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A facile hydrothermal strategy to synthesize borate cross-linked reduced graphene oxide (B-RGO) sheets
with good optical and electrical properties is proposed by using graphene oxide (GO) sheets, boric acid
and sodium hydroxide as precursors in one pot without any polymer or surfactant. The resulting B-RGO
sheets can be assembled into highly conductive B-RGO paper by a simple filtration. Moreover, the atomic
percentage of boron (B) in the B-RGO sheet can be readily controlled, as it reaches to the maximum of
3.33 At%, about 30.0 mA current passes through the resulting single-layer B-RGO sheet and B-RGO
paper at an applied bias of 2.0 V. The value of current is much higher than that of the annealed GO paper
(~ 1.2 mA), and very close to that of the single-layer graphene sheet (~ 60.0 mA) synthesized by chemical
vapor deposition method under the same test conditions. The resulting highly conductive B-RGO sheet
and B-RGO paper will provide a promising transparent conductive material for electronic or

optoelectronic applications.

Introduction

As a two-dimensional (2D) monolayer form of sp? and sp
hybridized carbon atoms linked covalently with oxygen-
containing groups,® > GO sheet has now become a more
promising basic building block to fabricate multi-functional
graphene-based derivates because of its low cost, easy
preparation, scalable production, high processability, and
dispersibility in water and polar organic solvents,® besides it
traditionally served as a precursor for graphene. Abundant
oxygen-containing functional groups in the basal plane and at the
edges of GO sheet permit many active interactions between GO
sheet and various organic/inorganic materials in non-covalent,
covalent andfor ionic manners * ® to create graphene-based
derivates with unusual properties.® Based on these interactions,
GO sheets have been assembled into different macroscopic 2D
thin films,® membranes,** and other networks'? for the desired
applications as transparent electrodes, chemical filters, electronic
papers,* ** ¥ and molecular storage. For example, Dikin et al.
prepared GO paper with good flexibility and stiffness by flow-
directed assembly of individual GO sheets dispersed in water.*
Chen et al. synthesized free-standing GO membranes with
excellent mechanical and optical performances at the liquid/air
interface.’* However, these large-area 2D GO-based materials
have the deficient electrical conductivity for wide applications.
Although chemical vapour deposition (CVD) method provides a
promising way to synthesize large-area high-quality single-layer
or few-layer graphene film®® with excellent conductivity, the high
45 cost of graphene film synthesized by a CVD method hinders its
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further application. Fortunately, great endeavor has been paid on
2D GO-based materials to improve their electrical conductivity.”
1213 For example, Chen et al.*®* synthesized the conductive
graphene paper by controlling reduction of GO dispersions with
hydrazine. Cheng and his collaborators®® used hydrohalic acid as
a reducing agent to reduce GO films into highly conductive
graphene films based on the nucleophilic substitution reaction.
However, the usage of toxic reagents also limits the development
and application of GO-based materials. The conductivity of GO
film/paper can be rendered by hydrogen reduction or simple
thermal annealing under high temperature but the structure and
mechanical properties of GO film/paper are generally deteriorated
after these treatments. Recent reported chemical modification'*
1719 provided an effective method to tailor the intrinsic properties
of GO-based materials by boron or nitrogen doping and
molecular cross-linking.2°?2 Sheng et al.? reported a catalyst-free
approach to synthesize boron-doped graphene by thermal
annealing graphite oxide in the presence of B,0O5 at 1200 °C for 4
h and found its excellent electrocatalytic activity towards an
oxygen reduction reaction. Though various methods®® ** have
been employed to prepare boron-doped/modified GO sheets, the
required higher temperature, special apparatus and rigorous
conditions limited their scale-up production. Furthermore, the
electrical conductivity of most reported chemically-modified GO-
based materials are still too low to enable them for practical
applications. Therefore, a facile fabrication of highly conductive
single-layer/few-layer GO-based film or large-area GO-based
paper would still be of both scientific and technological
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importance for practical applications. A simple and convenient
borate cross-linking strategy to improve dramatically the
electrical properties of GO sheet and large-area GO paper still
lacks, and it is strongly desired.

In this paper, a facile borate cross-linking strategy was
proposed to synthesize B-RGO sheets by using GO sheets, boric
acid (HsBOs3;) and sodium hydroxide (NaOH) as precursors
through a mild hydrothermal reaction process in one pot. Then,
the resulting B-RGO sheets dispersed in water were assembled
into B-RGO paper by a simple filtration. During the hydrothermal
reaction process, the introduced borate ions acted as a cross-
linking agent to patch up the hole defects in the basal plane of
GO sheet, and NaOH caused GO sheet to undergo quick
deoxygenation in alkali solution at moderate temperature. The
synergistic effects of the cross-linking agent and the
deoxygenation agent further result in the dramatical improvement
for the electrical properties of the resulting B-RGO sheets and B-
RGO paper.

Experimental Section

Preparation of the Samples

The B-RGO sheets were synthesized by using GO sheets, H3BO;
and NaOH as precursors through a hydrothermal reaction process
at 90 °C in one pot. Subsequently, the resulting B-RGO sheets
dispersed in water were assembled into B-RGO paper through
afilter. Firstly, without any polymer or surfactant, a
homogeneous GO aqueous solution (3 mg/mL) was obtained by
controlling ultrasonication-assisted exfoliation of graphite oxides,
which were synthesized from graphite powders based on a
modified Hummers’ method.”® Then, a given amount of H3BO,
was introduced into the GO aqueous solution under magnetic
stirring at 25 °C for 10 min, and an appropriate amount of NaOH
aqueous solution (4 M) was also added into the aforementioned
mixture to adjust the pH value to 12, subsequently heated to
90 °C and maintained at this temperature for 3 h to obtain a
dispersion containing B-RGO sheets. Thirdly, the dispersion
containing B-RGO sheets was naturally cooled to room
temperature, purified by filtration, washed with deionized water
several times, and re-dispersed in deionized water by
ultrasonication. Finally, the B-RGO paper was fabricated by
filtration of a given amount of B-RGO aqueous solution (2
mg/mL) through an Anodisc membrane filter (80 mm in diameter,
0.2 um pore size, Whatman), followed by air drying, and peeled
from the filter. The atomic percentage of B (0-3.33 At%) in the
resulting B-RGO sheets was readily controlled by adjusting the
initial amount of H3BO; in the parent mixture solution. The
thickness of each B-RGO paper sample was controlled by
adjusting the volume of the B-RGO aqueous solution. For
comparison, the GO paper was prepared by using a similar
procedure. The annealed GO paper was obtained by transferring
the GO paper into a Teflon-lined stainless steel autoclave (100
mL), heated to 200 °C and maintained at this temperature for 10 h.
The RGO paper was also synthesized under the same condition as
that of B-RGO paper without adding H3BOs;. A single-layer
graphene sheet was synthesized by a CVD method.?
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Characterization

The morphologies and structures of the samples were
characterized by a scanning electron microscope (SEM, Hitachi
S-4800) equipped with energy dispersive X-ray spectroscopy
(EDX), a transmission electron microscope (TEM, JEM-2100),
and a X-ray diffractometer (XRD, Bruker D8 Discover) with Cu
Ka radiation (1.5406 A). Raman spectrum with an excitation laser
of 5145 nm (LabRAM HR800), X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi) and Fourier transform
infrared spectrum (FTIR, Nicolet5700) were also used to analyze
the components and the formation process of the samples.
Optical and Electrical Experiments

For optical tests, the B-RGO sheets (B atomic percentage is 3.33
At%) dispersed in deionized water were spin-coated onto the
glass substrates (2 cm X2 cm) to form B-RGO films. A series of
B-RGO films with thicknesses of about 10 nm, 15 nm, and 20 nm
were assembled, respectively. The thicknesses of B-RGO films
were measured by observing the cross-sections in a SEM. The
absorption and transmittance spectra of the B-RGO films with
different thicknesses were measured on a spectrophotometer
(UV-2600).

To facilitate and test the electrical performance of the samples,
GO paper, annealed GO paper, RGO paper, B-RGO sheets, B-
RGO paper and a single-layer graphene of CVD were firstly
floated on the surface of deionized water, then transferred onto
the interdigitated Au electrodes (about 30 um intervals on rigid
ceramic substrate), and dried in a vacuum oven at 60 °C for 4 h,
respectively. The electrical conductivities of the samples
transferred onto the interdigitated Au electrodes were measured
by a semiconductor parameter analyzer (KEITHLEY 4200-SCS)
with a two electrode system.

Results and Discussion

TEM and SEM Characterizations

A homogeneous GO aqueous solution is readily prepared by
controlling ultrasonication-assisted exfoliation of graphite oxides
in deionized water without any polymer or surfactant. Figure 1
shows the detailed nanoscale morphologies of GO sheets before
and after borate cross-linking by a TEM. The TEM images of the
parent GO sheets offer an immediate evidence of the peeled-off
GO sheets through the Hummers’ process and the ultrasonic
exfoliation process. These as-prepared GO sheets are mostly a
monolayer or few-layers, individually well-dispersed in deionized
water, because of the electrostatic repulsion of the surface
charge.?” Figure 1a demonstrates GO sheets with some distinct
folds and wrinkling, because abundant functional groups of GO
sheet disrupt the original conjugation and result in folds and
distortions on the surface of GO sheet.?® Compared with the GO
sheets with few-layers in Figure 1a, Figure 1b reveals that B-
RGO sheets with few-layers have much more ‘waviness’,
presumably due to the induced contraction of borate cross-linking
in the basal plane of B-RGO sheet, which look like many repair
traces on the surface of B-RGO sheet. Figure 1d more clearly
shows some repair traces on a wavy B-RGO sheet with a
monolayer, which is very different from a monolayered GO sheet

uo in Figure 1c. The corresponding selected area electron diffraction

(SAED) pattern obtained in TEM shows the signature of a few-
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layered sheet (Figure 1e), and the other SAED pattern shown in
Figure 1f confirms the hexagonal pattern of a monolayered sheet.

s Fig. 1 (3, b) TEM images of few-layered GO sheets before and
after borate cross-linking, (c, d) TEM images of a monolayered
GO sheet before and after borate cross-linking, and (e, f) The
SAED patterns of a few-layered sheet and a monolayered sheet.

1 Figure 2a shows an optical photograph of the self-supporting
brown-black thin B-RGO paper, which is readily removable from
the membrane for characterization. A high-magnification SEM
image (Figure 2b) of the surface of B-RGO paper clearly shows
the ‘patch-like” “waviness’ structure throughout the entire surface

15 of B-RGO paper. The fractured edges of B-RGO paper exhibit a
layered structure through the entire cross-section (Figure 2¢ and
2d), similar to those of graphene and GO papers recently reported
in the literature.* 13

------

20 Fig. 2 (a) Optical photograph of B-RGO paper, (b) SEM image of the B-
RGO paper surface, and (c, d) SEM images of the cross-section of B-
RGO paper with different magnifications.

Formation Mechanism Analysis

s To further probe the formation mechanism of the ‘patch-like’
structure of B-RGO sheet, some important features of the
chemical structure of GO sheet shall be briefly described below.

Oxygen-containing functional groups and other hole defects are

inevitably formed in GO sheet because of the harsh oxidization in
0 the Hummers’ process.?® The atomic structure of GO sheet is a

disrupted planar m-network structure,> 5 which exhibits phenol

hydroxy and epoxide groups in the basal plane, and carboxylic

groups at the lateral edges of GO sheet. Abundant oxygen-

containing functional groups create chemically reactive sites to
s allow the interactions between GO sheet and various
organic/inorganic materials in non-covalent, covalent and/or ionic
manners.*

During the hydrothermal reaction process of 90 °C in one pot,
H;BO; was transformed into borate ions in an alkali NaOH
aqueous solution. It is assumed that the borate ions play a key
role in the formation of B-RGO sheet based on the morphological
evolution from GO sheet to B-RGO sheet. In other words, the
borate ions can patch up the hole defects in the basal plane of GO
sheet by cross-linking during the hydrothermal reaction.?>* The
45 formation of covalent bonds between the borate ions and the

hydroxyl groups of GO sheet is similar to the borate cross-links

in plants, which occur through hydroxymethyl moieties on
structural elements in their cell walls.*

To confirm the incorporation of the borate ions into the B-
s0 RGO sheet, the elemental analyses of the sample (Figure 3a) via
EDX was used to disclose the presence of carbon (C), oxygen (O)
and boron (B). When the amount of H3BO; in the parent reaction
solution was largely excessive, the atomic percentage of B in the
B-RGO sheets could reach to a maximum of 3.33 At%,
accompanied with C of 65.60 At% and O of 31.07 At%, as shown
in Figure 3b. The C atoms originate from the framework of GO
sheet, the O atoms come from oxygen-containing functional
groups of GO sheet, and the B atoms only originate from the
borate ions cross-linked in the B-RGO sheets.” ** The elemental
e mappings (Figure 3c-e) of the selected region reveal the

distribution of the C, O and B atoms in the B-RGO paper,

particularly the uniform distribution of B atoms.
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Element Wt% At %
CK 59.65 65.60
OK 37.63 31.07
BK 273 3.33

6 7

(e H

65 Fig. 3 (@) SEM image of B-RGO paper, (b) Elemental analysis aided by
EDX, and (c-e) Elemental mapping of the selected region of B-RGO
paper.

The compositional analysis by the XPS survey spectra reveals

70 that GO sheets initially exhibited a considerably high oxygen
signal. It is worth to note that the Ols peak shows an apparent
decrease after borate cross-linking (Figure 4a), and a weak XPS

This journal is © The Royal Society of Chemistry [year]
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signal from the B1s peak appears. The B1s peak would present an
obvious change with different B atomic percentage in the B-RGO
sheets. The high resolution B1s peak in the B-RGO sheets mainly
contains two components centered at 191.6 eV and 192.1 eV

s Z(Figure 4b), both of them have a higher binding energy
compared with 187 eV for pure boron. The binding energy
peaked at 191.6 eV corresponds to the boron atoms bonding to
carbon and oxygen atoms (BC,0), and the other peak at 192.1 eV
corresponds to the boron atoms surrounded by carbon and oxygen

1 atoms (BCO,).% The high resolution C1s spectrum of the original
GO sheet (Figure 4c) reveals the presence of C=C/C—C (~ 284.7
eV), C-O (hydroxyl and epoxy, ~ 285.8 eV), C=0 (carbonyl, ~
286.7 eV), and 0—C=0 (carboxyl, ~ 288.4 eV) groups.’® The C1s
XPS spectrum of B-RGO sheet (Figure 4d) also shows an

1s apparent decrease of oxygen-containing functional groups
compared with that of GO sheet in Figure 4c, suggesting that the
borate ions can react with GO sheet. Therefore, the XPS analyses
support our aforementioned hypothesis.
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Fig. 4 (a) XPS survey spectra of GO sheet and B-RGO sheet, (b) High-
resolution XPS spectra of the Bls region for B-RGO sheet, (c, d) High-
resolution XPS spectra of the C1s region for GO sheet and B-RGO sheet.

25
The XRD patterns of the pristine GO sheets and the resulting
B-RGO sheets are shown in Figure 5a. For the pristine GO sheets,
a strong diffraction peak appears at 20 = 10.10°, which
corresponds to an interlayer spacing of ~ 8.75 A. For the B-RGO
a0 sheets, the XRD patterns exhibit an intense peak at 26 = 10.40°
corresponding to the interlayer spacing of ~ 8.50 A.%® It is noted
that a relatively weak peak appears at 26 = 26.20° corresponding
to the interlayer spacing of ~ 3.40 A for the partial restoration of
sp? carbon,®® which is very close to the d-spacing of the (002)
s crystal plane of graphite (3.35 A). The XRD results indicate the
efficient structural restoration of the graphitic framework during
the hydrothermal reaction process.
Raman and FTIR analyses are also performed on the pristine
GO sheets and the resulting B-RGO sheets. Both a D peak (~
21350 cm™) and a G peak (~ 1595 cm™) are presented in the
Raman spectra of GO sheets and B-RGO sheets in Figure 5b. The
intensity ratio of the D band (~ 1350 cm™) to the G band (~1595
cm™) (Ip/lg) decreases from 1.03 for GO sheets to 0.93 for B-

RGO sheets, suggesting a part restoration of the graphitic
s framework.®® The FTIR spectra of the pristine GO sheets (Figure
5c) have proved the presence of different functional groups, such
as O-H stretching vibration around 3340 cm™, C-H stretching
vibration around 2971 cm™ and 1385 cm™, C=0 stretching mode
at 1740 cm*, C=C stretching vibration around 1645 cm™, C-OH
so stretching vibration at 1250 cm™, and C-O stretching mode at
1050 cm™. In addition, the relative intensities of O-H, C=0, C-H,
C-OH, and C-O decrease dramatically from the pristine GO
sheets to the resulting B-RGO sheets, also implying that the
degree of sp? domains in the B-RGO sheets appears an apparent
s increase.

Based on the EDX, XPS, XRD, Raman and FTIR analyses
mentioned above, it is reasoned that the borate ions can act as
cross-linking agent to patch up the GO sheets in the basal plane
through cross-linking interactions. On the other hand, the GO

60 Sheets can undergo quick deoxygenation in NaOH aqueous
solution at moderate temperature in the hydrothermal reaction
process, similar to recent reports in the literature. %
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Fig. 5 (a) XRD patterns of GO sheet and B-RGO sheet, (b) Raman
spectra of GO sheet and B-RGO sheet, and (c) FTIR spectra of GO sheet
and B-RGO sheet.

70 Optical and Electrical Property
A series of optical photographs of the B-RGO films with different
thicknesses (~ 10 nm, 15 nm, and 20 nm) are shown in the inset
of Figure 6a. “SEU” (the abbreviation of Southeast University)
under the B-RGO films is seen clearly, suggesting a transparent

75 feature of these films. Figure 6a shows the absorption spectra of
the B-RGO films in the range of 200~900 nm. The transmittance
spectra in Figure 6b show a good transmittance of the B-RGO
films with different thicknesses in the visible region, and their
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This journal is © The Royal Society of Chemistry [year]

Page 4 of 7



Page 5 of 7

New Journal of Chemistry

values are very close to those of the graphene films.® 3% Figure
6¢ displays a B-RGO sheet transferred onto the interdigitated Au
electrodes with about 30 pm intervals. The Raman spectrum
(inset of Figure 6¢) shows that the 2D peak and G peak are very

s sharp Lorentzian lineshape with the intensity ratio of the 2D band
to the G band (I,p/lg) =~ 2, while the defect related D peak is
very weak. This indicates that the B-RGO sheet transferred onto
the Au electrodes is almost a monolayer, consistent with the
observations of the SEM image in Figure 6¢ and the TEM image

10 in Figure 1d. Its current-voltage (I-V) curve in Figure 6d exhibits
a very high current reaching ~ 30.0 mA at an applied bias of 2.0
V, indicating its excellent electrical property.
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Fig. 6 (a) Absorption spectra of the B-RGO films, the insets are a series
of optical photographs of the B-RGO films with different thicknesses
(~10 nm, 15 nm, and 20 nm). (b) Optical transmittance curves of the B-
RGO films, (c) SEM image of the B-RGO sheet transferred onto the

20 interdigitated Au electrodes with about 30um intervals, the inset is the
Raman spectrum of a single-layer B-RGO sheet, and (d) I-V curve of a
single-layer B-RGO sheet.

The resulting B-RGO paper also showed high conductivity,
25 which was confirmed by two terminal 1-V measurements (Figure
7). For comparison, the electrical conductivities of a GO paper,
an annealed GO paper at 200 °C and a single-layer CVD-grown
graphene sheet were also measured. The I-V curve of the GO
paper exhibits a very low current of about 2.5 pA at a high
3 applied bias of 5.0 V (Figure 7a), indicating that the GO paper is
almost electrically insulating. The electrical conductivity of the
B-RGO paper enhances with the increasing atomic percentage of
B (0-3.33 At%), as shown in Figure 7b. As the atomic percentage
of B reaches to the maximum of 3.33 At%, about 30.0 mA
3 current passes through the resulting B-RGO paper at an applied
bias of 2.0 V. Its value of current is much higher than that of the
annealed GO paper (~ 1.2 mA), and very close to that of the
CVD-made single-layer graphene (~ 60.0 mA) at the same
applied bias (Figure 7c-d). The difference between the
40 conductivity of the GO sheet and the graphene sheet is mainly
ascribed to the breakthrough of conductive sp? network in the
graphene sheet by replacement of some sp® carbon sites.*® **
Based on the EDX, XPS, XRD, Raman and FTIR analyses
mentioned above, it is reasoned that the borate ions can act as a

45 cross-linking agent to patch up the B-RGO sheet in the basal
plane, and NaOH can cause the B-RGO sheet to undergo quick
deoxygenation in alkali solution to restore a part of the graphitic
framework in the hydrothermal reaction process. The synergistic
effects of the borate ions and NaOH enhance dramatically the

so electrical conductivities of the resulting B-RGO sheets and the B-
RGO paper.3* 4
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55 Fig. 7 1-V curves of (a) GO paper, (b) B-RGO papers with different B
atomic percentage, (c) an annealed GO paper, and (d) a single-layer
graphene of CVD.

Conclusion

In this work, we demonstrated the facile synthesis of borate
60 cross-linked reduced graphene oxide sheets by using graphene
oxide sheets, boric acid and sodium hydroxide as precursors
through a mild hydrothermal reaction process at 90 °C in one pot
without any polymer or surfactant. The resulting borate cross-
linked reduced graphene oxide sheets with good optical and
es electrical properties were assembled into highly conductive
graphene-based paper by a simple filtration. Moreover, as the
atomic percentage of B reaches to the maximum of 3.33 At%,
about 30.0 mA current passes through the resulting single-layer
borate cross-linked reduced graphene oxide sheet and the
70 resulting paper at an applied bias of 2.0 V. The value of current is
much higher than that of the annealed graphene oxide paper (~
1.2 mA), and very close to that of the single-layer graphene sheet
made by chemical vapor deposition (~ 60.0 mA) under
the same test conditions. During the hydrothermal reaction
75 process, the introduced borate ions acted as a cross-linking agent
to patch up the hole defects in the basal plane of the graphene
oxide sheet, and sodium hydroxide caused the graphene oxide
sheet to undergo quick deoxygenation in alkali solution at
moderate temperature. The synergistic effects of the cross-linking
g agent and the deoxygenation agent improve dramatically the
electrical properties of the resulting borate cross-linked reduced
graphene oxide sheets and the resulting paper. This result shows
that the resulting borate cross-linked reduced graphene oxide
sheets and the resulting paper will provide many technological
gs applications such as transparent electrodes, protective layers,
components of electrical batteries or supercapacitors, electronic

This journal is © The Royal Society of Chemistry [year]
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or

optoelectronic components.
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(a) GO sheet (b) B-RGO sheet (c) B-RGO paper
A simple evolvement process was used to illustrate the fabrication of GO-based paper

with excellent conductivity.



