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The need for accurate analytical glucose measurement techniques that are low-cost, highly
sensitive, and user-friendly is crucial for glucose monitoring in healthcare and optimizing
industrial processes. A simple and low-cost glucose monitoring was designed by synthesizing
Zinc Oxide (ZnO) with Iron Oxide (Fe20s3) through a hydrothermal method by loading
the composite onto reduced Graphene Oxide. The ZnO nanoparticles had a flower-like shape,
while Fe;Oshad a sphere-like shape. These nanoparticles were evenly distributed on the wrinkled
sheet surface of rGO with an average size of particles of + 14.88 nm as observed via
Transmission Electron Microscopy (TEM) and Field Emission Scanning Electron Microscopy
(FESEM). The X-ray Diffraction (XRD) analysis exhibits overlapping peaks of diffraction of
Fe203 and rGO at 24°, resulting from the reduction of GO. Cyclic Voltammetric analysis
(CV) was used to determine the prepared composite's electrochemical properties, which
was then further manufactured as a sensing probe. CV analysis revealed that the modified
electrode's current response was higher than the bare electrode (ZnO and Fe;Os) with and
without glucose. The modified glucose sensor shows a sensitivity of 504.23 pA mM-* cm2 and
a limit detection of glucose of 6.28 mM.
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The abnormal glucose level in the body can lead to
diabetes, which poses risks to the kidneys, nervous
system, and retina [1]. According to data from the
World Health Organization (WHO), it was discovered
that almost 463 million of the population worldwide
had diabetes in 2019, with 90% of them diagnosed
with Type 2 diabetes [2]. While the number is
expected to increase to 700 million by 2045, this has
been a concern not only for medical fields but also the
food and beverage companies, which must reduce the
sugar level in their products while maintaining the
shelf life and quality of the products [2-3]. Due to
that, the adoption of non-invasive and quick glucose
level monitoring with good stability, high
sensitivity and selectivity, as well as
inexpensive, is needed for diabetic patients to
monitor their blood glucose accurately as well as
throughout the manufacturing and final food and
beverages production [3]. Past studies have utilized
electrochemical sensors for glucose detection, with
favorable outcomes including minimal detection limit,
an extensive direct response range, good stability
performance and selective and sensitive glucose
detection. The application of nanoparticles and
noble metal oxides in the biosensor is one of the
modifications that improve the accuracy and sensitivity
of the sensor while enhancing its thermal and electrical
properties [4].

Among these metal oxides, Zinc Oxide (ZnO)
and Iron Oxide (Fe,O3) are potential candidates for
improved modification due to high chemical stability,
cost-saving and ample availability, non-toxicity and
electrochemical properties [1, 5, 6]. Additionally,
Zn0O and Fe,03 are environmentally friendly, stable
semiconductors with good thermal conductivity,
chemical stability and high surface activity. [1]. These
materials are essential multifunctional semiconductor
materials applications ranging from solar cells,
transparent conductors, and gas sensors to electro-
chemical devices [5, 7]. Combining ZnO and Fe;0s
induces synergistic effects and enhances electro-
chemical sensoring activity. Therefore, this combination
is expected to have enhanced electrochemical and
catalytic properties compared to individual constituent
components. Despite this combination's advantages,
the electrical conductivity of the ZnOFe,0s is still
unsatisfactory [1, 8].

This issue can be resolved by incorporating the
nanocomposite on a support or substrate with a wide
surface area and good stability, which can prevent
the aggregation between the ZnOFe,03 composite.
Graphene with sp? is suggested as the ideal electro-
catalyst support for its superior electron conductivity,
good mechanical and thermal strength and wide
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surface area [1]. Graphene's implementation in the
nanotechnology field focuses on further developing
semiconductor materials to enhance electrode stability,
sensitivity, and selectivity. Reduced Graphene Oxide
(rGO), a carbon-sourced nanosheet, can provide an
excellent active site and wide surface area for the re-
agents’ adsorption and reaction [6, 9]. The exceptional
characteristics of graphene make them a reliable
component in preparing metal oxide composite to
boost the electrochemical performance of the modified
electrodes [10]. Therefore, incorporating rGO and metal
oxide nanomaterials is viable as electrode materials
for modifying biosensors.

In this research, ZnO will be doped with
Fe,O3 through hydrothermal loading of ZnOFe;03
onto rGO. Characterization tests will examine the
surface and structural morphology of the prepared
ZnOFe;03/rGO composite. At the same time, cyclic
voltammetry will be utilized to measure the
electrochemical performance of the
ZnOFe;03/rGO electrode in glucose ranging from
1-10 mM and a scan rate of 10 — 150 mV s%,

EXPERIMENTAL
Chemicals and Materials
The following chemicals were acquired from Sigma

Aldrich: Zinc Nitrate, (Zn(NOz3)2-6H20), Iron (I11)
Chloride (FeCls;-6H20), Graphene Oxide (GO),
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ethanol, D-glucose (CsH120s), and sodium hydroxide
pellet. The materials were used without any
additional processing or refinement.

Synthesis of ZnOFe:03/rGO

ZnOFe,03/rGO was prepared hydrothermally, and 50
mg of GO was added to ethanol (5 mL) under a drastic
stirring for 15 min. Next, a solution containing 0.1M
Zn(NO3)2.6H20) and FeCls.6H,0O was introduced into
the aforementioned solution while stirring continuously
for 30 min. Consequently, aA 10 mL aliquot of NaOH
aqueous solution was added to the corresponding
solution and ultra-sonicated until the solution achieved
homogeneity. The solution was put into a 50 mL
Teflon reactor and subjected to heating at 150 °C for
7 h. The solution was further filtered using a vacuum
pump to isolate solid products and washed with 1 L
of deionized water a few times. Finally, the filtered
solid product was dried for 7 h at 105 °C to get the
uniform ZnOFe,03 nano-particles embedded in GO. In
control studies, ZnO/fGO was synthesized under
identical conditions without the inclusion of
FeCl;-6H20 in the first step, and Fe,Os/ rGO was
synthesized by the same approach without
incorporating Zn(NQs3)2-6H20. Similarly, for ZnO
and Fe;0s, the synthesis was carried out using the
same procedure without including GO. The method
of synthesizing the ZnOFe;03/rGO composite is
depicted in Figure 1.
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Figure 1. Schematic representation of the nanocomposite synthesis.
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ELECTRODE PREPARATION
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Figure 2. Procedure for the electrode preparation.

5

(101)
®)

(1)

ZnO

(110)

(104
- (110}

113

Intersity/ au

= (116
219
(30) |

(101)
(04

ZnOFe,O,4/rGO

(116)

R
g B

20 30 40

50 60 70 80
20 / degree

Figure 3. XRD spectrum of ZnO, ZnO/rGO, Fe;0s, Fe;03/rGO and ZnOFe,05/rGO.

Electrochemical Measurement

The modified electrodes were analyzed through electro-
chemical using Autolab PGSTAT 204 electrochemical
workstation in a three-electrode system. The working
electrode used was a Glassy Carbon Electrode (GCE)

with a diameter of 3 mm. Ag/AgCl saturated KCl acts
as the reference electrode and Pt rod as the counter
electrode. 5 pL of the combination of ink catalysts was
prepared, containing 150 pL deionized water, 150 pL
IPA, 50 uL 5 wt% Nafion and 3.0 mg ZnOFe,03/rGO.
This mixture was drop cast onto the surface of
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GCE and exposed to heat for 15 — 30 min.
Correspondingly, Cyclic Voltammogram (CV) tests
were run in 0.1 M PBS electrolyte with the presence
and absence of 5 mM glucose with scan rates varied at
10, 25, 50, 80, 100, 120, and 150 mV s and a sweep
potential between -1.0to 1.0 V.

Physicochemical Characterization

The crystallinity of the composite was investigated
using powder X-ray Diffraction (XRD) patterns of
the catalysts measured on a PANalytical X'Pert PRO
MRD X-ray with Cu Ka as the radiation source (A =
1.54056 A) at a scanning rate of 1° in the range of 20°—
80°. The structures of ZnOFe,03/rGO were examined
using Transmission Electron Microscopy (TEM,
JEM-200CX) and Field Emission Scanning
Electron Microscopy (FESEM, Carl Zeiss).

RESULTS AND DISCUSSION
Physicochemical Characterization

The synthesized ZnOFe;03/rGO morphology was
first examined by XRD analysis, shown in Figure 3.
The XRD pattern for polycrystalline ZnO was the
strongest at the (101) plane, while the XRD pattern
obtained for ZnO/rGO was similar to ZnO with seven
peaks at 31.7°, 34.2°, 36.3°, 47.6°, 62.8°
67.8°corresponds to the (100), (002),(101), (102),
(110), (103) and (112) respectively. The obtained peaks
follow the JCPDS card #792205. Fe;O3 and Fe;Os/
rGO exhibit diffraction peaks that are consistent with
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standard card JCPDS No: 33-0664. Sharp diffraction
peaks were obtained, suggesting the high crystallinity
of the particles, even after being composited with
GO. Figure 3 illustrates the reflection from ZnO and
Fe,O3 nanoparticles that make up the XRD peaks
of ZnOFe,03/rGO. The reduction in intensities of
Zn0 peaks was noticeable compared to Fe,O3 peaks,
potentially due to the aggregation of Fe,O3 particles
surrounded by ZnO particles during the synthesis
process [11]. Moreover, the reduction of GO
during the hydro-thermal process causes overlapping
of the subsequent diffraction peaks of Fe;O3 and rGO,
leading to an increase in the relative intensity peak at
24° [11]. FESEM further confirmed that ZnO
remained around the outer layer of the agglomerative
hematite while ZnO and Fe,O3bind to the rGO sheets.
Additionally, the XRD diffractogram of the composite
demonstrates faint reflection peak features of the ZnO
wurtzite single phase, which is attributed to the
moderately small quantity of ZnO sheet present in the
mixture [11-12].

The morphology of ZnO, Fe;03, ZnO/rGO,
Fe,03/rGO, and ZnO Fe;03/rGO was measured by
FESEM. From Figure 4a, ZnO particles comprise
uniform hexagonal nanorod-shaped flower-like nano-
particles. Nanosheets with a uniform thickness appeared
to stand on each ZnO nanorod, with an
estimated particle size of 70 nm. Most of the nano-
sheets' planes were perpendicular to the direction of
the length of nanorods and parallel to one another, with
about an approximately equal distance between them.

Figure 4. FESEM image of ZnO, Fe;03, ZnO/rGO Fe,03/rGO and ZnOFe;05/rGO.
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Figure 5. Image of TEM, the histogram for particle size distribution and SAED pattern of (a) ZnO, (b) Fe20s3, (c)
ZnOIrGO, (d) Fe;0s/rGO and (e) ZnOFe;0s3/rGO.
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The FESEM image in Figure 4c demonstrates the
attachment of ZnO composite anchoring onto rGO by
cooperating with the remaining functional groups of
rGO. Due to that, the average diameter size of ZnO
in the composite is relatively smaller than that of
pure ZnO material. Figure 4b displays spherical-
like particles of Fe,Os with uniform size. Figure 4d
portrays the even scattering of Fe,O3 nanoparticles on
the wrinkled surface of rGO sheets. The high surface
area was achieved by encapsulating Fe-O3 nanoparticles
within the rGO sheets, which prevents the accumulation
of rGO sheets and aggregation of individual nano-
particles [13]. ZnO and Fe,O3 characteristics are
evident in the flake-like morphology of the ternary
composite (Figure 4e), which grew over folded sheets
of rGO.

Consequently, TEM analyzed the size and
shapes of the synthesized samples at various
magnifications. From Figure 5, uniform sizes and
distribution were achieved through hydrothermal
synthesis. The effect of adding rGO to the composites
results in multiple shapes and darker spots, which
are distributed over the surface of the ZnO and Fe,Os
shown in Figures 5c, d, and e, Interestingly, the mean
particle size of the binary and ternary composite was
smaller with the addition of graphene compared to the
single metal oxide. The 2D structure of the graphene
allows efficient nucleation and growth of the nano-
particles by providing a large surface area for the
nanoparticles, leading to smaller particle sizes. Aside
from that, the interaction between the ZnO, Fe,Ozand
rGO influences the particle size of the composite by
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preventing the agglomeration of the nanoparticles
[14-15]. According to the histogram bar in the inset of
Figure 5, the mean particle sizes of ZnO, Fe;03, ZnO/
rGO, Fe;03/rGO and ZnOFe,03/rGO are + 66.13
nm, + 61.04 nm, + 57.52 nm, + 30.35 nm and + 14.88
nm, respectively. The Selected Area Electron Diffraction
(SAED) pattern, depicted in the inset of Figure
5, was utilized to investigate the crystalline nature of
the prepared composite. Correspondingly, the bright
pattern rings confirmed the polycrystallinity of the
synthesized materials corresponding to the XRD
analysis. Overall, adding graphene to the composite
resolves the agglomeration, resulting in reduced
particle sizes but an increased surface-to-volume
ratio for efficient electrochemical  sensing
performances.

Electrochemical Measurement

The characteristics of electrochemical performance
for the modified electrodes were measured by CV
analysis. The measurement was taken in the
presence and absence of 5 mM glucose by applying
the potential at 0.0 to 1.0, and the scan rate was set
to 50 mV s, as shown in Figure 6. From Figure 6a,
Zn0IrGO, Fe;03/rGO, and ZnOFe,03/rGO electrodes
display significant responses compared to ZnO and
Fe,Os electrodes. Moreover, no prominent peak of
oxidation is observed at ZnO and Fe;Os electrodes
compared to ZnO/rGO, Fe;0s/rGO, and ZnOFe,03/
rGO electrodes. On the other hand, wider curves and
higher current density were observed in the presence of
glucose, as shown in Figure 6b. The current density
measured for the modified electrodes is listed in Table 1.
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Figure 6. CV response of ZnO Fe;0s, ZnO/rGO, Fe;03/rGO, and ZnO Fe,03/rGO ina) 0.1 M PBS b) 0.1 M
PBS with 5 mM glucose.
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Table 1. The current measurement of the modified electrode is in the absence and presence of glucose.

Electrode Current density (mMA cm™2)
0.1M PBS 0.1 M PBS + 5 mM Glucose
Zn0 0.0011 0.0032
Fe20s 0.0055 0.0276
ZnO/rGO 0.0459 0.1928
Fe203/rGO 0.0220 0.1372
ZnOFe203/rGO 0.0775 0.2099

Table 1 demonstrates that the anodic peak current of
ZnOFe,03/rGO was approximately 66 times and 8
times greater than the ZnO nanoparticle and Fe,O3
nanoparticle, respectively, in the potential window of
0.56 V. The enhanced electrochemical performance
is due to the expanded area of the surface resulting
from the decreased size of particles induced by the
collaborative effects of the ZnO, Fe,03 and rGO
components in the compound system [14]. The
conductivity of the composite was enhanced with the
addition of rGO in the system and contributed to the
nanocomposite's large surface area, allowing more
contact with glucose [14].

The CV response of the modified electrodes
on different glucose concentrations is conducted to
verify the impact of glucose on the resultant currents,
as shown in Figure 7a. Based on the observed increase
in peak current, it can be deduced that modified
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particularly in the presence of high glucose concentrations
[16]. To ascertain the sensitivity and Limit of
Detection (LOD), the linear plot of the prepared
electrode was plotted between the current of catalytic
oxidation and the glucose concentration, as shown in
Figure 7b. The glucose concentration varies from 1,
2, 5,7 and 10 mM. Sensitivity is a statistical indicator
that reflects the performance of a sensor; the slope of
the plotted linear graph indicates the electrode's
sensitivity. The linear regression equation is
derived as Jpeak = 0.0358C, where Jpeak represents
the current density, and C is the glucose concentration
with a correlation coefficient (R?) of 0.9682 [16-17].
Subsequently, the slope of function was utilized to
compute the sensitivity and LOD, which were
determined to be 504.23 pA mM cm? and 6.28 mM,
respectively.
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Figure 7 (a) CV response of the ZnOFe,0s/rGO electrode at diverse glucose concentrations and (b) linear plot
for peak current against the square root of scan rate for the ZnOFe,O3/rGO electrode.
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Table 2. Comparison of the ZnOFe,03/rGO modified electrode with other ZnO and Fe,Os-based glucose sensors.

. Method of Sensitivity, Detection limit,
Electrode Material Synthesis A mM-L, cm-2 uM Reference
Zn0O-CoO/rGO Hydrothermal 168.7 1.3 [1]
Microwave-
ZnO-Ag/rGO assisted - 10.6 [19]
Microwave-
Zn0@rGO assisted 481 0.008 [20]
ZnO-Cu Sol-gel - 0.01 [21]
GF/ Fe;03 Hydrothermal 20.03 71.6 [22]
. Wet chemical
Fe,O3 nanowires method 726.9 - [23]
Fe20s-Ag/rGO Hydrothermal 50.8 0.5 [24]
Fe,03/ZnFe;04 Combustion 609 - [18]
ZnOFe,03/rGO Hydrothermal 504.32 6.28 mM Present work

The improved surface area distribution of
ZnOFe,03 nanocomposite on the graphene oxide
increased the active adsorption sites, making them
responsible for the exceptional sensitivity and wide
linear range observed in glucose detection [18]. The
results obtained are compared with those of the
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previously reported glucose biosensors based on ZnO
or Fe;O3 nanomaterials in Table 2. Thus, it is worth
mentioning that the ZnOFe;03/rGO electrode can
be modified into an electrochemical glucose sensor
with a sensitivity of 504.32 pA mM? cm?, as
indicated by the electrochemical studies.
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Additionally, the electron transfer mechanism
of the prepared electrodes was determined through CV
analysis in the identical medium at diverse scan rates
varying from 10 to 150 mV s1. The anodic current
(lpa) for the ZnO, Fe;03, ZnO/rGO, Fe,03/rGO and
ZnOFe;03/rGO increased linearly with the increased
scan rate. Anodic and cathodic peaks also show notice-
able shifts towards negative and positive directions, as
in Figure 8. A linear trend with a correlation coefficient
of 0.9190 is observed when the anode peak currents of
the ZnO Fe;03/rGO in 0.1M PBS with 5 mM glucose
are plotted against the square root of the scan rate
(Figure 8b). This indicates that the electrocatalysis
of glucose involves a process that is controlled by
diffusion [16, 17, 25].

CONCLUSION

FESEM and TEM analysis revealed flower-like ZnO
and spherical Fe.Os particles. In addition, introducing
rGO into the composite presents well-dispersed
ZnO and Fe;03 nanoparticles on the wrinkled sheet
surface of rGO. The electrochemical sensing revealed
that the ZnOFe,O3/rGO electrode has strong sensitivity
towards glucose, with a value of 504.32 pA.mM-~
t.ecm2 and glucose detection limit of 6.28 mM,
attributed to superior conductivity and rapid
electron transfer stability of ZnO, exceptional
stability of Fe;Os, and graphene's high surface area
and conductivity. Based on excellent performance, we
believe ZnOFe;03/rGO can be adapted as the
nonenzymatic glucose sensor for clinical diagnosis
and food processing quality control.
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