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a  b  s  t  r  a  c  t

Graphene  is the  one  of  the  most  intensively  studied  materials  for  its  unique  mechanical,  electrical  and
thermal  properties.  The  aim of this  study  is to compare  the  significant  differences  between  individual
graphenes  prepared  using  different  graphite  oxides  as  starting  materials.  Graphene  was prepared  by
chemical  and  thermal  reduction  of  five  different  graphite  oxides,  which  were  prepared  according  to
Brodie,  Hofmann,  Hummers,  Staudenmaier  and  Tour  method.  Due  to  the  significant  differences  in the
composition  of graphite  oxide  used  for synthesis  significant  differences  can  be  also  observed  in graphene
prepared  by  chemical  and  thermal  reduction  of starting  material.  The  synthesized  graphene  materials
were  characterized  in  detail  using  different  chemical  and  structural  analytical  methods.  Significant  level
tructure
hemical composition

of unintentional  nitrogen  doping  was  observed  on chemically  reduced  graphite  oxide  synthesized  by
permanganate  methods.  Also  the degree  of exfoliation  and  the  corresponding  structural  properties  were
strongly  dependant  on the  degree  of  oxidation  of the  starting  graphite  oxide.  Finding  the  best  synthe-
sis  procedure  of  graphene  with  desirable  properties  is  essential  to  optimize  technologies  in  large  scale
production  of graphene  for  its utilization  in industrial  applications.
. Introduction

Due to its unique electrical, optical and mechanical properties
raphene has been intensively studied since its isolation in 2004
1–3]. These unique properties make graphene a highly promising

aterial for a wide range of applications in modern electronics and
lectrochemical power sources such as supercapacitors, fuel cells
r batteries which are of extreme importance for the green energy
roduction and storage [4–9]. Thanks to extremely high surface
rea, graphene also seems to be useful for removal of toxic contam-
nants from environment [10–12]. A number of various methods for
he synthesis of graphene have been reported. One possibility how
o obtain graphene directly is the mechanical exfoliation of graphite
13], other common methods are CVD techniques [14]. CVD-based
raphene layers are of large size, high-quality and they are impor-
ant for optoelectronic or microelectronic devices. However, for
pplications in the field of electrochemical power sources and com-

osites, graphene should be produced in larger amounts [15–17].
or this purpose, the reduction of graphite oxide seems to be the
ost suitable method. In this method graphite precursor is oxidized
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E-mail address: zdenek.sofer@vscht.cz (Z. Sofer).
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352-9407/© 2016 Elsevier Ltd. All rights reserved.
©  2016  Elsevier  Ltd. All  rights  reserved.

in acidic environment using chlorate or permanganate methods
to graphite oxide. Subsequently, the formed graphite oxide is
reduced by different routes yielding graphene. Graphite oxide can
be reduced using microwaves [18], by ion bombardment [19], or
by chemical or thermal reduction [20,21]. Various reducing agents
for the chemical reduction have been reported from which the
most common are hydrazine and its derivatives [20], hydroquinone
[22], complex hydrides [23] or nascent hydrogen [24–26]. Graphite
oxide can be also reduced thermally in inert (nitrogen) or reducing
atmosphere (hydrogen). The thermal reduction of graphite oxide
produces graphene with the highest degree of exfoliation and also
largest surface area [27,28]. The thermal reduction is usually per-
formed by rapid heating in suitable non-oxidizing atmosphere.
The mechanism of the thermal reduction has been described as
a process of decomposition of oxygen containing functional groups
forming carbon dioxide, carbon monoxide and water during the
heating. The evolved gaseous products increase interlayer pressure,
which eventually leads to the exfoliation. However, a few papers
described that the process is much more complex accompanied by
a release of more complex species during exfoliation [29,30].
In this study, we  investigated in detail the influence of starting
graphite oxide preparation method on the composition, structure
and properties of thermally and chemically reduced graphene. For
these syntheses we selected the methods which can be easily scaled

dx.doi.org/10.1016/j.apmt.2016.06.001
http://www.sciencedirect.com/science/journal/23529407
www.elsevier.com/locate/apmt
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p for industrial production using rapid thermal exfoliation in
itrogen atmosphere and chemical reduction using hydrazine in
lkaline environment. For the synthesis of graphite oxides the chlo-
ate based methods (Brodie, Staudenmaier and Hofmann method)
nd permanganate methods (Hummers and Tour method) were
pplied. Chemical composition of the obtained products was  inves-
igated in detail using X-ray photoelectron spectroscopy (XPS)
nd elemental combustion analysis. The structural properties were
nvestigated by scanning electron microscopy (SEM), Raman spec-
roscopy, X-ray diffraction (XRD), surface area measurement (BET

ethod) and the thermal stability towards oxidation was  probed
y simultaneous thermal analysis (STA). In addition basic electro-
hemical properties were investigated using cyclic voltammetry
nd various redox probes.

. Experimental

We  prepared five different graphite oxides from pure graphite
icroparticles (2–15 �m,  99.9995%) from Alfa Aesar, Germany.

ulphuric acid (98%), nitric acid (68%), fuming nitric acid (>98%),
otassium chlorate (99%), potassium permanganate (99.5%),
odium nitrate (99.5%), hydrogen peroxide (30%), hydrochloric
cid (37%), silver nitrate (99.5%), phosphoric acid (85%), barium
itrate (99.5%), potassium hydroxide (>99.9%), hydrazine hydrate
99%), methanol (>99.9%) and N,N-dimethylformamide (DMF) were
btained from Penta, Czech Republic. Nitrogen (99.9999%) was
btained from SIAD, Czech Republic.

Graphite oxide prepared by the Brodie method was termed BR-
O [31]. Fuming nitric acid (>98%, 62.5 mL)  was added to a reaction
ask containing a magnetic stir bar. The mixture was then subse-
uently cooled to 0 ◦C and graphite (5 g) was added. The mixture
as stirred to obtain a homogeneous dispersion. While keeping the

eaction flask at 0 ◦C, potassium chlorate (25 g) was slowly added to
he mixture. Upon the complete dissolution of potassium chlorate,
he reaction flask was loosely capped to allow the escape of the gas
volved and the mixture was stirred for 20 h at 40 ◦C. Upon comple-
ion of the reaction, the mixture was poured into 3 L of deionized
ater and decanted. Graphite oxide was then redispersed in
Cl solution (5%, 3 L) to remove sulphate ions and repeatedly
entrifuged and redispersed in deionized water until a negative
eaction on chloride ions was achieved. Graphite oxide slurry was
hen dried in a vacuum oven. The composition obtained by elemen-
al combustion analysis was 59.99 at.% C, 23.06 at.% O, 16.82 at.% H
nd 0.13 at.% N. More details are given in Supporting Information.

Graphite oxide prepared according to the Hofmann method was
ermed HO-GO [32]. Sulphuric acid (98%, 87.5 mL)  and nitric acid
68%, 27 mL)  were added to a reaction flask (Pyrex beaker with ther-

ometer) containing a magnetic stir bar. The mixture was then
ooled by immersion in an ice bath for 30 min. Graphite (5 g) was
hen added to the mixture with vigorous stirring motion. While
eeping the reaction flask in the ice bath, potassium chlorate (55 g)
as slowly added to the mixture. Upon the complete dissolution of
otassium chlorate, the reaction flask was then loosely capped to
llow the escape of the gas evolved and the mixture was continu-
usly stirred for 96 h at room temperature. The mixture was  poured
nto 3 L of deionized water and decanted. Graphite oxide was then
edispersed in HCl solution (5%, 3 L) to remove sulphate ions and
epeatedly centrifuged and redispersed in deionized water until

 negative reaction on chloride and sulphate ions was  achieved.
raphite oxide slurry was then dried in a vacuum oven. The com-
osition obtained by elemental combustion analysis was  47.45 at.%

, 28.81 at.% O, 23.71 at.% H and 0.02 at.% N. More details are given

n Supporting Information.
The third graphite oxide was synthesized similarly to the Hum-

ers method and was termed as HU-GO [33]. Graphite (5 g)
rials Today 4 (2016) 45–53

and sodium nitrate (2.5 g) were stirred with sulphuric acid (98%,
115 mL). The mixture was  then cooled to 0 ◦C. Potassium perman-
ganate (15 g) was  then added over a period of 2 h. During the next
4 h, the reaction mixture was allowed to reach room tempera-
ture before being heated to 35 ◦C for 30 min. The reaction mixture
was then poured into a flask containing deionized water (250 mL)
and heated to 70 ◦C for 15 min. The mixture was  then poured into
deionized water (1 L). The unreacted potassium permanganate and
manganese dioxide were removed by the addition of 3% hydro-
gen peroxide. The reaction mixture was  then allowed to settle and
decant. The obtained graphite oxide was  then purified by repeated
centrifugation and redispersing in deionized water until a negative
reaction on sulphate ions was  achieved. Graphite oxide slurry was
then dried in a vacuum oven. The composition obtained by elemen-
tal combustion analysis was 41.38 at.% C, 31.80 at.% O, 26.80 at.% H
and 0.02 at.% N. More details are given in Supporting Information.

Graphite oxide prepared by the Staudenmaier method was
termed ST-GO [34]. Sulphuric acid (98%, 87.5 mL)  and fuming nitric
acid (>98%, 27 mL)  were added to a reaction flask containing a
magnetic stir bar. Subsequently, the mixture was cooled to 0 ◦C
and graphite (5 g) was  added. The mixture was  vigorously stirred
to avoid agglomeration and to obtain a homogeneous dispersion.
While keeping the reaction flask at 0 ◦C, potassium chlorate (55 g)
was slowly added. Upon the complete dissolution of potassium
chlorate, the reaction flask was  loosely capped to allow the escape
of the gas evolved. Then the mixture was continuously stirred for
96 h at room temperature. The mixture was then poured into deion-
ized water (3 L) and decanted. Graphite oxide was  redispersed
in HCl solution (5%, 3 L) to remove sulphate ions and repeatedly
centrifuged and redispersed in deionized water until a negative
reaction on chloride and sulphate ions was  achieved. Graphite
oxide slurry was then dried in a vacuum oven. The composi-
tion obtained by elemental combustion analysis was 70.47 at.% C,
17.94 at.% O, 11.34 at.% H and 0.25 at.% N. More details are given in
Supporting Information.

The last graphite oxide prepared according to the Tour method
(TO-GO) [35]. Firstly the mixture of concentrated sulphuric acid
and phosphoric acid in a volume ratio 9:1 (360 mL:40 mL)  was
cooled under 0 ◦C. Next we added graphite (3.0 g) and subsequently
potassium permanganate (18.0 g). The ongoing reaction heated the
mixture itself to 20–25 ◦C due to the exothermic process. The reac-
tion mixture was stirred and then heated to 50 ◦C during 12 h.
Then was  the mixture cooled to 20 ◦C and poured onto to ice
with hydrogen peroxide (3.0 mL)  to remove an excess of perman-
ganate ions and manganese dioxide. After the ice dissolve 30%
hydrogen peroxide was  added to remove remaining unreacted
potassium permanganate and manganese dioxide. The obtained
graphite oxide was  then purified by repeated centrifugation and
redispersing in deionized water until a negative reaction on sul-
phate ions was  achieved. Graphite oxide slurry was then dried in a
vacuum oven. The composition obtained by elemental combustion
analysis was 34.83 at.% C, 36.23 at.% O, 28.94 at.% H and 0.00 at.% N.
More details are given in Supporting Information.

Chemically reduced graphene denoted “CRG” was prepared by
reduction with hydrazine hydrate. 1 g of graphite oxide was  dis-
persed in 1 L of deionized water by ultrasonication (150 W,  60 min).
The suspension was alkalized to pH 10 by 1 M KOH. 10 mL  of
hydrazine hydrate was  added to the reaction mixture and the
solution was  kept under reflux for 24 h. The obtained CRG was
separated from the reaction mixture by suction filtration using a
nylon membrane with 0.45 �m porosity and repeatedly washed
with deionized water and methanol. Prior to further use, CRG was

dried in a vacuum oven at 60 ◦C for 48 h.

The thermal reduction–exfoliation of graphite oxide was per-
formed at 1000 ◦C in quartz glass reactor in nitrogen atmosphere.
Accordingly, samples were termed “TRG”. Graphite oxide (0.1 g)
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as placed in a porous quartz glass capsule connected to mag-
etic manipulator inside vacuum tight tube furnace with controlled
tmosphere. The sample was flushed with nitrogen by repeated
vacuation of tube furnace to remove any traces of oxygen.
ubsequently the reactor was filled with nitrogen or hydrogen,
espectively and the sample was quickly inserted by magnetic
anipulator in to the preheated furnace and held in the furnace

or 12 min. The flow of nitrogen during the exfoliation procedure
as 1000 sccm to remove the byproducts of exfoliation procedure.

The morphology was investigated using scanning electron
icroscopy (SEM) with a FEG electron source (Tescan Lyra dual

eam microscope). Elemental composition and mapping were per-
ormed using an energy dispersive spectroscopy (EDS) analyzer
X-MaxN) with a 20 mm2 SDD detector (Oxford instruments) and
ZtecEnergy software. To conduct the measurements, the samples
ere placed on a carbon conductive tape. SEM and SEM-EDS mea-

urements were carried out using a 10 kV electron beam.
Combustible elemental analysis (CHNS-O) was performed using

 PE 2400 Series II CHNS/O Analyzer (Perkin Elmer, USA). The
nstrument was used in CHN operating mode (the most robust and
nterference-free mode) to convert the sample elements to simple
ases (CO2, H2O and N2). The PE 2400 analyzer automatically per-
ormed combustion, reduction, homogenization of product gases,
eparation and detection. An MX5  microbalance (Mettler Toledo)
as used for precise weighing of the samples (1.5–2.5 mg  per sin-

le sample analysis). Using this procedure, the accuracy of CHN
etermination is better than 0.30% abs. Internal calibration was
erformed using an N-fenyl urea.

High resolution X-ray photoelectron spectroscopy (XPS) was
erformed using an ESCAProbeP spectrometer (Omicron Nanotech-
ology Ltd., Germany) with a monochromatic aluminium X-ray
adiation source (1486.7 eV). Wide-scan surveys of all elements
ere performed, with subsequent high-resolution scans of the C

s and O 1s. Relative sensitivity factors were used to evaluate the
arbon-to-oxygen (C/O) ratios from the survey spectra. The sam-
les were placed on a conductive carrier made from a high purity
ilver bar. An electron gun was used to eliminate sample charging
uring measurement (1–5 V).inVia Raman microscope (Renishaw,
ngland) in backscattering geometry with CCD detector was  used
or Raman spectroscopy. DPSS laser (532 nm,  50 mW)  with applied
ower of 5 mW and 50× magnification objective was  used for the
easurement. Instrument calibration was achieved with a silicon

eference which gives a peak position at 520 cm−1 and a resolution
f less than 1 cm−1.

Thermal behaviour of prepared graphenes was  analyzed by
imultaneous thermal analysis (STA). The DTA and TG curves
ere recorded simultaneously on a Linseis STA PT1600 appara-
us at a heating rate of 10 ◦C min−1 in a dynamic air atmosphere
50 mL  min−1).

The surface area was measured using a sorption analyzer, Coul-
er SA 3100 (Backman Coulter). The samples were outgassed for

Scheme 1. Schematic drawing of the 
rials Today 4 (2016) 45–53 47

4 h at 95 ◦C under high vacuum (VALUE) prior to the sorption
experiments. The reason for such a low temperature is to avoid
degradation and further decomposition of oxygen functionalities.
A TCD nitrogen cooled (77 K) detector was  used for the evaluation
of the results using BET (Brunauer, Emmett and Teller) and Kelvin
equations.

X-ray powder diffraction data were collected at room tem-
perature on Bruker D8 Discoverer powder diffractometer with
parafocussing Bragg–Brentano geometry using CuK� radiation
(� = 0.15418 nm,  U = 40 kV, I = 40 mA). Data were scanned over the
angular range 5◦–90◦ (2�) with a step size of 0.019◦ (2�). Data
evaluation was  performed in the software package EVA.

Fourier transform infrared spectroscopy (FT-IR) measurements
were performed on a NICOLET iS50R FTIR spectrometer (Thermo
Scientific, USA) with DLaTGS detector in the range 4000–400 cm−1

at a resolution of 4 cm−1.
The electrochemical characterization by means of cyclic volta-

mmetry was  performed using an potentiostat PGSTAT 204 (Met-
roohm Autolab B.V., The Netherlands). All glassy carbon electrodes
were cleaned by polishing with an alumina suspension to renew the
electrode surface then washed and wiped dry prior to any use. The
samples were dispersed in DMF  as the organic solvent to obtain a
1 mg/mL  suspension. The suspension was  then sonicated for 5 min
at room temperature before every use. A cleaned GC electrode was
then modified by coating with a 1.5 �L aliquot of the suspension
and left to dry at ambient temperature to give a layer of randomly
dispersed material on the GC surface. The modified GC electrodes,
saturated Ag/AgCl reference electrode, and platinum counter elec-
trode were then placed into an electrochemical cell which contains
the electrolyte solution, and the measurements were then taken.
The electrolytes used were 50 mM,  pH 7.2 phosphate buffer solu-
tion (PBS) as the blank buffer electrolyte and 10 mM potassium
ferrocyanide dissolved in PBS. All measurements were performed
for three consecutive scans at a scan rate of 100 mV/s.

3. Results and discussion

Five different graphite oxides (GOs) were prepared by the
Brodie, Hofmann, Hummers, Staudenmaier and Tour method (BR-
GO, HO-GO, HU-GO, ST-GO and TO-GO) [31–35]. The chemical
composition of GOs was determined by energy dispersive spec-
troscopy, combustion elemental analysis and high resolution X-ray
photoelectron spectroscopy (see the comparison of C/O ratios in
Table SI-1and XPS survey spectra in Fig. SI-1). XPS was  also used
to calculate amount of individual oxygen functionalities of GOs
(Table SI-2). GOs were further thermally or chemically reduced.

The corresponding samples are termed according to their GO pre-
cursor and the type of reduction (thermally reduced graphene –
TRG, chemically reduced graphenes – CRG). The process of oxida-
tion and subsequent reduction is shown in Scheme 1. All samples

graphene synthesis procedures.
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Table 1
The composition of chemically and thermally reduced graphene obtained by the
elemental combustion analysis.

Sample wt.% C wt.% H wt.% N wt.% O

BR-CRG 75.17 1.83 1.17 21.83
HO-CRG 88.21 0.93 0.50 10.37
HU-CRG 82.53 0.73 2.52 14.23
ST-CRG 76.96 1.54 1.44 20.07
TO-CRG 71.67 1.62 5.59 21.13
BR-TRG 96.30 0.18 0.16 3.37
HO-TRG 97.09 0.36 0.00 2.55
HU-TRG 95.70 0.23 0.06 4.02
ST-TRG 95.59 0.09 0.17 4.15
TO-TRG 93.85 0.25 0.24 5.66

Table 2
C/O ratios (at.%) in chemically and thermally reduced graphenes obtained by SEM-
EDS,  ECA and XPS.

Sample C/O SEM-EDS C/O ECA C/O XPS

BR-CRG 4.29 4.59 6.24
HO-CRG 10.90 11.33 10.14
HU-CRG 10.11 7.73 11.44
ST-CRG 5.73 5.11 9.79
TO-CRG 8.04 4.52 9.93
BR-TRG 14.54 38.07 12.09
HO-TRG 18.20 50.72 15.53
ig. 1. The morphology of thermally and chemically reduced graphenes obtained
y  SEM. Scale bar corresponds to 5 �m.

ere then analyzed by scanning electron microscopy (SEM), SEM-
DS, combustion elemental analysis (ECA), XPS, X-ray diffraction
XRD), surface area analysis (BET), Raman spectroscopy and simul-
aneous thermal analysis (STA) and cyclic voltammetry (CV). For

ore details, see Section 2.
The morphology of the obtained graphenes was investigated

y SEM (Fig. 1). Much higher exfoliation level was  observed for

he thermally reduced graphenes compared to chemically reduced
raphenes. Worm-like structure can be recognized in all thermally
educed graphenes. A notably lower exfoliation degree was found
or samples BR-CRG and ST-CRG which can be explained by lower
HU-TRG 26.54 31.71 22.64
ST-TRG 16.77 30.68 17.08
TO-TRG 29.88 22.09 28.67

degree of oxidation of the starting graphite oxides. In the case of
ST-TRG the morphology shows a sizably lower degree of expan-
sion in comparison with other thermally reduced graphenes. This
originates from low degree of oxidation and consequently has a
significant effect on other properties discussed in the following
paragraphs.

In the next step, we  analyzed the chemical composition using
elemental analysis (see Table 1). The results confirmed our sugges-
tions from SEM that the thermal reduction is much more effective
compared to chemical reduction. The obtained C/O ratios are shown
in Table 2. C/O ratios for chemically reduced graphenes were in the
range between ∼4 and ∼11. On the other hand, the ratios for ther-
mally reduced graphenes are much higher ranging from ∼22 to ∼50.
The chemically reduced graphenes also contained higher amounts
of nitrogen compared to thermally reduced graphenes. This origi-
nates from unintentional doping by nitrogen using hydrazine as a
reduction agent. Moreover a significant amount of hydrogen can be
observed in the chemically reduced graphene. Both these elements
are introduced into graphene by hydrazine. Let us note that the for-
mation of pyrazole heterocycle on the edges of graphene reduced
by hydrazine was  reported in literature [36]. The hydrogenation can
originate from the reduction of ketone group to methylene group
and alkaline cleavage of epoxy groups. The methylene group for-
mation takes place preferentially on the sites where the pyrazole
ring formation could not proceed due to the sterical reasons. Signifi-
cant differences were observed for the thermally reduced graphene
containing only negligible amount of nitrogen and hydrogen.

Due to the fact that elemental combustion analysis is not
sensitive to precise measurement of oxygen content (indirect
determination) we  also analyzed samples using high resolution
XPS. The XPS survey spectra are shown in Fig. SI-2, where C 1s
is found at ∼284.5 eV and O 1s is visible at ∼533 eV. The survey
spectra were used for the calculation of C/O ratios (Table 2). The
obtained results confirmed the trends observed by CHN-O analy-
sis. The lowest C/O ratios were obtained for chemically reduced

samples (∼5–10), while high C/O ratios were found for thermally
reduced graphenes (∼10–29), which is in good agreement with
ECA. The highest C/O ratio was  found for HU-TRG and TO-TRG
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Table  3
Quantitative comparison (%) of individual carbon states of C 1s in graphenes obtained
by  high-resolution XPS.

Sample C C C C/C H C O C O O C O � �*

BR-CRG 68.0 16.5 3.9 4.2 4.3 3.1
HO-CRG 56.3 25.5 8.4 3.2 3.2 3.4
HU-CRG 62.6 13.1 11.3 3.8 4.8 4.4
ST-CRG 69.8 14.4 6.3 4.5 2.1 2.9
TO-CRG 67.0 16.1 7.1 4.4 3.2 2.2
BR-TRG 65.0 15.5 5.9 6.3 4.8 2.5
HO-TRG 65.6 11.4 8.7 5.0 6.9 2.3
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HU-TRG 70.9 12.3 5.8 3.3 4.4 3.4
ST-TRG 74.0 15.2 4.0 2.6 2.3 1.9
TO-TRG 69.9 12.9 6.3 4.1 4.0 2.8

ynthesized from highly oxidized graphite oxides. Graphite oxide
repared by permanganate methods contains high concentration of
hermally labile ketone and carboxylic acid functionalities which
asily undergo decomposition under the formation of CO2 and
uppression of oxygen concentration. In comparison, the chlorate
ased graphite oxide contains predominantly hydroxyl functional
roups which have significantly higher thermal stability. Despite
he fact that higher amount of nitrogen was found by ECA analysis
or CRG-graphenes, lower nitrogen content was detected by XPS
xcept for HU-CRG and TO-CRG sample which contained 0.95 at.%
nd 2.58 at.% of nitrogen, respectively. The results are summarized
n Supporting Information (Table SI-3).

Details of high-resolution XPS details of C1 s spectra were
sed to quantify the presence of individual carbon states: C C
284.4 eV); C C/C H (285.4 eV); C O (286.3 eV); C O (288.0 eV);

 C O (289.0 eV) and �–�* interaction (290.5 eV). The obtained
t is shown in Fig. 2, while the quantitative composition of C 1s

ndividual states is in Table 3, while the detailed fitting of C 1s peak
s shown in Fig. SI-4. The results of regression analysis are in good
greement to the overall chemical composition obtained by XPS.

In addition, the chemical composition was also studied by SEM-
DS. Except for C and O, low concentrations of K, Mn,  S and Cl
maximally 0.2 wt.%) were detected. These impurities originate
rom the chemicals used for synthesis of graphite oxide and persist
lso in graphene after its reduction. Also in this case we calcu-
ated C/O ratios (Table 2). The results are similar to those obtained
rom XPS, slightly differing from the ECA data. The chemically
educed graphenes exhibited the C/O ratio between ∼4 and 11
hile the thermally reduced graphenes had the C/O ratios in the

ange ∼14–30. HU-TRG and TO-TRG revealed the highest C/O ratio,
hich is in good agreement with XPS data.

According to the comparison of C/O ratios acquired by SEM-EDS,
CA and XPS the C/O values for CRG-graphenes were very similar to
ach other, but always lower than TRG-graphenes for all samples.
he C/O ratio acquired by ECA differs from those obtained from XPS
nd SEM-EDS due to indirect determination of oxygen content and
lso due to different sensitivities of these methods. The XPS ana-
ytical technique is sensitive towards first few nanometers of the
urface and EDS analysis needs fully dense flat samples for optimal
erformance. However the general trends confirmed by these three
ethods are in good agreement.
Knowing the chemical composition of graphenes, we  studied

heir structure using XRD (Fig. 3). The position of (002) reflection
as found at higher values of 2� compared to graphite, where the

nterlayer distance is 3.356 Å (Table 4) [27]. Slightly higher inter-
ayer distances were found for chemically reduced graphenes due
o remaining functional groups, which contribute to the enlarge-

ent of interlayer distance. The highest interlayer distances were

ound for HU-CRG and TO-CRG. These samples originated from
ighly oxidized graphite oxides, but they were reduced by less
ffective chemical reduction, hence a huge number of oxygen
ontaining groups remained between the layers and, moreover,
Fig. 2. High-resolution XPS detail of C 1s with fittings corresponding to individual
carbon states of chemically and thermally reduced graphene.

nitrogen containing groups were also attached to the graphene sur-
face. The disorder within graphene can be also investigated by XRD
and the FWHM of (002) reflection can be correlated with the aver-
age number of layers [27]. The average number of layers can be
evaluated from Scherer formula providing the mean crystallite size.
For (002) reflection the size (thickness of the sheets) is proportional
to the number of the layers. The results are summarized in Table 4.
The correlation between the average number of layers in graphene
and the degree of graphite oxidation is clearly visible. The highest
average thickness was observed for graphene prepared by Stau-
denmaier method and on the opposite the lowest number of layers
corresponding to the highest degree of exfoliation was observed
on graphene prepared from graphite oxide originating from per-

manganate methods (TO-GO and HU-GO). The asymmetric shape
of (002) reflection of graphene prepared from BR-GO may  indicate
an inhomogeneous or incomplete oxidation of graphite which led
to a formation of graphene with different degree of exfoliation.
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Fig. 3. XRD diffraction patterns of graphenes prepared by chemical and thermal
reduction.

Table 4
Interlayer distance of graphenes prepared by chemical and thermal reduction
obtained by XRD.

Sample Interlayer distance (Å) Number of layers

BR-CRG 3.369 10
HO-CRG 3.595 5
HU-CRG 3.745 3
ST-CRG 3.467 6–7
TO-CRG 3.632 2–3
BR-TRG 3.372 5–6
HO-TRG 3.597 5
HU-TRG 3.446 3
ST-TRG 3.372 13–14
TO-TRG 3.538 2–3

Table 5
D/G ratios of chemically and thermally reduced graphenes measured by Raman
spectroscopy.

Sample D/G ratio

BR-CRG 1.11
HO-CRG 1.27
HU-CRG 1.17
ST-CRG 1.09
TO-CRG 0.98
BR-TRG 1.16
HO-TRG 1.22
HU-TRG 1.32

s
T
p
i

Fig. 4. FT-IR spectra of chemically and thermally reduced graphenes.

Table 6
Surface areas of graphenes prepared by chemical and thermal reduction obtained
by  BET.

Sample Surface area (m2 g−1)

BR-CRG 13.7
HO-CRG 25.0
HU-CRG 247.0
ST-CRG 5.5
TO-CRG 559.6
BR-TRG 626.2
HO-TRG 781.0
ST-TRG 1.11
TO-TRG 1.14

To obtain more information about the structure and defect den-

ity of the graphenes, Raman spectroscopy was used (Fig. SI-3).
wo major bands, D-band and G-band, were found for all sam-
les [37]. The presence of the D-band (1350 cm−1) indicates defects

n the graphene layer, while the G-band (1580 cm−1) represents
HU-TRG 533.8
ST-TRG 25.4
TO-TRG 578.8

sp2 bonded carbon atoms in the graphene layer (non-defected
area) [38]. We  calculated D/G ratios indicting the density of defects
(Table 5). The obtained D/G ratios for all samples were between
0.98 and 1.32. A slightly higher density of defects was obtained for
thermally reduced graphenes originating from a formation of large
amount of defects within graphene sheets by thermal decomposi-
tion of oxygen functionalities.

Surface area of graphenes was  measured by sorption techniques.
The theoretical surface of a single-layer graphene is supposed to

2 −1
be 2630 m g [1]. The thermally reduced graphenes had much
higher surface area compared to chemically reduced graphenes
(Table 6). The lowest surface area was  found for samples ST-
CRG and ST-TRG (5.5 m2 g−1 and 25.4 m2 g−1) due to a low degree
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ig. 5. Inherent electrochemistry (1st and 2nd cycle) of graphenes prepared by che

f oxidation. The low surface areas were also observed also on
ther chemically reduced graphite oxides (BR-CRG and HO-CRG)
repared by chlorate methods. On the other hand, chemically
educed graphene originating from graphite oxide prepared by
ermanganate methods exhibit surfaces that are comparable to
hermally reduced graphene. The sample TO-CRG had a surface
rea of 559.6 m2 g−1 and HU-CRG 247.0 m2 g−1. The differences
n surface area of chemically reduced graphenes indicate a sig-
ificant role of graphite oxide composition as well as the type of
xygen functionalities. The high concentration of ketone groups
ogether with high degree of oxidation can increase the surface
rea of chemically reduced graphene by two orders of magnitude.
or the case of thermally reduced graphene the differences are sig-
ificantly lower with the exception of ST-TRG which had one order
f magnitude lower surface area due to the low degree of oxida-
ion of the starting graphite oxide (ST-GO). In the case of thermally
educed graphene any clear correlation between the surface area
nd the chemical composition of starting graphite oxide was not
bserved. In general, high surface areas (534–781 m2 g−1) were
ound for TO-CRG, BR-TRG, HO-TRG, HU-TRG and TO-TRG. Such
igh surface areas originate from the thermal reduction process,
here the oxygen functionalities are decomposed into gaseous
roducts invoking an extreme pressure in the interlayer space and
xfoliating the graphite oxide into graphene. Hence a character-
stic expanded structure as observed on SEM images was formed
xhibiting a high surface as measured by BET method.

In order to characterize remaining oxygen functionalities the
T-IR was measured for both starting graphite oxides (Fig. SI-4)
nd reduced graphenes (Fig. 4). Graphite oxides showed a number
f oxygen functionalities except of ST-GO, which confirmed rela-
ively low oxidation rate of this sample. Graphite oxides revealed a
road absorption band of O H stretching originating from hydro-
yls functional groups around 3400 cm−1 [39]. The C O vibration

and in carboxylic acid was found at 1720 cm−1 [40]. The vibration
and of C O functionalities was observed around 1220 cm−1 and
060 cm−1 [39]. After the reduction, the number of oxygen func-
ionalities dramatically decreased confirming successful reduction
 and thermal reduction measured in PBS (50 mM,  pH 7.2, scan rate 100 mV/s).

by both methods; higher reduction rate was  achieved by the ther-
mal  reduction. The stretching of C C bonds was clearly visible at
1630 cm−1; but other bands almost disappeared [40].

Thermal stability of graphenes was  tested using simultaneous
thermal analysis (STA) in dynamic air atmosphere (Fig. SI-5). The
thermal analysis confirmed a successful reduction of all graphenes
while the exfoliation peak which is usually found at ∼200 ◦C was
not detected in any sample [41]. Slight changes in the sample
mass were observed in the range of 200–300 ◦C for the chemi-
cally reduced graphene indicating thermal decomposition of some
thermally labile oxygen functionalities. Interestingly, this effect
was observed only for samples prepared by chlorate methods.
At the temperatures over 400 ◦C, one large exothermic effect
was observed originating from oxidation/combustion of graphene.
The onset temperatures of oxidation/combustion of graphenes
are shown in Table 7. The thermal stability of thermally reduced
graphenes is approximately 100 ◦C higher than that of chemically
reduced graphenes. This effect can be correlated with the higher
concentration of remaining oxygen functionalities in the chemi-
cally reduced graphene which contribute to the reduction of its
thermal stability in oxidation atmosphere. The difference was  sig-
nificantly lower only for samples ST-CRG and ST-TRG due to the
extremely low surface corresponding to low degree of exfolia-
tion. In general graphene is stable towards oxidation up to 400 ◦C
and this temperature can be increased by a suppression of the
remaining oxygen functionalities concentration.

Inherent electrochemistry (that is, redox properties of graphene
itself) was  measured by means of cyclic voltammetry to obtain
more information about the composition of the remaining oxygen
containing functionalities (Fig. 5). It was described in literature that
the peroxide groups reduction potential is around −0.7 V, aldehyde
around −1.0 V, epoxide around −1.5 V and carboxyl around −2.0 V
(stated vs. Ag/AgCl) [40]. For all samples there were no significant

reduction maxima which confirmed a successful reduction: these
samples did not contain any remaining electrochemically active
oxygen functionalities. Significant differences can be observed
between the stability towards anodic oxidation of chemically
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Table 7
Onset temperatures of oxidation/combustion of graphenes prepared by chemical
and  thermal reduction.

Sample Temperature (◦C)

BR-CRG 422
HO-CRG 398
HU-CRG 400
ST-CRG 574
TO-CRG 404
BR-TRG 532
HO-TRG 566
HU-TRG 505
ST-TRG 598
TO-TRG 536

F
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+
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r
c
c
s
f
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r
r
p

Table 8
Peak-to-peak separation values corresponding to HET rate for graphenes prepared
by  chemical and thermal reduction.

Sample Peak-to-peak separation (mV) Ox/red pot. (mV)

BR-CRG 130 322/192
HO-CRG 129 323/194
HU-CRG 129 321/192
ST-CRG 135 326/191
TO-CRG 125 318/193
BR-TRG 154 335/181
HO-TRG 136 325/189
HU-TRG 126 320/194
ig. 6. Cyclic voltammogram of chemically and thermally reduced graphenes. Scan
ate 100 mV s−1, 50 mM PBS (pH 7.2) with 10 mM K4[Fe(CN)6].

educed graphenes. The oxidation peak with a maximum around
0.3 V was observed on the chemically reduced graphene prepared
rom graphite oxide oxidized by permanganate methods. In the case
f thermally reduced graphene the oxidation peak was observed
or all samples. The reversible oxidation of graphene prepared from
raphite oxidized by permanganate methods has been also recently
eported in literature [42]. However, the onset of this oxidation pro-
ess is almost independent on the type of graphene, the oxidation
urrent and also the maxima are slightly shifted for different TRG
ample. It is possible to correlate the oxidation current with the sur-
ace area of graphene measured by BET; higher oxidation currents
re observed for the samples with high surface area.
The cyclic voltammetry was performed with [Fe(CN)6]3−/4−

edox probe to compare heterogeneous electron transfer (HET)
ate (Fig. 6). The HET rate represented by the value of peak-to-
eak separation is an important parameter for a broad range of
ST-TRG 123 319/196
TO-TRG 126 318/192
GC  electrode 161 340/179

graphene applications in energy storage and conversion devices.
The observed values of HET rate represented by peak-to-peak sepa-
ration range between 123 and 154 mV  and are shown in Table 8. The
thermally reduced graphenes showed better performance com-
pared to chemically reduced graphenes, however, the difference
was relatively small. This suggests that both reduction methods
are suitable for preparation of graphene with fast heterogeneous
electron transfer which is important for various electrocatalytic
processes and construction of electrochemical sensors.

4. Conclusions

The influence of oxidation methods on the properties of chem-
ically and thermally reduced graphene was investigated in detail.
Five main methods for the synthesis of graphite oxide using chlo-
rate and permanganate oxidation procedures were selected for
the investigation. Our findings show several significant differ-
ences in the graphenes prepared by chlorate and permanganate
methods. In general, the properties like surface area, morphol-
ogy and remaining oxygen functionalities are controlled not only
by the degree of oxidation, but also by the composition of oxy-
gen functionalities and the method of reduction. In general the
thermal reduction methods yield significantly higher degree of
exfoliation and lower concentration of oxygen functionalities. Dif-
ferences between the individual samples are significantly lower in
such graphenes in comparison with various graphenes prepared
by chemical reduction. This mainly originates from incomparably
lower concentration of oxygen functionalities and much higher
C/O ratio indicating the degree of reduction. The exfoliation of
chemically reduced graphene is significantly higher for the sam-
ples originating from graphite oxide prepared by permanganate
routes compared to chlorate methods, showing the importance of
proper selection of the starting graphite oxide for various applica-
tions. The main exception from all trends is the graphene prepared
from graphite oxidized by Staudenmaier method. The low degree
of oxidation led to a markedly lower degree of exfoliation and sub-
sequently to high differences in the observed properties such as
surface area, stability towards oxidation and others. Interestingly,
all graphenes have comparable HET rate represented by the value
of peak-to-peak separation value using hexakyanoferrate redox
probe. Our findings showed large variability in structure, compo-
sition and properties of graphene obtained from graphite oxide
prepared by various oxidation methods. These findings must be
considered for the proper selection of graphene for different appli-
cations of graphene in industrial processes.
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