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ABSTRACT 
A new, green and efficient reducing agent (shikimic acid/SA) for graphene oxide reduction has been reported in this work. As 
a natural acid, shikimic acid is a green reductant so that reduction process is biocompatible and expedient for cost-effective 
mass production. Graphene oxide (GO) reduced by the shikimic acid has been studied by various physicochemical 
techniques. Electrochemical properties of rGO have been investigated by cyclic voltammetry and galvanostatic charge-
discharge techniques. Results indicate that at a current density of 1 A g-1 rGO exhibits a specific capacitance (SC) of 262 F g-

1 as a maximum value, and retains its capacity of about 90% after completing 1000 charge-discharge cycles. Therefore, rGO 
shows a great prospect of utilization as energy storage electrode material. 
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INTRODUCTION 

Nowadays, together with the social development, the 
demand for usage of energy has been always increasing, 
while sources of fossil fuels are quickly running out. As a 
result, finding or creating renewable energy sources, such as 
supercapacitors, batteries and fuel cells has been attracting a 
great amount of attention [1-4]. Out of those three, owning 
to their high rate of charge-discharge, large capacity and 
long-term cyclability [2,3,5], supercapacitors have been 
thoroughly investigated. Supercapacitors are split into two 
different branches, known as electrochemical double layer 
capacitors (EDLC) and pseudocapacitors, which are 
distinguished based on the energy storage principles. EDLC 
often use electrode materials with high surface area, for 
example activated carbon or its derivatives, and storage of 
electrical energy is received by separation of charge at the 
interface between an electrode and an electrolytic solution. 
Meanwhile, pseudocapacitors usually choose electrodes 
formed by metal oxides and charge is stored by chemical 
process related to reversible Faradaic charge-transfer. 

In recent years, graphene has been viewed as electrocatalyst 
support because it holds several remarkably superior 
characteristics, for example high theoretical specific surface 
area, great thermal and electrical properties, and mechanical 
strength, and mass productibility [6-9]. With these listed 
advantages, graphene is one of the most chosen options as 
electrode material for EDLC. Among various methods to 
prepare graphene for EDLC [10-14], the chemical reduction 

of graphene oxide is the easiest and most popular to 
approach for its cost-effectiveness and potential for scale-up 
of production. The popularly employed reducing agents such 
as ethylene glycol [15], hydrazine hydrate [16] and 
hydrazine [17] are very toxic, harmful and/or explosive. 
Recent reports have focused on developing green and more 
eco-friendly reducing agents for replacement of hydrazine 
including sugar [18,19], ascorbic acid, vitamin C [20-22], 
humic acid [23]. In addition, caffeic acid, polyphenols of 
green tea [24,25] and even bacterial respiration [26,27] have 
also been used to fabricate reduced graphene oxides (rGO) 
as potential solutions to abovementioned problems. 

Shikimic acid (3,4,5-trihydroxy-1-cyclohexene-1-carboxylic 
acid) is an organic compound existing naturally in assorted 
plants [28,29]. Derived from a cheap and largely available 
resource, anise (Illicium verum), shikimic acid can be easily 
extracted  by  different methods [29-31]. Not staying  out  of  
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the green chemistry trend, due to its non-toxicity and 
biocompatibility, shikimic acid is a necessary material in 
organic synthesis. Especially, in pharmaceutical industry, 
shikimic acid is known as an essential starting material for 
tamiflu production [32]. In order not to use toxic chemicals 
and carry out reactions at high temperature, this manuscript 
presents a simple, economical and environmental friendly 
route for the production of high quality rGO using shikimic 
acid as green reductant for supecapacitor. This technique is 
also appropriate for mass production because it is 
commercially available at an industrial level. 

Physicochemical properties, structure and morphology of 
rGO nanosheets have been investigated by Ultra violet-
visible (UV-Vis) spectra, X-ray diffraction (XRD), Raman, 
Fourier Transform InfraRed (FT-IR), X-ray photoelectron 
spectroscopy (XPS), thermogravimetric analysis (TGA), 
Atomic Force Microscopy (AFM) and transmission electron 
microscopy (TEM). The electrochemical behaviors were 
studied by cyclic voltametry and galvanostatic charge-
discharge techniques to evaluate the expedience of rGO 
when used as supercapacitor electrode materials. 

EXPERIMENTAL 

Materials 

All chemicals were of analytical grade and used as received. 
Expanded graphite was furnished by SGL Carbon GmbH 
(GFG). H2SO4 (96%), KMnO4, H2O2 (30%), HCl (37%), 
ethanol and shikimic acid were all bought from Sigma 
Aldrich. All solutions were prepared by deionized water 
owning 18 MΩ cm-1 in resistivity. 

Preparation of rGO 

Firstly, graphene oxide (GO) was synthesized from graphite 
powder by the modified Hummers method as described by 
Tran et al. [33]. Dispersing the as-prepared GO was 
completely conducted with deionized water by 
ultrasonication for 3 h to reach a concentration of 0.1 mg 
mL-1. Then, a mixture of diluted GO (100 mL) and shikimic 
acid at corresponding concentrations of 3 mM were 
sonicated for 30 min to obtain a homogeneous suspension 
solution. Next, it was heated to the suitable temperature, 
60°C for 12 h and kept being uninterruptedly stirred with the 
purpose of avoiding aggregation during reaction process. 
Solid extracted from the fabricated product above after being 
centrifugated at 14500 rpm for 30 min was washed with 
water and ethanol. This process was repeated 3 times. The 
final product was dried at 45°C overnight in a vacuum oven. 

Characterization of GO and rGO 

UV-Vis spectra were performed by Hach Dr400 UV-visible 
spectrophotometer. The particle size distribution of aqueous 
dispersion of GO and rGO was determined using Zetasizer 
Nano ZS (Malvern Instruments). Results of dynamic light 
scattering (DLS) analysis were collected after 3 times of 
measurements. X-ray diffraction (XRD) patterns of the as-

prepared catalysts were recorded over the 2θ region of 5-70° 
using a D8 Advance diffractometer (Bruker) with CuKα 
radiation (λ=1.5405 Å). The diffractometer was operated at 
40 kV, room temperature, at a scan rate of 0.05° s-1. Raman 
spectroscopy was performed using a LabRam HR (Horiba 
Jobin Yvon) spectrometer with an argon ion laser (λ=514 
nm) at ambient temperature. FT-IR spectra were recorded on 
a Nicolet 6700 Thermo Fisher. The morphology and 
microstructure of the catalysts were observed by a 
transmission electron microscope (TEM) JEOL JEM 2010 
operated at 200 kV and Atomic Force Microscopy (AFM) 
multimode (Vecco) operated in the contact mode. 
Photoelectron spectra of selected catalysts were acquired 
with a Kratos AXIS ULTRA DLD spectrometer equipped 
with an Al kα monochromatic (hʋ=1486.6 eV) X source. 
Thermogravimetric analysis (TGA) was performed under a 
nitrogen flow (10 mL min-1) on a Diamond TG/DTA 
analyzer (Perkin Elmer Instruments). Samples were heated 
from ambient temperature to 600°C at a heating speed of 
10°C min-1. 

Electrochemical experiments 

Electrochemical experiments were conducted with a typical 
three-electrode cell at ambiant temperature on A PGS-ioc-
HH12 Potentiostat/Galvanostat. The electrochemical 
measurements including cyclic voltammetry (CV) and 
galvanostatic charge-discharge were performed in 1 M 
H2SO4 aqueous electrolyte. A glassy carbon electrode (GCE) 
was chosen as working electrode; a saturated calomel 
electrode (SCE) was employed as the reference electrode; 
and a platinum wire was served as the counter electrode. All 
solutions were deaerated by pure nitrogen gas for 30 min 
prior to measurements. The equation (1) is to calculate the 
specific capacitance value (SC) of rGO, where I is 
discharging current (A); Δt indicates discharging time (s); m 
represents catalyst mass deposited on the GCE (g) and ΔV is 
discharging potential (V) for electrochemical testing. 

𝑆𝐶 (𝐹 𝑔−1) =
𝐼 𝑥 𝛥𝑡 
𝑚 𝑥 𝛥𝑉

 (1) 

Based on the galvanostatic charge-discharge experiments, 
the Coulombic efficiency (η) can be calculated by the 
equation (2), in which tC and tD are the times of charging and 
discharging at the same current, respectively. 

𝜂 = �
𝑡𝐷
𝑡𝐶
�  𝑥 100%  (2) 

Results were collected after 3 times of measurements. 

RESULTS AND DISCUSSION 

Characterization of rGO 

As shown in the inset in Figure 1, it is not difficult to 
distinguish GO and rGO based on their different colors, in 
which GO is in pale yellow while rGO is in black dispersion. 
The change in color during reaction implies that GO 
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transformed successfully into rGO in presence of shikimic 
acid as reducing agent. The reduction of GO is also 
examined by UV-Vis spectroscopy (Figure 1). UV-Vis 
spectrum of GO illustrates an absorption peak appearing at 
230 nm attributed to the π → π* transition of the C–C bonds, 
and a peak ascribed to the n → π* transition of the C=O 
bonds at 301 nm. After reduction, both of them vanished and 
gave way for an absorption band at 264 nm, meaning that 
GO was reduced and sp2 carbon atoms in graphitic structure 
were restored [34]. Results of DLS analysis for GO and rGO 
seen from Figure 1b demonstrated the changes in the size of 
GO before and after reduction, where the average particle 
size (APS) of GO and rGO was 512 nm and 388 nm, 
respectively. Moreover, Figure 1b also indicated uniform 
size dispersion of these solutions, which is easily observed 
through average polydispersity index (PDI) of GO and rGO 
was 0.57 and 0.44, respectively. It might result from effect 
of ultrasonication when GO and rGO were redispersed. 

Figure 1a. UV-Vis spectra of GO and rGO. The inset shows 
the photographs for GO and rGO. 

Figure 1b. Size distribution analysis on GO and rGO with 
respective PDI and size. 

Figure 2 illustrates XRD patterns of graphite, GO and rGO. 
The XRD pattern of graphite exhibits a strong peak at 
2θ=26.6° corresponding to (002) reflection of the graphitic 
structure while XRD pattern of GO exhibits a peak located 
at ca. 11° assigned to the typical reflection peak of GO 

(002). After reduction, XRD pattern of rGO demonstrates 
the vanishing of the peak located at 11°, while a broad 
diffraction peak attributed to the (002) carbon peak of rGO 
appears between 2θ=24 and 26°, implying that GO was 
successfully reduced to rGO [35].  

Figure 2. XRD spectra of graphite, GO and rGO. 

The surface composition and the oxidation state of GO and 
rGO were determined by XPS results. As can be seen from 
Figure 3a, the C1s spectrum of GO can be deconvoluted in 
three components attributed to C-C (284.7 eV), C=O (286.6 
eV) and C(O)OH (288.2 eV) bonds [36]. After reduction, 
there are almost no peaks to be recorded due to a striking 
decrease in intensities of C=O and C(O)OH. Meanwhile, a 
typical peak of C-C bond is seen with its significantly 
increasing intensity (Figure 3b), which indicates successful 
deoxygenation of GO.  

Figure 3. C1s XPS spectra of GO (a) and rGO (b). 

The structural changes from GO to rGO after the reduction 
were also studied by Raman spectroscopy. It was observed 
from Figure 4 that both GO and rGO showed signal of two 
characteristic peaks, where the peak of the G band at ca. 
1594 cm-1 was assigned to the in-plane bond-stretching 
vibration of sp2 C-C bonds, while the D band at ca. 1349 cm-

1 identified the breathing modes of the graphitic domains, 
appearing in the existence of defected and disordered 
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graphite [37]. The ID/IG intensity ratios have been used to 
estimate defect level for graphene layers [38]. Indeed, after 
reduced by shikimic acid, ID/IG ratio of rGO (1.016) is 
greater than that of GO (0.896) indicating that there are more 
defects in the reduced graphene oxide structure, caused by 
reducing agents, thus reducing the size of the graphitic 
domains. This increase of ID/IG value matches with 
previous works of rGO synthesized by chemical reduction 
method [21,39]. The transformation from GO to rGO thanks 
to shikimic as reducing reagent was once again proved by 
Raman result. 

Figure 4. Raman spectra of GO and rGO. 

The changes in the functional groups of GO before and after 
reduction were determined by FT-IR spectra (Figure 5). For 
FT-IR spectra of GO, the peaks observed at 3450, 1727, 
1640 cm-1 resulted from stretching vibrations of O-H, C=O 
and aromatic C=C bonds, respectively. The two vibration 
bands appearing at ca. 1402, 1075 cm-1 were ascribed to 
epoxy C-O bonds and alkoxy C-O bonds, respectively [40]. 
After reduction, the peak at 1727, 1402, 1075 cm-1 can 
almost not be seen, additionally, intensity of the peak for O-
H stretching bonds at 3450 cm-1 significantly decreased, 
which confirmed removal of oxygen containing functional 
groups from GO. 

Figure 5. FT-IR spectra of GO and rGO. 

According to Figure 6, thermogravimetric analysis in a N2 
atmosphere determined thermal stabilities of graphite, GO 
and rGO. No weight loss was observed in graphite 
conducted throughout the heating to 600°C. The total weight 
loss of GO in the same temperature condition was about 
51.5%. In the region below 100°C, GO lost 17% of its 
weight due to evaporation of physisorbed water. On 
continuing to raise temperature to 250°C, GO showed a 
rapid 23.0% weight loss, resulting from the decomposition 
of labile oxygen containing functional groups [41]. For rGO, 
the total weight loss after the heating to 600°C was 29.3%, 
less than that of GO, which indicated that there was a 
significant decrease in the amount of functional groups on 
material surface after reduction or to put it in other way, GO 
was successfully reduced to rGO by shikimic. 

Figure 6. TGA plots of graphite, GO and rGO. 

TEM images of GO and rGO are depicted in Figure 7. 
Obtained results shows that GO (Figure 7a) has the 
structure of micrometer-sized spread sheets with many 
wrinkles, while TEM images on Figure 7b exhibits that 
after reduction, graphene sheets kept its own super thin and 
almost transparent sheet structure, which is characteristic of 
few-layer structure of rGO. 

Figure 7. TEM images of GO (a), rGO (b). 
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Electrochemical properties 

Cyclic votammetry and galvanostatic charge-discharge were 
carried out with a three-electrode system from 0 to 1 V in 1 
M H2SO4 solution to test the electrochemical performance of 
the as-obtained rGO. Figure 8 showed that with the 
scanning rate increasing from 5 to 100 mV s-1, all CV curves 
of rGO electrode exhibited the same shape, however, area 
covered by them increased, which proved its good 
capacitance behavior and rate capability. On the other hand, 
no redox peaks were observed throughout the scan region, 
signaling the typicality of the EDLC for carbon-based 
materials [1,14].  

Figure 8. CV cuvres of rGO at different scan rates (three-
electrode system). 

Figure 9 presents the charge-discharge curves of rGO 
electrode at various current densities from 1 to 5 A g-1. 
These charge-discharge curves show triangular forms, which 
are symmetric and rather slope proving good capacitive 
quality of rGO electrode. Based on Figure 9 and the 
abovementioned equation (1), at the current density of 1 A g-

1, the SC value of rGO electrode can be determined, 262 F g-

1. 

Figure 9. Galvanostatic charge-discharge curves of rGO at 
different current densities. 

Figure 10a demonstrates its different charge-discharge 
cycles at the fixed current density of 1 A g-1. Obtained graph 
illustrates series of isosceles triangle curves, which is 
reasonable with CV behavior of rGO and suggesting that its 
capacitance can maintain well. Table 1 shows the 
comparison of SC of rGO electrode with reported values. 

Figure 10a. The different cycles of rGO at 1 A g-1. 
Table 1. Comparison of electrochemical performances in terms of specific capacitance of various rGO electrodes. 

Sample Electrode 
Current density 

(A g-1) 

Specific 

capacitance 

(F g-1) 

Electrolyte References 

EdoX-GO rGO 1.0 255 6.0 M KOH [42] 

Graphene Graphene nanosheets 0.5 272 1.0 M H2SO4 [23] 

GMs Graphene 0.5 205 30% KOH [43] 

HRGO rGO 1.0 128 0.1 M Na2SO4 [13] 

rGO rGO 1.3 137 1.0 M H2SO4 [39] 

rGO rGO 1.0 262 1.0 M H2SO4 This work 
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In comparison with some previous works, it seems clear that 
rGO has a comparable SC value [23,42] and even much 
higher than that of HRGO - 128 F g-1 [13], rGO - 137 F g-1 
[39] or rGO - 205 F g-1 [43]. Another experiment to reassure
about electrochemical stability of rGO electrode is cycling
measurement. Still at the fixed current density of 1 A g-1,
Figure 10b displays the changes of Coulombic efficiency
throughout 1000 continuous cycles in the potential range of
0 to 1 V. It is obvious that the SC of rGO electrode shows no
significant change after 40 cycles, however, quickly
increases to 242 F g-1 up to 135 cycles. And then, it slightly
increases and reaches the maximum value of 262 F g-1 after
400 cycles. Based on the results from the galvanostatic
charge-discharge graph, Coulombic efficiency could be
calculated by applying equation (2). After 400 charge-
discharge cycles are conducted, the SC initiates to slightly
decrease and preserves at approximate 90% of the initial
value, confirming good electrochemical cyclic stability in
consecutive charge-discharge cycles.

Figure 10b. Charge-discharge cyclic stability of rGO up to 
1000 cycles, at a current density of 1 A g-1. 

CONCLUSION 

To sum up, we introduce the green, easy, and low-cost 
chemical way utilizing shikimic acid as reducing reagent to 
fabricate rGO nanosheets, opening up the possibilities in 
mass production of rGO. The as-prepared rGO was 
characterized by various physicochemical and 
electrochemical measurements. The obtained result 
demonstrates that in 1 M H2SO4 electrolyte solution, at the 
current density of 1 A g-1, the as-synthesized graphene 
nanosheets exhibit high SC value (262 F g-1). Besides, after 
completing 1000 charge-discharge cycles, the SC can retain 
nearly 90%, showing long-term cyclability. In addition, its 
high power density makes rGO an ideal electrode material 
for energy storage application. 

HIGHLIGHTS 

• Graphene oxide was reduced by shikimic acid, an eco-
friendly reagent.

• The reduction of the graphene oxide nanosheets was
confirmed by various characterization methods.

• The obtained reduced graphene oxide is few layer
nanosheets.

• The as-synthesized rGO exhibits high SC value and
long-term cyclability.
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