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Abstract
In this work, sodium cholate (NaC) was used as novel green reducing agent for graphene oxide (GO) reduction at 90 °C and 
short synthesis time using a continuous segmented flow reaction system. As a comparison, we had used the common reducing 
agent which is glucose to study its chemical and electrochemical properties. The morphologies of GO and reduced-graphene 
oxide (rGO) were characterized with X-ray photoelectron spectroscopy (XPS), field emission scanning electron microscope 
(FESEM), Fourier transformed infrared (FTIR), Raman and Ultraviolet–Visible (UV–Vis) spectroscopy analysis demon-
strated that reduction of GO occurred. For electrochemical measurements, the rGO was cast on carbon cloth to investigate the 
electrochemical performance with cyclic voltammetry (CV) and galvanostatic charge–discharge (GCD) measurements. NaC 
assisted rGO (rGO–NaC) was able to achieve a specific capacitance up to 94 F g−1 at 0.1 A g−1 and remarkable capacitance 
retention of 103% after 10,000 cycles. A flexible test shows that rGO–NaC bendable at 0°–60°. These results demonstrate 
that rGO–NaC is promising as flexible supercapacitors electrodes.

1  Introduction

Two-dimensional (2D) carbon-based materials such as gra-
phene, graphene oxide (GO), and reduced graphene oxide 
(rGO) have been used for various of applications, such 
as electronics, sensors, separations, and coatings, due to 
their distinctive structures and properties [1, 2]. Chemical 
reduction of GO using hydrazine, which is the most effi-
cient reductant, however hydrazine is highly toxic and car-
cinogenic [3, 4]. Besides, the stability of rGO which more 
favorable in polar protic solvents limits in large-scale and 

sustainable productions [5, 6]. Therefore, replacing it with 
greener reductant which stable in universal solvent is crucial 
for a sustainable synthesis of rGO. For the ease of produc-
tion of rGO, we had adapted flow synthesis method which 
has advantages such as effective heat transfer, faster and 
safer reaction, easy scale-up and continuous process [7, 8].

rGO has been proposed in supercapacitor applications 
and characterized in term electrochemical performance 
due to the presence of remaining oxygenated functional 
groups and structural defects [9, 10]. However, the theo-
retical capacitance of 550 F g−1 of graphene has not been 
achieved which draws the attention of this research [11]. 
Besides, there are some other types of capacitive materi-
als, such as hexaferrites, metal oxides, conductive polymers, 
etc. [12–15]. Furthermore, hydrazine-reduced-GO coated 
on nickel foam was proven able to achieve capacitance of 
166.8 mF cm−3 at scan rate of 10 mV s−1 in 5 M lithium 
chloride electrolyte solution [16]. Gong et al. synthesized 
hydrothermally reduced GO, and its specific capacitance was 
67.9 F/g [17]. Graphene synthesis via chemical vapor depo-
sition method using methane gas on nickel foam was studied 
by Chen et al., and a specific capacitance of 55.3 F g−1 was 
obtained using 1 M sodium acetate and 1 M magnesium 
sulfate as electrolyte [18].

Generally, NaC was commonly used as a stabilizer 
for graphene dispersion [19]. However, we found that 
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NaC demonstrates better reduction due to the presence of 
hydroxyl groups on its structure. Herein, the reduction of 
GO using green reducing agents such as sodium cholate 
(NaC) synthesized via continuous flow reaction enable to 
achieve a production rate of 11 mL s−1 of 0.1 wt% rGO. 
Generally, NaC was commonly used as a stabilizer for gra-
phene dispersion [19]. Therefore, in this study, we would 
like to investigate the efficiency of NaC in the reduction of 
GO and its application as electrode in supercapacitor.

2 � Experimental

2.1 � Materials

Graphite flakes (+ 100 mesh, ≥ 75% min) and d-glucose 
(> 99.5%, Hybri-Max™) were purchased from Sigma 
Aldrich. Cholic acid sodium salt (> 96.0% by TLC), hydro-
gen peroxide (30%, EMSURE®ISO), potassium perman-
ganate (> 99%, EMSURE®ISO), sulfuric acid (95–97%, 
EMSURE®ISO) were purchased from Merck Millipore. 
Fluorinert™ Electronic Liquid FC-70 was purchased from 
3 M™. Hydrochloric acid (37%, AR grade) and O-Phos-
phoric acid (85%, AR grade) were purchased from R&M 
Chemicals. Carbon cloth (< 13 mΩ cm2) was purchased 
from Ce-tech Co., Ltd.

2.2 � Sample preparation

GO was prepared using modified Hummers method [20]. 
Typically, 3 g of graphite flakes and 18 g KMnO4 were 
added into 360 mL of H2SO4:H3PO4 in 9:1 ratio and stirred 
for 30 h to undergo oxidation process. After that, the oxida-
tion process was terminated by adding suitable amount of 
H2O2. The oxidized graphite was centrifuged and washed 
with diluted HCl and subsequently with deionized water 
for 5 times each to remove the metal ions and acid. During 
this step, oxidized graphite was exfoliated and formed a GO 
gel. The solid content of the produced GO suspension was 
analyzed with moisture analyzer (AnD, model MX-50) and 
further diluted to achieve 0.2 wt% GO solution. Reduction 
of GO was performed using a flow reactor system (Uniq-
sis Ltd.). First, 0.2 wt% GO solution was mixed with 1 M 
of NaC solution by stirring for 300 s. The mixture and an 
immiscible liquid FC-70 (3 M) were injected into separate 
injection loop and pumped at a flow rate of 0.1 mL min−1 
to obtain a nominal residence time of 50 min in the reactor 
coil which was heated at 90 °C. The product (rGO–NaC) was 
collected and washed with deionized water for three times 
by centrifugation. Similar procedure was repeated using 1 M 
of glucose as a comparison. The product was denoted as 
rGO–Glu.

2.3 � Characterization

The morphology of the samples were examined by a field 
emission scanning electron microscope (FESEM, Zeiss Mer-
lin) and Fourier transformed infrared (FTIR) spectra were 
recorded using a FTIR spectrometer (Bruker, Alpha). The 
samples were investigated by a Raman micro-spectroscopy 
(uRaman-Ci, Technospex) equipped with a 532 nm laser and 
an optical microscope (Nikon Eclipse Ci L), where the expo-
sure power and time of the laser are 0.5 mW and 5 s. The 
Ultraviolet–Visible (UV–Vis) spectra were obtained using a 
UV–Vis spectrophotometer (Jenway 7315). The C 1s spec-
trum was obtained by using Auger Electron Spectroscopy 
with X-Ray photoelectron spectrometer (AES-XPS, Kratos).

2.4 � Electrochemical analyses

The electrochemical behavior of the samples was meas-
ured with a three-electrode system using 1 M H3PO4 as 
the electrolyte, a Ag/AgCl (3 M KCl, CHI-Instruments) 
electrode as the reference electrode and a platinum wire 
as counter electrode. For the working electrode, rGO–NaC 
and rGO–Glu solutions were cast on cleaned carbon cloth 
(CC) with controlled mass loading of 1.5 mg cm−2, followed 
by drying at 70 °C for 0.5 h and labeled as CC/rGO–Glu 
and CC/rGO–NaC. Cyclic voltammetry (CV) and Galvano-
static Charge–Discharge (GCD) measurements were meas-
ured using Gamry Instrument (Reference 600). The specific 
capacitance of the sample was calculated based on the area 
under the GCD analysis using the equation shown as below:

where I, t, m, ΔV is charging current, discharge time, mass 
loading, and discharging potential window, respectively. A 
flexibility measurement was conducted by pinching bend the 
sample for 10 min at different angles before measuring its 
Csp using CV curves at 50 mV s−1.

3 � Results and discussion

The morphologies of pristine GO, rGO–NaC and rGO–Glu 
are shown in Fig. 1a–c. The morphology of GO changed 
upon reduction, as agglomeration of individual rGO sheets 
occurred and formed a thicker sheet layer. Figure 2 shows 
the FTIR spectra of the GO and rGO samples. The bands at 
2919 and 2847, 1720, 1625, 1367, 1254, and 1075 cm−1 are 
corresponding to the stretching modes of C–H, C=O, C=C, 
C–H, C–O for ether groups, and C–O bond for primary 
alcohol groups, respectively, in accordance to the previous 

(1)Specific capacitance
(

Csp

)

=
I × t

m × ΔV
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finding [21]. The observation for the presence of broad peak 
in spectra for the samples which represents the –OH stretch-
ing vibration were due to the absorption of water molecules 
on the sample surface. After reduction using glucose and 
NaC, new peaks appeared around 2915 and 2845 cm−1 
which indicate the presence of C–H bonding mainly from 
sp3 hybridized carbons and aldehyde groups [22]. The 
wavenumber around 1625 cm−1 which represent the C=C 
bond had slightly shifted to lower wavenumber, suggesting 
the increase of bond length. Interestingly, rGO–Glu and 
rGO–NaC demonstrate an absorption peak at 1036 cm−1, 
suggesting the reduction –COOH and –CHO groups of GO 
into primary alcohol –C–OH group. 

The Raman shifts of the GO and rGO are elucidated 
in Fig. 3 to characterize the order or disorder degree of 
carbon materials, i.e., the higher ID/IG, the larger disorder 
degree of the carbon materials [23]. There were two sig-
nificant peaks which are D and G bands, representing the 
breathing mode of κ-point phonons of A1g symmetry of 
out-of-plane structural defects and first-order scattering 
of the E2g phonon in graphitic material within sp2 bonded 

carbon atoms, respectively [24, 25]. The D and G peaks 
located at 1348 and 1600 cm−1 show typical Raman fea-
tures of disordered graphene with slight increase of ID/IG 
ratio for rGO–NaC compared to pristine GO and rGO–Glu, 
which can be ascribed to the removal of the oxygenated 
functional groups upon reduction, leading to the decrease 
in average size of the sp2 domain and increased fraction of 
graphene edges, thus increasing the defects [26]. Besides, 
the FWHM of G peaks of GO (83.3) decreases to 56.0 and 
57.7 after reduction process using Glu and NaC, respec-
tively, which are consistence with the ID/IG values.

Figure 4 shows the absorption spectra of GO and rGO 
reduced by using various reducing agents. As we can 
observe, the GO sample shows two characteristics peaks 
at 230 nm and 272 nm, which are corresponding to aro-
matic C=C bonds π − π* transition of and C=O bonds 
n − π* transition, respectively [27, 28]. After the reduc-
tion process, the absorption peak of GO at 230 nm is 
red-shifted for all the samples and NaC–rGO exhibited 
the largest shifting to 246 nm among all. The red shifted 
peak observed suggesting a successive reduction process 

Fig. 1   FESEM images of a GO, b rGO–Glu, and c rGO-NaC

Fig. 2   FTIR spectra for GO, rGO–Glu and rGO–NaC
Fig. 3   Raman spectra for GO, rGO–Glu and rGO–NaC
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to rGO which cause by the restoration of conjugation of 
C=C bond on the graphene oxide [29, 30].

We have proposed the oxidation mechanism of NaC and 
glucose for the reduction of GO as shown in Fig. 5. The 
functional groups in the NaC structure (Fig. 5a) that have 
oxidation affinity which is the hydroxyl groups at position 3, 
7, and 12. It may undergo oxidation to yield ketone groups 
[31, 32]. Figure 5b illustrated the oxidation mechanism of 
glucose to gluconic acid, in which the ketone group on the 
glucose can be oxidized to carboxylic acid [33, 34]. Concur-
rently, the reduction process occurred on the carboxylic and 
ketone groups on the GO, which were reduced to produce 
rGO.

In order to further understand the chemical states of 
elements of samples, XPS measurement was performed. 
Figure  6a, b exhibit the C  1s XPS spectra of GO and 
rGO–NaC after deconvolution and the peak area was tabu-
lated in Table 1. The peaks specify a considerable degree of 

Fig. 4   UV–Vis spectra of GO, rGO–Glu and rGO–NaC

Fig. 5   Proposed mechanism for oxidation of a NaC and b glucose

Fig. 6   C 1s XPS spectrum of a 
GO and b rGO-NaC
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oxidation which corresponds to the carbon atoms in different 
functional groups located at 284.9, 285.3, 286.5, 287.2, and 
288.2 attributed to the C=C, C–C, C–O, C=O, and O–C=O 
groups, respectively [35–37]. Although upon reduction pro-
cess, the peaks corresponding to C=C and C–C of rGO–NaC 
were increased due to the reduction process. However, some 
remaining C=O and O–C=O can still be observed which 
could arise from remaining oxygenated functional groups on 
rGO and NaC that bound on the surface of rGO [38, 39]. The 
XPS results are in line with the observation of the increase in 
ID/IG in Raman spectra upon restoration of C=C bonds and 
the presence of sp3 C–H group in FTIR spectra.

The electrochemical performance of rGO–Glu and NaC 
coated on CC was measured using three electrode system. 
Cyclic voltammetry (CV) curves of both CC/rGO–NaC and 
CC/rGO–Glu demonstrate a quasi-rectangular shape from 
0 to 0.8 V at scan rate of 50 mV s−1 (see Fig. 7a) indicates 
good electrical double layer capacitive behavior. Compared 
to CC/rGO–Glu, CC/rGO–NaC presents a larger integrated 

area in the CV curve, implying an enhanced capacitance. In 
addition, GCD curves show that CC/rGO–NaC has a longer 
discharge time than CC/rGO–Glu (Fig. 7b). Figure 7c, d 
depict the GCD curves at various current densities for CC/
rGO–Glu and CC/rGO–NaC, respectively, and nearly trian-
gular shape without obvious voltage decline, revealing the 
low internal resistance of the sample. Moreover, the cal-
culated Csp increases from 10 to 93 F g−1 at 0.1 A g−1 and 
from 7 to 56 F g−1 at 1 A g−1 for CC/rGO–Glu and NaC, 
respectively, as shown in Fig. 7e, which is consistent with 
the CV result. The decrease in Csp with increasing current 
density can be ascribed to the shorter time of ionic diffu-
sion, thus hinder the charge storage on the electrode’s sur-
face and hence lowered the capacitance. The improvement 
of electrochemical performance of CC/rGO–NaC is due to 
the reduction process of GO to rGO using 1 M of NaC which 
decreases the average crystallite size of sp2 domain. As it 
well known the average crystallite size strongly affects the 
electrochemical performance, the decrease in crystallite size 
of sp2 domain improves the mass transport of H3PO4 elec-
trolyte to the rGO, especially oxygen and oxygen vacancies 
transport. Besides, the destroyed grains of rGO could also 
decrease its resistivity [40, 41]. Furthermore, the long-term 
cyclic performance of CC/rGO–NaC was tested by GCD at 
1 A g−1.

Table 1   The deconvoluted C 1s XPS peak area of GO and rGO–NaC

C=C (%) C–C (%) C–O (%) C=O (%) O–C=O (%)

GO 21.72 17.61 19.15 27.16 14.35
rGO–NaC 33.1 37.34 4.95 14.01 10.59

Fig. 7   Comparison for a CV at 50 mV s−1 and b GCD at 0.2 A g−1 for CC/rGO–Glu and CC/rGO–NaC. Results for charge–discharge for c CC/
rGO–NaC d CC/rGO–Glu. e Csp calculated from discharge time
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The cyclic stability of the CC/rGO–NaC was analyzed 
with GCD measurement at 1 A g−1 for 10,000 cycles as 
shown in Fig. 8a. The capacitance maintained at 103% of 
the initial capacitance even after 10,000 cycles due to elec-
trochemical self-activation [42]. In addition, flexibility test 
(see Fig. 8b) for CC/rGO–NaC was conducted show that 
CC/rGO–NaC had a slightly increased in Csp after bending 
at 10–60°. The flexibility measurement concluded that the 
rGO–NaC is stable and bendable, promising to be used as 
capacitive material on flexible devices.

4 � Conclusion

Continuous flow reduction of GO using NaC as green reduc-
ing agent was studied. Successful reduction of GO using 
NaC was supported by the results obtained from the char-
acterizations which show the increase in defect and reduce 
in oxygenated funtional groups on rGO formed. The CC/
rGO–NaC gives the highest Csp of 93 F g−1 at 0.1 A g−1 and 
able to maintain capacitance retention of 103% after 10,000 
cycles at 1 A g−1. Flexible test for the CC/rGO–NaC elec-
trode shows its potential for flexible supercapacitor device.
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