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ABSTRACT
In the past decades, increased human population and activities have introduced a large amount of pollutants
into the environment. Various types of conventional analytical instruments were used for monitoring the
emitted chemicals with low detection limit, high accuracy, and discrimination power. However, many of
these methods are laboratory-based owing to sample collection, transportation, extraction, and purification
steps.
To make real-time on-site monitoring possible, miniaturized sensors with various integrated elements were
developed. One of the most well-known strategies is to utilize nanostructured materials with enhanced
sensing properties for those devices. For a majority of the current state of art devices, the synthesis of
nanostructured materials and device integration are done separately, that is, “synthesis first and then
integration” approach which involves two separate process steps. However, this approach comes with some
disadvantages such as misalignment, contamination, as well as disconnection between nanomaterials and
electrodes.
To overcome the aforementioned technical challenge, several synthesis methods were developed and
validated for in-situ integration of nanostructured metal and metal oxide materials for environmental
sensors in this work. The electroplating technique combined with photolithography was used to make the
predefined metal electrodes. Then, with subsequent post-treatments, nanostructured metals and metal
oxides could be produced in-situ and directly integrated in the electrodes without any extra transfer process
steps.
In the process of developing a phosphate sensor, nanofibrous Co electrodes were fabricated by pulsed
electroplating of Co-Cu alloy and dealloying the Cu component. A linear potentiometric response to
phosphate in the 10-5 to 10-2 M concentration range was obtained which validated the sensor’s function. A
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mechanism based on mixed potential response was proposed to elucidate the Co electrode behavior in
aqueous solutions with varying pH conditions and optimum pH ranges for working devices were proposed.
In addition to the alloying and dealloying method, the template assisted electroplating method was also
investigated. A nanoporous Co-Cu electrode fabricated by electroplating through a sacrificial glass fiber
template was obtained. A linear amperometric response to phosphate with suppressed oxygen interference
was achieved in a 10-5 to 10-2 M concentration range of phosphate. An analysis of the cyclic voltammetry
characterization results provided a direction for further exploring an optimized electrode polarization
potential range for suppressing oxygen interference while maintaining a good sensitivity to phosphate.
Based on this result, we improved the fabrication process with another template: in-situ hydrothermally
grown ZnO nanoflakes on the electrode surface, as a template for uniform nanostructured Co electroplating.
The cyclic voltammetry characterization of the fabricated electrode showed an amperometric response in
the range of 10-6 to 10-2 M of phosphate where the limit of detection (LOD) was enhanced compared with
the previous work.
For the flammable gas sensor development, the in-situ oxidation of Cu was utilized to form nanowires for
sensing electrode fabrication. Multiple CuO nanowires were synthesized in-situ on the electroplated
interdigitated Cu electrodes on a hotplate at 500 ℃ in air. The nanowires were successfully integrated as a
sensing element into the device, forming bridges between two electrodes. The sensor’s behavior was
characterized by a current-voltage measurement. Simple processing parameters could be utilized for
controlling the electrode morphologies and determining the characteristics of contacts - Schottky or Ohmic
- at the electrode interface. A hypothesis was proposed to explain the transition phenomenon between
Schottky and Ohmic contact modes, providing an important baseline for future device design and
fabrication. Finally, the fabricated sensor was tested for a flammable gas detection using saturated ethanol
vapor at room temperature, which implicates a low power consumption gas sensor without elevating the
sensor temperature unlike traditional gas sensors.
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CHAPTER ONE: INTRODUCTION
Sensory organs in human body are critical to survival and have evolved to detect and avoid external threats.
For example, the skin can sense temperature to avoid excessively hot or cold environments to maintain
normal function of body system; the nose can sense odors of harmful gases such as H2S to avoid inhaling
them; the eyes can sense light in a certain range of wavelengths to recognize food and avoid overexposure
to strong sunlight. However, the evolution of the natural sensor systems is far behind the complexity of the
ambient environment. Harmful odorless and colorless gases such as CO lead to 438 deaths annually in the
United States [1]; UV light with a wavelength out of the visual range can cause skin cancer, threatening our
lives [2]; low-concentration leakage of highly toxic chemicals in drinking water or air leads to serious
accidents [3]. Moreover, these pollutants and byproducts generated by human activities, especially in
manufacturing and agriculture sectors, already have become a global issue [4] at different scales through
various routes such as wind and water flows, as briefly shown in Figure 1. To improve detection ability,
various chemical analysis methods such as high-performance liquid chromatography (HPLC) or gas
chromatography–mass spectrometry (GC-MS) with high accuracy and sensitivity have been developed in
the past. However, these methods are time consuming owing to the requirements of sample collection,
transportation, extraction and purification processes. Therefore, in the past decades, great efforts have been
devoted to high-quality environmental sensor and sensor network development [5] for on-site environment
monitoring, early warning and tracking. Environmental sensor materials and devices have been studied
actively in this context.
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Figure 1 Schematic of chemical species spreading routes in natural environment under different
scales.
For the material research aspect, the development of nanomaterials shows good promise toward sensor
performance and quality improvement. Compared to conventional bulk materials, nanomaterials show
enhanced electrical, optical, magnetic and catalytic properties owing to their increased specific surface area
and reactivity. Various nanoscale features such as nanoparticles [6], nanopores [7], nanotubes [8],
nanowires and nanorods [9] have been utilized for sensor applications. Specifically, nanostructured metals
and metal oxides have drawn a large proportion of research interest owing to their unique applicability as
catalyst [10], battery electrode [11], drug delivery [12] and sensing materials [13]. Many synthesis methods
2

for large-scale production have been studied and rapidly developed. For nanostructured metallic materials,
their synthesis methods can be categorized into (a) reduction of a metal oxide with nanostructures [14], (b)
alloying and dealloying [15], and (c) electrodeposition with template [16]. For nanostructured metal oxide
material synthesis, wet chemical methods such as the sol-gel process [17], hydrothermal growth [18] and
electro- [19] or elecroless [20] plating are widely applied owing to their relatively simple procedures and
mild experimental conditions compared to others that require high vacuum, high temperature, complex
processes and expensive facilities such as chemical/physical vapor deposition (C/PVD) [21]. Researchers
have found that by adjusting the synthesis parameters, reaction process kinetics can be tuned to achieve
different nanostructures. Furthermore, sacrificial templates could be used to obtain specific morphologies.
For example, metal oxide nanoparticles and films with nanoporous networks can be synthesized by thermal
treatment of a precursor formed by a sol-gel process [22]; it was also reported that several metal oxide
nanowires and nanorods could be synthesized by hydrothermal growth in aqueous solutions [9]; more
straightforward, electro(less)plating with a template such as anodic aluminum oxide (AAO) is a common
synthesis strategy for metal and metal oxide nanowire [23]. These achievements in material research enable
the sensors to have a low detection limit, high sensitivity and good stability that rival conventional chemical
analysis methods but are superior in terms of simple and fast detection.
On the other hand, to fulfill the requirements for in-time and on-site monitoring, early warning and tracking
in large area, a large number of sensors must be deployed on site under different conditions and designed
to communicate wirelessly to form the sensor network. However, in wilderness or aquatic environments
where a sensor network is applied, it is ideal to minimize the frequency of maintenance requirements such
as replacement of batteries. Therefore, power supply for long-term detection becomes a challenge. In recent
years, with the development of microelectromechanical system (MEMS) technology, shrinking the size of
the sensor configuration has become an attractive and effective strategy to reduce power consumption and
provide a reliable package that greatly enhances the sensor’s lifetime.
3

However, the separate development in material science and device configuration has led to a technological
gap in which the nanomaterials’ excellent qualities are not fully utilized in micromachined sensors. Only
limited success of device integration but with high cost and a complex process has been reported [24, 25].
In these works, the procedure is mostly “synthesis first and then integration,” which involves additional
steps for transferring synthesized materials onto preexisting electrode patterns. During the procedure,
misalignment issues as well as contamination must be addressed to avoid degradation of microdevice
performance. Moreover, the integration process is often labor-intensive and time consuming. With these
limitations, the advantages of nanomaterials’ qualities are counterbalanced.
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Figure 2 Schematic (a) and actual setup (b), (c) of electroplating process.
Therefore, the primary objective of this dissertation is to validate a pathway to bridge the gap by developing
novel microdevice integration methods for nanoscale materials. Specifically, this work focuses on
developing integration methods for environmental microsensors utilizing metals and metal oxides with
5

various nanoscale structures generated by an electroplating process and posttreatments. Compared to other
metal deposition methods such as C/PVD that require a high vacuum environment, electroplating is a
relatively simple wet chemical process that can be performed in an electrolyte solution with inexpensive
equipment. The commonly used setup is shown by the schematic in Figure 2. Usually, the object to be
plated works as a cathode and is maintained at a negative potential. For an anode, there are various choices
of materials [26]. In some cases, the anode is an electrochemical soluble metal plate which is same to the
one to be plated on the cathode. Both anode and cathode are immersed in the electrolyte solution consisted
of one or several dissolved metal salts and sometimes other additives for buffering and tuning the electrolyte
solution’s conductivity. During the electroplating process, the metal ions to be electroplated are reduced at
the electrolyte and cathode interface. The metal electroplating rate at cathode surface is equal to the
dissolving rate of anode, which is determined by the applied current density. In this way, the continuous
dissolution of anode maintains the metal ions concentration in the electrolyte at a steady level [26]. In other
cases, noble, insoluble metals such as platinum are used as a non-consumable anode. In these situations,
ions of the metal to be electroplated will be depleted after a period of electroplating and must be replenished
to assure the quality. This may be more economical when the metal salts are much cheaper than the metal
itself.
For microsensor fabrication, the electroplating process is often performed on a silicon wafer as a plating
substrate. Starting with a high-quality metallic seed layer deposited by electron beam (e-beam) or thermal
evaporation, a photoresist (PR) is spin-coated and patterned by photolithography. The patterned opening is
used as a plating mold. This plating condition and the posttreatments influence the uniformity, morphology
and composition of the deposited layer. Thus, the optimization of the electroplating and posttreatment
conditions for successful microsensor application are developed and characterized in this dissertation.
In this dissertation, we developed and validated the methods based on electroplating techniques for in-situ
formation of nanostructured Co and Co alloy electrode without involving any extra transferring process in
6

Chapter two to Chapter four. Compared with previous work, the effort in involving nanostructures and
using different test methodology in our work improved the sensor’s performance in interference, limit of
detection and stability. In Chapter five, we developed a new method for in-situ formation of CuO nanowires
by a simple oxidation process of electroplated Cu pattern. With this method, multiple CuO nanowire
bridged interdigitated electrode was fabricated without any transferring process and was successfully
applied for flammable gas sensing at room temperature with low power consumption.
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CHAPTER TWO: NANOFIBROUS CO ELECTRODES FABRICATED BY
ELECTROPLATING AND DEALLOYING
2.1 Introduction

Figure 3 Phosphate cycle in the environmental system.
Phosphate plays a very important role in inorganic chemistry, biology chemistry and geological chemistry.
It is one of the natural ingredients in almost all food and is widely applied as food additive [27]. This is
because phosphate is an indispensable component and one of the most important electrolytes of all living
organisms [28]. Therefore, in addition to application in food, phosphate is also widely used as fertilizer in
agriculture [29]. In addition, phosphate has been applied as buffer solution in scientific research [30] and
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as a binding agent in cement [31] and fire-proof materials [32]. All these demands have greatly promoted
the mining and usage of phosphate.
However, owing to inappropriate over-mining and fertilization, phosphate is not efficiently consumed but
leaks into natural water system through various routes in the phosphate cycle (Figure 3), leading to an
accumulation of phosphate. Several serious environmental problems such as eutrophication and harmful
algae blooms (HABs) that disrupt aquatic life cycles is mainly resulted by an increased phosphate
concentration [33] in natural water systems. Moreover, it is hypothesized that the main reason of biodeterioration of archaeological sites is phosphate enhanced over growth of cyanobacterial biofilms [34]. To
solve and predict possibility of these issues, phosphate sensors for on-site and in-time measuring of exact
phosphate levels are highly demanded [35]. Moreover, phosphate level determination methods can be
further extended to clinical diagnosis [36, 37].
Based on the previously mentioned demands, several analytical methods have been developed such as
spectrophotometry [38], chromatography [39], optical fluorescence- [40] and colorimetry- [41] based
sensing, and electrochemical analysis [42] to measure the phosphate level in industrial, natural water and
biological samples. Among these methods, spectrophotometric methods are limited for on-site detection
involving complex facilities, extra agents, and extraction processes, whereas electrochemical analysis
showed advantages in detection selectivity, stability and sensitivity. Further, electrochemical analysis
methods are compatible with miniaturization and operation simplicity. Some prototype of electrochemical
microsensors with simplified test procedures and fast response have already been developed, showing a
great potential in on-site and in-time measurement [43]. Some commonly used electrochemical detection
process and mechanism are summarized as follows:
•

With an inert membrane such as polyvinyl chloride (PVC) membrane, the phosphate ion is first
extracted into it from the sample solution and a steady potential is built up across the membrane.
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By measuring this potential, the exact level of phosphate concentration can be determined through
a calibration process. Some techniques such as chemically modified field-effect transistors
(CHEMFETs) and ion-selective electrodes (ISEs) were developed based on this concept [44].
•

According to the coordination chemistry, the complex formation between the redox-active host and
phosphate ion involves a charge transfer process which can generate a current/potential
perturbation response. This response can be measured as an amperometric/potentiometric signal
whose intensity is correlated to the phosphate concentration [45].

•

For some specific phosphate salts such as molybdophosphates, the electroluminescence
phenomenon when binding with certain dyes such as rhodamine can be utilized for phosphate
detection [46].

•

Under a constant applied potential, the phosphate adsorption on a ITO (indium-tin oxide) electrode
modulates the transmittance of the electrode. This optoelectrochemical response by measuring the
transmitting light intensity was applied for phosphate concentration determination [47].

•

During the oxidation process of glucose on a catalytic electrode, the presence of phosphate can
result in a reduction of the catalytic current and the reduction magnitude is related to the phosphate
concentration. This is applied as an indirect method for phosphate measurement [48].

•

On the self-assembled monolayers of thiols modified gold electrode surface, the blocking kinetics
in ferrocyanide electron transfer process induced by phosphate ions provides a pathway to measure
the phosphate concentration [49].

•

The voltammetric ion transfer process of phosphate ion facilitated by ionophore at two immiscible
electrolyte interface can be utilized as a potentiometric detection method of phosphate [50].

•

By modifying the electrode surface with phosphate sensitive enzymes, phosphate concentration can
be determined based on the change of the electrode electrochemical properties [51].
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•

With the presence of phosphate ions, the conductivity of certain chromogenic conductive polymers
changes upon the increasing of phosphate concentration [52]. This can be utilized as a
conductometric method for phosphate detection.

Considering the main technique, electroplating, used in this work, the developed method is focused on
potentiometric metal sensors. Various species of metals [53-57] have been studied and used as sensing
materials in the past. Among these efforts, an ISE based on cobalt (Co)/cobalt oxide (CoO) was
demonstrated with some success in phosphate detection [58-60] in soil extraction [61], which indicates that
a Co electrode can be applied for selective detection of phosphate in an aqueous solution. However, there
still exist technical challenges such as complex fabrication processes, instability, and severe ion and oxygen
interference for practical implementations.
Therefore, the objective in this work was developing a high-quality microsensor with a well-defined
configuration based on in-situ electroplating of nanostructured cobalt, which is expected to have better
performance such as faster response, increased stability and detection limit owing to the increased specific
surface area. To achieve this, we proposed in-situ electroplating of a layer of Co-Cu alloy film on a
micropatterned electrode surface and then obtained a nanostructured Co electrode through dealloying
copper (Cu). Similar approaches using binary alloys have been studied to obtain nanoporous metal film
synthesis for sensor applications [62]. The basic mechanism of the nanostructure is shown in Figure 4: a
layer of binary alloy consisting of metals A and B is first synthesized on the substrate through a specified
process route (e.g., thermal treatment [63] and co-electrodeposition [64]), then an agent [63] or
electrochemical process [64] is chosen according to the chemical activity for selectively dealloying one
metal component from the alloy layer. Therefore, the nanostructure after dealloying is directly dependent
on the phase structure in the alloy.
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Figure 4 The mechanism of nanostructure formation by selectively dealloying a binary alloy.
According to the Co-Cu binary alloy phase diagram [65], Co and Cu are completely miscible at low
temperature, which makes pulsed electroplating (PEP) suitable for depositing the alloy in a wide
concentration range. According to the research on the PEP process of Co-Cu [66], the microstructures of
the alloy are closely related to the electroplating parameters, like electroplating bath constitution, current
density, and duty cycle. In the electroplating bath solution, Cu2+ and Co2+ ions coexist so that during the
pulse-on time, Co and Cu are deposited onto the substrate spontaneously. In addition to the depositing
process, a displacement reaction between Cu ions and deposited Co during the pulse-off time also affects
the content and morphology. Under both the effects of the electroplating process and displacement reaction,
a Co-Cu alloy with a nanostructure is deposited onto the substrate. After dealloying the Cu portion, only
nanostructured Co is left.

2.2 Fabrication
The sensor integration with a nanostructured Co electrode was achieved by a three-step fabrication process:
photolithography, electroplating, and dealloying.
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Figure 5 Sensor electrode layer fabrication process: (a) Au/Ti seed layer deposition; (b) photoresist
patterning; (c) Co-Cu alloy electroplating; (d) photoresist stripping, (e)-(h) electrode patterning
and (i) dealloying of Cu to form a nanofibrous electrode layer.
2.2.1 Photolithography
Starting from a 3-inch thermally oxidized silicon wafer, a Au/Ti thin film was deposited on the wafer
surface as a seed layer (Figure 5 (a)). Microposit S1813 (Shipley Co.) photoresist (PR) was applied and
spin-coated at 3,000 rpm for 30 s and baked at 105 ℃ for 180 s, subsequently. The substrate was exposed
to UV (I-line) using an aligner (EVG 620) for 8 s with a soft-contact (~10 m gap). The exposed substrate
was then soaked in developer (MIF CD-26, Shipley Co.) for 40 s. After rinsing the substrate, photo-defined
patterns were inspected under a microscope. Finally, the substrate was hard-baked at 105 ℃ for 10 min
(Figure 5 (b)). A similar photolithography process was applied for electrode contact patterning (Figure 5
(e)-(h)).
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2.2.2 Electroplating and Dealloying
As shown in Figure 5 (c), electroplating of Co-Cu alloy was conducted within an exposed area patterned
by photolithography. The current density was set as 75 mA/cm2 and duty cycle as 0.2 (ton=2ms). The bath
solution consisted of 0.7 M CoSO4·7H2O, 0.025 M CuSO4·5H2O, 0.18 M Na3C6H5O7·2H2O, and 1/50 part
of saccharin. Citrate was used as a complexing agent to plate a smooth deposit through leveling action.
Saccharin was used as a wetting agent so that hydrogen bubbles produced during plating did not stick to
the substrate surface, eliminating the formation of pits. After electroplating for 10 min, a layer of alloy
approximately 1.7 µm thick was deposited. The PR was then stripped, and another PR patterning was used
for a connection line and a contact pad. After the contact pad was formed, a selective Cu etchant (250 ml
aqueous solution containing 4 g of CuSO4 5H2O + 100 ml of NH4OH) was used to dealloy Cu in the alloy
so that only nanofibrous cobalt was left.

2.3 Test
2.3.1 Composition and Morphology
To characterize the fabrication process and sensor performance, sensor electrodes before selective etching
as well as after selective etching and a pure cobalt electrode were prepared. Surface compositions and
morphologies were analyzed using energy dispersive spectrometry (EDS) and scanning electron
microscopy (SEM).
After comparing the surface morphologies, we adjusted the plating time, etching time and current density
to obtain optimized results.
2.3.2 Phosphate Sensing
The phosphate sensor electrodes were tested with standard KH2PO4 solutions with concentrations ranging
from 10-5 M to 10-2 M at room temperature (23 °C). The pH was adjusted to 7.5 using potassium hydroxide
(KOH) and hydrogen chloride (HCl).
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Figure 6 A schematic diagram of potentiometric test setup.
The fabricated phosphate sensor chip was connected with a reference electrode (Ag/AgCl). Before testing,
the sensor chips were immersed in deionized (DI) water as pretreatment for approximately 24 h to form a
cobalt oxide (CoO) layer on the electrode surface. Both electrodes were then immersed in the 10-4 M
phosphate standard solution under stirring condition until a steady potential was achieved. Figure 6 shows
the experimental setup for polarization and calibration. The potential between the sensor and reference
electrode was monitored by a multimeter (UNISENSE).
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2.4 Results and Discussion
2.4.1 Fabrication Results

Figure 7 (a) Schematic view (before and after packaging) and (b) real view of the fabricated sensor
chip.
As Figure 7 (a) shows, the sensor consists of an electrode, a connection line, and a contact pad. The
electrode is designed in a circular shape with a diameter of 4 mm. With a fabricated sensor chip (Figure 7
(b)), a silver paste was used to connect the chip to a printed circuit board (PCB) carrier. The whole chip
except the electrode area was encapsulated with epoxy for insulation from a test solution.

16

Figure 8 shows the EDS analysis result, which presents the Cu composition on the sensor electrode surface
before and after the dealloying process.

Figure 8 Cu composition comparison on the electrode surface: before (a) and after (b) dealloying
process.
The amount of Cu in the alloy decreased after the electrode was dealloyed for some time as expected. To
increase the surface area, Cu must be dealloyed from the alloy. However, an excessive dealloying time
caused the electrode to peel from the substrate. Based on this observation, the proper dealloying time was
set at approximately 10 s.
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Figure 9 Surface morphology of nanofibrous Co electrode. (a) before etching and (b) after etching.
The electrodes fabricated with 75 mA/cm2 current density and 10 s dealloying time were observed with
SEM to obtain details about the surface morphology. In Figure 9, two electrodes were fabricated with 75
mA/cm2 current density in the same bath solution. SEM images showed clearly that the electrode before
dealloying has a smooth surface. After the dealloying process, the Co sensing surface area increased with
increasingly nanofibrous textures. During the electroplating process, Co and Cu were co-electroplated to
form the alloy with a smooth surface, and the selective etching successfully removed Cu from the alloy,
leaving behind Co with nanofibrous textures.
2.4.2 Sensor Functions
To characterize the working range of the developed sensor, we prepared KH2PO4 solutions with
concentrations ranging from 10-5 M to 10-2 M. The nanofibrous Co electrode was used as a working
electrode. According to the theory of electrochemistry, the potential (mV) measured on the electrode is
governed by the Nernst equation [59]:
RT

Ecell =E0 + nF ln(Keq )

(1)
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where Ecell is the measured potential, E0 is the standard potential for the whole cell reaction, R is the
universal gas constant, F is the Faraday constant, Keq is the reaction quotient, and n is the number of moles
of electrons transferred in the cell reaction. At room temperature (298 K), RT/F can be replaced with 25.693
mV. By changing the natural logarithm to the base 10 logarithm, we obtain
Ecell =E0 +

0.5916V
log10 (Keq )
n

(2)

where the potential is decided by the reaction quotient Keq.
When the Co sensor electrode is immersed in DI water, the baseline potential is developed based on
[CoO]2

Keq = [𝐂𝐨]2 [O

(3)

2]

When phosphate is present in the water, it will combine with CoO, and a new balance will be reached. The
reaction quotient for the new equilibrium is
Keq =

[OH- ]8 [Co3 (PO4 )2 ]2

(4)

[𝐂𝐨]6 [O2 ]3 [𝑯𝟐 PO-4 ]4

At a fixed stirring speed and pH, every factor except the concentration of H2PO4- can be considered as
constant, so we can expect a shifted potential in the form of
E=E0 +mlog([a])

(5)

where m is the slope and a is the activity of the measured ion species. For estimation, the solution is assumed
as an ideal solution and the activity directly reflects the concentration. Therefore, we expect a linear relation
between electrode potential and log[KH2PO4].
Figure 10 shows measured potential as a function of logarithm of phosphate concentration. The test result
shows that this nanofibrous electrode performed as the Nernst equation describes.
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Figure 10 Sensor responses as a function of logarithm of phosphate concentration and signal
shifting after being used several times.
The sensing mechanism (Figure 11) proposed by Xiao et al. ) is based on the formation of the
nonstoichiometric compound Col-δO formation on the Co surface [57]. It is assumed that the Co2+ (□)
cavities in the Col-δO layer, serving as the host, has a preference to accept H2PO4- as guest. This is
considered as the key process in the sensor’s response to phosphate ions.
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Figure 11 Col-δO structure. The charge balance is achieved by replacing Co2+ (□) by two Co3+ in its
neighborhood.
The nonstoichiometric oxide of Col-δO can also have a potentiometric response to the O2 partial pressure,
which is considered as interference to phosphate sensing. The mechanism of the oxygen interference was
considered as (1) the adsorption of an oxygen atom at the surface, (2) two of the nearby Co2+ being oxidized
to Co3+ while the oxygen atom being reduced to O2-, and (3) Co2+ diffusing from the inner to the surface,
leaving a hole (□). This proposed a mechanism for the oxygen interference on the Co potentiometric sensor
and pointed out the key role of CoO membrane in phosphate sensing.
Based on Xiao et al.’s work, Ravi K. et al. proposed a “mix potential response” mechanism to discuss and
describe the effect of pH and dissolved oxygen on the Co electrode response [67]. The phosphate sensing
mechanism is postulated to be a two-step process: 1) the formation of oxide film, which can be presented
with two half-cell reactions (Equations (6) and (7)) and 2) the reaction between phosphate and the cobalt
oxide (Equations (8), (9), or (10) depending on the pH of the solution):
2Co + 2H2O ↔ 2CoO + 4H+ + 4e-

(6)

O2 + 4H+ + 4e- ↔ 2H2O

(7)
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When the sensor is immersed in the solution containing phosphate, cobalt phosphate is formed on the
electrode surface:
3CoO+2H2PO4-+2H+ ↔ Co3(PO4)2+3H2O (at pH 4.0)

(8)

3CoO+2H2PO42-+H2O ↔ Co3(PO4)2+4OH- (at pH 8.0)

(9)

3CoO+2PO43-+3H2O ↔ Co3(PO4)2+6OH- (at pH 11.0)

(10)

These reactions give a potential output related to the logarithm of the phosphate concentration based on the
description of the Nernst equation. Therefore, according to the proposed mechanism, the potentiometric
response of phosphate ions and the oxygen interference are highly dependent on the sample pH value and
the oxygen concentration determined by the stirring rate. The mechanism previously proposed by Xiao et
al. failed to explain such behavior.
Ravi K. et al.’s work describes the notion that Co electrodes respond to different phosphate species under
different pH. However, this proposed mechanism has several limitations: 1) this mechanism ignored that
all phosphate species co-existed with different ratios in solutions with different pH. Therefore, the electrode
was not responding to a single species but all of them, which is a mixed response in reality; 2) in the
proposed mechanism reactions, the ratio of CoO to phosphate is constant at 3:2, which indicates a constant
EMF sensitivity: ~20 mV/decade. However, the observed phenomenon is ~60 mV/decade at pH 4.0, ~40
mV/decade at pH 7.5 and ~20 mV/decade at pH 12. Therefore, the actual mixed potential response
mechanism is more complex; the Co electrode has different sensitivities to different phosphate species. This
is discussed and analyzed in this dissertation work.
To understand the electrochemical behavior of a Co electrode in aqueous solution, we must determine
details about the reaction processes. Because Co electrode pretreatment in water to form a CoO layer is a
key process, we start from the Co behavior in water [68].
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Figure 12 presents the E–pH diagram for Co at a soluble compound concentration of 10−1.0 M. No
complexing agents other than OH− or HOH and no species that would produce insoluble compounds are
present [69].

Figure 12 E-pH diagram for Co species. Soluble species concentrations (except H+) =10-1.0 M.
Soluble species and most solids are hydrate. No agents producing complexes or insoluble
compounds are present other than HOH and OH- [69].
From this diagram, we can state that the electrochemical behavior of cobalt in aqueous solutions is
determined by the composition and pH value. By connecting a Co electrode to a Ag/AgCl reference
electrode, the Co electrode behavior was studied by the potential signal. The open-circuit potential of cobalt
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electrodes was recorded in aqueous solutions covering the pH range of 1–13 [68]. The results reveal that
the electrochemical behavior of cobalt in alkaline solutions is different from that in acidic or neutral
solutions. In acidic solutions (pH 1–6), the open-circuit potential is a constant value depended on the
solution pH and becomes more negative as pH increases. In neutral solutions (pH 7), the open-circuit
potential reaches its steady state in less than 15 min. In basic solutions (pH 13), the open-circuit potential
shows two arrests. The first occurs at a steady value of approximately -800 mV, which extends over 70 min
and jumps to the second arrest that occurs at a more positive steady value and extends over more than 5 h.
The results show clearly that the cobalt electrode undergoes a steady corrosion process in acidic solutions
and there is a linear relation between the electrode potential and the solution pH [68]. Such a linear function
can be represented as
ESS=a – b×pH

(11)

where a is the steady-state potential at pH 0 and b is the slope of the linear relationship. The value of a was
found to be equal to -240 mV. The slope of the linear relation is equal to -33 mV per pH unit. According to
the E–pH diagram, a value of approximately -30 mV/decade for slope b suggests that the corrosion process
of Co in acidic solutions up to pH 6 is an electrochemical process that can be represented by
Co → Co2++2e-

(12)

Researchers also performed X-ray photoelectron survey (XPS) spectra and depth profiling to study the Co
electrode behavior. A mechanism for the pretreatment of a Co electrode in aqueous solution under different
pH was proposed.
According to the E–pH diagram, the presence and thickening of the passive film, occurring in neutral or
basic solutions, which are confirmed by XPS, can be attributed to the formation of a duplex film on the
electrode surface according to different mechanisms:
Co+H2O → Co(H2O)ads

(13)
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Co(H2O) → Co(OH)++H++2e-

(14)

The sequence of the reactions depends on the pH of the solution:
In acidic solutions,
Co(OH)++H+ → Co2++H2O

(15)

and continuous dissolution of cobalt or its passive film occurs, which leads to the high rate corrosion of Co.
In neutral solutions,
Co(OH)++H2O → Co(OH)2+ H+

(16)

Co(OH)2 → CoO+ H2O

(17)

In this case, the passive film is stabilized, and a relative smaller rate of corrosion of the cobalt is recorded.
In alkaline solutions,
Co(OH)++OH- → Co(OH)2

(18)

Co(OH)2+ OH- →CoOOH+H2O+2e-

(19)

3CoO+2OH- → Co3O4+H2O+2e-

(20)

The formation of either CoOOH or Co3O4 stabilizes of the passive film and generates another layer on top
of the original CoO passive film. The formation of Co(OH)2 on the cobalt surface in basic solutions was
confirmed by Bewick et al. by in-situ infrared (IR) spectroscopic investigations of the passive oxide film
on cobalt. These authors have identified peaks corresponding to the oxidation of Co(OH)2 into Co(III). This
explains the change in the characteristics of the passive film recorded by the electrochemical experiments
and the XPS measurements in basic solutions.
Therefore, the recommended pretreatment of a Co electrode to obtain CoO film is neutral condition. After
the pretreatment process is complete, the Co electrode is applied for phosphate sensing under different pH
to characterize electrode performance.
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According to Equation (12), the potential signal arises from the oxidation of Co into Co2+. The presence of
H+ and phosphate shift the oxidation process that changes the potential signal, which indicates the
concentration of H+ and phosphate.
In contrast to the mechanism proposed in Equations (6)–(10), we propose another mechanism based on
Xiao et al.’s mechanism that the CoO film serves as a “solid electrolyte” consisting of Co2+ and O2- ions
that maintains a steady concentration zone of Co2+ and O2- (Figure 13). Ions in solution diffuse into CoO
film affecting the concentration of Co2+ and O2- to yield the potential signal. Without a CoO film on the
surface, the Co2+ ion concentration will be easily affected by solution conditions such that a stable signal
cannot be achieved.

Figure 13 CoO film on the electrode surface.
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However, the difference in the electrode’s sensitivity under various pH is not explained. According to
Equation (11), we expect that the response curve of phosphate concentration is shifted without changing
the slope (sensitivity). However, in the actual experiment, both the intercept and slope of the curve are
shifted. According to the “mixed potential response” mentioned before, we can assume that the Co electrode
has different sensitivity to different phosphate species and the concentration distribution of phosphate
species under different pH conditions is different. The final potential response is a weighted function of the
sensitivities of all phosphate species.
For phosphate, Ka1=7.11*10-3, Ka2=6.28*10-8, Ka3=4.5*10-13. By using pure KH2PO4 to prepare phosphate
solutions, the fractions of different phosphate species (H2PO4-, HPO42- and PO43-) under various pH are
shown in Figure 14.

Figure 14 Distribution of phosphate species in varying pH conditions.
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We can see that below pH 12, the concentration of PO43- is negligible. Therefore, H2PO4- and HPO42- are
the main contributing species to the potential response. Here, we propose the responding mechanism in the
CoO “solid electrolyte” film as
Co2++2H2PO4- → Co(H2PO4)2

(21)

Co2++HPO42- → Co(HPO4)

(22)

3Co2++2PO43- → Co3(PO4)2

(23)

where the phosphate ions fall into oxygen cavities in CoO film and are subject to a charge balance.
According to the Nernst equation, Equation (21) has sensitivity of ~60 mV/decade to H2PO4-, Equation (22)
has ~30 mV/decade to HPO42-, and Equation (23) has ~20 mV/decade to PO43-. Combining the weighted
function of mixed potential response, we obtain
Sensitivity=60×(%H2PO4-)+30×(%HPO42-)+20×(%PO43-)[mV/decade]

(24)

According Equation (24), the sensitivity–pH diagram is plotted in Figure 15, which is consistent with the
current experimental results.
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Figure 15 Sensitivity–pH diagram.
It is hypothesized that even by adding pure KH2PO4 only, the percentage of phosphate species and electrode
sensitivities are greatly influenced by various pH conditions. In Figure 15, there are two “plateau” regions
in which the Co electrode has a good resistance to pH fluctuations. However, for actual application of a
sensor in a natural water body whose pH value falls within 6–8, special attention to the water pH value
must be paid. Small fluctuation of the pH value will have a large impact on the electrode’s sensitivity,
which limits the repeatability of phosphate sensors.
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CHAPTER THREE: NANOPOROUS CO-CU ELECTRODES
FABRICATED BY POROUS TEMPLATE-BASED ELECTROPLATING
(PORTE)
3.1 Introduction
In previous work, nanofibrous Co electrodes were fabricate by PEP of Cu-Co alloy and selective dealloying
of Cu for phosphate sensing. However, this revealed that potentiometric Co electrodes suffer from pH
fluctuations and oxygen interference, which limits its applications in real environment. Alloying another
metal element inert to phosphate could stabilize the sensor electrode by affecting the redox reaction and
reducing the overactivity of Co [70]. However, oxygen interference still exists in potentiometric
measurements; here, we seek to employ an amperometric sensor by shifting the electrode surface redox
reaction to eliminate oxygen interference. We designed and fabricated a textured amperometric Co-Cu
microelectrode using PEP with a sacrificial glass fiber paper template and characterized the sensor for in
situ phosphate monitoring.

3.2 Fabrication
3.2.1 Photolithography
As shown in Figure 16, starting from a 3-inch wet thermally oxidized silicon wafer, a Au/Ti thin film was
deposited by thermal evaporation as a seed layer. Microposit S1813 (Shipley Co.) photoresist (PR) was
then applied and spin-coated at 3,000 rpm for 30 s and baked at 105 ℃ for 180 s. After the substrate was
exposed to UV (I-line) using an aligner (EVG 620) for 8 s with a soft-contact mode, the exposed substrate
was processed in a developer (MIF CD-26, Shipley Co.) for 40 s. After rinsing the substrate, photo-defined
patterns were inspected under a microscope. The substrate was then hard-baked at 105 ℃ for 10 min. Finally,
the wafer was immersed in Au and Ti etchant for electrode patterning. The finished sensor consists of an
electrode, a connection line, and a contact pad. The electrode is designed in a circular shape with a diameter
of 4 mm.
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Figure 16 Photolithography process.
3.2.2 Pulsed Electroplating
Fibrous glass filter paper (Fisherbrand, 09-804-142H) was attached to the patterned Au electrode surface
and fixed by two glass plates (Figure 17 (a), (b)). As depicted in Figure 17 (c), one end of glass fiber paper
was dipped in electrolyte consisting of 0.7 M CoSO4·7H2O, 0.025 M CuSO4·5H2O. While the paper was
entirely soaked, a pulsed potential was applied with a pulsed power supply (DUPR 10-1-3, Dynatronix)
(Figure 17 (d)). The constant potential was set as 1.3 V with a duty cycle of 0.5 (ton=5 ms). After
electroplating for 6 h, the layer of Cu-Co alloy was deposited into the glass fiber filter paper. Finally, the
electrode was immerged into buffered oxide etchant (BOE) for 5 min to thoroughly remove glass fiber so
that the nonporous electrode could be exposed.
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Figure 17 Co-Cu electrode electroplating process with glass fiber filter paper as sacrificial template
[71].

3.3 Test
3.3.1 Composition and Morphology
Textured and planar electrodes were prepared as a reference working electrodes for comparative study.
Electrode compositions and morphologies were characterized using EDS and SEM.
3.3.2 Phosphate Sensing
The developed phosphate sensor electrodes were characterized using standard KH2PO4 solutions ranging
from 10-2 to 10-6 M at 23 °C. Twenty-five millimolar potassium hydrogen phthalate (KHP) was used as a
buffer solution at pH 4.0.
As a pretreatment, the newly fabricated phosphate sensor chips were immersed into DI water for 24 h to
form a CoO layer on the electrode surface. The sensor chips were then connected with a Ag/AgCl reference
electrode (Microelectrodes Inc.) and placed in a 10-4 M phosphate standard solution under stirred condition
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until a stable potential was achieved. The same experimental setup shown in Figure 6 was applied for
polarization and calibration. The potential or current between the two electrodes was monitored by a
multimeter (UNISENSE A/S).

3.4 Results and Discussion
3.4.1 Sensor Fabrication
The EDS analysis showed that the electrode consists of Cu-Co (rich) alloy (Figure 18).
Here, Cu was applied to stabilize the sensor electrode by affecting the redox reaction and reducing the
overactivity of Co. Although the Cu content was relatively low, the amount of Cu, as a phosphate inert
element, may be independent on phosphate measurements. As shown in Figure 18, the Co-Cu alloy
electrode showed a Co-rich composition, expecting high sensitivity toward phosphate ions.

Figure 18 EDS test results for the electrode composition of the developed phosphate sensor before
pretreatment [71].
During the electroplating process, Co and Cu were co-electroplated to form the Co-Cu alloy. The SEM
image (Figure 19 (a)) shows that a smoother surface was obtained without the glass fiber template. It
appears that the small particles on the surface resulted from the formation of oxides. On the other hand, an
electrode film with rough surface and nanopores and trenches was obtained from the fabrication process
where glass filter paper was applied as template (Figure 19 (b), (c)). Compared with the smooth surface,
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the nanoporous structure increased the sensor electrode’s specific surface area, which provides more
reaction sites for detection of low-concentration phosphate.

Figure 19 Co-Cu electrodes: (a) surface morphology without template and (b), (c) surface
morphology and cross section view after selective etching of glass fiber template.
34

3.4.2 Sensor Functions and Phosphate Detection
In potentiometric tests, the Co-Cu electrode fabricated with glass fiber as template responded immediately
(< 30 s) when phosphate was present with a sensitivity of 34 mV/decade. Figure 20 shows measured
potentials as a function of the logarithm of phosphate concentration. The calibration curve shows that this
nanofibrous electrode performed linearly as the Nernst equation describes. As a control sample, the planar
Co-Cu sensor electrode fabricated without template was also tested. It was demonstrated that the
nanoporous surface improved the working range of the sensor as well as its detection limit.

Figure 20 Sensor responses as a function of phosphate concentration [71].
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However, dissolved oxygen (O2) in solution will shift the potentiometric response to phosphate, as indicated
by Equation (9), which can lead to inaccurate detection and requires oxygen measurements for additional
interpretation. Therefore, the sensor operation mode was changed to amperometry to investigate the effect
of shifting the electrode surface redox reaction on eliminating oxygen interference.
CV tests were conducted in solutions with different concentrations of phosphate and oxygen-saturated and
deoxygenated 10-2 M phosphate solutions. The CV results show an obvious reduction peak at -1.1 V and
an oxidation peak at -0.3 V with different peak currents according to phosphate concentration (Figure 21
(a)). In addition, the CV curves show that applied potentials below -300 mV vs. Ag/AgCl experience
oxygen interference, whereas applied potentials above -300 mV have no oxygen interference (Figure 21(b)).
The chloride (Cl-) and sulfate (SO42-) ion interferences of the fabricated sensor electrode were characterized
by a CV test as shown in Figure 22. As discussed in the previous chapter, the phosphate sensing behavior
arises from oxidation of Co; therefore, the calibration curves were created and compared at applied
potentials above -300 mV, and the amperometric signals at -250 mV were found to have a good linear
response to different phosphate concentrations with stable sensitivity and suppression of oxygen
interference (Figure 23).
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Figure 21 CV tests under different phosphate concentrations (a) and air saturated and
deoxygenated conditions (b) [71].

Figure 22 Characterization of (a) Cl- and (b)SO42- ion interferences of fabricated sensor electrode.
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Figure 23 Co-Cu phosphate sensor amperometric response to various phosphate concentrations
(0% vs. 21% O2) [71].
The electrochemical reactions on the Co electrode surface are complex and involve several ion species,
contributing to overall signals. To simplify the calculation process, only key reactions are discussed here.
For the potentiometric method, a working (sensing) electrode and a reference electrode are connected to
form a cell, and open-circuit potential is measured; that is, no external potential is applied to the sensor
electrode, and no current flows in the cell after equilibrium is achieved on the electrode surface. However,
under this condition, some interference reactions also occur on the electrode surface.
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In contrast to the potentiometric method, an external potential is applied between the sensor and reference
electrode, by which the electron energy on the sensor electrode is adjusted so that some surface reactions
can be promoted or depressed according to the application requirements.
In the case of the Co electrode, the reduction of oxygen on the electrode surface is treated as interference
that must be depressed, but the oxidation of Co into Co2+ should be promoted. The two reactions are shown
as
Co ↔ Co2++2e-

(25)

O2+4e- ↔ 2O2-

(26)

Reaction (25) is the key process that affects the concentration of Co2+ on the electrode surface for phosphate
sensing.
To simply the discussion, we start from an ideal situation in which oxygen is totally depleted in solution so
that only the phosphate species react with the sensor electrode. In the CV curve, a reduction peak around 1.1 V is observed, which means that beyond -1.1 V, the reduction current of Co2+ is negligible. Therefore,
the total current arises from the oxidation process of Co, which can be described by the Butler–Volmer
equation [72]:
i=FAk0[CO(0, t)e-af(E-E0)-CR(0,t)e(1-a)f(E-E0)]

(27)

where a, n, F, A, k0, R, and T represent the transfer coefficient, number of electrons, Faraday constant, area
of the electrode, rate constant, gas constant, and temperature, respectively. E is the potential applied
between the sensor and reference electrode. E0 represents the open-circuit potential between the sensor and
reference electrode when the reaction is in equilibrium.
As discussed, the reduction current is negligible, so the second term in Equation (27) can be approximated
as 0. The current response can then be described as
i=FAk0CO(0, t)e-af(E-E0)

(28)
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In this situation, a, n, F, A, k0, R, and T are constant. In addition, when the reduction current is very small
(E>-1.1 V), the reduction process of Co2+ can be neglected so that the CO(0, t) can be considered as constant
for simplification. Hence, the response to the phosphate concentration is reflected only by the shifting of
overpotential (E-E0).
If the overpotential applied between the electrodes is sufficiently small, the Butler–Volmer equation is
simplified into a linearized form (for large overpotential, Butler–Volmer is simplified to a Tafel response).
The linearized Butler–Vomer equation is
i=FAk0CO(0, t)e-af(E-E0)≈C*(E-E0)

(29)

where C* is the product of all constants.
As discussed previously in the Nernst equation, we have E0 as
E0=E*+Klog[H2PO4-]

(30)

Substituting Equation (30) into Equation (29), we have
i=C*{(E-E*)-Klog[H2PO4-]}

(31)

which indicates that in the small overpotential range, the amperometric response of the Co electrode is
linear to log[H2PO4-].
We can now consider the oxygen reduction current. According to the Butler–Volmer equation,
i=FAk0[CCo(0, t)e-a[Co]f[Co] (E-E[Co])-CO2(0,t)e(1-a[O2])f[O2](E-E[O2])]

(32)

We can see that the second term represents the oxygen reduction current based on Reaction (26). Again,
the CV test is applied to determine the region in which the second term is neglectable so that oxygen
interference is depressed.
In summary, the target overpotential region can be found in the overlapped area in which the Co electrode’s
small overpotential region and the depressed oxygen reduction region coexist. In this region, a linear current
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response to phosphate concentration with depressed oxygen interference can be expected, which is in good
agreement with the experimental results.
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CHAPTER FOUR: ZNO NANOFLAKES AS TEMPLATE FOR IN-SITU
ELECTRODEPOSITION OF NANOSTRUCTURED COBALT
ELECTRODE FOR AMPEROMETRIC PHOSPHATE SENSOR
4.1 Introduction
Based on the previous research results, we further explored and improved the Co-based phosphate sensor
electrode performance with another strategy to introduce nanostructures. Inspired by the electroplating
metal nanowires with AAO template, this work seeks to develop a novel fabrication process with in-situ
hydrothermal grown ZnO nanoflake as a template to synthesize nanostructured cobalt electrodes for
phosphate detection. Compared with AAO template, in-situ grown ZnO nanoflakes as template simplify
the fabrication process. AAO template usually must be attached to a substrate surface with fixtures and also
requires a high-pressure and -temperature experimental condition. In addition, applying the AAO template
is limited by electrolyte viscosity and dissociation of water during electroplating, which leads to blockage
of pores in AAO and causes defects in deposited metal nanowires [73].
From the improved reaction site and adsorption efficiency with increased specific surface area, it is expected
that a nanostructured cobalt electrode will have better performance compared with a bulk cobalt electrode.
In this work, we designed and fabricated a nanostructured cobalt microelectrode by electroplating with a
sacrificial ZnO nanoflake template. According to the results in [18], ZnO nanoflakes can be synthesized by
a hydrothermal method on a large area substrate in-situ and seedlessly, which was applied as a pretreatment
process to form the nanoflake template. After the cobalt (Co) electroplating, the ZnO nanoflake template
can be simply removed by diluted acid etching. With the fabricated electrode, we employed an
amperometric method to characterize the effects of the nanostructure on the sensor performance.

4.2 Fabrication
As shown in Figure 24, the fabrication process is relatively simple with four steps: hydrothermal growth of
the ZnO nanoflake template, photolithography, electroplating, and template etching.
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Figure 24 Fabrication process: (a) substrate preparation, (b) hydrothermal growth of ZnO
nanoflake template, (c) PR patterning, (d) Co electroplating, (e) PR stripping, (f) selective etching
of the ZnO nanoflake template, (g) electrode patterning, (h) PR stripping and (i) sensor chip dicing.
4.2.1 Hydrothermal Growth of ZnO Nanoflakes
The hydrothermal growth of ZnO nanoflakes is following the process and parameters in [18]. First, 0.52 g
of ZnSO4•7H2O (Fisher Scientific, Fair Lawn, NJ) was first dissolved in 90 ml of DI water (20 mM Zn2+).
Then, 3 ml of ammonia solution (28–30 wt. %) was added and stirred until all white sediment was dissolved.
A thermally oxidized silicon wafer with a Au/Ti thin film deposited was soaked into the prepared solution,
and the beaker was placed on a hotplate at 100 ℃ for 5 h. The wafer was then cleaned by DI water and
dried by a nitrogen gun (Figure 24 (a)–(b)).
4.2.2 Photolithography
With the ZnO nanoflake modified wafer, Microposit S1813 (Shipley Co.) photoresist (PR) was applied on
the wafer, which was then spin-coated at 3,000 rpm for 30 s and baked at 105 ℃ for 180 s, subsequently.
The wafer was exposed to UV (I-line) using an aligner (EVG 620) for 8 s with a soft-contact (~10 m gap).
The exposed wafer was then developed in a developer (MIF CD-26, Shipley Co.) for 35 s. After rinsing the
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substrate, photo-defined patterns were inspected under a microscope. Finally, the substrate was hard-baked
at 105 ℃ for 10 min (Figure 24 (c)).
4.2.3 Electroplating, ZnO Etching, and Electrode Patterning
The patterned wafer was used as the cathode with a Pt mesh as the anode. Both electrodes were soaked into
75 mM CoSO4 (Fisher Scientific, Fair Lawn, NJ), electrolyte and a current (i = 40 mA/cm2) was applied
between them for 300 s for cobalt film electroplating. Because ZnO can be easily etched away by acid (10
wt % HCl), no additive or acid was added into electrolyte to remain neutral and protect the ZnO nanoflake
template (Figure 24 (d)).
After the cobalt film electroplating, the PR pattern was stripped away by acetone, and the wafer was washed
by diluted acid (10 wt. % HCl) for 3 s to remove the ZnO nanoflake template. The wafer was then washed
by DI water and dried by a nitrogen gun (Figure 24 (e)–(f)).
Finally, after another photolithography process was carried out for electrode patterning, the patterned wafer
was diced into individual sensor microelectrodes for characterization (Figure 24 (g)–(i)).

4.3 Characterization
4.3.1 Cobalt Film Characterization
To characterize the fabrication process and sensor performance, sensor electrodes before and after ZnO
nanoflake template etching and a planar cobalt electrode were prepared. Surface compositions and
morphologies were analyzed using EDS and SEM.
4.3.2 Phosphate Sensing
The phosphate sensor microelectrodes were tested with standard KH2PO4 solutions (Fisher Scientific, Fair
Lawn, NJ) with concentrations ranging from 10-3 M to 10-6 M at room temperature (23 °C). The pH was
stabilized at 4.0 using 25 mM potassium hydrogen phthalate (KHP) buffer solution (Fisher Scientific, Fair
Lawn, NJ).
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A phosphate sensor microelectrode was connected with a Pt mesh as a counter electrode and a Ag/AgCl
milli-electrode (MI-401, Microelectrodes Inc.) as a reference electrode to build up a three-electrode system.
Before testing, the sensor microelectrode was conditioned in DI water for approximately 24 h to form a
CoO (cobalt oxide) layer on the electrode surface. All three electrodes were then immersed into the 10-4 M
phosphate standard solution under the stirring condition for 30 min.

4.4 Results and Discussion
4.4.1 Sensor Surface Characterization
The element species and composition (atom. %) on the sensor electrode surface before and after ZnO
nanoflake template etching are shown in Figure 25.

Figure 25 Electrode surface composition comparison: before (a) and after (b) selective etching
process [74].
The EDS analysis results with peak height and atomic weight (%) of each element showed that the zinc was
completely etched off and the amount of oxygen was significantly reduced, indicating that etching in diluted
acid for 3 s effectively removed the ZnO template from the electrode surface without affecting the cobalt
composition. Etching over a longer time (30 s) removed the cobalt film, showing that 3 s of etching time is
optimal for selective etching.
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After confirming the electrode composition using EDS, SEM characterization of the planar cobalt electrode,
ZnO nanoflake template, and cobalt electrode before and after the etching template was carried out to
observe the electrode surface morphologies and to validate the idea of using a ZnO nanoflake template to
involve the nanostructure into the cobalt electrode.

Figure 26 Surface morphology of electrode surface electroplated with 40 mA/cm2: (a) planar cobalt,
(b) hydrothermal grown ZnO nanoflake template, (c) before and (d) after selective etching of ZnO
nanoflake template [74].
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As shown in Figure 26 (a) and (d), both planar and nanostructured cobalt electrodes were electroplated with
the same current density (40 mA/cm2) and bath solution. However, they showed different morphologies
owing to the ZnO nanoflake template. By comparing Figure 26 (b) and (c), it was observed that the ZnO
nanoflake template was covered by a layer of cobalt film while maintaining the nanostructures. In addition,
during the electroplating process, the ZnO nanoflake template reduced the surface tension of the electrolyte
on the electrode surface; therefore, a low-residue stress cobalt film was electroplated without adding extra
agents and additive. The electroplated cobalt film showed good adhesion on the substrate compared to a
directly plated film, which may be easily peeled off due to residue stress in film. Figure 26 (c) and (d)
clearly demonstrated that after selective etching of ZnO nanoflake template, porous structures were formed
within the space around nanoflakes, which further enhance the specific surface area of the electrode.
4.4.2 Sensor Performance Characterization
The fabricated sensor performance was characterized by cyclic voltammetry (CV) tests with a scan rate of
50 mV/s from -1.0 V towards positive with different phosphate concentrations. Figure 27 shows the CV
test results for both planar and nanostructured cobalt electrodes. The planar and nanostructured cobalt
electrodes showed different electrochemistry responses to phosphate (KH2PO4). From the CV curve, a
constant potential (-0.2 V vs. Ag/AgCl) was chosen to read out the corresponding current response. Figure
28 (a) shows that the planar electrode’s response (µA) increased with increasing phosphate concentration,
whereas the nanostructured electrode showed a reversed trend with a noticeable oxidation peak around -0.4
V vs. Ag/AgCl when the phosphate concentration was above 10-5 M (Figure 28 (b)). No oxidation peak was
observed in the CV test with the planar electrode.
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Figure 27 CV tests under different phosphate concentrations with (a) planar Co electrode and (b)
nanostructured Co electrode under pH 4.0 (25 mM KHP buffer) condition [74].

Figure 28 Sensor response as a function of phosphate concentration with (a) planar Co electrode
and (b) nanostructured Co electrode under pH 4.0 (25 mM KHP buffer) condition [74].
The nanostructured cobalt electrode showed a linear current response at -0.2 V vs. Ag/AgCl with a smaller
deviation error than the planar electrode. The planar electrode showed greater sensitivity (-33.48 μA/decade)
in the concentration range of 10-5 to 10-3 M than the nanostructured electrode, which showed less sensitivity
(13.17 μA/decade) with increased concentration range of 10-6 to 10-3 M. This result validates that the
nanostructure enhanced the sensor’s LOD by providing more reaction sites. The difference in response and
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sensitivity can be explained by the proposed hypothesis that the dominant reaction kinetics become different
depending on the specific surface area of electrodes.
According to the E–pH diagram of cobalt [69] and research results in [68], the associated chemical reactions
on the cobalt electrode surface in relation to phosphate measurements can be explained. Before the cobalt
electrode test for phosphate detection, the electrode was immersed in DI water for approximately 24 h as
pretreatment to form a layer of CoO on the electrode surface. The process is described as Reactions (13)
and (14): the water molecules are adsorbed on the electrode surface first, and then cobalt atoms are oxidized
to form Co(OH)+ ions. Under neutral condition (pH 7.0), the Co(OH)+ ions then react with water molecules
further to form a passive CoO film on the electrode surface (Reactions (16) and (17)).
After the pretreatment, the cobalt electrode is tested in an acidic buffer (25 mM KHP, pH 4.0). Under acidic
condition, the passive CoO film is reactivated to release Co2+ ions:
CoO+H+ → Co(OH)+

(33)

Co(OH)++H+ → Co2++H2O

(34)

When the phosphate ions (H2PO4-) are present in a solution, they combine with Co2+ ions to form a layer of
Co3(PO4)2 on the electrode surface (Reactions (21)–(23)).
Therefore, phosphate detection using cobalt is possible from the cobalt electrode oxidation processes
(Equations (2), (5), (6) and (7)) in an acidic condition by combining Co2+ ions with phosphate ions in the
solution into Co3(PO4)2 on electrode surface. The passive CoO film plays an important role in the phosphate
sensing process as a medium film between cobalt and solution. It is hypothesized that the CoO film serves
as a “solid electrolyte” consisting of Co2+ and O2- ions that maintains a steady concentration zone of Co2+
and O2-. Ions (H+ and H2PO4-) in the solution will diffuse into CoO film, affecting the concentration of Co2+.
Without CoO film on the surface, the Co2+ ion concentration will be easily affected by solution conditions
in which a stable current signal is not achieved.
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To discuss the electrochemistry process on the electrode, Equations (13), (14), and (15) can be simplified
and presented as
k

Co2+ + 2e- ↔ Co

(35)
𝑘

′

following the format of 𝑂 𝑧 + 𝑛𝑒 − ↔ 𝑅 𝑧 [72]. The oxidation current signal in the CV test is the total current
arising from the electrochemical process of Co (Equation (35)), which can be described by the Butler–
Volmer equation [72] and capacitance charging process at the electrode surface:
𝑖 = 𝑖𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 − 𝑖𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

(36)

𝑖𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 = 𝐹𝐴𝑘 0 [𝐶𝑂 (0, 𝑡) exp(−𝛼𝑓(𝐸 − 𝐸0 )) − 𝐶𝑅 (0, 𝑡)exp((1 − 𝛼)𝑓(𝐸 − 𝐸0 ))]

(37)

where F, A, k0 and α represent the Faraday constant, area of the electrode, rate constant and transfer
coefficient, respectively. f = R/T, where R and T are the gas constant and temperature, respectively. The
first term in Equation (37) is the anodic current, and the second term stands for the cathodic current. CO(0,
t) is the concentration of Co2+ on an electrode surface at time t, and CR(0, t) = CCo = 1 because Co in solid
state is standard state (Co(s)). E is the potential applied between the working electrode and the reference
electrode. E0 represents the open-circuit potential between them in equilibrium.
Because CR(0, t) = CCo = 1, the cathodic current (second item in Equation (37)) is independent of any ion
concentration in solution. On the other hand, the cathode current arising from the reduction of Co2+ is
negligible in the oxidation current. Therefore, only anodic current can be discussed:
𝑖𝑎𝑛𝑜𝑑𝑖𝑐 = 𝐹𝐴𝑘 0 [𝐶𝑂 (0, 𝑡) exp(−𝛼𝑓(𝐸 − 𝐸0 ))]

(38)

This shows that the oxidation current in the CV test (Figure 27) is related to the Co2+ concentration on an
electrode surface. In the planar electrode surface, owing to the limited surface area and reaction rate,
Reactions (21)–(23) are not dominant, so the Co2+ ion concentration at the electrode surface does not change
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significantly (no oxidation peak was observed). Therefore, the CV current response for a planar electrode
reflects the change in capacitance charging current due to a change in the absorbed phosphate ion
concentration at the electrode surface.
For the nanostructured electrode, the rate of Reactions (21)–(23) is enhanced owing to an increased surface
area and resultant reaction sites. Therefore, the Co2+ ion concentration at the electrode surface is decreased
when phosphate ions are present in solution. This leads to an enhanced rate of Equations (13) and (14). This
explains the increased oxidation peak currents near -0.4 V vs. Ag/AgCl with the increased phosphate
concentrations. In this case, the change in anodic current dominates the change in capacitance charging
current so that a decrease of CV oxidation currents was observed, which responds to the increased
phosphate concentrations according to Equations (36) and (37).

4.5 Conclusion
Using the hydrothermally grown ZnO nanoflake template and electroplating methods, high-surface-area
nanostructured Co electrodes were designed and fabricated for phosphate sensing. Thin cobalt alloy films
were electroplated from an electroplating bath that contains CoSO4 only on a silicon substrate. Through
electroplating, ZnO nanoflakes were covered by a cobalt layer and were selectively etched to finalize
nanostructured cobalt electrodes. The surface compositions and morphologies were characterized using
EDS and SEM, respectively. The fabricated sensors were tested in standard KH2PO4 solutions with various
phosphate concentrations. The finished nanostructured cobalt electrode showed improved LOD (1×10−6 to
1×10−3 M) compared to the planar cobalt electrode. It is expected that the increased surface area and
relatively simple fabrication protocols would make the proposed method attractive and promising for many
environmental sensing applications. The different sensor responses observed from planar and
nanostructured sensors were explained in relation to the intermediate reaction mechanisms on electrode
surfaces.
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CHAPTER FIVE: NANOSTRUCTURED COPPER OXIDE SYNTHESIS
AND CHARACTERIZATION
5.1 Introduction
During recent decades, there has been an increasing demand and emerging market for highly sensitive gas
detection devices with various applications such as toxic/flammable gas sensors, smoke detectors and
indoor air quality monitors [75]. Considerable research effort aiming at the development of cost-effective
microsensor technologies has been undertaken to replace conventional expensive, labor-intensive and timeconsuming analytical methods such as optical spectroscopy and gas chromatography.
Among these efforts, conductometric sensors based on metal oxides have been successfully implemented
into commercial products owing to their high sensitivity, low cost and applicability to compact device
integration [76]. Current commercial sensors typically utilize oxide thick films with polycrystalline
structures, which usually work at an elevated temperature to enhance chemical reactions at the metal oxide
surface. This increases the power consumption and complexity because additional heating elements are
required.
In contrast to conventional polycrystalline metal oxide gas sensors, nanomaterial-based devices with small
feature dimensions, high area-to-volume ratio and high crystallinity have demonstrated great potential for
next-generation sensor development. Several enhanced sensor characteristics such as high sensitivity,
highly directional electron transfer ability, and low detection limit could be found [77]. Various synthesis
routes, such as chemical vapor deposition [78], chemical conversion [79], sol-gel deposition [80],
electrodeposition [81], reactive sputtering [82], spray-pyrolysis [83], and thermal oxidation [84], were
proposed to produce various nanostructures for further improving their sensing characteristics. CuO
nanowires synthesized by thermal oxidation have shown good potential for chemical sensors owing to their
high surface area/volume ratio, long-term stability associated with high crystallinity [85] and possibility for
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on-chip synthesis [86], which are advantageous for developing integrated microsensors with high
sensitivity and rapid response [87].
Metal oxide nanowire gas sensors can even obtain multi-analyte gas sensing abilities by modification of
catalytic agents, which are specific to a certain gas species. For example, catalytic metal nanoparticles
(typically Pd, Pt or Au) were applied for surface modification of multiple- [86] and single-nanowire [88]
devices, which showed improved gas sensing performance even at room temperature [89]. There have
already been some promising results showing the ability to realize a miniatured gas sensor system through
a combination of the catalytic modification approach and the use of various oxide materials. For example,
discrimination of hydrogen and carbon monoxide has been achieved by individual nanowires of different
metal oxide materials [90]. A similar result was reported in which the distinction among nitrogen dioxide,
ethanol and hydrogen was achieved by a sensor array consisting of metal oxide nanowires and single-walled
carbon nanotubes [91]. Arising from two different transduction mechanisms (nanowire channel resistance
and nanowire–nanowire junction barrier), the signal statistical variation plays a major role in the sensor
device’s discrimination power [92]. These nanowire-based gas sensors show great potential in abilities for
considerable device miniaturization and also provide novel sensing concepts based on the one-dimensional
nanostructures.
Although single-nanowire-based devices have shown better sensing performance, building reliable
electrical contacts on a single nanowire calls for complex fabrication and difficult manipulation processes
with a low yield, which has imposed a great limitation on the practical implementations. For example [24],
InAs nanowires were synthesized first, and a single wire was transferred to the silicon wafer surface. A
series of Au/Ti contact patterns with a 30-nm gap were deposited by sputtering on the nanowire. This
integration process requires high-resolution alignment and accurately controlled deposition, which are
expensive and labor intensive. Moreover, owing to the fluctuation of properties from one to another single
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nanowire, the device is susceptible to poor reproducibility. Therefore, multiple-nanowire sensors based on
an interdigitated configuration are more promising for realistic applications.
On the other hand, nanowire-based sensor performance is mainly related to the interfacial behavior at the
junction of sensing materials and electrodes. Usually, in order to enhance the nanowires’ contribution in
the detected signal, Schotty contacts are avoided through certain modulation technique. However, recent
research has indicated that Schottky contacts showed better performance as highly sensitive sensors for
certain applications [93, 94]. Therefore, modulating the electrical junction properties of the nanowire-based
sensors provides extra means to enhance the sensor performance in addition to improving the sensing
materials themselves. This is usually achieved by introducing electrode materials with varying work
functions [95] or adjusting the work function of nanowires with other materials [88], which usually
increases the complexity of the fabrication process. In this work, we propose a facile process based on
electrode geometry and electroplating time (thus, electrode thickness) adjustment that can modulate the
junction properties of on-chip CuO nanowires produced by electroplating and thermal oxidation.
In this work, a batch fabrication process for CuO nanowire-bridged interdigitated electrodes for
toxic/flammable gas sensing is developed. The device integration process was achieved by a combination
of photolithography, electroplating and thermal oxidation techniques.

5.2 Fabrication
5.2.1 Copper Electroplating and Thermal Oxidation
With the standard photolithography process [96], a 40-μm-thick AZ40-XT photoresist (PR) with a 4 × 9
array of 3 mm diameter circular openings was coated on a 3-inch Au/SiO2/Si wafer. With optimized Cu
electroplating parameters for microfabrication [97], the patterned wafer as a cathode was connected with a
Cu foil anode, and both electrodes were soaked in 0.5 M CuSO4 electrolyte under stirring condition. From
row 1 to 9 in the array, a 30 mA/cm2 current was applied for 1 to 9 min, in sequence. The wafer was then
washed by acetone and DI water to strip the PR and dried by nitrogen.
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With the electroplated Cu patterns, the stylus profiler (DektakXT) was used to measure the Cu film
thickness and surface roughness (stylus type/force: 2 μm/3 mg, scan length/resolution: 200 μm/0.033
μm/point). The wafer was then placed on a hotplate heated to 500 ℃ for 200 min and cooled in atmosphere.
The oxidized film was characterized by thin film x-ray diffraction (TF-XRD, Empyrean Series 2).
5.2.2 Device Fabrication

Figure 29 Schematic of fabrication process: (a) Au/Ti/SiO2/Si substrate, (b) PR spin-coating, (c) PR
patterning, (d) Au/Ti layer etching for electrode patterning, (e) PR spin-coating, (f) PR patterning,
(g) Cu electroplating, (h) PR stripping and (i) Cu thermal oxidation and nanowire bridge
formation.
As the schematics show, with the standard photolithography process [71], Au-interdigitated electrodes with
20 μm digits/8 μm gap and different digit numbers (5, 10, 20, 40, 80 and 160 digits) were fabricated (Figure
29 (a)-(d)). To confine the Cu growth on Au digits, the same photolithography process was carried out on
the fabricated Au electrodes (Figure 29 (e), (f)). The patterned wafer as a cathode was connected with a Cu
foil anode, and both electrodes were soaked in 0.5 M CuSO4 electrolytes under a stirring condition. The Cu
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pattern was electroplated on top of Au digits with 30 mA/cm2 current for 1, 2 and 3 min (Figure 29 (g)).
After stripping the PR with acetone, the electrodes were thermally oxidized under 500 ℃ for 200 min and
cooled in atmosphere (Figure 29 (h), (i)). The Cu pattern before and after oxidation was characterized by
thin film x-ray diffraction (TF-XRD, Empyrean Series 2, PANalytical B. V.). The electrode morphologies
were then obtained by scanning SEM (ZEISS Ultra-55), and the I–V responses were characterized by a
Keithley 2401 sourcemeter (Tektronix).

5.3 Gas Sensing Performance Characterization

Figure 30 Gas sensing performance characterization setup.
As shown in Figure 30, with the fabricated electrode, the gas sensing performance at room temperature was
carried out in an enclosed chamber. Cu wires were bonded to the electrode contact pads and connected to
the sourcemeter (Keithley 2401) measuring the resistance. The sensor’s response was characterized by
pumping in the saturated ethanol vapor into the chamber followed by pumping in air for recoverability
characterization.
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5.4 Results and Discussions
5.4.1 Copper Electroplating
The thickness and surface roughness measurement results of the electroplated Cu array are shown in Figure
31 (a). Faraday’s Law [98] was applied to give out an expected thickness of Cu film electroplated with 30
mA/cm2 current for different times. It was observed that after 3 min, the Cu film showed a much slower
growth rate compared with the thickness predicted by Faraday’s Law. This is because Faraday’s Law gives
only a prediction of the amount of electroplated Cu, and the thickness was calculated by dividing the amount
of Cu by its density, under the hypothesis that the electroplated film has a perfectly flat and smooth surface.
However, as shown in Figure 31 (a), the surface roughness also increased with electroplating time, which
indicates an increased actual surface area. Therefore, after 3 min, the actual current density was much
smaller than 30 mA/cm2, which explains the low growth rate of Cu film. Hence, long-time electroplating is
not energy efficient and wastes power on increasing surface roughness, which is also bad for micro devices
owing to low uniformity. Based on this, we performed electroplating within 3 min for device fabrication.
The results of TF-XRD for film content characterization are shown in Figure 31 (b) and (c). It can be seen
that the peak intensity of Au did not change after thermal oxidation, which indicates stable electric
conductivity of the Au circuit. The Cu peak vanished after thermal oxidation while a clear pattern of CuO
was observed, without any possible pattern of Cu2O presented in [99]. This is because the sample thickness
is thin (less than 2 μm), so the Cu film is thoroughly oxidized, as described in Reactions (39) and (40).
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Figure 31 Copper electroplating and thermal oxidation results: (a) thickness and surface roughness
characterization and TF-XRD pattern (b) before and (c) after thermal oxidation.
5.4.2 Device Fabrication
The electroplated Cu pattern (10-digit electrode) was characterized by a KEYENCE 3-dimensional
microscope profiler, and the results are shown in Figure 32. With 1 min of electroplating, a layer of 0.93
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μm thick Cu was electroplated uniformly on Au digits, and the gap distance between digits was
approximately 8 μm. With 2 min and 3 min electroplating time, the Cu pattern thickness was effectively
increased to 2.50 μm and 3.94 μm, respectively, whereas the gap distance was slightly decreased by less
than 1.5 um without greatly changing the electrode configuration.

Figure 32 Geometry parameters of Cu pattern electroplated for (a) 1 min, (b) 2 min and (c) 3 min.
However, the thickness of the Cu pattern with different digit numbers showed a decreasing trend with
increasing digit number, as shown in Figure 33. This clearly indicates that longer electroplating time results
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in an overall thicker pattern, whereas for each electroplating time, a small digit number electrode obtained
a more effective deposition of Cu than a larger digit number electrode.

Figure 33 Cu pattern thicknesses with different digit number electrodes.
To understand this phenomenon, a simulation (COMSOL Multiphysics) based on a simplified model was
carried out, and the result is presented in Figure 34. In this model, only 1-, 3- and 5-digit situations (gray
squares are locations of digits for electroplating) with the same parameters (concentration and electroplating
current density) were used to study the process. The color legend indicates the concentration distribution
of Cu2+ ions in the electrolyte during electroplating, and the redline plot indicates the Cu2+ ion concentration
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at the electrode surface. Both the color legend and redline plot indicate an obvious Cu2+ ion depletion region
at the digit surface. This reveals that compared with the 1-digit situation, the 5-digit electrode occupying
more space consumed the Cu2+ faster, leading to a wider depletion region. Therefore, a large digit number
electrode suffered more severe Cu2+ ion depletion, which greatly limited the Cu source supply for
electroplating and therefore cause a slower deposition rate.

Figure 34 Simulation of Cu pattern electroplating with 1-, 3- and 5-digit situations.
After the Cu pattern electroplating, the wafer was placed on a hotplate for thermal oxidation, and the
fabricated electrodes are shown in Figure 35. The morphologies of the electrode microstructures were
characterized by SEM. Ten-digit electrodes with different electroplating time were selected to illuminate
the changes of microstructures and morphologies as shown in Figure 36. A clear trend of increasing CuO
nanowire density and decreasing digit gap distance with electroplating time is shown. According to these
results and a CuO nanowire growth mechanism [99, 100], during the thermal oxidation process, a Cu2O
layer is formed first and then a CuO layer is grown on top, as shown in Reactions (39) and (40). The mass
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transport routes and nanowire growth mechanism during the oxidation process are briefly shown in Figure
37 [100]: during the oxidation process, the Cu+ ions diffuse through the CuO grain boundaries to the outer
surface and then diffuse to the tip of the initiated nanowires along the surface driven by the surface
concentration gradient, leading to growth of the nanowire in both length and diameter. The oxidation
product and morphologies are significantly affected by the oxidation temperature. For oxidation at low
temperatures (<250 ℃), the mobility of Cu cations and vacancies is too low to active a fast reaction at the
CuO/Cu2O interface to generate enough interfacial stress to drive the grain boundary diffusion for the
growth of nanowires; on the other side, with high-temperature oxidation (> 700 ℃), the lattice diffusion
dominates the grain boundary diffusion, which releases the interface stress quickly, generating a uniform
growth of CuO grains rather than nanowires. Therefore, an intermediate temperature, 500 ℃, was chosen
for the oxidation temperate in this work.

Figure 35 The fabricated microsensor electrode (10-digit and 80-digit electrodes).
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Figure 36 SEM results of 10-digit electrode with (a) 1 min, (b) 2 min and (c) 3 min of electroplating.
500℃

4𝐶𝑢 + 𝑂2 →

2𝐶𝑢2 𝑂

500℃

2𝐶𝑢2 𝑂 + 𝑂2 →

(39)

4𝐶𝑢𝑂

(40)
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Figure 37 Mass transport mechanism of Cu2+ ions for CuO nanowire growth. [100].
In addition to the temperature’s effect on morphologies, from the diffusion mechanism shown in Figure 37,
it is expected that the thickness of the Cu pattern also plays an important role. In contrast to [99] where
thick Cu foil (0.5 mm) was used, in this work, the electroplated Cu pattern is thin (less than 4 μm). Therefore,
the limited supply of Cu cations from this thin film could significantly impact the formation of the CuO
layer and nanowires (density and length) during the oxidation process. In addition to this enhancement
effect, owing to the expansion of the Cu pattern after being oxidized to CuO, thicker Cu patterns provide a
sufficient Cu source to form a thicker CuO layer such that the gap between digits was further narrowed so
even short nanowires could bridge electrodes to form a conduction path.
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5.4.3 Electrical Property Characterization

Figure 38 Interdigitated electrodes electrical properties characterization results: I–V
characterization of electrode with Cu electroplated for (a) 1 min, (b) 2 min, (c) 3 min and (d)
electrode resistances.
I–V characteristics were obtained by a sourcemeter in the range of -5 to 5 V, as shown in Figure 38. Owing
to the low nanowire bridge density in the first group of electrodes (1 min electroplating), only electrodes
with 5, 10 and 20 digits showed responses, whereas others exceeded the measurement range of the
sourcemeter (Figure 38. (a)). The I–V response of the second (2 min electroplating) and third (3 min
electroplating) group electrodes were presented, in which a transition of ohmic to Schottky contact was
observed, respectively (detailed I–V curves after transition are shown in insets). The resistances of all
electrodes are shown in Figure 38 (d). For the second and third groups of electrodes, with increased digits,
the resistance decreased in the ohmic contact range and started to increase after the transition occurred. As
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the schematic shows in Figure 39, the conducting behavior of the electrodes is controlled by two factors:
CuO/Cu-Au interfaces contribute to Schottky behavior, and effective CuO nanowire bridges contribute to
ohmic behavior.

Figure 39 Schematics of charge conduction path between the interdigitated Au electrode through
Schottky barrier and CuO nanowire bridges.
In this simplified model, with the small digit numbers, nanowire bridges played a dominate role in the
device electrical behavior. Under this situation, the device has ohmic contact, and the resistance decreases
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with increasing digit number. When the digit number is increased, the CuO/Cu-Au interface area is
enhanced to become the dominant factor. Under this situation, the device features Schottky contact, and the
resistance increases with increasing digit number. Finally, comparing the three groups of devices, the CuO
nanowire bridge density increased with increasing Cu pattern thickness as observed in Figure 36, which led
to an overall decrease of device resistance.
5.4.4 Gas Sensing Performance
The sensor’s response to saturated ethanol vapor and recoverability characterization at room temperature
are shown in Figure 40. The electrode’s relative resistance defined in Equation (41) was applied for gas
sensing behavior characterization.
S=

𝑅𝑒𝑡ℎ𝑎𝑛𝑜𝑙 −𝑅𝑎𝑖𝑟
×100%
𝑅𝑎𝑖𝑟

(41)

Figure 40 Sensor response to saturated ethanol vapor and recoverability characterization at room
temperature.
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The result shows that after the ethanol saturated vapor was pumped into the chamber, the sensor’s relative
resistance started to increase and stabilized after 2500 s. The air was then pumped into the chamber for
recovery. It was observed that the relative resistance returned to the original value with approximately 500
s of recovery time. The same process was repeated for the cycle test, indicating the sensor’s multiapplication ability. The sensing mechanism is briefly shown in Figure 41.

Figure 41 The mechanism of CuO nanowire sensing behavior to saturated ethanol vapor.
According to the proposed mechanism in [101, 102], the oxygen molecules (O2) are first adsorbed on the
surface of the CuO nanowire, forming a conduction layer consisting of high-concentration holes (h+), which
are the major charge carriers. When the reductive gas molecules are present, they adsorb on the nanowire
surface and react with the adsorbed O2- ions, consuming the holes and resulting in a reduced depth of the
conduction layer, which is indicated by the increased sensor resistance.

5.5 Conclusion
CuO-nanowire-based devices fabricated with varying Cu electroplating time and electrode configuration
exhibited I–V characteristics that represent Schottky or ohmic junction behavior depending on their
processing conditions. Without introducing additional materials or processing steps, the device resistance
control could be achieved by tuning the CuO nanowire bridge density related to Cu pattern thickness, and
the contact behavior transition could be achieved by tuning the CuO/Cu-Au interface area related to the
electrode digit number. A simple model was also proposed to describe the transition of I–V characteristics
for better understanding the dominant mechanism in relation to the process conditions. The fabricated
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sensor electrode showed reliable sensing performance to saturated ethanol vapor with good recoverability
at room temperature. For future work, an asymmetric configuration can be studied for further modulation
without using extra dopants or electrode materials in the device and the sensing ability of other gas species.
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CHAPTER SIX: FUTURE WORK
6.1 A Rapid in-situ Electrochemical Surface Modification Process for Nanostructured Gold
Electrodes
In the previous work, planar Au electrode was applied as a cathode on where nanostructured metals and
metal oxides were deposited. Besides the metals such as Co and Cu used in this dissertation, Au itself is
also widely applied in the areas of biosensors [103], bioelectrochemical sensing [104, 105], and analytical
chemistry [106]. A variety of strategies , such as alloying and dealloying [107], chemical reaction and
assembly [108], and electrodeposition [109], were used for nanostructured Au electrode fabrication.
However, these methods are limited due to expensive processes and complex additives. Therefore, we are
proposing to develop a simple and fast in-situ electrochemical surface modification process of the planar
gold electrode. This in-situ electrochemical modification process is inspired by the electrochemical
migration phenomenon [110]. It is hypothesized that this high efficiency formation mechanism is based on
electrochemical dissolution of cations from and redeposition to the electrode surface.
Based on the preliminary experiment results, high density nanodendrites were obtained on the planar gold
electrode surface showing enhanced surface area and electrochemical activity. In the future work, the
applicability of the modified electrode in sensor application will be explored. And, the nanodendrites
structure can be applied as template for secondary nanostructured metal deposition.
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6.2 Synthesis of p-CuO nanowire/n-ZnO nanosheet Heterojunctions by Electroplating and
Thermal Oxidation Process
Besides the results presented in Chapter 5 based on CuO-CuO nanowire bridge configuration for gas sensor,
building up the heterostructures between two different metal oxide semiconductors was also demonstrated
as an efficient strategy to improve the gas sensing performance due to the charge separation effect. Among
these efforts, CuO/ZnO heterojuntions attract great research interests because of their unique electrical
properties. However, the currently developed devices are limited by the configuration and material
morphologies. Therefore, based on the developed method in Chapter 5, we are proposing to develop a
simple fabrication route for p-CuO /n-ZnO heterojunction based device with well-defined configuration
though a similar photolithography, electroplating and thermal oxidation processes as preliminary attempt
for high quality gas sensor development.
According to the preliminary results, it revealed that CuO nanowires and ZnO nanosheets could be achieved
through the thermal oxidation process of the electroplated Cu and Zn. With the same interdigitated electrode
configuration, Cu and Zn patterns were electroplated first and through the thermal oxidation, p-CuO
nanowire/n-ZnO nanosheet heterojunction were obtained which was confirmed by SEM and I-V
characterizations. Based on these results, the electrode morphologies, junction properties and gas sensing
performance will be further explored and optimized in the future work.
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APPENDIX A: SILICON WAFER PREPARATION PROCESS
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This appendix contains the detailed steps for the silicon wafer preparation process.
1. Substrate: 3-inch <1 0 0> single-side polished N-type silicon wafers

2. Wet oxidation process

Furnace temperature: 1000 ℃ (90 min oxidation, SiO2 thickness: 5000 Å)
N2 pressure: 5 psi
Flow rate: 1.0 on flowmeter scale
Bubbler temperature: 95–99 ℃
Push-in/pull-out rate: 3 min
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3. Electron beam (E-beam) deposition of Ti seed layer and Au layer
Ti seed layer thickness: 100 Å
Au conduction layer thickness: 1000 Å

Note: The push-in/pull-out rate should be precisely controlled in the wet oxidation process. An overly high
rate may lead to cracking of silicon wafers. The E-beam deposition of the Ti seed layer and Au layer should
be deposited in sequence without interruption. Exposing the Ti seed layer deposited wafer in air leads to
oxidation of Ti and then poor adhesion and quality of the Au layer on top.
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APPENDIX B: PHOTOLITHOGRAPHY PROCESS OF PHOSPHATE
SENSOR ELECTRODE
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This appendix contains the detailed photolithography process steps for the phosphate sensor electrode
fabrication.

Substrate: Au/Ti layer deposited silicon wafer prepared by following appendix A.
1. Clean base.
2. Spin coat Shipley 1813 photoresist (10 s. at 500 RPM, 47 s at 3000 RPM) for 1.3-m-thick patterns.

3. Let sit at room temperature for 3 min.
4. Soft bake: hotplate at 105 C for 3 min.

5. Let sit at room temperature for 3 min.
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6. Align and expose.
EVG 620 Aligner
Load the mask by a mask holder  load the PR-coated wafer by wafer chuck  UV exposure for
8 s at 12 mW/cm2 unload the exposed wafer  unload mask

7. Develop for 40 s in a developer (MIF CD-26).
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8. Microscopy observation.
9. Hard baking at 105 C for 10 min.
10. Place the wafer in Au and Ti etchant in sequence for electrode patterning, and clean with DI water.

11. Clean with DI water.
12. Remove photoresist using acetone-methanol-DI water.
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APPENDIX C: PHOTOLITHOGRAPHY PROCESS OF CUO NANOWIREBASED SENSOR ELECTRODE
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This appendix contains the detailed photolithography process steps for the CuO nanowire-based sensor
electrode fabrication.

Substrate: Au/Ti layer-deposited silicon wafer prepared by following Appendix A and photolithography
process carried out following Appendix B.
1. Clean base.
2. Spin coat Shipley 1813 photoresist (10 s at 500 RPM, 47 s at 3000 RPM) for 1.3-m-thick patterns.
3. Let sit at room temperature for 3 min.
4. Soft bake: hotplate at 105 C for 3 min.
5. Let sit at room temperature for 3 min.
6. Align and expose.
EVG 620 Aligner
Load the mask by mask holder  load the PR coated wafer by wafer chuck  UV exposure for 8
s at 12 mW/cm2 unload the exposed wafer  unload mask
7. Develop for 40 s in a developer (MIF CD-26).
8. Microscopy observation.
9. Hard baking at 105 C for 10 min.
10. Place the wafer in Au and Ti etchant in sequence for electrode patterning and clean with DI water.
11. Clean with DI water.
12. Remove photoresist using acetone-methanol-DI water.
13. Second layer.
14. Spin coat Shipley 1813 photoresist (10 s at 500 RPM, 47 s at 3000 RPM) for 1.3-m-thick patterns.
15. Let sit at room temperature for 3 min.
80

16. Soft bake: hotplate at 105 C for 3 min.
17. Let sit at room temperature for 3 min.
18. Align and expose. Align the second layer mask to the patterned Au electrode.
EVG 620 Aligner
Load the mask by mask holder  load the PR-coated wafer by wafer chuck  UV exposure for 8
s at 12 mW/cm2 unload the exposed wafer  unload mask
19. Develop for 40 s in a developer (MIF CD-26).
20. Microscopy observation.
21. Hard baking at 105 C for 10 min.
22. Connect wafer as cathode with Cu foil anode and keep both electrodes in 0.5 M CuSO4 electrolyte.
Electroplate Cu pattern on patterned Au electrode. Current density is 30 mA/cm2.
23. Clean with DI water.
24. Remove photoresist using acetone-methanol-DI water.
25. Place the wafer on hotplate at 500 C for 200 min and then cool in air.

81

REFERENCES
[1]

P. Kanta Sircar, J. Clower, M. k. Shin, C. Bailey, M. King, and F. Yip, "Carbon monoxide
poisoning deaths in the United States, 1999 to 2012.," The American Journal of Emergency
Medicine, vol. 33, pp. 1140-1145, 2015.

[2]

F. R. d. Gruijl, "Skin cancer and solar UV radiation," European Journal of Cancer, vol. 35, pp.
2003-2009, 1999.

[3]

S. A. Cunningham, "Incident, Accident, Catastrophe: Cyanide on the Danube," Disasters, vol. 29,
pp. 99-128, 2008.

[4]

H. Akimoto, "Global Air Quality and Pollution," Science, vol. 302, pp. 1716-1719, 2003.

[5]

J. K. Hart and K. Martinez, "Environmental Sensor Networks: A revolution in the earth system
science?," Earth-Science Reviews, vol. 78, pp. 177-191, 2006.

[6]

N. Padmavathy and R. Vijayaraghavan, "Enhanced bioactivity of ZnO nanoparticles - an
antimicrobial study," Science and Technology of Advanced Materials, vol. 9, 2008.

[7]

E. Seker, M. L. Reed, and M. R. Begley, "Nanoporous Gold: Fabrication, Characterization, and
Applications," Materials, vol. 2, 2009.

[8]

R. Martel, T. Schmidt, H. R. Shea, T. Hertel, and P. Avouris, "Single- and multi-wall carbon
nanotube field-effect transistors," APPLIED PHYSICS LETTERS, vol. 73, pp. 2447-2449, 1998.

[9]

L. Vayssieres, "Growth of Arrayed Nanorods and Nanowiresof ZnO from Aqueous Solutions,"
Advanced Materials, vol. 15, pp. 464-466, 2003.

[10]

Y.-H. Tseng, C.-S. Kuo, C.-H. Huang, Y.-Y. Li, P.-W. Chou, C.-L. Cheng, et al., "Visible-lightresponsive nano-TiO2 with mixed crystal lattice and its photocatalytic activity," Nanotechnology,
vol. 17, pp. 2490-2497, 2006.

82

[11]

P. Poizot, S. Laruelle, S. Grugeon, L. Dupont, and J.-M. Tarascon, "Nano-sized transition-metal
oxides as negative-electrode materials for lithium-ion batteries," Nature, vol. 407, pp. 496-499,
2000.

[12]

X. Sun, Z. Liu, K. Welsher, J. T. Robinson, A. Goodwin, S. Zaric, et al., "Nano-graphene oxide
for cellular imaging and drug delivery," Nano Research, vol. 1, pp. 203-212, 2008.

[13]

E. Comini, "Metal oxide nano-crystals for gas sensing," Analytica Chimica Acta, vol. 568, pp. 2840, 2005.

[14]

L. Gao, C. Pang, D. He, L. Shen, A. Gupta, and N. Bao, "Synthesis of Hierarchical Nanoporous
Microstructures via the Kirkendall Effect in Chemical Reduction Process," Scientific Reports,
vol. 5, 2015.

[15]

Z. Zhang, Y. Wang, Z. Qi, W. Zhang, J. Qin, and J. Frenzel, "Generalized Fabrication of
Nanoporous Metals (Au, Pd, Pt, Ag, and Cu) through Chemical Dealloying," The Journal of
Physical Chemistry C, vol. 113, pp. 12629-12636, 2009.

[16]

D. Bera, S. C. Kuiry, and S. Seal, "Synthesis of nanostructured materials using template-assisted
electrodeposition," JOM, vol. 56, pp. 49-53, 2004.

[17]

S. Park, C.-H. Kim, W.-J. Lee, S. Sung, and M.-H. Yoon, "Sol-gel metal oxide dielectrics for allsolution-processed electronics," Materials Science and Engineering: R: Reports, vol. 114, pp. 122, 2017.

[18]

X. Wen, W. Wu, Y. Ding, and Z. L. Wang, "Seedless synthesis of patterned ZnO nanowire arrays
on metal thin films (Au, Ag, Cu, Sn) and their application for flexible electromechanical
sensing," Journal of Materials Chemistry, vol. 22, pp. 9469-9476, 2012.

[19]

M. Aliofkhazraei, Electroplating of Nanostructures: InTech, 2015.

[20]

T. Watanabe, Nano-plating: Microstructure Control Theory of Plated Film and Data Base of
Plated Film Microstructure: Elsevier, 2004.

83

[21]

J. Benson, S. Boukhalfa, A. Magasinski, A. Kvit, and G. Yushin, "Chemical Vapor Deposition of
Aluminum Nanowires on Metal Substrates for Electrical Energy Storage Applications," ACS
Nano, vol. 6, pp. 118-125, 2012.

[22]

I. Djerdj, J. Popovic, S. Mal, T. Weller, M. Nuskol, Z. Jaglicic, et al., "Aqueous Sol - Gel Route
toward Selected Quaternary Metal Oxides with Single and Double Perovskite-Type Structure
Containing Tellurium," Cryst. Growth Des., 2016.

[23]

J. B. Yi, H. Pan, J. Y. Lin, J. Ding, Y. P. Feng, S. Thongmee, et al., "Ferromagnetism in ZnO
Nanowires Derived fromElectro-deposition on AAO Template andSubsequent Oxidation,"
Advanced Materials, vol. 20, pp. 1170-1174, 2008.

[24]

S. Heedt, W. Prost, J. Schubert, D. Grützmacher, and T. Schapers, "Ballistic Transport and
Exchange Interaction in InAs Nanowire Quantum Point Contacts," Nano Lett., 2016.

[25]

S. Steinhauer, E.Brunet, T. Maier, G. C. Mutinati, A. Köck, and O. Freudenberg, "Gas Sensing
Properties of Novel CuO Nanowire Devices," presented at the The 14th International Meeting on
Chemical Sensors, 2012.

[26]

J. Dufour, An Introduction to Metallurgy, 5th ed. (Cameron 2006), 2006.

[27]

E. Ritz, K. Hahn, M. Ketteler, M. K. Kuhlmann, and J. Mann, "Phosphate Additives in Food—a
Health Risk," Deutsches Ärzteblatt International vol. 109, pp. 49-55, 2012.

[28]

S. Berchmans, T. B. Issa, and P. Singh, "Determination of inorganic phosphate by
electroanalytical methods: A review," Analytica Chimica Acta, vol. 729, pp. 7-20, 2012.

[29]

F. Zapata and R. N. Roy, "Use of phosphate rocks for sustainable agriculture," FAO Fertilizer
and Plant Nutrition Bulletin, vol. 13, pp. 1-148, 2004.

[30]

K. Afshinnia and M. Baalousha, "Effect of phosphate buffer on aggregation kinetics of citratecoated silver nanoparticles induced by monovalent and divalent electrolytes," Science of The
Total Environment, vol. 581-582, pp. 268-276, 2017.

84

[31]

J. W. Park, K. H. Kim, and K. Y. Ann, "Fundamental Properties of Magnesium Phosphate
Cement Mortar for Rapid Repair of Concrete," Advances in Materials Science and Engineering,
vol. 2016, 2016.

[32]

J. Block, L. Petrakis, L. E. Dolhert, D. F. Myers, L. L. Hegedus, R. P. Webster, et al., "A Novel
Approach for the In-Situ Chemical Elimination of Chrysotile from Asbestos-Containing
Fireproofing Materials," Environmental Science & Technology, vol. 34, pp. 2293-2298, 2000.

[33]

S. FRIED, B. MACKIE, and E. NOTHWEHR, "Nitrate and phosphate levels positively affect the
growth of algae species found in Perry Pond.," Tillers, vol. 4, pp. 21-24, 2003.

[34]

J. C. Quintana, L. Idrissi, G. Palleschi, P. Albertano, A. Amine, M. E. Rhazi, et al., "Investigation
of amperometric detection of phosphate Application in seawater and cyanobacterial biofilm
samples," Talanta, vol. 63, pp. 567-574, 2004.

[35]

S. O. Engblom, "The phosphate sensor," Biosensors & Bioelectronics, vol. 13, pp. 981-994, 1997.

[36]

H. Kawasaki, K. Sato, J. Ogawa, Y. Hasegawa, and H. Yuki, "Determination of inorganic
phosphate by flow injection method with immobilized enzymes and chemiluminescence
detection," Analytical Biochemistry, vol. 182, pp. 366-370, 1989.

[37]

R. C. H. Kwan, H. F. Leung, P. Y. T. Hon, H. C. F. Cheung, K. Hirota, and R. Renneberg,
"Amperometric biosensor for determining human salivary phosphate," Analytical Biochemistry
vol. 343, pp. 263-267, 2005.

[38]

S. M. Hassan and F. B. Salem, "Spectrophotometric determination of inorganic phosphate in
Egypt water using resazurine and para-rosolic acid," Analytical Letters, vol. 20, pp. 1-10, 1987.

[39]

J. B. Quintana, R. Rodil, and T. Reemtsma, "Determination of phosphoric acid mono- and
diesters in municipal wastewater by solid-phase extraction and ion-pair liquid chromatographytandem mass spectrometry," Analytical Chemistry, vol. 78, pp. 1644-1650, 2006.

85

[40]

H. X. Zhao, L. Q. Liu, Z. D. Liu, Y. Wang, X. J. Zhao, and C. Z. Huang, "Highly selective
detection of phosphate in very complicated matrixes with an off–on fluorescent probe of
europium-adjusted carbon dots," Chemical Communications, vol. 47, pp. 2604-2606, 2011.

[41]

I. Berenblum and E. Chain, "An improved method for the colorimetric determination of
phosphate," Biochemical Journal, vol. 32, pp. 295-298, 1938.

[42]

R. D. Marco, G. Clarke, and B. Pejcic, "Ion-selective electrode potentiometry in environmental
analysis," Electroanalysis, vol. 19, pp. 1987-2001, 2007.

[43]

J.-H. Lee, W. H. Lee, P. L. Bishop, and I. Papautsky, "A cobalt-coated needle-type
microelectrode array sensor forin situ monitoring of phosphate," Journal of Micromechanics and
Microengineering, vol. 19, 2009.

[44]

S. Hidouri, Z. M. Baccar, A. Errachid, and O. Ruiz-Sanchez, "High Sensitive and Selective
Hydrogen Phosphate ISFET Based on Polyvinyl Chloride Membrane," Portugaliae
Electrochimica Acta vol. 33, pp. 343-351, 2015.

[45]

G. Ambrosi, M. Formica, V. Fusi, L. Giorgi, A. Guerri, E. Macedi, et al., "Phosphates sensing:
Two polyamino-phenolic zinc receptors able to discriminate and signal phosphates in water,"
Inorganic Chemistry, vol. 48, pp. 5901-5912, 2009.

[46]

Y. Xue, X. Zheng, and G. Li, "Determination of phosphate in water by means of a new
electrochemiluminescence technique based on the combination of liquid-liquid extraction with
benzene-modified carbon paste electrode," Talanta, vol. 72, pp. 450-456, 2007.

[47]

Y. Shimizu and Y. Furuta, "An opto-electrochemical phosphate-ion sensor using a cobalt-oxide
thin-film electrode," Solid State Ionics, vol. 113-115, pp. 241-245, 1998.

[48]

W.-L. Cheng, J.-W. Sue, W.-C. Chen, J.-L. Chang, and J.-M. Zen, "Activated nickel platform for
electrochemical sensing of phosphate," Analytical Chemistry, vol. 82, pp. 1157-1161, 2010.

86

[49]

S. Bollo, C. Ya´n˜ez, J. Sturm, L. N. n˜ez-Vergara, and J. A. Squella, "Cyclic Voltammetric and
Scanning Electrochemical Microscopic Study of Thiolated β-Cyclodextrin Adsorbed on a Gold
Electrode," Langmuir, vol. 19, pp. 3365-3370, 2003.

[50]

F. Kivlehan, W. J. Mace, H. A. Moynihan, and D. W. M. Arrigan, "Study of electrochemical
phosphate sensing systems: Spectrometric, potentiometric and voltammetric evaluation,"
Electrochimica Acta, vol. 54, pp. 1919-1924, 2009.

[51]

E. M. d'Urso and P. R. Coulet, "Phosphate-sensitive enzyme electrode: a potential sensor for
environment control," Analytica Chimica Acta, vol. 239, pp. 1-5, 1990.

[52]

D. Aldakov and P. A. Jr., "Sensing of Aqueous Phosphates by Polymers with Dual Modes of
Signal Transduction," Journal of the Amirican Chemical Society, vol. 126, pp. 4752-4753, 2004.

[53]

I. Novozamsky and W. H. v. Riemsdijk, "The behaviour of silver phosphate as the electroactive
sensor in a phosphate-sensitive electrode," Analytica Chimica Acta, vol. 85, pp. 41-46, 1976.

[54]

D. E. Davey, D. E. Mulcahy, and G. R. O'Connell, "Flow-injection determination of phosphate
with a cadmium ion-selective electrode," Talanta, vol. 37, pp. 683-687, 1990.

[55]

H. Hara and S. Kusu, "Continous-flow determination of phosphate using a lead ion-selective
electrode," Analytica Chimica Acta, vol. 261, pp. 411-417, 1992.

[56]

Z. Chen, R. D. Marco, and P. W. Alexander, "Flow-injection Potentiometric Detection of
Phosphates Using a Metallic Cobalt Wire Ion-selective Electrode " Analytical Communications,
vol. 34, pp. 93-95, 1997.

[57]

D. Xiao, H. Yuan, J. Li, and R. Yu, "Surface-Modified Cobalt-Based Sensor as a PhosphateSensitive Electrode," Analytical Chemistry, vol. 67, pp. 288-291, 1995.

[58]

R. K. Meruva and M. E. Meyerhoff, "Mixed potential response mechanism of cobalt electrodes
toward inorganic phosphate " Analytical Chemistry, vol. 68, pp. 2022-2026, 1996.

87

[59]

R. D. Marco, B. Pejcic, and Z. Chen, "Flow injection potentiometric determination of phosphate
in waste waters and fertilisers using a cobalt wire ion-selective electrode," Analyst, vol. 123, pp.
1635-1640, 1998.

[60]

W. H. Lee, Y. Seo, and P. L. Bishop, "Characteristics of a cobalt-based phosphate microelectrode
for in situ monitoring of phosphate and its biological application," Sensors and Actuators, B:
Chemical, vol. 137, pp. 121-128, 2009.

[61]

S. O. Engblom, "Determination of inorganic phosphate in a soil extract using a cobalt electrode,"
Plant and Soil, vol. 206, pp. 173-179, 1999.

[62]

A. Wittstock, J. Biener, and M. Bäumer, "Nanoporous gold: a new material for catalytic and
sensor applications," Physical Chemistry Chemical Physics, vol. 12, pp. 12919-12930, 2010.

[63]

F. Jia, C. Yu, K. Deng, and L. Zhang, "Nanoporous Metal (Cu, Ag, Au) Films with High Surface
Area: General Fabrication and Preliminary Electrochemical Performance," The Journal of
Physical Chemistry C, vol. 111, pp. 8424-8431, 2007.

[64]

J. f. Huang and I.-W. Sun, "Fabrication and Surface Functionalization of Nanoporous Gold by
Electrochemical Alloying/Dealloying of Au–Zn in an Ionic Liquid, and the Self-Assembly of LCysteine Monolayers," Advanced Functional Materials, vol. 15, pp. 989-994, 2005.

[65]

T. Nishizawa and K. Ishida, "The Co-Cu (Cobalt-Copper) System," Bulletin of Alloy Phase
Diagrams, vol. 5, 1984.

[66]

P. E. Bradley and D. Landolt, "Pulse-plating of copper - cobalt alloys," Electrochimica Acta, vol.
45, pp. 1077-1087, 1999.

[67]

R. K. Meruva and M. E. Meyerhof, "Mixed Potential Response Mechanism of Cobalt Electrodes
toward Inorganic Phosphate," Anal. Chem., vol. 68, pp. 2022-2026, 1996.

88

[68]

W. A. Badawy, F. M. Al-Kharafi, and J. R. Al-Ajmi, "Electrochemical behaviour of cobalt in
aqueous solutions of different pH," Journal of Applied Electrochemistry, vol. 30, pp. 693-704,
2000.

[69]

G. K. Schweitzer and L. L. Pesterfield, The Aqueous Chemistry of the Elements: Oxford
University Press, Inc., 2010.

[70]

T. Kidosaki, S. Takase, and Y. Shimizu, "Electrodeposited Cobalt-Iron Alloy Thin-Film for
Potentiometric Hydrogen Phosphate-Ion Sensor," Journal of Sensor Technology, vol. 2, pp. 95101, 2012.

[71]

X. Wang, J. Church, W. H. Lee, and H. J. Cho, "Phosphate Sensors Based on Co-Cu Electrodes
Fabricated with a Sacrificial Glass Fiber Paper Template," presented at the SENSORS, pp. 11611164, 2015.

[72]

A. J. Bard and L. R.Faulkner, ELECTROCHEMICAL METHODS: Fundamentals and
Applications: John Wiley & Sons, Inc, 2001.

[73]

H. Gu, Z. Wang, and Y. Hu, "Hydrogen Gas Sensors Based on Semiconductor Oxide
Nanostructures," Sensors, vol. 12, pp. 5517-5550, 2012.

[74]

X. Wang, X. Ma, J. Church, S. Jung, Y. Son, W. H. Lee, et al., "ZnO nanoflakes as a template
forin-situelectrodeposition ofnanostructured cobalt electrodes as amperometric phosphate
sensors," Materials Letters, vol. 192, pp. 107-110, 2017.

[75]

N. Yamazoe, "Toward innovations of gas sensor technology," Sensors and Actuators B:
Chemical, vol. 108, pp. 2-14, 2005.

[76]

I.-D. Kim, A. Rothschild, and H. L. Tuller, "Advances and new directions in gas-sensing
devices," Acta Materialia, vol. 61, pp. 974-1000, 2013.

[77]

E. Comini and G. Sberveglieri, "Metal oxide nanowires as chemical sensors," Materials Today,
vol. 13, pp. 36-44, 2010.

89

[78]

T. Maruyama, "Copper oxide thin films prepared by chemical vapor deposition from copper
dipivaloylmethanate," Solar Energy Materials and Solar Cells, vol. 56, pp. 85-92, 1998.

[79]

P. Richharia, K. L. Chopra, and M. C. Bhatnagar, "Surface analysis of a black copper selective
coating," Solar Energy Materials, vol. 23, pp. 93-109, 1991.

[80]

Y.-F. Lim, C. S. Chua, C. J. J. Lee, and D. Chi, "Sol–gel deposited Cu2O and CuO thin films for
photocatalytic water splitting," Physical Chemistry Chemical Physics, vol. 16, pp. 25928-25934,
2014.

[81]

M. Voinea, C. Vladuta, C. Bogatu, and A. Duta, "Surface properties of copper based cermet
materials," Materials Science and Engineering: B, vol. 152, pp. 76-80, 2008.

[82]

A. S. Reddy, H.-H. Park, V. S. Reddy, K. V. S. Reddy, N. S. Sarma, S. Kaleemulla, et al., "Effect
of sputtering power on the physical properties of dc magnetron sputtered copper oxide thin
films," Materials Chemistry and Physics, vol. 110, pp. 397-401, 2008.

[83]

J. Morales, L. Sa´nchez, F. Martı´n, J. R. Ramos-Barrado, and M. Sa´nchez, "Use of lowtemperature nanostructured CuO thin films deposited by spray-pyrolysis in lithium cells," Thin
Solid Films, vol. 474, pp. 133-140, 2005.

[84]

X. Jiang, T. Herricks, and Y. Xia, "CuO Nanowires Can Be Synthesized by Heating Copper
Substrates in Air," Nano Letters, vol. 2, pp. 1333-1338, 2002.

[85]

E. Comini and G. Sberveglieri, "Metal oxide nanowires as chemical sensors," Materials Today,
vol. 13, pp. 36-44, 2010.

[86]

S. Steinhauer, E. Brunet, T. Maier, G. C. Mutinati, and A. Kock, "On-Chip Synthesis of CuO
Nanowires for Direct Gas Sensor Integration " presented at the 12th IEEE International
Conference on Nanotechnology (IEEE-NANO) The International Conference Centre Birmingham
2012.

90

[87]

Y.-S. Kim, I.-S. Hwang, S.-J. Kim, C.-Y. Lee, and J.-H. Lee, "CuO nanowire gas sensors for air
quality control in automotive cabin," Sensors and Actuators B: Chemical, vol. 135, pp. 198-303,
2008.

[88]

S. Steinhauer, V. Singh, C. Cassidy, C. Gspan, W. Grogger, M. Sowwan, et al., "Single CuO
nanowires decorated with size-selected Pd nanoparticles for CO sensing in humid atmosphere,"
Nanotechnology, vol. 26, pp. 175502-175508, 2015.

[89]

S.-W. Choi and S. S. Kim, "Room temperature CO sensing of selectively grown networked ZnO
nanowires by Pd nanodot functionalization," Sensors and Actuators B: Chemical, vol. 168, pp. 813, 2012.

[90]

V. V. Sysoev, B. K. Button, K. Wepsiec, S. Dmitriev, and A. Kolmakov, "Toward the
Nanoscopic “Electronic Nose”: Hydrogen vs Carbon Monoxide Discrimination with an Array of
Individual Metal Oxide Nano- and Mesowire Sensors," Nano Lett., vol. 6, pp. 1584-1588, 2006.

[91]

P.-C. Chen, F. N. Ishikawa, H.-K. Chang, K. Ryu, and C. Zhou, "A nanoelectronic nose: a hybrid
nanowire/carbon nanotube sensor array with integrated micromachined hotplates for sensitive gas
discrimination," Nanotechnology, vol. 20, p. 125503, 2009.

[92]

V. V. Sysoev, J. Goschnick, T. Schneider, E. Strelcov, and A. Kolmakov, "A Gradient
Microarray Electronic Nose Based on Percolating SnO2 Nanowire Sensing Elements," Nano
Lett., vol. 7, pp. 3182-3188, 2007.

[93]

Y. Hu, J. Zhou, P.-H. Yeh, Z. Li, T.-Y. Wei, and Z. L. Wang, "Supersensitive, Fast-Response
Nanowire Sensors by Using Schottky Contacts " Advanced Materials, vol. 22, pp. 3327-3332,
2010.

[94]

P. Zhang, A. Vincent, A. Kumar, S. Seal, and H. J. Cho, "A Low-Energy Room-Temperature
Hydrogen Nanosensor: Utilizing the Schottky Barriers at the Electrode/Sensing-Material
Interfaces," IEEE Electron Device Letters, vol. 31, 2010.

91

[95]

L. Liao, Z. Zhang, B. Yan, Z. Zheng, Q. L. Bao, T. Wu, et al., "Multifunctional CuO nanowire
devices: p-type field effect transistors and CO gas sensors," Nanotechnology, vol. 20, 2009.

[96]

X. Wang, C. Li, W. Yang, W. Deng, and H. J. Cho, "A flexible, metallic electrospray emitter with
embedded flow homogenizer," in Solid-State Sensors, Actuators and Microsystems
(TRANSDUCERS) 2015, Anchorage, Alaska, USA, pp. 2152-2155, 2015.

[97]

N. N. Le, T. C. H. Phan, A. D. Le, T. M. D. Dang, and M. C. Dang, "Optimization of copper
electroplating process applied for microfabrication on flexible polyethylene terephthalate
substrate," Advances in Natural Sciences: Nanoscience and Nanotechnology, vol. 6, pp. 035007035013, 2015.

[98]

E. Society, "Modern Electroplating," Third ed: Wiley, 1974.

[99]

F.-c. Lai, S.-z. Lin, Z.-g. Chen, H.-l. Hu, and L.-m. Lin, "Wrinkling and Growth Mechanism of
CuO Nanowires in Thermal Oxidation of Copper Foil," Chinese Journal of Chemical Physics,
vol. 26, pp. 585-589, 2013.

[100]

L. Yuan, Y. Wang, R. Mema, and G. Zhou, "Driving force and growth mechanism for
spontaneous oxide nanowire formation during the thermal oxidation of metals," Acta Materialia,
vol. 59, pp. 2491-2500, 2011.

[101]

H. T. Hsueh, S. J. Chang, F. Y. Hung, W. Y. Weng, C. L. Hsu, T. J. Hsueh, et al., "Ethanol Gas
Sensor of Crabwise CuO Nanowires Prepared on Glass Substrate," Journal of The
Electrochemical Society, vol. 158, pp. J106-J109, 2011.

[102]

L. Liao, H. B. Lu, J. C. Li, H. He, D. F. Wang, D. J. Fu, et al., "Size Dependence of Gas
Sensitivity of ZnO Nanorods," The Journal of Physical Chemistry C, vol. 111, pp. 1900-1903,
2007.

[103]

H.-C. Liu, C.-C. Tsai, and G.-J. Wang, "Glucose biosensors based on a gold nanodendrite
modified screen-printed electrode," Nanotechnology, vol. 24, 2013.

92

[104]

Z. Yang, Y. Liu, W. Lu, Q. Yuan, W. Wang, Q. Pu, et al., "High specific surface gold electrode
on polystyrene substrate: Characterization and application as DNA biosensor," Talanta, vol. 152,
pp. 301-307, 2016.

[105]

M. D. Scanlon, U. Salaj-Kosla, S. Belochapkine, D. MacAodha, D. Leech, Y. Ding, et al.,
"Characterization of Nanoporous Gold Electrodes for Bioelectrochemical Applications,"
Langmuir, vol. 28, pp. 2251-2261, 2012.

[106]

M. M. Collinson, "Nanoporous Gold Electrodes and Their Applications in Analytical Chemistry,"
ISRN Analytical Chemistry, vol. 2013, 2013.

[107]

D. Summerlot, A. Kumar, S. Das, L. Goldstein, S. Seal, D. Diaz, et al., "Nanoporous Gold
Electrode for Electrochemical Sensors in Biological Environment " Procedia Engineering, vol.
25, pp. 1457-1460, 2011.

[108]

J. Xiao and L. Qi, "Surfactant-assisted, shape-controlled synthesis of gold nanocrystals,"
Nanoscale, vol. 3, pp. 1383-1396, 2010.

[109]

N. Y. Hau, P. Yang, C. Liu, J. Wang, P.-H. Lee, and S.-P. Feng, "Aminosilane-Assisted
Electrodeposition of Gold Nanodendrites and Their Catalytic Properties," Scientific Reports, vol.
7, 2017.

[110]

Y. Zhou, P. Yang, C. Yuan, and Y. Huo, "Electrochemical Migration Failure of the Copper Trace
on Printed Circuit Board Driven by Immersion Silver Finish " Chemical Engineering
Transactions, vol. 33, pp. 559-564, 2013.

93

