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An electrochemical glucose sensor based on a glassy carbon electrode (GCE) decorated by palladium
(Pd) doped ZnOnanorods (NRs) was developed. The Pd-doped ZnO NRs was prepared by a facile
chemical bath deposition technique, and the characterizations of the samples were studied byX-ray
diffraction and scanning electron microscopy analysis. Electrochemical behaviors of the Pd-doped ZnO
NRs/GCE electrode to glucose were determined by electrochemical impedance spectroscopy, cyclic
voltammetry and differential pulse voltammetry. The electrochemical results indicated that the Pd-doped
ZnO NRs/GCE revealed an excellent responseto glucose with a detection limit of 0.3 uM and a
sensitivity of 0.64 pA/uMcm?.This sensor was applied satisfactorily to glucose determination in blood
serum samples. With remarkable electrochemical performance, Pd-doped ZnO NRs / GCE can provide
a suitable platform in the manufacture of a variety of electrochemical sensors and have a great promise
for sensing applications.

Keywords: Electrochemical glucose sensor; Doped ZnO nanostructures; Cyclic voltammetry;
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1. INTRODUCTION

Glucose serves to supply energy to the living cells and in biological systems, they act as a
metabolic intermediate though high levels of glucose in the blood can cause diabetes mellitus, a
condition that has been one of the topmost reasons to cause disability and death around the world[1, 2].
Hence it is quite necessary to fabricate highly efficient sensors to detect glucose quickly and reliably.
This has led to numerous researches being done to develop enzyme sans glucose sensors that can transfer
electrons directly and has high stability and repeatability[3]. Glucose sensors without enzymes have been
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developed in recent time using noble metals, transition metal oxides, and metal nanoparticles[4, 5]. But
these sensors are expensive due to the price of the noble metals, besides having a narrow linear range
and a very low selectivity of glucose because of the surface poising that occurs during the
electrochemical process[6]. Therefore, it is of great interest to design a glucose sensor that is highly
sensitive, selective, and low in cost to be employed in biomedical applications. In light of recent years,
the electrochemical approach has been the possible choice to replace traditional instrument-based
methods to directly determine the glucose level because of their compatibility to perform on-site
detection[7, 8]. These methods are cost-effective, simple and fast. Differential pulse voltammetry
technique based electrochemical detections showed a huge potential due to their better sensitivity,
efficiency, and low detection profile[9]. Hence, they can be employed for a vast analyte spectrum.

The high specific surface area to volume ratio, high carrier transport, cost-effectiveness and
simple synthesizing makes one-dimensional (1D) metal oxide semiconductor nanostructures like
nanorods, nanotubes, and nanowires to draw much attention[10, 11]. In specific, 1D Zinc oxide
nanostructures have been chosen because of their non-toxic nature, better biochemical stability, electron
transfer, and a high isoelectric point[12, 13]. But, most of the investigations were based on Zinc oxide
nanostructures with enzymes that were not stable and sensitive enough to detect glucose[14].

Here, we successfully fabricated a non-enzymatic biosensor based on palladium (Pd)-doped
ZnONRs for glucose detection. The Pd-doped Zinc oxidenanorods were grown by chemical bath
deposition method and were characterized by the X-ray diffraction and scanning electron microscopy.
To prepare sensing electrodes, the Pd-doped ZnOnanorods were deposited onto a glassy carbon electrode
(GCE) substrates. The electrochemical properties of the electrodes were considered by electrochemical
impedance spectroscopy and cyclic voltammetry. It had indicated an excellent and specific performance
with good selectivity, sensitivity, and low detection limit.

2. MATERIALS AND METHOD

A facile chemical bath deposition method was employed to prepare ZnOnanorods(NRs) array on
a glassy carbon electrode (GCE). The surface of GCE was cleaned using DI water and polished with 0.1
um alumina slurry. Radiofrequency sputtering was done using a customized sputtering unit and a
99.999% pure zinc oxide target to prepare zinc oxide nano seed layers to grow nanorods at ambient
temperature. 25 mM Zn(CH3CO-)2 and 24 mM(CH2)sN4 were dissolved in deionized water to form the
zinc acetate precursor solution. This solution was mixed in the reactor at 35°C and 1000 rpm. The seed
layer on the GCE was placed into the precursor solution for 3 h at 95° C to allow the synthesis of
nanorods. Then the GCE was taken from the reactor. With careful consideration, the synthesized zinc
oxide nanorods were washed with deionized water to remove the remaining salts and then dried in
nitrogen at 80°C for 1 h before undergoing characterization. To prepare Pd-doped ZnONRs, the dopant
precursor solution was modified. Separate dissolution of 1 wt% of Pd(CsH7O2). in 0.4 mol of isopropanol
and DI water (with a 10:1 M ratio) was done, trailed by 30 min stir at ambient temperature. The resulting
solution was added to the previous solution and the same procedure for undopedZnONRs followed.
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A field-emission scanning electron microscope (Hitachi FE-SEM S4800) was employed to study
the structural features. An X’pert Pro X-ray diffractometer (PANalytical, NED), using Cu-Ko radiation
source (L = 1.5406 A) was used to generate X-ray diffraction (XRD) patterns. Electrochemical
impedance spectroscopy (EIS) was done in 0.5 M H2SO4 containing 0.1 M KOH solution under 0.5 V.
Nyquist plots were used to record with the frequency range of 100 kHz to 0.1 Hz. Cyclic voltammetry
(CV) measurements were done in —0.1 to 1 V potential range at a 30 mVs™ scan rate in phosphate buffer
at pH 7.4. Differential pulse voltammetry (DPV) measurements were employed in the potential range of
-100 to 1000 mV, equilibrium time of 10 s and scan rate of 30 mV/s. Human serum samples were drawn
from a volunteer in our working lab. A written statement informing the consent of the volunteer was
received. Clinical studies were performed on the collected human serum and approved by the ethics
committee.

3. RESULTS AND DISCUSSION

FESEM was used to characterize and examine the synthesized Pd-doped ZnO NRs on the GCE.
As shown in Figure 1, the growth of ZnO as hexagonal nanorods in the direction perpendicular to the
GCE surface can be found in samples. After doping with Pd ions, the diameters of the undopedZnO NRs
increased. Reports had been made earlier on how doping influences the ZnO morphology [15]. The
diameters of the undoped and Mn-doped ZnO were in the range of 30-60 nm and 70-150 nm,
respectively. It is visible that the morphology of the synthesized undoped and Ag-doped ZnO NRs are
very high-density rod-shaped structures.

Figure 1. FESEM images of (a) undoped and (b) Pd-doped Zinc oxidenanorodsgrown on GCE using the
chemical bath deposition method at 95 °C growth temperaturefor 3 hours.

Thus, the synthesis of dense homogenous ZnO structures with a high aspect ratio is effective
when done by chemical method, which holds good for electrochemical sensor applications that have
high sensitivity and selectivity.
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Figure 2.XRD pattern of the Pd-doped ZnOnanorods

The XRD pattern of the Pd-doped ZnOnanorods is shown in figure 2. The pattern shows only
peaks that can be matched to hexagonal wurtziteZnO structure (JCPDS No. 36 - 1451) [16], without
secondary peaks from probable elements like Pd oxides.
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Figure 3. Nyquist plots of bare GCE, ZnO NRs/GCE, and Pd-doped ZnO NRs/GCE electrodes in a
combination of 0.5 M H2SO4 and 0.1 M KOH solutions under 0.5 V. The inset shows Randles
equivalent circuit model.

Figure 3 indicates the impedance spectra of various electrodes fabricated. EIS measurements
were done in a combination of 0.5 M sulfuric acid and 0.1 M potassium hydroxide solution to monitor
the electrochemical behavior of the electrodes. The impedance results were received by the employed
Randles equivalent circuit as shown in Figure 3 inset [17]. The bare GCE electrode displays the
semicircle with the largest radius with the 7850 Q charge transfer resistance (Rct). But the radius
decreases with an increase in growth of nanorods on the GCE, along with the decline in Rct, the value
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Is showing an enhanced rate of electron transfer [18]. To select the electrode with the highest efficiency,
the grown zinc oxide nanorods on GCE were modified by dipping them in Pd. As shown in figure 3, the
Pd-doped ZnONanorods/GCE electrode displayed an enhanced rate of electron transfer. The best values
of Rct, 1950Q were obtained for zinc oxide nanorods after dipping. Therefore, the Pd-doped ZnO
NRs/GCE electrode was chosen to perform additional electrochemical characterization and to be used
to detect glucose.

EIS is widely used to get data on the surface characteristics of electrodes [19]. Besides, the rate
of electron transfer between the electrolyte and the electrode surface can be seen using EIS [20]. Figure
4 shows the Nyquist plots of Pd-doped zinc oxide nanorods/GCE in 0.1 M potassium hydroxide solution
to detect various concentrations of glucose. It can be seen that the increase in glucose concentration
reduces the radius of the semicircles. This is because of the glucose and the sensing membranes
interacting with each other [21]. Adding glucose causes important changes in the impedance at low
frequencies.
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Figure 4. Nyquist plots of Pd-doped ZnO NRs/GCE electrode in 0.1 M KOH solutions for varying
concentrations of glucose.

Figure 5a shows the impact of the scan rate on the routine of the cyclic voltammetry of the Pd-
doped zinc oxide NRs/GCE electrode. The change in scan rate ranging from 10 to 200 mV/s, causing an
increase in the currents of both the oxidation and the reduction peaks. The relation between the scan rate
and the peak current is expressed as ip = 2.69 x 10°n%2 DY2vY2 Ac[22], in which the number of exchanged
electrons is represented by n, the diffusion coefficient of reactant is represented by D, the scan rate is
represented by v, the effective area of the electrode, and the reactant concentration are represented
respectively by A and c. Seemingly, the increase in scan rate rises the peak current and is found to be
proportionate to the square root of the scan rate (figure 5b). This shows that the Pd-doped zinc oxide
NRs/GCE electrode had undergone a diffusion-controlled electrochemical process. So, the diffusion
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process significantly controlled the electrochemical reaction and a huge part of the reaction time was

occupied by the diffusion of the analyte.
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Figure 5. (a) CVs of the Pd-doped ZnO NRs/GCE glucose sensor at scan rates of 10-200 mV/s(b) The
plots of the peak currents of the anode and cathode versus the square root of the scan rate.

Even though doping the zinc oxide NRs with Pd had flattened the surface a little along with the
reduction of hydrophilic nature in zinc oxide NRs and reducing the area of contact of the solid-liquid
interface, it incredibly enhanced the capability of the Pd-doped zinc oxide NRs to transfer electrons.
Hence, the sensor fabricated using these NRs are anticipated to have increased performance.
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Differential pulse voltammetry (DPV) experiments were done for different concentrations of
glucose. Figure 6 illustrates the typical DPV response upon successive add-ons of glucose at Pd-doped
ZnO NRs/GCE. It can be seen that the Pd-doped ZnO NRs/GCE reaches a steady-state current, indicating
the designed sensor has a quick response to glucose [23]. There exists a linear relation between the
current response and the varying concentrations of glucose ranging from 1-800 uM. The linear regression
equation can be expressed as: I (uA) = 0.6453C (uM) + 3.78562 (R? = 0.9856). The limit of detection
was found to be 0.3uM. As shown in table 1, the relative study designated that the projected sensor could
be practical to detect the glucose content with high sensitivity.
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Figure 6. (a) DPVs of Pd-doped ZnO NRs /GCE electrode (b) Calibration plot of the linear variation of
DPV peak current in varying concentration of glucose at 0.1 M phosphate buffer solution and 30
mV s scan rate.
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Table 1. Comparison of Pd-doped ZnO NRs/GCE performance with other electrochemical glucose

sensors.
Technique Electrodes Sensitivity detection limit Ref.
(LA/UMem?) (M)
Chronoamperometric MAF-4-Co"/GCE 30.95 0.6 [24]
Chronoamperograms FCA/GOx/PAD 0.9474 50 [25]
Amperometry Lamellar ridge—Au 0.029 0.87 [26]
Chronoamperograms CoPc/G/IL/SPCE 9.76 0.67 [27]
Amperometry polynorepinephrine /glucose 59170 1.76 [28]
oxidase/Au NPs

CVv DLEG-CuNCs 4532 0.25 [29]

DPV Pd-doped ZnO NRs/GCE 0.64 0.3 This work

The applicability of the Pd-doped ZnO NRs/GCE electrode for the determination of glucose in
the human blood serum was examined. DPVs were employed to perform the tests. Human blood serum
was diluted with Phosphate buffer solution to measure. Concentrations were estimated by using a
calibration plot by the standard addition method [30]. Every appropriate measurement was done thrice
without pretreatment employing the standard addition method. The results are displayed in Table 2.
Recovery studies were also done using the blood serum, and recoveries were ranging between 99.61%
and 102.75% for glucose. The results show that the Pd-doped ZnO NRs/GCE electrode can be favorably
employed to determine glucose in blood serum samples under the optimized conditions using the
standard addition method.

Table 2. Determination of glucose in human blood serum with Pd-doped ZnO NRs/GCE

Sample Added concentration = Found concentration = Recovery (%) RSD (%)

(uMI) (HMI™)
1 70 70.23 100.53 2.23
2 80 79.24 99.61 2.39
3 90 91.76 102.42 1.67
4 100 101.52 102.75 1.62

4. CONCLUSIONS

A novel Pd-doped ZnO NRs material was synthesized on GCE and used to prepare a selective
and sensitive electrochemical glucose sensor. The structural properties of Pd-doped ZnO NRs were
characterized by SEM and XRD. The Pd-doped ZnO NRs/GCE possessed excellent electrochemical
features in glucose detection, due to the Pd-doped ZnO NRs had improved the surface area. The
developed sensor was considered to be highly selective and sensitive to glucose with a detection limit of
0.3 uM and a sensitivity of 0.64 pA/uMcm?. Furthermore, this electrochemical sensor indicated a good
reliability, reproducibility and stability measurements in human blood samples.
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