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1. Introduction

High-performance portable and fast response energy 
storage devices (ESDs) are vital for future needs [1–5]. 
Two dimensional (2D) materials have the potential to 
fulfil these energy needs on the basis of their electrical 
and chemical properties [6–8]. 2D materials such 
as graphene, graphene derivatives, transition metal 
dichalcogenides, transition metal carbides/nitrides 
(MXene), and 2D metal-organic frameworks (MOFs) 
are being used in electrochemical ESDs [9–11]. 
Graphene and its derivatives could be efficient material 
for ESDs as they have excellent electrical and chemical 
properties as well as exceptionally high surface area 
[12–14]. The theoretical capacitance value of ~550 F 
g−1 is reported for graphene [15]. rGO is one of the 
graphene derivative, well-known in electrochemical 
supercapacitors/ultracapacitors due to its unique 
properties of rapid charging/discharging [14, 16], 
and storing energy for long times [17]. Hence, a high 
level of research interest is oriented towards graphene 

and its derivatives (especially rGO) in order to explore 
their electrochemical properties [18–20]. Aggregation 
and restacking of graphene sheets reduce the intrinsic 
surface area which lower the capacitance value [21]. 
Literature revels that intercalation of polymers, 
nanoparticles, and carbon nanotubes could avoid the 
restacking of graphene sheets [22–24]. In this view, 
graphene and its derivatives have been combined 
with metal and metal oxide nanoparticles for the 
enhancement of electrochemical properties [25–28]. 
RuO2-rGO composite is widely reported as the best 
electrode material for energy storage [26, 27, 29].

Number of layers, wrinkles, defects and func-
tional group of graphene and its derivatives have a 
huge impact of the synthesis method, which affect 
the specific surface area and defect density. Therefore, 
an appropriate physical or chemical method is essen-
tial to obtain desirable graphene-based materials. 
Conventionally, metal nanoparticle assembled with 
rGO (mnp-rGO) is prepared through ex-situ and in 
situ chemical method [30]. In the case of the ex-situ  
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Abstract
We report an in situ synthesis of ruthenium-reduced graphene oxide (Ru-rGO) using 6 MeV electron 
beam assisted radiolytic reduction method and its supercapacitive behavior. X-ray diffraction 
(XRD), transmission electron microscopy (TEM) and field emission scanning electron microscopy 
(FESEM) explore Ru nanoparticles of size ~2 nm are decorated on rGO sheets. Raman spectroscopy 
shows ID/IG ratio increased and formation of bilayer rGO after electron beam irradiation. The defect 
density in Ru-rGO is increased due to the electron beam irradiation as compared to its counterpart 
GO. The Ru-rGO based supercapacitor exhibits specific capacitance (128.1  ±  5.59) F g−1 at 10 mV 
s−1 scan rate. The specific capacitance retention of Ru-rGO is up to 99.4% at 900 cycles while it 
increases to 130% at 5000 cycles. Discharge curve of the supercapacitor involves three current decay 
processes viz. activation polarization, ohmic polarization and concentration polarization. The 
highest energy density of (4.125  ±  0.19) W h kg−1 and power density of 1.44 kW kg−1 are achieved 
with Ru-rGO supercapacitor. This unique electron beam assisted techniques illustrates a promising 
method of the fabrication of high performance supercapacitor.
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process, the metal nanoparticles are synthesized 
separately and then mixed with the precursor of GO 
to produce mnp-rGO which results in less loading of 
nanoparticles [31]. In the case of in situ method, the 
precursor of metal and GO are mixed to produce mnp-
rGO but unstable mnp-rGO are formed due to the 
removal of oxygen-containing groups [32]. Research-
ers are trying to synthesize mnp-rGO through different 
synthesis methods such as green synthesis [33], hydro-
thermal method [34] and electrochemical method 
[35] to improve the stability and loading capability. 
Shayeh et al synthesized Polyaniline/reduced graphene 
oxide/Au composite by electrochemical deposition 
method and prepared hybrid supercapacitor which 
exhibits specific capacitance 303 F g−1 at 1 mA cm−2 
[36]. The graphene-platinum nanoparticles pre-
pared through chemically reduced exfoliated method 
shows a significantly larger capacitance of 269 F g−1 
at a scan rate of 50 mV s−1 [37]. Ru-rGO synthesized 
using microwave method, delivers a maximum specific 
capacitance of 140 F g−1 at 10 mV s−1, and maximum 
energy and power densities of 8.4 W h kg−1 and 7.8 
kW kg−1, respectively [38]. CNT/graphene/porous 
nickel prepared by chemical vapour deposition exhib-
its specific capacitance of 100 F g−1 at 1 A g−1 [39]. A 
compariso n of the electrochemical performance of 
2D electrode materials for supercapacitor devices is 

shown in table 1.
A few reports are available on the electron beam 

assisted preparation of mnp-rGO [40]. The basic 
advantage of the electron beam induced method is 
hydrated electrons with high negative redox potential 
act as a reducing agent which enables any metal ions 
to be reduced to their zero valent metal atoms. The 
process undergoes homogeneous nucleation with 
the nucleation sites being generated by the primary 
atoms at the original sites independently like the pre-
cursor ions. The process leads to uniformly dispersed 
and highly stable nanoparticles without the involve-
ment of any chemical reducing agent. Furthermore, 
the important properties of graphene-based materials 
like defects, number of layers and size of nanoparticles 
can be tuned through the imposed dose of the elec-
tron [41]. In this view, a simple in situ electron beam 
assisted reduction method for preparation of mnp-
rGO is gained importance to fabricate stable and load-
ing tunable mnp-rGO.

The present work focusses on the in situ synthe-
sis of Ru-rGO using a 6 MeV electron beam assisted 
reduction method and the study of its supercapacitive 
behavior. The structural and morphological proper-
ties of GO and Ru-rGO are studied using XRD, Raman 
spectroscopy, FESEM and TEM. Electrochemical 
properties like cyclic voltammetry (CV), galvanostatic 
charging and discharging are studied. The developed 
Ru-rGO based super capacitor exhibits specific capaci-
tance of (128  ±  5.59) F g−1 with 10 mV s−1 scan rate 
and specific capacitance retention up to 99.4% at 900 
cycles while it increases to 130% at 5000 cycles. The 

results obtained with this unique beam assisted tech-
nique may be useful for the fabrication of high-perfor-
mance supercapacitor based on Ru-rGO.

2. The mechanism for nucleation and 
growth of Ru-rGO

The electron beam assisted a radiolytic reduction 
is a strong tool for synthesizing monodispersed 
metallic nanoparticles. The process here has been 
used to decorate 1D rGO sheets with highly dispersed 
nanoparticles of ruthenium. The radiolytic reduction 
process in aqueous medium involves irradiation of 
H2O to produce active radicals of hydrated electrons 
(e−aq), H· and ·OH.

H2O + e beam → e−, H·, · OH.

Where, ·OH and H· are the hydroxyl and hydrogen 
radicals respectively. These radicals are strong 
reducing agents having high redox potentials of E0 
(H2O/e−aq)  =  −2.87 VNHE, E0 (H+/H·)  =  −2.3 VNHE, 
E0 (OH·/H2O)  =  +2.8 VNHE etc. These radicals 
reduce metal ions into a zero valent state. When RuCl3 
is dissolved in H2O and irradiated with an e beam, 
hydrated e− reacts with Ru(III)Cl−3  to produce stable 
Ru nanoparticles [51].

nRu3+ + ne− → nRu0.

To prevent the oxidation process, OH· scavengers 
like isopropyl alcohol (IPA) are used in the aqueous 
medium of the precursor solution to form reducing 
species [52].

(CH3)2CHOH + ·OH → H2O + (CH3)2C · OH/·
CH2CH (CH3)OH/(CH3)2CHO · .

When GO and RuCl3 are dispersed in IPA and 
irradiated with e-beam, the following reaction takes 
place [53].

n [(CH3)2C · (OH)] + GO → n [(CH3)2CO] + Red GO (H)

nRu3+ + n [(CH3)2C · (OH)] → nRu0

+ n [(CH3)2CO] + nH+.

The overall reaction of GO and Ru reduction, 
therefore, follows as

n [(CH3)2C · (OH)] + GO + nRu3+ + ne−

→ Red GO (H) + nRu0 + n [(CH3)2CO] + nH+.

The reducing agent generated by the radiation can 
penetrate deep into the sample solution causing 
random reduction all through the sample volume. 
The Ru atoms formed now act as individual sites for 
nucleation further followed by coalescence. The atom–
atom and atom with unreduced atoms have binding 
energies much higher than atom-solvent or atom-
ligand [51]. This causes atom–atom combination. 
When large numbers of atoms are generated through 
radiolysis cluster formation is initiated. The charged 
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dimer clusters undergo further reduction to form 
more nucleation sites. The rate of reduction of free 
metal ions and cluster formation is controlled by 
the rate of reducing agent formation. The bonding 
between clusters with unreduced ions or two charged 
clusters is strong enough for growth to take place. The 
final cluster size depends on the limitation applied to 
the coalescence process beyond a certain nuclear size 
formation.

3. Experimental details

3.1. In situ synthesis of Ru-rGO by electron beam 
irradiation
GO was synthesized by a modified Hummers’ method, 
the preparation procedure is explained elsewhere 
[40, 54]. The prepared GO sample is dispersed in IPA 
(0.5 mg ml−1) and sonicated for 1 h. 25 mM of RuCl3 
is dissolved in double distilled water and stirred for 
30 min. 2 ml of GO dispersion and RuCl3 solution is 
taken in a thin plastic bottle and exposed to a 6 MeV 
electron beam obtained from a Racetrack Microtron 
Accelerator having pulse width of 2 µs and a pulse 
repetition rate of 50 pulse s−1. The sample is exposed to 
6 MeV electron beam of fluency 1  ×  1015 e− cm−2. After 
irradiation, the sample is centrifuged, washed with 
double distilled water and dried. A powdered sample 
is used for XRD using a Bruker AXS D8 Advance x-ray 
diffractometer with CuKα radiation at a wavelength of 
1.5406 Å. The surface morphology of GO and Ru-rGO 
are obtained by preparing samples using a drop cast 
method on a silicon wafer and using a FESEM (Carl 
Zeiss Merlin Compact). Raman spectra are obtained 
using a Renishaw Invia laser Raman microscope with a 
laser excitation wavelength of 532 nm. Particle size and 
crystal structure of samples are obtained using TEM 
(TECNAI g2).

3.2. Electrochemical measurement
Electrochemical measurements are performed 
using a CHI 760E electrochemical workstation (CHI 
instruments, USA). A PEDOT is used as a binder for 
the electrode preparation. Both samples of GO and 
Ru-rGO were prepared individually mixed with 
PEDOT in 8:2 weight ratio and stirred continuously 
to obtain a homogeneous slurry. Glassy carbon with 
diameter 3 mm is used as a working electrode while 
Ag/AgCl and platinum wire are used as reference 
and counter electrode respectively. The prepared 
slurry is cast on the glassy carbon electrode. The 
mass loading on the electrode is about 2 mg and is 
kept constant for all samples. The mass of the active 
material GO and Ru-rGO is measured by weighing 
the electrode before and after rGO deposition using 
a high precision laboratory balance. Studies related 
to CV and charging-discharging of GO and Ru-rGO 

Table 1. Comparison of electrochemical performance of 2D material electrodes for supercapacitor devices.

Material Synthesis method Specific capacitance

Specific capacitance  

retention

Energy density 

@ power density 

(Wh kg−1 @ kW 

kg−1) Ref.

rGO-AuNPs Electrochemical reduction 357 F g−1 (25 mv s−1) 75% (1000 cycles) — [42]

Ag-rGO Ultrasonication/reduction 220F g−1 (10 mV s−1) — — [28]

Au/ZnO/rGO Microwave-assisted 

hydrothermal

875 F g−1 (1 A g−1) 62% (1000 cycles) 36.5 @ 0.27 [43]

Ni/NiO-rGO Probe sonication 310 C g−1 (1 A g−1) 95% (1000 cycles) 14.6 @ 4.3 [44]

rGO-MoS2 Hydrothermal 318 F g−1 (1 mV s−1) 82% (5000 cycles) 44.1 @ 0.159 [45]

rGO-MoS2 Hydrothermal 387.6 F g−1 (1.2 A g−1) ~100% (1000 cycles) ~220 @ 4.0 [46]

MoSe2-graphene Sonochemical assisted 

exfoliation

945 F g−1 (1 A g−1) 92% (3000 cycles) 26.6 @ 0.8 [47]

rGO-SnO2 Sol-gel/thermal reduction 229.1 F g−1 (2 mv s−1) 82% (1000 cycles) – [48]

rGO-RuO2 Sol gel 500 F g−1 (1.0 A g−1) 87% (2000 cycles) 16.7 @ 1.0 [29]

rGO-Ti3C2Tx Etching and sonication 254 F g−1 (mV s−1) — — [49]

V4C3 Etching 209 F g−1 (2 mV s−1) 97.23% (10 000 cycles) — [50]

Ru-rGO Electron beam irradiation 128 F g−1 (10 mV s−1 99.4% up to 500 cycles  

(130% 5000 cycles)

4.1 @ 0.6 This work

Figure 1. XRD spectra of (a) GO and (b) Ru-rGO.

2D Mater. 6 (2019) 045030
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materials are performed using a three-electrode cell 
configuration in 1M H2SO4 electrolyte, within a 
potential window of 0 to 0.9 V at different scan rate 
ranging from 10 to 500 mV s−1. The reproducibility 
of the electrochemical measurement results has been 
examined by performing measurements on four 
samples of each GO and Ru-rGO.

4. Results and discussion

XRD spectra of GO and Ru-rGO are shown in 
figures 1(a) and (b). Figure 1(a) shows a strong 
diffraction peak at 10.07° corresponds to the (1 0 0) 
plane of GO and another broad peak around 22.68° 
corresponding to (0 0 2) is due to the partially restacked 
graphite structure [55]. After electron irradiation, it is 
seen (figure 1(b)) that new peaks at 25.76° correspond 
to the (0 0 2) plane of rGO and 42.59° correspond to 
(0 0 2) plane of ruthenium [JCPDS-ICDD 06-0663] 
are observed [26]. Crystallite size and interplanar 
distance of ruthenium are 2 nm and 0.2381 nm 
calculated through the Debye Scherer formula and 
Bragg’s law respectively. Furthermore, it is found that 
the average crystallite size (D002) and the interplanar 
distance (d002) of rGO (0 0 2) plane are 0.62 nm and 
0.343 nm respectively. The number of rGO layers (N) 
is calculated using the expression D002  =  (N  −  1) 
d002, where D002 is assumed to represent the thickness 
as measured from the centre of the sample [56]. It 

shows that rGO has two (2.81) layers. Electron beam 
irradiation has simultaneously reduced GO to rGO 
and Ru3+ to Ru0. XRD spectra confirm the presence of 
Ru on rGO sheets and/or intercalate between the rGO 
sheets.

The FESEM images of GO and Ru-rGO are shown 
in figure 2. Figure 2(a) shows wrinkle sheet of GO 
whereas figure 2(b) shows well-separated sheets of 
rGO with the presence of ruthenium nanoparticles 
on it. In addition, ruthenium nanoparticles are seen 
underneath rGO sheets like spacers, which is in accord-
ance with the XRD and Raman results. Figures 2(c) 
and (d) show the EDS spectra of GO and Ru-rGO 
respectively. Figure 2(d) shows a peak of Ru in Ru-rGO 
samples whereas the peak corresponding to Ru seems 
to be absent in figure 2(c) in the GO sample. The Ru-
rGO sample shows a lower atomic oxygen percentage 
(65.35%) than that of GO (inset of figures 2(c) and 
(d)). EDS spectra support the reduction of GO and Ru 
incorporated in rGO after electron beam irradiation.

TEM images of GO and Ru-rGO are shown in fig-
ure 3. They show a uniform distribution of Ru nano-
particles on rGO sheets. TEM images also illustrate the 
formation of a few layers of Ru-rGO sample. The inset 
in figure 3(b) shows atomic planes corresponding to 
Ru atoms. The presence of Ru nanoparticles has been 
confirmed from the selective area electron diffraction 
(SAED) pattern which confirms the polycrystalline 
nature of the Ru-rGO sample. The interplanar distance 

Figure 2. FE-SEM images of (a) GO (b) Ru-rGO and EDS spectra of (c) GO, (d) Ru-rGO (inset shows elemental weight% and 
atomic%).

2D Mater. 6 (2019) 045030
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of the lattice for Ru is calculated to be 0.2341 nm and 
0.1234 nm corresponding to (0 0 2) and (1 0 3) planes 
respectively and it is an excellent agreement with the 
XRD data for the (0 0 2) plane. Elemental mapping is 
shown in figures 3(d)–(h) Elemental mapping reveals 
the homogeneous distribution of Ru nanoparticles 
on rGO sheets. EDS spectra of Ru-rGO (figure 3(i)) a 
characteristic peaks of C, O and Ru which confirms the 
coexistence of these elements. An atomic percentage of 
C, O and Ru element in Ru-rGO is about 93.1%, 5.7% 
and 1.3% respectively (inset of figure 3(i)).

The Raman spectra of GO and Ru-rGO are shown 
in figures 4(a) and (b). Figure 1(a) shows characteris-
tic peaks of GO at around 1341 cm−1 and 1591 cm−1 
corresponds to the vibrational bands of carbon in dis-
ordered D band and the E2g mode of the graphitic G 
band [57–59]. After electron beam irradiation, it is seen 
that the red shift of the D peak attributed to the pres-
ence of Ru nanoparticles on/between the rGO sheets. 
However, no signature of formation of metal oxides like 

Ru-O and RuO2 which are expected to occur around 
200–800 cm−1 [60]. This clearly indicates a direct reduc-
tion of Ru nanoparticles without the formation of any 
oxygenated ruthenium species. The electron irradia-
tion mechanism seems to be strong enough to cause a 
direct reduction of Ru3+ ions into Ru0 nano particles 
with simultaneous binding to the GO sheets having 
high electron charge density at the surface. The D to G 
band intensity ratio (ID/IG) is used to assess the crystal-
line structure of the synthesized material. The increase 
in the ID/IG from 0.84 to 0.90 shows an enhanced degree 
of graphitization after electron beam irradiation.

The Raman spectrum of Ru-rGO shows an addi-
tional peak around 2657 cm−1 attributed to the 2D 
band. The peak at 2937 cm−1 corresponding to D  +  D’ 
band appears due to the combination of phonons with 
different momenta, around K and Γ points [61]. After 
electron beam irradiation, defects are induced in the 
Ru-rGO sample activating the D  +  D′ band in the 
Raman spectrum observed at 2937 cm−1 [61]. The 

Figure 3. TEM of (a) GO, (b) Ru-rGO, inset atomic planes of Ru (c) SAED pattern of Ru (d) elemental mapping of Ru-rGO (e) C in 
Ru-rGO, (f) O in Ru-rGO, (g) Ru-K in Ru-rGO and (h) Ru-L in Ru-rGO (i) EDS spectra of Ru-rGO (inset shows elemental weight% 
and atomic% in Ru-rGO).

2D Mater. 6 (2019) 045030
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Figure 4. Raman spectra of (a) GO, (b) Ru-rGO inset of (b) shows peak fitting with the Lorentzian function of Raman spectra of 
Ru-rGO in the range of 2575 to 2800 cm−1.

Figure 5. Electrochemical measurement of GO and Ru-rGO, CV curves of (a) GO (b) Ru-rGO at different scan rate; Variation of 
specific capacitance of with Scan rate of (c) GO and (d) Ru-rGO (error bars indicate  ±1 S.D. from four measurements).

2D Mater. 6 (2019) 045030
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Raman peaks in the range of 2575 to 2800 cm−1 have 
been deconvoluted using peak fitting software (Ori-
gin 9 ®) with Lorentzian functions and are shown in 
the inset of figure 4(b). The 2D band has four Lorentz 
components viz. 2D1A, 2D1B, 2D2A, 2D2B which are 
observed at 2611 cm−1, 2646 cm−1, 2668 cm−1, and 
2720 cm−1 respectively [62]. This confirms the bilayer 
rGO formation with the implementation of bilayer 
graphene analogy [62]. The results are well in agree-
ment with the number of layers estimated from XRD 
data. The average inter defect distance (LD) and defect 
density (nD)  are estimated from the following equa-
tions (1) and (2) respectively.

L2
D =

4.3 × 103

E4
L

ï
ID

IG

ò−1

 (1)

n2
D =

1

πL2
D

 (2)

where, EL  =  2.33 eV is the laser excitation energy [56, 
59]. The calculated LD for GO is 13.1 nm and for Ru-
rGO is 12.7 nm. The defect density (nD) for GO and 
Ru-rGO is found to be 18.5  ×  106 cm−2 and 19.6  ×  106 
cm−2 respectively. The defect density for Ru-rGO is 
increased due to electron irradiation as compared to 
its counterpart GO. This increase is may be due to the 
binding of Ru nanoparticles as spacers into the rGO 
sheets.

The CV plots are determined from CV to under-
stand the charge storage capacity of prepared samples. 
Figures 5(a) and (b) shows the CV plots of GO and 
Ru-rGO at different scan rates in the range of 10 to 500 
mV s−1. The current density and area under the curve 
increases for both the samples with increasing scan 
rate. Figure 5(a) shows a distorted rectangular shaped 
CV curve with the presence of redox peaks at 0.3 V and 
0.45 V representing the GO sample. In contrast, fig-
ure 5(b) shows a nearly rectangular shaped CV curve 
without the presence of the redox peaks in the Ru-rGO 
sample. This indicates the proper electric double layer 
capacitance (EDLC) behaviour with improved capaci-

tive performance due to the improvement of charge 
transfer pathways in the electron irradiated sample. 
The volumetric current density for the applied poten-
tial window is higher in Ru-rGO as compared to its 
counterpart of GO indicating much higher utilization 
of electroactive species. The Ru-rGO samples have a 
higher volumetric current density than GO for all val-
ues of scan rates for the whole potential window. The 
specific capacitance of the GO and Ru-rGO is esti-
mated from the CV curve using equation (3) [63].

CS =
1

mv(Va − Vc)

ˆ 0.9

0
I (V) dV (3)

where CS is specific capacitance (F/g), m is mass of 
active material, v is scan rate (mV/s), I is current, 
(Va  −  Vc) represents the potential window while Va 
and Vc are switching potentials. An area under CV 
curves in a given potential window is used to calculate 
specific capacitance. Figures 5(c) and (d) displays 
the specific capacitance as a function of scan rate. 
The specific capacitance of both Ru-rGO and GO 
decreased from (128.1  ±  5.59) F g−1 to (35.15  ±  5.52) 
F g−1 and (28.57  ±  1.98) F g−1 to (3.45  ±  1.95) F g−1 
respectively with an increase in scan rate from 10 to 
500 mV s−1. This is due to the increase in diffusion 
components of current with an increase in scan rates.

Cycling stability of Ru-rGO is carried out using 
CV and shown in figure 6. The specific capacitance 
retention up to 900 cycles is ~99.4% for both GO 
and Ru-rGO while it increases to 130% at 5000 cycles 
for Ru-rGo sample. Ru-rGO has excellent cyclic 
stability revealing its application as an advanced  
electrode material for high-performance super-
capacitors. Similar specific capacitance retention 
behavior is observed by Hassan et al [38]. The sam-
ples seem to follow the configuration of EDLC. In 
the case of EDLC, the charge storage process is non-
faradaic. On the basis of confirmation from TEM 
and FESEM, the Ru nanoparticles are present on 
the rGO sheets which also contribute to EDLC, con-

Figure 6. Cycling stability of (a) GO and (b) Ru-rGO measured at 500 mV s−1 for 5000 cycles.

2D Mater. 6 (2019) 045030
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cluding that the energy storage mechanism is purely 
non-faradaic. Furthermore, as depicted from XRD 
and Raman analysis the synthesized Ru-rGO sample 
is composed of few layers with Ru nanoparticles as 
spacers and/or on the rGO sheet helps to increase the 
surface area with a reduction in the equivalent series 

resistance (ESR) and enhanced metallic conductiv-
ity, electrolyte penetration which promotes fast ion 
exchange.

The galvanostatic charge/discharge curves of the 
GO and Ru-rGO at different current densities rang-
ing from 2 to 8 A g−1 are presented in figures 7(a)–(d). 

Figure 7. Galvanostatic charge/discharge curves of (a) GO (b) Ru-rGO at different current densities; variation of specific 
capacitance of (c) GO and (d) Ru-rGO at different current densities (error bars indicate  ±1 S.D. from four measurements).

Figure 8. Exponential fitting of the discharge curve.

2D Mater. 6 (2019) 045030



9

N G Saykar et al

Figures 7(a) and (b) shows a symmetric charging/ 
discharging phenomenon in GO for all applied cur-
rent densities. The nature of the charging and dis-
charging curves of Ru-rGO (figures 7(a) and (b)) do 
not follow the triangular shape as in the GO sample. 
The Ru-rGO sample shows a longer discharge time 
than GO indicating higher specific capacitance may 
be due to the formation of few-layered Ru-rGO. The 
nature of the charge/discharge curve is attributed 
to the charge re-distribution phenomenon in the 
porous electrode [64]. It is seen that the discharge 
curve exhibits the slope, which may be due to the IR-
drop. The dependence of IR drop on applied current 
density is shown in figure 7(e). From the plot, it is seen 
that IR drop increases with increase in applied current 
density for both GO and Ru-rGO. Ru-rGO exhibits a 
slightly higher IR drop as compared to GO indicating 
Ru-rGO exhibits relatively large internal resistance. 
Charge storage in Ru-rGO sheets takes place through 
adsorption/desorption of ions and/or electrons. The 
edge defects, oxygen-containing groups and active 
sites present on rGO provide a huge interface for the 
same [65]. From the charge/discharge curve for Ru-
rGO it is seen that, below 0.2 V a very slow discharge 
takes place (at 2 A g−1 applied current density). This 
may be due to the slower release of absorbed charges 
on the surface of Ru-rGO. Furthermore, the particle-
on-sheet structure of Ru-rGO nanocomposite can 
increase the number of electroactive sites and accel-
erate the diffusion of ions by providing low-resist-
ance pathways [28].

The specific capacitance of the GO and Ru-rGO 
is estimated from the galvanostatic charge/discharge 
curves using equation (4) [20].

CS =
I∆t

m∆V
. (4)

Where I/m is the constant current density for discharge, 
Δt is the time of discharge, ΔV is the potential 
window for discharge. The specific capacitance 
values calculated from the charge/discharge curve are 
found to be (17.97  ±  1.54) F g−1 and (32.45  ±  1.55) 
F g−1 at 2 A g−1 which drops to (8.2  ±  1.55) F g−1 
and (12.57  ±  1.56) F g−1 at a current density of 8 A 
g−1 for GO and Ru-rGO respectively. It is seen that 
a rapid decrease in specific capacitance occurs at 
higher current density. Finally, it can be inferred that 
Ru-rGO forms a unique structure with good stability 
and integrity. Furthermore, the Ru nanoparticles 
act as a spacer that prevents the rGO layers from 
agglomeration [27, 28, 37].

The discharging curve is fitted with the expo-

nential function y = y0 + A1 × exp
Ä
− x−x0

t1

ä
+

A2 × exp
Ä
− x−x0

t2

ä
+ A3 × exp

Ä
− x−x0

t3

ä
  as shown in 

figure 8. The nature of the discharge curve implies that 

the discharging process involves a three current decay 
process [66], in which first discharge time (t1) is asso-
ciated to the IR drop (Activation polarization) which 
occurs due to the instant (charge release from elec-
trode/electrolyte) discharge from electrolyte recombi-
nation. The second discharging time (t2) is related to 

Table 2. Fitting parameters of the discharge curve.

Current density 

(A g−1)

Fitting parameters

A1 t1 A2 t2 A3 t3

2 0.386 91 1.683 45 0.556 75 25.511 59 0.399 23 0.488 02

4 0.275 17 1.052 03 0.781 62 17.427 95 0.326 31 0.446 69

6 0.424 24 10.261 51 0.416 33 10.261 44 0.483 86 0.475 38

8 0.332 14 4.865 32 0.341 28 4.865 32 0.341 28 0.475 38

Figure 9. Ragone plot for GO (black) and Ru-rGO (red) (error bars indicate  ±1 S.D. from four measurements).
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ohmic polarization which arises from the resistance 
of the electrolyte, the materials of construction of the 
electrodes and the conductive diluent, current collec-
tors, and contact between particles of the active mass 
and conductive diluent or from a resistive film on the 
surface of the electrode. The last one discharging time 
(t3) is associated with concentration polarization aris-
ing from partial mass transport abilities like limited 
diffusion of dynamic species to and from the electrode 
surface. The fitting parameters of the discharge curve 
are listed in table 2.

The energy density and power density are evalu-
ated using equation (5) [38],

E =
1
2 Cs∆V2

3.6
and P =

E

td
× 3600, (5)

where CS is the specific capacitance in F g−1, m is the 
mass of electrode material in grams, I is the current 
in ampere, and td is the discharge time in seconds. 
IR drop is excluded from the potential value during 
measurement of power density and energy density. 
The values 3.6 and 3600 in the energy density 
and power density equation are the result of unit 
conversions of mass and time from g to kg and from sec 
to hour, respectively. Figure 9 shows the Ragone plot 
for GO and Ru-rGO. GO has highest energy density 
(2.23  ±  0.19) W h kg−1 at a power density of 826.53 
W k−1g while Ru-rGO possesses the highest energy 
density of (4.11  ±  0.19) W h kg−1 at a power density of 
618.75 W kg−1. The energy density decreases for both 
the samples at higher power density due to fast voltage 
decay at higher values of power.

5. Conclusion

We have developed few layer Ru-rGO by an in situ 6 
MeV electron beam induced reduction method. This 
method shows an efficient reduction of GO to rGO 
without the use of reducing or stabilizing agent. GO 
and Ru-rGO based supercapacitors exhibit the highest 
specific capacitance of (28.57  ±  1.98) F g−1 and 
(128.1  ±  5.59) F g−1 at 10 mV s−1 scan rate respectively. 
The shape of the voltammogram is retained up to 
a high scan rate of 100 mV s−1 which indicates that 
Ru-rGO has an excellent rate performance for the 
supercapacitor device. Among both supercapacitors, 
Ru-rGO based supercapacitor shows appreciably high 
specific capacitance, with a capacity retention of about 
99.4% up to 900 cycles which further increases to 130% 
at 5000 cycles for Ru-rGO. The highest energy density 
of (4.11  ±  0.19) W h kg−1 and power density of 1.44 
kW kg−1 are achieved with Ru-rGO supercapacitor.
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