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Abstract

The measurement of pH is undertaken frequently in numerous settings for many applications. The
common glass pH probe is almost ideal for measuring pH, and as such, it is used almost ubiquitously.
However, glass is not ideal for all applications due to its relatively large size, fragility, need for re-
calibration and wet-storage. Therefore, much research has been undertaken on the use of metal oxides

as an alternative for the measurement of pH.

Here, a solid-state potentiometric pH sensor is developed using ruthenium metal oxide (RuOy).
Initially, pH sensitive RuO; electrodes were prepared by deposition with radio frequency magnetron
sputtering (RFMS) in a reactive oxygen plasma, onto screen-printed carbon based electrical contacts
(substrates). These electrodes performed well, between pH 4 and 10, exhibiting Nernstian pH
sensitivity, low hysteresis and low drift rate. However, these electrode were found to exhibit less than
ideal properties outside this range (pH 2-12), though this could be overcome using a pH 12
conditioning protocol. Later, improved RuO. pH sensitive electrodes were developed and
characterised. Elimination of the carbon substrate material resulted in electrodes that displayed

excellent performance from pH 2 to 12, even without pH 12 conditioning.

Whilst this RuO; electrode displayed excellent pH sensing performance, RuO; along with all other
metal oxide based pH sensors suffer from interference caused by strong oxidising and reducing
agents. To reduce this interference, Ta,Os and Nafion protective layers were studied. Using a
combination of sputter deposited Ta,Os (80 nm) and thermally cured drop-cast Nafion, an electrode
was manufactured, which was immune to interference from dissolved oxygen, and resistant to
stronger redox species. This electrode was found to outperform an unprotected RuO; electrode and

was suitable for application in several common beverage samples.

In order to construct a potentiometric pH sensor a reference electrode is also required. Here, a pH in-
sensitive reference electrode was developed by modification of the pH sensitive RuO- electrode with a
porous polymer junction containing SiO». The reference electrode showed very low sensitivity to pH
and KCI. The reference electrode provided a suitably stable potential over short periods of time,
allowing accurate pH measurements to be made. The potential of the reference electrode was found to

drift over longer time periods, however, this could be accounted for by recalibration.

The developed working and reference electrodes were then used to construct a pH sensor. The sensor
displayed excellent performance between pH 2 and 6; close to Nernstian sensitivity (-55.3 mV/pH),
linear response (R?=1.0000) and excellent reproducibility (hysteresis <1 mV). The sensor was applied
to several beverage samples, where it was shown to perform accurately, results within +0.08 pH of a
commercial glass pH sensor. The sensor develop here would be suitable for development into hand-

held and in-situ type pH sensor devices.
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Chapter 1 — Introduction, Literature Review, Methods and Aims

1.1 Introduction

Sgrensen [1] first introduced the concept of pH back in 1909. Today, along with mass and
temperature, pH is one of the most frequently measured parameters [2]. For example, pH governs
many biochemical reactions including the function of enzymes, therefore blood pH must be between
7.35 and 7.45 in order to maintain proper biological function [3]; heavy industries, such as extractive
metallurgy, where refining processes are influenced by pH [4]; environmental applications, where the
pH of natural-waters needs to be known in order to calculate alkalinity, an important parameter for the
determination of water quality [5]; agriculture, where soil pH influences the growth rate of plants [6];
and in food production, where the control of pH is used to ensure the consistent manufacture of foods
and beverages [7]. The measurement of pH even occurs domestically, where it is used to control the
water quality of household pools and aquariums.

Due to the widespread measurement of pH, it is necessary to have a reliable means of measuring it, in
a wide range of applications. The common glass pH probe is almost ideal for measuring pH and is
used almost ubiquitously. Development of the glass pH sensor has led to the creation of specialised
sensors for individual applications, ranging from high precision sensors for specialised environments,
to cheaper hand-held devices for personal use, which are readily available from numerous
manufacturers. However, glass is not ideal for all pH sensing applications, due to its relatively large
size, fragility and the associated manufacture costs of working with such a material [8,9]. Therefore,
much research has been undertaken on the use of metal oxides as a small-footprint alternative for the

measurement of pH [8,9].

1.2 Theory and Literature Review

1.2.1 pH and Potentiometry

The International Union of Pure and Applied Chemistry (IUPAC) defines pH as the base-10 logarithm
of the inverse, of the hydrogen ion activity in a solution, i.e.:
pH = —logolay+] 1)

The definition of pH with respect to its activity in solution (as opposed to concentration) is

advantageous, since potentiometry allows for the direct measurement of ionic activity [10].

Potentiometry involves measuring the electrical potential between two electrodes, known as the
working (W.E.) and reference (R.E.) electrodes. Figure 1 shows a schematic representation of a

typical potentiometric cell, consisting of two electrodes placed in solution, connected via wires to a

1



high impedance voltmeter [11,12]. According to the phase boundary potential model, where two
materials meet, a phase boundary occurs and there is an associated shift in potential, also shown in
Figure 1 [12,13].

+| HighImpedance
Voltmeter

Working |Electrode Reference |Electrode

— Ag|AgCl —

_— Filling Solution —_

Sample Selective
4 —I>
Dependent Membrane A
i Selective Membrane Porous Frit Ag P — £
/ \\ ~——_ Measured
/ \ _ T Potential
\ Wire Filling
/ | Solution
Sample Solution AN Sample
\\ Filling

’ \ AgCl  Solution

Figure 1 - Schematic diagram of a typical potentiometric cell, consisting of working and reference electrodes
and a high impedance voltmeter. Along with a representation of the shift in potential that occurs at each phase
boundary. Note that only the phase boundary of the working electrode is sample-ion depended, whilst the rest

are constant.

If all phase boundary potentials in a potentiometric cell remain constant, except one, which is
dependent on the concentration of an analyte ion in solution; using the Nernst equation it is possible to
relate the potential difference between the working and reference electrodes to ionic activity:

E = Eo _ Eln X (Solution) (2)

zZF X(Electrode)

where E? is the standard redox potential (V), R is the universal gas constant (8.3144 JK*mol?), T is
temperature (K), z is the charge of the species, F is the Faraday constant (96485 Cmol™) and asolution)
and olectrodey are the activities of the analyte ion on the solution-side and electrode-side of the
solution-electrode phase-boundary, respectively [12]. If olectrode) remains constant and at a fixed

temperature of 22 °C, then:
E=E°— 0-058310g[a(501uti0n)] (3)

This results in a shift of 58.3 mV per 10 fold change in ion activity and is known as a “Nernstian”
response. Potentiometric ion sensors exist for many ions, the following sections review and discuss

the various kinds of pH sensitive working electrodes, along with several reference electrodes.



1.2.2 Glass pH Electrodes

The well-known glass pH sensor typically houses the working and reference electrodes in a single
tube, making it convenient to use. This section briefly discusses the working electrode, whilst the
reference electrode is discussed latter.

Glass pH electrodes consist of a thin membrane made from specially formulated H* ion selective
glass, an internal electrolyte solution (3 M KCI) and an Ag|AgClI electrode (Figure 2). The difference
in potential that occurs across the glass membrane reflects the difference in H* activity on either side
of the membrane. Given the pH of the internal electrolyte remains constant, the pH of the solution can
be determined, as per the Nernst equation (Equations 2 and 3). The glass pH electrode gives a linear
response from pH 0 to 14 and is immune to virtually all interferences, apart from alkaline ions (Na*
and to a lesser extent Li*) at high concentration and pH (alkaline error), and very low pH (<1) (acid
error), which are fairly uncommon in typical applications [14]. This makes glass pH electrodes almost
ideal as pH sensors, and are therefore used almost ubiquitously. However, glass pH electrodes have

several shortcomings.

Ag|AgCl electrode

Internal electrolyte

H* ion selective
~ glass membrane

Figure 2- Schematic of a typical glass pH sensitive electrode, showing H* ion selective glass, an internal

electrolyte solution and an Ag|AgCl electrode.

Glass corrodes at high pH, typically a zero potential (with respect to an Ag|AgCI reference) is
achieved at 6.84 pH, but this increases slowly over time as the glass membrane corrodes. The surface
of the glass membrane is hydrated with —OH groups and exists as a gel-like phase, due to dissociation
of these surface sites the pH response can be slightly less than Nernstian. Glass pH probes typically
do not operate above 130 °C [8]. Glass is fragile making it unsuitable for certain applications, such as
in in-vivo studies (due to the risk of breakage) and is a limiting factor for sensor miniaturisation.

Fragility of glass also contributes to the cost of manufacture. Internal liquid electrolytes also need to



be replaced, resulting in device maintenance. Therefore much work has been undertaken in the

development of an alternative approach using an all-solid-state construction [8].
1.2.3 Solid State pH Electrodes

Many materials are known to respond to pH and can be grouped into several categories.
Potentiometric pH sensors have been manufactured using conductive metal oxides; including metal-
metal-oxide and metal-oxide-metal-oxide systems. An alternate technique exists using insulating
metal oxides, which exploits the field effect transistor effect (FET) (not potentiometric). There are
also potentiometric pH sensors constructed from metal-nitrides, conducting polymers, carbon
materials, and liquid-hydrophobic membranes. This work focuses on the use of ruthenium oxide for
the construction of a pH sensor, as such, an overview of each material is described, with more detail
given to ruthenium and the closely related iridium oxide.

1.2.3.1 Metal-Metal Oxide

Metals that form insoluble hydroxides can be used for pH measurement. The most well-known
example of this is the antimony electrode, which is typically used when the glass pH electrode is not
suitable, such as in HF [15,16]. The potential of a metal-metal-oxide electrode depends on its half-cell

reaction and the Nernst equation [8,17], for example:

Sb,05 + 6H + 6e~ & 25b + 3H,0 ()
_ 0 , 0.059 1 _
E = E° + > log s = 0.152 — 0.0583pH (5)

However, Sh-Sh,0; electrodes are not stable over long periods of time, due to the formation of
intermediate valance oxide states from reaction with dissolved oxygen [18]. The antimony oxide
electrode typically does not reach the expected Nernstian sensitivity; this is reported as far back as
1924 [19] using a poured-melt Sb electrode, and recently, using nano-wires of antimony [17].
However, research has been undertaken to improve the electrode’s stability, for example, by

modification of antimony with the cation-conducting polymer Nafion [20].

Other metal-metal oxide systems reported include Sn, W, Fe, Ag, Cu and Zn [8]. Along with bismuth
oxide, which has been reported for use in alkaline conditions [8]. Typically these electrodes do not
achieve the expected Nernstian response, are limited to a narrow pH window and their potential is
effect by anions present in solution [8]. However, recent work using tungsten has shown that, WO3
sputter deposited at oblique angles achieves a close to Nernstian response of -57.7mV/pH. [21]. Tin
oxide is also well reported in the literature, and has been used as a pH sensitive transducer in the

construction of biosensors [22,23].

Metal-metal-oxide pH electrodes are advantageous in that they are made from relatively-cheap non-

precious metals. However, these electrodes are not simple hydrogen electrodes and their potential is

4



determined by several simultaneous electrochemical processes [8] (such as corrosion and the cathodic
reduction of oxygen [16]). A more suitable alternative to metal-metal-oxide pH sensors are those
based on a redox couple between two oxidisation sates of the same metal, i.e. metal-oxide-metal-

oxide pH sensors.

1.2.3.2 Metal Oxide — Metal Oxide (Iridium Oxide)

Pt group metal oxides have been shown to function as reversible hydrogen electrodes and can be used
as pH sensors [8]. Oxides of Pt, Pd, Rh, Os, Ru and Ir have all been investigated [18,24]. Early works
by Fog and Buck [18] and Kreider et al. [24] on conductive oxides identified Ir and Ru oxides as the
most promising for pH measurement. However, IrO, was found to exhibit less sensitivity to redox

agents, and higher stability, and as a result iridium has been extensively studied for many years [18].

Many techniques have been used to prepare iridium oxide pH sensitive electrodes, including thermal
oxidisation [15], electro-oxidisation [25] and hot-melt oxidisation [26] of Ir wires; along with thermal
decomposition of Ir¥* salts [27,28], electro-deposition [29,30] and reactive direct current sputtering
(DCS) [31] and radio frequency magnetron (RFMS) sputtering [32], of IrO, on various substrates.
Interestingly, thermal oxidisation of Ir metal results in a metal-metal-oxide system between Ir metal
and Ir(OH)s, whilst the other techniques, including thermal oxidisation of Ir®* salts, form a metal-
oxide-metal-oxide system [15]. In addition to this, the pH sensitivity of IrO, electrodes differs
depending on the deposition technique used. IrO- can be split into two categories; anhydrous, which is
produced mainly by sputtering [31,32] and hot-melt techniques [26], and hydrous, which is produced

by electro-oxidisation [25] and electro-deposition techniques [29,30].

Anhydrous IrO; exhibits the typical Nernstian pH sensitivity expected for a metal-oxide-metal-oxide

pH sensor [15]. The equilibrium reaction for electrodes made of anhydrous IrO; is:

IrO0Gsmy + nHY + ne™ & Ir0x + §H20 (6)

2

which for simplicity can be written as:
2Ir0, + 2H* + 2e™ & Ir,05 + H,0 @)
However, IrO; is known to partially hydrate over time and the reaction changes to:

110Gan (Hy0)ym + nH* +ne™ & [r0x(H,0), + (m +3) Hy0 (8)
2 2

which can be written as:
IrO, + 2H* 4+ 2e~ & IrO(H,0) 9)

Regardless, since the number of protons and electrons involved in each reaction are the same, the

Nernst equation reads:



E=E"+%n (Lm]) (10)

2F allrV].a[H*]?
_ ;0 _ 2RT +1) — O
E=E —Fln(a[H 1) = E° —0.0583pH (11)

which gives the expected Nernstian response. The partial hydration of anhydrous IrO; is a slow
process, in some cases it has been reported to take up to months [31]. It is therefore necessary to
condition or pre-age electrodes before use. T. Katsube et al. [31] have reported a procedure whereby
they boiled IrO. electrodes before use in deionised water for 30 minutes, whilst, others simply
allowed electrodes to soak in pH 7 buffer for several weeks [15].

The pH sensitivity of hydrous IrO- electrodes is known to vary between 1 and 1.5 times Nernstian
[15]. In order to explain this “super”-Nernstian pH response the effect of protonation and de-
protonation without electron transfer has been used [29]. Electro-deposited hydrous IrO, forms a gel-
like structure, existing as a “hydrated oxyhydroxide in a cross-linked open-polymetric chain” [15,29].
The many hydroxide sites can act as amphoteric sites, according to the site binding theory, which
take-up or release protons without electron transfer [25]. Taking this into account, the equilibrium

reaction for the potential of hydrous IrO, becomes [29]:

21r0,(0H) 3y (H, 002757 4+ (3 = 20)H™ + 2¢™ & I1,03(0H)3(H,0)3™ + 3H,0  (12)

(2+x)

For which the Nernst equation is:

I alir')
E=E"+ 2F In (a[lrIV].a[H+](3-2x)) (13)
E = EO — G729 1 (a[H*]) = E° — 0.0583(1.5 — x)pH (14)

where “x” is a value between 0 and 0.5 [15]. This “x” value represents the degree of dissociation of
the hydroxyl groups and was found to vary depending on the oxidisation state of the IrO electrode
[29]. Fully-reduced electrodes exhibit a pH sensitivity close to 58 mV/pH (x=0.5), whilst, fully
oxidised IrO, exhibits a sensitivity close to 88 mV/pH (x=0). This accounts for the variety of
sensitivity values reported in literature. Sensitivity values of 65 to 75 mV/pH are not uncommon for
hydrous IrO, pH sensors, which can simply be attributed to a mixture of Ir'"" and Ir'V in the electrode.
It has also been shown that reduced or partially reduced electrodes are not stable in ambient oxygen
saturated solutions, due to the slow oxidisation of Ir'"" to Ir'V. However, when fully oxidised, the pH

sensitivity of a hydrous IrO- electrode is stable [29].

The main drawback of Ir (and all other metal-oxide pH sensors [15]) is their sensitivity to redox
species. Researchers have shown that both ferri- and ferro- cyanide completely supress the pH

response of IrO, [18,33]. It has also been shown that when the interfering redox species is removed,
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the pH response returns, however, the E° value is significantly lower [34]. This behaviour is attributed
to a change in the composition of the iridium oxide film [34]. This limits iridium-oxide pH sensors to
applications free from species that oxidise or reduce the electrode material, unless further

modification of the sensor is undertaken.

Research by Kinlen et al. [33] has shown that a thin layer of thermally cured Nafion was able to
protect an IrO; electrode from ferri-/ferrocyanide interference. However, the Nafion layer did not
provide protection against all redox-active compounds; their sensor was still susceptible to
interference from iodide and permanganate ions. The addition of Nafion to their IrO; electrode also
increased the reaction time of their sensor in the neutral pH region. This was attributed to the presence
of sulfonic acid sites that are not easily accessible, resulting in a lower degree of hydration, due to
their increased hydrophobicity. These sites have a lower acidity (pK, values of 6-9) resulting in a

slower proton transfer rate through the material.

More recently, work by Li-Min Kuo et al. [32] has shown that modification of an IrO; electrode with
a thin layer of sputtered Ta,Os was able to eliminate potential fluctuations caused by dissolved
oxygen. According to their work, the electrically insulating layer of Ta,Os blocks the transport of
electrons generated by oxygen in solution to the IrO, electrode. However, due to proton-electron
double injection (the conduction of both electrons and protons across the interface) the current
continuity across the interface is preserved, allowing the Ir'''/Ir'V ratio to remain constant, resulting in
a stable electrode potential. Which was observed as a low drift rate of <0.1 mV/h in both N2 and O;

saturated solutions.

Carroll et al. [34] developed a procedure for recovering from redox-interference. In their work, they
used micro-fabrication techniques (sputtering and photolithography) to manufacture an array of 11
electrodes in a 1 cm? chip. Electrodes were made of Au and modified with IrO, using electro-
deposition. The sensitivity and E° values of individual electrodes in the array were found to differ by
5.7 mV/pH and 100 mV, respectively. By applying a potential of +200 mV to the electrode with
respect to an Ag|AgCI|KCI reference electrode using a potentiostat, it was possible to reduce the range
of sensitivities to 2.3 mV/pH and the spread of E° values to 20 mV. This was used as a “self-
calibration” procedure for the sensor array. By performing the +200 mV treatment it was possible to
“re-set” the Ir"/Ir'Y ratio of their electrodes to a value consistent to when it was calibrated. This
procedure was also shown to restore the electrode to a consistent E° value after exposure to ferri-
[ferro-cyanide. However, the procedure needs to be performed in the same pH buffer each time (pH
7).

Another notable example of a pH sensor constructed using IrO- has been reported by Sheng Yao et al.
[26], who described a procedure for the hot-melt oxidisation of Ir wire using lithium carbonate.

Notably, their electrode did not require conditioning, was long term stable (up to 2.5 years [35]) and



exhibited a Nernstian response. The excellent performance of this electrode was attributed to the
presence of Li in the film. Wen-Ding Huang et al. [27] have reported a pH sensor based on IrO;
manufactured using a Sol-Gel process. Their sensor employed an Ag|AgCI quasi reference electrode
and a flexible polyimide substrate. Although this sensor exhibited sub-Nernstian sensitivity (51
mV/pH), the sensor was successfully developed into an array that displayed improved performance
[28], and eventually developed into an implantable device for wireless monitoring of gastro-
oesophageal reflux [36]. Bo Zhou et al. [37] have developed a multi-parameter sensor chip (pH,
conductivity and temperature) for water quality assessment, which employed an electrodeposited 1rO,
electrode. Naroa Uria et al. [38] have successfully employed an electrodeposited IrO, film to detect
pH changes caused by bacteria (E. coli.).

1.2.3.3 Metal Oxide — Metal Oxide (Ruthenium Oxide)

Early work by Fog and Buck [18] showed that Ir is less effected by interference from redox agents
compared to other Pt group metal oxides. As such, many researchers have chosen Ir over Ru and the
other Pt group metals for the construction of pH sensors. However, compared to iridium, ruthenium
has the advantage of being cost-effective (Table 1 — Approximate US dollar values of Ru, Ir, Ag and
Pt, from 2007-2017. Data from infomine.com.), although this is subject to market changes.

Table 1 — Approximate US dollar values of Ru, Ir, Ag and Pt, from 2007-2017. Data from infomine.com.

Price (USD/q)
Metal )
Dec 2017 Min Mean Max
Ru 6 2 2.5 27
Ir 31 5 15 35
Ag 0.55 0.30 0.50 1.4
Pt 30 25 30 70

Fog and Buck [18] proposed five possible mechanisms for the pH sensitivity of electrically
conducting metal oxides, namely, (i) ion exchange of surface —OH sites, (ii) redox equilibrium
between two valencies, (iii) redox equilibrium involving only one phase, (iv) single phase oxygen
intercalation and (v) steady state corrosion. 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, the oxygen intercalation explanation (which assumed proton activity in the liquid phase and
oxygen activity in the solid phase) was used to describe the pH sensitivity of RuO, electrodes.

However, Pt group metal oxides were found to exchange protons with solution [39,40], while



investigation of the point-of-zero-charge and the exchange of tritium ions with RuO; revealed the

following mechanism:

Ru0,(OH), + ze™ + zH* & RuO,_,(0H),.,, (15)
simplified to:
RuV0, + e~ + H* & Ru''"0(OH) (16)
where the Nernst equation is:
_ 0 RT a[Ru'l]
E=E"+ nF In (a[Ru’V].a[H+]) (17)
_ po 4 RT alRulll] RT 1
E=E"+ nF In (a[Ru’V]) + nF In (a[H+]) (18)

Assuming nearby equal activates of Ru'" and Ru'V (which approach 1 in the solid-state), the second
term becomes zero and the potential of a RuO; electrode becomes:

E =E°—-58.3pH (19)

where E is in mV at 22 °C. The thermodynamically calculated value for E® is 940 mV, however, in

aqueous solutions a potential of 750 mV is measured [39,40].

RuO- is known to hydrate by the dissociative adsorption of water. This has been observed using X-ray
photoelectron spectroscopy [41,42] and results in a “carpet” of —OH sites covering the RuO- surface.
Experiments on the charge capacity of RuO, particles shows that hydroxide sites penetrate to a depth
of 30 nm, but can remain in chemical equilibrium with solution [39]. Proton transfer without electron
transfer at amphoteric —OH sites was used by J. Mihell et al. [43] to explain the sub-Nernstian
sensitivity reported for their RuO. electrode, using similar logic to the super-Nernstian response
observed for hydrous IrO,. Whilst Kurzweil [8] has taken the effects of dissolved gasses into
consideration to explain oxygen sensitivity. According to Kurzweil, in acidic solution, protons are
released by the dissociative adsorption of water and super-acid OH groups, formally the oxidisation of

hydrogen:
[Ru'"],0 + H,0 < 2[Ru'V]0 + 2H* + 2e~ (20)
Formally: [RulH, « [Ru] + 2H™ + 2e~ (21)

whereas, in basic solution, hydroxide sites are formed and bound in ruthenium cluster ions; formally

the reduction of oxygen:
4[Ru']0 + 2H,0 + 4e~ & 2[Ru'],0 + 40H~ (22)

Formally: [Ru]O,+4e~ + 2H,0 < [Ru] + 40H™ (23)



The predominance of dissolved oxygen and hydrogen in water, within the electrochemical stability

window of water, can be estimated using the following equation:
H, + 2H,0 < 0, + 6H* + 6e” (24)

which gives a Nernst response of:

E =819 — 59.1pH + 9.8log :EZZ; (25)
2

where E is in mV at 25 ©C. Typically, these gasses are assumed to be present at constant
concentration, and thus, the effects of O, and H: are omitted by most authors from the Nernst equation
when describing the pH sensitivity of RuO..

Drift, ageing and hysteresis effects have all been reported for RuO, pH sensitive electrodes. A
decrease in sensitivity and E° value over time is an indication of the ageing of the pH sensor. In some
works a small decrease in sensitivity (<5 mV/pH) has been reported [24,44,45], whilst in another
report, where electrodes were stored in strongly acidic solutions (<pH 2), a significant decrease in pH
sensitively (32 mV/pH) was recorded [43]. However, in the majority of reports for RuO, pH sensitive

electrodes this effect is not mentioned.

What is commonly reported, is a large decrease in E° value over the first few days of use. Typically E°
values stabilise within a few days [45], however, for a thick-film RuO, electrode manufactured by
screen printing a period of 20 days was required [46]. B. Xu et al. [45] concluded that the slow
surface hydration of RuO; results in a drift in E° value and sensitivity, for their sputter deposited RuO;
electrode with carbon nanotube substrate. On the other hand, Zhuiykov et al. [47,48] have stated that
for their screen printed thick-film RuO; electrode, diffusion of H* through the material and the
trapping of H; at grain boundaries and pores in the material is responsible. B. Xu et al. [45] have also
linked the hysteresis observed for RuO; electrodes to, slow diffusion of H* between the inner and
outer surface of the electrode and changes in the hydration of the RuO, material, whereas Zhuiykov et
al. [47,48] explained the hysteresis of their RuO- electrode as being due to slow diffusion of H* into
the material. A similar explanation of the hysteresis phenomenon has also been used by Bousse [49],
where the hysteresis of ion sensitive field effect transistor devices (ISFETS) is attributed to the fast
pH response, from easily equilibrated surface sites, followed by a slower response attributed to slower

equilibration of difficult to access subsurface sites.

Redox interference is also problematic for RuO- electrodes. According to Kurzweil [8] redox agents,
such as ascorbic acid, Fe?*, sulphite, H.O, and I, damage the electrochemical reversibility of RuO
electrodes at anodic and cathodic potentials, which indicates the role of adsorbed gases (H2 and O5) in
the measured potential of RuO; electrodes. The E° value of RuO; electrodes is also known to shift

after exposure to redox agents, similar to 1rO, electrodes. However, Fog and Buck [18] stated that
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RuO, maintains an almost Nernstian pH response slope when exposed to redox agents, whereas the

other Pt metal oxides, i.e. Ir, do not.

The discussion above details theory regarding the pH sensitivity of RuO,, whilst, Table 2 (below)
chronologically summarises the various approaches adopted for the development of RuO, pH
electrodes, over the last three decades.

Table 2 — Chronological summary of relevant literature using RuO, as a pH sensitive electrode for

potentiometric measurements.

Author Year Summary
Fog and 1984 RuO, material used as supplied, 61.8 mV/pH, range 2-12, hysteresis 9
Buck [18] mV. All metal oxides are sensitive to redox agents, but, RuO; maintains

an almost Nernstian pH response in the presence of redox agents whist
other metal oxides do not.

K. Pasztor et | 1993 RuO, was electrochemically grown on gold wires. As prepared electrode
al. [44] exhibited 63.9 mV/pH, which decreased after 10 days storage in
deionised water to 59.3mV/pH. There was also a shift in the E° value of
100 mV.

H. M°Hurray | 1995 RuO; glass composite sintered onto Pyrex glass substrate. E° value
et al. [40] decreased by 65 mV over first 24 h, was aged for 14 days. pH 2 -12, 58-
60 mV/pH, 25-30 mV hysteresis, 90 s response times and insensitive to

dissolved oxygen.

K. Kreider et | 1995 Sputtered RuO; on SiO; and Al,Oj3 substrates. When sputtered at 230 °C,
al. [24] 54-60 mV/pH, E° 0.89-0.93 V, across 4 electrodes. Exposure to pH 2 for
24 h decreases slope to 50-52 mV/pH and E° 0.76-0.79 V. Neutral
solutions decreased slope by 2-4 mV/pH. When sputtered at room temp,
sensitivity was 54-59 mV/pH and E° 0.85-0.89 V. Exposure to pH 2-3
buffers for 20h did not decrease sensitivity but exposure to pH 10 reduced
slope to 54-55 mV/pH.

J. Mihell et 1998 Hydrated RuO;, was screen printed in a polymer matrix onto alumina
al. [43] substrates. Sensitivity dropped to 32 mV/pH if stored in HCI for 60 days;
whilst, those stored in KOH, pH 6 buffer and water remained constant.

The decrease in sensitivity for the acid stored electrodes was attributed to
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the take-up or release of protons without electron transfer at amphoteric
RuO(OH) sites. This is similar to the explanation of the super-Nernstian

response observed for hydrous IrO..

S. Zhuiykov
[47]

2008-
2011

Sintered RuO- nano-particles which were screen printed onto platinised
alumina substrate. Linear pH response from pH 2 — 13, 58 mV/pH at 23
OC, with 1-2 s response time at 23 °C. However, response time increased
greatly at lower temperatures, 8-10 min at 9 °C. Their electrode was also
sensitive to superoxide ions (O2) and could measure dissolved oxygen
from 0.6 to 8.0 ppm. This RuO electrode was used in the development of
a sensor array for the measurement of water quality parameters; pH,
temperature, dissolved oxygen, conductivity and turbidity [46]. Repose of
the RuO; electrode was found to drift substantially over the first month,
and was linked to trapping of hydrogen at the grain boundaries or micro-
pores in the screen-printed nano-structured material. Doping of RuO;
thick films with Pt was also studied [48]. Doping RuO- with 20 mol% of
ZnO was found to increase dissolved oxygen sensitivity and reduce pH
sensitivity [50]. Whilst, doping RuO, with Cu,O was found to improve

response times [51].

Yi-Hung
Liao et al.
[52]

2008

Sputter deposited array of 4 RuO; electrodes on Si wafer. Sensitivity of
55.64 mV/pH with 0.38 mV/h drift rate and 2.2-4.36 mV hysteresis.
Reported that exposure to 720 lumen of light at pH 7 shifts response by
16.8 mV. This sensor was further developed by modification of the RuO,
with enzymes to create a bio-sensor for the detection of glucose and uric
acid [53]. It is unclear if the authors of this paper used potentiometric or
FET based detection, likely FET-based given the reported light

sensitivity.

Chou and
Hsia [54]

2009

Employed an array of 8 sputter deposited RuO; electrodes on Si substrate.
They achieved sensitivity of 56 mV/pH from 1-13, with 1.6 mV/h drift-
rate and 1.1 mV hysteresis. Attributed good results to the multiple

electrode sensor array, which minimises variations between sensors.

M.

Brischwein

2009

Sputter deposited RuO, on Ti/Pt electrical contacts on ceramic substrate.

Sensor chip was designed for in-vitro cell studies due to RuO;’s
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et al.[55]

biocompatibility. Their sensor was approximately linear between pH 5.5
and 11, 52 to 58 mV/pH, 1-2 mV/h drift rate, across 15 sensors.

Bin Xuetal. | 2010 Sputtered RuO- on vertically aligned carbon nanotubes, 55mV/pH from

[45] pH 2-12, E° value drifts 80 mV and slope by 2.3 mV/pH over 1 day, was
stable by day 2. This ageing was linked to changes in surface hydration.
Stated that there is little explanation of hysteresis other than slow
diffusion of H* between inner and outer electrode surface area and slow
changes in hydration. Hysteresis between 5.1 and 10.2 mV, 40 s reaction
time at basic pH.

M. Kahram 2013 Hydrous RuO, deposited by a Sol-Gel method on multi-wall carbon

et al. [56] nanotubes. Sensitivity of 63 mV/pH from 2-12 pH with response time
less than 50 s.

Jung-Chuan | 2015 Sputter deposited RuO, onto flexible polyethylene terephthalate (PET)

Chou et al. substrates with screen printed silver paste electrical connections.

[57] Sensitivity of 59.66 mV/pH, R?=0.995 from pH 1-13. Was used to
manufacture a glucose bio-sensor, by immobilisation of glucose oxidase
on the RuO; surface using Nafion.

L. Manjakkal | 2013- | Has authored a series of papers developing screen printed thick film RuO;

etal. 2017 | pH sensors. Results using “off-the-shelf” resistive RuO, pastes gave
sensitivities of 57-61 mV/pH [58]. A thick-film conductometric pH
sensor was also developed using RuO; paste [59]. Reduction of Ru
content (to reduce device cost) was investigated; addition of TiO [42],
SnO; [41] and Ta,Os [60] to the sensor material were all investigated.
Sensors employing 30 % Ta.Os exhibited a 58 mV/pH sensitivity, pH 2-
11 and hysteresis between 3-10 mV [61,62].

Sardarinejad | 2013- | Manufacture a pH sensor based on a thin film of RuO, deposited on

and D. 2015 screen-printed Pt using radio frequency magnetron sputtering (RFMS)

Maurya et al.

and a quasi Ag|AgCI reference electrode [63]. After optimisation of
material thickness (300 nm) [64] and deposition gas composition (80%
Argon, 20% Oxygen) [65], they report a sensor with super-Nernstian
response (72.5 mV/pH) [66], though their sensor exhibited significant
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drift (40 mV over 10 min) and hysteresis (up to 20 mV), at 22 °C. They

also applied this sensor to the measurement of engine oil acidity [67].

Based on Table 2 and the discussion above, it is clear that a significant amount of work has been
undertaken using RuO- as a pH sensitive material. However, several gaps in this literature can be
identified. Firstly, there are inconsistencies reported with regard to aging effects, i.e. the change in
sensitivity and E° value over time, which could be due to the variety of manufacture processes and
substrates used. Additionally, a thorough study of the redox sensitivity properties of RuO; and
combating redox interference for RuO, pH electrodes is lacking. Finally, due to this interference,
there are few reports of RuO, pH sensitive electrodes being applied to real samples, other than

relatively simple sample matrices, such as fresh surface waters.

1.2.3.4 lon Sensitive Field Effect Transistors

Another group of metal oxide based pH sensing devices use insulating metal oxides. Here however,
the potential drop caused by protonation/de-protonation of active surface sites (-OH) at the interface
between an electrically insulating oxide and a solution is measured as a shift in the flat-band voltage
of the electrolyte-insulator structure, which is entirely different to the potentiometric electrodes
described thus far [49]. Devices that employ this effect are known as ion sensitive field effect
transistors (ISFETS). ISFETs are mentioned here since there is some overlap in the literature
regarding the theory used to describe the pH sensitivity of ISFETs and potentiometric metal-oxide-

metal-oxide pH sensors [8,41].

The pH sensitivity of an ISFET is determined by the electrolyte insulator interface. Using the site-
dissociation model and the Gouy-Chapmann-Stern theory, Bousse [49] describes the change in

potential at an electrolyte-insulator interface in terms of pH:

Yo = (2.3213’('[') (ﬁ) (pszc - pH) (26)

where o is the potential drop at the electrolyte insulator interface, k is the Bholtzmann constant, T is
temperature, q is charge, pHyzc is the point-of-zero-charge (the pH at which the insulator is neutrally
charged) and B is a sensitivity parameter, which is proportional to the density of active surface sites.
This predicts a Nernstian response near the point-of-zero-charge, given a sufficient density of sites
[49] and that the hysteresis and drift of ISFET devices are influenced by changes in active-site density
[68], though, slow equilibration of “buried” sub-surface —OH sites are also responsible for hysteresis
[69].

ISFETS are well reported in literature and have been manufactured using Al [68], Ta [70,71], Zr [71],
Si [71], Zn [72], Hf [73] and Sn [22] oxides, as well as some nitrides e.g. SisNs [74]. However,
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ISFETS require a reference electrode to set the potential of the electrolyte-insulator interface, so that
shifts in the flat-band voltage can be measured [49]. This measurement set-up is more complex than
potentiometry and therefore the use of an ISFET device did not fit the criteria for possible future

applications of this project.

1.2.3.5 Nitrides, Conducting Polymers, Carbon and Liquid-Hydrophobic Membranes
Materials other than metal-oxides have also been investigated for the construction of solid state
potentiometric pH sensors. These include metal nitrides, conducting polymers, nano-carbon materials

and solid-contact liquid-hydrophobic membrane electrodes.

Electrically conducting polymers have been used to manufacture pH sensors, the most frequently used
are polypyrrole [75] and polyaniline [76,77]. Often the expected Nernst response is not achieved and
slightly non-linear pH response is obtained [76,77]. However recent works combining nano-
fabrication techniques and polyaniline have shown that this can be overcome. J. Yoon et al. [78],
electrodeposit polyaniline onto a gold-coated flexible nanopillar structure. Their sensor was Nernstian
form 2-12 pH, 2mV hysteresis and exhibited an almost instantaneous reaction time due to the

nanopillar structure.

Typically, metal nitrides are more frequently used to manufacture ISFET type pH sensors. However,
they have been used to manufacture potentiometric pH sensors. A notable example of this has been
reported by M. Liu et al. [79] who manufactured a pH sensitive TiN nanotube array. First Ti is
anodically oxidised to TiO,, then reduced to TiN at 900 °C in a nitrogen/hydrogen atmosphere.
Though a sub-Nernstian (55.3 mV/pH, pH 2-11) response was reported, the electrode was consistent,
with very low hysteresis and drift. Very slight interference from K*, Na*, Cl- and F~ was reported with
shifts of 3-8 mV reported for 1 mol/L additions.

Another approach for pH sensing based on using nano-carbon materials has been reported by Cheng
et al. [80], where a single-walled carbon nanotube thin film was prepared using a vacuum filtration
method, then patterned to create electrodes. The electrodes reached the expected Nernstian sensitivity

(pH 3-11), however, the linearity was poor over this range (R?=0.985).

Liquid-hydrophobic membranes are have also been reported as potentiometric working electrodes
[81], where, the concentration of analyte ion inside the membrane is buffered, using an ionophore
[12,82,83]. For pH sensitive liquid-hydrophobic membranes, the ionophore tridodecylamine is

typically used, and due to its protonation constant, the pH working range is limited to pH 2-9 [84].
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1.2.4 Reference Electrodes

In order to make potentiometric measurements a reference electrode is required. The reference
electrode must provide a stable potential that is unaffected by ions in the test solution, so that the
potential of the working electrode can be accurately related to analyte ion concentration [10]. This
makes the reference electrode as important as the working electrode, if one wishes to manufacture a
reliable potentiometric sensor. Reference electrodes are most commonly manufactured using silver-

silver chloride (Ag|AgCl), however other approaches are possible.

1.2.4.1 Silver — Silver Chloride

The standard hydrogen reference electrode is obviously impractical for most measurements, due to the
use of hydrogen gas. Therefore, the silver-silver chloride reference electrode is a commonly used
alternative [10,85]. The most basic Ag|AgCI electrode is constructed by simply chlorinating silver
metal, using NaOCI, FeCls; or electroplating in HCI solution. However, this results in a quasi-
reference electrode and its potential is actually determined by the concentration of CI-ions in solution,

i.e.
AgCl+e~ & Ag + Cl™ (27)
— po_ (KL _ RTY, alAgcl
E=E (nF) Infag-] + (nF) In 2225 (28)
E =E°—59.3[Cl"] + 59.2(k) (29)

where “k” represents the ratio of Ag to AgCl. However, this sensitivity to ClI" is eliminated by
maintaining a stable concentration of CI- ions at the surface of the AgClI electrode [86].

In commercial glass double junction reference electrodes, a stable concentration Cl- is maintained
using concentrated (3.0 M) KCI electrolyte solution, which is linked to the test solution via a porous
frit. Typically, a second electrolyte and frit surrounds this to prevent contamination of the electrolyte
solution with sample ions. KCI is used due to the nearly equal ionic mobility of K* and CI-, which
minimises the formation of a junction potential, due to the slow but equal leaching of K* and CI’
(Figure 3).
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Figure 3 — A diagram of an Ag|AgCI|KCI double junction reference electrode showing the inner and outer
junctions.

The glass double junction reference electrode is extensively used in electrochemistry. However, due
to the use of glass and liquid electrolytes, the glass reference electrode is not suitable for certain
applications or for miniaturisation. Therefore, significant research has been undertaken on this
problem and there are many reports of solid-state reference electrodes in literature. In general, these
electrodes consist of an electrical contact, a silver electrical track, a silver chloride working area, a
KClI electrolyte layer, to prevent Cl- sensitivity, and a junction/protective layer, to prevent loss of KClI,

Ag and AgCI. Design choices for each component are summarised below in Table 3.

Table 3 — Summary of the design choices for typical Ag|AgCl solid state reference electrodes.

Component Description

Electrical contact and | Are usually made of silver due to its excellent conductivity and for

track simplicity, since the working area must also be silver.

Working Area The silver working area can be sputtered, screen printed or electroplated
[85]. No significant difference in performance between these methods is
reported in literature. However care must be taken to ensure that there is
sufficient silver present so that not all of it is converted to AgCI during the

chlorination stage, which can occur for thin sputtered films (<100 nm) [85].

Chlorination Achieved using chemical reaction with FeCls [87] or NaOCI [88] and via
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constant current or constant voltage electroplating in chloride salt solution
[89-91]. Alternatively, AgCl paste can be screen printed directly onto Ag
[92].

Electrolyte Layer

Various KCI electrolyte layers have been applied to the AgCl surface to
prevent Cl- sensitivity. These include gels [93], polymers [94-97] and
glasses [42,61,86,98] all loaded with KCI [86,92,93]. Of these, gels are
prone to poor performance at high temperatures, whilst glasses require high
temperatures during manufacture [86,92,93]. All electrolyte layers are
prone to dissolution of KCI which results in potential drift and CI-
sensitivity over time [86,92,93].

Protective Layers

Protective layers are applied to the electrolyte layer to prevent loss of KCI.
These layers usually consist of a non-conducting glass or polymer [86].
Nafion has been used to contain CI, since it is cation conductive, Cl- will
remain at the electrode’s surface [33,85,99]. Whilst more recently graphene
oxide has been used to prevent loss of AgCl, although its effects on CI

sensitivity was not tested [87].

Junctions

Junctions consist of a small opening in the protective layer. This allows
electrical connection with the solution, whilst slowing the rate of KCI loss
[100]. Some designs have used polydimethylsiloxane (PDMS) [100,101] or
chloroprene [93] to create a barrier preventing loss of KCI, which greatly

increases electrode stability.

A simpler approach for the construction of a solid-state reference electrode can be achieved if the KCI

loaded electrolyte layer and protective layers are combined. A notable example of this is reported by

T. Guinovart et al. [102]. In their work, a solution containing polyvinyl butyral, Ag, AgCl and KClI is

drop cast on a carbon substrate. This electrode performed well over a 4 month period, with low drift

(90 uv/h). The long term stability of this electrode was attributed to the formation of nano-pores at

the surface of the PVB material. The nano-porous structure permitted the very slow leaching of KCI.

This was developed further and applied for use in several sensors (Figure 4); including a bandage

based pH sensor [103], an ammonium sensor and a sodium sensor for measurement of sweat

[104,105].
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Figure 4 — Diagram of a solid-state Ag|AgCI reference electrode, reported by T. Guinovart et al., showing the
Ag layer, the AgCI layer and stable CI- concentration at the electrode surface due to nano-porous PVB loaded
with KCI.

1.2.4.2 Other Reference Electrodes

There are also other approaches for the manufacture of solid-state reference electrodes. For example,
pH sensitive 1IrO; electrodes have been used as a reference electrode in some biosensors [85]. If the
pH of a test solution is buffered, the IrO; electrode’s potential is stable and can therefore function as a
pseudo-reference electrode [85]; which is not useful for the construction of a pH sensor.

For the construction of pH sensors, others have tried using “poor” pH sensitive materials, such as;
carbon materials, bronzes [8] and conducting polymers [106-108]. These materials are engineered to
exhibit a significantly less than Nernstian response to pH, allowing one to make differential
measurements between a highly sensitive pH electrode and the “poorly” pH sensitive reference
electrode [8]. However, these materials typically suffer from high hysteresis, instability and a small
pH working range, which results in a poor quality pH sensor, prone to error form the reference
electrode [8].

A different approach has been reported by J. Noh et al. [109], where the pH at the surface of a nano-
porous Pt electrode is made constant using an alternating poly-electrolyte junction. The surface of the
electrode is covered by poly-diallyldimethylammonium chloride (PDADMAC), which is then linked
to the test solution via a narrow junction consisting of two alternating layers of poly-2-acrylamino-2-
methyl-1-propanesulfonic acid (PAMPSA) and PDADMAC. Due to the alternating layers of cationic
(PDADMAC) and anionic (PAMPSA) conducting polymers mass transport across the junction is
suppressed but ionic conductivity is maintained. The electrode was reportedly very stable, with less
than 1 mV of drift over 50 h and showed very low pH sensitivity with 2 mV difference between pH 2
and 12.

Liquid-hydrophobic membranes have also been used to construct reference electrodes. Here,

compounds, incorporated into the hydrophobic membrane, leach slowly into sample solution and
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become the potential determining ion for the electrode [110]. Compounds such as KCI and ionic
liquids have been used, however, these suffer from fast leeching rates and pH sensitivity, respectively
[111]. More commonly a moderately lipophilic compound is used, e.g. tetraalkylammonium
tetrakis(4-chloro-phenyl)borate [110]. All solid-state designs for reference electrodes have been
achieved using conducting polymer electrical contacts, however, high surface-area carbon contact
material (meso-porous carbon) buffered with a Co'/Co'" redox system produce electrodes with
consistent E° values and low potential drift [13].

1.3 Project Aims and Rationale

The aim of this project is to manufacture an all-solid-sate pH sensor with the view of developing a
sensor that is robust, simple to manufacture, easily miniaturised, relatively cheap to produce and is
capable of measuring pH in a wide range of matrices. In order to achieve this aim, potentiometric
measurement was chosen, because the measurement of voltage is relatively simple, which was

deemed desirable for possible future applications.

Sputter deposited RuO, was selected for manufacture of an all solid state pH sensitive working
electrode, due to the relatively lower cost of ruthenium compared to iridium and its demonstrated
performance as a pH sensor. Additionally, a thorough study of the redox sensitivity properties and
combating redox interference for RuO, pH electrodes is lacking in literature. Sputter deposition was
selected since RFMS is able to manufacture films with high purity, known stoichiometry/composition
and with well-controlled thickness; which is advantageous for investigation of the material’s

properties.

For manufacture of the reference electrode, it was desired that this process be as simple as possible,
using similar techniques as the working electrode. The purpose of this was to keep the manufacture
process of the pH sensor as simple as possible for potential future applications. However, beyond this,
there were no specific specifications for the reference electrode to meet, other than it provides a
suitably stable and interference-free potential for the potential of the working electrode to be

measured against.
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1.4 Research Outline

Based on literature review, the most recent work using RuO, to manufacture pH sensors, was
conducted by A. Sardarinejad et al. and D. Maurya et al., who reported a pH sensor consisting of 300
nm RuO; film sputtered on a commercially available screen printed Pt substrate, with quasi Ag|AgCI
reference electrode. This work was used as the basis for the development of an all solid state pH

electrode.

In this thesis, the first step in the development of a suitable pH sensitive RuO- electrode was to
investigate the effect of substrate on the performance of the RuO; electrode. Additionally, in order to
reduce cost of the material components of the sensor, the screen printed Pt substrate was substituted
for screen printed carbon. This investigation is reported in Chapter 2, where the use of two-different
types of carbon was investigated, “regular” screen-printed carbon and screen-printed ordered-meso-
porous carbon (OMC). Based on work in Chapter 2, OMC was selected as a substrate material for
construction of RuO; pH sensitive working electrodes.

The next step undertaken was to investigate the RuO; layer on the performance of the electrode. This
is explored in Chapter 3, where the thickness of RuO, sputter deposited on OMC substrates is
optimised and the effects of redox agents (ascorbate and permanganate ions) and conditioning pH is
investigated for the working electrode, demonstrating a good performance and outlining the
limitations of the developed working electrode.

In order to manufacture a pH sensor, a reference electrode was needed. In Chapter 4, the RuO, pH
sensitive working electrode is further modified and developed into a reference electrode. This
reference electrode is remarkably simple in construction and could be suited to the manufacture of a
low cost device. Using the developed working and reference electrodes a pH sensor is constructed and
successfully applied to certain beverage samples. In addition, the limitations of the developed sensor

to certain samples due to redox interference is discussed.

To better examine redox interference a new design was implemented for the RuO; electrode. In
Chapter 5, a more durable RuO; electrode is manufactured consisting entirely of sputter deposited
RuO- on a non-conducting Al,O3 substrate. This is advantageous for the investigation of the pH and
redox sensing properties of RuO., enabling previously-unnoticed effects of the carbon substrate
material to be eliminated. In addition the use of Ta,Os and Nafion protective layers are investigated

for the minimisation of redox interference.

In Chapter 6, the working electrode designed in Chapter 5 is further modified using an approach
similar to that reported in Chapter 4 to manufacture a reference electrode. These working and
reference electrodes are then used as a solid state pH sensor and successfully applied to several

beverage samples.

21



1.5 Techniques and Metrics

Details of electrode manufacture and the procedures used to assess electrodes are given in individual
chapters. This section gives a brief overview of the RFMS, laser cutter/engraver, annealing system,
scanning electron microscopy and cyclic voltammetry systems used, along with a more detailed

explanation of the metrics used to assess electrodes.
1.5.1 Electrode Manufacture

The technique used for metal-oxide deposition was RFMS, the system used was a Korea Vacuum
Tech KVS-2004L (Figure 5). Deposition parameters are detailed in individual chapters. Briefly
though, substrates were cleaned using an appropriate solvent (usually iso-propyl alcohol) in an ultra-
sonic bath for 15-30 minutes, then completely dried on a hot plate at 120 °C. Sputter deposition areas
were defined using a stencil (shadow mask). Then substrates were mounted in the RFMS and the

deposition chamber brought to high-vacuum (<5x10° Torr) and deposition carried out using

D

Lcubstate

T Thin Film

) Sputtered Atoms

parameters specified in individual chapters.

Vacuum

Power Supply

Figure 5 — RFMS system used for deposition of RuO, and Ta.0s. Inset showing a simplified schematic of the

deposition process.

A Trotec Speedy 360 flex laser cutter engraver was used for etching RuO, on Al;Os substrates,
manufacturing acrylic-wells and manufacturing stencils for sputter deposition (Figure 6). Laser setting
are detailed in appropriate chapters, or where not stated the manufactures recommended laser settings

are used.
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trotec

Figure 6 — Laser cutter/engraving system used for etching RuO», manufacturing acrylic-wells and stencils.

Rapid Thermal Annealing (RTA) was used to thermally cure Nafion. The system used was a Korea
Vacuum Tech KVR-4000 (Figure 7). The system is controlled using a proportional-integral—
derivative controller (PID). To cure Nafion the temperature set-point was set to 250 °C, with PID
settings of P=6, 1=0 and D=0. This resulted in a 30 s heating period with temperature stabilising at
230 °C. It should be noted that these PID settings are not typically how the devise is intended for use,
however, this proved sufficient for the work conducted here.

Cooling Water

C0000Eed | "

=Electrode Samﬁle Holder
00000000 ]

Figure 7 — RTA system used to thermally cure Nafion. Inset showing a schematic diagram of the annealing

process
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Scanning electron microscopy (SEM) was used to examine the morphology of developed electrodes.
The instrument used was a Hitachi SU3500. 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. Cyclic voltammetry was performed using a Modern Water
PDV6000plus voltammetric instrument fitted with an Ag/AgCl reference electrode and Pt wire
auxiliary electrode. Measurements were made in 0.5 M H>SO4 from 0 to 800 mV at sweep rates from
3.0 to 50 mV/s.

Figure 8 — SEM instrument used to examine morphology of electrodes (left), with a schematic representation of
the SEM imaging process (middle) and voltammetric instrument used for cyclic voltammetry measurements
(right).

1.5.2 Data Collection and Processing

The potential between working and reference electrodes was measured using an Agilent 34410A high
performance digital multimeter using the high-impedance voltage setting (Figure 9). Data loops were
generated by recording potential in pH buffer solutions for a specified amount of time (i.e. until the
electrode has equilibrated), then changed by hand to the next test solution. Electrodes were not rinsed
between test solutions, as this altered reaction times, and excess buffer solution was removed using a
blast of air. A preliminary test using a commercial glass pH sensor found that there was no

measurable carryover between measurements, due to the buffering capacity of the test solutions.
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Figure 9 — Potentiometric measurement set-up. Shown is a glass double junction reference electrode and a RuO;
working electrode in pH 7 buffer, connected to a high impedance voltmeter. Inset, showing a schematic

representation of the setup.

The generated data loop was used to determine sensitivity, E°, drift, hysteresis and reaction time for
the electrodes. Data from the last 30 s of individual potential recordings is typically averaged, giving
individual measurements for each pH solution. Respectively, the Sensitivity and E° values are the
slope and intercept values of the linear pH vs. potential calibration plot, generated using these
measurements. Hysteresis is the difference in potential between consecutive measurements at the
same pH, after exposure to another pH solution. Drift is calculated using the line of best fit for the
data over the test interval. Reaction time is defined as the time taken to reach within a specified value
of the stable potential. Each of these metrics is further defined in individual chapters, and are also
summarised graphically below with, an exaggerated example (Figure 10).
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Figure 10 — Graphical example of a pH Data Loop, where pH is cycled form 7-2-7-12-7 (left), showing reaction
time (brown), drift rate (red) and hysteresis (purple). A linear calibration plot is shown on the right. It should be
noted that this data is an example only and is highly exaggerated, to clearly show drift, hysteresis and reaction

time.
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Chapter 4 — RuO, pH Sensor with Super-Glue-Inspired Reference

Electrode

This chapter was published as an article in the journal MDPI Sensors, 2017, vol.17, pp 2036. This
article appears as it does in print, with the exception of minor changes to the layout, number formats,
font size and font style, which was implemented to maintain consistency in the formatting of this

thesis.
4.1 Abstract

A pH-sensitive RuO; electrode coated in a commercial cyanoacrylate adhesive typically exhibits very
low pH sensitivity, and could be paired with a RuO, working electrode as a differential type pH
sensor. However, such sensors display poor performance in real sample matrices. A pH sensor
employing a RuO; pH-sensitive working electrode and a SiO»-PVB junction-modified RuO; reference
electrode is developed as an alternative high-performance solution. This sensor exhibits a
performance similar to that of a commercial glass pH sensor in some common sample matrices,
particularly, an excellent pH sensitivity of 55.7 mV/pH, a hysteresis as low as 2.7 mV, and a drift
below 2.2 mV/h. The developed sensor structure opens the way towards the development of a simple,
cost effective, and robust pH sensor for pH analysis in various sample matrices.

Keywords: ruthenium oxide; solid-state pH sensor; polyvinyl butyral; silicon dioxide; differential-
type pH sensor

4.2 Background

The use of RuO; films for the manufacture of solid state potentiometric pH sensors has several
advantages, namely Nernstian pH sensitivity, insolubility over a wide pH range, good reproducibility,
low hysteresis, and reduced cost (in comparison to the more commonly studied IrO; films) [1-4]. The
pH sensing properties of RuO; films have been reported by numerous groups [5-7]. Briefly, RuO;

undergoes the following redox reaction:

Ru0, (OH), +ze™ +zH* & RuO,_,(OH),,, (1)

where the electrode’s potential, E, in mV and at 22 °C, is given by the Nernst equation, which

simplifies to:

E = E° — 58.6pH )
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Radio frequency magnetron sputtering (RFMS) is a convenient technique for the deposition of thin
films with well-controlled thickness and stoichiometry [8]. This technique is therefore attractive for

the development of RuO- pH sensors featuring high purity and reproducible performance.

Metal oxide pH sensors are commonly paired with quasi Ag|AgCl reference electrodes for
potentiometry, since they are simple to construct [9-11]. However, quasi reference electrodes are not
always suitable for application in samples due to their cross sensitivities. For example, an Ag|AgCI
electrode is sensitive to the concentration of CI™ ions in solution, according to the following equations:

AgCl(S) + e © Ag(s) + Cl(_aq) (3)

RT RT\ . [AgCl]
=E%+(— - — 4
E=E"+ (nF)ln[aCl ]+ (nF) In TAg] 4)
E = E° 4 58.6p[Cl] (5)

where R, T, n, and F are the universal gas constant, temperature, number of electrons, and Faraday
constant, respectively. This makes such sensors difficult to use in sample solutions, where CI~
concentration changes. Much research has been undertaken to develop Cl -insensitive solid-state
reference electrodes [12-14]. This is commonly achieved by adding a KCI electrolyte layer to the
Ag|AgCI electrode, which results in a high concentration of CI™ at the electrode’s surface and thus a
stable electrode potential. KCI is used to minimize the formation of a liquid junction potential, due to

the nearly equal ionic mobilities of K* and CI~ [15].

Previously, authors have reported numerous electrolyte layers and modification procedures including
gels [16], fused ceramics/glasses [17,18], and other polymers [19,20]. Typically, gels suffer from
short life spans and are not commonly used due to their low melting points, whilst fused glass requires
high temperatures during their manufacture process. This makes polymers more attractive, since they
can be drop-cast and dried at room temperature. However, polymers are more chemically reactive
than glass and can be prone to interference from solvents and other agents. Electrodes based on KCI
electrolyte layers also have varying lifespans depending on the rate at which KCI leaches from the

electrode. Lifespans ranging from several days [15] to several months [21] have been reported.

Other approaches for the development of solid-state pH sensor reference electrodes include the use of
bronzes or similar materials that have low pH sensitivity [22,23]. However, these kinds of sensors
typically exhibit poor performance due to high hysteresis, drifts, and instability caused by the
reference electrode. Another approach involves modifying the pH-sensitive working electrode, so that
the pH, and therefore the potential at the electrode’s surface, is constant [24]. J. Noh et al. [25]

reported one such differential pH sensor based on a complex series of polymer layers over a Pt
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electrode. In this paper, a differential-type pH sensor, employing RuO; as a pH-sensitive working
electrode and RuO, modified with a simple polymer layer loaded with silica as a reference electrode,

is proposed and its performance is investigated experimentally.

4.3 Preliminary Work

In this study, a RuO; electrode was covered with a commercial adhesive (Loctite Super Glue—Gel
Control) and, surprisingly, it showed very low pH sensitivity, so it was investigated for use as a
reference electrode. However, the manufacture of this electrode was difficult to replicate. The initial
electrode was manufactured on a Zensor screen-printed carbon electrode on a polyethylene
terephthalate (PET) substrate, with a 500-nm thick RuO; film. A 1-2 mm layer of the glue was
applied over the RuO, working area, and the glue was cured by placing it in a pH 7 buffer solution for
24 h. Curing in the pH 7 buffer solution was found to be essential, as a voltage reading could not be
obtained for electrodes that were cured in air, indicating that a complete water tight encapsulation
layer had formed over the RuO; film. When cured in pH 7 buffer, an opaque white material was
formed (when the electrode was dry), which quickly became clear when submerged in a liquid. This
indicated that the glue cured at pH 7 possessed a porous structure. Presumably, the formation of this
porous material can be attributed to the curing process, since cyanoacrylate (superglue) polymerizes
when exposed to H,O. This likely results in rapid polymerization (and a porous structure) when the
glue is cured in a solution, whereas in air the glue is able to cure slowly, forming a smooth clear-
plastic layer. Figure 1 shows SEM images of the air-cured and pH 7-cured super-glue surfaces. It is
obvious from Figure 1 that the air-cured glue is flatter and more uniform compared to the pH 7-cured

glue, which is rough and appears to have many pores, when viewed at the same magnification.

)

WetCure 5.00kV 6.3mm x1.50_lg-—SE3

- 30.0pm

Dry.Curé 5.00kV: 6.#mm x1.50k SE

Figure 1 — Surfaces of air-cured and pH 7-cured super-glue (inset), at the same magnification.

Replication of this electrode using DropSens ordered meso-porous carbon (OMC) substrates with 500
nm of RuO; resulted in electrodes with inconsistent performance. It was noted that the Zensor-based
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electrode was more opague when dried and became clear faster when hydrated, compared to the OMC
electrodes. Closer examination of the Zensor electrodes when applying the glue revealed that there
was an unknown chemical reaction occurring between the electrical isolation layer and the super glue,
which seemed to result in a more porous structure. Zensor substrates were electrically isolated using a

material that dissolved in acetone, whilst the DropSens electrodes used a solvent-resistant resin.

When paired with a RuO, working electrode, the original Zensor electrode performed well in pH
buffer solutions (results shown in the following sections). However, when applied to real sample
matrices, the sensor gave inaccurate results due to large shifts in potential and instability. The reason
for this was not investigated; however, it could be due to the formation of an undefined liquid junction
potential caused by unknown compounds in the proprietary products used in its construction.
Therefore, research was undertaken to replicate this type of differential reference electrode, but using

known components.

A possible explanation for the pH insensitivity caused by the superglue layer could be that the
cyanoacrylate acts as a porous structure, allowing a small volume of liquid to penetrate to the RuO;
surface, and the fumed silica added to thicken the glue into a gel acts as a reservoir of H*/OH™ ions,
due to their adsorption on the SiO- surface [26]. This reservoir is able to buffer the small volume of
liquid that fills the porous cyanoacrylate, resulting in a relatively stable pH and thus potential at the

RuO; surface.

T. Guinovart et al. [27-29] reported a reference electrode that consists of a Polyvinyl Butyral (PVB)
layer loaded with NaCl on an Ag|AgCI electrode. When conditioned in 3 M KCI, a nano-porous
structure develops, which controls the flow of NaCl from the electrode. This results in a stable
electrode potential due a controlled CI~ concentration at the Ag|AgCl surface, with low liquid junction
potential. Their electrodes exhibited good stability and lifetime, but were prone to some pH sensitivity
below pH 4. Here, PVB was used to create a porous junction loaded with finely ground SiO,. When
placed over a RuO; electrode, this junction resulted in relatively stable potential between pH 1.5 and
12. When paired with a RuO, working electrode, this differential-type pH sensor exhibited a

performance comparable to a commercial glass pH sensor in some common sample matrices.
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4.4 Method

4.4.1 Working Electrode Fabrication

Several pH-sensitive working electrodes were manufactured, as previously reported in reference [30],
with the exception that in this work RuO; thickness was only 500 nm. Amorphous thin-films of RuO;
were obtained by RFMS deposition at room temperature onto 4-mm diameter OMC contacts of
Dropsens (DRP-1100MC) electrodes, isolated via shadow masking. RuO, was deposited from a RuO;
target (99.95% purity) using 100 W sputter power with an 80:20 Ar:O; process gas ratio at 1 mTorr

chamber pressure.

4.4.2 Reference Electrode Fabrication

The pH-insensitive reference electrodes were manufactured by sputtering either 500 nm of RuO- or
500 nm of Ag using the procedure as above; however, Ag was sputtered from an Ag target (99.99%
purity) using 70 W sputter power in an Ar plasma at 1 mTorr chamber pressure. A well was created
around each electrode working area by gluing (Loctite Super Glue—Gel Control) an acrylic ring (5
mm internal diameter, 7 mm outside diameter, 5 mm height) that was made using a laser
cutter/engraver. Once the glue had completely dried, silver electrodes were chlorinated with 50 mM
FeCls, until a uniform brown AgCI layer had formed; meanwhile, RuO, electrodes were hydrated in
pH 7 buffer for 48 h. The silver electrode-wells were filled with 50 mg of KCI and then topped with a
total of 250 puL of PVBN! solution over three aliquots, electrodes were allowed to dry overnight
between each addition. The RuO; electrode-wells were filled with either 50 mg of ground SiO, and
topped with a total of 250 ul of PVB®S°? solution, or with 25 mg of ground SiO,, 25 mg of KCI and
topped with 250 uL of PVBS©2*KCl golytion. PVB solutions were prepared by mixing the reagents
shown in Table 1, together in a sealed vial, after which they were homogenized using an ultrasonic
bath until uniform (approximately 30 min). This resulted in three different electrode types, namely,
AgCI-KCI, RuO2-Si0;, and Ru0,-SiO,-KCl, along with one glued-RuO; reference electrode, which
consisted of 500 nm RuO. on a Zensor screen-printed carbon electrode coated in Loctite Super

Glue—Gel Control and cured in pH 7 buffer for 24 h, as well as a quasi Ag|AgClI electrode.

Table 1 — Composition of the different polyvinyl butyral (PVB) solutions.

Soluti Methanol PVB NaCl KCI SiO;
olution
(mL) (mg) (mg) (mg) (mg)
pvBNacl 2.0 234 150 - -
pvBSio? 2.0 234 - - 150
pVBSi02+KC
2.0 234 - 150 150
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4.4.3 Potentiometric Measurements

A Keysight Technologies (Santa Rosa, USA) 34410A digital multimeter was used to record the
potential between the working and reference electrodes [8]. The potential was recorded for 180 s at 1
s intervals using number of power line cycles (NPLC) set to 1, operating in the High-Impedance
mode. For calculations, the last 30 data points were averaged from each potential recording to produce
individual measurements (this avoided the rapid shift that typically occurs during the first 30 s of
recording due to electrode equilibration). These measurements were then used to calculate the
sensitivity, E°, hysteresis, and drift of the sensors [10]. The hysteresis was calculated using the
difference between consecutive measurements at pH 12 [30], while electrode drift was calculated
using the slope of the line-of-best-fit for the data at pH 12 over the measurement period [30].
Electrode reaction time was defined as the time taken to reach within 3 mV (i.e., 0.05 pH) of the
stable potential. All measurements were made in triplicate at 22 °C in commercial pH buffers (Rowe

Scientific) and error bars represent the 95% confidence intervals.

4.5 Results and Discussion

4.5.1 Reference Electrode Performance

All RuO; electrodes were conditioned in pH 7 buffer for 24 h before use; the AgCI-KCI electrode was
conditioned in 3 M KCI for 24 h before use; and the Quasi-Ag-AgCl electrode was conditioned in pH
7 buffer for 5 min before use (to prevent loss of AgCI). The pH and KCI sensitivity for each of the
manufactured electrodes was examined by recording their responses against a commercial glass
double junction Ag|AgCI|KCI reference electrode (Sigma). A summary of approximate pH and KCI
sensitivity values for the manufactured electrodes is shown in Table 2. Figure 2 shows pH and KCI
sensitivities of the manufactured electrodes. It is obvious from Table 2 and Figure 2 that all
electrodes, apart from the Quasi-Ag|AgCl, exhibit low pH sensitivity between pH 1 and 12, compared
to the RuO; electrode, and that all electrodes apart from the Quasi-Ag|AgCl exhibit a relatively low
response to KCI concentration. It should be noted that the non-linear pH response observed for the
Quasi-Ag|AgCl electrode could be due to changes in chloride concentration between the commercial
pH buffers used. In contrast, the sensitivity of the RuO.-junction electrodes could be due to an
inherent liquid junction potential, due to the junction material. These results show that, apart from
Quasi-Ag|AgCI, all reference electrodes manufactured here could potentially be paired with a RuO,

working electrode for the development of an accurate pH sensor.
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Table 2 — Summary of approximate pH and KCI sensitivity values for the manufactured electrodes.

Electrode names are color coded to match their respective data series in Figure 2.

pH Sensitivity KCI Sensitivity
Electrode
mV/pH R? mV/pKCI R?
RuO; 57 0.999 —6.7 0.629
RuO:-SiO; -1.5 0.304 0.9 0.020
RuO,-SiO,-KCl -4.5 0.967 24 0.118
Glued-RuO; -1.7 0.523 -2.3 0.178
Quasi-Ag|AgCl 14 0.557 43 0.964
AgCI-KCI 0.5 0.823 5.2 0.984
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Figure 2 — pH (left) and KCI (right) sensitivity of manufactured electrodes; 500 nm RuO, (Blue Dots),
RuO2-SiO; (Red Squares), RuO,-SiO,-KClI (Green Triangles), Glued-RuO- (Agqua Diamonds), Quasi-AgCl
(Purple Crosses), and AgCI-KCI (Orange Circles).

4.5.2 pH Sensor Performance

Due to their low sensitivities to pH and KCI, the Glued-RuO;, RuO,-SiO;, Ru0,-SiO,-KCI, and
AgCI-KCI electrodes were paired with a RuO, working electrode, giving four pH sensors. The effect
of ageing, drift, and hysteresis were minimized by conditioning the sensors in a pH 7 buffer overnight,
then equilibrating in a pH 12 buffer for 1 h before use [7]. The pH sensitivity, E, linearity, hysteresis,
and drift of these sensors was then examined by measuring sensor response when looped from pH 12—
10-7-4-2-1.5 three times, with pH 12 between each step. Each pH data loop is presented individually

in Figure 3, whilst the pH sensing properties are summarized in Table 3.
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Table 3 — Summary of pH sensor performance calculated from pH loop data.

Reference Sensitivity Hysteresis Drift
E° (mV) R?

Electrode (mV/pH) (mV) (mV/h)
Glued-RuO; -56.2 #05 483 7.3 09988 21 0.7 28
RuO,-SiO; -55.7  +0.6 160 +1.4 09980 2.7 10 2.2
RuO,-SiO,-

-528  10.2 143 +05 09980 14 0.7 7.6
KCI
AgCI-KCI -58.1 16 620 £19 0.9996 6.7 2.4 31

The sensor employing an AgCI-KCI reference electrode exhibited the highest sensitivity (58.1
mV/pH), which is close to the theoretical maximum of 58.6 mV/pH, and agrees with previously
reported results for this type of RuO, working electrode against a glass double junction Ag|AgCI|KCI
reference electrode [30]. However, the potential drifted during individual pH readings for this sensor,
resulting in higher hysteresis and a larger drift over the experimental period. The sensors employing
Ru0,-SiO, and RuO-SiO,-KCl-based reference electrodes exhibited lower sensitivities to pH than
the AgCI-KCl-based sensor. However, such sensors exhibited short reaction times (<30 s) (as shown
in Figure 3) and a higher degree of stability, resulting in much lower hysteresis and drift values. The
Glued-RuO; pH sensor showed comparable results to the RuO2-SiO; sensor; however, it was prone to

electrical noise (Figure 3) and also exhibited a higher drift.

Table 4 and Figure 4 summarize the sensitivities to KCI observed for the sensors. The sensitivities to
KCI were much higher than the expected 10 mV/pKClI, based on estimations using the data presented
in Section 4.1. The change in potential observed as the KCI concentration increases can be attributed
to both the working and reference electrodes. Firstly, RuO: is known to respond to changes in ionic
strength [5]. Secondly, a liquid junction potential could form at the reference electrodes due to the
slow migration of compounds (impurities) in the various junctions. Lastly, the test solutions were un-
buffered and some change in pH could occur during the addition of KCI. Based on this data, the
Ru0,-SiO,-based sensor displayed the best performance, in terms of acceptable sensitivity, low

hysteresis, and low drift, compared to the other pH sensors.
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Figure 3 — pH 12-10-7-4-2-1 data loops, with pH 12 between each measurement, for RuO, pH sensors with
Glued-RuO2, RuO;-SiO,, RuO,-SiO,-KCl, and AgCI-KCI reference electrodes.

Table 4. Summary of KCI sensitivity values for RuO, pH sensors with RuO,-SiO,, RuO,-SiO,-KCl,
Glued-RuO-, and AgCI-KCI reference electrodes.

Sensitivity
Reference Electrode E° R2
(mV/pKCl)
Glued-RuO, -16.2 +4.9 92.4 +21 0.93
Ru0,-SiO, -25.8 0.8 -156 +6.2 0.99
Ru0,-Si0,-KClI -20.2 2.1 —242 +14 0.93
AgCI-KCI -31.8 0.3 323 +2.7 0.98
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Figure 4 — KClI sensitivity of RuO, pH sensors with, RuO,-SiO; (Red Squares), RuO.-SiO»-KCI (Green
Triangles), Glued-RuO, (Aqua Diamonds), and AgCI-KCI (Orange Circles) reference electrodes.

4.5.3 Sample Solution Analysis

All developed pH sensors were evaluated in several sample matrices, including a 10 g/L solution of
household borax (Borax), water sampled from a local lake (Lake), water sampled from the local beach
(Sea), a common brand of cola (Cola), household vinegar (Vinegar), gastric dissolution media without
enzyme (Gastric) (from Sigma), a pasteurized orange fruit drink (OJ), and a local lager beer (Beer).
The samples were de-gassed where needed and allowed to equilibrate at room temperature before
measurement.

Table 5 shows the pH values measured by a commercial glass pH sensor (Eetech pH700, Thermo
Scientific, Singapore), which were used as the “true” value for comparison with the data collected
from the different pH sensors. The average difference (error) between the “true” and measured values
was calculated for each sensor. As mentioned earlier, the RuO,-Glued sensor exhibited large shifts in
potential and instability in many of the samples, resulting in poor performance. The RuO2-SiO,-KCl
sensor returned acceptable results for most of the samples; however, the readings for the water and
vinegar samples showed significant errors. The RuO;-SiO, and AgCI-KCI sensor showed similar
results with an average difference of 0.23 and 0.25 pH units form the glass senor, respectively. These
results are presented graphically in Figure 5 as a Bland Altman plot, where the red line denotes an
error of 0.5 pH units. Additionally, Figure 5 displays results obtained by the differential pH sensor
developed by J. Noh et al. [25]; it is clear that the RuO,-SiO, sensor developed here outperforms the
differential pH sensor developed by J. Noh et al. [25].

It should be noted that the analysis of certain samples, such as white wine and fresh citrus juice, was

not feasible. This was due to the presence of ascorbic acid and other redox active compounds in these
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samples, such as preservatives. These types of compounds caused large shifts in potential due to the
oxidization/reduction of the working electrode [7]. The results shown in Table 5 and Figure 5
demonstrate that a differential pH sensor based on a RuO, working electrode and a RuO; reference
electrode with a SiOz-loaded PVB junction can function as a reliable pH sensor in certain sample

matrices.

Table 5 — Summary of pH measurements using the developed pH sensors and comparison to a commercial

glass pH sensor.

) ] Average
Sensor Borax  Lake Sea Cola  Vinegar  Gastric OJ  Beer
Error
Glass pH
9.1 8.2 7.9 2.6 2.6 15 3.2 3.9 +0.04
Sensor
Glued-
5.8 6.5 8.3 2.8 3.5 3.7 2.5 3.5 1.2
RuO,
RuO.-SiO; 9.2 7.7 7.9 2.8 2.8 1.9 3.0 4.0 +0.23
RuO,-
. 9.4 9.0 9.0 2.9 3.1 1.9 3.0 4.0 +0.44
SiO2-KCl
AgCI-KCI 9.3 8.6 8.4 2.9 2.7 1.6 3.3 4.2 +0.25
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Figure 5 — Bland-Altman plot for the pH sample data for RuO; pH sensors with RuO,-SiO, (Red Squares),
Ru0,-SiO»-KCl (Green Triangles), Glued-RuO, (Aqua Diamonds), and AgCI-KCI (Orange Circles)
reference electrodes. Compared with sample data from the work by J. Noh et al. [25] (Black Dots). Red

lines denote +0.5 pH units from the “true” pH value.
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4.6 Conclusions

A pH sensor employing a RuO; pH sensitive working electrode and a SiO,-PVB junction-modified
RuO, reference electrode has been developed and its performance evaluated. Experimental results
have shown that the developed pH sensor exhibits good sensitivity (55.7 mV/pH) with low hysteresis
(2.7 mV) and drift (2.2 mV/h). Experimental results have also shown that, for a selection of sample
matrices, the pH values measured by the developed sensor are in excellent agreement (+0.25) with
those measured by a commercial glass pH sensor. The attractive features of the developed pH sensing
structure open the way towards the development of cost-effective, high-performance, and robust pH

sensors for various applications.
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Chapter 5 — Development of all-RuO, pH sensitive electrode and

modification with Ta>Os and Nafion for minimisation of redox

interference

This chapter is not published as an article in a journal. It is intended that the results reported here in
Section 5.4.1 will be published as a journal article, once additional work is completed. Whilst, the
results from Section 5.4.2 are summarised in the journal Talanta, 2018, vol. 180, pp 277-281, which is
included in this thesis as Chapter 6 (Section 6.4.1). This chapter is presented in a format similar to

previous chapters to maintain the consistency of this thesis.
5.1 Abstract

The following chapter bridges the published work conducted in Chapters 2, 3 and 4, with the
published work conducted in Chapter 6. Briefly, a new RuO, pH sensitive electrode was
manufactured entirely from sputter deposited RuO,. This electrode out-performed the previously
reported electrode. Additionally, the effects of redox interference were re-examined using this new
electrode and their effects were minimised using Nafion and Ta.Os protective layers. The results from
this Chapter were then used to construct a pH sensor, which is reported in Chapter 6.

5.2 Background

In Chapters 2, 3 and 4 a pH sensor was developed, which employs sputter deposited RuO; on a carbon
substrate. The use of an electrical contact (substrate material) was necessary since sputter deposited
RuO; films exhibited poor durability on their own. The sputter deposition parameters used were an
8/2 Ar/O; ratio with 1 mTorr chamber pressure. These parameters were used since, as reported by

Sardarinejad et al. [1], this was shown to offer higher sensitivity and lower hysteresis.

Here, however, RuO, was deposited using a 1/9 Ar/O; gas ratio at 4 mTorr chamber pressure. These
RuO: films exhibited a more uniform appearance and adhered better to Al,O3 substrates, making them
more durable. The reason for this improvement in durability was not investigated. Variation of sputter
deposition parameters is known to alter the properties of the material produced. For example reports
by K. Okimura [2] and P. Zeman [3] show that the crystal phase for sputter deposited TiO, changes
from rutile to anatase as total sputter gas pressure increases, whilst gas composition (Ar:0O. ratio)

determines the deposition of metal (Ti) or oxide (TiO5).

Increased durability of the RuO; film made it possible to manufacture electrodes consisting entirely of
RuO., i.e. the working area, electrical track and electrical connection pad could all be made from
RuO.. Typically, sputter deposited metal oxide pH sensitive electrodes are deposited on an electrical

substrate material, e.g. Pt, Au, Ag, and carbon. However, this creates an issue as one cannot ensure
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whether the properties of the electrode being measured are due entirely to the pH sensitive metal
oxide, or to a combination of the metal oxide and substrate material. For example several authors
report sub-Nernstian sensitivities for their RuO; electrodes [4-6], which could be due to a pH
dependent redox couple formed due to contaminants in their electrode or from the substrate material.
Additionally, some have reported decreases in pH sensitivity for RuO; electrodes over time, known as
ageing effects [4,7]. However, degradation or damage of the RuO; material on the electrode’s surface
could expose the substrate material (the risk of which would increase over time), resulting in a mixed
potential being measured.

In this chapter, a new RuO; pH sensitive electrode is manufactured consisting entirely of sputter
deposited RuO; and its sensing properties tested. Additionally, the effect of redox interference is

investigated and its minimisation using Ta2Os and Nafion protective layers is investigated.
5.3 Method

5.3.1 Electrode Fabrication

The pH sensitive working electrodes were manufactured by depositing 500 nm of RuO, onto a 1 mm
thick Al,O; substrate. RuO, was deposited using radio frequency magnetron sputtering (RFMS) from
an RuO; target (99.95% purity) using 100 W sputter power with a 1:9 Ar:O process gas ratio at 4
mTorr chamber pressure at room temperature. The electrode working area, conductive track and
electrical connection-pad were formed by etching RuO, with a Speedy 360 Flex Trotech laser
cutter/engraver (75% power, 8% speed and 4 passes). The electrode working area was isolated using

Gwent dielectric paste (dried at 120 °C for 20 min), as shown in Figure 1.

(b)
(c) ()
(e)

Figure 1 — Manufacture of working electrodes; (a) Al,O3 substrate, (b) 500 nm RuOy, (c) laser etch pattern, (d)

electrical isolation with resin, and (e) working area modification when required.



5.3.2 Electrode Modification

The developed RuO; electrodes were then modified with either 150 or 500 nm of Ta,Os. Ta,Os was
deposited using RFMS from a Ta»Os target (99.95% purity) using 200 W sputter power with a 1:9
Ar:O; process gas ratio at 4 mTorr chamber pressure and room temperature. Electrodes were also
modified with either a “thinner” or “thicker” coating of Nafion. “Thinner” coatings of Nafion were
prepared by dip-coating electrodes by hand, 3 times, with a 5% Nafion solution (Sigma). “Thicker”
layers of Nafion were prepared by drop casting 50 pL of Nafion solution onto the electrode working
area. Nafion modified electrodes were cured at 230 °C for 15 min under vacuum (<10 mTorr), using
rapid thermal annealing (RTA). This resulted in eight different modifications and control electrodes as
per Table 1.

Table 1 - codes and structures of the different manufactured RuO, electrodes.

Code Electrode

R 500 nm RuO-

R+t 500 nm RuO; + 150 nm Ta,0s
R+T 500 nm RuO; + 500 nm Ta,0s
R+n 500 nm RuO- + Dip Coated Nafion

R+t+n 500 nm RuO; + 150 nm Ta;0s + Dip Coated Nafion
R+T+n 500 nm RuO, + 500 nm Ta,0s + Dip Coated Nafion
R+N 500 nm RuO; + 50 pL Nafion

R+t+N 500 nm RuO; + 150 nm Ta,Os + 50 pL Nafion
R+T+N 500 nmRuO; +500 nm Ta;Os + 50 puL Nafion

5.3.3 Electrode Characterisation

An Agilent 34410A high performance digital multimeter was used to record potential between the
manufactured working and reference electrodes. Potential was recorded for 180 s or 300 s at 1 s
intervals using an NPLC (set to 1) operating in the high-impedance mode. Calculations were made by
averaging the last 30 data points from each potential recording to produce individual measurements.
These measurements were then used to calculate the sensitivity, E”, hysteresis and drift of the sensor.
Hysteresis was calculated using the difference between consecutive measurements at pH 4, whilst
electrode drift was calculated using the slope of the line-of-best-fit for the data at pH 7, over the
measurement period. Electrode reaction time was defined as the time taken to reach within 3 mV (i.e.
0.05 pH) of the stable potential. Measurements were made at 22 °C and error-bars represent the 95 %

confidence interval. Buffer solutions were made in commercial buffer standards (Rowe Scientific) or
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by adjusting Britton-Robinson buffer (0.04 M H3;BOs, 0.04 M CH3COOH and 0.04 M H3PO.) to the
desired pH using 0.1 M KOH.

5.4 Results

5.4.1 pH Sensing Performance

Prior to use, the RuO; electrode (R) was conditioned through boiling in deionised water for 30
minutes, then equilibrated overnight in pH 7 buffer. The pH sensing performance was then evaluated
by “looping” pH from 7-2-7-12 three times followed by 7-4-7-10-7 once, as shown in Figure 2. The
electrode was then kept in pH 7 buffer and the test repeated after 2 and 4 months of storage. After 4
months the electrode was also accessed in buffer solutions containing 1 mM of ascorbic acid, then 1

mM of KMnOQOys, Table 2 summarises these results.

The developed RuO; electrode (R) exhibited excellent performance; i.e. Nernstian sensitivity (58.8
mV/pH), linear response from pH 2 to 12 (R#>0.9999), low hysteresis (1.3 mV), low drift (2.9 mV/h)
and acceptable reaction times (<30 s), as shown in Table 2. These performance values were obtained
at pH 7 equilibration and are better than the electrode reported in Chapter 3, which had to be
equilibrated at pH 12, in order to obtain similar performance. When the expected mV value is
subtracted from the measured mV value, a similar trend is observed for the hysteresis of the electrode
(Figure 2). The pH 7 value is lower after acid exposure and higher after base exposure, however, the
effects are not as pronounced, as in Chapter 3. Additionally, this electrode shows minimal change in
performance when equilibrated at pH 2 or pH 12, or when aged up to 4 months. This indicates that the
carbon substrate material contributed significantly to the previous electrode’s performance (Chapter
3). Since, in this case, there was no substrate material, any effects can be attributed entirely to RuOa,

making this electrode superior for studying the pH and redox sensing properties of RuO..

Table 2 — summarises the pH sensing properties of an “all”-RuO, electrode, aged for up to 4 months,

equilibrated at pH 7, 2 and 12, and when exposed to ascorbic acid (Asc) and MnOx'.

Age Sensitivity Hysteresis Drift
Equ. E® (mV) R?
(moths) (mV/pH) (mV) (mV/h)
pH 7 0 -58.8 0.5 636 4.0 0.9999 1.3 0.5 2.9
pH 7 2 -58.4 0.5 602 5.1 0.9999 0.8 0.4 2
pH 7 4 -57.4 0.1 626 +1.7 0.9999 44 0.6 2.2
pH 2 4 -56.9 +0.4 619 +4.9 1.0000 1.6 0.6 13
pH 12 4 -56.7 +1.2 617 +3.6 0.9997 1.6 0.6 9.6
Asc 4 -56.8 0.6 355 2.3 1.0000 16 1.0 20
MnOs 4 -57.5 2.6 911 126 1.0000 15 17.2 135
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Figure 2 — Data loop from pH 7-2-7-12 three times followed by 7-4-7-10-7 once for an “all”’-RuQ; electrode
(left). Right figure shows the difference between the measured potential and the expected mV value based on
the line-of-best-fit for the data.

The effects of redox agents were examined on the RuO; electrode. Here, buffer solutions were spiked
with 1 mM of ascorbic acid or MnO4". The electrode was then equilibrated at pH 7 (with redox agent)
for 15 minutes, before the pH was looped from 7-2-7-12 three times, shown in Figure 3. When pH
measurements were performed in buffer solutions with redox agents present there was a high degree
of instability observed (Figure 3), however, the drift was very repeatable. As can be seen when
ascorbic acid is present, the pH 2 reading shifted negatively, while the pH 12 reading shifted
positively and there was a corresponding shift in the pH 7 reading. This can be linked to the properties
of ascorbic acid, which exhibits more stability in acidic solution, so it persists longer than in basic
solution, where it is very unstable [8], i.e. the electrode is being reduced in the acidic solution, and re-
equilibrating to a less-reduced state in the pH 12 solution. On the other hand, the opposite occurs

when MnQOy is present since it is rapidly reduced to Mn?* in acidic solutions.

This behaviour corresponds to a shift in the E° value, whilst the pH sensitivity remains constant,
which can be confirmed by careful analysis of these data-loops. For each of the pH measurements the
potential rapidly shifted and equilibrated within 30 s when exposed to a new test solution, then the
measured potential began to drift. Assuming this drift is due to a shift in E°, not sensitivity, the
difference between the final reading from the previous measurement and the 30 s equilibrated value
can be used to determine the pH sensing properties of the electrode (as shown in Table 2). When this
analysis was performed, it reveals a Nernstian pH response, indicating that the shift in potential is

indeed due to a change in E* value, as evidenced form Figure 4.
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This behaviour was briefly mentioned by Fog and Buck [9], who stated that RuO, maintains a nearly
Nernstian slope over part of the pH scale whilst the pH response of other metal oxides (IrO2) was not
reproducible in the presence of redox agents. However, here it can be seen that RuO, maintains a
Nernstian response from pH 2 to 12 and, the E* value of a RuO; electrode shifts depending on its
oxidisation state (i.e. the ratio of Ru"' to Ru'V present). These results also suggest that the magnitude
of this E° shift can be accounted for by the Nernst equation. As, mentioned in Chapter 3 if an RuO,
electrode were to be highly oxidised or reduced, a potential shift of + 300 mV would theoretically be
expected, which is consistent with the observation here of - 262 mV when reduced and +294 mV
when oxidised. This suggests the activities of Ru""' and Ru'V at the surface of the electrode contribute
to the electrode’s potential. However, a potential shift due to a change in the phase boundary between

the bulk/solid RuO; electrode and the liquid phase could also be responsible for this shift.
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Figure 3 — Data loops from pH 7-2-7-12- three times for the RuO; electrode, in the presence of 1 mM ascorbic
acid (left) and 1 mM MnO4- (right).
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Figure 4 — Calibration plot for the RuO- electrode, aged for up to 4 months, equilibrated at pH 7, 2 and 12, and
when exposed to ascorbic acid and MnOy.

5.4.2 Electrode Modification with Ta20s and Nafion

Based on the finding from the Section 3.1, RuO: electrodes can only be used as pH sensors if the
sample solution is free from strong redox agents, otherwise larger shift in potential will occur. To
attenuate this, RuO; electrodes were modified with Nafion and Ta,Os, as per Table 1. Electrodes were

conditioned as per the previous section, but the pH loop test was conducted using 5 min test intervals.

The addition of 150 or 500 nm of Ta;Os (R+t and R+T, respectively) did not negatively impact the
sensor, all performance-values were similar and reaction times did not increase significantly, which is
consistent with the findings reported by Kou et al. [10] (Table 3). However, the addition of Nafion did

alter the pH sensing performance of the RuO- electrode.

“Thinner” layers of Nafion (electrodes with ‘n’ in the code in Table 1) improved the sensor drift and
hysteresis (Table 3), but resulted in a noticeable increase in reaction time at neutral and basic pH
values, from approximately 30-60 s to 150-200s (Figure 5), which is due to slow proton transfer
through the material at higher pH and is consistent with the findings of Kinlen et al. [11]. “Thicker”
layers of Nafion (electrodes with ‘N’ in the code in Table 1) significantly increased the reaction time
at pH 7, 10 and 12, as shown in Figure 5. However, it should be noted that the actual reaction times
for these electrodes was approximately 2 - 3 hours. This can also be seen in Figure 6, where it is clear
that the R+N electrode does not reach equilibration within the 5 minute test intervals. Therefore the
linearity and E* results shown in Table 3 for the “thicker” Nafion electrodes was calculated without

pH 10 and 12 values (the average pH 7 value was still acceptable). The calculated hysteresis for these
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electrodes was also very large, however, this was due to the electrodes not fully equilibrating during

the measurement period.

Table 3 — Summary of electrode performance. Note that results marked “*” were calculated without pH 10 or

12 values.
Sensitivity Hysteresis Drift
Code E* R?
(mV/pH) (mV) (mV/h)
R -58.8 +047 636 +40 09999 13 05 2.9
R+t -589 086 670 33 09995 18 1.2 2.8
R+T -58.3 091 669 11 09997 18 11 8.2
R+n -579 049 606 +4.1 09998 054 +047 0.48
R+t+n -585 +054 658 +1.1 09998 057 +0.29 0.92
R+T+n -586 1.1 744 7 0.9994 3 1.5 0.35
R+N -58.7  +85* 609 £10.6* 0.9995 316 4.8 2.4
R+t+N -566 +0.89* 661  +5.1* 09971 56.1 94 15
R+T+N -595 +28* 677 £1.4* 09998 46.2 8.7 5.2
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Figure 5 — Reaction times for the developed electrodes at pH 2 (orange), 4 (red), 7 (green), 10 (blue) and 12

(purple). Note that, bars that reach 300 s are actually much greater than this, in the order of several hours.
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Figure 6 — 500 nm RuO; (Black) and 500 nm RuO; + 50 uL Nafion (Red) electrodes from pH 7-2-7-12 three
times, followed by pH 7-4-7-10-7.

Figure 7 shows the shift in potential (interference) that occurred between a temperature controlled pH
4 buffer saturated with constant bubbling of N2 gas for 2 hours and after 2 hours when bubbled with
0O gas, whilst Figure 8 shows the shift in potential that occurred over 5 min when 1 mM of ascorbic
acid or 1 mM of KMnQ,4 was added to a pH 4 buffer.

As expected the unmodified RuO; electrode (R) showed large shifts toward all three of the redox
species (Figures 7 and 8). The Ta,Os modification was able to eliminate redox shifts caused by
dissolved oxygen, and this is in agreement with Kou et al.’s [10] findings that a layer of electrically
isolating Ta.Os is able to block electrons generated by oxygen but still allows pH sensitivity due to
proton-electron double injection. As shown in Figure 7, electrodes R+t and R+T exhibited potential
shifts less than the drift reported in Section 3.1. However, Ta,Os did not mitigate interference caused
by stronger redox-agents such as ascorbic acid and KMnQOs,, as evident from the large shifts shown in
Figure 8. Nafion reduced the potential shift caused by dissolved oxygen, but did not completely
mitigate it (Figure 7, R+n and R+N), which also suggests that Nafion is ineffective at blocking
interference from neutral or cationic species due to its cation conducting nature. Nafion also reduced
the interference caused by ascorbic acid and KMnQO,, with the “thicker” layers proving more
protection than the “thinner” layers, which is in agreement with Kinlen et al.’s [11] findings. This
behaviour can be attributed to the nature of Nafion, which when hydrated forms negatively terminated
channels that are highly conductive to cations, however larger channels could permit the slow

migration of non-cationic species [11].
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Figure 7 — Potential shift after 2 hours in oxygen saturated pH 4 buffer.

450

400
~ 350
E 300 I
£ 250 I I
wn
T 200
G 150
©
0 100

50 i .

0 4
? ¢ ¢ e ® @ ? ®_ ®
X/ X} Xo X/XX} X/I/X/‘XX)‘
O Xo /I/ X/l/

Electrode Code

Figure 8 — Potential shift after 5 min at pH 4 caused by the redox interference from 1 mM ascorbic acid
(orange) and 1 mM KMnQg (purple) for each of the electrodes.

5.5 Conclusion

RuO- pH sensitive electrodes without a carbon substrate material have been constructed, resulting in
electrodes with superior pH sensing properties. Experimental results have shown that electrodes
manufactured entirely of RuO, exhibit excellent performance; i.e. Nernstian sensitivity (58.8 mV/pH),
linear response from pH 2 to 12 (R?>0.9999), low hysteresis (1.3 mV), low drift (2.9 mV/h) and
acceptable reaction times (<30 s). Additionally, results have shown that this electrode exhibits similar

performance when equilibrated at acidic, neutral or basic pH and when aged up to 4 months.
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Results also show that RuO, pH sensitive electrodes exhibit a shift in E* value when exposed to redox
agents, but maintain a Nernstian pH response. Modification of RuO- electrodes with a thin layer of
Ta,0s (150 nm) eliminates interference from dissolved oxygen. Whilst modification with a thin layer
of Nafion reduces interference from redox agents, however, increases reaction times at neutral and
basic pH values. Results suggest that a RuO; electrode modified with a thin layer of Ta20s and a thin
layer of Nafion could be more suitable for application to certain sample matrices, with “intermediate”

levels of redox interfering compounds.
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Chapter 7 — Conclusions and Future Work

Initially, in this project, a RuO; pH sensitive working electrode was develop by sputter depositing
RuO- onto carbon substrate material (Chapters 2 and 3). RuO- pH sensitive electrodes manufactured
by sputter deposition onto carbon substrates are not ideal. Electrodes manufactured this way suffer
from slow pH dependent shifts in potential and must be equilibrated at basic pH values in order to
obtain best performance. More ideal pH sensitive electrodes can be manufactured by sputter
depositing only RuO; onto Al,O3 substrates (Chapter 5). Such electrodes exhibit Nernstian pH
response from pH 2-12 and do not suffer from shifts in potential caused by equilibration at acidic or
basic pH. Additionally, such electrodes were durable and performance did not decrease significantly
over a 4 month test period.

The pH sensing properties of RuO; (sensitivity, hysteresis and drift), between pH 2-12, can be
explained solely using the Nernst equation. The pH sensitivity of RuO- is Nernstian, whilst hysteresis
and drift can be explained as shifts in the E* value, which is determined by the standard redox
potential (E®) and fluctuation in the Ru" to Ru'V ratio. Fluctuations in the Ru"' to Ru'V ratio also
explain redox interference. Redox interference from anions can be reduced, but not completely
eliminated, by the addition of a Nafion layer. Thicker layers provide more protection (than thinner
layers), however, they increase the reaction time of the sensor at neutral and basic pH values. A rate
of 5 L of 5% Naifon solution per 3.14 cm? electrode area proved useful for the analysis of some
beverages, while the sensitivity to dissolved oxygen for RuO; electrodes can be eliminated by
addition of a thin layer (80 nm) of sputter deposited Ta,Os (Chapter 5).

The second phase of this project involved the development of a reference electrode. Reference
electrodes can be manufacture by modifying RuO, working electrodes with a porous PVB junction
(Chapter 4 and 6). Whilst this is not a “true” reference electrode, when equilibrated, a suitably stable
potential is obtained and pH measurements can be made. Though this reference electrode required
frequent calibration, since, it does not contain KCI that leaches slowly, the lifetime of the reference

electrode could be considerable longer than that of reference electrodes based on Ag|AgCI|KCI.

Finally, an all solid state pH sensor was constructed by combining the working electrode developed in
Chapter 5 with the reference electrode develop in Chapter 4. This pH sensor consisted entirely of (i)
sputter deposited RuO. modified with protective layers of Ta,Os and Nafion, thus minimising redox
interference and (ii) a reference electrode modified with a porous PVB junction. The sensor
performed well in a wider variety of sample matrices, with a precision of + 0.08 pH units. Which
based on literature review (Chapter 1) is the highest level of precision achieved (to date) for a RuO,
based pH sensor in real samples. Though this sensor displayed excellent performance in the samples
tested, it is still inferior to glass pH sensors in some ways, as it requires frequent calibration and is

unable to accurately measure pH in all sample matrices, due to interference from strong redox agents.
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However, the developed sensor is advantageous compared to traditional glass pH sensors, due to its
solid state construction, making it mechanically robust/durable and has the potential to be
miniaturised. The sensor developed here could be further developed into a hand-held or in-situ type

device for pH measurements.

Based on the findings from the work conducted throughout this PhD project, improvements to the
sensor could be made as follows. Firstly, a sensor could be manufactured without the Nafion
protective layer. This would result in a sensor with much faster reaction times and could be used over
a wider pH range (2-12, instead of 2-6). Additionally, given the pH response slope of the sensor does
not change in the presence of oxidising or reducing agents, it may be possible to equilibrate the sensor
to such a sample, then account for the shift in E* value by recalibration. This could potentially make
RuO- based pH sensors more advantageous then IrO; based sensors, since the sensitivity of IrO; is
suppressed in the presence of redox agents. The thickness of RuO, (500 nm) used was optimised on
carbon substrates. Given the carbon material has been removed, this thickness may not be needed.
However, since RuO- is being used as an electrical connection pad, a fairly robust layer of RuO; is
still needed. In addition, the effects of temperature were not studied in this work. Since pH sensitivity
depends on temperature it will be necessary to account for temperate fluctuation if a sensor is to be
constructed. However, since the working and reference electrodes of this sensor are constructed form
the same material, the effects of temperature on the measured potential may cancel out. Though, other

factors at the porous PVB junction may influence this.
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