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Abstract: The fabrication of nonenzymatic glucose sensors is essential because of the enhancement in
the selectivity and accuracy of these sensors. In this work, we used the electrodeposition approach
to prepare a CeO,-based electrode for nonenzymatic glucose detection. A CeO, branched-like
nanostructure was successfully fabricated by electrodeposition on the surface of a Au substrate
electrode at room temperature. The effects of cyclic voltammetry, CH;COOH content, and scan
cycle number on the formation of the CeO, branched-like nanostructure were investigated. The
fabricated electrodes were characterized by scanning electron microscopy (SEM), energy-dispersive X-
ray spectroscopy (EDS), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR).
The results showed that a CeO, branched-like nanostructure could be obtained with a CH3COOH
content of 1.0 mL and a scan cycle number of 100 in a solution containing 0.015 M Ce(NO3)3, 0.01 M
KCl, and 0.02 M CH3COONH, and with a scan rate of 400 mV /s. The electrochemical characteristics

of the sensor were examined by chronoamperometry and cyclic voltammetry. The results showed
check for

updates that the sensitivity of the sensor was 37.72 pA/ mM-cm? and the limit of detection (LOD) of the sensor
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Academic Editor: Paolo Olivero Diabetes is a common disease that dramatically affects the quality of life of millions
worldwide. It has become one of the three leading causes of death in patients. Hence, the
detection of glucose in blood can save lives and control the condition of thousands of people
with diabetes. However, most commercial sensors today are still mainly glucose sensors
that use the glucose oxidase (Gox) enzyme [1-6]. The use of enzymatic sensors requires a
prolonged time for sample preparation, technical efforts, and a number of chemicals for
immobilizing GOx on the sensor’s surface. Enzyme-based sensors detect glucose through a
variation in the electrical signal caused by either oxygen consumption or the production of
Copyright: © 2023 by the authors. 11202 in the enzyme’s response to glucose. This process requires a relatively high anodic
Licensee MDPL Basel, Switzerland,  POtential, which can lead to the simultaneous oxidation of ascorbic acid and uric acid
This article is an open access artice  PTesent in the blood, reducing the selectivity and accuracy of the sensor [7].
distributed under the terms and In contrast, the utilization of nonenzymatic sensors can shorten the sample preparation
conditions of the Creative Commons  time and guarantee the enzyme storage conditions on the electrode surface of the sensor.
Attribution (CC BY) license (https://  In addition, using functional materials synthesized by different methods and then coating
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methods leads to an increase in resistance, hindering the charge transfer from the surface-
layer functional materials to the sensor electrode. According to the report of Dae-Woong
Hwang [8], the dendritic structures of functional materials indicate a higher ability to
catalyze the oxidation of glucose in a solution.

CeO; is one of the rare earth oxides with good physical and chemical properties
such as electrical conductivity, optical properties, and catalysis properties. Therefore, it
has been widely used in various fields such as optical [9,10], energy storage [11,12], con-
ductive materials [13,14], ultraviolet absorber materials [15,16], gas sensors [17,18], and
biosensors [19-23]. CeO; is of great interest in biosensor applications due to its good redox
properties caused by surface defects and oxygen vacancies [24]. Moreover, the surface
area of CeO, can be enhanced by tuning its morphology. With its diverse morphology,
CeO; is a perfect candidate for use as a carrier to load other materials. Sensors based on
CeO; are mainly fabricated through several steps, such as synthesizing CeO, and fixing
it on the electrode surfaces. However, the multi-step fabrication required reduces the
electrical conductivity from CeO, to the electrode surface, reducing the sensitivity and the
unique features of these electrochemical sensors. The direct electrodeposition of CeO, on
the electrode surface is a promising approach to overcome this limitation because it can
enhance the conductivity between the functional material (CeO;) and the electrode surface.
Moreover, one-step fabrication can shorten the time required for the sensor fabrication
process and reduce the use of chemicals for fixing CeO, on the substrate. The electrode-
position of CeO, for biosensor application has been reported in several studies [9,25-28].
Accordingly, CeO, is mainly synthesized by a constant-current approach [9,25,27] or a
constant-potential approach [26] at a relatively high temperature of 70 °C. However, these
methods have drawbacks, such as a high energy consumption and a long fabrication time
(from 60 to 120 min). Therefore, developing an effective alternative technique for the
electrodeposition of CeO; is necessary for practical applications. The morphology of CeO,
is also an important factor affecting its catalytic capability [29]. CeO; with a branched-like
structure, which has some advantages such as a high surface area and a porous texture,
could be a prominent catalyst for glucose sensors. However, to the best our knowledge,
the use of a CeO, branched-liked structure for nonenzymatic glucose biosensors has been
rarely reported.

The present work aimed to fabricate a nonenzymatic glucose sensor based on CeO,
with a branched-like structure using the electrodeposition method. A CeO, branched-
like structure was directly created onto the surface of an Au substrate electrode by the
electrodeposition method in a solution containing Ce(NO3)3, KCl, CH;COONHy, and
CH3;COOH at room temperature. The effects of the parameters, including the applied
potential, acid content, and scan cycle number (SCN), were investigated. The feasibility of
the fabricated sensor in detecting glucose was also examined.

2. Materials and Methods
2.1. Chemicals

All chemicals were analytical grade and used without further purification. Cerium(III)
nitrate hexahydrate (Ce(NOj3)3-6H,0, 99.999%), ammonium acetate (CH3COONHy, >98%),
potassium chloride (KCl purity > 99%), acetic acid (CH3COOH, 100%), -D-glucose
(CsH1204, 98%), and sodium hydroxide (NaOH, >98%) were purchased from Sigma-
Aldrich. All solutions were prepared with ultrapure water (18.2 M()-cm) obtained from a
Millipore Milli-Q system.

2.2. Fabrication of CeO,-Based Biosensors

The substrate electrode was 5 mm in width and 10 mm in length and was fabricated by
sputtering Au onto a silicon dioxide/silicon substrate. A saturated Ag/AgCl electrode was
used as the reference electrode, and a platinum plate was employed as the counter electrode.
The electrodeposition experiments were carried out in a solution containing 0.015 M
Ce(NO3)3, 0.01 M KCl, and 0.02 M CH3COONH, and a certain amount of CH3COOH
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using the cyclic voltammetry method at room temperature with a cyclic voltammetry range
of —0.4-1.8 V. According to our previous study [30], a scanning rate of 400 mV /s was the
optimal value for electrodeposition of CeO, onto a Au substrate electrode. Therefore, in
this work, a scanning rate of 400 mV /s was used.

2.3. Characterization

The morphology and chemical content of the fabricated materials were analyzed using
a field emission scanning electron microscope (FE-SEM, JSM-7600F, Jeol, Tokyo, Japan).
The X-ray diffraction (XRD) characterization was carried out using an XRD EQUINOX
5000 (Thermo Scientific, Illkirch-Graffenstaden, France) device with a monochromatized
Cu, K« radiation source with a wavelength of 0.154 nm. The Fourier transform infrared
spectrum of the sample was recorded on an FTIR Affinity—1S equipment (Shimadzu,
Kyoto, Japan).

2.4. Glucose Detection Test

Before measurement, the fabricated electrodes were cleaned using a 0.5 M HySO4
solution and ultrapure water. All the measurements were conducted in a conventional three-
electrode electrochemical cell with a Ag/AgCl reference electrode and a platinum counter
electrode at room temperature. A PGSTAT Autolab 302N system (Metrohm Autolab—
BV, Utrecht, Netherlands)) with the Nova 1.11 software (Metrohm Autolab-BV, Utrecht,
Netherlands) was used to study the oxidation reaction of glucose on the surface of the
biosensor. The chronoamperometry method was utilized to record the detection signal
of the oxidation process of glucose in a 0.1 M NaOH solution at a potential of 0.45 V vs.
saturated Ag/AgCl.

3. Results and Discussion
3.1. Cyclic Voltammetry Curves

Cyclic voltammetry is a technique commonly used in the electrodeposition synthesis
of nanomaterials. It involves applying a potential to an electrode in a solution containing
the desired precursor ions and measuring the resulting current as a function of the applied
potential. By varying the potential over a range of values, cyclic voltammetry provides
information about the electrochemical behavior of the system and allows for control over
the deposition process. In this work, the experiment was performed with a potential range
of —0.4-1.8 V and a scan rate of 400 mV /s in a solution of 0.015 M Ce(NO3)3, 0.01 M KCl,
and 0.02 M CH3COONHy, and the results are given in Figure 1.
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Figure 1. Cyclic voltammetry behavior of the deposition of CeO, with a cycle number of 10.



Crystals 2023, 13, 1315

4 of 14

The experimental data showed that there were one anodic and two cathodic peaks.
The anodic peak at a potential of 1.36 V corresponded to the oxidation of the Ce* ions to
form CeO; on the surface of the substrate electrode as per the following equation:

4Ce%* + Oy + 120H™ — 4e — 4CeO; + 6H,0 (1)

The cathodic peak at a potential of 0.59 V was due to the reduction of NO3 ™ ions in
the solution. This process can be presented as follows:

NO3;~ + H)O +2e —+ NO,  +20H™ 2)

There was another cathodic peak at about 0.38 V, which originated from the reduction
of protons in the solution:
2H' +2e — H; 3)

The diffusion coefficient of electrodeposition for CeO; is a specific parameter that
characterizes the rate at which cerium ions or cerium-containing species move through
a medium during the electrodeposition process of CeO,. The diffusion coefficient was
calculated using the Randles-Sevcik equation [31]:

ip = —2.69-10°-n%/2.A-D,1/2.C,-v1/2 (4)

where iy, is the current maximum (A), n is the number of electrons transferred in the redox
reactions, A is the electrode area (cm?2), D, is the diffusion coefficient (cm?/s), C,, is the
concentration, and v is the scan rate. The calculation showed that the diffusion coefficient
was about 6.9-1077 cm? /s, suggesting that the diffusion step controlled the reaction [32].

3.2. Effect of CH3COOH Content

The presence of CH3;COOH in the solution played a vital role because it created an
environment for the redox reactions to occur when cyclic scanning was performed. It was
considered as the critical parameter for the formation of CeO; on the working electrode
surface. For investigating the influence of the CH3COOH content, the experiments were
carried out with different volumes of CH3COOH ranging from 0 to 1.5 mL in a 100 mL
working solution. The results presented in Figure 2 reveal that the CH3COOH content
significantly affected the morphology of the CeO, formed on the electrode surface. The SEM
image of the sample without CH3COOH (Figure 2a) showed small particles formed on the
surface of the electrode, while on that of the sample with 0.5 mL of CH3;COOH (Figure 2b),
a branched-like structure of CeO, could be observed. This structure was clearly detected
when the content of CH3COOH was 1.0 mL (Figure 2c). When the added volume of
CH3COOH was increased to 1.5 mL, the branches became bigger and tended to form large
blocks (Figure 2d). The effect of the CH3COOH content on the morphology of the CeO,
formed on the surface of the substrate electrode may have originated from the complexation
of Ce®* ions and CH3COO" ligands that stabilized Ce®* in the solution and prevented the
formation of Ce;O3 [33]. The CH3COOH content also affected the pH of the solution,
which probably impacted the nucleation and growth of CeO, crystals on the electrode
surface. Consequently, it impacted the final morphologies of the products. Accordingly, the
CH3COOH content of 1.0 mL was proper for preparing a CeO, branched-like nanostructure
on the surface of the Au substrate electrode.
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Figure 2. FeSEM images of CeO, obtained from solutions containing CH3COOH: (a) 0 mL, (b) 0.5 mL,
() 1.0 mL, and (d) 1.5 mL in 100 mL working solution.

3.3. Effect of Scan Cycle Number

The scan cycle number (SCN) is an important parameter that affects the electrodeposi-
tion process because it determines the duration and sequence of the applied potential. For
studying the effect of the scan cycle number on the formation and morphology of CeO, on
the surface of the substrate electrode, the experiments were carried out with different scan
cycle numbers, from 10 to 200, and the results are shown in Figure 3. It can be seen that
when the SCN increased from 10 to 100, the intensity of the anodic peak slightly increased.
The highest intensity was obtained with an SCN of 100. When the SCN rose to 150 and
200, the intensity of the anodic peaks declined. The change in the intensity of the anodic
peak with the increase in the SCN can be explained by the fact that with an SCN of 10, the
deposition of CeO; on the electrode surface was difficult due to the overpotential of the
oxidation of Ce3* to form CeO, on the Au surface (1ceo, , au)- When the SCN increased to
50 and 100, the deposition was favorable because the deposition occurred on the CeO; film
that was not affected by the overpotential 7jce0,,,,- As the SCN was increased to 150 and
200, the concentration of Ce®* declined, thus reducing the current intensity.

For investigating the effect of the SCN on the morphology of the CeO; on the electrode
surface, the samples with different SCNs were analyzed using the SEM technique, and
the results are given in Figure 4. It is clear that the morphology of the obtained CeO,
significantly changed with the change in the SCN. A thin film can be observed for the
sample with an SCN of 10 (Figure 4a), which consisted of only CeO, nanoparticles with a
diameter of about 100 nm. As the SCN increased to 50, the CeO, nanoparticles were grown
gradually to form a CeO, branched-like nanostructure on the gold electrode surface, as
illustrated in Figure 4b. The branched-like nanostructure can be observed for the samples
with an SCN of 100 and 200 (Figure 4c,d). These results indicated that a CeO, branched-like
nanostructure could form on the Au electrode surface with an SCN of 100.
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Figure 3. Cyclic voltammetry for the synthesis of CeO, with different SCNs and a scan rate of
400 mV /s at room temperature.

Figure 4. FeSEM images of the surface of the electrode: (a) SCN of 10; (b) SCN of 50; (c¢) SCN of 100;
and (d) SCN of 200.

3.4. Electrode Characterization

The element content of the electrode surface was determined using energy-dispersive
X-ray spectroscopy, and the analyzed data are given in Figure 5. The results indicated that
the sample contained mainly O (34.24%), Ce (29.32%), and Au (277.56%). In addition, the
presence of carbon in the sample was also observed, which may be due to the adsorption
of CO; or the sample preparation process.
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Figure 5. EDS analysis of the surface of the electrode based on CeO, branched-like nanostructure.

The crystalline phase contents of the fabricated electrode were determined using the
XRD method, and the results are presented in Figure 6. On the XRD pattern, the diffraction
peaks observed at the two-theta angles of 28.9, 33.6, 48.02, and 56.8° corresponded to the
reflections of the (111), (200), (220), and (331) crystallographic planes of the fcc fluorite
structure of CeO, (JCPDS 34-0394) [34]. In addition, the diffraction peaks at about 38.6 and
44.7° were due to the reflection of the (111) and (200) planes in the centered cubic (fcc) gold
(JCPDS 89-3697). The XRD data indicated the formation of CeO, crystals on the surface of
the Au substrate electrode.

Au (111)
e
s
z
Z |
Q
g
CeO, (111)
] Au (200)
\ CeO, (220)
CeO, (331
Ce0, (200) / e0, (331)
20 30 40 50 60
20 (degree)

Figure 6. XRD pattern of the surface of the electrode based on CeO, branched-like nanostructure.
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Figure 7 shows the FTIR spectrum of the fabricated electrode sample. There are several
noticeable absorption peaks in the wavenumber range of 4000-500 cm~!. Broad absorption
peaks at about 3266 cm ! were indexed to the stretching vibration of the -OH group in the
water molecules. The peaks at 1579 and 1314 cm ! were assigned to the water molecules
that were physically adsorbed onto the surface. The peak in the range of 500-600 cm ! was
associated with the asymmetric and symmetric vibrations of Ce-O [35].

100
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Figure 7. FT-IR spectrum of the electrode modified by CeO, branched-like nanostructure.

3.5. Feasibility for Nonenzymatic Glucose Detection
3.5.1. Determination of the Oxidation Potential of 3-D-Glucose

To determine the oxidation potential of 3-D-glucose, linear sweep voltammetry (LSV)
was employed. The experiments were carried out using a potentiostat and a three-electrode
electrochemical cell to transport a potential to a solution and screen its variation in cur-
rent. Figure 8 shows the LSV voltammograms of the substrate electrode (Figure 8A)
and the fabricated CeO,-based electrode in the solutions of 1 M NaOH (black line) and
1 M NaOH + 10 mM (3-D-glucose (red line). The data indicated that for the substrate elec-
trode, there was not any oxidation peak on the LSV voltammogram, indicating that the
oxidation process of 3-D-glucose did not occur on the surface of the substrate electrode.
In contrast, the LSV voltammogram of the fabricated CeO;-based electrode shows an
oxidation peak at about 0.45 V, corresponding to the oxidation potential of 3-D-glucose.
These results indicate that the electrode fabricated by the electrodeposition of CeO, onto
the substrate electrode’s surface could be used to detect the (3-D-glucose in the solution.
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Figure 8. Cont.
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Figure 8. LSV voltammograms of: (A) bare Au electrode in (a) 1 M NaOH solution and (b)—1 M
NaOH + 10 mM (B-D-Glucose, and (B) electrode based on CeO, branched-like nanostructure in
(a) 1 M NaOH solution and (b) 1 M NaOH + 0.02 mM (3-D-glucose solution.

3.5.2. Electrochemical Detection of Glucose

To examine the response signal of the fabricated sensor, a chronoamperometry mea-
surement was conducted in 50 mL of 0.1 M NaOH solution at a potential of 0.45 V. In a time
interval of 50 s, 10 puL of 50 mM (-D-glucose solution was added to the NaOH solution.

The obtained data (as presented in Figure 9) showed that the response current in-
creased significantly when the 3-D-glucose solution was dropped into the working solution
and reached a plateau after the 3-D-glucose concentration in the system achieved a value
of 0.4 mM. The increase in the response current was due to the occurrence of the redox
reactions when the (3-D-glucose solution was added to the electrochemical cell [36]. The
mechanism of these redox reactions can be explained through the diagram presented in
Figure 10. In this process, 3-D-glucose molecules were oxidized to form gluconolactone,
and Ce** ions were reduced to form Ce®" ion. The results indicated that the fabricated
CeO,-based electrode could respond well to the presence of 3-D-glucose in the solution
without enzymes, proving that the electrode can be used as a nonenzymatic sensor for
detecting (3-D-glucose in a solution.

15x10°°¢
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Figure 9. Chronoamperogram of the fabricated CeO, electrode in the 1 M NaOH solution, where
10 uL of 50 mM -D-glucose was added in an interval time of 50 s.
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Figure 10. Oxidation mechanism of 3-D-glucose on the surface of the sensor.

To test the dependence of the response signal of the sensor on the concentration of
-D-glucose, experiments were carried out using a conventional three-electrode cell in a
solution of 0.1 M NaOH and (3-D-glucose. The concentration of 3-D-glucose was varied
from 0.05 mM to 0.8 mM. The scanning mode was a linear mode with a scanning rate
of 100 mV/s. Figure 11 shows the LSV curves obtained with different concentrations of
-D-glucose. It can be seen that when the concentration increased from 0.05 to 0.7 mM, the
intensity of the response current increased. For a concentration of 0.8 mM, the intensity of
the response current was close to that obtained in the 0.7 mM solution, indicating that the
proper working concentration range was <0.7 mM.

300x10°¢
] —0.05mM ——0.50 mM
250 4 —0.20 mM 0.60 mM
1 —03mM —0.70 mM
] 040 mM ——0.80 mM
2 200 - -
h —
6 ]
100
E C—
50 ] 1 1 1 I 1 L] 1 ] I ] T 1 1 I 1 XI ] T 1 T
0.35 0.40 0.45 0.50 0.55 0.60
Potential (V)

Figure 11. LSV curves of the fabricated sensor recorded at a scan rate of 100 mV /s in the solution
containing 0.1 M NaOH and 3-D-glucose with concentration varying from 0.05 mM to 0.80 mM.

To establish the calibration curve and determine the limit of detection (LOD) of the
fabiricated sensor, experiments were conducted in a 3-D-glucose concentration range of
0.05-0.7 mM. The experiments were triplicated to ensure reproductivity. As presented
in Figure 12, the current intensity increased linearly with an increase in the 3-D-glucose
concentration from 0.05 to 0.70 mM. The correlation coefficient of the linear regression was
0.997, indicating a linear relationship between the current intensity (A) and the 3-D-glucose
concentration (mM) with the following equation: I = 1.861 x 107* x C + 6.642 x 107°.
The sensitivity of the glucose sensor was calculated from the calibration curve slope and
divided by the electroactive working area of the sensor. The calculated sensitivity was
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found to be 37.72 uA/mM-cm?. The limit of detection (LOD) of the glucose sensor was
observed to be 0.093 mM, and the standard error (SE) of the intercept was 1.997 x 10°.

2.0X 104
< 15%x104
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e
-
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1.0X 104
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R? = 0.997 §
y=1.861x10%x C+6.642 x 10 ~

/

I ' I I ! I ! |

N I N 1 N I N
01 02 03 04 05 06 07 038
Concentration (mM)

Figure 12. The calibration curve established in the concentration range of 0.05-0.7 mM at a potential
of 0.45 V with a scan rate of 100 mV/s.

Experiments were carried out in the presence of ascorbic acid (AA) and uric acid
(UA) in order to examine the selectivity of the fabricated sensor. Figure 13 shows the LSV
curves of the sensors in a solution of 1 M NaOH and 0.1 mM (3-D-glucose (a) and a solution
containing 1 M NaOH, 0.1 mM glucose, 0.1 mM AA, and 0.1 mM UA (b).

60x10°6

Current (A)
w £y n
(=) < <

N
]

B /)
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0.35 0.40 0.45 0.50 0.55 0.60
Potential (V)

Figure 13. LSV curves of the fabricated sensor in the following solutions: (a) 1 M NaOH and 0.1 mM
glucose; (b) 1 M NaOH, 0.1 mM glucose, 0.1 mM AA, and 0.1 mM UA.
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The data showed that the signals of the sensor in these two cases were almost identical,
indicating that the presence of AA and UA did not interfere with the glucose signal of the
fabricated sensor. A chronoamperometry measurement was carried out in a solution of
1 M NaOH to test the selectivity further. During the measurement, after 100, 200, 300, 400,
and 500 s, 100 pL of 0.1 mM (-D-glucose was added, and after 600 and 700 s, 100 puL of AA
was added. The same amount of AA was also added to the system after 800 and 900 s. The
results (Figure 14) showed that the intensity of the signal increased with an increase in the
amount of 3-D-glucose added to the system. When the AA and UA solutions were added
to the system, the signal remained nearly unchanged, indicating that the fabricated sensor
has a high selectivity to 3-D-glucose and can be used for detecting glucose in a solution.

10x10°¢ 7 glucose
glucose
8 — lucose AA AA UA UA
- glucose l l l l l
< - |
= lglucose
: l L
5 4-
o l l
2 |
—
'rl'l—l—nllll'll||||||||||||||||||||||||||||l|||||||||
0 200 400 600 800 1000

Time (s)

Figure 14. Chronoamperometry graph of the fabricated sensor in a 1 M NaOH solution whilst
separately adding a solution of 0.1 mM (-D-glucose at 100, 200, 300, 400, and 500 s, 0.1 mM AA at
600 and 700 s, and 0.1 mM UA at 800 and 900 s.

4. Conclusions

A CeO; branched-like nanostructure on a Au/Si electrode surface was directly fab-
ricated by electrodeposition at room temperature from a solution containing 0.015 M
Ce(NO3)3, 0.01 M KCl, and 0.02 M CH3COONH4 with a scan rate of 400 mV/s. The
formation of the CeO, branched-like nanostructure depended on the parameters, including
the cyclic voltammetry, CH3COOH content, and scan cycle number. The optimal conditions
for the preparation of the CeO, branched-like nanostructure were a CH3COOH content of
1 mL and a scan cycle number of 100. The fabricated electrode was used as a nonenzymatic
biosensor for glucose detection. The feasibility of the sensor in terms of glucose detection
was tested by chronoamperometry and cyclic voltammetry. The results indicated that the
sensor’s sensitivity was 37.72 uA/ mM-cm?, and the sensor’s limit of detection (LOD) was
1.67 uM. The findings of this work indicate that a CeO, branched-like nanostructure can be
directly fabricated and used for nonenzymatic biosensors.
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