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Halogenated graphene derivatives are interesting due to their outstanding physical and chemical properties.
In this paper, we present various methods for the synthesis of chlorinated graphene derivatives from
graphene oxide and thermally reduced graphene. We performed exfoliation of graphene oxide in
a chlorine atmosphere, plasma assisted exfoliation of graphite oxide using microwave radiation and
finally direct chlorination of thermally reduced graphene by liquid chlorine under deep UV irradiation.
The influence of the chlorination method on the resulting chlorinated graphenes was investigated by
characterization of the graphenes, which was carried out using various techniques, including SEM, SEM-
EDS, high-resolution XPS, FTIR, STA and Raman spectroscopy. Electrochemical properties were
investigated by cyclic voltammetry. Although the graphenes were structurally similar, they involved
remarkably different chlorine concentrations. The most highly chlorinated graphene exhibits a chlorine
concentration of 11.7 at%. Chlorinated graphenes with such properties could be used for reversible
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Introduction

Graphene is a carbon allotrope with a single planar sheet of sp*
hybridized atoms, which are densely packed in a honeycomb
lattice." Over the last decade, graphene has been intensively
studied due to its extraordinary electrical, optical and
mechanical properties such as high charge carrier mobility,*
optical transparency® and high Young's modulus.* The proper-
ties of pristine graphene are not sufficient or suitable for many
applications such as carbon based electronics due to the zero
band gap of graphene. Thus, a lot of research has been done in
the field of graphene chemical modification/functionalization.

Chemical modification opened up possibilities for tailoring
graphene properties. Precise tuning of graphene band gap
energy is required for fabrication of carbon based integrated
circuits. Chemical modification can be realized by bonding of
different functional groups on graphene skeleton. The chemical
modification and formation of covalent bonds with various
functional groups was studied in detail by theoretical calcula-
tions.>” The theoretical calculations show the influence of
oxygen functionalities on graphene reactivity.®* Among other
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chlorine storage or as a starting material for further chemical modifications.

groups used for graphene modifications (for example func-
tionalization by hydrogen atoms®*° or aryl groups via diazonium
chemistry"**?), halogens are popular for graphene modification.
So far, graphene has been modified by all halogen atoms
including fluorine,** chlorine," bromine,' and iodine."”*® In
the reactivity of graphene defects play a crucial role and the
theoretical calculations show preferential reaction on defect
sites.” The electronic properties of graphene can be also
controlled by non-covalent interactions.>’

Fully chlorinated graphene (chlorographene, [C;Cl;],) has
been recently studied theoretically,®** but it has not been
experimentally prepared yet. Several methods for graphene
chlorination have been reported in literature. Chlorination of
graphene can be realized by exfoliation of graphite oxide in the
quartz reactor using Cl,/N, plasma (100 kPa, 1000 °C). This
method provides graphene with about 2 at% of chlorine.”
Another method is based on photochemical chlorination. In this
procedure, graphene flakes supported on Si/SiO, substrate were
placed in quartz tube reactor filled with a mixture of dry N, and
Cl, gas. In this setup, graphene flakes were irradiated by UV
radiation using xenon lamp. This procedure yields graphene
flakes with chlorine content up to 8 at%.> Partially chlorinated
graphene was synthesized in the presence of CCl, and liquid Cl,
under UV light irradiation.* Precise chlorination of well defined
nanographene edges was performed by Yuan-Zhi et al.*® using
CCl, solvent, ICl and AICl; as catalyst. However, although these
methods seem to be effective for chlorination, they can be
applied only for surface treatment of graphene or graphene oxide
sheets on various supports. Chlorination reaction was also

This journal is © The Royal Society of Chemistry 2016
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performed on the graphene prepared by CVD. An optimized
method based on the treatment of graphene with chlorine
plasma using an electron cyclotron resonance reactive ion etcher
was successfully applied for surface chlorination.>®* These
methods usually deal with a complicated and expensive equip-
ment, or can be applied only on a very limited amount of
material, like graphene flakes paced on silicon wafer. This
strongly limits the application of chlorinated graphene in an
industrial scale.

Herein, we prepared chlorinated graphenes by means of
three different synthetic methods, which can be simply scaled
up on gram or even larger quantities. The synthetic procedures
were based on thermal exfoliation of graphene oxide in chlorine
atmosphere, chlorine microwave plasma assisted exfoliation of
graphene oxide and direct radical chlorination of graphene by
reflux in liquid chlorine under deep UV illumination. These
three procedures were selected as most suitable and promising
for effective synthesis as well as for large scale production of
chlorinated graphene. The selection of the chlorination method
allowed to control and tune of the chlorine concentration
within the graphene. The obtained materials were characterized
in detail to evaluate the concentration of chlorine by various
analytical methods and to show possible future applications of
such material. The obtained results were critically compared
with the methods of graphene chlorination reported previously
in order to find most suitable and effective method for synthesis
of chlorinated graphene with high concentration of C-Cl bonds.
The simple, effective and large scale synthesis of chlorinated
graphene opens a large potential for further covalent modifi-
cation of graphene due to the high reactivity of C-Cl bonds.

Experimental
Materials

Pure graphite microparticles (2-15 pum, 99.9995%, from Alfa
Aesar) were used for graphene oxide and graphene synthesis.
Sulphuric acid (98%), nitric acid (68%), potassium chlorate
(99%), hydrochloric acid (37%), silver nitrate (99.5%), barium
nitrate (99.5%), potassium hydrogen phosphate, potassium
dihydrogenphosphate, potassium hexacyanoferrate(u) and N,N-
dimethylformamide (DMF) were obtained from Penta, Czech
Republic. Carbon tetrachloride and hexaammineruthenium(mur)
chloride were obtained from Sigma-Aldrich, Czech Republic.
Chlorine (99.999%) and nitrogen (99.9999%) were obtained
from Linde Gas a.s. (Czech Republic).

Synthetic procedures

Graphite oxide prepared according to the Hofmann method is
noted as HO-GO.?® Sulfuric acid (98%, 87.5 ml) and nitric acid
(68%, 27 ml) were added to a reaction flask (Pyrex beaker with
thermometer) containing a magnetic stir bar. The mixture was
then cooled by immersion in an ice bath for 30 min. Graphite (5
g) was then added to the mixture with vigorous stirring motion
to avoid agglomeration and to obtain a homogeneous disper-
sion. While keeping the reaction flask in the ice bath, potassium
chlorate (55 g) was slowly added to the mixture (over a 30 min
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period) in order to avoid a sudden increase in temperature and
the formation of explosive chlorine dioxide gas. Upon the
complete dissolution of potassium chlorate, the reaction flask
was then loosely capped to allow the escape of the gas evolved
and the mixture was continuously vigorously stirred for 96
hours at room temperature. Upon the reaction completion of
the reaction, the mixture was poured into 3 1 of deionized water
and decanted. Graphite oxide was then redispersed in HCl
solution (5%, 3 1) to remove sulphate ions and repeatedly
centrifuged and redispersed in deionized water until a negative
reaction on chloride and sulphate ions (proved by AgNO; and
Ba(NO;3), respectively) was achieved. Graphite oxide slurry was
then dried in a vacuum oven at 50 °C for 48 h before use.

Thermally reduced graphene (TRG) was prepared by micro-
wave plasma associated reduction. 0.5 g of HO-GO was placed in
a quartz flask in microwave reactor, evacuated and repeatedly
flushed with nitrogen and finally with hydrogen. The exfoliation
was performed in hydrogen atmosphere. The microwave reactor
was evacuated on the base pressure of 1 mbar, the hydrogen
flow was stopped and the graphite oxide was exfoliated by
applying microwave radiation for 30 s (1 kW, 2.45 GHz). The
exfoliation procedure was accompanied by a pressure increase
to about 20 mbar. The reactor was again evacuated and flushed
with the hydrogen gas (50 ml min ") to continuously remove the
exfoliation by-products and the microwave radiation was
applied for 3 minutes at a pressure of 10 mbar and a continual
flow of hydrogen. Application of microwave radiation led to the
formation of hydrogen plasma which effectively reduced
graphite oxide. The composition of TRG obtained by elemental
combustion analysis was 84.79 at% C, 7.21 at% H, 0.15 at% N
and 7.85 at% O.

Sample denoted as TRG-Cl was synthesized according to the
following procedure. 250 mg of HO-GO was inserted into the
quartz reactor. The reactor was flushed several times with high
purity N, and subsequently filled with gaseous Cl, (flow 500 ml
min~"). The quartz reactor was then inserted in the furnace
preheated on 600 °C for 10 minutes. Subsequently the reactor
was removed from the hot zone and cooled under chlorine
atmosphere. Finally, the reactor was flushed again with
nitrogen and the resulting sample was kept for further analysis.

Sample denoted as UV-Cl was synthesized according to the
following procedure. 250 mg of previously prepared TRG
(experimental details above) was placed in a quartz vessel fitted
with quartz tube containing 80 W mercury lamp as a source of
deep UV radiation and a dry ice reflux condenser. 100 ml of the
liquid chlorine was condensed in the reaction flask and the
mixture was subsequently refluxed for 6 hours under UV illu-
mination. Finally the excess chlorine was evaporated and the
reactor was flushed with nitrogen until it reached room
temperature. The material was subsequently kept in vacuum
oven at 50 °C for 48 hours to remove any physisorbed chlorine.
The control experiment was also performed using chlorination
of TRG suspension in carbon tetrachloride with chlorine and
UV irradiation. 250 mg of TRG was suspended in 250 ml of CCl,
by ultrasonication. The reaction mixture was placed in the
photochemical reactor and chlorine was bubbled through the
reaction mixture (100 ml min~") for 6 hours while the reaction
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mixture was irradiated by deep UV mercury lamp (120 W).
Finally the sample was separated by suction filtration, washed
with CCl, and dried in vacuum oven at 50 °C for 48 hours.

Sample denoted as MW-CI was synthesized according to the
following procedure. 250 mg of HO-GO was inserted into
a quartz flask (500 ml) placed in microwave reactor. The reac-
tion flask was then flushed several times by high purity N,.
Subsequently, the flask was filled with gaseous Cl, and the
pressure was reduced to 10 mbar. The microwave radiation
(2.45 GHz; 1000 W) was applied for 3 minutes while the Cl, flow
was kept at about 50 ml min~. The microwave radiation led to
a formation of highly reactive chlorine plasma and, conse-
quently, to exfoliation of HO-GO in the first place and to chlo-
rination of graphene in the second place.

Methods

The morphology was investigated using scanning electron
microscopy (SEM) with a FEG electron source (Tescan Lyra dual
beam microscope). The elemental composition and mapping
were performed using an energy dispersive spectroscopy (EDS)
analyzer (X-MaxN) with a 20 mm® SDD detector (Oxford
instruments) and AZtecEnergy software. To conduct the
measurements, the samples were placed on a carbon conduc-
tive tape. SEM and SEM-EDS measurements were carried out
using a 10 kV electron beam. For the STEM microscopy, sample
suspension in iso-propanol (1 mg ml~') was drop casted onto
200 mesh carbon/Formvar TEM grid and dried at room
temperature.

Combustible elemental analysis (CHN-O) was performed
using a PE 2400 Series II CHNS/O Analyzer (Perkin Elmer, USA).
The instrument was used in CHN operating mode (the most
robust and interference-free mode) to convert the sample
elements to simple gases (CO,, H,O and N,). The PE 2400
analyzer performed combustion, reduction, homogenization of
product gases, separation and detection automatically. An MX5
microbalance (Mettler Toledo) was used for precise weighing of
the samples (1.5-2.5 mg per single sample analysis). Using this
procedure, the accuracy of CHN determination is better than
0.30% abs. The internal calibration was performed using an N-
fenyl urea. To measure chlorine concentration, the samples were
decomposed for analysis according to the Schoniger method. An
exact amount of sample (ca. 10 mg) was wrapped in ash-free
paper, burned in pure oxygen atmosphere and leached out with
deionized water. The CI™ ions formed were titrated with a solu-
tion of Hg(NO3), using sodium nitroprusside as an indicator.

High resolution X-ray photoelectron spectroscopy (XPS) was
performed using an ESCAProbeP spectrometer (Omicron
Nanotechnology Ltd, Germany) with a monochromatic
aluminium X-ray radiation source (1486.7 eV). Wide-scan
surveys of all elements were performed, with subsequent
high-resolution scans of the C 1s, O 1s and halogen peaks.
Relative sensitivity factors were used to evaluate the carbon-to-
oxygen (C/O) ratios from the survey spectra. The samples were
placed in a conductive carrier made from a high purity silver
bar.
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Invia Raman microscope (Renishaw, England) was used for
Raman spectroscopy in backscattering geometry with a CCD
detector. Nd-YAG laser (532 nm) with a 50x magnification
objective was used for the measurements. Instrument calibra-
tion was achieved using a silicon reference which gave the
optimal peak position at 520 cm™* and a resolution less than 1
em ', To ensure a sufficiently strong signal and to avoid radia-
tion damage of the samples, the laser power 2.5 mW was used for
these measurements. The samples were suspended in deionized
water (1 mg ml™") and ultrasonicated for 10 min. The suspen-
sion was deposited on a small piece of silicon wafer and dried.

The FT-IR spectroscopy was performed using iS50R spec-
trometer (Thermo Scientific; USA). The specular reflectance
spectra were measured by SMART SAGA attachment. A gold
coated silicon wafer with drop-casted chlorinated graphene
samples was used for the measurement. The drop-casting was
performed using sample suspension in iso-propanol with
concentration of 1 mg ml™".

Thermal behaviour was analysed by simultaneous thermal
analysis (STA). The DTA and TG curves were recorded simulta-
neously on the Linseis STA PT1600 apparatus at a heating rate
of 10 °C min~' from ambient temperature to 1000 °C in
a dynamic synthetic air atmosphere (50 cm® min~"; 20 vol% O,
80 vol% N,).

The measurements of zeta-potential were performed on
Malvern Zetasizer Nano ZS. The measurement was performed at
pH = 7.0 in 50 mmol 1! PBS solution. A suspension of modified
TRG with a concentration of 1 mg ml~" in PBS was used for the
measurement.

Electrochemical characterization was performed by cyclic
voltammetry using a PGSTAT204 (Metrohm Autolab B.V., The
Netherlands) with a three electrode set-up. The glassy carbon
working electrode (GC), platinum auxiliary electrode (Pt) and
Ag/AgCl reference electrode were obtained from Metrohm
Autolab B.V. (The Netherlands). Graphene was dispersed in
DMF (1 mg ml~ ") and 1.5 pl of this suspension was evaporated
on the glass carbon working electrode for the cyclovoltammetric
measurements. All potentials stated in the following section
were measured against the Ag/AgCl reference electrode. To
measure the inherent electrochemistry, a phosphate buffer
solution (PBS, 50 mmol 17', pH = 7.2) was used as the sup-
porting electrolyte. The HET rate was measured using a 10
mmol 17 K,[Fe(CN)y] and 10 mmol 17" [Ru(NH;)s]Cl; as a redox
probe, with a 50 mmol 17* PBS solution as the supporting
electrolyte. The electrochemical capacitance was measured in
50 mmol 17" PBS solution with scan rate in the range of 5-500
mv s~

Results and discussion

Graphite oxide as well as thermally reduced graphene was used
for the synthesis of chlorinated graphene. The thermally
reduced graphene, used for chlorination by elemental chorine
under UV irradiation, was prepared by hydrogen plasma assis-
ted microwave exfoliation of graphite oxide. Since several
methods for the C-Cl bond formation on graphene have been
published in literature, we performed several syntheses of

This journal is © The Royal Society of Chemistry 2016
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chlorinated graphene in order to develop new methods for large
scale and effective chlorination as well as to optimize and to
evaluate those previously reported. We chose the synthetic
procedures on the base of their scalability for large production
and also on the efficiency of C-Cl bond formation. We per-
formed exfoliation of graphite oxide in chlorine atmosphere at
arelatively low temperature in order to compromise the stability
of C-Cl bond and increase of chlorine reactivity (sample TRG-
Cl). The second method was based on chlorine plasma assis-
ted exfoliation of graphite oxide generated by microwave radi-
ation (sample MW-CI) and finally the direct chlorination of
thermally reduced graphene was performed by liquid chlorine
under deep UV irradiation which led to a formation of highly
reactive chlorine radicals (UV-Cl). The obtained samples were
characterized in detail using electron microscopy for
morphology evaluation, elemental combustion analysis, EDS,
XPS and FT-IR spectroscopy for measurement of composition,
element distribution and bonding character. The structure and
thermal stability was further investigated using Raman spec-
troscopy and simultaneous thermal analysis in various atmo-
spheres. The electrochemical properties were evaluated using
cyclic voltammetry using inner and outer sphere redox probes.

The morphology of all chlorinated graphenes was studied by
scanning electron microscopy (SEM) at various magnifications.
All samples exhibit a platelet structure typical for graphene-
based materials. None of the chlorination methods was thus
able to change graphene typical morphology as no obvious
differences can be seen between the samples (Fig. 1A). Addi-
tionally, we performed scanning transmission electron
microscopy (STEM) measurements (Fig. 1B). All chlorinated
graphenes exhibited a wrinkled structure where the observed
shapes represented agglomerates of the individual chlorinated
graphene sheets. Defects on the edges of graphene sheets

Fig. 1 (A) SEM micrographs of chlorinated graphenes. The scale bars
for images are 5 um (left images) and 1 um (right images) and (B) STEM
micrographs of chlorinated graphenes. The scale bars for images are
2 um.
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indicating the harassment condition of its synthesis can be
observed on the sample TRG-CL.

In order to prove the homogeneous distribution of chlorine
in the samples, energy dispersive spectroscopy coupled with
scanning electron microscopy (SEM-EDS) was used. The ob-
tained elemental composition showed that the amount of
chlorine varies significantly depending on the used synthetic
procedure (Table 1). The highest amount of chlorine (2.6 at%)
was determined in TRG-Cl sample while the lowest (0.7 at%) for
MW-CI sample. Thus, according to SEM-EDS measurement
chlorine content decreased in the order UV-Cl > TRG-CI > MW-
Cl. In addition, small amounts of Si (less than 0.1 at%) origi-
nating from graphite material used for graphite oxide synthesis
were detected.

Since the EDS spectroscopy gives the most reliable results for
compact and flat samples, the obtained results are suitable only
for trend orientation. The C/O ratios, serving as indicators of
reduction degree, are summarized in Table 3 and will be dis-
cussed later.

Elemental distribution maps (Fig. 2) show that the distri-
bution of chlorine over the measured area of the sample is
homogenous. Such distribution of chlorine indicates that the
reaction took place not only on the reactive edges of graphene
sheets but also on significantly less reactive basal planes. Thus,
all chlorination methods we used can provide homogenously
modified graphene with uniform chlorine distribution.

To confirm the elemental composition of the chlorinated
graphenes combustion elemental analysis (CHN-O) was used.
This method can also provide information about hydrogen
content which is undetectable by SEM-EDS and XPS. The results

Table 1 Elemental composition (at%) of chlorinated graphenes ob-
tained from SEM-EDS

Sample C o Cl
MW-CI 93.7 5.5 0.7
UV-Cl 90.0 7.4 2.6
TRG-CI 88.4 9.7 1.9
Table 2 Results (at%) of elemental combustion analysis (CHN-O)
Sample C o Cl H N
MW-CI 84.4 5.8 3.4 4.8 1.6
UV-Cl 75.2 11.8 3.1 9.8 0.2
TRG-Cl 77.7 7.8 9.0 5.5 —
Table 3 C/O ratios calculated from SEM-EDS, CHN-O and XPS
analysis

Sample SEM-EDS CHN-O XPS
MW-CI 17.04 14.53 14.49
UV-Cl 12.16 6.37 7.41
TRG-CI 9.11 9.96 12.97

RSC Adv., 2016, 6, 66884-66892 | 66887
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Fig.2 SEM-EDS element distribution maps of chlorinated graphenes.
The scale bars for images are 5 um.

of elemental analysis were different from those obtained by
SEM-EDS (Table 2) and XPS due to the differences in analytical
method. EDS needs compact flat samples for accurate analysis
while XPS is a surface sensitive method which gives the results
from the first few nanometers of the surface. CHN-O analysis
detected the highest amount of chlorine (9.0 at%) for TRG-Cl
sample while the lowest value (3.1 at%) was achieved for UV-
Cl sample. The sequence of the chlorine content according to
CHN-O analysis is TRG-Cl > MW-CI > UV-Cl. The CI concen-
tration in TRG-Cl is higher than in MW-CI which is consistent
with SEM-EDS results. On the other side, UV-CI sample exhibits
the lowest CI concentration according to CHN-O analysis which
is different from EDS and XPS (highest Cl concentration for UV-
Cl). This can be caused by incomplete sample combustion using
Schoniger method for elemental analysis of chlorine as it is well
known that the halogenated hydrocarbons act as flame retar-
dants.” The C/O ratios were calculated from the results of the
CHN-O analysis (Table 3). As mentioned above, C/O ratios act as
an indicator of the degree of reduction (a higher C/O ratio
indicates a higher degree of reduction). According to CHN-O
and XPS analysis MW-Cl was the sample with the highest degree
of reduction followed by TRG-Cl and UV-Cl.

Due to differences in chlorine content measured by SEM-
EDS and CHN-O, X-ray photoelectron spectroscopy (XPS) was
used to determine the surface chemical composition of the
chlorinated graphenes and also to obtain the information about
the bonding of carbon and chlorine. The XPS survey spectra
(Fig. 3A) clearly show the presence of C 1s, O 1s, Cl 2s and Cl 2p
peaks in all samples. The Cl 2p peak was found to be at 200.5 eV,
Cl 2s at 271.3 eV, C 1s at 285.5 eV and O 1s at 533.2 eV. These
survey spectra were used to calculate the concentration of C, O
and CI (Table 4) as well as the C/O ratio (Table 3). The highest
content of chlorine was detected in TRG-Cl sample. Chlorine
concentration decreases in the order UV-Cl > TRG-CI > MW-CI
according to XPS. This trend is the same as the one measured
by SEM-EDS indicating an incomplete sample combustion
during chlorine analysis by combustion method which resulted
in an underestimated concentration of chlorine. Thus, the
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correct Cl concentration trend should be UV-Cl > TRG-Cl > MW-
Cl. The results of SEM-EDS, CHN-O and XPS confirmed
a successful chlorination of the starting carbon material by all
synthetic procedures. The most effective method for chlorina-
tion is based on direct radical chlorination of thermally reduced
graphene by liquid chlorine under UV radiation. This method
gives a chlorine concentration of 11.7 at% which corresponds to
almost two chlorine atom per one C6 graphene motive. The
thermal exfoliation in chlorine atmosphere is also a highly
effective method yielding 9.2 at% of Cl which is also close to 2
chlorine atoms per one C6 motive of graphene. By contrast, the
microwave exfoliation was found as the least effective method
giving only 2.8 at% of Cl. The obtained concentrations are lower
compared to the method reported by Rao et al. using CCl,/Cl,
radical chlorination of graphene.* In order to check these
experimental results, we also performed the synthesis under
comparable conditions (see the Experimental section). The
chlorination was performed using Cl, flow (100 ml min™")
through a suspension of graphene in CCl, (125 W high pressure
mercury lamp immersed in reaction mixture) keep as a control
experiment. This sample contained a significantly lower
concentration of chlorine compared to direct chlorination with
liquid chlorine and also to the reported values (77.7 at% C, 3.3
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Fig. 3 (A) XPS survey spectra of chlorinated graphenes and (B) detail
HR-XPS spectra of Cl 2p peak of chlorinated graphenes.

Table 4 Elemental composition (at%) of chlorinated graphenes ob-
tained from XPS survey spectra

Sample C o Cl
MW-Cl 90.96 6.28 2.76
UV-Cl 77.8 10.5 11.7
TRG-Cl 84.3 6.5 9.2

This journal is © The Royal Society of Chemistry 2016
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at% Cl, 9.2 at% O, 9.8 at% H and 0.0 at% N by elemental
combustion analysis). This may indicate a significant contri-
bution of physisorbed chlorine to the results reported in liter-
ature. High resolution XPS spectra of Cl 2p peak are shown in
Fig. 3B. The Cl 2p peak composed of two peaks, Cl 2p,, at 202.2
eV and Cl 2p;,, at 200.6 eV which are assigned to C-Cl bonds.
Position of those peaks indicates a successful formation of C-Cl
bonds.

A detailed peak-fitting analysis of the C 1s peak for all
chlorinated graphenes is shown in Fig. 4A. High resolution C 1s
spectra were fitted to quantitatively differentiate the six
different carbon bonding states: C-C (284.5 eV), C=C (285.5
eV), C-0O/C-Cl (286.2 eV), C=0 (287.4 eV), O-C=0 (288.7 eV)
and m-1* interaction (290.8 eV). The C-O and C-Cl bonds have
very similar binding energies: C-O has been reported at 286.2
eV and C-Cl at 286.6 eV.** Results of the C 1s peak deconvolu-
tion are summarized in Table 5. The following trend in
concentration of C-O/C-Cl bonds was determined from high
resolution C 1s peak is as follow: UV-Cl > TRG-Cl > MW-CLI. This
trend is consistent with those obtained from SEM-EDS and
survey XPS spectra.

To obtain more structural information about chlorinated
graphenes Raman spectroscopy measurement was applied
(Fig. 4B). The Raman spectra are dominated by two main peaks
denoted as D and G. The D band located at 1360 cm ™' is
associated with defects in the regular network of sp> hybridized

MW-CI e D g MW-CI
uv-Cl
el El
s s
= >
S £
TRG-CI

282 284 286 288 290 292 294 296 500 1000 1500 2000 2500 3000
Binding energy (eV) Raman shift (cm-1)

Fig. 4 (A) High resolution XPS details of C 1s peak of chlorinated
graphenes and (B) Raman spectra of chlorinated graphenes.

Table 5 The results of C 1s peak deconvolution of chlorinated
graphene

C=C C-C C-0/C-Cl C=0 O-C=0 T-TT
Sample (%) (%) (%) (%) (%) (%)
MW-CI 47.41 29.60 7.23 4.64 5.43 5.69
UV-Cl 55.33 17.04 10.05 6.01 7.93 3.65
TRG-CI 55.85 20.55 8.33 4.79 4.98 5.50
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carbon atoms and the presence of sp® hybridized carbon
atoms.* The G band located at 1580 cm ™" is associated with the
vibration of sp> hybridized carbon atoms in planar graphene
skeleton.?® In addition, 2D band at 2780 cm ™' and D” band
located around 2950 cm ™" are also visible in Fig. 4B; however,
their intensity is low.*® The I,/I; band intensity ratio is used for
comparison of defects and disorder density in the modified
graphenes and also for detection of sp® hybridized carbon
atoms concentration. The I/Ig ratios were 1.09, 1.03 and 0.90
for MW-C], UV-Cl and TRG-Cl, respectively. This indicates
a high degree of defects formed by chlorine plasma during the
chlorination/exfoliation process. Since the values of Ip/I ratio
are not clearly correlated with the concentration of chlorine or
oxygen, the obtain results shows a dominant influence of
disorder on the Ip/Ig ratio. Since the defect play important role
in the reactivity of graphene,' low concentration of chlorine in
MW-Cl sample originate from low partial pressure in the reactor
which is necessary for formation of chlorine plasma.

The thermal stability of the chlorinated graphenes was
investigated under dynamic air atmosphere. STA measurement
(Fig. 5) exhibit exothermic peak located between 550 and 650 °C
originating from combustion of chlorinated graphene. Signifi-
cant differences can be observed between the individual
samples. The MW-CI sample shows only one very narrow peak
of combustion with an onset at 580 °C and a maximum at 595 °C
UV-Cl, however the weight change on TG signal is observable
from 450 °C. The thermal behaviour of UV-Cl sample is signif-
icantly different, where an additional exothermic peak associ-
ated with mass change at 260 °C can be indicated. This effect
can be associated with a partial loss of chlorine. The combus-
tion peak is observed at 520 °C with a maximum at 550 °C. A
significantly broader exothermic peak is observed on TRG-Cl
sample, with the changes in heat flow associated with
a weight change observable from 400 °C, however, the sharp
maximum of the combustion process is observed at signifi-
cantly higher temperature at 670 °C. From this observation we
can conclude that in the thermal stability of chlorinated gra-
phene not only concentration of chlorine, but also the structure
of chlorinated graphene and the method of its synthesis play
a significant role. The thermal behaviour is notably different in
argon atmosphere, since no combustion can take place
(Fig. SI11). The main weight changes are observed at tempera-
tures exceeding 600 °C indicating high thermal stability of C-Cl
bonds. Also the highest weight changes are observed for
samples with the highest chlorine content (UV-Cl and TRG-Cl).
The slight changes observed below this temperature can be
associated with a decomposition of the remaining oxygen
functionalities as well as with a partial decomposition of C-Cl
bonds and a desorption of adsorbed chlorine. This effect is
most significant for UV-Cl sample, where the exothermic peak
was observed also in air atmosphere at temperatures below 300
°C.

In order to definitively prove the presence of C-Cl bonds FT-
IR spectra were collected using specular reflectance technique
(Fig. 6). Due to the high absorption coefficient of graphene in
the IR region only weak intensity of bands was observed.
Nevertheless, we were able to assign C-Cl vibration band at 824
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Fig. 5 STA measurement of chlorinated graphenes in air atmosphere.

cm . This value is close to the one reported at 790 cm™*.*° Also,
it was theoretically calculated that C-Cl has only one IR active
vibration mode (A,,) at 850 cm™'.'* We also observed other
bands in the IR spectra which correspond to the remaining
oxygen functionalities. A broad band around 1375 cm ™" is
related to the C-O vibration modes. The characteristic vibration
of graphene skeleton (C=C) can be seen approximately at
1660 cm ™.

Further characteristics of the chlorinated graphenes were
obtained by measurement of zeta-potential. Different concen-
tration of chlorine has a significant effect on the zeta-potential
and thus on the aqueous solution processability of the chlori-
nated graphenes. All samples exhibit non-zero zeta-potential
values (Fig. 7) which are in relation with the chlorine concen-

tration. The zeta-potential trend is similar to the chlorine

g | — T T T T T — v T
— MW-CI
—— TRG-CI

—UV-Cl

Reflectance (a.u.)

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm‘1 )

Fig. 6 FT-IR spectra of chlorinated graphenes measured using
specular reflectance technique.
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Fig. 7 Zeta-potential of chlorinated graphenes.

concentration trend obtained by EDS and XPS. The higher the
concentration of chlorine the more negative zeta-potential is
detected. This observation can be useful during preparation of
graphene devices by solution-based techniques. The zeta-
potential value correlates with the chlorine concentration and
the lowest zeta-potential is observed for sample with the highest
concentration of chlorine. This effect can be attributed to the
high electronegativity of chlorine atoms.

Electrochemical properties of the chlorinated graphenes
were investigated by measurement of inherent electrochemistry
in phosphate buffer solution (c(PBS) = 0.05 mol I *; pH = 7.2).
All samples exhibit reduction peaks which can be seen on both,
cathodic and anodic direction cyclic voltammetry scan
(Fig. SI21). Those peaks indicate the presence of residual oxygen
containing groups (peroxy, epoxy, aldehyde)* which are
reduced in the first cycle. The reduction peak starting at about
—0.5 V can be seen for both, cathodic and anodic direction of
the cyclic voltammetry scan. In the case of the MW-CI sample,
the reduction peak starting at —0.4 V is significantly larger for
the cathodic direction cyclic voltammetry scan. The reduction
peak in the first cycle originates from the reduction of
remaining oxygen functionalities as well as from traces of the
adsorbed chlorine.

Heterogeneous electron transport (HET) rates of the chlori-
nated graphenes were studied using [Fe(CN)s]>~*~ redox probe
(Fig. 8A). HET rate was estimated from the peak-to-peak sepa-
ration value of the oxidation and reduction potential of
[Fe(CN)]>’*~ on chlorinated graphenes (Table 6). In general,
the lower the peak-to-peak separation value the higher the
heterogeneous electron transfer rate. The HET rates increase in
the following order: MW-Cl > UV-Cl > TRG-Cl. However, the
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Fig. 8 The cyclic voltammograms of chlorinated graphenes. (A)
[Fe(CN)6I* 4~ and (B) [Ru(NHz)gl®>*/2* was used as redox probe (c =
0.01 mol "% in PBS).
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Table 6 Oxidation and reduction potentials of [Fe(CN)el®> /4~ redox

probe at chlorinated graphenes and corresponding peak-to-peak
separation values

Sample Eox (mV) Ereq (MV) AE (mV)
MW-CI 334 180 154
UV-Cl 329 187 142
TRG-Cl 320 190 130
GC 432 138 294
Table 7 Oxidation and reduction potentials of [Ru(NH=z)gl>*/3* redox

probe at chlorinated graphenes and corresponding peak-to-peak
separation values

Sample Eox (mV) Ereq (MV) AE (mV)
MW-Cl —-105 —203 98
UV-Cl —104 —204 100
TRG-Cl —103 —201 98

GC —106 —202 96

differences between samples are relatively small indicating
a negligible effect of chlorine concentration on the HET rate. To
further understand HET rate behavior on the chlorinated gra-
phenes we performed cyclic voltammetry measurement using
[Ru(NH;)s**"** redox probe (Fig. 8B). Unlike Fe(CN)e]>™"*~,
[Ru(NH;)s]**"** is known to be insensitive to surface functional
groups (Table 7).** Chlorinated graphenes do not exhibit
differences in oxidation or reduction potentials of [Ru(NH;)e]*"*"
redox probe. The results indicate only minimal effect of chlo-
rine concentration on the HET rate for the inner sphere redox
probes.

Conclusions

Three methods for chlorinated graphene synthesis were evalu-
ated using thermal exfoliation of graphene oxide in chlorine
atmosphere, chlorine plasma assisted exfoliation and direct
chlorination of thermally reduced graphene by radical chlori-
nation in liquid chlorine under UV irradiation. From these
methods, the radical chlorination in liquid chlorine and
thermal exfoliation in chlorine atmosphere gave the highest
concentration of Cl, 11.3 at% and 9.2 at%, respectively. The C-
Cl bond formation was proved by XPS and FT-IR spectroscopy.
The chlorine was homogenously distributed over the graphene
surface. The DSC/TG measurements show the stability of chlo-
rinated graphene at temperatures up to 600 °C in inert atmo-
sphere and good thermal stability in air atmosphere. The
inherent electrochemistry showed the presence of traces of
adsorbed chlorine which is reduced below —0.3 V as well as the
remaining electrochemically active oxygen functionalities. The
increase of chlorine concentration led to a slight reduction of
HET rate using [Fe(CN)s]>"*~ outer sphere redox probe,
however no changes were observed using inner sphere redox
probe like [Ru(NH;)s]*"**. The reported methods can be used
for synthesis of chlorinated graphene with controlled concen-
tration of chlorine exceeding previously reported values. These
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finding bring huge opportunity for further covalent modifica-
tions of graphene due to the C-Cl bond reactivity.
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