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ZnO-Enhanced Reduced Graphene Oxide Electrodes
from Cocoa Shell: Nanoarchitectonics Platform for
Photoelectrocatalytic Detection of Methylene Blue
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Abstract: In this study, we report the successful preparation of reduced graphene oxide modified zinc oxide
(rGO-ZnO) composites from cocoa shells. Synthesis of rGO-ZnO was carried out using the Hummer
method and thermal reduction. The electrode material was comprehensively characterized using fourier-
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and scanning electron microscopy &
Energy Dispersive X-ray (SEM-EDX). The photoelectrocatalytic performance of the prepared composite
electrodes was evaluated using various electrochemical techniques, including Linear Sweep Voltammetry
(LSV), Cyclic Voltammetry (CV), and Multi Pulse Amperometry (MPA). The FTIR analysis of rGO-ZnO
exhibited distinct bands corresponding to C-O at 1022 ecm™', C=C at 1600 cm™, and Zn-O at 455 cm™. The
XRD analysis revealed characteristic peaks at 26.6°, 29.2°, 36.2°, 44.04°, 47.58°, and 64.4°, confirming the
presence of key crystalline phases. SEM-EDX analysis of rGO-ZnO revealed a rough surface morphology
with bright white and black regions, signifying the coexistence of ZnO and rGO with carbon, oxygen, and
zinc contents of 78.98%, 17.46%, and 3.56%, respectively. The investigations involved the
photoelectrochemical profiles of methylene blue organic dyes at different concentrations, ranging from 0.5
ppm to 3.0 ppm. The acquired findings offer valuable understanding into the photoelectrocatalytic
effectiveness of the composite electrodes containing rGO-ZnO, suggesting their potential use in potential

scenarios involving the revitalization of the environment in industrial water systems.

Key words: cocoa, rGO, ZnO, photoelectrocatalysis, methylene blue

1 Introduction

Methylene blue is a notable derivative of thiazine dye
that has garnered significant attention as a potential solu-
tion for various environmental concerns. This compound
exhibits remarkable properties and has found applications
in diverse fields due to its distinct chemical structure and
reactive characteristics" . Methylene blue can be sourced
from multiple origins, including waste streams from indus-
trial processes and textile dyeing operations. Its presence
in these sources highlights the need for effective strategies
to mitigate its impact on the environment™ ? Understand-
ing the properties and behavior of methylene blue is crucial
in devising efficient methods for its removal and manage-
ment.

In response to the challenges presented by pollution at-
tributed to methylene blue, researchers have been moti-
vated to develop cost-effective, environmentally friendly
techniques for quantification and remediation of this sub-
stance. Among these techniques, electrochemical methods,
specifically cyclic voltammetry (CV), have gained signifi-
cant attention due to their rapid response times, excep-
tional sensitivity, and selectivity“*w. These methods
provide real-time monitoring and accurate analysis of
methylene blue concentrations across diverse matrices” 8,
Recent advancements in electrochemical sensor perfor-
mance have been achieved through the integration of ad-
vanced nanomaterials. Among these materials, reduced
graphene oxide (rGO), synthesized from cocoa shell waste,
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has emerged as a promising candidate for electrode modifi-
cation. Its distinctive structural and electrical properties
render it an appealing platform for sensor development.

Cocoa husk, a byproduct of cocoa processing, presents
environmental challenges owing to its disposal. Within this
abundant cocoa shell lies considerable amounts of cellu-
lose, lignin, and hemicellulose, with a substantial carbon
content, rendering it suitable for the production of gra-
phene oxide (GO)™?. Both GO and graphene share a
common graphene framework, exhibiting akin chemical,
optical, and electrical propertiesw). GO, enriched with
functional groups like carboxylates, epoxy, carbonyl, hy-
droxyl, and phenolic groups, has found extensive applica-
tion in diverse fields such as electrocatalysis, biomedical
contexts, separation membranes, sensors, and energy con-
version and storagem

Exploration has been undertaken to combine rGO with
zine oxide (ZnO) nanostructures, aiming to harness syner-
gistic effects that yield improved conductivity and electro-
catalytic activitym. In the realm of photocatalytic reactions,
7ZnO acts as a semiconductor catalyst, particularly in waste
treatment applicationsm. 7ZnO boasts attributes such as
non-corrosiveness, eco-friendliness, a high dielectric con-
stant, abundance, stability, non-toxicity, and an energy gap
of 3.37 eV with an excitation of 60 meV'¥. However, its
substantial band gap energy poses a limitation, confining
its activity exclusively to UV light exposure and thereby
curtailing its overall efficacym). To surmount these chal-
lenges and amplify photodegradation efficiency, integration
of a supporting material becomes imperative to mitigate
recombination rates and diminish the bandgap energy. A
range of carbon-based materials, including carbon
aerogellﬁ), carbon nanotubesm, carbon dotsw), magnetic
carbonm), and GOZO>, have been extensively researched to
enhance the photocatalytic performance of ZnO nanoparti-
cles.

Firstly, utilizing cocoa shell waste for producing reduced
graphene oxide (rGO)brings economic and environmental
benefits, transforming waste into valuable sensor material.
Secondly, the synergy between rGO and zinc oxide (ZnO)
enhances the electrocatalytic activity of the composite
electrode better than ZnO or rGO electrodes alone. Thirdly,
the rGO-ZnO composite exhibits improved visible light ab-
sorption compared to pure ZnO, holding potential for
higher photoelectrocatalytic activity under sunlight. This
study provides a comprehensive insight into the advantages
of using rGO-ZnO composites derived from cocoa shell
waste for photoelectrocatalytic applications.

Here we report the development of efficient and sustain-
able photocatalytic materials important to addressing
pressing environmental challenges and advancing various
technological applications. This research has several spe-
cific advantages, such as utilizing cocoa shell waste for
producing rGO brings economic and environmental bene-
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fits, transforming waste into valuable sensor material, the
synergy between rGO and ZnO enhances the electrocata-
Iytic activity and exhibits improved visible light absorption
compared to pure Zn0O, holding potential for higher photo-
electrocatalytic activity under sunlight. The combination of
rGO derived from cocoa shells with ZnO doping techniques
presents a promising avenue for enhancing the photocata-
Iytic activity of ZnO. By tuning the electronic band struc-
ture and improving visible light absorption, these doped
7ZnO materials hold great potential in the degradation of
organic pollutants and the effective utilization of solar
energy. This study aims to investigate the performance of
the rGO cocoa composite electrode as a photoelectrocata-
Iytic sensor for Methylene Blue, contributing valuable in-
sights toward the development of innovative and sustain-
able solutions for environmental remediation and sensor
applications. The mechanism for the performance enhance-
ment of rGO-ZnO composite electrodes will be discussed.

2 Methods
2.1 Synthesis of rGO composite

The cocoa shells are subjected to a sun-drying process
lasting 4-5 days, followed by their introduction into the
combustion medium. The ensuing charcoal, derived from
the combustion process, is subsequently comminuted and
subjected to filtration using a 200-mesh pore size. The syn-
thesis of GO entails the oxidation of graphite powders uti-
lizing the Hummer modification method as delineated in
reference®. In this procedure, an initial amalgamation of
2.0 g of graphite (derived from cocoa shell charcoal) with 8
g of KMnO,, 98 mL of concentrated H,SO,, and 4 g of con-
centrated NaNO, facilitates an oxidative reaction that is
maintained under stirring for a duration of 4 hours within
an ice bath. The residual slurry generated thereafter is
treated with 15 mL of H,0O, solution, subsequent to its re-
peated washing with over 400 mL of deionized (DI)water,
conducted iteratively (exceeding three cycles)until the so-
lution reaches approximate neutrality (pH ~7). Consecu-
tively, the solution undergoes sequential washing with 0.1
M HCI, DI water, and alcohol, followed by multiple centrifu-
gation steps, until nearing neutrality. Ultimately, the resul-
tant product is subjected to vacuum oven drying at 60C
for a duration of 24 hours. All chemical substances em-
ployed in this procedure were bought from Aldrich (USA)
and were employed directly without undergoing additional
purification.

2.2 Preparation of rGO-ZnO composite electrode

The working electrode consists of a cylindrical glass with
a diameter of 4 mm, which is connected to a copper wire.
The preparation of the rGO-ZnO composite involved the
simple mixing of ZnO with varying masses (0.1 g, 0.2 g, and
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0.3 g)with 0.7 g of rGO. The resulting mixture was then
ground and sieved using a 200-mesh stainless steel sieve.
Subsequently, 0.3 g of paraffin oil was added, and the
mixture was stirred for 30 minutes at a temperature of 80
C. To ensure a smooth and flat surface, the electrode was
polished with paper before conducting the experiment,
yielding a glossy finish conducive to optimal electrochemi-
cal performance.

2.3 Characterization of composite

The composite chemical structure and size particle was
assessed employing Fourier Transform Infrared spectros-
copy (FTIR) on a Shimadzu IR Affinity-1S system and X-ray
Diffraction (XRD)at 20 =10-70 degrees using Cu-Ka =
1.54060 on a Shimadzu 6000. The morphology and compo-
sition analysis of the rGO-ZnO composites was conducted
through scanning electron microscopy & Energy Dispersive
X-ray (SEM-EDX)using a HITACHI SU3500. Electrochemi-
cal properties investigation of the composite was carried
out using cyclic voltammetry technique with a potentiostat
DY2100. The electrochemical analysis utilized a glass con-
tainer with a diameter of approximately 2.00 cm and a
height of around 3.50 cm. The top cover of the container
featured three holes to accommodate the electrodes, which
included the working and auxiliary electrodes, along with a
reference electrode.

2.4 Photoelectrocatalytic degradation of methylene blue
The investigation pertained to the photoelectrocatalytic
degradation of methylene blue and was conducted within a
three-electrode electrochemical configuration. In this ar-
rangement, the working electrode was fabricated employ-
ing rGO-ZnO composite material, a depiction of which is
presented in Fig. 1. The reference electrode of choice en-
compassed an Ag/AgCl configuration, while the counter
electrode consisted of a Pt plate. Multi-Pulse Amperometry
(MPA)was the elected technique for experimentation,

Pt wire

MB + & 3 M8

wherein a potential bias of 0.5 V was maintained. The illu-
mination source encompassed a 15-watt UV lamp radiating
light at a wavelength of 360 nm, accompanied by visible
light irradiation at an energy level of 18 Watts, facilitated
by a Xenon lamp. The experimental conditions dictated
that the photochemical reactor system sustain ambient
room temperature. The protocol entailed treating 2.0 mL
of methylene blue dye at ten-minute intervals, spanning a
total experimental duration of 1 hour. Monitoring of the
degradation process was executed through employment of
a UV-Vis spectrometer. Parallel experimentation adhering
to identical conditions was executed utilizing a rGO elec-
trode, serving as a reference point for comparison.

3 Results and Discussion
3.1 Characterization of rGO-ZnO electrode

The FTIR characterization of the (rGO-ZnO) electrode
aimed to identify functional groups formed during synthe-
sis. The presence of these groups was determined through
transmittance peaks in the FTIR spectrum (4000 cm ™ to
400 cm™"). Figure 2 shows the FTIR results for the (rGO-
Zn0)electrode, indicating distinctive absorption peaks.
Notably, peaks at 3390 cm ', 1710 em ™', 1600 cm ™', and
1024 cm ™! were attributed to the O-H, C-O, C-C, and C-O
bonds, respectively22>. Moreover, the FTIR analysis identi-
fied a ZnO bond at 455 cm ' in the rGO-ZnO composite.
For the rGO sample prepared via thermal reduction, the
FTIR spectra exhibited vibrational peaks at 455 cm ™" (con-
firming Zn-O bonds)and 1600 cm ™' (C=C bond)and 1024
em ™' (C-0 bond) characteristic of rGO. Interestingly, the
FTIR analysis did not show any vibration related to the O-
H group in the rGO-ZnO composite. This can be attributed
to the thermal reduction method, which avoids water use
at high temperatures, preventing the formation of O-H
groups. These FTIR results align with prior studies on rGO-

f_\, move to

Y~ Pt wire
B>

<

Fig. 1 Visual representation of the working electrode structure, specifically the rGO-ZnO electrode, through photoelectro-

chemical experiments.
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Fig.2 shows the results of FTIR analysis for rGO.
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Fig. 3 XRD spectra of GO and rGO-ZnO.

based composites22>, further validating the synthesis and
characterization approach.

The phases present in the material were determined
through XRD analysis. Figure 3 displays the XRD results of
both GO and rGO-ZnO. The XRD patterns of the GO crys-
tals exhibit distinct diffraction peaks at approximately 20
=12.6",26.62°, 37.75°, and 44.04° , with corresponding in-
terlayer spacings(d)of 0.984 A, 3.345 A, 2.381 A, and 2.054
A, respectively. Notably, the characteristic 20 band at 10-12°
is unique to GO. The XRD analysis provides valuable in-
sights into the crystal structures and phases present in the
material. The prominent peaks observed in the XRD pat-
terns indicate the presence of specific crystal planes and
interlayer spacing within GO and rGO-ZnO. Moreover, the
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Fig.4 Morphological and compositional characteristics
illustrated. SEM depiction(a)rGO, (b)rGO-ZnO,
along with EDX analysis results (¢) for rGO-ZnO.

XRD data helps to validate the successful reduction of GO
to rGO and the incorporation of ZnO into the composite
material. These XRD results are consistent with previous
studies on GO-based composite323>, further supporting the
identification of crystal phases and lattice parameters
within the material.

The SEM images revealed elements like rGO tend to
absorb light, resulting in darker-colored particles Fig. 4a.
Distinct features of transparent black and bright white par-
ticles, corresponding to rGO and ZnO particles, respective-
ly (Fig. 4b) . This phenomenon can be attributed to the me-
tallic nature of ZnO, leading to a brighter appearance when
exposed to light. Additionally, the irregular morphological
shape of the ZnO compound was observed, as reported in
previous studies*. Further quantitative analysis of the
rGO-ZnO composites elemental composition was carried
out through Energy Dispersive X-ray Spectroscopy (EDX),
as depicted in Fig. 4c. The EDX spectra of incorporation of
rGO into the ZnO powder confirmed the presence of
carbon(C), oxygen(0), and zinc (Zn) contents of 78.98%,
17.46%, and 3.56 %, respectively. The SEM and EDX char-
acterizations provide essential insights into the morphology
and elemental composition of the rGO-ZnO electrode com-
posite. These findings support the successful synthesis and
doping of rGO in the ZnO matrix, validating the composite's
structural integrity and composition. These results are
consistent with previous research on similar rGO-ZnO
composites%), further corroborating the characterization
outcomes and supporting the composite’s potential for
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various applications.

3.2 Fe(CN), */Fe(CN), ° electrochemical system

The present method focuses on the electrochemical be-
havior of four different working electrodes in the presence
of K;[Fe(CN)s]las the electrolyte solution. From the ob-
tained CV graphs, distinct peak potentials, and peak cur-
rents were observed for each electrode. For the rGO elec-
trode, a cathodic peak potential (Epc)of 0.06 V and an
anodic peak potential (Epa)of —0.25 V were recorded,
with corresponding cathodic peak current (Ipc)of — 68 HA
and anodic peak current (Ipa) of 99 pA. The introduction of
7ZnO into the rGO matrix resulted in notable changes in the
electrochemical behavior. The rGO-ZnO composite with 0.1
gram of ZnO displayed a cathodic peak potential (Epc) of
0.02 V and an anodic peak potential (Epa) of 0.29 V, accom-
panied by cathodic peak current(Ipc)of —163 pA and
anodic peak current (Ipa)of 165 uA. As the ZnO content in-
creased to 0.2 grams, the composite exhibited a cathodic
peak potential (Epc) of 0.03 V and an anodic peak potential
(Epa)of —0.31 V, with cathodic peak current (Ipc)of —226
pA and anodic peak current(Ipa)of 266 pA. Further in-
creasing the ZnO content to 0.3 grams resulted in a ca-
thodic peak potential (Epc)of 0.06 V and an anodic peak
potential (Epa) of —0.38 V, with cathodic peak current
(Ipc) of —414 pA and anodic peak current (Ipa) of 402 pA.

These observations indicate that the incorporation of
7nO significantly influences the electrochemical behavior
of the rGO-ZnO composite (Fig. 5). The variations in peak
potentials and peak currents suggest changes in the redox
kinetics and charge transfer processes within the compos-
ite materials. The presence of ZnO may alter the electron
transport pathways and affect the overall electrochemical
performance of the composite. The findings from this study
shed light on the potential applications of rGO-ZnO com-
posites in various electrochemical devices, including
sensors, batteries, and supercapacitors%). The ability to
tune the electrochemical behavior by varying the ZnO
content provides a means to tailor the composite’s proper-
ties for specific applicationsmA Further investigation and
optimization of rGO-ZnO composites may lead to enhanced
electrochemical performance and expanded functionalities
in future electrochemical technologies. However, more in-
depth analysis and comprehensive characterization tech-
niques are warranted to fully understand the underlying
mechanisms and optimize the performance of these materi-
als.

3.3 Photoelectrocatalytic performance

Figure 6a presents the ZnO activity under different light
irradiation conditions, showing the highest activity with UV
light, indicative of strong photoelectrocatalysis. However,
visible light and dark conditions resulted in comparatively
lower ZnO activity due to less absorbability by the ZnO
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o
=
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<
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Fig.5 The CV graph by comparing four working
electrodes using K;[Fe (CN),Jas an electrolyte
solution.

working electrode caused by larger visible light wavelength.
In the absence of light, the ZnO working electrode failed to
facilitate the necessary energy transfer between conduc-
tion and valence bands. Meanwhile, Fig. 6b illustrates the
photoelectrocatalysis activities of the rGO-ZnO electrode,
exhibiting efficient photoelectrocatalysis under visible light
irradiation. These results underscore the importance of
light wavelength in designing effective photoelectrocatalyt-
ic systems and call for further investigations to optimize
the performance and understand the underlying mecha-
nisms of these materials® .

Photocurrent response measurement of rGO-Zn0O elec-
trodes to methylene blue compounds was carried out using
the MPA method. Based on Fig. 6¢ the photocurrent pro-
duced from MB dye solution is greater than that of the
electrolyte solution. The resultant photocurrent comprises
the combined oxidation currents of both methylene blue
compounds and the electrolyte solutions®. The existence
of this electrolyte solution enhances the conductivity of the
solution, and this conductivity is directly linked to the in-
tensity of the light-induced current. According toSO), the
photocurrent in the solution containing the analyte is ex-
pected to match the photocurrent of the blank solution
when the degradation process is finished. Nevertheless,
the figure depicted above doesn't display the analyte’s
photocurrent curve aligning with the blank solution's pho-
tocurrent. This discrepancy can be attributed to the exces-
sive volume of the methylene blue compound solution,
preventing the oxidation process from completing within
the 60-second timeframe.

The relationship between Qnett(net charge)and the
concentration of methylene blue compounds was investi-
gated, as depicted in Fig. 7. The primary objective was to

1137

J. Oleo Sci. 72, (12) 1133-1140 (2023)



T Azis, M. Z. Muzakkar, A. T. Nurwahida et al.

50 50
04 0
b s
g =504 .50
x
<
..__:‘:j- =100 -1004
-150+ -1504 Vs
- UV
= Dark
'200 T T T T 'Zt"‘ T 1 L ¥
-1.0 0.6 0.2 0.2 0.6 1.0 -1.0 -0.6 -0.2 0.2 0.6 1.0
V(V vs Ag/AgCl)/Volt V (V vs Ag/AgCl)/Volt
60
C
504
L] 404
g
L=
x 304
Lo
=
~ 204
104 o NANOQ); s 2 ppm
e (1.5 ppm === 3 ppm
=1 ppm
0 T T T
0 20 40 60 80

Time (minutes)

Fig. 6 The LSV graph(a)ZnO electrode, (b)rGO-ZnO electrode, and (¢) amperomogram of rGO-ZnO electrode.

40
*  Teoritical
* 1GO-ZuO i
35 4 Linearity (teoritical)
Linearity (rGO-Zn0)
30 -

(S8
h

L
——

Qnett (nC)

15
lo il I : % :‘m Teartical ot MGO-Zn0
f Waight Ho Weighing
t " it Py
5 il ) |::msm\m5q“ . l?ﬁIéE-ZT BoE16E
LTS 48 _oassse
0 r . .
0 1 2 3 4
Concentration (LM)

Fig. 7 The relation between Qnett and concentration
methylene blue compound.

1138

evaluate the performance of the rGO-ZnO electrode in de-
tecting methylene blue compounds, by comparing the gen-
erated charge value with the theoretical charge value. The
results reveal that the rGO-ZnO electrode exhibits excep-
tional precision in detecting methylene blue compounds.
This remarkable precision is in accordance with Faraday's
law, a fundamental principle in electrochemistry, which
states that the amount of charge produced during an elec-
trochemical reaction is directly proportional to the quantity
of substance undergoing oxidation or reduction at the
electrode. Hence, as the concentration of methylene blue
compounds in the solution increases, the charge reception
at the electrode also increases’” .

The observed precision in detecting MB dye compounds
can be attributed to the strong interaction between the
catalyst’s surface and the organic compounds. This interac-
tion promotes a higher rate of oxidation for the methylene
blue molecules, resulting in a greater generation of electric
charge™ 2 The efficient oxidation process further corrob-
orates the electrode’s proficiency in handling methylene
blue compounds. The empirical evidence obtained in this
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study significantly strengthens the understanding of the
rGO-ZnO electrode’s effectiveness as a sensor for MB com-
pounds. These findings have implications for the develop-
ment of advanced electrochemical sensors and may find
applications in environmental monitoring, water quality as-
sessment, and other fields where the detection of organic
compounds is of paramount importance. However, further
research and validation are warranted to explore the elec-
trode’s performance under varying experimental conditions
and to investigate its potential for practical applications in
real-world scenarios.

4 Conclusion

In this study, we successfully prepared rGO-ZnO com-
posite electrodes from cocoa shell. The synthesis of
rGO-Zn0O was conducted using the Hummer method and
thermal reduction. FTIR analysis of rGO-ZnO showed dis-
tinct bands corresponding to C-O at 1022 cm ™', C=C at
1600 cm ™, and Zn-O at 455 cm™'. XRD analysis revealed
characteristic peaks at 26.6°, 29.2°, 36.2°, 44.04°, 47.58°,
and 64.4° confirming the presence of key crystalline
phases. SEM-EDX analysis of rGO-ZnO revealed a rough
surface morphology with bright white and black regions,
signifying the coexistence of ZnO and rGO with carbon,
oxygen, and zinc contents of 78.98%, 17.46%, and 3.56%,
respectively. The investigation involved photoelectrochem-
ical profiles of methylene blue organic dyes at different
concentrations, ranging from 0.5 ppm to 3.0 ppm. The ob-
tained results provide valuable insights into the photoelec-
trocatalytic efficiency of the rGO-ZnO composite elec-
trodes for potential applications in environmental
restoration within industrial water systems.
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