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ABSTRACT

Numerous investigations have been conducted to increase the sensitivity and stability of metal oxide semiconductors
as pH-sensing membranes. This paper will describe the pH sensing and characterisation of zinc oxide (ZnO) and
aluminium-doped zinc oxide (ZnO:Al) as potentiometric pH sensors. The hydrothermal technique was used to
grow ZnO and ZnO:Al thin film nanostructures with doping concentrations of 1, 3, and 5 at% Al on the cleaned ITO
substrates. The pH potentiometric sensing was performed in a wide pH range of 4-12 and produced sensitivity,
including stability of the nanostructures. The prepared samples were also characterized by X-ray diffraction analysis
(XRD), field effect scanning electron microscope (FESEM), and energy dispersive X-ray (EDX) to explore the influence
of aluminium concentration on structural and morphology characteristics and then prepared as electrodes for pH
sensing. From the XRD result, the sharp peaks and high peak intensities demonstrated well crystalline of the
synthesized ZnO nanorods. Furthermore, the FESEM shows the growth of array nanorods perpendicular over the
surface of ITO. The sensitivity of the pH sensor with 3 at% ZnO:Al exhibits higher sensitivity (43.80 mV/pH) and
larger linearity (0.9507).
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ABSTRAK

Banyak kajian telah dijalankan untuk meningkatkan sensitiviti dan kestabilan semikonduktor oksida logam
sebagai membran penderia pH. Kertas ini akan menerangkan penderiaan pH dan pencirian zink oksida (ZnO) serta
zink oksida terdop aluminium (ZnO:Al) sebagai penderia pH potensiometrik. Teknik hidroterma digunakan untuk
menumbuhkan nanostruktur filem nipis ZnO dan ZnO terdop Al (ZnO:Al) dengan kepekatan dopan 1, 3 dan 5 at% di
atas substrat ITO yang telah dibersihkan. Penderiaan pH potensiometrik dilakukan dalam julat pH yang luas iaitu
4-12 dan menghasilkan sensitiviti termasuk kestabilan nanostruktur. Sampel yang disediakan juga dicirikan oleh
analisis pembelauan sinar-X (XRD), mikroskop elektron pengimbasan kesan medan (FESEM), sinar-X penyebaran
tenaga (EDX) untuk meneroka pengaruh kepekatan aluminium terhadap ciri-ciri struktur dan morfologi dan kemudian
disediakan sebagai elektrod untuk pengesanan pH. Daripada keputusan XRD, kemuncak tajam dan keamatan puncak
yang tinggi menunjukkan hablur nanorod ZnO disintesis dengan baik. Tambahan pula, FESEM mendedahkan
pertumbuhan tatasusunan nanorod berserenjang di atas permukaan ITO. Sensitiviti penderia pH pada 3 at% ZnO:Al
menunjukkan sensitiviti yang lebih tinggi (43.80 mV/pH) dan lineariti yang lebih besar (0.9507).

Kata kunci: Kaedah hidroterma; nanostruktur ZnO; pengesanan pH; proses pengedopan; zink oksida terdop aluminium
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INTRODUCTION

At ambient temperature, zinc oxide is an excellent n-type
semiconductor with a high and direct energy bandgap
(3.37 eV), thermal stability at room temperature, non-
toxicity, and can be prepared at the effective low-cost
process (Liu et al. 2017; Porwal, Shafi & Sahu 2022;
Young, Lai & Tang 2019). Due to its extraordinary
chemical, optical, magnetic, electronic, stable, and
biocompatible capabilities, ZnO has been a hot topic
in the study (Al-Khalqi et al. 2021b; Belkhaoui et al.
2019; Ghazai, Salman & Jabbar 2016). Recently, several
research studies have reported the development of metal
oxide semiconductor material with potential as a pH
sensor element. In comparison to other metal oxides,
ZnO was selected as a favourable material in various
applications such as solar cells, biomedical, optoelectronic
devices, and including the development of biosensors
(Al-Hardan et al. 2017; Al-Khalqi et al. 2022; Hashim
et al. 2017). Nevertheless, the conductivity of the ZnO
thin film is poor, and doping ZnO with other elements
may increase it (Ahmed 2018). Based on Agarwal et
al. (2020), Al Farsi et al. (2021), and Al-Hardan et al.
(2021), aluminium has been the most widely utilised
dopant element since the process is cost-effective and
can improve the electrical properties by increasing the
conductivity of ZnO. Additionally, the device structure
of epitaxial and superlattice design, which may minimise
losses at layer interfaces and hence increase device
performance, has an evident advantage for material
structures like ZnO and aluminium-doped zinc oxide
(Naik et al. 2012; Zhang et al. 2013; Zheng et al. 2018).
Moreover, according to Mishra, Mishra and Pathak
(2022), Peng et al. (2015), and Wang et al. (2013), the
process of producing doped ZnO nanorods may be carried
out using a variety of techniques, including chemical
bath deposition (CBD), spray pyrolysis, magnetron
sputtering, sol-gel, and hydrothermal approach. Among
all the methods, hydrothermal process is the preferred
and versatile method as it is simple, low-cost fabrication,
and environmentally friendly with repeatable results
(Kumar A. et al. 2019; Vavale et al. 2018; Yue et al.
2019). The physical and optical characteristics of ZnO and
ZnO:Al have been the subject of several studies (Ahmed
2018; Alkahlout et al. 2014; Ghazai, Salman & Jabbar
2016), but only a small number of papers have focused
on pH sensing and characterization, which primarily
affect electrochemical and biosensor. In this work, we
investigated the effects of Al doping of hydrothermal
growth of ZnO and ZnO:Al at 1, 3 and 5 at%. Field effect
scanning electron microscopy (FESEM), X-ray diffraction
(XRD), and energy-dispersive X-ray (EDX) spectroscopy

were used to characterise the morphology and elemental
composition of the ZnO and ZnO:Al nanorods. The
sensitivity and linearity of the pH-sensing sensor will be
discussed in depth. In addition, a comparison between the
sensitivity and drift of pH sensors of various measurement
methods will be presented, giving particular attention to
materials and technology (Table 1).

MATERIALS AND METHODS

In general, acetone, methanol, and ethanol were used to
clean conductive glass ITO, followed by cleaning with
deionized water (DIW) using an ultrasonic method.
ZnO and ZnO:Al nanorods were produced using the
hydrothermal technique. The precursor solution was
created by mixing 0.025 M hexamethylenetetramine
(HMTA) and 0.025 M zinc nitrate hexahydrate
(Zn(NO,),*6H,0). Similar procedures were followed,
with the addition of aluminium nitrate nanohydrate
(AI(NO,),*9H,0) for the growth of Al-doped ZnO
into precursor solution. Al dopant’s atomic ratio was
designated as ZnO:Al (1%), ZnO:Al (3%), and ZnO:Al
(5%), respectively. The growth procedure was placed
over 6 h in a standard oven at 95 °C. The samples were
then cooled to room temperature and rinsed with deionized
water. The samples have been dried in a conventional
oven for 20 min at 100 °C. Following the steps outlined
in Yue et al. (2019), the samples were then produced as
an electrode. Before the detecting membranes were tested,
the manufactured pH sensors were submerged in reverse
osmosis (RO) water for 12 h. For 20 min, the prepared
electrode was submerged in a pH 7 buffer solution.
After that, the electrode was immersed in a pH 7 buffer
solution for 10 min before the experiment began. In order
to prevent any interference on the surface of prepared
electrode, it was immersed in deionized water (DIW)
between each measurement of the buffer solution.
The electromotive force (emf) was measured with a high
input impedance operational amplifier (Op-amp). The
CA3140 Op-amp (Renesas Electronics Corporation,
Japan) was utilised as a voltage follower with an unity
gain output. The working electrode (WE) was connected
to the non-inverted (+) input terminal of the Op-amp and
Ag/AgCl acting as reference electrode (RE). An Agilent
34410A digital multimeter (Agilent Technologies Sales
(M) Sdn. Bhd. Malaysia) were connected to the Op-
amp output. Then, the multimeter was controlled by a
PC through the USB port. The measurement was set up
using a customised LabView programme, and the data
were recorded for subsequent analysis. The measurements
were performed at 23 °C £ 1 °C and a humidity of 51%.
Figure 1 illustrates the way this work was set up.
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TABLE 1. Comparison of pH sensor in different measurement method

Doping

Sensitivity . Measurement
Based compound  percentage (mV/pH) Drift (mV/h)  pH range method Reference
(at%)
0% 26.03 7.97
ZnO doped with 1% 29.84 343 . .
Al 3% 43.80 282 pH4-12  Potentiometric Current
5% 30.99 16.21
0% 35.23 16.81
1% 49.79 13.59 pH-Sensing Characteristics
ZnO doped with 2% 54.16 4.77 of Hydrothermal Al-Doped
Al 3% 57.95 1.27 pHI-13 MOSFET ZnO Nanostructures
5% 55.61 3.38 (Wang et al. 2013)
7% 53.34 8.79
pH Sensing Characteristics
of Extended-Gate
1 )
Zn0 doped with 1.98% 3795 - pH1-13 EGFET ZnOanostructures
Al 3.35% 55.61
6.27% 5334 Hydrothermally
’ ’ Synthesized at Low
Temperatures
(Yang et al. 2011)
ZnO and AZO Film
7n0 Potentiometric pH Sensors
Do 0% 26.70 2.88 H2-10  Potentiometric  B25¢d on Flexible Printed
RN 1% 42.99 224 P Circuit Board

(Yang, Chang & Chan
2022)

PC

Agilent DMM 34410A

A

Ag-AgCl reference electrode
' CA3140 Op-amp

= ZnO electrode

-

pH standard solution

FIGURE 1. The experiment setup to measure potential difference between working and
reference electrode
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RESULTS AND DISCUSSION

Figure 2 shows the X-ray diffraction (XRD) pattern of
the produced ZnO and ZnO:Al NRs. It summarizes the
fundamental information of ZnO crystalline structures as
analyzed from the pattern. All produced materials were
analysed using the Bruker D8 Advance XRD equipment
in the diffraction angle range of 20-80 degree using
Cu Ko radiation (A = 1.5405 A). The diffraction peaks
indicate the presence of a wurtzite-structured hexagonal
phase of ZnO. These nanorods are extremely pure, as
no secondary phase belonging to other elements could
be found. All of the diffraction peaks in Figure 2 can be
well indexed with the ZnO hexagonal wurtzite structure
(JCPDS 036-1451).

The crystalline nature of the prepared powders
shows the same structure quality even after doping with
1,3, and 5 at% Al. This result may be due to the presence
and enhancement of the aluminium doping towards
nanorods ZnO. However, the intensity of the (002) peak
was found to particularly begin to decrease when doping
reaches 1, 3, and 5 at%, which is probably as a result
of the ZnO structure being destruction and reorganized
(Al-Hardan et al. 2021). Besides, Figure 2 also shows
the diffraction peaks that correlate to the ITO substrate.
In accordance with the XRD results, strongly orientated
ZnO nanorods were produced perpendicular to the
substrate surface. Furthermore, no significant difference
in peak position was detected between ZnO thin films
and ZnO:Al indicating that Al can be incorporated into
ZnO without causing stress due to ion size differences
between Al and Zn (Ghazai, Salman & Jabbar 2016;
Mishra, Mishra & Pathak 2022). All the peaks at 26
values show 34.4° corresponding to the plane [002].

Figure 3 shows the surface morphology of ZnO
and ZnO:Al nanorods grown on ITO conductive glass.
Based on Figure 3(a), the images of ZnO show the clear
presence of hexagonal nanorods, confirming a c-axis
growth by hydrothermal method at 95 °C along the [002]
direction. When the ZnO:Al doping concentration is
increased by 1% and 3%, the flawless hexagonal form
of the nanorods morphology begins to disappear. The
enhancement of Al doping exhibits nanorod hexagonal
shape, and some nanorods grow at random angles in
some particular regions. As the ZnO:Al (5%), there
was a decreased amount of hexagonal nanorods form;
unfortunately, several nanosheets of ZnO have been
seen. Similar results were obtained using ZnO nanorods,
which took on a disordered orientation and were tightly
packed with overlapping rods (Kim et al. 2000). To
verify the purity and the elemental compositions of

produced ZnO and ZnO:Al, energy-dispersive X-ray
(EDX) spectroscopy is utilised. The ZnO and ZnO:Al
nanostructures are composed of Zn, O, and Al, as
shown by the several well-defined peaks in the EDX
spectrum that were clearly associated with Zn, O, and
Al. There were no further impurity-related peaks in the
EDX spectra.

As a function of pH buffer values in the range
of 4 to 12, which includes both the acidic and
alkaline environment, Figure 4 shows the differential
potentiometric response of the synthesized ZnO
and ZnO:Al. According to binding sites theory, the
membrane surface was protonated or deprotonated
during the chemical interaction between the sensing
surface and the pH buffer solution, leading the sensor
to produce various response voltages in solutions with
various pH values (Yang, Chang & Chan 2022). Figure
4 depicts the sensitivity and linearity of ZnO and
ZnO:Al (1%), ZnO:Al (3%), and ZnO:Al (5%) based
on pH sensor response voltage (mV) versus different
pH values. The sensitivity for the ZnO was 26.03 mV/
pH with linearity of 0.9576. However, the sensitivity
was enhanced for ZnO:Al (1%) at 29.84 mV/pH with
a linearity of 0.8676, ZnO:Al (3%) was 43.80 mV/pH,
linearity of 0.9507 while the sensitivity for ZnO:Al
(5%) was 30.99 mV/pH with linearity 0.9399. These
results show that the prepared pH sensor exhibits
good and excellent linearity. However, the results also
show that ZnO doped with 3 at% Al demonstrates high
sensitivity and linearity, compared to the ZnO and ZnO:
Al (1%) and ZnO:Al (5%). This kind of metal oxide
film can build the pH sensor through a wide pH range.
Furthermore, this finding is consistent with Rayathulhan,
Sodipo and Aziz (2017), and Zhang et al. (2013)
findings, where the sensitivity value increases from ZnO
to ZnO:Al. Therefore, it proves that adding aluminum to
ZnO can have a flexible sensor and increase the voltage
response and stability of the pH sensor (Alkahlout et al.
2014; Yue et al. 2019). The improvement in Al doping
of ZnO could be attributed to an enhancement of the site
density that improves the reaction sight by increasing
charge carriers (Vavale et al. 2018).

Drift or stability is described as the gradual change
in sensor response over time while the pH value keeps in
constant (Tsai et al. 2019). Long-term testing indicates
drift in the ZnO, and ZnO:Al pH sensors. The prepared
pH sensor was immersed in pH 7 buffer solution for 12 h,
and analyzed the response voltage of pH sensor response
using the pH sensor potentiometric measurement device.
The surface potential of the sensing film changes as a
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FIGURE 2. X-ray diffraction patterns of ZnO, ZnO:Al (1%), (3%) and (5%)
of Al doped ZnO
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result of the electrical double-layer capacitance produced
by the hydration layer (Hsu & Chen 2010). Figure 5
shows the difference drift effect experiment result for
the pH sensor. The drift rates of the pH sensor based on
the ZnO were 7.97 mV/h. Notably, for ZnO:Al (1%),
(3%), and (5%) were 3.43 mV/h, 2.82 mV/h, and 16.21
mV/h, respectively. Comparing the drift voltage among
all the samples shows that ZnO:Al (3%) exhibited the
highest stability, whereas ZnO:Al (5%) had the lowest

stability. The binding strength was strengthened, and
oxygen vacancies were compensated for by producing
AlO, between the Al and oxygen atoms, reducing
lattice defects, and resulting in a lower drift rate (Lee
etal. 2013). Consequently, extrinsic ions could remove
dangling bonds and modify for defects beneath the
insulator membrane, resulting in improved performance.
A large number of crystal defects might correlate with
the higher drift rate (Al-Khalqi et al. 2021a; Kao et al.
2022; Tsai et al. 2019).

(¢) Zn0:Al(3%) (d) Zn0:Al(5%)
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FIGURE 3. The FESEM hexagonal nanorods, cross section image and EDX spectrum
of (a) ZnO, (b) ZnO:Al (1%), (c) ZnO:Al (3%) and (d) ZnO:Al (5%)
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FIGURE 4. The response voltage with pH value in the range pH 4 to pH 12
of ZnO, ZnO:Al (1%), (3%) and (5%)
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FIGURE 5. The drift rate of ZnO and ZnO:Al nanorods at 1%, 3% and 5%

CONCLUSION

In this study, we developed a pH sensor based on
membranes made of ZnO and Al-doped ZnO nanorods
for pH sensing characterization and Nerstian response
voltage. The ZnO and ZnO:Al doping concentrations 1%,
3%, and 5% were controlled to provide the structure,
morphology, and pH sensing properties. The pH sensor
3% ZnO:Al has been proven to have extraordinary
sensing abilities, producing the highest sensitivity 43.80
mV/pH, with a linearity of 0.95, and exhibiting a lower
drift rate behavior. By way of conclusion, with this
technology, high-quality and Al-doped ZnO nanorods
may be produced affordably for a range of cutting-edge
applications.
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