in BGO powder samples than in HGO powder. In
the literature, this peak is usually assigned to C]O from carbonyl or
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Fig. 5. NEXAFS spectra of BGO2 and HGO2 powders: a) C1s edge, b) O1s edge. Assignment of peaks is given in Tables 1 and 2. (A colour version of this figure can be viewed online.)
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Fig. 7. Angular dependence of C1s NEXAFS spectra for BGO2 and HGO2 films. (A colour version of this figure can be viewed online.)
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carboxylic acid groups [42,51,55] (See Table 1). This is in contra-
diction to the NMR and FTIR results presented above, and earlier
results that have shown higher relative amounts of C]O groups in
HGO than in BGO [27]. This peak demonstrates only a weak di-
chroism (Fig. 7), as does the peak at 292 eV, which indicates that
the orbital responsible for this resonance is oriented randomly
rather than in-plane or face-on.

Graphite oxides are known to be functionalized with hydroxyl
and epoxy groups on the planar surface while the edges are
terminated by carboxyl or carbonyl. Considering that flake size is on
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micrometer level the edge functional groups must be present only
in rather minor proportion. It would therefore be surprising if the
peak at 288.0 eV, being one of the strongest in the NEXAFS spectra,
originates from carbonyl and carboxyl groups, which can only be
placed on the edges of GO flakes or edges of holes in these flakes.
Also, considering that the intensity of 288.0 eV peak is higher in
BGO, it would be more reasonable if this peak were due to hydroxyl
groups found to be more abundant in this sample, in agreement
with NMR and FTIR.

However, also the O1s NEXAFS spectrum confirms a larger
presence of C]O in the BGO samples than in the HGO, because the
resonance at 530.9e531.2 eV in the O1s NEXAFS spectra (Figs. 5b
and 6b) is indeed more dominant in BGO than in HGO samples.
Showing up at low photon energies, this resonance must be of p*
nature, i.e. double bonded oxygen (see discussion of O1s NEXAFS
spectra below).

The only assignment that can explain both the C1s and the O1s
spectral features is the C]O, and hence we have to draw the
conclusion that the BGO sample surfaces studied in NEXAFS con-
tained more carbonyl and carboxyl groups than the HGO sample
surfaces. The assignments of all peaks in the C1s NEXAFS spectrum,
based on literature data, is provided in Table 1.

The C1s-NEXAFS spectrum of BGO films shows an increase in
the resonance at 287.2 eV (peak 4 in Fig. 6a) for thin films,
compared to BGO powder. This peak is assigned to carbon in epoxy
and ether groups. It is almost absent in HGO samples. This corre-
lates well with the observation from FTIR that the BGO films have
more abundant epoxy groups than HGO. Also the O1s NEXAFS
spectra show intensive resonances associated with oxygen in epoxy
and hydroxyl groups (peaks 4 and 5 in Fig. 5b).

We note a small peak at 285.9 eV present in the C1s spectra of
the HGO samples (peak 2 in Figs. 5a and 6a) which is unassigned in
the literature. This peak is almost absent in BGO samples. The in-
tensity of this peak increases with decreasing incident angle indi-
cating that the orbital responsible for the final state of this
transition is oriented preferentially perpendicular to the surface
plane. If this is a p* orbital this corresponds with double bonds (C]
O for instance) in plane with the surface, while if this is a s* orbital
this indicates oriented s-bonds perpendicular to the surface.

Similarly, the low intensity of the peak at 289.8 eV in the C1s-
NEXAFS spectra of HGO films and for BGO powder samples, and
to a smaller extend in BGO films (Fig. 6a), also shows a weak di-
chroism. This indicates either a p* orbital (C]O for instance)
Table 1
Experimentally observed peak positions for C1s NEXAFS. Themost intensive absorptions a
[42,51,55].

N BGO2
powder

BGO2
films

HGO2
powder

HGO2
films

HGO paper
(Hunt et al., 2012
[40])

HGO fil
(Lee, 20

1 284.5 284.7 284.6 284.6 285.0
C¼C p*

2 285.9 285.9
3 (286.7) 286.8 286.0e286.4

CeOH
286.7
CeO p*

CeOH
4 (287.2) 287.4 (287.2) 287.0 287.2e288.3

epoxy
CeOeC

287.5
CeO p*

CeOeC
5 288.0 288.1 288.0 288.1 287.5e288.1

C¼O
288.7
C¼O p*

6 289.8 289.2 288.5
COOH

289.8
C¼O p*

7 292.2 292.0 292.0 292.0 C¼C s* 293.0
C¼C s*
oriented in plane or a s* orbital oriented preferentially perpen-
dicular to the surface.We can conclude from comparing the angular
resolved C1s NEXAFS spectra that HGO samples show a slightly
stronger dichroism relative to BGO and also a larger number of
functional groups that are preferentially oriented compared to BGO.

The difference between BGO and HGO is even stronger in the
spectra recorded for O1s NEXAFS (Fig. 5b). For the O1s NEXAFS
spectra the assignments are presented in Table 2. The O1s NEXAFS
spectra show also stronger difference between precursor BGO
powder and film deposited using this precursor. For example, as
mentioned earlier, a rather sharp resonance is observed at
530.9e531.2 eV (peak 2 in Fig. 5b), with increased intensity in thin
film spectra of BGO. This peak is a p* resonance, originating from
transitions of C1s core level to p* C]O in carboxylic acid and/or
ketones. This is accompanied by an increased absorption and
appearance of a shoulder at 542 eV (peak 6 in Fig. 5b) in BGO
samples, which is assigned to s* (C]O) by Lee et al. [55] There is no
counterpart to this peak in HGO samples. Once again, the relative
numbers of carbonyls and carboxyl should expected to be small in
BGO samples, but the observation of major NEXAFS resonances and
their assignment to these functional groups (as in Refs. [51,54,55])
seems to be confronting previous knowledge about GO. More
detailed theoretical and experimental studies are required to verify
the assignment of NEXAFS peaks which is out of the scope of this
study.

Summarizing this part, strong orientation of the graphene C]C
bonds, planar to the substrate surface was observed by angle-
resolved experiments. Furthermore, relatively weak orientation
effects were observed for functional groups related to carbonyl and
carboxyl. The GO membranes shrink very strongly in the process of
drying and form wave like formations, which result in orientation
of individual flakes, which significantly deviates from parallel to the
substrate. If the edges of flakes (outer edges and edges of holes) are
slightly bend or wrapped, this would further reduce orientation
effects. The geometry of thin films prepared by drop casting and
drying on Si plates must resemble the shape of mm-thick GO
membranes discussed below (Fig. 8).
3.4. Mechanical properties of BGO and HGO membranes/papers

Mechanical properties of membranes prepared using the BGO2
precursor were compared with membranes prepared using two
Hummers precursors (HGO2 and HGO3) Similar deposition
remarked in bold. Tentative assignment of peak and literature data according to refs.

ms
12 [49])

HGO films
(Ganguly, 2011
[47])

Orientation (from angular resolved NEXAFS
spectra)

285.2
C¼C p*

in plane (pz orbitals perpendicular to plane)

Slight preferential orientation in plane

in

in
287
CeOH
CeOeC

in CO
288.7
C¼O
COOH

in COOH
COOH

First sigma resonance (Pical�e)



Table 2
Experimentally observed peak positions for O1s edge tentative assignment of peak and literature data according to refs. [42,51,54,55].

N BGO powder BGO film HGO powder HGO film HGO film (Pacil�e, 2011 [48]) HGO films (Ganguly, 2011 [47]) HGO films (Lee, 2012 [49])

1 529.8 529.7 COOH
2 530.9 531.2 530.4 530.4 531.5 p*(C]O) COOH 531.5 COOH
3 533.5 533.8 533.4 533.6 534.0 p*(CeO) C¼O

CeOeC
4 535.5 536.0 535.8 536.0 535.5 s*(OeH) CeOH, COOH

537.7 CeOH, COOH
5 538.3 538.6 538.4 540.0 s*(CeO) CeOH, COOH CeOH

CeO
C¼O

6 541.9 541.6 542.0 s*(C]O) C¼O,
CeOeC

7 543.3 544.5 s*(C]O) C¼O,
CeOeC

Fig. 8. SEM images of edge regions recorded from HGO1 and BGO2 membranes after mechanical tests.

Fig. 9. Stress vs strain diagram for three tested samples of GO membranes/papers.
Standard printer paper with 0.03 mmwas used as a reference and “'Fisherbrand™ Lab
Wipes” with 0.3 mm thickness as an example of elastic paper. (A colour version of this
figure can be viewed online.)

Table 3
Youngmodulus values determined for several GOmembranes samples at conditions
of varying humidity. The values are average numbers for 3 measurements each.

Sample Strain 0.1e0.2% Young's modulus (MPa)

BGO ambient 24229
BGO vacuum dried 25 �C 72 h 20019
BGO 80% humidity 25 �C 72 h 14448
HGO2 ambient 200.6
HGO2 vacuum dried 25 �C 72 h 2684
HGO2 80% humidity 25 �C 72 h 186.2
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conditions were used for preparation of these membranes. As ex-
pected the membranes consist of densely packed GO flakes
approximately parallel to each other but with wave like shape ac-
quired as a result of post-preparation drying, Fig. 8.

In general, BGO2 membranes are more transparent for samples
with comparable thickness and less fragile when operated and
mounted. In fact, attempts to characterize bending properties
demonstrated that all samples survive bending test with minimal
bending radius of 4.5 mm. However, the BGO2 samples are clearly
more flexible and able to restore the initial shape even after mul-
tiple folding cycles whereas HGO3 membranes break into pieces
when folded.
Measurements of Young's modulus showed that BGO2 mem-

branes are superior to both HGO samples. As it is known that GO
swells proportionally to humidity, we also tested our samples in
vacuum dried conditions and under 80% humidity inside of envi-
ronmental chamber. The humidity was strictly controlled by a
Voetch environmental chamber. Surprisingly, vacuum drying had
different effects on the mechanical properties of BGO2 and HGO
membranes compared to the tests performed at ambient condi-
tions (Fig. 9, ~45% humidity). The Young's modulus decreased by
~17% as result of vacuum drying for BGO (from 24229 to 20019
Mpa), but increased by almost 10 times for HGO2 sample (from
200.6 to 2684 Mpa, Table 3). An increase in humidity to 80%
resulted in a degradation of the mechanical strength of both BGO
and HGO membranes.

Decline in mechanical strength of GO papers at higher humidity
is known phenomena related to swelling of GO structure in water
vapors [6]. Increase in inter-layer distance of GO structure as a
function of humidity is expected to result in weaker bonding and
lower Young's modulus. Therefore, it is important to compare
mechanical properties of GO membranes at moisture free condi-
tions. The data shown in the Table 3 demonstrate superior
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Fig. 10. XPS spectra recorded from membrane samples of BGO2 and HGO2 in C1s and O1s regions. (A colour version of this figure can be viewed online.)
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mechanical properties of BGO both at vacuum dried state and un-
der conditions of ambient humidity.

The Young's modulus values found in our experiments are not
record high compared to earlier reported results [6]. However, the
difference between BGO and HGO is remarkable. Understanding
the mechanism behind the superior mechanical strength of BGO
membranes can be of high value for design of even stronger
multilayered materials, which could be useful in a variety of func-
tional applications.

As it follows from our results, the mechanical properties of GO
membranes strongly depend on the synthetic method.

In principle, several parameters could be suggested as the
reason for the difference in mechanical properties of BGO and HGO
observed in our experiments: for example the size of the GO flakes,
the degree of oxidation, the precise geometry of the flakes packing
in the multilayered structure. However, characterization demon-
strates that our BGO and HGO samples are oxidized to a similar
extent and with similar flake size. The specific pressure applied in
the process of membrane preparation or conditions of membrane
drying could also affect the mechanical properties. However,
deposition of membranes from graphene oxide solutions was per-
formed using identical vacuum filtration conditions. Therefore, we
suggest that the superior mechanical properties of BGO mem-
branes must be explained by intrinsic properties of the Brodie
oxidation method and certain structural features of the BGO pre-
cursor, such as, e.g., relative numbers or specific distribution of
oxygen-containing groups over GO flakes surface.

In order to verify the reasons behind the difference in me-
chanical strength of BGO and HGO membranes, we performed an
additional test of the membranes/papers using XPS (Fig. 10).

For both the HGO2 and BGO2 samples the C/O ratio remained
almost the same as in precursor powders but some changes in the
relative intensity of the peaks were observed. The spectra of HGO2
and BGO2 membranes also look very similar to each other both for
C1s and O1s peaks. The only significant difference is the about
twice higher intensity of the 288.9 eV peak for HGO. This peak is
typically assigned to carboxylic groups on the edges of GO flakes.
However, considering the micrometer size of the flakes, the num-
ber of edge carbon atoms must be negligibly small. Therefore, the
relatively strong COOH peak (about 2.2 at % for BGO2, 5.09 at% for
HGO1 and 6.1 at% for HGO2) should be assigned to the edges of
holes in the GO flakes. If this suggestion is true, the relative in-
tensity of the 288.9 eV peak provides a signature for defects of a
given GO material. Higher intensity of this peak in HGO corre-
sponds then to a structure of flakes with more holes. It does not
provide, however, information about the size of the holes or exact
proportion of their area relative to the whole area of the flake.

Interpretation of XPS spectra presented above is in agreement
with better mechanical strength of BGO membranes/papers, which
can be suggested to originate from a less defective state of this
material. It cannot, however, be ruled out either that the small
impurity of Na observed in our BGO membranes or the absence of
sulphur could contribute to difference compared to HGO.
4. Discussion

The data presented in this and earlier studies provide evidence
for strong differences between the properties of Brodie and Hum-
mers graphite oxides. It is clear that results obtained for one of
these materials cannot be directly applied to the other as it is
sometimes done in the literature. In the other hand, the difference
provides additional opportunities and flexibility for various appli-
cations of GO.

The data shown in this paper suggest that the difference be-
tween the properties of BGO and HGO can be explained by a
stronger disruption of the graphene skeleton in HGO. In agreement
with earlier observations [27,32], BGO shows a higher relative
amount of epoxy and hydroxyl groups, which occupy the planar
surface of graphene oxide flakes. Several characterization methods
independently verify that HGO has more carbonyl and carboxyl
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functional groups, which introduce defects in the hexagons of
graphene C]C network: vacancies and holes. Formation of this
type of defects is likely to be caused by the potassium permanga-
nate used in the Hummers method. Some earlier studies reported
complete absence of carboxyl groups in their samples prepared
using the Staudenmaier method: this method also uses chlorate
and nitric acid, as in the Brodiemethod but with addition of sulfuric
acid [31]. It has to be noted that interpretation of the NEXAFS
spectra, following the assignments given in the literature, is the
only method which so far yields an contradicting result: higher
abundance of carbonyl and carboxyl groups at the surfaces of HGO
relative to BGO. This interpretation of NEXAFS also confronts very
recent data which show higher mechanical strength of individual
BGO sheets compared to HGO, thus providing evidence of less
defective state of BGO [56]. It might be an indication that further
theoretical and experimental studies are required for assignment of
spectral features in NEXAFS.

The presence of 2e5 at% of carbon in carboxylic groups in GO
can be explained only if a significant number of holes is present on
the graphene oxide sheets. Counting only carbon atoms on the
edges of micrometer sized flakes would result in negligibly small
contribution.

A second important parameter, which is likely to affect the
properties of GO, is the distribution of functional groups over the
surface of the flakes. Some of the data obtained in our study point
to a more homogeneous distribution of oxygen-containing groups
over the surface of BGO, while in HGO some graphene-like areas
and stronger clustering of functional groups can be suggested.

Assumingmore defects and amore disrupted carbon network in
HGO and the existence of “graphene” islands on the surface explain
most of the major observations that we presented in this study.

The differences between BGO and HGO can be summarized as
following:

- XRD shows better ordering of the layered structure in BGO
which further improves when the material is immersed into
liquid polar solvents (e.g. alcohols). BGO also shows reversible
phase transitions upon temperature or pressure variations due
to insertion and de-insertion of solvent layers. These phase
transitions are absent in HGO and the temperature shifts of
d(001) are gradual.

Defects and holes are likely to affect the ordering of HGO layers
while a inhomogeneous distribution of functional groupswill result
in stronger swelling of more oxidized regions thus providing con-
ditions for effects of inter and intra-stratification.

Inhomogeneous hydration of HGO on nanometer size scale is
also confirmed by direct SFM observations [45].

- Nearly identical phase transitions occur for BGO with a large
difference in oxidation degree (C/O ¼ 2.7 and C/O ¼ 3.4) which
indicates that change in C/O ratio itself is unlikely to be major
reason for the presence or absence of these transitions in HGO.

- HGO absorbs about 3e4 times larger amount of water at
ambient conditions (~15e20 wt%) compared to BGO as it is
evident from TGA traces. A less planar shape of HGO flakes and
presence of larger number of holes is expected to provide more
space for water sorption. It is also in line with stronger swelling
of HGO in water and other polar solvents.

- Thermal exfoliation of BGO occurs at temperatures at least tens
of degrees higher compared to HGO and with a steeper step on
theweight loss curve. The lower temperature of HGO exfoliation
and broader weight loss step are compatible with suggestion of
more defects and more inhomogeneous distribution of func-
tional groups.
- Thermal exfoliation of BGO results in higher BET surface areas
compared to HGO. This can be assigned to higher temperature of
exfoliation, thus the buildup of pressure due to release of gases
is stronger between individual GO sheets and stronger explo-
sion is the reason for more defective state of thermally exfoli-
ated GO samples.

- The higher mechanical strength of multilayered membranes
prepared from BGO can be considered as an evidence of less
defective flakes and a consequence of their more parallel
packing evident fromXRD. A larger amount of water adsorbed at
ambient conditions by HGO is another factor how defects and
disorder could affect mechanical properties adversely.

In summary, we analyzed the difference between BGO and HGO
powder samples and in addition multilayered membranes/papers.
The pronounced difference is in agreement with the suggested less
defective nature of BGO and a more homogeneous distribution of
functional groups over its surface. The smaller amount of carbonyl
and carboxyl groups in BGO is suggested by XPS, NMR and FTIR
recorded from powder samples, but is not in agreement with
NEXAFS data recorded on drop casted thin films. The relatively high
percentage of carbonyl and carboxyl groups detected in HGO by
XPS must result in the presence of a significant number of holes in
these GO flakes and a strong disruption of the graphene structure.
The less defective BGO flakes arranged into multilayered mem-
branes/papers exhibited superior mechanical properties compared
to HGO.
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