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Graphene has attracted great interest due to its extensive applications in optoelectronic and electronic
circuits and devices. However, reduction of graphene oxide (GO) to graphene is a process in which
hydrophilic GO converts to hydrophobic graphene. Very little is known about the aggregation of
graphene and the cause of performance degradation by general chemical reduction methods as the
single reaction medium presents difficulty in satisfying the good dispersion of hydrophilic GO and
hydrophobic graphene simultaneously. In this paper, we report a mixed medium of alkylphenol
polyoxyethylene (7) ether (OP-7) and 2-methoxyethanol (EGM) for the preparation of graphene. The
strong polar nature of EGM provides a good dispersion environment for GO, while the - interaction
between the m-electrons in nonionic surfactant OP-7 aromatic ring structure and the m-electrons in
graphene make the hydrophobic graphene well dispersed and prevent aggregation. Moreover, the

reduction temperature is not high and the reduction time is short. The electrical conductivity of

2?2:3&%%?@232?5315018 graphene without high-temperature treatment reached 14 000 S m~%. We have found the potential
reduction mechanism of graphene and fundamentally solved the problem of aggregation. Our findings

DOI: 10.1039/c8ra07263a make it possible to process graphene materials using low-cost mixed medium processing techniques,
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Introduction

Graphene is a one-atom-thick planar sheet of sp>-hybridized
carbon atoms arranged hexagonally. Graphene has extraor-
dinary electrical, thermal, mechanical and other properties
due to its unique two-dimensional crystal structure,"” and it
has emerged as an attractive material in electronics, opto-
electronics and capacitors.>* Among its various properties,
the distinctive electronic properties of graphene has great
potential applications in high-electron-mobility transistors,®
supercapacitors®® and solar cells.”*® Up to now, several
fabrication routes for the production of graphene have been
established, such as mechanical exfoliation,**™* chemical
reduction of graphene oxide solution,”"” epitaxial
growth'®'® and chemical vapor deposition.>>*' The chemical
reduction method plays an important role in the prospect of
potential industrialization.
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providing a valuable reference for the large-scale preparation of graphene.

The chemical reduction method involves oxidizing graphite
to form GO, and then reducing GO. Preparation of GO is con-
ducted by methods such as Hummers method,” Brodie
method* and Staudenmaier method** and then, the reduction
of GO (RGO) is realized by using hydrazine,* hydrohalic acid*®
and sodium borohydride*” as reducing agents. Until now,
hydrazine hydrate, the most widely used reducing agent, was
used in aqueous medium as a reductant to reduce GO
(RGOy;0). Previous studies have reported that RGO shows
a distinct sharp peak between the 23.0° and 24.9° region of the
XRD spectrum,®~* indicating that they have an ordered layer
structure, and the electrical conductivity at room temperature is
generally between 200 and 7200 S m™*.25?*33¢ The value of
conductivity fluctuates greatly, but the reason for this has not
been studied in literature. In our opinion, ideal single-layer
graphene should not have a typical layered structure, so there
should be no sharp peak in the XRD spectrum. The edge of the
graphite sheet is preferentially oxidized during the graphite
oxidation stage, resulting in the oxidation degree of GO being
higher than that in the middle region.*”*®* Therefore, the edge
portion of GO will be preferentially reduced to hydrophobic
graphene structure, while the middle region will be reduced
slowly. Finally, the structure of RGO is hydrophobic in the
marginal area, while the intermediate area is hydrophilic and
due to the interaction forces between hydrophobic regions,
RGO tends to overlap and aggregate into a layered structure.

This journal is © The Royal Society of Chemistry 2018
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This shows that the reduction of GO to RGO is a process where
hydrophilic GO gets converted to hydrophobic RGO. Not only
polar but also non-polar single reaction medium presents
difficulties in satisfying the requirements of good dispersion for
RGO. Furthermore, preventing aggregation during the reduc-
tion phase is the key to preparing RGO with excellent
performance.

In this study, we designed a mixed medium that can
simultaneously satisfy the well-dispersed hydrophilic GO and
also prevent superimposed aggregation during the reduction
process: OP-7 and EGM were mixed and used as the reaction
medium and hydrazine hydrate was used as the reducing agent
to reduce GO (RGOop.7/gem)- The strong polar nature of EGM
provided a good dispersion environment for GO, while the -
interaction between the m-electrons in the OP-7 aromatic ring
structure and the m-electrons in the RGO enabled the effective
dispersion of hydrophobic graphene in the reaction medium
and prevented superimposed aggregation. The reduction routes
and aggregation prevention mechanism are shown in Fig. 1. As
a result, the XRD spectrum of the as-prepared RGOgp.7/cm
shows a broad diffraction peak between the 22.0° and 26.9°,
indicating that there is no typical layered structure. Further-
more, the reduction temperature is not high and the reduction
time is short. The electrical conductivity of graphene prepared
without high-temperature treatment was 14 000 S m ™.

Experimental section

Chemicals and materials

Natural crystalline flake graphite (NG) (99.85% purity, 325
mesh), sulfuric acid (H,SO,, 98%), phosphoric acid (H;PO,4, =
85%), hydrochloric acid (HCl, 36%), anhydrous ethanol
(=99.7%), 2-methoxyethanol (EGM =99%), hydrazine hydrate
(N,H,-H,0, 85%), hydrogen peroxide (H,O,, 30%), potassium
permanganate (KMnO,) and barium chloride (BaCl,) were
purchased from Sinopharm Chemical Reagent Co., Ltd. Alkyl-
phenol polyoxyethylene (7) ether (OP-7) was purchased from
Wen Hua Chemical Reagent Factory. Pure water with
a frequency of 50 Hz (KQ-50, Kunshan Ultrasonic Instruments
Co.) was used in all experiments.

Synthesis and dispersion of GO

GO was synthesized from natural crystalline flake graphite (NG)
by a modified Hummers method.”> NG (1 g) and potassium
permanganate (5 g) were added in a mixture of sulfuric acid
(98%, 81 mL) and phosphoric acid (=85 wt%, 9 mL), producing
a slight exothermic reaction, which increased the temperature
to 30-40 °C. The reaction was then heated to 50 °C without
subsequent aging and stirred for 12 h. The reaction was then
cooled to room temperature and hydrogen peroxide (30%, 2 mL)
was added. The next processes, namely, filtration through
qualitative filter paper (GEB Co.), washing of remaining solid
materials in succession with pure water (200 mL) and hydro-
chloric acid (10%, 200 mL), centrifugation (6000 rpm for 4 h) of
the filtrate by a centrifuge (TG-16-WS XiangYi centrifuge
Instruments Co.) and decantation of the supernatant, were
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performed. The as-synthesized GO was vacuum-dried overnight
at room temperature to yield the desired product.

Preparation of RGOgp.7/ecm Sheets

For the reduction process, dry GO (500 mg) was dispersed in
a ratio of 3 : 7 of OP-7/EGM (60 : 140 mL) to obtain a solution
with high uniformity and good dispersion. The solution was
sonicated in a bath-type sonicator (KQ-50, Kunshan Ultrasonic
Instruments Co.) for 3 h at a power level of 50 W. Hydrazine
hydrate (1 mL) was added, and the mixture was heated at 80 °C
for 3 h with constant stirring. The finished product was sepa-
rated by filtration, washed five times with anhydrous ethanol
(400 mL), and vacuum-dried overnight at room temperature to
obtain RGOgp.7/ggm powders. Then, 30 mg of the dried RGOgp.5,
eem powder, prepared according to the previous process, was
transferred into a tablet mold with an inner diameter of 10 mm
and then pressurized (15 MPa) by a hydraulic machine (MLN,
QJD2518003). RGOop.7/sgm Sheets can be obtained after holding
the pressure for 10 min, followed by demolding.

Preparation of RGOy, sheets

For the reduction process, dry GO (500 mg) was dispersed in
pure water and sonicated for 3 h at a power level of 50 W. Then,
N,H,;-H,0 (1 mL) was added and the mixture was heated at
80 °C for 3 h with constant stirring. The finished product was
separated by filtration and vacuum-dried overnight at room
temperature to obtain RGOy, powders. RGOy,o sheets can be
obtained after holding the pressure (15 MPa) for 10 min, fol-
lowed by demolding.

Characterization of GO, RGOgp.7/rgm and RGOy, sheets

Fourier transform infrared (FTIR) spectra were recorded on an
FTIR spectrometer (Thermo Scientific Nicolet 6700, U.S.) to
identify the functional groups. Raman spectra were collected via
a confocal microscopic Raman spectrometer (Renishaw InVia
Raman microscope, Britain) using a x50 objective lens at room
temperature, with a 530 nm laser beam and 1800 lines per mm
grating. The UV-vis absorption spectra were recorded by a UV-
vis spectrometer (Lambda 750 S, U.S.). Measurement of the
interlayer distance of the GOs and RGOs was conducted on XRD
(D8 Focus 3 KW, Bruker AXS, Germany) with Cu-Ka radiation (A
= 1.5406 108). Elemental composition analyses were performed
via X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi)
with a monochromatic Al-Ka. X-ray source at 100 W. The scan-
ned energy has pass energies of 140.00 eV, and the high-
resolution scans have a flux of 26.00 eV. The microstructure
and crystal structure were observed by field emission trans-
mission electron microscopy (FETEM, JEM-2100F, Japan) and
field emission scanning electron microscopy (FESEM, Zeiss
Ultra Plus, Germany). Furthermore, selected area electron
diffraction (SAED) was performed using FETEM. Sheet resis-
tance (Rs, Q sq ') of the RGO sheets was measured by a four-
point probe method (RTS-8, China), and the corresponding
volume conductivity (¢, S m™ ') can be converted using the
formula: ¢ = 1/(Rs x t), where ¢ indicates the thickness of the
RGO sheet.

RSC Adv., 2018, 8, 39140-39148 | 39141
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Fig.1 Reduction routes of GO in pure water (a) and in the mixed reaction medium (OP-7 and EGM) (b); the cause of aggregation in pure water (c)
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and the aggregation prevention mechanism in the mixed reaction medium (OP-7 and EGM) (d).
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Fig. 2 Fourier transform infrared spectra of GO, RGOy,0 and RGOpp_7/eam (@) and Raman spectra of GO, RGOy,0 and RGOop_7/egm (D).

Results and discussion

Pure water has been used by many groups as a reaction medium
to reduce the GO. However, several chemical reduction reac-
tions in pure water cannot bring about effective excellent
performance of the resultant GO. The underlying correlation
with reaction medium has not been clearly observed. For this
purpose, we compared graphene obtained by reduction in pure
water and that in OP-7/EGM mixed medium. Fig. 2a shows the
Fourier transform infrared spectra, confirming the different
functional groups between GO, RGOy, and RGOgp.7/ggm- The
spectrum of GO shows too many peaks: wide and strong O-H
stretching vibrations (3410 ecm™ "), C=0 stretching vibrations
(1724 em™), C=C from sp®> bonds (1628 cm™'), C-OH
stretching vibrations (1220 cm™"), C-O-C stretching vibrations
(1050 cm ') in epoxy, and epoxy stretching vibrations
(853 ecm™"). The C=0, C-OH and epoxy stretching vibrations
evidently disappeared, indicating that the GO has been
reduced. On comparing the spectrum of RGOpp.7/kgm With that
of RGOg,0, we see that O-H and C-O-C stretching vibrations
were hardly visible. This indicated that most of the oxygen
groups on GO have been removed. This result shows that the
edge and center of GO reduced completely under OP-7/EGM
mixed reaction medium.

The information of the defects was reflected in the ratio of
the intensities of D and G bands (D : G) in the micro-Raman
spectra, as shown in Fig. 2b. The G band reflects the
symmetry and crystallinity of the material, while the D band is
often called the defect band. It can be seen that the intensity
ratio (Ip/Ig) of D band and G band of GO is lower than the Ip/I
of RGOyy,0 and RGOgp.7/ggm- This is due to the presence of

Table 1 Raman spectroscopy of G, GO, RGOy,0 and RGOop-7/e6m

Raman

D band (cm™ %) G band (cm ™) In/Ig (%)

Graphite — — —

GO 1357 1597 0.97
RGOy120 1332 1587 1.37
RGOop.7/EGM 1354 1591 1.01

This journal is © The Royal Society of Chemistry 2018

unpaired defects that remained after the removal of a large
number of oxygen-containing functional groups.** Moreover,
the Ip/Ig of RGOy,0 increased more significantly than RGOgp.7,
eem, indicating that RGOgp.yrem has fewer defects after
reduction in the mixed reaction medium. This finding shows
that OP-7 plays a crucial barrier role in preventing aggregation,
which is consistent with previous infrared spectra results. Table
1 lists the physical values of the Raman spectra.

The restoration of C=C bonds during reduction was char-
acterized by UV-vis spectrometry. As shown in Fig. 3, GO has
a strong absorption peak at 235 nm and a distinct shoulder at
300 nm. The absorption peak of GO at around 235 nm gradually
red-shifted towards 268 nm after reduction of GO. Furthermore,
the absorbance in the whole spectral region increased, indi-
cating that the C=C bonds have been restored. The absorption
peak shifted to 275 nm, and the absorption was saturated after
reducing in mixed medium, indicating that the reduction had
been completed.

The powder XRD patterns of graphite (G) and GO were
compared with those of the as-prepared RGOs, as shown in
Fig. 4a. RGOgp.; and RGOy were prepared by reducing GO in
pure OP-7 and the pure solution of EGM, respectively; the
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Fig. 3 UV-vis absorption spectra of GO, RGOy,0 and RGOeop_7/eam-
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preparation routes of RGOgp, and RGOggy are shown in
Fig. S1.1 The peak position for G was 26 = 26.60° (d-spacing ~
3.35 A). After the oxidation reaction, GO exhibited a large
interlayer distance (d-spacing = ~8.66 A, 26 = 10.20°) because
of the information of hydroxyl, carboxyl and epoxy groups.
There was a significant decrease in the average interlayer
distance of RGOs after reduction reaction, as described in
Fig. 4b. Furthermore, Fig. 4a shows that RGOy, has a distinct
sharp peak, and its interlayer distance decreases to 3.54 A (26 =
24.92°), indicating that the RGOy, has an ordered layer
structure because of aggregation during the reduction phase.
Although OP-7 can effectively prevent the aggregation of gra-
phene, GO tends to agglomerate in a high concentration of OP-
7, resulting in a low reduction degree of GO. The XRD spectrum
of RGOgp.; also displays an evident peak at 26 = 24.80° (d-
spacing = ~3.59 A), which is similar to the peak position of
RGOy;0, indicating that RGOgp.; still has a certain layer struc-
ture. In addition, the XRD spectrum of RGOggy has no visible
sharp peak, but an inconspicuous broad peak. The interlayer
distance of RGOggy was 3.94 A (26 = 22.55°), which was higher
than that of RGOgp.; because the solution of EGM can effec-
tively disperse GO. However, the layered structure still exists in
RGOggym because the dispersion of graphene in EGM was not so
ideal. If we only simply satisfy the good dispersion of GO or
prevent graphene aggregation, it will be difficult to prepare
graphene with good properties. Based on a comparison with
interlayer spacing of graphene previously prepared by chemical
reduction methods, we found that the spacing of the graphene
layers was between 3.57 A and 3.90 A, while they all had
a distinct sharp diffraction peak.”**** On the contrary,
a dispersing and broad diffraction peak between 22.0° and 26.9°
can be observed in the XRD pattern of RGOgp.7/ggm- This shows
that RGOop.7/egm has no typical layered structure because of the
barrier effect of OP-7 and the good dispersion action of EGM. As
shown in Fig. S2,T we calculated that the distance between the
donor hydrogen and the acceptor oxygen atoms bonded to
different functional groups of two graphene sheets was between
3.63 A and 4.05 A. This calculated result was consistent with the
layer spacing of graphene prepared by the previous chemical
methods and indicated that the individual graphene layers fit
with each other via hydrogen bonds mediated by oxygen-
containing functional groups. The average interlayer distance

39144 | RSC Adv., 2018, 8, 39140-39148

of RGOpp.7gem Was 4.21 A, corresponding to the red dot in
Fig. 4b, which was higher than 4.05 A owing to the prevention of
the formation of hydrogen bonds by OP-7. In general, the
barrier effect of OP-7 and the dispersion effect of EGM are
indispensable in the preparation of graphene.

The C/O ratio and information about various functional
groups of GO, RGOy,0 and RGOpp.7/rgm Were investigated by X-
ray photoemission spectroscopy (XPS). In Fig. 5a, the O 1s peak
and C 1s peak positions are observed at 284.8 eV and 533.0 eV,
respectively. Through the comparison of GO and RGOyy,0, We
found that the intensity of the O 1s peak of RGOy,0 visibly
decreased in the broad region. This implied that the C/O ratio of
RGO increased significantly after reduction due to the removal
of oxygen-containing groups. In addition, the intensity of the O
1s peak of RGOopp.7/egm Was slightly lower than that of RGO,
suggesting that RGOep.;/ggm Was reduced more completely.
Fig. 5b shows the C 1s spectrum of GO, which reveals that it
consists of two main components arising from the C=C/C-C
(284.6 eV) and C=O (carbonyl, ~288.3 eV) groups and two
minor components from the C-O (hydroxyl and epoxy, ~286.5
eV) and O-C=0 (carboxyl, ~290.3 eV) groups.*® After reduction
by the traditional chemical method, the C 1s XPS spectrum of
RGO,0 also displayed these peaks, but their intensities were
much lower than those of GO (Fig. 5¢), indicating that most of
the oxygen functional groups were removed. Most of the C=0
bonds (carbonyl groups, ~286.9 eV) were converted into C-O
bonds (hydroxyl groups, ~286.1 eV), and a number of carboxyl
groups were removed. By using mixed reaction medium of OP-7
and EGM, all of the carbonyl groups of RGOop.7/rGm Were almost
completely removed, and the C-O bonds were reduced, as
shown in Fig. 5d. Compared with RGOyy,0, the reduction degree
of RGOgpp.7/kGm is higher. Areas of the contributing peaks are
listed in Table 2. The atomic ratio of C/O increased from 1.70 for
GO t0 9.04 for RGOpp.7/5em, Which was higher than the value for
the RGOy,o obtained by reduction in pure water. The C-C
groups of RGOgp.yegm compared with RGOg,o increased
substantially, while the C-O and C=O groups decreased
significantly and the O-C=O0 groups disappeared completely.
These results show that RGOgp.7/egm Was reduced much better
than RGOyy,0, which is consistent with the XRD spectra due to
the barrier effect of surfactant OP-7 and the great dispersion
action of EGM.

This journal is © The Royal Society of Chemistry 2018
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As shown in Fig. 6a, a field emission scanning electron
microscopy (FESEM) image of the surface of the RGOj,o
power sample exhibited many stacks due to aggregation. On
the contrary, a clearly single-layer structure of the RGOop.7/eGm
sheet is observed in Fig. 6b. Fig. 6¢ shows the field emission
transmission electron microscopy (FETEM) image of the
RGOy,o sheets; we can find that the RGOy,o sheets over-
lapped and aggregated into a multilayer structure. Fig. 6d and
e show the TEM images of the RGOcp.7ecm Pplatelets at
different magnifications, respectively. Although a few folds
appear on the RGOgp.yrgm sheets, most of the graphene
sheets were single-layer or few-layer owing to the comple-
mentary role of OP-7 and EGM. As can be seen in Fig. 6f, the
selected area electron diffraction (SAED) pattern distinctly
indicates the graphitic crystalline structure. The first ring
came from the (1100) plane, and the bright spots consistent
with the (1100) reflections retained the hexagonal symmetry of
the [0001] diffraction pattern. Furthermore, we found that the
relative strength of the inner and outer spot rings was close,

corresponding to the structure of single-layer graphene or few
layer graphene.

Table 3 summarizes the electrical conductivity of RGOyy,0,
RGOpp.7, RGOggm and RGOgp.7egm Sheets dried at room
temperature. The conductivity of RGOy, was only 1050 Sm ™"
because hydrophobic graphene sheets were easily aggregating
in an aqueous environment. The conductivity of RGOgp.; was
1400 S m ™', which was similar to that of RGOy.0, because GO
tended to aggregate in a high concentration of OP-7, resulting
in a low reduction degree of GO. Although the conductivity of
RGOggy increased to 3770 S m ™', the poor dispersion of gra-
phene in EGM led to non-ideal conductivity. With the use of
the mixed reaction medium of OP-7 and EGM, the conductivity
of RGOgp.7/zgm Was 14 000 S m™', showing an over tenfold
increase with respect to the RGOy, value due to the interac-
tions between the barrier effect of OP-7 and the good disper-
sion action of EGM. This result is consistent with the previous
test results.

Table 2 The C 1s peak position and the relative atomic percentage of various functional groups in GO, RGOp,0 and RGOop-7/eGm

Fitting of the C 1s peak binding energy [eV] (relative atomic percentage [%]) XPS

Cc-C C-0/C-0-C C=0 O0-C=0 C: O ratio
GO 284.78 (31.55) 286.01 (1.48) 286.91 (55.33) 288.78 (11.64) 1.70
RGOjp50 284.77 (67.98) 286.08 (21.74) 287.88 (6.30) 289.38 (3.98) 6.25
RGOop.7/56M 284.79 (89.33) 285.90 (8.62) 286.88 (2.05) — 9.04

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 SEM images of RGOy,o (a) and RGOop_7/eam (b), TEM image of RGOyo (c), TEM images of RGOgop_7/egm (d) and (e) at different

maghnifications, SAED pattern of RGOgp_7/eam platelet (f).

Table 3 Electrical conductivities of RGOpo0, RGOop.7, RGOggm and
RGOOP—7/EGM sheets

Reduced graphene Conductivity
oxide Drying temperature (Sm™
RGOy;0 Room temperature 1050
RGOgp.7 Room temperature 1400
RGOggm Room temperature 3770
RGOop.7/EGM Room temperature 14 000

Table 4 summarizes the electrical conductivity of the
RGOop.7/5gm power pellets and graphene power pellets or free-
standing paper samples under different reduction conditions.
In contrast to the electrical conductivity reported previously
for modified graphene reduced by different chemical
methods, our RGOgp.7/egm power pellet had a high electrical
conductivity (14 000 S m "), which was almost 70 times that of
graphene reduced by hydrazine (200 S m™"), and achieved

39146 | RSC Adv., 2018, 8, 39140-39148

a higher value without treatment at high-temperatures. The
conductivity of RGOy acon reduced by hydroiodic acid (HI) in
acetic acid (AcOH) solvent is higher than that of RGOop.7/EGMm;
the final conductivity of graphene may be different due to the
differences in the reduction system. Our method of reduction
in the mixed medium of OP-7 and EGM is a simple separation
process, involves mild reaction conditions and short reduction
time, and exhibits great reproducibility. The high electrical
conductivity of RGOop.7/ggm Was attributed to the avoidance of
aggregation because of the barrier effect of surfactant OP-7
and the good dispersion action of the organic solvent EGM.
The electrical conductivity of RGOgp.7/gem With 220 °C treat-
ment reached 15 800 S m ™', which was higher than that of the
RGOop.7/56m sheet (14 000 S m™") obtained via room temper-
ature treatment. We consider that the increase in electrical
conductivity could be attributed to the escape and volatiliza-
tion of some organic matter or adsorbate on the surface of
RGOop.7/EGM-

This journal is © The Royal Society of Chemistry 2018
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Table 4 Electrical conductivities of the RGO power pellet and free-standing paper samples of modified graphene
Reduction Reduction Conductivity

Reduced graphene oxide temperature (°C) time (h) Drying temperature (°C) (Sm™
RGOop-7/E6M 80 3 Room temperature 14 000

220 15 800
Reduced graphene oxide by 80 24 60 200
hydrazine®
RGOyacomn’’ 40 40 Room temperature 30 400
hKMG** 35 6 Room temperature 690
RGH* 90 48 —37 °C freeze-dried 1351
HRG®® 80 12 Room temperature 1700

150 16 000
CcCcG*'?? 95 1 Room temperature 7200

220 11 800
CCG2 (ref. 25) 120 12 Room temperature 1600

Conclusions

In summary, we have analyzed the aggregation of graphene
during the chemical reduction method and reported the
method to prevent the aggregation of graphene. In addition, the
potential reduction mechanism and the root cause for the
aggregation of graphene have been addressed. RGOop.7/egm Was
reduced from GO with hydrazine hydrate in a mixed medium of
OP-7 and EGM. EGM provided a good dispersion environment
for GO, and OP-7 could effectively prevent superimposed
aggregation. Furthermore, the XRD spectrum of RGOgp.7/com
shows a dispersing diffraction peak, indicating that there was
no typical layer structure. The RGOgp.7/zgm Sheet obtained via
room temperature treatment had an electrical conductivity

value as high as 14 000 S m™".
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