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Abstract

Background and purpose: Hydroxylamine is a reducing agent widely used in pharmacology
and industry. The respiratory system, skin, eyes, and other mucous membranes are all
irritated. Therefore, while researching biological industrial processes, quantitative HXA
detection is crucial. Experimental approach: This study uses ZnO nanostructures on the glassy
carbon electrode (GCE) surface to develop a sensitive electrochemical sensor for hydroxyl-
amine (HXA). The drop-casting method was used to modify the sensor. Key results: The
manufactured ZnO/GCE sensor showed outstanding catalytic performance for the electro-
oxidation of HXA. Using differential pulse voltammetry with a low limit of detection of 0.3 uM
in the range of 0.5 to 470.0 uM, the ZnO/GCE demonstrated strong electrocatalytic perfor-
mances toward HXA. Furthermore, in the detection of HXA, the ZnO/GCE demonstrated
satisfactory repeatability and stability.
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Introduction

Hydroxylamine (NH,OH, HXA) is a key step in the nitrogen cycle and nitrous oxide generation
process. Furthermore, HXA is a reducing agent that is widely used in pharmacology and industry.
The respiratory system, skin, eyes, and other mucous membranes are all irritated. Given that HXA is
a mutagen, using excessive amounts of it can be harmful to humans, animals, and plants. To ensure
the safety of local marine species, government regulations were established for the quantity of HXA
in the waste stream, which should be maintained at a low ppm level [1]. Therefore, while
researching biological industrial processes, quantitative HXA detection is crucial. lon chroma-
tography [2], spectrophotometry [3], gas chromatography [4], biamperometry [5] and capillary elec-
trophoresis [6] were among the methods used in reports to identify lower HXA. However, the afore
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mentioned methods have more detection limits, less precision, expensive equipment, more steps
in the sample preparation process, longer analysis times, and skilled specialists. Consequently, the
development of techniques with increased sensitivity and dependability will be crucial [7].

In comparison to older methods, electrochemical methods are simpler, more sensitive, offer
excellent reproducibility, provide faster analytical times, and are less costly [8,9].

A form of non-graphitic carbon known as glassy carbon (GC) emerges from the pyrolysis of
specific polymeric precursors. Its internal architecture consists of distinct, curved graphene
fragments, reminiscent of imperfect fullerene-linked nanoparticles, that intertwine randomly to
form a dense carbon network [10]. When GC is synthesized at temperatures above 2000 °C, these
curved sheets organize into stacked, ribbon-like graphite structures, and our analyses have even
revealed polyhedral graphite crystals within commercial samples [10]. Thanks to its exceptional
hardness, imperviousness, chemical inertness and high electrical conductivity, GC is widely
employed as an electrode material in electroanalytical applications [11]. Moreover, its presumed
inert surface makes it an ideal support for depositing powdered catalysts to evaluate their
performance in various electrochemical reactions [12].

However, it is extremely challenging to get precise measurements of analytes due to the
relatively weak response signal of typical sensors toward analyte detection. Therefore, electro-
chemical sensors are changed with different materials to increase the response signal of the analyte
measurement [13].

Compared to bulk materials of the same composition, nanomaterials exhibit distinct
physicochemical characteristics, such as high reactivity, ultra-small size, and a large surface area to
mass ratio. The prospective applications of nanomaterials in various industries are determined by
their special qualities or appealing traits [14].

Semiconductor metal oxides have long been recognized as critical nanostructured materials for
applications in high-performance electronics, energy conversion and storage and environmental
cleanup [15]. Among these, zinc oxide (ZnO) stands out for its unique combination of properties. As
a II-VI semiconductor, ZnO exhibits bonding characteristics between purely covalent and purely
ionic materials. Its notable attributes, including excellent mechanical and thermal stability at room
temperature and a high exciton binding energy of 60 meV, have positioned it as a leading candidate
for use in devices for electronics, laser systems, and optoelectronics [16].

Beyond these uses, ZnO’s inherent piezoelectric and pyroelectric behaviours make it suitable for
roles in photocatalysis, energy harvesting, sensing technologies, and even hydrogen produc-
tion [16]. Its rigidity, hardness, and strong piezoelectric coefficient are also widely employed in
advanced ceramics. Moreover, ZnO’s low toxicity, biodegradability, and compatibility with biological
systems have spurred its integration into biomedical devices and environmentally friendly
technologies [16].

At the nanoscale, ZnO materials draw special attention due to their enhanced functionalities in
electronic, photonic, and optical applications. In particular, ZnO nanostructures are ideal for
fabricating highly sensitive sensors and biosensors, thanks to their wide band gap, substantial
exciton binding energy, chemical and photochemical stability, non-toxicity, biocompatibility, and
excellent charge-transport properties [17,18].

To detect HXA in aqueous buffer solutions, the current study set out to design, fabricate, and
describe the preparation and suitability of a ZnO nanostructure modified GCE (ZnO/GCE). It then
evaluated the modified electrode's analytical performance in quantifying HXA. Eventually, the actual
samples were analysed to use the newly suggested electrochemical sensor to detect HXA.
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Experimental

Reagents and solutions

Hydroxylamine hydrochloride (HXA) was obtained from Sigma-Aldrich and employed without
further modification. To prepare a 0.01 M HXA solution, the appropriate mass of HXA was dissolved
in distilled water and then quantitatively transferred into a 100 mL volumetric flask, which was
brought to volume with additional Milli-Q water. The resulting stock was stored at 4 °C until use. For
experiments requiring lower concentrations, this stock was serially diluted using phosphate buffer.

A 0.1 M phosphate buffer solution (PB) was formulated by mixing equal volumes of 0.1 M sodium
dihydrogen phosphate (NaH,PO,4) and 0.1 M disodium hydrogen phosphate (Na,HPQ,), and the pH
was fine-tuned to the desired value with either dilute hydrochloric acid or sodium hydroxide. All
other chemicals were of analytical-reagent grade and were used without further purification. Every
solution was prepared using water that had been deionized and double-distilled.

Apparatus

For the electrochemical determination, an Autolab potentiostat/galvanostat 312 N (Switzerland)
was utilized. The three electrochemical cell systems were composed of a GCE (either unmodified or
modified), a saturated calomel reference electrode (SCE) and a Pt wire auxiliary electrode.

Synthesis of ZnO nanostructures

With a few minor adjustments, the hydrothermal technique was used to create ZnO nano-
structures, as previously described by Liang et al. [19]. To create ZnO nanostructures, 70 mL of
deionized water was mixed with 0.297 g of Zn(NO3)>x6H,0 (1 mmol) and 0.120 g of urea (2 mmol),
and the mixture was stirred for 30 minutes at room temperature. The hydrothermal procedure was
then carried out in a Teflon-lined stainless-steel autoclave. Precursors were cooked in an autoclave
for six hours at 95 °C in an oven. To remove contaminants, the resulting precipitates were
centrifuged for five minutes at 6000 rpm after being repeatedly washed with ethanol and deionized
water. The collected precipitates were then calcined in a muffle furnace for two hours at 300 °C
after being dried in air for fifteen hours at 70 °C. The FESEM image of synthesized nanostructure can
be seen in Figure 1.

Figure 1. FESEM image of ZnO nanostructures
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Preparation of the modified GCE

The GCE was polished using alumina slurry on a polishing cloth before the alteration procedure
began. It was then thoroughly cleaned with water and allowed to air dry. Next, 0.5 mL of deionized
water was mixed with 0.5 mg of ZnO nanostructures, and the mixture was homogenized for 20 min
using ultrasonics. ZnO/GCE was then formed by drop-casting 3.0 uL of the well-dispersed solution
onto the GCE surface using a micropipette and allowing it to dry at room temperature.

Real sample preparation

We used a variety of water samples, including drinking water and river water, as the actual
samples in accordance with the research design. The water samples were then filtered three times
before analysis. As a result, different amounts of HXA were added to the water samples, which were
then analysed using the conventional addition method.

Results and discussion

Electrochemical properties of electrodes

The cyclic voltammetry (CV) was used to electrochemically characterize the ZnO/GCE in the pres-
ence of 3.0 mM [Fe(CN)s]3/* redox couple (1:1, molar ratio) containing 0.1 M KCI (Figure 2). To find
the electrochemical active surface areas (A), CV measurements were conducted on ZnO/GCE in
[Fe(CN)s]3”* solution at various scan rates between 10 and 400 mV s™. For the reversible electrode
process, the Randles-Sev¢ik Equation (1) was used [20], which defines the peak current, /,:

lp = +(2.69x10%)n¥2ADY2Cv/2 [1]

C = 3.0 mM is the concentration of K3[Fe(CN)s], D = 7.2x10°® cm? st is the diffusion coefficient,
A/ cm? is the electrode surface area, and n is the number of electrons engaged in the redox process

(n =1 for K3[Fe(CN)e]). The slope of the plot of /,a vs. v¥/2 may then be used to calculate the electro-
active area for ZnO/GCE (0.051 cm?).
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Figure 2. CVs of ZnO /GCE in the presence of 3.0 mM [Fe(CN)s]*/* at different scan rates (10 to 400 mV s™)

The same procedure was used with bare GCE and a 0.033 cm? electroactive area of bare GCE was
obtained.
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One important tool for figuring out the electron transport properties of the modified electrode
is electrochemical impedance spectroscopy (EIS) using Nyquist plots (Figure 3). The features of the
electrode interface may be described by the electrode surface electron transfer resistance, or R,
which is equal to the EIS semicircle diameter. A sizable semicircle with a diameter of around 800 QQ
(Rct) was visible at the bare GCE, indicating a notably poor electron transfer rate between the GCE
and the electrochemical probe [Fe(CN)s]*”/*. The R« decreased to 310 a when the ZnO nano-
structures were added to the GCE. The figure illustrates the variations in impedance at the modified
electrode, confirming the remarkable conductivity of ZnO nanostructures that accelerate electron
transfer. The surface area characteristics and the synergistic effect of ZnO nanostructures on the
[Fe(CN)e]*’* electrochemical response were the causes of the obvious impedance variations.

The standard heterogeneous rate constant (k°) for every electrode was also determined by EIS
using Equation (2) [20]:

KO = RTFPPR4AC [2]
where T is the standard temperature (298.15 K), F is the Faraday constant (96485 C mol?), Rt / Q is
the electron transfer resistance, A / cm? is the electrode surface area, C is the concentration of the
[Fe(CN)s]37* solution (1.0 mM), and k° / cm slis the standard heterogeneous electron transfer rate
constant. The ZnO/GCE and bare GCE yielded k° values of 1.5x102 and 3.8x102cm s}, respectively.
Given that the kinetic facility of the redox pair is measured by the k° values, a system with a high k°
will reach equilibrium faster than a system with a low k°, which will take longer in this scenario.
Therefore, the k° with the ZnO/GCE sensor is higher than with ZnO/GCE > GCE, suggesting a quicker
electron transfer compared to the bare electrode.
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Figure 3. Nyquist diagrams of bare GCE (a) and ZnO/GCE (b) in the buffer solution (pH 7.0)
containing Ks[Fe(CN)s] (C = 3.0 mM)

Electrochemical behaviour of hydroxylamine

This study examines the electrochemical behaviour of HXA at both modified and unmodified
GCEs. For a 300.0 uM HXA in PBS, at the unmodified GCE and ZnO/GCE, CVs were measured at
50 mV s (Figure 4). At the ZnO/GCE surface, the HXA current peak oxidation potential is 850 mV vs.
SCE, which is about 160 mV more negative than that exhibited in the case of the unmodified GCE.
When the oxidation peak currents for HXA at the unmodified GCE and ZnO/GCE are compared, the
anodic peak current at the ZnO /GCE is enhanced by almost 5.6 to 12.1 pA due to the increased
surface area and facilitated charge transfer kinetics.
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Figure 4. CVs of bare GCE and ZnO /GCE in the presence of 300.0 uM HXA at a pH 7.0.
The scan rate was 50 mV s

Effect of pH

Using PBS solutions, the effects of pH on the electrochemical behaviour of HXA were investigated
in the pH range of 3.0 to 9.0 using DPV. It was discovered that when the pH of the solutions
increases, the peak potential shifts toward less positive values, indicating that the proton is involved
in the electrochemical process. The peak potential (Ep) and pH have a linear relationship, following
the regression Equation (3):

Ep=-57.143pH + 1251.34 R?=0.9994 (3)

The equation's slope is around the Nernstian value of -59 mV, indicating that the oxidation of
HXA involves an equal number of protons and electrons.

The oxidation peak current of HXA increases up to pH 7.0 and then decreases. As a result, the
ideal pH for the electrochemical tests was determined to be 7.0.

Potential sweep rate effect

Linear sweep voltammetry (LSV) was employed to investigate the effect of scan rate on the
oxidation peak current of HXA on the ZnO/GCE. Figure 5A illustrates that the peak current and scan
rate are directly proportional, indicating that higher scan rates correspond to higher peak currents.
Furthermore, as shown in Figure 5B, current is proportional to the square root of scan rate (v) in
the 10-300 mV s range, which indicates a diffusion control of the HXA oxidation process. These
findings also showed that increasing the scan rate resulted in a positive shift in the oxidation peak
potential. Additionally, there are kinetic constraints at higher scan rates during the interaction
between ZnO/GCE and HXA.

Tafel curves were plotted using data from rising portions, or Tafel regions, of the current-voltage
curve obtained at 10 mV s. The Tafel regions of current potential curves are influenced by the
electron transfer kinetics of the electrode processes. The findings reveal a 0.14 V Tafel slope,
indicating one electron rate-determining step (RDS) for the electron process with a charge transfer
coefficient (o) of 0.58.
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Figure 5. (A) ZnO/GCE LSVs at different scan speeds in 0.1 M PB (pH 7.0) with 100.0 uM HXA,
(B) peak currents plotted against v¥/?

Chronoamperometric measurements

Chronoamperometric measurements of HXA were performed on the ZnO/GCE by holding the
electrode potential at 900 mV versus Ag/AgCl (3.0 M KCI) and recording the current response upon
successive additions of HXA in PBS, as illustrated in Figure 6A.
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Figure 6. (A) Chronoamperograms for various HXA concentrations (0.2 to 1.5 mM) at ZnO/GCE in
0.1 M PB (pH 7.0), (B) | vs. t*/? plots derived from chronoamperograms (a- 0.2, b -0.4, c- 0.8, d - 1.2 and
e - 1.5 mM) and (C) plot of the straight-line slopes versus the concentration of HXA
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Under conditions where mass transport of the electroactive species (here, HXA) governs the
current, the Cottrell equation (4) describes the time-dependent decay of the chronoamperometric
signal, with D representing the diffusion coefficient [20].

| = nFADY2Cyprt "V/2t1/2 (4)

Here, D/ cm? s, n =2 and Cp / mol cm™ stand for the diffusion coefficient, number of electrons
and bulk concentration, respectively. The best fits for different HXA concentrations were found
using / vs. t¥/2 test plots (Figure 6B). Plotting the resulting straight-line slopes against codeine
concentrations was subsequently done (Figure 6C). D mean values were determined using the
Cottrell equation and the resulting slope, and for HXA, they were 5.43x10° cm? s
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Voltammetric determination of HXA

Under ideal experimental circumstances, an HXA calibration curve was obtained using DPV
measurements. Figure 7A shows the usual DPVs for different HXA concentrations. A linear range of
0.5 to 470.0 uM was obtained with a HXA slope value of 0.0374 pA uM* (Figure 7B). The HXA limit
of detection was 0.3 uM.
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Figure 7. (A) ZnO/GCE DPVs in 0.1 M PB (pH 7.0) with varying HXA concentrations. (B) Electrocatalytic peak
current plotted against HXA concentration in the 0.5 to 470.0 uM range
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Sample analysis

HXA was measured in water samples at ZnO/GCE to demonstrate the practical application of the
proposed approach. Each sample was handled in accordance with the voltammetric determination
of section HXA. For every sample, five parallel determinations were made. The findings are shown
in Table 1. The relative standard deviation (RSD) was less than 3.4 %, and the recoveries ranged from
96.7 to 104.0 %. The acquired findings demonstrate that the suggested approach is applicable to
actual samples.

Table 1. HXA measurement in water samples (n = 5)

CHXA/ mM
Sample Spiked Found Recovery, % RSD, %

0 - - -
5.0 4.9 98.0 2.2
Drinking water 7.0 7.2 102.9 3.4
9.0 8.8 97.8 1.9
11.0 111 100.9 2.7

0 - - -
4.0 4.1 102.5 3.3
River water 6.0 5.8 96.7 2.1
8.0 7.9 98.7 2.9
10.0 10.4 104.0 3.0

Stability and repeatability

The long-term stability of ZnO/GCE was assessed during a three-week period. Based on this, the
tests were conducted again after the modified electrode was stored in an environment for three

8 (ec)



M. A. H. Shallali and H. A. Mubarak J. Electrochem. Sci. Eng. 15(5) (2025) 2789

weeks and not used for three weeks. DPVs showed that the HXA oxidation peak potential remained
unchanged, with the exception of a 2.2 % current drop when compared to the main reaction. DPVs
were used to analyse the antifouling properties of the modified electrode with respect to HXA
oxidation. At a scan rate of 50 mV s!, voltammograms were recorded in the presence of HXA after
15 possible cycles. The results revealed a 3.6 % drop in currents and no changes in peak potentials.
According to the findings, using the modified ZnO/GCE reduces the impacts of HXA fouling while
increasing sensitivity.

Conclusions

A new, ZnO nanostructured electrochemical sensor was prepared for the efficient determination
of hydroxylamine. ZnO nanostructures were prepared with a one-pot synthesis procedure in
essence, the ZnO nanostructure is a modifier for GCE that promotes mass transport, electrocatalysis,
and electron transfer. In terms of sensitivity, the ZnO nanostructure enhanced the electrochemical
reaction of HXA and significantly reduced the overvoltage. Additionally, ZnO/GCE was utilized to
directly measure HXA in actual specimens without the need for treatments, yielding positive
findings. This indicates that ZnO/GCE is a favourable electrode for on-site HXA detection.
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