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ABSTRACT For the past decade, researchers have been trying to understand the
mechanism of the thermal reduction of graphite oxide. Because deuterium is widely used
as a marker in various organic reactions, we wondered if deuterium-labeled graphite
oxide could be the key to fully understand this mechanism. Graphite oxides were prepared
by the Hofmann, Hummers, Staudenmaier, and Brodie methods, and a deuterium-labeled

analogue was synthesized by the Hofmann method. All graphite oxides were analyzed not
only using the traditional techniques but also by gas chromatography—mass spectro-
metry (GC-MS) during exfoliation in hydrogen and nitrogen atmospheres. GC-MS enabled us to compare differences between the chemical compositions of
the organic exfoliation products formed during the thermal reduction of these graphite oxides. Nuclear analytical methods (Rutherford backscattering
spectroscopy, elastic recoil detection analysis) were used to calculate the concentrations of light elements, including the ratio of hydrogen to deuterium.
Combining all of these results we were able to determine graphite oxide's thermal reduction mechanism. Carbon dioxide, carbon monoxide, and water are

formed from the thermal reduction of graphite oxide. This process is also accompanied by various radical reactions that lead to the formation of a large

amount of carcinogenic volatile organic compounds, and this will have major safety implications for the mass production of graphene.
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raphene, a one-atom-thick planar
G sheet of sp>-bonded carbon atoms,
has been intensively studied in the
past decade due to its unique electrical,
optical, and mechanical properties, in parti-
cular its low thermal conductivity, high
current density, large surface area, high
transmittance in the visible light spectrum,
and ability to ballistically transport free
carriers.' 3 These unique properties make
graphene a highly promising material for a
wide range of applications in modern elec-
tronics (solar cells, display devices, etc.) and
electrochemical power sources (fuel cells,
supercapacitors, batteries, etc.).*”’
Graphene is usually synthesized by either
“bottom-up” or “top-down” procedures.
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The “bottom-up” procedures, used for the
production of high-quality and large-size
graphene layers, are typically based on
CVD techniques. These CVD-based graph-
ene layers are important for microelectronic
and optoelectronic devices. However, for
applications in the field of electrochemical
power sources, graphene has to be pro-
duced in much larger quantities.2~° For this
purpose, graphene is prepared using “top-
down” methods, of which the most common
is the oxidation of graphite and subsequent
reduction of graphite oxide."" Compared
with chemical or electrochemical reduction,
the thermal reduction of graphite oxide
produces graphene with the highest degree
of exfoliation and largest surface area.
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The thermal reduction of graphite oxide is generally
described as a process of the decomposition of oxygen
functional groups in association with the formation of
carbon dioxide, carbon monoxide, and water. How-
ever, a few papers have suggested that the process is
more complex than is generally assumed. One study
reported that carbon fragments are released from
graphite oxide during thermal exfoliation.'*'* Another
study addressed exfoliation in a closed system, namely,
an autoclave in which evolved gaseous species can
readily combine with each other. The latter study,
which involved the use of gas chromatography—mass
spectrometry (GC-MS), detected a larger number of
organic compounds, including several carcinogenic
compounds, such as benzene and even higher poly-
aromatic hydrocarbons (PAHs).'* This seems to indi-
cate that the precise mechanism of the thermal
reduction and subsequent exfoliation of graphite
oxide has yet to be described in detail.

In this study, GC-MS was used to analyze and
quantify various organic compounds formed from
the thermal reduction of graphite oxides, including a
deuterium-labeled graphite oxide, in a nitrogen or
hydrogen atmosphere. Combining the results of the
analytical methods used with quantum-mechanic cal-
culations enables us to propose the mechanism of the
decomposition of various oxygen functionalities and to
clarify the overall exfoliation process.

RESULTS AND DISCUSSION

Four graphite oxides (GOs) were prepared by the
Brodie,'®> Hummers,'® Hofmann,'” and Staudenmaier'®
methods, and a deuterium-labeled analogue was
synthesized according to the Hofmann method by
hydrogen/deuterium exchange in deuterium oxide.
All samples were further exfoliated in either a nitrogen
or hydrogen atmosphere. Below, the samples are
termed according to their GO precursor (BR, Brodie;
HU, Hummers; HO, Hofmann; ST, Staudenmaier) and
the exfoliation atmosphere (N, or H,); the deuterated
sample carries the additional suffix De. All samples
were then analyzed by scanning electron microscopy
(SEM), energy-dispersive spectroscopy (SEM-EDS),
combustion elemental analysis, high-resolution X-ray
photoelectron spectroscopy (XPS), and Raman spec-
troscopy. GC-MS was used to analyze the exfoliation
products. In addition, the nuclear analytical methods,
Rutherford backscattering spectroscopy (RBS) and elas-
tic recoil detection analysis (ERDA), were used to mea-
sure the D/H ratio and concentration of light elements.
To confirm our experimental results, the decomposition
energies of various oxygen functional groups were also
calculated. For more details, see the Experimental Meth-
ods and Supporting Information (S).

The morphology and elemental composition of
thermally reduced graphene were investigated by
SEM and SEM-EDS. The typical platelet structure was
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Figure 1. Morphology of all thermally reduced/exfoliated
graphenes.

TABLE 1. C/O Ratios (at. %) in Thermally Reduced/
Exfoliated Graphite Oxides Obtained from Various
Methods

sample (/0 CHN-0 /0 XPS
BRGO-N2 17.6 19.4
BRGO-H2 209 24.1
HUGO-N2 229 26.0
HUGO-H2 275 425
HOGO-N2 14.4 18.2
HOGO-H2 30.6 19.8
STGO-N2 204 347
STGO-H2 209 46.6
HOGO-N2-De 18.9 24.7

observed for all samples; however, the graphene syn-
thesis in hydrogen led to a higher degree of exfoliation
compared with the samples exfoliated in nitrogen
(Figure 1).

The chemical composition was studied by SEM-EDS,
combustible elemental analysis, and high-resolution
X-ray photoelectron spectroscopy. Except for C and O,
low concentrations of K, Mn, S, and Cl (0.1 wt %) were
detected by SEM-EDS and combustible elemental
analysis, respectively. The calculated C/O ratios based
on the data from these methods are summarized in
Table 1. The results of combustible elemental analysis
are presented in detail in Table SI-A. The element
distribution maps obtained by SEM-EDS as well as
the XPS survey spectra are shown in Figures SI-1 and
SI-2, respectively. Exfoliation in a hydrogen atmo-
sphere led to higher reduction of graphene when
compared to exfoliation in a N, atmosphere, and the
highest C/O ratio was obtained for STGO-H2.
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TABLE 2. Quantitative Comparison (at. %) of Individual
Carbon States of C 1s in Thermally Reduced/Exfoliated
Graphite Oxides Obtained by High-Resolution XPS

sample =C (—UC-H o0 =0 0 (=0 g=n*

BRGO-N2 60.30 18.58 1016 2.10 440 443
BRGO-H2 61.70 19.75 211 408 482 7.52
HUGO-N2 69.09 11.53 537 334 538 5.25
HUGO-H2 7343 11.25 404 391 3N 414
HOGO-N2 64.99 1048 949 538 383 581
HOGO-H2 54.61 24.28 1018 527 2,60 3.04
STGO-N2 62.12 21.10 322 387 253 7.13
STGO-H2 70.26 16.19 260 331 215 5.46
HOGO-N2-De  55.29 20.15 1234 385 428 4.06

In addition, high-resolution XPS was also used for
the detailed analysis of the C 1s to quantitatively
differentiate the six different carbon states present in
all samples: C—C (284.4 eV); C—C/C—H (285.4 eV); C—O
(286.3 eV); C=0 (288.0 eV); O—C=0 (289.0 eV); and
m—m* interaction (290.5 eV). The quantitative composi-
tions of the individual states of C 1s are listed in Table 2,
while the detailed fitting of the C 1s peak is shown in
Figure SI-3.

Raman spectroscopy was used to obtain more
information about the structure of the synthesized
graphenes (Figure SI-4). Two major bands corre-
sponding to the D-band (1350 cm™") and G-band
(1580 cm ™) were found in all spectra.'® The presence
of the D-band indicates defects in the graphene layer,
primarily attributable to the presence of sp*-bonded
carbon atoms. The G-band resulted from sp-bonded
carbon atoms in the graphene layer.?’ Furthermore,
the average crystallite size (L,) of the defect-free
domains within the graphene was calculated using
the equation®’

Lo = 24 %107 X Agser” X la/Ip Q)

where Ig/lp is the ratio of the intensities of the D- and
G-bands, respectively, and Ajaser refers to the laser
wavelength (nm) used in the measurement of the
Raman spectrum. The calculated D/G ratios and the
corresponding crystallite sizes are compiled in Table 3.
The D/G ratio is lowest for samples originating from
STGO due to the low content of oxygen functionalities.
Higher D/G was observed for HOGO followed by HUGO
and finally BRGO. This clearly indicates a significant
influence of graphite oxide preparation method on
graphene structure and defect density. A slightly high-
er D/G ratio observed for samples exfoliated in hydro-
gen (except the HUGO sample) compared to nitrogen
originates from graphene etching by hydrogen at high
temperature.

GC-MS of exfoliation products of the individual
graphite oxides was carried out in different atmo-
spheres. The results of GC-MS analysis of gases evolved
during exfoliation of various graphite oxides are shown
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TABLE 3. D/G Ratios and the Corresponding Crystallite
Sizes of the Thermally Exfoliated/Reduced Graphite
Oxides Measured by Raman Spectroscopy

sample D/G ratio L, (nm)
BRGO-N2 0.95 20.24
BRGO-H2 0.97 19.81
HUGO-N2 0.98 19.56
HUGO-H2 0.86 22.25
HOGO-N2 0.80 24.00
HOGO-H2 0.82 23.41
STGO-N2 0.74 2593
STGO-H2 0.83 23.20
HOGO-N2-De 0.92 2091

in Figure 2A for graphite oxides exfoliated in a nitrogen
atmosphere and in Figure 2B for graphite oxides
exfoliated in a hydrogen atmosphere. The detailed
GC-MS data for each sample are shown in the SI
(Figures SI-5—SI-12). Also the logarithmic scale of each
GC-MS spectrum is shown in the Sl with illustrations of
formed products. Structures of the main products of
exfoliation are visualized in Figure 2C. To understand
more deeply the processes occurring during thermal
exfoliation of graphite oxide, we performed a careful
analysis and quantification of the formed organic
compounds. Deuterium-labeled HOGO (HOGO-De)
was used to understand the mechanism of acidic
oxygen functionalities' thermal decomposition. The
experimental results are supported by theoretical
calculations.

The main differences in the composition of gaseous
products released during exfoliation can be seen for
the graphite oxide prepared by the Brodie method. The
Brodie oxidation procedure is based on the oxidation
of graphite by potassium chlorate in fuming nitric acid.
In this case we did not observe any significant amount
of exfoliation products related to sulfur incorporated
into the graphite oxide by the oxidation procedure.
All other methods (Hummers, Hofmann, and Stau-
denmaier), which also use sulfuric acid in addition
to HNO;, led to the graphite oxide containing sulfur,
mainly in the form of sulfuric acid esters, which decom-
pose into sulfur dioxide during thermal exfoliation.
This observation led us to a conclusion that sulfuric
acid is dominantly present in the graphite oxide as
an ester of sulfuric acid bonded by one or both
hydroxyl groups to the hydroxyl group on the surface
of graphite oxide.”*?* However, also carbon disulfide
and some organic compounds of sulfur such as thio-
phene, benzothiophene, and dibenzothiophene were
detected in exfoliation products. This indicates that
during the exfoliation highly reactive radicals contain-
ing carbon were also formed, and they subsequently
reacted with SO, during the exfoliation procedure.
However, CS; was not formed during exfoliation in a
hydrogen atmosphere, and also the amount of SO, was

VOL.9 = NO.5 = 5478-5485 = 2015 F@L@Mi{\)

WWwWW.acsnano.org

5480



L ! ) . L
—— BRGO-N2
—— HUGO-N2
—— HOGO-N2
——STGO-N2 7

2 3 ‘-1 AV

L 6 7
3 45
2 3 44

>

8 14

Intensity (a.u.)

8
9 14

)

Time (s)

€) : ) f

S
© ) / (1) O
S aNg

(2) /5
AN S

(5

o

Intensity (a.u.)

ol

S

(13)

=8

—BRGO-H2
—— HUGO-H2| 3
[—— HOGO-H2
——STGO -H2 l 4 7 g
| |
1 14
A a7 T2z
1 3 7 12 14
I\ L 4 1 A 113 |
3
5 10 15 20 25
Time (s)
7 (6) = (7) (8)

Figure 2. GC-MS chromatogram of compounds evolved during graphite oxide reduction/exfoliation in nitrogen (A) and
hydrogen (B) atmospheres and the main formed products (C). Detailed chromatograms with y-axes in log scale are shown in

the SI.
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Scheme 1. Mechanism of benzonitrile formation with intermediate states.

significantly reduced. This brings us to a conclusion
that H,S is likely formed as a dominant product in the
hydrogen atmosphere reducing environment, although
it was not detected on the SPME fiber used for sorption
sampling of evolved gases.

Chlorine present in the graphite oxide is evolved in
the form of chlorobenzene and nitrogen in the form
of nitrile groups attached to hydrocarbons such as
2-propenenitrile and benzonitrile. This is another in-
dication that the radical reactions play a significant role
during the exfoliation of graphite oxide. Nitrogen
derivates can be formed by the reaction with nitrogen
from the atmosphere and also from traces of nitrogen
covalently bonded to graphite oxide. The latter me-
chanism is supported by the fact that these species
were also observed in a hydrogen exfoliation atmo-
sphere. Nitrogen in graphite oxide originates from the
nitrogen moieties introduced by synthesis of graphite
oxide in the presence of nitric acid (or sodium nitrate in
the case of the HUGO sample). The radical mechanism
of benzonitrile formation can be described by Scheme 1.
The fragmentation of the graphene sheet may result in
the formation of a relatively stable structure (1A), which
may exist in a doublet or quartet spin state. Both of these
structures react readily with nitrogen, forming a linear
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structure (1C) via a transient state (1B). Elimination of
nitrogen from these structures results in benzonitrile.
Carbon is represented by various aromatic com-
pounds in the GC-MS spectra. During the exfoliation
of GO, benzene, toluene, and other derivatives of
benzene are dominantly formed. Polyaromatic com-
pounds are represented by naphthalene, its derivates,
and higher hydrocarbons such as phenanthrene,
anthracene, fluorene, and acenaphthylene. TenaxGR
sorption tubes in combination with a specialized GC
column allowed the detection of larger polyaromatic
compounds such as chrysene. The formation of aro-
matic hydrocarbons during thermal exfoliation pro-
ceeds by a radical mechanism and will be discussed in
the next paragraphs.
Further we performed a quantification of the
evolved organic molecules. The most striking differ-
ences between the treatment in hydrogen and nitro-
gen atmosphere were observed in the absolute
amount of the evolved hydrocarbons. The measure-
ment was performed using active carbon sorption
tubes placed behind the exfoliation reactor. In these
experiments HUGO and HOGO samples were exam-
ined. The detection limit was about 0.1 ppm, referred
to the mass of starting graphite oxide. In the case of a
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Figure 3. GC-MS chromatogram of compounds evolved during thermal exfoliation/reduction of (A) HOGO and its deuterated
analogues and (B) the main formed products. Detailed chromatograms with y-axes in log scale are shown in the SI.

nitrogen atmosphere the exfoliation led to the forma-
tion of 20 ppm (£1 ppm) of benzene, 10 ppm (£1 ppm)
of toluene, and 1 ppm (£0.2 ppm) of naphthalene for
both investigated graphite oxides. The concentration
of other organic species was below 1 ppm. The amount
of evolved organic compounds is almost independent
of the used starting graphite oxide. The same process
was also performed in the hydrogen atmosphere. In
this case the results were significantly different. The
exfoliation procedure is accompanied by an intensive
etching of the formed graphene. During the exfoliation
the formation of 285 ppm (£10 ppm) of benzene,
11 ppm (£1 ppm) of toluene, and 20 ppm (1 ppm)
of naphthalene for both HOGO and HUGO was ob-
served. Such results indicate that hydrogen etching
is an important and dominant process during thermal
exfoliation of graphite oxide in a reductive atmosphere.
This observation is essential for future high-temperature
applications of graphene in a reductive atmosphere and
also for the production of thermally reduced graphene
where high amount of evolved toxic products could
have a significant impact on the environment.

In order to understand the exfoliation mechanism,
the deuterium-labeled graphite oxide was synthesized.
By the ultrasonication and prolonged soaking of gra-
phite oxide in deuterium oxide the acidic hydrogen
contained in functional groups (predominantly the
carboxylic groups located on the graphite oxide sheet
edges) was exchanged with deuterium. Nuclear meth-
ods with isotope sensitivity, elastic recoil detection
analysis, and Rutherford backscattering spectrometry
were used for the determination of D/H ratio.

The RBS and ERDA spectra of deuterated samples are
shown in the S| (see Figures SI-13 and SI-14). The

SOFER ET AL.

TABLE 4. Composition of HOGO before and after
Exfoliation in Nitrogen Atmosphere

sample C[at. %] 0 [at. %] H [at. %] D [at. %]
HOGO-N2-De (RBS/ERDA) 83.0 6.3 9.5 1.2
HOGO-N2-De (ECA) 89.55 4.75 5.70
HOGO-N2 (RBS/ERDA) 83.9 6.5 9.6 0.0
HOGO-N2 (ECA) 88.62 6.14 5.22
HOGO-De (RBS/ERDA) 64.4 216 13.7 03
HOGO-De (ECA) 53.12 25.89 20.05
HOGO (RBS/ERDA) 65.7 227 ni 0.0
HOGO (ECA) 46.65 31.27 22.08

measurement of deuterium content was performed
on the starting HOGO and the deuterium-exchanged
material before and after exfoliation in a nitrogen atmo-
sphere. In addition, a GC-MS analysis of the evolved
gases was performed. The GC-MS analyses of the
evolved gases for samples HOGO-N2 and HOGO-N2-
De in a nitrogen atmosphere are shown in Figure 3A.
The composition of the starting D-labeled HOGO was
644at.%C,21.6at.%0,13.7at.%H,and0.3at.% D.The
concentration of deuterium corresponds to the concen-
tration of carboxylic acid measured by alkalimetric
titration. A low concentration of deuterium indicates a
highly lipophilic character of the hydroxyl groups where
no hydrogen/deuterium exchange takes place. The
sample composition after the exfoliation measured by
RBS and ERDA was 83.0 at. % C, 6.3 at. % O, 9.5 at. % H,
and 1.2 at. % D. The results of RBS/ERDA for HO-GO and
HO-GO-De before and after thermal reduction/exfolia-
tion are shown in Figures SI 13 and Sl 14, and the results
of elemental combustion analysis (ECA) and RBS/ERDA
are summarized in Table 4. The results indicate that the
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Scheme 2. Schematic drawing of aromatic compound decar-
boxylation resulting in hydrogenation and CO, formation.

combination of RBS and ERDA can be used for effective
quantitative analysis of graphene-based materials, and in
addition the isotopic ratio for light atoms can be quantified.

The slight differences in the composition of HOGO
and HOGO-De obtained by RBS/ERDA and elemental
combustion analysis can originate from partial decom-
position of graphite oxide under irradiation with high-
energy ion beam in an ultra-high-vacuum environ-
ment. However, the D/H ratio remains unaffected due
to almost identical chemical properties of D and H.
The presence of deuterium in the exfoliated sample
clearly demonstrates the hydrogenation mechanism
on thermal exfoliation of graphite oxide. The carboxylic
groups are apparently decomposed into CO, and
hydrogen (deuterium) radical, which is directly at-
tached to the graphene sheet edge. The schematic
diagram for the proposed mechanism is shown in
Scheme 2. The ab initio calculations were performed
in order to see the differences between various car-
boxylic acid positions on the rim of the graphene sheet.
Big differences between the standard Gibbs energies
(150—230 kJ/mol) of the starting acid and the corre-
sponding transient state at 1173 K are closely related
to the carboxylic acid position within graphene oxide.
The lowest energy of thermal decomposition of the
COOH functional group was obtained for the middle of
the graphene rim, where the COOH group cannot take
a coplanar geometry with the graphene sheet. The
Gibbs energy for decarboxylation with COOH func-
tional groups in various positions is shown in the S|
(see Figure Sl 15). This observation can be further used
for a controlled thermal decomposition of graphene
oxide, where the carboxyl functional groups are located
on the edges of graphene oxide sheets.

Another significant difference in the composition of
the evolved gases is related to sulfur. A significant
reduction of sulfur-based species concentration in the
evolved gases was observed for the HOGO-De sample
compared to HOGO. This led us to a conclusion that
sulfur is dominantly bonded to the graphite oxide
sheets in the form of sulfuric acid esters. Long treat-
ment with deuterium oxide led to hydrolysis of sulfuric
acid esters and subsequent reduction of sulfur con-
centration covalently bonded to GO. The concen-
tration of sulfur in HOGO and HOGO-De was 0.34 and
0.20 wt %, respectively. This effect is also documented
by a significant lowering of SO, concentration in
the evolved gaseous exfoliation products (Figure 3).
A schematic drawing of proposed sulfuric acid ester
decomposition is shown in Scheme 3.
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Scheme 3. Schematic drawing of sulfate ester moiety de-
composition by a two-step radical mechanism (A) and by a
cyclic mechanism (B).

Similar dominant exfoliation products can be ob-
served in the GC-MS chromatographs: benzene, tol-
uene, naphthalene, phenanthrene, and anthracene for
all types of starting graphite oxides. Careful analysis
of MS spectra for these species showed singly deuter-
ated aromatic hydrocarbons: benzene, toluene, and
naphthalene. Surprisingly, no deuterated phenan-
threne or anthracene was detected. The MS spectra
of single-deuterated benzene and other organic com-
pounds are shown in the Sl (see Figure S| 16). This
clearly indicates that plucking of aromatic hydrocar-
bons starts from the graphene sheet edges where the
carboxylic functional groups were originally located.
The exfoliation procedure led first to decarboxylation
with simultaneous hydrogenation and subsequently
to the ripening of benzene and other small aromatic
molecules, which turned out to be singly deuterium
substituted. Further etching of the formed graphene is
accompanied by plucking of higher polyaromatic com-
pounds such as phenanthrene. Surprisingly, among
higher aromatic compounds phenanthrene is clearly
dominating, while only minor amounts of anthracene
and heavier polyaromatic compounds were detected.
This can be interpreted in terms of lower energy
necessary for ripping off the bent aromatic molecules
compared to linear ones, where more carbon bonds
must be broken off. This is supported by the observa-
tion of chrysene and the absence of tetracene in the
exfoliation products using a technique more sensitive
for highly polyaromatic compounds. The plucking of
aromatic ring fragments and their subsequent rearran-
gement are clearly documented by the presence of
molecules such as ethylidene-1H-indene, acenaphthy-
lene, styrene, fluorene, indane, and others. The pro-
posed mechanism for various hydrocarbons formation
is shown in Scheme 4.

The presence of nitrogen in the form of a nitrile
group indicates that the exfoliation and subsequent
partial etching of the formed graphene proceed by a
radical mechanism. The evolved hydrocarbon frag-
ments are in the form of radicals, and they immediately
react with the surrounding atmosphere to form 2-pro-
penenitrile. This compound is released together with
other unsaturated hydrocarbons such as but-1-yne and
but-1-en-3-yne. Such compounds were not detected
in the samples exfoliated in a hydrogen atmosphere
due to their high reactivity. However, traces of nitrile-
containing compounds such as benzonitrile were
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Scheme 4. Mechanism of radical formation of various hy-
drocarbons during graphite oxide thermal exfoliation.
Numbers indicate the amount of bonds that must be broken
off. More complex compounds may require some “prear-
rangement”, which is usually achieved by benzene ripping.

observed also for samples exfoliated in a hydrogen
atmosphere. Another evidence for the radical mechan-
ism playing a dominant role in the exfoliation proce-
dure is the presence of chlorobenzene, which is formed
in the gaseous phase by a reaction of chlorine radical
and benzene evolved during exfoliation.

Surprisingly, only a minor amount of oxygen-
containing molecules was formed. Most of the oxygen
functionalities are decomposed to CO, and CO. From
the oxygen-containing molecules benzofuran, diben-
zofuran, and phenol were detected. Formation of such
molecules is challenging to explain. They can originate
from both the hydroxyl or epoxide groups on the
graphite oxide surface, or they can be formed in the
next step by the reaction of evolved water with
benzene and ethylbenzene radicals.

Finally we investigated the kinetics of the graphite
oxide exfoliation process. For this purpose we
performed sampling of the evolved gases in 3 min
intervals using SPME fiber. The experiments were
performed for HOGO and HUGO in both nitrogen
and hydrogen atmospheres. The process of exfoliation
proceeds extremely fast, and in the nitrogen atmo-
sphere most volatile organic molecules are evolved

EXPERIMENTAL METHODS

A detailed experimental section can be found in the SI. In the
first step we prepared four graphite oxides according to the
Brodie, Hummers, Hofmann, and Staudenmaier methods. These
graphite oxides were termed BRGO, HUGO, HOGO, and ST-GO.
Also deuterium-labeled graphite oxide was prepared according
to the Hofmann method by hydrogen/deuterium exchange in
deuterium oxide.

The thermal reduction—exfoliation of graphite oxide was
performed at 800 °Cin a quartz glass reactor. Thermally reduced
graphenes were performed in a hydrogen and nitrogen atmo-
sphere, respectively, at 800 °C and a pressure of 100 kPa.
Graphite oxide was placed in a porous quartz glass capsule
connected to a magnetic manipulator inside a vacuum tight
tube furnace with a controlled atmosphere. The application of a
magnetic manipulator allowed us to create a temperature
gradient of over 1000 °C min™". The sample was flushed with
nitrogen by repeated evacuation of the tube furnace to remove

SOFER ET AL.

during the first minutes when the graphite oxide
sample is heated over an exfoliation temperature.
Slight differences are observed in the case of the
hydrogen atmosphere, where the partial etching of
graphene occurs. This is clearly documented by a
slower decrease of benzene concentration as well as
other aromatic volatile organic species (VOCs). However,
the vast majority of VOCs evolved during the first 3 min
of the exfoliation procedure in a hydrogen atmosphere.
The data are summarized in Figure SI 17 for HUGO and
Figure SI 18 for HOGO, where the complete chromato-
graphs for each 3 min sequence are shown, together
with detailed data of benzene peak time evolution as
an example.

CONCLUSIONS

We have shown that the thermal reduction/exfolia-
tion of graphite oxide leads not only to the formation
of simple molecules (carbon dioxide, carbon monox-
ide, water) but also to many complex organic com-
pounds. This suggests that a radical mechanism is at
play during graphite oxide thermal exfoliation. The
experimental reduction/exfoliation of deuterium-
labeled graphite oxide and theoretical ab initio calcula-
tions confirmed that the simultaneous hydrogenation
of graphene edges and preferential etching of carbon
led to the formation of benzene and naphthalene. We
successfully quantified the dominant species that
evolved during reduction/exfoliation. The exfoliation
of 1 kg of graphite oxide led to the formation of over
0.3 g of VOCs, but it was 1 order of magnitude worse in
the hydrogen atmosphere, which implies the en-
hanced etching of graphene edges by hydrogen. Thus,
our investigation of the actual mechanism of the
thermal reduction/exfoliation of graphite oxide has
led us to results that are somewhat alarming. Put
simply, the mass production of thermally reduced
graphene could have a significant negative impact
on the environment due to the formation of highly
carcinogenic compounds.

any traces of oxygen. Subsequently the reactor was filled with
nitrogen or hydrogen, respectively, and the sample was quickly
inserted by magnetic manipulator to the preheated furnace and
held in the furnace for 12 min. The flow of hydrogen or nitrogen
during the exfoliation procedure was 1000 sccm to remove the
byproducts of the exfoliation procedure. The sampling place for
the SPME fiber and active carbon sorption tube was placed on
the output of the reactor.

The morphology was investigated using scanning electron
microscopy. Elemental composition and mapping were per-
formed using energy dispersive spectroscopy. Combustible
elemental analysis (CHNS-O) was performed using a PE 2400
Series Il CHNS/O analyzer (PerkinElmer, USA). High-resolution
X-ray photoelectron spectroscopy was performed using an
ESCAProbeP spectrometer (Omicron Nanotechnology Ltd.,
Germany) with a monochromatic aluminum X-ray radiation
source (1486.7 eV). An inVia Raman microscope (Renishaw,
England) in backscattering geometry with a CCD detector was
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used for Raman spectroscopy. The Rutherford backscattering
spectroscopy and elastic recoil detection analysis were per-
formed at a Tandetron 4130 MC tandem accelerator.

The exfoliation in nitrogen or hydrogen and subsequent
sampling on the output of the reactor was performed using
an SPME (solid-phase microextraction) fiber for qualitative
analysis and active carbon sorption tubes for total quantifica-
tion of evolved organic species. Such a configuration minimizes
retention time in the hot zone of the reactor, and immediate
cooling of carrier gas allowed preservation of highly reactive
species containing also double and triple carbon—carbon
bonds. To determine what kind of organic compounds are
evolved during exfoliation of GO, gaseous products were
sampled on the 85 um Carboxen/PDMS SPME fiber (Supelco,
USA) and analyzed on a gas chromatograph coupled by a mass
spectrometer (GC-MS). Prior to sampling, the used SPME fiber
was conditioned for 30 min at 240 °C under a constant flow of
helium. The conditioned SPME fiber was inserted via a Teflon
septum into the outline of the reactor cell, and the sample was
collected over 12 min. The exposed SPME fiber was thermally
desorbed in the heated split/splitless injection port of the GC
(Trace GC Ultra, Thermo Scientific, USA) under a constant flow of
carrier gas (helium). The flow of helium was set to 1.5 mL/min.
The injection port was heated to 240 °C and worked in the split
mode. The split ratio was set to a value of 1:10.

Chromatographic separations were performed on a DB-5MS
capillary column (Agilent J&W, USA; 60 m x 0.32 mm id. and
1.0 um). The GC oven program was as follows: initial temperature
40 °C, hold for 5 min, 15 °C/min to 250 °C, hold for 10 min. Masses
in the range 10 to 400 m/zin full scan mode were recorded on the
1SQ (Thermo Scientific, USA) single-quadrupole MS operating at
an electron impact energy of 70 eV. Acquired mass spectra were
interpreted by using the NIST 05 electronic database.

To determine the total amount of evolved organic species,
gaseous products were sampled on the ORBO-32 active carbon
sorption tube (Supleco, USA) connected directly into the exhaust
line of the exfoliation cell. Trapped compounds on the active
carbon were extracted by 1 mL of CS, (>99.9%, low benzene
content, Sigma-Aldrich, Czech Republic) and analyzed by inject-
ing 1 ul of the CS; extract into the same GC-MS used for analysis
of the exposed SPME fiber operated under the same conditions.
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