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Arsenic (As®®) is the most carcinogenic and abundantly available heavy metal present in the environment.
Vertically aligned ZnO nanorod (ZnO-NR) growth was achieved on metallic nickel foam substrate via
a wet chemical route and it was used as an electrochemical sensor towards As(in) detection in polluted
water. Crystal structure confirmation, surface morphology observation and elemental analysis of ZnO-
NRs were conducted using X-ray diffraction, field-emission scanning electron microscopy and energy-
dispersive X-ray spectroscopy, respectively. Electrochemical sensing performance of ZnO-NRs@Ni-foam
electrode/substrate was investigated via linear sweep voltammetry, cyclic voltammetry and
electrochemical impedance spectroscopy in a carbonate buffer solution of pH = 9 and at different As(in)
molar concentrations in solution. Under optimum conditions, the anodic peak current was found
proportional to the arsenite concentration from 0.1 uM to 1.0 uM. The achieved values for limit of
detection and limit of quantification were 0.046 ppm and 0.14 ppm, respectively, which are far lower
than the recommended limits for As(i) detection in drinking water as suggested by the World Health
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1. Introduction

3+

Arsenic “As(m) or As”"” is the most toxic and widely distributed
element among the twenty (20) pollutant elements in the Earth's

“Department of Physics, Abdul Wali Khan University Mardan, 23200 Mardan, Khyber
Pakhtunkhwa, Pakistan. E-mail: khizar3@awkum.edu.pk; saidkarim@awkum.edu.pk
*Mechanical Engineering Department, College of Engineering, King Khalid University,
Abha 61421, Asir, Kingdom of Saudi Arabia

‘Research Center for Advanced Materials Science (RCAMS), King Khalid University,
Guraiger, PO Box 9004, Abha 61413, Asir, Kingdom of Saudi Arabia

‘Department of Mechanical Engineering, College of Engineering, Taif University, PO
Box 11099, Taif 21944, Kingdom of Saudi Arabia

‘Department of Mechanical Engineering, College of Engineering, King Faisal
University, PO Box 380, Al-Ahsa 31982, Kingdom of Saudi Arabia

/Department of Chemistry, College of Science, Princess Nourah Bint Abdulrahman
University, PO Box 84428, Riyadh 11671, Saudi Arabia

sDepartment of Chemistry, College of Science, Taif University, PO Box 11099, Taif
21944, Saudi Arabia

"Center of Advanced Research in Science and Technology, Taif University, PO Box
11099, Taif 21944, Saudi Arabia

‘Department of Medical Laboratory Sciences, Faculty of Applied Medical Sciences, King
Abdulaziz University, PO Box 80216, Jeddah 21589, Saudi Arabia

King Fahd Medical Research Center, King Abdulaziz University, PO Box 80216, Jeddah
21589, Saudi Arabia

T Electronic  supplementary  information
https://doi.org/10.1039/d3ra01574b

(ESI) available. See DOI:

14530 | RSC Adv, 2023, 13, 14530-14538

terms of its electrocatalytic activity towards As** detection in drinking water.

crust and surprisingly it is the 12 most abundant mineral in the
human body."* Air, water, and food are the main sources through
which it gets into the human body.* In groundwater, arsenic
exists in two different forms, namely arsenate (HAsO;>~, As*")
and arsenite (HAsO;>~, As®>*).*® Naturally, arsenic can be found
in four different oxidation states, i.e., As’, As®~, As®**, and As™,
bonded with organic and/or inorganic substances.” The most
dominant form of arsenic contamination in groundwater is
inorganic arsenic which exists in +3 and +5 oxidation states, ie.,
As®" and As®*.® Furthermore, about 80% toxicity of arsenic is
contributed by As** (ref. 9) which is 50 times more toxic than
arsenite due to the fast reactions with enzymes in the human
body.*'*"* World Health Organization (WHO) and United States
Environmental Protection Agency (USEPA) recommended limit
for As** in drinking water is around 10 ug L™, ie., 10 ppb.*’
Worldwide, different regions affected by arsenic (As>*) contami-
nation include China, India, Bangladesh, Pakistan, Nepal, Thai-
land, some states like Massachusetts, New Hampshire, Oregon,
California, and the seas of the USA and Mexico."* Long-term
exposure to arsenic causes diverse acute health effects such as
bladder cancer, mutagenic effects, genotoxicity, fatigue, hyper-
keratosis on feet or palm, cardiovascular events, skin irritation,
DNA mutation, and carcinogenesis.”>™* These health effects
depend on the kind of arsenic species existing in a region.
Therefore, it is necessary to detect As>" contamination up to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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aforementioned concentration limit in both biological and
environmental fields.”*?* In the last few decades several analyt-
ical approaches have been followed for arsenic detection
including liquid chromatography,”>* mass spectrometry,*
inductively coupled plasma-mass spectrometry,” liquid chro-
matography,* surface-enhanced Raman spectrometry, graphite
furnace atomic absorption spectrometry,” ozone gas-phase
chemiluminescence,® electrochemical detection,* etc. All these
techniques have pronounced sensitivity and excellent limits of
detection. However, some limitations such as expensive instru-
ments or laboratory setup, control difficulty, large consumption
of organic substances, and time-consuming procedures hinder
the potential uses of these techniques."*'®* Consequently, an
onsite, rapid and simple analytical ultrasensitive technique is
needed to develop qualitative as well as quantitative detection of
arsenic in samples.*® In contrast to these conventional analytical
techniques, an electrochemical approach is the most convenient
and effective route to detect quite easily various arsenic concen-
trations in samples. Formerly, different electrochemical tech-
niques have commonly been utilized such as linear sweep anodic
stripping voltammetry (LSASV), cathodic stripping voltammetry
(CSV), linear sweep voltammetry (LSV), differential pulse anodic
stripping voltammetry (DPSAV), electrochemical impedance
spectroscopy (EIS), and cyclic voltammetry (CV)**** which can
also differentiate various oxidation states of arsenic in pollutants.
Similarly, to enhance the analytical sensitivity for arsenic detec-
tion, some research groups have tried to modify the surface of
working electrodes in the aforesaid techniques by decorating
them with different nanomaterials such as Au, C-Au nano-
particles (NPs), Pt, Si, ZnO quantum dots,"***> etc. Besides these
nanomaterials various nanocomposites have been also reported
for arsenic detection such as Au-Pt NPs/PANI, boron-doped dia-
mond (BBD), and Au-Ppy NWs.'**** Zinc oxide (ZnO) is a II-IV
semiconductor compound with a direct band gap of ~3.37 eV
and maximum exciton binding energy of ~60 meV at ambient
temperature and has been extensively reported in various fields
such as photoelectrical applications,*®**" photocatalytic applica-
tions,"* antibacterial activity towards pathogenic bacteria for
medical application,"* transparent electrode for solar cell, low
band gap in optoelectronic devices***® etc. Besides its physico-
chemical characteristics, ZnO reveals environmental advantages
like non-toxicity, easy disposal of materials, recyclability, and
corrosion resistance. Based on these characteristics, ZnO can be
assumed to be a green material for environmental engineering
applications.*

In the present work, ZnO nanorod vertical growth on
analytical-grade pure nickel (Ni) foam via a wet electrochemical
route is optimized. Crystal structure, surface morphology
observation, and elemental analysis were conducted using XRD,
FESEM, and EDS, respectively. ZnO-NRs@Ni-foam was then
used as a working electrode in electrochemical measurements
for detecting As®* in aqueous media. CV, LSV and EIS
measurements of ZnO-NRs@Ni-foam electrode in carbonate
buffer solution (CBS, pH = 9) with various As(m) concentrations
were made which showed high catalytic activity of ZnO-
NRs@Ni-foam electrode/substrate towards arsenic detection.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental section

2.1. Reagents

Zinc acetate dihydrate (Zn(CH;COO),-2H,0, purity > 99%,
Sigma-Aldrich), zinc nitrate hexahydrate (Zn(NO;),-6H,0,
98.0%, Sigma-Aldrich), sodium hydroxide (NaOH, purity > 97%,
Sigma), ammonium hydroxide (NH,OH, 32%, Merck), CBS (pH
= 9), concentrated As(u) solution, absolute ethanol, hydro-
chloric acid (HCI), high-purity nickel foam (~95% porous), and
deionized (DI) water were used as starting materials for the
growth of ZnO nanorods on highly porous nickel foam
substrate. All these reagents were of analytical grade and were
used without further purification.

2.2. Characterization techniques

An X-ray diffractometer (Philips PW 1729) with CuKa1 radiation
(A = 1.5406 A) was used to analyze the crystal structure of ZnO
nanorods grown on Ni-foam substrate. Field-emission scanning
electron microscopy (FESEM; Zeiss LEO 1550 Gemini) was
employed to observe the surface morphology of samples.
Elemental analysis was carried out with an energy-dispersive X-
ray spectrometer (EDS) attached to the FESEM system. Elec-
trochemical performances of ZnO-NR-based Ni-foam
electrodes/substrates were investigated via a three-electrode
electrochemical workstation (CHI potentiostat, USA). ZnO-
NRs@Ni-foam, platinum plate and Ag/AgCl were used as
working electrode, counter electrode, and reference electrode,
respectively.

2.3. Growth methodology

Firstly, Ni-foam surfaces were cleaned thoroughly with dilute
HCI, ethanol and then DI water in an ultrasonic bath each for
~15 minutes followed by drying in a vacuum oven. Zinc acetate
solution (0.1 M) was prepared in DI water. Clean Ni-foam
substrate was immersed a few times in zinc acetate solution
and then dried in an oven at 150 °C for 2 h to grow ZnO seed
layer to produce a favourable condition for uniform vertical ZnO
nanorod growth on Ni-foam surfaces. For ZnO-NR growth,
Zn(NOj3),-6H,0 solution (0.1 M, 100 ml) was prepared in DI
water. 3.5 mL NH; (aq.) was added dropwise to this solution and
then vigorously stirred for a further 30 min to get the final
growth solution. ZnO seed layer-grown Ni-foam was then fixed
horizontally in a Teflon holder inside a glass beaker containing
the growth solution as shown schematically in Fig. 1. Ni-foam
was held about 1 cm below the growth solution surface to
eliminate contamination. It was wrapped with aluminium foil
and kept in an oven at 95 °C for 6 hours to grow ZnO nanorods.
After the growth process, Ni-foam was thoroughly cleaned with
DI water and dried at 100 °C for 2 hours. The whole synthesis
procedure is summarized schematically in Fig. 1.

3. Results and discussion
3.1. Structural analysis

The crystallinity and phase purity of ZnO-NRs@Ni-foam were
examined through X-ray diffraction (XRD) analysis. Fig. 2(a)
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Fig. 1 Schematic representation ZnO-NR growth on Ni-foam substrate.

shows the XRD pattern of bare Ni-foam before growth, recorded
from 20° to 80°. The diffraction peaks at 38.3°, 52.2°, and 77.21°
match well with JCPDS card #03-1051. Fig. 2(b) shows the XRD
pattern of ZnO-NRs@Ni-foam electrode. The diffraction peaks
marked by asterisks (*) at 26 positions of 38.47°, 44.74°, 65.14°
and 78.2° are due to the aluminium substrate used. These
diffraction peaks matched well with standard XRD data of
aluminium powder from JCPDS card #04-0787. While the
diffraction peaks located at 26 positions around 32.2°, 34.9°,
65.5°, 48.0°, 65.5°, 63.1°, etc. are due to the hexagonal wurtzite
structure of ZnO nanorods grown on nickel foam surfaces. All
these peaks were indexed using ZnO standard powder XRD data
with JCPDS card #01-079-0205. The XRD pattern confirmed the
single-phase formation of ZnO nanorods on Ni-foam.

3.2. Morphological analysis

Surface morphology of ZnO-NRs@Ni-foam was examined via
FESEM. Fig. 3(a) shows the FESEM image of bare Ni-foam
before growth while Fig. 3(b) shows that after growth. Fig. 3(c)
shows a high magnification FESEM image of ZnO-NRs grown on
Ni-foam which reveals highly uniform and vertically aligned
growth of ZnO nanorods on Ni-foam covering all outer and
inner surfaces. Elemental analysis of as-prepared ZnO-NRs was
carried out via EDS attached to the FESEM system. Fig. 3(d)
shows the EDS pattern of ZnO-NRs recorded on Ni-foam. In the
EDS spectrum, the three peaks at ~1.016, 8.62, and 9.54 keV
denoted by symbol “Zn” are due to characteristic different shell
transitions.*>** The two small-intensity Ni peaks around 7.5 and

——— Ni-Foam XRD pattern
— Ni-JCPDS card # 003-1051
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Fig. 2 X-ray diffraction patterns of (a) Ni-foam and (b) ZnO-NRs grown on Ni-foam.
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Fig. 3 FESEM micrographs of Ni-foam (a) before growth and (b) after growth. (c) High-resolution image of ZnO nanorods grown on Ni-foam

surfaces. (d) EDS spectrum of ZnO-NRs@Ni-foam.

8.2 keV are due to the Ni substrate used. No obvious charac-
teristic impurity peak can be observed, which suggests the
formation of highly pure ZnO-NRs on Ni-foam, strongly sup-
porting the XRD results.

3.3. Electrochemical analysis

3.3.1. Cyclic voltammetry analysis. CV measurements of
bare Ni-foam and ZnO-NRs@Ni-substrate were carried at an
operational potential window ranging from 0 to 1.0 V (vs. Ag/
AgCl) at a scan rate of 50 mV s~ in CBS (pH = 9) and concen-
trated As(m) solution at different concentrations. The oxidation
and reduction reaction at the working electrode surface is
shown in the CV profile in Fig. 4(a). The CV profiles in CBS for
bare Ni-foam and ZnO-NRs@Ni-foam show a small faradaic
current by the former at ~0.99 V which confirms that ZnO-NRs
do not have a catalytic response towards the carbonate.

The CV curve shown in black in Fig. 4(b) reveals the As(im)
electrocatalytic activity of bare Ni-foam electrode in 1 pM
solution of NaAsO,. A value of 0.124 pA was achieved for anodic
peak current at 0.99 V which confirms a minimum electro-
chemical response. However, a strong rising faradaic current of
~0.394 pA was achieved at 0.99 V for ZnO-NRs@Ni-foam elec-
trode in the same 0.1 pM solution of NaAsO,. This indicates the
catalytic activity of the ZnO-NRs@Ni-foam electrode towards

© 2023 The Author(s). Published by the Royal Society of Chemistry

As(m1) oxidation which is substantially maximum as compared
to the bare Ni-foam. Furthermore, the effect of As(ur) concen-
tration on the ZnO-NRs@Ni-foam electrode was investigated by
varying the electrolyte molarity such as 0.1, 0.2, 0.4, 0.6, 0.8, and
1.0 uM. It is obvious from Fig. 4(c) that the anodic peak current
increases with increasing As(m) concentration in the electrolyte.
A maximum anodic peak current of ~0.761 nA was achieved at
a voltage of ~0.998 V in 1.0 puM concentration. For further
quantitative analysis, limit of detection (LOD) and limit of
quantification (LOQ) were evaluated (Table 1). LOD is the
sample limit to detect the minimum amount of analyte while
LOQ is the lowest amount of quantitative analyte measurement
in a sample with reasonable accuracy and precision.® LOD and
LOQ for investigating the ZnO-NRs@Ni-foam electrode were
calculated using following eqn (1) and (2):

Lop _ 335 0
LOQ = 108, )
m

where S}, is the standard deviation and m is the slope of the
calibration curve of current vs. concentration. From eqn (1) and
(2), the calculated LOD and LOQ values for the ZnO-NRs@Ni-
foam electrode are 0.046 ppm and 0.14 ppm, respectively.

RSC Adv, 2023, 13, 14530-14538 | 14533
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Fig. 4

(a) CV curves of bare Ni-foam and ZnO-NRs@Ni-foam electrode in CBS solution. (b) CV curves of ZnO-NRs@Ni-foam in As(ii) solution

having different molarity. (c) Regression plot of faradaic current vs. concentration.

These values are slightly lower than the WHO recommended
limit for As(m) in drinking water which is attributed to the
electrocatalytic activity of ZnO-NRs towards As®* detection.'>?

3.3.2. Electrochemical impedance spectroscopy analysis.
EIS tests in CBS and 1.0 uM As** solution were carried out to
further investigate the interfacial characteristics of ZnO-
NRs@Ni-foam as working electrode. Fig. 5(a) reveals the
Nyquist plots of bare Ni foam in CBS and 1.0 uM As** solution.
Each EIS spectrum consists of two low- and high-frequency
regions. In the high-frequency region, the area of the semi-
circle corresponds to the charge transfer resistance R.. The
solution resistance Rg can be measured from the real axis
intercept of the Nyquist plot. The low-frequency region (linear
part) of EIS spectra indicates the Warburg impedance Wy
associated with analyte diffusion through the working elec-
trode. The Rg values of bare Ni-foam and ZnO-NRs@Ni-foam

electrodes are found to be 1.87 Q and 41 Q, respectively, in
As®" solution of 1.0 uM. Nyquist plots of the ZnO-NRs@Ni-foam
electrode in Fig. 5(b) demonstrate an obvious reduction in R
value, ie., 4.78 Q, as compared to the bare Ni-foam electrode,
i.e., 75.71 Q. This significant decrease in R. is due to resultant
modification of Ni-foam surface with vertical growth of ZnO-
NRs on it. This modification contributes to the improvement
of electron transfer kinematics and the excellent electrocatalytic
response towards arsenic detection.

3.3.3. Linear sweep voltammetry analysis. LSV was per-
formed to further investigate the sensing response/performance
of both bare Ni-foam and ZnO-NRs@Ni-foam electrodes using
CBS and different As(ur) concentrations. For LSV measurement,
a potential window ranging from —0.2 to +0.9 V was selected as
shown in Fig. 6(a)—(c). Fig. 6(a) shows the LSV of bare Ni-foam in
CBS (pH = 9) and As(m) solution of 1.0 uM. Bare electrode shows

Table 1 A comparative analysis of present and previously reported work

Material As(m) concentration LOD (ppb) Ref.
ZnO-NRs@Ni-foam 0.1-1.0 uM 0.046 Present work
ZnO/NPG microelectrode 1.0-260 ppb 0.3 52

ZnO-GO nanocomposite 80 UM 0.24 uM 53

ZnO quantum dots 10-100 ppb (fluorescent) 7 54

Au modified GCE 0.9-38.99 ppb 0.72 55

Au modified screen printed electrode 0.075-30 pg L™* 0.11 ppb (ng L) 56

DWCNTs and Gr hybrid thin film 1-10 ppb 0.287 57
SrTiO3/B-CD/GC electrode 10-140 pM 0.02 58

Si NPs/Au-NPs composite 10-100 ppb 5.6 ppb 59

14534 | RSC Adv, 2023, 13, 14530-14538
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Fig. 5 Nyquist plots of (a) bare Ni-foam and (b) ZnO-NRs@Ni-foam tested in CBS and 1.0 pM As(in) solution.

a negligible catalytic effect in CBS (pH = 9) and creates a small
current of ~0.106 pA at a potential of 0.79 V in As** solution of
1.0 uM. This indicates a poor performance of bare Ni-foam
towards As®>" detection. Similarly, the electrocatalytic activity
of the ZnO-NRs@Ni-foam electrode was characterized in both
CBS and arsenic solution of different molarity ranging from 0.1
UM to 1.0 uM. In CBS, the ZnO-NRs@Ni-foam electrode shows
a substantially high current of ~0.207 pA at 1.0 V indicating
high catalytic activity of the ZnO-NRs@Ni-foam electrode.
Furthermore, ZnO-NRs@Ni-foam indicates a stripping current
of ~0.368 mA at 0.8 V at 0.1 uM, which reveals that the ZnO-
NRs@Ni-foam electrode has a maximum response as
compared to bare Ni-foam. The stripping current of the ZnO-
NRs@Ni-foam electrode was found to increase with increasing

As®" concentration. This indicates that ZnO-NRs on Ni-foam
surfaces respond actively and efficiently to positively charged
analyte. Likewise, LOD and LOQ of the ZnO-NRs@Ni-foam
electrode were determined using eqn (1) and (2). Correspond-
ing LOD and LOQ values are 0.028 ppm and 0.085 ppm,
respectively, which are far less than the WHO recommended
values. These findings showed that As(m) in aqueous media has
been efficiently detected by our design of ZnO-NRs@Ni-foam
electrode even at a very low arsenic concentration followed by
safe LOD and LOQ values as recommended by WHO. Thus, the
ZnO-NRs@Ni-foam electrode can find potential application for
electrochemical fingerprint detection of arsenite in pollutant

water.">™”

a
4 [ Nii-foum in Buffer solution ( ) 8 (b) .
=== Zn0-NRs@Ni-Foam in Buffer solution — Bare Ni 1.0 uM As(111)
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Fig. 6 LSV curves of bare Ni-foam and ZnO-NRs@Ni-foam in (a) CBS and (b) As(i) solution with different concentration. (c) Regression plot of

faradaic current vs. concentration.
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4. Conclusion

A wet chemical route was employed to grow successfully ZnO-
NRs on Ni-foam surfaces. XRD results confirmed ZnO single-
phase formation with hexagonal wurtzite structure. FESEM
micrographs showed well-aligned uniform vertically dense
growth of ZnO nanorods on nickel foam surfaces. EDS results
also confirmed the formation of ZnO on the surfaces of nickel
foam. Electrocatalytic characterization techniques such as CV,
EIS, and LSV of bare Ni-foam and ZnO-NRs@Ni-foam electrode/
substrate towards pollutant As(m) detection were carried out in
CBS with optimum pH = 9 and different As(ui) concentration.
CV results revealed that the ZnO-NRs@Ni-foam electrode
exhibited a substantially high electrocatalytic response (i.e.,
achieved anodic peak current of 0.124 pA at 0.99 V) towards the
oxidation of As(m) as compared to bare Ni-foam. The EIS
measurements revealed that the presence of ZnO-NRs@Ni-foam
substrate effectively reduced the charge transfer resistance and
promoted the electron transfer kinetics. Regression curve of CV
measurements was used to calculate the LOD and LOQ for the
ZnO-NRs@Ni-foam electrode. Obtained values of LOD and LOQ
are 0.046 ppm and 0.14 ppm, respectively. Similarly, LOD and
LOQ values obtained from LSV results are 0.028 ppm and
0.085 ppm, respectively. Both these results reveal that the LOD
and LOQ values are far less than the WHO recommended
concentration of As®*" in drinking water. These findings sug-
gested that ZnO-NRs@Ni-foam electrode/substrate can be used
effectively as an electrochemical sensor towards the detection of
hazardous As®*.
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