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Abstract

A low temperature, single-pot, bottom-up approach for the synthesis of few layered
graphene sheets using the modified Ullmann reaction is reported. The synthesis protocol
involved a solvothermal technique under an autogenic pressure of chloroform, which was used as
the carbon source. Scanning and transmission electron microscopy revealed the formation of
randomly aggregated, thin, crumpled graphene sheets with a thickness of ~2 nm. Solid state *C
nuclear magnetic resonance and Fourier transform infrared spectroscopy showed that the
prepared graphene sheets have copious surface functionality. The possible growth mechanism for
the formation of graphene sheets is proposed based on an analysis of the intermediate products
by gas chromatography coupled with mass spectroscopy. The growth of few layered graphene
sheets proceeded through the addition and cyclisation reactions of different chloroalkene
intermediate products formed by the addition reaction of chloroform molecules, and not by the

chain polymerization of chloroform molecules.

Keywords: Dechlorination; Nanosheets; Chloroform; Growth mechanism
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1. Introduction

Graphene is the building block of many carbon-based nanomaterials, such as carbon
nanotubes and fullerenes.! Graphene is the individual sheet of graphite with a hexagonal two-
dimensional network of sp>- hybridized carbon atoms with atomic thickness.> ® Graphene based
materials offer new opportunities in the field of science and technology because of their excellent
mechanical and electrical properties.* ®> Graphene has been reported as a promising candidate for
nanoelectronics and spintronics devices.®® Graphene has also been used as a substitute for

carbon nanotubes for reinforcement in polymer composites.™

Over the last few decades, many attempts have been made for the production of
individual and functionalized graphene sheets.” The methods reported for the synthesis of
graphene sheets include the chemical and mechanical exfoliation of graphite’? and vacuum
graphitization of silicon carbide.’® * Recently, the chemical reduction of graphite oxide,*
pyrolysis of camphor under reducing conditions™® and inductively coupled radio-frequency
plasma enhanced chemical vapor deposition'” have been used for the fabrication of graphene. In
most of these methods, the starting material was either graphite or graphite oxide prepared by an
acid treatment of graphite, which resulted in graphene after further thermal or mechanical
treatments.™® ¥ Many of the techniques used for the graphene synthesis involved multi-steps or
required either high temperature or advanced and expensive instrument facilities.!® '’ The
solvothermal method is a cost-effective technique for the synthesis of different carbon
nanostructures.'® % Choucair et al.** reported the first solvothermal approach for the gram-scale

production of graphene, which involved the solvothermal preparation followed by a sonication
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treatment. Recently, the synthesis of few layered graphene sheets using the solid state

dechlorination of hexachloro ethane was reported.??

This paper describes the synthesis of few layered graphene sheets with a modified
Ullmann reaction using chloroform as the carbon source, treated with metallic copper under a
solvothermal condition. A possible mechanism to illustrate the graphene sheets formation based

on the available literature and analysis results is proposed.

2. Experimental
2.1. Synthesis of few layered graphene sheets

All chemicals were procured from S. D. Fine Chem., India and used as received. In a
typical experiment, metallic copper powder (10 g, 99.7% pure) and CHCI3 (25 mL) were heated
to 200 °C for 10 h in a Teflon® lined stainless steel autoclave with a 55 ml capacity. After the
reaction, the autoclave was cool to room temperature. The resulting reaction mass was filtered
carefully and the mother liquor was collected for further analysis. The product was treated with a
6 M HNOj solution at room temperature for 12 h, followed by filtration and washing the residues
with distilled water several times to obtain a filtrate with a neutral pH and chloride free. Finally,
the solid mass was air dried at 100 °C for 10 h. The final yield of the carbon product was

approximately 0.9 g.
2.2. Characterization

The phase and crystallography of the products were characterized by X-ray diffraction
(XRD, PHILIPS X’Pert MPD) using CuKay radiation (A= 1.54056 A), at a scanning rate of

0.05°s in the 26 range, 2-80°. The morphology of the samples was examined by scanning
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electron microscopy (SEM, Leo 1430 SEM). Transmission electron microscopy (TEM, JEOL
JEM-2100 TEM) was performed at an accelerating voltage of 200 kV. For TEM analysis, a
dilute suspension of the graphene sheets was prepared in acetone using an ultra-sonication
technique and 0.2 ml of the solution was dropped on a wholly carbon coated copper grid and

dried under ambient conditions.

The surface functionality of the graphene sheets was examined by the Fourier Transform
infrared (FT-IR) spectroscopy (Perkins Elmer Spectrum GX 2500 FT-IR spectrophotometer).
The *C magic angle spinning — nuclear magnetic resonance (MAS-NMR) spectrum was
recorded on a Bruker 500 MHz Advanced Il spectrometer with a 5 mm MAS probe. The
spectrum was acquired with cross polarization for a spinning speed of 8 KHz with 2 ms and 5s as
the contact and recycle time, respectively. Line broadening of 200 Hz was applied and the
spectrum was referenced to adamantane as a standard. The mother liquor of the reaction was
analyzed by gas chromatography equipped with mass spectroscopy (GC-MS, GCMS-QP 2010,
Shimadzu) using helium as the carrier gas for qualitative and quantitative analysis of the reaction
intermediates. The textural properties were measured by the N, adsorption-desorption method
using a volumetric gas adsorption apparatus (ASAP 2020, Micromeritics Inc. USA). The pore
size distribution was estimated using the Barrett—-Joyner Halenda (BJH) model.
Thermogravimetric analysis (TGA, Mettler Toledo TGA/SDTA 851) was performed under a
nitrogen flow (50 ml/min) at a heating rate of 10 °C/min. The elemental composition of the few
layered graphene sheets was determined by CHN/O/CI analysis (Vario Micro Cube, Elementar,
Germany) and the surface composition was obtained by Energy Dispersive X-ray (EDX) analysis

assembled with SEM.
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3. Results and discussion
3.1. Synthesis of few layered graphene sheets

The classical Ullmann reaction involves the copper catalyzed synthesis of symmetrical
biaryls at 200 °C.?* This paper reports a new pathway for the synthesis of few layered graphene
sheets using a modification of the classical Ullmann reaction. The synthesis was carried out
under solvothermal conditions, in which chloroform reacts with copper under an autogenic vapor
pressure. Few layered graphene sheets prepared using the modified Ullmann reaction under
solvothermal conditions was proposed to crystallize according to the reaction pathway given
below:

0,

2CHCI; (I) + 3Cu(S) i» 2C(S) + 3CuClL(S) + Hy(9)

CHCI; was used as both the carbon source and solvent, and Cu was used as the reductant for the

formation of graphene sheets.
3.2. XRD analysis

The XRD pattern of the product prepared using chloroform (Fig.1a) show a broad peak in
the 20 range, 15-35°, instead of a comparatively sharp peak for typical graphitic planes at 26 =
26.5° (JCPDS 41-1487), revealing a few layer structure in addition to the amorphous nature of
the graphene sheets.’® The smooth peak shown in Fig. 1(a) is a Lorentzian fit for the obtained
XRD pattern and centered at 20 = 26°. The broadness of this peak indicates the disorder structure

and low degree of graphitization of the prepared graphene sheets. The low reaction temperature
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is mainly responsible for the lower degree of graphitization of the prepared graphene sheets and
was also observed for the different carbon nanostructures produced using low temperature
dechlorination pathway.?*?® Ju et al.?’ and Xi et al.?® observed that the crystallinity or
graphitization of the carbon products including nanosheets, nanobelts and nanocables was highly
dependent on the reaction temperature and increases with increase in reaction temperature. The
average thickness and number of layers of the prepared graphene sheets was calculated by fitting
the peak obtained for (0 0 2) plane with the Scherrer formula. The approximate sheet thickness
was ~ 2 nm and the number of layers in the graphene sample was ~5-6."° The formation of
copper chloride (JCPDS No. 79-1635 please check compare) during the reaction due to reductive
elimination of chlorine from chloroform was confirmed by XRD analysis of the reaction mass
obtained before the acid treatment (Fig. 1b). The similar results have been reported by Kuang et
al.?® for the formation of KCI salt as by-product during the synthesis of carbon nanosheets using

carbon tetrachloride and metallic potassium under solvothermal condition.
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Fig. 1 XRD pattern of (a) few layered graphene sheets prepared from chloroform in presence of
copper using modified Ullmann reaction with a Lorentzian fit (smooth line) and (b) product

without any post synthesis-acid treatment.
3.3. Microscopic analysis

SEM analysis of the product obtained from the present methodology (Fig. 2) revealed
randomly aggregated, thin, crumpled sheets closely associated with each other forming a
disordered particle. It is well-known that the synthesis of graphene sheets from dechlorination or
solvothermal route generally yields three dimensional particles containing crumpled few layered
graphene sheets rather than separated and single layer graphene sheets due to their disorder and
multi-directional growth.?**® Fig. 2 clearly showed that the obtained graphene sheets have sharp
edges and many folds. The obtained product showed the intercalated graphene sheets might be
due to the absence of the flat support such as catalyst film,** Si or quartz®* and metal substrate®
during solvothermal reaction condition. Similar type of observation has also reported by Kuang
et al.?® for the synthesis of carbon nanosheets using carbon tetrachloride under solvothermal
condition. Further analysis by TEM (Fig. 3) showed the presence of large, disordered, crinkled
few layered graphene sheets. The average thickness of the graphene sheets (determined with
folded region) was ~ 2 nm (Fig. 3b), which is in accordance with the XRD results. The ring type
selected area electron diffraction pattern of the graphene sheets (inset in Fig. 3b) revealed the

crumpling and disordered arrangement of the product.®
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Fig. 2 SEM image of agglomerated crumpled graphene sheets prepared at 200 °C under

solvothermal condition.

Y 5 1/mm
-

Fig. 3 TEM images of (a) individual few layered graphene sheet with folds and few micrometers
in length, and (b) curled graphene sheet with a crumpling edge of ~ 2 nm (The inset picture

shows the ring type SAED pattern of the graphene sheets observed for Fig. 3b).
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3.4. Spectroscopic analysis
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Fig. 4 Structural and chemical environment illustration of few layered graphene sheets

obtained by modified Ullmann reaction using (a) FT-Raman, (b) FT-IR and (c) **C solid-state

CP-MAS NMR spectroscopy

The obtained product was characterized further by FT-Raman analysis for additional

structural exploration. The FT-Raman spectrum of the product (Fig. 4a) revealed four
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characteristics peaks in the range, 1000-3000 cm™. The peak at 1362 cm™, i.e., D-band was
attributed to the topological defects or disorder of the obtained graphene sheets mainly due to the
introduction of sp® character. The G-band observed at 1592 cm™, which is the characteristic peak
of graphene for its planner configuration of a sp? bonded carbon structure, was shifted towards a
higher wavelength (compared to a single layer graphene sheet i.e. ~1582 cm™) due to the
increased sheet thickness /number of layers.*®> The broad peak at 2500-3200 cm™ appeared as a
combined peak for 2D (at 2697 cm™, second order or overtone of D-band) and D + G (at 2905
cm™) bands mainly due to the irregular layer thickness with a disordered arrangement and in-situ
functionalization of nanosheets.?” * The effect of the layer thickness and functionalization on the

1.3” and Subrahmanyam et al.'® The in-plane crystalline

2D-band was also reported by Hong et a
size calculated using the Ferrari and Robertson formula, [(Io/lg) = C La*] was 11.9 nm (C' =

0.0055 for 514 nm).*®

Generally, the solvothermal synthesis route and acid treatment resulted in a high level of
surface functionalization of the carbon products.®> *° The observed bands in the FT-IR spectrum
of few layered graphene sheets (Fig. 4b) could be assigned to the absorption of different
functional groups, including O-H (3433 cm™), C=0 (1716-1638 cm™), C=C (1550-1400 cm™),
and C—H (2960 cm™).** A band in the region, 1038 cm™, was associated with the C-O stretching
mode. The surface functionalities such as —-COOH, -OH, -COOC- and —C-O-C- groups generated
during the post-synthesis acid treatment®®. Nitric acid treatment is also well reported method for
the generation of surface oxygen functionalities.'® *> The presence of a covalently attached
chlorine groups was indicated by the weak adsorption at 752 cm™.** The covalently bonded
chlorine groups mainly resulted from the incomplete reduction of chloroform used as carbon

source, and it was also noticed during the synthesis of carbon nanotubes and nano-trees using
11
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dichloromethane and 1, 2-dichlorobenzene as carbon source, respectively.** *> The presence of
surface functionality was also evidenced by **C MAS-NMR analysis of a few layered graphene
sheets. The *C MAS-NMR spectrum of few layered graphene sheets (Fig. 4c) showed three
major broad peaks, where the peak at ~ 56 ppm was associated mainly with epoxide and
hydroxide functionalities.*> The notable presence of sp? hybridized carbon atoms related to the
C=C bond in the few layered graphene sheets was illustrated by the strong peak at ~ 130 ppm.*
The presence of carbonyl groups was also detected by the peak at ~ 205 ppm.**" The small
humps observed in the range, 20-70 ppm, corresponded to the presence of aliphatic carbon. The

broadening of the peaks showed the variation in the chemical environment of different carbons

atoms.

3.5. Textural properties

Quantity Adsorbed (cm?/g STP)

Fig. 5 N, sorption isotherm at 77 K of few layered graphene sheets obtained by modified

Ullmann reaction (Inset figure shows the BJH pore size distribution with sharp peak at ~ 2 nm).
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The N, sorption isotherm at 77 K (Fig. 5) provided information on the specific surface
area, porosity and other related properties of the synthesized few layered graphene sheets (Table
1). The measured isotherm exhibited Type IV behavior with a hysteresis loop of Type H4
indicated the adsorption by aggregates of plate-like particles or adsorbents containing slit-shaped
pores, mainly due to the capillary condensation between the two layers of graphene.*® #°
Therefore, the prepared graphene sheets possess a mesoporous nature with a BET surface area of
876 m?/g. The surface area of the prepared graphene sheets was not as high as that of the
estimated surface area of single layer graphene (2630 m? g*), which may be due to the number
of layers and aggregated nature of graphene sheets, but almost double than graphene oxide
prepared using Hummers method.” *® ! The three dimensional particle nature of the prepared
few layered graphene sheets may be responsible for their high surface area as compared with two
dimensional graphene oxide. The inset of Fig. 5 show pore size distribution, which was obtained
from the adsorption branch of the nitrogen isotherm, of few layered graphene sheets using the
BJH model. The elemental composition (Table 2) of the graphene sheets prepared from
chloroform was determined by CHN/O/CI analysis and confirmed by EDX, which revealed a
carbon content of up to 69 % on a weight basis. The graphene sheets also had surface chlorine

groups, as indicated by the characteristic adsorption peak of C-Cl at 752 cm™ in FT-IR

spectrum.

13

Page 14 of 26



Page 15 of 26 RSC Advances

Table 1 Textural properties of few layered graphene sheets obtained from the modified Ullmann

reaction

Specific surface area Pore volume Average pore diameter
(m?/g) (cm°/g) (nm)
SBETa SLangmuirb SmicroC Sextd VTe Vmicrof DBETg DBJHh
876.4 1058.4  565.5 310.9 0.485 0.244 2.21 5.56

% Brunauer-Emmer-Teller (BET) surface area.

® Langmuir surface area

¢ Micropore surface area, calculated using t -plot method.

4 External surface area, calculated using t -plot method.

¢ Single point adsorption total pore volume, obtained at P/Py = 0.975.
ft-Plot micropore volume.

9 Adsorption average pore diameter, obtained from 4V/A by BET.

" Average pore diameter derived from adsorption branch of isotherm and BJH model.

Table 2 Elemental composition (weight basis) of graphene sheets obtained using chloroform and
copper by modified Ullmann reaction determined by CHN/O/CI and EDX analysis

Elements CHN/QO/CI analysis EDX analysis
Carbon 69.40 78.65
Hydrogen 1.90
Nitrogen 0.64
Oxygen 18.27 (by difference) 17.22
Chlorine 9.79 3.54
Copper 0.59

14
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3.6. Thermal analysis

Weight loss (%)
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Fig. 6 TGA and DTGA plots of the few layered graphene sheets obtained using modified

Ullmann reaction under N, atmosphere.

The thermal stability of prepared graphene sheets was examined by TGA under a
nitrogen atmosphere (Fig. 6). Initial minor weight loss of ~ 1.3% up to 140 °C was due to the
evaporation of physisorbed water on few layered graphene sheets. The decomposition of
chemisorbed water and surface chloride groups resulted in the second major weight loss (~
8.9%) in the range, 170-350 °C. In contrast, the degradation of surface oxygen functionality,
including -OH, —COOH, C-O-C, and C=0 etc., of the few layered graphene sheets was
observed mainly above 350 °C, and resulted in a major weight loss of ~ 35.5 % centered at 550
oC.%% %3 The decomposition of the surface functionalities of graphene sheets during heat treatment

21
l.

has been well studied by the Choucair et al.”~ using TGA coupled mass spectroscopy. Owing to

the high surface functionality, the few layered graphene sheets showed a total weight loss of

15
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~55% at 800 °C under a nitrogen atmosphere. The prepared few layered graphene sheets possess

comparative stability as graphene oxide produced from graphite under nitrogen atmosphere.* >

3.7. Growth mechanism

The classical Ullmann reaction involves the copper-catalyzed synthesis of symmetrical
biaryls. The mechanism involves the initial formation of active species such as Cu®, which
undergoes further oxidative addition with an equivalent of halide, followed by reductive
elimination and the formation of a carbon-carbon bond.? In the present protocol, the synthesis of
graphene sheets was performed under autogenic high pressure conditions. Therefore, it was
difficult to analyze the Cu® active compounds formed during the synthesis of few layered
graphene sheets. On the other hand, it might be possible to understand the probable growth
mechanism of the graphene sheets by knowing the intermediate products.”® Therefore, the
mother liquor recovered after the synthesis of the graphene sheets was analyzed by GC-MS for a
qualitative and quantitative determination of the intermediate products. The chemical
composition of the recovered solvent determined by GC-MS (Table 3) contained various
addition products resulting from C-C bond formation. Shen et al.*° reported the formation
mechanism of carbon nanotubes prepared by the dechlorination pathway. Here, the reductive
elimination of chloride from chloroform yielded carbon with metallic copper as the reducing
agent. The reaction may involve the formation of organo-copper compounds, which react with
the other reactant molecule to form the building block molecules of graphene. The formation of
graphene sheets proceeds through the self-assembly of various chloro alkene intermediate
compounds (Table 3), which were formed by the breaking of the C-Cl and C-H bonds, and the

formation of C-C bonds between two chloroform molecules. GC-MS analysis of the mother

16
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liquor showed that more than 75% of the intermediate product contained 1,3-hexadiene-5-yne
(31.74%), tetrachloroethylene (23.99%), hexachlorobutadiene (8.06%), hexachlorobenzene
(7.71%) and 1,1,2,2-tetrachloroethane  (6.69%), wherein 1,3-hexadiene-5-yne and
hexachlorobenzene are the primary building blocks of the graphene structure. The formation of
sp? hybridized intermediate structures from sp* hybridized carbon source during dechlorination
reaction have also been reported by Xiong et al.>® Fig. 7 represents the possible formation
mechanism of graphene sheets. The formation of graphene sheets proceeds mainly through two
separate processes; one is the formation of building blocks of graphene sheets from chloroform

molecules through C—C bond formation, followed by their cyclization or condensation (Fig. 7).%>

55

NN
Cyclisation
Cl,CHCHCI, > +
QO c a
© cl P
Cu O)C\’L assembly Z al
CHCl, — CHCL,CuCl ~ - ¢ c
organo copper CA/C/
compound 3 cl cl
U,
< . 4, Clccch L o o
2 Condensation
cl cl

Graphene sheet

Building blocks
of graphene

Fig. 7 Proposed mechanism for the synthesis of graphene sheets, using chloroform as the carbon
source and metallic copper as a catalyst based on the modified Ullmann reaction. The colored

part in graphene sheet structure shows the building blocks of graphene sheets formation.

No intermediate product with more than six carbon atoms was observed; hence, the

addition of chloroform molecules proceeded up to the six carbon atoms only, followed by

17
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interconnection with each other to form graphene sheets.” Therefore, under the present reaction
conditions, the formation of graphene sheets proceeds by the interconnection of building block
molecules and not by the chain polymerization reaction. As indicated by GC-MS, the formation
of a carbon product proceeds through the several addition/ condensation reactions. As the
molecular size increases, a decrease in the rate of condensation or addition reaction was
observed.>” Therefore, at a particular stage, the rate of reaction of intermediate product formation
will be higher than their consumption or conversion to the solid carbon product. Hence, there is a
higher likelihood of obtaining the intermediate products, which was confirmed by GC-MS. In a
nutshell the accumulation of the carbon product on the copper catalyst limits cyclic C-C bond

formation.?

The reactions with carbon tetrachloride and dichloromethane as the carbon feedstock
were carried out using the same reaction parameters. The product obtained with carbon
tetrachloride exhibited horn- and fishbone-like structures with graphene sheets (Fig. S1a and Fig.
S2a, ESIT). Whereas the foam like structure containing graphene sheets with high agglomeration
were obtained using dichloromethane as the carbon source (Fig. S1b and Fig. S2b, ESIt). Further
characterization, including XRD, FT-IR and elemental composition, of the products obtained

using carbon tetrachloride and dichloromethane as carbon sources is provided in the ESIt.

18
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Table 3 Composition of mother liquor obtained after synthesis of the graphene sheets

using chloroform and copper by modified Ullmann reaction as determined GC-MS analysis

12 1,1-Dichloropropane 1.43 \)\

Sr. No. Compound name Composition (wt. %) Structure
1 1,3-Hexadiene-5-yne 31.74
: F
/\/\
2 Tetrachloroethylene 23.99 H
3 Hexachlorobutadiene 8.06 a a
C%/kc
4 Hexachlorobenzene 7.71 ﬁ
5 1,1,2,2-Tetrachloroethane 6.69 c'> ic'
Cl Cl
Cl Cl
6 Pentachloroethane 4.39 ¥
7 Pentachlorobenzene 3.84 :
Cl o Cl
8 Trichloroethylene 3.36 \)\
Cl / o
9 Hexachloroethane 3.21 u_m_c'
10 1,1,1-Trichloropropane 3.06 )(\
11 1,1,1,3-Tetrachloropropane 2.51 A)(
al Cl
Cl

19
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4. Conclusion

A low temperature, single-pot, bottom-up approach for the synthesis of graphene sheets
using the modified Ullmann reaction was demonstrated. Aggregated, thin, crumpled graphene
sheets with thicknesses of ~2 nm were synthesized successfully from chloroform as the carbon
source using solvothermal technique. The formation of graphene sheets proceeded via C-C bond
formation with different chlorinated aliphatic and aromatic hydrocarbons as the intermediate
products. The formation of graphene sheets proceeds mainly with the addition and cylization of
intermediate alkene compounds instead of the chain polymerization of single carbon atoms. The

possible growth mechanism of graphene sheets was also discussed.
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