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doped with zinc oxide nanoparticles for supercapacitor applications
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Abstract. Graphene oxide was derived from Lagenaria Siceraria peel and the ZnO
nanoparticles were synthesized using the green synthesis method. Zn, ,O-rGO, was
synthesized with different concentrations (x = 0.1, 0.2, 0.3) that were referred as S;, S,, and
Sa, respectively. The rGO-ZnO nanoparticles have been characterized with XRD, DLS, zeta
potential, FTIR, FT-Raman, UV, SEM, TEM, EDAX and mapping analysis. The charge
storage, cycle stability of the rGO-ZnO nanoparticles were explored using cyclic
voltammetry. The highest specific capacitance for nanoparticles was determined to be 371,
382 and 398 F/g for Sy, S,, and S; at the scan rate close to 10 mV/s.
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1. Introduction

With the gradual popularization of industrial automation
technology and large-scale mechanized production,
improper disposal of industrial wastes will not only waste
resources but also pollute the environment. The energy
shortage and environmental pollution are two focal issues
of green development in today’s society. There is an
urgent need to explore a green chemical route to produce
energy storage technology [1]. Supercapacitors (SC),
owing to a high power density and long cycle life, are the
most suitable source of energy for electric vehicles and
portable devices [2-5]. Electric double-layer capacitors
(EDLCs) are widely used because of their wide source of
raw materials and long cycle life [6, 7]. Carbon materials
have a high surface area, chemical stability, electrical
conductivity and a wide range of precursor sources, have
aroused strong concern as electrode materials for
supercapacitors [1, 5, 8, 9]. Recently, renewable carbon
materials derived from biomass have attracted extensive
attention in application of electrode materials for
supercapacitors [10-16]. For example, many investigators
have researched wood, almond shell, amaranthus and
peanut shell with high capacitance [17-22]. However,
few works have concentrated on the recycling of
industrial waste using electrode materials [23, 24].
Graphene is a flexible carbon sheet with a com-
parable structure to an individual layer of graphite. It has
a single layer, bi-layer, and multilayer structure [25-27].
Graphene has high thermal conductivity, electrical

conductivity, room temperature transporter versatility,
quantum confinement [28], etc. The material has vowed
its  significant electronic  properties, mechanical
properties, predominant synthetic strength and high
specific surface area [32]. Especially graphene is used
for Li-ion batteries [29], pseudocapacitors [30], and
electric double layer capacitors [31], etc. Formation of
nanorings on graphene would increase the overall
exposed surface area, since the inner edges of the
nanorings along with graphene would also be available
for catalytic activity [33]. These factors could be
advantageous, since hybridization of a functional
nanomaterial with high surface area, conducting, and
lightweight graphene has been explored as an effective
strategy for enhanced catalysis in energy conversion and
storage [39].

Zinc oxide is a very promising material for
supercapacitor application, it holds large capacitive
properties. Graphene-based zinc oxide nanocomposites
[37] have improved the electrical conductivity for good
electrochemical performance. Contrasting to the other
metal oxides, zinc oxide has a wide bandgap 3.37 eV.
Various  specialists have likewise  orchestrated
ZnO/graphene  [34,35] composites by different
methodologies for a scope of uses. Many research
articles have been contributed towards chemical
approach [37, 38], hence nowadays the green synthesis
has acquired great attention due to its ease of
productivity with high-performance capacitance and also
non-hazardous [41].

© 2021, V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine

115


mailto:jefflara1968@yahoo.co.in

SPQEO, 2021. V. 24, No 2. P. 115-123.

In this work, reduced graphene oxide — zinc oxide
(rGO-ZnO) synthesis has been reported, in which
graphene oxide synthesized from pure green approach
using Lagenaria Siceraria peel, and zinc oxide has been
reduced from fresh Lagenaria Siceraria peel extract and
delivered a specific capacitance of 398 F/g and good
cyclic stability from 300 to 1000 cycles, as compared to
earlier reported [39] synthesized from supercritical
carbon dioxide. When increasing the concentration of
reduced graphene oxide, the good electrochemical
performance has been achieved. The low cost and an
effective electrode with non-hazardous material can be
applicable in designing supercapacitors.

2. Experimental

2.1. Materials

Analytical reagent (AR) of zinc nitrate hexahydrate
(Zn(NOg),-6H,0) was purchased from Sigma Aldrich
with 98% purity, and Lagenaria Siceraria was collected
from the vegetable market.

2.2. Synthesis of cost-effective and eco-friendly
graphene

Lagenaria Siceraria peel was collected and washed
thoroughly, then heated and dried at 1000 °C, after that
the substance was sonicated for 1 hr, washed and
centrifuged, finally graphene precipitate was obtained.
The graphene precipitate was dispersed in a water or
methanol mixture, then 10 ml of 30% H,0, added slowly
and centrifuged with HCI for 1 hr to obtain graphene
oxide sheets. Finally, the thermal reduction has been
taken to prepare reduced graphene oxide kept under
400 °C for 5 hrs.

2.3. Synthesis of rGO-ZnO

Pure zinc oxide nanoparticles were synthesized through a
green approach by using fresh Lagenaria Siceraria peel
as a reducing agent. Zinc nitrate hexahydrate was
dissolved in deionized water and stirred well for 45 min,
and aqueous extract of Lagenaria Siceraria peel was
added drop by drop, and the pH value of the solution was
adjusted till 8 [43]. The rGO of three different molar
concentrations (x = 0.1, 0.2, 0.3 M) was dispersed in 5 ml
of methanol and added to the above solution. The
mixture was continuously stirred for 2hrs. The
precipitate was centrifuged and then washed with ethanol
and water to remove the impurities present in it. The
precipitate was kept under observation in the darkroom
up to 12-15 hours for ageing and dried at 100 °C by
using a hot air oven. The dried powders were calcined at
300°C for 5hrs. Finally, rGO-ZnO nanoparticles
obtained in three different concentrations were named as
S1, Sy, and Sz, respectively.

2.4. Electrochemical measurements

With a CHI 660D electrochemical workstation, the cyclic
voltammetry, charge-discharge, and electrochemical
impedance spectroscopy were performed. The rGO-ZnO
nanoparticles were used as a modified operation
electrode. A platinum plate and Ag/AgCl electrode were

used as the measuring and reference electrodes,
respectively. 6 M KOH solution was used as an
electrolyte for performing CV analysis at the room
temperature. The EIS measurements were carried out
over the frequency range from 0.1 Hz t0100 kHz under
the voltage 10 mV.

2.5. Characterization techniques

XRD (PANalytical, X’Pert-PRO MPD) was applied
using CuK, radiation. Scanning electron microscope
(SEM) and energy dispersive X-ray analysis (EDS) was
obtained with a Zeiss ultra plus SEM apparatus. TEM
images were obtained using Philips EM208 operating at
the accelerating voltage close to 90 kV. Nano Plus
Zeta/Nanoparticle analyzer instrument was used for
dynamic light scattering (DLS). Jasco V530 UV-visible
spectrophotometer was used to study optical properties.
The Fourier transform infrared (FTIR) spectra were
obtained using a Vertex 70v FTIR spectrophotometer
(BRUKER, USA). Raman spectra were recorded using
the LabRAM HR (UV) system with excitation by the line
532 nm. Cyclic voltammetry (CV) was carried out with
the electrochemistry workstation (CHI 660, China) by
using a three-electrode system. A platinum plate and
saturated AgQ/AgCl were used as the measuring and
reference electrode, and rGO-ZnO as a modified
operation electrode.

3. Results and discussions

3.1. Structural analysis

Fig. 1 shows the XRD analysis of the as-synthesized
rGO-ZnO, where the observed diffraction peaks at 31°,
33°, 37° and 47° were related to the (100), (002), (101),
and (102) planes of pure ZnO with a wurtzite hexagonal
structure according to the JCPDS Card No 36-1451, and
peaks at 25° and 44° were assigned to the (002) and (100)
planes of reduced graphene oxide. The XRD analysis
confirmed that the composition of ZnO with a wurtzite
structure and pristine graphitic structure of rGO. Due to
varying the concentration of rGO, we observed slight
changes in the intensity of diffraction pattern as well as
decrease in the crystallite size. The average crystallite
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Fig. 1. XRD pattern of rGO-ZnO (Sy, S,, S3) nanoparticles.
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size of the nanoparticles was found to be 12.3, 8.9 and
6.5 nm for S;, S, and S; samples, respectively.

The crystallite size was estimated using the Debye—
Scherrer formula

KA
[30059'

where A is the wavelength of X-rays, B — full width at
half maximum, 26 — Bragg’s diffraction angle.

By measuring the FWHM from X-ray diffraction
pattern, the average crystallite size was calculated.

3.2. Morphological and elemental analyses

Fig. 2 shown (a)—(c) panels indicate SEM micrographs,
(d)—(f) for TEM images, (g)—(i) for EDAX spectrum, and
(i), (k) for EDAX mapping of the rGO-ZnO nano-
particles (S1, S,, and S). It can be seen that the numerous
ZnO nanoflakes are incorporated into the reduced
graphene nanosheets. The ZnO nanoparticles were grown
uniformly on the graphene layer with a porous structure.
The particle size for all the three samples was found
to be 6.1, 4.8, and 3 nm for Sy, S,, and Ss, respectively.
The TEM images show the ZnO particles of the spherical

cps/eV

)

k)

Fig. 2. (a)-(c) SEM micrographs, (d)—(f) TEM images, (g)—(i) EDAX spectra, and (j), (k) EDAX mapping for rGO-ZnO (S;, Sy, S3)

nanoparticles.
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shape, which are evenly spread into rGO sheets. The
elemental and mapping analysis affirms that the samples
are around the ostensible composition of carbon, zinc,
and oxide for all the three doping concentrations.

3.3. Dynamic light scattering analysis

Fig. 3 demonstrates the particle size distribution of the
synthesized rGO-ZnO nanoparticles using dynamic light
scattering (DLS) measurements. The attained result gives
a hydrodynamic average diameter of 3.4 nm. The DLS
measurement gives the average crystallite size 5.4, 4.2
and 3.2nm for S;, S, and S, respectively. Hence, the
particle size of rGO-ZnO nanoparticles calculated from
SEM analysis was reconfirmed.

3.4. Zeta potential

The zeta potential of the rGO/ZnO nanoparticles was
investigated for all the three samples to measure the
surface charge of the nanoparticles. The variation of
concentration in rGO-ZnO nanoparticles versus zeta
potential has shown in Fig. 4, which implies that
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Fig. 3. Size distribution of rGO-ZnO nanoparticles using the
dynamic light scattering measurement.
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Fig. 4. Zeta potential of rGO-ZnO (Sy,S,,S3) nanoparticles.
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Fig. 5. Absorbance spectra of rGO-ZnO (S, S,, Ss) nanoparticles.
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Fig. 6. Tauc’s plot of rGO-ZnO (S;, Sy, S3) nanoparticles.

the particles contain negative charge —16.5mV (Sy),
-21.8mV (Sy), and —32.4 mV (Sy) as it increases with
concentration indicating the electrostatic repulsive forces
were responsible for the decrease in particle size of the
nanoparticles, and also the particles are very stable at
room temperature.

3.5. Optical analysis

Fig. 5 presents the typical UV-vis absorption spectra of
rGO-ZnO. The spectrum was traced within the
wavelength range between 200 and 800 nm. The
absorption peaks are located at 325, 335 and 342 nm for
S1, S, and S, respectively. The UV-vis absorption spectra
of bulk ZnO was reported to appear at 375 nm. It shows a
blue-shift, due to the particle size in the nanometer range
below 15 nm.

The optical band gap values are shown in Fig. 6,
and it was extrapolated from the linear part to the x-axis.
They are as follows: 3.7, 3.62 and 3.58 eV in accord with
Tauc’s plot.
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Fig. 7. FTIR spectrum of rGO-ZnO (Sy, S,, S3) nanoparticles.

3.6. FTIR and FT-Raman analyses

FTIR spectroscopy gives the additional evidence of the
functional groups in rGO-ZnO nanoparticles, and the
respective spectra are shown in Fig. 7. The peaks of GO
at 1598 and 1409 cm ' are ascribedto C—O stretching
vibrations of COOH groups. Moreover, the band at
1124 cm™' for C-O stretching vibrations is combined
with the C-OH bending ones. The peak around
1284 cm™' is attributed to the C—OH group. The bio-
molecules present in the peel extract are also confirmed.
The peak at 458 cm™' is attributed to the stretching mode
of Zn—0, which can affirm the presence of rGO-ZnO
nanoparticles.

Fig. 8 demonstrates the Raman spectra of the
prepared nanoparticles within the range 1000 to
2000 cm™'. A Raman spectrum provides the essential
characterization analysis for graphene-based materials.
The spectrum reveals the presence of single-, bi- &
multilayer graphene or graphene oxide materials. It can
be seen that the G band at 1590 cm™' and D band at
1328 cm™' confirm that the prepared material is single-
layer reduced graphene oxide for all the three samples.

3.7. Electrochemical
spectroscopy

performance and impedance

The effectuation of synthesized materials was analyzed
using the cyclic voltammetry, which gave the CV curve,
galvanostatic charge-discharge curve and enabled to give
the results of electrochemical impedance spectroscopy.
Fig. 9a clearly shows the CV curve of the rGO-ZnO
electrode of Faradaic redox peaks, which has the
potential window ranging between —-1.5 to 1.5V. The
cyclic voltammetry of rGO-ZnO shows a narrow
rectangle curve, indicates the absence of electrochemical
activity and a small capacitance due to the highest charge
transfer and conduction in the reduced graphene oxide —

Intensity (a.u)

P
=
i

o

-

=
A

204

104

T - T V— v T T T
1000 1200 1400 1600 1800 2000

Raman shift cm’!

Fig. 8. FT-Raman spectra of rGO-ZnO (S;, S,, S3) nanoparticles.

zinc oxide composite [42]. These outcomes additionally
testify that the large capacitance of rGO-ZnO arise from
the pseudocapacitance of the electrochemically active
ZnO nanoflakes. The specific capacitance can be
calculated using the following formula:

_ldv
P 2mvAv

where Cg, is the specific capacitance (F/g), ldv —
integrated area, m — mass of active material in the
electrode (g), v — scan rate (mV/s), AV — potential
window (V).

To estimate the electrochemical capacitance of the
S1, Sy, Ss, the galvanostatic charge-discharge curves were
presented in Fig. 9b. The linear triangular shape inherent
to a double-layer capacitor shows electrochemical
adsorption of the electrode and electrolyte. The specific
capacitance of the synthesized nanoparticles at different
scan rates has appeared in Fig. 9c.

It may be very well seen that the specific
capacitance gradually decreases with increasing the
current density, which might be ascribed to the diffusion
of electrolyte ions, which is confined because of the time
constraint at high current density. The specific
capacitance of rGO-ZnO nanoparticles was found to be
371, 382 and 398 F/g for S;, S,, and S; at the scan rate
10 mV-s™'. With the increase in concentration, the
capacitance also showed a significant increase, thus we
can say that S; (x=0.3) has shown a good
electrochemical performance. Since the synthesized
material shows the specific capacitance below 400 F/g, it
can act as an electrode material for supercapacitor
applications. In future, we can enhance the efficiency by
adding some other metal composites. Hence, with
increasing the concentration the material can give a good
performance in supercapacitor application.

Pratheepa M.I., Lawrence M. Conversion of Lagenaria Siceraria peel to reduced graphene ...

119



SPQEO, 2021. V. 24, No 2. P. 115-123.

Current (A)

T T T T y T T T
-2.0 -1.5 -1.0 05 0.0 05 1.0 15 2.0 25

Potential (V)
a)

~ 400: ——()
éﬂ 3504 ——(b)
= 4 —a—(c)
¥ 3004
= |
S 250+
S J
£ 200
2 2
G] ]
& 150:
g 100
; -
wn

50

H 0 40 60 8 100
Scan rate (mvs1)
c)

()]

Potential (V)

il (b)

0 200 400 600 800 1000
Time (s)
b)
500
o —=—(a)
by 4504 —a—(b)
= ——(c)
g 4004
=
3 /
S 350 /
=
g
o 3004
b=
2
g 250
wn
200 4— v T T T T
¢ 200 400 600 800 1000
Cycle number
d)

Fig. 9. (a) CV curve, (b) galvanostatic charge-discharge, (c) plots of the scan rate vs specific capacitance, (d) plots of cycle
number vs specific capacitance of rGO-ZnO (S, S,, S3) nanoparticles.

Investigating the cycle stability of the synthesized
rGO-ZnO electrode is the most significant for
supercapacitor applications. In Fig. 9d, the columbic
efficiency of the rGO-ZnO electrode has been analyzed.
Even after 1000 cycles, it reveals the columbic efficiency
of about 92%, which results in the excellent cyclic
stability and columbic efficiency of rGO-ZnO that may
be ascribed to its high specific surface area and porous
bulk. At a current density of 10 Ag”™', the specific
capacitance of rGO-ZnO electrode gradually increased
to 10% during the first 200 cycles, due to the insertion
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Fig. 10. Nyquist plot of rtGO-ZnO (S;, S,, S3) nanoparticles.

or exertion of the electrolyte ion and the specific
capacitance remains constant between 300 to 1000
cycles, which indicates that the material has good cyclic
stability. As an outcome, the determined high stability
and reversibility of the rGO-ZnO electrode are obvious.
The impedance spectroscopy is a dynamic
technique for analyzing the capacitive behavior of
electrode materials. Fig. 10 demonstrates the Nyquist
plots of rGO-ZnO at frequencies within the range of
100 kHz to 10 MHz at an open circuit potential. The
rGO-ZnO nanoparticles that uncover the predominant
electrical conductivity of this material accommodate the
ion and electron transfer in the electrode and electrolyte.
Thereof, we can calculate the ESR value in the high-
frequency region, the X-intercept at the real axis is
observed to be 0.6 Ohm for Sy, S,, S, representing a low
equivalent series resistance and indicates the good
conducting behavior. This illustrates the rGO-ZnO
nanoparticles having good electrochemical properties.

4. Conclusion

The reduced graphene oxide has been synthesized from
Lagenaria Siceraria peel for eco-friendly supercapacitor
application. The attributed XRD peaks with a high inten-
sity affirm the pronounced crystalline structure of rGO-
ZnO nanoparticles, and the average crystallite size has
been decreased when increasing the concentration of rGO.
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SEM, TEM, EDAX, and mapping confirm that the
synthesized rGO-ZnO nanoparticles are well-defined
nanostructures and clearly show incorporation of the
ZnO particles in rGO sheets. The functional groups
present in the FTIR spectrum attributes formation of
rGO-ZnO. Raman spectroscopy indicates the presence of
G and D bands. The observed absorption band enables to
suggest that the synthesized rGO-ZnO exhibit quantum
confinement effect. The above estimate of the direct
bandgap is 3.7, 3.62 and 3.58 eV of the synthesized
nanoparticles. It exhibits a very high charge storage
capacity with a specific capacitance of 371, 382 and
398 F/g for Sy, S,, and S; at the scan rate of 10 mV/s. On
the whole, S; has the highest specific capacitance,
because the particle size is smaller. This high
supercapacitor performance can be attributed to a specific
nature of microporosity combined with a high surface
area, which is due to the uniform distribution of the
minerals present in the Lagenaria Siceraria peel. The
phenomenal electrochemical capacitive properties make
the synthesized rGO-ZnO nanoparticles a vowing
electrode material for high-performance supercapacitors,
especially from the green synthesis as compared to the
chemical one. In future, advanced optimization of this
material can lead to a great electrochemical application.
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IeperBopenHs ToHkoro mapy Lagenaria Siceraria y BiqHOB/IeHi HAHOYACTHHKH OKCHAY rpadeHy, Jeropasi
OKCHJOM LMHKY, IS CTBOPEHHS CyNePKOHIEHCATOPIB

M.I. Pratheepa, M. Lawrence

AxoTtanis. Okcun rpadeHy oTpumaHo i3 ToHkoro mapy Lagenaria Siceraria u nanouactHOK ZnO, CHHTE30BaHHX
METOJIOM 3eJIeHOTo cuHTe3y. Zn; 4 O-rGOy cuHTe30BaHO ¢ pizHUMH KoHIeHTpanismu (X = 0,1, 0,2, 0,3), sKi mo3Ha4eHO
Si, S; ta S3 BimmoigHO. Hanowactmakm rGO-ZnO Oynm oxapakTepH30BaHI 3 BHKOPHCTAHHSAM TaKHX METOJIB:
PEHITCHOCTPYKTYpHUM aHaji3, IWHAMIYHE pO3CIIOBaHHSA CBiTNIA, A3era-moTeHmian, [Y-crmekrpomerpis 3 Dyp’e
NEepeTBOPeHHM, KoMOiHauiiiHe posciroBanHs cBiTia 3 @Dyp’e mneperBopeHHsM, Y@, ckaHyo4a eJIeKTpPOHHA
MIKpPOCKOTIisI, MIPOCBIUyIOYa eIeKTPOHHA MIKPOCKOIIiS, CHEeProaucIepciiiHa peHTTeHIBChKa CIIEKTPOCKOIS Ta aHaji3
KapTyBaHHs. 30epiraHHs 3apsny, CTaOUIbHICTH HMKIY HaHoyacTMHOK rGO-ZnO nocmipKkyBaid 3a JOHNOMOTOIO
LUKJIYHOT BosibTamnepoMmerpii. HaliBuima nuroMa €MHICTH Ui HaHOYAacTHMHOK craHoBwia 371, 382 ta 398 O/r
BIINOBITHO A7 S, Sy Ta S3 pu 1mBHIKOCTI ckaHyBauHs 10 MB/c.

Karouosi cioBa: HatypansHuii ToHkuil map Lagenaria Siceraria, rGO-ZnO, 3enenuii cuHTE3, €IeKTPOXiMiuHi
BJIACTHBOCTI, CYNEPKOHJICHCATOPH.
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