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ABSTRACT: A micro-fabricated metal-oxide based conductometric pH sensor is designed and
fabricated in this manuscript. pH sensors have applications in various areas from farming to food
processing, human health monitoring, industrial waste products investigation, etc. Accordingly, there
is a relatively high demand for a reliable, rapid and precise pH sensor in the market. Relatively precise
pH sensors have been already demonstrated for in-vitro analysis. Nevertheless, design and fabrication

of pH sensors for in-vivo applications are still challenging. In this work, a relatively minute pH sensor

is designed and fabricated for measuring the pH of the human stomach. Thanks to the relatively small  Keywords:

footprint, it is possible to insert the sensor into the tip of a nasogastric (NG) tube to be inserted inside the pH sensor

stomach. A mixture of ZnO and SnO2 powders is used as the metal-oxide pH sensitive layer. Impedance .
Conductimetric

spectroscopy is applied to investigate the frequency characteristics of the sensor. The layer behaves
Interdigitated electrodes

Zn0O-Sn02 Metal oxide

like a resistive load in relatively low frequencies and a capacitive load in relatively high frequencies, as
investigated using Impedance spectrometer. Interdigitated microelectrodes coated by the pH sensitive
layer is used to detect the variations of impedance when encountered to a pH sample. The sensor  Response time

represents a relatively good sensitivity and short response time (less than 0.5 s) for monitoring of pH in

the range of 1 to 7.

1. Introduction

pH sensors have a long history like glucose biosensors
and are one of the first proposed devices for monitoring
of acidity or alkalinity of different substances [1]. Despite
this long history, considerable number of scientists and
researchers are still working on various structures of pH
sensors for different applications. Quality monitoring of food
and water, investigation of environmental parameters such as
pollution, monitoring the physiological state of human body;,
in-vivo and in-vitro monitoring of bio-chemical reactions
and various other industrial applications are some of the
areas in which pH sensors play a significant role [2]-[8].
The structure and sensing mechanism of the pH sensor, plus
its other requirements is specified by the very application.
Response time [9], interference effect or selectivity [10],
drift and hysteresis [11], [12], high sensitivity, operational
life time, biocompatibility, cost-effectiveness and portability
[13] are among the major considerations for the design and
fabrication of a pH sensor.

Electrochemical pH sensors [14] have received an
enormous attention during the past decades among their
colorimetric and optical counterparts [15]. This is mainly
attributed to conveniently satisfying the aforementioned
requirements. Fabrication of electrochemical pH sensors are
*Corresponding author’s email: amir.jahanshahi@aut.ac.ir

generally categorized in these ways: glass-based [16], metal
oxide-based [17], polymer or carbon-based [18] and metal/
metal oxide-based [19] electrodes. Among them, metal
oxide-based pH sensors have received considerable attention
during past years, owing to their simplicity of operation
and ease of fabrication. Their working principle is based on
different detection mechanisms including conductometric
[20], capacitive [21], inductive, potentiometric, ISFET and
transistor-based [22], [23].

Conductometric detection method is adopted in this
work as it provides the most straightforward and practical
mechanism for pH monitoring and requires the least
number of instruments. Conventional photolithography
[24], screen printing [25], sputtering [26], sol-gel [27] and
electrodeposition [28] are used in the literature for fabrication
of metal oxide pH sensors. The fabrication method and the
metal oxide layer can affect the properties of the sensor [29],
[30]. Different metal oxide materials including SnO, [31], IrO,
[30], TiO, [32], ZnO [33] have been adopted and reported in
the literature.

In this work we have demonstrated and microfabricated
a flexible pH sensor. Conventional photolithography, due to
its relatively good accuracy, is used for the fabrication of the
pH electrodes. ZnO-SnO, metal oxide mixture is also used
as the pH sensitive layer. Thanks to the accurate fabrication
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Fig 1. The schematic of the sensitive interdigitated electrodes.

process, the sensor features relatively good sensitivity and
short response time as discussed in the rest of the manuscript.

2. Experimental
2.1. Materials

Polyimide (PI) is purchased from DuPont™ and is used
as the main substrate for the fabrication of the sensor. This
substrate is a double-sided flex (Pyralux® AP 9111) which
consists of Cu/PI/Cu stack, where the thickness of Cu and
PI are 35 pm and 25 pm, respectively [34]. ZnO (CAS Num.
1314-13-2) and SnO, (CAS Num. 18282-10-5) powders
are purchased from Merck and are used as the metal oxide
materials. Poly vinyl butyral (PVB) (CAS Num. 27360-07-2)
and ethylene glycol mono butyl ether (CAS Num. 111-76-2)
are purchased from Sigma-Aldrich and were used as binder
and solvent. Generic Nitric acid and acetone are purchased
from local market and are used as received. MICROPOSIT™
S1811™ positive photoresist is used for standard lithography.
Potassium hydroxide is purchased from Merck. Milwaukee
pH55 pH meter is used as the reference method for making
the different pH samples from 1 to 7. Digilent™ Analog
Discovery 2 is used for data acquisition.

2.2. Design and fabrication of pH sensor

The principle of pH measurement in this work is based
on the electrochemical conductometry. This method provides
a relatively inexpensive, straightforward and rapid procedure
for pH monitoring [13]. Two main steps are required for the
fabrication of the sensor: fabrication of planar interdigitated
electrodes and deposition of pH sensitive layer. The structure
of the electrodes is shown schematically in Fig. 1. The pattern
is designed using AutoCAD software. The device has an area
of 1.8 mm x 2.8 mm as shown in the Figure. The width and
spacing of electrodes are designed to be 100 um.

Conventional photolithography is used for the fabrication
of micro electrodes. The fabrication steps are illustrated in
the Fig. 2. Initially, the Cu layer on one side of the double-
sided flex (Fig. 2a) is etched away in nitric acid (Fig. 2b).
The IDEs are patterned on the other Cu layer using standard
photolithography (Fig. 2¢). Finally, the metal oxide layer is
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spin coated on the surface of IDEs and is subsequently placed
in an oven in a temperature of 150 °C for approximately about
2 h. The metal oxide layer is a mixture of SnO, and ZnO (1:1),
and a suitable amount of PVB and ethylene glycol mono butyl
ether which results into a relatively fine grade paste.

2.3. Microscopic Images of inter-digitized electrodes

Optical microscopy has been used to investigate the
existence of any defect during the fabrication process of IDEs.
A camera and multiple optical microscope images of the
sensor is shown in Fig. 3a and Fig. 3b, respectively. As can
be seen, the IDEs are relatively accurately patterned without
any noticeable distortion nor defect in their structure. Even
a tiny electrical link between electrodes or a defect can be
detrimental in pH monitoring [13].

2.4. pH assay and signal acquisition

Fig. 4 represents the setup used for the experiments. The
sensor is electrically connected to an impedance analyzer
which is connected to a laptop through standard universal
serial bus (USB) port. Analog Discovery board is used as the
function generator and impedance analyzer at the same time.
To perform the pH assay, a small drop of sample is placed
using micropipette on the IDEs which has been already coated
by the pH sensitive layer. The amount of sample is manually
kept constant (around 20 to 30 pL) per assay, covering the
surface of the sensor. It should be mentioned that the same
results are reproducible even using a smaller amount of the
sample. Accordingly, the effect of the volume of the sample is
neglected. As the sampling starts, the impedance spectrum
is recorded using the very measurement setup. A sinusoidal
signal with an amplitude of 5 V and frequency range of 1 Hz
to 1 MHz is applied to the sensor. The absolute value of the
impedance is recorded and plotted with respect to the applied
frequency.

3. Results and Discussion
3.1. ac characteristics of SnO,-ZnO layer

In order to determine the frequencies in which the
impedance of ZnO-SnO, layer is relatively stable, the
magnitude and the phase of the impedance of the layer are
plotted with respect to the frequency (Fig. 5).

As can be observed from Fig. 5a, the impedance of the
layer is relatively stable within the frequency range of 1 Hz
up to approximately 1 kHz. Above this range, the impedance
is significantly reduced demonstrating insufficient stability.
To further investigate the frequency behavior of the layer,
the phase of the impedance is plotted in Fig. 5b with respect
to the frequency. As can be seen, the behavior of impedance
at low frequencies is similar to a resistive load. In relatively
high frequencies, the impedance behaves as a capacitive load.
This could be attributed to the porous nature of the layer
and the inter-crystalline capacitance between grains [20],
[35]. When the frequency is low enough (below 1 kHz) the
inter-crystalline capacitance is large and plays a minor role
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Fig 2. Fabrication process of IDEs: (a) double-sided flex substrate composed of Cu-PI-Cu. (b) Etching away a layer of Cu on one side of
the flex in HNO.,. (c) Patterning of the Cu using standard photolithography process to form IDEs. (d) Spin coating of the metal oxide pH
sensitive layer on the IDEs.

100 pm 1007m 100 pm Tp.m
Fig 3. (a) A camera image of the fabricated IDEs. (b) Optical microscope images with different zoom levels.

in magnitude of the impedance. As the frequency increases impedance is effectively zero, causing the layer to behave as a
to a threshold (approximately 1 kHz), the vacant spaces resistive load.

between the grains start to become electrically connected, According to the provided results, the operating frequency
i.e., short circuited. Hence, the magnitude of the impedance is of the sensor has been selected approximately below 1 kHz in
significantly decreased. Below the threshold, the phase of the the resistive region for more stability.
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Laptop

pH sensor

Impedance analyzer

Fig 4. The experimental setup for performing the pH assays is shown. It consists of a laptop, digital oscilloscope, a micropipette and the
chip.
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Fig 5. AC analysis of ZnO-SnO, layer: (a) magnitude and (b) phase of the impedance are plotted with respect to the applied frequency.

3.2. Calibration curve

The calibration curve of the fabricated pH sensor is
represented in Fig. 7. To extract the calibration curve, a small
drop of sample is placed on the pH sensitive layer. As soon as
sampling occurs, the impedance of the electrodes is recorded.
After each test, the surface of the sensor is thoroughly dried
using a N, gun. Subsequently, the sensor is placed on a hot
plate at 150 °C for 1 min. Each pH sample (1 to 7) is tested
three times using this procedure. As can be seen in Fig. 7,
the sensor demonstrates a relatively good linear range in pH
measurements. In the lower range of pH, the impedance of
the layer is relatively low due to the high concentration of ions
in the sample. By increasing the level of pH, the impedance is
increased accordingly. The error bars represent the standard
deviation of the three tests. The standard deviation of the
results could be attributed to the porous nature of the pH
sensitive layer. As only one sensor is used for the calibration
curve, some of the ions could be trapped in the porous pH
sensitive layer and could not be readily washed out. The
sensitivity of the fabricated pH sensor is approximately 21
KQ/pH. Comparable values of sensitivity have been reported
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Fig 7. The Calibration curve of the pH sensor is shown in this
graph. The data point and error bars represent the average and
standard deviation of the assay (n=3), respectively.

in the literature as well [7], [30], [36], [37]. Detecting pH
level of 5-6 could be indistinguishable. Given the intended
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Fig 8. The Response time of the pH sensor is illustrated

application of measuring the pH of the human stomach, this
is a minor concern as the pH is typically in the range of 1.5
to 3.5.

3.3. Response time of the fabricated pH sensor

Response time, stability, selectivity and sensitivity are
among the most important quantitative characterization
parameters that determines the quality of a pH sensor [13].
Generally, the response time is defined as the required time
during which the output of the sensor reaches to 90 % of its
maximum stable value [38], [39]. It is controlled by different
factors including the fabrication method, the morphology
and characteristics of the deposited layer, the environmental
situations and the acidic or basic level of the sample being
tested [9], [40]. pH sensors feature the shortest response
time in acidic, then basic and lastly the neutral environments
[40]. This could be attributed to the existence of small ions
dominant in acidic situations which can rapidly diffuse in the
pH sensitive layer [40]. The main goal of the fabricated pH
sensor in this work is to determine the pH in relatively high
acidic environment such as human stomach. Hence, we have
investigated the response time of the sensor using a relatively
strong acidic sample. Fig. 8 illustrates the output current of
the sensor with respect to time. As can be seen, the output
current starts to increase at 200 ms, reaches to the 90 % level
at approximately 400 ms where afterwards plateaus. Raising of
the electrical current is due to the decrease of the impedance
of the pH sensitive layer in contact with the acidic sample. As
demonstrated in Fig. 8, the sensor can monitor the pH of the
acidic environment relatively spontaneously (less than 0.5 s).

Conclusion

A micro fabricated pH sensor based on the metal-oxide
layer technology has been demonstrated. Interdigitated
electrodes have been fabricated on double sided flex substrate
using standard photolithography process. A mixture of
ZnO and SnO, metal oxide powders have been used as the
pH sensitive layer. In order to preserve the portability of the
device, Digilent Analog Discovery 2 board has been used for
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conducting the impedance spectroscopy and data acquisition.
The demonstrated device can be connected to a laptop using
standard USB port.

To demonstrate the optimum working frequency of the
sensor, the ac characteristics have been investigated. The
sensor features a relatively stable frequency behavior in the
frequency range of 1 Hz to 1 KHz. It is also demonstrated
that in this frequency range, the sensor behaves as a resistive
load. The sensor demonstrates a relatively good linearity
with respect to different pH samples ranging from 1 to 7. A
relatively short response time of less than 0.5 s is achieved in
acidic solutions.

The demonstrated sensor is designed and fabricated in
order to measure the pH of the human stomach. The sensor
could be inserted into the tip of any NG tube owing to its
relatively small size. The relatively rapid response time of the
sensor is another enabling factor in this context. However,
further research is still needed to assess and address the
repeatability, linearity and long-term use of the sensor.

References

[1] A. Orville Beckman, “Apparatus for testing acidity,” Google Pat., 1936.

[2] R. Martinez-Mafiez, J. Soto, E. Garcia-Breijo, L. Gil, J. Ibafiez, and

E. Gadea, “A multisensor in thick-film technology for water quality

control,” Sensors Actuators A Phys., vol. 120, no. 2, pp. 589-595, 2005.

A. M. Gibson, N. Bratchell, and T. A. Roberts, “Predicting microbial

growth: growth responses of salmonellae in a laboratory medium as

affected by pH, sodium chloride and storage temperature,” Int. J. Food

Microbiol., vol. 6, no. 2, pp. 155-178, 1988.

V. E Curto, C. Fay, S. Coyle, R. Byrne, C. OToole, C. Barry, S. Hughes,

N. Moyna, D. Diamond, and E. Benito-Lopez, “Real-time sweat pH

monitoring based on a wearable chemical barcode micro-fluidic

platform incorporating ionic liquids;” Sensors Actuators B Chem., vol.

171, pp. 1327-1334, 2012.

D. H. Kohn, M. Sarmadi, J. I. Helman, and P. H. Krebsbach, “Effects of

pH on human bone marrow stromal cells in vitro: implications for tissue

engineering of bone,” J. Biomed. Mater. Res. An Off. ]. Soc. Biomater.

Japanese Soc. Biomater. Aust. Soc. Biomater. Korean Soc. Biomater., vol.

60, no. 2, pp. 292-299, 2002.

Y. Lian, W. Zhang, L. Ding, X. Zhang, Y. Zhang, and X. Wang,

“Nanomaterials for intracellular pH sensing and imaging in Novel

Nanomaterials for Biomedical, Environmental and Energy Applications,

Elsevier, 2019, pp. 241-273.

W. Lonsdale, M. Wajrak, and K. Alameh, “Manufacture and application

of RuO2 solid-state metal-oxide pH sensor to common beverages,’

Talanta, vol. 180, pp. 277-281, 2018.

P. P. Ravi, J. Lindner, H. Oechsner, and A. Lemmer, “Effects of target pH-

value on organic acids and methane production in two-stage anaerobic

digestion of vegetable waste,” Bioresour. Technol., vol. 247, pp. 96-102,

2018.

S. Zhuiykov, E. Kats, K. Kalantar-zadeh, M. Breedon, and N. Miura,

“Influence of thickness of sub-micron Cu20-doped RuO2 electrode on

sensing performance of planar electrochemical pH sensors,” Mater. Lett.,

vol. 75, pp. 165-168, 2012.

[10] H. Khani, M. K. Rofouei, P. Arab, V. K. Gupta, and Z. Vafaei, “Multi-
walled carbon nanotubes-ionic liquid-carbon paste electrode as a super
selectivity sensor: application to potentiometric monitoring of mercury
ion (II);” J. Hazard. Mater., vol. 183, no. 1-3, pp. 402-409, 2010.

[11] L. Manjakkal, K. Cvejin, J. Kulawik, K. Zaraska, D. Szwagierczak, and G.
Stojanovic, “Sensing mechanism of RuO2--SnO2 thick film pH sensors
studied by potentiometric method and electrochemical impedance
spectroscopy; J. Electroanal. Chem., vol. 759, pp. 82-90, 2015.

[12] C.-N. Tsai, J.-C. Chou, T.-P. Sun, and S.-K. Hsiung, “Study on the sensing
characteristics and hysteresis effect of the tin oxide pH electrode,” Sensors

(3]



M. Lotfi Choobbari et al., AUT J. Elec. Eng., 52(2) (2020) 217-222, DOI: 10.22060/e¢j.2020.17982.5339

Actuators B Chem., vol. 108, no. 1-2, pp. 877-882, 2005.

[13] L. Manjakkal, D. Szwagierczak, and R. Dahiya, “Metal oxides based
electrochemical pH sensors: Current progress and future perspectives,”
Prog. Mater. Sci., p. 100635, 2019.

[14]H. Lee, T. K. Choi, Y. B. Lee, H. R. Cho, R. Ghaffari, L. Wang, H. J. Choi,
T. D. Chung, N. Lu, T. Hyeon, S. H. Choi, and D.-H. Kim, “A graphene-
based electrochemical device with thermoresponsive microneedles for
diabetes monitoring and therapy,” Nat. Nanotechnol., vol. 11, p. 566, Mar.
2016.

[15] D. Wencel, T. Abel, and C. McDonagh, “Optical chemical pH sensors,”
Anal. Chem., vol. 86, no. 1, pp. 15-29, 2014.

[16]1. Canals, F. Z. Oumada, M. Rosés, and E. Bosch, “Retention of ionizable
compounds on HPLC. 6. pH measurements with the glass electrode in
methanol--water mixtures,” J. Chromatogr. A, vol. 911, no. 2, pp. 191-
202, 2001.

[17]S. Kalsi, R. Mingels, S. Lu, Y. Cheong, and H. Morgan, “Metal oxide
sensors for long term pH monitoring,” 2018.

[18]]. H. Yoon, S. B. Hong, S.-O. Yun, S. J. Lee, T. J. Lee, K. G. Lee, and B.
G. Choi, “High performance flexible pH sensor based on polyaniline
nanopillar array electrode,” J. Colloid Interface Sci., vol. 490, pp. 53-58,
2017.

[19]P. Zhang, L. Li, D. Nordlund, H. Chen, L. Fan, B. Zhang, X. Sheng, Q.
Daniel, and L. Sun, “Dendritic core-shell nickel-iron-copper metal/
metal oxide electrode for efficient electrocatalytic water oxidation,” Nat.
Commun., vol. 9, no. 1, pp. 1-10, 2018.

[20] K. Arshak, E. Gill, A. Arshak, and O. Korostynska, “Investigation of tin
oxides as sensing layers in conductimetric interdigitated pH sensors,”
Sensors Actuators B Chem., vol. 127, no. 1, pp. 42-53, 2007.

[21]M. S. Arefin, M. Bulut Coskun, T. Alan, J.-M. Redoute, A. Neild, and
M. Rasit Yuce, “A microfabricated fringing field capacitive pH sensor
with an integrated readout circuit,” Appl. Phys. Lett., vol. 104, no. 22, p.
223503, 2014.

[22]N. Lei, P. Li, W. Xue, and J. Xu, “Simple graphene chemiresistors as pH
sensors: fabrication and characterization,” Meas. Sci. Technol., vol. 22, no.
10, p. 107002, 2011.

[23]C. Cane, I. Gracia, and A. Merlos, “Microtechnologies for pH ISFET
chemical sensors,” Microelectronics J., vol. 28, no. 4, pp. 389-405, 1997.

[24] M. S. Arefin, M. B. Coskun, T. Alan, A. Neild, J.-M. Redoute, and M. R.
Yuce, “A MEMS capacitive pH sensor for high acidic and basic solutions,”
in SENSORS, 2014 IEEE, 2014, pp. 1792-1794.

[25] L. Manjakkal, K. Cvejin, J. Kulawik, K. Zaraska, D. Szwagierczak, and R.
P. Socha, “Fabrication of thick film sensitive RuO2-TiO2 and Ag/AgCl/
KClI reference electrodes and their application for pH measurements,”
Sensors Actuators B Chem., vol. 204, pp. 57-67, 2014.

[26]]. C. Chou and L. P. Liao, “Study of TiO2 thin films for ion sensitive field
effect transistor application with rf sputtering deposition,” Jpn. J. Appl.
Phys., vol. 43, no. 1R, p. 61, 2004.

[27] G. M. Da Silva, S. G. Lemos, L. A. Pocrifka, P. D. Marreto, A. V Rosario,

and E. C. Pereira, “Development of low-cost metal oxide pH electrodes
based on the polymeric precursor method,” Anal. Chim. Acta, vol. 616,
no. 1, pp. 36-41, 2008.

[28] L. Santos, J. P. Neto, A. Crespo, D. Nunes, N. Costa, I. M. Fonseca,
P. Barquinha, L. Pereira, J. Silva, R. Martins, and others, “WO3
nanoparticle-based conformable pH sensor,” ACS Appl. Mater. Interfaces,
vol. 6, no. 15, pp. 12226-12234, 2014.

[29] A. Sardarinejad, D. K. Maurya, and K. Alameh, “The effects of sensing
electrode thickness on ruthenium oxide thin-film pH sensor,” Sensors
Actuators A Phys., vol. 214, pp. 15-19, 2014.

[30] W.-D. Huang, H. Cao, S. Deb, M. Chiao, and J.-C. Chiao, “A flexible pH
sensor based on the iridium oxide sensing film,” Sensors Actuators A
Phys., vol. 169, no. 1, pp. 1-11, 2011.

[31]H.-H. Li, W.-S. Dai, J.-C. Chou, and H.-C. Cheng, “An Extended-
Gate Field-Effect Transistor With Low-Temperature Hydrothermally
Synthesized Nanorods as pH Sensor,” IEEE electron device Lett., vol. 33,
no. 10, pp. 1495-1497, 2012.

[32] Y.-H. Liao and J.-C. Chou, “Preparation and characterization of the
titanium dioxide thin films used for pH electrode and procaine drug
sensor by sol--gel method,” Mater. Chem. Phys., vol. 114, no. 2-3, pp.
542-548, 2009.

[33] L. Maiolo, S. Mirabella, F. Maita, A. Alberti, A. Minotti, V. Strano, A.
Pecora, Y. Shacham-Diamand, and G. Fortunato, “Flexible pH sensors
based on polysilicon thin film transistors and ZnO nanowalls,” Appl.
Phys. Lett., vol. 105, no. 9, p. 93501, 2014.

[34]P. E Shahandashti, H. Pourkheyrollah, A. Jahanshahi, and H.
Ghafoorifard, “Highly conformable stretchable dry electrodes based
on inexpensive flex substrate for long-term biopotential (EMG/ECG)
monitoring,” Sensors Actuators A Phys., vol. 295, pp. 678-686, 2019.

[35]D. S. Campbell, L. I. Maissel, and R. Glang, “Handbook of thin film
technology,” McGraw-Hill, New York, 1970) Ch, vol. 12, p. 3, 1970.

[36] P. Awasthi, R. Mukherjee, S. P. O. Kare, and S. Das, “Impedimetric blood
pH sensor based on MoS 2--Nafion coated microelectrode,” RSC Adv.,
vol. 6, no. 104, pp. 102088-102095, 2016.

[37]L. Manjakkal, K. Zaraska, K. Cvejin, J. Kulawik, and D. Szwagierczak,
“Potentiometric RuO2--Ta205 pH sensors fabricated using thick film
and LTCC technologies,” Talanta, vol. 147, pp. 233-240, 2016.

[38] P-C. Chang, H.-Y. Chen, J.-S. Ye, E-S. Sheu, and J. G. Lu, “Vertically
Aligned Antimony Nanowires as Solid-State pH  Sensors,
ChemPhysChem, vol. 8, no. 1, pp. 57-61, 2007.

[39]B. Xu and W.-D. Zhang, “Modification of vertically aligned carbon
nanotubes with RuO2 for a solid-state pH sensor,” Electrochim. Acta, vol.
55, no. 8, pp. 2859-2864, 2010.

[40]]. Yang, T. J. Kwak, X. Zhang, R. McClain, W.-]. Chang, and S.
Gunasekaran, “Digital pH test strips for in-field pH monitoring using
iridium oxide-reduced graphene oxide hybrid thin films;” ACS Sensors,
vol. 1, no. 10, pp. 1235-1243, 2016.

HOW TO CITE THIS ARTICLE

DOI: 10.22060/eej.2020.17982.5339

M. Lotfi Choobbari, A. Jahanshahi, M. Zare, Design and fabrication of a rapid conductometric
pH sensor based on metal-oxide technology, AUT J. Elec. Eng., 52(2) (2020) 217-222.

222



