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Si-mediated fabrication of reduced graphene oxide and its hybrids for
electrode materials

By Barun Kumar Barman and Karuna Kar Nanda®

We demonstrate Si-mediated environment friendly reduction of graphene oxide (GO) and the
fabrication of hybrids electrode materials with the multiwall carbon nanotubes and
nanofibers. The reduction of GO is facilitated by the nascent hydrogen generated by the
reaction between Si and KOH. The overall process consumes 10 to 15 um of Si each time
and the same Si substrate can be used multiple times.
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Here, we demonstrate Si-mediated environment friendly
reduction of graphene oxide (GO) and the fabrication of
hybrids with the multiwall carbon nanotubes and nanofibers.
The reduction of GO is facilitated by the nascent hydrogen
generated by the reaction between Si and KOH at ~60 °C.
The overall process takes 5 to 7 minutes and 10 to 15 pm of Si
is consumed each time. We show that Si can be used multiple
times and the rGO based hybrids can be used for the
electrode materials.

Since the discovery, two-dimensional (2D) graphene sheet! has
attracted world-wide attention among the experimentalist and
theorist due to its excellent electrical, mechanical, thermal and
optical properties.> Though it can be produced by micro-
mechanical/liquid phase exfoliation of graphite,** chemical vapour
deposition* and epitaxial growth,® the chemical reduction of
graphene oxide (GO)® has great advantages because it can produce
reduced GO (rGO) in large scale along with the fabrication of
various kind of hybrid nanostructures. The chemical reduction of GO
has been achieved by hydrazine,®® &9 dimethylhydrazine,5@
hydroquinone,®® NaBH,,%" #9 cysteine,” p-phenylene diamine,®
glutathione,® some environment-friendly reducing agent such as
ascorbic acid, plant extraction, tannin, photochemical reduction,°
metal/acid or base' etc. rGO based hybrids with the carbon based
nanostructures such as carbon nanotubes (CNTs) or carbon
nanofibres (CNFs) have been synthesized via filtration,'* layer-by-
layer deposition (LbL),"® casting from inorganic solutions,**
electrophoretic deposition,”® Langmuir Blodgett techniques™® and
chemical vapour deposition,”” etc. The rGO-CNT hybrids can be
used for the advanced technology such as super-capacitors,
conducting electrodes for solar-cells, fuel cell supporting materials,
Li ion battery, sensing and catalytic application due to its large
surface area, high thermal and electrical conductivity.'® Due to the
high hydrophobic nature of the CNT/CNF, it is difficult to
synthesize hybrids with the rGO (GO being hydrophilic nature) in
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aqueous medium in bulk scale. Furthermore, large volume of
minerals acid is required to remove excess metal impurities from
rGO by metal mediated reduction of GO and the process is time
consuming.

Herein, we demonstrate a rapid, an environment friendly and
efficient way for the reduction of GO and rGO based hybrids with
MWCNT/CNF at ~ 60 °C. Our strategy involves the use of
commercially available Si in presence of KOH. The overall
reduction process is complete within 5-7 minutes. For each
experiment, 10 to 15 pum Si is consumed and therefore can be used
for several reduction processes. The advantages associated with the
reduction process are that it does not require any toxic chemical
reagents or mineral acids to obtain high quality rGO and its hybrids.

~\

Re-usable Si substrate

Si +20H- = Si(OH),>* + de7;

Drop casted 1IM
KOH at 60 °C

41,0 + 4e = 4OM + 41
aGO +b[H] =cRGO + H,0 & H+H=H,

Si(OH),]*' + 401 = SiO,(OH),]* + 2IL,0

Re-usable Si substrate

Fig.1 Schematic presentation of reduction of GO by reusable Si
substrate.

Schematic of the fabrication process is shown in Fig. 1. First of all,

GO are dispersed in dimethylformamide (DMF) solution and drop-
casted onto the Si surface. Then KOH is added to it so that nascent
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hydrogen is liberated and reduces the GO. In a typical experiment,
100 pl of GO solution was drop casted onto Si surface (1.0 cm?) Si
and dried under a lamp. Then 1M KOH (~ 1 ml) solution was added
to GO/Si at 60 °C. Black colour product was collected by simply
washing with the de-ionized water and ethanol. To demonstrate the
reuse of the Si substrate, we perform the reduction process 5 times
using same Si substrate and named the samples as rGO-x (x =1, 2, 3,
4, 5). For the synthesis of hybrids with MWCNTs and with CNFs,
1:4 ratio of GO and MWCNTS/CNFs is mixed thoroughly and
placed on the top of the Si surface and follow the procedure as is the
case of rGO (ESI-experimental section).

Sl surfa¢e after -
;13 reéduction
of GO

Unreacted Si
surface

100 pM

500 nm

S51/nm

Fig.2 (a) Si surface after the 1% time used for GO reduction. (b & c)
FESEM images of GO and rGO. (d) TEM image of. Inset image
shows the SAED pattern of rGO, respectively.

As-synthesized rGO were characterized by scanning electron
microscope (SEM), transmission electron microscope (TEM), X-ray
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diffraction (XRD), X-ray photoelectron spectroscopy (XPS), energy
dispersive X-ray spectroscopy (EDS), Raman and optical absorption
studies. Fig.2 (a) shows the SEM image of the edge portion of Si
substrate after the first reduction of GO. Overall, the height between
reacted and unreacted region is 10-15 um which indicates that a few
micrometer of Si is consumed each time. However, a single Si
substrate can be used several times for reduction GO. The adsorb Si
on rGO or hybrids is removed easily by successive washing with
KOH solution followed by DI-water and ethanol. Fig. 2 (b & c¢)
show the SEM images of the curled, randomly aggregated solid
sheets of GO and rGO. Fig. 2 (d) and the inset show the TEM image
and the selected area diffraction (SAED) pattern of rGO. The clear
spots in SAED pattern due to the crystalline nature of rGO are
clearly seen. In the case of GO, ring- like SAED pattern (ESI-1) is
obtained due the polycrystalline & random orientation of graphene
sheets and the presence of large amount of oxygen containing
functional group at the edges and in the basal plane. After the
removing the functional groups from graphene plane, crystalline
nature is gained. A high resolution TEM (HRTEM) image of the
edges of the rGO clearly shows 5-10 layers of graphene layer (ESI-
2). The measured interlayer distance is approximately 0.36 nm
similar with the van der Waals distance of the graphitic layer
structures but smaller than the typical interlayer distance in GO (0.6—
1.2 nm).%°
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Fig.3 (a-c) XRD, UV- visible spectra and Raman spectra of GO and

rGO and (d) XPS spectrum of rGO-1.

Fig. 3(a) shows the XRD patterns of GO and rGO. GO shows a
sharp peak around 26 = 11.5°, which corresponds to a d-spacing of
0.76 nm for (001) plane indicating the presence of oxygen
functionalities. The peak centered on at 20 = 24.5° for rGO indicates
the removal of a large number of oxygen-containing groups from
GO resulting in the extensive conjugated sp? carbon network (i.e.,
the ordered crystal structure). The d-value is estimated to be 0.36 nm
which is similar to the interlayer spacing obtained from HRTEM
studies. The reduction of GO is also reflected in UV-visible and the
Raman spectra as shown in Fig. 3(b) and 3(c), respectively.
Generally, GO displays a strong absorption peak around 230 nm due
to m-n* transition of aromatic C-C bonds and a weak peak around
300 nm due to n-z* transition of C=0 bonds. The 230 nm peak is red
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shifted to 280 nm which indicating the electronic conjugation within
graphene sheet is recovered after the reduction of GO.® Raman
spectra as shown Fig. 3 (c) reveal D and G peaks centred around
1349 and 1595 cm™ for GO and 1351 and 1586 cm™ for rGO,
respectively. Apart from the shift of the G peak towards the graphitic
peak (1581 cm™), the (Ip/lg) intensity ratio increases slightly which
is believed to be due to loss of oxygen containing functional group.
There is an enhancement in the 2D and S3 peak intensity around at
2721.7 and 2927 cm™ compared to the GO as shown in the inset of
Fig. 3(c). This is in good agreement with the graphitic nature of
rGO. We also investigate the UV-visible and Raman spectra of rGO-
3 and rGO-5 (same Si substrate is used for 3™ and 5™ reduction of
GO) which clearly suggest that same Si can be used multiple times
for the reduction of GO. To probe the amount of the reduction, both
GO and rGO are characterized by XPS. The core level spectra of
C1s of GO and rGO were deconvoluted into three major peaks with
binding energy 284.5, 286.2 and 287.6 eV corresponding to the C-
CIC=C (sp? bonding in the G), C-O (epoxy, alcohol, ester and acid
groups) and C=0 (carbonyl groups),'* respectively. It is evident from
Fig. 3 (d) that the C-C bonds increase from 30% to 73.2 %, while the
C-0O and C=0 honds decrease from 50.6% to 19.34 % and 19.4% to
7 %, respectively and the C/O ratio is 4.5:1.0 (ESI-3). Identical C/O
ratio has also been realized from EDS study. The EDS spectrum of
rGO shows the presence of C and O with 45. 4 and 54.6 % weight
percentage for GO and 84.37 and 15.63 % weight percentage for
rGO. It may be noted that the C to O ratio varies from bottom to top
of the films and the variation is ~6 % (ESI-6).

(a) (b)
Dband G band oS
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s « TGOCNF| & MWCNT-rGO
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g CNF 1 3 2D s3
= WWWW\WMW = ..._...../\—-A

800 1200 1600 2000 800 1200 1600 2000 2400 2800 3200

Raman Shift (cm"l)

@ o

Raman shift (cm'l)

Fig. 4(a & b) Raman spectra of rGO-CNF and rGO-MWCNT
hybrids. (c & d) SEM images of CNF and rGO-CNF hybrids and (e
&f) SEM images of MWCNT and MWCNT-rGO hybrids. Inset
shows the schematic of the spatial sketch of MWCNT-rGO.

This journal is © The Royal Society of Chemistry 2012

COMMUNICATION

Fig. 4 (a &b) shows the Raman spectra of CNFs, MWCNTSs,
rGO-CNFs and rGO-MWCNTSs hybrids. Both CNFs and MWCNTSs
show weak D and G bands around 1351 and 1580 cm™, but bands
are strong for the hybrids as is the case for only rGO. The hybrids
are also characterized by SEM. Fig. 4 (¢ & d) shows the SEM
images of bare CNFs and MWCNTSs, while Fig. 4 (e & f) displays
the SEM images of the rGO-CNFs and rGO-MWCNTSs hybrids.
EDS analysis (ESI-4) indicates no any impurities except very low
percentage of K (0.31 % of K). Inset shows the schematic of the
spatial sketch of MWCNT-rGO.
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Fig. 5 (a) CV of rGO-1, rGO-3 and rGO-5 with 10 mM K,[Fe(CN)]
and 10 mM of KCI electrolyte. (b) CV of rGO, rGO/MWCNT and
rGO/CNF. (c-e) CV recorded by successive addition of different
concentration of H,0, for rGO, rGO-CNF and rGO-MWCNT
hybrids and (f) Current at -0.3 V vs concentration of H,0,.

The conductivity of rGO and rGO-MWCNT hybrids is evaluated
by four probe technique. The conductivity is found to be 96.25 S m*
for rGO-MWCNT hybrids, which is 8 times higher compared to rGO
(121 S m™). We also performe the electrochemical capacitance
measurements for the rGO and rGO-MWCNT hybrids in 0.1 M
Na,SO, solution. The capacitance is 221 F g* for rGO-MWCNT
hybrids, while it was 147 F g* for only rGO (ESI-7). Overall, the
results suggest that rGO based hybrids have better electrical as well
as electrochemical activity.

We further characterize the materials by electrochemical
measurements to evaluate the electron transfer rate in the redox
probe ferrofferricynide  ([Fe(CN)g]*™*) solution by cyclic
voltammetry (CV).Z The electron transfer mechanism in this redox
couples is sensitive to the presence of oxygen containing functional
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group, defects, surface microstructures and density of electronic
states of the rGO. It is reported that the smaller peak-to-peak
separation (AE,.,) and higher the peak current in the redox system
indicates the good kinetics on the electrode materials due good
conductivity and fast electron transfer. Fig. 5 (a and b) show the CV
of the rGO in the Fe(CN)g]*™ redox probe system in presence of
KCI electrolyte. Each of the electrode materials shows a well-
defined cathodic and anodic redox peak current with a AE,., of 250
mV and higher current density as compared to the bare glassy carbon
electrode (GCE) with a AE,.,0f 540 mV and a lower peak current
density. The kinetics improves further when rGO based hybrids with
the MWCNT and CNF are used. A AE,., of 190 and 230 mV with
higher current density as compared to rGO are obtained for rGO-
CNF and rGO-MWCNT hybrids, respectively. The lower values of
AE,_, observed in case of MWCNT and CNF modified rGO hybrids
compared with the rGO. We also investigate the hydrogen peroxide
(H,0,) sensing via electrochemical way. Fig.5 (c-e) shows the CV
response of different concentration of H,0, for rGO, rGO-CNF and
rGO-MWCNT hybrids at pH=7.2 of the electrolyte. When H,0, is
added gradually, the reduction peak increases in all the cases and at
high concentration, it shows distinct reduction peak at -0.2 V. The
current at -0.3 V vs concentration is shown in Fig. 5 (f). It is evident
that rGO-MWCNT has the highest sensitivity in the lower
concentration range and the current saturates at higher concentration
of H,0,. We fitted all the point by using nonlinear equation Y=A-
BC*, where A and B are the constants and C represents the
concentration of the H,O,. This indicates that the hybrids can be
used as electrode materials for H,O, sensing after suitable
calibration.

In summary, we report a facile and one-step approach for GO
reduction and fabrication of rGO based hybrids with MWCNTSs and
CNFs. Commercially available Si substrate is used for the reduction
of GO in presence KOH solution. The overall process takes 5 to 7
minutes and 10 to 15 um of Si is consumed each time. However, one
Si substrate can be used multiple times for similar types of reaction.
We also report the superiority of the hybrids over rGO as electrode
materials for H,O, sensing.
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