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Abstract

Researchers are increasingly focusing on using biomass waste for green synthesis of
nanostructured materials since green reducing, capping, stabilizing and orientation agents play a
significant role in final application. Wheat peel extract contains a rich source of reducing and
structure orienting agents that are not utilized for morphological transformation of NiO
nanostructures. Our study focuses on the role of wheat peel extract in morphological
transformation during the synthesis of NiO nanostructures as well as in non-enzymatic
electrochemical urea sensing. It was observed that the morphological transformation of NiO
flakes into nanoplatelets took place in the presence of wheat peel extract during the preparation
of NiO nanostructures and that both the lateral size and thickness of the nanostructures were
significantly reduced. Wheat peel extract was also found to reduce the optical band gap of NiO.

A NiO nanostructure prepared with 5 mL of wheat peel extract (sample 2) was highly efficient
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for the detection of urea without the use of urease enzyme. It has been demonstrated that the
induced modification of NiO nanoplatelets through the use of structure-orienting agents in the
wheat peel has enhanced their electrochemical performance. A linear range of 0.1 mM to 13 mM
was achieved with a detection limit of 0.003 mM in the proposed urea sensor. The performance
of the presented non-enzymatic urea sensor was evaluated in terms of selectivity, stability,
reproducibility, and practical application, and the results were highly satisfactory. As a result of
the high surface active sites on sample 2, the low charge transfer resistance, as well as the high
exposure to the surface active sites of wheat peel extract, sample 2 demonstrated enhanced
performance. The wheat peel extract could be used for the green synthesis of a wide range of
nanostructured materials particularly metal/metal oxides for various electrochemical

applications.
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1. Introduction

Over the last two decades, nanostructured materials have been extensively studied for
applications in a wide range of fields, including catalysis [1], optics [2], electronics [3], medical
imaging [4], medicine [5], and biotechnology [6]. Many fabrication methods have been
developed for nanostructured materials that eliminate or minimize the use of toxic chemical
reagents by using biological materials, such as bacteria [7], fungi [8], plants [9], and yeasts [10,
11]. As opposed to nanostructures prepared from living microorganisms, plants have the
advantage of rapid growth, high stability, and high disparity in aqueous solutions [12, 13], as
well as diverse morphologies and dimensions [14]. Among the metal oxides, nickel oxide (NiO)
is highly investigated due to its unique functional properties [15, 16]. Various conventional
methods have been used to prepare NiO nanostructures, including hydrothermal [17],
solvothermal [18], precipitation [19], electrodeposition [20], and sol-gel [21]. In addition to these
conventional preparation techniques, green mediated synthesis of NiO nanostructures provides a
simple, low-cost, scale-up, and high performance synthesis method due to the availability of a
wide range of green reducing, capping, and stabilizing agents in plant extracts [22, 23]. NiO
nanostructures have been synthesized using different plant extracts, including Moringa oleifera

[24] and Hydrangea paniculata flower extracts [25]. As of now, research on the green mediated
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synthesis of NiO nanostructures is limited, and there is much room for further investigation in
relation to green synthesis and diverse applications. As a result of the green preparation of NiO
nanostructures, the electrodes for the development of supercapacitors have been modified to
have excellent capacitance and cycling stability [26-28]. Furthermore, urea is one of the most
widely used nitrogen sources in agriculture and industry [29]. Different products containing urea
include soaps, cleaning agents, feed for animals, and detergents [30]. It is well known that urea
can adversely affect the environment and life on land when it is sprayed and fertilized on crops.
Proteins undergo metabolism and produce urea within the body [31]. Urea concentrations in
human body fluids range from 2.6 to 6.5 mM [32, 33]. In the human body, urea is primarily
excreted through urine [34]. Due to the fact that urea is also found to be one of the main
components of adulterants in milk, it is necessary to use a highly sensitive and selective method
for quantifying urea. Statistics show milk contains urea between 3.2 and 6.6 mM. In contrast, the
Indian safety food authorities define milk urea content at 11.6 mM [35]. Furthermore, urea is
being used to increase the nitrogen content of milk [36, 37]. A high concentration of urea in
human body fluids can result in kidney dysfunction, urinary tract obstructions and cachexia,
while a low concentration of urea can cause renal failure, liver dysfunction, and cachexia [38].
Thus, it is essential to monitor the urea levels in a variety of samples, such as human fluids,
agriculture, the environment, pharmaceuticals, and foods [39]. This is the reason why a wide
range of analytical techniques are available for determining urea, including near infrared
spectrophotometers [40], chromatography [41], nuclear magnetic resonance [42], flow injection
analysis [43], and electroanalytical methods [44-47]. In terms of sensitivity, rapidity, selectivity,
ease of use, and low limit of detection, electroanalytical methods have been found to be more
effective than other methods [48]. Urea has been quantified by both enzymatic and non-
enzymatic electrochemical methods [49,50]. In contrast to the enzymatic method, which is
highly expensive, complicated during enzyme immobilization on transducers, and has storage
stability problems, the non-enzymatic method is low-cost, simple, and does not have storage
stability concerns [51]. Wheat peel extract has not yet been exploited as a source of green
reducing agents in order to synthesize nanostructured materials for electrochemical applications.
It is due to the high availability of reducing agents and growth orienting reagents in wheat peel
extract that such biomass waste materials are less likely to be studied for the transformation of

NiO flake nanostructures into plates. Through the use of green reducing agents and structure



orienting agents, NiO has been tuned to exhibit highly sensitive and selective non-enzymatic
urea sensors. Additionally considering the high abundance, natural reducing agents, low cost,
environment friendly and facile aspects of wheat peel extract, it offers its high potential for the
synthesis of high performance materials especially metal/metal oxides for specific application.

2. Experimental Section
2.1. Chemical reagents

Different chemical compounds were purchased from Sigma Aldrich, Karachi, and Sindh
Pakistan. These compounds include nickel chloride hexahydrate, urea, ethanol, sodium
hydroxide, glucose, alumina paste, uric acid, potassium chloride, and sodium chloride. Deionized
water was used to prepare solutions for wheat peel extraction, growth of NiO nanostructures, and

urea sensing applications.
2.2. Synthesis of NiO nanostructures using wheat peel extract by hydrothermal process

In preparation for growth, 100 g of wheat peel powder were chipped into powder and added to
250 mL of deionized water. We then heated the solution at 80 °C for 2 hours, followed by
filtration, in order to obtain wheat peel extract. Afterwards, the wheat peel extract was stored at
4°C in the refrigerator and was used as needed. An aqueous growth solution was prepared using
0.1 M NiCl,.6H,0 and 10 mL of 33 % aqueous ammonia solution for the pure NiO sample.
While, the growth solution of NiO was prepared using the mixture of 0.1 M NiCl,.6H,0, 10 mL
of 33 % aqueous ammonia, 3 mL, 5 mL, and 7 mL of wheat peel extract, respectively. An
aluminum sheet was tightly covered over the growth solutions, followed by a hydrothermal
treatment at 95 °C for five hours in an electric oven. Upon completion of the growth process, the
product was collected on filter paper and dried overnight. It was then combusted in an electric
furnace at 400°C for four hours with the synthesized hydroxide product. As a result, NiO's dark
grey product has been received successfully. The NiO prepared with 3 mL, 5 mL and 7 mL of
wheat peel extract was labeled as sample 1, sample 2 and sample 3, respectively. The shape
aspects of as prepared NiO nanostructures were studied by FEI MagellanTM, high resolution
scanning electron microscopes (HR-SEM), while crystalline properties were investigated by

powder X-ray diffraction (Empyrean instrument, Panalytical PIXcel3D with CuKa X-ray source
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in Bragg Brentano geometry). The optical band gap studies were done through PG (UK)
instrument T80 UV-Vis spectrophotometer. While functional groups identification were studied
by using a JASCO 640 plus infrared spectrometer in the range of 400-4000 cm™ .FTIR

experiment was performed in 1ISO 5 cleanrooms.

2.3. Development of non-enzymatic electrodes using various NiO nanostructures

An array of non-enzymatic electrodes was developed on a glassy carbon electrode (GCE) by
depositing various NiO nanostructures using the drop casting method. Next, these electrodes
were configured as working electrodes in a three electrode cell set up using silver-silver chloride
(Ag/AQCI, 3.0 M KCI), platinum wire as counter electrode. An alumina slurry (0.3M) was used
to clean the GCE, followed by a deionized water wash. An ink containing 5 mg of NiO
nanostructures was prepared by mixing 3 mL of deionized water with 0.05 mL of 5% Nafion. A
5uL of catalyst was dropped onto GCE and dried for 20 min before using it for electrochemical
characterization. Urea non-enzymatic sensing was carried out in fresh urea concentrations
prepared in 0.1M NaOH. The electrochemical impedance was measured in the frequency range
of 100000 kHz to 0.Hz with the use of 0.6 V and amplitude of 5 mV in 0.1mM urea solution.

2.4. Live subject statement
The urine and blood samples collection were performed accordance with the guidelines and

procedures formulated for care and use of laboratory based animals related testing at University
of Sindh Jamshoro and approved by the ethical committee of Institute of Chemistry.



3. Results and discussion

3.1. Structural characterization of various NiO nanostructures prepared with wheat peel

extract

XRD was used to investigate the crystalline quality of different NiO nanostructures, and the
measured diffraction patterns of various NiO samples are shown in Figure la. Specific
reflections of NiO were observed at two theta angles as 111, 200, 220, 311, and 222 which were
consistent with the typical diffraction aspects of cubic phase NiO as supported by the standard
JCPS card: 01-078-0423. During the growth process, wheat peel extract reduced the relative
intensity of NiO diffraction patterns, indicating the influence of several reducing agents on the

crystalline features of NiO. According to Scherrer's formula in Eq:1, an average crystallite size

of NiO nanostructures can be estimated;

D=0.89 A/ BcosO

Here, A represents the wavelength of the X-ray, 6 as Bragg diffraction angle and 3 as FWHM.

(1)

The estimated average crystallite size of various NiO samples is given in Table 1.

Furthermore, we also have carried out XRD on the used sample 2 after the stability test as shown
in Figure la. It was seen that the diffraction patterns of typical cubic phase were retained by the

sample 2 with the slight variation in the intensity which possibly could be assigned to applied

potential during CV analysis.

Table 1: Estimated average crystallite size of different NiO nanostructures.

Name of sample | Peak position | FWHM Crystalline Size
(nm)
Pure NiO 43.10 0.11984 71.2




Sample-1 43.02 0.2425 35.2

Sample-2 43.18 0.40323 21.1

Sample-3 43.18 0.2 42.1

An optical study of sample 2 and pure NiO nanostructures was conducted, and their
corresponding UV-visible absorbance spectra are shown in Figure 1b. As compared to pure NiO
nanostructures, sample 2 exhibits a higher relative absorbance at higher wavelengths. According
to the Tauc equation, we have calculated the optical band gap of pure NiO and sample 2 as

follows:
(ahv)" = A(hv _ Eg) (2)

In equation 2, a indicates the absorption coefficient, h as plank constant, and v is representing the

light frequency.

Pure NiO and sample 2 were calculated to have optical band gaps of 3.12 eV and 2.83 eV,
respectively. Wheat peel extract has significantly reduced the optical band gap, allowing further
control of charge transfer during electrochemical reactions for sample 2. In principle the results
shown in Figure 1b, we wanted to show the optical band gap difference between the pure NiO
and wheat peel extract assisted NiO (sample 2). Because the sample 2 was found highly efficient
towards electrochemical sensing of urea, thus the reduced optical band gap has offered the swift

electron transfer between the valence and conduction bands.

Moreover, the morphology of the various NiO nanostructures prepared without and with an
increased amount of wheat peel extract was investigated by SEM as shown in Figure 2. The pure
NiO exhibited a flake-like shape interconnected with several slides as shown in Figures 2a and
2b. Without using wheat peel extract during the synthesis, the lateral size of the outcome rigid
NiO flakes are in the 300-600 nm range and their thickness was observed around 20 nm (Figures
2a and 2b). When wheat peel extract was used, even at low amount, the NiO morphology is
modified into nanoplatelets with a significant reduction in both size down to around 100 nm and

thickness by a factor 2 at least (Figures 2c-2h). Another noticed effect, amplified for the highest



used wheat peel extract amount, is the modification of surface aspects showing more roughness
and even holes clearly evidenced for samples 2 and 3 (Figures 2f and 2h). Energy dispersive X-
ray spectroscopy (EDS) has been performed on the NiO-based compounds produced without
(pure NiO) and with wheat peel extract (3 mL, 5 mL, and 7 mL, sample 1, sample 2 and sample
3, respectively) (Figure 3). From EDS results shown in Figure 3, apart from C and O usually
detected by EDS from natural contamination, Ni is the main recorded element for all the
samples, which means that the purity of the samples is not altered by using wheat peal extract.
The SEM and EDS analysis have illustrated the role of wheat peel extract on the morphological
transformation of NiO nanostructures from flakes to thin nanoplates due to availability wide
range of reducing agents especially the starch which on hydrolysis offered the glucose without
purity alteration. Thus, the green reducing agents played a vital role in increasing the external
usable surface and resulting increase in active sites of NiO induced by both reduction in size and

increase in roughness.

As shown in Figure 4, FTIR spectra of NiO nanostructures prepared from wheat peel extract
were analyzed. As shown in Figure 4, the vibration modes of NiO nanostructures aided by wheat
peel extract were compared with those of NiO prepared without wheat peel extract. It was noted
that the typical metal-oxygen stretching vibrations occurred between 430 and 670 cm™, which
could have been attributed to Ni-O bonding [52]. A measurement of 1361 - 1446 cm™
corresponds to the frequency of C=C aromatic vibrations [53]. The measured bend at 1033 cm™
is attributed to a single vibration of the C-O bond. In the sample 1 and sample 2, the emergence
of FTIR band around 2350cm™ could be assigned to asymmetric stretching of CO, which might
be involved during the preparation and measurement of FTIR analysis. Even the FTIR

measurement was carried out in 1SO 5 cleanrooms.

A wide band measured at 3490 cm™ may be due to the stretching vibration of the hydroxyl group

caused by any adsorbed water molecules on the surface of NiO nanostructures [54].

3.2. Electrochemical enzyme free sensing of urea using wheat peel extract derived NiO

nanostructures



Scheme 1 provides a brief information about the oxidation of urea onto green mediated NiO
nanostructures (sample 2). The oxidation of urea was resulted into the formation of carbonate,
hydroxide and the ammonium ions as shown in Scheme 1. The enhancement in the oxidation
peak current was correlated to the successive addition of urea concentration into the electrolyte
solution, consequently the efficient oxidation of urea was found highly favorable onto the surface
of green mediated NiO nanostructures. Herein, the wheat peel extract modified the surface of

NiO nanostructures which enabled them to respond the urea molecules selectively even in the
presence of various interfering agents during the sensing of urea.
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Scheme 1: lllustration of urea oxidation rate on the pure NiO and NiO derived from 5 mL of wheat peel
extract (sample-2).

A nonenzymatic approach to urea detection was used in 0.1 M NaOH using an electroanalytical
method. For urea sensing, different NiO nanostructures were synthesized with varying amounts

of wheat peel extract and their performance was compared with that of the NiO nanostructures
synthesized without peel extract.



The newly prepared NiO nanostructures were used for the modification of glassy carbon
electrodes (GCEs) using the drop casting method. A preliminary urea detection signal was
observed through CV at a scan rate of 50 mV/s in 0.1 mM urea concentration, as shown in Figure
5a. As shown in Figure 4a, the bare GCE exhibited no redox behavior in alkaline solution,
whereas three samples of NiO prepared with various concentrations of wheat peel extract
demonstrated significant redox activity. CV analysis revealed that pure NiO, sample 1, sample 2,
and sample 3 exhibited urea oxidation at different potentials. These include 0.55 V, 0.49 V, 0.54
V, and 0.51 V, respectively. The relative amounts of current generated during the oxidation of
urea of pure NiO, sample 1, sample 2, and sample 3 were 0.00010 A, 0.00015 A, 0.00012 A, and
0.00013 A, respectively, as shown in Figure 4a. According to our CV study, sample 2 has well
defined redox properties with enhanced oxidation peak currents when compared to pure NiO,
sample 1 and sample 2, and was therefore used for full characterization of urea enzyme sensing.
A significant variation in the oxidation peak potential and current could be attributed to the
varied molecular environment during synthesis, which has strongly affected the electrochemical
and surface properties of NiO nanostructures. In order to clarify the sensing aspects of sample 2,
Figure 5b illustrates the response of sample 2 only in 0.1 mM urea. While the CV curve of pure
NiO shows the lower oxidation peak current value of 1.09x10™ than sample 2 with 2.21 x10™
which is obvious as shown in Figure 4a and 4b. As can be seen from Figures 5a and 5b, the
redox peak for the forward and reverse scan of sample 2 was found to be 0.54 V and 0.41 V,
respectively. The redox activity was highly reversible and contributed from Ni%/Ni** [55]. In
fact, Ni(OH), was oxidized into active intermediate NiOOH in the forward scan, whereas in the
reverse scan, oxidized intermediates were reduced and catalytic sites were regenerated. The
effect of scan rate on the behavior of the modified electrode used in sample 2 during urea
oxidation was investigated using CV mode in 0.1 mM urea as shown in Figure 5c. A range of
scan rates was used, ranging from 10 mV/s to 270 mV/s, as shown in Figure 5c. A study of scan
rate has shown that when the scan rate was changed from 10 mV/s to 270 mV/s, the oxidation
potential was slightly altered from 0.54 V to 0.60 V.

In the forward scan, urea oxidation was detected as nitrogen and carbon monoxide. In the reverse
scan the oxidation urea resulted in intermediates which were adsorbed on the surface of modified
electrodes and oxidized at a potential of 0.54 V. As a result, the catalyst surface was being

regenerated for further oxidation of urea molecules until all urea molecules had been oxidized. In

10



Figure 4d, a linear relationship has been established between peak current and square root of
scan rate with increasing scan rate. Linear fitting showed a regression coefficient of 0.99,
indicating diffusion-controlled charge transfer of urea on the modified electrode. According to
[56, 57] urea oxidation may involve the following reactions:

6NiO + 60H — 6NiOOH + 6¢e 3
6NiOOH + CO(NH,), + 20H — 6Ni (OH), + N, + COs> 4)
CO(NH2)2 + 60H — N, + 5H,0 + CO, + 66 (5)

Following the preliminary electrochemical testing, sample 2 was evaluated for linear range, limit
of detection, stability, selectivity, and practical applicability. For the linear range verification,
CV curves were measured at 50 mV/s against various urea concentrations prepared in 0.1 M
NaOH as shown in Figure 6a. As can be seen from the oxidation peak current, sample 2
predominantly displays urea oxidation signals. In each increment of urea concentration, the
oxidation peak was greatly enhanced while the reduction peak current was limited, indicating
that sample 2 mainly oxidizes the urea molecules. The analytical aspects of sample 2 were
further validated by building a linear plot between oxidation peaks current and urea
concentration as shown in Figure 6b. An excellent analytical behavior of the modified electrode
was evident from the linear fitting with a regression coefficient of R%0.99. The linear range of
the proposed non-enzymatic urea sensor was 0.1mM to 13mM. According to the published work
[58], the limit of detection (LOD) and limit of quantification (LOQ) for the newly designed non-
enzymatic urea sensor were also calculated. It was found that the LOD and LOQ values of the
proposed urea sensor configuration based on wheat peel extract derived NiO nanostructures were
0.003 mM and 0.007 mM respectively. These results demonstrate the potential of the proposed
urea sensor configuration. The linear range obtained from CV analysis was further enhanced by
the highly sensitive chronoamperometric mode, which was carried out at 0.56 V. It was also
noticed that the pH of 0.1M NaOH was approximately 11, while the addition of urea into
alkaline electrolyte did not bring any significant increase in the pH even at the addition of 13
mM urea concentration. However, the variation of pH at the addition of 13 mM into 0.1M NaOH
was noticed from 11 to 11.2. This verifies that the electrical signal of proposed non-enzymatic
urea sensor was mainly governed by the detection of urea, while in the estimated linear range

there was negligible effect on the increase in pH of electrolyte with the addition of successive
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urea concentrations. Figure 6c¢ illustrates the recorded chronoamperometric response curves. As
shown in Figure 6c, the current steadily increased with each rise in urea concentration, and the

signal remained stable for 300 s.

A chronoamperometric analysis was conducted in 0.1 M NaOH followed by the addition of
various concentrations of urea. To verify the linear range of the non-enzymatic urea sensor,
generated chronoamperometric current of different urea concentrations was linearly fitted against
each urea concentration as shown in Figure 6d. In Figure 6d, the linear range estimated from
chronoamperometric response ranges from 0.1 mM to 10 mM, which highlights the sensitive
signal generated by sample 2 during the detection of urea. For this detection range of urea, the
linear plot was characterized by a regression coefficient of 0.99, further confirming the excellent
analytical properties of the modified electrode. Sample 2 exhibited enhanced performance due to
its highly modified surface properties including catalytic sites, electrical conductivity, and high
exposure to urea molecules. The NiO nanostructures exhibited these properties when a
substantial amount of reducing agents from wheat peel extract was added to the synthesis
process. Figure 7a shows the results of a series of CV repeatable cycles performed in 0.1mM
urea at a scan rate of 50 mV/s to demonstrate the stability of the modified electrode. According
to the results, the modified electrode exhibited no change in peak current or potential, indicating
high performance stability and its application in urea measurement. Based on a bar graph of the
peak current variation, the relative standard deviation was found to be less than 4%, indicating
that the modified electrode has the ability to be reproducible as shown in Figure 7b. In Figure 7c,
the selectivity of the modified electrode was evaluated with closely interfering species such as
ascorbic acid, glucose, uric acid, sodium ions, and magnesium ions during the detection of urea.
CV measurements at 50 mV/s were conducted with urea and interfering compounds in the same
0.1 mM molecular environment, and the electrochemical signal was recorded. Figure 7c
illustrates that the oxidation peak current and potential of urea were not affected by the presence
of various interring compounds such as ascorbic acid, uric acid, glucose, magnesium, and
sodium ions. A CV analysis of eh selectivity has confirmed the sensor's ability to quantify urea
in a complex molecular environment as encountered in the analysis of real samples. The
fabrication of selective non-enzymatic sensors is mainly governed by the functional properties of
sensing material. This is the reason, the synthesis of sensing materials with desirable selectivity

is very challenging task, and therefore the research in this domain is limited to date. We have
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investigated the selectivity of our non-enzymatic urea sensor under the microenvironment of
common interfering agents during the sensing of urea which were not sensed by the proposed
NiO nanostructures prepared with the wheat peel extract (sample 2). The wheat peel extract has
enriched the selective surface properties of NiO nanostructures towards urea detection due to the
presence of natural reducing, capping and stabilizing agents. The use of new strategies for
enhancing the surface properties of nanostrucrured materials are highly desirable towards the
development of highly selective and sensitive non-enzymatic sensors. Therefore, the proposed
study could be used as an alternative protocol for the selective detection of urea under the
microenvironment of common interfering substances. In order to prove that sample 2
outperformed sample 1 and sample 3 in terms of on-enzymatic sensing of urea, EIS studies were
conducted and its charge transfer value was compared with pure NiO, sample 1 and sample 3 as
shown in Figure 7c. The use of EIS analysis was adopted for the understanding of charge
transport between the analyte and the sensing material during the urea sensing application. As
shown in Figure 7d, the raw EIS data was well fit with an equivalent circuit consisting of charge
transfer resistance (Rct), solution resistance (Rs), and constant phase element (CPE). In this
study, the CPE was associated with double layer capacitance and provided information on the
interfacial non-homogeneity and roughness of the electrode surface. The EIS study was
conducted in 0.1 mM, and the measured charge transfer resistance values for pure NiO, samplel,
sample2 and sample3 were 15.87, 13.23, 0.66 and 3.51 Ohms, respectively. This reduction in
charge transfer resistance for sample 2 confirms its excellent electrochemical activity towards the
oxidation of urea and favors the transfer of charge at the electrode interface resulting in the
generation of highly sensitive electrical signals. As shown in Figure 8a-c, electrochemical active
surface area (ECSA) measurements of sample 2 for the oxidation of urea were carried out using
non-Faradic CV cycles under alkaline media. The ECSA estimates were calculated by dividing
the subtracted anodic and cathodic current densities by two. An analysis of the linear relationship
between current density and scan rate was performed, and the slope value was indexed to the
ECSA of each sample as shown in Figure 8d. The quantified ECSA values for pure NiO, sample
1 and sample 2 were 9.546 nFcm™, 8.906 nFcm™ and 1.111 pFem™ respectively. According to
the ECSA study, sample 2 is oriented with a high level of ECSA, therefore they are expected to
dominate the favorable oxidation of urea. Together, the ECSA, EIS, and EIS demonstrated high

performance urea sensing without the use of enzymes in sample 2. Using sample 2 of NiO, urea
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was determined using the percent (%) recovery method from urine and blood samples.
Individuals listed in the author list willingly provided blood and urine samples, which were
diluted in 0.1M NaOH solution with 1:10 with their consent. Real sample analysis was
performed three times, and the results are presented in Table 2 with standard deviation. In terms
of reliability and accuracy, sample 2 has been proven to be highly reliable and accurate for
quantifying urea in real samples, as evidenced in the standard deviation of less than 1%. We
calculated the relative standard deviation (RSD) by using the given relationship (standard
deviation/mean of quantified urea content over three repeatable cycles)x100%.

A comparison was made between the performance of the non-enzymatic urea sensor developed
as of this writing and the results of several recently reported urea sensing studies, as shown in
Table 3, [59-73]. The presented urea sensor demonstrated a wide linear range, a low limit of
detection, and a green mediated scaling up methodology, as shown in Table 3. The presented
results were compared with both enzymatic and non-enzymatic urea sensors. The most favorable
advantages of the proposed non-enzymatic urea sensor are low cost, simple, sensitive, exhibiting
wide linear range, not involving any bio sensitive membrane like urease enzyme, avoid the issues
of enzyme immobilization, and environment friendly. From a performance perspective, it's
evident that the proposed urea sensing configuration is capable of monitoring urea content in
biological fluids, food, and agricultural fields. It is possible to attribute the superiority of the
proposed urea sensor to its ease of use, high sensitivity, and lack of storage life issues due to its
lack of dependence on urease enzyme. Consequently, it can be used to quantify urea in a variety

of real samples and it can be used as a potential and promising alternative analytical tool.
4. Conclusions

We have used green reducing and structure orienting agents from wheat peel extract in order to
transform the nanoflake morphology of NiO into plate shape and tune the surface properties of
the sensor to develop a non-enzymatic urea sensor in 0.1M NaOH alkaline media. As a result of
the green reducing agents and structure orienting agents, NiO's optical band gap was
significantly reduced. The influence of wheat peel extract on the structure of e-h transformation
and electrochemical performance was also evaluated. The NiO nanostructures prepared with 5
mL of wheat peel extract (sample 2) were highly active and had improved electrical

conductivity. According to the proposed non-enzymatic urea configuration based on sample 2,
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urea was detected over a wide linear range of 0.1 mM to 13 mM with a low detection limit of
0.003 mM. Non-enzymatic urea sensors based on sample 2 demonstrated superior performance
due to their high surface exposure and low charge transfer resistance. It is likely that sample 2's
enhanced urea detection performance is a result of the high density of catalytic sites, surface
oxygen vacancies, low charge transfer resistance and morphological transformation caused by
the use of a wide range of reducing and structure orienting agents from wheat peel extract. We
suggest that the use of wheat peel extract for the synthesis of nanostructured materials as well as
the non-enzymatic urea sensor presented could be employed as an alternative strategy for a wide

range of applications.
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Figure 1. (a) XRD diffraction patterns of pure NiO nanostructures and different amounts of wheat peel
extract assisted NiO nanostructures (sample 1, sample 2, and sample 3) and used sample 2 , (b) UV-
Visible absorbance spectra of pure NiO and the optimized sample 2, (c) Corresponding optical band Tauc

plot.
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Figure 2. Typical SEM images of the NiO nanostructures at different magnifications prepared (a
and b) without wheat peel extract (pure NiO) and with (c and d) 3 mL, (e and f) 5 mL and (g and

h) 7 mL of wheat peel extracts, sample 1, sample 2 and sample 3, respectively.
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Figure 3. EDS analysis of pure NiO and samples 1, 2 and 3 prepared a) without wheat peel
extract and with b) 3 mL, ¢) 5 mL and d) 7 mL of wheat peel extracts, respectively. Al and Cu

come from the sample holder used for EDS analysis.
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Table 2: Practical aspects of sample 2 for urea detection from real samples using (%) recovery method.

Sample Added (mM) Found (mM) (%) Recovery (%) RSD
Urine 1 2.3
0.5 2.81 +0.004 99.64 0.35
1 3.31+£0.002 99.69 0.44
Urine2 |  --- 2.5
1 3.48 £ 0.003 100.80 0.49
2 4,51 +0.001 99.77 0.47
2 9.88 £ 0.001 99.71 0.48
Blood 1 35 | e
1 4.52 +0.003 99.55 0.54
15 5.01+ 0.001 99.60 0.50
Blood2 | - 4.5
05 4.99 +0.002 100.20 0.48
1.5 6.02 + 0.004 99.66 0.50
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Table 3: Comparison of non-enzymatic urea performance of sample 2 with recently published urea

Sensors.

Electrode material Linear range (mM) LOD (uM) Sensing material Reference
NiO/GCE 0.1-11 10 Urea [59]
NiS/IGO/MGCE 0.1-1 3.79 Urea [60]
NiO-MoO3 0.2-1 0.86 Urea [61]
NiO/cellulose/CNT 0.01-1.4 7 Urea [62]
3Dgraphene/NiCo204 0.06-0.30 5 Urea [63]
Ni-MOF/Nafion/GCE 0.01-7 2.7 Urea [64]
Vitamin C based NiO 0.1-11 10 Urea [65]
Graphene-PANIi/GCE 0.01-0.2 5.8 Urea [66]
Graphene
nanoplatelet/graphitized 1.6-15 83 Urea [67]
nano diamond
NiBzimpy/MCPE 0.01-0.1 15 Urea [68]
In,S3/LDH/ITO 1-240 pM 0.246 Urea [69]
@Urease
Urease-Ag/rGO 0-10000 pMm 0.163 Urea [70]
v-Al,03QDs-GCE 3.56-16.52 uM 0.110 Urea [71]
CysIMWCNT- 1-20 400 Urea [72]
PAMAM
GNDs/PANI 0.1 to 0.9 mg/ml 800 Urea [73]
NiO nanoplates 0.1-13 3 Urea Present work
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