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Introduction

The assessment of the quality of food products has always been and always will be one
of the biggest responsibilities of food researchers. The quality of any food product is
evaluated based on various parameters, including adulteration, physical properties,
chemical composition, sensory attributes, etc. (Azad & Ahmed, 2016; Biswas & Mandal,
2020; Chengetal., 2015; Toldra, 2017). One of the key parameters in food manufacture
and food quality analysis is pH. pH is known to be related to food quality and freshness
(Abbas et al., 2008; Hopkins et al., 2014; Loudon et al., 2019; Matarneh et al., 2017),
can be used to monitor microbial growth in dairy products (Poghossian et al., 2019)
and is suitable to reveal mastitis and inflammatory infection in cattle (Kandeel et al.,
2019).

At present, to determine the pH of food products, a standard potentiometric
method is used (e.g. ISO 11289:1993, ISO 7238:2004). Potentiometric determination
of pH is based on the measurement of the electrochemical potential change between
a pH-sensitive electrode and a reference electrode immersed into the test solution.
The glass electrode used in conventional pH meters is a combination of pH-sensitive
and reference electrodes incorporated in one glass body. However, due to its high
cost, fragility of the glass body of the electrode, and possible contamination of
samples and the reference junction, novel materials and methods are thoroughly
investigated.

Several metal oxides were investigated over the years for application in pH
measurement (Manjakkal et al., 2020). Researchers focus their attention on the
hydrogen-sensitive metal oxides (e.g., ZnO, Sn0y, Ir02, TiO2, Ta20s) (Kurzweil, 2009;
Manjakkal et al., 2020). The majority of the oxides have a wide pH range; however,
they suffer from noticeable hysteresis that affects the precision of consequent
measurements (Kurzweil, 2009). Among the investigated metal oxides, RuO2 shows
good accuracy, low hysteresis, and excellent performance even in the presence of
bacteria on the electrode surface (Zhuiykov, 2009).

However, not much attention has been paid so far to the application of the RuO:
electrodes in real-life samples. Moreover, there is a gap in knowledge regarding the
application of novel pH samples to real-life measurements. Most of the research
articles concentrate on the fabrication of the electrodes and the characterization of
their sensitivity and accuracy in agueous media. This thesis presents the investigation
into the application of potentiometric RuO2 sensors for pH measurement in food
samples. Food samples, especially dairy products, are among the most challenging
samples to work with due to their complex compositions. Fats in food samples are
known to interfere with pH measurement by blocking the surface of the electrodes and
hindering the charge transfer (Upreti et al., 2004). The first part of this thesis is
dedicated to the optimization of the electrochemical characteristics of RuO:
electrodes. Here discussion focuses on the influence of parameters of fabrication of
the electrodes (such as sintering temperature and ink composition) on the sensitivity,
linearity, hysteresis and drift. Following, the second chapter directs its attention to the
key component of making RuO. electrodes work in food samples — the Nafion™
(Nafion) membrane. The discussion incorporates the investigation of the properties of
the membrane, as well as the electrochemical performance of the Nafion-covered



https://www.iso.org/standard/19267.html
https://www.iso.org/standard/40468.html

electrodes. Finally, the third chapter describes the application of the RuO: electrodes
for pH measurement in real-life samples. Here the results of pH measurement in dairy

products are presented and a cleaning approach for the maintenance of the electrodes
is proposed.
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1 Theory and Literature Overview

1.1 pH measurement in food samples

The standard procedure of pH measurement is regulated by the International
Organization for Standardization (ISO) by standards such as ISO 11289:1993 and 1SO
7238:2004. The ISO recommends the standard potentiometric method for pH
measurement. The theory of potentiometric pH measurement will be discussed in detail
in section 1.2.

At present, different methods are scrutinized to find the one allowing fabricating the
pH-electrode that would not suffer from asymmetry potential, fragility, or inability to
measure pH in some matrices (Bihlmann et al.,, 2001; Upreti et al., 2004). The most
promising results in pH measurement applications are observed for optical sensors,
electrochemical sensors, and sensors based on field-effect transistors. Nevertheless,
the methods themselves present less interest than miniature and portable sensors that
could be used not only in laboratory analysis but also for the modernization of active
manufacturing lines for on-line monitoring. Potentiometric sensors attract the most
attention as they do not require expensive equipment and are easy to operate.

1.1.1 Potentiometric sensors

The potentiometric method (or Potentiometry) is a cheap and simple method that allows
determining the pH in a matter of seconds. Potentiometric detection relies on the
selective identification of ions, present in the investigated solution (Karastogianni et al.,
2016).

Even though a big diversity of pH-sensitive electrodes is known and widely used for
various purposes?, the conventional glass electrode (CGE) is the only type of electrode
that is used for pH measurement in food research. The CGE is used in a common pH
meter as a combination of a working electrode (WE) and a reference electrode (RE) in
one glass body that is called a probe. For the safety and convenience of the
measurement, the probe can be covered with stainless steel or inert polymeric material
(e.g., polyvinylidene fluoride or polyethyleneimine). One such solution is commercialized
by Frontmatec (Denmark). The manufacturer offers a pH probe (Figure 1), covered with
a protective steel case with a telescopic sleeve. However, since the CGE has such
drawbacks as high cost, brittleness, and therefore the possibility to contaminate food
samples with dangerous shattered glass, novel materials that could replace the CGE in
standard potentiometric pH measurement are investigated.

In 1986, Korkeala et al. (Korkeala et al., 1986) compared several types of glass
electrodes when determining the pH of meat samples. The investigated electrodes
showed a significant statistical difference in the calculated pH value.

In 2003, Eftekhari (Eftekhari, 2003) fabricated a pH-sensitive electrode by dip-coating
an aluminium rod with lead oxide (PbO2). The electrode showed a sensitivity of
57.8 mV/pH against the saturated calomel electrode. The author mentions that the
electrode was studied in soft drinks and fruit juices with satisfactory results, however,
no data is presented in the study. Furthermore, the author indicated that the fabricated
electrode is not suitable for pH measurement in complex samples.

1 such as Normal Hydrogen Electrode, quinhydrone electrode, dropping mercury electrode, antimony
electrode, etc.
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Figure 1. pH*K21 pH-probe manufactured by Frontmatec, Denmark (the image was taken from
Frontmatec website).

In 2008, Liao and Chou (Liao & Chou, 2008) reported a sputtered ruthenium(lV) oxide
(RuO2) film on a silicon wafer as a solid-state pH-electrode. The electrode showed a
sensitivity of 55.6 mV/pH and a difference of 0.14 and 0.50 pH units from the CGE in coke
and milk respectively.

In 2015, Manjakkal et al. (Manjakkal et al., 2015) fabricated a binary oxide electrode,
based on the screen-printed mixture of RuO2 and tin(IV) oxide (Sn0O2) on top of alumina
(Al203) substrate. Authors demonstrated that their RuO2-Sn0O; pH-sensitive electrodes
have a sensitivity of 56.5 mV/pH and a pH difference of 0.21 pH units from CGE in lemon
juice.

In 2018, Lonsdale et al. (Lonsdale, Shylendra, et al., 2018) presented a solid-state pH
sensor that incorporated magnetron-sputtered RuO: as the pH-sensitive material.
The sensor showed a linear pH response with a sensitivity of 56.6 mV/pH. The electrode
was tested in coke, beer, wine, and juice samples and demonstrated a deviation of less
than 0.05 pH units from the CGE.

1.1.2 Potentiometric sensors based on polymers

While metals and metal oxides are the most intensively investigated materials for the
fabrication of pH-sensors, metal-based sensors based still have the disadvantage of being
toxic and not flexible, therefore, limiting the application of such sensors. At present,
polymer-based pH sensors are investigated for point-of-care applications (Yoon et al.,
2020). Two types of polymer-based pH sensors can be distinguished: (i) metal oxide
pH-electrode covered with a protective poilymeric membrane, e.g., Nafion™ (Lonsdale,
Shylendra, et al., 2018; Lonsdale, Wajrak, et al., 2018; K. Xu et al., 2018) and (ii) metal or
graphite electrodes covered with a pH-sensitive polymer. Polymer-based sensors are
biocompatible, cheap, and flexible, and can be realized on different substrates, including
carbon fibre (Yoon et al., 2020), paper (Kawahara et al., 2018), and textiles (Jose et al.,
2021; Parilla et al., 2016). Polyaniline (Jose et al., 2021; Lakard et al., 2005, 2007; Yoon
et al., 2020) and polypyrrole (Lakard et al., 2005; Mo et al., 2003; Shiu et al., 1999) are
the most studied pH-sensitive polymers.

However, only a few papers address the application of the polymer-based pH sensor
for measurement in real-life samples. Such an article was written by Upreti et al. (Upreti
et al., 2004). Four combinations of polymers were used in that study: tridodecylamine
(R3N) or octadecyl isonicotinate was mixed with plasticisers bis(2-ethylhexyl) sebacate
(DOS) or o-nitrophenyl octyl ether (o0NPOE). Among the studied polymer mixtures, only
those based on R3N were suitable for measurement in real-life samples. The fabricated
electrodes were tested in milk, 20% cheese emulsion, and 70% cheese emulsion.
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The difference in pH measured with RsN/DOS electrode from the CGE was equal to 0.05,
0.25, and 0.01 pH units for milk, 20%, and 70% cheese emulsions respectively. For the
RasN/oNPOE electrode, the pH difference was equal to 0.01, 0.01, and 0.15 pH units for
milk, 20% and 70% cheese emulsions respectively.

Another article was published in 2011 by Li et al. (Q. Li et al., 2011). The authors
presented an indium tin oxide (ITO)-based electrode modified with electropolymerized
bisphenol A. The electrode exhibited a sensitivity of 58.6 mV/pH and was tested in
diluted milk and grape juice solutions. The deviation of the pH measured with the
fabricated electrode from the CGE did not exceed 0.12 and 0.23 pH units for diluted milk
and grape juice respectively.

In 2019, Park et al. (Park et al., 2019) reported a flexible potentiometric pH sensor that
incorporated polyaniline as pH-sensitive material. Polyaniline was deposited on a carbon
electrode screen-printed on a polyethylene terephthalate (PET) substrate via dilute
chemical polymerization. Prior to polyaniline deposition, the carbon and silver inks were
screen printed on the PET substrate to create WE and conductive channels respectively.
The fabricated electrodes exhibited a sensitivity of 60.4 mV/pH and were tested in milk
and on an apple to monitor the spoilage of the sample. The pH values measured with a
fabricated electrode during 48 hours of monitoring of milk spoilage were similar to those
of the CGE. For the monitoring of apple spoilage, no reference to CGE was performed.

In 2020, Yoon et al. (Yoon et al., 2020) used a polyaniline-coated electrode as a WE.
The substrate was fabricated by coating carbon fibre with a self-healing polymer.
The same materials were also used for the fabrication of the RE, with the only difference
being that the RE was covered with Ag|AgCl instead of polyaniline. The electrode
exhibited a pH sensitivity of 58.1 mV/pH and was tested on real-life human fluids and
fruits. Unfortunately, the authors did not present the numerical values of measured pH.

1.1.3  Potentiometric biosensors

Electrochemical biosensors can be described as devices, in which a biolayer is used to
identify the specific ions in the sample solution. The biolayer can be represented by
various materials, including amino acids, enzymes, bacteria, yeast, DNA, antigens, etc.
(Vargas-Bernal et al., 2012) (Figure 2). The biolayer responds directly to the presence of
a detectable component and generates a signal, depending on the concentration of that
component. The main drawbacks of the utilization of biosensors are related to their short
stability and shelf-life (Panjan et al., 2017; Shaver & Arroyo-Curras, 2022).

Bioreceptor

o
[ Tl ] - Q
[ ] [+] Signal Electrical
(] .. > | Transducer = conditioning signal
. . . . . circuit
0oe®
. -
Analyte solution Antibodies EL?—;::::; F‘airlr::zlrlsﬂer
Aptamers Photodetectror ADC
(P:zﬁ';mes Piezoelectric medium

Bacteria

Figure 2. Schematic representation of a biosensor. Interaction of the biolayer with the analyte
solution initiate a signal that is later converted to an electrical signal.
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In 2018 Zuaznabar-Gardona and Fragoso (Zuaznabar-Gardona & Fragoso, 2018)
presented a potentiometric pH sensor based on a polydopamine pH-sensitive layer.
Dopamine film was electro- and self-polymerized on a glassy carbon electrode that
contained a carbon nano-onion layer. The fabricated electrodes exhibited sensitivities of
58.3 and 60.1 mV/pH for electro- and self-polymerized dopamine respectively.
In real-life samples, the deviation of the pH measured with the fabricated electrodes and
the CGE was 0.08, 0.22, and 0.16 pH units for vinegar, pineapple juice, and milk
respectively.

In 2020, Hu et al. (Hu et al., 2020) reported a potentiometric pH sensor based on a
graphite electrode modified with tryptophan residues by cyclic voltammetry. Tryptophan
was used as pH-sensitive material due to dependency on pH of the tryptophan oxidation.
Tryptophan is one of the most commonly oxidized residues of aromatic amino acids in
proteins. The sensor exhibited a sensitivity of 52 mV/pH and low deviation from CGE
when used in milk and coke (below 0.15 pH units).

1.1.4 Systems consisting of novel working and reference electrodes

The inability of the conventional glass electrode to work in complex media (Eftekhari,
2003; Upreti et al., 2004) cannot be overcome by simply replacing the pH-sensitive
working electrode; attention also should be paid to the reference electrode.
The reference electrode is known to suffer from the potential drift and inconsistency of
reading when used in viscous samples (Amemiya et al., 2007; Mugica et al., 2022).
Therefore, alternatives to the conventional glass working electrode are investigated
together with the alternatives to the glass Ag|AgCl reference electrode.

In 2017, Li et al. (Q. Li et al.,, 2017) described their RE electrode based on
Ti/Au/Ag/AgCl ion-selective field-effect transistor (ISFET). The electrode was modified
with a porous poly(vinyl butyral) membrane and was used together with a poly(ethylene
terephthalate)-covered indium tin oxide as a WE. The potentiometric system showed a
pH difference exceeding 0.50 pH units in coke, orange juice, beer, milk, and other studied
samples.

In 2018, Xu et al. (K. Xu et al., 2018) incorporated an antimony film on top of a copper
substrate as a WE together with a Ag|AgCl RE onto a printed circuit board. The WE was
additionally modified with a Nafion membrane and the RE was modified with a
graphene-chitosan membrane. This potentiometric system showed a pH sensitivity of
54.5 mV/pH and a pH difference from CGE of 0.19 and 0.11 pH units for coke and vinegar
respectively.

Also in 2018, Lonsdale et al. (Lonsdale, Wajrak, et al., 2018) incorporated a
modification of their previously reported RuO:-based pH-sensitive electrode and a
pH-sensor. The working electrode was fabricated by covering the magnetron
sputtered RuO2 pH-sensitive electrode with protective layers of magnetron-sputtered
Ta20s and drop-casted Nafion. The RE was fabricated by modifying the WE with an
acrylic well filled with PVB-SiO2 junction material. The fabricated WE exhibited a
sensitivity of 55.3 mV/pH and the pH-sensor was tested in real-life beverages:
coke, sports drink, vinegar, several beer samples, and 2% fat milk. The sensor showed
excellent performance with the measured pH value deviation of less than 0.08 pH units
from the CGE.

In 2022, Mu et al. (Mu et al., 2022) reported a hydrogel-based flexible pH system.
The sensor consisted of ITO as WE directly laser-scribed on a PET substrate, and an
Ag|AgCl RE screen-printed on an ITO/PET substrate. The WE and RE electrodes were

14



covered with a hydrogel consisting of sodium carboxymethylcellulose and calcium
alginate. The reported sensor showed a sensitivity of 49 mV/pH and was used to detect
total volatile nitrogen (TVB-N) that is highly correlated to fish spoilage (Kyrana et al.,
1997; Kyrana & Lougovois, 2002). Since the components of volatile organics ionize the
hydrogel, OH" is released and a change in pH is observed. The sensors were successfully
used to identify the end of the shelf life of tilapia fish.

1.1.5 Conclusion

At present, potentiometric sensors for pH measurement remain the most investigated
alternative to the CGE not only from the point of general application but from the
point of application in food samples that are complex matrices, in which new alternative
sensors cease to work. The development of new potentiometric sensors has a big
advantage over other sensors: their work is based on the same principles as the CGE and
they allow to use the same electronic devices with the new electrodes as used with the
CGE, therefore making the transition to the use of the newly developed pH electrodes
less expensive and more probable.

Over the years, potentiometric pH sensors were shown to have excellent pH
sensitivity, fast response and accurate pH measurement in aqueous samples.
However, most of the research in the field of pH sensors focuses on the materials,
fabrication and application of the sensors in aqueous samples and does not address
applicability to real-life samples. Much more research is needed to be conducted to
make sure that the proposed alternative pH electrodes will prove themselves useful in
real-life applications, including food products that are one of the most difficult to work
with.

1.2 Principles of potentiometric pH measurement

The potentiometric pH measurement requires the construction of an electrochemical
cell that primarily consists of (i) a measuring device — a potentiostat, a voltmeter,
a galvanometer, etc., (ii) a working electrode (WE) — an electrode where the analytical
reaction is taking place and (iii) a reference electrode (RE) that provides a stable and
well-known potential (Figure 3).

Measuring
device

/ Analyte

\—J

Figure 3. Schematic representation of an electrochemical cell.
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The electrical characteristic of an electrochemical cell is electrochemical potential?
(potential). The potential of an electrochemical cell (E) is determined as the difference in
potentials of the two half-reactions happening on the WE and RE:

E =Eyp — Epg (1)
where Ewe is the electrochemical potential of the reaction, taking place on the WE, V; Ege
is the electrochemical potential of the reaction, taking place on the RE, V.

If E >0, the reaction proceeds spontaneously, and if E < 0, the reaction proceeds only
with the supply of energy from an external current source. Furthermore, if the RE is
grounded, its potential is equal to zero, and the potential of the electrochemical cell is
equal to the potential of the WE. This allows determining the activities of the ions
participating in the electrochemical reaction on the working electrode according to the
Nernst equation (Amemiya et al., 2007):

x-0x+n-e2y-Red (2)
0 R-T [Red]”
EOx/Red = EOx/Red + ﬁln [0x]* (3)

where Ox is the oxidized form of the electrode’s material, Red is the reduced form of the
electrode’s material; n is the number of electrons transferred in the balanced Red/Ox
equation; x and y are reaction coefficients; Eox/red is the electrochemical potential of the
reaction (2), V; E%x/red is the standard electrochemical potential3, V; R is the universal
gas constant, 8.314 J/mol-K; T is the temperature, K; F is the Faraday constant, 96485 J;
[Ox] and [Red] are the activities of oxidized and reduced forms respectively.

For example, the reaction taking place on the quinhydrone WE is described by the
following equations:

C6H4_02 +2'H+ +2.2= C6H4(0H)2 (4)
R-T [CeHs0,] - [H*]?
— 0
Eesi0/catatom; = Ecohaoz/csmaoma + 5 F Mg o1 (5)

where CsH402 and CsHa(OH)2 are quinone and quinhydrone respectively.
When substituting the constraints and switching from natural logarithm to decimal
logarithm, equation (5) takes the form of (6):

Ec H,0,/CoH 0H); = E26H402/66H4,(0H)2 +0.059 - In[H*] (6)
When substituting -In[H*] with pH, equation (6) takes the form of (7)

Eceh,0,/Cots0m), = ECot 0,/comy(om), — 0-059 - pH (7)
Or in general, for any pH-sensitive electrode
Eox/Rea = ng/Red —0.059 - pH (8)
Equation (8) allows determining the pH value of the sample by determining the
electrochemical potential of the electrode in the sample solution. The value by which pH
is multiplied (0.059 V for equation (8)) is called the sensitivity of the electrode. The value

of 0.059 V (or, more commonly, 59 mV) is called Nernstian sensitivity and is considered
the theoretical sensitivity of an electrode.

2 Electrochemical potential of an electrochemical cell is also sometimes referred to as electromotive force
(Emf).

3 Standard potential is a measure of the individual potential of a reversible electrode (in equilibrium) in a
standard state (concentration 1 mol |2, pressure 1 atm and temperature 25 °C).
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13 Metal oxides for pH sensing

The idea of utilizing metal oxides for pH sensing was first suggested in 1947 by Perley and
Godshalk (Perley & Godshalk, 1947) and has been investigated since 1982 (Katsube
et al., 1982).

According to Fog and Buck, there are several possible mechanisms of the pH sensitivity
of metal oxides (Fog, A.; Buck, 1984):

1 lon exchange in the surface layer;

2 Equilibrium between the two oxidizing forms of the metal;
3 Hydrogen intercalation;

4 Oxygen intercalation;

5 Steady-speed corrosion of the material.

The authors also indicate that the most probable mechanism for pH sensing is oxygen
intercalation: due to non-stoichiometric oxygen content in the oxides, the activity of
oxygen in the solid phase should also be considered when calculating the electrode
potential.

However, in 1998 Mihell and Atkinson (Mihell & Atkinson, 1998) studied the
pH-response of planar RuO2 electrodes and came to a conclusion that pH response of the
electrode is due to the ionic exchange in the surface groups. When metal oxide contacts
with an aqueous solution, the dissociative adsorption of water on the surface of the metal
oxide leads to the formation of hydroxide groups. Authors attributed the pH-response of
the RuO:2 electrode to the interaction between protons and hydroxide groups on the
surface of metal oxide (Mihell & Atkinson, 1998).

According to Gtab et al. (Gtab et al., 1989), a metal oxide should satisfy the following
criteria:

v Should be stable;

v Should not react with interfering ions in all the solutions over a wide pH range;
v Metal oxide should be reproducible;

v Should be able to participate in electrode reaction.

Other requirements to the pH electrodes come from the application of the electrodes:
in some applications, such as environmental monitoring in food processing, the toxicity of
the materials plays key role. For biomedical application, the flexibility and bendability of
the sensors can me important. In general, it is desired to have (i) excellent pH-sensitivity
and selectivity, (ii) a cost-effective fabrication road and (iii) a straightforward way of
integration of sensors into existing applications Manjakkal et al., 2020).

Among the metal oxides, RuO, demonstrates the most favourable characteristics:
Nernstian sensitivity, fast response and low drift rate (Figure 4). Comparison of the pH
electrodes based on RuO: to pH electrodes based on other metal oxides reveals that
RuO: electrodes have excellent performance, however, the biggest disadvantage is their
cost (Manjakkal et al., 2020).

1.4 Ruthenium(IV) oxide

Ruthenium oxide (IV) is the most stable oxygen-containing compound of ruthenium
(Drozdov et al., 2007). Ruthenium oxide (1V) is a blue-black powder with a rutile structure
(a=4.51; c=3.11 A) (Figure 5) and a melting point of around 1200 °C (Remy, 1956).
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Figure 4. The sensitivity of the pH sensor depends on the material it is made from and the method
utilized to fabricate the sensors. Among the investigated metal oxides (a), RuO, showed the
sensitivity closest to the theoretical Nernstian response (horizontal grey dotted line). Sensors from
different batches are indicated as S1, S2, S3, S4, and S5, while A is the average sensitivity.
The overall performance of RuO; (b) is also exceeding other investigated oxides. Reproduced from
Manjakkal et al., 2020.

»

!

Figure 5. Structure of ruthenium(IV) oxide. Reproduced from Wikipedia.

The electrochemical response of the RuO2 to the pH change can be described by the
equations (9) and (10) (Lonsdale, 2018):

Ru0,(0OH), + z-e +zH* & Ru0,_,(0OH),,, (9)

(Slmpllﬁed) Ru’VOZ +e+ HY & Ru”IO(OH) (10)
The Nernst equation for this process takes the form of (11)
aRuIII

E=E°+R.T-ln
z F Apydv * Ag+

(11)

Considering that the values of metals activities approximate 1 in solid state and
substituting the constants, (11) takes the form of (8).

The fabrication method is known to influence the properties of the RuO: electrodes
(Table 1). Among the various fabrication methods proposed for electrodes based on metal
oxides, the most convenient is screen printing (Manjakkal et al., 2020). From Figure 6a,
it can be seen that screen printing allowed to get more reproducible sensitivity of the
fabricated electrodes with the mean sensitivity being closer to the theoretical value of
59 mV/pH. The screen-printing technique allows producing electrodes of different sizes
and shapes, fast and at a low cost (Zhang et al., 2021). Furthermore, utilizing screen
printing approach it is possible to fabricate electrodes with small hysteresis and drift
without sacrificing sensitivity and life time of the electrodes (Figure 6b). The printing is
commonly described as follows: a roller moving across the screen stencil forces ink or
other printable materials past the threads of the woven mesh that supports an
ink-blocking stencil to achieve a specifically patterned layer of ink on a suitable substrate.
Different woven meshes are prepared to print different parts of the electrode.
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Figure 6. A comparison of the fabrication approaches has demonstrated that sputtering allows
reproducibly fabricate electrodes with the sensitivity closest to the theoretical Nernstian response
(a). However, even though screen printing is the second best, it has several advantages over the
sputtering approach: lower cost and compatibility with mass-production, longer lifetime and
compatibility with the fabrication of multi-sensors (b). Sensors from different batches (a) are
indicated as S1, S2, S3, S4, and S5, while A is average sensitivity. Reproduced from Manjakkal et al.,
2020.

The printing proceeds as a layer-by-layer deposition, where each layer undergoes
solidification by thermal treatment. After printing of all the required layers, the surface
is covered with an insulative coating (M. Li et al., 2012; Metters et al., 2011).

15 Nafion membrane as a protective layer in pH-sensitive
electrodes

Nafion is a perfluorinated sulfonic acid (PFSA) ionomer that consists of a fluorocarbon
backbone (hydrophobic) and a randomly tethered side chain with a terminal sulphur
oxoacid group (Figure 7). Nafion was developed by Walter Grot for Dupont de Nemours
(Wilmington, Delaware, USA) in the late 1960s and was the first commercial
PFSA ionomer (Grot, 1982). Nowadays, Nafion is the most widely used PFSA ionomer.
Nafion is used in the manufacture of fuel cells as a proton exchange membrane
(Peighambardoust et al., 2010; Selim et al., 2022) and fabrication of electrochemical
sensors as a protective membrane (Lonsdale, Wajrak, et al., 2017; Senthil Kumar et al.,
2022) or for detection of ketones (Lucero et al., 2022).
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Figure 7. Chemical structure of Nafion.
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Similarly to other PFSA ionomers, Nafion has a unique property of enhanced ion and
solvent permittivity: the difference in hydrophilic nature of the fluorocarbon backbone
and terminal sulphur oxoacid group allows phase separation that increases with the
amount of solvent volume.

The permittivity towards H* ions is explained by the Grotguss mechanism (Agmon,
1995): diffusion of protons inside the water network via the exchange of bonded H*
between neighbouring water molecules. During the hydration process, the water
molecules ionize the sulfonic acid groups to form SOs(H30)* ions (Kusoglu & Weber,
2017). However, a further increase in the number of water molecules within the polymer
network (A* = 1-2) leads to the dissociation of H* from the SOs  groups and the formation
of complex ions with water (e.g., HoO4*, Hs02"). Hydrophilic domains enhance phase
separation formed in the polymer network. When A > 2, domains form an interconnected
network, allowing the transport of ions and water molecules through the polymer
network. Absorption of water continues till A = 5-6 when a solvation shell of water
molecules is formed around each SOs'H* (Kusoglu & Weber, 2017). This solvation shells
of water together with the interconnected water network allow for excellent proton
conductivity of Nafion.

Proton conductivity of the Nafion membrane is of key importance in electrochemical
electrodes sensitive to cations: since the Nafion membrane consists of negatively
charged groups, only small positive cations can travel through the polymer network
(Kusoglu & Weber, 2017). This property of the Nafion membrane is of great importance
for pH measurement in real-life food samples. The majority of food samples contain
proteins and fats that interfere with pH measurement due to the contamination of the
sensor. Nevertheless, if an electrode is covered with a Nafion membrane, the proteins in
food samples that carry negative charges of = -15...-30 mV (Tan et al., 2014) cannot pass
through the Nafion membrane due to the electrostatic repulsion (Figure 8).
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Screen printed Nafion
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Figure 8. Schematic representation of the application of the Nafion membrane. Reproduced from
Publication II.

4\ is the water content that is defined as the number of water molecules per mole of sulfonic-acid
groups.
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Table 1.Fabrication method and material and properties of previously reported RuO; pH-electrodes. Reproduced from Publication I.

- Electrode s 0 . .
D:‘p;i:gn sensiti.ve Substrate Senr:;l?;:y, :“'/ R? pH range R;s;::’nsse T,°C Hys:\rlems, r?‘:;f/té Reference
material
Electro- Au wire 59.3 521 N/A 2.0-12.0 N/A N/A N/A N/A (Pasztor et al., 1993)
chemical RUO, Au disk 60.5 N/A 0.999 2.0-11.0 7 N/A N/A N/A (Shim et al., 2012)
deposition Pt 56.2 596 0.999 4.0-10.0 N/A 37.5 N/A N/A (Mingels et al., 2019)
Pt-Ti 59.3 609 0.999 4.0-10.0 N/A 37.5 N/A N/A (Mingels et al., 2019)
RUO, Polyester foil 51.2 606 N/A 2.0-10.0 N/A N/A N/A N/A (Koncki & Mascini, 1997)
Al,03 56 N/A N/A 2.0-12.0 120 N/A N/A N/A (Manjakkal, Zaraska, et al., 2016)
Ru0,-Ta:0s Al,03 68.2 N/A 0.987 2.0-12.0 15 N/A 10 N/A (Manjakkal, Zaraska, et al., 2016)
Screen- RuO2-Taz0s Al,03 56 N/A N/A 2.0-12.0 15 N/A N/A N/A (Manjakkal, Cvejin, et al., 2016)
printing Ru02-Sn0; Al03 56.5 631 0.998 2.0-12.0 9 N/A 7 N/A (Manjakkal et al., 2015)
Ru02-Cu,0 Al,03 47.4 N/A N/A 2.0-13.0 N/A 21 N/A N/A (Zhuiykov, Kats, et al., 2011)
RuO2-La,0 Al,03 49.3 N/A N/A 2.0-12.0 N/A 19 N/A N/A (Zhuiykov, Marney, et al., 2011)
RuO2-TiO2 Al,03 56.6 630 0.999 2.0-11.0 15 N/A 5 N/A (Manjakkal et al., 2014)
RuO,-Pt Al,03-Pt 58 640 N/A 2.0-13.0 2-Jan 23 ~0 1.5 (Zhuiykov, 2009)
Sol-gel RuO2-CNT Au, Co, steel 63.1 647 1 2.0-12.0 50 N/A N/A N/A (Kahram et al., 2014)
Pechini Ru0,-TiO> Ti 56 N/A 0.998 2.0-12.0 N/A 25 N/A N/A (Pocrifka et al., 2006)
Pt wire 60 913 N/A 2.0-12.0 90 25 30 3 (McMurray et al., 1995)
Ordered m/p 57.8 598 0.999 2.0-12.0 180 22 3.14 19 (Lonsdale, Wajrak, et al., 2017)
carbon 58.4 670 0.999 4.0-10.0 30 22 1.13 5 (Lonsdale, Maurya, et al., 2017)
Carbon 59.2 800 1 4.0-10.0 25 22 5.44 20.5 (Lonsdale, Maurya, et al., 2017)
RuO2 Pt 58.6 925 0.999 4.0-10.0 20 22 6.45 23.4 (Lonsdale, Maurya, et al., 2017)
Radio- Si 55.6 N/A N/A 1.0-13.0 <1 N/A 4.36 0.38 (Liao & Chou, 2008)
Si 51.7 N/A 0978 2.0-10.0 N/A N/A N/A N/A (Yao et al., 2020)
J::::t?x Si 55.8 N/A 0998 2.0-10.0 N/A N/A N/A N/A (Yao et al., 2020)
Sputtering Si 56 N/A N/A 1.0-12.0 N/A N/A N/A N/A (Chou et al., 2005)
Al203 73.8 N/A 0.998 4.0-10.0 3 22 ~5 N/A (Sardarinejad et al., 2015)
RuO: Al,0; 58.8 N/A 0999 2.0-120 30 2 13 2.9 (LO”Sda'e'ZX‘iaSJ; ak, etal,
RuO>-Ta:0s- AL,Os 55.3 288 1 20-120 136 22 07 7.2 (Lonsdale, Wajrak, et al.,
Nafion 2018)
RuO,-CNT Ta 55.5 643 1 2.0-12.0 40 25 10.2 ~3 (B. Xu & Zhang, 2010)




2 Aims of the Thesis

The main objective of the thesis was to fabricate a potentiometric pH electrode based

on ruthenium(lV) oxide for pH measurement in food samples.
To reach the aim of the thesis, the workflow was separated into the following steps:

Aim 1  Find the fabrication parameters for the screen printing of ruthenium(lV) oxide

pH electrodes.
Aim 2 Find fabrication parameters for the deposition of the protective Nafion
membrane. Investigate the properties of the ruthenium(lV) oxide pH

electrodes covered with the Nafion membrane.
Aim 3 Investigate the performance of the fabricated electrodes in food samples and

during food processing.
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3 Materials and Methods

Detailed description of the materials in methods can be found in the corresponding
publications. This section is dedicated to briefly introducing utilized experimental
procedures.

3.1 Fabrication of the RuO; electrodes (Publications I-Ill)

Ruthenium(lV) oxide electrodes were fabricated by screen printing technique that
consisted of 4 main steps (Figure 9a): (i) screen printing of conductive layer (Ag layer),
(i) screen printing of pH-sensitive layer (RuOz2 layer), (iii) attachment of copper wire to
later connect an electrode to a measuring device, and (iv) insulating the electrical contact
with silicone-based resin. The dimensions of the fabricated RuO: electrodes are presented
in Figure 9b,c. Furthermore, in Publication I the influence of the sintering temperature on
the performance of the RuO:z electrodes was investigated. The properties of the fabricated
RuO: electrodes are discussed in Publications I, I, IV and V.

Screen printing of the Screen printing of the Soldering s
a) conductive layer pH-sensitive layer of the wire ] Copper wire c}
= = —p- "I " AgiPd conductive loyer
-~ _-Sn/Pb soldering alloy
H Ri H itive I
Al,0, substrate Ag/Pd paste RUOQ, paste < - 905 pH serltive Iayer
E
E 4
CafllrF:r Nafion -] o ¢
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Soldering Covering the electrical 5 Drop-casting of the _ . J
of the wire contact with the insulator . Nafion membrane -
—- - = b

Figure 9. The RuO; electrodes were fabricated by screen printing of a conductive layer of Ag/Pd on
an Al;0s substrate and consequently printing of the pH-sensitive layer of RuO,. (a). After the
thermal treatment of both printed layers, a copper wire was attached to the Ag/Pd layer via
soldering with a Pb/Sn alloy. For the fabrication of the RuO,-Nf electrode, the RuO; part of the RuO;
electrode was covered with Nafion membrane by drop-casting technique. The fabricated electrodes
had small dimensions (b). A photograph of the fabricated electrodes is presented in figure (c) for
the visualization of the fabricated electrodes. Adopted from Publication Ill.

3.2 Modification of the fabricated electrodes with Nafion
membrane (Publication Il) and investigation of the properties
(Publications Il, IV-VII)

In Publication Il the conditions and parameters of the deposition of the Nafion
membrane were investigated. The following conditions of the deposition were
evaluated: (i) concentration of Nafion solution, (ii) number of Nafion layers, (iii) the time
between layers deposition and (iv) drying temperature. The performance of the modified
electrodes was evaluated on the basis of (i) membrane morphology, (ii) performance in
milk, (iii) electrochemical characteristics (sensitivity, hysteresis and drift) and (iv) stability
over long period of time. In Publication VI, the reusability of the RuO: electrodes after
Nafion membrane deterioration was investigated and in Publication VIl the cleaning
procedure for the fabricated electrodes is discussed. leaning approach is one of the most
important steps in accurate pH measurement. Usage of the electrode that was not
properly cleaned can lead not only to false readings, but also the cross-contamination of
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the next sample and possible destruction of the electrode in use. Furthermore,
in Publication V the reversibility of thermal treatment of the Nafion membrane was
investigated.

3.3 Electrochemical characterization of the fabricated electrodes

3.3.1 Setup

The setup for the work with the fabricated RuO2-based electrodes consisted of the units
presented in Table 2 and Figure 10. To evaluate the performance of the fabricated
electrode, several parameters were evaluated: sensitivity (or the basis of the Nernst
equation) and linearity (R?), hysteresis and drift rate.

Table 2. Electrochemical setup used in this work.

Unit Electrode and equipment used Function
Workin RuO,, RuO,-Nf, RuO,-CuO, RuO,-CuO-Nf electrodes | pH-sensitive electrode
electrodge Standard glass ion-selective Ag|AgCI|KCl electrode Accurate pH

(HI1053P, Hanna Instruments, USA) measurement
Reference Standard glass ion-selective Ag|AgCI|KCl electrode Stable potential
electrode (HI11053P, Hanna Instruments, USA) readings
i Data Acquisition (DAQ) device, USB-6259,
Meastlmng q . (DAQ) Recording of the data
device National Instruments, USA
ngh_-performancg dlglte-ﬂ power supply (E§631A, Powering up the
Power supply Agilent, USA) with an interference-free input . .
measuring device
voltage of 12V
Software LabVIEW program (National Instruments, USA) Registering the data

Circuit Board| ssp» | Measuring device | sl | Computer

1 |

Power supply

Milk i

LabVIEW

RuO, I
indicator .
electrode ADIAQCI

reference

\ electrode J

Figure 10. Schematic representation of the setup used in this work. Reproduced from Publication Ill.
3.3.2 Electrochemical characteristics

Sensitivity

As mentioned in section 1.2, sensitivity rises from the Nernst equation and is used to
evaluate the performance of an electrode and to calculate the pH of the sample from the
measured potential value. Sensitivity is determined by checking the response of an
electrode to pH change. For that, several buffer solutions of different pH are prepared
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and the potential of an electrode in these solutions is recorded. In this work, citric,
phosphate and carbonate buffers were prepared in pH ranges 3-6, 7-8 and 9.2-11.8
respectively. The buffers were prepared according to (Dawson, P.; Eliott, D.; Eliott, A.;
Johns, 1991). The pH of the buffers was determined with a conventional pH meter
(Seven2Go Advanced Single-Channel Portable pH Meter, Mettler Toledo, Switzerland).

The theoretical (expected) response of the pH sensor depends on the temperature
and at a temperature of 21 °C should be equal to 58.4 mV/pH (Table 3). However,
the sensitivity of printed electrodes most of the time is different from the theoretical
response and depends not only on the materials used for the fabrication of the electrode
but also on the fabrication methods and conditions (Kurzweil, 2009; Manjakkal et al.,
2020; Zhuiykov, 2012).

Table 3. Theoretical sensitivity at common room temperatures.

Theoretical Theoretical Theoretical
T,°C sensitivity, T,°C sensitivity, T,°C sensitivity,
mV/pH mV/pH mV/pH

16 57.4 21 58.4 26 59.4
17 57.6 22 58.6 27 59.6
18 57.8 23 58.8 28 59.8
19 58.0 24 59.0 29 60.0
20 58.2 25 59.2 30 60.2

The sensitivity [mV/pH], E° [mV] and linearly of the response (R?) of the fabricated
electrodes were determined by measuring the electrochemical potential in pH buffers
and plotting the measured electrochemical potential as a function of the pH (Figure 11).
The value of the potential was taken 90 seconds after immersing the electrode into a
solution to let the electrode reach stable potential readings). The values of sensitivity
and E° were determined from the linear equation calculated from the least squares
regression.
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Figure 11. An example of a pH-electrode calibration curve.
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Hysteresis

Hysteresis [mV] is the so-called ‘memory effect’ of an electrode and is used to describe
the impact of previous measurements on the current one (Figure 12). Hysteresis is
related to the composition of the double layer on the surface of an electrode and the
changes happening in the double layer when an electrode is exposed to solutions of
different pH. The pH measurement loop is known to impact the hysteresis of pH
electrodes fabricated from metal oxides (Manjakkal et al., 2020). Hysteresis of the
fabricated electrodes was determined by measuring the pH of the buffers cyclically: the
electrodes were exposed to pH buffer solutions from pH 3 to 7 and back to 3 (3—5-7-5—
3) and from pH 11 to 7 and back to 11 (11-9-7-9-11) to evaluate acidic and basic
hysteresis respectively. After submerging a fabricated electrode into a buffer solution,
the electrochemical potential was recorded for 5 minutes and the value of hysteresis was
determined by comparing the potential at pH 3. The electrode was rinsed with distilled
water in between the measurement in the buffer solutions.

E vsISE, mV

Figure 12. An example of a hysteresis graph.

Drift

Drift [mV/h] of an electrode is a change of the potential of an electrode with time. Drift
can be used to determine the reliability of an electrode and its applicability for continuous
measurement. The drift was determined by the method of the slope of the line of
line-of-best-fit after monitoring the potential of an electrode continuously for 2 hours by
calculating the change of the potential in 1 hour period.

Cross-sensitivity

Solid-state electrodes designed to measure pH can sometimes be cross-sensitive to other
ions in the sample (Figure 13) (Manjakkal et al., 2015; Manjakkal, Zaraska, et al., 2016).
Therefore, the sensitivity of the fabricated RuO2-Nf electrodes was evaluated in the
presence of interfering ions. Change of the sensitivity of the fabricated electrodes was
evaluated in the presence of chlorides of common cations — LiCl, KCI, NaCl, and NH4Cl.
For that, the sensitivity of the fabricated electrodes was first measured in buffer solutions
as described in section 3.3.2 and then in the same buffer with the addition of the above-
mentioned compound (the concentration of the compound was 0.1 M).
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Figure 13. An example of the sensitivity of the RuO, electrode in the absence (red) and in the
presence of interfering ions (blue).

34 Measurement in real-life samples

In Publication Ill, the performance of the RuO2-Nf electrodes in food samples was
investigated. Among others, pH measurement in dairy products was conducted.
The electrodes were pre-calibrated by two-point calibrating procedure and then used to
measure pH of a dairy sample. The performance of the fabricated electrode was
evaluated based on formula (12). All the measurements were made in triplicate for 2
electrodes.

pHdifference = prabricated — PHcge (12)
Furthermore, continuous measurement of pH change during milk coagulation was
performed. For that, first, continuous measurement in milk sample was performed over
a period of 1 hour and then the electrode was cleaned and used for pH measurement
during milk coagulation. Coagulation of milk was shown to happened during first
5 minutes of the experiment. The pH change was monitored for 35 minutes.
The measurement was conducted for 2 electrodes in parallel.
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4 Results and Discussion

4.1 Fabrication parameters for the screen printing of the RuO, pH
electrodes (Publications | and Il)

Sintering temperature is known to impact the properties of the solid-state electrodes
fabricated from metal oxides: higher sintering temperatures lead to improved
crystallinity, increased density and lower porosity of the fabricated layer, therefore,
forming compact microstructures (Javanbakht et al., 2016; Oketola et al., 2022;
Syaizwadi et al., 2018). Furthermore, an increase in sintering temperature leads to lower
electrical resistance and therefore improved electrical characteristics (Syaizwadi et al.,
2018). For the fabricated screen-printed RuO: electrodes, the morphology and
microstructure of the RuOz layers did not change much with the sintering temperature
(Figure 14). All three electrode types, Ru02-800, Ru02-850 and Ru02-900, had low
porosity and grain size of ~05-2.0 um. However, better adhesion of the RuO: ink to the
Al2Os substrate was observed for the electrodes sintered at 800 °C.

Figure 14. Scanning Electron Microscopy images (cross-section) of the RuO; electrodes sintered at
(a) 800 °C and (b) 900 °C. Reproduced from Publication I.

Next, the electrochemical characteristics of the fabricated RuO: electrodes were
investigated (Table 4). The fabricated electrodes exhibited sensitivity close to the
theoretical Nernstian response and excellent linearity of the response to the pH change
(R? > 0.094) with sensitivity values slightly improving with the increase of the sintering
temperature (Table 4). The drift was small for all three electrode types and was below
1 mV/h. The hysteresis was smaller for the acidic loop; furthermore, the hysteresis was
the smallest for the RuO2 electrodes sintered at 850 °C (4.6 mV and 26.3 mV for acidic
and basic hysteresis respectively). All the 3 electrode types showed characteristics similar
to those previously published by different authors (Table S1 in Publication I). Considering
all the electrochemical characteristics, RuO2-850 electrodes were selected for further
studies. Therefore, in the upcoming paragraphs phrase ‘Ru0; electrodes’ will imply ‘RuO2
electrodes sintered at 850 °C".

Next, the stability of the readings of the fabricated electrodes was investigated.
The results are presented in Figure 15. The sensitivity of the electrodes was changing for
the first 4 weeks of conditioning. This change of sensitivity is explained by the slow speed
of the formation of the double layer on the surface of the RuO: electrodes. It was shown
before (Kurzweil, 2009; Pasztor et al., 1993) that solid-state electrodes need some time
to reach stable composition of the double layer.
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Table 4. Electrochemical characteristics of the RuO; electrodes sintered at different temperatures.

Adopted from Publication I.

Electrode type
Ru0,-800 Ru0,-850 Ru0,-900
S, mV/pH 61.8+1.0 60.5+14 56.1+2.1
E9, mV 681.9+5.0 664.2+£11.3 624.0£27.8
R2 0.996 0.997 0.996
Hysteresis A, mV 25.1 4.6 1.2
Hysteresis B, mV 35.4 26.3 40.4
Drift, mV/h 0-5 0-5 0-5
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Figure 15. Change of the RuQ; electrode sensitivity (Y-axis) with time. The sensitivity was changing
for the first 4 weeks of storage in water and reached stable sensitivity values on 5t week.

RuO: solid-state electrodes were previously shown to work in aqueous samples and
even in some more complex samples, such as coke and juices (Liao & Chou, 2008;
Manjakkal et al., 2015). However, screen-printed RuO: electrodes do not work well in
milk (Figure 16). Therefore, it was decided to cover the pH-sensitive part of the RuO:
screen-printed electrode with a Nafion membrane. From Figure 16, it can be seen that
Nafion-covered RuO: electrodes exhibit excellent pH dependency, identical to the CGE.
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Figure 16. After placing the RuO; electrode in milk (a, red), its electrochemical potential abruptly
dropped to negative values, indicating that electrodes cannot be used to measure the pH of the

milk sample. On the other hand, the potential of the RuO,-Nf electrode (b, blue) was similar to the
CGE. Modified from Publication II.
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4.2 Fabrication parameters for the deposition of the Nafion
membrane and properties of the RuO-Nf electrodes (Publications II-VI)

After discovering the improved performance of the RuO: electrodes after covering them
with the Nafion membrane, it was necessary to devote more attention to the deposition
of the Nafion membrane. The parameters of the deposition of the Nafion membrane,
such as method of membrane casting and its conditions (e.g., annealing temperature,
pre-treatment, humidity), as well as polymer characteristics of Nafion (equivalent
weight, length of side chain) are known to impact the proton conductivity of the
membrane (Kusoglu & Weber, 2017). Among the deposition techniques reported by
different authors (Table 1 in Publication Il), drop-casting of Nafion solution is the most
common one. However, there is a big difference in how Nafion membranes were drop-
casted. The previously published papers vary in the thickness of the Nafion membrane
and drying temperature.

4.2.1 Concentration of Nafion casting solution (Publication IV)

The influence of the Nafion concentration on the performance of the RuO2-Nf electrodes
was evaluated by utilizing 5 % Nafion solutions diluted with 1:1 mixture of distilled water
and ethanol to the following concentrations (v/v %): 1, 2.5 and 5. The sensitivity of the
fabricated electrodes was monitored for 3 weeks and the results are presented in
Figure 17. It can be seen that, when the 5 % Nafion solution to cover the RuO; electrodes,
the RuO:z-Nf electrodes had the sensitivity, closest to the theoretical Nernstian response.
Therefore, 5 % Nafion solution was selected for further studies.

To be certain that Nafion solution evenly covers the surface of the RuO: electrodes,
the optical microscopy images of the electrodes with and without Nafion coatings were
taken. Figure 18 demonstrates that is evenly distributed over the RuO2 microparticles,
creating a uniform protective layer.

Sensitivity, mV/pH

0 10 20 30 40
0 o
31.63 Bweek 1
B week 2
Oweek 3
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2.5
51.4
5
52.75
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Figure 17. Change of the sensitivity for the RuO,-Nf electrodes fabricated from the solutions with
Nafion concentration of 1, 2.5 and 5 %. The sensitivity was measured before covering the RuO,
electrodes with Nafion membrane (blue), 1 (red), 2 (green) and 3 ( ) weeks after the covering.
Adopted from Publication IV. © 2020 IEEE.

Nafion concentration, %
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Figure 18. Digital optical microscopy images of RuO; (a) and RuOx-Nf (b) electrodes. The images
were taken at the same light exposure. Reproduced from Publication V. © 2022 IEEE.

4.2.2 Number of Nafion layers (Publication II)

The thickness of Nafion is important from the point of real-life applicability: the pH
electrodes that were used in a food sample should be thoroughly cleaned before the next
use to avoid cross-contamination and false pH readings. Therefore, the Nafion membrane
should withstand cleaning. That can be achieved by increasing the thickness of the Nafion
membrane. The types of electrodes were fabricated to investigate the proper thickness
of Nafion membrane: RuO2-Nfi, RuO2-Nfs and RuO2-Nfs.

First, the physical appearance of the deposited membrane was evaluated using SEM
(Figure 19). All the 3 electrode types had some defects in the Nafion membrane (cracks
and pores), and the size and number of defects increased with the thickness of the Nafion
membrane (Table 5). The size of the defects can be important from the point of
application of the electrodes, since the defect can be bigger than the size of some sample
components® and, therefore, lead to contamination of the RuO: pH-sensitive layer that
was observed in milk test for the RuO2-Nfs electrodes.

Furthermore, the electrochemical characteristics of the fabricated electrodes were
investigated. All the fabricated electrodes showed linear response with sensitivity values
close to the theoretical Nernstian response of 58.4 mV/pH (at a temperature of 21 °C)
with the sensitivity slightly decreasing with the increase of the thickness of the Nafion
membrane Table 5. For the RuO:-Nfs electrodes, the linearity was 0.942 and the
hysteresis exceeded 20 mV. This can be due to the longer time needed for the ions to
travel through a thicker Nafion membrane and agrees well with the findings of Lonsdale
(Lonsdale, 2018).

The preliminary test in milk samples (Figure 20) showed excellent performance of
RuO2-Nf3 electrodes even during the third application for measurement in milk.
Therefore, the RuO2-Nf3 electrodes with the 7.47 um thickness of the Nafion membrane
were selected for further investigation.

5 For example, the size of fat globules is around 2-6 um (Phadungath, 2005; Xu et al., 2016) that is
smaller than defects in Nafion membrane for RuO,-Nfs electrodes.

31



A

Figure 19. Scanning Electron Microscopy images (a-c) and cross-sections (d-f) of the fabricated
RuO,-Nf electrodes: (a, d) RuO,-Nfi, (b, e) RuOx-Nf; and (c, f) RuO,-Nfs. Reproduced from

Publication II.

Table 5. Characteristics of RuO;-Nf;, RuO,-Nfs and RuO,-Nfs electrodes. Reproduced from

Publication II.

RuO NI, 47 |

1 pm
RuUONf, [1*7

Characteristic

Electrode type

RUOZ-Nf]_ RLIOer; RUOZ-Nfs
Nafion membrane thickness, pm 1.9 7.5 14.2
Defects in the Nafion layer Pores Pores and cracks of Cracks of
~2-4 um width ~10 um width
Time needed for the deposition
. 2 6 10
of all Nafion layers, hours
S, mV/pH 57.0+0.7 56.5+0.3 55.1+0.4
E0, mV 684.1+2.3 693.2+3.8 603.9£32.5
R2 0.997 0.995 0.942
Hysteresis A, mV 111 10+2 20+3
Hysteresis B, mV 179 241t 6 325
Drift, mV/h 14-15 25-35 25-35
Performance in milk + + +
Reusability in milk + ++ +
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Figure 20. Performance of the RuO,-Nf electrodes ((a) — RuO;-Nf1, (b) — RuO2-Nfs, (c) — RuO,-Nfs)
was evaluated by placing them in a milk sample and continuously measuring the electrochemical
potential for 1 hour. Furthermore, the electrodes were used 3 times (blue — first use, black — second
use, red — third use) to evaluate whether the electrodes can be used repeatedly. RuO,-Nf; showed
the best performance. Reproduced from Publication II.

4.2.3 Time needed for deposition of one layer (Publication I1)

Next, the time necessary for the drying of one layer of the Nafion membrane was
investigated. As can be seen from the data presented in Table 6, the best characteristics
of the RuO2-Nfs electrodes were achieved when the Nafion layers were allowed to dry
for 2 hours in between the layer deposition. In this case, more uniform values of the
sensitivity were achieved with better linearity of the pH response.

Table 6. Characteristics of the RuO,-Nf; electrodes with different drying time. Reproduced from
Publication Ii.

4.2.4

L. Drying time of one layer of Nafion

Characteristic
0.5h 1h 2h

S, mV/pH 53.1+0.5 56.2+10.9 60.5+2.1
EO, mV 601.5+131.7 549.0+90.3 680.9+10.3
R2 0.981 0.978 0.984
Hysteresis A, mV 10+2 11+4 4+2
Hysteresis B, mV 24+6 21+17 25+4
Drift, mV/h 25-35 30-35 20-25

Drying temperature (Publication Il)

It was previously reported (Kusoglu & Weber, 2017), that pre-heating and annealing of
the Nafion membrane allow improving the proton conductivity of the membrane.
Furthermore, thermal treatment of the membrane allows increasing mechanical stability
of the membrane (Kusoglu & Weber, 2017), which is important for real-life application
of the RuO2-Nf electrode from the point of their susceptibility to cleaning. Xu and
co-authors previously reported (K. Xu et al., 2016) enhanced mechanical and thermal
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properties of the Nafion membrane dried at 80 °C. However, no explanation was given
regarding why the temperature of 80 °C was selected. Hence, in this study, the range of
temperatures from room temperature to 80 °C and its influence on the properties of the
Nafion membrane was investigated.

The electrochemical characteristics of the RuO:-Nfs electrodes dried at different
temperatures are presented in Table 7. The RuO2-Nfz electrodes dried at 60 and 80 °C
showed good performance and provided better protection to the RuO: screen-printed
layer (Figure 21). Apparently, the thermal treatment improved the mechanical stability
of the Nafion membrane allowing for better protection of the screen-printed RuO: layer
underneath due to the increased entanglement of polymer chains and coalescence of
Nafion particles (Kim et al., 2015; Mauritz & Moore, 2004).

In real-life situations, it can be necessary to measure pH in samples of not room
temperature, but elevated temperatures. For instance, acid-induced milk coagulation is
carried out at a temperature of 40 °C (Phadungath, 2005). However, it is worth mentioning
that the proton conductivity of the Nafion membrane is known to decrease with the
temperature (Alberti et al.,, 2013). Therefore, the performance of the RuO:-Nf3
electrodes was performed at temperatures 25, 30, 35 and 40 °C (Table 8). The best
performance was achieved for the RuO2-Nfs electrodes dried at 80 °C (smaller hysteresis
and drift, and a more linear increase of the sensitivity with temperature).

Table 7. Characteristics of the RuO,-Nf; electrodes dried at different temperatures. Reproduced
from Publication II.

e Drying temperature, °C
Characteristic Y 20 60 30
S, mV/pH 60.5+2.1 48.9+1.0 52.0+2.0 52.2+2.1
EO, mV 680.9+10.3 554.0+23.9 667.3+19.9 485.7 +21.2
R2 0.984 0.995 0.994 0.983
Hysteresis A, mV 4+2 22+2 10+3 85
Hysteresis B, mV 241 21+3 19+10 14+4
Drift, mV/h 20-25 10-20 10-20 20-30

a)
20

from the electrod

Figure 21. Images of the state of the RuO,-Nfs; electrodes after use as pH -electrodes (Nafion
membrane is removed) for the Nafion membrane dried at (a) 20, (b) 40, (c) 60 and (d) 80 °C.
The electrodes dried at higher temperatures exhibited better protection of the RuO; screen-printed
layer from the decay. Reproduced from Publication II.
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Table 8. Electrochemical characteristics of the RuO,-Nf electrodes tested in heated samples.
Adopted from Publication II.

Characteristic Temperature of the sample, °C

25 | 30 | 35 | 40
RuO,-Nf; electrodes dried at 60 °C
S, mV/pH 52.3+2.0 545+2.1 54.7+6.8 56.4+10.7
EO, mV 641.6 + 8.8 556.3+29.9 596.8 +17.4 645.6 £ 11.5
R2 0.997 0.972 0.952 0.956
Hysteresis A, mV 1217 11+6 17+8 28+10
Hysteresis B, mV 125 23+9 26+2 32+10
Drift, mV/h 15-25 10-15 5-15 5-15
RuO,-Nf; electrodes dried at 80 °C
S, mV/pH 53.5+2.3 54.0+0.8 54.5+2.2 54.7+2.2
EO, mV 640.7 £ 75.7 548.1+16.3 506.2 +41.9 583.6 £ 58.2
R2 0.985 0.979 0.985 0.995
Hysteresis A, mV 8+1 15+6 12+2 15+7
Hysteresis B, mV 20+6 17+1 15+9 2010
Drift, mV/h 5-20 5-15 10-20 10-15

4.2.5 Stability of the readings of the RuO.-Nf electrodes (Publication Il)
Solid-state electrodes require initial conditioning in water or buffer solutions that is
needed to reach stable Ru(IV)/Ru(lll) ratio in the fabricated electrodes (Manjakkal et al.,
2014; Zhuiykov, 2009). The fabricated RuO2-Nf electrodes reached stable sensitivity
values on the third week of conditioning (Figure 22), while RuO; electrodes required over
one month of conditioning in water (Figure 22).
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Figure 22. Change of sensitivity of the RuO, (red) and RuOx-Nf; (blue) electrodes with time. The
sensitivity was normalized against the value of the sensitivity on week 7. The RuO,-Nf; reached stable
sensitivity values in a shorter time compared to the RuO; electrodes. Adopted from Publication Il.

4.2.6 Cross-sensitivity of the RuO,-Nf electrodes (Publication I11)

It was previously demonstrated, that only small positively charged ions can impact the
performance of screen-printed RuO: electrodes (Manjakkal et al., 2020). Furthermore,
Nafion membranes are known to have high ion mobility towards smaller cations and the
negative charge of sulfonate groups in the Nafion backbone causes lower mobility towards
anions (Kusoglu & Weber, 2017). Therefore, the cross-sensitivity of the fabricated RuO2-Nf
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electrodes was tested in presence of Na*, K*, Li* and NH4" utilizing chloride salts of these
cations since Cl- ions were shown to not alter the sensitivity of the RuO electrodes
(Manjakkal et al., 2020). The results are presented in Figure 23. The presence of
interfering cations in concentrations of 0.1 M did not significantly change the sensitivity
of the RuO2-Nf electrodes except for NHs*. The increase of sensitivity in presence of NH4Cl
was 2.83 mV/pH can be due to the presence of ammonia in the aqueous solution that
can the composition of a double-layer on the surface of the RuO: electrodes (Kurzweil,
2009). Nonetheless, the linearity of the response of the RuOx-Nf electrodes toward the
pH change was above 0.99 for all the investigated cases.
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Figure 23. RuO,-Nf electrodes are not sensitive to the presence of cations in buffer solutions at
concentrations up to 0.1 M. The E° of the fabricated electrodes (red, primary Y-axis) did not change
much in the presence of interfering cations. The sensitivity of the fabricated electrodes (blue,
secondary Y-axis) remained close to the theoretical Nernstian response indicating only negligible
sensitivity towards most common interfering ions. Adopted from Publication Ill.

4.2.7 Reusability of the fabricated RuO,-Nf electrodes (Publication VI)

Next, the reusability of the RuO2-Nf electrodes after deterioration of Nafion membrane
was investigated. Nafion membrane is a soft membrane, that is partially soluble in water
and, therefore, might wear off with time. Here, the possibility of recover the RuO:
electrodes and repeatedly cover them with new Nafion membrane was investigated.
The results are presented in Table 9. It can be seen that all the electrochemical
characteristics were worsening with the next usage: the sensitivity, R> and E° were
decreasing, whereas hysteresis a and B were increasing. Nonetheless, at room temperature
the RuO»-Nf electrodes exhibited acceptable characteristics and, therefore, can be used
repeatedly but only at temperatures around 25 °C.

4.3 Performance of the fabricated RuO.-Nf electrodes in food
samples (Publications Ill and VII)

Notwithstanding the number of papers dealing with the development and fabrication of
new pH sensors published every year, only a few of them report application on other
samples than buffer solutions. This is due to the fact that solid-state electrode face
difficulties when measuring in real-life samples (Figure 16). The same applies to the CGE:
not only electrode requires extensive cleaning, but also should be properly used for
accurate pH measurement (Galster, 1991).
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Table 9. Electrochemical characteristics of the RuO,-Nf electrodes, covered with Nafion 3 times and
tested in samples of varying temperature. Reproduced from Publication VI. © 2020 IEEE.

Characteristic Temperature of the sample, °C

25 | 30 | 35 | 40
First coating
S, mV/pH 53.5+2.3 54.0+0.8 54.5+2.2 54.7+2.2
EO, mV 640.7 £ 75.7 548.1+16.3 506.2 +41.9 583.6 £ 58.2
R2 0.985 0.979 0.985 0.995
Hysteresis A, mV 811 15+6 12+2 15+7
Hysteresis B, mV 20+6 17+1 15+9 2010
Drift, mV/h 5-20 5-15 10-20 10-15
Second coating
S, mV/pH 49.5+5.8 40.4 £ 6.8 47.8+5.0 33.3+4.38
EO, mV 537.9+23.4 350.7+18.1 425.9+18.1 259.6 £ 80.4
R2 0.994 0.952 0.977 0.876
Hysteresis A, mV 24+7 9+4 2017 28+1
Hysteresis B, mV 9+2 11+£3 20+4 817
Drift, mV/h 0-15 0-20 0-20 0-15
Third coating
S, mV/pH 53.7+15 27.7+7.4 28.1+5.8 13.7+4.2
EO, mV 522.8+22.3 342.6+117.6 260.5+51.0 67.7 +64.8
R2 0.975 0.966 0.941 0.831
Hysteresis A, mV 204 19+1 244 22+5
Hysteresis B, mV 4+1 74 204 10+2
Drift, mV/h 10-20 5-15 10-20 10-20

4.3.1 Measurement in dairy samples (Publication Ill)

The RuO2-Nf electrodes, together with RuO2-CuO-Nf electrodes were tested for accurate
pH measurement in different samples, including juices, carbonated and caffeinated
beverages in the MSc thesis of luliia Vetik and will not be discussed here. In this study,
the main attention was paid to the application of the fabricated electrodes to one of the
most challenging samples — dairy samples that have denser textures and contain fats and
proteins that interfere with pH measurement. The results of the pH measurement in
dairy samples are presented in Figure 24. It is worth mentioning that response time also
increased from 5 minutes for milk and yoghurt to 10 minutes for sour cream, cottage and
melted cheese.

It can be seen that for milk, yoghurt, sour cream and cottage cheese the difference in
pH readings from the CGE was below 0.5 pH units and only for the melted cheese sample
that had the densest texture the pH difference was around 3 pH units. For the second
CGE that was used as a reference, the pH difference was reaching 0.1 pH units for denser
samples. However, the difference of 0.5 pH units is still considered good as it is similar
to those observed by other researchers for different sensing materials used in different
samples (section 1.1). This finding correlated well with the recent investigation by
Chawang et al. (Chawang et al., 2022), where the authors have demonstrated the
influence of the viscosity of the sample on the performance of the iridium oxide
electrode.
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Figure 24. Results of pH measurement in dairy samples. The fabricated RuO2-Nf electrodes had error
below 0.5 pH units in all samples except for melted cheese where the error was 2.95 pH units.
Adopted from Publication IlI.

4.3.2 Continuous measurement in milk during coagulation

Monitoring the pH during the milk coagulation allows producing cheese with better
quality (e.g., texture, taste) (Fox et al., 1990; Lucey et al., 2003). However, at present,
there is no method that would allow continuous measurement of pH. Currently, pH is
measured using the point method, when the pH of a sample is measured, e.g., every hour
with cleaning in between the measurements (Rosca et al., 2019). Developing an
electrode that would allow measurement of pH during the milk coagulation could
allow more precise determination of cheese cutting time. Therefore, the fabricated
electrodes were tested for applicability for pH measurement during milk coagulation.
As demonstrated in Figure 16, RuO2-Nf electrodes exhibit behavior similar to the CGE
when measuring in milk for one hour. In this study, an enzyme was used to induce milk
coagulation. Since during enzymatic coagulation pH value should remain the same, it was
expected to observe the constant response from the fabricated electrodes during milk
coagulation. However, the pH measured with the fabricated RuO2-Nf electrode was
gradually increasing by 2.76 and 3.15 pH units during the 35 min of measurement for
electrodes 1 and 2 respectively (Figure 25). At the same time, the change of the
measured pH with the CGE was only 0.06 pH units. Thus, even though RuO2-Nf electrodes
show good performance in milk, they are not yet suitable for measurement during milk
coagulation and once again indicated the inapplicability of the RuO2-Nf electrodes for
denser samples.

cosseereted

A RuO:-Nf (1)
* RuO.-Nf (2)
® CGE

0 5 10 15 20 25 30 35
Time, min

Figure 25. Change of pH value measured with the CGE (black) and 2 RuO,-Nf (blue and red)
electrodes in parallel during milk coagulation. While the CGE showed stable pH readings, the
fabricated RuO,-Nf electrodes failed to accurately measure the pH.
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4.3.3 Cleaning after measurement in dairy samples (Publication VII)

The reusability of the RuO2-Nf electrodes was discussed in section 4.2.7, however, actual
reusability of any electrode implies a correct cleaning procedure that allow to maintain
the active surface of an electrode in-between the measurement. Therefore, here the
cleaning of RuO2-Nf electrode after the usage in milk is discussed below. Four approach
that are commonly advised for the cleaning of pH electrodes were investigated:
(i) [removal of fats and oils] mechanical cleaning with surfactants: (ii) [removal of protein
residues] cleaning with acidic pepsin solution; (iii) [removal of mineral deposits] acidic
cleaning. The results are presented in Figure 26. The sensitivity of RuO2-Nf electrodes
improved after any of the cleaning approaches, however, the sensitivity of the RuO2-Nf
electrodes in all the cases was changing during first 24 hours after cleaning, indicating
that conditioning of the RuO2-Nf electrodes is necessary prior to the next usage (similarly
to the CGE). This conditioning is necessary to allow the double layer, consisting of H* and
OH" ions to form on the surface of the electrodes (Manjakkal et al., 2020). The smallest
change in sensitivity was observed for the RuO2-Nf electrodes cleaned with the acidic
pepsin solution, hence, making this cleaning approach the most favourable once
amongst investigated options.
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mechanically 1% pepsin

Figure 26. Change of the sensitivity of the RuO,-Nf electrodes with cleaning: initial sensitivity (pink),
sensitivity after using in milk ( ), sensitivity straight after cleaning (green), sensitivity 12 hours
after cleaning (blue) and sensitivity 24 hours after cleaning (purple). Red line indicates theoretical
Nernstian sensitivity. Reproduced from Publication VII. © 2022 |EEE.
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Conclusion

In this dissertation, solid-state RuOz are brought forward in order to replace fragile and
expensive conventional glass electrode in the pH measurement of food samples.

The aims declared in the beginning of the thesis were reached with the following
outcome:

Aim 1  Find the fabrication parameters for the screen printing of ruthenium(1V) oxide

pH electrodes.
To reach the first aim of the thesis, the RuO: electrodes were fabricated by
screen printing and the influence of the sintering temperature on the
performance of the fabricated electrodes was discussed. Sintering
temperature of 850 was selected as optimal for the fabrication of the RuO:
electrodes with the best characteristics.

Aim 2  Find fabrication parameters for the deposition of the protective Nafion

membrane. Investigate the properties of the ruthenium(lV) oxide pH
electrodes covered with the Nafion membrane.
To reach the second aim, a protective membrane of Nafion™ was deposited
and demonstrated to allow pH measurement in milk. Therefore, the
properties of the Nafion™ membrane were investigated next. The conditions
for the deposition of the Nafion™ membrane (thickness, drying time and
temperature) were selected from the point of their effect on the
electrochemical characteristics of the RuO; electrodes. Furthermore, it was
demonstrated that the Nafion™ membrane improves the durability of the
RuO: electrodes.

Aim 3  Investigate the performance of the fabricated electrodes in food samples and

during food processing.
To reach the third aim, the fabricated electrodes were used for the pH
measurement of dairy samples. The fabricated electrodes covered with
Nafion™ protective membrane showed good performance in dairy samples
and only failed to accurately measure pH in melted cheese. Apparently,
not only the composition but also the texture of the samples can affect the
performance of the screen-printed RuO: electrodes. Next, an attempt was
made to use the fabricated electrodes for continuous measurement during
milk coagulation. The experiment demonstrated, that even though the
fabricated electrodes can be used for continuous monitoring of milk over
15 hours, they yet fail to measure pH during milk coagulation. Nevertheless,
the reported electrodes can be successfully employed for pH measurement of
different real-life samples and are suitable for continuous pH measurement
that make them of potential interest for food researchers and food industry
for on-line and in-line pH monitoring.
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Abstract

Screen-printed pH sensors based on ruthenium(IV) oxide for
measurement in food samples

The quality of water and food on its basis (dairy, meat and fish products) is a matter of
great concern. One of the most essential food quality parameters is pH. It can be used to
monitor the quality of fermentation processes, evaluate freshness and reveal impurities
in food samples. At present, pH of food products is determined by a standard
potentiometric method based on the measurement of the electrochemical potential
change between a pH-sensitive and a reference electrode immersed into the test
solution. The glass electrodes in conventional pH meters are a combination of pH-
sensitive and reference electrodes incorporated in one glass body. However, due to its
high cost, fragility of the glass body of the electrode, possible contamination of samples
and the reference junction, as well as inability of continuous measurement, glass
electrode cannot be implemented for monitoring of on-line industrial processes.
Therefore, novel materials and methods are thoroughly investigated.

One of the most investigated alternatives to conventional glass electrode is
electrochemical sensors based on metal oxides. These sensors are easy to fabricate,
exhibit good sensitivity and linear response, with some of them being compatible with
conventional pH meters. Among the metal oxides, suitable for pH measurement,
ruthenium(lV) oxide (RuOz2) has proven itself to me the most beneficial one, due to its
optimum performance characteristics, such as excellent pH sensitivity, low drift and
hysteresis, consistent performance even in bacteria-rich environment. However, even
though the RuO2-based pH sensors exhibit excellent performance in aqueous media, the
actual challenge is to make these sensors applicable to real-life samples due to the
complexity of their composition.

This work presents research dedicated to improve the performance of RuO:
electrodes. The reliable pH measurement with the screen-printed RuO2 electrodes was
achieved by covering them with a protective Nafion™ membrane. This manuscript is
tackling on the (i) fabrication and properties of the RuO; electrodes, (ii) fabrication and
properties of the Nafion™ membrane, as well as (iii) application of the developed
electrodes for measurement in food samples.
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Lihikokkuvote

Ruteenium(IV)oksiidil pohinevad siiditriikiga pH-andurid
toiduproovide mootmiseks

Vee ja sellel pohineva toidu (piima-, liha- ja kalatooted) kvaliteedi kontroll on
toidutddstuses viga oluline. Uks oluline toidukvaliteedi parameeter on pH. Seda saab
kasutada kaarimisprotsesside kvaliteedi jalgimiseks, toidu varskuse hindamiseks ja
lisandite tuvastamiseks toiduproovides. Tavaliselt mdaratakse tanapaeval toiduainete pH
standardse potentsiomeetrilise meetodiga, mis pdhineb elektrokeemilise potentsiaali
muutuse mootmisel pH-tundliku ja katselahusesse sukeldatud vérdluselektroodi vahel.
Klaaselektroodid tavalistes pH-meetrites koosnevad pH-tundlikest ja
vordluselektroodidest, mis on ihendatud lhte klaasist korpusesse. Klaaselektroodi ei saa
kasutada on-line t66stusprotsesside jalgimiseks kuna neil on kérge hind, elektroodi
klaaskeha on habras, and saastuvad kiiresti ja ei ned saa kasutada pideva moGtmise
reziimis. Seetdttu uuritakse pdhjalikult uudseid alternatiivseid materjale ja meetodeid
pH mo6tmiseks toidutdostuses.

Uks enim uuritud alternatiive tavaparasele klaaselektroodile on metalloksiididel
pohinevad elektrokeemilised andurid. Neid andureid on lihtne valmistada, neil on hea
tundlikkus ja lineaarne vastus ja méned neist UGhilduvad ka tavaparaste pH-meetritega.
Ruteenium(IV) oksiid (RuO2) on osutunud kdige kasulikumaks metallioksiidiks pH
moodtmise jaoks tdnu oma headele mG&6tmis omadustele, nagu suurepdrane pH
tundlikkus, madal triiv ja hiisterees ja (ihtlane t60 isegi bakteririkkas keskkonnas. Kuigi
RuO2-pdShistel pH-anduritel on vesikeskkonnas suureparased omadused on neid seni
olnud vaga keeruline rakendada kuna périselu proovide jaoks to0stuses.

Selles doktoritods puhenduti RuO: elektroodide todkindluse parandamisele
toidutdostuse jaoks. Usaldusvadrne pH modtmine siiditriki meetodil valmistatud RuO2
elektroodidega saavutati kui and olid kaetud kaitsva NafioniTM membraaniga. See
kasikiri kasitleb (i) RuO: elektroodide valmistamist ja omadusi, (ii) Nafion™ membraani
valmistamist ja omadusi, samuti (iii) valjatootatud elektroodide kasutamist
toiduproovide analiusil.
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Abstract: Screen-printed sensing electrodes attract much attention for water pollution monitoring
due to their small size, physical and chemical durability, and low cost. This paper presents the
fabrication and broad potentiometric characterization of RuO, pH sensing electrodes deposited by
screen printing on alumina substrates and sintered in the 800-900 °C temperature range. All the
fabricated electrodes showed close to Nernstian sensitivity, good linearity, fast response, small drift,
low hysteresis, and low cross-sensitivity toward various interfering cations and anions. Furthermore,
decreasing the sintering temperature led to better adhesion of the RuO, layer and a negligible
response to interfering ions. The measurements in real-life samples from different water sources
showed that the fabricated electrodes are on par with conventional glass electrodes with a maximum
deviation of 0.11 pH units, thus indicating their potential for application in water quality monitoring.

Keywords: ruthenium oxide; screen printing; pH electrode; potentiometric sensor; sintering temperature;
water pollution monitoring

1. Introduction

The pollution of rivers and lakes creates a great danger for the environment and
human health. Pollution can originate from industrial wastewaters, municipal sewage,
and substances used in agriculture (fertilizers, pesticides, and manure). At present, the
quality of water is determined against numerous parameters: electrical conductivity, tur-
bidity, dissolved oxygen, toxic inorganic and organic substances, etc. [1]. However, the
determination of all the parameters is time-consuming, and sometimes an express test
is needed.

A change in pH can be a simple and fast signal of a pollution appearance in water [2,3].
Thus, the availability of cheap, accurate, and stable pH sensors is of high importance. pH
sensors, developed in the last decades, vary in detection principles, sensing materials,
and fabrication methods [3-9]. One of the most effective and inexpensive techniques of
pH detection is the potentiometric method where the pH of the sample is determined
by measuring the potential difference between a pH-sensitive electrode and a reference
electrode. The value of the pH is calculated from the Nernst equation [10].

Among the sensing materials investigated for pH detection, metal oxide-based elec-
trodes are well-known for their potential to overcome such drawbacks of glass electrode
as fragility (and related risk of contamination with dangerous shattered glass) and poor
stability in harsh conditions (strong alkaline or acidic solutions, high pressure, and high
temperature) [11,12].

Sensors 2021, 21, 5399. https:/ /doi.org/10.3390/s21165399
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The pH sensing mechanism of metal oxide electrodes is governed by several elec-
trochemical phenomena at the electrode—electrolyte interphase, including adsorption,
dissociation, diffusion of ions, hydration, redox processes, electrical double layer formation,
and charge transfer [13-16].

In their fundamental work [13], Fog and Buck analyzed the applicability and pH sens-
ing mechanism of a few metal oxides: PtO,, IrO,, RuO,, OsO;, Ta;Os, and TiO,. Among
the investigated metal oxides, ruthenium (IV) oxide (RuO,) was indicated as the most
appropriate material for the pH-sensitive electrodes owing to its mixed electronic-ionic
conductivity, relatively low sintering temperature, high sensitivity close to the Nernstian
behavior, fast response, low hysteresis, broad pH diapason, resistance to corrosive condi-
tions, chemical and thermal stability, and biocompatibility [6]. Furthermore, among the
expensive oxides of the platinum metals group, RuO; is the cheapest one.

Several techniques were used for the deposition of ruthenium oxide-based pH-
sensitive electrodes on a substrate. A lot of attention was paid to thin-film methods,
including nanostructured film deposition from suspension [17,18], magnetron sputter-
ing [19-23], sol-gel [24,25], the Pechini method [26,27], and electrodeposition [28]. Besides
the investigation of pure RuO; layers, numerous studies were devoted to RuO, mixed
or doped with other metal oxides (TiO, [26,29], TaOs [30], SnO; [31], CuyO [18], and
Lay O3 [32]), glasses [33-35], or carbon nanotubes [20,25].

Among thick-film methods, the most attractive is screen printing [30,35-38]. This tech-
nique is simple, cheap, and flexible in design and manufacturing, and typically provides
relatively dense and mechanically strong layers with a thickness ranging from a few to a
few tens of micrometers, well-adhering to different substrates. The screen-printing method
consists of the deposition of layers of functional materials (metals, glass, and ceramics) on
a suitable substrate. The pattern of each layer is fabricated by using a printable thick-film
paste and a screen with a stainless steel or polyester mesh that has a predetermined design.
A squeegee moves the paste across the screen and forces the material to pass through. After
one layer of material has been printed, it undergoes thermal treatment.

The printable material usually consists of conductive, semiconducting, or dielectric
particles mixed with binders (e.g., cellulose acetate), solvents (e.g., terpineol), and modify-
ing agents [35,37]. For less demanding applications, cheap polymer-based thick-film pastes
cured at low temperatures can be used. However, the best properties of screen printed
layers, close to those of bulk functional materials, are attained after complete burnout
of organic constituents and subsequent sintering at a proper high temperature (typically
850-900 °C for RuO,). To avoid oxidation of metallic components at high temperatures,
increase conductivity and/or improve pH sensing performance, noble metal (Pt, Pd, Au)
additives are often used in thick-film technology [36]. However, little attention has been
paid so far to the influence of the sintering temperature on the properties of the fabricated
pH-sensitive electrodes. Moreover, most of the previous research on RuO;-based pH
electrodes used commercial pastes or mixed oxides and was conducted at a laboratory
scale with applications limited to few types of water samples and beverages.

Here, we present the fabrication process and potentiometric investigation of RuO,
pH electrodes sintered at three different temperatures: 800, 850, and 900 °C. The areas of
investigation include performance characteristics such as sensitivity, response time, drift,
hysteresis, and cross-sensitivity with other ions in the solution.

The aim of this work was to verify the applicability of fabricated electrodes for en-
vironmental, municipal, and industrial water quality monitoring and investigate their
precision. To realize this goal, the pH of real-life samples from different water sources were
measured using the RuO; electrodes and compared with the pH values obtained using a
glass electrode. Additionally, cross-sensitivity of the fabricated RuO, electrodes to the ionic
contaminants that can be found in environmental water due to overfertilization of agri-
cultural lands was evaluated. Another important objective was to show that lowering the
sintering temperature, which enables reduction of the environmental and economic impact
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from the point of view of the firing process, does not negatively impact the performance of
the pH electrode.

2. Materials and Methods
2.1. Preparation of RuO, Paste

Ruthenium oxide paste for screen printing was prepared by mixing anhydrous RuO,
powder (density: 6.95 g/ cm?, Sigma Aldrich, St. Louis, MO, USA) with ethyl cellulose
(analytical grade purity) and terpineol (anhydrous, Fluka Analytical, Switzerland) in an
agate mortar. Mixing was carried out for 20 min to achieve optimal consistency of the paste.

2.2. Fabrication of RuO; Electrodes for Potentiometric Sensors

Standard alumina (Al,O3, 96%) plates were chosen as the substrates for the pH
electrodes due to their compatibility with thick films and high tolerance toward various
environmental conditions. First, Ag/Pd thick-film paste (9695, Electro-Science Laboratories,
King of Prussia, PA, USA) was screen-printed on the substrates, dried at 120 °C for 15 min,
and fired at 860 °C for 30 min. Freshly prepared RuO, paste was then screen printed on the
substrates in such a way that the RuO, layer slightly overlapped the Ag/Pd conducting
layer. After drying at 120 °C for 15 min, electrodes were sintered at 800 °C (RuO,-800),
850 °C (Ru0,-850), or 900 °C (RuO,-900) for one hour. Three RuO, electrodes were
prepared for each sintering temperature. Next, electrical contact was attached to an open
end of the conducting layer by soldering a copper wire. To avoid any contact between
the conducting layer and the electrolyte, the electrical contact and the conducting layer
were covered with noncorrosive polydimethylsiloxane coating (DOWSIL™ 3140 RTV
Coating, Dow Chemical Company, Midland, MI, USA), and the sensitive area was left
uncovered. Finally, the silicone resin cover was hardened at room temperature for 48 h.
The schematic representation of the various stages of fabrication of RuO, electrodes is
presented in Figure 1.

Ag/Pd paste

Screen pripting of the Screen printing of the RuO, paste
conductive layer pH-sensitive layer 2
=T =
Alumina substrate
Copper

wire Soldering
/ Insulator of the wire
Covering the electrical
, contact with the insulator

Figure 1. Schematic representation of the fabrication process of RuO, electrodes.

2.3. Microstructural Studies

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) (Nova
Nano SEM 200 with EDAX Genesis EDS system, FEI, Hillsboro, OR, USA) were used to
examine the microstructure and elemental composition of the fabricated electrodes.

2.4. Electrochemical Studies

Electrode potential was measured by standard potentiometric technique. The fabri-
cated RuO; electrodes were used as pH-sensitive electrodes; meanwhile, an ion-selective
glass electrode (ISE, Ag|AgClIKCl, Hydromet, Poland) was used as a reference elec-
trode. To minimize signal loss, electrodes were attached to a unity gain buffer amplifier
(LMC6044, Texas Instruments, Dallas, TX, USA) which was further connected to a voltage



Sensors 2021, 21, 5399

40f15

input module (9205, National Instruments, Austin, TX, USA). LABVIEW software (National
Instruments, Austin, TX, USA) was utilized to record all measured data.

2.4.1. pH Measurements

Potentiometric determination of pH relies on selective identification of H* ions present
in the investigated solution [39]. The standard potentiometric setup consists of an elec-
trochemical cell and a measuring device (potentiometer, voltmeter, multimeter, etc.). The
electrochemical cell consists of a sensing electrode, sensitive to pH change, and a reference
electrode (usually silver chloride electrode).

The electrical characteristic of an electrochemical cell is electromotive force (Emf).
The Emf of the cell is determined as the difference in electrode potentials (E) of the two
half-reactions proceeding at the sensing and reference electrodes. Usually, the reference
electrode is grounded, its potential is considered equal to zero, and the Emf of the cell is
equal to the potential of the sensing electrode.

The half-reaction taking place on the sensing electrode is quantitatively explained by
the Nernst equation:
o_RT n[Red}, )

n-F " [Ox]

E=E

where EV is standard potential, V; R is the universal gas constant, 8.314 J/K-mol; T is
temperature, K; n is the number of the electrodes participating in the redox reaction; F is
the Faraday constant, 96,485 C/mol; and [Red] and [Ox] are the activities of reduced and
oxidized forms of the electrode material, respectively, mol/L. The standard potential is
a measure of the individual potential of the reversible electrode (in equilibrium) in the
standard state (concentration 1 mol/L, pressure 1 atmosphere and temperature 25 °C).
For the RuO; electrode, the mechanism of pH-sensing can be explained by a simplified
equation [11]:
RulVO, + e+ H* < Ru'O(OH) )

The Nernst equation for this process takes the following form:

R-T [Ru!]
—_ 0
E= ERMIV/RMIII - ﬁ VIW! (3)

where [Ru], [Ru!"], and [H*] are activities or Ru!Y Oy, Rul O(OH), and H*, respectively, mol /L.
Considering that the values of metal activities approximate 1 in solid-state and substi-
tuting the constants, at room temperature (T = 22 °C), Equation (3) takes the following form:
E=E% v SRt — 0-0583-1g[H ] 4)

The value of 58.3 mV is called electrode sensitivity or theoretical Nernst response at
T =22 °C. At the given temperature, the sensitivity value should be the same for all the
pH-sensitive electrodes when n = 1. However, in practice deviation from the theoretical
response is observed (see Table S1) [33,34,40].

As a conditioning protocol, all electrodes were immersed in distilled water for 24 h
prior to their first measurement in order to hydrate pH-sensitive surfaces.

The sensitivity of the fabricated electrodes was determined by measuring the Emf of
the electrochemical cell (the potential difference between the reference electrode and the
fabricated pH-sensitive electrode) as a function of pH. For that, electrodes were submerged
into buffer solutions of pH range from 1 to 14. Buffers were purchased from Chempur
(Piekary Slaskie, Poland) and used as received. The pH of the solution was monitored with
a combined glass electrode (ELMETRON, Zabrze, Poland).

The Emf was recorded for 5 min with data points being collected every 10 s. The Emf
at the specific pH was determined as the average value of the last 10 data points. Electrode
sensitivity, E% and linearity of the response were determined by plotting the electrode
potential as a function of pH and calculating the equation describing this dependency
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using the least-squares approach. Electrode sensitivity was calculated as the slope of the
linear equation, EO was calculated as the potential at pH = 0 by extrapolating the data, and
the linearity of the response of the electrode to pH change was calculated as correlation
coefficient (R?).

2.4.2. Response Time, Drift Rate, and Hysteresis

The response time was determined as the time needed for the electrode potential to
reach 90% of the stable value.

To measure the drift of electrode response in time, electrodes were left overnight
in distilled water, and the drift rate (in mV/h) was calculated using the slope of the
line-of-best-fit approach.

To study the hysteresis, the memory effect of an electrode, the fabricated electrodes
were exposed to a series of pH buffers. First, the electrodes were exposed to a pH change
from acidic to basic (pH change 1.1 — 4.1 — 7.0 — 10.0 — 13.4), and then, the same pH
changes were carried out in the opposite direction. Electrode response was recorded for
3 min after submerging the electrode into a new buffer solution. Electrodes were washed
with distilled water and dried with a pressure gun after each measurement.

2.4.3. Cross-Sensitivity

The interference of ions with the performance of the fabricated RuO, electrodes was
evaluated by measuring the Emf of the cell and determining the sensitivity of the electrodes
in the presence of KCl, KNOj;, NH4NO3, and (NHy)3POj,. For that, the abovementioned
salts were added to buffer solutions to reach the concentration of 0.01 M. Electrodes were
immersed into the samples for 5 min, and their Emf response was recorded.

2.5. Measurements of Real-Life Samples

The fabricated electrodes were used to measure the pH values of different types of
water samples: distilled and tap water, mineral water and water from a river and two lakes.
Samples were stored at 4 °C prior to any measurement.

Commercially available “Wysowianka” still water was used as mineral water. River
water samples were collected from the Vistula River (Krakéw, Poland).

Lake water samples were collected from Zakrzéwek Lake (Lake Z, Krakéw, Poland,
Figure 2a) from the surface and the depth of 6 m and the surface of a mountain lake—Lake
M (Lake Morskie Oko in Tatra Mountains, Poland, Figure 2b).

Mountains, Poland.

(a) (b)

Figure 2. (a) Diver collecting samples from Zakrzowek Lake in Krakéw, Poland, and (b) Lake Morskie Oko in Tatra
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3. Results and Discussion
3.1. Microstructure of RuO, Electrodes

Thermal treatment temperature was previously shown to affect the properties of
metal oxide solid-state electrodes due to change in relative density and/or crystallinity
with temperature. The sensing layer morphology significantly impacts its sensing perfor-
mance [17,21,41,42]. For the fabricated RuO, electrodes, there was only a slight change in
surface morphology and microstructure of the layers sintered at different temperatures
in the range of 800-900 °C. The EDS analysis confirmed the presence of both ruthenium
and oxygen in the fabricated pH-sensitive layers. SEM images of fractured cross-sections
of the electrodes screen printed on Al,O3 substrates (Figure 3) indicated that both the
RuO,-800 and the RuO,-900 electrodes were characterized by small porosity and uniform,
fine-grained microstructure with grain sizes of 0.5-2 um. However, for RuO,-800 electrodes
(Figure 3a), improved adhesion to the substrate was observed, probably due to their lower
porosity related to densification proceeding with a higher contribution of the amorphous
phase at grain boundaries. Higher content of pores in the sensing layer can entail scattering
of the charge carriers, leading to reduced carrier mobility and decreased sensitivity [41].

(b)

Figure 3. SEM images of the cross-sections of fired electrodes screen printed on alumina substrate: (a) RuO;-800 and

(b) RuO,-900.

3.2. Sensitivity of the Fabricated Electrodes

Sensitivity is the key characteristic of an electrode that allows determining if the
electrode is working properly. The pH sensitivity of the fabricated RuO; electrode was
determined by exposing the electrodes to buffer solutions of different pH and calculating
the slope of the Nernst equation for the electrodes based on measured Emf. The results are
presented in Figure 4 and Table 1. It can be seen that the sensitivity is close to the theoretical
response with good linearity (R? = 0.994 — 0.996) for all the electrodes. Furthermore, the
sensitivity values are slightly decreasing with an increase in sintering temperature. There-
fore, decreasing the sintering temperature of the RuO, pH electrodes does not negatively
impact their sensitivity and can be implemented to reduce the power consumption that is
needed to achieve higher firing temperatures in the furnace.
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Sensitivity, mV/pH

800 850 900
Sintering temperature, °C

Figure 4. Comparison of the sensitivity of the fabricated electrodes sintered at different temperatures
with the theoretical Nernstian response (red line).

Table 1. Potentiometric characteristics of the fabricated electrodes.

Sensitivity, mV/pH Response Time, s :
Electrode Type - Y P E%, mV R2 p Drift Rate,
Theoretical Observed pH<7 pH>7 mV/h
Ru0,-800 61.8 +1.0 681.9 + 5.0 0.996 2+0 36 +1 0.1-0.2
Ru0,-850 58.9 60.5 + 1.4 664.2 +11.3 0.994 2+0 34+0 0.1-0.9
Ru0,-900 56.1 + 2.1 624.0 +27.9 0.996 2+0 26 +2 0.1-0.4

The sensitivity of the pH electrodes under investigation became stable almost imme-
diately. Moreover, the response is faster than that of the RuO; electrodes fabricated from
the commercial paste containing a glass addition [43].

3.3. Long-Term Stability and Repeatability

It was previously shown that solid-state electrodes might require some time to reach
stable sensitivity values [17,29]. However, no significant change in sensitivity for all the
fabricated electrodes was noticed over two weeks of usage (Figure 5, Table S2). The daily
variation in temperature was taken into account, and the observed sensitivity values were
normalized according to expected theoretical sensitivity at a given temperature. The
sensitivity values of RuO,-800, RuO,-850, and RuO,-900 electrodes remained close to the
theoretical value and did not significantly change over time. Furthermore, the decrease in
sensitivity with sintering temperature, observed during the first usage of the electrodes,
did not occur during further measurements.

The porosity and surface oxidation states of the RuO, layer can be impacted due
to the ageing of an electrode [17]. Nevertheless, in our study, ageing did not impact the
pH sensing properties of the electrodes even though they were only conditioned once
before the first measurement. The pH sensitivity of RuO;-850 and RuO,-900 electrodes
fabricated six months earlier and stored in the air was only reduced by 2.7 and 6.5 mV/pH,
respectively. For general water quality monitoring, the pH is not expected to change very
rapidly and frequently. However, the fabricated electrodes were repeatedly subjected to
fast changes in pH range 1-13.4. The stability in sensitivity over days thereby exhibits the
endurance of RuO; to multiple measurements in electrolytes with varying pH across a wide
range. Therefore, fabricated electrodes exhibit not only long-term stability in operation but
also have a long shelf life. Moreover, the loss in sensitivity over 6 months was lower at a
lower sintering temperature.
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Figure 5. Sensitivity of the RuO,-800, RuO;-850, and RuO,-900 electrodes as a function of time.

3.4. Drift and Response Time

For continuous measurements that can last for hours, an important characteristic
of an electrode is the drift rate. Drift rate is used to evaluate if the readings of an elec-
trode maintain the same over a long period of observation. The values of the drift rate
for the electrodes are presented in Table 1. These values remained small and did not
exceed 1 mV/h.

Both the potential drift of an electrode and the response time are closely related to
the mechanisms that govern them. Based on the material composition, drift of the Emf
during pH measurement in RuO, electrodes can be caused due to slow hydration of
the pH-sensitive layer or slow H* ions diffusion [17]. Other critical aspects of the RuO,
electrode that determine the drift of potential are homogeneity, porosity and thickness of
the pH-sensitive layer, and composition and structure of the pH-sensitive material [17].
For a given temperature and electrode composition, the drift rate is expected to be small
as it does not significantly depend on the interface between the pH-sensitive surface and
the electrolyte, while pores at grain boundaries trapping H, govern the H* ions transport
through this layer [17]. Therefore, the low drift rate related to fast surface hydration and
H* diffusion experienced by the fabricated RuO, electrodes could be attributed to their
single-phase composition without additives and the uniform microstructure.

Response time is the characteristic that tells how long one needs to wait before the
electrode reaches stable potential readings. Response time plays an important role when a
fast change in pH must be detected. All the fabricated electrodes showed a response time
of 2-36 s (Table 1).

The disadvantage of pure RuO, could be lesser adhesion to the substrate [17]. To
overcome it, glass can be added to the screen-printing paste [33,35]. However, the addition
of glass has been reported to increase the response time due to reduced porosity of the
printed layer and diffusion rate of protons [6]. The choice of the best RuO,-based composi-
tion is therefore strongly dependent on the requirements of the user and the area of the
sensor application. In our research, we have similarly experienced that the layer made of
commercial RuO; paste containing glass particles adheres better to the alumina substrate
than a layer of pure RuO,. However, the slightly weaker mechanical strength and integrity
of the latter do not impact its sensitivity to pH as shown in Section 3.2.

The response at the pH < 7.0 is almost instantaneous (2 s). However, as the pH
increases, the response time also increases, and at pH 13, the maximum response time of
52 s is observed. The negative effect of pH increase on the response time can be attributed
to the low concentration of H* ions at higher pH values [6]. Furthermore, compared to the
OH™ ions that are bigger and diffuse more slowly, H* ions are small, which makes their
diffusion in the RuO, layer faster and therefore facilitates relevant ion exchange [6].
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3.5. Hysteresis

Another important characteristic of an electrode is hysteresis. Differences in the Emf
values at the same pH occur when the measurement is repeated multiple times. The
analysis of this phenomenon, also known as the memory effect, allows for estimating if the
previous measurement affects the consequent. To evaluate the hysteresis, the fabricated
electrodes were exposed to a series of pH buffer changes. The RuO; electrodes exhibited a
small hysteresis effect (Figure 6). All the fabricated electrodes showed hysteresis values not
exceeding 21 mV when the pH changing started from the acidic region (1.1 — 13.4 — 1.1).
For the opposite direction of pH change (13.4 — 1.1 — 13.4), the hysteresis values did not
exceed 25 mV. These results show that all electrodes have a proper response to pH changes.
The lowest hysteresis was observed for the RuO,-850 electrodes.
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Figure 6. Hysteresis of the RuO,-800 (a), RuO,-850 (b), and RuO,-900 (c) electrodes for the
pH11-41-7—-10—13.4—10—7—41—11—-4.1-7—-10—13.4—10—7—4.1—1.1 loop.
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The pH measurement loop and crystalline properties of the pH-sensitive material are
two factors that mainly influence the hysteresis effect in metal oxide-based pH electrodes [6].
The hysteresis effect in this study was higher for all electrodes when pH change started
from the basic to acidic region (13.4 — 1.1 — 13.4) because OH™ ions H* ions diffuse slower
than H* ions in the RuO; layer. This finding is in agreement with previous studies [6,20,23].
However, it can be seen that similar to the response time, the hysteresis effect was also
lower for higher sintering temperature, which may be attributed to higher porosity.

3.6. Cross-Sensitivity

One of the main limitations of the usage of metal oxide pH electrodes is the sensi-
tivity of the electrode to interfering ions. The interferences caused by various ions were
investigated by measuring the sensitivity in the presence of K* and NH,* cations and C1~,
NO;~, and PO43~ anions. The observed pH sensitivities in the presence of the interfering
ions for all three types of electrodes are listed in Table 2. Furthermore, Table S1 presents
the comparison of electrode properties and sensitivity characteristics of RuO,-based pH
sensors reported previously by other authors with those obtained in this work.

Table 2. Sensitivity characteristics of the electrodes in presence of interfering salts.

Sensitivity, mV/pH E°, mV R?
RuO,-800
No added salt 59.1 £ 0.2 647.0 £ 0.1 0.982
KCl1 589 + 1.1 630.3 £18.9 0.992
KNO3 59.7 £ 0.2 684.3 + 3.8 0.999
NH4NO3 58.5 + 0.6 633.9 + 6.5 1.000
(NH,);PO, 580 + 2.3 686.15 + 0.0 0.998
RuO,-850
No added salt 59.0 £ 04 6424 + 0.7 0.998
KCl1 55.8 £ 0.2 585.3 £41.7 0.996
KNO;3 544 +22 550.8 £+ 100.1 0.997
NH4NO;3 59.0 £ 0.8 642.0 £ 0.2 1.000
(NH,);PO, 57.0 + 1.4 6543 + 16.1 0.995
Ru0,-900
No added salt 61.5+1.1 645.6 +£17.0 0.998
KC1 56.4 £ 0.6 642.3 +£14.5 0.999
KNO;3 58.0 £ 0.7 6749 +14.2 0.999
NH4NO;3 579 +£03 6294 +£1.3 0.999
(NHy)3POy4 599 +1.0 695.2 £13.1 0.996

The Emf versus pH plots for the RuO,-800 electrode in the presence of interfering ions
are presented in Figure 7. For RuO,-850 and RuO,-900 electrodes, similar behavior was
observed. All the fabricated electrodes exhibited close to the Nernstian response and did
not show any significant deviation from the theoretical sensitivity in distilled water when
no salt was added (Table 2).

In general, the effect of the interfering salts was small, especially for RuO,-800 sensing
electrodes fired at the optimal temperature of 800 °C. However, in the case of RuO,-850
and RuO,-900 electrodes, a decrease in sensitivity was observed. The maximum impact
observed was a reduction of 5.1 mV/pH for RuO,-850 in the presence of 0.01 mol/L of KCL
K* ion is smaller in size as compared to NH4*, and therefore, it has higher mobility. Due
to its faster diffusion into the double layer at the sensing surface of the RuO, electrode, it
influences the sensitivity of the electrode more than the bigger and slower NH, " cation.
The most distinct deviation in the E® potential observed for (NH)3POy (for RuO,-800 and
Ru0,-900 electrodes) implies that the phosphate changes the contribution of Ru** and
Ru®* ions governing the redox reaction in the sensing layer. Such shifts in the E° values
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were attributed by Lonsdale et al. [21] to the changes in the Ru**/Ru>* ratio caused by
oxidizing/reducing agents.
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Figure 7. The electrochemical response of the RuO,-800 electrodes to the pH change in the presence
of (a) potassium salts: (a) KCl and KNO3 and (b) ammonia salts: NH4;NO3 and (NHy)3POy in
comparison with the response without added salts.

The lack of interference from various ions in the solution may be due to the undoped
composition of the sensing layer based on pure RuO; used to fabricate the sensors. In the
study by Labrador et al. [38], where commercial RuO, paste was used, interference from
halides, carbonates, and sulfates were attributed to the presence of lead (II) oxide (PbO),
which causes the formation of insoluble products with the anions. Commercial RuO,
paste contains lead borosilicates because it aids in modifying material properties such as
temperature coefficient of expansion of the glass phase [44]. Pocrifka et al. [26] reported a
pH electrode developed by mixing RuO, with 30 mol.% TiO, that was insensitive toward
cations (Li*, Na*, and Ca2+) without a significant improvement in the pH sensitivity when
compared to the undoped RuO; electrode.

In this study, it was stated that a pure RuO; sensing electrode is capable of being
uninfluenced by various interfering ions without the addition of lead borosilicate-based
glass phase or TiO,. This indicates that the addition of PbO to RuO, only assists in improv-
ing the thick-film properties of the pH electrode, such as sheet resistivity, adhesion, low
temperature coefficient of resistance, and low noise indices [44]. Similarly, the advantage



Sensors 2021, 21, 5399

12 0f 15

of adding TiO; is less related to improvement in sensitivity and selectivity, and it has more
to do with lowering the cost [26] and avoiding corrosion by oxidation of RuO, to RuOy or
RuOy4%~ [45]. Therefore, the additives to pure RuO, may have an adverse, favorable, or
neutral impact on the cross-sensitivity of the pH electrode depending on the properties of
the additive, and the decision of their use rests upon the requirements and priorities of the
researchers and manufacturers.

All the compounds used in the cross-sensitivity experiment performed in this study
are also agricultural fertilizers used for plant growth, and the combined presence of
nitrogen, phosphorus, and potassium in the composition gives such fertilizers the com-
mon name N-P-K fertilizers. Albeit their great contribution to tackling the ever-growing
global demand for food, N-P-K fertilizers are also notorious for nutrient pollution through
groundwater contamination and surface run-off from farms to in-land waters. In order to
be absorbed by the plant’s root hair cells, fertilizers must be soluble in water, and the water
solubility of KNOj3, KCl, and NH4NOj3 is 100%, whereas for (NHy)3POy, it is 35% [46].
Therefore, the low cross-sensitivity of fabricated RuO, pH electrodes makes them suitable
for measurement in water that has been contaminated by fertilizers and is rich in nutrients.
Applicability of such pH sensing without interference from ions such as K*, NO3~, NH**,
and PO43~ ranges from water quality monitoring in agriculture to municipal and industrial
wastewater treatment.

3.7. Performance of pH Electrodes in Real-Life Water Samples

The fabricated electrodes were tested in several water samples to evaluate their
applicability to real-life measurements. The results obtained for distilled, mineral, tap,
river, and lake water are presented in Table 3. The pH values measured with the fabricated
electrodes were similar to those measured with a conventional glass electrode with the
maximum discrepancy of 0.11 pH units observed for Lake M water samples. Furthermore,
all the fabricated electrodes showed good uniformity of the measured pH value, with the
standard deviation not exceeding 0.13 pH units.

Table 3. pH values of water samples measured with a glass electrode and the fabricated
RuO; electrodes.

pH Values Measured with

Water Sample
Glass Electrode Ru0,-800 Ru0,-850 Ru0,-900
Distilled water 7.30 7.29 + 0.04 7.29 +£0.01 7.27 £+ 0.00
Mineral water 5.74 5.75 + 0.01 5.74 £ 0.01 5.75 + 0.00
Tap water 8.32 8.35 + 0.05 8.39 £ 0.01 8.33 £ 0.07
River water 8.05 8.12 +0.01 8.11 4 0.00 8.12 4 0.00
Lake Z water (surface) 8.04 797 £0.11 8.04 £ 0.01 7.93 £ 0.02
Lake Z water (deep) 8.12 8.06 £ 0.07 8.13 4+ 0.01 8.08 £+ 0.11
Lake M water (surface) 6.75 6.84 £ 0.08 6.83 £ 0.11 6.86 £ 0.13

The highest difference between the measurement by glass electrode and the fabricated
RuO; electrodes was only 0.11 units for surface water of Lake Z and Lake M measured by
Ru0,-900 electrode. The RuO,-850 electrode exhibited the closest to the glass electrode pH
value and a very small variation (£0.01 pH units) in parallel readings for all water samples
except Lake M water.

The industrially manufactured and commercially available mineral water tested in this
study contains cations such as Na*, Ca*, Mg*, and K*, and anions such as HCO3~, SO4%~,
Cl~, and F~. In 2017, an analysis of municipal tap water in Krakow, Poland, revealed
the presence of calcium, magnesium, and nitrates in it [47]. The quality of water in the
Vistula River is quite impacted by urbanization, and a high content of contaminants such
as NH;*, K*, Ca®*, Mg?*, Zn2*, Mn?*, Fe?*, Fe*, etc., can be found in it [48]. Until 1991,
Lake Z was an upper Jurassic limestone quarry, and a 2003 study by Galas [49] reported
high conductivity and chloride content of water due to infiltration from the nearby Vistula
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River. Lake M was reported to have a cadmium concentration of about 0.13 mg/dm? due
to anthropogenic activities [50].

The obtained results of the measurements of the water samples highlight the effec-
tiveness of the fabricated RuO, pH electrodes in the presence of various chemical species
and elements. Therefore, reported electrodes are capable of functioning accurately in
environmental, industrial, and municipal water quality monitoring.

4. Conclusions

Thick-film pH-sensitive electrodes based on pure RuO, without the addition of glass
or other metal oxides were successfully prepared by screen printing and subsequent sin-
tering at different temperatures. Excellent sensing characteristics were attained owing to
the single-phase composition of the electrodes, their high conductivity, and good electro-
chemical and catalytic properties of RuO,. The advantageous properties comprised the
Nernstian behavior in a broad pH range of 1-13 with the sensitivity of 56.1-61.8 mV /pH,
fast response of 2 s for pH < 7, low hysteresis, good long-term stability, and high resistance
to cross-sensitivity from various interfering cations and anions. The analysis of the influ-
ence of sintering temperature of RuO; electrodes on the performance of potentiometric pH
electrodes showed small differences for the samples sintered at 800, 850, and 900 °C. How-
ever, a sintering temperature of 800 °C should be preferred not only from the economic and
ecological point of view but also for the better adhesion of the RuO; layer to the alumina
substrate and its lowest cross-sensitivity. Furthermore, the excellent applicability of the
fabricated electrodes for the pH measurements of real-life water samples (tap, mineral,
river, and lake water) was proved in this work. The water samples used in the study
exposed the RuO, pH-sensitive layers to a variety of chemical elements, and the precise
pH measurement in such conditions showed their ability to function correctly in differ-
ent environments. In most water samples, the electrodes sintered at 850 °C showed the
best precision and repeatability. The developed screen-printed potentiometric electrodes
seem to be promising candidates for online monitoring systems of water quality due to
their excellent pH sensing performance and potential for miniaturization and wireless
measurement data transfer.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/521165399/s1: Table S1. Summary of RuO,-based pH electrode characteristics reported
previously and in this work, Table S2. Change of the sensitivity of the fabricated electrodes with time.
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The application of conventional glass electrodes for pH measurement in food samples has a serious drawback: glass is fragile and
should be handled with care in order to prevent breaking and thus contaminating the food with dangerous shattered fragments. The
implementation of all-solid-state sensors allows for pH measurements without this contamination risk but their application in food
samples is scarce due to their inability to be used in complex food matrices that contain fats, proteins, yeasts, etc. We can solve this
problem by coating solid-state RuO, electrodes with a semi-permeable protective Nafion™ membrane layer. We show that
covering screen printed potentiometric RuO, electrodes with Nafion membrane using a drop-casting technique does not alter the
performance of the electrodes in milk samples and provides similar results to the conventional glass electrode. Furthermore, we
discovered that thermal treatment of Nafion-layers at 80 °C for 2 h after each layer deposition optimises the performance of the
electrodes, makes them usable even in heated aqueous solutions, and increases their lifetime.
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pH is one of the essential quality parameters in water and food
quality control that can be used as an express indicator of:

1. Meat quality (high pH values can be an indicator of poor meat
texture); -
II. Fish freshness (an increase of pH with storage duration);®™
III. Microbial growth in dairy products;'’
IV. Inflammatory infection in cattle."’

At present, pH is measured by the means of potentiometry utilising a
conventional glass electrode. However, glass electrodes are known
to be fragile and have the potential to contaminate water or food with
dangerous shattered glass fragments.

Several alternatives to glass electrodes have been proposed in the
last couple of decades by various researchers, including ion-selective
field-effect transistors (ISFET),Iz electrodes based on pH-sensitive
polymers,'® and metal oxides.'*'> Amongst these, metal oxides have
attracted the most attention, with some already having been
successfully tested for water Pollulion monitoring” and pH measure-
ment in common beverages. ® According to a study by Manjakkal
et al.,"> Ruthenium oxide IV (RuO,) is the most suitable for pH
electrode fabrication due to its comparatively low cost, high
sensitivity, fast response time, low hysteresis and drift effect.

The working principle of metal oxide pH electrodes is funda-
mentally the same as conventional glass electrodes. It relies on the
selective identification of the H' ions present in sample.'*
Electrodes sensitive to H' ions are therefore called indicator
electrodes. The measuring setup for H' determination is called an
electrochemical cell and consists of an (i) indicator electrode, (ii)
reference electrode, and (iii) measuring device (potentiometer,
voltmeter, multimeter, etc.).”’]8 The electrical characteristic of an
electrochemical cell is electrochemical potential (hereafter referred
to as potential). The potential of cell (E) is determined as the
difference in electrode potentials of the half-reactions taking place at
the electrodes:
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E = Eing — Erer [1]

where E;,4 is the potential of the reaction taking place at the
indicator electrode, V; and E,.;. is the potential of the reaction taking
place at the reference electrode, V. Usually, the reference electrode
is grounded, its potential is considered equal to zero, and the
potential of the electrochemical cell is, therefore, equal to the
potential of the indicator electrode.

The half-reaction taking place on the ruthenium oxide (IV)
electrode was previously studied and described as follows:'*

RuV0, + ¢ + H* < Ru'"O(OH) [2]
This reaction is quantitatively described by the Nernst equation:

E = EO _ R-T In agy i
- IV Ry .
Ru'V/Ru n-F

(31

agyv - ag+

where E° is standard potential®, V; R is the universal gas constant,
8.314 J/K-mol; T is the temperature, K; n is the number of electrodes
participating in the redox reaction; F is the Faraday constant,
96485 C mol ™'} ag,v and ag,m are the activities of Ru'VO, and
RumO(OH) respectively, mol 1" a u+ is the activity of H™ ions, mol 17,
Considering that the value of the activities of metals is
approximately 1 in a solid-state and substituting the constants at
room temperature (T = 21 °C), Eq. 3 takes the following form:

E=E) ViRl —

o, 0.0584 - Ig[H*] (4]

Equation 4 allows determining pH from the measured potential
value. The value of 0.0584 V pH™! (or 58.4 mV pH™!) is called
electrode sensitivity or the theoretical Nernst response at the
temperature of 21 °C and is determined by the calibration of the
electrode in buffer solutions of known pH.

Despite being similar to the glass electrode’s performance in
aqueous media,'*'>'® the application of metal oxide pH-electrodes
in food samples is limited due to the interference of fat and proteins
(fat and proteins can adsorb on the electrode surface and block the
measurement). This limitation can be overcome by covering the

“Standard potential is a measure of the individual potential of a reversible electrode

(in equilibrium) in a standard state (concentration 1 mol 1”!, pressure 1 atmosphere
and temperature 25 °C).
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electrode’s pH-sensitive area with a semi-permeable membrane that
allows only H" ions (protons) to pass through, thus protecting the
electrode from contamination. One of the substances widely used for
electrochemical and bio-sensor protection is Nafion™ (hereafter
referred to as Nafion).'>!""%?

Nafion is a random copolymer that consists of hydrophobic
fluorocarbon chain and terminal hydrophilic sulfone groups (Fig. 1).
Nafion belongs to the group of perfluorinated sulfonic acid (PFSA)
ionomers known for their ionic conductivity, chemical and mechan-
ical stability and application as proton-exchange membranes
(PEM).23'24 Nafion was the first commercial PFSA ionomer devel-
oped by Walter Grot for DuPont (DuPont de Nemours, Inc.,
Wilmington, Delaware, USA) in the late 1960s.>> Nonetheless,
even at present, Nafion is the most widely used PFSA ionomer
due to its excellent proton conductivity.”

The proton conductivity of fully hydrated Nafion is explained by
structural diffusion (Grotguss mechanism); protons travel through the
hydrogen bond in the water network inside the polymer membrane via
the rotation and reorientation of water molecules.”’ According to
Gierke’s model [26], water molecules are retained in polymer clusters
by hydrophilic sulfone groups that are connected into channels and
therefore provide a continuous flow of protons across the polymer
membrane. The transfer of protons starts with the dissociation of
protons as the result of the breakage of the SO;-H bond. Dissociated
protons then form complex ions with water (hydronium—H;0",
Eigen cation—HyO,4" and Zundel cation—H;s0, ") and travel through
the water network.

Proton conductivity of Nafion depends on membrane deposition
and treatment-related parameters (deposition technique, annealing/
boiling temperature) among other parameters (equivalent weight of
polymer and length of its side chain, humidity, and temperature of
the sample, etc.).”® In previously reported papers (Table I), the
Nafion membrane was predominantly deposited by drop-casting of a
commercially available solution” on the electrode surface. However,
approaches developed by different authors varied in (i) number of
Nafion layers and (ii) drying method (Table I).

The aim of this study was to investigate if coverage of the RuO,
electrodes with Nafion improves electrodes’ performance in real-life
samples and how the Nafion deposition condition affects the main
characteristics of the pH electrode—sensitivity, hysteresis, drift rate. The
RuO, electrodes used in this study were fabricated by the screen printing
method and are suitable for potentiometric pH measurement.

Experimental

Fabrication of screen printed ruthenium oxide electrodes.—
Electrodes were fabricated similarly to previously reported
protocols.**** The schematic representation of the fabrication steps
is presented in Fig. 2a. First, a conductive layer of Ag/Pd thick film
paste with the resistivity of 3-6 mQ sq~' (9695, Electro-Science
Laboratories®, USA) was screen printed on an alumina substrate, dried
at 120 °C for 15 min, and consequently sintered at 850 °C for I h.
After cooling down, a pH-sensitive layer of RuO,-glass paste with the
resistivity of 10 k{2 sqll (3914, Electro-Science Laboratories, USA)
was printed on top of the substrate in such a way that layers of RuO,
and Ag/Pd partly overlap. After screen printing of the RuO, layer, the
substrates were once again dried at 120 °C for 15min and
consequently sintered at 850 °C for 1 h. After printing and sintering
of both layers, copper wire was connected to the conductive layer of
Ag/Pd via soldering with a resin core solder (grade SngoPbyo,
HQ, Nedis, Netherlands). The next and final step was shielding
the electrical connections with a polydimethylsiloxane coating
(DOWSIL™ 3140 RTV Coating, Dow Chemical Company, USA).

Deposition of nafion.—The fabricated RuO, electrodes were
modified with a Nafion protective layer using the drop-casting

"Nafion 117, 5% Nafion solution in a mixture of low aliphatic alcohols, Sigma
Aldrich, USA.
“Now part of Ferro Corporation, Mayfield Heights, Ohio, USA.
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Figure 1. Chemical structure of Nafion.

technique. For that, a 5% solution of Nafion in a mixture of lower
aliphatic alcohols and water (Nafion 117, Sigma Aldrich, USA) was
used.

To investigate the influence of Nafion coating on electrode
characteristics, we fabricated Nafion-modified Ruthenium oxide
(RuO,-Nf) electrodes varying in (i) number of Nafion layers, (ii)
time between layers deposition, and (iii) drying temperature.

Multilayered films.—To investigate the influence of the thick-
ness of the Nafion membrane on the performance of the RuO,
electrodes, RuO, electrodes were modified with 1, 3 and 5 layers of
Nafion. The samples were named RuO,-Nf;, RuO,-Nf; and
RuO,-Nfs respectively.

RuO>-Nf; electrodes.—10 1 of 5% Nafion solution was drop-
casted on the RuO, layer and air-dried at room temperature. Nafion
was applied in such a way that only the RuO, layer got covered. The
electrodes were left to air-dry at room temperature overnight.

RuO»-Nf; electrodes.—Modification of RuO, electrodes with 3
layers of Nafion was carried as layer-by-layer deposition. First, 10 pl
of 5% Nafion solution were drop-casted on the RuO, layer and air-
dried at room temperature for 2 h. Then the procedure was repeated
2 more times, therefore, forming 3 layers of Nafion. After the last
layer was deposited, the electrodes were left to air-dry at room
temperature overnight.

RuO,-Nf;s electrodes.—Modification of RuO, electrodes with 5
layers of Nafion was similar to that of RuO,-Nf; electrodes. First,
10 pl of 5% Nafion solution was drop-casted on the RuO, layer and
air-dried at room temperature for 2h. The procedure was then
repeated 4 more times, therefore, forming 5 layers of Nafion. After
the last layer was deposited, the electrodes were left to air-dry at
room temperature overnight.

Time between layer deposition.—To evaluate the appropriate
time needed for one layer to dry, we applied 10 pul of 5% Nafion
solution on the electrodes and varied the layer drying time by
30 min, 1 h and 2 h. Here we deposited 3 layers of Nafion to achieve
RuO,-Nf;. After all the layers were applied, the electrodes were left
to air-dry at room temperature overnight.

Drying temperature.—In order to enhance the mechanical and
thermal strength of the Nafion membrane, we also fabricated the
RuO,-Nf; electrodes that were dried in a laboratory incubator (BD
53, Binder, Germany) at 40 °C, 60 °C, and 80 °C for 2 h in between
layer deposition. After all the layers were deposited and dried in the
incubator, the electrodes were left to air-dry at room temperature
overnight.

Electrochemical characterization.—It was shown previously™*
that screen printed RuO, electrodes require preliminary conditioning
(storage) in water for the double layer formation at the pH-sensitive
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Figure 2. Electrodes were fabricated by a screen printing technique (a), schematic representation of the fabrication steps). The electrodes were made of a
rectangular shape with sizes 15 mm (length), 10 mm (width), and 2 mm (thickness) (b) with attached copper wire that connects the electrodes to the

microcontroller (c).

surface.'® This initial conditioning is required for electrodes to reach
a stable working state. Therefore, prior to any measurement,
electrodes were left in distilled water for one week.

All the measurements were conducted in parallel with 3
electrodes for each modification at room temperature (21 °C) if
not specified otherwise.

Setup.—All the essential characteristics of the fabricated elec-
trodes (EO, sensitivity, hysteresis, drift rate) were measured by the
standard potentiometric measurement. For that, a galvanic cell
consisting of fabricated RuO,-Nafion indicator electrodes and a
standard glass ion-selective Ag|AgCIl|KCl (HI1053P, Hanna
Instruments, USA) was used as a reference electrode and as an
indicator electrode for comparison purposes (Fig. Ic). For the
convenience of measurement, several indicator electrodes and one
reference electrode were connected to the measuring device (Data
Acquisition (DAQ) device, USB-6259, National Instruments, USA)
through a circuit board with galvanic connections. A high-perfor-
mance digital power supply (E3631A, Agilent, USA) was used to get
an interference-free input voltage of 12 V to power up the measuring
device. The potential difference between the indicator electrodes and
the reference electrode was monitored using the LabVIEW program
(National Instruments, USA).

The performance of the RuO,-Nf electrodes was evaluated from
the point of the following parameters: sensitivity, hysteresis, and
drift rate.

Sensitivity.—Sensitivity is determined as the response of the
electrode to the change of pH. Ideally, the sensitivity of an electrode
should be close to 58.4 mV pH™! (at a temperature of 21 °C), which is
called the theoretical Nernst response. At the given temperature, the
sensitivity value of 58.4mV pH™' should be observed for all the

pH-sensitive electrodes when n = 1 (see Eqs 3 and 4). However, in
practice, deviation from the theoretical response is observed.****+=7
Therefore, all the electrodes (including conventional glass electrodes)
require calibrating of the electrode in buffer solutions of several
different pH.

The sensitivity and E° were evaluated by determining the
electrochemical potential in pH buffers in the range of 3.0-11.0 pH
units and plotting the measured electrochemical potential as a function
of the pH. Sensitivity was determined as the slope of the function,
while E® was determined by extrapolation of the function until the
intersection with the Oy axis. The electrochemical potential was
recorded 5 min after immersing the electrodes in the solution in order
to reach stable values. Citric (HOC(CO,H)(CH,CO,H),—Na,HPO,),
phosphate (NaH,PO,—Na,HPO,) and bicarbonate buffer (Na,CO;—
NaHCO;) solutions were prepared before each measurement in
accordance with*® All the salts were purchased anhydrous from
Sigma Aldrich. The pH of the buffers was determined with a
conventional pH-meter (Seven2Go Advanced Single-Channel
Portable pH Meter, Mettler Toledo, Switzerland).

Cross-sensitivity of the RuO,-Nf electrodes to other cations (e.g.
Li*, Na™, K", NHy", Ca®", Mg>", etc.) was not tested in this
study. We would like to kindly ask the reader to refer to the
following articles: cross-selectivity and cross-sensitivity of Nafion
membrane 2(”49_and cross-sensitivity of RuO, pH-sensitive screen
printed layer.'>°

Hysteresis.— Another important characteristic of an electrode is
hysteresis. Hysteresis is determined as the difference in potential
readings of an electrode when the electrode is used to measure the
acidity of several solutions of differing pH. Hysteresis is associated
with changes in the double layer on the surface of an electrode when
the electrode is exposed to a solution of a different pH. Hysteresis
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Figure 3. The sensitivity of Nafion-covered electrodes ( was similar to that of uncovered RuO, electrodes (green) and close to the theoretical value (red).
There is a slight decrease of sensitivity with an increasing number of Nafion layers but sensitivity remains close to the control nevertheless. This decrease can be

explained by the increase in Nafion thickness.

can be measured for the entire pH diapason (pH 1-14) or only for the
acidic or basic region. Hysteresis is usually measured mV.

The hysteresis (memory effect) was determined by exposing the
fabricated electrodes to buffer solutions of different pH. The
hysteresis was determined for 2 pH cycles: acidic (3-5-7-5-3)
and basic (11-9-7-9-11). The electrochemical potential was re-
corded for 5Smin in each buffer. Between measurements, the
electrodes were blotted with a paper towel and rinsed with distilled
water.

Drift rate.—Another parameter that we evaluated was the drift
rate—the change in the electrode reading with time. This character-
istic is important for continuous measurements and is measured in
mV h "

The drift rate was determined using the slope of the line-of-best-
fit method. For that, the potential change was continuously measured
for 2h and the drift rate was calculated as the average difference
between initial and final potential values per one hour.

Measurement at elevated temperatures.—To evaluate the per-
formance of the fabricated electrodes in heated samples, sensitivity,
hysteresis, and drift rate were determined at buffer solutions heated
to 25 °C, 30 °C, 35 °C and 40 °C. Buffer solutions were heated to the
selected temperature with a magnetic stirrer with an integrated
temperature control plane (RT 15, IKA, Germany). The temperature
of the solutions was monitored with a digital laboratory thermometer
and the deviation from the desired temperature was kept at +0.5 °C.

Measurement in milk.—Commercially available milk (2.5%
ultra pasteurised Latte Piim, Tere, Estonia) was used for the pH
measurement in real-life samples. Milk samples were heated to room
temperature (21 °C) and the potential of the electrodes was recorded
for one hour. A conventional glass pH-electrode (HI1053P, Hanna
Instruments, USA) was used to compare the performance of RuO,
and RuO,-Nf electrodes.

Scanning electron microscopy (SEM).—SEM images of the
fabricated electrodes were recorded with the use of a high-resolution
field emission scanning electron microscope ZEISS ULTRA-55
(EHT = 20kV, resolution 1 nm, Carl Zeiss AG, Germany). Prior
to measurement, the fabricated electrodes were coated with a thin
layer of Pt by a precision ion etching coating system PECS 682
(Gatan—Ametek, USA).

Optical microscopy.—To evaluate the state of the RuO, layer of
RuO,-Nf electrodes after the characterisation procedures, a stereo
microscope SMZ-171-TLED (Motic, China) was used. The

specifications of the microscope are as follows: optical system—
Greenough type, observation tube—trinocular head, inclination—45
degrees.

Results and Discussion

Nafion membrane does not alter the sensitivity of RuO,
electrodes.—Properties of the RuO,-Nf electrodes can be divided
into two groups: (i) properties determined by RuO, pH-sensitive
layer and (ii) properties determined by Nafion protective membrane.
The properties and performance of RuO, electrodes themselves were
previously studied by S. Zhuiykov’' and L. Manjakkal and
coworkers.’® Properties of Nafion membrane depend on numerous
parameters such as deposition method, concentration and volume of
the applied solution, polymer properties of Nafion (e.g., length of
side chain), solvent, deposition temperature, number of applied
layers (for multilayered films), the time between layers deposition,
etc. In our study, we selected the drop-casting deposition technique
due to its simplicity and cost-effectiveness. Furthermore, we used a
constant concentration and volume of the Nafion solution (10 pul of
5% Nafion solution per one layer). This way, we could dwell upon
depositing multilayered films. Multilayered films were of the
greatest importance as a thicker Nafion membrane would be more
susceptible to the mechanical cleaning that is required after
measurement in real-life samples.

After the electrodes reached stable sensitivity values, we com-
pared the properties of electrodes with a different number of Nafion
layers: RuO,-Nf;, RuO,-Nf; and RuO,-Nfs. RuO,-Nf electrodes
were compared after one month of conditioning in water (Fig. 3,
Table A-I). All the fabricated electrodes showed sensitivity values
close to Nernstian response (58.4 mV pH™" at 21 °C) and similar to
that of a conventional glass electrode (58.8 mV pH™").

Furthermore, RuO,-Nf; and RuO,-Nf; electrodes showed only a
slight difference in their performance in addition to being similar to
that of a commercially available glass electrode (Table A-I). In the
case of RuO,-Nfs electrodes, there is a decrease in sensitivity and
linearity of response as well as an increase of hysteresis. This can be
due to the fact that a thicker Nafion membrane in the case of
RuO,-Nfs electrodes (Table II) requires more time for ion diffusion
from the solution to the RuO, layer. This finding is in agreement
with the studies by Lonsdale.’” Nevertheless, all the electrodes
showed acceptable drift rate and hysteresis compared to those
previously reported for RuO, electrodes fabricated bsy different
methods for different precursors and substrates.”>'3=

Nafion-coated electrodes reach working conditions faster than
bare RuO, electrodes.—It was previously demonstrated that
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Figure 4. RuO,-Nafion electrodes ( blue) need 3 weeks of conditioning in
distilled water compared to 5 weeks for uncovered RuO, electrodes (Zgreen)
to reach stable sensitivity values close to theoretical response ( red)-

solid-state RuO, electrodes require initial conditioning in water or
phosphate buffer before the first usage to reach equilibria with the
protons in the solution.*>***° For the fabricated RuO,-Nf electrodes,
stable sensitivity values were observed after 3 weeks of conditioning
in distilled water (Fig. 7). For RuO, electrodes, the sensitivity kept
changing after one month of conditioning in water.

An increase in Nafion thickness leads to an increase of the
defects in the Nafion membrane.—Furthermore, RuO,-Nf electrodes
were compared by the physical properties of the Nafion membrane.
The SEM images of the electrodes are presented in the Appendix
(Fig. A-1). We observed some unevenness and cracking of the coating
in the Nafion membrane for all the fabricated electrodes; the amount
and size of those defects increased with the increase in the thickness
of the Nafion membrane (Table II). The size of defects is crucial for
the application of the electrodes in real-life samples, for example, milk
proteins have sizes of 0.1-0.25 zm °*°” and the milk fat globules have
sizes of 0.1-15 pm (with an average size of the milk fat globule being
2-6 ;im).”*>? Since for RuO,-Nf; and RuO,-Nf; electrodes the size of
defects in Nafion-membrane is comparable and even exceed the sizes
of main components of food samples, 3 and 5 layers of Nafion might
not protect electrodes from contamination.

Two hours is the optimal time for layer deposition.—After
determining that 3 layers of Nafion are optimal, we investigated the
influence of time between the Nafion layers deposition on the
electrode performance. The data presented in Fig. 5 and Table A-I
suggest that if another layer of Nafion is applied too early before the
previous layer has dried properly, the reproducibility of electrodes
decreases and there is a huge deviation in electrodes’ characteristics.
A lesser deviation in electrodes’ characteristics (with values
comparable to the characteristics observed for the conventional
glass electrode) was achieved when drying time was equal to 2 h.

Thermal treatment of the Nafion membrane during the layers
deposition improves the performance of the electrodes.—Proton
conductivity of the Nafion membrane is known to be lower for pre-
heated and annealed membranes.”® On the other hand, thermal
treatment of the Nafion membrane improves the mechanical

70

60 T I

Sensitivity. mV/pH

RuO,-Nf; (30 min) RuO,-Nf; (1h)  RuO,-Nf; (2 h)

Figure 5. RuO,-Nf; electrodes that were allowed to dry for 2 h between
Nafion layer deposition (green) showed better uniformity of sensitivity and
were closer to theoretical response ( red).

properties of the membrane.”® According to,* drying the Nafion
membrane at 80 °C allows for enhancing the mechanical and thermal
properties of the membrane. However, the authors did not explain
why the temperature of 80 °C was selected. Therefore, we
determined characteristics of the Nafion-covered electrodes air-dried
for different drying temperatures.

The proton conductivity of the Nafion membrane is also known
to depend on temperature.”® Additionally, in some real-life applica-
tions, measurement in heated samples is needed (e.g. measurement
of pH during acid-induced coagulation of milk®’). To evaluate the
performance of Nafion covered electrodes in samples of elevated
temperature, we determined the characteristics of the thermally
treated RuO,-Nfj electrodes in the buffer solutions heated to 25 °C,
30 °C, 35 °C and 40 °C. We did not investigate higher operating
temperatures as (i) proton conductivity decreases with the tempera-
ture of the solution,”' and (i) in food applications, especially
industrial processes, pH is usually measured at a temperature below
40 °C. Temperatures below room 20 °C were not studies as even
though milk is stored at lower temperatures (around 4 °C), all the
milk samples must be warmed before any further usage.

The results of the measurements are presented in the supplemen-
tary material (Table A-II). In Table III we present a comparison
matrix with scores (on a scale of 0 to 6) of the overall performance
of thermally treated RuO,-Nf; electrodes in samples of different
temperatures. It can be seen that the best overall performance was
observed for RuO,-Nf; electrodes dried at 80 °C. We did not
investigate higher temperatures due to high power consumption and
therefore, overall expensiveness that can lead to economical and
ecological unprofitability.

Thermal treatment of Nafion membrane during the layers
deposition reduces decay of RuQ, electrodes.—After conducting
measurements at elevated temperatures, we have noticed that on
some electrodes, the RuO; layer started to wear off. We removed the
Nafion membrane to see what the RuO, layer looks like. The Nafion
was removed by soaking the electrodes in 50% (v/v) ethanol for
1 min and wiping it off with a paper towel.

The RuO, layer of RuO,-Nf; that was air-dried at room
temperature has started to detach from the substrate, revealing the

Table II. Characteristics of RuQ,-Nf electrodes with different thicknesses of Nafion membrane.

Electrode type

Characteristic

RuO,-Nf; RuO,-Nf3 RuO,-Nf;
Nafion membrane thickness 1.9 pm 7.5 pm 142 pm
Defects in Nafion layer Pores Pores and cracks of ~2—4 pm width Cracks of ~10 pm width
Time needed for the deposition of all Nafion layers 2h 6h 10h
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Figure 6. An increase of drying temperature during Nafion layers deposition allowed to make Nafion membranes that protected electrodes from the decay: for
RuO,-Nfj; electrodes that were dried at 21 °C (a), a more distinguished depletion of RuO, layer was observed compared to that of RuO,-Nf; electrodes dried at

40 °C (b), 60 °C (c) and 80 °C (d).

Table III. Comparison matrix for the performance”) of RuO,-Nf; electrodes dried at different temperatures.

Temperature
of the sample
. 21°C 25°C 30°C 35°C 40 °C
Drying
temperature
21°C 3 4 2 2
40 °C 3 3 4 2
60 °C 5 5 3 3
80 °C 5 5 6 5

a) The performance of the electrodes was evaluated based on six parameters: sensitivity, E°, R%, hysteresis in the acidic loop, hysteresis in the basic loop and
drift rate. The performance was evaluated as good if 5-6 parameters were evaluated as positive, acceptable—3—4 parameters and bad—0-2 parameters. The
parameters were evaluated as positive if: sensitivity—Deviation of Sensitivity from theoretical value did not exceed 10 mV pH~' and STD value was not
exceeding 5 mV pH™'; E°—STD value was not exceeding 50 mV; R*—the value was not lower than 0.95; hysteresis—hysteresis value was < 15 mV and
<20 mV in acidic and basic loops respectively; drift rate—drift value was not exceeding 15 mV h™".

Ag/Pd layer underneath (Fig. 6a). RuO,-Nf; electrodes that were
dried at elevated temperatures, however, exhibited only slight
deterioration of the RuO, layer. Apparently, the Nafion membrane
was more mechanically durable, providing better protection for
RuO, as well. Improved mechanical stability of thermally treated
Nafion membranes is associated with increased entanﬁglemem of
polymer chains and the coalescence of Nafion particles.’>®

The RuO; electrode does not work in complex food samples
(e.g., milk) without coating.—At present, the application of RuO,
electrodes for measurement in real-life samples is limited due to
interference of fat, proteins, and other constituents that lead to an

abrupt drop of measured potential to negative values (Fig.7a, red
line). However, in our experiments, the RuO, electrodes that were
covered with Nafion exhibited similar behaviour to the glass
electrode in the milk sample (Fig. 7a, green line), indicating the
applicability of RuO,-Nf electrodes for measurement in real-life
samples. Improved performance of Nafion-covered electrodes can be
explained by the structure of Nafion; the hydrophilic negatively
charged sulfonate groups in Nafion block the anionic species from
reaching the electrode surface and allow only cations (e.g. H", Na*,
K™) to pass through (Fig. 7b). As casein micelles and proteins in
milk have a negative electric charge (zeta-potential around —15 ...
—30 mV®), they cannot go through the Nafion membrane.
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green) work just like conventional glass electrode (a, blue) from the point of the working diapason of potential and

tendency of the potential change with time after exposure to the milk sample. Meanwhile, the RuO, electrode (a, red) is not suitable for measurement in
complex samples like milk. Nafion acts as a semi-permeable membrane allowing only small positive ions to pass through (b).

Table IV. Characteristics of RuO,-Nf electrodes with different thicknesses of Nafion membrane.

Electrode type

Characteristic RuO, RuO,-Nf,; RuO,-Nf; RuO,-Nfs
Sensitivity in water, mV pH—1 575+23 57.0 £ 0.7 56.5+0.3 55.1 04
Performance in milk - + + -
Reusability in milk - + ++ —

Meanwhile, H" ions that are carriers of positive electric charge
easily pass through the membrane.

Coverage of RuQ; electrodes with 3 layers of Nafion is optimal
from the point of performance characteristics.—To test the
usability of RuO,-Nf; and RuO,-Nfs electrodes for measurement
in real-life samples, we tested all the fabricated electrodes (RuO,,
RuO,-Nf; RuO,-Nf; and RuO,-Nfs) in milk. The results of the
measurements are presented in Table IV and Fig. A-1. Despite the
fact that the size of the defects in the Nafion layer for RuO,-Nf3
electrodes was compatible with the average size of milk fat globules
(2-4 and 2-6 pm respectively), RuO,-Nf; electrodes work fine in
milk samples. Furthermore, RuO,-Nf; electrodes exhibited better
reusability in milk samples in comparison to RuO,-Nf; and there-
fore, RuO, electrodes covered with 3 layers of Nafion were selected
for further investigation. Reusability in milk was evaluated as an
ability to preserve the behaviour of the electrode potential for several
consequent measurements. In-between the measurements, electrodes
were cleaned mechanically with a brush and chemically with
surfactants, rinsed with distilled water, and left in water overnight.

Conclusions

In this study, we have demonstrated that the introduction of a
Nafion protecting membrane allows the usage of potentiometric
RuO, electrodes for pH measurement in milk. We have evaluated
the effect of the Nafion membrane on the performance of

potentiometric RuO, electrodes from the point of the most important
electrode characteristics: sensitivity, hysteresis, and drift rate.
Furthermore, we have demonstrated that by controlling Nafion
deposition conditions, it is possible to enhance the physical stability
of RuO, electrodes. The advantages of our electrodes are miniature
size, firmness, and ability to measure pH in a complex matrix such as
milk. The disadvantages of our electrodes are connected to their
limited lifetime and the necessity of the reference electrode. Future
plans include further investigation of RuO,-Nafion electrodes: re-
coating of the electrodes when the Nafion membrane wears off,
applicability for measurement pH in other food samples (e.g., meat
products), development of a cleaning procedure (due to the softness
of the Nafion membrane, a proper non-destructive way to clean the
electrodes has to be developed), and the fabrication of a suitable all-
solid-state reference electrode. The reported electrodes show poten-
tial to be used in the food industry and food research in general for
on-line and in-line pH monitoring.

Acknowledgments

This work was supported by the European Commission through
the AQUASENSE project [H2020-MSCA-ITN-2018-813680]. Ott
Scheler acknowledges support from the Tallinn University of
Technology development program 2016-2022 [project code 2014-
2020.4.01.16-0032].

Appendix



Journal of The Electrochemical Society, 2021 168 107511

a)

1% usage
400 9

300
250
200
150
100

50

Potential, mV

o

10 20 30 40 50 60
Time, min

b)
2" usage
400

350
300
250
200 \

150
100
50

50 10 2 — 40 50 60

-100

Potential, mV

Time, min

3" usage

400
350
300
250
200
150
100
50

0
50 20 30 40 50 50
-100
150
200

Potential, mV

Time, min

Figure A-1. RuO,-Nf; ( blue) and RuO,-Nf; (green) electrodes showed similar performance in milk. RuO,-Nfs electrodes (I ed), however, exhibited a
sharp decline of potential and cannot be used for pH measurement in milk samples. The change of electrodes’ performance with more uses can be explained by
damaging the Nafion membrane during cleaning of the electrodes in-between measurements. Further investigation is needed to develop the cleaning procedure.

Table A-I. Characteristics of RuO,-Nf electrodes for electrodes varying in number of Nafion layers and time between layers deposition.

Electrode type Sensitivity, mV pH™" E’, mV R? Hysteresis A, mV Hysteresis B, mV Drift, mV h™'
RuO,-Nf, number of Nafion layers

RuO, 57.5+23 566.3 + 55.3 0.979 3£2 52 0-5
RuO,-Nf; 57.0 £ 0.7 684.1 +2.3 0.997 11=+1 17+9 14-15
RuO,-Nf; 56.5+0.3 6932 + 3.8 0.995 10£2 246 25-35
RuO,-Nf; 55.1 £0.4 603.9 + 32.5 0.942 20+3 32+5 25-35
RuO,-Nf3, time between Nafion layers deposition

30 min 53.1%75 601.5 + 131.7 0.981 10£2 246 25-35

1h 56.2 + 10.9 549.0 £ 90.3 0.978 11+4 21 =17 30-35

2h 60.5 + 2.1 680. 9 + 10.3 0.984 4+2 25 x4 20-25

Glass electrode
588 +3.4 705.7 + 36.8 0.997 102 12+3 0-5
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ABSTRACT: Glass electrodes are the only type of pH-sensitive
electrodes currently used in the food industry. While widely used,
they have several disadvantages, especially in the areas of brittleness
and price. Ruthenium(IV) oxide (RuO,) pH electrodes are a well-
known alternative to conventional glass electrodes, providing
improved durability and lower price. Nevertheless, partial
substitution of RuO, with cupric oxide (CuO) would further
lower the price and reduce the toxicity of the electrode. In this
paper, we present the applicability of RuO,—CuO electrodes for
pH measurement in food samples. The electrodes were fabricated
by screen printing and covered with a protective Nafion membrane.
In the experiments with food samples, the RuO,—CuO electrodes
outperformed RuQ, electrodes in measuring the pH with an almost

RuO; electrode

:
a oy

———P Notaccurate

RuO,-CuO electrode

Accurate

—

twofold higher rate of accurate measurements. The utilization of CuO for the fabrication of pH electrodes allowed the accurate
measurement of pH in a larger variety of food samples without compromising the response time.

B INTRODUCTION

Screen-printed electrodes are a widely investigated alternative
to bulky and fragile glass electrodes. Screen-printed electrodes
are known to be cheap and sensitive and are capable of
replacing conventional glass electrodes in pH measurements.
Among the different screen-printed electrodes studied for pH
measuring applications, ruthenium(IV) oxide (RuO,)-based
electrodes have shown the best characteristics."”” RuO,-based
electrodes are highly sensitive to pH changes over a broad
range and are chemically and thermally stable and biocompat-
ible."

Screen-printed electrodes based on RuO, have previously
shown excellent pH sensitivity when used in water samples.*
Screen printing is one of the simplest and cheapest methods
for the fabrication of pH-sensitive solid-state electrodes.' It
allows the deposition of layers with a thickness on the
micrometer scale with excellent mechanical stability and good
adherence to various substrates.” Screen-printed RuO, electro-
des have close to Nernstian sensitivity and low hysteresis and
drift rate in a wide pH range.”’

The sensitivity of RuO, electrodes to the pH of the solution
is based on the following reaction (simplified)*

RuVO, + ¢ + H' « Ru"O(OH) 1)
The Nernst equation for the reaction 1 allows for a

quantitative description

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

13275

R-T
— 10 .
E= ERu'V/Ru“' — F In

ag,
ARy ay+ (2)

where E is the standard potential (individual potential of a
reversible electrode (in equilibrium) in the standard state), V;
R is the universal gas constant, 8.314 J/K:mol; T is the
temperature, K; n is the number of electrons participating in
the redox reaction; F is the Faraday constant, 96485 C/mol;
ap,” and ag," are the activities of Ru'YO, and RuO(OH),
respectively, mol/L; and ay is the activity of H" ions, mol/L.

Considering that the value of the activities of metals is
approximately 1 in the solid state, substituting the constants at
room temperature (T = 22 °C) and replacing —Ig ay with pH,
eq 2 takes the following form

E=E?

Ru'Y/Ru™ + 586pH (mV) (3)

eq 3 allows the determination of the pH of the solution by
measuring the electrochemical potential of the RuO, electrode.
Furthermore, in practice, the theoretical (Nernstian) sensitivity
value of 58.6 mV/pH might not be observed.” The sensitivity
is determined separately for each electrode by determining the

Received: January 26, 2023
Accepted: March 22, 2023
Published: March 30, 2023

https://doi.org/10.1021/acsomega.3c00538
ACS Omega 2023, 8, 13275-13284



ACS Omega

http://pubs.acs.org/journal/acsodf

electrode potential in several buffer solutions and calibrating
the electrode against buffers with known pH values.

The electrochemical potential of an electrode can be
determined by connecting it to an electrochemical cell for
potentiometric measurement. Such an electrochemical cell
consists of (i) a measuring device—usually a galvanometer or
voltmeter, (ii) an electrode of interest, which is called an
indicator or working electrode (WE) (in our case—RuO,
electrode), and (iii) a reference electrode (RE) with a stable
potential that allows determining the potential of the indicator
electrode (usually AglAgCl electrode) (Figure 1). The
measuring device detects the difference in the electrochemical
potentials between the indicator and the reference electrode.

At present, the application of screen-printed electrodes for
pH measurement in food samples is limited due to the inability
of electrodes to perform in complex media (e.g., containing fats
or proteins).’ Modification of screen-printed electrodes with a
Nafion protective membrane was previously demonstrated to
improve the performance of RuO, electrodes in milk.’
Furthermore, the introduction of the Nafion membrane does
not significantly alter the most important electrochemical
characteristics of the pH-sensitive RuO, electrode.’

However, since ruthenium is a rare element,6 it is not the
best material to be used for the mass production of pH
electrodes. Therefore, to improve the economic and ecological
aspects of RuO, electrodes, it is possible to use binary oxides,
where a part of RuO, is substituted with another oxide."”~"°
One of the oxides that can be used for this purpose is
copper(Il) oxide (CuO). Copper(II) oxide is easy to
synthesize in various shapes (nanoribbons,'’ -flowers,'' ™'
-wires,'? -rods,'* etc.) and sizes;'>™'" therefore, allowing the
surface area to be improved. Due to its high specific surface
area, chemical stability, electrocatalytic activity, and low price
copper(I) oxide is widely used as an electrocatalyst,"
supercapacitor,'® photodetector,'® and photocatalyst,' sensor
for glucose,"*'® humidity, and various gases,'® such as
ethanol,'®” hexanal,'® acetone,'” etc.'” Furthermore, previous
studies by Yang et al.”® and Zaman et al.'> have demonstrated

Measuring device

RuO,
working *
electrode AglAgCl
reference

\ electrode y

Figure 1. Schematic representation of an electrochemical cell.
Primarily, an electrochemical cell for pH measurement consists of
(i) a working electrode where the reaction involving H" ions takes
place, (i) a reference electrode that provides a stable and well-known
potential, and (iii) a measuring device.

that CuO has a linear sub-Nernstian response to pH. The
principle of pH sensitivity of metal oxides can be explained by
binding theory: when metal oxide contacts with a solution,
three types of surface charges are formed on the surface of
metal oxide: negative (MO™), positive (MOH,"), and neutral
(MOH).”' H* and OH" are attracted to negative and positive
sites, respectively, leading to the formation of hydroxyl groups.
For the RuO,, the reaction involving H" ions is described in eq
1, and for CuO, the reaction can be written as eq 4”

CuO + H,0 + 2¢ <> Cu®* + 20H” (4)

In this paper, the properties and performance of binary pH-
sensitive electrodes based on a mixture of ruthenium and
copper oxides (RuO,—CuO electrodes) are presented. The
electrodes described in this study were fabricated by the screen
printing and investigated by means of potentiometry.

B RESULTS AND DISCUSSION

X-ray Diffraction Spectrum of the RuO,—CuO Electro-
des. In this study, the RuO,—CuO screen printing ink for the
fabrication of the pH electrodes was made from commercially
available RuO, and CuO nanoparticle powders. The X-ray
diffraction (XRD) spectrum of the of the screen-printed and
sintered RuO,—CuO ink is presented in Figure 2. The results
correlate with the rutile structure for the RuO, (JCPDS 21-
1172), the tenorite structure for CuO (JCPDS 98-009-2365),
and the corundum structure for the AL, O;. Furthermore,
evaluation of the peaks intensity revealed 46.8% of RuO,,
47.2% of CuO, and 6% Al,O; in the sample and therefore
verifying the 1:1 mixing ratio of the metal oxides. The particle
size calculated from the Scherrer equation was equal to 107 +
13 nm. This finding correlates well with those observed by
Manjakkal et al. for screen-printing inks fabricated by mixing
RuO, with other oxides: Ta,O;, SnO,, and TiO,. For the
RuO,-TiO,,” Ru0,-$n0,,* and RuO,-Ta,0,%** the
average grain size confirmed by scanning electron microscopy
(SEM) was 100—260, 90—210, and 180—520 nm, respectively.

Sensitivity of the RuO,-CuO Electrodes. Screen
printing is a cost-effective technique that is suitable for the
mass production of all-solid-state electrodes."** Even though
multiple parameters can be altered when depositing layers by
the screen printing (e.g, changing the types of binders and

e RuO,
4 CuO
= Al,O;

Intensity (a.u.)

‘A
. °® o
; “‘ A Bl s

10 20 30 40 50 60 70 80 90
26 (deg)

Figure 2. X-ray diffraction spectrum of the RuO,—CuO screen
printed on the Al,O; substrate and sintered at 900 °C. RuO, and
CuO were mixed at a 1:1 ratio.
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Figure 3. Among the fabricated electrodes, the RuO,—CuO electrodes with a RuO,:CuO ratio of 1:1 sintered at 900 °C (green) showed the best
sensitivity. Graph (a) presents dependencies of the electrochemical potential of the fabricated RuO,—CuO electrodes (Y-axis) on pH (X-axis).
Graph (b) presents the normalized sensitivity (Y-axis) of the fabricated RuO,—CuO electrodes compared to those of RuO, (purple) and CuO
(blue) electrodes and theoretical sensitivity (red line). Red horizontal lines indicate the deviation of S mV/pH from the theoretical Nernstian
response. The RuO,—CuO electrodes with a RuO,:CuO ratio of 1:1 sintered at 900 °C (green) were selected for further investigation. The data on
the CuO electrodes were taken from ref."”

Table 1. Electrochemical Characteristics of the Glass Electrode and RuO,-Based pH Electrodes

electrode type sensitivity, mV/pH E°, mV R? hysteresis A, mV hysteresis B, mV/ drift, mV/h
RuO, 575 £23 566.3 + 55.3 0.979 3+2 S+2 0-5
RuO,—Nf 57.0 £ 0.7 684.1 + 2.3 0.997 11+1 17 +£9 0-15
RuO,—CuO 54.3 + 6.4 587.8 + 15.6 0.989 S+2 15+2 0-5
RuO,—CuO—Nf 532+ 16 5753 £ 5.5 0.990 S+2 20+3 0-15
glass 58.8 + 3.4 705.7 + 36.8 0.997 10 +£2 12+£3 0-5

(a) RuO,-Nf electrode ( b)

RuO,-CuO-Nf electrode

N/A
Nacl
Ka

g

Electrochemical potential, mV

Electrochemical potential, mV

pH

Figure 4. Electrochemical potential (Y-axis) of the fabricated RuO,—Nf (a) and RuO,—CuO—Nf (b) electrodes in the presence of Na* (purple),
K* (green), Li* (yellow), and NH,* (pink). The ammonium ion influenced the E° value the most.

solvents and introducing additives), in our study, the following
was investigated: (i) ratio of RuO, and CuO in the paste and
(ii) sintering temperature. To determine the best RuO,-to-
CuO ratio and sintering temperature, the fabricated electrodes
were evaluated from the point of their sensitivity to pH
changes. The results of the sensitivity measurement are
presented in Figure 3 and Table S.1. The fabricated electrodes
with a RuO, to CuO ratio of 1:1 sintered at 900 °C showed
pH sensitivity similar to the sensitivity observed for RuO,
electrodes and close to the theoretical sensitivity. Hence, these
electrodes were selected for further study. For the RuO,—CuO
electrodes with a greater amount of CuO, the sensitivity
dropped by more than 10 mV/pH. This can be attributed to
the lower sensitivity of CuO toward H* ions: Zaman et al."”
previously reported sensor-based CuO nanoflowers that
exhibited a near-Nernstian response of 28 mV/pH. In the
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study by Yang et al,”* an extended gate field effect transistor-
based pH sensor that incorporated CuO nanowires showed pH
sensitivity of 18.4 mV/pH. Furthermore, lower pH sensitivity
for a lower concentration of RuO, correlates well with finding
on electrodes fabricated from mixtures of RuO, with Ta,Oy,
TiO,, and $n0,."*** Nevertheless, for RuO,~CuO electrodes
with a RuO, to CuO ratio of 1:1, the pH sensitivity was closer
to that of RuO, electrodes. This finding correlates well with
the study by Manjakkal et al.® The author reported a pH sensor
fabricated from a mixture of RuO, with tantalum(V) oxide
(T2,05) mixed at RuO, to Ta,Oy ratios of 7:3 and 3:7. The
sensitivity of the RuO,—Ta,O; electrodes mixed at 7:3 ratio
was equal to 56.17 mV/pH, whereas the sensitivity of the
RuO,—Ta, 0Oy electrodes mixed at 3:7 was equal to 35.3 mV/
pH. Since the sensitivity of the RuO,—CuO electrodes with a
RuO, to CuO ratio of 1:1 sintered at 900 °C was close to the

https://doi.org/10.1021/acsomega.3c00538
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theoretical Nernstian sensitivity, other RuO, to CuO ratios
were not investigated.

Comparison of the RuO,—CuO Electrodes to the
RuO, Electrodes. For the selected RuO,—CuO electrodes
with a RuO, to CuO ratio of 1:1 sintered at 900 °C, the
remaining electrochemical characteristics were investigated and
compared to those of a conventional glass electrode and RuO,
electrodes. The characteristics of the electrodes are presented
in Table 1. The fabricated RuO,—CuO electrodes showed
good linearity (R* ~ 0.990) and E° values similar to those of
RuO, electrodes. For Nafion-covered RuO, and RuO,—CuO
electrodes, the electrochemical characteristics remained close
to those of unmodified electrodes with slightly higher
hysteresis and drift values since more time was required for
ions to diffuse to the surface of the RuO, layer through the
Nafion membrane.>>* Given that the Nafion membrane does
not affect the performance of the RuO,—CuO electrodes,
Nafion-covered electrodes were investigated for pH measure-
ment in food samples.

Cross-Sensitivity toward Interfering lons. Single-
charged cations, such as Na¥, K*, Li*, and NH,", can interfere
with precise pH measurement. To study the influence of these
cations on the performance of the fabricated electrodes, the
sensitivity of the fabricated Nafion-modified electrodes was
determined in their presence. The results are presented in
Figure 4 and Table 2. The pH sensitivity of the fabricated
electrodes was not affected by the presence of the studied
cations: the largest deviation was observed for the RuO,—
CuO—Nf electrode in the presence of NH," jons and was
equal to 2.9 mV/pH. Nevertheless, the RuO,—Nf and RuO,—
CuO—Nf electrodes showed good linearity with R* values
above 0.991. The drop in E° values observed for both RuO,—
Nf and RuO,—CuO—Nf electrodes in the presence of NH,*
ions can be due to the decreased conductivity of Nafion
membrane caused by the reaction between the NH," and SO5~
groups in Nafion backbone.”

pH of Water Samples. The fabricated electrodes showed
good performance in real-life water samples (Table 3). The
average measurement accuracy was 0.23 and 0.05 pH units for
the RuO,—Nf and RuO,—CuO—Nf electrodes, respectively.
The fabricated electrodes exhibited a response similar to the
conventional pH meter and a glass electrode with the
maximum deviations of 0.36 and 0.12 pH units observed for
RuO,—Nf and RuO,—CuO-Nf electrodes, respectively.
Furthermore, all the fabricated electrodes showed good
uniformity of the measured pH value (STD < 0.0S pH units).

pH of Food Samples. The performance of the solid-state
pH electrodes in food samples can be different from their
performance in diluted water samples or buffers due to a more
complex composition or higher density. Even for measurement

Table 2. Characteristics of the RuO,—Nf and RuO,—CuO—
Nf Electrodes in the Presence of the Interfering Ions

RuO,—-Nf RuO,—CuO—Nf
sensitivity, sensitivity,
mV/pH  E°, mV R? mV/pH  E°, mV R?
no added 59.6 711.2 0.991 624 684.1 0.998
salts
NaCl 60.9 699.9 0.998 61.9 644.2 0.998
KCl 61.2 698.9 0.999 624 654.4 0.999
LiCl 624 707.1 0.999 62.4 664.0 0.995
NH,Cl 60.1 622.9 0.991 65.3 634.8 0.999

Table 3. pH Values Measured with a Conventional Glass
Electrode, RuO,—Nf and RuO,—CuO—Nf Electrodes in
Different Water Samples

water sample ~ pH  glass electrode RuO,—Nf  RuO,—CuO-Nf
tap water 7.7 7.69 + 0.02 8.06 + 0.01 7.68 + 0.05
river water 7.34 7.35 £ 0.04 7.2 £ 0.0 7.35 + 0.03
pond water 7.18 717 + 0.02 6.99 + 0.0 7.06 + 0.04
seawater 7.54 7.55 + 0.02 7.3 £0.01 7.5 £ 0.03

with a conventional glass electrode, adjustments should be
made for proper pH measurement.”® The literature on the
application of solid-state pH electrodes is scarce; to our
knowledge, there are only a few articles. In 2008, Liao and
Chou”” presented their working electrode, consisting of a
RuO, film sputtered on top of a silicon wafer. Their electrodes
exhibited pH differences of 0.14 and 0.50 pH units for coke
and milk, respectively. In 2015, Manjakkal et al.* reported a
screen-printed RuO,—SnO, WE that was tested in lemon juice
and showed a pH difference from a conventional glass
electrode of 0.21 pH units. In 2018, Xu et al*® reported
their potentiometric system, consisting of a printed circuit
board with two electrodes attached to it from the opposite
sides: a sputtered antimony film on a copper substrate
modified with a Nafion membrane as the WE and AglAgCl
modified with a graphene-chitosan membrane as the RE. The
reported electrodes showed pH differences of 0.19 and 0.11
pH units for coke and vinegar, respectively. Furthermore, Li et
al” reported their potentiometric system utilizing poly-
(ethylene terephthalate)-covered indium tin oxide as the WE
and Ti/Au/Ag/AgCl covered with a porous poly(vinyl
butyral) membrane ion-selective field-effect transistor as the
RE. For their electrodes, the pH difference was above 0.50 pH
units in all the studied samples (coke, orange juice, beer, milk,
etc.). The authors suggested that the pH difference from a
conventional glass electrode can be due to the interference of
proteins, organics, and additives in the beverages. Lonsdale et
al.*® published their results on a WE that consisted of a RuO,
film sputter-deposited on an alumina substrate and modified
with a sputtered Ta,Og layer and drop-casted Nafion
membrane. The electrodes showed excellent performance
with pH differences not exceeding 0.08 pH units for the
investigated samples, which included coke, beer, and milk. In
2020, Hu et al.’' reported a potentiometric pH sensor based
on a graphite electrode modified with tryptophan residues. The
sensor exhibited a sensitivity of 52 mV/pH and a deviation
from the CGE of 0.15 pH units when used in milk and coke.
Another article published in 2020 by Vivaldi et al.** presented
a screen-printed gold electrode modified with an indoaniline
derivative as a pH-sensitive material. The sensor had a
Nernstian response (56 mV/pH) and showed a deviation
from the CGE of about 0.4 pH units when used in orange
juice, milk, and tea.

The results of the pH measurements with the fabricated
RuO,—Nf and RuO,—CuO—Nf electrodes are presented in
Figure S and Table S.2. The +0.5 pH units were used as a
reference margin.

In caffeinated drinks, the fabricated electrodes showed a
significant difference from the pH values measured with a
conventional glass electrode. For the RuO,—Nf electrode, the
pH difference exceeded 0.5 pH units, making these electrodes
unsuitable for pH measurement in tea or coffee samples. The
RuO,—CuO—Nf electrodes showed better performance: the

https://doi.org/10.1021/acsomega.3c00538
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Figure S. RuO,—CuO—Nf electrodes (blue) showed less scattered pH values measured for two electrodes in parallel compared to RuO,—Nf
electrodes (green). Red horizontal lines (c) indicate the corridor or minimum (—0.5) and maximum (0.5) accepted errors. The accuracy of the
electrodes was evaluated as a probability to measure the pH with the difference from the conventional glass electrode not exceeding 0.5 pH units.
For the RuO,—Nf electrodes, the error exceeded 0.5 pH units in 45% of all measurements, and for RuO,—CuO—Nf electrodes, the error exceeded

0.5 pH units in only 25% of all measurements.

average pH difference was 0.36 pH units, with a pH difference
exceeding 0.5 pH units only for the green tea sample (0.59 pH
units).

The difference in the RuO,—Nf and RuO,—CuO-Nf
electrode performance is more noticeable in the juice samples.
Both electrode types showed errors exceeding 0.5 pH units in
samples of higher density and thickness. Fruit juices contain
ascorbic acid (reducing agent) that ne§atively affects the
performance of metal oxide electrodes.” Furthermore, the
viscosity of the samples can negatively affect the potential of a
metal oxide electrode.”® A more detailed study of this
phenomenon is necessary and will be addressed in our future
work.

The performance of the fabricated electrodes in fermented
drinks was more accurate, with the RuO,—CuO—Nf electrodes
showing an average pH difference of —0.27 pH units.

The investigation of the performance of the fabricated
electrodes in dairy products revealed that both electrode types
are suitable for pH measurement even in products with higher
density. The fabricated electrodes only failed to measure the
pH in melted cheese: the pH difference exceeded 1.4 pH units
in both cases. For the melted cheese, the viscosity of the
sample could have been the problem. In the dairy industry,
measuring the pH of samples is a challenge. Usually, a
homogenate is prepared by blending with water, and then, the
pH of the homogenate is measured. In this study, we
attempted to measure the pH of the product and not
homogenate, thus, setting a challenging task. The challenges
of measuring the pH in viscous samples correlate well with the
findings of Chawang et al.,** where authors have demonstrated
that the viscosity of starch significantly influenced the
measured potential of the iridium oxide electrode.

Furthermore, it is worth mentioning that the response time
(time needed for an electrode to reach stable potential) in
caffeinated drinks did not exceed 90 s for either electrode type.
In the case of fermented drinks, apple and lemon juices, milk,
and yoghurt, the time to reach stable potential did not exceed S
min. For the samples of thicker texture, such as apple-mango,
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orange, and tomato juices, sour cream, cottage, and melted
cheese, the measurement was conducted for almost 10 min.

Overall, the RuO,—Nf electrodes failed to accurately
measure pH in 9 out of 20 investigated samples, while
RuO,—CuO—Nf electrodes failed only in S out of 20 samples;
thus, an almost twofold improvement in the performance of
the pH electrodes was observed.

Bl CONCLUSIONS

In conclusion, electrodes based on binary oxide RuO, and
CuO fabricated by a screen-printing technique were tested for
pH measurement for the first time. The application of the
electrodes in real-life food samples was possible due to the
coverage of the electrodes with a Nafion protective membrane.
The RuO,—CuO—Nf electrodes surpass RuO,—Nf electrodes
in potentiometric pH measurement not only from the point of
cost-effectiveness but also the overall performance in real-life
samples. The proposed electrodes aim to replace fragile glass
electrodes in the pH measurement of food samples. Since the
reported electrodes are physically durable, they can be of
interest to food researchers not only in research but also in
industrial pH measurement. Binary electrodes are equal to
both conventional glass electrodes and previously reported
RuO, electrodes from the point of view of the electrochemical
characteristics. Furthermore, RuO,—CuO pH electrodes
covered with a protective Nafion membrane are compatible
with pH measurements of common beverages and dairy
products. Significant error, exceeding 0.5 pH units, was
observed only when measuring specific juices and cheese.
Apparently, the texture of the sample, as well as its
composition, can affect the performance of the screen-printed
RuO,-based electrode. In our future work, we plan to further
investigate the influence of the abovementioned factors.

B MATERIALS AND METHODS

Fabrication of RuO, Electrodes. The electrodes were
fabricated similarly to previously described methods.>* Briefly,
two layers were deposited on an alumina (AL O;) substrate by

https://doi.org/10.1021/acsomega.3c00538
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Figure 6. The RuO, electrodes were fabricated by screen printing a
conductive Ag/Pd layer and pH-sensitive RuO, layer on an alumina
substrate (a). A copper wire was connected to the conductive layer by
soldering with a Pb/Sn alloy. In Figure (b), a pen is placed next to the
fabricated sensors for comparison. For the electrochemical measure-
ment, a fabricated electrode and a standard glass reference electrode
were placed into a sample solution (c). In Figure (d), the scheme of
the measuring setup is presented: the RuO, pH-sensitive electrode
and AglAgCl reference electrode were connected to the measuring
device via the circuit board. The measuring supply was powered with
an input voltage of 12 V. The data were registered and monitored
using the LabView program.

frotoc]

Table 4. Water Samples Used for the Investigation of the
Performance of the Fabricated Electrodes

sample pH collection place
tap water 7.70 lab sink
river water 7.34 river near Toolse village, Estonia
pond water 7.18 pond near Toolse village
seawater 7.54 Kunda bay near Toolse village

(a)

s . .

Figure 7. Photos of the places where water samples were collected:
(a) Kunda bay of Baltic sea, (b) pond, and (c) river in Toolse village,
(d) side-by-side comparison of collected water samples.

the screen printing: a conductive layer and a pH-sensitive layer.
A conductive layer of Ag/Pd thick film paste (9695, Electro-
Science Laboratories, King of Prussia, Pennsylvania) was
printed first, and a pH-sensitive layer of commercially available
RuO, paste (10 kQ/sq, 3914, Electro-Science Laboratories,
King of Prussia, Pennsylvania) was printed second. Further-
more, the RuO, layer was printed in such a way that it would
partly overlap the conductive Ag/Pd layer. The substrates were
dried at 120 °C for 15 min and consequently sintered at 850
°C for 1 h after the first printing step and at 900 °C for 1 h
after the second printing step. After cooling the substrate, a
copper wire was connected to the Ag/Pd layer by soldering
with a Sn/Pb alloy. Finally, a protective layer of silicone rubber
(DOWSIL 3140 RTV Coating, Dow Chemical Company,
Midland, Michigan) was used to cover the conductive layer
and the electric contact. The dimensions of the fabricated

https://doi.org/10.1021/acsomega.3c00538
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Table S. Food Samples Used for the Investigation of the Performance of the Fabricated Electrodes

sample pH manufacturer
caffeinated drinks
Rosehip tea 321 Herba, Germany
coffee 5.08 Jacobs, Germany
mint tea 6.83 Herba, Germany
green tea 6.97 Tetley, UK.
black tea 7.31 Tetley, UK.
juices
lemon juice 255 ICA, Italy
apple juice 3.06 A. Le Coq, Estonia
apple-mango juice 3.80 A. Le Cogq, Estonia
orange juice 393 A. Le Coq, Estonia
tomato juice 431 A. Le Cogq, Estonia

sample pH manufacturer
fermented drinks
Kombucha 3.67 GUTsy, Portugal
Kvass 3.61 A. Le Coq, Estonia
wine 342 Mirabeau, France
cider 3.22 A. Le Cogq, Estonia
beer 4.38 Heineken, Netherlands
dairy products
milk 6.68 Valio, Estonia
yogurt 4.36 Valio, Estonia
sour cream 4.35 Valio, Estonia
cottage cheese 4.68 Valio, Estonia
melted cheese 5.96 Valio, Estonia

RuO, electrodes are presented in Figure 6ab. The screen-
printed RuO, electrodes were previously characterized by
Manjakkal et al.>*~*’

Fabrication of RuO,—CuO Electrodes. The RuO,—CuO
electrodes were fabricated similarly to the RuO,-based
electrodes previously described by Manjakkal and co-work-
ers.””® The only difference was in the paste used for the
deposition of the pH-sensitive layer. For the fabrication of the
RuO,—CuO electrodes, the RuO,—CuO paste was prepared
before screen printing. Anhydrous RuO, (99.9% pure, Sigma-
Aldrich, USA) and CuO (average particle size 40—80 nm,
99.9% pure, Chempur, Germany) were mixed in an agate
mortar. Ethylcellulose (analytical grade purity) and terpineol
(anhydrous, Fluka Analytical) were added to the mortar as
binders for the paste. The oxides were mixed for 20 min to
achieve optimal consistency of the paste.

Two RuO,/CuO ratios were investigated to determine what
part of RuO, can be successfully substituted with CuO without
compromising the electrode performance: 1:1 and 2:3. All the
other parameters of the fabrication remained the same.

Two different temperatures were used to investigate the
influence of the sintering temperature on the properties of the
RuO,—CuO electrodes: 850 and 900 °C. The sintering
temperature was previously demonstrated to not affect RuO,
electrodes.” All the other parameters of the fabrication
remained the same.

The crystalline structure of the RuO,—CuO screen printing
ink was conducted by the X-ray diffraction (XRD) analysis
using a Empyrean diffractometer (Malvern Pananalytical,
UXK.). The copper target (1.54 A) was used to record the
intensity of the diffraction in the range of 5--90° 260. Phase
identification was performed according to the International
Center for Diffraction Database (ICDD). Crystallite size was
calculated from the Scherrer equation.”® Scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) were not performed in this study.

Deposition of the Nafion Membrane. To make the
fabricated electrodes suitable for measurement in dairy
products, the fabricated electrodes were covered with a Nafion
protective membrane by the drop-casting technique. The
methodology for the Nafion membrane deposition was
previously reported elsewhere.** Briefly, 10 4L of 5% solution
of Nafion in a mixture of lower aliphatic alcohols and water
(Nafion 117, Sigma-Aldrich, USA) was applied to cover the
pH-sensitive area of the fabricated electrodes. Next, the
electrodes were dried in a laboratory incubator (BD $3,
Binder, Germany) at 80 °C for 2 h. The Nafion solution was
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pipetted on the electrodes and dried in the laboratory
incubator two more times, thus creating three layers of the
Nafion membrane. After the last layer was dried in the
laboratory incubator, the electrodes were left to air-dry at room
temperature overnight. The RuO, and RuO,—CuO electrodes
modified with Nafion were named RuO,—Nf and RuO,—
CuO—Nf, respectively.

Setup for Potentiometric Measurement. All the
measurements were performed in an electrochemical cell, as
presented in Figure 6¢,d. One of the fabricated electrodes
(Ru0,, RuO,—Cu0O, RuO,—Nf, or RuO,—CuO-Nf) and a
standard glass ion-selective AglAgCl (RL-100, HYDROMET,
Poland) reference electrode were connected to the measuring
device (Data Acquisition (DAQ) device, USB-6259, National
Instruments, USA) through a circuit board via galvanic
connections. The measuring device was powered by a high-
performance digital power supply (E3631A, Agilent, USA)
with an input voltage of 12 V. The potential difference between
a fabricated and the reference electrode was monitored and
registered with the use of the LabVIEW program (National
Instruments, USA).

Determination of Electrochemical Characteristics.
The following characteristics were determined to evaluate
the electrode performance: sensitivity and linearity, hysteresis
and drift effects, and cross-sensitivity to interfering ions. The
abovementioned characteristics were measured for a conven-
tional glass electrode (HI1053P, Hanna Instruments, USA) as
well. All the measurements were conducted in triplicate for 2
electrodes of the same kind if not specified otherwise.

All the electrochemical characteristics of the fabricated
electrodes were evaluated after one month of conditioning in
water. This preliminary condition is necessary for an electrode
to reach stable working conditions.*

The sensitivity of the fabricated electrodes were determined
by calibrating them against buffer solutions. Buffer solutions in
the pH range of 3.0—11.0 were used. Buffers were freshly
prepared from anhydrous salts (Sigma-Aldrich, Massachusetts)
according to the procedure described by Dawson et al.*’ The
pH of the buffers was determined with a conventional pH
meter (Seven2Go Advanced Single-Channel Portable pH
Meter, Mettler Toledo, Switzerland). To calibrate an electrode,
the potential of the electrode was determined in several buffer
solutions 90 s after immersing the electrode into a buffer
solution. The values of the electrode potential (Y-axis) were
plotted against the pH of the buffers (X-axis), and the
sensitivity was determined as a slope of the function E = f(pH)
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by the method of least squares. E° was determined by
extrapolating the function to the intersection with the Y-axis.

The sensitivity was determined for all the fabricated
electrode types (RuO,, RuO,—CuO, RuO,—Nf, and RuO,—
CuO—-Nf) to evaluate whether the Nafion membrane is
suitable for RuO,—CuO electrodes. Since the sensitivity of the
RuO,—CuO electrodes with and without Nafion was similar
(as for RuO, electrodes) and the electrodes without a Nafion
protective layer ceased working in food samples, all of the
following characteristics were evaluated for the RuO,—Nf and
RuO,—CuO—Nf electrodes only.

The hysteresis (mV) is a characteristic of an electrode that is
observed when the electrode has different potential values in
the same media due to the previous electrode’s exposure to a
solution of different pH values. Hysteresis is associated with
changes in the composition of the double layer on the surface
of the electrode. Hysteresis of the fabricated electrodes was
determined by exposing the electrodes to the buffer solutions
in a loop manner. Two loops were investigated separately: an
acidic loop (pH values of 3-5-7-5-3) and a basic loop (pH
values of 11-9-7-9-11). A fabricated electrode and the reference
electrode were placed into a buffer solution, and the potential
was recorded S min after the submersion of the electrodes into
the buffer. Then, the electrodes were rinsed with distilled
water, gently tapped with a paper towel, and placed into the
next buffer solution. Hysteresis was determined as the
difference in the potential values of the electrode at pH 3.

The drift of the potential of an electrode (mV/h) is defined
as a slow nonrandom change in the reading of an electrode
with time. The drift of the electrode potential is associated
with the diffusion of H* ions.*' The drift rate of the fabricated
electrodes was determined by recording the potential of an
electrode for 2 h and calculating the average difference (per
hour) in the potential values of an electrode at the beginning of
the measurement and after 2 h of continuous potential
measurement.

The presence of some of the compounds in the sample can
affect the performance of a solid-state electrode.”*® The
interference of ions with the performance of the fabricated
electrodes was evaluated by determining the sensitivity of the
electrodes in the presence of specific anions and cations. Buffer
solutions additionally containing the chlorides of Li*, Na*, K*,
and NH," at a concentration of 0.1 M were prepared (other
cations were not investigated since the Nafion membrane
allows only small ions to pass through®®). The potential of the
electrode was determined in the buffer solutions 90 s after
immersing the electrode into each buffer.

The Electrical Impedance Spectroscopy (EIS) was not
performed in this study; however, the capacitive characteristics
of the RuO,—CuO electrodes are expected to be similar to
those of RuO,—Sn0O, previously described by Manjakkal et
al:* RuO,—CuO electrodes are expected to have more
capacitive nature than RuO, electrodes. The Nyquist plot of
RuO, consists of a bigger semi-circular arc in low frequency
range that is due to adsorption of ions on the surface of the
electrode.” For the CuO, the semi-circle which is observed in
the higher frequency range and is due to the charge-transfer
process of H*/OH™ ions at the CuO/solution interface.'*

The stability and the reusability of the RuO,—Nf electrodes
was reported in our previous works.>** Briefly, the stability of
the RuO, electrodes was evaluated by monitoring the
sensitivity over the course of 7 weeks. The sensitivity was
changing during first 3 weeks and then remained at the same
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value.® Furthermore, the RuO,—Nf electrodes were tested for
1 h-long measurement in milk and exhibited performance
similar to the conventional glass electrode.’ The RuO,—Nf
electrodes were shown to be reusable by renewing the Nafion
membrane.*” The stability of the RuO,—CuO—Nf electrodes is
similar to the RuO,—Nf electrodes.

Measurement in Real-Life Samples. The pH values of
the samples were determined by two-zpoint calibration, which is
widely used in laboratory practice.”***** For this purpose,
commercially available certified buffers (Certipur, Merk, New
Jersey) with pH values of 4 and 7 were used. The RuO,—Nf or
RuO,—CuO—Nf electrode was placed into a buffer solution of
pH 7, and readings of the voltmeter were recorded for § min.
Then, the electrode was rinsed with Milli-Q water and placed
into a buffer solution of pH 4, and the potential was again
measured for S min. The electrode was rinsed with Milli-Q
water again and placed into a sample. The potential of the
electrode was registered S min after placing the electrode into
the sample. All the measurements were made in triplicate for
two identical electrodes.

The performance of the fabricated electrodes was evaluated
as the measurement accuracy determined as the difference in
pH readings between a fabricated electrode (pH,,ciureq) and
the pH meter (pHgy,,,) on the basis of the following formula

Measurement accuracy = pH pH

measured — PHglass (5)
Water samples from different sources (Table 4 and Figure 7)
were collected to evaluate the performance of the fabricated
electrodes. The seawater was collected at the Kunda bay of the
Baltic sea 3 meters from the shore. The pond water was
collected from the surface of a small pond near Toolse village,
Haljala vald, Estonia. All of the samples were stored at 4 °C
and allowed to warm up to room temperature prior to any
measurement. The pH value of the collected samples was
measured with a conventional pH meter.

All the food samples (Table S) were purchased from a local
grocery store. The samples were brought to room temperature
(22 °C) prior to any measurements. A conventional pH meter
was used to determine the pH values of the food samples.
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Abstract — Solid-state electrodes have gained attention in past
decades for application in pH sensing as a miniature and
mechanically stable alternative to conventional fragile glass
electrodes. As a material for solid-state electrodes ruthenium
oxide has shown the best characteristics. In this study we
investigated the sensitivity and stability of RuO: screen printed
electrodes, produced from the commercially available
conductive paste. To enhance the performance, electrodes were
coated with Nafion protective layer. Influence of the
concentration of Nafion coating solution, drop-casted on the
sensitive area of the electrode, was investigated. RuO: pH
electrodes covered with Nafion layer have shown super-
Nernstian response and longer response time, which come into
agreement with the result published by other authors
previously.

Keywords — ruthenium oxide, solid-state pH electrodes,
Nafion

1. INTRODUCTION

Solid-state electrodes have advantages over conventional
glass electrodes, such as high selectivity [1], shape and size
alteration, costs and rates of production, as well as ease of
integration with microelectronic components for real-time
monitoring. Reports of fabrication and investigation of solid-
state sensors based on oxides of Sn, Sb, Ti and metals of
platinum group (Ir, Pd, Pt, Rh, Ru, Os) have already been
published elsewhere [2], [3]. Among aforementioned metal
oxides, RuO; is considered to be the most valuable due to its
favourable properties, such as suitable sensitivity [1], [4] and
selectivity [1], good response even in the presence of strong
oxidizing and reducing agents [4], and unaltered
performance of RuO, electrodes in presence of colonies of
organic sediments [5]. Various fabrication methods of RuO,
thick and thin films were published previously [6]-[10];
nevertheless, those methods do not allow to fabricate the
layers of RuO, that would meet the requirements for
electrodes, such as developed surface, phase composition,
etc. Among methods, reported for solid-state electrodes
fabrication [5], [11]-[15], screen printing is the one that
allows achieving the best sensitivity and response time, is
suitable for mass-production at a low-cost, fast and of
various compositions and sizes [16].

This work was supported by the European Commission through the
AQUASENSE  (H2020-MSCA-ITN-2018-813680) project. Ott Scheler
acknowledges support from the Tallinn University of Technology
development program 20162022 (project code 2014-2020.4.01.16-0032).
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However, such feature as an inability to conduct
measurement in complex organic and biological media has
yet to be overcome. Proteins and other macromolecules
adsorb on the electrode surface and interfere with the
performance of the electrode and therefore impede the
measurement is food matrices (e.g. meat, fish, dairy
products). One of the approaches to overcome this problem
is to cover the electrode surface with a layer of inert material
that will prevent adsorption of macromolecules and facilitate
electron exchange between the electrode and the media [17].
The main coating material used for this purpose is Nafion: a
perfluorinated ionomer that belongs to the proton-conducting
polymers. The structure of incorporated perfluoro vinyl ether
groups terminated with sulfonate groups onto a
tetrafluoroethylene (PTFE) backbone determines the unique
properties of Nafion, such as high proton exchange, chemical
and temperature stability [18]-[20]. Nafion serves as a
permselective membrane, allowing only protons to reach the
electrode and blocking all other ionic species.

The aim of this work was to investigate the influence of
Nafion coatings on the performance of RuO, electrodes
fabricated by screen-printing technique.

II. MATERIALS AND METHODS

A. Fabrication of RuQO; electrodes

The process of electrodes fabrication was the same as
described in [21]. Shortly, an Ag/Pd thick film paste (ESL
9695) was used for a conductive layer fabrication and
commercially available RuO, paste with the resistivity of 10
kQ/sq (ESL, 3914) was used for sensitive layer fabrication
on Alumina substrate respectively. The formation of one
layer can described as follows: a roller moving across the
screen stencil forced corresponding paste past the threads of
the woven mesh that supports an ink-blocking stencil to
achieve a specifically patterned layer of ink on suitable
substrate [22]. After each printing step, the substrates were
dried at 120 °C for 15 min and consequently fired at 850 °C
for 1 hour. After printing and firing of both layers, copper
wires were connected to the conductive layer and a
protective layer of silicone rubber (Dow Corning, 3140
RTV) was applied to secure the electrical connections. The
sensitive area was remaining uncovered.
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B. Electrochemical characterization

Prior to the utilization, solid-state electrodes were soaked
in distilled water in order to reach a stable sensitivity value
[15]. Such a step is required as the pH-sensitive surface
requires some time to reach equilibria with the protons in the
media [23]. Therefore, the electrodes were left in water for 1
week prior to any measurement or calibration. The
subsequent change in potential was measured weekly.

The sensitivity of RuO; solid-state electrodes was
investigated by the standard potentiometric measurement.
The potential difference between the indicator and the
reference electrode of the electrochemical cell was observed
by a Multifunctional DAQ Device (National Instruments,
USA) and analyzed using LabVIEW program. Standard glass
ion-selective electrode Ag|AgCIKCl (HYDROMET, Poland)
(ISE) was wused as a reference electrode. For the
measurement of the hysteresis effect and cross-selectivity,
the same equipment was utilized.

The electrodes response was evaluated by soaking the
electrodes in the buffer solutions of the pH value in the range
of 3.0 ... 11.0. The signal was recorded for 3-5 minutes for
the value of the electromotive force to reach a stable value.
The presence of Na*, K and NH4" is known to influence the
performance of thick film electrodes [1]. Thus, to
characterize the sensitivity of the fabricated electrodes,
buffer solutions containing only a few ion types were used:
phosphate, bicarbonate and citrate buffers. Buffer solutions
were prepared before each measurement. Salts needed for
buffers preparation were purchased anhydrous from Sigma
Aldrich.

C. Modification with Nafion

The developed RuO: electrodes were modified with a
layer of Nafion (5% in a mixture of lower aliphatic alcohols
and water, Nafion 117, Sigma Aldrich). For that 100 pL of
Nafion solution (per 1 cm? of RuO, sensitive area) were
drop-casted on electrode sensitive area in different
concentrations: 1.0; 2.5 and 5.0 % and were left to air dry.
To investigate the influence of Nafion coating on electrode
sensitivity, modified electrodes were electrochemically
characterized as described in section B. The measurements
were conducted in parallel of two experiments for each
concentration. To investigate the possibility of enhancement
electrodes from the shelf by modifying them with Nafion
membrane, the same procedures were applied.

GO0
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500

400
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D. Determination of the hysteresis effect

The hysteresis effect (memory effect) of both modified
and non-modified electrodes was measured for 2 different
pH cycles: acidic (3-5-7-5-3) and basic (11-9-7-9-11).
Electrode performance was evaluated by cycling the pH
solution two times at 5 min intervals.

III. RESULTS AND DISCUSSIONS

A. Sensitivity and stability studies of the fabricated
electrodes

The sensitivity of RuO, electrodes was estimated by the
comparison of the theoretical Nernstian response with the
slope of linear dependence of the electromotive force on pH.
According to the Nernst equation, the difference in the
potentials of the electrodes (E, mV) is proportional to the
medium pH (1):

E = Eo— 2.303(RT/n'F) pH (1)

where Ej is the standard electrochemical potential, mV; R is
the universal gas constant, 8.314 J'K/mol; F is the Faraday
constant, 96500 C/mol; n is the number of electrons in the
reaction between ruthenium oxide different oxidizing forms
and T is temperature, °K. For a single electron process at 22
°C, Nernstian equation takes the form of (2):

E =Ey-58.56 pH 2)

where the value of 58.56 mV is called electrode sensitivity or
Nernstian response.

Fig. la shows electrochemical potential shift with the
change of pH for one of the fabricated electrodes. According
to the Nernst equation, the dependence of the
electrochemical potential on the pH of the potentiometric
sensors of a RuOs thick film is described by the equation E =
787.84 — 63.78 pH after 1-week storage (Fig. la, red line)
and E = 683.85 — 58.65pH after 8 weeks storage (Fig. la,
blue line) respectively. These results indicate that the one-
week time interval is not sufficient for full surface hydration.
Stable values of sensitivity and Eg are reached only after 4
weeks of storage in water (Fig. 1b).

The storage of the electrodes in distilled water for 8
weeks has lead to the sensitivity values from 30 to 59
mV/pH. Only for one out of four electrodes deviation from
the Nernstian response was low, for the other three

800

Electromotive force vs ISE, mV
2 o ) 5 3
2 8 = 2 z

o
=

0.0 20 4.0 6.0 8.0 10.0 120 1 z 3 4 5 L] ? &
pH Duration of storage, weeks
Fig. 1. Sensitivity and readings’ stability of RuO, screen-printed electrodes: a) dependence of electromotive force on pH of the electrode after 1

week (red line) and 8 weeks (blue line) of storage in water; b) change of E, with storage time for one of the electrodes.
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electrodes, however, the deviation exceeded 20%. Such high
values of deviation indicate a need for modification of
surface for better performance.

B. Improved sensitivity of Nafion covered RuQ; electrodes

The sensitivity of Nafion covered electrodes was
measured continuously for 3 weeks. The values of the
Nernstian response are presented in Fig. 2. Coverage of the
electrode sensitive area with Nafion was found to improve
the Nernstian response of the electrodes when using
solutions with a higher concentration of Nafion. Uncovered
electrodes showed stable sensitivity after 1 week of storage
in water (£ 3 mV), however, electrodes covered with Nafion
took 2 weeks to reach stable values due to slow proton
transfer through Nafion chains [24]. Nevertheless, coverage
of electrodes with Nafion led to increased reaction times
(from 10-50 seconds to over 200 seconds). This is consistent
with previous study by Lonsdale [25].

C. Increased hysteresis loops of Nafion covered RuO;
electrodes

The hysteresis effect (memory effect) of the fabricated
thick film pH sensor for different cycles of pH changes.is
presented in Table I. Fig. 3 represent the hysteresis effect for
the loops in the acidic region (pH 3-5-7-5-3). The difference
in the reading at the same pH in the beginning and at the end
of both loops was found to not exceed +22 mV and 26 mV
for acidic and basic loops respectively. regions. Electrodes,
covered with Nafion have shown higher hysteresis effect,
with hysteresis value increasing with the increase of the
concentration of the Nafion solution used for electrodes
modification (Table I). Increased hysteresis for Nafion
covered electrodes can be explained by not sufficient time
for full equilibrating of the Nafion layer with ions form the
solution. Those results agree with the ones reported by
Lonsdale, who also indicated that actual reaction time for
solid-state electrodes is over 2 hours [25].

IV. CONCLUSIONS

The coverage of pH-sensitive ruthenium oxide layer is
necessary to improve electrode’s performance in complex
media, such as meat, fish, and dairy products, where
proteins and fat adsorb on the electrode’s surface and inhibit
or block the sensing reaction. It was shown that covering the
RuO, pH-sensitive electrodes with Nafion protective
membrane leads to improved sensitivity, however,

Sensitivity, mV/pH
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Duration of storage in water, weeks

Fig. 2. Change in sensitivity of the RuO, screen-printed electrodes

covered with Nafion after storage in water: red line — bare electrodes;

blue line — electrodes covered with 1% Nafion solution; green line —

electrodes covered with 2.5% Nafion solution; purple line — electrodes
covered with 5% Nafion solution.

TABLE. L HYSTERESIS (IN mV) OF THE
ELECTRODES COVERED WITH NAFION

Concentration of the Nafion
solution, %

0 1 2.5 5
3-5-7-5-3 10.3 10.2 155 | 22.0

pH loop

11-9-7-9-11 | 11.5 14.3 18.8 | 26.0
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Fig. 3. Potential response change of RuO, screen-printed

electrodes due to hysteresis effect for different solution pH values in
the acidic loop (pH 3-5-7-5-3): red markers — bare electrode; blue
markers — electrode covered with 5% Nafion solution.

increasing reaction times. In our future work, we will
employ Nafion covered RuO, solid-state electrodes in
above-mentioned media and will attempt to evaluate and
eliminate the influence of real-life factors that take place in
the industrial environment (e.g. temperature, pressure,
electromagnetic and mechanical disturbance).
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Abstract— At present, ruthenium oxide (RuQO:z) based solid-
state electrodes are investigated as an alternative to conventional
glass electrode due to their low cost, chemical and physical
durability, good sensitivity and fast response. Coverage of the
solid-state electrodes with a protective membrane can improve
the overall performance of the electrode and allow measurement
in complex media, such as blood, food, biologically active
environment. One of the well-known protective membranes for
electrodes is Nafion. However, little is known about the
performance of Nafion-covered electrodes used in heated
samples. Here we present the investigation of the behaviour of
ruthenium oxide (RuO:) based pH electrodes modified with
Nafion protective membrane (RuO:-Nafion) at an elevated
temperature of 80°C. RuO: electrodes were fabricated by screen
printing technique. We compare the performance of the RuO»-
Nafion electrodes was compared to that of unmodified RuO:
electrodes. Both unmodified RuO: electrodes and RuO:-Nafion
electrodes perform well at room temperature, showing sensitivity
close to the theoretical value (58.4 and 62.4 mV/pH respectively),
the fast response time (14 and 42 s respectively) and low drift
rate (0.5 and 0.4 mV/h respectively). The sensitivity of the
Nafion- covered electrodes was found to be higher at elevated
temperature as well: 37.2 mV/pH compared to 33.4 mV/pH for
unmodified electrodes. Furthermore, RuO:-Nafion electrodes
showed a lower drift rate at elevated temperature (9.6 mV/h)
compared to that of modified electrodes (34.8 mV/h).

Keywords—screen-printed pH electrode, RuO:,
temperature effect component

Nafion,

L. INTRODUCTION

Presently, in laboratory practice, as well as on an industrial
level, measurement of pH is carried out by the means of
potentiometry with the use of a glass electrode. However, such
disadvantages of glass electrode as fragility, limited lifetime
and high price, make scientist search for a more feasible
alternative. Such an alternative can be metal-oxide based
electrode where metal oxide is used as a material sensitive to
pH change [1], [2]. Among different oxides, studied for
application in pH measurement [1], Ruthenium oxide (IV)
(RuO;) shows the best characteristics (e.g. high sensitivity, low
hysteresis and drift, relatively low price) [2]. Screen printing is
one of the several techniques implemented for the fabrication
of RuO, pH-sensitive electrodes [2]. Among reported methods,
screen printing is the one that allows producing electrodes with
the best characteristics at low cost and of various compositions

978-1-7281-9173-7/21/$31.00
©2021 European Union

and sizes [3], [4]. Nevertheless, the inability to conduct
measurement in complex organic and biological media has yet
to be overcome. One of the approaches to overcome this
difficulty is to modify the electrodes with Nafion protective
membrane [5]-[7].

Nafion is a synthetic sulfonated tetrafluoroethylene based
co-polymer discovered by Walter Grot in 1960 [8]. Nafion has
received immense attention for its proton-conducting property
and is known for its application in proton exchange membrane
fuel cells (PEMFC) [9] and as a protective coating for
electrochemical sensors [10]. Furthermore, Nafion was found
to provide protection from certain ion interferences [11] and
improve the sensitivity of electrodes in non-aqueous media [4],

(51, [12].

Although it has been observed that Nafion coating can help
to improve pH sensitivity at normal conditions, not much has
been said about its performance at high temperatures. The
behaviour of Nafion coatings at clevated temperature is of
great importance since temperature directly influences pH
whereas the hydration level influences the proton conductivity
of Nafion [12].

This study aimed to investigate the influence of Nafion on
the sensitivity of screen-printed RuO, based pH-sensitive
electrodes. The influence of temperature on the ability of
Nafion to improve response time and drift rate was also
investigated.

II.  MATERIALS AND METHODS

A. Fabrication of RuO; based pH-sensitive electrodes

The method adopted in this study for the fabrication of pH-
sensitive electrodes was analogous to the process described in
[13] and [14]. Aluminium oxide (Al,O3, 96%), a conventional
inert material, was used as a substrate for the screen-printed
sensitive  electrodes.  First, the conducting layer of
silver/palladium (Ag/Pd) thick film paste (9695, Electro-
Science Laboratories, King of Prussia, Pennsylvania, USA)
was screen printed on the substrate. Next, a pH-sensitive layer
of RuO; based paste (3914, Electro-Science Laboratories, King
of Prussia, Pennsylvania, USA) with a resistivity of 10 k€/sq
was screen printed on the same substrate in such a way that it
partially covered the conducting layer. After each printing step,
electrodes were dried at 120°C for 15 minutes and
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consequently sintered at 900°C for one hour. A copper wire
was then soldered onto the free end of the Ag/Pd layer. Lastly,
electrodes were covered with a layer of non-corrosive silicone
resin (DOWSIL™ 3140 RTV Coating, Dow Chemical
Company, Midland, Michigan, USA) to ensure the insulation
of the electrical contact. The sensitive area of the RuO, layer
remained uncovered and open for contact with the electrolyte.

B. Modification of RuO: based electrodes with Nafion

A protective coating of Nafion (Nafion 117 coating
solution, 5% in a mixture of water and lower aliphatic alcohols,
Sigma Aldrich, Missouri, USA) was deposited on top of the
RuO; layer using the drop-casting technique. In this process,
30 uL of Nafion (per 1 mm? of RuO; surface) solution were
pipetted on top of the RuO, layer. The electrodes were let to
air-dry at room temperature for 24 hours.

C. pH measurement

Both fabricated electrode types (bare RuO; electrodes and
RuO,-Nafion electrodes) were investigated for their pH-
sensing performance via standard potentiometric procedure
[15]. For that, RuO, and RuO,-Nafion electrodes were
connected to a multichannel voltmeter (9205, National
Instruments, Austin, Texas, USA) through an operational
amplifier (LMC6044, Texas Instruments, Dallas, Texas, USA).
The data was recorded using LABVIEW software (National
Instruments, Austin, Texas, USA). All the measurements were
conducted in triplicate.

For pH measurements, electrodes were placed in distilled
water and subjected to varying pH by the addition of 1 M
solution of HCl or 1 M solution of KOH to decrease or
increase pH respectively. A standard glass ion-selective silver
chloride electrode (Ag|AgClKCl, Hydromet, Poland) (ISE)
was used as a reference electrode. During the measurement, the
investigated solution was continuously stirred using a magnetic
stirrer.  Furthermore, a commercial glass pH electrode
(ELMETRON, Poland) was used to monitor pH adjustment.
The fabricated screen-printed electrodes were stored in distilled
water for 24 hours prior to any measurement to ensure stable
sensitivity [16].

D. Performance of the RuO, and RuO,-Nafion electrodes at
different temperatures

To observe the influence of temperature on electrodes
performance, electrodes were submerged in distilled water at
room temperature. The temperature was then gradually
increased to 80°C. After the measurement at 80°C, electrodes
were allowed to cool down back to the room temperature. The
electromotive force (Emf) was recorded throughout the
temperature change. The heating was conducted at a constant
rate of 0.9°C/min and the rate of cooling was 0.3°C/min. The
pH sensitivity, response time and drift rate of the electrodes
were investigated at room temperature (22°C) and 80°C. The
response time was calculated as the time required to reach a
stable Emf value at a given pH while the drift rate was

measured for 5 hours and calculated as the average shift from
the stable Emf value at a constant pH in mV/h.

E. Morphology studies

The surface morphology of the fabricated electrodes was
studied with the use of a digital optical microscope (KH 7700,
Hirox, New Jersey, USA).

III.  RESULTS AND DISCUSSION

A. RuO:; electrode is sensitive to pH due to electrochemical
equilibria between Ru'" and Ru' forms

When electrodes are submerged in water, the hydration of
RuO, prompts a partial conversion of Ru'V to Ru' [17]. The
reducing Ru"V species and their corresponding oxidizing
species form a redox couple which is represented by the
following equation [1]:

Ru(™O0, + e~ + H* & RuDO(0H) M

According to the Nernst equation, the electrochemical
potential (or electromotive force of the cell when the reference
electrode is grounded) depends on the standard electrode
potentials and activities of the redox pair. For the RuO,
electrode, the Nernst equation takes the form of (2):

QApy 111

P LA YU
= . n
z-F QApyIv * Qg+ @
where, E is the electrochemical potential, mV; E° is the
standard potential, mV; R is the universal gas constant, 8.314
J/K'mol; F is the Faraday constant, 96500 °C/mol; n is the
number of electrons transferred in the reaction; T is the
temperature, K; aruav)and aryam are the activities of redox pair,
mol/L;

Taking into account that the values of Ru and Ru'v
activities are approximate 1, switching from natural logarithm
to common logarithm and knowing that pH = —log[H'], (3)
takes the form of:

E=E"-— 2.303ﬂpH 4
nF @

From (4), it can be seen that there is a linear dependence
between the electromotive force and pH. The slope factor of
this plot is called electrode sensitivity. Sensitivity is measured
in mV/pH and is one of the main characteristics of an
electrode. For single electron process and at room temperature
(T=22°C), the sensitivity is equal to 58.3 mV/pH.

B. Drop-casting of Nafion solution on RuQ; surface allows to
get even coatings of the material

Digital optical microscope images of unmodified RuO,
electrodes and RuO»-Nafion electrodes are presented in Fig. 1.
Images were made at the same light exposure. It can be seen
that the Nafion layer is evenly spread across the RuO,
microparticles, creating a uniform protective layer.
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Fig 1. Digital optical microscope images of a) RuO, electrodes and b)
RuO,-Nafion.

C. RuO>-Nafion electrodes showed increased sensitivity

It can be seen that the sensitivity of both electrode types at
22°C was very close to the theoretical value (Table 1). For the
RuO,-Nafion electrodes, the sensitivity was higher by 3.3
mV/pH in comparison to the unmodified RuO; electrodes. This
observation is consistent with the results reported previously
[71, [10]. The increase in pH sensitivity due to the Nafion layer
is not restricted to ruthenium dioxide electrodes [7], [11] but
has also been observed for other sensitive materials such as
antimony [6], molybdenum sulfide [12] and iridium oxide [18].
The increase in sensitivity after the application of Nafion
coating have also been reported for other analytes such as H,O»
[4] and uric acid [5].

At the elevated temperature of 80°C RuO,-Nafion
electrodes had a sensitivity of 37.2 + 0.8 mV/pH, whereas the
electrodes without Nafion coating had the sensitivity of 33.4 +
1.0 mV/pH when the expected theoretical sensitivity was 70.1
mV/pH. Both RuO; and RuO,-Nafion electrodes show good
linearity of response to pH change even at elevated temperature
(R?>0.98). However, a large deviation in sensitivity from the
theoretical value was observed (> 33%). This decrease in
sensitivity might be associated with the thermal behaviour of
Nafion. It is known that the flexibility of polymer chains
affects the water uptake capacity of an ionomer and therefore
influences the conductivity of the ionomer [19]. It was
previously shown that the elasticity of the Nafion membrane
decreases with the increase of temperature leading to a ‘stiffer’
membrane [20] and at a temperature around 80°C Nafion
begins to lose its ability to conduct protons [21]. As Nafion
begins to lose its ability to conduct protons, the overall
contribution of Nafion to enhancing the pH sensitivity of the
modified electrode is bound to decrease when moving to higher
temperatures.

The response time was found to increase by 20 seconds as a
result of electrode modification (Table 1). This is in agreement
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Fig. 2. Change of electromotive force as a function of temperature for
RuO; (blue) and RuO,-Nafion (red)

with previously published results [7], [11]. Since Nafion is
selectively permeable to protons, this increase in response time
may be due to a slower transfer of protons through the Nafion
membrane, especially in basic media where the concentration
of protons is low. However, in the study of antimony
electrodes, Nafion coating was reported to reduce the response
time [6].

The electromotive force during heating up and cooling
down is presented in Fig. 2. The difference in electromotive
force reading at 22°C before and after heating was 20.5 + 4.3
mV and 14.3 + 2.3 mV for unmodified RuO; electrodes and
RuO;-Nafion electrodes respectively.

IV. CONCLUSION

The pH-sensitive electrodes made from a commercial RuO,
paste exhibit response close to the theoretical reponse at room
temperature. Modification of these electrodes with a proton
selective membrane made of Nafion was found to increase the
sensitivity and lower the drift rate even at elevated temperature,
nevertheless increasing the response time as well. Upon
heating to 80°C both unmodified RuO, and modified RuO,-
Nafion electrodes show linear response with decreased
sensitivity, however, electrodes modified with Nafion have
slightly higher sensitivity. Our future studies will explore the
influence of Nafion on other aspects of pH sensing such as
hysteresis, as well as attempt to solve the drawbacks
experienced in this study such as longer reaction time and
reduced sensitivity at elevated temperature.

Tablel. Characteristics of RuO, and RuO,-Nafion pH electrodes at 22°C and 80°C.

Temperature 22°C 80°C

Electrode type RuO, RuO,-Nafion RuO, RuO,-Nafion

E’, mV 577.7+10.7 655.8+8.3 424.1 £8.8 476.0 £ 8.0

Sensitivi Theoretical 58.3 583 70.1 70.1

mV/pH R Observed 58.4+0.8 62.6+0.6 334+ 10 372408
Deviation, % +0.1 +3.4 -36.7 -33.0

R? 0.995 0.999 0.982 0.987

Response time, s 14+£2 42+3 22+3 50+5

Drift rate, mV/h 0.5+0.2 04+0.1 348+24 9.6+3.0
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Abstract—Nafion™ (Nafion) membrane is known to improve
the performance of the electrochemical sensors by acting as a
semi-permeable barrier when applied on the electrode’s surface.
However, the Nafion membrane is soft and can degrade with
time. In order to see if the Nafion membrane can be cast
repeatedly, we investigated the reusability of Nafion-covered
electrodes. In this paper, we present the results of the
investigation of the performance of the potentiometric pH-
electrodes, based on Ruthenium(IV) oxide (RuQ2), that were
covered with Nafion membrane several times. The electrodes
were fabricated by screen printing method and modified with
Nafion by drop-casting technique. The investigation of the
performance was based on the evaluation of the most important
electrode characteristics: sensitivity and linearity, hysteresis, and
drift. We have demonstrated that the screen printed RuO:
electrodes show excellent electrochemical characteristics at room
temperature even after coating them with Nafion for the third
time.

Keywords—pH electrodes, ruthenium(IV) oxide, Nafion,
potentiometry

L INTRODUCTION

Even though glass electrode is widely used for the
measurement of pH, when it comes to measuring in food
samples, it is preferred to use something less fragile. An
alternative to the conventional glass electrode is a solid-state
metal oxide electrode. The idea of utilizing metal oxides for pH
sensing was first suggested in 1947 [1] and has been
investigated since 1982 [2]. Among the metal oxides,
Ruthenium(IV) oxide (RuO;) demonstrates the most
favourable characteristics: Nernstian sensitivity, fast response
and low drift rate [3]. Furthermore, among the various
fabrication methods, proposed for electrodes based on metal
oxides, the most convenient is screen printing [3]. The screen
printing technique allows producing electrodes of different
sizes and shapes, fast and at a low cost [4].

Notwithstanding the excellent performance of the screen
printed electrodes in aqueous samples [5], when moving on to
more complex media, e.g. dairy products, screen printed RuO,
electrodes do not show good results [6]. We have previously
demonstrated that the introduction of a Nafion™ (Nafion)
protecting membrane allows the usage of the RuO; electrodes
for pH measurement in milk [6]. However, the Nafion

978-1-6654-4273-2/22/$31.00

membrane is soft, and it can get damaged and degrade with
time. Therefore, the aim of this work was to evaluate the
possibility of covering the RuO; electrodes with a new coating
of Nafion membrane when the previous one needs to be
replaced.

II.  MATERIALS AND METHODS

A. Fabrication of the RuQO; electrodes

The investigated RuO, electrodes were fabricated as
previously described [5], [6]. Two layers were consequently
printed on top of the Alumina substrate: first, a conductive
layer of Ag/Pd paste (9695, Electro-Science Laboratories,
King of Prussia, Pennsylvania, USA) and second, a pH-
sensitive layer of RuOs/glass paste (3914, Electro-Science
Laboratories, King of Prussia, Pennsylvania, USA). Layers
were printed to slightly overlap and not fully cover one
another. After printing each layer, electrodes were dried at
120°C for 15 minutes, followed by sintering at 900°C for one
hour. After cooling down, a copper wire was connected to the
Ag/Pd layer by soldering with Pb/Sn alloy. The Ag/Pd layer
connected to the copper wire was then insulated with a non-
corrosive silicone resin (DOWSIL™ 3140 RTV Coating, Dow
Chemical Company, Midland, Michigan, USA).

B. Deposition of Nafion membrane

A protective coating of Nafion was introduced on top of
the RuO; layer by drop-casting technique to create Nafion-
covered RuOs electrodes (RuO,-Nf). For that, 12 uL of 5%
Nafion solution, in a mixture of water and lower aliphatic
alcohols (Nafion 117, Sigma Aldrich, Missouri, USA) was
pipetted on top of the RuO; layer. Then electrodes were dried
at 80°C for 2 hours in a laboratory incubator (BD 53, Binder,
Germany). The procedure was repeated 2 times to achieve 3
layers of Nafion. After deposition of all 3 layers, the RuO,-Nf
electrodes were let to air-dry overnight at room temperature.

C. Determination of weight change of Nafion membrane
The solubility of the Nafion membrane was evaluated
according to the following formula:

. my, — My
Solubility e 100% )
n
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where m,, is the mass of the initial Nafion membrane, g; m; is
the mass of the Nafion membrane, weighted some time after
placing the RuO,-Nf electrode in water, g.

D. Removal of the Nafion membrane from the surface of the
RuQ; electrode

To remove the Nafion membrane from the electrode’s
surface, the RuO; electrodes were soaked in 50%(v/v) Ethanol
for several minutes and the Nafion membrane was removed
using tweezers. The surface of the RuO; electrodes was wiped
with paper tissue, rinsed with distilled water, and left to air dry
at room temperature overnight. A fresh Nafion membrane was
deposited on the electrodes the next day. For that, the steps
described in section B were repeated.

E. Measurement setup

The setup for potentiometric pH measurement generally
consists of (i) a galvanic cell and (ii) a potentiometer (a
measuring device). In our study, the galvanic cell was built
from a fabricated RuO,-Nf indicator electrode (IE) and a
standard glass ion-selective Ag|AgCIIKCl (HI1053P, Hanna
Instruments, USA) reference electrode (RE). The electrodes
were connected to the measuring device (Data Acquisition
(DAQ) device, USB-6259, National Instruments, USA)
through a circuit board via galvanic connections. A high-
performance digital power supply (E3631A, Agilent, USA)
was used to get an interference-free input voltage of 12 volts
to power up the measuring device. The potential difference
between the IE and the RE was monitored using the LabVIEW
program (National Instruments, USA). All the measurements
were conducted in parallel with 3 electrodes for each
modification at temperatures of 25, 30, 35 and 40°C.

F. Measured electrochemical characteristics

All the essential characteristics of the fabricated electrodes
(E, sensitivity, hysteresis, drift rate) were measured by the
standard potentiometric measurement.

1) Sensitivity

The sensitivity and E° were evaluated by determining the
electrochemical potential (potential) in pH buffers in the range
of 3.0-11.0. Buffer solutions were prepared before each
measurement from corresponding anhydrous salt purchased
from Sigma Aldrich (USA). The pH of the buffers was
determined with a conventional pH meter (Seven2Go
Advanced Single-Channel Portable pH Meter, Mettler Toledo,
Switzerland). The potential was recorded 90 seconds after
immersing the electrodes in the buffer. The sensitivity of the
fabricated electrodes was determined as the slope of the linear
function after plotting the measured potential (Y-axis) as a
function of pH (X-axis). E’ was determined by extrapolation
of the function until the intersection with the Y-axis.

2) Hysteresis

The hysteresis was determined by exposing the fabricated
electrodes to buffer solutions of different pH. For that, the
potential of an electrode was recorded for 2 pH cycles: acidic
(hysteresis A, pH 3—5-7-5-3) and basic (hysteresis B, pH 11—
9-7-9-11). The potential was recorded for 5 minutes in each
pH buffer. The electrodes were rinsed with distilled water in

between the measurements. The hysteresis was calculated as a
difference in the electrode’s potential between 2
measurements in the buffer of the same pH.

3) Drift

To determine the drift rate, the potential of a fabricated
electrode was continuously measured for 2 hours, and the drift
rate was calculated as the average difference between initial
and final potential values per one hour.

III.  RESULTS AND DISCUSSION

A. Theoretical aspects of pH measurement with solid-state
electrodes

The working principle of the RuO, potentiometric pH-
electrode is as follows: when the electrode is submerged in
water, an electrochemical reaction involving H'-ions is taking
place:

Ru'V0, + e+ H' & Ru"0(0H) )
When we write the Nernst equation for (2):

0 R-T QApy 1
E= ER“IV/R“HI n-F n QApylv ~ Ay+ 3)
where E’ is standard potential, V; R is the universal gas
constant, 8.314 J/K-mol; 7T is temperature, K; n is the number
of electrons participating in the redox reaction; F is the
Faraday constant, 96485 C/mol; aruav) and aruam are the
activities of Ru'VO, and RuO(OH) respectively, mol/L, ap)
is the activity of H" ions, mol/L.

Since a RuO; electrode is a solid-state electrode, aruqvy and
aryam are equal to 1. At room temperature (T = 25 °C), (3)
takes the following form:

E=Eguw g — 00592 pH @

The value of 0.0592 volts (or 59.2 Millivolts) is called the
sensitivity of an electrode. Since it is calculated from known
values of constants, it is supposed to be the same for all the
electrodes when the same number of electrons participate in
the reaction. It is used as a measure of the electrode’s
performance.

Other important characteristics of an electrode are
hysteresis and drift rate. Hysteresis is a measure of the impact
of measurement in samples on one another. It was shown that
for solid-state electrodes when consequently measuring in the
samples of different pH, the previous sample can impact the
accuracy of measurement in the next sample [7]-[10]. This
phenomenon is associated with the structural changes in the
double layer on the surface of an electrode when the electrode
is exposed to a solution of a different pH [3]. Hysteresis is
measured in millivolts.

Drift rate is associated with unspecific fluctuations of the
electrode’s potential over time. This characteristic should be
taken into account when a continuous measurement is
performed. Drift rate is usually measured in millivolts per
hour.
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B. Almost half the weight of the Nafion membrane dissolves
after one month of usage

First, we investigated the stability of the Nafion
membrane. For that, we were monitoring the change in weight
of the Nafion membrane over time. The results are presented
in Table I. It can be seen, that after one day of storing the
RuO,-Nf electrodes in water, the weight of the Nafion
membrane increased by 1.3%. This can be associated with
water uptake. However, after one week, a decrease in the
weight of the Nafion membrane is observed. The decrease in
weight reaches 48.5% after one month of observation and
indicates a limited lifetime of the Nafion membrane.

TABLE 1. SOLUBILITY OF THE NAFION MEMBRANE
Time
1 day 1 week 1 month
Solubility, % +1.29 +0.07 -1.01+1.01 -48.52 £3.92

C. RuO:; electrodes can be successfully covered with Nafion 3
times for measurement at room temperature

To see if the electrodes can be used even after the Nafion
membrane wears off, we attempted to remove the Nafion
membrane and cover them with a fresh membrane. The
performance of the electrodes was evaluated based on the
following parameters: sensitivity, E°, RZ?, hysteresis A,
hysteresis B, and drift. The measured parameters were used to
build a comparison matrix (Table II) as described in our
previous work [6]. The results of all the measurements are
presented in Table III. From Table II it can be seen that the
electrodes showed good performance at room temperature
even after coating them with Nafion for the third time.
However, the performance gradually impaired with the
increase of temperature for the electrodes covered with Nafion

for the second and third time. Furthermore, the main
characteristic of the electrode, its sensitivity, was very low for
the electrodes covered with Nafion for the third time. Thus,
electrodes can be covered with Nafion repeatedly, however,
only to be used at room temperature.

TABLE II. COMPARISON MATRIX FOR THE PERFORMANCE OF RUO,-NF
ELECTRODES
Temperature
e thesample] ys00 | 3goc | 350C | 40°C
Drying
Temperature
First coating 5 5 6 5
Second coating 5 5 4 2
Third coating 5 4 2 2

IV. CONCLUSIONS

The screen printed RuO, pH-electrode covered with a
protective Nafion membrane showed excellent performance at
room temperature even after 2 renewals of the Nafion
membrane. The temperature of the sample had a negative
effect on the performance of the fabricated electrodes. In our
future studies, we will further explore the possibility to
recover the RuO, eclectrodes with Nafion membrane to
improve the performance of the RuO,-Nf electrodes. We will
investigate wider temperature diapason and determine the
number of possible renewals of the Nafion membrane.
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TABLE IIL. CHARACTERISTICS OF RUO,-NF ELECTRODES DRIED AT DIFFERENT TEMPERATURES, MEASURED AT VARYING SAMPLE TEMPERATURES.
Temperature,C | PUURY iy | S T T A B Rt
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40 54.7+22 62.2 583.6 £58.2 0.995 15+7 20+ 10 10-15
Second coating
25 49.5+58 59.2 537.9+234 0.994 24+7 9+2 0-15
30 40.4+6.8 60.2 350.7 +18.1 0.952 9+4 11+3 0-20
35 47.8+5.0 61.2 4259+6.5 0.977 20+£7 20+4 0-20
40 333+438 62.2 259.6 £ 80.4 0.876 28 +1 8+7 0-15
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Abstract—Screen-printed RuO: pH electrodes are suitable
for pH determination not only in water samples but also in
different food matrixes, e.g., beverages, juices and milk.
Nevertheless, the application of the screen-printed RuO:
electrodes in milk is impossible without covering the electrodes
with a protective Nafion membrane that prevents the
contamination of the pH-sensitive area of the electrode with
sample residues. However, not much attention has been paid to
the cleaning procedure of Nafion-covered screen-printed RuO:
electrodes (RuO2-Nf). In this paper, we show that cleaning the
electrodes by soaking them in the solution of 5% pepsin in 0.1
M HCI allows restoring the electrode to its initial state for
measuring pH in food samples.

Keywords—ruthenium oxide, screen printing, pH electrodes,
cleaning procedure

I.  INTRODUCTION

Ruthenium(IV) oxide (RuO,) electrode is a well-known
alternative to a fragile glass electrode used in potentiometric
pH measurement. Among the investigated pH-sensitive
materials, thick and thin films of RuO, were shown to have
the best sensitivity and selectivity [1], Nernstian response
even in the presence of strong oxidizing and reducing agents
[2], and unaltered performance even in the presence of
colonies of organic sediments [3]. The RuO, electrodes were
previously shown to have excellent pH sensitivity in various
food samples, such as juices, beers and even dairy products

[41-[8].

Various fabrication methods were reported for the RuO,
electrodes over the years, including magnetron sputtering [4],
electrodeposition [9], thermal deposition [10] and screen
printing [3]. Among them, screen printing allows to fabricate
the RuO; electrodes with the best characteristics and is rapid
and casily scalable [11].

The screen-printed RuO; electrode measures pH similarly
to a conventional glass electrode: the electrochemical
potential of a RuO; electrode is directly proportional to pH.
Thus, if we calibrate the electrode’s potential against
standard buffer solutions, we can determine the pH of any
sample from the measured potential. However, in practice, it
is not that simple. Sample composition and texture can affect
the precision of the pH measurement due to the

This work was supported by the European Commission through the
AQUASENSE  (H2020-MSCA-ITN-2018-813680) project. Ott Scheler
acknowledges support from the Tallinn University of Technology
development program 2016-2022 (project code 2014-2020.4.01.16-0032).

contamination of the electrode. Previously, we have
demonstrated that modification of the screen-printed RuO»
electrodes with a Nafion membrane allows avoiding this
contamination risk, and therefore allows using RuO;
electrodes in milk [8].

Nevertheless, little attention has been paid so far to
establish a proper cleaning procedure for the solid-state
electrodes (Fig. 1). Therefore, the aim of this work was to
evaluate the most common cleaning approaches, known for
the conventional glass electrode and determine what works
the best for the screen printed RuO; electrodes.

II.  MATERIALS AND METHODS

A. Fabrication of the RuQ; electrodes

The RuO; electrodes were fabricated as previously
described [12]. First, a layer of Ag/Pd conductive paste
(9695, Electro-Science Laboratories, USA) was printed on
top of ALO; substrate, dried at 120°C for 15 minutes,
followed by sintering at 900°C for one hour. Next, a layer of
pH-sensitive RuOo/glass paste (3914, Electro-Science
Laboratories, USA) was printed, dried at 120°C for 15
minutes and sintered at 900°C for one hour. The RuO, layer
was printed to slightly overlap the Ag/Pd layer. After cooling
down, a copper wire was soldered to the Ag/Pd layer with
Pb/Sn alloy. The electrical connection was then covered with
a non-corrosive silicone resin (DOWSIL™ 3140 RTV
Coating, Dow Chemical Company, USA) for insulation
purposes.

B. Modification of the RuQO: electrodes with Nafion
membrane

The Nafion membrane was deposited on the RuO;
electrodes by drop-casting technique as previously described
[8]. For that, 10 uL of 5% solution of Nafion in a mixture of
lower aliphatic alcohols and water (Nafion 117, Sigma
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Fig. 1 At present, there are no recommendations regarding how the
screen-printed electrodes should be cleaned after the measurement in the
samples that can contaminate the electrode (e.g., milk).
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Aldrich, USA was pipetted on the electrodes to cover the
RuO; layer. The electrodes were placed into a laboratory
incubator (BD 53, Binder, Germany) for 2 hours to dry at
80°C. The procedure was repeated two more times to create
a thicker Nafion membrane. The electrodes were left to air-
dry at room temperature overnight.

C. Setup

A standard potentiometric method was used to determine
the sensitivity of the fabricated electrodes. A fabricated
RuO,-Nf electrode was used as an indicator electrode (IE)
and a standard glass ion-selective electrode (Ag | AgCl | KCl,
HI1053P, Hanna Instruments, USA) was used as a reference
electrode (RE). The electrodes were connected to the
measuring device (USB-6259, National Instruments, USA)
via a circuit board by galvanic connections. The measuring
device was powered up by a high-performance digital power
supply (E3631A, Agilent, USA) with an input voltage of 12
Volts. The potential difference between IE and RE was
measured and recorded using the LabVIEW program
(National Instruments, USA).

D. Sensitivity measurement

The sensitivity of a fabricated RuO,-Nf electrode was
determined by exposing the electrodes to the buffers with pH
in the range of 3.0 ... 11.0 and recording the potential of the
electrode 90 seconds after immersing the electrodes in the
buffer. The buffer solutions were freshly prepared before
each measurement from anhydrous salts (Sigma Aldrich,
USA). The pH of the buffers was double-checked with a
conventional pH meter (Seven2Go Advanced Single-
Channel Portable pH Meter, Mettler Toledo, Switzerland).

The sensitivity of the fabricated electrodes was
determined as the slope of the linear dependency of the
potential of an electrode on the pH of the buffer solution. For
that, the dependency of the potential of an electrode (Y-axis)
as a function of pH (X-axis) was plotted and the equation
was extracted by the method of least squares. The sensitivity
was determined for each electrode 5 times:

e initial sensitivity after reaching stable sensitivity values;
e after usage in milk;

e straight after cleaning;

e 12 hours after cleaning;

e 24 hours after cleaning.

E. Measurement of the potential of the electrodes in milk
samples

To study the behaviour of the RuO,-Nf electrodes in milk
samples, the electrodes were placed into a milk sample at
room temperature and the potential of an electrode was
recorded for 1 hour. Three milk samples were tested: whole
milk containing 2.5% fat (ultra pasteurised Latte Piim, Tere,
Estonia), whole milk filtered through a filtering bag with a
porosity of 63 pm (BagPage F, Interscience, France) and
reconstructed skim milk (RSM). Reconstructed skim milk
was prepared as previously described [13]. Briefly, 10 g of
skimmed milk powder (Valio Ltd., Turku, Finland) was
dissolved in 100 mL of Milli-Q water to yield a final
concentration of 10% (w/v). Then, an aqueous solution of
CaCl, was added to the solution of skimmed milk to produce
a final concentration of 5 mM. The resulting mixture was
thoroughly stirred for 1 h at room temperature.

TABLE L CLEANING METHODS

Approach How it was performed

Electrodes were cleaned with a soft sponge and
surfactants, then rinsed with Milli-Q water
Electrodes were soaked in 0.1 M HCI for

10 minutes, and then were cleaned

Mechanical cleaning

Mechanical cleaning
and soaking in

0.1 M HCI mechanically as described above
5% pepsin in 0.1 M Electrodes were soaked in 0.1 M HCI with
HCl : added 5% of pepsin for 10 minutes and then
rinsed with Milli-Q water
0.4 M HCI Electrodes were soaked in 0.4 M HCl for

10 minutes and then rinsed with Milli-Q water

F. Cleaning approaches

Four main approaches, indicated in Table 1, were
selected to identify the most appropriate way to clean the
screen-printed RuO» electrodes. The approaches were
selected as the most commonly advised for maintaining the
conventional glass electrode: mechanical cleaning with
surfactants is used for food samples containing fats and oils,
cleaning with acidic pepsin solution is advised to remove
proteins’ residues and acidic cleaning is advised to remove
mineral deposits [14].

III.  RESULTS AND DISCUSSION

A. RuO:; electrodes measure pH similarly to the glass
electrode

The response of the RuO; to the pH change can be
described by (1) [1]:

Ru0; + & + H* = Ru"O(OH) (1)

The Nernst equation for this process takes the form of (2)

E = E" + R-T/F-In(agu u/(aru 1v-an +)) ()

where E is the electrochemical potential, V; E° is the
standard electrochemical potential, V; R is the universal gas
constant, 8.314 J/mol'K; T is temperature, K; F is the
Faraday constant, 96485 J; aruu, aruv and ap . are the
activities of RuO(OH), Ru!VO, and H" respectively.
Considering that pH = -lgag+ and the values of metals
activities approximate 1 in a solid state, after substituting the
constants, at room temperature (22°C) (2) takes the form of

3):

E = E°+0.0583-pH 3)

Equation (3) allows determining the pH of a sample with
a RuO, electrode, similarly to the conventional glass
electrode. Furthermore, the value of 0.0583 Volts (or 58.3
milliVolts) is called theoretical Nernstian sensitivity and can
be used to evaluate the performance of an electrode.

B. RuO:; electrodes showed behaviour similar to that of the
conventional glass electrode

Since the screen-printed RuO; electrodes cease to work
in complex food samples, containing fats and proteins, such
as milk (Fig. 2a), and to see if the fabricated RuO,-Nf
electrodes are sensitive to the milk sample, we tested the
fabricated RuO»-Nf electrodes in (i) whole milk, (ii) fatless
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Fig. 2 Change of the potential (Y-axis) of the fabricated RuO, (a) and RuO,-Nf (b) electrodes with time (X-axis) measured in whole milk (red), filtered
whole milk (blue) and RSM (green). While the RuO, electrodes showed significant potential drop when measuring in whole milk and RSM, the RuO,-Nf

electrodes showed excellent performance in all three milk samples.

milk reconstructed from milk powder and (ii1) milk filtered
from big colloidal clusters. From Fig. 2, it can be seen that
the RuO,-Nf electrodes showed improved behaviour,
compared to that of the RuO, electrodes and can be
successfully used in all three milk samples.

C. Acidic pepsin solutions allow restoring the RuO:
electrodes to the initial state and a combination of
surfactants and acidic cleaning allows to improve
electrode performance

The fabricated RuO,-Nf electrodes showed improved
sensitivity after each cleaning procedure (Fig. 3). However,
it can be seen that some conditioning in distilled water is
required after the cleaning. This conditioning might be
associated with the re-formation of the double layer on the
surface of the electrode that participates in the pH-response
of the electrode [11]. For the electrodes, cleaned with
surfactants, the sensitivities after cleaning and conditioning
for 24 hours exceeded the initial sensitivities that might be

Sensitivity, mV/pH

0. 1AM HCI+
5% pepsin

0.4MHCI

Cleaning with 0.1MHCI+

surfactants surfactants

Fig. 3 Sensitivity of the RuO,-Nf electrodes (Y-axis) after different
cleaning procedures (Ox): initial sensitivity (pink), sensitivity after
using in milk ( ), sensitivity straight after cleaning (green),
sensitivity 12 hours after cleaning (blue) and sensitivity 24 hours after
cleaning (purple). Red line indicates theoretical Nernstian sensitivity.
The RuO, electrodes were restored to the initial state after cleaning
with an acidic pepsin solutions (5% pepsin in 0.1 M HCI) and a
combination of surfactants and acidic cleaning (combination of
mechanical cleaning with surfactants and acidic cleaning with 0.1 M
HCI) improved electrode’s performance.

associated with damaging the electrodes during cleaning.
For the electrodes cleaned with 0.4 M HCI, the sensitivity
decreased to 5.0 + 3.0 mV/pH after cleaning. It is unclear
why this drop in sensitivity takes place and how it might
affect the RuO,-Nf electrodes. Further investigation is
necessary. The electrodes cleaned with the acidic pepsin
solution showed the smallest change in sensitivity after
cleaning and conditioning in distilled water for 24 hours and
therefore should be preferred for the cleaning of the screen-
printed RuO»-Nf electrodes after usage in real-life food
samples.

IV. CONCLUSION

In this study, we have demonstrated that the utilization
of acidic pepsin solution for the cleaning of the screen-
printed RuO,-Nf electrodes is the best way to clean the
electrodes after measurement in milk, which is known to be
one of the complex food samples from the point of the
composition. The impact of the cleaning procedure on the
sensitivity of the screen-printed RuO; electrodes was
investigated for the first time. These results can be of
interest to food researchers since most of the reported solid-
state electrodes are suitable only for one measurement and
should be discarded afterwards. Our findings allow for
repeatable usage of the screen-printed RuO,-Nf electrodes.
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