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Synthesis of high-quality graphene sheets in task-specific lonic
liquids and their photocatalytic performance

Youyi Yu?, Zhen Han®, Yongbo Zhang®, Bing Dong®, Aiguo Kong*®and Yongkui Shan*®

A novel method for preparing high-quality graphene sheets by the liquid-phase exfoliation of expanded graphite (EG) in

task-specific ionic liquids (TSILs) was developed. The used TSILs contains alkyl-3-methylimidazolium cation that has

stronger intercalation in the expanded graphite and peroxydisulfate anion that oxidize the edge of the expanded graphite

and facilitate the intercalation of the imidazole cation. Such coordication attack of the anion oxidation and the cation

intercalation resulted in sufficient exfoliation of EG and provide single- and few-layer graphene sheets with the fewer

defects, lateral extent of more than ten micrometers and higher optical transmittance. The nanocomposites comprising

the prepared graphene sheets and P25 exhibit a higher photocatalytic activity for the photodegradation of methylene blue

under UV-light.

1 Introduction

Graphene or the graphene sheets consisting of few-layer graphene
have the potential to revolutionize diverse applications from
smartphones and ultrafast broadband to drug delivery and
computer chips.l'5 Consequently, techniques for the scalable
production of high-quality, solution-processable graphene are
needed. Numerous synthesis ways including micromechanical
cleavage ® and liquid-phase 78 and electrochemical exfoliation® have
been developed for the preparation of graphene sheets using the
natural graphite flakes as the raw materials, provides feasible means
for producing graphene with a low number of defects, although in a
rather low vyield. By comparison, chemical exfoliation of graphite
oxide in liquid-phase is the method more widely used for the
preparation of graphene in practice (Hummers' method).
Unfortunately, by such chemical treatment, the original crystalline
structure of the graphene basal plane is not completely restored
and numerous chemical defects are introduced into the resulting
graphene sheets. Expanded graphite (EG) prepared by rapid heating
of the graphite intercalation compounds (GICs) has recently
emerged as an important industrial raw material for the production
of large-scale flexible graphite flakes. The EG keeps a layered
structure similar to natural flake graphite but with large interlayer
spacing, which is very beneficial for the exfoliation of EG into the
graphene sheets. The graphene sheets obtained from EG have been
reported.m'12 Recently, electrochemical™™ and direct exfoliation of
EG into the few layers graphene sheets using ionic liquids have been
proposed.ls_18 The obtainment of the graphene sheets from these
methods is advantageous in terms of simplicity and high volume
production. However, the graphene sheets produced by these
simple techniques still contain a few impurities (F and S etc.)16 or
sheet sizes of 0.006-0.0125 umz are dominant representing 50% of
the total distribution’® or the graphene dispersions in ionic liquid
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have to be further separated for a wide range of applications.lg"18

In this study, an improved method was presented for using EG to
prepare high-quality the single-layer or few-layer graphene sheets in
the oxidizing task-specific ionic liquids, 1-butyl-3-methylimidazolium
peroxydisulfate ([Csmim],[S,0g]), under mild conditions with high
yield (~70 wt%). The procedure of preparation was described briefly
in Scheme.1
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Scheme.1 Schematic diagram for preparation of graphene sheets by
the oxidation and exfoliation process of EG

In recent years, the composites of graphene and semiconductor
Tio,"*? are considered as promising photocatalyst with high
efficiency and low cost for air and water purification and
elimination of pollutant in the environment.”?  The
photodegradation efficiency of nanocomposite photocatalysts
depends on the morphology of TiO, and the quality of graphene,
which works as an electron acceptor in the composite. The band
gap and defect density in the graphene component is associated
with the preparation procedures. In some cases, minimizing the
graphene defects can facilitate the diffusion of the photoexcited
electrons to the reactive sites, which obviously enhance titania
nanocomposite-based photocatalytic reduction of COZ.28 The
development of more convenient and efficient technique for the
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fabrication of high quality graphene-based nanomaterial is crucial
important for the practical applications.

The graphene sheets obtained by this method are large-sized,
have only a few defects and can be used to prepare the
photocatalysts with the excellent activity toward the degradation of
methylene blue (MB) under UV by combination with P25 (TiO,: 20%
rutile and 80% anatase). The thin films formed on surface of glass
slide by dip-coating method using their suspensions in water or
organic solvents exhibit a higher optical transmittance.

2 Experimental

2.1 Chemicals:

Expandable graphite was purchased from Nanjing JiCang
nanotechnology Co., Ltd. 1-bromobutane, acetone, ethyl acetate
and potassium peroxydisulfate are obtained from Sinopharm
Chemical Reagent Co., Ltd. P25 (Ti0,:20 % rutile and 80 % anatase)
were purchased from Degussa. N-methyl imidazole was supplied by
Zhejiang chemical plant and was further purification by distillation
before use. The others chemicals were used as received without
further treatment.

2.2 Syntheses

2.2.1 [C;mim],[S,0s]

1-butyl-3-methylimidazolium bromide [C;mim][Br] was synthesized
by the reaction of N-methylimidazole (0.1mol) with 1-bromobutane
(0.1 mol) in a flask under refluxing at 70-75 °C for 48 h.2 After the
temperature of the reaction mixture was cooled to room
temperature, the precipitated crystals was recrystallized three
times from ethyl acetate, then dried in vacuum oven at 70 °C for 2
days prior to use. [C;mim],[S,05] was prepared by the metathesis
reaction between [C;mim][Br] and K,S,0g in acetone at room
temperature,soin which the mole ratio of [C;mim][Br] to K,S,04 is
2:1. The formed KBr as a white solid was removed by filtration. The
acetone was then separated from the product by rotary
evaporation (<30 °C). The products were stored in a vacuum dryer
before use.

2.2.2 Graphene sheets

Expansion of expandable graphite was carried out by the method
reported in the literature.*” The as-prepared EG (50 mg) was
uniformly dispersed in 10 ml of [C;mim],[S,0g] with the help of
ultrasonic cleaning instrument (sonics, 750 W, 55 KHz). This mixture
was kept at 80 °C for 24 h under constant stirring, and then was
dialyzed in a dialysis bag (retained molecular weight: 8000-14000
Da) overnight at room temperature to remove the ILs
([C4mim],[S,04]), subsequently dispersed in 100 ml of deionized
water under ultrasonication for 60 min. The separation of the un-
exfoliated expanded graphite from the mixture by centrifugation at
5000 rpm for 5 min generates dark-gray aqueous dispersions of the
graphene sheets. After the water was removed from the aqueous
dispersions, the prepared graphene sheets were obtained and
denoted as Igraphene. For the sake of comparison, the graphene
sheets were prepared from natural graphite powder (99.9 %) using
modified Hummers' method®**and denoted as Hgraphene.

2.2.3 P25-graphene composite.

In the typical procedure for synthesizing P25-graphene composite, 2
mg of the Igraphene was dispersed in the solution of distilled water

2| J. Name., 2012, 00, 1-3

(20 mL) and ethanol (10 mL) by ultrasonic treatment for 1 h, and
then 0.2 g of P25 was added to the mixture and stirred for another
2 h to get a homogeneous suspension, which was then sealed into a
Teflon-lined (40 mL), followed by hydrothermal
treatment at 120 °C for 3 h. After the autoclave was cooled to room
temperature, the precipitate was collected, centrifuged, washed
with distilled water for three times, and dried in a vacuum oven
overnight at 80 °C and recorded as P25-Igraphene. For comparison,
P25-graphene composite (with the same the content of carbon, 1
wt %) were synthesized using Hgraphene as the carbon source via
the method mentioned above and recorded as P25-Hgraphene.
2.2.4 Graphene films

For facilitating the deposition of the prepared graphene sheets on
the quartz glass slide substrates easily, the 'piranha solution' (7:3
v/v H,S0,/H,0,) was used to rinse the substrate. Subsequently, the
substrate was washed three times with DI water, followed by
sonicating in DI water for 30 min. Graphene film on the substrates
was prepared by dip-coating technique on dip-coating equipment
(SYDC-200, DIP COATER) using the graphene sheets aqueous
suspension. Transmittance of the films was measured using UV-vis
spectroscopy (UV-8000 spectrophotometer) and reaches to 91% at
a wavelength of 550 nm.

autoclave

2.3 Characterizations

The morphology of the as-synthesized samples was investigated by
a JEOL-2100F transmission-electron microscope (TEM) at an
acceleration voltage of 200 kV and a Hitachi S-4800 field emission-
scanning electron microscope (SEM). The atomic force microscope
(AFM) images of the graphene samples are obtained by Vecco
multimode VIl on a mica plate substrate, operating in tapping mode.
X-ray photoelectron spectroscopy (XPS) measurements were
performed on Axis Ultra DLD using Al Ka radiation. All of the binding
energies at various peaks were calibrated using the binding energy
of Cls (284.5 eV). Raman spectra were taken by a Nicolet DXR
Raman spectrometer from Thermo Fisher Scientific with a He-Ne
lasers excitation wavelength of 633 nm at room temperature. X-ray
powder diffraction (XRD) patterns were collected with a D8-
Advance diffractometer (Bruker, Germany) with Cu Ka radiation, A=
1.1514 nm. The So4z'from the reduction of peroxydisulfate can be
detected by the addition of the solution containing Ba®* into the
reaction mixture at the end of reaction.

2.4 Photocatalytic experiments

Investigation for the photocatalytic performance of the catalysts
was completed in the quartz reactor of 50 mL with cooling water
jacket. The selected photocatalyst (30 mg) was dispersed in
methylene blue (MB) solution to achieve a concentration of <1 mg
mL™. The initial dyes (MB) concentration was controlled at 10 mg L™
Before irradiation, the suspension was stirred for 1 h in the dark to
achieve the adsorption-desorption equilibrium. Under stirring, a
100 W high pressure mercury lamp was positioned at the center of
the quartz reactor as light source. In the reaction procedure, 3 mL
of the reaction mixture was extracted at various irradiation times,
centrifuged to remove the photocatalysts and analyzed by a UV-Vis
spectrophotometer to determine the concentration of residual MB
in the reaction mixture.” Blank experiments (without catalyst) were
also carried out in order to establish the effect of photolysis and
catalysis on the conversion of MB.

This journal is © The Royal Society of Chemistry 20xx
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3 Results and discussion

3.1 Characterization of the materials

After undergoing the microwave irradiation, the expandable
graphite was changed into the flake graphite or expanded graphite
as shown in Fig. 1. It is clearly seen that the expanded graphite has
the laminated structure with staggered voids space, which can
remarkably enhance the interaction between the ionic liquid and
the graphite layers.

EG was subjected to an exfoliation process in [C,mim][S,0g] to
obtain a dark-gray aqueous dispersions. After a few weeks, Tyndall
effect can still be observed when a beam of light is passed through
such suspensions as shown in Fig. 2(B). It indicates that the
prepared single-layer or few-layer graphene sheets were stable and
without aggregation in the suspensions.le

TEM images in Fig. 3 clearly display that the prepared graphene
sheets with a width exceeding a dozen of micrometers and some
corrugations or ripples, which are very thin and stable under the
electron beam. The inset in Fig. 3(B) is the corresponding SAED
patterns for the graphene sheets with a typical six-fold symmetry,
confirming its single crystal nature. Furthermore, HRTEM image for

Fig.1 SEM images of expandable graphite before (A) and (B)
afterheat treatment in a microwave oven (upper images: the
enlarged image of (A) and (B) respectively)

Fig.2 (A) stable graphene aqueous suspension prepared from ionic
liquid exfoliation and (B) the Tyndall effect of a diluted graphene
suspension

This journal is © The Royal Society of Chemistry 20xx
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the edges of the sheets demonstrated that the prepared graphene
sheets possess the thickness of single or few-layer graphene sheets
in a large domain (Fig. 3(C) (D)).

AFM analysis was performed to further characterize the
morphology and thickness of the prepared graphene sheets. Fig. 4
gives the sizes of the identified graphene sheets range from 0.5 pm
to 3 um. Height profiles along the black line in (A) shown in Fig. 4(B)
exhibit a plateaus with height of 0.7+0.02 nm, which is lower than
the heights (~0.9 nm) of single-layer graphene prepared by
exfoliating graphite using general chemical method.* This
phenomenon corroborates that the single-layer graphene sheets
with comparatively few groups containing oxygen were prepared
under the mild conditions by this method. In addition, we have
completed the measurement of AFM images of several graphene
samples to estimate the percentage of monolayer, bilayer or few-
layers. By analysis the AFM images in Fig. 5, we can estimate that
the percentage of monolayer is about 45 %, the percentage of
bilayer about 45 %, only a small part (about 10 %) is few-layer.

For further examining the quality of the prepared graphene
sheets, Raman and XPS measurements have been conducted. The
typical Raman spectra of EG and the prepared graphene sheets
were shown in Fig. 6(A). The most prominent features in the Raman
spectra of graphene are the G band appearing at about 1580 em?
associated with the doubly degenerate (in-plane transverse
(iTO) and longitudinal optical (LO)) phonon mode, G' band at

5 & R A N .,
‘ ¥ r

Fig.3 (A) General view of the as-synthesized graphene sheets with a
width of dozens of micrometers (B) TEM view of the graphene with
an inset of its corresponding selected area electron diffraction
(SAED) (C-D) HRTEM of few-layer graphene sheets

0.7nm

Hm
Fig.4 (A) A typical tapping mode AFM image of the prepared

graphene sheets deposited on a mica substrate (B) height profile
along the line shown in (A)
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Fig.5 AFM images (A-H) of the prepared graphene sheets and their
corresponding height profile along the line shown in (A-H) for
estimation of the percentage of monolayer, bilayer or few-layers
graphene

about 2700 cm™ originating from a two (iTO) phonon double
resonance Raman process and D band at around 1350 em™
corresponding to a second-order process involving one iTO phonon
and one defect.*> The occurrence of the D peak for EG samples and
the prepared graphene sheets may be ascribed to the edge effect
and the defects.*® The intensity ration of the D to G band (Ip/lg) in
the Raman spectroscopy of the prepared graphene sheets is 0.29
higher than that of the EG. It suggests a slightly higher defect
density of the graphene sheets was formed after undergoing the
mild oxidation of EG in TSILs. However, this intensity ratio is several
times smaller than that of the graphene sheets prepared by
Hummers' method (Ip/ls=1.22), and indicates that the
concentration of defects is very lower in the prepared graphene
sheets. In addition, the peak deconvolution of G' band (Fig. 6(B))
prepared in [C;mim],[S,05] shows that the prepared graphene
sheets are composed of bilayer graphene.35' 3840

The wide-survey XPS spectra of the graphene sheets and the EG
were shown in Fig. 7(A). A strong Cls peak at 284.5 eV and a small
O1s peak at 532.6 eV were observed in the spectra (Fig. 7(A)). Based
on the ratio of peak area of O1s to Cls, the oxygen content of 7.6 %
in the prepared graphene sheets was determined. It is slightly
higher than the oxygen content of 3.4 % in the EG and substantially
smaller than the oxygen content of 36.3 %" in few-layer graphene
sheet prepared by the conventional oxidation exfoliation of
graphite (Hummers' method). The Cls signal of the prepared
graphene sheets consists of three different components and can be
deconvoluted into three peaks at positions 284.5, 286.3 and 287.1
eV. These peaks correspond to the sp2 carbons (graphitic C=C
species),“’43 the sp3 carbons (C-OH, 5.8%)*** and the oxygen-
carbon groups (C-0-C, 4.5 %),” respectively (Fig. 7(B)). At the same
time, the C 1s spectra of the EG can be deconvoluted into two
peaks around 284.5 eV for the C=C in aromatic rings and 286.4 eV
for the C single bonded to hydroxyl in C-OH groups (4.6 %), as seen
in Fig. 7(B). These results demonstrate a small amount of carbon
atoms were functionalized to form the oxygenated functional
groups in the preparation procedure. This further confirms that the

4| J. Name., 2012, 00, 1-3
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Fig. 6(A) Raman spectra of EG and the Graphene sheets (B) Fitting

curves of 2D-band in the Raman spectra of the graphene sheet
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Fig. 7(A) wide-survey XPS spectra of the graphene sheets and the
expanded graphite (B) Cls spectra of the EG (upper) and the
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Fig. 8 TG analysis for [C,;mim],[S,0g] and the obtained graphene
graphene sheets prepared in the specific task ionic liquids possess
the lower density of defect.

The result of thermogravimetry analysis (TGA) of the ionic liquids
and the obtained graphene sheets was shown in Fig. 8. In the TG
curve of the ILs, a little weight loss (about 4 %) at 95 °C was
observed, which was attributed to the decomposition of the
peroxydisulfate anion.?” In the TG curve of the prepared graphene
sheets, the mass loss (~10 %) takes place around 200 °C and was
ascribed to the decomposition of the oxygen functional groups
present in the graphene sheets.”®*® The result confirms the
complete removal of the ILs ([C;mim],[S,0¢]) from the prepared
graphene sheets.

The investigation results mentioned above indicated that the use
of task- specific ionic liquid results in effective exfoliation of the EG
to produce single or few-layer graphene sheet in high yield. This
phenomenon should be ascribed to the combined action of cation
and anion in the specific task ionic liquids. The cations with
imidazole ring have a strong affinity to the surfaces of expanded
graphite or graphene by non-covalent grafting or m-m stacking
interaction and will intercalate EG at relatively low temperatures
and ambient pressure.7’14’16'19’ The peroxydisulfate anions play the
role of the weaker oxidant in the reaction system, which can be
further confirmed by 5042' presented in the reaction mixture at the
end of reaction. The oxidized edge of the expanded graphite and
facilitate the intercalation of the imidazole cation.* Such
coordinated attack of the anion oxidation and the cation
intercalation resulted in sufficient exfoliation of expanded graphite
and provide the single and few-layer graphene sheets with the
fewer defects in high yield.

For discovering the possibility of the prepared graphene sheets in
practical utility, the thin films were prepared by dip-coating
technique on the hydrophilic glass slices using the graphene sheet
aqueous suspensions. The SEM image in Fig. 9(A) exhibits a
continuous film with a smooth surface on the glass slices. The
optical transmittance of the thin films as shown in Fig. 9(B)
increases sharply with the wavelength from 80 % in the ultraviolet
to 91 % in the visible region. This fact testifies that the prepared
graphene sheets possess the high optical transmittance.

3.2 Photocatalytic performance

The graphene modified TiO, photocatalyst were widely explored
because of their large specific surface areas, extraordinary
electronic mobilitye, molecular stability49 and high optical
transmittance (Fig. 9) in the UV-Vis range and exhibit the high
activity in most catalytic processes.50 For purpose of identifying the

This journal is © The Royal Society of Chemistry 20xx
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Fig.9 (A) SEM image and (B) optical transmittance curve of the
prepared films

performance of the prepared graphene sheets, the P25-graphene
composites photocatalysts (P25-graphene) were fabricated. Typical
TEM and SEM images of P25-Igraphene in (Fig. 10 (A) (B)) indicate
the P25 well dispersed on the graphene sheets, which plays a
supporting role in the P25-lIgraphene nanocomposite. The XRD
patterns of the P25-Igraphene and pure P25 in (Fig. 10 (C)) illustrate
that the crystal phase of P25 was not destroyed in the formation of
P25-Igraphene.

The photocatalytic performance of the prepared P25-graphene
sheet composite was evaluated by photodegradation of methylene
blue under UV-light. The evolutions of MB photodegradation using
different photocatalysts are shown in Fig. 10 (D). The experimental
results obtained under UV irradiation for 55 minutes were displayed
in Tab. 1. It is seen from Fig. 10(D) and Tab. 1 that P25-Igraphene
exhibits excellent photocatalytic activity. The degradation
percentage of MB over P25-Igraphene achieves 97 %, which is 14 %
higher than that over P25-Hgraphene and 85 % higher than P25.
The enhanced photocatalytic activity results from combining
properties of graphene as paper-shape material and the unique
function of P25 particles for photocatalysis. In general, under UV
illumination, the electron-hole pairs can be formed when electrons
in the valence band (VB) of TiO, are excited to the conduction band
(CB) and are responsible for the photocatalytic activity of TiO,.
Unfortunately, photogenerated electron-hole pairs will very rapidly
recombine before the chemical interaction of TiO, with adsorbed
pollutant and it limits the photocatalytic efficiency of TiO,.
Graphene or graphene sheet have a 2D single atomic layer feature
of graphite and has an extensive two dimensional n-m conjugation
net. When combining TiO, with graphene, the graphene sheet plays
a role of an electron acceptor in the composite. The photoexcited
electrons at the TiO, graphene or graphene sheet heterointerface
can flow from TiO, to graphene or graphene sheet. Such
heterointerface can efficiently separate the photoexcited

J. Name., 2013, 00, 1-3 | 5
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Fig. 10(A) SEM and (B) TEM image of P25-Igraphene (C) XRD pattern
of P25 and P25-Igraphene (D) Photodegradation of MB under UV
irradiation over different catalysts

Table 1 Results of photodegration of MB under UV over various
catalysts

Catalyst Photodegradation efficiency (%)
Blank 3%
P25 12%
P25-Hgraphene 83%
P25-Igraphene 97%

electron-hole pairs, impede they recombination and significantly
improve the photocatalytic ability. In this case, the electronic state
at the heterointerface in the composite is very important for its
stability and photocatalytic function and relies on the energy band
structure of its component. The CB position of anatase and rutile is
about -4.21 eV and -4.01 eV with a band gap of about 3.2 eV and
3.0eV, respectively (using vacuum level as a reference)sz, the
calculated work function of intrinsic graphene is 4.42 eV.”® The
deficiency in graphene can convert graphene into a semiconductor,

6 | J. Name., 2012, 00, 1-3
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of which the band gap can be tuned by changing the defect
densities of the grapheme.>”** In the prepared P25-graphene sheet
composite, anatase-rutile junction in P25 (80 % anatase, 20 % rutile)
and anatase-graphene sheet, rutile-graphene sheet and anatase-
rutile-graphene sheet heterointerface may be formed by
hydrothermal treatment. Electrons tend to flow from the higher to
lower Fermi level through these heterointerface in the composite.
Graphene sheets prepared by us have lower defect density and
narrow band gap®® and possess the lower Fermi level and the
improved electrical mobility. Under UV irradiation, the
photoexcited electrons can easily been transferred into the
graphene sheets after the photoactivation of titanium dioxide in the
prepared P25-Igraphene, photoinduced holes migrate into titania
phase and the formed heterointerfaces strongly reduce
recombination of electrons and hole, which result in that the less
defective graphene sheet prepared by us exhibit larger
photocatalytic enhancement factors compared to graphene sheet
prepared by Hummers' method, especially for photo-degradation of
methylene blue.

4 Conclusion

In this work, the new method for the preparation of the single or
few-layer graphene sheet from expanded graphite in high yield was
reported by utilizing the anion oxidation and the cation
intercalation of the task-specific ionic liquid under the mild
conditions, which endows this preparation method with efficient
and eco-friendly functions. The prepared graphene sheets possess
the lower density of defect and their suspensions in aqueous
solution are stable and without sedimentation for several weeks.
The optical transmittance of the thin films comprising the prepared
graphene sheets reaches 91 %, which suggests that the prepared
graphene sheets have great potential in optoelectronic applications.
The investigation resulted from photo-degradation of methylene
blue testify that the less defective graphene sheet prepared by us
exhibit larger photocatalytic enhancement factor compared to
graphene sheet prepared by Hummers' method.
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Oxidation of peroxydisulfate anion and intercalation of imidazole cation facilitates
sufficient exfoliation of expanded graphite in the ionic liquids.



