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ABSTRACT

The presence of heavy metals often causes significant health risks, particularly cadmium, which is known for its high toxicity. In this study, a glassy
carbon electrode was successfully modified by incorporating ZnO-PVA-Graphene nanocomposite, leveraging the excellent electrical properties and
electron mobility of the material. Comprehensive material analysis, including XRD, confirmed that ZnO maintained its hexagonal wurtzite crystal
structure despite the addition of graphene. Moreover, FESEM analysis showed that increasing graphene concentration led to a reduction in ZnO
particle size by 85, 68, and 52 nm, respectively, accompanied by a decrease in band gap energy, as verified by UV-Vis measurements. Photo-
luminescence tests were also conducted and the result showed a noticeable blue shift in ZnO-PVA-Graphene nanocomposites compared to ZnO-PVA,
specifically in the near band-edge (NBE) UV emission within the 374-379 nm wavelength range. Through I-V characterization, the optimal gra-
phene concentration for cadmium detection was identified as 1.5 wt% in ZnO-PVA-Graphene nanocomposites, showing an approximate ohmic
response. Meanwhile, square-wave voltammetry analysis of cadmium concentrations ranging from 0 to 80 ppm produced a coefficient of deter-
mination of 0.98926 and a Limit of Detection (LOD) of 9.88 ppm. These results showed the significant potential of ZnO-PVA-Graphene nano-
composites as a promising material for further development as an effective electrode modifier, enhancing the sensitivity of detection systems.

1. Introduction

Water is one of the most essential resources for sustaining human life, making the availability of clean water important. With the
current rise in industrial activity, there is an accompanying increase in the discharge of industrial effluents containing various un-
known inorganic contaminants. Among these contaminants are hazardous heavy metals, including copper (Cu) [1], mercury (Hg) [2],
lead (Pb) [3], cadmium (Cd) [4], cobalt (Co) [5], arsenic (As) [6], and iron (Fe) [7]. Even at low concentrations, the heavy metals cause
health risks when they accumulate in the human body, leading to issues such as anorexia, hepatitis, nephritis syndrome, kidney
damage, insomnia, and cancer [8]. Based on these potential dangers, the United States Environmental Protection Agency (US EPA)
established guidelines for maximum industrial effluent discharge standards, including standard concentrations of heavy metals.
Cadmium, known for its high toxicity and carcinogenic effects, has a maximum allowable concentration of 0.005 ppm [9]. Despite the
widespread applications of cadmium, particularly in battery manufacturing and laboratories, improper disposal and leakage can result
in cadmium contaminating the environment [10].

Given the severity of heavy metal contamination, there is a pressing need for highly effective methods to detect even low quantities
of the metals. Various methods have been developed for this purpose, including UV-Vis spectrometry, inductively coupled plasma
optical emission spectrometry (ICP-OES), electrochemical methods, atomic absorption spectroscopy, and laser-induced breakdown
spectroscopy (LIBS) [11]. Among the methods, electrochemical detection was exceptional due to its high sensitivity, accuracy,
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Fig. 1. Schematic illustration of the Synthesis process of ZnO-PVA-GN Nanocomposites.

cost-effectiveness, and speed. In electrochemical detection, a supporting electrolyte is used to reduce solution resistance and maintain
consistent ionic strength [12]. Several electrolytes such as acetic acid, potassium chloride, sodium chloride, phosphate buffer, and
hydrogen chloride are considered the best choices for electrolytes in electrochemical detection [13]. Additionally, the use of a glassy
carbon electrode (GCE) is common in heavy metal detection due to its low background current, wide potential range, and ease of use
[14]. In this study The utilization of square wave-voltammetry (SWV) was explored to enhance sensitivity and improve data accuracy
in heavy metal detection [15].

Metal oxides such as titanium dioxide [16], manganese oxide [17], copper oxide [18], graphene oxide [19], and zinc oxide [20]
have been commonly adopted as modifiers in electrochemical detection of heavy metals in water for more than two decades. These
oxides possess high selectivity, leading to effectiveness in heavy metal detection [21]. Zinc oxide (ZnO) is particularly interesting for
heavy metal detection due to its electrocatalytic capabilities, which are both non-toxic and environmentally friendly. Additionally, the
surface of ZnO has numerous hydroxyl groups that enhance contact and sensitivity to cationic analytes bonded by coordination bonds.
However, pure ZnO can hinder the electron transfer process, necessitating modification to improve its electrochemical detection
abilities [22]. Since ZnO nanoparticles can significantly change polymer characteristics, polymers are incorporated to generate
polymer matrix nanocomposites (PMNC) [23].

Polyvinyl alcohol (PVA) is an attractive polymer that needs to be investigated due to its excellent chemical stability, biodegrad-
ability, and eco-friendliness. The presence of both an amorphous phase and a crystalline component in PVA creates an interfacial
crystal-amorphous effect, improving its physical properties [24]. Combining ZnO-PVA nanocomposite polymers, along with ZnO’s role
as a filler, changes the optical and electrical properties of PVA as a matrix [25]. Additionally, incorporating ZnO as a filler in a polymer
with a large surface area leads to a high aspect ratio. This process improves the characteristics and is accompanied by a quantum
confinement effect [8], thereby making nanocomposites with a polymer matrix an interesting subject of study.

Graphene is also selected to create nanocomposites with ZnO in order to improve heavy metal detection abilities. Typically,
graphene is a hexagonal lattice-shaped 2D material [26]. that offers unique physical and chemical properties suitable for forming
nanocomposites. Additionally, graphene binding to ZnO-PVA nanocomposites increases surface area and forms a material with
ultra-high conductivity [22,27]. ZnO-graphene has found utility in various applications, including electrochemical sensors [28].

Previous studies suggest that combining graphene with ZnO in heavy metal detection can increase surface area, while incorporating
PVA can improve the material’s electrical properties and mechanical strength. However, the application of a ZnO-PVA-Graphene
nanocomposite for heavy metal detection has remained unexplored. Therefore, this study proposes a novel method for detecting
heavy metals, particularly cadmium, using a ZnO-PVA-Graphene nanocomposite to achieve high sensitivity. In this investigation, ZnO-
PVA-Graphene nanocomposites were successfully synthesized and subjected to comprehensive property characterization. I-V char-
acterization showed that nanocomposite with a concentration of 1.5 wt% had a coefficient of determination of 0.989, indicating a close
approximation to an ohmic response curve. XRD analysis confirmed that the addition of graphene did not change the crystal structure
of ZnO. Moreover, FESEM analysis indicated that increasing graphene concentration resulted in a reduction in the crystal size of ZnO.
Optical analysis showed that increasing graphene concentration to 1.5 wt% and 2.5 wt% led to a decrease in band gap energy.
Regarding cadmium detection performance, using ZnO-PVA-Nanocomposite with a concentration of 1.5 wt% produced a coefficient of
determination value of 0.98926 in the range of 0-80 ppm, with a limit of detection (LOD) of 9.88 ppm.

2. Materials and method
2.1. Materials

Zinc Oxide nanopowder (<100 nm particle size) was purchased from Sigma Aldrich, Poly-vinyl Alcohol (PVA, 87-90 % hydro-
lyzed) from Sigma Aldrich, Graphene Nanopowder Multilayer Flakes (C-1) from Graphene Supermarket, and Cadmium Nitrate
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Fig. 2. I-V response of ZnO-PVA and ZnO-PVA-Graphene nanocomposites.
Tetrahydrate 99 % from LOBA CHEMIE. Additionally, NaOH was purchased from Sigma Aldrich.

2.2. Synthesis of ZnO-PVA-Graphene Nanocomposites

To synthesize ZnO-PVA nanocomposites, 0.1 g of ZnO were dissolved in 10 ml of distilled water, and 1.5 g of PVA were dissolved in
another 10 ml of distilled water. Both mixture were heated on a hotplate and stirred continuously for 30 min at 80 °C to ensure strong
bonding between ZnO and PVA. Subsequently, ZnO solution was combined with PVA solution and stirred for an additional 30 min at
80 °C. Graphene nanopowder was then added to ZnO-PVA solution at concentrations of 1.5 wt% and 2.5 wt% and stirred and heated at
80 °C for 30 min. However, for a concentration of 5 wt%, the process was extended to 1 h due to graphene agglomeration. Finally, the
ZnO-PVA-Graphene solution was sonicated for 1 h to prevent agglomeration and ensure proper dispersion as shown in Fig. 1.

2.3. Characterization

The electrical properties of ZnO-PVA-Graphene nanocomposite were characterized using Keithley 2400. To determine the crystal
structure, X-ray diffractometry was performed using a D8 Advance Eco X-ray diffractometer (Bruker) with Bragg-Bentano Diffraction
and a LynxEye XE-T detector, using CuKa radiation (1.54060 A). Subsequently, field emission scanning electron microscopy (FESEM)
was conducted at the Cibinong Science Center, I-Labs Biomaterials, Bogor Indonesia, using a Thermo Scientific Quattro S microscope
operating at high vacuum and high voltage (30.0 kV), with magnifications of 50,000, 80,000x%, and 100,000 x. Additionally, UV-Vis
analysis was carried out at PPBS Padjadjaran University using a Shimadzu UV-1800 UV-Vis Spectrophotometer. Raman spectroscopy,
which measures molecular vibrations based on inelastic scattering, was performed at the Serpong Advanced Characterization Labo-
ratory, Banten, Indonesia. Meanwhile, Photoluminescence spectroscopy was conducted at the Integrated Laboratory and Research
Center at the University of Indonesia using the Horiba MicOS Photoluminescence instrument, using a 325 nm UV laser light with a
wavelength measurement range of 350-1000 nm in steady state.

Regarding electrochemical measurements, a Corrtest CS350 M EIS Potentiostat/Galvanostat was adopted, using Square Wave
Voltammetry (SWV). Typically, SWV measurements of Cd?* were carried out with an applied potential ranging from —1.2Vto —0.1V,
a step potential of 10 mV, a frequency of 15 Hz, and an amplitude of 25 mV. All heavy metal solutions were prepared using 0.2 M NaOH
as a supporting electrolyte.

2.4. Electrode surface modification using ZnO-PVA-Graphene nanocomposites

Electrode surface modification was prepared using 1 x 1 cm stainless steel, serving as an inert metal for placing ZnO-PVA-Graphene
nanocomposites on the working electrode. The ZnO-PVA-Graphene nanocomposite solution went through ultrasonication for 30 min
to prevent agglomeration. After ultrasonication, 0.128 g of ZnO-PVA-Graphene nanocomposites were drop-coated onto the stainless
steel surface and dried at 45 °C on the hotplate, resulting in a modified electrode with ZnO-PVA-Graphene nanocomposites.

2.5. Preparation and testing procedure of cadmium

The preparation of heavy metal samples comprised 200 ml of distilled water for each cadmium concentration. Subsequently, 0.2 M
NaOH was prepared as a supporting electrolyte and stirred until well dispersed at 45 °C for 5 min. Cadmium was then poured into the
NaOH electrolyte solution and stirred until well dispersed at 45 °C for 5 min. This process was repeated for each cadmium
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Table 1

Conductivity and resistance of ZnO-PVA and ZnO-PVA-GN nanocomposites.
Sample Conductivity (S) Resistance (Ohm)
ZnO-PVA 1,98 x 1078 5,05 x 107
ZNO-PVA-GN 1.5%wt 4,87 x 1078 2,05 x 107
ZNO-PVA-GN 2.5%wt 2,08 x 1077 4,8 x 10°
ZNO-PVA-GN 5%wt 5,29 x 1077 1,89 x 10°

(100)

ZnO-PVA-Graphene 5wt%
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Fig. 3. XRD pattern of ZnO-PVA and ZnO-PVA-Graphene nanocomposites [34].

Table 2

XRD data of ZnO hkl planes.
Bragg Angle 20 (°) hkl dpit (A)
31.8 100 2.80964
34.5 002 2.59841
36.3 101 2.47155
47.6 102 1.90821
56.6 110 1.62286
62.9 103 1.47517
68.04 112 1.37671
69.1 201 1.35699

concentration.

In this study, cadmium detection was conducted using GCE as electrode and SWV as detection method. Determining the potential
range was crucial for studying cadmium detection, with the potential range typically falling within —1.2 V to —0.1 V [29]. Since GCE
was used as electrode, attention was paid to the connection from the potentiostat to GCE and the speed of nitrogen purge.

3. Results and discussion
3.1. I-V characterization of ZnO-PVA-graphene nanocomposites

Fig. 2 showed the I-V curve, indicating the improved electrical conductivity achieved by incorporating graphene into the ZnO-PVA
nanocomposite. In the ZnO-PVA-Graphene nanocomposite, semiconductor properties were evident from the graphs, attributed to the
semiconductor characteristics of both ZnO and graphene materials. The conductivity values obtained from the I-V curve for each
sample of ZnO-PVA nanocomposite and ZnO-PVA-Graphene nanocomposite were shown in Table 1. Additionally, the increased
electrical conductivity observed in ZnO-PVA-Graphene nanocomposite samples could be attributed to the increased electron density
and mobility of graphene [30]. The formation of a good conductive network by PVA also contributed to increased conductivity, while
the uniform dispersion of graphene within the polymer facilitated effective electrical charge storage [31]. The I-V characterization
data played a crucial role as a key indicator in advancing electrical devices. The response curve, closely resembling an ohmic curve
response, showed efficient charge transfer through the interface of the polymer matrix and electrode [32]. Consequently, the
ZnO-PVA-Graphene nanocomposite with a concentration of 1.5 wt%, showing a coefficient of determination of 0.989, was selected for
cadmium detection study.
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Fig. 4. FESEM result of ZnO-PVA-Graphene nanocomposites (a) 1,5 wt% (b) 2,5 wt% (c) 5 wt%.

3.2. XRD analysis

XRD results in Fig. 3 showed that the presence of graphene did not change the crystal structure of ZnO. The distinct peaks of ZnO
were observed at 31.8°, 34.5°, 36.3°, 47.6°, 56.6°, 62.8°, 68.1°, and 69.2°, corresponding to the peaks (100), (002), (101), (102),
(110), (103), (112), and (201). Sequentially, the XRD peak results showed that ZnO had a hexagonal wurtzite crystal form, consistent
with (JCPDS-card No. 36-1451) as shown in Table 2 below [33].
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Fig. 5. UV-Vis characterization of ZnO-PVA-Graphene nanocomposites.
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Fig. 6. Tauc plots of ZnO-PVA-Graphene nanocomposites.

3.3. FESEM analysis

FESEM results of ZnO-PVA-Graphene nanocomposites, presented in Fig. 4, showed a gradual reduction in the crystal size of ZnO
with the addition of graphene. This observation was further confirmed through a histogram plotted using a normal distribution,
describing the particle size. The average sizes of ZnO particles were measured at 85 nm, 68 nm, and 52 nm, respectively, as shown in
Fig. 4(a—c).

The incorporation of graphene into ZnO-PVA nanocomposites reduced particle size. The synthesis process in ZnO-PVA-Graphene
nanocomposites probably had a significant effect on the particle size of ZnO, thereby leading to a decrease in size. This phenomenon
could be attributed to the mitigation of dopant-induced grain growth, as supported by prior studies [35-37].

3.4. Optical properties investigation

UV-Vis spectroscopy was conducted on ZnO-PVA-Graphene nanocomposites with three distinct concentrations, as shown in Fig. 5.
The characterization results showed the highest absorption peak at a wavelength range of 300-350 nm, attributed to the n-n* tran-
sition of the aromatic bond C-C [34]. According to the study report, the visible wavelength for ZnO was 375 nm, which corresponded
to a band gap energy of 3.3 eV [38].

The band gap energy of a semiconductor material signifies the energy needed to excite electrons from the valence band to the
conduction band. In this instance, the Tauc method was used to precisely ascertain the energy band gap of semiconductor materials.
This method assumed that the absorption coefficient depended on the energy o, as expressed in equation (1):
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Fig. 8. Photoluminescence characterization of ZnO-PVA-graphene nanocomposites.

(a.hv)!/" = B(hv — Eg) @

where h represented the plank constant, v was the photon frequency, Eg denoted the band gap energy, and B signified a constant.
Furthermore, the factor y depended on the electron transition, which could be expressed as % for direct band gap transitions and 2 for
indirect band gap transitions [39]. Fig. 6 showed that the incorporation of graphene into ZnO-PVA nanocomposite could diminish the
band gap energy of ZnO compared to pure ZnO with a 3.3 eV direct band gap [34]. The reduction in band-gap energy resulting from the
addition of graphene to ZnO-PVA-Graphene suggested that the binding could enhance the absorption and photocatalytic properties of
nanocomposite material. Additionally, the decrease in band-gap energy might have arisen from some of the light absorbed by the
heterogeneous Zn-O-C originating from graphene structure, a type of carbon. This decrease was a consequence of the chemical
interaction between ZnO and graphene, leading to a narrowing of the energy band gap [35,40].

To examine the defects in ZnO-PVA-Graphene nanocomposite samples, Raman spectroscopic analysis was conducted, as shown in
Fig. 7. The Raman characterization of ZnO-PVA-Graphene nanocomposite showed two prominent peaks at 1344 cm-1 and 1578 cm-1.
The peak at 1344 cm-1 was attributed to defects and lattice abnormalities in the D-band orbitals of sp2 C hybridized atoms. Meanwhile,
the peak at 1578 cm-1 was attributed to the G-band, resulting from the scattering of E2g phonons and showing a high orientation with
the sp2 hexagonal graphite lattice [35,40,41].

Photoluminescence (PL) analysis was carried out to investigate the optical properties of ZnO-PVA and ZnO-PVA-Graphene
nanocomposites. In Fig. 8, photoluminescence emission peaks from both ZnO-PVA and ZnO-PVA-Graphene nanocomposites were
shown with an excitation wavelength of 325 nm in a steady state. The characterization showed a sharp emission peak in the 374-379
nm range, indicating near band-edge (NBE) UV emission. Additionally, a blue emission at 415 nm was observed, resulting from the
transition of electrons from the shallow donor level of the zinc interstitial to the upper part of the valence band. Meanwhile, the green
emission at 530 nm was attributed to the transition from oxygen vacancies in ZnO. An increase in concentration led to a decrease in the



A. Ismardi et al. Heliyon 10 (2024) e31565

160 4 —2Zn0O-PVA
= Zn0-PVA-Graphene
140 4
E‘ 120 4
€
o
3 100+
80
60

-1,0 -0,8 -0,6
Potential (V)

Fig. 9. Square-wave voltammogram of ZnO-PVA and ZnO-PVA-Graphene nanocomposites.

90 ——0ppm 90 ¥ = 22,76803 + 0,81987x
(a) cd o~ —— 20 ppm (b) X
80 / \ ——40 ppm 80 R?=0,98926
/ ~——— 60 ppm

70
<3 60
-
¢ 50
5
O 4

30

20 -

10 _/_\

10
-1,2 -1,0 -0,8 -08 -04 -0,2 0 20 40 60 80
Potential (V) Concentration of Cd?* (ppm)

Fig. 10. Square-wave voltammetry of ZnO-PVA-Graphene nanocomposites against Cd>* at different concentrations in a range of 0-80 ppm (a)
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peak intensity of graphene, attributed to charge transfer between graphene and ZnO. Compared to ZnO-PVA nanocomposites, a blue
shift occurred, potentially due to the quantum-size effect on the nanometer structure [34,42].

3.5. Electrochemical of ZnO-PVA-Graphene Nanocomposites modified electrode

3.5.1. The analytical sensitivity of electrochemical sensor modified electrode

The analytical sensitivity of two electrodes, namely ZnO-PVA and ZnO-PVA-Graphene modified electrodes, was investigated for
Cd?* detection, as shown in Fig. 9. The square-wave voltammogram for Cd** detection was recorded on the ZnO-PVA nanocomposite
electrode (represented by the black line) and the ZnO-PVA-Graphene nanocomposite electrode (represented by the red line) under
alkaline conditions. The potential for Cd?* detection was systematically adjusted within the range of —1.2 V to —0.1 V. Typically, ZnO-
PVA-Graphene nanocomposites had a higher response than ZnO-PVA nanocomposites for detection of Cd**. This observation sug-
gested that the integration of graphene with ZnO-PVA nanocomposites successfully enhanced the sensitivity of Cd%* detection under
alkaline conditions.

3.5.2. The analytical cadmium detection performance of ZnO-PVA-Graphene nanocomposites
The performance of detecting cadmium using ZnO-PVA-Graphene nanocomposites was tested in a lab-made solution with NaOH
added. Different amounts of Cd>" influenced the changes in SWV peaks, as seen in Fig. 10a. Calibration plots in Fig. 10b showed a

straight-line relationship between Cd?" concentration and electrical current responses, indicating accuracy for Cd*" in the range of
0-80 ppm. LOD for Cd?* was calculated using LOD = 3 x <%1)re) [22], which resulted in 9.88 ppm. While the limited amount of data in

this study contributed to a higher LOD for Cd?* compared to previous reports (which reported an LOD of 0.6 ppb), the coefficient of
determination showed a strong fit for the model, with a value of 0.98926. This suggested that 98 % of the outcome variation was
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Fig. 11. The binding scheme of materials to cadmium.

explained by the model, signifying a robust fit. Consequently, the results of the analytical cadmium detection performance showed that
ZnO-PVA-Graphene nanocomposite was beneficial for heavy metal detection.

The process of detecting heavy metals on the surface of ZnO-PVA-Graphene was shown in Fig. 11. This was supported by the
bonding formed between the modifier and the target substance. Modifying ZnO increased the negative area, mainly due to the presence
of OH- groups [8]. The hydroxyl OH- groups became the primary adsorption sites. The positively charged heavy metal cations in the
water solution exhibited a tendency to interact with OH- groups, resulting in the formation of a thin layer on the ZnO particle surface
[43].

4. Conclusions

In conclusion, ZnO-PVA-Graphene nanocomposites were successfully synthesized and characterized. XRD analysis showed that the
addition of graphene did not change the crystal structure of ZnO. Moreover, the incorporation of graphene decreased the particle size
of ZnO from 85 nm to 52 nm, as observed using FESEM. Similarly, there was a decrease in the band gap energy to 2.2, 1.65 and 1.53 eV
for concentrations of 1.5, 2.5 and 5 wt%, respectively, compared to pure ZnO. Photoluminescence analysis showed a shift towards blue
in the ZnO-PVA-Graphene nanocomposite, indicating NBE UV emission between 374 and 379 nm. Regarding detection, ZnO-PVA-
Graphene nanocomposite with graphene concentration of 1.5 wt% was selected based on the coefficient of determination obtained
from I-V characterization, showing an ohmic curve response conducive to efficient charge transfer. Testing cadmium concentrations
ranging from O to 80 ppm resulted in a coefficient of determination of 0.98926 and LOD of 9.88 ppm. The results showed the potential
of ZnO-PVA-Graphene nanocomposite as a promising material for further development as a modified substrate in heavy metal
detection applications. However, using graphene as a doping in ZnO-PVA nanocomposite for cadmium detection application, it should
be further researched.
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