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Abstract

High levels of dissolved inorganic nitrogen (NHs and NO2/NOs™ ions) in water can lead to
eutrophication and negatively impact human health and aquatic ecosystems, making it an important
parameter to monitor. The development of affordable, continuous sensors for NHz and NO2/NOs” ion
detection in water has been an ongoing challenge due to the limitations and high cost of standard
monitoring techniques. Voltammetric sensors have been presented as an alternative, however,
achieving high sensitivity while maintaining long-term stability and low/no signal interference
remains a significant challenge. Moreover, the environmental impact of the sensor lifecycle and the
materials used during the fabrication steps are crucial considerations when designing new sensors for
continuous use in water bodies but are often not investigated. In this manner, printed voltametric
sensors are a good alternative to standard monitoring techniques due to their versatility and cost-

effective nature.

The work described here focus on two main aspects of the development of printed sensors: the
electrode material choice and the synthesis of new sensing material for the detection of NHz and NO2
ions. In the electrode material aspect, screen-printing and laser induced graphene (LIG) techniques
were used to develop new sensors and to investigate the effect of silver and carbon materials on the
electrode tracks. It was inferred that silver, a material that is commonly used as a conductive paste in
screen-printed sensors, can interfere with the electrochemical response of the sensor. In this manner,
carbon electrode tracks were explored as a more stable and sustainable alternative. To improve the
conductivity of the track, LIG electrodes were developed and compared to carbon screen-printed
electrodes (SPESs). The LIGs demonstrated improved stability and sensitivity compared to the SPE in
the oxidation of NO> ions, revealing they can be an alternative to disposable carbon-based SPEs.

In the sensing material aspect, materials that are easy to incorporate with current sensor fabrication
techniques were prioritised. Different metal oxides were explored to detect NHs, a challenging
parameter to detect due to effects of pH and temperature on the ion dissociation. From the materials
synthesised, the Cu-BDC metal-organic framework presented the best performance, although further
improvements on material stability and reproducibility are necessary. For the NO2™ ion monitoring,
the unmodified LI1Gs showed enhanced sensitivity and fast detection, important parameters to achieve
when detecting unstable ions such as NO.". Furthermore, the use of unmodified LIGs facilitate the
fabrication of NO2 sensors. Overall, by researching the materials employed in both the electrode

pathway and the sensing electrode, improved printed electrochemical sensors were achieved.
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Introduction

1.1 General Introduction

1.1.1 Inorganic Nitrogen Monitoring

Nitrogen is an important parameter in aquaculture and agriculture that can lead to environmental
pollution if above a certain threshold, making it a key parameter to monitor. The nitrogen cycle
(Figure 1.1a) gives an insight on which nitrogenous compounds to monitor and how they correlate to
one another. Traditionally, the nitrogen cycle has been divided into three processes (dinitrate (N2)
fixation, nitrification, and denitrification). However, this has recently been expanded to included five
nitrogen processes: ammonification, nitrification, denitrification, anammox, and nitrate-nitrate
interconversion (Figure 1.1b) [1]. Mineralization and assimilation, which refer to the general
processes of organic matter, complete the movement of the nitrogen cycle (Figure 1.1b).
Ammonification is composed of two processes - N> fixation, performed by bacteria and archaea that
have the nitrogenase enzyme, and anaerobic assimilatory and dissimilatory nitrite (NO2") reduction
to ammonium (NH4"), accomplished by bacteria and fungi. Nitrification is mediated by different
groups of microorganisms that can perform nitritation, oxidation of ammonia to NO_", nitratation,
oxidiation of NO"to nitrate (NO3z"), or completely oxidize ammonia to NOs". Denitrification consists
of the anaerobic respiration of NO2", nitric oxide (NO), and nitrous oxide (N20) to N. from bacteria,
archaea, and several eukaryotes. Anammox, short for anaerobic ammonium oxidation, transforms
NO: and NH4" to N2 via the NO and hydrazine (N2H4) intermediates. The nitrate-nitrite process is
achieved by nitrite-oxidizing or reducing bacteria [1]. In mineralization, the decomposition of organic

nitrogen such as those from fertilizers or leaves into ammonia is performed by bacteria and fungi [2].

These nitrogenous compounds can have serious effects in the environment. In aquaculture,
nitrogen is a significant by-product of fish rearing. For example, fin fish, commonly grown in fish

farms, are fed a protein rich diet and, consequently, excrete dissolved nitrogen compounds (in

1
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particular, ammonia) [3]. Although this is a natural process, intensive fish farming may lead to an
increased concentration of dissolved nitrogen compounds. This becomes an issue as some of these

compounds, such as dissolved ammonia and nitrite, when not excreted, can lead to toxic build-up in
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Figure 1.1. (a) Major processes of the nitrogen cycle, including nitrogen fixation, nitrification, and
denitrification (Copyright University of Missouri) (b) Detailed scheme of the processes in the nitrogen
cycle. 1 - Nitrogen fixation; 2- Dissimilatory nitrite reduction to ammonium; 3 - Nitritation; 4 —

Nitratation; 5 - Reduction of nitrate to nitrite; 6 - Denitrification; 7 - Annamox [1].



Chapter 1 3

tissues and blood in aquatic life [4]. Another problem is that a nitrogen-rich environment can lead to
eutrophication, decreasing the amount of dissolved oxygen in water bodies which directly affects the
aerobic organisms [5,6]. Similar concerns arise from agriculture runoff into water bodies. As nitrogen
plays a crucial role in plant lifecycle, nitrogen-rich fertilizers are widely used, sometimes promoting
overfertilization, and/or excess runoff into surrounding water bodies [7]. If this nitrogen excess
reaches the water bodies, it essentially fertilises the water, causing increase plant and algal growth,
which can lead to hypoxia and death of aquatic life. Therefore, constant monitoring of dissolved
inorganic nitrogen (DIN), which consists of nitrate (NO3"), nitrite (NO2") and ammonia (NHz), within

receiving water bodies is required to ensure the health of aquatic environments.

1.2 Ammonium lon and Dissolved Ammonia

1.2.1 Ammonia in Aquatic Environments

NHz is a colourless gas that can readily dissolve in water due to its trigonal pyramidal shape and
ability to form hydrogen bonds. It ionizes into ammonium ion (NH4") in a relationship governed by
temperature, pH values and concentration of dissolved salts. The chemical ionization equation is
shown in Equation 1.1 [8], while Equation 1.2 shows the acid dissociation constant, Ka, for the NH4*
ion [9].

NH; + H,0 2 NHf + OH- (1.1)
[NH;|[H*]

e | 1.2

Ka [NH]] (1.2)

The pKa is temperature dependant, and can be calculated using the following revised equation,

with temperature given in Celsius [10]:

K, = 0.09018 + 2729.92 (1.3)
PRa =T G277 '

And finally, the unionized fraction of NHs (also referred to as dissolved NHs throughout this
thesis) can be calculated using the following equation developed by Emerson et al. using the pKa

relation described on Equation 1.4 [10]:
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100
(1+ 10PKa—pPH))

Unionized NH; = (1.4)

Table 1-1 expresses revised values of different unionized NHsz percentages according to
temperature and pH using Equation 1.3 and 1.4. At pH 7.4 and 20°C, less than 1% of NHs is present
while at pH 9 and 20°C, this rises to almost 30%. Dissolved NHs is a weak base whilst the NH4* ion
is considered a weak acid, which explains why in basic pH a higher percentage of NHs is available.
Salinity also affects the degree of ionization of ammonia and can be especially important in marine
environments. While the percentage of unionized NHs increases with increasing temperature and pH,
the opposite occurs with salinity, although it does not affect the percentage of NH4* converted into
unionized NHsz as drastically as when changing the temperature and pH. Bower made a
comprehensive table of NH3 percentage from pH from 7.5 to 8.5 and temperatures from 0 to 25 °C in
seawater with different salinities [11]. The author analysed salinity percentages from 18-22% up to
32-40% and found that at 18-22%, the NH3 percentage is similar to that found in freshwater, however
at 32-40%, common in seawater culture, there is up to a fifth less amount of NH3z [11]. This
dissociation is important because unionized NH3 has been shown to be toxic to aquatic life as it is
lipid soluble, while its ionized counterpart (NH4") is mostly harmless due to its low permeability in

plasma membranes [11].

Table 1-1. Percentage of unionized ammonia in aqueous solution for pH 6-9 and temperature 0-30 °C

based on the calculations of Emerson et. al [10].

Temp

o | P pH
6 6.2 6.4 6.6 6.8 7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 9

0 10.083 0.008 0.013 0.021 0.033 0.052 0.083 0.131 0.207 0.328 0.519 0.820 1.294 2.035 3.187 4,958 7.637

2 10.010 0.010 0.015 0.025 0.039 0.062 0.098 0.155 0.245 0.388 0.613 0.968 1.525 2.396 3.745 5.809 8.903

a4 9.938 0.012 0.018 0.029 0.046 0.073 0.115 0.182 0.289 0.457 0.722 1.139 1.794 2.813 4.387 6.779 10.334

6 9.868 0.014 0.021 0.034 0.054 0.085 0.135 0.214 0.339 0.537 0.848 1.338 2.103 3.293 5.121 7.880 11.939

9.798 0.016 0.025 0.040 0.063 0.100 0.159 0.252 0.398 0.629 0.994 1566 2.460 3.843 5957 9.124 13.727
10 9.730 0.019 0.030 0.047 0.074 0.117 0.186 0.294 0466 0.736 1.162 1.829 2.868 4.471 6.906 10.520 15.706
12 9.662 0.022 0.034 0.055 0.087 0137 0217 0344 0.544 0.859 1.355 2131 3.335 5185 7.976 12.077 17.878
14 9.595 0.025 0.040 0.064 0.101 0.160 0.253 0.401 0.634 1000 1.576 2475 3.867 5994 9.177 13.804 20.244
16 9.530 0.030 0.047 0.074 0.117 0.186 0.294 0.466 0.736 1.162 1.829 2.868 4471 6.905 10.519 15.706 22.798
18 9.465 0.034 0.054 0.086 0.136 0.216 0.342 0.540 0.854 1347 2117 3315 5154 7,929 12,010 17.785 25.531
20 9.401 0.040 0.063 0.100 0.158 0.250 0.396 0.626 0.988 1.557 2.445 3.821 5923 9.073 13.655 20.041 28.430
22 9.338 0.046 0.073 0.115 0.183 0.280 0.457 0.723 1.141 1796 2.817 4.392 6.786 10.344 15.459 22.470 31.475
24 9.276 0.053 0.084 0.133 0.211 0.333 0527 0.833 1314 2067 3.236 5.034 7.750 11.751 17.426 25.064 34.645
26 9.214 0.061 0.097 0.153 0.242 0.384 0.607 0.958 1.511 2373 3.710 5755 8.823 13.298 19.555 27.811 37.911
28 9.154 0.070 0.111 0.176 0.279 0.441 0697 1.100 1733 2,719 4.241 6.560 10.012 14.990 21.843 30.697 41.246
30 9.094 0.080 0.128 0.202 0.320 0.506 0.799 1.261 1.983 3.108 4.837 7.455 11.322 16.830 24.284 33.700 44.617

=]
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1.2.2 Overview of Ammonia Toxicity

Ammonia is important in various industries, such as in the refrigeration industry and in agriculture,
and is also present in different metabolic cycles in fish and humans [3,12]. Therefore, it is important
to consider how ammonia affects these areas and its harmful effects. Eutrophication is an important
environmental problem that can arise from high ammonia levels in water due to, for example,
agriculture run-offs, intense fish farming or anthropomorphic waste. Nutrients such as ammonium,
nitrate and phosphate are necessary for the growth of photosynthetic organisms, however when in
excess these organisms start to consume oxygen instead of releasing it due to accelerated growth [3].
Some of the problems associated with eutrophication include increased frequency and intensity of
algal blooms, which can cause red tides, foaming, and can be toxic to fish and other aquatic life forms
[13]. Although NHs is naturally produced by fish, in certain conditions it can contribute to
eutrophication and reach toxic levels for the aquatic life. Ammonia toxicity in fish has been widely
studied and comprehensive reports of how it is produced and excreted and its toxic effects in
freshwater and saltwater fish can be found in literature [12,14,15]. The degradation of a-amino group
of amino acids is responsible for most of the ammonia produced in fishes. NHz can accumulate across
the phospholipid bilayer of the branchial epithelium, as NHs can rapidly diffuse across thin
biomembranes while NH4* is not as permeable [12]. Recently, however, it has been found that the
permeation of ammonia can also happen through transporters as NH4* can substitute K* in ion
transporters [15]. For most ammonotelic fishes, unionized NHjs is excreted through the fish gills and
is then dispersed in the surrounding water. However, this becomes a problem for fish exposed to high
pH as the gradient for NH3 diffusion is reduced which can lead to a build-up of ammonia inside the
fish [16]. This could cause a dangerous rise on plasma ammonia levels or toxic levels of ammonia to

accumulate in the fish body leading to the death of the specimen [12].

In humans, ammonium has been deemed as not harmful for human consumption by authorities as
the WHO and the U.S. EPA [6,17], however some studies have shown that ammonium can be toxic
in certain cases [18-20]. The urea cycle occurs in the liver and it converts NH4" to urea prior to renal
excretion. It also serves to maintain low levels of the NH4" ion in the serum, as ammonia is mostly
present in its ionic form in physiological conditions. The brain is particularly susceptible to the
ammonia toxic effects specially during early stages of development [20]. The brain cannot convert
NH.* to urea, but it uses another route by synthesizing glutamine from glutamate and NH4*[19]. Liver
failure or urea cycle disorder can cause ammonia levels to rise, which can lead to hyperammonemia

- an excess of ammonia in the blood. While in adults the toxic effects of hyperammonemia are
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generally reversible, it can lead to severe cognitive impairment, seizures and cerebral palsy in infants
[21]. 200 — 500 uM of NH4" in blood during the first two years of life is enough to cause irreversible
damage [19]. Restriction of proteins in the diet, dialysis or liver transplant are some of the treatments
for those who suffer hyperammonemia [18,20]. It is also known that ammonia can corrode certain
metals, such as brass and copper [22]. Metallic corrosion is associated with economic and safety
hazards, therefore when metal parts are in close contact with high concentrations of ammonia they

should be made of non-corrosive parts, such as stainless steel or aluminum [22,23].
1.2.3 Policies of Ammonia in Water

The threshold concentration for ammonia differs depending on the water body and the intended
application. Some countries, like the USA and the UK, have specified NHs and NH4* quality
standards in freshwater, saltwater and/or drinking water. In drinking water, the European Union (EU)
directive 98/83/EC permits a maximum of 0.5 mg/L of NH4" [24]. According to the World Health
Organization (WHO), the characteristic odour of ammonia can be perceived at a concentration of
more than 1.5 mg/L of NH3 in water, while above 35 mg/L of NH4" it can be tasted [6]. In this manner,
the U.S. Environmental Protection Agency (EPA) classified ammonia as not classifiable as human
carcinogenic with a lifetime threshold of 30 mg/L in the 2018 Drinking Water Standards and Health
Advisories Tables EPA 822-F-18-001 [17]. For surface water, the WFD for England and Wales of
2015, which includes the European Directives for surface water and groundwater, present various
ammonia concentrations depending on characteristics of the freshwater, such as altitude and
alkalinity. For rivers and lakes, high to poor “90 percentile” standards range from 0.2 to 1.1 mg/L
(types 1, 2, 4, and 6) or 0.3 to 2.5 mg/L (types 3, 5, and 7) of total ammonia nitrogen (TAN), where
TAN is the total amount of nitrogen in NH3z and NH4* [25]. Types 1, 2, 4, and 6 have either low
alkalinity or moderate alkalinity at high altitudes, while types 3, 5, and 7 have moderate to high
alkalinity at low altitudes. The “90 percentile” standard refers to when the measured pollutant (in this
case, ammonia), is greater than the standard for 10% or more of the time. For groundwater, the

threshold concentration is 0.29 mg/L for total ammonia [25].

The U.S. EPA 820-F-13-013 published in 2013 a recommendation guideline for aquatic life
protection of the maximum ammonia concentration at ambient freshwater at pH 7 and 20 °C, where
unionised NHs accounts for approximately 0.39% of the total ammonia [5]. They have two different
standards: acute, a 1-hour average of measured ammonia, and chronic, a 30-day average. Both should
not be exceeded more than once every three years. The acute standard is 17 mg TAN/L and the

chronic standard is 1.9 mg TAN/L [5]. Brazil also has legislations for ammonia concentrations in
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different types of freshwater (type 1-3) and seawater described in the Conama Resolution 357/2005
[26]. The maximum allowed ammonia concentration is divided for different pH in freshwater, for less
than 7.5 up to more to 8.5, e.g. for a freshwater body type 1 of pH < 7.5, the TAN is 3.7 mg/L and
for 8.0<pH<8.5 it is 1.0 mg/L. Australian and New Zealand Environment and Conservation Council
(ANZECC) & Agriculture and Resource Management Council of Australia and New Zealand
(ARMCANZ) 2000 guidelines present ammonia thresholds both in freshwater and seawater, with a
comprehensive table of TAN from pH 6.0 to 9.0 [27]. For freshwater, the trigger value for ammonia
is 2570 pug TAN/L for pH 6.0 and 180 pg TAN/L for pH 9.0, while in seawater it is 5960 pg TAN/L
for pH 6.0 and 140 pg TAN/L for pH 9.0 [27]. The U.S. EPA also has an ammonia standard for
saltwater published in 1989 (EPA 440/5-88-004), where the acute standard is 0.035 mg/L of NH3 and
the chronic standard is 0.233 mg/L of NH3 [14]. A table summarizing all the legislations for ammonia
concentration in water bodies can be seen in Table 1-2. It can be observed that each legislation utilizes
its own ammonia measurement unit (as NHsz-N, NHs", NHz, TAN), which makes it difficult to

compare the threshold values.

To make it easier to compare the ammonia thresholds in different countries and regions, a bar chart
with standardized unionized NH3 concentration in micromolar (uM) assuming a pH range of 6.0 to
9.0 for freshwater, 6.5 to 9.5 for drinking water, 7.5 to 8.5 for seawater, and a temperature of 20°C
can be seen in Figure 1.2. The percentage of NH3 at different pH was calculated using the equation
provided by Emmerson et al. and the molar masses used were: 14.006 mg/mmol for N, 17.031
mg/mmol for NHz and 18.039 mg/mmol for NH4" [10]. Naturally, if there is a change in pH,
temperature or salinity, the appropriate concentration should be recalculated. Furthermore, this
guideline should not be taken as a substitute for the standards given by the authorities. As can be
observed from Figure 1.2, the threshold varies considerably between different water bodies.
Freshwater and drinking water have the highest NH3 thresholds at the upper limit pH, although it is
important to notice some aspects when calculating these limits. While Australia provided a
comprehensive table with different TAN depending on the pH of the water body, to the best of the
authors knowledge, the EU and USA guidelines did not have the exact threshold for ammonia at
different pH. Therefore, the single value provided was recalculated for pH 6 to 9, making it not as
reliable as the values provided by the Australia and Brazilian guidelines, which could explain the
threshold difference for these countries. However, a general trend seems to be a higher upper limit of

NHz in freshwater than in seawater when comparing the guidelines from the same country.
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Table 1-2. Country/region legislation for threshold concentrations of ammonia as a function of the

water type.

(€) U.S. EPA 440/5-
88-004 [14]

Chronic: 1.9 mg/L
as TANd

) ) Drinking
Country/Region Policy Freshwater Groundwater Seawater
Water
(a) Directive 0.2-1.1mg/L as
TAN (Types 1, 2,
98/83/EC [24] b( P
European 0.5 mg/L as 4.6) 0.28 mg/L as Long term: 21
i b) WFD for +a iab . b
Union (b) NH4 0.3-2.5mglL as total ammonia pg/L as N-NH3
England and Wales
TAN (Types 3, 5,
of 2015 [25] )
7)
(c) U.S. EPA 822-F-
18-001 [17]
Acute: 17 mg/L as Acute: 0.035
d
(d) U.SEPA 820-F- | Lifetime: | TAN' mg/L as NHz*
United States -
13-013 [5] 30 mg/L®

Chronic: 0.233
mg/L as NH-¢

Resolucdo Conama

0.5-3.7mg/L as
TAN ( Types 1 and
2)

0.4 mg/L as
TAN (Type 1)

[27]

TAN (6 <pH<9)

Brazil 28 - -

357/2005 [28] 0.7 mg/L as

1.0-13.3 mg/L as
TAN (Type 2)

TAN (Type 3)

ANZECC & 5960 — 140
2570 — 180 pg/L as

Australia ARMCANZ (2000) | - HO - ug/L as TAN (6

pH < 9)




Chapter 1 9

50 I European Union
E= United States
Ei Brazil
40 :
= 30
T e
< 20
E | =
ol BRI
Drinking Freshwater Groundwater Seawater
Water

Figure 1.2. Ammonia threshold concentration range in different water bodies according to each
legislation. (a) Directive 98/83/EC [24]. (b,c,h,i) WFD for England and Wales of 2015 [25]. (d) U.S
EPA 820-F-13-013 [5]. (e,f,k,I) Resolugdo Conama 357/2005 [28]. (g,m) ANZECC & ARMCANZ
(2000) [27]. (j) U.S. EPA 440/5-88-004 [14].

Considering this, an appropriate sensor needs to be able to detect the analyte in the nano and
micromolar range in freshwater and drinking water if selective to unionized NH3z and in the nanomolar
range in seawater. If temperature and pH sensors are employed together with the ammonia sensor,
and if it is sensitive to the NH4" ion, the limit of detection (LOD) can be in the micromolar range as
there is usually a higher percentage of NH4" than NHa. In seawater, other problems arise due to the
high salinity level as it can often interfere with the measurement. Therefore, appropriate detection
techniques need to be employed following the standard values for ammonia to monitor it in the given
limit range. This makes it a tricky analyte to accurately quantify, especially when considering its

dependency to temperature, pH, and salinity.

1.3 Nitrate and Nitrite

1.3.1 Nitrate in Aquatic Environments

The World Health Organization has a detailed report on NO3z™ and NOy" in drinking water [29].
The NOgz™ ion is the stable form of nitrogen for oxygenated systems and is chemically inert. When

reduced by microbes, it produces the NO2" ion, a more reactive compound due to its unstable oxidation
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state, which can then be further used in the nitrogen cycle [29]. This enzymatic process is dependent
on pH and temperature. Increased levels of nitrate have been detected due to the expansion of
nitrogenous fertilizers, disposal of wastes from animal farm and changes in land which directly and
indirectly impacts the quality of water bodies [30]. This is alarming as elevated levels of nitrate can
contribute to eutrophication in freshwater and marine ecosystems. While nitrate is mostly harmless
to humans, nitrite has been found to be toxic [31]. As it is considered a hazardous chemical above a
certain threshold, many countries have imposed legislations on permitted levels of nitrates and nitrites

making them important ions to monitor.
1.3.2 Overview of Nitrate Toxicity

The excess usage of fertilisers containing nitrogenous compounds can lead to nitrate leaching, soil
dentification, and volatilisation of nitrogen [7]. The volatilisation of nitrogen compounds contributes
to the release of greenhouse gases such as nitric oxide and nitrous oxide [2]. Meanwhile, nitrate
leaching is a major cause of eutrophication, as it contaminates groundwater, river water, and other
water bodies [3,7]. Furthermore, high concentrations of the NO2™ ion can be toxic to fish. Usually, it
IS present at very low concentrations naturally (< 0.005 mg/L), however certain conditions such as
acidity, accumulation in deep layers of lakes during stratification, and the presence of human
activities can cause the accumulation of NO2™ [32]. NO2 has an affinity for the branchial CI- uptake
route, which can lead to dangerous internal levels of NO2™ [33]. The toxicity arises mainly from the
oxidation of haemoglobin to methaemoglobin by the diffusion of NO>" into red blood cells, where it
oxidises Fe to the +3 oxidation state [32]. Methaemoglobin reduces the capacity of oxygen
transportation in blood. This gives the fish blood a brownish colour, which can be a visual manner of
inspecting if the water body suffers from high levels of NO2 [32,33]. Furthermore, NO2 ions

influence the K™ balance, which can lead to heart failure and nerve malfunction [33].

In humans, a high nitrate diet contributes to the development of diseases such as gastric and bladder
cancer, and methemoglobinemia. The toxicity is generated by the presence of NO2™ ions resulting in
methemoglobinemia, which can cause cyanosis and asphyxia [29,31]. The reactive NO2™ ion can
interfere with the oxygen transport system, causing irreversible conversion of hemoglobin to
methemoglobin in the blood stream, much like the mechanism observed in fish. This is particularly
problematic for infants and pregnant women [34]. The NO2 ion can also form carcinogenic N-
nitrosamines by reacting with secondary amines and amides in the stomach [34], as a result there are

limits to the concentration of nitrate in drinking water as detailed below.
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1.3.3 Policies of Nitrate/Nitrite in Water

Table 1-3. Country/region legislation for threshold concentrations of nitrate and nitrite as a function

of the water type.
Country/Region | Policy Drinking Water | Freshwater | Groundwater | Seawater
(a) Directive 98/83/EC
50 mg/L as NO3 2
European [24] 375 mg/L as
) 050 mg/L as
Union (o) WFD for England and O & NO; P
Wales of 2015 [25] ?
) U.S. EPA Drinking Water | 10 mg/L as NO3’
United States )
Regulation[35] 1 mg/L as NOy
10 mg N- 0.4 mg N-
] Resolugdo Conama NOs/L NOs/L
Brazil
357/2005 [28] 1 mg N-NOz 0.07 mg N-
/L NO,/L
(a) Australian Drinking | 50 mg/L as NOz
Australia Water Guidelines 6 2011 | and 3 mg/L as
[36] NO; @

NOs is usually considered toxic to humans once it has been oxidized to NO2 [29]. As with
ammonium, the nitrate/nitrite environmental threshold changes depending on the country. However,
the given threshold concentration tends to be more straightforward as it is not pH and temperature
dependent. The threshold concentration for drinking water in the EU according to Directive 98/83/EC
is 50 mg/L for NOs and 0,50 mg/L for NO2". Furthermore, the condition of [NO37]/50 + [NO2] < 1
in mg/L must be always ensured. For water treatment works, the threshold for NO>™ is 0,1 mg/L. In
the USA, the EPA Drinking Water Regulation states that the maximum allowed concentration for
NOz is 10 mg/L and 1 mg/L for NO2[35]. For groundwater, the WFD for Engladn of 2015 states that
the threshold concentration is 37.5 mg/L for NO3™ [25]. The Brazilian Conama Resolution 357/2005
states that a maximum quantity of 10 mg N-NOs7/L and 1 mg N-NO2/L is permitted. The Australian
Drinking Water Guidelines of 2011 indicate that a threshold concentration of 50 mg/L for NO3™ and
3 mg/L of NO>™ should be maintained to prevent nitrate toxicity in infants [36]. However, it is stated
that adults can safely drink up to 100 mg/L of NOs [36]. In some cases, NO3/NO" and NH4" are
considered as part of the DIN concentration threshold, but these policies were not included in this
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chapter. Table 1-3 contains a summary of the threshold concentrations for the EU, USA, Brazil and

Australia.
1.4 Detection Techniques for Ammonia and Nitrate/Nitrite in Water

Different techniques have been implemented for the detection of ammonia and nitrate in water,
with several materials and reagents used for the selective detection of these compounds. Although
there are techniques that detect the total dissolved nitrogen (TDN) or DIN, this chapter will focus on
the individual detection of these nitrogenous compounds. The main detection techniques can be
divided into optical and electrochemical methods, with spectrophotometry, fluorometry, and
electrochemical sensors being the most researched.

Spectrophotometry. In the spectrophotometer method, an electromagnetic wave from a light
source irradiates the analyte, and the light amount absorbed (or transmitted) is then measured. A
spectrophotometer usually is comprised of a stable light source, a sample container, a radiation
detector, and a signal processor and readout unit [37]. A schematic representation of an UV-VIS
spectrophotometer is given in Figure 1.3. The sample concentration is proportional to the decrease

in radiation power, and it is usually given by the Beer-Lambert law:
A=¢Cx1 (1.1)

where A is the absorbance, ¢ is the molar absorption coefficient, C is the sample concentration,
and | is width of the sample. ¢ is dependent on the incident wavelength radiation, the temperature,
and the solvent employed. From the Beer-Lambert law, it is observed that the molar absorptivity is

constant, and the absorbance is proportional to the concentration given the same parameters.

Spectrophotometric methods have been widely employed for the detection of ammonia and nitrite
in freshwater and seawater and it is the standard method advised by environmental agencies such as
the U.S. EPA [38-40]. Most of the optical methods require reaction reagents and pre-treatment of the
sample due to the presence of interferants commonly found in real water samples [41]. Many of these
reagents are often toxic or harmful to the environment and to humans, as for example the mercury in
the Nessler’s reagent method or the phenol in the indophenol blue method [42]. Although the pre-
treatment of samples and the use of reagents can be a hindrance for on site inspections, they are

optimized to offer a higher precision and selectivity for the analyte of interest. Spectrophotometers
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are usually costly, and analysis is often done in laboratories, however there are some portable
spectrophotometers that can be used in routine inspections. Some other advantages of this method
include a low LOD and a low volume of sample needed, but there is usually a limited working range
[43]. As the reaction changes color if the analyte of interest is present, the samples can also be visually
inspected for a faster qualitative analysis. Turbidity can influence the results, so natural water samples

are more suited for this method [42].

Intensity of
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Intensity of
incident
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Figure 1.3. Schematic representation of an UV-Vis absorption measurement of a given sample. A
light source irradiates the sample cell with an intensity lo and a transmitted light I is measured by the
detector [37].

Fluorometry. Another method widely employed is fluorescence spectrophotometry. It is quite
similar to the spectrophotometric technique however it instead analyses the fluorescence light emitted
by the sample after excitation by a light source (Figure 1.4). The fluorescence is detected with
photomultiplier tubes and the spectrum can be analyzed by a signal processor and readout unit [44].
As a general rule, the same fluorescence emission spectra are observed irrespective of the excitation
wavelength. Unlike in spectrophotometric detection, no sample pre-treatment is needed, although the
use of reagents is still necessary. Fluorometry allows for high sensitivity due to the nature of its
detection. The technique can be automated with a high sample throughput and high precision by
employing it together with an autonomous batch analyzer (ABA) or a flow injection analysis (FIA)
[45]. However, some drawbacks are that for automated processes the sample usually needs to be
analyzed in a laboratory, as the technique needs expensive equipment and trained personnel for daily

calibration, routine operation and maintenance [45]. Although portable fluorometers are not
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uncommon, the high reagent consumption and frequent need of calibration makes it harder for
continuous in situ analysis.

Another important detection technique for the NH4* and NO2/NOs" ions is electrochemistry. As it
is the main technique explored throughout this thesis, it is detailed in the section below.
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Figure 1.4. Schematic representation of a spectrofluorometer [44].

1.4.1 Electrochemistry

Electrochemistry is a branch of chemistry that deals with the relationship between electrical and
chemical effects. A significant part of this field focuses on the analysis of the electrical energy
generated by chemical reactions when an electrical current is input in the system [46]. This is
important for many fields, including analysis of corrosion, characterization of devices, e.g.

electrochemical sensors, batteries, and supercapacitors, and can be used to produce different
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technologies, e.g. electroplating or electrocatalysis [46]. The setup usually involves an
electrochemical cell with a three-electrode setup, a supporting electrolyte solution and a potentiostat.
A schematic representation of the complete setup can be seen in Figure 1.5a and that of an
electrochemical cell in Figure 1.5b. The three-electrode setup consists of a working electrode (WE),
where the electrochemical event of interest occurs, a counter electrode (CE), a high surface area inert
electrode used to complete the circuit for current flow, and a reference electrode (RE), an electrode
that has a stable potential that is used as a reference point [47]. Common WE are platinum, carbon,
silver and gold, with the most important aspect being their inertness at the potential window of
interest. The same aspect can be applied to the CE, where inertness plays an important role, therefore
a Pt wire or disk is usually employed, although carbon-based CEs also exist [47]. REs usually have a
stable equilibrium potential independent of the electrolyte used, with standard ones including the
saturated calomel electrode (SCE), standard hydrogen electrode (SHE), and the AgCI/Ag electrode
[47].

Electrode connections

% Holes for degassing

or reagent addition

[ — Teflon cap

Glass solution reservoir
Electrolyte solution

Working electrode

Reference electrode
Counter elctrode

Figure 1.5. a) A three-electrode setup connected to a Methrom Autolab electrochemical workstation.
b) Schematic representation of the electrochemical cell and its main components [47].

Another important aspect of the electrochemical cell is the supporting electrolyte, which consists
of a salt dissolved in the solvent. Large concentrations of supporting electrolytes are needed to limit
analyte migration to the electrode surface, as usually diffusion is the only type of mass transportation
included in theoretical models and simulations. They are also important to maintain the conductivity
of the solution, as the ions are responsible for carrying the electrons through the solution, maintaining
the electron neutrality of the system [47]. After choosing the appropriate electrodes, solvent and
supporting electrolyte, the experiment can begin. Usually, one or more or the following parameters

can be measured: potential (E), current (i), charge (Q) or time(t) [48].
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Electrochemical sensors present the possibility of miniaturized, low-cost, portable sensors that do
not require a variety of reagents and specialized personnel to operate it. Furthermore, the sensing
material can be varied to improve the sensing range, cross-sensitivity and stability [49]. A strong
advantage over other techniques is the possibility of continuous water quality measurement at a low
cost. However electrochemical sensors have some drawbacks, which include higher LOD, short
lifetime (although a lifetime of a year or more can be achieved in commercial sensors as long as they
are regularly calibrated), and cross-sensitivity [49]. The sensitive material selection is an essential
sensor fabrication factor as it dictates the sensor selectivity, sensitivity, and stability - three of the
most important parameters in a sensor. Another issue is the reference electrode performance and
stability, particularly for miniaturized electrochemical sensors, as this can dictate how often the sensor

needs to be calibrated or replaced [50-52].

Electrochemical sensors consist of a receptor, a transducer, and a signal processor (Figure 1.5a).
These sensors are usually classified by the transduction type, which consists of conductometric,
impedometric, potentiometric, amperometric, and voltammetric transduction modes (Figure 1.5b)
[53]. Conductometric and impedometric sensors use the change in conductivity that arises when the
sensing material interacts with the analyte. While conductometric sensors are based on the migration
of ions of opposite charge in the presence of an electric field between two electrodes, impedometric
sensors give more characterization details on the interaction of the sensing material with the analyte
solution [53]. The latter can detect the double-layer formation through the electrochemical impedance
spectroscopy technique as it is sensitivity to surface phenomena and change of bulk properties
[54,55]. Potentiometric and amperometric sensors choose a constant amplitude signal to measure the
correlate changing concentration with the output [56,57]. For potentiometric sensors, no current
passes through the system and the potential difference between the working electrode and the
reference electrode is measured using a technique called open circuit potential (OCP). For
amperometric sensors, a constant voltage is selected where the sensor will have a linear current
response to a changing concentration of analyte [53]. Voltammetry sensors implement a voltage
sweep that shows redox peaks of the analyte or substrate at a potential intrinsic to the material.
Different voltammetry techniques exist, and their suitability depends on the intended outcome of the
measurement. Some techniques include cyclic voltammetry (CV), linear sweep voltammetry (LSV),
differential pulse voltammetry (DPV), and square wave voltammetry (SWV) [58,59]. Different
techniques can be used depending on what information is wanted from the system. Of the many

existing techniques, the CV, DPV, and EIS techniques are discussed in more detail below, plus the
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electrochemical double-layer model, which is an important concept to understand how the analyte

interacts with the electrodes.
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Figure 1.6.(a) Electrochemical sensors device scheme [60] and (b) transduction classification
according to IUPAC classification [53].

1.4.1.1 The Electrochemical Double-Layer Model

The interface region of an immersed electrode with its surrounding electrolyte solution is
particularly important to understand the electrochemical double-layer occurrence. The general model
is constituted of an inner layer, also called compact, Helmholtz or Stern layer, that is the closest to

the electrode surface, which can contain solvent molecules, ions or other molecules specifically
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adsorbed at the electrode, and a diffuse layer [46]. To better explain the interaction of each layer, the
double layer is divided into two planes: the inner Helmholtz plane (IHP) and the outer Helmholtz
plane (OHP), which is represented in Figure 1.7a. The IHP consists of specifically adsorbed ions up
to a distance x; while at the OHP, solvated ions interact with the charged metal at a distance x. [46,61].
The diffuse layer starts from the OHP and stretches to the bulk of the solution. The reason the double
layer is such an important phenomenon in electrochemistry is because it significantly affects the
measurements. If the electrochemical cell is represented as a circuit, the double layer structure can be
viewed as a capacitor, Cq (Figure 1.7b). Therefore, to obtain the desired potential at the WE, first, the
double layer must be charged, creating a capacitive current that flows in the electrical circuit. Since
this current is not correlated to the reduction or oxidation of the analyte or substrate, it often interferes
with the results of the electrochemical experiments [46,61]. The final current would then be the sum
of the faradaic current, which corresponds to the oxidation or reduction of chemicals, and the
nonfaradaic current, which comes from the capacitive behaviour of the double layer, where no charge-
transfer occurs. This could be a problem when the nonfaradaic current is much larger than the faradaic
current, therefore many electrochemical methods try to suppress, isolate or filter it, although other
techniques might include the double layer current as a way of obtaining more information on the

double layer structure [61].
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Figure 1.7. a) Double layer region where anions are specifically adsorbed at the inner layer [46]. IHP:
inner Helmholtz plane. OHP: outer Helmholtz plane. b) Electrochemical cell circuit, where Ry, is the
solution resistance, Ry is the uncompensated resistance in the three-electrode system, Ry is the faradaic

resistance at the electrode surface and Cq is the differential capacity of the double layer.



Chapter 1 19

As mentioned, the double layer can greatly interfere with the experiment, causing abnormalities
in the expected results. A common example is the inhibition of the electrode reaction by adsorption
of electroinactive species. However, the opposite can also occur, where the double layer interacts
with the analyte and may act as a crucial part of the electrochemical result [46]. This interference, be
it good or bad, is highly influenced by the thickness and composition of the double layer. For ionic
concentrations greater than 10 mM, the double layer thickness is ~100 A, while its structure and
capacitance depend on various parameters, including electrode material, porosity, type of solvent and
supporting electrolytes, temperature, and pressure [61]. To summarize, the double layer generates the
nonfaradaic current on an electrochemical experiment and can be thought of as a charge storage layer,

while the faradaic current corresponds to a charge transfer reaction.

1.4.1.2 Cyclic Voltammetry
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Figure 1.8. a) A cyclic voltammogram following the IUPAC convention, where E is swept from high
to low potentials, giving rise to the reduction and oxidation peaks [47]. b) Circuit diagram of a

simplified three-electrode potentiostat system [61].

CV is a popular electrochemical technique. It gives a plethora of information about the reduction
and oxidation of species near the WE surface, and it can also be used to study electron-transfer
initiated reactions [46,47]. CV is a technique where a potential is cycled in a stepwise manner, and
the output current is measured. This results in a voltammogram (Figure 1.8a), where the redox peaks
can be distinguished from the background current given the right condition [47]. A simplified

potentiostat circuit is seen in Figure 1.8b, which allows minimal ohmic (IR) drop to interfere with the
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system by controlling the potential difference between the WE and the RE. By minimising the current
flowing through the RE, the potential can keep kept stable as little unwanted chemical reactions would
be occurring at the RE [61].

By running multiple CV experiments, it is possible to determine a range of reaction parameters,
including [48]:

e The Nerstian (reversible) or non-Nerstian behaviour of a redox couple
e If following a Nerstian behaviour, the number of electrons transferred at a redox reaction
e Reaction mechanisms

e The diffusion coefficient

Depending on the system, interpretation of the results can be quite complex, with different
parameters being changed on each run to give the best performance. This could include changing the
voltage window, the rate of voltage change per second, the solvent, the supporting electrolyte and the
electrodes. Therefore, each experiment requires their own set of parameters, however once found, a

good characterization of your system can be achieved.

1.4.1.3 Differential Pulsed Voltammetry
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Figure 1.9. a) Left: Superimposition of the pulses with the potential ramp. Epuise and Estep correspond
to the potential of the pulse and the step, respectively and the same occurs for the time, with tpuse and
tstep. Right: The resulting potential-time function [62]. b) A typical DPV voltammogram showing a
clear redox peak [46].
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DPV is a highly sensitive technique that improves the signal-to-noise ratio of the voltammogram.
The waveform of the potential is, as the name suggests, given in pulses, with each potential pulse
being fixed at small amplitudes (generally 10 to 100 mV), superimposed on a staircase potential ramp
(Figure 1.9a) [62]. By sampling the current twice, at the beginning and end of each pulse, the
capacitive or background current is nearly eliminated by allowing sufficient decay of the nonfaradaic
current [61]. The current output is the result of the difference between the two sampled current values
and it is plotted against the base potential (Figure 1.9b). DPV allows for micromolar concentrations
to be accurately detected, while CV works better at higher concentrations [46,61].

1.4.1.4 Electrochemical Impedance Spectroscopy

EIS is one of the most complex techniques in electrochemistry, used to study the kinetics of
charges in bulk or interfacial regions, corrosion processes, the charge transfer resistance and general
electrochemical characterisation of materials and electrolytes [61]. This technique measures the
impedance of the system by applying a small sinusoidal excitation AC potential and detecting the
current. The impedance, Z, of the system can be given by the quotient of the potential-time function,

E(t), by the current-time function, I(t), as in Equation 1.5 [63]:

E(t) E;sin(fwt) 1
- 1(t) - I, sin(wt + @) L£tye= Y (15)

where E, and |, are the maximum potential and current signals, e is the angular frequency, ¢ is the
phase shift between E(t) and I(t), Z" and Z” are the real and imaginary part of Z represented in the
Cartesian coordinates, j is the imaginary unit, and Y is the complex conductance or admittance. Z’ is
known as resistance and Z” as reactance and when represented in a complex plot of -Z” vs Z’, it is
called the Nyquist plot. In this manner, the data can be analysed in terms of an equivalent electrical
circuit to reflect the reality of the system as close as possible. It combines resistances, capacitances,
inductances and/or other mathematical components to model the system interaction. For
electrochemical cells where the electrolyte is a part of the system, four components are usually used:
the ohmic resistance, R, the capacitance, C, the constant phase element, CPE, and the Warburg
impedance, W [63]. More specifically, when an electrode is in contact with the electrolyte, the
Randles’ circuit is normally implemented. Figure 1.10 shows the schematic representation of a
Nyquist plot where the Randles circuit has been used. The information that can be gathered from the

model is the solution resistance, Rs, the charge-transfer resistance, Rcr, the double layer capacitance,
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CoL, and the Warburg impedance, W. Rs is the resistance arising from the ions in the electrolyte
solution and the electrochemical cell geometry, Rct results from current flow of redox reactions at
the interface, and W is correlated to the diffusion process from the bulk solution to the interface [63].
The Cpi, which results from the charge stored in the double layer, can be calculated from the
frequency at the maximum of the semicircle. Although the Randles’ circuit is widely used for
biosensors and electrochemical cells” models, different equivalent circuits can be used to represent
other types of impedance data as long as they have a basis in the physical electrochemistry of the
system studied [61]. Another way to plot the impedance data is with the Bode plot, where the
magnitude of the impedance, |Z|, and the phase shift, ¢, is plotted against the measuring frequency, f,
with /=2ze [61]. In the Bode plot, all the information can be readily understood, and it is sometimes
easier to visualize each electrical component. In conclusion, EIS is a powerful characterization tool
that can be used in a diverse range of fields to better understand how the system is interacting with

the environment.
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Figure 1.10. Nyquist plot of the Randles’ circuit, with Rs referring to the solution resistance, Rct the

charge-transfer resistance, Cp. the double layer capacitance, and W the Warburg impedance [63].
1.4.1.5 Printed Electrochemical Sensor Designs

Different sensor designs are usually employed for these electrochemical techniques. To
miniaturize these sensors, fabrication techniques such as screen-printing, inkjet-printing are usually
employed. Figure 1.11 exemplifies the different sensor designs commonly used in printed sensors
and the output technique. Potentiometric sensors (Figure 1.11a) usually have a sensing electrode
covered with a selective membrane and a reference electrode to measure the electromotive force (emf)

over time [64,65]. In this way, a correlation between different ion concentrations and the emf can be
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done to test for pH or copper ions, for example. Unlike potentiometric sensors, where no current
passes through the electrodes, voltametric sensors require a counter electrode for current collection.
In this way, they normally have three electrodes: the working electrode, the reference electrode, and
the counter electrode (Figure 1.11b). The techniques used rely on faradaic reactions, where electron
transfer between the sensitive material in the working electrode interacts with the analyte and
produces a selective redox peak [66,67]. Lastly, for impedimetric/conductimetric sensors, the spiral
pattern, or an interdigitated electrode (IDE) is normally used as it increases the effective surface-to-
volume ratio of the electrode, leading to a higher conductivity and ion diffusion, which influences the

signal intensity [68].



Chapter 1 24
a electrical connections
covered conducting path
screen printed Ag/AgCl
ion selective membrane
insulating layer i / ) )
intermediate layer 0 100 200 300
(conducting polymer) t/min
; 150
screen printed Ag screen printed graphite cVv
f d
ceramic substrate < 100}
= b
g
r2: g O a
b Laye g
carbon 3
Layer 3: 0
insulation
-50 [ A A A
0.3 0.5 0.7 0.9 1.1
Potential / V vs. SCE
DPV GHp =034 2734
] 60 130 uM Zw| R=0997
Layer I: P £.
silver P | Sl
~ ol
° 30 -0 ) 120
;:: 0.0100 pM Concentration / pM
e 36t
5
Paper O ul
substrate
12t
0.2 0.4 0.6 0.8 1.0 1.2
C Porous Sensing Layer — s | POtential / V vs. SCE
1200} EIS :: o4
Finger — Finger Width E 3
Contacting Pad d $ 120 K
900 v Lw
» £ €«
S . Y T
~ 600} v oadha, Z'/ ohm
= e ) A‘A ao‘ <
— Over laping area N :a’,"'i ‘a0’ o3
300} W
Insulated Substrate
0F
[ Interdigitated Electrode 0 600 1200 1800 2400
Z'/ ohm

Figure 1.11. Common printed sensor designs used for the different electrochemical techniques and

an illustration of the graphical output for standard techniques employed in electrochemical analyte

detection. (a) Potentiometric sensor design and the signal output for OCP [65]. (b) Voltametric 3-

electrode design [69] and CV and DPV output [67]. ¢) Impedimetric interdigitated sensor [70] and

the EIS output [67].
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1.4.2 Summary of the Detection Techniques
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Figure 1.12. Comparison of common techniques used for the detection of NH4*/NH3 and NO2/NOs”

in water bodies.

An overview of common and upcoming methods for dissolved NHz and NOs/ NO>™ is given in
Table 1-4. Furthermore, the detection techniques can be visually summarized in Figure 1.12. It can
be concluded that each technique has its advantages and disadvantages over the others. While
electrochemical sensors possess the highest potential for continuous in situ water monitoring, the
other techniques are more mature, so they can achieve higher precision and selectivity.
Spectrophotometry and electrochemical sensors are usually employed in natural water, where salt
interference is low, while fluorometry is the technique most often used in seawater. Considering these
aspects and that electrochemical sensors are an ongoing research topic, versatile, and provide the
possibility of real-time measurement coupled with good detection limits, this thesis focuses on the
development of new electrochemical sensors for dissolved ammonia and nitrite detection. The next
subsections cover in more detail specific examples of sensors and detection techniques used for

ammonia and nitrite/nitrate.
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Table 1-4. Overview of common and upcoming detection techniques for ammonia and

nitrate/nitrite.

Detection
Analyte Method ] Comments
Technique
Classical method that uses toxic reagents. Has
Nessler Spectrophotometer
been dropped as a standard method.
o Needs preliminary distillation. Prone to high
Titration Spectrophotometer ) ]
relative error for low NHz-N concentrations.
Good linearity from 0.02 to 2 mg NHs-N/L.
Indophenol | Spectrophotometer | Sample needs to be pre-treated. Uses toxic
NH3/NH4* reagents.
Suitable for low concentrations of ammonia.
OPA Spectrofluorometer ) )
High reagent consumption.
) Commercially available for continuous
ISE Electrochemistry o _ )
monitoring. Interference with K* ions.
) _ Possibility of system miniaturization. Can
Metal Oxides | Electrochemistry ) o .
present problem with selectivity and stability.
) Most frequently used method. Can suffer
Griess Assay | Spectrophotometer | ]
interference from Cu?*, Fe®*, S* and I ions.
] ) Low standard deviation. Susceptible to Fe*
Nitrosation | Spectrophotometer )
influence.
NOs- ) Needs controlled reaction conditions.
Catalysis Spectrophotometer )
INO2 Interference from several ions.
Carbon-based o S o
] Possibility of miniaturization. Detection limit
Materials or _ ) )
Metal Electrochemistry in UM or mM range. Can suffer interference
eta
] in complex samples.
Nanoparticles
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1.4.3 Ammonia Detection Techniques

SO:

a CHO H\ /H =
+80+ N —p N-H + H.0 + OH~

CHO N ~

i Ll

Gate voltage (V)

Figure 1.13. (a) Fluorometric detection of ammonia based on OPA-sulfite [41]. (b) Device for
colorimetric sensing of dissolved NHs [71]. (c) ZnO-based ion sensitive field-effect transistor for

the determination of dissolved NH;3 [8].

Ammonia in water is present as NH4" ion and dissolved NHz and usually the NH4" ion is
determined and the NHs concentration is calculated by Equation 1.4. Some methods have been
employed for ammonia detection, including spectrophotometry, fluorometry, and electrochemical
sensors (Figure 1.13). Spectrophotometric analysis has been widely utilized for the detection of
ammonia in freshwater and seawater, being advised by environmental agencies such as the U.S. EPA
as the standard method [38-40]. Nesslerization has been considered a classical method to determine
ammonia for more than a century, although it has been dropped as a standard method [72]. It consists
of a pale-yellow alkaline mercury solution (K2Hgls) that becomes deep yellow in the presence of
ammonia. The problem arises because of the use mercury, which is difficult to dispose of and highly
toxic [72]. A standard method is the titrimetric method, where a standard solution (titrant) is prepared
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and added to the analyte until a change in colour occurs. To determine NH3-N, a sulfuric acid (H2SO4)
titrant solution is used until a pale lavender colour is observed [72]. This method is usually employed
for samples with concentration greater than 5 mg NHs-N/L as the error escalates in lower
concentrations and volatile amines (hydrazine and amines) can influence the result [72]. Another
method is the phenate or indophenol, where the reaction between ammonia, phenol and hypochlorite,
catalysed by sodium nitroprusside, produces an intense blue compound, the indophenol [73]. It can
be also automated and produce a linear response from 0.02 to 2.0 mg NHs-N/L [72]. These
colorimetric methods require pre-treatment of the samples for an accurate measurement, which ranges

from adding dechlorinating agents to distilling the water [72].

Fluorometry is a popular technique for detecting ammonia. Its low limit of detection (LOD), up to
the nanomolar range, makes this technique suitable for water bodies with low concentration of
ammonia, such as seawater [40]. O-phthalaldehyde (OPA) is the most used chemical for fluorometric
detection of ammonia, being first developed in 1971 for amino acid detection [74]. The reaction has
since been improved by some of the reagents and technologies used to minimize interference with
other amines [75]. An important modification to the original method was substituting
mercaptoethanol with sulfite (Figure 1.13a), which provided a more selective and sensitive method
for ammonium over amino acids [76]. Different modifications to the OPA method have since been
developed, including additional of methoxy groups to the benzene ring of the OPA molecule and

changing the buffer solutions [40].

The selection of the sensitive material is essential for the fabrication of a successful
electrochemical sensor as it influences the sensor selectivity, sensitivity, and stability. For ammonia
detection, these materials include metal oxides, carbon nanotubes, metals, and ion-selective
membranes, each presenting some advantages and disadvantages [41,43,77]. Some examples found
in literature include ion-sensitive field-effect transistor (ISFET) ZnO-based ammonia sensors (Figure
1.13c), an amperometric dodecylbenzene sulfonate (DBSA)-doped polyaniline nanoparticles
(nanoPANI)-based sensor, and ionophore-based potentiometric sensors [8,57,77,78]. The sensitivity
range is usually in the micro- or millimolar range for ammonia detection, with commercial sensors
usually employing ion-sensitive electrodes (ISEs) [77]. Ammonia electrochemical sensors can also
be developed in flexible substrates, and research is ongoing on developing biodegradable disposable

ammonia sensors. A summary of the NH4* sensors mentioned here can be seen in Table 1-5.



Chapter 1 29
Table 1-5. A summary of different sensors used for the detection of NH4*/dissolved NHa.
Detection technique Method Sensing material Detection range LOD Ref.
) 0.05-1 mg/L
Spectrophotometry Nessler K2Hgl. solution - [79]
NHs-N/L
o ] 5-100 mg/L NHzs-
Spectrophotometry Titrimetric H2S0, NIL - [72]
. 0.02-2.0 mg
Spectrophotometry Indophenol Phenol and hypochlorite - [72]
NHs-N/L
Spectrophotometry Fluorometric O-phthalaldehyde 0.2-60 uM 35nM [40]
Spectrophotometry Colorimetric Phenolphthalein 17-1700 ppm 17 ppm [71]
Electrochemistry Amperometric DBSA-doped nanoPANI 0.02-10 mM 3.17 uM [57]
Electrochemistry ISFET Zn0O nanorods 10 nM -2.5 mM 70 nM [8]
Electrochemistry I1-V measurement ZnO nanopencils 0.05-500 uM 5nM [78]
) ) ) Solid-sate nonactin 79 Mg-1600mg | 7.9 ug N-
Electrochemistry Potentiometric ) [80]
cocktail N-NH4*/L NH4*/L
] . ] Gas-permeable 0.03 - 1400 mg
Electrochemistry Potentiometric - [72]
membrane N-NHs/L

1.4.4 Nitrate and Nitrite Detection Techniques

Spectrometric techniques are by far the most widely employed method for the detection of NOs

and NOz™ ions. It presents the opportunity of low detection limits in the range of 0.01 to 1 mg/L, for
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example, by utilizing a continuous-flow spectrometric method that can determine both or each ion
separately [29]. Nitrate absorbs UV light at 210 nm making it feasible for UV spectroscopy
determination. However, components such as chlorine, nitrite, iron(l11) and organic matter absorb in
the same region, which can interfere with the experiment [31]. Over the years, modifications to the
technique have been made for a more selective and sensitive method. Some of the spectrophotometric
methods used are based on the Griess assay, nitrosation and catalytic processes [34]. The Griess assay
involves a diazo-coupling procedure, where a nitrite acidified aromatic amine undergo diazotization
by coupling reaction (Figure 1.14a) [31]. The reaction produces a colored azo chromophore that can
be detected at 500-600 nm. The process has been modified in many aspects, including assay
conditions, target amines (e.g. sulphanilic acid, nitroaniline and p-aminoacetophenone), coupling
agents (phenol, 1-naphthol, 1-naphthol-4-sulfonate, 1-amino naphthalene and 1,3-diaminobenzene),
among others [31]. Although this method detects only NO,", chemical or enzymatic reduction of NO3z

to NO2™ can be employed before the diazotization process to also detect nitrates.

a NOjy +2H" + 26— NO;” + H,0

NO, NoOy

current

potential

Figure 1.14. (a) The Griess assay method [31]. (b) Electrochemical detection of nitrite [81].

The nitrosation reaction is based on the reaction of several indicating species (e.g. barbituric acid,
phloroglucinol (1,3,5-trihydroxybenzene)) that react with nitrite to form colored products (e.g.
violuric acid) but suffers from interference from other metal ions [34]. In the catalytic-based
spectrophotometric methods, the catalytic effect of nitrite on the oxidation of organic dyes or other
indicating species is analyzed. For example, substituted phenothiazine derivatives, triarylmethane
acidic dyes, azo dyes, quinone imide dyes, and brilliant cresyl blue have all been reported as
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indicating species or organic dyes [34]. However, the determination of nitrite by catalytic-
spectrophotometric methods has several drawbacks, including the need for controlled reaction
conditions, such as acidity, temperature, and reagent dosage, and interference from ions as Fe?*, Fe**,
Ag*, SO3*", Brand I [34]. Recently, electrochemical detection of nitrates has been gaining attention
(Figure 1.14b). Carbon-based materials such as graphene oxide, carbon-nanotubes, and carbon black
have been employed as the sensitive material, but other metal nanostructures have also been used
[66,81]. Many of the electrochemical sensors developed are based on glassy-carbon electrodes
(GCE), which is usually employed in a laboratory setting. To bring these sensors in field, different
fabrication techniques, such as screen-printing or cleanroom device fabrication, need to be employed.
Other methods utilized for the determination of nitrates and nitrites include the electrochemical,
chromatographic, capillary electrophoresis, and electrochemiluminescent methods [34]. Some of the

techniques mentioned here are summarized in Table 1-6.
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Table 1-6. A summary of different sensors used for the detection of NO3/NO;" ions.
Detection . . Detection
lon ] Method Sensing material LOD Ref.
technique range
Sulphanilamide + 1-
NO. | Spectrophotometry Griess-assay 2-40 ng/L 1.4 ng/L | [82]
naphthol-4-sulfonate
Sulphanilamide + 1-
NOs™ | Spectrophotometry Griess-assay 1.5-30 ng/L 1.1ng/L | [82]
naphthol-4-sulfonate
Nitrosation- o
NO2 | Spectrophotometry ) Barbituric acid 0-3.22 ppm 1.66 pug/L | [83]
reaction
i - 29n
Nitrosation- Phloroglucinol (1,3,5 0.03 - 0.30 g g
NO, | Spectrophotometry _ NO;- [84]
reaction . NO2-N/mL
trinydroxybenzene) N/mL
i - 2.3n
Nitrosation- Phloroglucinol (1.3,5 0.1-1.0ug J
NOs | Spectrophotometry ] NO3™- [84]
reaction . NOs-N/mL
trinydroxybenzene) N/mL
] . 0.07
NOy | Spectrophotometry Catalytic Perphenazine 0-4.5 ng/mL il [85]
ng/m
) L 3.7nM -65
NO2 | Spectrophotometry Catalytic Brilliant cresyl blue M 1.76 nM | [86]
M
] . Au-Fe(lIl)
NOz | Electrochemistry Amperometric ) 0.2 - 150 uMm 0.1 uM [87]
nanoparticles/GCE
] ] ] 1.1uM-11
NO, | Electrochemistry Voltammetric | Pt-Fe(lll) nanoparticles/GCE M 0.47 uM | [88]
m
Reduced graphene
NOy | Electrochemistry Voltammetric oxide/screen-printed 20-1000 uM 0.83 [89]
electrode
NOs | Electrochemistry Voltammetric Cu nanowires 10-1500 p 10 puM [90]
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1.5 Aims and Objectives

From literature, it is possible to notice a gap in the fabrication of affordable, continuous sensors
for NHz and NO2/NOs" in water. The standard spectroscopic techniques require regular maintenance
and specialised personnel, making them costly both to purchase and maintain. Meanwhile,
commercial electrochemical sensors rely on potentiometric techniques that use sensitive membranes
to detect the analytes. Although this solution is more affordable and can provide continuous analyte
detection, the detection time increases to several minutes at low analyte concentration. VVoltammetric
sensors are presented as an alternative to standard potentiometric sensors, however, achieving high
sensitivity while maintaining long-term stability and low/no signal interference is extremely
challenging. Moreover, considering that the aim for these sensors is to be continuously employed in
water bodies, it is important to understand how the sensor lifecycle and the materials used during the
fabrication step impact the environment. This has not been thoroughly considered in literature when
fabricating new electrochemical sensors, with few reports currently emerging [91].

Therefore, the main aim of this thesis is to develop affordable, fast, and convenient sensors to
detect dissolved inorganic nitrogen for water quality monitoring, focusing on nitrite (NO2) and
dissolved ammonia (NH4"/NH3) sensors. Furthermore, the use of more environmentally friendly
approaches to electrochemical sensor fabrication is desired. To achieve this, the study of different
voltammetric techniques and printed sensor fabrication steps were performed. The specific research

objectives were:

1. To investigate the potential interference of silver-based electrodes on the electrochemical
performance of interdigitated electrodes (IDEs).

2. To explore more sustainable alternative materials to substitute metal-based pastes in
printed electrodes. More specifically, to investigate the stability and electrochemical
properties of carbon and silver pastes on the conductive tacks of printed electrodes.

3. To study different fabrication techniques for carbon-based electrodes and how they
perform as NO2 sensors. In particular, to compare the performance of laser induced
graphene (LIG) electrodes to commercial screen-printed electrodes (SPES).

4. To evaluate the electrochemical performance of Cu-based materials for dissolved NH3

sensing.
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1.6 Thesis Outline

Chapter 1: Thesis Introduction and Literature Review

This chapter includes the aims and objectives of this thesis, the thesis outline and a literature review
of state-of-the-art methods and techniques to detect inorganic nitrogen compounds in water bodies.
The review details electrochemical techniques for NO2/NOs" and NH4*/NH3 detection as well as

permitted concentrations of these analytes in water bodies.
Chapter 2: Influence of Silver Paste on Ammonium Interdigitated Sensors

A ZnO-based IDE for dissolved NHz sensing was studied in this chapter. The influence of the Ag

electrode on the electrochemical results was investigated as a potential source of interference.
Chapter 3: Evaluation of Carbon Pastes on Printed Electrodes

This chapter further analyses the impact of Ag pastes as conductive tracks on voltammetric sensors
and investigates the use of carbon materials as alternatives. For that, the mechanical and
electrochemical performance of two commercial SPEs fabricated using commercial silver and carbon

pastes and of a novel graphite printed electrode are investigated.
Chapter 4: Optimisation of Laser Induced Graphene Electrodes as Nitrite Sensors

The optimisation and fabrication of LIG sensors are described in this chapter as an alternative
source of carbon-based electrodes. Furthermore, the LIG sensors are compared to a commercial

carbon SPE to monitor NO2™ in aqueous media.
Chapter 5: Copper-based Dissolved Ammonia Sensors

In this chapter, a Cu metal organic framework (Cu-MOF) was explored as a new material for
sensing dissolved NHz. The influence of pH and Nafion were investigated on the electrochemical

performance as well as material stability.
Chapter 6: General Conclusions and Future Perspectives

This chapter outlines the main findings of this thesis, including the substitution of silver for carbon
electrodes and its application as NO2. The findings on the Cu-MOF and how to improve its
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performance for dissolved NHs voltammetric sensors are also discussed. Furthermore, the challenges

and future perspectives are highlighted in this section.



Chapter 2
Influence of Silver Paste on

Ammonium Interdigitated Sensors

Sections 2.1, 2.2, and 2.3.1-2.3.3 are adapted with permission from: F. F. Franco, L. Manjakkal,
D. Shakthivel and R. Dahiya, "ZnO based Screen Printed Aqueous Ammonia Sensor for Water
Quality Monitoring," 2019 IEEE SENSORS, 2019, pp. 1-4, doi:
10.1109/SENSORS43011.2019.8956763.

*The scanning electron microscopy (SEM) characterisation was carried out by Dr Dhayalan
Shakthivel.

2.1. Introduction

Continuous monitoring of water quality is needed to minimise exposure to diseases and to maintain
healthy conditions for aquatic species. Among various critical parameters that need to be monitored,
ammonia is especially important as a nitrogen-rich environment can lead to eutrophication,
decreasing the amount of dissolved oxygen in water bodies [5,6]. Aguatic ammonia exists in
equilibrium as dissolved ammonia (NH3) and ammonium ion (NH4") and the former is particularly
harmful even at low concentrations [4]. Considering the harmful effects of NH3, continuous online
monitoring of different water types (e.g., drinking water, lake water, wastewater) with a simple,
miniaturized setup is highly desirable as an alternative to time consuming laboratory techniques. In
this regard, sensors with electrochemical, conductimetric, or amperometric analysis have been
reported recently with different materials including conducting polymers and metal oxides [2,92].
Among these, metal oxides-based sensors, with their high surface to volume ratio, show enhanced

sensitivity, selectivity, fast response and long lifetime in different environmental conditions [93].

36
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Furthermore, the mechanical stability and miniaturization of metal oxide-based sensors make them

ideal for online monitoring applications [64,94].

(1) Alumina substrate (1) Screen-printing of IDE
ﬂ\‘}.ﬁo

(IV) ZnO based ammonia sensor  (lll) Screen-printing of ZnO layer

Figure 2.1. I-111) Schematic illustration of the sensor fabrication. IV) Proposed sensing mechanism

of ZnO based sensor for NH4™ monitoring.

In this chapter, a ZnO thick film-based sensor was explored for NH4* monitoring. The sensing film
was screen-printed on top of a silver interdigitated electrode (IDE) structure (Figure 2.1). IDEs are
microelectrodes where the working and counter electrodes form an interlaced comb structure [95]. It
should be noted that the geometry of screen-printed electrodes (SPEs) can influence the sensor
performance, cost, and scalability. An important element when designing a printed electrode is the
uniform current distribution between the surfaces of the electrodes [96]. It has been reported that the
sensing output can be enhanced by increasing the surface-to-volume ratio of the electrode [96]. Many
designs exist in literature with the most usual configuration for 3-electrode SPEs being the circular
geometry, consisting of a working, a reference and a counter electrode (See Section 1.4.1 for a more
in-depth review). For electrochemical impedance spectroscopy (EIS), the spiral pattern or an IDE is
normally used as it increases the effective surface-to-volume ratio of the electrode, leading to a higher
conductivity and ion diffusion, which influences the signal intensity [68]. The IDE structure was
selected as it could lead to miniaturized sensors without the need for an external reference electrode,

simplifying the sensor design and possibility increasing the response due to its unique geometry.

The choice of ZnO as a sensing material was due to its high biocompatibility and chemical stability
[93,97,98]. The surface oxide of the ZnO layer has been reported to react to very low concentrations
of NH4* which leads to changes in resistivity and current response [8,78]. Using this working
principle, the electrochemical reaction of the ZnO film with various concentrations (0.0 to 11.0 mM)
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of NH4" was used to investigate the correlation of analyte concentration with change in
current/impedance response. After further electrochemical experiments, however, it appeared that the
faradaic peak was not generated only by the oxidation of NH4". Therefore, preliminary experiments
were performed to analyse the interaction of the IDE silver layer with the sulphate ions present in the

solution, as silver can be oxidised to Ag*ions or interact with sulphates to form Ag2S04 [99,100].
2.2. Experimental Section

2.1.1. Sensor Fabrication

The first step in the fabrication of the sensor is to obtain the paste for screen printing. To this end
the ZnO powder (Sigma Aldrich) was wet ball milled in isopropyl alcohol for 7 hrs in a planetary ball
mill and then dried. The fine ZnO powder obtained was mixed with ethyl cellulose (40 wt.%) (Sigma
Aldrich) binder and terpinol (Sigma Aldrich) solvent in agate mortar for lhr. For the sensor
fabrication, initially, a silver paste (Ag/Pd ESL 9695) was deposited on an alumina planar substrate
by screen-printing to obtain the IDEs. The IDE pattern consists of 0.5 mm wide and 10 mm long
fingers spaced at 0.5 mm. The metal layer was dried at 120 °C for 20 min and annealed at 850 °C for
30 min. Following this, a 13 x 17 mm ZnO sensing layer with 10 um thickness was screen-printed on
the top of IDE. The layer was dried at 120 °C for 20 min and annealed at 600 °C for 1 hr. Finally, Cu
wires were soldered on the contact pad and the Ag electrodes were protected by insulative epoxy
(polyurethane). The epoxy was heat treated in oven at 80 °C for 1 hr to obtain good quality of
insulation. The schematic representation of the sensor fabrication is shown in Figure 2.1.

2.1.2. Structural and Morphological Characterisation

The structural characterization of the film was carried out with a powder X-Ray diffractometer
(XRD, P’Analytical X‘Pert with Cu Ka (L= 1.541 A)). The morphological characterization of the
film before and after the electrochemical analysis was performed by scanning electron microscopy
(SEM, SU8240 Bruker at 6 kV). The ImageJ software was utilised for measuring the length of the

ZnO sctructures.
2.1.3. Electrochemical Characterisation

The cyclic voltammetry (CV - 0.0 to 0.8 V with a scan rate of 100 mV/s) and EIS (10 mHZ to 1
MHz) characterisation were performed using a two-electrode system on the Metrohm Autolab
(PGSTAT302N) instrument. The current resolution is 0.0003% of the current range (e.g., 30 fAif a
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current range of 10 nA was chosen) and the impedance resolution is 0.3% for frequencies less than
10 kHz. A concentrated dissolved ammonium solution was prepared by adding ammonium persulfate
((NH4)2S208, Merck) in milliQ water. The electrochemical evaluation of the sensors was then
monitored by adding appropriate volumes of the concentrated (NH4)2S20g solution. During the
measurements, the total ammonia nitrogen (nitrogen in the form of NHsz plus NHs" in water)
concentration was varied from 0 to 11.0 mM by adding appropriate amounts of the concentrated
ammonium solution. The pH and temperature of the system were monitored using a commercial
sensor (Hanna Instruments HI-98130). The (NH.)2S20s solution gets dissociated into NHs and NH4*
ions, with the equilibrium of these constituents depending on temperature and pH. Therefore, to
calculate the concentration of NHz and NH4" ions, suitable pKa and un-ionised NH3 fraction equations
(Chapter 1, Equation 1.1-1.4) were employed [10]. The calculated concentration of NH4" ions (in the
range of 0-10.9 mM) was used for the calibration curves.

Additional CV and differential pulsed voltammetry (DPV) experiments were performed using
concentrated liquid ammonia (NH4OH) solution with the ZnO-based IDE sensor. The DPV
experiments had a step size of 5 mV, a pulse time of 0.2 s, a pulse size of 50 mV, and a sample period
of 0.5 s. Furthermore, CV and DPV experiments using bare Ag IDE, in which no ZnO layer was
deposited on top, were also performed using concentrated ((NH4)2S20s solutions. The concentration
range was from 0.1 to 3.0 mM of NHsOH or (NH4)2S20es.

2.3. Results and Discussion

2.3.1. Sensing Mechanism

The NH3 gas sensing mechanism using metal oxide-based sensors, especially those based on the
chemiresistance principle, is well explained in the literature [93,101]. In these sensors, the surface
oxide layer adsorbs the reducing gas and alters the resistivity of the metal oxide by injecting electrons
in the conduction band, and thus facilitates the flow of electrons [101]. In the case of dissolved NH3
sensors, the electrochemical reaction occurs on the surface of the electrode and the aqueous NHs
reacts with the surface adsorbed superoxides in an exothermic reaction [8]. Previous ZnO-based field
effect transistor sensors claimed that the reaction occurring at the ZnO surface was due to the
exothermic reaction of NHsOH into NH4" ions [8,78]. These ions then react with the surface adsorbed

oxygen, releasing electrons to the metal-oxide film. The equation is shown below:
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NH,OHgqueous = NH} + OH™ (2.1)

Another possible mechanism for the ZnO-based sensor involves the nitrification of NH4" into
nitrate ions (NO3) by the surface superoxides [102,103]. The energy released during the oxidation
should be sufficient for the electrons to jump to the conduction band, which in turn decreases the

resistance of the material. The proposed nitrification reaction is as follows:

NH} + 20, -» NO3 + H,0 + 2H™ (2.2)

Additionally, a model for water interaction with ZnO indicates the water suffers partial
dissociation at the surface and forms an ordered superstructure with (2x1) periodicity [104]. By
combining these previous findings, it would be reasonable to assume that water dissociates at the
surface of the presented sensor into different species and forms an ordered structure, with superoxides
being the one that reacts most strongly with the ammonium ion. In addition to the redox reaction, the
formation of an electrical double layer (edl) on the surface of the oxide was observed. When a
potential is applied on the IDE, an electrochemical reaction occurs at the ZnO/electrolyte interface.
The electric field generated on the IDE disturbs the electrical properties of the ZnO film, varying with
the ionic (NH4* and (S20s)*) concentration of the solution. These electrochemical variations were
initially attributed to the NH4" ion concentration and they were investigated using CV and EIS
analysis, however after further experiments (detailed in the sections below) it was discovered that the
Ag IDE layer could be interfering with the CV oxidation peaks. Metallic Ag can be oxidised by the
S2,0s% anions to form Ag* [99,100]. The electrochemical interaction of Ag with S,0s* anions can be

seen in Equation 2.3.

Ags) — Agt +e” (2.3)

2.3.2. Structural and Morphological Characterisation

Surface morphology of ZnO film before and after reaction with the solution are shown through
SEM images in Figure 2.2a,b. The films have fine-grained microstructures and homogeneous and
rectangular crystalline grains with grain sizes in the range of 60 — 200 nm. Furthermore, the absence

of any change in the ZnO nanorod crystallinity before and after the measurements indicates that the
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ZnO film is stable. The XRD pattern of the ZnO film in Figure 2.2c shows a highly crystalline
structure with well-defined peaks. The three most intense peaks can be attributed to ZnO (100), (002)
and (101). Unmarked peaks match the Al.O3 XRD pattern and are due to the presence of the alumina
substrate. Although the film thickness was not analysed in this chapter, it is an important parameter
to consider as thicker films can slower the diffusion of molecules, leading to lower signals [97].

Characterisation techniques such as profilometry can be used to obtain the film thickness profile.
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Figure 2.2. SEM images of ZnO crystals before (a) and after (b) the CV and EIS analysis. ¢c) XRD

pattern of the structure.
2.3.3. Initial Electrochemical Characterisation

The CV curves for the NH4* in the 0 to 10.9 mM range are shown in Figure 2.3a. The oxidation

peaks start around the same voltage for all concentrations, with maximum current density (Jp) of each
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oxidation peak shifting to the right as more (NH4)2S20s is added to the solution. The sensor has
limited surface area, and by adding more analyte the mass transfer and the edl are affected [106]. In
other words, the diffusion in the second layer of edl, which should mostly consist of (NH4)2S20s
interacting with adsorbed oxygen, as described in Sensing Mechanism, is affected and increases the
total energy needed for the catalysis of NH4*. The increase in the current density was observed with
increasing concentration of the solution. By analysing J, vs NH4" ion concentration (Figure 2.3b), a
linear trend was observed in the range of 0.87-10.9 mM. with a sensitivity of 49.6 pAmM-tcm and
an r? value of 0.996.

The electrochemical reaction and the sensing mechanism were also investigated through EIS
analysis. The Nyquist plot from the EIS analysis (Figure 2.3c) shows a spike in the high frequency
range due to the influence of the solution and contact resistance (Rs). The large semi-circle arc in the
intermediate frequency range is due to the bulk resistance and shows the charge transfer resistance
(Rc) of the electrode [63]. The total resistance (Rt) was obtained by Rt = (Rs + Rct) x A, with A
being the sensing area of the ZnO layer. By plotting the Rt per unit area against the NH4" ion, a linear
trend was observed from 0.39 to 10.9 mM (Figure 2.3b). The measurement reveals that the resistance
decreases with increased analyte, which concurs with the hypothesized sensing mechanism for ZnO
where the injection of electrons from the catalysis of the NH4* ion in the conduction band lead to a
decrease in resistance [8]. The sensitivity was found to be -1.30 kQmM*cm with an r? value of
0.989. A small arc in the very low frequency range shows that the dominant reaction on the surface
of the electrode is ionic adsorption [54].

Both electrochemical techniques showed a trend with increasing analyte concentration. It was
initially thought that the oxidation peak shifts in the CV curves could be attributed to the oxidation
of NH4" into NOs™ ions, as Equation 2.1 does not generate an electron transfer, therefore it does not
explain the faradaic peak. However, it is difficult to confirm without performing further analysis,
such as using ion chromatography to quantify the ions present in the solution before and after the
electrochemical experiments. As for the EIS, both Equation 2.1 and 2.2 could partake in the change
of impedance, as it is a complex characterisation technique. For simplicity, CV and other voltammetry
techniques are employed when characterising sensors, as it can be difficult to physically interpret the
EIS graphs [61].
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Figure 2.3. a) CV of the ZnO sensor at different concentrations of NH4* (0 - 10.9 mM) at a scan
rate of 100 mV/s in milliQ water. b) Maximum current density of CV oxidation peaks (left y-axis)
and total sensor resistance (right y-axis) vs concentration of NH4* ions. ¢) Nyquist plot of the sensor
at different NH4" concentrations (0.39-10.9 mM) and high frequency range. Inset shows the complete
Nyquist plot for 0.39 mM, highlighting the Rs and Rct region. This result is for one sensor, with

instrument resolutions specified in Section 2.1.3.
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2.3.4. Influence of Silver IDE on Sensing Performance

After this initial analysis, further experiments using CV and DPV techniques were performed to
better understand the oxidation process occurring at the sensor. The DPV technique was chosen as it
decreases the capacitive current, facilitating the identification of the faradaic peaks [61]. A higher
potential range of -0.8 to +0.8 V was used to identify if the faradaic process is reversible. Firstly, the
analyte was changed from (NH.)2S20s to NH4OH to mimic the reagent used by other NH4* ZnO-
based sensors in literature. The CV and DPV of the ZnO IDE sensor did not produce strong oxidation
peaks (Figure 2.4a,b). To verify that the sensor was still responsive, (NH4)2S20g was used (Figure
2.4b,c). In this case, the sensor responded as previously, with a similar CV voltammogram as in
Figure 2.3a. Through the new reduction peak at -0.4V, it can be presumed that the reaction is at least
partially reversible, although further analysis should be performed for quantification. In Figure 2.4d,
the DPV shows the presence of various peaks, both at the negative and positive potentials. The
presence of peaks with the (NH4)2S20s solution versus the absence with NH4sOH indicates that the
presence of NH4" ions might not be the cause of the faradaic peaks. In this case, there are two
possibilities: one is that since pH was not adjusted when using NH4OH, the addition of NH4sOH
caused a more basic pH which interfered with the results; the other is that the Ag is interacting with

the solution, more specifically to the S,0s> anions present in the solution.

To test this hypothesis, a bare Ag IDE was produced, where no ZnO layer was printed on top of
the Ag IDE. This bare Ag IDE was tested with changing concentrations of (NH4)2S20s , as observed
in Figure 2.4e,d. A very similar result was observed to the one in Figure 2.4c,d. The CV peaks were
not as pronounced but had a similar current output while the DPV peaks showed a few discrepancies.
The difference in peaks could be due to the absence of the ZnO layer, as in the bare Ag IDE the Ag
fingers were directly exposed to the solution. However, further characterisation is necessary to
understand this, such as how the ZnO is bonded to the Ag electrode and how this influences the
faradaic reaction. By overall comparing Figure 2.4. it is possible to infer that the Ag layer is reacting
with the solution. According to Equation 2.3, it is probable that the S20s% ions, a strong oxidising
agent, oxidise Ag into Ag"* ions. This is a problematic interaction as it hinders the validity of the
sensitive ZnO layer interacting with the NH4*. Even for the EIS technique, where IDE sensors are
widely employed, it is difficult to verify the cause of the impedance change with increasing analyte
concentration when there is no faradaic reaction supported by the CV and DPV techniques. In this
regard, further studies on conductive track materials are needed to verify their influence on

electrochemical sensors results.
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Figure 2.4. CVs at a scan rate of 100 mV/ (left) and DPVs (right) in milliQ water of the ZnO IDE
sensor at different concentrations of NH4OH (0 — 3.0 mM) (first row), ZnO IDE sensor at different
concentrations of (NH4)2S20s (0 — 3.0 mM) (second row), and bare Ag IDE sensor at different
concentrations of (NH4)2S20g (0 — 3.0 mM) (last row).

2.4. Conclusions

This chapter is an introduction to how the different materials in printed sensors affect the outcome

of the electrochemical measurements. ZnO was chosen as the sensitive material as it had been
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previously employed for NH4* sensing. The sensors from the literature review were field-effect
transistor devices where the output current is monitored over a potential sweep, which are different
than other electrochemical sensors, e.g. 3-electrode sensors and IDEs. In this sense, a similar sensor
was fabricated using a ZnO layer on top of the Ag IDE, but different electrochemical techniques were
used to explore its performance to detect NH4*. The ZnO later was annealed at a high temperature to
produce rectangular nanostructures to increase the surface area of the electrode and to evaporate other
substances present in the paste. Initial CV experiments demonstrated a faradaic peak at around +0.4
V which were attributed to the nitrification of NH4* to NOs™. The Nyquist plot also showed a decrease

in bulk resistance with addition of analyte.

Further experiments using CV and DPV were performed to better understand the oxidation process
occurring. However, the voltammograms showed a poor performance for the NHsOH analyte. Further
investigation comparing the Ag IDE with and without the ZnO layer demonstrated that the Ag from
the IDE was interacting with the solution. This indicated that the oxidation peaks were most likely
due to the formation of Ag* ions and not the nitrification of NH4*. This result revealed the importance
of correctly choosing the electrode material so it does not interact with the analyte and the solution.
For this, experiments with the bare electrode should be performed beforehand to verify there is no
electrode/electrolyte interaction and no material degradation. Although this chapter did not result in
a viable ammonia sensor, it set the motivation for the investigation of not only the sensing material
but other parts of the sensors in the following chapters. In the next chapters, in experiments involving
a faradaic reaction, 3-electrode systems were used for CV and DPV analysis instead of the IDE for a
more comparable oxidation peak potential. In Chapter 3, the interaction of Ag with other salts
commonly present in drinking water and seawater are investigated, as well as alternative materials

for the electrode paste.
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"Electrochemical and physicochemical degradability evaluation of printed flexible carbon electrodes
in seawater," J. Electroanal. Chem, 2022, 920, 116592, doi: 10.1016/j.jelechem.2022.116592.

*The scanning electron microscopy (SEM) characterisation was carried out by Dr Dhayalan
Shakthivel. The pysichochemical degradability experiments were performed with the help of Saoirse

Dervin.
3.1. Introduction

Printed electrochemical devices have been attracting substantial attention over the past decades,
becoming a well-established field. Their facile fabrication, cost-effectiveness and easy operation are
some of the characteristics that allow these devices to operate in a range of different areas, such as
energy storage, wearable sensors, and environmental monitoring [56,107-110]. With increasing
usage and integration of sensors, it is desirable to have materials that are biodegradable and/or more
sustainable to reduce the environmental impact, especially for single-use or disposable sensors. The
use of non-degradable plastics and metals heavily impact the life cycle assessment of the electrode
[91]. However, substitution of key components in printed electronics can negatively affect the

electrode performance and stability, due to poor paste adhesion to the substrate and unexpected
47




Chapter 3 48

chemical reactions with the conductive electrode patch. These challenges become even more
prominent in electrodes employed for water monitoring. Common sustainable substrate materials,
such as paper, cotton, and jute, either dissolve too quickly or have a high water intake, making their
use in water difficult [71,111,112]. Furthermore, the investigation of potentially sustainable materials
for the conductive pathway often does not account for other chemicals used in ink and paste
preparation [91,113]. Other parts of sensor fabrication, such as the sensor disposability and the
influence on the electrochemical measurements after integration of new conductive path/substrate
materials, are often not investigated. In practical applications, it is important to conduct a thorough
analysis of every component to reach a more sustainable production with reliable results. Therefore,
a careful selection of materials for the substrate and the conductive path of disposable sensors that
are economically feasible should be taken into consideration in the development of electrochemical

devices.

In this regard, screen-printing is an affordable and versatile fabrication technique that allows
sensors to be printed on flexible and rigid substrates [114]. Both flexible and rigid screen-printed
sensors are commonly employed in routine environmental analysis, such as in pH, pesticide, heavy
metal, bacteria, and inorganic nitrogen detection [64,108,115]. For these sensors, the sensitive
material synthesis (e.g., metal oxides, graphite composite, carbon nanotubes, conductive polymers,
etc.) and the different analyte detection methods (e.g. potentiometric, amperometric, chemiresistive)
are widely discussed in literature [56,64,115]. The conductive path in printed electrodes generally
uses carbon, silver, gold, and platinum pastes [115]. Gold and platinum present many of the desirable
characteristics of a good conductive path material, e.g., high stability in the desired working window,
low electrical resistance, and inertness in the chosen chemical environment. However, their high cost
and disposability issues prevent their widespread use in printed sensors [115]. The metal of choice,
in such cases, is silver, as it is highly conductive and affordable. Although more abundant and less
harmful when compared to other precious metals, silver is not a long-term viable option as it still
exhibits a high environmental impact [91]. Besides, silver is known to react with halides to form new
components. This has been thoroughly studied in the literature for chloride, iodine, and bromide
sensors [116-118]. Silver can also react with sulphates to form Ag/Ag.SO4, which has been used as
an alternative to the Ag/AgCl reference electrode (RE) [99,100]. This Ag/Ag.SOs reaction is most
likely what happened with the Ag IDE in Chapter 2. Considering that silver readily reacts with
components present in water bodies (e.g., NaCl, MgSQOa), which could rapidly deteriorate the
performance and the lifetime of the sensor, and its high environmental impact, other options for the
conductive path material should be explored. A metal-free alternative is carbon, as it is an
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inexpensive, inert material with a broad potential window, although it is usually used in the active
working electrode (WE) area and not on the entire conductive pathway due to its lower conductivity
[115,119]. For electrochemical applications the carbon paste could be modified with graphene and
carbon nanotubes (CNTSs), for example [120-122]. Here, CNT was used to promote electron transfer
reactions and enhance the stability of the printed electrodes [20]. However, to employ carbon paste
electrodes as a conductive track it is essential to overcome the issue of high resistance. To further
enhance the conductivity, the annealing temperature of the carbon additives and the binders also need
to be investigated [123,124]. In one of the works, it was noted that to enhance the conductivity of
printed carbon electrodes it is necessary to increase the size of the graphene flakes and minimize the
amount of stabilizer used in the final ink formulation [123]. In another work, heat treatment was
carried out to increase the conductivity by controlling the variation of the filter/matrix interaction and
crystallisation of the carbon composite during the annealing [124]. Carbon electrodes also present the
opportunity for a more environmentally friendly approach due to its higher biocompatibility and
sustainability when compared to metal electrodes [91]. Although caution is needed when considering
other materials that compose the pastes, such as the binders and the solvents, as they can be harmful
to humans and/or the environment [110]. It was noticed that in screen-printed sensors for water and
soil applications over the last 5 years, Ag is the main paste employed in electrodes alongside

nondegradable substrates (Table 3-1).

Table 3-1. Comparison of electrodes of various screen-printed sensors.

Analyte o Conductive .
Detection Application Substrate Path WE Material Ref.
Pb* Seawater Gore-Tex® fabric Silver Modified carbon | [125]

Polybrominated | Seawater, Polydimethylsiloxane Silver Modified carbon | [126]

diphenyl ethers soil
Pb* Seawater Polycarbonate sheet - Modified carbon | [127]
Pesticides Seawater Ceramic Silver Modified carbon | [128]
ob 2t Tap, lake,
Hg ,Cds+,and and river Polypr(_)pylene Silver Modified carbon | [129]
As water synthetic paper

Another important aspect to consider is the substrate, especially when developing a biodegradable

and/or disposable sensor. Common substrates in printed devices include alumina, polyvinyl chloride
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(PVC), and polyethylene terephthalate (PET) [80,110,130]. The flexibility of the substrate can also
be an advantage in many fields, as it opens the possibility of conformable sensors. In the context of
environmental monitoring, flexible sensors can be attached to the non-planar surfaces of marine
animals or underwater robots, allowing for a less intrusive, more effective biologging monitoring
[131,132]. Furthermore, to reduce the cost and environmental impact of electronic devices the use of
eco-friendly and sustainable materials that can be reused or naturally discarded has become
increasingly important [112]. Several natural biopolymers and degradable synthetic polymers,
including starch, chitosan, cellulose, polylactide (PLA), and polycaprolactone (PCL), etc., have
shown promise for application in a variety of flexible green electronic devices [112]. More recently,
bioderived and biodegradable  polyhydroxyalkanoate =~ (PHA)  polyesters, including
polyhydroxybutyrate (PHB) and its copolymers with polyhydroxyvalerate (PHV) have been
recognized for their far-reaching applications, including single use, disposable plastics, and
packaging, as well as temporary in vivo biomedical technologies [133]. These sustainable and
commercially available PHAs can both be produced and broken down, into water and carbon dioxide
(CO2) by living microorganisms in all aerobic and anaerobic environments - features that facilitate
the development of biodegradable soil and marine products.

In this chapter, flexible and/or eco-friendlier screen-printed electrodes (SPEs) for environmental
monitoring applications were developed based on the findings of Chapter 2, where the Ag paste
seemed to interfere with the NH4" sensor results. New carbon-based electrodes were fabricated as an
alternative to Ag-SPEs. The newly prepared graphite-based printed electrodes (G-PEs) were
fabricated on biodegradable PHB 92%/PHV 8% (PHB/PHV) substrates produced from renewable
feedstocks. To investigate the electrodes’ chemical and mechanical stability in different media, their
applicability in tap water and seawater was demonstrated, as seawater is the most abundant aqueous
electrolyte present in the environment [61]. To investigate the G-PEs’ implementation, their
performance was compared against commercial paste electrodes, silver SPEs (Ag-SPESs) and carbon
SPEs (C-SPEs), which were printed on a PVVC substrate. The flexible printed electrodes are shown in
Figure 3.1. Cyclic voltammetry (CV) and differential pulsed voltammetry (DPV) studies were used
to investigate the redox and non-faradaic reactions occurring at the electrode-analyte interface. A
detailed investigation of the electrical and morphological properties of the electrodes under different
bending conditions was also conducted. Finally, the physical and chemical degradability of the pastes
and the substrates were examined in artificial seawater over a period of 16 weeks and by

ultrasonication.
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Figure 3.1. (a) Photos of the printed strips electrodes. (b) Images of the electrodes with no bending
and while bending during underwater cyclic bending studies. (c) Setup of the underwater cyclic
bending study. (d) Electrochemical cell setup with a Ag/AgCl reference electrode (RE), a platinum
counter electrode (CE) and a Ag-SPE, C-SPE, G-PE or GCE working electrode (WE). (e) Long-term

resistance study for the G-PE in seawater.
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3.2. Experimental Section

3.2.1. Electrode Fabrication

In this work, the commercial silver and carbon electrode pastes were screen printed on flexible
PVC substrates while the graphite-based carbon paste electrode was printed on PHB/PHV
(GoodFellow, 25um thickness). In this way, the degradable electrode could be compared with the
standard electrodes, which usually employ commercial pastes and a non-degradable plastic substrate.
The G-PE was printed using a stencil mask due to the hydrophilic nature of the paste, as in screen
printing, the commonly employed stainless steel stencils are sensitive to water. A 20 x 3 mm strip
design was used for all CV and DPV studies while for the EIS analysis of the Ag and C-SPEs, a 0.5
mm wide and 10 mm long IDE fingers evenly spaced at 0.5 mm was utilized. The Ag-SPEs were
screen printed using a low-temperature curable Ag paste (DuPont, 25 mQ/sq at 25 um thickness). For
the C-SPEs, a conductive carbon paste (SunChemical, 21 Q/sq at 25 um thickness) was used. For the
G-PEs, a graphite-based paste was prepared by mixing 8 g of graphite flakes (Merck, 808091) with
commercially available polyvinyl alcohol (PVA) based glue (7.5 g) and water (6.7 g). After printing,
the Ag-SPEs were dried at 80 °C for 10 min and the C-SPEs at 80 °C for 20 min. The G-PEs had the
same drying conditions as the C-SPEs. Finally, the Cu wires were attached on the contact pads. For
the Ag-SPEs, commercial Ag ink was used to glue the Cu wire on the electrode at room temperature,
while the C-SPEs and G-PEs used the SunChemical carbon paste cured at 80 °C for 20 min to

minimize material interference.
3.2.2. Material Characterization

To evaluate the electrical characteristics of the printed electrodes, current-voltage (I-V)
measurements were carried out between two voltage probes at distances of 5, 10, 15 and 20 mm for
three different strips of the same material using the Omni probe station. As the printed electrodes had
the same geometry, the transfer length method (TLM) was applied to obtain the sheet resistance of
the screen-printed materials as described elsewhere [134]. The surface thickness of each printed
electrode was investigated using a profilometer (Bruker DektakXT) with a scan range of 524 pm
using the hills and valleys profile. A Savitzky—Golay filter using 1000 points was applied to the data
to estimate the thickness of the samples. The morphological characterization and the cross-sectional
view of the film before and after 16 weeks in artificial seawater was performed by a scanning electron
microscope (SEM, Hitachi SU8240 at 8 kV) and analysed using the ImageJ software. The contact

angle was estimated by using 10 pL volume of water on top the electrodes with magnified



Chapter 3 53

photographed images of the drops from the same angle and direction. The contact angle was estimated
using an image editor software (GIMP). To check the mechanical strength of the printed electrodes
under flexible conditions underwater, the resistance of the electrodes was measured (Agilent 34461A
Digital Multimeter) under 250 cycles of dynamic bending conditions. The printed electrodes were
connected to two linear stage motors (from Micronix USA) and both motors were synchronized
through a LabVIEW program to move along opposite directions. This motor movements leads to a
cyclic bending of the electrodes at bending radius of 20° (Figure 3.1b,c). The relative resistance
change (AR/Ro) was calculated by finding the local maxima/minima (Rm) during the cyclic bending
and subtracting and dividing each data point by the first resistance point (Ro). This was then multiplied
by 100 to find the percentual change, with AR/R, = 100 X [R, — Ry]/R,. The relative resistance
change (ARc) was calculated by subtracting the average of the last 10 points the measurement
(mean(Rr)) to the average of the first 10 points (mean(R))) and diving it by Ro. This was then
multiplied by 100 to find the relative percentage change. Therefore, AR, = 100 X [mean(Ry) —
mean(R;)]/R,. The G-PE material long-term stability in artificial seawater (10 days) was measured
by monitoring the resistance of the electrode with a digital multimeter (Agilent 34461A) through a
LabVIEW controlled programme (experimental setup shown in Figure 3.1e).

3.2.3. Electrochemical Setup

The CV, DPV, and EIS electrochemical analysis of the printed electrodes were carried out using
the Metrohm Autolab (PGSTAT302N). A 3-electrode system, with a commercial Ag/AgCl RE, a
platinum counter electrode and a printed (Ag-SPE, C-SPE or G-PE) or standard (glassy-carbon
electrode, GCE) WE, were employed in the CV and DPV studies (experimental setup shown in Figure
3.1d). An IDE based two-electrode system was used for the EIS analysis from 1MHz to 0.5Hz. For
electrochemical measurements all reagents were used as received and all solutions were prepared in
deionized (DI) water unless otherwise mentioned. Tap water was taken from the laboratory tap and
immediately tested. An artificial seawater solution was prepared by mixing 38mg/mL of unrefined
sea salts in DI water. 50mM of Potassium hexacyanoferrate(ll) trihydrate (FeCN, Sigma) was
solubilized in 0.1 M NaNOs. The experiments were performed under normal ambient conditions
except for the ferrocyanide studies, which were done both in ambient and nitrogen atmosphere.
Ferrocyanide (FeCN) was used to compare the voltammetric behavior of the SPEs in contrast to a
standard GCE. The CV and DPV static bending studies were performed by attaching the electrodes
to 3D printed probes of 1.60, 1.25, 1.00, and 0.80 cm radius. The same electrode was used throughout
the bending experiment. For the 10-day long-term CV and DPV study, the electrodes were left in
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artificial seawater and the electrochemical voltammograms were measured on days 1, 4, and 10. For
the sensor application studies, the electrodes were modified with 10 uL of 50 mg/mL graphene oxide
(GOx, Graphene Supermarket) to test for nitrite (NO2") sensing. The GOx was drop casted on top of
the electrodes and dried at 80 °C for 10 min. The GOx was not optimised for sensing performance,
and it was diluted without further treatment. The electrodes were tested with 3 mM of NaNOz™ in
artificial seawater. A carbon pasted was added to the top of the Ag-SPE, as most sensors use carbon
paste for the WE. Only the part covered with the carbon paste was submerged in the solution. The
paste was dried using the same methods as in Section 2.1. The WE had an active area of 10 x 3 mm

for all electrodes.
3.2.4. Physical and Chemical Degradability Studies

The degradability studies were conducted by placing the printed electrodes for 16-weeks in
artificial seawater at 37 °C in a COz incubator (Thermo Scientific HERAEUS BB 15). Optical images
of the G-PE before and after 16 weeks at 37 °C in artificial seawater were taken using a Nikon Eclipse
LV100ND microscope connected with Leica MC170HD camera. For the ultrasound disintegration
studies, the CamLab camSonix C575T ultrasonic bath was used at room temperature. The electrodes
with and without the substrate, and the PHB/PHYV substrate were sonicated in artificial seawater with

varying times.

3.3. Results and Discussion

3.3.1. Material Characterization

The different techniques used to characterise the electrodes’ materials can be seen Figure 3.2. The
sheet resistances (Rs) of the SPEs were calculated using TLM as given in Figure 3.2a-c and the
profilometry analysis of the electrodes can be seen in Figure 3.3. The analysis reveals that the G-PE
(Rs=30.1 Q/sq) and the C-SPE (Rs= 26.9 Q/sq) have almost similar values which are much higher
than the one for the Ag-SPE (Rs= 0.053 Q/sq). To study the paste topography and thickness, the
surface profilometry analysis (shown in Figure 3.3) was carried out and it shows that the G-PE
presented the largest variation in electrode thickness (20-53 pum), compared to the C-SPEs (9-15 um)
and Ag-SPEs (7-12 um). The G-PEs were about 10% less conductive than the C-SPEs, however the
conductivity of the sustainable paste can be improved by using carbon additives such as graphene or
CNTs [120,135]. As the conductivity of the G-PE is in the range of the C-SPEs, it should produce an
adequate performance for preliminary studies. Furthermore, the observed Rs values of Ag-SPE and
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C-SPE were compared with commercial values (given in Table 3-2). The measured Rs of Ag-SPEs
is twice that of the commercial value while the measured Rs for the C-SPEs was 1.3 times greater
than the reported commercial Rs. For both SPEs, the thickness was one third or less short of 25 pm,
which partially explains the difference between the measured and commercial Rs as thinner layers
tend to have a higher Rs [136]. Difference in curing temperatures and processing times might also
influence the results, as well as the material composition.
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Table 3-2. Electrode thickness and measured and commercial resistivity of the printed electrodes.

Thickness Rs Error Commercial Rs
Electrode ) ) .
(Hm) Qsq?) Qsq?) (Qsq* @ 25 pm)
Ag-SPEs 7-12 0.053 +0.006 0.025
C-SPEs 9-15 26.9 1.4 21
G-PEs 20-53 30.1 1.7 -

The contact angle analysis showed that the sustainable graphite-based paste is more hydrophilic
than the commercial pastes. The angle between the water droplet and the G-PE was of 40°, while for
the Ag-SPE and the C-SPE was 156° and 70°, respectively (Figure 3.2d-f). A more hydrophilic
conductive path improves the performance of electrodes in water-quality monitoring, as wettability
has been shown to increase the charge transfer rate between the electrode and the electrolyte [137].
To check the adhesion and delamination of the printed layer from the substrate, cyclic bending
measurements were performed. This only provides information about the mechanical properties of
the electrodes during the bending cycles. Figure 3.2g-i shows the measured resistance before and after
cyclic bending and during the 250 bending cycles. The C-SPE showed a very stable response during
bending and quickly returned to almost the same resistance it had initially, with a relative resistance
change (ARc) of 2.3% (after the 250 bending cycles), while for the Ag-SPE and the G-PE the values
were 32.2% and 47.3%, respectively. All the resistances varied considerably during cyclic bending
from the planar to the bending position (Figure 3.4) with the G-PE having the largest AR/Rg variation
(from -7.7% to 61.0%) and the C-SPE, the lowest (from 2.5% to 35.5%), and the Ag-SPE, a AR/Rg
variation of about 14.5% to 77.0%. This large resistance variation and steady increase of AR/Rg
during bending for the G-PE and the Ag-SPE could indicate a breakage in the paste composite when
bending. A more structural analysis (e.g., SEM before and after cyclic bending) needs to be carried
out to understand the cracking of the bulk of material. This change is permanent as the resistance
after cyclic bending did not return to the initial values. Even though the Ag-SPE showed a high
variation in resistance, it also presented the lowest overall resistance in the Q range while the carbon-

based electrodes had resistances in the kQ range.
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rectangles) and during cyclic bending for the (a) C-SPEs, (b) G-PE and (c) Ag-SPEs.
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Figure 3.5. Top and cross-sectional SEM images of C-SPE, G-PE, and Ag-SPE (left to right). Surface
morphology of the electrode pastes before (a-c) and after 16 weeks in artificial seawater (d-f). Cross-

sectional view of the electrode pastes before (g-i) and after 16 weeks in artificial seawater (j-I).

Figure 3.5 shows the surface morphology (Figure 3.5a-f) and the cross-sectional view (Figure
3.5¢-1) of the C-SPEs, G-PEs and Ag-SPEs. The porous microstructures of the C-SPEs (Figure 3.5a,d)
and Ag-SPEs (Figure 3.5¢,f) remains unaffected even after 16 weeks in artificial seawater while a
clear difference can be seen in the before and after SEM images of the G-PE (Figure 3.5b,e), where
a higher porosity is observed likely due to material degradation. From the images, one of the reasons
for the higher mechanical stability of the Ag- and C-SPEs could be attributed to the fine-grained
packed structure compared to the amorphous like stacked layers observed in the graphite electrode.
Furthermore, the number of active sites which are capable of ionic reactions largely depends on the
microstructure and crystallinity of the electrode. In this way, the fine-grained compact structure of
the Ag-SPE is expected to have a less active area as compared to the loosely disordered structure of
carbon flakes, but a higher mechanical stability. The film morphologies are distinct for each electrode
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material, with a striking difference between the two carbon-based pastes. While the C-SPEs showed
a spherical nanostructure in the sub-100nm range, the G-PEs showed stacked, smooth graphite flakes,
likely due to the combination of different carbon materials, binders and solvents used in the paste
preparation. The cross-sectional view of the electrodes (shown in Figure 3.5g-1) shows that the films
are firmly adherent to the substrate except for the G-PE after 16 weeks in artificial seawater (Figure
3.5K), indicating that the paste is starting to detach from the substrate. The thickness of each film was
measured from the cross-section view (4.7-10.5 pum for the Ag-SPE and 7-18.6 pm for the C-SPES)
without much change in thickness before and after 16 weeks in artificial seawater. The G-PEs,
however, presented a wide range in paste thickness, from 40-61 um and 49.5-87 um before and after
16 weeks in artificial seawater, indicating paste degradation. These results are similar to the
profilometer ones (Table 3-2). Another parameter that should be taken into consideration is PVA
degradation. PVA is a water-soluble polymer and has been shown to accelerate degradation of
polymer mixtures in seawater [138]. Therefore, PVA degradation likely contributes to the change in

G-PE paste thickness seen throughout the 16 weeks by facilitating material hydrolysis.
3.3.2. Silver and Carbon lonic Electrochemical Interaction
3.3.2.1. Voltammetric Analysis

Seawater was chosen to analyse the different voltametric response of the silver and carbon
materials in different chemical conditions due to its high ionic strength. Considering a seawater with
salinity S = 35, the four major ions present in a standard chemical composition are chloride (CI,
565.76 mmol/kg-H20), sodium (Na*, 486.16 mmol/kg-H20), magnesium (Mg?*, 54.75 mmol/kg-
H.0), and sulphate (SO+%, 29.27 mmol/kg-H20) [139]. Accordingly, three different salts were
chosen, NaCl, MgCl> and MgSQOg, to evaluate how different concentrations of these ions affect the
faradaic and non-faradaic currents of the commercial SPEs. As the aim of this section is to directly
compare carbon and silver in the presence of other ions, the G-PE was not included in this section. In
this manner, the difference in binders and solvents would not interfere with results, as both
commercial SPEs have similar paste compositions. Figure 3.6a shows the CV and DPV for the
different electrodes for different NaCl concentrations (0-100 mM). The NaCl salt seems to heavily
affect the voltammograms for the Ag-SPEs and considering the possible oxidation states for Ag, it is
safe to assume Ag is reacting with the CI- ion. Considering Ag NPs have been used for the detection
of CI" ions in water and sweat previously as it quickly interacts with the halide family [117,118,140],

it is not surprising the Ag conductive track reacted with the CI ions.
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Figure 3.6. GCE, C-SPE, and Ag-SPE (top to bottom) CVs (top) and DPVs (bottom) for NaCl (a and
b), MgCl: (c and d), and MgSOQa (e and f) in DI water. Dotted line is for 0 mM, dashed line is for 10
mM and full line is for 100 mM of salt concentration, or half of the concentration for MgSOa.

In Figure 3.6b, two broad peaks can be observed for the Ag-SPEs in the DPV, a more intense one
at around +0.20 V and another at +0.60 V. This corresponds to what has been observed in literature,
with the first peak matching the reaction of Ag with the CI" ion (Equation 3.1) and the more energetic
one to the one-electron oxidation of the metallic Ag to Ag™ (Equation 3.2) [118]. Interestingly, the
peaks cannot be distinguished in the CVs, indicating that the non-faradaic current probably dominates
over the faradaic one. The formal potential of the Ag/Ag* redox pair is +0.80 V vs a normal hydrogen
electrode (NHE), with the reaction being expected to occur at about +0.58 V when using a saturated
Ag/AgQCI RE [141,142]. This oxidation matches the second peak, as it seems to be centred around
+0.60 V. Therefore, the more intense peak most likely corresponds to the reaction of Ag with the CI
ion. In a previously reported work, a difference of 0.36 V between the two oxidation peaks and the
results showed a difference of around 0.35 V, indicating that indeed the peak corresponds to the silver
reaction with the halide [118]. Furthermore, by changing the concentration of NaCl, a clear increase
in current density can be observed implying that more Ag reacts with the ions.
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Ag(s) il Ag+ + e (32)
24g + SOF - Ag,SO, + 2e~ (3.3)

In comparison, the carbon electrodes do not react as strongly to the presence of salts. The GCE
seems to be almost inert to the changing concentration of NaCl while the C-SPE does exhibit clear
peaks at about -0.50 V and +0.13 V at 100 mM NaCl. Considering the GCE did not exhibit any
significant response, it could be presumed that the binders and solvents used in the C-SPEs paste
influence the voltammogram. Furthermore, the source, thickness, lattice distribution, and other
morphological differences of the bulk vs printed carbon, as observed from the SEM images in Figure
3.5, could also influence the results. As the exact composition is patented, it is difficult to analyse the
interaction further. Nevertheless, the current density is quite low, so it appears that the C-SPEs can
be used even in mediums with high concentration of CI" ions. A similar result was observed for the
MgCl; salt (Figure 3.6¢,d), where the Ag-SPE once more seemed to strongly react with the CI" ions.
In this case, the chloride concentration was double than that of the NaCl, as the Mg salt contains two
Cl ions. Although the anion concentration was doubled, it seemed that a 100 mM of NaCl and 100
mM of MgCl> produce the same current density. However, when comparing the DPV for 10 mM of
both solutions (Figure 3.7), the current density for the MgCl: is nearly double than that of the NaCl
voltammogram. As the area of the Ag reacting with CI ion is finite, this could indicate that the

reacting area reached its saturation point somewhere between 10 and 100 mM.
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Figure 3.7. Comparison of the (a) CV and (b) DPV of the Ag-SPE in 10 mM NaCl and 10 mM MgClo.
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The electrochemical interaction with the SO4? anion can be seen in Figure 3.6e,f. The interaction
with the anion did not appear as strong in this potential window for neither of the electrodes even if
considering half of the salt concentration was added (up to 50 mM). The redox potential for
Ag/AQ2S04 is + 0.65 V vs. SHE or + 0.43 V vs. Ag/AgCI and their reaction is described in Equation
3.3 [99]. The peak starts at around +0.2 V in the Ag-SPE DPV (Figure 3.6f) which continues to
increase until +0.8V, therefore it is hard to distinguish the Ag/Ag2SOs interaction and the Ag
oxidation. It is also possible that other reactions are occurring at the electrode interface, but further
studies are needed. It can be concluded that the Ag-SPEs are reacting with the Mg>SO4 solution as
there is a clear increase in the faradaic peaks with increasing salt concentration while the carbon

electrodes appear to be mostly inert.

3.3.2.2. Electrochemical Impedance Spectroscopy Results

The electrical results (Table 3-2), and the CV and DPV studies showed that the Ag- SPEs are
highly conductive as compared to the C-SPEs. The electrode/electrolyte interaction through EIS
analysis confirmed that the Ag-SPEs are more reactive to the electrolyte solution, most likely through
the formation of an electrochemical double layer (edl, Figure 3.8a) and strong chemical interaction
with the analyte ions. In artificial seawater, the observed impedance for the Ag-SPE is almost two
times less than for the C-SPE (shown in Figure 3.8b). As confirmed by the CV and DPV studies, the
nature of the electrolyte also strongly influences the electrode performance. Due to the high ionic
conductive nature of seawater, the impedance observed for the Ag-SPE is almost 2 times less than in
tap water. In contrast, the difference between impedances in tap water and artificial seawater was low
for the C-SPEs. This difference in impedance between the C-SPEs and the Ag -SPEs in different
electrolyte solutions could be due to the faradaic and non-faradaic reactions. For the C-SPEs, the
analyte ions adsorbed on the surface of the electrode could be mainly due to the edl formation through
non-faradaic reactions as shown in Figure 3.8a. However, for the Ag-SPEs, due to their high
conductivity, both redox reactions and edl formation may occur due to the diffusion of ions. The
diffusion of ions on the surface of the electrode was observed from the sharp decrease in impedance
(as noted in Figure 3.8b) and almost linear impedance rise in the Nyquist plot (Figure 3.8c,e) both in
tap water and artificial seawater. This sharp decrease in impedance for the IDEs shows a more
capacitive reaction in the low frequency range. Furthermore, the negligible charge transfer resistance
arising from the lack of semi-circle in the high frequency range (Figure 3.8c-f) reveals that the bulk
resistance of both printed electrodes is low which is a highly advantageous feature for the conductive

path of working and reference electrodes. The very low impedance value of the Ag-SPE in seawater
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as compared to tap water (Figure 3.8c,e) shows the influence of conductivity of the solution on the
electrode. Similarly, the influence of ions (NaCl, MgCl2, and MgSO4) on Ag-SPE and C-SPE was
analysed. The ionic influence in the Nyquist impedance plot is shown in Figure 3.8g,h. To compare
with the artificial seawater solution, 100 mM NaCl, 100 mM MgCl>, and 50 mM MgSO4 were used.
The Ag-SPEs presented a very low resistance (Figure 3.8g), especially in NaCl and MgCly, in the
order of 10-20 kQ, while a higher resistance was seen in MgCl,. The opposite trend was observed for
the C-SPEs (Figure 3.8h), with a lower resistance in MgSQg, although it presented a much higher
overall resistance than the Ag-SPEs, in the MQ range. The impedance values were similar to those
observed for the artificial seawater solution (Figure 3.8e,f). From these results, it was observed that
the Ag-SPEs presented an overall lower resistance value than the C-SPEs (Figure 3.8), however, were
not as electrochemically stable when in the presence of other ions in the solution. For example, from
Figure 3.6 and Figure 3.7, the Cl" seemed to strongly react with Ag, while the carbon paste remained
electrochemically inert. After these initial studies on the stability of the commercial pastes, the G-PE
was included in all the experiments throughout the paper to determine its performance against the
SPEs.
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Figure 3.8. (a) Schematic representation of the edl on the electrode surface in artificial seawater. (b)
Bode impedance plot of the Ag-SPEs and the C-SPEs in tap water and artificial seawater. Nyquist
plot in tap water for (c) the Ag-SPEs and (d) the C-SPEs and in artificial seawater (e) the Ag-SPEs
and (f) the C-SPEs. Nyquist plots for the (g) Ag-SPEs and (h) C-SPEs in 100 mM of NaCl, 100 mM
MgCl2 and 50 mM MgSQOsa.
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3.3.3. Electrochemical Analysis

The CV and DPV analysis for the GCE, C-SPE, G-PE, and the Ag-SPE electrodes in FeCN were
carried out and the curves are shown in Figure 3.9a,b. These electrochemical analyses show that each
electrode exhibits a slightly different cyclic behaviour due to their unique material composition
involved in the electrochemical reaction. The C-SPE exhibits a similar current density when
compared to the standard GCE. However, the Ag-SPE current density is 3 times higher than that of
the carbon electrodes when comparing the current density for the FeCN oxidation peak (jrecn).
Considering the difference in sheet resistance from the I-V sweep measurement (from Figure 3.2a-c)
and that silver is generally more conductive than carbon, this is an expected result. Electrode materials
require a high electronic conductivity so the rate-limiting process will not the be the electrons moving
through the material but the electron movement across the electrode/solution interface [143].
Nonetheless, the electrode intrinsic conductivity can be one of the factors that affects the current
performance. As the electrodes have different electrical resistances which in turns affects the jrecn,
each printed electrode jrecn Was adjusted to that of the standard GCE for a better comparison between
the voltammograms. The current densities before the correction were calculated by their active area,
which is 1 x 0.3 cm for the printed electrodes and the circular area for the 3 mm diameter GCE. The
correction factor was calculated by dividing the printed electrode FeCN oxidation peak current
densities, PE-jrecn, by the respective GCE oxidation peak current densities, GCE-jrecn. Therefore,
the Ag-SPEs had their current densities divided by a correction factor of 3.40, the C-SPEs by 0.90
and the G-PEs by 0.14 which was later used for the CVs and DPVs unless stated otherwise.
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Figure 3.9. GCE, C-SPE, G-PE, and Ag-SPE (top to bottom) CVs (a) and DPVs (b) for 50 mM FeCN
in 0.1 M NaNOs with a scan rate of 100 mV/s (full line) and 0.1 M NaNOs blank (dashed line) under
ambient condition. (c) CVs of 50 mM FeCN in 0.1 M NaNOs for the different electrodes over 15

continuous cycles under ambient condition and magnified FeCN redox peaks.
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Figure 3.10. (a) Comparison of the CV of the printed electrodes in air atmosphere. (b) The FeCN
peak current density variation of individual electrodes during 15 cycles in air atmosphere. (c)
Comparison of the CV of the printed electrodes in N2 atmosphere. (d) The FeCN peak current density
variation of individual electrodes during 15 cycles in N2 atmosphere.

When correlating with the measured Rs (Table 3-2), the more conductive electrode presented the
higher oxidation current but not on the same proportions. This could be due to how the electrodes
react with the analyte and the supporting electrolyte solution (such as the oxidation of silver) as
electrode conductivity is not the only parameter that affects the electrode performance [61]. The C-
SPE showed clear peaks in both voltammograms, although broader than the GCE ones while the G-
PE did not present clear peaks in the CV however did have a peak in the DPV. As the G-PE did not
show a reliable peak, the correction factor was not used throughout this chapter. The Ag-SPE can

react with the FeCN to form a new salt complex which explain the appearance of other peaks in the
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Ag-SPE voltammograms [144], explaining why only the first few cycles show a clear oxidation peak.
This can be better seen in Figure 3.9c, where the electrodes were cycled 15 times in 50 mM FeCN.
While the carbon electrodes appear to be quite stable, the Ag-SPE current density decrease sharply
after the first cycle due to the reaction of Ag with FeCN.

The variation of the CV redox peak intensities in air was compared in Figure 3.10a. The current
density was not adjusted for Figure 3.10. It was noted that the redox peak intensity changed with the
cycles and the change of jrecn per cycle can be seen in Figure 3.10b. The Ag-SPE presented the
expected results of a sharp decreasing trend however the carbon electrodes’ current density increased
with each cycle. Comparing the first and last cycle, there was an increase of 2.0, 3.1 and 8.8% for the
GCE, C-SPE and G-PE respectively and a sharp decrease of -81.8% for the Ag-SPE. This is not what
usually happens and to further investigate how the atmosphere affects the electrodes, the CV studies
with 50 mM FeCN were repeated under an inert N> atmosphere (Figure 3.10c and Figure 3.10d). The

electrodes were also cycled 15 times and the results can be seen in Figure 3.11.
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Figure 3.11. CVs of 50 mM FeCN in 0.1 M NaNOs for the different electrodes over 15 continuous

cycles under N2 atmosphere. A zoomed vision of the oxidation peaks is given in the insets.

Interestingly, although there was a clear shift to the left in the peaks for the carbon printed
electrodes in Figure 3.10a, the G-PE redox peaks dramatically increased under inert atmosphere,
being now comparable to the C-SPE voltammogram, while the C-SPE showed only a slight increase
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in current density when compared to the normal atmosphere results. This difference in jrecn for the
G-PEs under different atmospheres could indicate some adjustment issues between the manually
printed electrodes, which is to be expected when compared to the SPEs. For example, as the G-PEs
presented the largest variation in electrode thickness (Figure 3.3), this could influence the paste
properties. A more uniform printing can decrease this difference in Faradaic current. The decrease in
the Ag-SPE current density can be seen more clearly in this case. More importantly, the increase in
Jrecn With each cycle for the carbon electrodes did not appear to occur under an inert atmosphere
(Figure 3.10c,d). This time, when comparing the first and last cycle, the GCE electrode was mostly
stable (increase of 0.2%) while the C-SPE, the G-PE and the Ag-SPE presented a decrease of 3.1, 5.3
and 91.5% respectively. This could indicate that gases present in the atmosphere could be reacting
with the carbon electrode surface, however further studies are needed to confirm this behaviour. To
investigate the electrodes performance in water quality monitoring, further electrochemical studies in

artificial seawater and tap water were conducted as discussed below.
3.3.4. Interaction with Seawater and Tap Water

The printed electrodes were also tested in tap water and artificial seawater and compared to the
standard GCE (Figure 3.12). In tap water (Figure 3.12a,b), the GCE seems to be the most stable
electrode, presenting no redox peaks in the CV and a flat background in the DPV. The printed
electrodes instead display some response, with the C-SPE showing a clearer oxidation peak and the
Ag-SPE a larger anodic current density. This could once more indicate that the binders used in the C-
SPEs influence the voltammogram response. However, the current densities are in the microampere
range, which is quite low when compared to the artificial seawater voltammograms (Figure 3.12c,d).
When considering the EU’s Water Directive 98/83/EC maximum permitted concentration of C1” and
S04 of 200 mg/L (7.05 mM) and 250 mg/L (2.60 mM) respectively [24], the current density seems
reasonable, as the presence of ions is much lower than in other solutions. The G-PE did not display
any reaction to the elements present in tap water. As the difference between the silver and carbon
electrodes was not as significant, both could be employed as electrodes in mediums with low ionic
strength such as tap water. Naturally, it is important to keep in mind silver’s tendency to oxidize. In
artificial seawater, the electrodes responses were quite different (Figure 3.12c,d) and followed the
expected trend as Ag is known to interact with chloride and sulphate ions [99,118]. The Ag-SPE
presented a clear redox peak for both CV and DPV while the carbon electrodes showed little to no

response. This indicates that the carbon-based electrodes are more suitable for applications in
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solutions with high ionic strength, especially when considering the Ag interaction with the halide

family.
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Figure 3.12. (a) and (b) Comparison of CV and DPV curves for the GCE, C-SPE, Ag-SPE and G-PE
in tap water. (c) and (d) Comparison of CV and DPV curves for the GCE, C-SPE, Ag-SPE and G-PE

in seawater.
3.3.5. Static Bending Study

The printed electrodes were studied under no bending and static bending of 1.60, 1.25, 1.00, and
0.80 cm radius in artificial seawater (Figure 3.13). It is important to notice that these studies are
different than the ones performed in Section 3.3.1, as the electrodes are locked at a specific radius. In
Figure 3.13a,b, the Ag-SPE presented a slight increase of current density at the first bending radius
of 1.60 cm followed by a steady decrease. The conductivity of the Ag-SPE could have decreased due

to material deterioration from analyte interaction or introduction of defects from bending conditions,
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similar to what was seem in Figure 3.2i. The C-SPE (Figure 3.13c,d) current density increased while
the electrodes were bent. From the cyclic bending experiments (Figure 3.1g), the C-SPE presented
the most stable response under bending. Bending under normal atmosphere seems to increase the
electrode current response likely due to its mechanical stability and surface reaction with atmospheric
gases, as seen in Figure 3.10b. The G-PE (Figure 3.13¢,f) had a similar trend up until a radius of 1.25
cm, where then the current density started to decrease, possibly due to material degradation or
cracking. A table summarizing the CV and DPV current densities peaks according to the no bending
state can be seen in Table 3-3.

a % No bending c 10 No bending e 60 No bending
—_ r=160cm —_ r=160cm —_ r=160cm
D"E 30 r=125cm C:‘E r=125cm c:'E 40 r=1.25cm
G ——r=100cm G 5|——r=100cm G ——r=100cm
< 45 ——r=080cm < ——r=0.80cm < 20|—r=0380cm
E E E
> > Pl L
z 0 f 5 0F B 0
C C C
8 5 5 20
Z 5) 2 &l €
O -30 O (&)
60
451 -0
L L 1 1 1 1 L L 1 1 _80 1 L L 1 1
-08 -04 0.0 04 08 -08 04 00 04 08 -08 04 00 04 08
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)

b No bending d No bending f 7 No bending

4 r=160cm 12 r=1.60cm . r=1.60cm

o r=125cm o r=125cm o r=125cm

LEJ_ F—r=1.00cm g 10f—r=100cm g ——r=1.00cm

‘é 31— r-o080cm E ——r=080cm E 5 ——r=0.80cm

= =z 081 =

@ 2 @ T 4

@ & 06 &

o o T gl

€ 1r < =

5 g 04} g 2l

3 j § 3

Q ot '\=l——-———"-J e Q o2l Q .

1 I L L L L 00p L L L ! L 0 L | | L L
-08 -04 00 04 08 -0.8 04 0.0 0.4 0.8 -0.8 04 0.0 04 08
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)

Figure 3.13. Static bending CVs (top) and DPVs (bottom) of Ag-SPE (a and b), C-SPE (c and d), and
G-PE (e and f) under no bending, and bending at 1.60, 1.25, 1.00, and 0.80 cm radius in artificial
seawater.
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Table 3-3. Percentual change in redox peak current density in CV and DPV for various static bending

radius in relation to the no bending state.

Ag-SPE C-SPE G-PE
Bending
radius CV (%) DPV (%) CV (%) DPV (%) CV (%) DPV (%)
(cm)
1.6 118 122 50.7 79.4 304 143
1.25 86.8 56.3 35.2 193 518 346
1.00 17.9 23.7 328 755 398 250
0.80 19.2 24.6 604 1015 302 273
3.3.6. Long-Term Study
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Figure 3.14. 10-day resistance study for the G-PE in artificial seawater.

The G-PE had its resistance monitored over a 10-day period and presented a very high resistance,
in the hundreds of kQ (Figure 3.14). The resistance shifted to almost 1 MQ around day 7 and then
decreased to 400 kQ. A probable cause for this large resistance peak is a shift in the material position
throughout the days, causing the electrode to bend (as seen previously in Figure 3.1h), while other
smaller resistance increases could be due to material degradation. The printed electrodes also had

their long-term properties studied by analysing their CV and DPV in artificial seawater over a 10-day
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period (Figure 3.15). The current density increased over time for all electrodes. This behaviour is

similar to what was seen in Figure 3.10a under normal atmosphere, again indicating that gases present

in the atmosphere could be reacting with the solution and interfering with the experiment stability.
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Figure 3.15. 10-day CV (top) and DPV (bottom) long-term study in artificial seawater for the (a,b)
C-SPEs, (c,d) G-PE and (e,f) Ag-SPEs.

3.3.7. Nitrite Sensing in Artificial Seawater

To demonstrate the sensing performance of the different pastes, the electrodes were modified with
GOx for NO2™ sensing. GOx and carbon-based materials are known to catalyse NO2™ into NOs’, with
a faradaic reaction at around +0.8 V, making it a suitable candidate to compare the printed electrodes’
performances [81]. Figure 3.16 shows the CV and DPV of the different electrodes with 0 and 3 mM
NaNO.. The current densities were not adjusted for the voltammograms in Figure 3.16. The GCE
showed the best performance (Figure 3.16a,e), with a sharp redox peak at around +0.8 V. The Ag-
SPEs had a carbon-paste layer to mimic what is usually done for the WE. Even though the carbon
layer was present, the Ag layer still interfered with the results, presenting a noisy background in the
DPV (Figure 3.16b,f). However, overall, the result was similar to the one obtained by the C-SPE
(Figure 3.16c,g9) and showed a higher current density. The NO2 oxidation peak was not as

distinguishable for the G-PE (Figure 3.16d,h), although a change in current can be clearly seen when
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comparing with no analyte addition. These results are similar to those obtained in Figure 3.9 and
indicate that the C-SPE produces similar results to the GCE, while the Ag-SPE is not as suitable for
seawater applications. Furthermore, the electron-transfer in the G-PE is not as effective, which
compromises the redox peak shape. Further studies are necessary to improve the conductivity so the

performance can be increased.
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Figure 3.16. CV of the (a) GCE, (b) Ag-SPE, (c) C-SPE, and (d) G-PE with 0 and 3 mM NaNO: in
artificial seawater. DPV of the (e) GCE, (f) Ag-SPE, (g) C-SPE, and (h) G-PE with 0 and 3 mM

NaNO:- in artificial seawater.
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3.3.8. Physical and Chemical Degradability Studies
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Figure 3.17. (a) G-PE on PHB/PHYV substrate after 16 weeks in artificial seawater at 37° C, (b) Optical
microscope image of G-PE on PHB/PHV substrate before (top) and after (bottom) 16 weeks in
artificial seawater at 37° C, (c) G-PE on PHB/PHYV substrate before and after 5 minutes of ultrasound
treatment in artificial seawater and (d) Graphite based paste in its cured form, free from substrate

before, and after 5 minutes of ultrasound treatment in artificial seawater.

In the current work both a biodegradable PHB/PHV plastic substrate and non-toxic G-PE were
used as eco-friendly ingredients for disposable electrochemical electrodes to be used for
environmental or water quality monitoring devices. To demonstrate the physical and chemical
degradability of the SPEs the disintegration and dissolution of the Ag-SPE and C-SPE on PVC
substrates and the G-PE on PHB/PHYV substrates in artificial seawater solutions was examined. After
being immersed in artificial seawater at 37 °C for 16 weeks, the SPEs retained their original weight,
indicating no loss of material when left undisturbed. Furthermore, neither the G-PE, nor the
PHB/PHYV substrate changed significantly (Figure 3.17a,b), retaining ~82% of its original weight.
This may be explained by the material characteristics of the PHB/PHV substrate. Unlike most other
currently available biodegradable plastics or polymer substrate materials, PHB and PHB/PHV
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copolymers are generally water-insoluble and thus, relatively resistant to hydrolytic degradation
[145]. The degradation of PHB/PHV copolymers therefore depends greatly on their biological
environment and can often require a duration of at least a few months, even years [146,147]. For
example, a 50 um thick PHB/PHV film in soil (25 °C) required ten weeks to completely degrade
[148]. In seawater (15 °C), the same film required 50 weeks to achieve complete weight loss.
Nevertheless, these microbiologically derived synthetic polymers are compostable via anaerobic
biodegradation in sediments, non-toxic and have good oxygen permeability, making them ideal

material choices for short to medium-term environmental monitoring applications [145].

Before After Before After
sonication sonication sonication sonication

aIIb

Figure 3.18. (a) Ag-SPE and C-SPE on PVC substrate before and after 5 minutes of ultrasound
treatment in artificial seawater solutions and (b) Ag- and C- commercial pastes in their cured form

and free from substrate before and after 30 minutes of ultrasound treatment in artificial seawater

solutions.

For a timelier disintegration and dissolution of the disposable electrochemical electrode,
ultrasound technology, a technique which has proven advantageous in the field of polymer chemistry
for yielding degradation, was explored [149]. Despite more than 3 hours of sonication, the PHB/PHV
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substrate remained relatively unchanged. The G-PE, on the other hand, began to disperse after less
than 1 minute of sonication. As can be seen in Figure 3.17c, after 5 minutes of sonication the G-PE
was almost entirely removed from the PHB/PHV substrate. The degeneration, or lack thereof of
substrate materials can also significantly influence the dissolution processes of the conducting traces
they support, e.g., due to chemical binding between the substrate and the paste. Considering this, the
dissolution of the graphite-based paste in its cured form, free from substrate in artificial seawater was
also explored using sonication. As can be seen in Figure 3.17d, the G-PE totally dispersed in the
solution after 5 minutes of ultrasound treatment. Furthermore, considering the graphite-based paste
is composed of only graphite, PVA and water, the byproducts of the degraded species are not as
harmful for the environment when comparing with traditional electrodes. It offers advantages over
glass and metal-based electrodes particularly if disposable electrodes are needed or when deploying
electrodes in areas where there is a risk of breakage or of losing them. However more in-depth and
longer studies are still necessary to understand the complete impact of biodegradable substrates and
inks, especially when considering the PHA/PHB microplastic byproducts. The degradation and
dissolution of the commercial pastes was also examined in artificial seawater. Both the Ag-SPE and
C-SPE with (Figure 3.18a) and without the PVVC substrate (Figure 3.18b) remained unchanged after
5 (with the PVC) and 30 minutes (without the PVC) of ultrasonication treatment and neither presented
any differences before and after 16 weeks in artificial seawater which is in line with the SEM results
(Figure 3.5). Therefore, the findings of the current study therefore suggest that the G-PE on PHB/PHV
substrate presents a promising platform for eco-friendly electrochemical electrodes that may serve as

single use or short-term sensing elements for environmental or water quality monitoring applications.

3.4. Conclusion

In the current work a biodegradable PHB/PHV substrate and a more sustainable G-PE were used
as eco-friendly ingredients for disposable electrochemical electrodes to be used for environmental or
water quality monitoring devices. An in-depth investigation of how different printed conductive
pathways would behave under different bending and electrochemical conditions was also conducted.
The Ag-SPEs were highly conductive (0.053 Q/sq) when compared to the C-SPEs (26.9 Q/sq) and
the G-PEs (30.1 Q/sq), as expected of a metal-based paste. However, under cyclic bending conditions,
the Ag-SPE and G-PE AR/Ro varied to more than 60%, while the C-SPE showed a more stable
variation of 35.5%. From the electrochemical CV, DPV, and EIS studies, it was observed that the Ag
paste easily reacted with the salts present in the solutions while the carbon-based electrodes were

mostly inert. The tap water and seawater studies demonstrated that there is almost no difference
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between the materials in tap water due to the low concentration of ions but in seawater a clear
difference in the faradaic current was observed, supporting the findings from previous
electrochemical studies that Ag readily reacts with halides [117]. The electrodes were further
modified with GOx and tested for NO>™ detection. While the C-SPE showed sharp peaks, the electron-

transfer of the G-PE needs to be further improved.

To demonstrate the physical and chemical degradability of the SPEs the disintegration and
dissolution of the G-PE on PHB/PHV substrates in artificial seawater solutions was examined. After
being immersed in artificial seawater for 16 weeks at 37 °C, neither the G-PE, nor the PHB/PHV
substrate changed significantly due to the relative resistance of the water insoluble substrate to
hydrolytic degradation. This indicates the G-PE can withstand up to a few months before being
disposed of. Using ultrasound technology, however, the G-PE dissociated from the PHB/PHV
substrate in less than 1 minute, highlighting the suitability of this eco-friendly electrochemical
electrode for single use or short-term water quality monitoring sensors that can be reused or naturally
discarded. Meanwhile, the Ag-SPEs and the C-SPEs did not show any degradation or dissolution over

the course of 16 weeks in seawater or in the ultrasonication studies.

Overall, a higher electrochemical stability for the carbon-based electrodes the fabrication of a new,
eco-friendlier G-PE for water quality monitoring were demonstrated. Furthermore, although Ag is
still the major component in most screen-printed sensors due to its high conductivity, it was
demonstrated that carbon-based electrodes can be suitable, more sustainable alternatives in highly
ionic media. As it stands, the G-PE is better suited to be used as a conductive pathway than as a WE
due to its high chemical stability and sheet resistance comparable to available commercial carbon
pastes, but low faradaic peak separation. In future studies, the aim is to improve the conductivity and
charge-transfer capability of the carbon electrodes and perform further studies in the degradability,
focusing on the biodegradability aspect and life-cycle studies. In Chapter 4, different techniques were

explored to improve the conductivity and overall performance of carbon electrodes.



Chapter 4
Influence of Carbon Structures In
Printed Voltammetric Sensors for

NO2 Monitoring

*The laser induced graphene electrodes were fabricated at Silicon Austria Labs, Villach, Austria.
4.1. Introduction

Graphene and graphene-based materials have been incorporated into various areas of technology
since their discovery due to their high conductivity, specific surface area, thermal conductivity and
tensile strength [150]. In order to be successfully employed in industry, various fabrication routes
have been proposed to scale the production of graphene, including chemical-vapor deposition, liquid-
phase exfoliation, and reduction to graphene oxide, however they tend to be cumbersome and
expensive [150]. Nowadays, graphene-based pastes and inks have been implemented in printed
electronics as an alternative to metal-based conductive tracks [113,119]. This allows for a more
sustainable approach in printed electronics. In this regard, screen-printing is an established fabrication
method due to its scalability, reliability, and usage of inexpensive materials [108]. In screen-printed
electrodes (SPEs), carbon is an inexpensive and inert material typically used in the active working
electrode (WE) area of electrochemical sensors. It is not usually employed on the conductive tracks
because of its lower conductivity, however additives such as carbon nanotubes or graphene flakes
have been shown to decrease the SPE resistance [120-122]. In Chapter 3, different carbon-materials

were employed to produce printed electrodes, and although they were more stable than the Ag
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counterpart, the conductivity and electron transfer capability was severely lacking when compared to
metal-based pastes. The problem is binders and solvents are necessary in the paste formulation,

therefore the quantity of graphene or other additives is limited.

A new method to engrave three-dimensional graphene-like structures called laser-induced
graphene (L1G) was developed by Lin et. al. [151]. The local high temperature combined with a high-
pressure environment generated by the CO> laser allowed the graphitization of the polyamide (PI)
substrate. The breakage of C-O, C=0, and C-N bonds of the Pl produces high-pressure gas pockets
[152]. This facilitates the formation of nanopores, micropores, and other defects, creating a porous
3D graphene-based network that cannot be achieved through other techniques [152,153]. This 3D
network is detailed in Figure 4.1b. Although P1 is the most used substrate for the formation of LIG,
the technique allows the usage of any source of carbon-based feedstock material, e.g., wood, textile,
charcoal, and even food items [152,154]. However, since LIG is a new technology, the parameters
that affect the formation of high-quality graphene-like structures together with a higher mechanical
stability and conductivity are under study. To optimise the LIG, one-factor-at-a-time (OFAT)
approaches are usually used, where one parameter, such as laser power or speed, is changed
successively until a desired outcome is reached [155]. Although this is a valid technique, utilising
other statistical approaches can be advantageous, as they can save time and material resources when
compared to OFAT.

Design of experiments (DoE) is a resource-efficient optimisation process that can minimise the
cost of experiment by creating models to indicate where the minimum/maximum desired output is
[156]. This approach can simplify the optimisation of LIGs, as complex systems can be analysed
using less samples than the OFAT alternative as it reduces the number of experiments required [157].
Furthermore, other important aspect of DoE is the ability to highlight parameter interdependency
which is unlikely to be determined when using OFAT approaches. This is particularly advantageous
for LIG fabrication, as it is a new technique that can benefit from optimisation strategies. When
comparing LIGs to SPEs, many factors can be considered. For example, LIGs offer a template-free
method to produce highly conductive graphene-based electrodes while SPEs require the use of a
mask, which can limit the final pattern resolution [158]. However, screen-printing is a mature,
versatile technology, with the possibility of combining various conductive pastes to produce the final
product, while LIGs are confined to carbon structures [108,159]. Both techniques have similarities,
including a low production cost linked with a high yield. This information is summarised in Table

4-1. LIG and SPEs have been employed in numerous fields, including supercapacitors, solar cells,
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fuel cells, and electrochemical sensors [106,108,152,160,161]. LI1Gs are especially interesting in the
field of electrochemical sensors due to their high surface area and high conductivity, as this allows
for efficient modification of the working electrode with various materials and faster electron transfer.
For example, LIG electrodes could offer advantages in the detection of the NOz", as this ion benefits
from fast detection techniques due to its short environmental life and it can be detected using

unmodified carbon materials [66].

Table 4-1. Comparison of screen-printing and laser engraving techniques for electrode fabrication.

Screen Printing LIG
Pattern Requires a mask (e.g., stainless Mask-free
steel)
Resolution 40 pm 12 um

) <5 mQ/sq for Ag paste
Sheet Resistance <10 Q/sq
< 35 Q/sq for carbon paste

Production High yield, fast speed High yield, fast speed

Any compatible with the paste

Substrate Carbon-based precursors
used
. Metal, carbon, and insulating Carbon structures from
Materials
pastes the substrate
Commercial Cost < £1/sensor (e.g., DropSens) < £2/sensor (€.g., Gil-

Sens)

WE and RE can be screen-printed | Requires other techniques

Further modifications using different pastes to modify WE and RE

Availability Commercially available Mostly research-based

Increasing levels of nitrite (NO2) and nitrate (NO3z) in ground and surface water have been
detected as a result of excessive usage of nitrogen fertilizers, runoff waste from livestock farms and
use as a food preservative [30,34]. In the environment, high concentration of nitrogenous compounds
can lead to eutrophication of water bodies [34]. In humans, oxygen transportation can be hindered by
the NO" ion by the irreversible conversion of haemoglobin to methemoglobin, which is particularly

problematic for pregnant women and infants [29,31]. Due to its toxic nature, the recommended levels



Chapter 4 81

of NOz™ in drinking water are below 3 mg/L [24,29]. As NO>"is a reactive ion, the detection techniques
need to provide fast, accurate result. However, most of the standard instrumentation involves the use
of expensive, time-consuming methods, such as spectrophotometric, chemiluminescence,
spectrofluorometric, and ion chromatography detection [31,34,72]. Recently, electrochemical
methods have also been employed for the NOz  detection, focusing on potentiometric and
voltammetric approaches, however they are not as sensitive as standard techniques [34]. The fast
analysis time counterbalances the higher detection limit, with voltammetric and amperometric
techniques being the fastest electrochemical methods. Considering the NO> ion is highly reactive, a
fast technique is very advantageous. Regarding the choice of sensitive material, carbon-based
electrodes are widely used for the electrochemical detection of NO2™ due to its ability to oxidize NOy
to NOs’, but they are usually modified with other metal/metal oxides for higher sensitivity [162].
Common materials include gold, copper, and iron nanoparticles, and the study is mostly done using
standard laboratory electrodes, such as the glassy-carbon working electrode [81,162]. Carbon-based
printed/engraved sensors, such as carbon-based SPEs and LIGs, can be a good alternative to standard

electrodes as they can be readily employed in the field.

In this work, we investigated how the material morphology of carbon-based electrodes affect their
electrochemical properties by comparing a standard commercial SPE to optimised LIGs. The aim is
to understand if LIGs are a suitable replacement for SPEs, as they provide a low-cost, template-free
alternative to carbon SPEs. For this, we used a commercial SPE with graphene/carbon-based tracks
and a multilayer graphene sheet on top of the WE (GS-SPE) (Figure 4.1). Meanwhile, the L1Gs were
engraved on Pl and were optimised using a DoE response surface (DoE-RS) approach. By changing
different parameters (laser power, speed, and focus) that affect the carbonisation of the Pl substrate,
two optimised LIGs were chosen to continue the experiments — LIG A and LIG B. Both the GS-SPE
and the LIGs were employed without further modification on all studies, simplifying their use. The
material characterisation was done by scanning electron microscopy (SEM), Raman spectroscopy,
and contact angle analysis. For the electrochemical studies, the oxidation of NO>™ ion by the graphene-
based working electrodes was investigated, as it allowed for the direct comparison of the LIGs to the
GS-SPE. The electrochemical investigation was done by cyclic voltammetric (CV) and differential
pulsed voltammetry (DPV).
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Figure 4.1. a) Fabrication steps of the GS-SPE. The graphene sheet was attached to the commercial
carbon WE. An insulation layer protects the screen-printed carbon track. The SEM inset of the
graphene sheet shows smooth graphene layers. b) Fabrication steps of the LIG electrodes. Laser
engraving on polyamide substrate was done by adjusting from the focal point in the positive z
direction and changing the laser power and speed. For the final electrode, Ag/AgCl RE was drop
casted on the RE. The SEM inset shows the 3D porous carbon network of the LIG.
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4.2. Materials and Methods

4.2.1. Electrode Fabrication
421.1. Screen-Printed Electrode

In this work, a commercial SPE was acquired from JE Solutions with a 45 mm length by 1.5 mm
width conductive tracks and a circular WE of 3 mm diameter. The total size of the SPE was 45 mm
length by 6 mm width. The conductive tracks were screen printed using a graphene conductive paste
on top of a polyethylene terephthalate (PET) substrate. The RE was screen printed using a silver/silver
chloride (Ag/AgCl) paste. The conductive tracks were covered with a white thermoplastic
polyurethane insulation ink, leaving only the WE, reference electrode (RE), and counter electrode
(CE) exposed. In the laboratory, a commercial pristine multilayer graphene sheet (MGS, Graphene
Supermarket, 25 um thickness) was cut to a 3 mm diameter circle and bonded on top of the WE with
graphene paste (JE Solutions). The GS-SPE was then cured at 80 °C for 30 min and used in further
experiments. The GS-SPE can be seen in Figure 4.1.

4.2.1.2. Laser Induced Graphene Electrodes

A Universal Laser Systems PLS6150D CO- laser engraver with 10.6 um wavelength, 0-75 W
power was used for the L1G engraving. The max speed on the x-axis and y-axis were 1778 mm/s and
508 mml/s, respectively. The electrode pattern was done in Inkscape, with a 20 mm length by 1.5 mm
width conductive tracks and a circular WE of 3 mm diameter. The total size of the 3-electrode system
was 24 mm length by 9 mm width. For the DoE, only the WE was fabricated and once the system
was optimised the 3-electrode LIGs were used for further material and electrochemical
characterisation. A polyamide substrate (Pl, 500HN Kapton film from Utech Products, 127 pum
thickness) was adhered to a plastic substrate using deionised water for a residue-free bond. For the
graphitisation of the substrate, the Pl was patterned under ambient conditions using the Universal
Laser Systems software. The focus was adjusted by first adjusting the laser to the focal point and then
using the software to increase or decrease the distance to the substrate. Ag/AgCl paster (JE Solutions)

was drop casted on top of the LIG RE, and the final electrode can be seen in Figure 4.1.
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4.2.2. Design of Experiments

Sample No. [ Run No. |Speed (%) [ Power (%)| Focus | Resistance
(mm) (@)
4 1 30 20 0.5 501
5 2 10 5 15 507
12 3 20 25.11 1 3235
18 4 20 12,5 1 500.5
7 5 10 20 1.5 403
8 6 30 20 15 643
9 7 3 12.5 1 10000
11 8 20 -0.11 1 10000
15 9 20 12,5 1 496.5
14 10 20 12.5 1.84 438
20 11 20 12.5 1 496
10 12 37 12.5 1 994
16 13 20 12.5 1 492.5
2 14 30 5 0.5 10000
13 15 20 12.5 0.16 417
19 16 20 125 1 494.5
3 17 10 20 0.5 135.5
17 18 20 12,5 1 494
1 19 10 5 0.5 374
6 20 30 5 15 10000

Figure 4.2. Photo of the 3-factor (speed, power, and focus) DoE (left). The label corresponds to the
sample number and the DoE run number (e.g., sample 4, run 1 corresponds to S4R1). The black
rectangles represent the areas where no graphitisation of the substrate occurred; the white rectangles
where the substrate was partially/fully cut; the grey rectangles where a more fibrous LIG was
produced. Table showing the parameters used for each combination of sample and run number (right).
A power of 5 to 20% corresponds to 3.75 to 15 W. Where no graphitisation occurred, a high resistance
of 10 kQ was added to run the DoE-RS.

To optimise the LIGs for resistance and adhesion to the Pl substrate, a central-composite DoE-
response surface (DoE-RS) was performed iteratively based on both the linear resistance response
and the LIG adhesion to the substrate (delamination). DoE-RS is an advanced DoE technique that
allows for the optimisation of a response that is influenced by several parameters [156]. In this way,
it is a sequential procedure used to determine the optimum operating conditions. For the adhesion
response, numbers from 0 to 1 were allocated to each run, with 0 being no material delamination after
the bending process and 1 being full delamination after bending. Minitab was used to prepare and
analyse all DOE-RS experiments using the central composite design. The linear resistance was taken
with a multimeter from the middle of the WE to the middle of the connection pad while the adhesion

was visually inspected by bending the electrode at 180° three times. At first, a 3-parameter, 20-point
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DoE-RS (speed (10-30% corresponding to 177.8-533.4 mm/s on the x-axis and 50.8-152.4 mm/s on
the y-axis), power (5-20% corresponding to 3.75-15 W), and focus (0.5-1.5 mm)) with a pulse density
of 1000 pulses per inch (PPI) was performed to select the regions of interest for the next set of DoE-
RS (Figure 4.2). The maximum values were based on the reported literature values of power and
speed where graphitisation could occur [155]. A negative focus value indicates the substrate is
moving closer to the laser. The WE structure was printed twice for each run and the model was based
on the mean linear resistance of the electrodes. Many of the parameters did not graphitise the
substrate, therefore two new 2-factor DOE-RS were performed around the regions where

graphitisation occurred:

)} Focus = -1 mm, 10% < Speed < 20%, and 10% < Power < 20%, PPl = 1000.

i) Focus = -2 mm, 20% < Speed < 30%, and 20% < Power < 30%, PPl = 1000.

Based on the models, three points of interest were selected to validate each model. The best
performing L1G was selected for each DoE-RS, with LIG A consisting of a focus of -1.0 mm, a speed
of 20% (355.6 mm/s on the x-axis and 101.6 mm/s on the y-axis), and a power of 10% (7.5 W), and
LIG B of a focus of -2.0 mm, a speed of 25% (444.5 mm/s on the x-axis and 127 mm/s on the y-axis),
and a power of 17.9% (13.5 W).

4.2.3. Material Characterization

The resistance of the LIG electrodes for the design of experiments was measured using a digital
multimeter. The electrodes were characterised by a scanning electron microscope (SEM, FEI
QUANTA 200F environmental SEM at 5 kV and aperture size of 30 um). The ImageJ software was
utilised for measuring the height of the cross-section layers and to quantify the LIG pores. For the
quantification of the pores, first the threshold was adjusted so the pores were highlighted. To decrease
the background noise, both the despeckle and remove outliers (<8px for LIG A and <5px for LIG B)
features were used. The highlighted area was then analysed for count and area. The pores were
approximated to perfect circles to get the radius. The Raman spectra were obtained using a Renishaw
inVia Raman microscope with a 514 nm green Ar laser, a laser power of 10%, an exposure time of
10 s, a grating of 2400 lines/mm, and an accumulation of 1. The middle of the working electrode was
selected for all Raman spectra and an extended feature was used to record from 700 to 3200 cm™.
After baseline subtraction, the first order (D, G, D’) Lorentzian peaks and second order (2D) peaks
were fitted to the spectra using Matlab. For the contact angle, the Ossila contact angle goniometer
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was used. 20 pL of deionised water were dropped on top the electrodes using a syringe and the process

was filmed and analysed by the Ossila contact angle software.
4.2.4. Electrochemical Setup

The cyclic voltammetry (CV) and differential pulsed voltammetry (DPV), and
chronoamperometry analysis of the printed electrodes were carried out using the Gamry potentiostat
(Interface 1010E). The sensors were attached to an adaptor that is connected to the potentiostat and
the solutions were dropped on top of the WE, RE, and CE (Figure 4.1). The sensors were washed
with milliQ water between each experiment. All experiments were done under ambient condition. A
50 mM NaCl in milliQ water solution was used for all electrochemical experiments unless otherwise
stated. A concentrated sodium nitrite (NaNO>) solution in milliQ water was used to change the
concentration of NO2". The pH was adjusted to 6, 7 or 8 with diluted sodium hydroxide (NaOH) and
hydrochloric acid (HCI). For the ionic compound interference experiment, 50 UM of different ionic
compounds in a solution containing 50 UM of NaNO2 pH 7 were tested one at a time. The ionic
compounds were calcium carbonate (CaCOs), iron(ll) sulphate (FeSOs), magnesium sulphate
(MgSO0s) or sodium nitrate (NaNOs3). Highland spring sparkling water was used for the real water
experiment. The GS-SPE and LIG were conditioned by performing 5 CV scans at 100 mV/s in 50
mM NaCl pH 7. The CVs were scanned from 10 mV/s, 50 mV/s and plus 50 mV/s until 250 mV/s
with 50 uM NO2". The DPVs were run with a step size of 5 mV, a sample period of 0.5 s, a pulse time
of 0.2 s, and a pulse size of 50 mV, and the NO>™ concentration was changed to from 10 to 500 pM.

4.3. Results and Discussion

4.3.1. Optimisation of the Laser Induced Graphene Electrodes

The LIGs were fabricated using a laser engraver, in which the user can change the power, speed
and the focal distance of the laser to graphitise the PI substrate (Figure 4.1). The combination of these
parameters can result in many different possible outputs, making it challenging to obtain a final
electrode that is conductive and stable for electrochemical analysis. In this chapter, the optimisation
strategy for the LIGs consisted of employing DoE techniques instead of the usual OFAT experimental
approach. In this manner, the interaction between different factors can be analysed while greatly
reducing the number of experiments needed to achieve the best performing LIG [156]. In the first
report of LIG, the authors noted that there was a linear relation of the threshold of the laser power to

the scan speed that led to the graphitisation of the substrate [151]. It has also been observed through
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other DoE approaches that the power, scan speed, and focus point influence the graphitisation of the
Pl substrate, while a PPI from 500-1000 and gas flow did not significantly influence the LIG sheet
resistance [157]. Therefore, the starting set of parameters for the DoE consisted of a three-factor
approach, where the focus, speed, and focal point were changed in each run, with 20 runs in total,
with 6 of those corresponding to centre points. Figure 4.2 shows a representation of the DoE-RS
results, where the regions in which successful graphitisation of the material occurred can be observed.
Some of the power, speed and focus combinations showed no results while others cut through the
substrate. By narrowing the second iteration of the DoE-RS to the regions where a lower linear
resistance and higher adhesion were found and decreasing the number of factors to the two most

significant ones (speed and power), a more controlled optimisation process was attained.

For the second iteration of the DoE-RS, two regions were chosen, with model | corresponding to
region (i) (Focus = -1 mm, 10% < Speed < 20%, and 10% < Power < 20%, PPI = 1000) and model |1
corresponds to region (ii) (Focus = -2 mm, 20% < Speed < 30%, and 20% < Power < 30%, PPI =
1000) in Section 2.1.2.1. Model | (Table 4-2) was built from statistically significant terms, showing
a good correlation of the given parameters to the resistance model, with a low p-value (less than 0.05)
for the lack-of-fit parameter (p-value of 0.044). While speed showed a linear response to resistance,
power demonstrated a quadratic response (Figure 4.3). Model | presented an overall good fit with a
low standard error (Table 4-3). The diagnostic tests for the validation of the ANOVA test (Figure
4.4a-c) showed the data is normally distributed, with random fluctuations of the residuals in the run
order. In Figure 4.5a-c, the DoE-RS for the measured two responses are observed, resistance (Figure
4.5a) or delamination (Figure 4.5b), and an overlay of both these responses for the region of interest
(Figure 4.5c¢). Although the delamination model was based on 0 being no delamination and 1 total
delamination, the DoE-RS model increased the range of these values to fit the model. The regions
with negative values should be understood as no delamination and the regions with value greater than
1 as full delamination. It is important to note that some regions of low resistance showed some cracks

on the surface after bending, making the overlay of these two responses of great importance.

Therefore, to obtain a reliable LIG for further characterisation and to validate the model, three
regions were chosen for engraving. Table 4-4 includes the selected power and speed percentages
chosen alongside their predicted and measured resistance values. The regions corresponding to a
higher speed showed a better correlation to the predicted value, but there was overall a good fit to the
model. The measured resistances were within the 95% confidence and prediction intervals (Cl and

PI), with the exception of the measured value of 148 Q using power 15% and speed 12.5%. The
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measured value was lower than the predicted value (187 Q and 158-270 Q 95% PI), which also
corresponded to the lowest speed used. Although this region presented the lowest linear resistance, it
also cracked while bending, so it was not suitable for further experiments. Although the resistance
model was not as accurate for these power and speed values, this is a region where delamination is
more probable to occur, as can be observed in Figure 4.5c. Therefore, by combining both output
models, a better optimisation process can be achieved. After this process, the region highlighted with
a red star (Figure 4.5¢) was named as LIG A. Various electrodes using the 3-electrode configuration
were then printed for further material and electrochemical characterisation.

Table 4-2. Analysis of variance for model | and resistance equation based on the best-fitting model.

Analysis of Variance
Source DF Adj SS Adj MS F-Value p-Value
Model 4 35523.8 8881 63.32 0
Linear 2 31364.4 15682.2 111.82 0
Power 1 2346.1 2346.1 16.73 0.003
Speed 1 29018.2 29018.2 206.9 0
Square 1 1428.5 1428.5 10.19 0.013
Power*Power 1 1428.5 1428.5 10.19 0.013
Infe-:’/z;/(?c}i/on 1 2782.6 2782.6 19.84 0.002
Power*Speed 1 2782.6 2782.6 19.84 0.002
Error 8 1122 140.3
Lack-of-Fit 4 980.2 245.1 6.91 0.044
Pure Error 4 141.8 35.5
Total 12 36645.8
Resistance () 196.3 - 2.13 Power - 3.72PSpeeg - 0.571 Power*Power + 1.055
ower*Speed
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DF = degrees of freedom; SS = sums of squares; MS = mean square.

Table 4-3. Model summary of model | and model I1.

Standard Error R-squared R-squared R-squared

) 9 (adjusted) (predicted)
Model | 11.84 96.94% 95.41% 86.80%
Model 11 17.92 95.73% 92.68% 75.89%

The same procedure was repeated using a more defocused region with a focus of -2 mm. The
constructed model Il (Table 4-5) showed a p-value of 0.075 for the lack-of-fit-parameter. This
demonstrated that model Il is not as robust as model | and needs further adjustments, either by
adjusting the model or performing another iteration of DoE. However, it was sufficient for the aim of
this study, as it was still possible to obtain a suitable region through the DoE which would otherwise
be difficult to find as the electrodes cracked more often than those from model I. Similarly to model
I, power presented a quadratic response to the resistance, while speed is linearly correlated (Figure
4.3). The model summary for model 11 (Table 4-3) showed a good overall fit, with a slighted higher
standard error (+ 6.08 Q) and lower R? (- 1.21 %) than model I. The diagnostic tests (Figure 4.4d-f)
showed a normally distributed data with higher residual deviation than in model I. The residual vs
run order graph showed the residuals were mostly randomised. The resistance DoE-RS for model 11
(Figure 4.5d) also showed a similar trend as model I, where lower speed and higher power resulted
in lower resistance. However, by including the delamination of the material from the substrate (Figure
4.5¢,f) it can be observed that only a narrow region results in low linear resistance combined with a
sturdier LI1G. Table 4-4 shows the predicted and measured linear resistance for three combinations of
speed and power. The best performing region was selected to continue the experiments, and was
denominated LIG B. In the sections below, the L1Gs will be compared to the GS-SPE, with further
understanding in how the selection of power, speed, and focus affect the carbon composition of the

materials.
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Figure 4.5. DoE-RS contour plots of engraving speed vs laser power for the model 1 (top) and model

IT (bottom) corresponding to: a and d) the linear resistance in Q of the LIG; b and e) the coded

delamination of the electrode, where 0 is no delamination and 1 is full delamination; ¢ and f)

superposition of the regions with delamination < 0 and resistance < 300 Q for model I and resistance

<250 Q for model II. The red star represents the region for LIG A and the blue start the region for

LIG B.
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Table 4-4. Predicted and measured resistance based on model | and model Il. Highlighted values
correspond to LIG A and LIG B.

Power | Speed Fit SE 95% CI 95% PI Measured

(%) (%) @ | @ @ (@ @)

10 20 255 9 233 - 276 220 - 289 245

Model | 15 125 187 5 176 - 198 158 - 217 148
175 20 279 7 264 - 294 248 - 310 283

17.9 25 199 14 166 — 232 145 — 253 205

Model 11 20 22 222 11 196 — 247 172 - 271 242
25 27 318 8 300 - 336 272 — 365 300

SE = Standard error; ClI = confidence interval; Pl = prediction interval.
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Table 4-5. Analysis of variance for model 1l the resistance equation based on the best-fitting model.

Analysis of Variance

Source DF Adj SS Adj MS F-Value p-Value
Model 5 50362.5 10072.5 31.37 0
Linear 2 29869.1 14934.5 46.51 0
Power (%0) 1 21.8 21.8 0.07 0.802
Speed (%0) 1 29847.3 29847.3 92.95 0
Square 2 18504 9252 28.81 0
Power
(%)*Power 1 18284.9 18284.9 56.94 0
(%)
Speed
(%)*Speed 1 41.4 41.4 0.13 0.73
(%)
2-Way 1 1849 1849 5.76 0.047
Interaction
Power
(%)*Speed 1 1849 1849 5.76 0.047
(%)
Error 7 2247.8 321.1
Lack-of-Fit 3 1781.1 593.7 5.09 0.075
Pure Error 4 466.7 116.7
Total 12 52610.3
Resistance -698 + 71.0 Power (%) - 4.2 Speed (%) - 1.844 Power (%)*Power (%) - 0.100
(Q) Speed (%)*Speed (%) + 0.860 Power (%)*Speed (%)
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4.3.2. Material Characterization

An investigation of the GS-SPE and the LIGs morphology was carried out by SEM, Raman, and
contact angle analysis. The surface morphology directly affects the sensing properties of the WE,
with surface area, hydrophilicity, and material structural being key properties to be analysed. Figure
4.6 shows two magnification settings of the electrodes. The surface graphene sheet of the GS-SPE
(Figure 4.6a,d) is smooth and homogeneous, showing a well packed layered structure. The elevation
difference in the smooth surface could be attributed to the edge of individual sheets or to folded sheet
structures [163]. The smaller fragments on the surface of the graphene sheet (Figure 4.6d) could be
derived either from graphite flakes or the graphene sheet breakage [164]. Unlike the graphene sheet,
the LIGs structure is very porous and uneven. The surface of LIG A (Figure 4.6b, €) contains both
larger outer pores and smaller inner pores inside the cylindrical pores (Figure 4.6e and Figure 4.7e),
similar to what can be seen for LIG B in Figure 4.6¢,f and Figure 4.7f. LIG A shows defined ablated
and non-ablate regions with an increase in pore numbers in the ablated region (Figure 4.6b). LIG B
has less defined non-ablated regions, with some over-ablated areas occurring probably due to the high
laser power (Figure 4.6¢). Non-ablated regions might contribute to the mechanical stability of the
carbon film, as LIGs are usually brittle in nature [165]. Overall, LIG A showed a better mechanical
stability than LIG B.

Figure 4.6. Colour coded SEM images of the GS-SPE (green border, a, d), LIG A (red border, b, e,
specifying the ablated and non-ablated regions), and LIG B (blue border, c, f, specifying the over-

ablated regions). Top row shows a magnification of 600 x and bottom row of 6500 Xx.
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Figure 4.7. Colour coded figures corresponding to LIG A (red) and LIG B (blue). a, b) Coloured
distribution of pores on the surface of the LIGs. c, d) Pore size distribution considering the pore
radius. e, f) Magnification of 73480 x of the inner pores of the LIGs.

To further investigate the porosity of the LI1Gs, the pores distribution was processed and analysed
(Figure 4.7a,b). It was more difficult to distinguish the pore distribution on LIG B than on LIG A due
to the shape and depth of the pores. The distribution of the pore sizes can be seen in Figure 4.7c,d,
with LIG A presenting a total of 503 pores and LIG B, 754. Although LIG B had more pores, the size
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was overall smaller, with an average radius of 3.7 um versus 4.9 um for LIG A. LIG A was fabricated
using a 7.5 W laser power, while LIG B used 13.5 W. As previously shown, the LIG porosity
increases with laser power [151]. In this case, however, the total area covered by the pores was 13%
for both LIGs, indicating that the higher speed used for LIG B might have counterbalanced the laser
power effect. Another interesting aspect of the LIGs was the presence of smaller nanopores inside the
larger pores (Figure 4.7¢,f). The difference in the final structure of the pores is clear, with granular
nanoparticles forming on LIG A while LIG B produced a thinner layer. This artifact occurs probably
because of the lower engraving speed of LIG A [165]. The cross-section SEM images (Figure 4.8)
revealed that both LIGs have similar thickness, with an average of 55 pum. The graphene sheet on the
GS-SPE had a thickness ranging from 10 to 70 um, however that seems to be because it started to
peel off from the carbon paste at certain parts. From the magnified cross-section images it can be
observed that the LIG B (Figure 4.8f) has many small pores in a honeycomb-like structure while L1G

A (Figure 4.8e) has larger cylindrical pores. The graphene sheet layers can be seen in Figure 4.8d.

Figure 4.8. Cross-sectional SEM image of the: a) GS-SPE, showing the PET layer, the carbon paste
and the graphene sheet. b) LIG A with the PI layer and the carbon layer. ¢) LIG B with the PI layer
and the carbon layer; Magnified carbon layer on the d) GS-SPE, e) LIG A, and f) LIG B.
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According to previous studies, the defect density on graphene materials impacts the
electrochemical activity of chemical sensors. For example, graphene WEs with disordered materials
and more defects can increase the electrochemical performance of the device [166]. Therefore, Raman
spectroscopy was conducted to differentiate the carbon composition and crystal order of the fabricated
electrodes (Figure 4.9a). The G and 2D peaks were present in all electrodes, while the LIGs also
presented the D peak. The D and D’ band represents defects in the crystal lattice due to breakage of
the sigma bonds [161]. The G and 2D bands are related to highly ordered graphitic structures. The
2D band in specific correlates to the formation of graphene layers, deriving from the stacking of
graphene layers on the c-axis [151]. From the Raman spectra, it can be concluded that although LIG
A is visually similar to LIG B (Figure 4.6), they have different carbon structures. LIG A is more
similar to the highly ordered GS-SPE, while LIG B presents more defects. Table 4-6 summarises the
In/lg and I2p/lc peak ratio for all electrodes. The ratio Ip/l can be related to the degree of disorder of

the material. L1G B presented the highest ratio of 1.08, indicating it has a highly disordered structure.
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Figure 4.9. a) Raman spectra of the GS-SPE (green), LIG A (red), and LIG B (blue). The D, G, D’,
and 2D bands are highlighted in the graph. b) Contact angle analysis of the GS-SPE (green), LIG A
(red), and LI1G B (blue).
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To better understand the hydrophilic/hydrophobic behaviour of the electrodes, the surface
wettability was studied using the contact angle analysis (Figure 4.9b). This is important because it
can affect the sensing properties of the WE. For example, in ion-selective electrodes a hydrophobic
WE is desired as it prevents the formation of a water layer between the ion-selective membrane and
the WE conductive material, while in this case, since the WE is not treated and is directly oxidising
the analyte, a hydrophilic behaviour is more advantageous [161,167]. The GS-SPE has a more
hydrophobic surface, with an average contact angle 8 = 102.66°. This is likely due to its defect-free,
homogeneous surface, which probably decreases the number of oxygen atoms on its surface. On the
other hand, both LIGs presented a more hydrophilic surface with 8 = 38.30° for LIG A and 6 = 46.05°
for LIG B. This is probably a combination of their high porosity with the presence of heteroatoms on

their surface, such as oxygen [161].

Table 4-6. Summary of Raman spectra peaks.

GS-SPE LIGA LIGB
Io/le 0.02 0.68 1.08
loo/le 0.99 0.84 0.81

4.3.3. Electrochemical analysis

Further analysis was performed for all electrodes to investigate how the material composition and
surface morphology affected the electrochemical performance. For this, the oxidation of NO>™ was
chosen as it allows the use of the bare carbon WE to be employed as carbon materials have been
shown to oxidise NO>™ into NO3™ at positive potentials [162]. First, the sensors were tested at pH 6, 7,
and 8 in 50 mM NaCl aqueous solution with 50 uM NO>" to understand if a change in pH affects the
current intensity of the NO>™ oxidation peak. The pH range was chosen to be within the drinking water
pH (6.5 to 9.5 according to the EU Directives) [24]. The DPV can be observed in Figure 4.10a-c, and
the difference in peak current (Aip) per pH in Table 4-1. A few observations can be made from this
analysis. First is that the LIG B seems to produce a higher peak current (ip) than the other sensors,
while also having the largest variation in Aip. LIG A had similar Aip to the GS-SPE, however it also
presented a much higher i, overall. The higher oxidation current observed for the LIGs is probably
due to the higher surface area of the electrodes alongside a more hydrophilic surface, as observed in

the SEM images (Figure 4.6 and Figure 4.7) and the contact angle images (Figure 4.9b). This allows
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for a better interaction between the analyte and highly porous surface of the LIGs, increasing the
active area of the WE. For the rest of the electrochemical experiments, pH 7 was used as it

corresponds to a neutral pH.
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Figure 4.10. 50 uM NaNO, DPV at pH 6, 7, and 8 with 50 mM NacCl using the: a) GS-SPE, b) LIG
A, and c) LIG B. CV scan rate of 10 to 250 mV/s for 100 uM NaNO2 in 50 mM NaCl pH 7 for the:
d) GS-SPE, f) LIG A, and g) LIG B. CV scan rate linear fit of the peak current vs: g) the square root
of the scan rate for the GS-SPE, h) the scan rate for LIG A, and i) the scan rate for LIG B. The ip
current corresponds to the oxidation peak between +0.8 and +1.0 V for the GS-SPE and +0.6 and
+0.8 V for the LIGs.

The effect of the scan rate (10 mV/s to 250 mV/s) on the NO2™ oxidation reaction was investigated

in Figure 4.10d-i. The reaction is irreversible and ip increases with the increase of the scan rate for all
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electrodes, however the governing reaction mechanism is different for the GS-SPE and the LIGs. For
the GS-SPE, the iy is linearly proportional to the square root of the scan rate (Figure 4.10g), indicating
that the oxidation of nitrite is a diffusion-controlled process [168]. For the LIGs, however, ip is
linearly proportional to the scan rate (Figure 4.10h,i). This could indicate that the reaction is mass-
transfer limited in this case due to, for example, adsorption of the ions on the electrode surface [47].
Another reason could be that, unlike the GS-SPE, the LIGs have a high capacitive background current
that increases at higher scan rates. Therefore, both faradaic and nonfaradaic currents contribute to the
apparent increase of ip.

Table 4-7. Peak oxidation current difference from the peak current at pH 7 for 50 uM NaNO..

Aip %

GS-SPE | LIGA | LIGB

pHG6 | -3.60 -3.32 | -9.89

pH7 | 0.00 0.00 0.00

pH8| 5.72 -6.14 | 31.03

DPV was employed to investigate the faradaic response of the sensors toward NOz", to minimise
the capacitive charging of the LIGs that appears in techniques such as the CV. This, in turn, improves
the NO_™ oxidation signal, making it possible to analyse even smaller concentrations of the analyte.
The DPV response of the sensors from 10 to 500 uM of NO>™ and the calibration plot can be observed
in Figure 4.11. It can be noticed that the oxidation potential is higher for the GS-SPE than for the
LIGs. This suggests that the material composition of the LIGs is more efficient at oxidising the NO2"
ion as it requires less input energy, possibly because of the structure of the carbon material or the
absence of paste binders, making it easier for the electron transfer to occur. Similar to the previous
electrochemical results, the GS-SPE had the lowest oxidation current of all electrodes. On average,
LIG A had a ip of 565% higher than the GS-SPE and LIG B, of 729%. The higher electrochemical
activity of LIG B could be correlated to its higher disordered structured (Figure 4.9a), as defects and

disordered material structure can increase the electrochemical performance of the device [166].
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Figure 4.11. DPV of 10 to 500 uM of NaNO2 in 50 mM NaCl pH 7: a) GS-SPE, b) LIG A, and c)
LIG B. The baseline is represented by dotted lines. Calibration plot inset for: d) GS-SPE, €) LIG A,
and f) LIG B.

Table 4-8. Calibration curve parameters based on the DPV measurements of 10-500 uM NaNO: in
50 mM NaCl pH 7.

GS-SPE LIGA LIGB
Linear range (UM) 38-500 10-500 20-500
Sensitivity (NA/UM) 52%0.3 302 401
Intercept (nA) 197 + 64 1507 + 334 2658 + 220
R? 0.922 0.935 0.985
RSD (%) <336 <245 <206
LOD (uM) 37.2 8.6 19.2
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Sensor performance was evaluated by measuring the sensitivity, linearity, relative standard
deviation (RSD) and limit of detection (LOD). All electrodes presented an increase of ip with an
increase of analyte, presenting a linear correlation with R? greater than 0.9 throughout the whole NO2"
concentration range. The summary of the calibration plots can be found at Table 4-8. The RSD was
calculated by taking the standard deviation (SD) of each concentration, diving it by its corresponding
average ip and multiplying it by 100 to obtain a percentage, with RSD = 100*SD [concentration]/ip
[concentration]. LIG B presented the best linearity with a RSD < 20.6 %, with LIG A following
closely behind. There was a difference of 10 nApuM™ in sensitivity between both LIGs, and the GS-
SPE displayed the lowest sensitivity of the three, at only 5 + 0.3 nAuM™. LOD was estimated using
the IUPAC definition of LOD = 3.3*c/s, where o Is the standard deviation of the background current
and s is the sensitivity of the calibration plot [169]. The LOD was higher than the lowest tested
concentration (10 uM) for both the GS-SPE (LOD of 37.2 uM) and LIG B (LOD of 19.2 uM), while
LIG A had a LOD slightly lower than 10 uM (8.6 uM). This could be improved, for example, by
fitting two times over the different concentration ranges. For example, one fitting for the lower
concentration range and another for higher concentrations, as the slope changes slightly from medium
to higher concentrations. For this, further points in between the studied concentrations should be
added for more accurate results. Another possibility is to use more sensitive techniques such as

chronoamperometry, which allows lower concentrations to be detected.

In comparison to other printed NO2 sensors found in literature, the LIGs developed here presented
a good performance (Table 4-9). It is especially interesting that the high sensitivity was achieved
without the addition of nanoparticles or other carbon additives, as with other NO2™ LIG sensors
[165,168]. By optimizing the laser parameters using the DOE, incredibly sensitive, binder-free NO2"
sensors were achieved in a single-step process. Furthermore, the fabricated sensors appear to function
similarly at different pH (Figure 4.10), making them ideal for quick routine samples, either in the

field or in the laboratory.

To investigate the selectivity of these sensors in the field, the i, signal of 50 uM of the LIGs was
compared in the presence of common ionic compounds (CaCO3, FeSO4, MgSO4, NaNO3) present in
drinking and river water (Figure 4.12a). As the GS-SPE showed much lower current responses, it was
not included in the next experiments. From Figure 4.12a, it can be seen that the ip of LIG B is highly
influenced by the addition of other analytes, specially NaNOs. On the other hand, the NO,™ oxidation
signal is more stable for LIG A even in the presence of other ions. This could be due to the different

carbon structure of LIG A compared to LIG B, however further analysis is needed to support this. To
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test the sensors’ performance in drinking water, a bottled spring water was used without any

additional modification. The added NO™ concentration was in the range of 10 to 50 pM. Although

the same trend of current increase with analyte increase was observed for both electrodes, the i, found

was on average half of that found in the previous DPV studies (Figure 4.11b,c) for LIG A and a third

for LIG B. This could be because of the interference of other ions present in the drinking water, which

decreased the ip. This indicates that the calibration curve for the LIGs need to be adjusted depending

on the medium it is being used.

Table 4-9. Various parameters of printed sensors for the detection of NO>".

Sensitivity
Printing Sensing Detection | Linear Range | LOD
(uApM'em- | Ref
Method Material Method (M) (uM)
%)
Screen-printing | Au NPs/ GOx DPV 1-6000 0.13 30.5 [170]
Laser
Chitosan DPV 2-1000 0.9 12.1 [165]
engraving
Laser
Au NPs/CNTs SWV 10-140 0.9 18.3 [168]
engraving
Laser
Bare LIG DPV 10-70 0.27 58.5 [171]
engraving
Laser This
Bare LIG DPV 10-500 8.6 42.4
engraving work
Laser This
Bare LIG DPV 20-500 19.2 56.5
engraving work
This
Screen-printing | Graphene sheet DPV 38-500 37.2 7
work

CNT = Carbon nanotube; GOx: Graphene oxide; NPs = nanoparticles; SWV = Square wave

voltammetry.
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Figure 4.12. a) Peak current difference of 50 pM NaNO: in the presence of 50 uM of each common
interfering ion (CaCOs, FeSO4, MgSO4 or NaNOg) for LIG A and LIG B. DPV of 10 to 50 uM NaNO:>
in spring water for the: b) LIG A and c) LIG B. The baseline is represented by dotted lines.

4.4. Conclusion

The current work demonstrated that LIGs are a suitable replacement for carbon-based SPEs as
electrochemical sensors. In Chapter 3, it was verified that carbon-based SPEs had advantages over
Ag paste SPEs, however they had a higher electrical resistance, which lowered the redox peak current.
This problem was solved here by using LIGs, which offer the advantages of a graphene-like structure
without the need to use binders or solvents. To achieve this, the linear resistance and the carbon
adhesion of the LIGs to the PI substrate was improved by using the DoE-RS statistical approach. The
instrument parameters that were used to construct the DoE-RS models were the laser power, speed,
and focus, as they seem to influence the quality of the L1Gs the most. The linear resistance DoE-RS
models had a R? > 95%, however, only when combined with the delamination models, suitable L1Gs
could be fabricated. That is because depending on the laser parameters used the L1Gs become brittle,
even though they had a lower resistance. From the models, two regions with low resistance and good
substrate adherence were chosen to fabricate the LIGs, resulting in LIG A and LIG B. It is important
to note that although only two responses were employed to construct the models (resistance and
delamination), other response variables could be included in future studies, such as Raman spectra or
electrode thickness to optimise the LIG to the desired application. To better understand why they
showed a better performance, a detailed material and electrochemical characterisation was performed.

The SEM images showed that the L1Gs were highly porous, having a higher surface area than the
continuous graphene. From the Raman spectroscopy, it was possible to infer that the LI1Gs showed a
disordered graphene structure, while the GS-SPE was constituted of ordered graphene layers. The
fabricated LIGs were also more hydrophilic than the GS-SPE, which is advantageous when using the
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pristine WE for electrochemical detection in water. These facts combined can increase the
electrochemical performance of the device, which was demonstrated by the electrochemical studies
on the oxidation of NO2" ions. The LI1Gs were overall more stable and presented a peak current higher
than 500% when compared to the GS-SPE. Furthermore, these binder-free, unmodified LIGs
exhibited sensitivity comparable to other modified SPEs or LIGs for NO,™ detection. Although NO>
was chosen as the analyte of interest, the LI1Gs fabricated here can be used as a template to detect
other analytes by further modifying the WE with other materials. In this sense, a combination of
screen-printing with LIGs could be used to produce sensors for other applications. Overall, the
potential of using LIGs as electrochemical sensors was demonstrated, being successfully employed
as an alternative to disposable carbon-based SPEs. Further optimisation can be achieved by more
iterations of DoE, with lower resistance and more stable LIG electrodes. More importantly, studies
on long-term surface degradation of the LIGs are needed, as well as their performance on different

water bodies.



Chapter 5
Copper-based Dissolved Ammonia

Sensors

Parts of this chapter are adapted with permission from: F. F. Franco, R. A. Hogg, and L.
Manjakkal, "Cu>O-Based Electrochemical Biosensor for Non-Invasive and Portable Glucose
Detection,” Biosensors, 2022, 12(3), doi: 10.3390/bios12030174. The same batch of Cu20

nanocluster was tested for ammonia sensing and glucose sensing.
5.1. Introduction

From Chapter 2, it was observed that the previously fabricated ZnO dissolved ammonia sensor
printed on a silver conductive interdigitated (IDE) electrode showed inadequate performance toward
dissolved NHs after further studies. The electrochemistry analysis showed that the silver conductive
track could be influencing the signal response by interacting with the sulphates present in solution.
Therefore, new materials need to be investigated to continue the detection studies of dissolved NH3
in water. The development of new materials for NHz detection plays a major role in sensor selectivity
and sensitivity. Synthesizing a material that can detect NH3 at nano and micromolar levels while
being stable and cost-effective remains a great challenge [41]. For this, nanostructures and smart
material design have been developed, e.g., metal oxides, polymers, and metal organic frameworks.
Therefore, a review some of the advances in these materials and what other alternatives have been
used for ammonia detection, including how the material size, shape, and composition react with the

system is discussed below to select the best material option.

Metal/Metal oxides. Metal oxides are a class of material widely studied due to their high surface
to volume ratio and excellent electrical and morphological properties, which enhance the sensitivity

106
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and catalytic performance in sensors [64]. For gas sensors, metal oxide-based semiconductors are a
popular sensing material, with ZnO, SnO., and In.O3 among some of the metal oxides used in NHs
gas sensing [93,101,172]. The sensing mechanism for metal oxides, based on chemiresistance
changes, has been thoroughly reported in literature [93,101]. This mechanism is well explained in air,
where the surface oxide layer acts as the receptor by interacting with a reducing gas, which in turn
alters the resistivity of the metal oxide. [101]. In air, NH3 acts as an electron donor when reacting
with the oxygen adsorbed at the metal oxide layer generating free electrons [93]. In wet atmosphere,
the mechanism depends on the humidity levels and there is no consensus on how the water layer
interacts with the metal oxide. At higher humidity levels the water suffers dissociation into H™ and
OH" and physisorption/chemisorption is observed, but the exact mechanism is dependent on the

sensing material [93]. This sensing mechanism is also mentioned in Chapter 2, Figure 2.1.

ZnO appears to be a popular choice for electrochemical NHz sensing due to its chemical stability,
large exciton binding energy and n-type semiconducting properties, which is discussed more in-depth
in Chapter 2 [172]. It was proposed that dissolved NHs reacts with the surface adsorbed superoxides
(O%) in an exothermic reaction and the energy released during the decomposition should be sufficient
for the electrons to jump to the conduction band, which in turn decreases the resistance of the material
[8]. O% are the most predominant species adsorbed in the metal oxide surface when in presence of a
reducing agent, i.e., ammonia [8]. Moreover, a humidity sensor using ZnO nanorods and nanowires
showed that at high humidity the water condenses, providing a channel for electrolytic conduction
[173]. Another study suggested a model for water interaction with ZnO based on experimental results,
where water suffers partial dissociation at the surface, forming an ordered superstructure [104]. By
combining the findings of these different studies, it is reasonable to assume that water might
dissociate at the surface of the metal oxide into different species and forms an ordered structure, with
oxides being the ones that react most strongly with ammonia. This, however, can be an issue for

selectivity, as the interaction is not analyte specific.

Other metal oxides used for dissolved NHz sensing include CuO and FesOs4. Fe3Os has been
implemented in optical and FET-based sensors in the form of nanoparticles and nanotubes [174,175].
A charge transfer study on physiosorbed ammonia on Fe3O4 described that a thin layer of water was
necessary for the activation of the sensor [175]. First, gas NHsz dissolves in the adsorbed water layer.
Then dissolved ammonia is adsorbed in the nanotube surface, donating electrons to the material which
in turn produces an electrical response that can be used to detect ammonia [175]. This explanation is

similar to the one given to the ZnO nanomaterials. For the optical Fe3Os sensor, the reducing



Chapter 5 108

absorbance with increasing concentration of ammonia was likely due to the formation of non-
absorbing species between ammonia and the FesO4 immobilized nanoparticles [174]. The authors did
not comment on what these species were, however, it can be deduced that the same principle of
dissolved NHs adsorbing on the water layer can be applied here. The sensor also had a high tolerance
ratio for interfering species including various amines, which was defined as the ratio of the
concentration of interfering species over the concentration of ammonia that caused a relative error of
5%, indicating that the detection mode (eg. optical vs electrochemical) is quite important when
considering the material selectivity. Cu-based materials have also been used to detect dissolved NH3
[176,177]. The ability of copper to form cupric complexes with ammonia can be used in
electrochemical sensors. Cu can be employed in its metallic form or by passivating it with an oxide
layer which can increase its sensitivity [178]. Cu oxides present a low net surface charge that prevents
the material from being affected by compounds that commonly interfere with other noble metals used
as sensing materials [179]. Other metals, such as gold and platinum, have also been employed for the
detection of ammonia however they present a higher cost [180,181]. In general, metal oxides are a
tested technology specially for NH3 gas sensors and are relatively low cost, although selectivity is
often poor.

Metal Organic Frameworks. Metal-organic framework (MOF) is a class of materials that
exhibits versatile properties due to their unique combination of organic and inorganic units. Due to
their adaptable nature, MOFs were successfully employed in a diverse range of applications,
including gas storage, catalysis, and energy storage [182,183]. The concept of MOFs was introduced
three decades ago, and since then, 1D, 2D, and 3D structures have been designed by exploiting various
combinations of organic linkers and metal units [184]. The wide range of molecular building units
available allow for a rational design of MOFs by exploiting the strong bonds between the molecules
provided by reticular chemistry [183]. MOFs are highly porous, crystalline materials and the
development of post-synthetic modifications allow these frameworks to have higher specificity for
unique substrates and increased reactivity [183]. By controlling the sterics and the electronics around
catalytically active site, excellent performance can be achieved [185]. For ammonia detection, only a
few coordination polymers can be found in literature. A AgBr 4-(trimethylammonio)benzenethiol
(TabH) 1D coordination polymer was employed for the detection of dissolved NHs, where the acidic
sulfihydril groups of the TabH™ react with NH3 through deprotonation [109]. Some MOFs have also
been employed to detect gas NHs. A Ba(ll) carboxylate MOF was employed as a gas NH3 sensor at
high humidity [186]. The carboxylic groups form a hydrogen-bond network which reacts with the gas
NHjs to form NH4*. The MOF is water stable making it a strong contender for dissolved NH3 sensing.
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A SiOz-coated Cu-MOF, single layer graphene, and polyaniline composite was used for gas NHs
detection [187]. The increase in resistance with the addition of NHz was due to the p-type behaviour
of the composite where a proton was donated to the gas NHs to form NH4" ions. A linear correlation
was observed up to 100 ppm where then the composite became proton deficient and lost its ability to
interact with the gas NHs. Therefore, MOFs have shown its potential for ammonia sensing but further
structures need to be explored for better durability and sensitivity of the material. Scalability is also
an issue for MOFs as not all synthesis are compatible with industrial scale and this should be factored
in when choosing a suitable MOF.

lonophores. A common material for NH4" ion detection are ionophores, which are natural or
synthetic compounds that have a high affinity for specific ions and can facilitate their transport across
the membrane, with nonactin being the most employed one [77]. They are highly selective to NH4*
but also to K* which can be problematic in solution with a high concentration of K*. Nevertheless,
commercial ISEs usually employ ionophores making it a robust technology. Several chemical
modifications to ionophores have been developed over the years to improve their performance, such
as the addition of carbonyl groups and pyrazole rings [77]. For example, a fluoroionophore works by
having the ionophore unit bind to the NH4" ion while the fluorophore unit is responsible for the optical
transduction [188]. Different solvents and cation exchange membranes have been employed together
with ionophores to improve their selectivity, such as potassium tetrakis(4-chlorophenyl)-borate and
bis-tris methane [80,188]. While the cation exchange membrane is employed for better electrode
reproducibility, a buffer solution can be used to maintain a stable pH, fully protonating or
deprotonating ammonia. However, sensors that employ ionophores can suffer from long response
times, specially at lower analyte concentrations [189]. Commercial ISE sensors can have a response
time of up to 600s at low ammonia concentrations and the membrane needs to be rehydrated in an
ammonium-free solution for 10 minutes [77,190] .

Carbon-based materials. Carbon nanotubes (CNTs) and graphene have been employed to
enhance the sensitivity of ammonia sensors. Although they normally are not used to directly detect
ammonia, their high conductivity, ability to form composites with other polymers and metals and
high chemical stability make carbon allotropes a useful tool in ammonia sensing [191]. For example,
CNTs were added to a potentiometric ammonium sensor to improve the electron transfer between the
ionophore and the inner electrode, decreasing the data drift [80]. Another sensor used a
fluorographene composite to detect changes in impedance in the presence of ammonia [192]. The

fluorine is responsible for the selective sensing of ammonia via hydrogen bonding, and the doping of
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graphene with fluorine produces a chemically stable, highly conductive compound [192]. Therefore,
carbon-based materials can be combined with other materials selective to ammonia to improve its

sensitivity by increasing the material electron transfer properties.

Table 5-1. Overview of different material classes used for the electrochemical detection of NHa/NH4".

Material Type Advantages Disadvantages Examples
- Low cost - Selectivity
Metal Oxides - Tested technology - High working Zn0O, CuOg, FeOs3
temperature
) - Selectivity - Scalability ) )
Metal Organic o ) Sulfihydril groups,
- Many combinations | - Fragile
Frameworks Cu metal nodes
to be explored
- Commercially - Interference with _
_ ) Nonactin, aza-crown
lonophores available K* and other cations
ethers
- Low cost
- High conductivity - Need to be
Carbon-based - Chemical stability combined with other
_ _ CNTs, graphene
Materials materials for
selective sensing

In summary, different classes of materials were investigated for ammonia sensing. By combining
it with different detection techniques, particle size, post-synthetic modifications, etc, a higher
sensitivity, selectivity and sensitivity can be achieved. A comparison of these materials and the
reported sensors are reported in Table 5-1. Most of these materials claim high selectivity, sensitivity,
and stability, however except for ionophores, most of these technologies are not commercially
available for dissolved NH3 monitoring. Furthermore, it is difficult to find reports relating to the
sensor biocompatibility and degradability, a concept particularly important in environmental
ammonia monitoring as these materials can adversely affect aquatic life. Therefore, although
dissolved NHz sensing is challenging, there are many opportunities for developing stable and
sustainable materials for portable ammonia sensors. MOFs are particularly interesting as they can

combine the chemical motifs from other classes of materials that are sensitive to ammonia to design
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an improved composite structure. Furthermore, metal oxides have demonstrated a high sensitivity
towards dissolved NHz sensing. In particular, copper-based sensors are a good candidate. They have
been successfully used to oxidise ammonia and are relatively cheap as Cu is a low-cost material with
a wide crustal abundance [176,193-195].

In this regard, Cu.O nanoparticles (NPs) and a Cu-MOF were selected here as candidates to
compare their performance for dissolved NH3 sensing. The change of oxidation state from Cu(ll) to
Cu(lll) mediates the electrocatalytic activity of copper nanocomposites, with the possibility of
tailoring the synthesis to form nanostructures such as nanoflowers, nanowires, and nanocubes [196—
198]. To simplify the sensitive material procedure, a straightforward room-temperature reduction
synthesis was performed to fabricate the Cu2O NPs. While Cu2O NPs are often simple to synthesise,
MOF synthesis methods range from simpler procedures as microwave-assisted heating and one pot
synthesis, to more complex ones as hydro/solvothermal or electrochemical synthesis [183]. For this
work, a Cu node and a 1,4-benzenedicarboxylic acid (H.BDC) organic link were selected to fabricate
the MOF using the solvothermal synthesis method. Metal-based MOFs assembled with the 1,4-
benzenedicarboxylic acid (H.BDC) ligand are robust and traditional MOFs that during sorption of
small molecules can exhibit reversible structural changes [199]. Cu-based BDC MOFs have
previously been used for ammonia removal but have not been reported for electrochemical dissolved

NH3 sensing, making it an interesting candidate for further studies [199].
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Counter Electrode —

— Cu2 O/Cu-BDC

Figure 5.1. Schematic fabrication of the dissolved NHz3 sensor. (i) Cu2O nanoclusters/Cu-BDC MOF

drop casted on the GCE for material study. (ii) Printed graphene paste electrodes with a Ag/AgCl RE.
(ii1) Modified graphene WE with Cu20 nanoclusters/Cu-BDC MOF.
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Cu20 nanoclusters and Cu-based BDC MOFs (Cu-BDC) were employed as the sensitive material
and drop casted on top of the working electrode (WE). To study the feasibility of the Cu-based
materials for dissolved NH3s sensing, CV and DPV studies were conducted in basic solutions (0.1 M
sodium hydroxide (NaOH), potassium hydroxide (KOH) or carbonate buffer) using glassy carbon
electrode (GCE) and graphene paste printed electrodes (PEs). Commercial graphene paste was used
for the printed WE, and the top of the WE was further modified with drop casted Cu-based materials.
The schematic fabrication is shown in Figure 5.1, with Figure 5.1 (ii) and (iii) showing the
visualization of the complete printed sensor, although the Cu-BDC was only tested on the printed
WE. As the Cu-BDC had not been yet reported in literature for dissolved NHz sensing, a more
extensive characterisation was carried out, including the redox analysis at different pH for both total
ammonia concentration and dissolved NH3. XRD and SEM were employed to study the morphology
of the Cu-based materials.

5.2. Experimental Section

5.2.1. Cu-based Materials Synthesis
5.2.1.1. Cu20 Synthesis

The Cu20 nanocrystals were synthesized by modifying a previously published work [176]. Briefly,
the synthesis consists of an ascorbic acid (CsHgOs) and NaOH reduction route at room temperature.
The addition of CeHsO favours the formation of Cu.O, and the concentration of NaOH dictates the

nanoparticle shape [200]. The reaction mechanism is as follows [200]:

2Cu(OH), + C4Hg0g © Cu,0 + C4HgOg + 3 Hp0 (5.1)

Firstly, 0.1 mmol of CuCl, and 0.1 g of polyvinylpyrrolidone were dissolved in 40 mL. After a
dropwise addition of 2.5 mL of 0.2 M NaOH aqueous solution, the mixture was stirred for 5 min.
Then, 2.5 mL of 0.1 M aqueous ascorbic acid was added dropwise, and the solution was stirred for
further 5 min. The solution changed from pale yellow to light blue. The Cu20 crystals were recovered
by centrifugation and washed two times with ethanol. The crystals were dried and suspended in

deionized water (1 mg/mL) to be used for further experiments.
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5.2.1.2. Cu-MOF Synthesis

The Cu-based MOF (Cu-MOF) was synthesised using the solvothermal synthesis method based
on a similar reported structure, modified to simplify the synthesis procedure of Cu-BDC MOFs [201].
In a typical synthesis, 3.6 mmol CuCl.2H,0 were dissolved in 12 ml deionized water and mixed with
2.0 mmol of H2BDC dissolved in 12ml dimethylformamide (DMF). The solution was filled in a 40
ml Teflon liner, placed in an autoclave, and heated to 393 K for 12h. After leaving the autoclave
cooling down at room temperature, the solution was centrifuged 3 times and redispersed in deionised
water. The product was dried in the oven for 30 min at 90 °C and stored as a powder in a glass vial

for further use.
5.2.2. Sensor Fabrication

Unless mentioned otherwise, the sensitive electrode was fabricated on the top of the glassy-carbon
electrode (GCE). For this, 5 pL of the Cu20 aqueous solution (1 mg/mL) or Cu-BDC (1 mg/mL) was
drop casted on the GCE and dried at 80 °C for 5 min. In some experiments, the Cu-BDC was further
modified with Nafion. 5% w/v of the Cu-BDC was mixed with 0.5% v/v Nafion in deionized water
to increase its adherence to the GCE. 5 pL of the mixture was drop casted on a glassy carbon electrode
(GCE) with CV and DPV studies subsequently performed.

Screen printing was used to fabricate the carbon electrodes on a flexible polyvinyl chloride (PVC)
substrate. A 20 mm by 3 mm strip was used as the WE for the CV and DPV measurements. The
carbon SPEs (C-SPEs) were screen printed using the same conductive carbon paste (SunChemical,
21 Q/sq at 25 pm thickness) employed at Chapter 3. After printing, the pattern was dried at 80°C for
20 min. The Cu-BDC/Nafion solution was directly drop casted on top of the WE and dried at 80 °C
for 30 minutes. A paste using the Cu-BDC was also tested. For that, the Cu-BDC powder was mixed
with ethyl cellulose (40 wt.%, Sigma Aldrich) binder and terpineol (Sigma Aldrich) solvent using an
agate mortar. The paste was then added to the top of the WE and dried at 80 °C for 30 minutes. In
The last step, Cu wires were attached on the contact pads using the same carbon paste and a

polyurethane layer was cured on the electrodes at 80 °C for 30 minutes.
5.2.3. Material Characterization

The structural characterization of the sensitive electrode was carried out with an X-Ray
diffractometer (XRD, P’Analytical X‘Pert with Cu Ko (A = 1.541 A)). The morphological

characterization and the atomic composition of the electrodes alongside the energy-dispersive X-ray
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spectroscopy (EDS, Oxford Instruments Energy 250) mapping were performed using a scanning
electron microscope (SEM, Philips/FEI XL30 ESEM at 20 kV). The SEM images were analysed
using the ImageJ software. For the Cu20O nanoclusters SEM images, a printed electrode was used.
The WE electrode layer was hand printed on top of a cellulose substrate using a graphene-carbon
paste (JESC-7771G, JE Solutions Consultancy, UK) and heat treated at 80 °C for 1 h in the oven.
Then, 20 pL of the Cu20O was drop casted on top of a printed electrode and dried at 80 °C for a few
minutes.

5.2.4. Electrochemical Characterisation

For the electrochemical measurements all reagents were used as received and all solutions were
prepared in deionized (DI) water unless otherwise mentioned. The CV, DPV, and EIS analyses of the
sensors were carried out using a Gamry potentiostat (Interface 1010E) or the Metrohm Autolab
(PGSTAT302N). A three-electrode system, with a commercial glass Ag/AgCI RE, a platinum counter
electrode (Pt CE), and a standard GCE, was employed in the initial material studies. The Cu-based
solutions were drop casted on top of the GCE and dried at 80 °C for a few minutes. The experiments
were performed under normal ambient conditions. To increase its sensitivity, the Cu materials were
cycled 15 times in 0.1 M sodium hydroxide (NaOH) from 0.0 to +0.8 V before each experiment [176].
For the Cu0 nanocluster, the CV and DPV electrochemical measurements were carried out in 0.1 M

carbonate buffer (pH 10) aqueous solution with a NH4Cl concentration varying from 10-3000 pM.
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Figure 5.2. Concentration of ammonia species according to pH [202].
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For the Cu-MOF, the material was characterised for ammonia sensing using 28-30% ammonium
hydroxide solution (NH4OH) in different solutions. For the pH study, 2 mM of NH4sOH was adjusted
to pH 5 to 10 using concentrated sodium hydroxide (NaOH) and hydrochloric acid (HCI) solutions.
As the available dissolved NHz percentage changes with pH Figure 5.2, another pH measurement was
conducted. To have the same 2mM concentration of dissolved NHz from pH 7 to 10, different final
NH4OH concentrations were used. The final pH was adjusted using concentrated NH4sOH and HCI
solutions. The lower the pH, the higher the needed concentration of NH4OH for the same dissolved
NHz concentration. The calculations were done using the table in Chapter 1 [10]. The studies on
buffer solutions were conducted using phosphate-buffered saline (PBS) pH 7.5 (Sigma Aldrich) and
boric acid/sodium hydroxide/hydrogen chloride buffer pH 8 (Centipur Sigma Aldrich). For the sensor
performance, the CV and DPV electrochemical measurements were carried out in 0.1 M potassium
hydroxide aqueous solution with a NH4sOH concentration varying from 1-2000 uM. The same
experiment was repeated by drop casting a 0.5% v/v Nafion membrane (Sigma Aldrich) on top of the
Cu-MOF/GCE to improve the material performance. Finally, a set of experiments using the screen
printed WE was performed, one using the Cu-MOF paste and one using drop casted Cu-MOF solution
with a 0.5% v/v Nafion membrane on top. The CV and DPV electrochemical measurements were
carried out in 0.1 M potassium hydroxide aqueous solution with a NH4OH concentration varying
from 100-10000 pM.

5.3. Results and Discussion

5.3.1. Cu20 Nanocluster Characterisation

The XRD spectra for the synthesised and simulated Cu2O nanoclusters are presented in Figure 5.3.
The XRD spectra of the Cu20 synthesized powder was compared to the simulated Cu2O spectrum
(COD #96-100-0064). The powder Cu20O peaks matched the simulated cuprite data, indicating a
successful synthesis. The morphological structure of the Cu>O nanoclusters drop casted on the carbon
printed electrode can be seen in Figure 5.4. The Cu2O nanomaterial appears to form clusters on top
of the graphene-paste electrode. These clusters are a few micrometres in size and closely dispersed
Figure 5.4b. The EDS spectrum (Figure 5.4c) showed the presence of Cl, C, O, and Cu on the drop
casted site. This could indicate that not all CuCl, was washed and remained in the final suspension.
Furthermore, both Cu and O are present, with oxygen sites exposed to the surface. This facilitates the
formation of hydroxyl groups and the CuOOH configuration, responsible for the catalytic properties

of cuprite [198]. The ability of coper to form cupric complexes with ammonia can be explored in



Chapter 5 116

electrochemical sensors. Various copper ammonia complexes can be formed at several redox steps
depending on the potential applied, such as the reversible complexes formed in Equations 5.2 and 5.3
[203].

Cu’ + 2 NH; o Cu(NH3)2+ +2e7? (5.2)
Cu(NH3)?* +1e™! & Cu(NHs)} + 2 NH, (5.3)
- Cu20 Simulated
) Cu,0 Powder

-
=
<
g =
S S
O = N
£ S -~ <
— — —

~ N

\ N
A A

P T | W [/ PR R NPT B SEPR——

10 20 30 40 50 60 70
20 (°)

Figure 5.3. XRD spectrum of simulated Cu20 and synthesized powder Cu20 nanocluster.
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Figure 5.4. SEM images of the Cu.O drop casted on the carbon paste: a) at. ¢c) EDS spectrum of the

Cu20 drop casted on the carbon paste with the SEM image inset.

To analyse the Cu.O nanocluster performance on dissolved NH3z detection, an experiment based
on a previous work by Valentini et al. was carried out [176]. In Valentini et al. work’s, a Cu/carbon
nanotube composite paste electrode was fabricated. In this work, the Cu.O nanocluster was drop
casted directly on the GCE and analysed with CV and DPV on 0.1 M carbonate buffer solution pH
10 (Figure 5.5). The pH 10 carbonate solution was chosen as there is a higher availability of dissolved
NHs in solution for the Cu-NH3z complex to form, as at lower pH the amount of dissolved NHzs is
much lower (Figure 5.2). The electrochemical response of the Cu.O nanocluster to increasing
concentrations of NH4Cl is given Figure 5.5. The CV (Figure 5.5a) shows the most prominent redox
reactions occur from -1 to -0.5 V, -0.5 to +0.2 V, and +1.0 to +1.25V, which correlate to the copper

oxidation processes or the formation of cupric-ammonia complexes. From the DPV (Figure 5.5b), the
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-0.5t0 +0.2 V and +1.0 to +1.25V reactions correspond to faradaic processes. Although there seemed
to be a response to increasing concentrations of NH4Cl in both cases, the redox peak signals were

decreasing instead of increasing. This is the opposite trend observed in the experiment conducted by

Valentini et al. (Figure 5.5¢) [176].
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Figure 5.5. (a) CV and (b) DPV of the Cu.0O nanoclusters on GCE with varying NH4Cl concentrations
(0.01 - 3 mM) in 0.1 M carbonate buffer pH 10. DPV comparison of varying NH4Cl concentrations
in 0.1 M carbonate buffer pH 10 for a) the experiment conducted by Valentini et al. [176] and b) this
work.

This decrease in signal could be due to the degradation of the Cu>O material over each cycle, as
there was no carbon composite to protect the Cu2O nanocluster. In the same potential range, this work
also presented more redox peaks. Once more, this is probably due to the lack of protection and
enhanced conductivity properties the carbon nanotube network can offer, changing the
electrochemical results obtained. Although the results were not as expected, the Cu20 did seem to
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interact with NHs, however further changes in the synthesis and material preparation are necessary.
To protect the Cu site from degradation while maintaining its catalytic properties, a Cu-BDC MOF
was synthesised and tested for NH3 sensing. This possible decrease in degradation derives from the
porous structure of the Cu-BDC MOF, where the organic ligands can act as a protective shell,
shielding the copper node from environmental factors that could cause degradation. Additionally, the
porous nature of MOFs allows for selective diffusion of small molecules, which can be used to control

the reactivity and stability of the metal node [204].
5.3.2. Cu-BDC Characterisation

A solvothermal synthesis approach was used for the Cu-BDC MOF fabrication, making it feasible
to scale up and to have better control of the parameters. The H,BDC linker can be dissolved in DMF,
which participated in the final MOF molecule. The Cu ion is coordinated to two BDC linkers and one
DMF molecule [205]. Upon thermal activation, the Cu-BDC MOF loses the reversibly coordinated
DMF molecule, leading to an open site for catalysis [206]. The ability of these Cu-BDC MOFs to
form 2D structures with square channels can facilitate the diffusion of molecules to the catalyst site
[199]. To compare the morphology of the synthesised Cu-BDC with the ones in literature, a XRD
was performed (Figure 5.6). The synthesised Cu-BDC did not present the same peaks as the simulated
Cu-BDC MOF structure. Without the formation of visible crystals, it is difficult to further explore the
atomic structure of the synthesised material, e.g., by single-ray XRD. The differences from the
reported Cu-BDC structures to the one synthesised in this thesis could arise from the difference source
of Cu used to start the nucleation. For example, Cu(NOs3). is commonly employed as the Cu source
for the Cu-BDC MOF synthesis, leading to homogeneously distributed sites [206]. For the
solvothermal synthesis, a copper chloride salt was used instead, which could have interfered with the
final crystal structure. In literature, Cu20O nanocubes have been used to fabricate nanoparticle shaped
Cu-BDC MOF instead of the usual sheet formation [206].
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Figure 5.6 XRD from the synthesized powder Cu-BDC MOF and the simulated Cu-BDC MOF. The
arrow points to the crystallographic structure of the simulated 2D Cu-BDC MOF without guest
molecules (CCDC-687690) [206]. The atoms are C = grey, O = red, H = white, Cu = blue.

Testing the ammonia sensor at different pH is important because the ionization of ammonia
changes with pH. The sensitivity and selectivity of the Cu-based NHz sensor varies depending on the
predominant form of ammonia present in the sample solution, therefore it is important to vary the pH
to better understand the sensor response. For that, various solutions of hydrochloric acid (HCI) and
sodium hydroxide (NaOH) with 2 mM of NHsOH/dissolved NHs were prepared and the pH was
adjusted accordingly. The CV and DPV studies can be observed in Figure 5.7. For the 2 mM NHsOH
pH study, where 2 mM of NH4+OH was adjusted to pH 5 to 10 using concentrated sodium hydroxide
(NaOH) and hydrochloric acid (HCI) solutions, the material seems to respond to ammonia only from
pH 8 (Figure 5.7a and c), indicating that the Cu-MOF does not interact with the NH4* ion since there
is less dissolved NHs at lower pH. Figure 5.2 exemplifies the dependency of ammonia species with
pH, while Chapter 1 covers the equations used to calculate the correlation. At 20 °C (the temperature
used for the experiments here) and pH 7, 0.396% is dissolved NHs, while at pH 8, 9, and 10 it is
3.82%, 28.4%, and 79.9% (Chapter 1, Table 1.2) [10]. At pH 5 and 6, close to 100% of the ammonia
dissociates in to NH4". The copper-ammonia complexation occurs at various potential steps and is pH
dependant. It has been shown that at pH 4, copper is present mostly at its aqueous form, while from
pH 6 it starts to react with amines [203]. Most of the studies on copper-ammonia complexes focus on
negative potentials up to + 0.5 V. However, in this study, the potential was analysed up to + 1.2 V as

the copper is coordinated in a MOF, which can change the electrochemical characteristics of the
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material. In Figure 5.7c, from pH 8, the oxidation peak at +1.0 V greatly increased, while the peaks
from —0.5to + 0.5 V varied.
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Figure 5.7. a) CV and b) DPV of 2 mM NH4OH in pH 5 to 10. a) CV and b) DPV of 2 mM dissolved
NHz (varying concentration of NH4OH depending on the pH) in pH 7 to 10.

To further investigate if the material interacted with dissolved NHs, the same concentration of
dissolved NHz was adjusted to different pH. This involved adding a higher overall concentration of
NH4OH at lower pH. Since almost all the ammonia is present in its NH4* form at pH lower than 7,
the experiment was conducted from pH 7 to 10. Figure 5.7b,d shows the same trend seen in Figure
5.7a,c, where the oxidation peak at +1.0 V increased at higher pH. However, the peaks were not the
same intensity for different pH, indicating that either the Cu-BDC is activated only at higher pH or
that the ammonia is reacting with other components at the solution at lower pH, such as Cl ions. The
next step consisted of exploring if the material interacted with different concentrations of ammonia

at lower pH to access its performance at pH ranges closer to those found in natural water bodies. For
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that, two buffer solutions were employed, using a PBS pH 7.5 buffer solution and a pH 8 buffer
solution (Figure 5.8). A clear difference can be seen when comparing the redox current obtained at
buffer pH 8 (Figure 5.8b) to the one obtained at pH 7.5 (Figure 5.8a). At pH 8, the oxidation peak at
+1.0 V increases with the addition of NH4OH while at pH 7.5, there is minimal change in peaks.
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Figure 5.8. DPV with varying concentrations of NH4sOH (0.1 to 10 mM) ina) 0.1 M PBS 7.5, b) pH
8 buffer.

As the Cu-BDC material exhibited better performance at higher pH, the next studies were
performed at 0.1 M KOH pH > 13. In this manner, all NHsOH would be in the form of dissolved
NHz. The DPV of the Cu-BDC at varying concentrations of NHsOH can be seen in Figure 5.9. The
first run of the Cu-BDC showed a good performance toward increasing concentrations of NH4OH, in
particular the current peak at +1.0 V. However, a second run to test the stability of the Cu-BDC
demonstrated that the material was showing signs of degradation. To try to improve the Cu-BDC
stability, a Nafion membrane was drop casted on top of the Cu-BDC/GCE. Nafion is a cationic
exchange polymer with high stability that can prevent anionic molecules from interfering with the
sensing material [207]. Moreover, the Nafion sulfonic acid functional group has been used to enhance
poly (vinylidene fluoride-co-hexafluoropropene) membranes for ammonia adsorption and recovery
due to its acidic nature [208]. Although the DPV (Figure 5.9¢) current was overall lower than the
ones without the Nafion membrane and less sensitive, the material seemed more stable. The sudden
peak increase at very low concentrations was not present with the Nafion membrane. Lastly, the Cu-
BDC was tested on a screen-printed carbon WE (Figure 5.10) to simulate the sensing material

performance in a configuration closer to the final product. The Cu-BDC/Nafion WE (Figure 5.10a)
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showed a worse performance than the Cu-BDC paste (Figure 5.10b). The Cu-BDC/Nafion WE
seemed to oxidate after a few minutes in 0.1 M KOH solution, changing from the normal blue colour
the Cu-BDC powder presents to a black colour. Although the peak definition is not optimal on the
paste Cu-BDC WE, it was more stable and presented a much higher oxidation current. To improve

the peak definition and current response, other electrodes can be modified with the Cu-BDC material,
such as the LIGs presented in Chapter 4.
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Figure 5.9. DPV of varying NH4OH concentrations (0.0.1 - 2 mM) in 0.1 M KOH of: a), Cu-BDC on
its first use b) Cu-BDC on its second use, ¢) Cu-BDC with 0.5% Nafion.
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Figure 5.10. DPV of printed carbon WE with: a) Cu-BDC + 0.5% Nafion, b) Cu-BDC paste with

terpineol and ethyl cellulose.
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5.4. Conclusion

The synthesis and characterization of copper materials for ammonia sensing was investigated. The
Cu20 nanocluster did not show the expected response, indicating that the copper material without any
further modifications might not be suitable in this instance. Therefore, a new material was synthesised
to make a more robust copper complex. In order to facilitate the synthesis for scaling up and to have
better control of the parameters, a solvothermal synthesis procedure was modified to recreate the 2D
Cu-BDC MOF. However, the XRD result showed that the synthesised material was not the expected
2D Cu-BDC MOF, showing peaks at different angles than the simulated structure. Preliminary studies
showed that the Cu-BDC material is sensitive to dissolved NHs at basic pH, however further
experiments are needed to understand its capability. The material response presents a clear correlation
with the concentration of dissolved NHz but a better understanding of the copper-ammonia complexes

being formed could improve the sensitivity and robustness of the system.

The reversibility of the Cu-BDC also needs to be studied to understand if the redox reaction
changes the material’s properties. For this, the material’s morphology should be further explored
using XRD before and after the measurements, combined with ion chromatography or inductively
coupled plasma technique to understand if there is copper leaching into the solution. Overall,
considering the aim of applying this sensor for water quality monitoring, copper-based materials
could be employed for continuous dissolved NHz detection if a basic pH buffer is added to the device.
Considering the reaction needs a higher pH than what is normally encountered in rivers and other
natural water bodies, the use of a microfluidics or disposable buffer cartridges could be used to
overcome the pH barrier. Furthermore, it could be a substitute for colorimetric approaches as it
requires minimal sample preparation. For that, further studies would be necessary, specifically on

how other chemical species present in water react with the Cu-BDC material.
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General Conclusion

6.1. Main Findings

The aim of this thesis was to develop affordable, convenient water quality monitoring sensors,

focusing on the detection of NO2™ and dissolved NH3/NH4" ions. In this regard, this was accomplished

in two concurrent steps:

i)

Studies on the materials used in the electrode track and their behaviours in different

aqueous media.

a.

SPEs with Ag paste tracks can react to substances present in the solution, altering the
electrochemical results (Chapter 1).

The Ag paste easily reacted with the salts present in the artificial seawater solution
while the carbon-based electrodes were mostly inert (Chapter 2).

Carbon-based SPEs are generally not as conductive as Ag-based SPEs, impacting the
oxidation current in electrochemical techniques (Chapter 2).

A more sustainable G-PE on PHB/PHV substrate was developed, however it did not
present a discernible oxidation peak for NO2™ (Chapter 2).

LIGs are a good alternative for carbon-based SPEs, as they presented a much higher

NO;" oxidation current (Chapter 3).

Development of printed sensors for NO2™ and dissolved NH3/NH4™ ions.

a.

The ZnO paste did not seem to react with the NH4" ions as expected (Chapter 2). The
ZnO Ag-IDE did not react to the addition of NH4sOH, while the ZnO Ag-IDE and bare
Ag-1DE reacted to the addition of (NH4)2SOa.

The GOx drop casted on the C-SPE and the G-PE (Chapter 3) and the GS-SPE (Chapter
4) did not provide a good NO™ oxidation current response. The bare LIGs showed the

most promising results, with an increase in oxidation current > 500% (Chapter 4).

125
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c. Cu-based sensors were developed for dissolved NH3 sensing (Chapter 5). The Cu-BDC
seems to react with dissolved NHz only at highly basic pH, outside of the pH range

found in natural water bodies.

These investigations were connected throughout the chapters presented in this thesis, and the main

findings and limitations are detailed below.
6.1.1. Material Investigation for the Electrode Track

Since one of the main objectives was to develop cost-effective, high-performance sensors, SPEs
were the straightforward choice to form the backbone of the electrodes. Screen printing is a well-
developed field, with some of the key aspects being ease of fabrication, making it possible to fabricate
large numbers of electrodes in a short amount of time for a low-cost [107,115]. To achieve this, the
materials used for SPEs play a crucial role in determining the properties and performance of the
sensors. The most common materials used for SPEs are conductive inks, such as graphite, carbon
black, and metal particles, which are screen printed onto a substrate to form the electrode [107,120].
The choice of material depends on the application and the desired electrical and mechanical
properties. For example, graphite is often used for its stability, while metal particles are favoured for
their high conductivity [91]. Therefore, in Chapter 2 of the thesis, an IDE SPE with Ag paste tracks
and a ZnO sensing layer was fabricated to detect NH4". ZnO was selected as the sensitive material
because of its previous use in detecting ammonia (NH4") in literature while the Ag tracks are
commonly used in IDEs due to the high conductivity [8,78]. At first, from CV and DPV results, it
seemed the ZnO layer was catalysing the NH4OH analyte, however further investigation revealed that
the oxidation peaks were likely due to the formation of Ag2SO4 from the Ag in the IDE and not the
nitrification of NH4*. This highlights the importance of correctly choosing the electrode material to
avoid interaction with the analyte and solution. Overall, in this chapter, the effect that the materials
used in printed sensors can produce on the electrochemical measurements was introduced, and this

was further investigated throughout the thesis.

Considering the impact the Ag paste had on the electrochemical results in Chapter 2, a more in-
depth study of the electrochemical stability of the Ag paste was studied in Chapter 3, as well as
investigating carbon-based SPEs as alternative materials. In this chapter, a 3-electrode system was
employed instead of the IDE, as it is the standard system used in electrochemical measurements,
allowing for more accurate results. Two standard SPEs fabricated using commercial silver and carbon

pastes (Ag-SPEs and C-SPEs) printed on a PVC substrate were used for the tap water and seawater
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monitoring studies, along with a new sustainable graphite-based paste (G-PE) printed on PHB/PHV
substrate. It is important to note that the Ag-SPEs did not have a protective insulation layer commonly
used in commercial SPEs. This layer prevents the Ag from interacting with its surrounding, improving
the lifetime of the paste. The aim of this study was to show how the bare Ag paste interacts with other
analytes. The conductivity and stability of the sensors were studied under different bending and
electrochemical conditions. The Ag-SPEs were highly conductive (0.053 Q/sq) when compared to
the C-SPEs (26.9 Q/sq) and the G-PEs (30.1 ©/sq), as expected of a metal-based paste, but they easily
reacted with the salts in the solution. In particular, the CI- seemed to strongly react with Ag, while
the carbon paste remained electrochemically inert. Overall, the C-SPEs showed a higher
electrochemical stability and sharp peaks for NO: detection, indicating it could be used as an

alternative material for printed electrode tracks.

An additional aspect of the research was to investigate a more sustainable printed electrode, as the
environmental impact of metals and non-degradable plastics in printed electrodes has highlighted the
need of employing sustainable materials in environmental monitoring. For that, a biodegradable
PHB/PHYV substrate and a more sustainable graphite/PVA paste were used as eco-friendly materials
for disposable electrochemical sensors for environmental or water quality monitoring. Physical and
chemical degradation studies of the sustainable G-PE in seawater demonstrated relatively quick
ultrasound induced dissolution (less than 5 min) while the SPEs did not dissolve even after 30 min of
sonication. The use of graphite-based paste, made up of only graphite, PVA, and water, presents an
environmentally friendly alternative to traditional electrodes. This material is especially beneficial in
situations where disposable electrodes are required or in areas where there is a potential risk of loss.
Despite these advantages, further extensive and longer-term studies are necessary to fully
comprehend the environmental impact of biodegradable substrates and inks, particularly with regards
to the PHA/PHB microplastic byproducts produced. Furthermore, the charge-transfer capability of
G-PE was much inferior to the Ag- and C-SPEs, and it should be improved before it can replace

conventional printed electrodes.

Another electrode fabrication technique was investigated in Chapter 4 as carbon-based pastes
showed the potential to substitute metal pates in printed electrodes but lacked the resolution. LIGs
were introduced as a substitute for carbon-based SPEs in electrochemical sensors. The investigation
in Chapter 3 showed that carbon-based SPEs had better characteristics than Ag paste SPEs, but
presented a higher electrical resistance that reduced the redox peak current. By using LIGs, the

problem was resolved by offering the benefits of a graphene-like structure without the use of binders
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or solvents. The statistical approach of DoE-RS was used to optimize the laser parameters for the
fabrication of the LIGs, resulting in two final LI1Gs with low resistance and good substrate adherence.
The SEM images and Raman spectroscopy showed that the LIGs were highly porous and had a
disordered graphene structure, making them more hydrophilic and suitable for electrochemical
detection in water. The LIGs demonstrated improved stability and sensitivity compared to the GS-
SPE in the oxidation of NO>™ ions, revealing they can be an alternative to disposable carbon-based
SPEs. However, further research is needed to evaluate the long-term surface degradation of the LIGs
and their performance in different water bodies.

Overall, the main finding in the electrode track aspect was improving new technologies to compete
with traditional electrode fabrication techniques while moving towards more sustainable approaches.
Particularly by developing LIG electrodes that presented a higher sensitivity when compared to a
commercial carbon-based SPEs alternatives. A summary of the evolution of the electrodes used in
this thesis can be observed in Figure 6.1, starting with metal-based pastes and substituting them for

carbon-based alternatives.
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(1) Alumina substrate (11) Screen-printing of IDE 1
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Figure 6.1. Summary of the materials used in the chapter throughout this thesis, evolving towards
more sustainable approaches.
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6.1.2. Sensor Development

The sensing material is an important but challenging aspect of the sensor development, as it
determines the majority of the sensitivity, selectivity and stability characteristics of the device. With
the growing demand for portable and low-cost sensors for environmental monitoring, there is a
significant push for the development of new and improved sensing materials. Ideally, they should
have high conductivity, low electrical resistance, good stability, and be able to selectively detect the
target analyte. Synthesising a material that has all these properties is a great challenge, but in addition
to the materials themselves, the method of fabrication and the integration with the sensor platform
also plays a crucial role in the performance of the sensor. Techniques such as screen-printing, inkjet
printing, and laser-induced graphene (LIG) fabrication have been explored for the low-cost and
scalable production of electrochemical sensors, and the feasibility of integration is determined by the
choice of material employed and how they are synthesised. Therefore, in this thesis, focus was given

to sensing materials that are easy to incorporate with current sensor fabrication techniques.

In Chapter 2, ZnO was investigated for NH4" sensing. The selection of ZnO as a sensing material
was motivated by its high biocompatibility and chemical stability [93,97,98]. ZnO materials have
been shown to react to nanomolar amounts of NH4" ion, causing alterations in both resistivity and
current response that can be measured by electrochemical techniques [8,78]. For environmental
deployment, a pH meter and a temperature sensor would need to be integrated to the system as
dissolved NHs is the analyte of concern. The equations to calculate the concentration of NH3 based
on the concentration of NH4*, temperature, and pH can be seen in Chapter 1, Equations 1.1-1.4. The
ZnO layer was annealed at a high temperature to produce rectangular nanostructures, increasing the
surface area and removing other substances present in the paste. The results of the CV tests indicated
the presence of a faradaic peak around +0.4 V, which was initially associated with the conversion of
ammonia into nitrate. The Nyquist plot also showed a decrease in the bulk resistance upon addition
of the analyte. However, after further experiments, it was possible to infer that the Ag layer was
reacting to the SO4 ions in the solution. This was tested by testing NHsOH and (NH4)2.SO4 on ZnO
Ag-IDE and bare Ag-IDE, where no current response was seen when adding NH4sOH but an even
stronger response was seen when using the bare Ag-1DE upon the addition of (NH4)2SOa. This led to
the investigation of the use of other materials for the electrode track, which in turn was used for NO>"

sensing.

Carbon electrodes, such as graphite and carbon black, are widely used as NO>™ sensors due to their

high electrical conductivity and versatility. The high surface area and good electrical conductivity of
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carbon electrodes can enhance the rate of the electrochemical reaction and improve the sensitivity of
the sensor [81,162]. Besides, carbon-based materials have a lower environmental impact, as they can
be derived from renewable resources and are easy to recycle [91]. Considering this, GOx carbon and
carbon/Ag-based electrodes were tested for 3 mM NO: in artificial seawater in Chapter 3. These
experiments served only as a base for testing carbon-based sensors for NO2", and in Chapter 4 that
was explored more in depth. In Chapter 3, the GCE and the C-SPE presented the clearest signals for
NOz" oxidation, while the Ag-SPE combined with carbon paste presented the highest oxidation peak
current. The oxidation peak in the G-PE was not distinguishable, indicating slow electron-charge
transfer characteristics. In the case of the Ag-SPE, the signal was noisy, probably because the Ag part
of the electrode was unprotected in artificial seawater, and as demonstrated, the Ag paste interacted
strongly with the CI- and SO4™ ions. Considering the C-SPE presented the most stable response and is
more environmentally friendly than metal pastes, the next studies in Chapter 4 were compared to a

commercial C-SPE.

The C-SPE used in Chapter 4 was modified with a graphene sheet to enhance the signal toward
NOy" detection (GS-SPE). For comparison, a laser engraving technique was employed to produce
carbon-based electrodes. LIG is a versatile material that is produced by using a laser to ablate a
polymer substrate, in this case, polyamide, resulting in the formation of a graphene-like structure.
The process is simple, fast, and scalable, making it an attractive option for the fabrication of various
devices, including electrochemical sensors [151,158]. LIGs present unique properties, such as high
electrical conductivity, large surface area, and high thermal stability, that make it ideal for use in
electrochemical sensors [154,167]. The results showed that the LIGs presented a comparable or
higher performance than the GS-SPEs in every aspect tested. For example, the LIGs presented a
current peak higher than 500% when compared to the GS-SPE. This was because of a combination
of factors, including their higher surface area, disordered graphene structure, and more hydrophilic
surface. Furthermore, the graphene-like structure of the LIGs is easy to alter depending on the laser
parameters used. In this case, the laser speed, power, and focus were used to construct DOE-RS
models to select LIGs with the best characteristics for NO2™ detection. The studies presented in
Chapter 4, although positive, are still far from enabling the production of LIG sensors that can be
readily used in environmental analysis. Further testing on sensor stability and selectivity, with

possible alterations on the electrodes to make them more suitable for those uses, are still needed.

In Chapter 5, a combination of the previous chapters was used: a carbon paste WE combine with

different metal oxide materials. The LIGs were not employed at this stage but would be a great
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addition to future studies. As the ZnO nanostructured did not appear to interact with the NH4" ions, a
different metal oxide was tested after reviewing the literature on what materials had been employed.
Copper electrodes are commonly used as dissolved NHz sensors due to their high sensitivity and
selectivity towards NHs ions [176,177,187]. Dissolved NHz ions in aqueous solutions can be
electrochemically oxidized at a Cu WE to form cupric complexes, which can be detected using
different electrochemical techniques. An advantage of the Cu materials is that they are simple to
fabricate and integrate to SPEs or other electrodes. Two different Cu materials were tested in Chapter
5, a Cu20 nanocluster and a Cu-BDC material. The results of the initial CV experiments indicated
that the Cu.O nanocluster did not produce the desired current oxidation profile, suggesting that
unmodified copper may not be appropriate for this application. To resolve this, a new material was
synthesised to form a more reliable copper complex. To streamline the synthesis process for scaling
and to ensure greater control over the parameters, a solvothermal synthesis process was modified
from literature to produce the 2D Cu-BDC MOF. However, the synthesised Cu-BDC XRD did not
match literature Cu-BDC MOFs XRD spectra, indicating another crystallographic profile.
Nevertheless, this new Cu-BDC material presented a clear correlation to the addition of NH3 but
needs highly basic pH to show a response. Overall, the Cu materials studied need to be further
modified to increase their robustness and detection capabilities. Composite materials could be a

solution to decrease the pH needed for the cupric-ammonia complexes.

In general, the main favourable outcome of this part of the thesis was the successful fabrication of
LIGs that were highly sensitive toward NO2". Furthermore, although experimental confirmation is
needed, these LIGs offer the possibility to detect other analytes by further modifying the WE with
other sensing materials, providing a more sustainable and conductive backbone for future sensors.
Progress was also made toward a simpler NH4*/NHs sensor by using different metal oxides. Although
the ZnO and Cu materials did not present the desired sensitivity or stability for NH3 sensing, the Cu
materials showed potential for future studies in this area. In specific the Cu-BDC material, which can
use different organic linkers and material combinations to produce a more stable compound with
higher selectivity. A summary of the sensing materials is presented in Figure 6.2, together with a final
vision of a sensor patch that could integrate NO2" and NH3 sensing, besides other analytes and
parameters depending on the intended purpose.

In conclusion, electrochemical sensing is a vast field with many different fabrication techniques,
analytes, and materials that need to be taken into consideration. This thesis investigated different

aspects of fabricating affordable, scalable sensors for NO>™ and NHz detection but many limitations
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were found in the process. Some of the limitations and future research possibilities are discussed

below.

NO,” Sensors NH,*/NH; Sensors
CHAPTER 4 CHAPTER 2

NO; + H,0 NO3 + 2e™ + 2H*

(IV) ZnO based ammonia sensor

CHAPTER 5

Carbon paste track

Insulation LIG track Cu,0/Cu-BDC >< ‘
A
//

—

Sensor Patch

Counter Electrode
Working Electrodes

Reference Electrode

Figure 6.2. Summary of the sensing materials used in the chapter throughout this thesis, together with
a vision figure of the final sensor.
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6.2. Future Research

The research presented in this thesis can be further addressed in many directions. In the electrode
track aspect, L1Gs showed a superior performance when compared to C-SPEs. However, they are not
as versatile as SPEs, which can have a variety of paste formulations to enhance the sensor. To
overcome that, LIGs can be functionalized with various chemical groups, such as amino and
carboxylic acids, to enhance its selectivity and specificity for certain analytes [154,158]. Otherwise,
a combination of L1Gs and screen-printing or other techniques can be used to produce a final sensor
product. The sustainability aspect of printed electrodes has also been highlighted in the thesis. The
use of biodegradable and sustainable materials for printed electrodes is becoming increasingly
important as it minimizes the impact on the environment by reducing waste and pollution. This is
particularly important for disposable monitoring devices which need to be frequently replaced. The
use of biodegradable and sustainable materials such as PHB/PHV as shown in Chapter 3 provides an
environmentally friendly alternative to traditional substrates such as PVC or alumina. For the LIGs
to become more eco-friendly, alternative substrates should be employed. Laser engraving has been
shown to work in a variety of substrates, e.g., cloth, paper, and natural biomasses such as wood,
providing suitable alternatives to polyamide substrates [209]. However, the optimisation process
would need to be redone for each new substrate, and there could be a trade off in conductivity and/or

stability.

The sensing material aspect investigated in this thesis provided a guideline for future research.
However, finding a suitable material that is selective to the desired analyte in the selected physical
parameters (e.g., temperature, pH, water depth, time-frame) is very challenging. The accurate
detection of dissolved NHs is particularly challenging because it depends on the pH and temperature
of the solution, while NOz" is an unstable substance and requires instantaneous detection techniques
for more accurate results. The materials used throughout the thesis presented some limitations to the
precise detection of these analytes, especially regarding the voltammetric detection of dissolved NHs.
Furthermore, an important aspect to note is that the sensors developed here were not deployed in the
field, which would bring further challenges regarding the material stability and selectivity. Therefore,
future studies could include further development of composites or polymeric materials for the
selective detection of these analytes or the use of a variety of materials integrated with artificial
intelligence (Al). This technique has been increasingly combined with electrochemical sensors to
improve their performance and accuracy. Al algorithms such as machine learning and deep learning

can be used to analyse and interpret sensor data, leading to more robust and reliable sensor readings
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[210]. For example, it can be used to compensate for drift and other sources of error in electrochemical
sensors, enabling them to maintain high levels of accuracy over time. Additionally, Al algorithms
can be used to optimize sensor parameters, such as sensitivity and selectivity, and to classify different
types of electrochemical signals. In this manner, a combination of different materials that suffer
interference from different substances could be employed together to monitor one or more analytes

of choice, facilitating the search of suitable materials.
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