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Abstract: ZnO nanotubes and nanorods grown on gold thin film were used to create pH
sensor devices. The developed ZnO nanotube and nanorod pH sensors display good
reproducibility, repeatability and long-term stability and exhibit a pH-dependent
electrochemical potential difference versus an Ag/AgCl reference electrode over a large
dynamic pH range. We found the ZnO nanotubes provide sensitivity as high as twice that
of the ZnO nanorods, which can be ascribed to the fact that small dimensional ZnO
nanotubes have a higher level of surface and subsurface oxygen vacancies and provide a
larger effective surface area with higher surface-to-volume ratio as compared to ZnO
nanorods, thus affording the ZnO nanotube pH sensor a higher sensitivity. Experimental
results indicate ZnO nanotubes can be used in pH sensor applications with improved
performance. Moreover, the ZnO nanotube arrays may find potential application as a novel
material for measurements of intracellular biochemical species within single living cells.
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1. Introduction

Zn0O is a promising material due to the wide direct band gap (3.37 eV) and large exciton binding
energy (60 meV). Recent studies have shown considerable attraction towards ZnO nanostructures,
particularly on one-dimensional ZnO nanorods and nanowires due to the fact that, for a large number
of applications, shape and size of the ZnO nanostructures play a key role for the performance of the
devices. Thus ZnO nanorods and nanowires have a variety of application in the field of optoelectronics [1,2],
nanomechanics [3,4], nanosensors [5-11], resonators [12], electric nanogenerator [13], nanolasers [14] and
a variety of methods are used to grow these [15-17].

pH determination is a strong prerequisite for many biochemical and biological processes. The use of
ZnO nanorods and nanowires for pH sensing and miniaturization of pH sensors have attracted
considerable interest since the large surface-to-volume ratio leads to a short diffusion distance of the
analyte towards the electrode surface, resulting in an improved signal-to-noise ratio, faster response
times, enhanced analytical performance, and increased sensitivity [18,19]. Recently we have also
reported the successful demonstration of the use of ZnO nanorods to measure the intracellular pH in
human fat cells [20], which also proves that ZnO nanostructures have unique biological advantages
including non-toxicity, bio-safety, bio-compatibility and high electron communication features and
make them one of the most promising materials for biosensor application.

As compared to ZnO nanorods and nanowires, ZnO nanotube structures possesses lots of interesting
unique properties such as porous structures and large surface areas. Recently there have been reports
on the use of ZnO tubular structures as sensors with improved performance and higher sensitivity
compared to ZnO nanorods and nanowires [21-23]. However, no report has appeared yet of the use of
ZnO nanotubes as pH sensors.

In this study, we report the fabrication of newly developed ZnO nanotube pH sensor by a two-step
method (low-temperature aqueous chemical growth (ACG) of well aligned ZnO nanorods followed by
etching ZnO nanorods to get ZnO nanotubes) and its comparison to a ZnO nanorod pH sensor. Our
results show a linear response of the electrochemical potential of the developed pH sensor to various
pH values and as high as twice the sensitivity of the ZnO nanorod pH sensor. This shows the great
potential in using ZnO nanotubes for pH sensing with improved performance.

2. Experimental
2.1. Sample Preparation

For all the developed pH sensors, glass was used as a substrate after being cleaned with acetone,
de-ionized water and isopropanol. A chromium (Cr) thin film with 25 nm thickness was evaporated as
an adhesive layer then a gold (Au) thin film with 100 nm thickness was evaporated as a gold electrode.
The vertically well-aligned hexagonal ZnO nanorods were then grown on top of the gold thin film
for 3—5 h using a low temperature method described in [24-26]. A small part of the glass substrate was
covered during growth and was used as a contact area, as shown in Figure 1(a). In the ACG method,
zinc nitride hexahydrate [(Zn(NOs),6H,0)] was mixed with hexamethylenetetramine [C¢H;2N4] using
the same molar concentration for both solutions. The molar concentration was varied from 0.025 M
to 0.075 M. The two solutions were stirred together and the substrates were placed inside the solution.
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Then, it was heated up to 90 °C for 3—5 h. After the growth was completed, the samples were cleaned
in de-ionized water and left to dry in air inside a closed beaker.

We have previously reported that sensitivity of ZnO nanorod pH sensor increases with the reduction
in size of the nanorods [27]. Thus it is very crucial to get the same dimensions of ZnO nanotubes and
nanorods (same density, uniformity, length and diameter of the ZnO nanotubes and nanorods) in order
to accurately compare the sensitivity of ZnO nanotube and nanorod pH sensors.

In the second step, in order to get the same dimensions of ZnO nanotubes, we took some electrodes
of previously obtained ZnO nanorods and after performing carefully chemical etching of ZnO
nanorods along the c-axis direction described in [28], we finally obtained the required same dimension
nanotubes. ZnO nanotubes were obtained by etching the as grown ZnO nanorods. After the growth of
ZnO nanorods arrays, we divide the sample into two pieces. One piece was immersed in KCI solution
of a concentration in the range from 0.1 M to 3.4 M for time periods ranging from 3 to 17 h to obtain
the ZnO nanotube arrays. The temperature of the solution was kept at 95 °C. After 17 h of the
immersion time in 3.0M KCI solution at 95 °C, we get tubular form of ZnO nanotube arrays with
good yield.

Figure 1. (a) and (c¢) schematic diagram of ZnO nanorod and nanotube pH sensors,
respectively; (b) and (d) SEM images of ZnO nanorods and nanotubes, respectively (insert
in image (d) shows tilted cross sectional view of nanotubes. The scale bar is 1 um).
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A typical SEM image of ZnO nanorods grown at low temperature on top of the gold thin film is
shown in Figure 1(b). The obtained ZnO nanorods were dense, vertical (in average) and relatively
long. The diameter and length of the nanorods were about 170 nm and 1.56 um, respectively.

Figures 1(c) and 1(d) show the schematic of the ZnO nanotube pH sensor and SEM image of the
ZnO nanotubes, respectively. It can be seen from Figure 1(d) that obtained ZnO nanotubes are well

aligned, dense and have the same dimensions as compared to ZnO nanorods (length of 1.6 um,

diameter of 170 nm and tube wall thickness of 40 nm). The stability of the (0001) and (0001) ZnO
surfaces requires that they become less positive and negative, respectively [29]. In this chemical
etching method Cl ions might be preferentially adsorbed onto the top of the nanorods to decrease the
positive charge density of the (0001) ZnO surface therefore makes the (0001) ZnO surface less stable
to easily etch through c-axis while chloride adsorption onto lateral walls seems to be less probable

because the surface (101()) faces appear to be the most stable ZnO surface [30]. In this way the

immersion time of ZnO nanorods and concentration of the etching solution were optimized taking into
account the dimensions of the nanorods for the purpose of getting the nanotubes with the same

dimension (length, diameter and density) without harming stable surface (1010). After the reaction,

the developed sensor electrode was rinsed three times with de-ionized water to remove unnecessary
chemicals and it is then ready for the construction of the pH sensor device.

2.2. Measurement Setup

Electrochemical studies were conducted using a two-electrode configuration consisting of ZnO
nanotubes or nanorods as the working electrode and an Ag/AgCl/Cl as a reference electrode. The
response of the electrochemical potential difference of the ZnO nanotubes and nanorods versus an
Ag/AgCIl/CI" reference electrode to the changes in buffer (purchased by Scharlau Chemie S.A) and
CaCl, electrolytes was measured for pH ranging from 4 to 12 using a Metrohm pH meter model 826
(Metrohm Ltd, Switzerland) at room temperature (23 = 2 °C). The electrochemical response was
observed until the equilibrium potential reached and stabilized then the electrochemical potential was
measured. The real pH measurement response time of our developed sensors was less than 100 s. We
have also investigated the effect of solubility and stability of the developed sensors during the
experiments by constantly taking SEM images of the same samples before and after exposure to the
electrolyte for each buffer pH measurement ranging from pH = 2 to pH = 12 (Figure 2 shows the SEM
images for ZnO nanorods and nanotubes after each pH measurements). Some samples were dissolved
at pH 2 [31]. We found that ZnO nanotubes and nanorods stay more stable at pH solutions closer to
neutral pH of 7 and dissolve much faster when deviating away from pH 7. In general the effect of
solubility of ZnO nanotubes and nanorods is limited to our devices because the stable potential
response of each measurement was obtained within 300 s. It is very important to note that both ZnO
nanotubes and nanorods are relatively stable around a neutral pH 7 and this gives these sensors much
more bio-compatibility in biological fluids and species since most of the biological fluids is around
pH of 7.
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Figure 2. SEM images of the initial experimental results measuring ZnO
nanorods/nanotubes after exposure to buffer solutions with (a) pH = 2, (b) pH = 4,
(c) pH =7, (d) pH = 8, and (e) pH = 12 for ZnO nanorods, and (f) pH = 2, (g) pH = 4,
(h) pH=7, (i) pH = 8, and (j) pH = 12 for ZnO nanotubes (the insert SEM images are the
same ZnO nanotubes before exposure to corresponding pH values.)
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Figure 2. Cont.

3. Results and Discussions
3.1. Reproducibility Test of the Developed ZnO Nanotube and Nanorod pH Sensors

To obtain accurate and reusable pH sensors for application, parameters such as reproducibility,
repeatability and stability were examined. Figure 3 shows the reproducibility test of the 10
independently developed ZnO nanotube and ZnO nanorod (5 ZnO nanotube electrodes and 5 ZnO
nanorod electrodes) pH sensor electrodes in buffer solution at pH 6. The relative standard deviation
determined from these measurements for both ZnO nanotube and nanorod pH sensor electrodes was
less than 5%. Therefore, the procedure of detecting the pH of the solution is reliable.

Figure 3. Reproducibility test of the developed ZnO nanotube and nanorod pH sensors in
buffer solution at pH 6.
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3.2. Repeatability Test of the Developed ZnO Nanotube and Nanorod pH Sensors

Figures 4(a),(b) show good repeatability of the ZnO nanotube and nanorod pH sensor electrodes in
various buffer solutions. We took 10 developed ZnO nanotube and nanorod sensor electrodes (five
ZnO nanotube electrodes and five ZnO nanorod electrodes. They have the same dimensions). The
responses of the sensor electrodes were separately measured in buffer solutions of pH 4, 6, 8, 10 and
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12 for three experimental measurements (initial calibration, after two days and after five days). Here,
the same ZnO nanotube sensor electrode or ZnO nanorod sensor electrode was used in all three
measurements at a specific pH solution. The sensor electrodes were carefully washed with
de-ionized water after each measurement to clean the surface of the sensor electrodes. All these results
show that the ZnO nanotube or ZnO nanorod pH sensor display good reproducibility, repeatability and
long term stability.

Figure 4. (a) Repeatability test of five ZnO nanorod pH sensor electrodes at various pH
buffer solutions. (b) Repeatability test of five ZnO nanotube pH sensor electrodes at
various pH buffer solutions.
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3.3. Comparison of the ZnO Nanotube pH Sensor and ZnO Nanorod pH Sensor

The performance of pH sensors is usually characterized by measuring the electrochemical potential
of the electrodes. The most important parameter for the ion-sensitive layers is the density of surface
sites that form the pH-dependent surface potential. The use of the ZnO nanotubes or nanorods as a pH
sensor is based on the activity at the electrolyte-nanotube/nanorod interface, in which the H' specific
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bonding sites residing at the ZnO surface can hydrogenate after contact with the electrolyte solution.
This sites can protonate or deprotonate, leading to a surface charge and a surface potential that is
dependent on the electrolyte solution pH. The Helmholtz layer is developed by the adsorption of ions
or molecules on the ZnO nanotube or nanorod surfaces, through oriented dipoles, or by the formation
of surface bonds between the surface and species in the solution. ZnO is an ampHoteric oxide that
reacts with both strong acids and bases and displays both basic and acidic properties. The metal atoms
in an ampHoteric oxide must be electropositive to give the oxygen sufficient negative charge to strip
an H' from a neighboring H;O". However, the metal ion must also be electronegative enough to serve
as an electron acceptor from a neighboring OH , i.e., [27]:

ZnOs) + H = ZnOH' 5, (1)

The electrochemical potentiometric device used here consists of using Agg)|AgCly)|Cl as a
reference electrode supplied at a constant potential Epgagcijci-> against which we measure potential of
the ZnO nanotube or nanorod redox electrode. The electrochemical device in this study can be
presented as [27]:

The device electromotive force (emf) is the potential difference (£) between the supplied potential
of the ZnO redox working electrode Eznozmon and the supplied potential of the silver/silver chloride
reference electrode Exg/agcycl [27]:

E = Eznosznon+ — Eaglagaiar- (3)
According to Nernst equation for the equilibrium, the electrode potential can be stated [27]:

EZno/ZnOH+ - Egno/ZnOH+ - (RT /nF ) ln(aZnOH* / A0 - aH*)

=B ~(RT/nF)Inla, . /a,0)-(RT/F)In(l/a,. )=ES . —(2303-R-T/F)pH (4
0

=EZnO/ZnOH* +m- pH

where E(Z)nO/ZnOH+ is the standard electrode potential of the ZnO redox electrode, R is the

gas constant (8.314 J/mol'’K), T is the absolute temperature (298 K), F is the Faraday
constant (96487.3415 C mol ™), n is the number of electrons per mole and ay" is the concentration of
H'. At room temperature (7 =298 K), the slope m should be:

m=-59.1 mVpH ' (5)

As shown in Figure 5(a) the potential of the ZnO nanotube or nanorod sensor electrode is linearly
dependent on the pH value of buffer solutions with pH range from 4 to 12. The sensitivity of ZnO
nanotube electrode is about —45. 9 mV pH ' and sensitivity of the same dimension ZnO nanorod
electrode is about —28.4 mV pH . The both sensitivity are lower than the theory value (—59.1 mV pH ).
This discrepancy may be due to the morpHology of the ZnO nanotubes and nanorods. Etching of ZnO
nanotubes based on previously grown nanorods is a chemical process that may damage the surface of
the ZnO nanotubes by introducing more defects or vacancies and this may affect the sensitivity of ZnO
nanotubes. The most important discovery in our experiments was that we found an increased
sensitivity of the ZnO nanotube pH sensor electrodes (—45.9 mV pH ') in buffer solutions that is 1.6
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times that of the ZnO nanorod pH sensor electrodes (—28.4 mV pH ). Different chemicals are likely to
exhibit different degrees of interaction with the ZnO surface. In order to investigate the ZnO nanotubes
have also higher sensitivity than ZnO nanorods in different solutions we immersed the ZnO nanotube
and nanorod pH sensor devices into a CaCl, solution to measure the electrochemical response.
Figure 5(b) shows the experimental measurements of electrochemical potential of ZnO nanotubes and
nanorods in CaCl, solution and it is obvious that sensitivity of ZnO nanotube pH sensor
electrode (—31.1 mV pH ) is about twice of that of ZnO nanorod pH sensor electrode (—16.4 mV pH ")
which proves that ZnO nanotube pH sensor has higher sensitivity compared to ZnO nanorod pH sensor
in different solutions.

Figure 5. Experimental measurements of electrochemical potential vs pH comparison
curves for ZnO nanorods and nanotubes immersed in (a) buffer and (b) CaCl, solutions.
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The enhanced sensitivity of the ZnO nanotube pH sensor compared to ZnO nanorod pH sensor can
be interpreted as a result of a larger effective surface area with higher surface-to-volume ratio [32]
(Figures 6(a),(b) show the schematic diagram of the ZnO nanorod and nanotube immersed in the CaCl,
electrolyte showing the charge distribution at two walls of metal oxide-electrolyte interface with
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surface charges and ZnO nanotube has a larger effective surface). In addition, existence of a greater
fraction of surface and subsurface oxygen vacancies in the ZnO nanotubes than in the nanorods and
nanowires may cause enhanced performance and sensitivity in ZnO nanotubes as compared to ZnO
nanorods [33].

Figure 6. Schematic diagram showing the charge distribution at the metal oxide-electrolyte
interface with surface charges in CaCl, for (a) ZnO nanorods and (b) ZnO nanotubes.
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4. Conclusions

In summary, we have shown for the first time that the newly developed ZnO nanotube pH sensor
has higher sensitivity in different electrolytes as compared to a ZnO nanorod pH sensor with the same
dimensions. Our experimental results showed that ZnO nanotubes provide sensitivity as high as twice
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that of identical ZnO nanorods, which can be ascribed to the fact that small dimensional ZnO
nanotubes have a higher surface area and subsurface oxygen vacancies and provide a larger effective
surface area with higher surface-to-volume ratio as compared to ZnO nanorods thus enables the ZnO
nanotube pH sensor a higher sensitivity. A good linear electrochemical potential response was
observed and our devices showed good sensitivity and reproducibility. Our results indicate that the
fabrication of ZnO nanotubes can be used for pH sensor applications with improved performance.
Moreover, the ZnO nanotube arrays may find potential application as a novel material for
measurements of intracellular biochemical species within single living cells since nanoscale ZnO
nanotube structures can miniaturize the size of the sensor in a significant way [34].
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