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ABSTRACT

The measurement of pH value is crucial parameter in various fields like, drinking water
monitoring, food preparation, biomedical and environmental applications. The most common
device for pH sensing is the conventional pH glass electrode. While glass electrodes have
several advantages, such as Nernstian sensitivity, superior ion selectivity, excellent stability,
and extensive operating range, they have several key disadvantages. pH glass electrodes need
to be stored in buffer solutions, they are fragile and have limited size and shape, making them
impractical for some applications, such as being potentially used as miniature pH sensors for
capsule endoscopy and ambulatory esophageal pH monitoring. To address these issues of
limitations of glass electrodes, various metal oxides have been investigated and proposed as
potential electrode materials for the development of pH sensors. Solid metal sensors offer
unique features such as insolubility, stability, mechanical strength, and possibility of
miniaturization. However, the main drawback of the metal oxide pH sensors is the interference

caused by oxidizing and reducing agents present in some sample solutions.

To reduce the redox interference, metal nitride solid sensors were investigated in this project
with the potential for the development of high-sensitivity pH sensing electrodes. Metal nitrides
are refractory, have high melting points and interstitial defects, and, at room temperature, they
are chemically stable and resist hydrolysis caused by weak acids. There are many reports on
different metal nitrides electrodes in literature, of which several have been previously
investigated for use as pH sensors. Here, specifically, thin films of titanium nitride (TiN) were
manufactured using radio frequency magnetron sputtering. The effect of sputtering parameters
(e.g., thickness, sputter power, gas composition) were investigated to optimize the materials
for use as pH sensor. Additionally, the underlining mechanism governing the pH sensitivity of
these metal nitrides was investigated by examining the pH sensing properties (i.e., sensitivity,
hysteresis, and drift) and the effect of redox agents. The successfully optimized material was
then used to construct and demonstrate the concept of a solid-state pH sensor using an

appropriate reference electrode.

The solid-state TiN sensor paves the way for future development of a miniaturised pH sensor
capsule for biomedical applications or lab-on-a-chip pH sensor for environmental and
industrial applications. Expending the realms of pH monitoring, currently limited by the glass

pH electrode.
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CHAPTER1 BACKGROUND AND LITERATURE REVIEW

1.1  Introduction
The pH scale is well-known. The concept of pH was first introduced back in 1909 by Sorensen
[1], and shortly after pH was defined as the negative logarithm of the hydrogen-ion activity in

solution.

pH =-log [H] (1)

Among the various parameters that are monitored of variety of samples, pH value is the most
frequently measured [2]. For example, in agriculture, it is important to control the pH of
hydroponic nutrient solution supplied to the plants otherwise certain essential elements for
growth of the plant will not be absorbed by the root system. pH of soil effects crop yield [3];
in nature, the pH of seawater plays a vital role in ocean’s carbon cycle which must be limited
to the range of 7.5 to 8.4 [4,5] then; in the brewing industry, pH is important during the brewing
process [6], if the pH activity of the amylase enzymes is suboptimal, it starts to suffer
significantly resulting in denaturisation of the enzyme [7]. In microbiology, in some
microorganisms the metabolic activity will change the pH in cell medium, this can be used
detect and quantify bacteria [8], cell biology, the degree of ionisation of intercellular
compounds is affected by [H'], which in turn effects the metabolism and other cell processes.
Intercellular pH is kept neutral since this is the pH at which a cell's charge becomes trapped
[9]. The pH of drinking water is set forth by regulatory bodies in industrial businesses, such as
portable water purification plants, so it must fall within the designated range. Accurate pH
monitoring in chemical industries is essential for neutralising the effluent in pulp, steel, and

paper. pH monitoring is necessary for many applications [10—12].

The glass pH electrode has been the most reliable choice due to the significance of pH
measurement. The working electrode and reference electrode for glass pH electrodes are
combined into a single shaft with a double connection, and they are both in contact with an
electrolyte (KCI, 3 mol/L). The H" activity determines the potential difference that exists across
the glass membrane [13]. The Nernst Equation, which is described in Section 1.2.1, is used to

calculate the pH of the solution.



Glass electrodes of different sensitivities have been used for the development of specific pH
sensors for various sensing applications. However, due to their fragility, large size and
manufacturing cost, glass electrodes are impractical for some applications [14,15]. Metal oxide
pH sensors, on the other hand, have been considered as an alternative to glass electrodes, due
to their ability to be reduced in size and robustness. However, sample matrix interferences
typically decrease the sensitivity of metal-oxides-based sensors [16,17], making them
impractical for pH monitoring in redox matrix. Consequently, as a possible alternative to metal
oxides, metal nitrides have been employed as chemical sensors since they exhibit greater
electron mobility and chemical inertness in comparison to other chemical sensor materials.
Additionally, nitrides have a greater energy bandgap, high melting point, are significantly hard

and exhibit excellent thermal and electrical conductivity [18].

In this study, metal nitrides, specifically titanium nitride, thin films were investigated as a
potential replacement for metal oxides as pH sensors. Particular attention was paid to the pH

sensing capabilities as well as the impact of redox agents on the metal nitride film.

To investigate metal nitrides as a novel potentiometric sensing material, it is important to
understand other materials used for pH sensing, which can be constructed using solid-state-
based deposition methods. The following sections will present in detail the theory regarding
solid state pH sensors and several approaches to all-solid-state electrode fabrication with

mainly five kinds of sensing materials, namely:

. Liquid hydrophobic membranes

o Carbon

. Conducting polymers
. Metal oxides

. Metal nitrides

1.2 Solid State pH Sensors

Solid-state sensors work on the signal response from the processing unit (electronic device or
measurement technique used) which measures the physical property sensed within the sensor

structure. This physical property leads to an electrical signal that can be amplified and detected



via a voltage/current metre. There are two types of processing units particularly for solid-state

pH sensors:
1. Potentiometric
2. Amperometric (field effect transistors)

1.2.1 Liquid hydrophobic membranes - ion sensitive electrodes

Liquid-hydrophobic membranes are potentiometric working electrodes [19]. They consist of a
membrane made of hydrophobic organic material (usually plasticised PVC), loaded with an
ion-selective ionophore. The concentration of the analyte ion being buffered by the ionophore
determines the sensing mechanism [20,21]. The potentiometric response of polymeric
membrane (organic)-based ion-selective electrodes is controlled by the sample ion’s
equilibrium at the sample/membrane surface, which gives rise to a phase-boundary potential as
shown in Figure 1. The polymer membrane in the ISE has definite number of ionic sites as it
controls the total concentration of opposite charged ions in the membrane, which are
represented as impurities [22]. Note that, the addition of these sites in high concentration can
be used to control the membrane properties. The phase-boundary potential arises due to the
unequal distribution of ions, depending on its free energy of transfer and its activity in aqueous
and organic phase boundary regions, as shown in Equation (2) [22]:

E = gln% (2)
where a (aq) is the activity in aqueous phase and a (org) is the activity of the ion of interest in
the hydrophobic membrane, R is the universal gas constant (8.3144 JK 'mol™), T is temperature

(K), F is the Faraday constant (96485 Cmol™).

A Nernstian response slope is attained because of the activity of cations on the organic
membrane being kept constant and independent of its activity in aqueous phases, according to
Equation (1). If no interference is experienced from other ions in the sample, then the Nernstian

equation (2) of the ISE towards the ion of interest becomes:

E=E° +ZiFT In a(aq) (3)



where, E? is the standard redox potential (V), z is the charge of the species (1 for H"), which

simplifies to:

E =E’—0.0583log [(aq)] “4)

The “Nernstian” response, which is defined as the output voltage for a 10-fold change in ion
activity, is 58.3 mV. In liquid-hydrophobic membranes, the pH sensitive is measured due to its
protonation constant, the ionophore tridodecylamine is typically used, and the working range

is limited to pH 2-9 [23].

Polymeric Membrane (Organic) Aqueous Sample

L R LIt ITA

Figure 1 - Scheme for the phase-boundary potential [22]. I" is the analyte cation; A~ is the
counter anion in the aqueous sample; L stands for the electrically neutral ionophore and R™
is the lipophilic anionic sites.

1.2.2 Carbon and conducting polymers

When the pH of a solution changes, amperometric pH sensors produce a current, while
potentiometric pH sensors produce a voltage. Many materials and techniques have been used
for amperometric pH sensing. However, carbon has been the widely used electrode material in
electrochemistry due to its relatively large potential window, commercial availability,
versatility, inertness, and low cost [24]. Oxo- groups are one of the functional groups at the
carbon surface, which react with the oxygen in the atmosphere to form various surface oxo-
groups, which are sites for electron transfer processes. Of the range of functional groups
carbonyl, quinonyl and hydroxyl, the quinone groups, which are pH dependent, have been

proposed for the measurement of pH.

Potentiometric stability can be greatly improved by using carbon materials for pH sensing,
which make them more attractive as transducers [12]. Single-walled carbon nanotubes have

been used as thin film for pH sensing applications [12]. Polymer-bound activated carbon



electrode has been used in super-capacitors [25]. The surface oxo-groups, such as quinones

can quantify volumetric redox processes using the Nernst equation [24], which is given by:

2.3RT

Ep = Eoformal - pH (5 )

nF

where, T is temperature (K), R is the universal gas constant (8.3144 JK 'mol™") and n represents
the number of electrons. It is obvious from Equation (5) that there is a direct relationship

between the peak potential and the pH.

Conducting polymers exhibit some properties like metals and have been implemented as pH
sensors. Mainly, conducting polymers such as polypyrrole [26,27] and polyaniline [28,29] have
been used as solid-state pH sensors because they exhibit high conductivity like metals, low
ionization potential, low energy optical transitions and large surface area when nanostructured.
Conducting polymers have alternating single and double bonds. Delocalization of electronic
states lead to the formation of energy gaps. Polymer systems are typically unstable and poorly
conductive. However, they can be made stable through doping, which generates and balances
charge carriers in the polymer chains. For example, polaron present in polymer removes an
electron from the system, forming a di-cation, which is a spin-less defect that lies within the
band gap of the material, enabling conducting polymers to perform chemical sensing.
Conducting polymers are also capable of providing pH sensing capability due to the

protonation/deprotonation of functional groups at different pH levels [30].

Polyaniline (PANI) is the most advantageous conducting polymer as it has a variety of
oxidation states that are both pH and potential dependent [31]. PANI is found in three different
forms: leucoemeraldine (LEB), emeraldine (EB) and pernigraniline (PNB), and the only
electrical conducting is the emeraldine salt (ES), which is the protonated form of EB [32]. The
protonation process is reversible and the pH sensitivity of PANI is based on the equilibrium of
EB <ES [32]. Hence, the strong pH sensitivity of PANI makes it a suitable membrane material
for all-solid-state pH sensors. However, the main drawback of conducting polymers is that the
additives (like: tridodecylmethylammonium chloride in PANI) in the membrane can affect the

pH sensitivity [32].



1.2.3 Metal oxides

Metal oxides have been used to sense pH and can be grouped into three categories:

o Metal - Metal Oxide
o Metal Oxide - Metal Oxide
o Ion Sensitive Field Effect Transistor (ISFET)

1.2.3.1 Metal - Metal Oxide

Insoluble hydroxides formed from metals can be used for pH measurements, resulting in a
Metal - Metal Oxide sensor. Antimony electrode is the best example, which is commonly used
instead of glass electrode [16,17]. The redox potential of the antimony electrode is directly

proportional to the proton activity of the solution in the range between pH 3 and 11 [13]. For

example:

Shy03+ 6H" +6e«<>2Sb + 3H>0 (6)

E = EO Eln(a[Sb]3. a[H20]3) (7)
- nF " “«[Sb203la[H ' ]6

where, E° is the standard potential, R is the universal gas constant (8.3144 JK-'mol™!), T is the
absolute temperature, F is the Faraday constant and a[Sb], a [H,0], a[Sb203] and [H'] are the
activities of Sb, H,O, and H', respectively.

E=E’+ 0.0596log —L
oga [H+] (8)
E =E"-0.0583 log [H] 9)

Given that E°= 0.512 [38], Eq. (4) can be simplified to:

E=0.152-0.05916 pH (10)

where, E is the measured potential in Volts (V) at 25 °C.



However, hydrogen electrodes are not simple, their potential can be determined by other
electrochemical processes [33,34], such as, corrosion and cathode reduction of oxygen [35].
As the ion exchanging at surface sites that does not necessarily involve a pH dependent redox
transition [13]. This makes Sb-Sb2Os3 electrodes not suitable for longer operation periods, due

to drifting in potential signal.

The fact that metal - metal oxide pH electrodes are built from reasonably affordable
nonprecious metals makes them advantageous. Several other metal-metal oxide systems,
including those involving; Sn, W, Fe, Ag, Cu, and Zn [17], have also been described. Redox
couple-based pH sensors, or metal-oxide-metal-oxide pH sensors, are a superior alternative to

metal-metal-oxide sensors [13].

1.2.3.2 Metal Oxide - Metal Oxide

Reversible hydrogen electrode with oxides of Pt, Pd, Rh, Os, Ru and Ir have been investigated
and used as pH sensors [14,18,36,37]. Fog and Buck [38] and Kreider et al. [39] have
investigated these types of conductive oxides and found that they attain the best sensitivity for
pH measurement compared to metal-metal-oxide sensors, with IrO> showing lowest sensitivity

to redox agents and higher stability [38].

Fog and Buck [38] proposed five potential mechanisms, including (1) ion exchange of surface

-OH sites, (i) redox equilibrium between two valences, (iii) redox equilibrium involving only
one phase, (iv) single phase oxygen intercalation, and (v) steady state corrosion, for the pH
sensitivity of electrically conducting metal oxides. The oxygen intercalation explanation, which
presupposes proton activity in the liquid phase and oxygen activity in the solid phase, was used
to describe the pH sensitivity of the materials. This explanation was based on the observations
that; (i) redox agents caused shifts in potential (meaning that the composition of the material
influenced potential); (ii) lack of interference from cations; and (iii) the known non-
stoichiometric oxygen content of these metal oxides. However, more recently, the pH sensing
response of metal-oxide-metal-oxide pH systems is described by a redox equilibrium between

two valences. Using Ru as an example [39,40]:

Ru™0,+ e +H' <> Ru ™ O(OH) (11)



F o po_ KT afRulll] (EO RT (x[RuHI]) RT

- = _— —_ ) — +
F o aRulVIHT] 7 Inoarvy) — 7 In(alH'D (12)

where E' is the standard potential, R is the universal gas constant (8.3144 JK'mol ™V, T is the
absolute temperature, F is the Faraday constant and ofRu'"], a[Ru'v] and a[H] are the activities
of Ru", Ru'Y and H', respectively [13, 15] . Given an approximately equal proportion of Ru'

and Ru'", Equation 12 is simplified to:

E = E* — 58.6pH (13)
where, E is the measured potential in mV at 22 °C.

The main drawback of metal-oxide pH sensors [15] is their sensitivity to redox species. For
example, ferri- and ferro- cyanide have been found to supress the pH response of IrO, pH
electrodes [38, 41]. Although this could be partially overcome by the application of a Nafion
membrane, interference from all redox species could not be achieved. Recently RuO, was
shown to behave differently; Fog and Buck [38], stated that RuO, maintains an almost
Nernstian pH response slope when exposed to redox agents, whilst Lonsdale et al. [42] showed
that the E° value of RuOs electrodes shifts due to exposure to redox agents, whilst the pH

response slope remains Nernstian.

1.2.3.3 ISFET pH-sensors

An Ion Selective Field Effect Transistor (ISFET) is basically a FET system with two electrodes
(source and drain) and a semiconductor gate (as shown in Figure 2). Current flowing through
the source and drain is measured [33] instead of the potential difference. A reference electrode
is needed to form closed electrical circuit and maintain a fixed potential. Source-drain current
changes based on the field-effect principle; the surface potential of the gate is modulated by

variations in the charge at the insulator-electrolyte interface [43].

In the case of pH sensitive ISFETs the charge at the surface of the gate material (the electrolyte
insulator interface) is determined by the pH of the solution and the density of active ion-

exchange sites at the electrolyte-insulator interface. The active sites can be acidic, basic, or
8



amphoteric, to derive explicit expression for the potential y, at the electrolyte-insulator
interface oxides of only one type of site of A>O; is considered. Assuming the possible sites on
the oxide surface are A-O", A-OH and A-OH>", the acidic and basic character of the neutral site

A-OH is characterized by equilibrium constants, K., and Ky, as described by Bousse:

A-OH < A-O -+ H', with K% (14)
A-OH + H' < A-OH", with Ky = % (15)
The potential drop at the interface in terms of pH can the written as:

E° = (22 (i) (PHpac — pH) (16)

where, [H+] represents the surface concentration of H' ions, T is temperature (K), q is the
charge of an electron (C), k is Boltzmann's constant, pH pzc is the pH of the point of zero

charge on the surface and 3 is proportional to the density of active amphoteric sites:

2 A1/
B = jcqrci (1?_1)1 2 (17)

Where N is the number of active sites and Cpy is the double layer capacitance (F).

%
Ref.”

U
H Solution

Figure 2 - A solid state ISFET based electrode. Gate is covered by SiO» layer and the potential
difference Ug is between reference electrode and n-channel [13].



In a pH sensitive ISFET, the gate is coated with different materials some of them are metal

oxides, e.g., AlbO3, SiO», Al, O3 and TaxOs.

ISFETs show some drawbacks when used as pH measuring systems, including long term
instability [13], poor stability of the reference electrode [13], inability to attain Nernstian pH
sensitivity. The manufacture process plays an important role in the development of high-
sensitivity ion sensing thin films as it must ensure a high density of active sites to obtain a
Nernstian pH response. Many different manufacture procedures are reported specifically for
ISFET-based pH sensors, e.g., sputtering, thermal evaporation, plasma enhanced chemical

vapor deposition (PECVD) and sol-gel method [44].

1.2.4 Metal nitrides

The potentiometric or amperometric measurement methods are most used for electrochemical
pH sensors [46]. Using either of these measurement techniques, ion selective electrodes,
carbon, conducting polymers, metal oxides pH sensors and ISFETs have designed to achieve
high selectivity by implementing different pH sensing mechanisms. As discussed earlier, each
of these electrodes have their own drawbacks. In this work an alternative approach based on
the use of metal nitride electrodes is investigated for the development of potentiometric pH

SE€NSors.

Metal nitrides have higher electron mobility and chemical inertness than other chemical sensor
materials [47]. Strong metal-to-metal and metal-to-non-metal connections are thought to be
promoted by the nitrogen atoms that occupy interstitial locations in the metal in metal nitrides
[44]. TiN has been demonstrated to be an effective conducting membrane in applications
requiring electronic devices, field emission, and electrochemical capacitors [46]. As a result,

pH sensors have regularly employed them (see Table 1).

RuN [45], TiN [48], -BCxNy [49], GaN [50], and Si3N4 [51] are the primary metal nitrides
employed for ISFET type pH sensors to date. The pH sensing and non-ideal properties of the
sensing membrane have been studied for ruthenium nitride (RuN) [45]. Normally, the ID- VG
curves of a current-voltage (I-V) measurement system in standard buffer solutions are used to
determine the detecting membrane's sensitivity. ISFET type pH sensors, as illustrated in Figure

3, use MOSFET (Metal Oxide Semiconductor Field Effect Transistor) as a sensing membrane,
10



with the gate coupled to a RuN pH sensor and the drain and source connected to the current
measurement device as shown in Figure 3. A steady potential is kept during the test, and a
standard buffer solution is submerged in both the pH sensor device and an Ag/AgCl reference
electrode. The VG voltage is raised while the drain-source voltage (VDS) is maintained
constant. while measuring the drain-source current (IDS). The sensitivity of the RuN sensing
membrane is determined using ID-VG curves [52]. The ruthenium nitride membrane's sensing
properties were stable in pH buffer solutions ranging from 1 to 13, and the RuN sensor's
sensitivity was 58.03 mV/pH [52]. Despite the great pH sensitivity of these devices, ISFET-
based sensors have significant drawbacks, such as long-term drift, hysteresis, and thermal drift,
which reduce the accuracy of pH measurement [51]. To overcome these disadvantages, in this

work, the durable and non-reactive potentiometric pH sensing method is used.

MOSFET
'\_| Current

measuring
unit

» Reference electrode

> RuN sensor

L l

» Buffer solution

Figure 3 - Current-Voltage Measuring system of RuN pH-sensing membrane with MOSFET.

It has been demonstrated that one metal nitride, titanium nitride (TiN), possesses "super"
qualities like a high melting point, substantial hardness, chemical stability, and outstanding
electrical and thermal conductivities [10]. A potentiometric pH sensitive sensor made of TiN
nanotube arrays [44] has a unique crystal structure where the presence of interstitial atoms
causes many holes to form in the lattice. The potential difference between the inside and outside
of the crystal is caused by hydrogen diffusing through these holes. This illustrates how TiN's
crystal structure changed, leading to its extreme pH sensitivity. Potentiometric pH sensors have

been made with TiN [23].

11



Zirconium nitride (ZrN) and hafnium nitride (HfN) are extremely stable due to a complex blend
of covalent and ionic interactions, according to earlier research on metal nitrides from 1997
[35]. Additional research on metal nitrides in 2001 revealed sensitivity of 57 mV/pH [49] when
complementary metal oxide semiconductor (CMOS) and extended gate field effect transistor
(EGFET) were built on the same chip utilising TiN as a sensing membrane. GaN, AIN, InN,
and their alloys were shown to be promising materials for the next generation of chemical and
biological sensors by Y.H. Chang et al. later in 2011 [36]. Finally, in 2013, K. A. Yusof ef al.
[35] investigated a Si3N4 based ISFET and thin-film sensors and showed that those had
sensitivities of 53.5 mV/pH and 66.9 mV/pH, respectively.

Several strategies were included for the development of the metal nitride pH electrode
throughout the previous two decades (Table 1). Many gaps in the literature still exist despite
the substantial research that has been done on metal nitrides as a pH sensor material. Firstly,
potentiometric pH sensors have not been developed using metal nitrides; instead, ISFET-based
pH sensors have. Since no research has been done on the redox sensing capabilities of metal
nitrides, a detailed explanation of the potentiometric pH sensing mechanism of metal nitrides
to detect pH value is missing from the literature. Secondly, only TiN [23] has been described
as a metal nitride for potentiometric pH sensing; however, the sensing mechanism was never
covered. TiN is a potential material for next-generation pH sensors because of its good
electrical conductivity, outstanding mechanical qualities, high corrosion resistance, and

biocompatibility.

Consequently, in this work the pH sensing properties of TiN will be investigated along with a
potential protective membrane. In addition, the redox sensing properties of these materials will

be investigated to determine if they are suitable alternatives to existing pH electrodes.
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Table 1 - Chronological summary of relevant literature using metal nitrides as a pH sensitive

electrode.

Author

C.G. Ribbing
and A. Ross [54]

Y. L. Chin, J. C.
Chou, Z. C. Lei,
T.P. Sun, W. Y.
Chung, and S.
K. Hsiung [55]

C. L. Li, B. R.
Huang, S.
Chattopadhyay,
K. H. Chen, and
L. C. Chen [49]

Y. Wang, H.
Yuan, X. Lu, Z.
Zhou, and D.
Xiao [48]

Y.-H. Liao and
J.-C. Chou [45]

Year

1997

2001

2004

2006

2009

Summary

This work presents ZrN and HfN transition metal nitrides with
extreme stability like hardness, chemical inertness, high melting
point and Young's modulus. Because of intricate mixture of
covalent and ionic bonds these have high stability. ZrN and HfN
both are ceramic in terms of hardness, inertness and directed

bonds, but metallic with high electrical and thermal
conductivity.
This research has demonstrated the fabrication of

Complementary metal oxide semiconductor (CMOS) together
with extended gate field effect transistor (EGFET) on the same
chip. EGFET Titanium nitride (TiN) a conducting material was
used as sensing membrane fabricated using R.F. sputtering
method. The experimental results show high linear sensitivity
57 mV/pH, hysteresis is 0.5mV cycle of buffer solution
pH7—pH4—pH7—pH10—pH7.

In this work, an extended gate field effect transistor was used for
pH measurement with amorphous boron carbon nitride (a-
BCxNy) as the sensing membrane. Results showed that the pH
sensitivity depends on the carbon content of a-BCxNy sensing
membrane, reaching 46 mV/pH for a carbon concentration of 47
at. %.

The fabrication and the response performance of the pH
electrode was discussed in the paper. The TiN film electrode was
shown to exhibit a linear response from pH range 2-12 with a
near-Nernstian response (—55 mV/pH).

Ruthenium nitride (RuN)
characteristics for pH sensor was investigated in this research.
RuN thin films were R.F. sputtered from a 99.9% pure target on
p-type silicon substrates with N> gas. The sensitivity of the RuN
sensing membrane pH sensor was 58.03 mV/pH.

sensing membrane non-ideal
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Y. H. Chang, Y. 2011
S. Lu, Y. L.
Hong, S. Gwo,

and J. A. Yeh

[57]

N. S. Lawand, P. 2012
J. French, J. J.
Briaire and J. H.

M. Frijns [56]

A.Dasetal [50] 2013

K. A. Yusof, N. 2013
I. M. Noh, S. H.
Herman, A. Z.
Abdullah, M.
Zolkapli and W.

F. H. Abdullah

[51]

M. Liu, Y. Ma, 2016
L. Su, K. C.
Chou, and X.

Hou [46]

In this paper, authors have shown that the Group III-Nitride
including GaN, AIN, InN and their alloys are promising
materials for biological sensing, as they are biocompatible, have
high sensitivity and robust surface properties, which guards the
material from harsh chemical and thermal environments.

In recent years, InN has become an appealing material for
chemical and biological sensing applications because of its
unusually strong surface electron accumulation occurring
immediately under the surface.

This paper demonstrates that TiN is more advantageous than the
platinum and iridium noble metals, which are used for nerve
stimulation and sensing. Generally, biomedical implants are
made of TiN as they have good mechanical properties and high
corrosion resistance with extreme biocompatibility.

This paper reports that gallium nitride (GaN) exhibits some
excellent properties, including wide band gap, direct light
emission and excellent chemical stability. In this study, pH
sensitivity of the fabricated GaN-based light addressable
potentiometric sensor (LAPS) was investigated. A Nernstian-
like pH response with pH sensitivity of 52.29 mV/pH and
linearity of 99.13% was obtained.

This work shows the use of chemical vapour deposited silicon
nitride as sensing layer. A source measure unit (SMU) was used
to measure electrical properties for both SizN4 thin film and
Si3Ng4-based ISFET sensor. The pH sensitivity of thin film and
ISFET packaged device with silicon nitride were 66.9 mV/pH
and 53.6 mV/pH respectively. Both showed good linearity in the
chosen pH range.

In this work, TiN nanotube array (NTA) electrode open-circuit
potentials were related to pH sensitivity, response time, stability,
selectivity, hysteresis, and reproducibility in the pH range of 2-
11 at 20°C. The TiN NTA electrode showed a near-Nernstian
slope of 55.33 mV per pH with the correlation coefficient value
0f 0.995.
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R. V. Babinova 2017

et al. [58]

W
Mohammed

et al. [53]

M 2017

Reactive sputtered hot target titanium nitride has been
investigated on the surface morphology and mechanical
properties. At low nitrogen flow rate and high discharge current
density showed highest hardness (up to 30 GPa) and Young's
modulus (up to 300 GPa).

This paper reported on the use of reactive DC magnetron
sputtering to produce thin films of titanium nitride, using
titanium metallic target, argon as the plasma gas and nitrogen as
the reactive gas. The films were deposited on Si, fused silica and
crystalline MgO substrates with various deposition conditions.
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CHAPTER 2 RATIONALE AND PROJECT AIMS

The aim of this project is to manufacture an all-solid-sate pH sensor with the view of
developing a sensor that is more robust, flexible, smaller, and cheaper than the glass pH
electrode and is capable of measuring pH in a wide range of matrices. According to literature
review the interest in ion-selective electrodes (ISE) has increased due to the improved sensor
selectivity. However, the pH working range is still limited to pH 2-9 for ISEs. This is where
metal-metal-oxides are advantageous; their working range is between pH 2 to 12 and they are
made from non-precious metals. However, unfortunately, they suffer from pronounced
hysteresis. Additionally, for these electrodes, the potential measurement is also more
complicated, because it is determined by other electrochemical processes, apart from hydrogen
ion sensing mechanism. A redox couple-based metal-oxide-metal-oxide pH sensors were more
suitable alternative to metal-metal-oxide pH sensors, however, they are still problematic,
because they are sensitivity to redox species. Finally, carbon and conducting polymers were
also studied to improve the potentiometric stability but, the presence of additives in synthetic
metals or conducting polymers was found to significantly affect the sensitivity of such sensors.
In this work an alternative approach based on the use of metal nitride electrodes is investigated

for the development of potentiometric pH sensors.

In the quest for a better pH sensing material and to build on the previous work on RuO» sensor,

the aims of this research project were:

1. To develop new type of pH sensor by R.F. magnetron sputtering of titanium-nitride
(TiN) film

2. To characterise and analyse the sputtered TiN films for their sensor capabilities.

3. To investigate the mechanism of the sputtered TiN thin films in pH sensing,
specifically relating to the effects of redox interference.

4. To determine the performance of TiN pH sensor in highly redox samples using
potentiometric measurements.

The work here aims to fill gaps in the literature about the manufacture of potentiometric metal
nitride pH sensors deposited using R.F. magnetron sputtering, understanding of the pH sensing

mechanism and redox interference properties.
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CHAPTER3 METHODS AND MATERIALS

Manufacture of metal nitride pH sensitive electrodes involves sputtering using R.F. magnetron
sputtering followed by characterisation to analyse the composition, crystal structure and
morphology of the sensing membrane. For this project, titanium nitride has been selected,
because it is electrically conducting metal nitride, making it suitable for potentiometric
measurements. Also, TiN is durable and chemically resistant. TiN has been demonstrated as
pH sensing material using potentiometric detection, however, to the author’s knowledge, there

are no reports of sputter deposited TiN in literature for pH sensing.

3.1 Manufacturing Process
The manufacturing process for the development of pH sensors comprises the following steps:

e Deposition techniques
e Electrode manufacture

3.1.1 Deposition techniques

There are several thin film deposition techniques that could be used to manufacture metal
nitride electrodes for pH sensing. Some of these methods include RFMS, Plasma Enhanced
Chemical Vapour Deposition (PECVD), thermal evaporation, sol-gel, Low Pressure Plasma
Enhanced Chemical Vapour Deposition (LP-PECVD) and Metal Organic Chemical Vapour
Deposition (MOCVD) [1]. The technique that has been chosen for metal-nitride deposition is
RFMS, Korea Vacuum Tech KVS-2004L (Figure 4 left) is the system used. It will be able to
sputter deposit films with known stoichiometry/composition, well-controlled thickness, high

purity and crystal structure, which plays a vital role for studying the material’s properties [2].

RFMS will allow the metal nitride deposition parameters like gas ratio variance, film thickness
and chamber pressure and deposition power to be trialed, to optimize performance as a pH
sensor. The influence of the nitrogen pressure on structural, electrical, and optical properties of
TiN films [3] can also be controlled using Radio Frequency Magnetron Sputtering (RFMS).
RFMS deposition of thin metal oxide films under controlled parameters have been demonstrated
to produce the solid-state pH sensors with excellent performance [4]. The substrates onto which
the deposition will be trialed are Alumina (Al2O3), glass, silicon (Si) and polyimide (PI)
(plastic) to access best suitability and durability of the design.
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Figure 4 - RFMS system used for deposition of metal nitrides (left), schematic of the
deposition process (right) [5].

3.1.2 Electrode manufacture

Electrode manufacture was carried out using the Trotec Speedy 360 flex laser cutter engraver
figure 5 (left) is used to manufacture the conductive tract, electrode working area (metal nitride) and
electrical connection-pad by etching the nitrides onto the substrate. Laser settings were changed
according to the required cutting dimensions and is followed as per the manufacturer’s instructions.
Alternatively, the same laser system can be used to manufacture stencils for sputter deposition of
electrodes. The electrode working area has been isolated using an insulating Gwent dielectric paste
(dried at 120 °C for 20 min in air oven) and will be soaked in pH 7 buffer for a week before use, as

reported previously [6]. Figure 5 (right) shows a schematic representation of the final electrode.
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Figure 5 - Trotec Speedy 360 flex laser cutter machine (left) and schematic of the finished
substrate electrode with sputtered metal nitride (right).

3.2  Characterisation
3.2.1 Physical characterisation

Sputter deposited metal nitrides will be characterised using several techniques, namely
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDX) and X-ray
diffraction (XRD). SEM analysis was used to provide information about the material and
surface morphology. EDX was used to examine the deposited materials composition, whilst
XRD was used to examine crystal structure of the deposited materials. This analysis was

performed to identify physical changes that may be related to the pH sensitivity of the materials.

A brief explanation of each technique is given below:

1. Morphology of the developed electrodes was examined using Scanning electron microscopy
(SEM). The instrument used was Hitachi SU3500. Isopropyl alcohol was used to clean the
samples and completely dried on a hotplate. A scanning electron microscope is a type of
microscope that captures picture of the outer layer of the sample material. The sample’s
atoms meet the focused array of electrons. These connections made by the atoms and
electrons produce output information regarding the sample’s surface topology. This is a
raster scan pattern, and the beam’s position is connected to produce an image. SEM works
on the resolution of 1 nm or more. Detection of secondary electrons emitted by the atoms

within the sample provide specimen topology (Figure 6).
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Figure 6 - Schematic representation of the SEM imaging process [73].

2. EDX (Energy Dispersive X-ray) Spectroscopy — Along with lower energy secondary
electrons, backscattered electrons and X-rays are generated by primary -electron
bombardment. The intensity of backscattered electrons can be correlated to the atomic
number of the element within the sampling volume. The analysis of characteristic X-rays
(EDX or EDS analysis) emitted from the sample gives more quantitative elemental
information as in composition of the bulk sample being different compositions, and rough
specimens and particle [7]. SEM, accompanied by X-ray analysis, is considered a relatively
rapid, inexpensive, and basically non-destructive approach to surface analysis.

3. XRD (X-ray diffraction) - XRD is the only technique that reveals structural information,
such as chemical composition, crystal structure, crystallite size, strain, preferred orientation

and layer thickness.

Using the above-mentioned physical characterization techniques, information is gained
regarding the surface morphology, composition, and crystal structure of the designed thin film,

and 1s used to compare with pH sensing properties.
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3.2.2 Electrochemical characterization
In this project, potentiometric measurement was chosen for electrochemical characterisation

since it is relatively simple to measure voltage. Many reports claim that metal oxide ISFETs
can be incorporated as a measurement technique for pH sensors because of their small size,
rapid response, high input impedance and low output impedance. However, according to
Zhuiykov et al. [8], the ISFET’s potential of the electrolyte-insulator interface requires a
reference electrode, such that shifts in the voltage, can be measured [8]. Unfortunately, ISFET
based measurements are more complex than their potentiometric counterparts, and therefore,

the use of an ISFET device was undesirable for this project.

The electrochemical characterization is carried out using potentiometric method where the
working (W.E.) and reference (R.E.) electrode’s electrical potential is measured which are
immersed in the test solution being measured (as shown in Figure 7). The reference electrode
provides a stable constant reference potential while the ion selective electrode (ISE) (sensing
electrode) responds to the change of the hydrogen ion (H") concentration in the solution. The
potentiometric pH sensing set up used to access the developed metal nitride working electrodes
will use an Atlas Scientific ORP EZO circuit connected to PC via an Electrically Isolated USB
EZO Carrier Board (as per the manufactures instructions, to measure the potential between a
double junction silver/silver chloride, potassium chloride reference electrode (Ag|AgCIl|KCl)
and the developed metal nitride working electrodes. Figure 7 shows a representation of the

potentiometric setup that will be used.

Measurements were made using the buffer solutions (Rowe Scientific) at 20 °C until
equilibrated. By recording the potential of the buffer solution for specific amount of time until
they reach equilibrium, the same was repeated for all the test solutions. The electrode was
rinsed using deionised water between each test solution and any excess liquid will be removed
using a blast of air. From the recorded potential over time interval a pH loop was generated,
the last 30 s was averaged for each of the recordings. The pH sensor characteristics like the
sensitivity, E°, reaction time and hysteresis were analysed in MS Excel spreadsheet format.
Each of these metrics is further defined in Table 2 and are summarised graphically below

(Figure 8).
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Figure 7 - A glass double-junction reference electrode and as working electrode immersed in
pH buffer as a potentiometric measurement set-up.
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Figure 8 - Graphical representation of pH characteristics using pH data loop (left) and a linear
calibration plot (right) [9].
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Table 2 - List of pH characteristics tested for a designed pH sensor and their elaboration.

pH Sensor

Characteristics

Definition Type

Sensitivity The sensitivity of a pH electrode is determined by the linear slope response

Response time

Drift rate

Hysteresis/
Reversibility

Resolution

of the pH electrode as defined by the Nernst equation. It is represented
in the unit of mV/pH [10].

The response time is defined as the time at which the pH concentration
in a solution is changed on contact with a pH sensor and a reference
electrode has reached 95% (or 90%) of the final value. The response
time is reported as t95% or t90% in seconds or minutes [10].

The potential drift is defined as the difference between the peak
potential value and the 90% value of the saturated potential. The
potential drift measured over time is drift rate and generally represented
inmV/h [10].

Hysteresis is defined as the difference in the electrochemical potentials
measured at same pH level. The electrochemical potentials at the same
pH level may be different due to various factors, such as different
oxidation states and the degree of hydration on the film surfaces, which
may establish a new equilibrium of ions every time in the redox
reactions at different times of testing [11]. In potentiometric
measurements, it is represented in mV [11].

The resolution of a pH sensor is defined as the minimum change in pH
above the noise floor that can be detected by the pH-sensor [11].
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CHAPTER 4 TITANIUM NITRIDE THIN FILM BASED LOW-
REDOX-INTERFERENCE POTENTIOMETRIC pH SENSING
ELECTRODES

This chapter was published as an article in the journal MDPI Sensors, 2021, Volume 21, Issue
1, 10.3390/s21010042. This article appears as it does in print, except for the abstract being
removed, minor changes to the layout, changes to section numbers, font size and font style,

which was implemented to maintain consistency in the formatting of this thesis.

This chapter reports on the titanium nitride as a pH sensing material and its advantages of being
low-redox interferent pH material. The pilot study on titanium nitride as pH sensor and its

application in redox matrices was tested.

4.1 Introduction

The pH scale is well-known, where colloquially a pH of 7 is neutral, whilst acidity increases
as the number lowers and alkalinity increasing as the number gets higher. The concept of pH
was first introduced back in 1909, and shortly after pH was defined as the negative logarithm

of the hydrogen-ion activity in solution [1, 2], as shown in Equation (1).

pH =-log [H] (1)

Among the measured parameters, pH value is the most frequently measured [3, 4]. For
example, in agriculture, pH of soil effects crop yield [5]; in nature, the pH of seawater plays a
vital role in ocean’s carbon cycle [6]; in the brewing industry, pH is important during the
brewing process [7, 8,9], in microbiology [10], sweat monitoring [11]. Intercellular pH is
maintained at neutrality as this is the pH at which the charge in the cell gets trapped inside
[12,13, 14]. In manufacturing industries, like portable water purification plants, pH of drinking
water is set forth by regulatory agencies hence, it must be within the specified range [15]. There

are numerous applications which require reliable pH sensors [16].

The glass pH electrode is the most reliable option for pH measurements. Glass pH electrodes

consist of a double junction single shaft combining working electrode and reference electrode
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(Ag|AgCl) in contact with an electrolyte (KCI, 3 mol/L). The potential difference that occurs
across the glass membrane depends on the H" activity [17]. The pH of the solution is determined
using the Nernst Equation [18]. Glass electrodes of different sensitivities have been used for the
development of specific pH sensors for various sensing applications. While glass electrodes have
several advantages, such as, Nernstian sensitivity, superior ion selectivity, excellent stability and
extensive operating range, they have major disadvantages, including, the requirement for storage
in wet condition, fragility, manufacturing cost and limited size and shape, which make them
impractical for applications like endoscopic sensor for biomedical application, soil pH testing in
harsh environments [19, 21, 22], especially those requiring the pH sensor to have a small
footprint. To overcome these issues of glass electrodes, various metal oxides have been
investigated and proposed as potential electrode materials for the development of pH sensors, as
they offer unique features, such as, insolubility, stability, mechanical strength, and the possibility
of miniaturization [4, 23]. However, the main drawback of metal-oxide pH sensors is the
interference caused by oxidizing and reducing agents in the sample solution. Most metal oxides
are electrically conductive. Nevertheless, they are also sensitive to redox species, e.g.,
ferricyanide ion in the sample, which influences the pH measurements and results in significant
errors, as reported in K.Brandis [8] and making them impractical for the detection of the trace

levels of analytes.

To reduce such kind of error, metal nitride is considered as an alternative sensing material.
Compared to other chemical sensor materials, metal nitrides exhibit higher chemical inertness,
high wear, and high electron mobility [23]. Additionally, nitrides have a greater energy bandgap,
high melting point, increased hardness, brittleness, and excellent thermal and electrical
conductivity [23]. Nitrogen atoms in the metal nitrides occupy interstitial sites in the metal and
are believed to promote strong metal-to-non-metal and metal-to-metal bonds [23]. Specifically,
in applications, which require electronic devices, field emission and electrochemical capacitors,
TiN has been proven as a suitable conducting membrane [22]. Therefore, in this study metal
nitrides thin films were investigated as an alternative to metal oxides for the development of pH
sensors. The pH sensing properties of metal nitrides, along with the effects of redox agents on
metal nitrides will particularly be investigated for the development of potentiometric pH sensors.
To date, metal nitrides have mainly been used for ISFET type pH sensors RuN, a-BC:N,, TiN,
Si3N4 [24-28]. For ruthenium nitride (RuN), the pH sensing and non-ideal characteristics of the

sensing membrane have been investigated and
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reported by Y.H. Liao et al. [24]. The Ip- Vg curves determine the sensitivity of the sensing
membrane by a current-voltage(I-V) system in buffer solutions. According to Y.H. Liao et al.
[24], in a MOSFET based pH sensing membrane, the gate of MOSFET is connected to RuN
pH sensor and drain, source is connected to current unit. Both pH sensor device and an Ag/AgCl
reference electrode are immersed in standard buffer solution, while a constant potential is
maintained throughout the measurement. The drain-source voltage (Vps) is kept constant and
Vi voltage is increased while the drain-source current (Ips) is measured. Ip —Vg curves
determines the sensitivity of RuN sensing membrane. The sensing characteristics of the
ruthenium nitride membrane were stable in pH buffer solution 1 to 13, sensitivity of the RuN
sensor was 58.03 mV/pH. Although, these devices have high pH sensitivity, ISFET based
sensors show some disadvantages including long-term drift, hysteresis and thermal drift, which
limits the accuracy of the pH measurement. Previous work carried out in 1997 on metal nitrides
showed that for, example, zirconium nitride (ZrN) and hafnium nitride (HfN) have exceptional
surface-stability because of their interlinked mixture of covalent and ionic bonds [37].
Subsequently, research work on metal nitrides was conducted in 2001, where a pH sensor
integrating complementary metal oxide semiconductor (CMOS) in conjunction with an
extended gate field effect transistor (EGFET) was fabricated on the same chip using titanium
nitride (TiN) as sensing membrane, demonstrating a sensitivity of 57 mV/pH [28]. Later, in
2011, Y.H Chang et al. [23] showed that Group-III nitrides, including GaN, AIN, InN and their
alloys are promising materials for next- generation chemical and biological sensors. Finally, in
2013, K. A. Yusof et al. [27] developed and investigated the performances of a SisN4 based
ISFET (Ion Selective Field Effect Transistor) sensor and a Si3Ns as thin film sensor and

demonstrating sensitivities of 53.5 mV/pH and 66.9 mV/pH, respectively.

Despite the work that has been reported on the use of metal nitrides as a pH sensing material,
there are still several gaps in this field of research that need to be addressed for developing
future-generation ultrafast and miniaturized pH sensors. Firstly, metal nitrides have mainly
been used for developing ISFET-based pH sensors, not potentiometric sensors. A thorough
investigation of the potentiometric pH sensing mechanism of metal nitrides to detect the pH
level is lacking in the literature. Secondly, the only metal nitride reported for potentiometric
pH sensing was TiN, however, no study on redox matrix was conducted. TiN is electrically
conducting material, with good mechanical properties, high corrosion resistance and

biocompatibility, which makes it a promising material for novel pH sensors.
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In this work, titanium nitride (TiN) as a pH sensing material has been proposed as an alternative
to noble metals, such as gold, platinum and iridium and for existing pH sensing materials. A
comprehensive study of thin TiN films fabrication and characterization is presented here, which
provides a better understanding of the behavior of TiN as a potential pH sensing layer and its
redox effects. TiN layers are manufactured by using RF magnetron sputtering. The effect of
sputtering process parameters, such as layer thickness, RF power density to target material and
gas composition are investigated to optimize the sputtering process parameters for obtaining
the best materials properties suitable for using this film as pH sensor paired up with commercial
Ag|AgCIlKCI double junction reference electrode. In addition, the underlining mechanism that
governs the pH sensitivity of titanium nitrides is investigated by experimentally testing the pH
sensing properties of TiN films (i.e., sensitivity, hysteresis, and drift) for potentiometric
sensing. The effect of redox agents on the TiN sensing material have also been experimentally

tested and compared with IrO»-based sensing materials to broaden the sensor applications.

4.2 Materials and Methods

4.2.1 Working electrodes fabrication

Titanium nitride pH working-electrodes were prepared using a RF Magnetron sputtering
system on various substrates such as alumina (Al>O3), glass, silicon (Si) and polyimide (PI)
(plastic). Sputtered-deposition process parameters used for fabrication of metal-nitride thin-
films under controlled process to produce the solid-state pH sensors with excellent performance

are summarized in Table 1.
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Table 1 - Summary of the process parameters and conditions used to prepare thin TiN film
layers on various substrates.

Process Parameters Values
Sputtering target stoichiometry Titanium Nitride (TiN, 99.95%)
Base pressure (Torr) 4-5x 10
Argon (Ar) and N1troge'n' (Ni) pressure (during ~ 2 mTorr
deposition)
Argon (Ar) and Nitrogen (Ni) gas flow ration Ar:10 sccm and Nz; 2 sccm
RF power densities 300 W
Substrate stage temperature (°C) Room Temperature (21 - 23 °C)
Substrate stage rotation rate (rpm) 10-11
Substrates to target distance 15.5-16 cm

The substrates were cleaned using acetone and isopropyl alcohol in an ultrasonic bath for 15-
30 minutes, after which they were completely dried on a hot plate at 120 °C. Titanium nitride
layer of thickness about 85 nm, was sputtered from a 4-inch diameter titanium target (99.95%
purity). Figure 1 shows a schematic diagram of RF magnetron sputtering system where a
Titanium (Ti) metallic target of 4-inch (10.16 cm) diameter has been installed inside the
chamber. TiN thin films about 85 nm were deposited by allowing nitrogen during the deposition
process. The gold-colored titanium nitride coated films on glass substrate confirmed the

presence of TiN layer on the substrates as can be seen in the insert of Figure 1.

L Substrate
=== holder
TiN thin film
growth

Ti sputter target

Figure 1 - Schematic diagram of RF Magnetron sputtering system used to prepare the TiN

thin-film layers. Insert showing the image of deposited TiN film on glass substrate.
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4.2.2 pH characteristics by potentiometric method

An Atlas Scientific ORP EZO circuit was used to record potential differences between the pH
electrodes (reference and working electrodes) in real time, connected to a PC via an electrically
isolated USB EZO carrier board, as a potentiometric setup. The working electrodes were
cleaned with blasts of air at each measurement. The electrode was equilibrated in pH 7
overnight before the actual test to obtain stable potential readings. The potential was recorded
with 70s interval in Rowe Scientific commercial pH 2, pH 4, pH 7, pH 10 and pH 12 buffer
solutions at 22 °C, coupled with a commercial Ag|AgCl|KCl double junction glass reference
electrode. The pH acidic and alkaline loop cycles of 7-4-7-10-7 and 7-2-7-12-7 were used for
testing and repeated three times, of which the last 30s potential values were averaged to
calculate the sensitivity, E® and hysteresis, which represents the difference of consecutive
measurements at pH 7, and drift, which represents the shift in potential at pH 7 over the entire

test period.

4.3 Results and Discussion

4.3.1 Characteristics results of sputtered TiN films

TiN films were prepared on four different substrates; alumina (Al>O3), glass, silicon (Si) and
polyimide (PI) (plastic) to investigate the adhesion behavior of TiN film. Each substrate was
treated with deionized water for one hour in an ultrasonic bath prior to sputtering. Sputtering
parameters, such as, gas ratio, chamber pressure and deposition power were varied to optimize
sensor performance. Several trails of deposition runs have been conducted in various (nitrogen-
deficient and nitrogen-rich) conditions and confirmed that the argon flow rate influenced the
grain size, whilst the argon and nitrogen gas ratio determined the structural and electrical
properties of the TiN films [29, 30]. It was noted that the color of the TiN films (as shown in

Figure 2) was related to the sputtering process parameters.

Figure 2 - Sputtering parameters variation resulting in three different colored TiN films; green,
gold and grey (from left to right).
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The pH sensing properties of green, gold, and grey colored TiN films are tabulated in Table 2.
The pH sensitivity is determined by the slope of the potential difference(mV) versus time
(seconds), the intercept of the slope is the E° potential, hysteresis is the difference in the
electrochemical potentials measured at same pH level and drift is difference between the peak
potential value and the 90% value of the saturated potential. The gold film exhibited Nernstian
sensitivity of -59 mV/pH while, both the green and grey films had a sub-Nernstian pH
sensitivity of -55 mV/pH. The gold film exhibited the best characteristics with the least
hysteresis and drift of 1.2 mV and 3.9 mv/hr, respectively. Consequently, the gold-colored film
was adopted as the optimal material and its color chromaticity and sensing properties were

subsequently investigated.

Table 2 — pH sensitive properties of coloured TiN films

Sensitivity Hysteresis Drift E° (Potential)
Film color

(mV/pH) (mV) (mV/Hr) (mV)
Green -59.0 2.8 8.0 476
Gold -59.1 1.2 3.9 483
Grey -55.2 9.1 34 423

4.3.2 Color chromaticity properties of as-deposited TiN films

The color chromaticity properties of as-deposited TiN thin films were characterized using a
Konica Minolta 508D colorimeter. The chromaticity values of the gold thin TiN film were
characterized based on the Hunter L, a, b color scale. The explanation of the Hunter Lab color
space is presented K. P. Lovetskiy e al. [31] and Nur-E-Alam et al. [32]. The L value represents
the black and white color depending on the values (0 - 100) and @ and b values represent red to
green and yellow to blue, respectively. Table 3 reports the correlation between the film color

and the process parameters.
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Table 3 - Sputtering parameters for titanium Nitride different colored thin film deposition.

Film colors Gas ratio (Ar: N2) Sputtfer.pressure Sputter power
(sccm) (Milli Torr) (watts)

Green 09:01 10 200

Gold 10:02 2 350

Grey 10:10 10 350

The measured Hunter Lab values of two gold TiN film samples (sputtered time was around 60
mins +/- 1 min) are shown in Table 4. In this work, to analyze the color of thin TiN film, L
value was considered rather than the a and b values, as the specific film’s color will mostly be
determined by the color evaluated by the human eye. The accuracy of measured L values to
the simulated values was between 0.07 - 0.1% and indicated by the grey colored film. However,
the measured a and b values for both samples were found to be positive, and that agreed with
the simulated values indicating red and yellow color respectively as shown in Figure 3 and thus

confirms the gold color of the TiN film.

Table 4 - Measured and simulated color values of TiN films.

TiN film Simulated hunter values Measured hunter values
L a b L a b

Gold film 1 43.85 5.1 12.43 43.75 7.23 8.69

Gold film 2 40.67 7.8 6.07 40.60 6.68 6.96

4.3.3 Effect of TiN film thickness

It is well known that film or layer thickness of the pH sensing materials has a significant effect
on the pH sensitivity [38]. We have measured the TiN film thicknesses during the deposition
process using a quartz microbalance sensor which was installed inside the sputtering chamber
and reconfirmed by repetitive multiple sputtering trails. The thickness of electrodes was varied
from 25 nm to 500 nm and hydrated in a pH 7 buffer for one week to eliminate any effects of
aging. Electrodes were then equilibrated for 1 hour at pH 7 and looped from pH 12 to 2 with
pH 7 between each step in 90 s intervals. The thickness results, displayed in Table 5, show that
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the sensitivity remains close to Nernstian (-58.6 mV/pH at 22° C) values for all thicknesses,
except 20nm. A precision value (defined as hysteresis to sensitivity ratio) of 0.05 is deemed
acceptable for many pH applications. An 85 nm thick TiN layer provides a precision of 0.06
pH, which represents the minimum adequate thickness for most pH applications.
Notwithstanding, it can also be seen from Table 4 that electrodes with thicknesses of 100 and
200 nm would be incorporated in applications that require a precision value better than 0.05.
There was no consistent trend observed for electrode hysteresis with the increment of the TiN
layer thickness. However, a notable increase in the drift parameter was observed when the layer
thickness increased from 85 nm to 500 nm. An 85nm thick TiN electrode was selected as the
optimal, since it exhibited the least amount of drift, with a Nernstian sensitivity of -59.1 mV/pH

and a precision of 0.06 pH.

Table 4 - Summary of 25 to 500 nm TiN film sensor properties in the 2-12 pH range,
equilibrated at pH 7.

Thickness Sensitivity £ 2 Hysteresis Drift Precision
(mV) R

(nm) (mV/pH) (mV) (mV/h) (pH)
20nm -49.2 498 0.9972 5.8 18 0.1
50nm -57.5 3351 0.9991 5.5 9 0.1
85nm -59.1 483 0.9997 1.2 3.9 0.06
100nm -58.3 450 0.9996 1.8 4.8 0.03
200nm -57.5 411.3  0.9999 0.8 54 0.01
300nm -58.2 3994  0.9998 1.3 11.8 0.2
500nm -58.5 4428  0.9995 24 15.5 0.2

4.3.4 Measurement of the TiN film thickness

The optical transmission spectra of as-deposited TiN films were measured using an Agilent
Cary 5000 spectrometer. As discussed in Section 4.3.3, thickness of 50nm to 100nm showed
consistent increase in drift and hysteresis as the thickness escalated. Figure 3 shows that the
film thickness exhibited a transmission band in visible region (380 - 750nm) and as the
thickness decreases the transmission percentage and width of the wavelength band increased.
These findings agree with those reported by Y.L. Jeyachandran et al. [40]. The 85nm thick film
was tested twice to reassure the thickness reading from the microbalance sensor. As shown in
Figure 3, the optical spectrum of both 85 nm TiN films overlaps each other confirming the

accuracy of the film thickness readings obtained in Section 4.3.3.
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Figure 3 - Transmission spectra of TiN films deposited onto clear glass substrate, using 350
watts RF power to the Ti target under 2mT pressure with the Ar (10 sccm) and N> (2 sccm) gas
flow.

4.3.5 Microstructure characterization of the sputtered TiN film

Hitachi SU3500 SEM was used to understand the microstructural development of TiN films on
glass substrate prepared by R.F magnetron sputtering. The samples are cleaned with isopropyl
alcohol and dried on hot place completely before analysis. Figure 4 shows the SEM images of
the as obtained 85nm TiN films deposited with different Ar/N: ratios resulting in green, grey
and gold films. The microstructural growth of TiN films is completely dependent on the
sputtering gas ratio and different nitrogen ratios flowing into the sputtering chamber results in
different roughness of the surface and electrical conductivities. It is observed that as the
nitrogen concentration is low (Ar/N2 =9:1, 10:2) the surface appears rough with crystalline TiN
formations uniformly distributed, Fig.5 (a,c), whereas when the nitrogen concentration is
increased (Ar/Nz = 10:10) the surface becomes smoother and there are no crystalline TiN
formations, Fig.5(c). There is a relationship between the structural characteristics observed
with the SEM and the sensing capabilities of these electrodes. The electrodes deposited with
ratios Ar/N2 = 9:1 and 10:2 exhibit Nernstian sensitivity while the Ar/N>=10:10 sputtered
electrode gave sub-Nernstian sensitivity. The gas flow inside the sputtering chamber during
deposition (Ar:10, N2:2 sccm) resulted in a Nernstian sensitivity with low hysteresis and drift,
as discussed in Section 4.3.3). TiN has a special crystal structure, where the presence of
interstitial atoms creates many holes within the lattice. Nitrogen atoms in the metal nitrides
occupy the interstitial sites in the metal and promote stronger metal-to-non-metal and metal-
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to-metal bonding. Also, hydrogen ions can diffuse between these holes, resulting in a potential
difference inside and outside the crystal as reported in S. Bellucci ef al. [33], thus increasing

the pH sensitivity of the TiN film.
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Figure 4 - SEM images of TiN films deposited on the glass substrates using different process
parameters: (a) TiN surface magnified x 1000 prepared at 9:1 (Ar:N> )gas ratio, (b) surface
showing smooth morphology prepared at 10:10 (Ar:N> ) gas ratio, (¢) TiN surface at 10:2
(Ar:N2) gas ratio.

4.3.6 X-ray photoelectron spectroscopy analysis

The XPS survey spectra of unetched 85nm thick TiN prepared at 2mT sputter pressure and Ar:
10, N2:2 sccm showed that the chemical compositon of the surface of the film was: carbon,
oxygen, titanium and nitrogen as shown in Figure 5. The precise characteristic studies of these
main elements reaveals Ti2p,0 1s and N1s peaks as shown in Figure 5 (b),(c),(d) respectively.
The C s peaks seen in the spectra could be the contribution from organic carbon, Si 2p and Na
Is is from the unetched TiN surface on a glass substrate as Na atoms can easily diffuse onto the

surface because of its increased mobility factor.
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Figure 5 - XPS characterization of 85nm TiN film: (a) XPS survey spectra of the unetched
85nm sputtered TiN film (b) XPS spectrum of 2p states of titanium (c) XPS spectrum of Is
states of nitrogen (d) XPS spectrum of oxygen.

Figure 5(b) shows two peaks at binding energies of 458.9 eV and 454.5 eV. These peaks
correspond to the presence of TiO2 (Ti*") and TiN (Ti**) (2p3/2) compounds [36, 37]. The
atomic percentages of Ti2p and Nls are 39.85% and 60.1%, respectively. There was no
evidence of metallic titanium present on the surface since no peak was observed at 459.7 eV
[38]. The N1s peak at 396.1 eV corresponds to TiN and the Ols peak at 529.1 eV belongs to

Ti07 [39, 40]. No hydroxide compounds were found in Ols spectra, and the source of oxygen
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seen in the spectra can be from the gas medium in the sputtering chamber or from atmospheric
contamination. The surface analysis of TiN shows that titanium in the oxide form is actually
thermodynamically more favorable to form than titanium nitride in this sputtering environment.

This explains the presence of TiO> in the titanium spectra.

4.3.7 Sensor performance

The sensitivity of the developed TiN-based pH sensor was evaluated by immersing it in a test
buffer from 2 to 12 at 22 °C. The Nernstian sensitivity of -59.1 mV/pH was obtained by
incorporating a glass electrode as the reference electrode. The developed pH sensor was
evaluated by looping pH from 2 to 12, as shown in Figure 6. The developed sensor shows close
to Nernstian sensitivity (-59.1 mV/pH). Table 5 and Figure 8 show the main properties and the
pH response (potential versus pH value) of the developed TiN pH sensor. As seen in Figure 7,

the pH response of the sensor is linear (R?=0.9997).

Table S - Summary of the pH sensing performance of the developed TiN pH sensor. The data
is extracted from Table 5.

Slope Hysteresis Drift Resolution
E’(mV R?
(mV/pH) (mV) (mV) (mV/h) (pH)
-59.1+0.1 483 +2 0.9997 1.2+0 3.9 0.06
500
400

300
200
100
0
20p | 400 | [600 sdp | 1000 U nH: 1600 1300 2000
-100

-300

Potential difference (mV)
g

Time (S)

Figure 6 - Potential recording for the developed pH sensor in pH buffers 7-2-7-12, and 7-4-7-
10-7 three times.
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Figure 7 - Linear calibration plot for pH sensor from pH 2 to 12, using data from Table 5.

4.3.8 Redox effects

The redox effects in a pH sensor involve oxidation or reduction of redox species interfering
with the response the sensor. The designed TiN electrode were left in pH 7 to equilibrate for
one week. Later, the pH loops were repeated from 2 to 12 in oxidizing agent (1 mM KMnO4)
and reducing agent (1 mM ascorbic acid) for 20 mins duration each. The sensitivity and E°
values of both TiN (85nm) and IrO2 (100nm) under redox conditions are recorded in Table 6.
It should be noted that after oxidation there was a decrease in sensitivity and approximately
450 mV increase in the E° value for both TiN and IrO; electrodes as noted in Table 6.
Immersing the TiN electrode in a reducing solution, the sensitivity remained Nernstian with a
slight decrease of £33 mV in E° value when the electrode was equilibrated at both pH 7 and
pH 7 with reducing agent for 15min before the pH was looped from 7-4-7-10 and 7-2-7-12-7
three times, as illustrated in Figure 10. On the other hand, for the same conditions, the [rO2
electrode, exhibited a sub-Nernstian sensitivity with a significant decrease of +114 mV in E°

value.

W. Lonsdale et al. [34] reported that for a RuO, electrode, the E° value can shift by
approximately £350 mV when “fully” oxidized/reduced. To address this issue, modification of
RuO; electrodes with a thin layer of Ta,Os (150 nm) was shown to be effective in eliminating
the interference caused by dissolved oxygen. Whilst electrode modification using a thin layer

of Nafion reduced the interference from redox agents [35], it increased the reaction times at
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neutral and basic pH values. The RuO; electrode modified with Ta,Os[Nafion was not immune
to all redox species. It is more stable in potential when compared to an unprotected electrode
in matrices such as, beer. Consequently, the presence of ascorbic acid in samples like white
wine and fresh orange juice makes the modified RuO, working electrode still inapplicable [18].
Hence, the lower potential shift of the developed TiN in reducing species, as shown in Figures
9(a and b), makes the developed TiN films more suitable for accurate pH sensing in complex

matrices.

Table 6 - Sensitivity and EO values for 85 nm TiN electrode, after exposure to pH 7 buffer, 1
mM KMnOy (oxidized) and 1 mM ascorbic acid (reduced).

Matrix Titanium Nitride Iridium oxide
Sensitivity E’ R? Sensitivity EY R
(mV/pH) (mV) (mV/pH) (mV)
pH 7 -59.1 483 0.9997 -57.9 590 0.9997
Reduced
eatieed -56.9 451 0.9992 552 444 0.9965
(ascorbic acid)
Oxidized
ridize -54.0 902 0.9974 550 889 0.9683
(KMnOs)
(a) TiN (b) Iro,
S 1000 < 1000
g_ 800 ..E.. 800
<u
S 600 e 600
c
@ 9
L 400 @ 400
= =
TS 200 E 200
-4_% 0 'g 0
c 0 5 15 5 0 5 15
9 200 5 200
o
A _400 - -400
pH pH

Figure 8 - Potential versus pH value for TiN working electrode when oxidized (purple); (a)
pH 7 equilibrated (green) and reduced (red), (b) Linear calibration plot, when oxidized (purple),
pH 7 equilibrated (green) and reduced (red) for RuO; and IrO> working electrodes.
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Figure 9 - Potential versus time recording for TiN working electrode in pH 7 buffer (black),
reducing agent (red) vs. glass reference electrode, pH cycled 7-4-7-10-7 and 7-2-7-12-7 three
times.

In summary, the experiments conducted with the developed TiN sensing electrode confirm that
TiN based pH sensors exhibit lower redox interference and accurate pH readings in reducing
matrix, such as wine and fresh citrus juice in comparison with the widely used metal-oxide pH

sensors, such as the RuO» [34 - 36] and IrO; based pH sensors.

4.3.9 Sample application and analysis

Section 3.5 shows that the TiN film has a significantly lower redox shift of only £33mV, as
compared to metal oxides and thus it could be applied as a potential pH sensor in strong redox
samples like white wine and fresh orange juice. Hence, a unprotected 85nm TiN working
electrode was tested in redox samples with different substrates such as alumina (A1>O3), glass,
silicon (Si) and polyimide (PI) (plastic). The electrode showed a 10min reaction time initially
to equilibrate until the potential difference (E° ) was consistent. When the equilibration time
was repeated a few times to check for reproducibility, unfortunately, it was noticed that the TiN

layer peeled off from the glass, Si and PI substrates, but not from the 1mm thick Al,Os.
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Figure 10 - The pH values of 85 nm TiN cycled three times, and the pH values determined by
a commercial pH meter in white wine and fresh orange juice matrix.

The pH values in each of the sample was calculated in pH 4 buffer and with the sensitivity of
-59.1mV/pH. Figure 10 shows the pH values recorded using a 85nm TiN unmodified electrode
and a commercial glass pH sensor (EU Tech) are on averate spot on within experimental errors.
In addition, the response time is shorter with TiN then with RuO; and IrO; (approxmately
20mins) and the equilibration duration could be reduced further by modifying the TiN layer
with redox blocking membranes which will broaden the application field where fast response
time is required. These modifications not only improve the sensors reaction time, but also

increase the proton exchange activity in the cell, adhesion and overall performance [44, 45].

4.4 Conclusions

In this study, solid-state potentiometric TiN working electrodes have been developed and used
in conjunction with a glass reference electrode to realize a pH sensor. Experimental results
have shown that an 85 nm-thick TiN pH electrode exhibits a Nernstian response (-59.1 mV/pH,
R? =0.9997) and excellent reproducibility (hysteresis 1.2 mV). The TiN electrode has
demonstrated excellent durability with a stable Nernstian response over a 6-month period. The
colorimeter values and transmission spectrum confirmed the stochiometric thickness (85 nm)
and gold colored of the optimal TiN thin film electrode. SEM images showing the change in
the TiN crystal structure due to different gas ratio trails have been presented, which enable the
development of highly durable pH sensors with Nernstian sensitivity. Furthermore,

experimental results have shown that the zero potential (E°) shift for the developed TiN
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electrode in reducing agents is only 30mV, compared to 115 mV for a IrO; counterpart, making
the TiN pH sensor more viable for monitoring sample matrices that have reducing agents, e.g.,

wine, and fresh citrus juice.
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CHAPTER S FABRICATION AND OPTIMISATION OF
NAFION AS PROTECTIVE MEMBRANE FOR TiN BASED pH
SENSORS

This chapter was published as an article in the journal MDPI Sensors 2023, Volume 23, Issue
4,10.3390/s23042331. This article appears as it does in print, except for the abstract being
removed, minor changes to the layout, section numbers, font size and font style, which was

implemented to maintain consistency in the formatting of this thesis.

This chapter reports the investigation of Nafion as a protective membrane to block the
interference from the redox species in the test medium. Nafion fabrication and optimization to

achieve optimal pH sensitivity and linearity has also been reported in this chapter.

5.1 Introduction

pH is an important parameter in a wide range of industrial and medical applications. Several
recent studies have concentrated on the formation of novel solid-state pH sensors and accurate
pH measurement techniques, particularly with the development of micro/nanotechnology and
innovation (Li et al. 2014; Nagy and Nagy 2015). A common way to measure pH is with a
potentiometric sensor with a glass electrode. The first report on the use of a glass electrode as
a pH sensor was by Max Cremer in 1906, where it was shown that an electrical potential across
a glass membrane is proportional to the pH difference across that membrane. Since then, glass
electrodes are routinely used in variety of situations where accurate and reliable pH
measurement is required. Glass electrodes these days can identify and quantify H+ ions in many

systems and a variety of samples with high precision (Li et al. 2014; Romanenko et al. 2016).

However, despite their accuracy, great sensitivity and good reliability, pH glass electrodes are
too fragile and bulky in size for them to be used as miniaturized sensors for in vivo applications
(Li et al. 2014). In addition, glass pH electrodes decompose over time leading to a decrease in
pH sensitivity (Li et al. 2014; Romanenko et al. 2016) and the deposits on the electrode
membrane can affect pH measurements. It is also very important to always store the pH glass
electrodes in an aqueous solution, most usually in 3 molL ' KCI buffer solution when not in

use and perform regular maintenance (Guler et al., 2013).
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Solid-state potentiometric pH sensors are composed mainly of metal oxides and have several
benefits over glass electrodes, such as variable shapes, the possibility of miniaturization, high
selectivity (Manjarrés et al., 2016), low manufacturing cost with high production rate, and
possibility of integration of the sensor with real-time microelectronic monitoring components.
Among iron oxides, RuO; is highly prized for its attractive properties, such as high sensitivity
(Patil, Kulkarni, & Jadhav, 2022), selectivity (Uddin et al., 2013), good reaction even in the
presence of highly oxidizing and reducing species (Wedege, Drazevi¢, Konya, & Bentien,
2016), and stable performance in various samples (Pélla, Mirzahosseini, & Noszal, 2020).
However, there are still problems with the RuO- solid-state metal oxide electrode regarding pH
measurements in complex biological, environmental, and industrial media due to redox
interference. For example, proteins and other macromolecules adsorb in the electrode area can
also interfere with electrode function; this limits the use of RuO, sensors in the measurement
of pH in food matrixes (e.g., meat, fish, dairy products) and complex samples (wine and orange
juice). To address this issue, the literature reports three main ways to block the electron
movement between the metal-oxide sensor and solution being measured while maintaining
proton conduction in the electrode area. The first method is a single point measurement protocol
with an accuracy of +0.2 pH obtained. The second method involves a matrix- compliant
measurement protocol, which shows improved accuracy of 0.1 pH compared to commercial
pH sensors. The third method by Lonsdale et al. (Lonsdale, Wajrak, and Alameh 2018) uses
sputter-deposit of a thin layer of Ta,Os and drop-cast Nafion to reduce redox interference.
Unfortunately, these methods are limited by their low accuracy, requirement for highly skilled
operators (Maurya, Sardarinejad, & Alameh, 2014) and inability to apply to more problematic
matrices, such as wine and orange juice. Aimed at expanding the application area of solid-state
sensors and developing and validating additional sample- standard compounds, this work
investigated another type of solid-state sensors employing active electrodes based on titanium

nitride (TiN) combined with Nafion films.

A TiN-based pH electrode has been previously investigated (Chin et al., 2001), showing
efficacy in more problematic matrices containing redox species. However, the potential shift
due to the presence of redox species for the TiN electrode was up to 30 mV. This shift is not

acceptable and, therefore, further work was needed to minimize the redox problems of this
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sensor. To reduce this potential shift and make the sensor work more efficiently in challenging
matrices, such as biological media, a Nafion film was applied to the TiN sensor. Nafion is an
inactive substance that inhibits macromolecules, but at the same time facilitates the electron
transfer between the sensor and the media (Berlinger, McCloskey, and Weber 2018; S. Li,
Terao, and Sato 2018). Nafion consists of perfluorinated ionomer, which is a proton-conducting
polymer. The structure of the perfluoro vinyl ether composite groups is terminated by sulfonate
groups in the backbone of tetrafluoroethylene (PTFE), as shown in Figure 1, which enables
Nafion to offer unique properties, such as high proton exchange, chemistry, and temperature

stability (Yang et al., 2016, 2017).

CF,CFLICFCF, I
ml| |
OCF,CFOCF,CF,SO,H
|
CF,

Figure 1 - Chemical structure of Nafion (Miranda et al., 2022).

Nafion’s strong ionic conductivity, cation selectivity, chemical inertness and thermal stability
make it a well-known ionic polymer (Miranda et al., 2022). Significant interest in the special
features of Nafion has been shown in numerous research fields and applications, such as fuel
cells and batteries (Zhu et al., 2022), chemical sensors (Buzid, McGlacken, Glennon, & Luong,
2018), biosensors (Awasthi, Mukherjee, O Kare, & Das, 2016; Chen et al., 2022; Tsai, Li, &
Chen, 2005) and medical diagnosis technologies (Stozhko, Bukharinova, Galperin, & Brainina,
2018; Turner, Harrison, & Rojotte, 1991). Nafion has received a lot of attention recently in the
context of electrochemical sensors for biomedical and environmental applications as a
membrane or electrode modification (Mettakoonpitak, Mehaffy, Volckens, & Henry, 2017;
Myndrul, Tatsunskyi, Babayevska, Jarek, & Jesionowski, 2022; White, Leddy, & Bard, 1982).
The chemical structure of Nafion allows it to behave as a semipermeable membrane, where
only protons can reach the electrode and all other types of ions are blocked. However, the
Nafion protective layer embedded in previously studied metal oxide electrodes showed
significant limitations in sensory use, as it significantly increased the reaction time, by up to 20
min in neutral pH environments and on average by 3 to 5 min in acidic and basic conditions
(Guimera et al., 2019). The Grotthuss explanation (Miyake & Rolandi, 2016), proposes that
structural diffusion is responsible for the proton conductivity of fully hydrated Nafion. By

rotating and reorienting water molecules, protons travel across the hydrogen bond within the
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water 3D network inside the polymer membrane (Sofronov & Bakker, 2020). According to
Gierke’s model (Paul Majsztrik, 2008), hydrophilic sulfone groups coupled into channels keep
water molecules in polymer clusters, allowing protons to flow continuously across the polymer
membrane. When the SOs-H connection is broken, protons dissociate, which is the first step in
the transfer of protons. Dissociated protons subsequently combine with water to generate the
hydronium (H30"), Eigen (HoO4") and Zundel (HsO2") ions, which move through the water
network. This behavior of Nafion is due to its cationic nature, as demonstrated by Kinlen et al.
(Kinlen, Heider, & Hubbard, 1994), in which Nafion slightly inhibited the redox sensation of
the IrO> pH sensor at the expense of the sub-Nernstian slope sensor. Nafion has also been used
by other research groups (Ryder, 2003 & Yang, 2016); however, in these cases, Nafion was
used to improve iron- oxide sensitivity by preventing its degradation or degradation. Manjakkal
et al. (Manjakkal, Zaraska, Cvejin, Kulawik, & Szwagierczak, 2016) have reported another
way to eliminate redox interference by placing a thin (76 nm) TaxOs layer on the sensitive

electrode of the IrO, pH sensor. Pre-concentrating target analytes and minimizing interference
from anionic species have both been accomplished using Nafion membranes (Bo Wang, 2016;
Lazouskaya et al., 2021; Vaidya, Atanasov, & Wilkins, 1995; Wang, Koo, & Monbouquette,
2017). The membrane adheres well to most electrode surfaces and can prevent fouling and
surface deterioration (Flimban, Hassan, Rahman, & Oh, 2020). Anodic stripping voltammetry
(ASV) and a Nafion-modified bismuth film sensor were used by Akl et al. to determine the
levels of Pb (II) and Cd (II) in lake water in the presence of surfactants (Akl, 2006). Nafion
solution was drop cast onto the working electrode to create a 0.4 m thick membrane, with the
detection threshold being approximately 0.5 g/L. In this work, it was discovered that the Nafion
membrane’s thickness significantly affected both the sensor’s sensitivity and resistance to
surfactants. Those studies confirmed that Nafion remains an effective redox inhibitor, and as a
result, in this work, Nafion was applied to TiN as it is more cost-effective, and durable,
compared to metal-oxides. Membrane deposition and treatment parameters, such as deposition
process and annealing/boiling temperature, affect the proton conductivity of Nafion. The
Nafion membrane was deposited on the electrode surface by drop-casting a commercially
available solution and sensing mechanism of the developed layers was reported previously
(Shylendra, Wajrak, Alameh, & Kang, 2023). However, methods presented in various research
papers varied in the quantity of Nafion layers and in the method of drying the Nafion. There is
also a lack of evidence in the literature on how TiN with Nafion layer works to prevent redox

species in the sample solution. For that reason, this work aims to investigate Nafion coating on
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the performance of TiN electrodes in the form of RFMS using metal-oxide pH electrodes as
counterparts. Cationic Nafion research was performed in this study to determine the effect of
Nafion during the reaction of the TiN sensor and its pH sensitivity with the aim of using this

sensor in industrial, environmental, and medical applications.

5.2 Methodology

5.2.1. Production of TiN electrodes and Nafion deposition

Active TiN pH electrodes were made using RF magnetron spray producing 85 nm of TiN layer
on the underlying 2 inch x 2-inch 0.5 mm thick alumina substrate. As previously reported [43],
the parameters of the sputtered-deposition process used for the manufacture of small metal
nitride films under controlled conditions to produce the most effective solid pH sensor are Ti
target of 99.95% purity with a power of 350 W sputter at 10:2 Ar: N> at 2 mTorr pressure at
room temperature. The TiN film electrode was then further refined with Nafion layer, by
incorporating a 5 puL spin of 5% Nafion (Sigma) solution onto the active electrode, which was
then fired at 210 °C for one hour under a vacuum of <10 mTorr using rapid thermal annealing
(RTA). The RF magnetron exploded the 85 nm thick Nafion modified TiN electrode, as shown
in Figure 2 (left) and Figure 2 (right) of the actual electrode.

/ Nafion membrane

] ‘
s L — 85omTIN

L Glass
substrate

Figure 2 - Schematic representation of 85 nm thick TiN electrode with Nafion layer (right)
and an image of the actual Nafion modified electrode (left).

5.2.2 Nafion deposition and annealing

The Nafion was deposited on sputter-fabricated 85 nm TiN. A total of 5 uL of 5% Nafion
(Sigma)was spin coated on the pH sensitive TiN electrode. The Korea Vacuum Tech KVR-
4000 Rapid thermal annealing (RTA) was used to cure Nafion to obtain good adhesion. After

spin coating the modified electrode was annealed at 150 °C for 25 min.
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5.2.3 SEM characterization

Scanning electron microscopy (SEM) was used to examine the morphology of modified
electrodes. The instrument Hitachi SU3500 was used for analysis. Samples were cleaned using
isopropyl alcohol and completely dried on a hotplate before being mounted with carbon tape
to the specimen stub. Images were captured using secondary electron detection, and settings
(beam power and magnification) are displayed on individual images, as discussed in Section

53.2.

5.2.4 Sensing protocol

Real-time recording between sensory TiN electrodes was performed using a high impedance
Agilent 34410A digital multimeter, as well as a double-aging Ag | AgCl | KCI reference
electrode (Sigma-Aldrich, St. Louis, MI, USA) connected to (-ve terminal) multimeter. Except
for the reaction time, all measurements were taken at intervals of 20 s. To increase the signal-
to-audio sensor ratio, an improved unity benefit booster was employed. All measurements were
carried out at 22 °C with magnetic stirring after the electrodes had been soaked in a pH 7 buffer
for an hour before calibration. Each potential recording had 30 data points, which were
averaged to create individual measurement (this avoided the rapid shift that typically occurs
during the first 30 s of recording due to electrode equilibration). The sensitivity, E, hysteresis
and drift of the sensors were then determined using these results. While electrode drift was
determined using the slope of the line-of-best-fit for the data at pH 12 across the measurement
period, hysteresis was calculated using the difference between successive measurements at pH
12 (Lonsdale et al., 2017). The amount of time needed to bring an electrode within 3 mV (or

0.05 pH) of the stable potential was called the electrode reaction time (Shylendra, et al. 2023).

The Hanna instruments commercial pH 4.7 and 10 buffers were used to test the performance
of the TiN sensor by pH looping of 7-4-7-10-7 and 7-10-7-4-7 for three minutes. Between each
measurement, an air burst was used to clean the electrodes. Sensitivity, E°, and sensory
hysteresis were calculated from data points, and error bars with a 95% confidence interval were
recorded. Using pH 7 buffer readings, short-term flow rate was calculated during the
experimental period. The erosion level was represented by the best equity line from this data,
and the errors of this measure were calculated using the worst equity line. Each sensor’s

response time was calculated by exposing the active TiN electrode to pH 4 or 10 for 3 min,
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then monitoring the potential change for 60 s after the sensor was exposed to pH 10. The

reaction time is defined as the time required to obtain 1 mV of steady power.

5.2.5 Response time, sensitivity and stability

The response time was calculated as the time required for the electrode potential to increase by
90% from its stable value. Electrodes were submerged in DI water overnight to track the
stability of electrode responsiveness over time. The drift rate (in mV/h) was calculated using
the line-of-best-fit approach’s slope. The TiN/Nafion electrodes were subjected to a variety of
pH buffer solutions to evaluate the hysteresis, or memory effect, of an electrode. Firstly, pH
was altered from 1.1 to 4.1 and then from 7.0 to 10.0, i.e., acidic to basic, and then in the reverse
direction from basic to acid. The electrode response was observed for three minutes after being
dipped into a new buffer solution, and between each buffer the electrodes were washed with

distilled water and dried with pressure gun.

5.3 Results and Discussions

5.3.1 Nafion deposition and annealing

A study by Kinlen et al. (Kinlen, Heider, & Hubbard, 1994) showed that many electrodes acting
electrically as metal oxides react to a type of redox in a test solution. This problem was solved

by using a heat-treated Nafion layer to shield the IrO» electrode from redox species, such as

interference from ferri/ferrocyanide. Iodide and permanganate ions could still damage the IrO
sensor, since the Nafion layer could not completely shield all the active redox species.
Additionally, the Nafion film added to the IrO; electrode significantly lengthened the sensor’s
reaction time in neutral pH, acidic and basic regions. This increase in reaction time can be
explained by the presence of inaccessible sulfonic acid areas, which consequently leads to a
lower level of hydration, due to higher hydrophobicity. These sulfonic sites have low acidity
(6-9 pKa values) resulting in slow proton transfer rates. Lonsdale ef al. (Lonsdale, Wajrak, and
Alameh, 2017) have reported an unprotected (excluding any layer of electrode conversion)
active RuO; electrode to exhibit up to 300 mV fluctuations when exposed to redox agents. The
addition of a TaxOs layer and Nafion onto the RuO; electrode did show improvement and
reduced the shift due to some redox species. However, it still failed to prevent disruption from
stronger redox agents, such as those in wine and citrus juices. Nevertheless, since previous

research demonstrated that Nafion does display characteristics of a redox inhibitor, it is
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therefore, worth investigating it to improve the previously reported 30 mV shift of the TiN
sensor (Shylendra, Lonsdale, Wajrak, Nur-E-Alam, & Alameh, 2020).

The TiN electrodes were prepared as explained in Section 5.2.1, and 5 pL of Nafion was spin-

coated on top of 85 nm of TiN, as shown in Figure 3.

Spin coating

0 Sul Nafion

> 85nm TiN

85nm TiN+ uniform Sul Mafion
4

-

Figure 3 - Schematic showing deposition of Nafion membrane on 85 nm TiN electrode using
spin coating.

After applying Nafion to the surface of the electrode, the electrode was treated with an
annealing process to improve the adhesion of the film. Previous studies have shown that
annealing of RuO» at elevated temperatures results in increased crystallinity, lower electrical
resistance and decreased capacitance (Shylendra et al., 2020); however, the effect of annealing
on pH sensitivity is not specifically reported in the literature. Therefore, the effect of post-
deposition annealing temperature on the pH-sensing properties of thin TiN film sputtered with
Nafion modification was investigated here. The effect of annealing temperature and time for
Nafion was investigated and is reported in Table 1. The effects of annealing conditioning on
the effectiveness of the solution-cast Nafion membranes were investigated experimentally.
Annealing alters water distribution within films. Modified Nafion electrodes were subjected to
a ramped thermal annealing (RTA) process that produced Nernstian sensitivity for 25 min at
150 °C in a vacuum (10 mTorr) (rating 5). Drying time and humidity affect the final resistance
and, thus, the performance of the formed membrane and the retention of the membrane
composition. The inclusion of thermal annealing appears to ‘normalize’ transport structures of
various sizes and clusters of Nafion, reducing the number of modified transport structures

between the thin and thick layers (Hensley, Way, Dec, & Abney, 2007).
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Table 1 - (a) Nafion annealing (in vacuum) time and temperature optimization based on pH
sensitivity ranking. (b) pH Sensitivity ranking criteria.

(a)
Time (min) Temperature (°C)
25 50 100 150
10
15
20 2 3
25 4 4 4 =
(b)
Ranking Sensitivity (mV/pH)
30-35
—— o
3 40-45
4 4555
5 55-58

(Close to Nernstian)

The addition of Nafion altered the sensitivity of the pH sensor of the TiN electrode, as shown
in Table 2. The thicknesses of the Nafion film had a direct effect on sensory function, i.e., pH
sensitivity, redox inhibitory capacity and duration of the sensory response. The thickness of the
Nafion protective layer was optimized considering the concentration (5%) and amount of
Nafion. Both thick layers (50 pL) and thin (5 pL) layers of Nafion were investigated: the 50
pL layer, which was the maximum amount of Nafion required to block the 30-mV redox shift,
while remaining sensitive to pH, and the 5 uL layer, which was the minimum amount of Nafion
needed to prevent 30 mV/h redox switching in the short reaction time. The thicker Nafion layers
(15 uL, 25 uL and 50 pL) demonstrated an increase in both hysteresis and drift, whereas the thin
layer of Nafion (5 puL) showed improved sensitivity and hysteresis (Table 2) caused by slow
proton transfer at high pH, which is in line with the findings of Kinlen ef al. (Kinlen, Heider,
and Hubbard 1994). In this work, Nafion reduced the disturbance caused by ascorbic acid and
potassium permanganate, KMnQ4, with a thinner layer proving to be more protective than a
much thicker and harder Nafion layer, which is consistent with the findings of Kinlen et al.
(Kinlen, Heider, and Hubbard 1994). This phenomenon can be linked to the properties of
Nafion, which upon hydration generates wrongly terminated channels that are strongly
connected with cations. However, bigger channels might permit a slower migration of non-

cationic species (Shylendra et al., 2020)
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Table 2 - Nafion thickness investigation using optimized annealing time of 25 min and
temperature of 150 °C as determined in Table 1.

Amount of Nafion Sensitivity Hysteresis Drift
(nL) (mV/pH) (mV) (mV/h)

50 (thick) 56 £0.92 56.1+94 30.10

25 56.5 +0.88 345+59 33.38

15 572+1.7 10.7 +£0.40 15.99

5 (thin) 58.5+0.54 0.57+0.29 0.920

As can be shown in Table 2, the sensor drift, hysteresis, and Nernstian sensitivity with standard
deviation of 8 sensors in a group, were all improved by the thin layer of Nafion. This indicates
that a TiN electrode modified with a thin coating of Nafion might be more suitable for
applications in particular sample matrices; with “intermediate” amounts of disruptive redox
chemicals, the thicker layers of Nafion displayed considerable hysteresis and drift values. The

reaction time of the Nafion modified sensor is discussed in Section 5.3.4.

5.3.2 SEM analysis

Secondary electron images of the top surface morphology of the layers formed on TiN (85 nm)
coatings with Nafion (5 pL) at different magnifications post-annealing are shown in Figure 4.
The top surface view image of the Nafion layer on the TiN electrode shows a relatively uniform
and smooth surface with only a few granular precipitates (Figure 4a, b) on the coating surface;
however, as the magnification increased (Figure 4c, d) a more detailed morphology of the
structure of the TiN with Nafion was visible, comprising many pillars, and in some areas,
adjacent growths aggregated to form a clustered structure. Between the clusters, deep valleys
can be observed in Figure 4c. According to the image in Figure 4d, the Nafion—TiN layer
exhibits a rough sectional morphology. Cracks and defects can be observed in this image. This
contrasts with what is observed for SEM images of pure TiN films, as shown by Nana Sun et
al. (Sun et al., 2019), where the surface of the TiN film is a very smooth. Having the thicker
Nafion film deposited on the TiN sensor significantly changes the sensor’s behavior, as evident
from the sensitivity results discussed in Section 5.3.1, and this could potentially be linked to

the morphology of the Nafion film (Ramirez-Nava et al., 2021).
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1 hour 5.00kV 6 6mm x100 SE

5.00kV 4.8mm X1.00k

(© (d)

1 hour 5.00 kV 6.6mm x 1.00k SE

(e)

Figure 4 - SEM secondary electron images taken with Hitachi SU3500 of 4(a)-4(d) 85 nm TiN
sensor modified with Nafion film at various magnifications, and 4(e) unmodified 85nm TiN
sensor (Eastman et al., 2012).
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Annealing was found to be important, as the voltage readings were not available on air-treated

electrodes, indicating that the complete layer of encapsulation, which occurs in water, was not

performed over TiN. When annealed, an opaque white substance (when the electrode is dry) was
formed, which is consistent with the fact that Nafion undergoes rapid polymerization when
exposed to H>O (Eastman et al., 2012). This showed that the annealing process caused Nafion to

create a hollow structure that forms a proton transmission space.

5.3.3  Sensitivity testing
Three categories of the TiN with Nafion film were developed and tested, namely:

(i)  Pristine TiN (no layer of Nafion modification)
(i)  TiN+ N1 (NI—one layer of 5 pL of Nafion)
(iii)  TiN + N2 (N2—two layers of 5 pL of Nafion)
(iv)  TiN + N3 (N3—three layers of 5 pLL of Nafion)

The properties of the Nafion membrane are affected by several variables, such as the deposition
method, concentration, and volume of the applied solution, Nafion polymer properties (such as
side chain length), solvent, deposition temperature, the number of applied layers (for
multilayered films) and the time between layer depositions. Due to its simplicity and
affordability, the drop-casting deposition process was chosen for this study, and a consistent
Nafion volume and 5% Nafion concentration solution was applied. After the electrodes achieved
stable sensitivity values, we compared the characteristics of electrodes containing TiN + N1, TiN
+ N2 and TiN + N3 layers of Nafion. After a month of conditioning in water, TiN + N1 electrodes
were examined (Figure 5). The sensitivity response of all the produced electrodes were
equivalent to the Nernstian response (58.4 mV/pH at 21 °C) and to a conventional glass electrode

(58.8 mV/pH).

In addition to being comparable to a commercially available glass electrode, in terms of
performance, the TiN + NI and TiN + N2 electrodes revealed only minor differences in
performance (Figure 5). An increase in hysteresis, a decrease in sensitivity, and a linear response
were observed for TiN + N3 electrodes. As with previously fabricated unaltered TiN electrodes
(Eastman et al., 2012), the sensitivity of Nafion-covered electrodes was comparable to and nearly
equal to the theoretical value (58.8 mV/pH). With more Nafion layers present, there was also a
minor drop in sensitivity; however, except for TiN + N3, it remained rather close to the Nernstain

sensitivity.
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Optimisation of Nafion thickness
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Figure S - Thickness optimization of Nafion on 85 nm TiN film by assessing the sensitivity as
a key performance indicator.

5.3.4 Response time

When referring to electrochemical sensors, the response time is typically defined as the interval
between the start of the measurement and the moment at which the sensory output reaches 90%
of the measurement. The pH sensor response time was the amount of time needed after the
sensor was submerged in the sample solutions for the sensor energy to reach 90% of the
recorded voltage. The improved pH sensor was submerged in standard pH bath solutions with
pH values of 4.33, 6.68 and 9.21 to measure the response time. Response times for the TiN
sensor were discovered using an electrochemical field to record the sensor’s output. All tests
were completed in triplicate and the average reaction time is shown in Table 3. What is
significant here is that the response time of the TiN/Nafion pH sensor is now only
approximately 12 s in neutral solutions. This is a much shorter reaction time than for acidic and
alkaline solutions (see Table 3), and more importantly, these response times are considerably
shorter than for other solid-state sensors. For the RuO»/Ta>Os/Nafion sensor, the response time
is 136 s at neutral pH, and longer for acidic and alkaline solutions, which would be
inappropriate for some applications. The TiN/Nafion sensor, having such a short response time
in various pH solutions compared to the RuO>/Ta>Os/Nafion sensor, is therefore very suitable

for widespread applications.
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Table 3 - TiN pH sensor response time for different pH solutions.

pH Response Time (Sec)
433 35
6.68 12
9.21 21

5.3.5 Sensor stability

One of the most crucial indicators of a sensor is the stability of the pH sensor. All studies were
carried out at room temperature to assess the stability of the TiN sensor (25 °C). The sensor
was submerged in buffer solutions with pH standards of 2, 4 and 7. Each analysis took 10 min
to complete, and an electro-chemical workstation logged the data every 30 s. The TiN pH
sensor was cleaned in DI water and dried in a vacuum after each measurement. The outcomes

are depicted in Figure 6.
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Figure 6 - Graphical representation of potential difference vs. time for pH 2, 4 and 7.

In this study, relative statistical analysis was used. The analysis’s findings show that the
observed output potential in pH 4 buffer solution had a standard deviation of 1.1 mV, compared
to less than 1 mV for pH 7 and 2.1 mV for pH 2. As a result, throughout a 10-minutes period,
the standard deviations in all three solutions were less than 2 mV. Additionally, a month-long

study on the stability of the TiN pH sensor was conducted, with weekly measurements and
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records of the solutions’ pH levels and equilibrium potentials. Each measurement was carried
out three times in a single day, and the mean linearity value was calculated as shown in Table
4 Linear fitting was used to determine the developed pH sensor’s sensitivities for each
measurement and reproducibility of the sensor was achieved for each of these stability tests.
The sensitivities on the first, seventh, fourteenth, twenty-first and thirty-fifth days were 58.5
mV/pH, 55.8 mV/pH, 56.2 mV/pH, 56.5 mV/pH and 56.2 mV/pH, respectively. Less than 2.5

mV/pH represented the highest variation of the sensitivity.

Numerous research papers have investigated solid-state pH sensors, especially with magnetron
sputtering. For example, Uppuluri et al. (Uppuluri, Lazouskaya, Szwagierczak, Zaraska, &
Tamm, 2021) developed a pH sensor with RuO; electrodes deposited on screen-printed
electrodes with a sensitivity of 56.1 mV/pH, and a response time of 2 s in less than pH 7. Xu
et al. The author of (Xu, 2018) reported a RuO, pH sensor using RF sputtering, with a
sensitivity of 54.5 mV/pH and potential drift of 2 mV/h, with a 20 s response time in the neutral
region. Comparing the performance of the sensor developed here with the pH sensors reported
by other scientists, the TiN/Nafion sensor displays better drift value of 0.93 mV/h (Table 2),
and a stable Nernstian sensitivity (Table 4), but most importantly has a much shorter response
time of 12 s in neutral solutions. Most importantly, there was no leaching of the modified
membranes observed that can affect the sensitivity, which was an issue in previous modified

pH sensors (Xu, 2018).

Table 4. - Linearity and sensitivity recorded over a period of 35 days.

Interval at Which Linearity Was Measured (Days)

Ist 7th 14th 21st 28th 35th
Li :
“g;;‘ty 0.9999 09999 09998 09996  0.9991 0.9986
Sensitivity 585 558 56.2 56.5 56.2 56.1
(mV/pH)

54 Conclusions

A solid-state TiN pH sensor was developed and tested. The TiN performance in redox samples
was compared to a previously developed RuO: sensor. The potential value of the TiN (E°)

electrode varies significantly less (only 30 mV) in the reducing agents compared to the RuO»
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sensor, which displayed a tenfold variation (300 mV). This means that for the first time,
accurate pH readings can now be obtained from samples such as wine and fresh orange juice,
previously not possible with other metal-oxide pH sensors. This can be achieved by simply
blocking a possible 30 mV variation with only a small amount of Nafion. Previously, Nafion
was used successfully to prevent redox transfer in the RuO» sensor; however, a thick layer of
Nafion was required to prevent the large 300 mV variation, and this in turn increased the
response time of the sensor. However, with the TiN electrode, because only a small (30 mV)
variation was required for blocking, a significantly thinner layer of Nafion was required.
Experimental results showed that a 5 uL layer of Nafion not only was able to block the 30-mV
variation, but also provided a significant reduction in reaction time, from 136 s to 17 s in a
neutral pH, and in slightly acidic medium from 55 s to 20 s, and in basic regions from 38 s to
26 s. In addition, the TiN/Nafion sensor showed a much smaller drift (2 mV/h) than the
RuO,/TaxOs/Nafion electrode (7.2 mV/h). This makes the TiN/Nafion electrode the best
candidate for various matrix applications without any conditioning or matrix matching
protocols. Future work in this field would comprise of interference testing by using potential
species that can alter pH sensitivity, such as ascorbic acid, uric acid etc. That study would
involve implementing profilometry or AFM characterization to investigate the surface and its
porosity, to better understand the key factors that affect the capability to block interfering

species.
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6.1

CHAPTER 6 NAFION MODIFIED TITANIUM NITRIDE pH
SENSOR FOR FUTURE BIOMEDICAL APPLICATIONS

This chapter was published as an article in the journal MDPI Sensors 2023, Volume 23, Issue 2,
10.3390/523020699. This article appears as it does in print except for the abstract being removed,
minor changes to the layout, changed section numbers, font size and font style, which was

implemented to maintain consistency in the formatting of this thesis.

This chapter reports the Nafion modified TiN pH sensor applied in real time complex matrices and

reports the designed sensors exhibits Nernstian sensitivity and excellent linearity.

Introduction

pH monitoring and regulation is crucial in both biomedical and non-biomedical applications. In
biological systems, pH maintenance is important to sustaining health and physiological
equilibrium, and a disturbance in pH levels may reflect an underlying dysfunction or pathological
process [1]. Certain examples of pH measurement include its use in detection of glioblastomas
(type of brain tumor), monitoring of ischemic episodes, and testing of bodily fluids, such as urine,
saliva, sweat and blood [2]. Non-medical applications include the use of pH monitoring in
chemical industries, agriculture, water management, food safety control and the cosmetics

industry.

In a specific application of pH in medical science, for instance, when labelling Prostate-specific
membrane antigen (PSMA) peptide with lutetium-177 (Lu-177) or actinium-225 (Ac-225) in the
radiopharmaceutical treatment of prostate cancer, the pH of the radioactive lutetium or actinium
must be at pH = 9 to allow for complete binding of the peptide. Therefore, it is necessary to
monitor the pH throughout the chemical reaction [3,4]. At present, a universal pH paper is used
to monitor the pH of the Lu-177 and Ac-225 solutions, as glass pH electrodes cannot be placed
into a 1 mL solution of radioactive substance. However, universal pH paper only provides a rough
estimate of the pH and is prone to external factors, such as user error and lighting of test conditions
due to the inability of the user to recognize color changes in the pH paper [5]. Consequently, a
cheap, accurate and disposable pH solid-state electrode would be ideal for this situation. Another
example of the importance of being able to accurately monitor pH is in the development of Covid-

19 vaccines. Throughout the manufacturing process of the Covid-19 vaccines, the pH is required
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to be maintained between 7.1 and 7.2 and, therefore, requires constant and accurate monitoring.
Solid-state electrodes such as TiN can be ideal for such applications [6]. Although glass
electrodes are the industry standard for measuring pH, they are not appropriate for all applications

due to their fragility and size, limiting their use for medical purposes [7].

The pH sensors developed in this paper are evaluated in the various mediums and matrices for
possible future medical, industrial, and environmental applications [8,9]. The two fundamental
limits addressed in this work are the application of matrix and the microscopic size [10]. A smart
sensor can be used to measure physiological characteristics, such as the acidity of drinking water
at remote locations or in conflict zones, to overcome these restrictions. Soldiers in conflict zones
will be able to keep track of their health conditions and issues with the use of convenient and
accessible pH testing equipment. The most important discoveries and contributions of this work
are that (1) thin TiN films have the potential for the development of miniaturized pH sensors and
(2) Nafion-modified TiN electrodes have potential to be used for many new pH sensing

applications.

Metal oxide pH electrodes were once an alternative to glass pH electrodes [11-14]. IrO»-based
pH electrodes and their less popular RuO;-based counterparts have both been the subject of
extensive research [12]. Metal oxides’ primary flaw is their redox sensitivity [15]. This redox
sensitivity has a negative impact on the electrode potential in the neutral region and,
consequently, limits the use of these materials as sensors [16]. The disruption of reducing or
oxidizing species causes this constraint to be most noticeable in potentiometric metal oxide
electrodes. Fog and Buck [17] claim that RuO; exhibits significant changes in redox agents.
However, they also state that other iron oxides, such as IrO;, do not retain a Nernstian pH
response above half the pH range when there are oxidizing or reducing agents [6,9]. It is
interesting to note that this claim was only superficially addressed in their 1984 book and has not
been adequately explored in the literature. To address this issue, other researchers investigated
the use of Nafion to modify pH electrodes, such as an IrO; sensor [18], and they were successful
in minimizing electrode potential shift in the neutral pH range. It was demonstrated in previously
published work that adding protective layers of Ta,Os [13] and Nafion [19,20] to a RuO> pH
electrode lowers the redox interference and gives more accurate pH values of some samples,
such as beer [11]. These modified electrodes, however, were still ineffective for samples such as
wine and fresh citrus juice [11]. In this study, not only has it been possible to develop a sensor

that is highly accurate in samples, but also has an improvement with a small potential shift of 2
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mV, when compared to a RuO; sensor, has a shift of 300 mV, and an unmodified TiN sensor
with a shift of 30 mV in reducing conditions [21,22]. Having overcome the redox interference in
metal nitride pH sensors now allows for the possibility of replacing the glass electrode in
applications where the size of the electrode and robustness are crucial, and where there is a need

for low production costs [23— 27].

This work is a follow up study from previous studies conducted on metal oxides and nitrides,
i.e., RuO; [7,11], RuN [23], Br-C-N [28], SiN [29], TiN [21,30], ZiN and HfN [31], as

summarized in Table 1.
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Table 1 - Comparison of current work on metal nitride-based pH sensors applied in redox
matrix to previous work from the literature. * No conditioning protocol required for this sensor
as compared to the RuO> sensor.

Application pH Sensitive Fabrication Sensitivity pH
. . Reference
Matrix Material Method (mV/h) Range
. RF
Redox matrix RuO» ) —56.6 2-12 [7]
sputtering
Biological and
M t
environmental  RuN ABNEMON 583 1-12  [23]
. sputtering
application
Phosphate buffer Br-C.N Dual gyn 46 13 28]
solution sputtering
ISFET
Aquaculture SiN —53.6 4-10 [29]
package
Chemical
ermica InN ISFET 582 212 [32]
applications
: Cryogenic
ChelinlC?ll IrOZ + Naﬁon ry g ) _602 2_12 [21]
application sputtering
Fresh orange RE [21]
.. S TiN Magnetron -59.1 2-12 previous
juice .
sputtering work
Common drinks RF
with redox TiN + Nafion Magnetron —56.6 2-12 * This work
species sputtering

TiN is proven to be a biocompatible material for medical and chemical applications [33,34].
However, the reaction of the metal-oxide or metal-nitride film with the testing medium remains a
gap in the literature. Interference of pH material with high-redox species, such as ascorbic acid
and orange juice, is a major disadvantage with oxidation surfaces used as pH sensors [35]. To
address this gap, TiN was modified with Nafion to protect the material from interacting with
other species in the sample, which in turn affects the sensitivity of the sensor [36,37].
Overcoming this issue paves the path for the future development of a robust and reliable pH
sensor for chemical and biological applications [38,39]. Experiments, analysis and applications of

the TiN sensor with Nafion modification are presented in the following sections.
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6.2 Materials and Methods

Working electrodes made of TiN that are pH sensitive were fabricated by sputtering TiN over
an Al,Os substrate that was 0.5 mm thick. A TiN target (99.95% purity) with 110 W of sputter
power was used to deposit TiN, utilizing radio frequency magnetron sputtering (RFMS) at
room temperature. Various gas pressures in the gas chamber and argon: oxygen gas ratios were
tested, as described in previous publications [14,21]. In Figure 1, the TiN-sputtered layer
created a vividly colored gold coating on a glass substrate [22]. A total of 5 pL of 5% Nafion
117 in a mixture of aliphatic alcohol and water from Sigma was spin coated on top of 85 nm

TiN. It was then annealed for 25 min at 150 °C.

— -,

85t TINSpiEEter pH sensitive 5 pL Nafion modified 85 nm
2-inch x 2-inch deposited Titanium nitride (TiN) electrode

Alumina Substrate

‘ 5 plL Nafion deposition by spin coating ‘

Figure 1 - Schematic representation of 85 nm TiN electrode modified with Nafion.

6.2.1 pH Measurements

Using a high impedance voltmeter (Agilent, Santa Clara, CA, USA), potentiometric
measurements were recorded between the TiN + Nafion working electrode and a commercial
Ag|AgCIKCl glass, double-junction, reference electrode (Sigma-Aldrich, St. Louis, MO,
USA). At 22 °C, commercial buffer solutions (Rowe Scientific, Minto, Australia) were used
for the analysis. Each measurement was completed in five minutes. The movement of the
potential in pH 7 buffer over the duration of the analysis time is given by the drift numbers,
with error bars indicating the 95% confidence interval [10,23,24]. For each measurement, the

last 30 s of analysis were averaged and used to calculate sensitivity, E°, and hysteresis.

The selective identification of H' ions present in the examined solution is necessary for
potentiometric pH determination. A measurement device and an electrochemical cell make up

the typical potentiometric configuration (potentiometer, voltmeter, multimeter, etc.). A pH-
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sensitive sensor electrode and a reference electrode make up the electrochemical cell (usually
silver chloride electrode). Electromotive force is an electrochemical cell’s electrical
characteristic (Emf). The difference in electrode potentials (E) of the two half-reactions
occurring at the sensing and reference electrodes is used to determine the cell’s Emf. The Emf
of the cell is typically equal to the potential of the sensing electrode, and the reference electrode
is grounded, with its potential regarded as equal to zero. The half-reaction occurs in response

to detecting, where E° is the reference voltage:

E=E’—R-TnF-In [Red] [Ox] (1)

where R is the universal gas constant, 8.314 J/Kmol; T is the temperature, K; and n is the
quantity of electrodes involved in the redox reaction. The activities of the reduced and oxidized
versions of the electrode material, respectively, are [Red] and [Ox], measured in mol/L, and F

is the Faraday constant, which is equal to 96,485 C/mol.

The standard potential is a measurement of the equilibrium individual potential of the reversible
electrode in the standard condition (1 mol/L concentration, 1 atm pressure and 25 °C
temperature). The following simplified equation, which was proposed by [40,41], may be used

to explain the pH-sensing mechanism for the TiN electrode:

Ti(II) + e~ + [H]" «> Ti(ID) )

The Nernst equation for this process takes the following form:

_ o RT o Ti[II]
E=E zF In a Ti[IV][H*]

)

where [Ti(III)], [Ti(IT)] and [H'] are activities. Equation (3) has the following form at room

temperature (T = 22 °C), considering that the values of metal activities in solids are close to 1:

[Ti(IIT)/Ti(1I)] 0.0583 log [H'] + E = E @)

Electrode sensitivity, or the theoretical Nernst response at 22 °C, is defined as the value of 58.3

mV. When n =1 in Equation 3, all pH-sensitive electrodes at the specified temperature should
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have the same sensitivity value; however, the theoretical response, in practice, will deviate

from this value [33, 34].

Prior to the initial measurement, all electrodes underwent a conditioning routine that involved
soaking them in distilled water for 24 h to hydrate pH-sensitive surfaces. The sensitivity of the
manufactured electrodes was assessed by detecting the electrochemical cell’s electromagnetic
field (the potential difference between the reference electrode and the fabricated pH-sensitive
electrode) as a function of pH. For that, electrodes were submerged into buffer solutions of pH
range from 1 to 14. Every 10 s, data points were obtained while the Emf was recorded for 5
min. The average value of the previous 10 data points was used to calculate the Emf at that pH.
By charting the electrode potential as a function of pH and figuring out the equation expressing
this dependency, the electrode sensitivity, E°, and linearity of the response were found, using
the least-squares method. E® was estimated as the potential at pH = 0 by extrapolating the data,
and the linearity of the electrode’s response to pH change was calculated as the correlation

coefficient. Electrode sensitivity was computed as the slope of the linear equation.

6.2.2 Response time, drift rate and hysteresis

The time required for the electrode potential to reach 90% of the stable value was used to
calculate the response time. Electrodes were left in distilled water overnight to assess the drift
of electrode response in time. The drift rate (in mV/h) was calculated using the slope of the
line-of-best-fit method. The created electrodes were subjected to a variety of pH buffers to
evaluate the hysteresis, or memory effect, of an electrode. The pH of the electrodes was first
changed from 1.1 to 4.1 to 7.0 to 10.0 (acidic to basic), and then the pH was changed in the
other direction. After dipping the electrode into a fresh buffer solution, the electrode response
was monitored for three minutes. A solution of cleaned electrodes was washed with distilled

water and dried with a pressure gun after each measurement.

6.2.3 Measurements of real samples

The fabricated TiN + Nafion electrodes were used to measure the pH values of different types
of samples: cola, beer, red wine, white wine, orange juice, fresh lemon juice and iced tea. The
glass commercial electrode was used to test all these samples as a reference to the TiN pH

S€nsor.

82



6.3 Results and Analysis

This section records the detailed step-by-step fabrication process of TiN + Nafion electrodes.
The key performance indicators of pH sensors, such as sensitivity, drift and hysteresis, are
explained and reported in this section of the paper. Finally, the TiN + Nafion electrode was
applied in real high-redox sample varieties to test the performance and validate the role of

Nafion modification to TiN pH sensors.

6.3.1 Deposition Parameters

To find the best manufacturing conditions for all-TiN pH electrodes, the TiN sputter deposition
gas pressure and Ar: N> gas ratio were briefly investigated. Two alternative substrates were
tested: polished Al>O; and glass at Ar: N> gas ratio of 1:9. By soaking samples in a deionized
water ultrasonic bath for 10 minutes and putting them through a peel adhesion test using
polyimide adhesive tape, samples were examined for adhesion. When the polyamide was
evaluated for pH characteristics, it demonstrated greater adhesion. Using pH 2, 4, 7, 10 and 12
buffers, the pH sensitivity of the samples was assessed. All the TiN electrodes showed Nernst
response, although electrodes with thicker than 5 uLL of Nafion showed a significant amount of

drift, as shown in Table 2.

Gas Sputter Nafion

RT;;::;“ Srr:.;ﬂe: Ratio Pressure Thickness S(:?::::E ' H}'(s:l;e:;sis R!? {E:If:l}
=Y ArN)  mTerr)  (uL)
26 Ti 9:1 2 3 —564+12 23+12 0.9597 46+1.2
41 T1 91 2 10 —593+32 84734 09341 T7848=125
48 T1 9:1 2 15 —56.2+28 5263=12 09818 1654=67
49 Ti 9:1 2 20 —53.4=x42 551747 09698 21056+2.7
56 T1 9:1 2 25 —531+12 713078 09519 22284+33%

Table 2 - Summary of the pH-sensing performance for TiN electrodes with various Nafion
thickness ranging from 5 to 25 pL thickness, with TiN deposited using 2 m Torr pressure and
1:9 Ar: N, gas ratio.

Based on these results, the best electrode characteristics for TiN are when sensitivity is close
to Nernstian, and hysteresis and drift are both low. It was found that an 85 nm TiN electrode
exhibited Nernstian sensitivity of 56.4 mV/pH, 2.3 mV hysteresis, and had the lowest drift of
of 4.6 mV/h when 5 mL of Nafion was applied. Hence, this thickness of Nafion was selected

to spin coat on TiN to determine the sensing properties of the electrode.
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In addition, this electrode, when left in pH 7 buffer for 4 months, maintained its sensitivity.
This is a significant finding because other metal-oxide solid-state electrodes demonstrate signs
of degradation in less than 4 months [20]. This is likely due to the specific construction of the
TiN electrode, where the effects from electrical contact materials, such as carbon, platinum, or

gold, are eliminated.

6.3.2 Sensing properties

The TiN + Nafion pH sensor was examined by looping pH from 2 to 12, as shown in Figure
2a. The developed sensor shows Nernstian sensitivity (—56.6 mV/pH) and a reaction time of
less than 30 s, which is consistent with previous reports of pH sensors employing this type of
working electrode [14,15]. As seen in Figure 2b, the pH response is linear (R? = 0.9999) and
reproducible, as summarized in Table 2. The R square value is the correlation coefficient, which

indicates the excellent linearity of the slope.

600

wn
S
S

®

AN
(=1
S

.......... y =-56.606x + 595.45
....... R? =0.9999

(98]
o
S

100 ~

.
e,
Ve,
e,
e,
.,
e,

Potential (mV)

o

-100

-200
pH

(a)

84



pH loop

600
500

400

300

200

100

Potential (mV)

100 0 500 1500 2001 500 3000 35 4000 4500

-200
Time (second)

(b)

Figure 2 - (a) Linear calibration plot for pH sensor from pH 2 to 12, (b) pH loop cycled 7-2-
7-12-7 three times, using potential data versus time for TiN working electrode in pH 7 buffer
vs. glass reference electrode.

The specific construction of the TiN + Nafion sensor reported here has resulted in several
advantages compared to the solid-state electrodes previously reported [14]. The biggest
advantage is that almost all the sputtered material is used, hence, there is no wastage, and this

also allows for uniform production of bulk number of electrodes.

The 85 nm-thick TiN + Nafion pH-sensitive electrode was deposited at a pressure of 2 mT and
a gas ratio of 1:9 Ar: N, to study the effects of redox agents. Then, 1 mM ascorbic acid or
MnO4 were added to buffer solutions. As shown in Figure 3, the electrode was calibrated at pH
7 (with a redox agent) for 15 min before pH was looped 3 times from 7-2-7-12. As shown in
Figure 3, in neutral and reducing conditions, the shift in the redox potential has now been
significantly minimized (2 mV) as an expected outcome. This is exactly the outcome we were
hoping to achieve. Unfortunately, when pH measurements were performed in buffer solutions
with oxidizing redox agents, there was still potential shift close to 45 mV. However, the good
news is that the shift was stable over that range of pH values and, more importantly, the shift

was smaller than for TiN without the Nafion protection.
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Redox Potential Shift ( TiN vs TiN+ Nafion)
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Figure 3 - Potential versus different matrices for TiN and TiN + Nafion working electrode.

Careful examination of the data in Figure 3 confirms that the TiN + Nafion electrode’s behavior
in different redox solutions corresponded to a change in the E* value while maintaining
Nernstian sensitivity, as shown in Figure 2. When exposed to a new test solution, the potential
for each pH measurement quickly changed and equilibrated within 30 s, after which the
observed potential started to drift. The pH sensitivity of the electrode can be determined using
the difference between the final reading from the previous measurement and the 30 s
equilibrated value, as shown in Figure 2, assuming that this drift is caused by a shift in E*

rather than sensitivity.

6.3.3 Drift rate

TiN + Nafion electrodes were subjected to various pH conditions, ranging from 2 to 12 for
varied reaction periods (15, 60, 120, or 240 min), to investigate the drift effect. The drift of the
electrodes obtained in pH =2 and pH = 12 solutions showed an apparent decrease from 36.18
to 6.4 mV/h and 22.53 to 5.16 mV/h, respectively, as shown in Table 3, with an increase in
reaction time from 15 to 240 min. The TiN electrode drifted considerably more than we
expected, which may be attributed to the high resistance and inherent characteristics, such as
the TiO2 sheets [8]. Yusof [9] reported that TiO;-sensing membrane fabricated using the RF
sputtering method has a drift of 4.41 mV/h. However, when TiO> film was doped with
ruthenium metallic ions, using a co-sputtering system to decrease the resistivity and increase

its carrier mobility, that resulted in a very low drift effect of only 1.67 mV/h. In conclusion,
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the TiN + Nafion electrode exhibits good stability with increased reaction time, which means
that the sensor reaches its equilibrium when reaction time is increased, and hence, acceptable
drift of 7 mV/h (average across pH 2 to 12) is achieved. The longevity of the sensor beyond 6

months remains a further area of study.

Table 3 - Drift of TiN electrodes treated using different pH parameters.

Reaction Time (min)

pH
15 60 120 240
2 36.16 mV/h 15.22 mV/h 9.32 mV/h 6.20 mV/h
4 18.26 mV/h 12.54 mV/h 10.33 mV/h 7.88 mV/h
7 15.33 mV/h 12.45 mV/h 9.44 mV/h 4.22 mV/h
10 42.56 mV/h 34.88 mV/h 19.73 mV/h 12.45 mV/h
12 22.43 mV/h 9.36 mV/h 7.11 mV/h 426 mV/h

6.3.4 Hysteresis

Previous work by Fog and Buck [17] showed the hysteresis width of the TiN pH sensors to be
30 mV in the cycle of 2-12-2. The hysteresis width of TiN pH electrodes has only been briefly
described in previous research papers [30,32,39]. The TiN electrodes manufactured here have
a comparatively high hysteresis. For 5 uL of Nafion, 60 min hysteresis was 17.6 mV to 19.3
mV, and for 120 min, hysteresis was 8.9 mV to 11.4 mV, and for 10 pL, 60 min hysteresis was
10 mV to 10.5 mV, and for 120 min, it was 7.3 mV to 9.5 mV [17]. This is higher when
compared to other metal-oxide-based pH-sensitive electrodes. According to previous research
[39], a magnetron-sputter-fabricated RuO» pH sensor has a hysteresis of 6.4 mV in the loop of
7-4-7-10-7 and 5.1 mV in the loop of 7-10-7-4-7, and for electrodeposited iridium oxide, the

pH sensor ranges from 0.5 to 1.5 mV.

With repeatability based on the characterization studies, the ideal manufacturing parameters
for the super-hydrophilic TiN pH electrode were determined to be 9.29 mV/h and 120 min. In
addition, these conditions displayed the highest sensitivity of 54.13 mV/pH, the fastest
response of 18.1 s in the pH range of 4 to 12, a tolerable drift of 9.29 mV/h, and the widest
hysteresis at 11.4 mV. A new series of electrodes was then created to test the reproducibility
of these electrodes. For each pH level, the new series of electrodes displayed steady and
consistent response potentials and showed a comparable Nernstian response, with a sensitivity

of 54.55 and 56.58 mV/pH. Thus, the discrepancy in the sensitivity for the various
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manufactured electrodes was less than 1.95 mV/pH, indicating very good repeatability when

compared with previously reported electrodes [38].

6.3.5 Real samples application

To determine the performance of the TiN + Nafion electrode in strong reducing and oxidizing
matrices, various real samples were tested. Consequently, an 85 nm TiN + Nafion electrode (2
m Torr, 1:9 Ar: N2) was tested in solutions such as coke, beer (Corona), white wine
(McWilliams), red wine (McWilliams), iced tea (Lipton), orange juice (Golden circle) and fresh
lemon juice. Firstly, the sensor was rinsed with deionized water and equilibrated in pH 4 or 7
buffer standard for 90 s to obtain a standard value for single-point calibration of the sensor’s
E* value [7]. Calculations were performed using the sensitivity of

—56.6 mV/pH, as determined previously. Sample pH values were calculated using the pH
sample equation [11]. The equation and buffer standard were chosen to minimize the pH
difference between the standard and sample tests to provide the highest accuracy of the single-

point calibration [7].

Figure 4 compares the pH readings obtained using a commercial glass pH sensor and an 85 nm
TiN electrode to those obtained using the TiN + Nafion. The results shown in Figure 4 illustrate
that there is excellent consistency between the pH values obtained using this measurement
methodology and those obtained using a commercial glass pH sensor (EU Tech). These
experimental findings show that a variety of sample matrices can be used with TiN + Nafion
electrodes. As mentioned earlier, the RuO> sensor exhibited £300 mV shifts in potential and
instability in many of the samples, resulting in a poor performance. The TiN + Nafion sensor
developed here shows improved performance, with pH values on average within 0.25 pH units
of the commercial glass electrode. In addition, the TiN + Nafion sensor outperforms the
differential pH sensor developed by previous researchers because it exhibits significantly less

potential shift of 2.1 mV (595 mV — 593 mV =2 mV), as shown in Figure 3.
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Application to Real Samples
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Figure 4 - pH values determined using 85 nm TiN electrode with the developed TiN + Nafion
and using a commercial glass pH sensor for seven samples.

Accurate pH measurement of the samples, such as white wine and fresh citrus juice, using
solid-state electrodes has not been feasible before due to the presence of ascorbic acid and other
redox active compounds, such as preservatives. These types of samples cause large shifts in
potential due to the oxidization/reduction of the working electrode [7]. The result of our work
demonstrates that a differential pH sensor based on TiN film with Nafion coating can function

as a reliable pH sensor in matrices that have been previously problematic [42].

6.4 Conclusions

An all-solid-state potentiometric pH sensor was successfully developed, which employs a thin-
film sputter-deposited TiN + Nafion (spin coated) working electrode and an Ag|AgCI1|KCl glass
electrode as a reference. A durable pH-sensitive electrode has been manufactured entirely from
sputter-deposited TiN using a TiN sputter target at 2 m Torr gas chamber pressure and with 1:9
Ar: Oz gas ratio. It has been demonstrated here that the TiN/Nafion sensor can be used to
overcome redox interference and can give accurate (precision of +0.25 pH units) pH values in
samples, such as wine and fresh citrus juice, where metal-oxide type pH sensors were
previously unable to accurately measure. Experimental results have shown that the sensor we

developed not only exhibits a Nerstian linear pH response (—56.6 mV/pH, R? = 0.9999), but
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also has excellent reproducibility (hysteresis <2 mV) without the need of sample calibration,
unlike previous sensors. Additionally, only with a single-point calibration measurement
protocol, the sensor can attain a moderate level of accuracy (+0.25 pH) when applied to cola,

milk, yogurt, and beer samples.

Experimental results have demonstrated that, for orange juice and wine samples, with the TiN,
the electrode potential shift is reduced and an improved accuracy of =0.25 pH can be attained.
Manufacturing of TiN is considerably cheaper than RuO; and Pt and Au electrodes, which are
also robust, accurate and cheaper than standard glass electrodes. Additionally, the measurement
protocol is well suited for low-throughput analysis, particularly by unskilled operators, which
may be utilized for domestic applications. Further miniaturized development of this electrode
and validation with biological samples could see this electrode be applied in the medical field,
especially in situations where current glass electrodes cannot be used due to fragility and size
constraints. For example, gastrointestinal reflux disease requires pH monitoring and currently
diagnosis is conducted using endoscopy but developing this work into a nano capsule can help

retrieve data by wireless signals from the sensor without any medical intervention.
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK

The first phase of this project (Chapter 4) reports a solid-state potentiometric TiN pH sensitive
working electrode, which was developed and analysed by combining it with a commercial glass
reference electrode. Various parameters, such as substrate type and film thickness of TiN were
examined and optimized to improve the performance of the sensor. Four different substrates
were tested by sputtering TiN using radio frequency magnetron on glass, silica, polyamide and
alumina. Results have shown that alumina outperforms the other substrates by exhibiting the
best adhesion and robustness in complex matrices. The optimised TiN film thickness has
resulted in an 85 nm TiN film sensor exhibiting Nernstian sensitivity of -59.1 mV/pH, R? =
0.9997 and reproducibility of 1.2 mV. The sputtering parameters consisting of gas ratio,
deposition time and sputter pressure have also optimised to achieve Nernstian sensitivity. The
final optimized TiN electrode has been tested in highly redox media, exhibiting only a 30-mV
potential shift which is almost four times less than the shift of previous solid state metal oxide
electrodes, such as IrO,. Testing the developed TiN sensor in real samples, such as wine and
fresh orange juice, has demonstrated that this sensor is a potential candidate for overcoming

redox interference.

In the second phase of the project (Chapter 5), a Nafion protection membrane was implemented
to further minimise the redox shift of the TiN sensor. Previously, RuO; sensors needed to
employ a thick Nafion membrane to reduce the redox shift, however, that considerably
increased the reaction time to 136s of the sensor. Hence, this work examined a considerably
thinner layer of Nafion by utilising a spin coating technique of applying only 5 uL of Nafion.
This resulted in a sensor that was not only able to block the 30-mV redox shift from 115mV
(Ru0»), but also decrease the reaction time from 136 s (RuO» with thick Nafion membrane) to
17 s in neutral pH, 38s in basic and 55 s in acidic solutions. Also, the Nafion membrane
mitigated the potential shift to 2 mV/h. This makes the TiN/Nafion an excellent sensor for
application in redox matrices without compromising the reaction time and Nernstian
sensitivity. More importantly for the TiN/Nafion sensor there is no longer a need for any matrix

matching method and lengthy calibration as required for other metal oxide sensors.

In the final part (Chapter 6) of the project, the successfully fabricated 85 nm TiN/Nafion pH
electrode was tested in challenging matrices, such as wine and fresh orange juice. Previously,

other solid-state sensors were unable to accurately measure pH in those samples. The Nafion
95



modified pH sensor was applied to real samples, such as cola, milk, yogurt, beer, red and white
wine, orange juice and iced tea. The results showed that with only a single-point calibration
measurement protocol, the sensor can attain a high level of accuracy of +£0.25 pH, which has
not been achieved before with metal nitride sensors. The TiN/Nafion sensor exhibits a Nerstian
linear pH response (—56.6 mV/pH, R? = 0.9999), and unlike previous sensors, achieved
excellent hysteresis of 1.2 mV without the need for sample calibration. Manufacturing of TiN
electrodes is considerably less expensive than conventional solid-state pH sensor electrode

counterparts, such as RuO», Pt and Au.

The developed TiN/Nafion sensor is significantly advantageous compared to the traditional
glass pH sensor, due to the solid-state structure, mechanical robustness, possibility of
miniaturisation, reduced production cost, minimal maintenance, simple measurement protocol
and good accuracy. Experimental results have shown that TiN/Nafion pH sensor outperforms
other solid state sensor candidates with excellent pH characteristics even when applied to
complex matrices. This broadens its application to operation in the pH range from 2-12, whilst

maintaining Nernstian sensitivity.

Based on the findings from the research conducted throughout this PhD project, further

improvements to the sensor could be made in the future, as follows:

1. The Nafion optimisation was carried out using only pH characteristics including
sensitivity, linearity, and hysteresis. More precise techniques such as AFM and
profilometry would provide a more detailed information regarding the precise
thickness of the Nafion layer and surface roughness. This would help in understanding
the relationship between Nafion layer and its performance in redox matrices.

2. The Nafion membrane could be further investigated by conducting more application
specific interference studies in biological, environmental, and industrial samples.

3. Since pH sensitivity is dependent on temperature and humidity, further studies would
be necessary to account for temperature and humidity fluctuations.

4. The current project focused on the development of solid-state titanium nitride pH
working electrode using the standard Ag/AgCl glass electrode as the reference. Future
studies could investigate other TiN compatible materials as reference, which are not as

fragile as the glass electrode.
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5. Ultimately, the gaol is to design a miniaturised pH capsule, which will comprise of
both working and reference electrode, for wide range of applications. This project has
paved the way towards this aim through the development of miniaturised solid-state

sensor demonstrator.
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