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Foreword and Scope of the Thesis

Water is a precious resource that is essential for all forms of life on Earth. With the
development of industry, agriculture, and an increasing human population concentrating in
the megalopolis, large amounts of wastewater are produced and discharged. While
approximately 80% of wastewater worldwide remains uncollected and untreated, the
increasing awareness that water is a finite, vulnerable resource calls for increased
monitoring and treatment of a large number of pollutants. In wastewater, a particularly
relevant pollution impact comes from organic matter, halogenated compounds and heavy
metals, which namely contribute to water deleterious effects on human beings and the
environment. As a result, various regulations are set for these pollutants in water. The
intensive monitoring of water quality enforced by new wastewater management directives
calls for the development of fast and low-cost analytical platforms that enabled timely and
robust detection of a variety of chemical pollutants. Electrochemical sensors are poised to
become alternative technologies for the sensitive analysis of environmentally relevant
chemicals due to the merits of low-cost, rapid detection, simplicity, portability, low power

requirements, safety of operation and potential in-situ and semi-continuous analysis.

In this context, this thesis focuses on developing low-cost and easy-to-use miniaturized
electrochemical sensors for the analysis of the organic matter, halogenated compounds and
heavy metals in waters. For this purpose, several functional materials are tailored
synthesized and processed to fabricate thick-film and thin-film sensors by screen-printing

and lithography available industrial processes.

Three electrode composite materials are prepared that comprise a porous carbon matrix
and metal or metal oxide nanoparticles. Several sol-gel chemical synthesis approaches are
studied to produce a carbon copper-based nanoparticle nanocomposite material. With the
aim of contributing to the circular economy and looking at a more sustainable alternative for
producing these materials, a silver nanoparticle-doped porous carbon matrix is prepared
using bread waste impregnated with a silver nanoparticle precursor. Also, porous carbon
composites are prepared from wood by-products and further modified with bismuth

nanoparticles.



The developed materials are electrochemically evaluated using paste electrodes before
producing large batches of commercial-like screen-printed single-use electrodes that are

applied to the detection of the already mentioned target analytes.

Thin-film carbon electrodes are also produced on Si/SiO- substrates by a combined sol-gel
material synthesis and photolithography/dry etching process at the wafer level. Conventional
three-electrode electrochemical cells of planar configuration are produced and developed
as sensor devices for detecting organic load by electrodepositing copper nanopatrticles (Cu
NPs) on the working electrode under controlled potentiostatic conditions. In addition, a
simple fluidic device is fabricated that includes a flow cell to integrate the thin-film carbon
electrodes and carry out the Cu NPs electrodeposition and organic load detection in an

automatic fashion.

This thesis is divided into 7 Chapters. Chapter 1 is a general introduction that describes the
state-of-the-art in water pollution, the motivation of the work as well as the standard and
alternative analytical approaches for water pollutant detection. It emphasizes the high
demand for rapid and reliable analytical platforms that could be massively applied in-field.
This chapter also summarizes the development of metal nanoparticle-modified porous
carbon electrode materials and the two main fabrication approaches of screen-printing and
photolithography/etching processes for the fabrication of thick-flm and thin-film
electrochemical devices. It finishes by discussing the interest in applying such devices to

monitoring chemical oxygen demand (COD), organohalides and heavy metals in waters.
Chapter 2 summarizes the aims and objectives of the thesis.

Chapter 3 describes the preparation and characterization of three types of copper-based
nanoparticle-modified porous carbon materials, a bread waste-derived silver nanoparticle
carbon composite material, and carbon materials derived from three types of wood by-

products.

Chapter 4 focuses on evaluating the electrochemical performance of the materials produced
in Chapter 3. For this carbon paste electrodes were fabricated and applied to the analysis

of COD, halogenated compounds and standard redox species.

Chapter 5 reports the fabrication and characterization of the screen-printed electrodes with
the materials prepared in Chapter 3 and evaluated in Chapter 4. The electrochemical
performance of the produced screen-printed electrodes was thoroughly assessed by

detecting COD, halogenated compounds and heavy metals. In addition, a new design of



screen-printed electrodes with a modified paper disk component is presented to enable
sample-to-result measurements with a miniaturized electrochemical platform for on-site
analysis.

Chapter 6 describes the preparation of robust carbon thin films at the wafer level by a sol-
gel process and the fabrication of electrodes by a combined photolithographic and dry
etching process. The produced sensors are integrated into a simple fluidic device and
customized for the rapid chronoamperometric monitoring of COD by modifying their surface
with Cu NPs.

Chapter 7 shows the general conclusions of the thesis and some perspectives for future
work.
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Chapter 1

Introduction — background and motivation of the thesis

COD
Organohalides
Heavy metals

Compact fluidic platform for automatic analysis

Graphic summary of the Ph.D. thesis

Summary

This chapter presents a state-of-the-art about water pollution focusing on classical and
innovative analytical platforms for the detection of water pollutants. It highlights the urgent
need for rapid and reliable approaches that could be massively applied on-site at the point
of need. It also includes a brief description of the development of metal nanoparticle-
modified porous carbon electrode materials and the two main fabrication strategies used for
material implementation into thick-film and thin-film electrochemical devices. These are
screen-printing and photolithography/etching microfabrication processes, respectively. The
chapter also describes the interest in applying such devices to monitoring chemical oxygen
demand (COD), organohalides, and heavy metal pollutants in waters.



1.1 State-of-the-art in water pollution

Water is the core of life. It is fundamental for species survival, making it the most precious
natural resource on the Earth planet. Access to clean and pure water for everybody is of
high concern worldwide. Since the first Industrial Revolution, civilization has faced the
harmful effects of industrial growth, urbanization, and rapid population expansion on water
resources. Many hazardous chemical substances and untreated sewage end up in water
sources, resulting in severe damage to the ecosystems and human health.!

Around 90% of untreated sewage is released into water bodies in developing countries and
2.0 million tons of sewage and other effluents were discharged into the world’s water bodies
per day.? According to the World Health Organization (WHO), drinking water in many
countries does not meet the WHO standards, and 80% of diseases are considered to be
waterborne.® As a direct or indirect result, around 3.2 million children die from drinking
polluted water each year in developing countries.* Figure 1.1 shows a global map of
population-based estimates of the number of deaths due to water pollution in different
countries.® The highest number of deaths occurs in sub-Saharan Africa and some southeast
Asian countries. Water pollution caused by anthropogenic activities not only disturbs
ecosystems but also poses a huge threat to the integrity of the systems and the health of

humankind.%”

Number of deaths
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14 3 ) =
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Figure 1.1. Number of deaths per 100 000 people due to water pollution in 2015.°



Figure 1.2. shows a schematic of the main sources of water pollution. Also, Table 1.1.
includes information about the different pollutants produced in those sources. Industrial
waste pollution can occur whenever toxic byproducts of the production chains are not safely
processed and disposed of in the environment. This happens in different industrial sectors
including electronics,® food and beverage processing,® petrochemicals!® and rubber
production processes.'! As a result, heavy metals, plastics, organohalides and other
hazardous materials are released into the environment, disrupting habitats, causing harm to
human beings and overburdening our waste management infrastructures.'?-# Agriculture
pollutants mainly come from the excessive use of pesticides, herbicides and fertilizers.®
Pesticides and herbicides enter and bioaccumulate in the food chain, causing deleterious
effects on aquatic organisms and further on humans. Excessed quantities of fertilizers and
organic matter in waters produce eutrophication processes. Contamination events in
drinking water produced by microorganisms such as bacteria and protozoa (cholera) could
occur by uncontrolled livestock waste disposal.’® Domestic pollutants, including food waste
and detergents, also contribute to an increase in organic matter and reduce oxygen supply

to waterborne organisms, eventually giving rise to eutrophication.®

NONPOINT

Figure 1.2. Sources of water pollution.?’



Table 1.1 Sources of water contamination and the possible effects.

Sources

Components/pollutants

Possible effects

Industry

Heavy metals

Highly toxic accumulation
through the food chain in

the organism.*®

Plastics

The plastics accumulated in
the water bodies affect the
living creatures and cause

indirect harm to the
seafood and further on

human health.141°

Organohalides

Cause reproductive and
neurotoxic health effects in
humans and immunotoxic
and carcinogenic effects in

wildlife and humans.?°

Agriculture

Excessive fertilizer

Results into eutrophication

of water bodies.?*

Pesticides, herbicides

Affect humans in many
ways, such as disruption in
the function of sex
hormones and reproduction

performance.??

Livestock

Microorganisms such as

bacteria and protozoa

Perhaps causing
waterborne diseases,

namely cholera.®

Domestic sewage

Food waste and detergents

Reducing oxygen supply to
waterborne organisms and
giving rise to

eutrophication.®




From what has been mentioned above, the number of biological and chemical species that
can be found in waters increases steadily, and the list of those considered harmful is also
continuously growing. The European Union (EU) and other governmental agencies have
issued reports and directives defining lists of substances that should be prioritized for testing
in water and setting limits on the maximum allowable concentrations that drinking water
must-have.? For example, the last EU directive on water policy (2013/39/EU) lists priority
substances that should be monitored because they pose a serious threat to human health
and the aquatic environment.?* The list includes 45 pollutants grouped into five major
categories: hydrocarbons, halogenated hydrocarbons, alkyl phenols, pesticides, and heavy

metals.23

Some of the pollutants in the list are biodegradable organic matter. The decomposition of
pollutants will consume the oxygen dissolved in the water body that may eventually generate
an anoxic state in the water ecosystem, resulting in the death of many aquatic organisms.
In addition, the list also contains certain synthetic organic pollutants that are impossible to
degrade by biological activities, including halogenated hydrocarbons, alkyl phenols and
pesticides. They can persist in the water environment for a long time, being potentially
mutagenic, carcinogenic or producing microbial resistances.?>?’ Furthermore, many heavy
metals are considered harmful pollutants. Heavy metals include both metals and metalloids
with a high atomic weight and a density at least five times greater than water.?® Lead (Pb),
cadmium (Cd), mercury (Hg), arsenic (As), nickel (Ni), and chromium (Cr) are regarded as
the major heavy metal pollutants for the aquatic environment.!282° Qverexposure to these
metals produces harmful effects on human health. Heavy metal ions are highly soluble in
water and show a strong affinity for the nucleophilic sites of certain biomacromolecules such
as proteins and oligonucleotides.*° Thus, different body organs can be affected by acute or
chronic toxic effects due to heavy metal ion intake, which produces nervous system
disorders, immune system dysfunction, kidney dysfunction, congenital disabilities, and skin
lesions. Cumulative and synergistic adverse effects can also occur if exposed to two or more

heavy metals simultaneously.31-33

With the continuous growth of the consumer society, emerging water pollutants have
steadily appeared, such as artificial sweeteners, disinfection byproducts (DBP),
microplastics, nanomaterials, etc.!®**=37 Among them, artificial sweeteners, including

sucralose, acesulfame, and cyclamate, are widely used as low-calorie sugar substitutes in



various food and beverages.®3 Sweeteners are difficult to metabolize by the human body
so they are excreted and can accumulate in surface waters.**#° Unlike other environmental
pollutants, DBPs are generated in situ during water potabilization or swimming pool
treatments or by reactions of disinfectants (chlorine, chloramines, ozone, chlorine dioxide,
UV)3*, but its presence could have unexpected synergistic consequences.’® One
representative example of this family of chemicals is trichloroacetic acid (TCA). TCA is a
byproduct of water chlorination that is considered of high environmental concern due to its
widespread use in agriculture.** TCA can be produced by photooxidation of chlorinated
solvents (especially for trichloroethane and tetrachloroethene) present in the atmosphere
and also in water disinfection processes carried out in industrial laundry and swimming
pools.*? Also, TCA has been applied as a preemergence herbicide, and a peeling agent for
sun-damaged skin, wrinkles and tattoos.*> Because of its potential mutagenic and
carcinogenic effects,*®* WHO has set a maximum allowable concentration of 0.6 uM of TCA

in drinking water.**

We are certain that water pollution is one of the main issues of the global water crisis,
together with the overuse of water resources and more and more frequent water drought
episodes. Quality-controlled water monitoring is necessary to optimize water consumption
and make the most of our water resources and reutilization processes. Thus, there is an
urgent need to develop reliable and robust analytical platforms to monitor the chemical
composition of water to preserve the required quality of this precious asset and prevent the

spread of diseases while maintaining healthy ecosystems.

1.2 Standard analytical approaches for water pollutant detection

Considering the variety of water pollutants mentioned in the previous section, developing
analytical approaches for robust water monitoring appears to be an arduous task. Priority
lists of contaminants set up by the different authorities define the substances that should be
strictly controlled?*, together with other parameters that contribute to the physico-chemical
properties of water, such as pH and conductivity. For these, standard methods have already
been identified that are mostly based on well-established classical analytical techniques
carried out using bench-top equipment in laboratories designed for that purpose (Table
1.2).*> This makes the analyses long and cumbersome because one must deal with the

sample collection, stabilization, transport, and storage. As a result, current analyses are not



carried out with the frequency required to monitor a water body or they have not been yet

established.

In this Thesis, we have put the focus on the following target analytes: chemical oxygen
demand, organohalide pollutants, artificial sweeteners and heavy metals.

Chemical oxygen demand (COD) is one of the established parameters to estimate water
contamination by organic matter.“¢ The COD value of water samples reflects the amount of
oxygen that should be consumed for decomposing (oxidizing) dissolved and suspended
organic compounds.*’ Indeed, it has been defined as the mass concentration of oxygen
consumed for fully oxidizing the organic matter of a liquid sample. The potassium dichromate
titration method is the standard analytical technique to measure COD (Figure 1.3). With this
method, one defines the COD as the concentration of O, equivalent to the concentration of
dichromate anion (Cr.O7) required to fully oxidize the organic matter of a water sample,
taking into account that 1 mol of Cr,O; oxidizes the amount of organic matter equivalent to

1.5 mol of O,.4648

Table 1.2. Standard methods to monitor certain pollutants and parameters of water.*

Parameter Equipment
Chemical oxygen o
1 Titration
demand
5 Organic compounds in Liquids-solid extraction and capillary column gas
drinking water chromatography/mass spectrometry

Metals and trace _ . o
Inductively coupled plasma-atomic emission

3 elements in water and
spectrometry
wastes

Trace elements in water _

4 Inductively coupled plasma-mass spectrometry
and wastes

Organochlorine pesticide N

5 Gas chromatography-halogen-sensitive detector
S

6 Conductance Conductivity meter
7 pH pH meter




20 mL WW sample

’

Add 10 mL oxidant
0.02 Mol (5.9 g) K2Cr207/L

+80 g HgSO, /L
Add 30 mL
Ag,SO, (10 g/L)

in conc. H2804

.

Reflux for 2 h at 148 °C

g

Back-titrate

non-consumed
Cr(VI) with Fe(ll)

Figure 1.3. Flow chart of standard COD method according to DIN 38409-H41 (1980).4° WW

means wastewater.

COD has been widely used for evaluating water quality, especially for assessing the
treatment efficiency of urban and industrial wastewaters. In the EU, the discharge of treated
water effluents from wastewater treatment plants (WWTPs) must have organic matter
concentrations below the legal COD limit of 125 mg L™ O, or, alternatively, display a
reduction relative to the values of the water influents of a t least 75%.°° The titration method
for COD determination has been in use for about 150 years and it has been widely adopted
in many countries for its accuracy, reliability, and reproducibility.*® However, despite not
requiring any bulky and costly instrumentation, it presents several important limitations
related to its low sensitivity, and, above all, the use of large amounts of chemicals that are
highly toxic (e.g. HgSOa4), expensive (e.g. Ag>S0O4), and hazardous (concentrated H>SO4).*’
Moreover, it is a technique implemented in specialized laboratories that can hardly be

adapted to high throughput screening schemes because it is a long process that requires



several hours to be completed as the sample has to be collected, stabilized and transported

before analysis. Moreover, it involves a long reflux processing step (2-4 h).5!

With the continuous development of technology, instrumental analysis has dominated
modern analytical chemistry and users are continuously pushing the instrument
performances, trying to improve or discover new methodologies/strategies or seeking new
applications.®® Spectroscopy, mass spectrometry, separation (chromatography. Figure 1.4),
thermal analysis and microscopy are the most widely used instrumental methods.? Most of
them have been implemented for the detection of water pollutants and accepted as standard

methods in different framework directives.*+53-5

Figurel.4. A gas chromatograph with a headspace sampler.56

Instrumental analysis equipment shows the versatility required to be adapted to the analysis
of various water pollutants including those selected in this Thesis, that is organohalide
pollutants, artificial sweeteners and heavy metals. Instrumental analytical methods show
the merits of accuracy and sensitivity that enable the detection of very small quantities of
substances and provide reliable results.®* However, these make use of highly costly and
bulky bench-top equipment, tedious sample pretreatment processes in most cases, and a
skilled professional's operation, making them difficult to deploy for in-field frequent

analyses.?

During the 21 century, we are more and more aware of climatic change and the emergency

calls carried out to try to preserve our ecosystems. The identification of more and more



hazardous chemicals in waters poses a huge challenge to the different countries and
organizations in the preservation of the quality of water. Compact, fast, easy to use,
economic, portable, and potentially deployable analysis tools will certainly aid in the rapid
detection of such pollutants to effectively tackle their harmful effects. Indeed, the different
directives clearly state this urgent necessity and lately, the research community is making
huge efforts to assess a vast array of analysis techniques for on-site environmental
monitoring.>*® Several representative examples illustrating the scope, versatility and

potential application in this scenario are described in the following section.

1.3 Alternative analytical platforms for water pollutant detection

The current demand for water pollutant monitoring tools includes analytical tools showing
high sensitivity, and low cost, that can be implemented to monitor multiple analytes, on-site
and produce data for timely warning or identification of any potential hazard.*® Thus, a variety
of emerging alternative approaches are being developed, including electrochemical devices
together with colorimetric and fluorescence-based detection platforms.

Electrochemical devices include cost-effective, easy-to-use, low-power solutions for
carrying out the rapid, sensitive, selective analysis of a wide range of analytes.525861.62 They
can be seen as one of the most blooming analytical techniques to effectively monitor water
pollutants. Electroanalytical methods take advantage of the redox properties of many
different chemical species, linking current, potential or charge to their concentration.®® Most
methods are based on the analysis of phenomena taking place at the interface generated
when an electrode is immersed in a solution.54% |n this context, there are mainly two types
of electrochemical techniques, that is (Chrono)amperometry (Voltammetry) and
Potentiometry (Figure 1.5):

(a) Amperometric or voltammetric techniques are based on the measurement of the change
in the oxidation state of electroactive species due to the application of a direct-current
potential or potential scan. Such change produces a Faradaic current, which is

proportional to the analyte concentration.®?
(b) The potentiometric method involves estimating the potential (E) of an electrochemical

cell at zero current. Here, the potential is proportional to the logarithm of the analyte

concentration.%®
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Figure 1.5. Schematic diagram of an electrochemical cell setup for (&)

chronoamperometric/voltammetric and (b) potentiometric applications.5”

The three-electrode electrochemical cell arrangement shown in Figure 1.5 (a), comprises a
working electrode (WE), a reference electrode used to measure the potential at the working
electrode/solution interface, and a counter electrode to inject current in the electrical circuit
to keep constant the potential at the working electrode. The electrochemical cell is
connected to an electrochemical working station and potentiostatic or galvanostatic
measurements can be performed to measure the concentration of target analytes.

There is an electron transfer between the working electrode and the solution redox species
during the electrochemical reaction process. When a potential scan is applied to the cell and
the electron transfer kinetics are faster than the mass transport from the bulk of the solution
to the electrode solution interface, a reversible electrochemical response is produced. By
contrast, if electron transfer is slow and other side processes such as adsorption of
electroactive species govern the electrochemical process, irreversible electrochemical
responses are recorded. Intermediate rates of electron transfer define a quasi-reversible
electrochemical regime that in practice mostly governs the electrochemical detection of

many electroactive species.%®

Electroanalytical approaches provide a high sensitivity toward the detection of many
electroactive species. The Randles—Sev¢ik equation described the Faradaic current
measured for a reversible electrochemical process, controlled by diffusion of the redox

species: 5269
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This equation directly correlates the concentration of the electroactive analyte (C) to the
recorded current (I), with (n) being the number of transferred electrons during the
electrochemical reaction, (F) the Faraday constant, (Ara) the electroactive area of the
electrode, (v) the potential scan rate, (D) the diffusion coefficient of the chemical species
under study, (R) the universal gas constant and (T) the temperature.

Under standard working conditions (T = 273.15 K and P= 100 kPa), this equation can be

simplified:
T = +2.69 % 10°13/2 4,4 C\Dv 525

In the particular case where the electroactive species undergoing a redox process have
been identified, the electrons being transferred, the scan rate and the diffusion coefficient
are known, and the electrode active area previously measured, the recorded faradaic current
is directly proportional to the analyte concentration in solution.%?

1.4 Metal nanoparticle-modified porous carbon electrode materials

The latest developments in manufacturing and computing capabilities have allowed the
production of miniaturized electrochemical devices (Figure 1.6 ), making it possible to
develop compact analytical tools to analyze water pollutants.527%7 This is highly beneficial
for carrying out analysis at the location of interest, especially when samples should be
rapidly measured to detect contamination outbreaks due to unexpected phenomena. Such
processes require immediate analysis to improve the spatial-temporal resolution of
monitoring. For this, electrochemical sensor platforms are becoming promising analytical

tools for decentralized (in-field) analysis.

Many different conductive materials have been applied to the development of
electrochemical devices. More and more functional materials with superior electrochemical
and electrocatalytic properties are being designed and synthesized to provide
electrochemical devices with particular and exceptional features for specific applications.

This Thesis focuses on hanocomposite materials showing a particular configuration.
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Pop-up Paper
Based Device

Figure 1.6. Portable electrochemical readers that can be employed in electrochemical
biosensing. A) Commercially available pocket-sized potentiostats: i) PocketStat (from IVIUM
Technologies®); ii) DropStat (from DropSens®), and iii) EmStat (from PalmSens®). B)
Smartphone-based potentiostats. C) Conventional glucometer adapted for other

electrochemical biosensing applications.

As outlined in the previous section, most electrochemical techniques are based on the
reactions that occur at the working electrode solution interface. Therefore, the electrode
physicochemical properties, mainly its surface chemistry and conductivity features are
pivotal for achieving adequate electrochemical reaction kinetics and excellent analytical
performance in terms of sensitivity, selectivity, the limit of detection, accuracy and
reproducibility.’6737  Among the different materials that have been assessed for
electroanalytical purposes, carbon stands out due to its low cost, relative inertness, wide
potential window, the versatility of carbon allotropes and rich surface chemistry features.”
The abundance of carbon compared to other popular electrode materials such as gold and
platinum is another important added value that makes it arguably the most fashionable

electrode substrate for analytical applications.

Different synthesis methods have been developed to prepare carbon materials.”® The
application of sol-gel / pyrolysis synthesis strategies using resorcinol-formaldehyde
precursors has gradually been welcomed by researchers.”” Porous carbon matrices using

this well-established synthetic approach have been thoroughly developed by our group to
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pioneer the fabrication of miniaturized porous carbon-based electrochemical devices using

screen-printing or lithographic technologies.”®°

Figure 1.7 illustrates the sol-gel process. Resorcinol and formaldehyde precursors are first
mixed in a solvent. Over time, the precursors hydrolyze, polymerize, and produce colloidal
particles that, under certain conditions, clump and eventually cross-link, forming a non-
flowable network. The sol-gel approach shows very interesting features.®° First, these
composite materials are generated from a liquid that can be processed as films over different
substrates or produced in bulk shaped by the container. Second, the sol-gel chemistry
enables the mixing of different precursors at the molecular level while incorporating other
additives into the gel matrix to provide a final material with some added functionalities. Third,
the porosity of the produced material can be tailored, by controlling the initial sol-gel
synthesis conditions and applying post-treatment methods to the wet gel.”” All this makes
the sol-gel synthesis approaches to produce carbon materials a highly interesting option for

manufacturing carbon electrodes and applying them for chemical sensor purposes.
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Figure 1.7. Resorcinol-formaldehyde sol-gel process.””

On the other hand, with the increasing awareness of environmental protection and the clear
vision of achieving more sustainable chemical synthesis strategies, there has been a strong
trend toward developing the so-called "Green Science" strategy aiming at converting waste
into valuable carbon materials.®1-82 An interesting example of sustainability is the recent trend

of converting biowaste or biomass into activated carbon. Biowaste and biomass comprise
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crops, animal or plant-based materials, food residues, garbage, alcohol fuels, and landfill
gas, considered the more eco-friendly carbon precursors by researchers worldwide.?® The
global annual biomass production contains around 1.05*10%" g of carbon, which has drawn
the research community's attention over recent years.®* In addition, for many years,
agricultural waste and forest byproducts were directly discarded into the environment or
incinerated, causing serious environmental problems.® This issue has been forecasted
worldwide and the smart move to mitigate it is to recycle the biomass and biowaste.
Therefore, utilizing biomass residues to manufacture carbon-based materials for
electrochemical applications is an environmentally friendly and promising approach.

oy fiber str uc

Figure 1.8. 3D carbon-based nanostructures from different forms of carbon and their

combination with pseudo-active materials.8

Biomass-derived carbon materials are highly favored because of their unique structure, high
sustainability, widespread availability, renewable energy and economic compatibility (Figure
1.8).8587 Biomass, benefiting from complex designs of nature, exhibits unique properties,
including regular surface morphology, high porosity, excellent electrical conductivity, surface

chemical functionalities and chemical stability.®* The resulting biomass-derived carbon
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materials can be applied for a wide variety of potential applications, such as carbon dioxide
(CO.) capture,® hydrogen storage,®® water treatment,® catalysis,®* adsorption separation

(bioremediation),®? and electrochemical sensing.®!

In recent years, the electrochemical performance and electrocatalytic activity of existing
carbon materials can be significantly improved by the incorporation of metal nanoparticles;
this has opened up the door for applications in electrocatalysis.®*% The catalytic properties
of the nanoparticles can reduce the overpotential required for a reaction to become
kinetically viable.”” Metal nanoparticles of different compositions and structures can catalyze
different reactions. These, combined with carbon-based materials, can be applied to develop
electrocatalytic sensors for environmental water monitoring. Some good examples are those
based on Cu NPs applied to analyze COD in water,**%% Ag NPs used to detect

halogenated compounds,®°8 or Bi NPs utilized to detect heavy metals.’3:99:100

The electrodes' structural properties also take advantage of the synergistic combination of
nanoparticles and biowaste-derived carbon materials. For instance, a large surface-area-to-
volume ratio improves the signal-to-noise ratio and the resulting device sensitivity.0%192 |t
also positively affects the device fabrication costs, making it an excellent option for the mass

production of electrochemical sensor devices.

1.5 Developing thick- and thin-film carbon-derived electrodes

A thick film is a material layer that ranges in thickness from 1 um to 100 pm, while a thin film
can be a thousand times thinner, as shown in Figure 1.9. Both of them can be used to
construct functional devices. The characteristics of a film and its application area are

primarily determined by the used material composites and the fabrication technology.'®

The main manufacturing technique for the thick film is screen printing (stenciling) which, in
addition to being used in manufacturing electronic devices, can also be used for various
graphic reproduction targets. Screen-printing technology became one of the key
manufacturing/miniaturization techniques of electronic devices during the 1950s.1% It has
been used over the past decades to produce compact electrochemical cells on planar

substrates, mainly ceramic and polymeric, aiming at developing low-cost electrochemical
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devices that could be single-use and deployed for in-field / point-of-care applications.%® One
excellent example is the glucose sensor manufactured at a very large scale and used
worldwide by diabetes patients.1%61%7 Different carbon- and metal-based inks have been
produced to define the thick-film (few tens of microns thick) electrodes.

Thick film Brass board
Atoms, molecules
Gold/aluminum foil

Figure 1.9. Classification of films.1%3

Figure 1.10 shows the schematic representation of the fabrication process of screen-printed
electrodes (SPEs).1%® First, the substrate and stencil are aligned on the screen printer
(Figure 1.10B). Then, the printing ink is injected into the stencil close to the printed pattern
(Figure 1.10C). The stencil design is then printed on the underlying substrate by forcing the
ink to go through the stencil with a squeegee (Figure 1.10D, 1.10E and 1.10F). Similarly,

other components can be printed sequentially on the same substrate.%®

Since SPEs are commonly single-used!®11° drawbacks related to electrode fouling due to
adsorption of the chemical species present in the measuring solution or produced during the
electrochemical process, tedious pretreatment steps and repeated calibration processes
required using conventional electrodes such as glassy carbon and solid metal electrodes,
are circumvented.®? The screen-printing technique provides versatility in electrode design,
material compatibility and modifications, and offers a cost-effective large-scale production
of highly reproducible sensors. 1! 112 As a result, SPE miniaturized electrochemical sensors

have stood out as powerful alternative platforms in modern analytical chemistry, applied in
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a plethora of fields such as forensics, environment, food, or cancer biomarker analysis.%2.
The SPEs can help bridge the transition gap from traditional lab-based techniques to

miniaturized, quicker and cheaper tests for health and environmental monitoring.

A B . )
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Printed electrodes 3 ———

Figure 1.10. Schematic representation of the fabrication process of screen-printed

electrodes.108

However, every coin has two sides. The ink of the SPE always contains binders and other
additives, which will hinder its electron transfer ability and hence its redox performance.%
Furthermore, the SPEs are developed to meet the demand for single-use miniaturized
electrochemical probes to enable on-site detection, but will not be suitable for automatic in-

field monitoring for repeated measurements carried out over extended time periods.'%

Thin-film carbon electrodes are produced from pure carbon compositions and this is
reflected in their improved electrochemical performance compared with SPE mentioned
above.™® Up to now, various techniques have been used to develop thin carbon films on
technically relevant substrates, which chiefly involve gas phase deposition or liquid phase
deposition, followed by pyrolysis steps.!* Gas-phase deposition techniques comprise
physical and chemical vapor deposition. Still, these film production methods require complex
equipment and critical deposition conditions, such as vacuum or an inert atmosphere, gas
flow adjustments, and relatively high pyrolysis temperatures, which are demanding and
expensive.1'>116 | jquid-phase deposition consists of coating a substrate with a polymer
precursor that is further pyrolyzed to produce a carbon film. This technique preserves the

merits of low cost, simplicity, and versatility of available polymer precursors and superior
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electrochemical performance.!'”18 However, most of the reported thin-film electrodes
prepared by the liquid phase deposition face a challenge which is the poor adhesion
between the produced carbon film and the substrate. This issue is manifested by film
delamination when soaked in solvents required for film processing and electrochemical
device operation.'*”11® This drawback can shorten electrode self-life and limit its potential

applications.*’

Applying
Resorcinol/Formaldehyde the Sol
/APTES Sol Preparation \)
Si Substrate
||q ||q
Spinner
Solvent Evaporation
T T T T T T T T T Gelation, Dry and
_————— Carbonization

— A= uq
{4/
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Figure 1.11. Preparation of thin film with the one-pot sol-gel process.'*®

In this context, our group has worked on the facile preparation of robust silica-carbon thin
films on oxidized silicon substrates, solving the challenge mentioned above.'®* The
preparation process consists in obtaining hybrid organic-inorganic gel films by a sol-gel
approach followed by film pyrolysis in a reducing atmosphere. This process involves three
main steps: (1) sol preparation, (2) spin-coating and formation of an organic thin film and,
(3) pyrolysis in a tubular furnace in a reducing atmosphere (Figure 1.11 ). The adherence
between the carbon film and the substrate was improved by incorporating a silica precursor,
aminopropyltriethoxysilane (APTES), in a resorcinol/formaldehyde sol-gel formulation used
to prepare the films. The addition of APTES results in the formation of siloxane chemical
bonds (-Si-O-Si-) and the formation of a silica network firmly anchored on the oxidized silicon
substrate and intertwined with the organic resorcinol/formaldehyde gel. After pyrolysis, this

silica network provides good adhesion of the resulting carbon film to the substrate.
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Figure 1.12. Schematic representation of the fabrication of C/SiO, thin films by

microfabrication route.114

Furthermore, our group also investigated three microfabrication routes to prepare
miniaturized thin-film electrodes from these carbon-silica films.* Among them, a schematic
diagram of the most effective microfabrication approach is shown in Figure 1.12. In short,
an organic film was first spin-coated on the Si/SiO, substrate. Then the photolithography
and etching processes were performed to get the organic/silica strips. Next, the miniaturized

thin-film electrodes were obtained after the pyrolysis process.

The electrochemical characterization of the miniaturized thin-film carbon electrodes

revealed they are highly promising for engineering an electroanalytical platform. In addition,
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the miniaturized thin-film carbon electrodes could be functionalized with gold and bismuth
nanoparticles to be applied to the electrochemical analysis of heavy metals.** However,
there is still room for improvement. The main challenge is achieving conductivity values high
enough to allow an excellent electrochemical performance of the resulting devices and the
control over the functional chemical groups produced on their surface during the fabrication
process. Furthermore, the wafer-scale chip fabrication requires mass-producing them at a
low cost and with high reproducibility yields, something which had not been fully

demonstrated in our previous works.

1.6 Electrochemical sensor applications for COD, organohalides and heavy metals

in water

Sensors incorporating copper-based nanomaterials are highly suitable for COD monitoring.
This is because the intermediate products generated during the electrocatalytic oxidation of
copper (CuO, Cu(OH),) provide reaction sites for hydroxyl radicals that enable the oxidation
of organics at low potentials.'?*12 When working with copper-based nanomaterials, the
oxidation overpotential is further decreased and larger oxidation currents are observed as a
result of their large surface area and higher electrocatalytic activity.*?2-125 The corresponding
chemical reactions (Equation 1) and the schematic of the mechanism of the electro-oxidation

of organic matter at the copper nanoparticles-modified electrode (Figure 1.13) are shown

below.

Equation |

Cu+ 20H —» Cu(OH), + 2e @
Cu(OH)2 + OH" —» Cu(llHOOH- + H.0O + e 2
Cu(lll)OOH- + OrganicSgeq) + H.O —» Cu(OH)2 + OrganicS(xia) + OH" 3)

Moreover, copper-based nanomaterials present low ecotoxicity and human toxicity (non-
carcinogenic)?®. These nanomaterials have a low environmental footprint compared to other
heavy metals and appear as a low-risk, environmentally friendly material option. Recent
reports illustrate the promising combination of carbon materials and copper nanoparticles
(Cu NPs) for achieving unique glucose and COD analysis performances.?2127128 However,
the production of the sensor platforms used in those works required several steps, including

the modification of commercial graphite electrodes by drop-casting or by an
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electrodeposition process!?2127-129  making them unattractive for industrial production.
Finding new cost-effective approaches to prepare composites of carbon and copper-based
nanoparticles would be highly attractive for developing electrochemical sensors of COD.

Counter
electrode

\ / N
=0 H,O Cu NPs (catalyst)
7 N\
Oxidation
N /
CO, + H,0 HO + H*

Figure 1.13. Schematic of the mechanism of the electro-oxidation of organic matter at the

copper nanoparticles-modified electrode.

The catalytic properties of silver have long been known3?13, Among them, Ag NPs have
been shown to be electrocatalytically active towards the cleavage of halide bonds*®2. In this
context, Ag NPs modified carbon materials combined with electrochemical analytical
techniques have been used for the remediation / removal**® and analysis®!** of hazardous
chlorinated compounds. Similarly, an electrochemical sensor device based on a composite
of carbon modified with Ag NPs would be a good candidate for detecting halogenated

compounds.

The most likely mechanism underpinning the electrochemical analysis of halogenated
compounds with AgNP/C electrodes includes a dehalogenation process previous to the
electrochemical detection.®”%133 The mechanism of dehalogenation on silver has been
widely investigated in previous papers.'®-1%7 |t proceeds via the adsorption of the

halogenated compound “RCI” on the surface of the electrode, resulting in an “attenuated
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radical” intermediate of the kind R:--Cl---Ag (Figure 1.14a).1* The strong interaction of RCI
with Ag NPs improves the kinetics of the dehalogenation reaction because the C-Cl bond is
significantly weakened due to the new interactions, Cl---Ag and R:--Ag. In addition, the
interaction of RCI with Ag NPs reduces the activation energy of the dissociative electron
transfer (DET) process (Figure 1.14b), and facilitates the transfer of electrons (Figure
1.14a).13313" The possible cleavage mechanism of the C-Cl bond can be visualized in
Equation 1l below.'%

(b)

R'+X
(R. +X->surl ( x >JOI

reaction coordinate
Figure 1.14. (a) Schematic diagram of the concerted dissociative DET at Ag; (b) reaction

coordinate diagram: outer-sphere DET (dashed curve) and Ag catalyzed DET (solid curve).'%

Equation Il

RX+e — R-+X (1)
R-+e — R 2

After the dehalogenation process, the free ion X is released and it can adsorb onto the
surface of Ag NPs. Then the free ion X* can react with the Ag NPs on the surface of the
electrode to form a silver halide precipitate through the following reaction Ag + X — AgX +
e (X =CI, Br and I").1%13 Thus, in an electrochemical process, this reaction can generate
an oxidation current that can be applied to analyze the concentration of halide anions and

in turn halogenated compounds.
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Bismuth-modified carbon electrodes have been of widespread use for detecting heavy metal
ions.” Bismuth is a relatively environmentally benign element with low toxicity. The bismuth-
modified carbon electrodes exhibit a low background current in the presence of dissolved
oxygen, a large cathodic electrochemical window, wide linear dynamic range, well-defined
stripping responses, excellent resolution of neighboring peaks, and high sensitivity.”™ Such
excelling properties make bismuth-modified carbon electrodes highly attractive for on-site
environmental analysis of heavy metal ions.” The Bi species is typically generated by
electrodepositing or co-depositing Bi with the analyte ions onto a carbon support electrode.”
The Bi modified electrodes are always combined with the Anodic Stripping Voltammetry
(ASV) technique to analyze heavy metals.?® ASV is an effective electrochemical analysis
method involving a two-step process (Figure 1.15 and Equation 111).28 The first one is the
electrodeposition of the heavy metal analyte, Equation Il (1), through a cathodic reduction
of a labile or free metal ion to its zero-valence metallic state on the Bi surface. The second
process is the anodic oxidation or dissolution, called the stripping step, which will bring the
analyte metal ions back into the solution (Figure 1.15 and Equation 111 (2)).2® Experimentally,
the analysis of oxidative stripping peaks in the recorded current-potential plots is applied to
determine the concentration of metal ions in the solution. The amplified stripping signal
resulting from bismuth-based electrodes reflects the ability of bismuth to form “fused”

multicomponent alloys with targeted heavy metals.4°

Equation Il
M™ (aq) + ne” —> M(s) 1)
M(s) —> M™ (aq) + ne’ 2)

Deposition Stripping

Ml‘l

+
Mt
¥ /
M
Bismuth Materials Bismuth Materials
_[ / l /

> LA LA

Figure 1.15. A schematic diagram of measurement of heavy metal ions using anodic stripping

voltammetry.140
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The main objective of this thesis was the development of novel sustainable electrochemical
sensors for the sensitive analysis of water pollutants. In particular, we focused on the
measurement of Chemical Oxygen Demand (COD), and the quantitative detection of
organohalides and heavy metals. To this aim, metal nanoparticle-modified porous carbon
nanocomposites were synthesized and further processed to manufacture miniaturized thick-
film and thin-film electrochemical devices by screen printing and microfabrication techniques.
A full assessment of the analytical performance of the different devices was carried out.

To achieve these goals, the following specific objectives were defined. They are also
outlined in the Scheme shown above.

1. Synthesizing porous carbon nanocomposites functionalized with functional metal and

metal oxide nanopatrticles (Cu, Cu20, and Ag).

2. Assessing the electrochemical performance of the synthesized nanocomposites for

analyzing the water pollutants mentioned above.

3. Setting up a screen-printing fabrication process using the developed nanocomposite
materials to produce single-use thick-film electrochemical devices that could be

combined with a compact instrumentation device for in-field analytical measurements.

4. Designing and developing metal nanoparticle-modified carbon/silica thin-film
electrochemical devices to be integrated into compact fluidic platforms that could

potentially be deployed for in-field water monitoring.



Chapter 3

Synthesis of porous carbon nanocomposites modified with metal

nanoparticles
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Summary

This chapter is divided into three parts. The first part shows the preparation of composites
comprising a porous carbon matrix with Cu or Cu2O nanoparticles based on the sol-gel
chemical synthesis. The second part reports the synthesis of a porous carbon matrix
containing Ag nanoparticles by the impregnation method using bread waste as the starting
material. The third part describes the preparation of porous carbon materials using wood
byproducts as the starting material. The structure and morphology of the resulting materials
were characterized by Particle Size analysis, Nitrogen Adsorption-Desorption isotherm

studies, Scanning Electron Microscopy (SEM) and X-ray diffraction (XRD).



3.1 Introduction

Carbon allotropes such as amorphous carbon, graphite, carbon nanotubes and graphene
are excellent electrode material candidates thanks to their high electrical conductivity, wide
potential windows, chemical and electrochemical stability, and a variety of possible surface
chemistries, which make them versatile for further functionalization.'™ The latter is a
particularly relevant advantage considering that many target analytes cannot be detected
with a bare carbon electrode. The high overpotentials required to detect them produce
hydrogen or oxygen due to water hydrolysis. This limitation can be overcome by
functionalizing carbon-based electrodes with appropriate catalysts that can lower the target
analyte detection potential. One excellent approach is the use of metal nanoparticle carbon

nanocomposites to produce electrochemical platforms for a variety of sensing applications.

Some content described in Chapter 1 is very briefly introduced below, to put the work of this
chapter into perspective. Carbon materials can be modified with functional copper
nanoparticles to produce a composite that can oxidize organic compounds at low oxidation
potentials. This is because the intermediate products generated during the electrocatalytic
oxidation of copper (Cu20, CuO, Cu(OH),) provide reaction sites for hydroxyl radicals that
enable the oxidation of organics at low potentials.>® When working with copper-based
nanomaterials, the oxidation overpotential is further decreased and large oxidation currents
are observed as a result of their large surface area and higher electrocatalytic activity.’-1°
Thus, carbon/Cu nanoparticle composites can be exploited to make electrodes for the

electrochemical monitoring of the Chemical Oxygen Demand (COD) in waters.

Ag nanoparticles (Ag NPs) combined with carbon materials is another example of
introducing a specific catalyst to increase the functionality of carbon materials, making the
resulting nanocomposite appealing for the removal* and analysis!®!® of hazardous
chlorinated compounds. This is because the integration of Ag NPs in carbon structures can
reduce organic halides at small negative potentials, well above those inducing the hydrogen
evolution reaction. Then, the halide anions released into the solution can be measured the
oxidation of Ag NPs to form Ag halides gives rise to an anodic current at low anodic

potentials.14-16

A convenient method to prepare the functional nanoparticle-doped carbon material is the
resorcinol/formaldehyde sol-gel process.!” The sol-gel chemistry enables the mixing of

different metal precursors at the molecular level while incorporating other additives into the
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gel matrix, providing the final material with some additional functionalities. An important
advantage of this one-step liquid processing is that it is scalable and compatible with the

industrial production of the material.

Another interesting approach to preparing heteroatom-doped functional carbon
nanomaterials is the direct carbonization of biomass and biowaste.® Bioresources contain
a high percentage of carbohydrates that can be easily converted into a carbon material.
Upscaling the bio-waste into a high-added-value material is a simple and sustainable
method that has been progressively gaining attention in the context of the so-called circular

bio-economy.

3.2 Synthesis of composites of porous carbon and Copper-based

nanoparticles

Composites of porous carbon and Cu-based nanoparticles have been prepared following
three sol-gel based methods that are schematically summarized in Figure 3.1. A detailed

description and characterization are given in sections 3.2.1 and 3.2.2.
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Figure 3.1. Schematic representation of the preparation process of three materials: (A) Cu,0/C,
(B) Cu/C_1, (C) Cu/C_2.
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3.2.1 Physical mixing method for the preparation of composites of porous C and Cu20

nanoparticles

Cu>0O NPs with a polyvinylpyrrolidone (PVP, average molecular weight: 3500 g/mol, ACROS
Organics) surface coating were synthesized using a microwave-assisted thermal
decomposition protocol in a Microwave Advanced Flexible Synthesis Platform (flexiWAVE)
from Milestone, at 2.45 GHz frequency and 750 W power.*° In short, 1.36 g PVP (0.39 mmol)
was dissolved in 40 mL benzyl alcohol by continuous sonication. Then, 110 mg of Cu(acac):
(0.42 mmol) were dissolved in the previous solution that turned bluish with a 10.50 mM
Cu(acac). concentration. This preparation was repeated three times, and a total of 4 tubes
were placed together in the MW reactor. Then the Microwave tubes, under continuous
stirring, were first heated at 60°C for 5 min to ensure that the precursor is completely
dissolved, and then heated to 200°C and kept at this temperature for 10 min. The final
solution was dark-brown, and no precipitation was observed, indicating that the as-produced
NPs were dispersed in the solution. To precipitate the NPs and remove PVP excess, 35 ml
acetone was added to 10 ml of solution (16 test tubes) and centrifuged at 9000 rpm for 15
min, repeating the process twice. Then, the sediment from each tube was collected for
further use. The TEM analysis confirmed that the collected sediment consisted of Cu.O NPs
of 150-250 nm in size (Figure 3.2 A and electron diffraction pattern in Figure 3.2 B).

2.978(110)
2.427(111)
2.120(200)

- y 1.486 (22 0)
200 nm 1.274(311)

Figure 3.2. TEM images of Cu,O NPs (A), and corresponding electron diffraction pattern
indexed according to the cubic Cu,O (B).
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The porous carbon material was prepared in bulk following the protocol described in our
previous work, with slight variations.*” This included the following steps. First, 6 g resorcinol
and 57 mg of Na.COs3 were dissolved in 13 mL Milli-Q water (18 MQ cm, Millipore). Then 8.2
mL of formaldehyde solution were quickly added to the mixture under stirring conditions.
The resulting solution was sealed in a glass vial and placed in a stove at 60 °C for 24 h. A
wet gel was thus generated which was then dried in a fume hood at room temperature for 2
days to produce a xerogel material. Finally, the xerogel was carbonized at 1050 °C in an Ar
atmosphere for 2 h. The pyrolyzed C material was ball milled in a Retsch Mixer Mill MM 400
(30 min/15 Hz) using a zirconia jar (10 mL) and 2 zirconia balls (12 mm in diameter) to obtain
a powder with an average particle size of 5 um (Figure 3.3 A and Figure 3.1 A). Thereatfter,
0.5 g of C powder and 35 mg of Cu,O NPs were added to 2 mL of Milli-Q water and
thoroughly stirred to get a uniform dense suspension. This was dried in the oven at 60 °C
for two days and a mixture of C powder and Cu,O NPs was obtained (Figure 3.1 A). The

resulting material was labeled Cu,O/C.
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Figure 3.3. Graph of the particle size distribution of pure C powder (A), Cu/C_1 powder (B),
and Cu/C_2 powder (C).
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3.2.2 One-pot synthesis of composites of porous carbon and Cu nanoparticles

Two carbon xerogel-based materials containing Cu NPs were prepared by two distinctive
one-pot sol-gel synthesis approaches. The first one closely follows the synthesis of the
porous carbon material described in section 3.2.1. Here, 6 g of resorcinol was firstly
dissolved in 8 mL of Milli-Q water and then 8.2 mL of formaldehyde was added. The solution
was stirred for 1h, and then 5 mL of a water solution containing 0.12 g/mL Cu (ll) nitrate
hydrated (Cu(NOs3)2-xH20) was added (Figure 3.1 B). The remaining steps were the same
as the ones in the synthesis of the porous C, described above. This carbon xerogel with Cu
NPs was labeled as Cu/C_1.

The second approach was as follows: 300 mg copper (ll) acetylacetonate (Cu(acac),) and
1.5 g resorcinol were dissolved in 3.25 mL benzyl alcohol solution and stirred for 8 min. Then,
2.05 mL of formaldehyde was added to the solution (Figure 3.1 C). The remaining steps
were the same as those of pure carbon materials. The obtained carbon xerogel was labeled
Cu/C_2.

Both materials were ball milled for further processing under the same conditions described
in section 3.2.1. The resulting powders contained particles of the Cu/C_1 and Cu/C_2
nanocomposites with an average diameter of 8.5 um (Figure 3.3 B) and 6.5 um (Figure 3.3

C), respectively.

3.2.3 Structural and morphological characterization

The three obtained materials were thoroughly characterized by Mastersizer 2000 (Malvern
Instruments), FEI Quanta 200F scanning electron microscope (SEM) with energy-dispersive
X-ray microanalysis (EDX), X-ray diffraction (XRD), and nitrogen adsorption-desorption

isotherms.

Figure 3.4 A shows the nitrogen adsorption and desorption isotherm of the pure C,
evidencing its porosity. According to the BET model, the surface area of pure C was
calculated to be 49 m?g? (Table 3.1). The adsorption at low nitrogen relative pressures
(P/Po=0.0-0.1) indicates the presence of a significant volume of micropores (< 2nm).?° The
slope of the isotherms at intermediate relative pressures (0.3<P/P(<0.8) and the increase in
the adsorbed volume at high relative pressures (0.9<P/Py<1.0) reveals, the existence of

mesopores (2-50 nm) and macropores (50-7500 nm), respectively.?° The total pore volume

46



calculation was 0.054 cm®g? based on the nitrogen adsorbed at P/Po of ca. 0.995 (Table
3.1). The BJH pore size distribution curve acquired from the adsorption isotherm confirmed
the presence of pores mostly in the micropore and mesopore regions with a small fraction
of macropores. The lack of overlap and irreversibility of the adsorption and desorption
isotherm at low pressures could indicate the interaction of nitrogen with the material surface
or an elastic deformation of the material with increasing pressures.?! The similarity of the
absorption-desorption isotherms of Cu.O/C, Cu/C_1 and Cu/C_2 composites, shown in

Figure 3.4 A-C and Table 3.1, indicates that the three materials exhibit a very similar porosity.

Table 3.1. Textural properties of pure C, Cu/C_1, and Cu/C_2 composites.
sample pure C | Cu/C_1 | Cu/C_2
surface area (m?g?) 49 33 44
total pore volume (cm3g™?) | 0.054 0.031 0.046

Figure 3.5 A shows the SEM image of cubic nanoparticles as obtained by microwave
synthesis. According to the TEM characterization described in section 3.2.1, the cubes are
made of Cu,O (Figure 3.2 A and Figure 3.2 B). Figure 3.5 B shows the SEM image of the
Cu20/C composite. It can be noticed that the nanocubes tend to accumulate between larger
pieces of the carbon xerogel. The SEM images of Cu/C_1 and Cu/C_2 composites taken
before the milling are presented in Figures 3.5 C and 3.5 E respectively. Cu/C_2 shows a
bulky structure while the carbon matrix in the Cu/C_1 composite is formed by fused
microbead particles that coalesced during the sol-gel process and resulted from the low
solution pH caused by the use of copper nitrate.?? The low magnification images of samples
Cu/C_1 (Figure 3.5 C) and Cu/C_2 (Figure 3.5 E) show that the globular structure of the
former results in a larger surface area of macropores. This different microstructure is
responsible for the contrasting appearance of the as-prepared composites, with Cu/C_1
composite being a soft powder-like material and Cu/C_2 a hard monolith (Figure 3.1 B and
3.1 C). The higher magnification SEM backscattered electron images of Cu/C_1 and Cu/C_2
in Figures 3.5 D and 3.5 F reveal the presence of small bright particles on the surface of
larger dark particles. The bright contrast of the small particles can be attributed to the
presence of Cu while the darker matrix in which those are embedded corresponds to the
porous carbon xerogel. The particles prepared by one-step synthesis appear to be spherical

and uniformly distributed in the carbon matrix.
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composites. Inset shows the pore size distributions determined using the BJH method.
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Figure 3.5. Secondary electron SEM images of Cu20O NPs (A), Cu0/C (B), Cu/C_1 (C and D)
and Cu/C_2 (E and F). Figures C and E are before milling, Figures D and F are after milling.
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Particle size distributions were obtained from a detailed study of different SEM images

(Figure 3.6). In the case of the Cu.O/C composite, Cu.O cubes present a relatively broad

distribution of sizes centered around 200 nm (Figure 3.6 A and 3.6 B). The patrticles located

inside the microbead-like structure of Cu/C_1 material show sizes in the range of about 50-

60 nm (Figure 3.6 C and 3.6 D). By contrast, the particles found outside the microbead-like

structure show a larger size (about 130 nm), which can be related to the absence of spatial

constraints during the material synthesis. The Cu/C_2 material shows particle sizes ranging

from 60 to 80 nm (Figure 3.6 E and 3.6 F). EDX analysis revealed that the mass ratio of Cu

to C is very similar for the different nanocomposite materials, giving the following mass
percentages of Cu: 6 wt. % for Cu,O/C, 7.9 wt. % for Cu/C_1 and 7.1 wt. % for Cu/C_2

(Figure 3.7, 3.8, 3.9 and Table 3.2).

Table 3.2 The major chemical element ratios in the three produced materials.

Sample Element | wt. % at. %
_ C 94 98.8
Cux0/C composite
Cu 6 1.2
_ C 92.1 98.5
Cu/C_1 composite
Cu 7.9 15
_ C 92.9 98.58
Cu/C_2 composite
Cu 7.1 1.42
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Figure 3.6. SEM images of Cu,0 NPs (A) and composites of Cu/C_1 (C) and Cu/C_2 (E) showing
Cu particles. From the detailed analysis of more than 10 images, particle size distribution
histograms (B), (D) and (F) were obtained.
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Figure 3.7. Energy dispersive spectroscopy (EDS) spectra of Cu,O/C composite. The EDS
analysis revealed copper (Cu) and carbon (C) as the major chemical elements in the material.
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Figure 3.8. Energy dispersive spectroscopy (EDS) spectra of Cu/C_1 composite. The EDS
analysis revealed copper (Cu) and carbon (C) as the major chemical elements in the material.
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Figure 3.9. Energy dispersive spectroscopy (EDS) spectra of Cu/C_2 composite. The EDS
analysis revealed copper (Cu) and carbon (C) as the major chemical elements in the material.

The nanocomposite materials were also studied by XRD (Figure 3.10). The broad bump
located at around 23.5° in pure C, Cu,O/C, Cu/C_1 and Cu/C_2 nanocomposites is
associated with a pure amorphous carbon structure. In the pattern corresponding to Cu.O/C,
the four peaks at 29.4°, 36.3°, 42° and 61.2° can be ascribed to the reflections associated
with the (110), (111), (200) and (220) planes of the CuO crystalline structure, respectively.
In contrast, the diffraction peaks observed for the Cu/C nanocomposites are characteristic
of face-centered cubic (fcc) crystalline Cu, corresponding to the planes (111), (200) and
(220), at 26 values of ca. 43.2°, 50.4° and 74.1°. Thus, XRD patterns confirm that the pre-
synthesized nanoparticles prepared by the microwave-assisted technique consist of
cuprous oxide, in agreement with the electron diffraction pattern (Figure 3.2 B) while in the

case of Cu/C_1 and Cu/C_2 nanocomposites, metallic copper nanoparticles are present.
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Figure 3.10. X-ray diffraction patterns of pure C, Cu>0O/C, Cu/C_1 and Cu/C_2 nanocomposites.

The diffractograms were analyzed by Rietveld refinement (Figure 3.11) by considering the
presence of the following phases: the face-centered cubic structure of Cu (space group Fm-
3m) for Cu/C_1 and Cu/C_2 and the cubic Cu.O (space group Pn-3m) for Cu.O/C and
Cu/C_2, in the latter as a minor phase. The contribution of amorphous carbon was treated
as a background. The analysis revealed a crystalline size of Cu20 in Cu,O/C of about 60
nm, much smaller than the 200 nm average size of the Cu,O cubes of this sample, which
indicates that the cubes are polycrystalline. On the other hand, the crystal size of Cu as
obtained from the refinements of Cu/C_1 and Cu/C_2 is around 40 nm, in fairly good

agreement with the sizes of Cu nanopatrticles observed by SEM, which can thus be mostly
considered as single crystals.
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Figure 3.11. X-ray diffraction patterns of three composites. (A) Cu.O/C, (B) Cu/C_1 and (C)
Cu/C_2. Thered lines correspond to the profiles obtained by Rietveld refinement.
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3.3 Synthesis of silver nanoparticle-modified porous carbon nanocomposites

A very simple synthetic approach that makes use of bread biowaste material to obtain a

composite of porous carbon and silver nanoparticles is described in detail in this section.

3.3.1 Impregnation approach to preparing Ag-doped carbon nanocomposites

Salt-free bread was bought from a local supermarket, with a salt content of 0.05 g/100 g
(see the bread compositional information in Table 3.3). The bread was placed in a cool and

dry place for 2 weeks before using it for composite synthesis.

Table 3.3. Bread composition provided by a local supermarket.

net amount 2109
nutritional average values per
information 100 g
energy value 1361 kJ/321 kcal
fats 1lg
saturated 0.30g
monoinsaturats 0.12 g
polyunsaturated 0.58¢g
carbohydrates 68 g
sugars 0.68 ¢
dietary fiber 2749
protein 8.6¢
salt 0.05¢

The preparation of Ag/C nanocomposites comprised the impregnation of the bread in
deionized water containing silver nitrate, at a mass ratio of silver nitrate:water:bread of
1:59:15. After impregnation for 5 min, the mixture was fully stirred to obtain a slurry-like
structure. Thereafter, a 1 cm thick layer of the mixture was poured onto a glass dish (Petri
dish perhaps?), which was placed in a stove at 60 °C for 2 days to induce evaporation of
water. The resulting dry material was pyrolyzed at 1050°C in an Ar atmosphere for 2 h. The
Ag/C nanocomposite material that was formed was then ball milled in a Retsch Mixer Mill

MM 400 for 10 min at 15 Hz, using a 10-ml zirconia jar and two 12-mm diameter zirconia
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balls to obtain a powder with an average particle size of 12 um (Figure 3.12). A pure C
material was also prepared for comparison purposes following the same procedure

described above but without carrying out the impregnation step in the silver nitrate solution.

Particle Size Distribution

Volume (%)

Lo =N W s N @

1 1 10 100 1000 3000
Particle Size (um)

Figure 3.12. Graph of the particle size distribution of the Ag/C powder after ball milling.

3.3.2 Structural and morphological characterization

SEM images of the Ag/C nanocomposite recorded at different magnifications, shown in
Figure 3.13 A, reveal the presence of uniformly distributed small bright spherical particles
on the surface of a dark matrix or embedded in it. The bright contrast of the spherical
particles indicates the presence of Ag metal while the darker matrix can be attributed to
carbon. Particle size distributions obtained from the SEM images indicate that the sizes of
these small bright particles were in the range of 25 to 40 nm (Figure 3.13 B). The EDX
analysis revealed a mass ratio of Ag to C of around 1:3 (Figure 3.14 and Table 3.4).
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Figure 3.13. (A) Secondary electron SEM images of Ag/C nanocomposite. The inset shows a
higher magnification image of the same sample. (B) the particle size distribution histogram of
Ag NPs in the Ag/C composite material.
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Figure 3.14. Energy dispersive X-ray (EDX) spectra of Ag/C composite. The EDX analysis
revealed silver (Ag) and carbon (C) as the major chemical elements in the material.

Table 3.4 The major chemical element ratios in the Ag/C composite material.

Element | wt. % at. %
C 68.57 88.63
Ag 23.15 3.33
0] 8.29 8.04

Nitrogen adsorption and desorption isotherms of the Ag/C composite material (Figure 3.15
A) indicated the presence of micropores (<2 nm), mesopores (2-50 nm) and macropores
(50-7500 nm), according to the BET model, the slope and the shape of the adsorption
curve.?®2 The surface area of Ag/C nanocomposite was calculated to be 11.58 + 0.03 m?-g-
1 (Table 3.5), with a total pore volume of 0.015 + 0.002 cm3-g* according to the nitrogen
adsorption at a relative pressure P/Po of ca. 0.995. The BJH pore size distribution curve
obtained from the adsorption isotherm confirmed the existence of pores mostly in the
micropore and mesopore scale with a small proportion of macropores. From the
characterization of the porosity of pure C made from bread waste, a surface area of 8.55 +
0.03 m?gtand a total pore volume of 0.012 + 0.001 cm®g™* were obtained (Figure 3.15 B

and Table 3.5). The incorporation of silver particles slightly increases the porosity of the
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composite, which has a positive effect on the targeted application of the material as the

electrochemical working electrode.
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Figure 3.15. N, adsorption and desorption isotherms of the, (A) Ag/C and (B) pure C

composites. Inset shows the pore size distribution determined using the BJH method.

59



Table 3.5. Textural properties of pure C and Ag/C composite made from bread.

Sample Ag/C composite pure C
surface area (m?g?) 11.58 + 0.03 8.55 + 0.03
total pore volume (cm3g™) 0.015+0.002 0.012 + 0.001

The Ag/C nanocomposite and the pure C material were also studied by XRD (Figure 3.16).
For both materials, the diffractograms present a broad bump at around 26 =23.6°, which
corresponds to the scattering induced by the amorphous carbon. In the pattern of Ag/C
composite, the four peaks located at 38.1°, 44.4°, 64.6°, and 77.4° can be respectively
assigned to the (111), (200), (220), and (311) planes of the face-centered cubic Ag
crystalline structure. This confirms that the nanoparticles obtained during the pyrolysis

consist of crystalline metallic silver.
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Figure 3.16. X-ray diffraction patterns of the pure C and Ag/C composite.
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3.4 Synthesis of wood-derived porous carbon nanocomposites

Following the same principle of exploiting biowaste to prepare carbon nhanocomposites, in

this section, we describe the upscaling of wood by-products into carbon materials.

Figure 3.17 shows the optical images of the 3 types of wood by-product materials collected
from the wood engineering process and provided by Dr. Amelia Arrojo from Centro
Tecnoldgico y Forestal de la Madera (CETEMAS, Asturias). The 3 types of wood by-product
materials are sourced from Pinus Pinaster (Maritime Pine, Figure 3.17A), Castanea sativa
(Chestnut, Figure 3.17B), and Quercus robur (Oak tree, Figure 3.17C), which preserve
different structural textures and compositions.?* The structure and composite information of

the three materials and the corresponding pyrolytic carbon materials were first studied and
A | - =
Q

B & .,
t@ @

Figure 3.17. Optical images of the 3types of wood by-product materials. (A) Pine, (B) Chestnut,

(C) Oak. The sawdust (right side) size is around 1 mm and the evaporation dishes have a
diameter of 14 cm.

compared.
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The wood by-product materials were processed as sawdust with a size of around 1 mm
(Figure 3.17, right side). Then the sawdusts were carbonized at 1050°C for 2 h at the Ar
condition. Afterward, the pyrolyzed material was ball-milled in a Retsch Mixer Mill MM 400
using a zirconia jar (10 mL) and 2 zirconia balls (12 mm in diameter) to obtain a powder with

an average particle size of around 10 um (Figure 3.18 and 3.19).
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Figure 3.18 Optical image of the carbon powder derived from wood material.
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Figure 3.19. Particle size distribution of the wood-derived C powder after ball-milling.

Figure 3.20 shows SEM images of the 3 resulting carbon materials, which are respectively
labeled as C, (carbon derived from the Pine tree), C. (carbon derived from the Chestnut
tree), and C, (carbon derived from the Oak tree). The three carbon materials show different
textures that are reminiscent of their initial assembled fibrous structure, displaying surfaces

with plenty of crackings and wrinkles.
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Figure 3.20. SEM images of the 3 types of carbon materials derived from wood by-product
materials. (A) Cp, (B) Cc and (C) Co..
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Wood is mostly composed of lignocellulose, comprising hemicellulose, cellulose and lignin.?®
The relative mass content of these biopolymers can be quantitatively analyzed by the
thermogravimetric (TG) method thanks to their distinct characteristic thermal decomposition
temperatures.?2?” We performed the TG analysis (Figure 3.21, black curves) obtaining the
corresponding thermogravimetric (DTG) curves (Figure 3.21, red curves). These are quite
similar for the 3 samples. An initial mass loss of less than 5 % associated with the loss of
moisture is observed between around 25°C and 120°C. Between 170°C and 375°C, the
curves display a significant (~60 %) and steep loss of mass. Then, above this temperature,
the mass continues to decrease steadily but at a decreased rate up to about 800°C where
it tends to level off. From the DTG signals, one can clearly distinguish two fast decomposition
processes occurring in the 170°C-375°C range which together with the more sluggish mass
loss observed at higher temperatures can account for the thermal decomposition of the three
biopolymers contained in wood. Indeed, these results are in accordance with the previously
published literature, which concluded that the woody biopolymer with the lowest thermal
stability is hemicellulose, followed by the thermal decomposition of cellulose and finally by

the one of the lignin at higher temperatures.?6-2°

In order to assess the woody biomass composition, the DTG curves were deconvoluted with
three Gaussian peaks correspondingly associated with the three lignocellulosic components
(Figures 3.22A, 3.22C and 3.22E).?527, The different fractions of lignocellulosic components
in each sample were obtained from areas of each Gaussian contribution and normalized to
the total area of lignocellulosic decompositions in the DTG curves. The obtained results,
summarized in Table 3.6, indicate that Chestnut wood presents the lowest hemicellulose

content, with 33% lignocellulose, while this value increases to about 51% for the Oak wood.
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Figure 3.21. TG curves (black) and DTG curves (red) of the three wood by-product materials.
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Figure 3.22. Deconvoluted DTG profile (A, C, E) of the three wood by-product materials and
the Raman spectrum (B, D, F) of the corresponding derived carbon materials. Pinus Pinaster
(A), Cp (B), Chestnut (C), C¢ (D), Oak (E), and C, (F).

Figure 3.22B, 3.22D and 3.22F show Raman spectroscopy measurements of the three
carbon materials obtained from wood. All spectra present two broad bands centered at
around 1585 cm™* and 1340 cm. The first band (G band) corresponds to the Ezqy mode of

graphite and is associated with the sp? coordinated carbon while the second (D band) is
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known to progressively arise when the graphite crystallinity decreases and has been related
to the appearance of sp® carbon.*® To satisfactorily fit the spectra, three Gaussian
LorenCross functions were needed, with one additional band at around 1500 cm™ (Figure
3.22B, 3.22D and 3.22F). From the deconvolution, we evaluated the ratios of the G and D
bands integrated peak intensities (lc/lp), known to present a positive correlation with the
electronic conductivity.3* The I/l ratios of the C¢, Cp and C, carbons respectively obtained
from Chestnut, Pine and Oak decrease in the following order C. > C, > C, (Table 3.6)

Table 3.6. Comparison of the characterization results from TG analyses, Raman spectrum
analyses, BET analyses and electrochemical measurements.

Cp Cc CO

Percentage of
hemicellulose in the wood 45% 33% 51%

by-product material

TG analysis
Percentage of cellulose +
lignin in the wood by- 55% 67% 49%
product material
Raman
spectrum le/lo 0.43 0.59 0.31
analysis

Surface area (m?g™) 31.0+0.2 | 328+0.1 | 18.9+0.1

BET analysis Total pore volume (*1073

31+1 41 +1 22 +1
cm3g?)

Figure 3.23 shows the nitrogen adsorption and desorption isotherms and pore size
distributions of three produced carbon materials. A gradual increase in adsorption occurs up
to P/Po ~ 1, which indicates the porosity of the produced material.?’ Based on the BET model
and the nitrogen adsorbed at P/Po of ca. 0.995, the surface areas and the total pore volume
of the three composites are shown in Table 3.6. The BJH pore size distribution curves
(Figure 3.23) obtained from the adsorption isotherm confirmed the existence of micropores
(< 2nm), mesopores (2-50 nm) and macropores (50-7500 nm). In addition, we find the
surface area and total pore volume of three carbon materials have this order: C. > C, > C,,
which could be ascribed to the unique structure and complex designs of nature of the

trees.®?% The absence of overlap and irreversibility of the adsorption and desorption
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isotherms at low pressure may indicate nitrogen interaction with the material surface or

elastic deformation of the material with increasing pressure.?%23
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Figure 3.23. N2 adsorption and desorption isotherms (A, C and E) and pore size distributions
(B, D and F) of C, (A and B), C (C and D) and C, (E and F) materials.
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3.5 Conclusions

Three composites comprising a porous carbon matrix with Cu or Cu,O nanopatrticles were
successfully synthesized by combined sol-gel and pyrolysis processes. A thorough
characterization of the materials evidenced different structures and morphology. A Ag/C
nanocomposite was synthesized via high-temperature pyrolysis of a silver-containing dried
bread paste, prepared by impregnating bread waste with a silver precursor solution. The
generated functional Ag NPs were uniformly distributed in the carbon matrix. Three different
porous carbon materials derived from wood by-products were also produced by a pyrolysis
process. They show different textures, with plenty of cracks and wrinkles. The lignocellulosic
composition of the three wood materials shows a correlation with the structural properties of

the resulting carbon materials.

The electrochemical performance of these materials for the monitoring of water pollutants is
presented in the following chapters using carbon paste and screen-printed electrode

configurations.
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Chapter 4

Electroanalytical evaluation of metal nanoparticle-modified porous

carbon nanocomposites for monitoring water pollutants

Evaluating the electrochemical
performance of the prepared materials

Summary

In this chapter, the three types of nanocomposites previously prepared, including copper-
based nanoparticle-modified porous carbon, bread waste-derived Ag/C composite, and
wood by-product-derived carbon material, were used to fabricate carbon paste electrodes.
The electrochemical performance of the three types of materials was thoroughly evaluated
through the electrochemical analysis of COD, halogenated compounds and redox species,

respectively.



4.1 Introduction

4.1.1 Evaluating the performance of the nanomaterials with carbon paste electrodes

In recent years, nanomaterials have received increasing attention as potential
electroanalytical probes, not only for providing an enhanced sensitivity but also for offering
a stair change when being applied in the electrochemical analysis of water pollutants.?
These materials can be beneficial from their exceptional physicochemical properties, high
adsorption and reactive capacity, high surface-to-volume ratio and other superior properties
that are not present in the respective bulk material counterparts.'? In Chapter 3, we showed
the production of nanocomposites of carbon modified with copper-based and silver
nanoparticles, as well as the wood by-product-derived carbon matrix. In the present chapter,
the material electrochemical performance is shown. For these studies, carbon paste

electrodes (CPEs) were prepared.

CPEs can be easily prepared by mixing the functional materials with paraffin oil,®. The ease
of fabrication and the low background currents that they show make them ideal in this
context. Briefly, for the CPE preparation, 0.5 g of each material and 0.15 mL of spectroscopic
grade liquid paraffin (Uvasol® from Merck) was mixed thoroughly to prepare a carbon paste.
This paste was packed into a 3 mm-diameter well, defined at one end of a 6 mm-diameter
Teflon body, into which a 3 mm diameter stainless steel rod was inserted to make the

electrical contact (Figure 4.1).

Modified carbon paste

\ spatula

Figure 4.1. Schematic drawing of carbon paste electrode (CPE). (1) Lateral cut of the electrode
with the respective scales, (2) Teflon® cylindrical tube, metal rod and the well to fill with the
modified carbon paste, (3) CPE ready to use.*
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The surface of the prepared carbon paste electrode was manually polished on A4 paper
sheet. After each measurement, the carbon paste electrode was refilled with a fresh paste
to ensure that all the analytical measurements were carried out under the same working

conditions.

The prepared CPE was implemented in a conventional three-electrode electrochemical cell
configuration, which included the 3 mm diameter carbon paste working electrode, described
above, an Ag/AgCl reference electrode and a platinum counter electrode (both of them from
Metrohm AG, Switzerland). An Autolab PGSTAT30 potentiostat (EcoChemie, the
Netherlands) was used for all the electrochemical measurements.

4.2 Electrochemical performance of copper-based nanoparticle-modified

carbon nanocomposites: analysis of chemical oxygen demand (COD)

Cyclic voltammetric experiments were performed to evaluate the electrochemical behavior
of carbon paste electrodes prepared with the different composites mentioned in Chapter 3
(Figure 3.3 and Figure 3.5), including pure C (CPEc), Cu,0O/C (CPEcuorc), Cu/C_1
(CPEcuc 1) and Cu/C_2 (CPEcuc 2). Cyclic Voltammetry (CV) is the most common
technique applied to initially assess the electrochemical performance of a device and details
about it could be found in excellent electrochemistry books such as that written by Bard and

Faulkner.®

All the voltammetric signals were recorded in a 0.1 M KNOj; solution containing 1.0 mM
ferrocene-methanol and revealed a quasi-reversible faradaic signal of the
ferrocene/ferrocenium redox pair. The peak-to-peak potential separations (AEp) were
around 84 mV, 69 mV, 63 mV, and 68 mV for CPEc, CPEcuwoic, CPEcuc 1 and CPEcuc 2,
respectively (Figure 4.2). In all cases, the ratio of the anodic to cathodic peak currents was
close to one. Such values indicate good and fast electron transfer processes between the
CPEs and the solution.>® In addition, peak-to-peak potential separation values (AEp)
obtained for pure amorphous carbon and for the nanocomposite materials (with lower AEp
values) indicate that the incorporation of the catalytic inorganic particles had a positive effect
on the performance of the corresponding CPEs. Among them, the electrode made of Cu/C_1
presents the smallest AE, value indicating a relatively faster electron transfer at the CPE

solution interface.t-8
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Figure 4.2. Cyclic voltammograms recorded in a 0.1M KNOs solution containing 1.0 mM
ferrocene-methanol with the CPE sensors produced with pure C (A), Cu,O/C (B), Cu/C_1 (C)
and Cu/C_2(D). The scan rate is 100 mV s™.

4.2.1 Evaluation of the electrode response for COD analysis

The main composition of the soluble fraction of COD consists of organic molecules.®
Glucose is a pertinent standard analyte to be used for calibrating electrochemical sensors
for COD.>%%-12 Thus, the CPE sensor performances were evaluated using glucose as the
standard COD analyte.

First, CVs were recorded in a 0.1 M NaOH background electrolyte solution containing
glucose standard analyte, in order to investigate the potential range at which the
electrocatalytic oxidation of glucose took place (Figure 4.3 A and 4.3 B). From these
measurements, a set potential value was chosen, at which glucose undergoes an oxidation
process in order to set the conditions for applying the chronoamperometric technique for the
measurement of COD.

Chronoamperometry is a time-dependent electrochemical technique in which a DC potential
step is applied to the working electrode at which Faradaic processes of the target analyte
under study take place. The resulting Faradaic current is monitored as a function of time
and fluctuates according to the diffusion of the target from the bulk solution toward the

electrode surface. A detailed description of this technique could be found in reference 5.2
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Taking into account the well-known fact that carbon nanomaterials show good
electrocatalytic performances under certain experimental conditions,'**° the possible effect
of the pure carbon powder on the electrocatalytic oxidation of glucose was initially tested.
CPEs made of pure C were applied to record cyclic voltammetric measurements in 0.1 M
NaOH solutions with and without glucose. The results presented in Figure 4.3 A reveal a
negligible effect of the pure carbon material in the catalytic oxidation of glucose. Figure 4.3
B illustrates the cyclic voltammetric responses recorded with CPEcuc_1 in the absence (black
curve) and presence of glucose (red curve). A clear electrocatalytic signal that is centered
at around +0.6 V (vs. Ag/AgCl) is observed. From this study, an overpotential of +0.7 V was
set for performing chronoamperometric measurements in solutions containing increasing
glucose concentrations (Figure 4.3 C) and the current values recorded at 90 s in the
chronoamperograms were used as the analytical signal. Afterward, the corresponding
calibration of the CPEcuc 1 sensor was plotted (Figure 4.3 D). The extracted analytical
parameters are displayed in Table 4.1.

The same process was carried out with the CPEcu0,c and CPEcuc » electrodes and the
results are presented in Figures 4.4 and 4.5, and in Table 4.1. A very similar electrocatalytic
performance was recorded for all the CPEs. As shown in the calibration curves and Table
4.1, the three CPES show different linear responses in a wide COD range. The wastewater
treatment plants (WWTPs) have in the EU a legal limit of COD in the effluents, set to 125

mg L O,® which falls within the linear ranges of the three CPEs studied in this work.

Table 4.1. Analytical parameters obtained from the Calibration Curves of different CPEs for

COD analysis.
_ LOD* Linear range
slope*102 (LA intercept R?
sensor (mgL- (mgL10y)
mg*L™ Oy) (MA) (n=3)
10y)

CPEcuzorc 515+1.1 13.2+04 0.997 18.1 53 - 1292
CPEcuc 1 27.1x04 3.3x04 0.998 25.4 53 - 1500
CPEcurc 2 3.4+0.1 2.8+0.1 0.995 87.2 106 — 1500

*LOD is calculated using the 3o IUPAC criterion.
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Figure 4.3. (A) Cyclic voltammograms recorded in a 0.1 M NaOH solution before and after the
addition of glucose with the CPE based on the pure C powder. Scan rate = 100 mV s™. (B)
Cyclic voltammograms recorded with CPEcuc_1 before (black curve) and after (red curve) the
addition of glucose in a 0.1 M NaOH solution at a scan rate of 100 mV s (C)
Chronoamperometric responses of the CPEcuc_1 recorded in solutions containing from 53 to
1500 mg L of O (equivalent to 49.9 to 1330 mg L of glucose). In the chronoamperometric
process, a potential of 0.0 V was initially set for 30 s, at which no redox reactions occurred
and the current value tended to zero. Then, the potential was shifted to +0.7 V, at which the
electrocatalytic oxidation of glucose took place and the anodic current was recorded for 60 s.
(D) Calibration curve of the CPEcuc 1. Each point represents the mean value of three
measurements performed consecutively and the error bars are the corresponding standard
deviation. A fresh CPE was used for each measurement.

The possible mechanism for the oxidation of organic matter by similar electrocatalysts in an
alkaline medium has been previously reported.’®-1® We also included a brief description of
the most likely mechanism for the oxidation of organic compounds on the CPEcuc electrode
and the corresponding chemical reactions in the Introduction part (Chapter 1). The
generation of Cu(lll) radical species appears to be key in the effective electrocatalytic
oxidation of organic matter in an alkaline medium. Although we have not found a paper
describing the oxidation mechanism of organic matter by Cu.O nanoparticles, we

hypothesize that it could be similar to the one occurring with copper nanoparticles.
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Figure 4.4. (A) Cyclic voltammograms recorded in a 0.1 M NaOH solution before and after the
addition of glucose with CPEcuzoc at a scan rate of 100 mV s; (B) Chronoamperometric
responses of the CPEcyzorc recorded in solutions containing from 0 to 1292 mg L™ of Oy; (C)
Calibration curve of the CPEcuworc. Each point represents the mean value of three
measurements performed consecutively and the error bars are the corresponding standard
deviation. A fresh CPE was used for each measurement.
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Figure 4.5. (A) Cyclic voltammograms recorded in a 0.1 M NaOH solution before and after the
addition of glucose with CPEcuc » at a scan rate of 100 mV s%; (B) Chronoamperometric
responses of the CPEcyc 2 recorded in solutions containing from 0 to 1500 mg L™ of Oy; (C)
Calibration curve of the CPEcuc . Each point represents the mean value of three
measurements performed consecutively and the error bars are the corresponding standard
deviation. A fresh CPE was used for each measurement.
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The electrochemical performance reproducibility was studied by recording triplicate
measurements using three freshly prepared CPEs with the same batch material. Relative
standard deviations are below 5%, indicating good reproducibility of measurements. Thus,
the analytical performance in standard glucose solutions makes the presented materials

promising for the analysis of COD in wastewater.

4.2.2 Analysis of the wastewater samples

Three sets of real water samples were collected at the wastewater treatment plant (\(WWTP)
of La Garriga (Barcelona, Spain) and kindly provided to us by Josefina Toran and Mercé
Baldi. . Upon receiving them, the samples were filtered by OlimPeak filters having a Nylon
membrane of 0.45 um pore size (Teknokroma, TR-200100) and immediately frozen at -20°C.
The electrochemical analysis of the wastewater sample was completed within the next two
weeks upon reception. The pH of these three samples was circa 7. To carry out the
measurements, they were thawed and diluted with a 0.2 M NaOH solution to a ratio of 1:1,
unless stated otherwise. Chronoamperometric measurements were performed in the
resulting solutions. The current values recorded at 90 s in the chronoamperogram were
interpolated in the corresponding calibration curve to obtain the COD value. COD analysis
was also carried out using the dichromate standard method in an accredited laboratory
(Laboratori Ambiental, Mina Publica Aiglies de Terrassa, Terrassa, Spain), for comparative

purposes.

The samples collected at the WWTP were from the pretreatment effluent, the clarifier effluent
and the effluent at the plant exit. The values estimated with the three CPE sensors were
compared with those measured with the standard dichromate method and the results are
shown in Table 4.2. It can be seen that the CPEcy20c Sensor shows superior performance
and that the COD values of the three collected samples could be measured. By contrast,
the CPEcuc 2> sensor shows the poorest performance since two of the samples could not be
measured under the set experimental conditions, meaning that those samples presented
COD values below the limit of detection of the sensor. By comparing the sensor limit of
detection (LOD) and the COD values of those samples provided by the standard method, it
is clear that this material is not suitable for the development of commercial COD sensors to
be applied in WWTPs.

The CPEcuc 1 sensor shows a limit of detection that is well below the COD concentration
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measured in the effluent sample by the standard method. However, since the sample was
diluted 1:1 in 0.2 M NaOH solution (see experimental section), the concentration to be
measured by the sensor falls below the limit of detection, and accordingly, no signal was
detected. However, sample conditioning can be carried out using more concentrated NaOH
solutions so that the sample is diluted to a less extent. This was carried out to better assess
the performance of the CPEcuc 1 sensor. Indeed, the sample conditioning was carried out
by diluting the three water samples in a 0.4 M NaOH solution at a volume ratio of 3:1. Even
though a higher matrix effect could take place the COD was thus successfully analyzed with

the CPEcuc_1sensor even in the three samples, as shown in Table 4.2.

Table 4.2. COD detection of real water samples using CPE sensors and standard dichromate

method.
CPEcuic 1 ]
Dichromate
CPEcu20rc CPEcuic 1 (mgL10y) CPEcurc 2
Sample method
(mgL?02) | (mgL?Oy) [3:1 (mgL10y)
. (mgL"0y)
dilution]*
out of
44 +7 ) 40+ 10
1 effluent detection out of 37+8
(+19.4%) (+6.2%)
range detection
2_ clarifier 103+ 9 98 +3 93+9 range
85+18
effluent (+21.3%) | (+15.3%) (+9.8%)
3_
225+5 223 +8 216 + 12 216 + 23
pretreatment 210+ 25
(+7%) (+6.1%) (+3%) (+2.8%)
effluent

* 3:1 dilution means that the samples were diluted in a 0.4 M NaOH solution at a volume ratio of 3:1.

As above, three measurements for the real sample analysis were performed using three
freshly-prepared CPEs. The corresponding errors included in Table 4.2 are comparable to
those associated with the standard dichromate method, revealing the good reproducibility
of our sensor in the analysis of real water samples. Regarding the accuracy, the response
of the produced sensors to COD is in good agreement with the COD values provided by the

standard method.
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Table 4.3. Previously reported data on the development and analytical performance of the COD
electrochemical sensors.

Electrode type Sensor Linear Sensitivit limit of Ref
fabrication range y (WA mg? | detection
(mg L% L) (mg L™
Home-made Electrodeposition
Screen printed of Ni 0.1 -400 6.107 0.02 23
electrode nanoparticles
CuO/Cu electrode | Electrochemical
o 50 - 1000 | 9.17*103 2.11 10
(copper rod) oxidation
Copper electrical N
Electrodeposition
cable and pure _ 2 -595 3*10* 2.4 18
_ of nano_Cu film
Cu disk
Glassy carbon Electrodeposition
15-629 1.7 1.7 17
electrode of nano-copper
_ Electrodeposition 17.45 —
Cu wire 1.16 9.02 24
of nano-copper 176
Graphite Electrodeposition
32 — 256 1.04 8.9 24
electrode of nano-copper
Electrochemical
nanocomposite- CuO/AgO 53 -1292 6.8*10°3 28 5
derived sensor
Carbon paste Physical mixing of
electrode Cu0O NPs with C | 53 -1292 | 51.5*10% 18.1
powder
Carbon paste One-pot method This work
electrode to prepare 53 -1500 | 27.1*10°3 25.4
Cu/C_1
composite

If we consider the COD value from the standard dichromate method as the “true” value, the

sensor relative errors were calculated and are shown in Table 4.2 (values in red). It should

be noted that the errors obtained with the CPEcuc 1 sensor applying the 3:1 dilution are less

than 10% and comparable to the ones reported with other similar materials in the analysis
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of real samples.!?

As discussed above, CPEcworc displayed the highest sensitivity and the lowest LOD of the
three sensor approaches. This better performance might be related to the cubic geometry
of Cu,O nanopatrticles, exposing specific crystalline planes with enhanced electrocatalytic
activity, or to the increased presence of edges and corners, which could be the active sites
to generate more hydroxyl radicals enhancing the efficiency to oxidize glucose.?*-?? In spite
of the fact that the copper nanoparticles in CPEcyc 1 are smaller in size and are well
distributed in the carbon matrix, CPEcuc 1 exhibits a lower sensitivity and higher LOD,
indicating that the particle geometry plays a more relevant role in the nanoparticle
electrocatalytic behavior than its size. Let’s finally note that since both CPEcuwc 1 and
CPEcuc > present similar amounts of Cu NPs of comparable sizes, the superior
electrochemical performance of the former is likely related to its globular microstructure,

which results in a larger surface area of macropores.

For comparative purposes, the analytical parameters of previously reported COD sensors
making use of catalysts of the same nature are summarized in Table 4.3. In terms of
analytical performance, some of these previously reported sensors show superior features
compared with the ones presented here. However, in all those works the sensor fabrication
involved nanoparticle electrodeposition or nanoparticle casting onto the surface of a
commercial or previously-fabricated electrode. Such processes can hardly be adapted to a
mass-production scenario, being a clear drawback for efficient large-scale industrial sensor

production.

4.3 Electrochemical performance of silver nanoparticle-modified carbon

nanocomposites: analysis of halides and organohalides

Cyclic voltammetric experiments were performed to evaluate the electrochemical behavior
of CPEs prepared with the Ag/C composites described in Chapter 3 (Figure 3.13A). The

produced electrodes were labeled as CPEagc.
4.3.1 Halide detection

Figure 4.6 shows a cyclic voltammogram (CV) recorded with the CPEagc in 0.075 M
phosphate buffer (PB) background solution (pH = 6.0) that visualizes the electrodic redox

process that the AQNPs underwent. Two anodic peaks at +0.37 V (a1) and +0.49 V (a), and
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one cathodic peak centered at around 0 V (c1) were recorded. The a; and a, can be ascribed
to the formation of Ag-O and AgO, respectively, in agreement with the reported literature.?>-
27 The c; may be related to the reduction of the Ag oxides and the formation of Ag® species
on the electrode surface.?2

(&)
1

Current/pA
o

-5 Cq

04 02 0 02 04 06 08
Potential/V vs. Ag/AgCI

Figure 4.6. Cyclic voltammogram in PB solution (pH = 6.0) using the CPEagic at scan rate of
100 mVs™.

The performance of CPEagc was initially studied in the detection of halide ions. Figure 4.7
shows the CVs recorded in PB solutions of different pHs containing 0 and 5 mM CI-. The
oxidation peaks at around 0.4 V and 0.5 V, which for most of the studied pH conditions
appear in the CVs recorded in the absence of CI (black curves) can be ascribed to the
production of Ag oxides, described above.? In the presence of Cl-(red curves), the oxidation
peak at around +0.2 V is due to the reaction between Ag and CI-.282° The peaks related to
the formation of Ag oxides became smaller when CI- was added to the electrolyte at pH 1.6,
6.0 and 7.5. This is because the formation of AgCl took place at lower anodic overpotentials
in the anodic potential scan and thus was the predominant electronic process.*° At pH 9.6,
both the formation of AgCl and Ag oxides give rise to overlapped signals, with the latter
being of high current intensity. This is likely due to the fact that the alkaline condition favors
the formation of Ag oxides.?*?” From these measurements the detection of Cl- appears to be
more suitable at pH values of 6.0 and 7.5. At pH 1.6, the electrolyte is strongly acidic, while
at pH of 9.6, the oxidation peaks of Ag (0) to Ag oxides are so significant that may interfere

with the peak related to the formation of silver chloride.

86



>
o

25 15
204 Ag + Cl—=AgCl + & Ag + CI'—AgCl + &
10+
154
< <
= 109 = 5
= =
g 54 p
L:) 04 L:) 0+
54
—a -5+ —a
104 p —b
'15 T T T T T T '10 T T T T T T
-0.2 4] 0.2 04 0.6 0.8 -04 -02 0 02 04 06 08
Potential/V/ vs. Ag/AgCI Potential/V vs. Ag/AgCI
254 N _ n ,
Ag +CII—AgCl +¢e 204 Ag+ CIr—AgCl +e
20+
15] 10+
< < AN
= 101 2 o
3 &
E 5 E 101
o ol O
204
54
—a
—a -304
10 o 30 —b
-15 T T T T T T -40 T T T T T T
-04 -02 0 02 04 06 08 -04 -02 0 02 04 06 08
Potential/V/ vs. Ag/AgCI Potential/VV vs. Ag/AgCl

Figure 4.7. Cyclic voltammograms recorded with the CPEagc in PB solutions in the absence
of ClI- (a) and presence of 5 mM CI- (b) at different pHs. (A) pH=1.6, (B) pH=6.0, (C) pH=7.5, (D)
pH=9.6. Scan rate = 100 mV s™.

Similar studies were carried out for the detection of Br and I" ions and the recorded
voltammograms are shown in Figures 4.8 and 4.9. We recorded anodic peaks at +0.07 V
and -0.15 V, which could be ascribed to the formation of AgBr and Agl, respectively. The
relative peak current values related to the formation of the corresponding silver halides and
silver oxides were also observed similarly to what was recorded in Cl- detection. In order to
avoid the interference of the AgO formation, a PB solution at pH 6 was selected as the

background electrolyte for all the following studies.
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Figure 4.8. Cyclic voltammograms recorded with the CPEagcc in the absence of Br- (a) and
presence of 5 mM Br (b) at different pHs. (A) pH=1.6, (B) pH=6.0, (C) pH=7.5, (D) pH=9.6. Scan
rate =100 mV s,

Pure carbon materials have previously shown good electrochemical/electrocatalytic
properties when working under specific experimental conditions.**> Thus, we studied the
response of CPEs made of pure carbon from pyrolyzed bread in solutions containing the
target halides (Figure 4.10). When the concentration of Cl- and Br was above 4.5 mM, very
small oxidation peaks appeared at around +0.20 V and +0.35 V, respectively. For I, no
oxidation peak was detected in the CVs in the tested concentration range. These results
indicate that the carbon matrix did not contribute to the halide detection and just performed
as the electrode conductive base material.
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Figure 4.9. Cyclic voltammograms recorded with the CPEagc in the absence of I' (a) and
presence of 5 mM I (b) at different pHs. (A) pH=1.6, (B) pH=6.0, (C) pH=7.5, (D) pH=9.6. Scan
rate =100 mV s,

Figure 4.11 shows the cyclic voltammetric detection of the three halide ions using the
CPEagc. Well-defined anodic peaks at potentials of +0.27, +0.14 and -0.11 V (vs. Ag/AgCI)
were recorded, which can be respectively ascribed to Cl, Br-and I'. A silver halide precipitate
forms on the surface of the Ag NPs and consequently generates an oxidation current on the
voltammogram, which is in line with the equation of Ag + X* — AgX + e (X = CI', Br and
1.2°31 The well-distinguished peak potentials do not overlap and can be related to the
different solubility products (Ksp) of the Ag halides, which determines thermodynamically the

strength of the interaction between the surface silver atoms and the halide anions.?8:2°

89



>

0.2
2
E 02
© —— PB solution
0.4 ——— 1961 UM CI
o6 ——— 4762 uM CI
04  -02 0 02 0.4

vy

Potential/V vs. Ag/AgCI

0.2
< 0
=
[
g 02
3 04 —— PB solution
' —— 1961 pM Br
-0.6 —— 4762 uM Br
-0.8 T T T T
0.4 -0.2 0 0.2 0.4
Potential/V vs. Ag/AgCl
2 .
—— PB solution
31 1981 M I
1 ——4762 M I

Current/pA
o
w

-0.4

0.2 0 02 04
Potential/V vs. Ag/AgCI

Figure 4.10. (A) Cyclic voltammograms recorded with the CPE made of pure C powder in PB
solution (pH=6) before and after the addition of different concentrations of Cl- (A), Br (B) and

I"(C). Scan rate = 100 mV s™.
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The potential barrier required to form silver compounds (AgCl, AgBr and Agl) by the
formation of Ag-anion bonds would affect the oxidation/reduction potential. It is worth noting
that the Ks, value for the Ag halides increases in the order of CI- > Br > I (AgCI=1.76-101°,
AgBr=5.32-10"® and Agl=8.49-10").2° The smaller the Ksp, the stronger the chemical affinity
between the silver surface atoms and the halide anions and so the lower the overpotential
required to produce the corresponding Ag halides. Thus, the significantly different Ksp values
contribute to their well-separated oxidation peak potentials.

014V
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E J
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O 104
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Br
-20 — |
-0.6 -0I.4 -OI.2 (I) 012 0?4

Potential/V vs. Ag/AgCI

Figure 4.11. Cyclic voltammograms were obtained with the CPEagc in phosphate buffer
solution (pH =6) containing 395 uM chloride, bromide, and iodide, respectively, in a separated
solution at a scan rate of 100 mV/s.

Figure 4.12 A presents the voltammetric responses recorded in PB solutions containing
increasing concentrations of Cl- and Figure 4.12 B is a zoomed-in image of the oxidation
peaks recorded between +0.2 V and +0.4 V. As expected, the peak current increases with
the CI' concentration. Also, the oxidation peak shifts to lower potentials when the CI
concentration increases, as expected from the Nernst equation.® The calibration curve
obtained by plotting the peak current vs the CI- concentration (Figure 4.12 C) shows a linear
response albeit with a decreased slope for concentrations above 500 uM. The limit of
detection is 16 M estimated using 3o IUPAC criterion. This value is below the maximum

allowable concentration of 250 ppm (~ 7 mM) in drinking water set by the USA EPA .3
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Figure 4.12. (A) Cyclic voltammograms of Cl-solutions in PB of concentrations ranging from
0 to 1639 pM recorded with CPEagc (from bottom to top signals: 0, 50, 74, 100, 149, 199, 297,
395, 491, 682, 917, 1147, 1373 and 1639 uM), (B) The enlarged oxidation peak curve of cyclic
voltammograms shown in (A), (C) Calibration curve of the CPEagcc for measurement of CI.
Each point represents the mean value of three measurements performed consecutively and
the error bars are the corresponding standard deviation. A fresh CPE was used for each
measurement.
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Figure 4.13. (A) CVs recorded with CPEagcin PB solutions containing from O pM to 491 pM Br-.
(B) CVs recorded with CPEagcin PB solutions containing from 491 uM to 4295 uM Br- (from
bottom to top signals: 491, 682, 917, 1147, 1373, 1639, 1983, 2318, 2723, 3114, 3491, 3856 and
4295 uM). (C) The enlarged oxidation peak curve of cyclic voltammograms shown in (B). (D)
Calibration curve. Each point represents the mean value of three measurements performed
consecutively and the error bars are the corresponding standard deviation. A fresh CPE was
used for each measurement. Scan rate = 100 mV s

Similar studies were carried out for Br- and I target analytes (Figures 4.13 and 4.14). Two
linear ranges were also estimated in the detection of both species, showing higher sensitivity
at lower analyte concentrations. The decreased sensitivity above a critical concentration
could be indicative of Langmuir-type adsorption of halides at the electrode surface.34%
Similar behaviors were reported for the electrochemical analysis of other chemical
species.®3¢ The analytical parameters obtained from the calibration curves of the different
halides are summarized in Table 4.4. Figure 4.15 shows CVs recorded in a PB solution
containing the same concentration of CI-, Br- and I". The peak potentials are well separated

and in agreement with those observed in Figures 4.11, 4.12, as well as in Figures 4.13, 4.14.
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Figure 4.14. (A) Cyclic voltammograms recorded with CPEagcin PB solutions containing from
0 pM to 149 pM I'. (B) Cyclic voltammograms recorded with CPEagcin PB solutions containing
from 149 uM to 2318 uM I (from bottom to top signals: 149, 199, 297, 395, 491, 682, 917, 1147,
1373, 1639, 1983 and 2318 uM). (C) Calibration curve plotted in the I concentration range from
10 uM to 149 uM. (D) Calibration curve plotted in the I concentration range from 10 uM to 2318
UM. Each point represents the mean value of three measurements performed consecutively
and the error bars are the corresponding standard deviation. A fresh CPE was used for each
measurement. Scan rate = 100 mV s™.

This allows those ions to be simultaneously identified and is related to the different Ksp values,
as described above. In this regard, it is not surprising that the largest peak current is
associated with the formation of Agl. It is also worth mentioning that the oxidation peaks for
Br and I are already visible from the second cycle, while the CI- peak only appears after
several cycles. This can result from the competition between the different halide anions for
interacting with the surface of Ag NPs. Initially, there is the same concentration of CI, Br
and I around silver NP surfaces but due to the stronger interaction of I and Br- with the silver
surface atoms, the oxidation peaks of Br- and I appear firstly. However, after several scans,
the concentration of Cl', becomes comparatively larger than that of the already depleted Br-

and I, and thus the oxidation peak for CI- becomes visible.
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Figure 4.15. Cyclic voltammograms recorded with the CPEagcin phosphate buffer solution (pH
=6) containing 395 uM chloride, bromide and iodide, respectively, in a mixed solution at a scan
rate of 100 mV/s.

4.3.2 Analysis of organohalide molecules in water

Encouraged by the positive analytical response of Ag/C nanocomposites for the analysis of
halide anions reported in the previous sections, we decided to assess their potential for
analyzing organohalide molecules that have been identified to be water pollutants. The
electrocatalytic activity of Ag NPs for inducing the cleavage of carbon-halide bonds in this
family of molecules has been previously reported®” and already detailed in Chapter 3?7.
This could be exploited to electrochemically detect different target molecules following the
same experimental procedure as above. Two organohalides were selected in this work:

sucralose and trichloroacetic acid.
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Table 4.4. Analytical parameters obtained from the calibration curves of CPEag.c for halides,
sucralose and TCA analysis.

Linear
Slope-10® Intercept R? | LOD
Sensor | Analyte Method L range
(LA pM ) (HA) (n=3) | (uM)
(HM)
50 -
9.1+0.3 4.1+0.1 0.993 | 16
Cl 491
CcVv 491 -
6.5+0.2 5.3+0.2 0.995 -
1983
20 —
21.8+0.9 0.6+0.08 | 0.993 8
Br 491
CcVv 491 —
2.7+0.1 8.7+0.2 0.988 -
4295
10—
21+1.4 0.5+0.06 | 0.992 7
149
CPEnagic
CVv 149 -
12.5+0.1 1.740.07 | 0.998 -
2318
200 —
1.2+0.2 2.6+0.1 0.946 | 141
Sucralose 990
CcVv 990 —
0.18+0.005 3.5+0.04 | 0.995 -
16700
3114 —
CcVv 1.15+0.03 2.5+0.1 0.996 | 326
5508
TCA
395 —
SWV 1.62+0.06 0.9+0.09 | 0.994 | 167
3114

LOD is calculated using the 3o IUPAC criterion.

4.3.2.1 Sucralose detection. Figures 4.16 A and B show the CVs recorded with CPEagcin
PB solutions containing sucralose concentrations in the range from 0.2 mMto 16.7 mM. The
peak current intensity increased with the concentration of sucralose, showing a linear
dependence in the studied concentration range. Similar to the calibration curves obtained
for the halide ions, two distinct slopes were obtained (Figure 4.16 C), which again may be
indicative of the Langmuir type adsorption of sucralose at the surface of the electrode.3*3®

The analytical parameters related to the calibration curves are displayed in Table 4.4.
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As introduced in Chapter 1, the mechanism that may be governing the electrochemical
detection of sucralose with the Ag/C nanocomposite comprises two steps, namely, the initial
dehalogenation of the sucralose molecule followed by the formation of AgCl.2°30:37
Dehalogenation processes catalyzed by silver have widely been investigated.®#-%° These are
known to proceed by the adsorption on the surface of Ag of the halogenated compound “RX”

(where R is an organic radical and X a halide), producing an “attenuated radical”

Ag NPs improves the kinetics of the dehalogenation reaction because the C-CI bond is
greatly weakened due to the Cl---Ag and R---Ag interactions, facilitating the cleavage of the
C-Cl bond and the transfer of electrons (see Figure 4.17 B).3"4° After the dehalogenation
process (Figure 4.17 C), the free CI ion is released and it can adsorb onto the surface of Ag
NPs. Then, the free ion CI- can react with Ag to form AgCl, releasing an electron which is
collected by the Ag/C electrode and contributes to the analysis signal (Figure 4.17 D) in a

process analogous to that of the previously discussed halide anions in solution.
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Figure 4.16. (A) Cyclic voltammograms recorded with CPEag,cin PB solutions containing from
0 mM to 16.7 mM sucralose (from bottom to top signals: 0, 0.2, 0.4, 0.99, 2.92, 4.77, 6.12, 7.42,
9.11, 11.13, 13.07, 14.92 and 16.7 Mm). (B) The amplified peak curve of cyclic voltammograms
shown in (A). (C) Calibration curve of the CPEag,c for measurement of sucralose. Each point
represents the mean value of three measurements performed consecutively and the error bars
are the corresponding standard deviation. A fresh CPE was used for each measurement.
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One sucralose molecule contains three Cl atoms and whether the dehalogenation process
was complete, the LOD may theoretically be three times lower than that achieved in the
detection of CI" ions. However, the LOD for measuring sucralose is 141 pM (~5 ppm), which
is significantly larger than the one obtained for the detection of CI in solutions (16 puM). This
could be due to a partial release of CI from the sucralose molecules through the
dehalogenation processes, discussed above.

A Sucralose B
@ Cl
@ 0
v Adsorption ?
D
C RCl+e o R-+Cl” D

—0 mM Sucralose
—5 mM Sucralose
—17 mM Sucralose

Current/uA

Potential/V
crre

¥

Figure 4.17. A schematic diagram of the possible underlying mechanisms in the
electrochemical analysis of sucralose with CPEagc.

99



4.3.2.2 Trichloroacetic acid determination

To further assess the performance of the CPEagc electrode, we also carried out the analysis
of trichloroacetic acid (TCA) by CV. The possible mechanism for analyzing TCA with CPEagc
could be similar to that of the already discussed sucralose analysis. Figures 4.18 A and 4.18
B show the CV responses for solutions with increasing concentrations of TCA. Using the
corresponding peak currents, the calibration curve (Figure 4.18 C) was obtained and the
estimated analytical parameters are summarized in Table 4.4. It was found that the linear
range is limited and can only be obtained for high TCA concentrations, thus giving rise to a
high limit of detection. A similar poor response had been previously reported when applying
CV measurements*!, showing linear dynamic ranges between 2500 and 22500 pM.
However, previous works have shown that using Square Wave Voltammetry (SWV)
electrochemical technique, a linear calibration curve could be obtained at lower

concentration ranges.*?43

SWV technique applies a potential waveform at which the recording of the capacitive current
is minimized so that the Faradaic to capacitive current ratio is greatly enhanced looking at
improving significantly improving the sensitivity of the electrochemical analysis. A detailed
description can also be found in reference 5.°

Here, we applied the SWV method and, as shown in Figure 4.19, the recorded SWYV signals
at different TCA concentrations and the corresponding calibration were obtained. The
calculated analytical parameters are also displayed in Table 4.4. A linear range of 395 —
3114 uyM and a LOD of 167 uM were obtained.
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Figure 4.18. (A) Cyclic voltammograms recorded with CPEag,cin PB solutions containing from
0 uM to 7672 uM trichloroacetic acid (from bottom to top signals: 0, 2723, 3114, 3491, 3856,
4295, 4715, 5119, 5508 and 7672 uM). (B) Zoomed image of the CVs shown in (A). (C)
Corresponding calibration curve. Each point represents the mean value of three
measurements performed consecutively and the error bars are the corresponding standard
deviation. A fresh CPE was used for each measurement.
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Figure 4.19. (A) SWVs recorded with CPEag.c in solutions containing different concentrations
of TCA. (B) Corresponding calibration curve. Each point represents the mean value of three
measurements performed consecutively and the error bars are the corresponding standard
deviation. A fresh CPE was used for each measurement.

For comparative purposes, the analytical performance of electrochemical sensors of halides
and TCA previously reported in the literature are summarized in Tables 4.5 and 4.6,
respectively. Compared with the sensors introduced in this work, these previously reported
sensors show certain advantages in terms of analytical performance. However, most of
these sensors rely on the electrodeposition or casting of nanoparticles on the surface of the
electrodes. This is a sensor preparation process that is difficult to adapt to mass production
and not suitable for translation to the industry. In the case of sucralose, as far as we know,
only one research focused on the development of electrochemical sensors for its analysis.
Nikolelis et al.** reported an electrochemical device for the monitoring of sucralose, taking
advantage of the interactions between the sucralose and bilayer lipid membranes. The
adsorption of sucralose to the membranes generates an increase in the ionic current, which
is ascribed to the alteration of electrostatic fields of the lipid membrane. However, sensor
manufacturing is very complex. Our work shows that Ag/C electrodes are produced from
bread waste in a very simple and upscalable fabrication process that can be applied to the

electrochemical analysis of halides and different organohalide molecules in waters.
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Table 4.5. Analytical parameters of the previously reported sensors for halide detection.

Modified _ Linear range
Halides LOD (uM) Ref.
electrodes (LM)
Cl 5-90 5
Ag NPs-modified
Br 5-80 30
SPE :
Ag NWs- Cl 200-20200 20
modified Pt Br 50-20200 10 28
electrode I 50-20200 10
Screen-printed Cl 100-20000 18.83
silver strip Br 10-20000 2.95 45
sensor I 10-20000 3.05
Silver films on
polycrystalline Cl 0.5-20 - 46
gold
Nano-silver
modified indium-
Cl 0.01-1 0.0052 47
tin oxide thin
electrodes
Ag/dopamine
modified poly(y -
) P Y(V Cl 0.01-1000 0.0033 48
glutamic acid)
NPs
50-491,
Cl 16
491-1983
20-491,
Br 8
491-4295 This work
CPEagrc
10-149, ;
149-2318
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Table 4.6. Analytical parameters of previously reported sensors for TCA detection.

Modified _
Linear range (UM) LOD (uM) Ref.
electrodes
Ag NPs-MA/GCE 0.1-2, 0.030, 42
(SWV) 4-100 0.079

SNP-CS/GCE (CA) 3-56 1.1 49

Ag-MWCNT/GCE
5-120 1.9 43

(SWV)

MWCNTs/Pc/Fe(CA) 8-2000 2.0 50

Hg-Ag@GNR-PSS-
0.16-1.7 0.12 51

PDDA/GCE (CA)

np-Ag (CA) 2500-22500 25.4 41

Porphyrin/SWNTs-
[BMIM][PF¢]/GCE 0.9-140 0.38 52

(CA)

TH/TNTs/CS/IGCE

15-1500 - 53
(CV)
CPEnagc (CV) 3114 - 5508 326 )
This work
CPEagic (SWV) 395 — 3114 167

4.4 Electrochemical performance of wood-derived carbon material: analysis of

redox species
4.4.1 Electrochemical assessment of the wood-derived carbon paste electrodes

Three types of carbon materials (shown in chapter 3, Figure 3.20) were previously produced
from the pyrolysis of wood by-products, and labeled as C, (carbon derived from the Pine

tree), C. (carbon derived from the Chestnut tree), and C, (carbon derived from the Oak tree).

The C,, C¢, and C, carbons were used to fabricate carbon paste electrodes (CPESs), which
were labeled as CPE_C,, CPE_C., and CPE_C,. The electrochemical performance of the

CPEs was evaluated by CV measurements in solutions containing different representative
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redox species showing inner-sphere and outer-sphere redox mechanisms.> The design of
this study takes into account the kinetic sensitivity of different redox probes to the carbon
electrode surface composition and structure. The electron transfer (ET) on different carbon
electrodes is greatly influenced by different aspects of their surface chemistry, such as the
density of surface oxides or other functional groups or impurities, and the surface electronic
density of states (DOS) at the redox species formal potential. Inner-sphere redox probes
such as ferricyanide are quite sensitive to the presence of defects which may act as
electrocatalytic active sites to enhance the ET kinetics at the electrode surface. By contrast,
the electrode response to outer-sphere redox probes such as ferrocene is insensitive to the
presence of defects and their electrochemical behavior only depends on the DOS of the
carbon material.>*>®
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Figure 4.20. Cyclic voltammograms recorded with CPE_C. at different scan rates, in a 0.1 M
KNOs solution containing 1 mM ferrocene redox species (A) and 1 mM ferricyanide redox pair
(©), and plots of anodic peak and cathodic peak currents vs. the square root of the scan rate
(B and D). (B) is plotted from the measurements of ferrocene redox species and (D) is obtained
from the measurements of ferricyanide redox pair.
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Figure 4.21. Cyclic voltammograms recorded with CPE_ C, at different scan rates, in a 0.1 M
KNOs solution containing 1 mM ferrocene redox species (A) and 1 mM ferricyanide redox pair
(C), and plots of anodic peak and cathodic peak currents vs. the square root of the scan rate
(B and D). (B) is plotted from the measurements of ferrocene redox species and (D) is obtained
from the measurements of ferricyanide redox pair.

Figure 4.20 shows the cyclic voltammograms recorded with CPE_C. at scan rates from 5 to
100 mV s?, ina 0.1 M KNOg solution containing 1 mM ferrocene redox species (Figure 4.20
A) and 1 mM ferricyanide redox pair (Figure 4.20 C). Similar measurements were performed
with CPE_C, (Figure 4.21) and CPE_C, (Figure 4.22).

Both outer-sphere and inner-sphere redox species show quasi-reversible voltammetric
signals with all the CPEs. It is worth noting that for the three CPEs, the values of peak-to-
peak potential separation (AEp) obtained from the outer-sphere redox probe of ferrocene
are around 63 mV at 50 mV s scan rate (Table 4.7). These values are very close to the 59
mV expected for 1-e~ electrochemical process, indicating that there is a high DOS on the
surface of all the materials.>**® The AEp values obtained from the inner-sphere redox probe

of ferricyanide redox pair are between 110 and 170 mV at 50 mV s scan rate (Table 4.7),
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which indicates a quasi-reversible electrochemical process.>*%¢ In addition, the AEp values
acquired with the three produced CPEs for the ferricyanide redox pair are in the order of
CPE_C. < CPE_C, < CPE_C,, indicating that their respective electrochemical performances
decrease in the following order: CPE_C. > CPE_C, > CPE_C..
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Figure 4.22. Cyclic voltammograms recorded with CPE_ C, at different scan rates, in a 0.1 M
KNOs solution containing 1 mM ferrocene redox species (A) and 1 mM ferricyanide redox pair
(C), and plots of anodic peak and cathodic peak currents vs. the square root of the scan rate
(B and D). (B) is plotted from the measurements of ferrocene redox species and (D) is obtained
from the measurements of ferricyanide redox pair.

The peak currents for both anodic and cathodic signals obtained from the inner-sphere and
outer-sphere redox species recorded at scan rates in the range from 5 to 100 mV s show
a linear dependence with the square root of the scan rate (Figure 4.20, Figure 4.21, and

Figure 4.22), pointing out that the redox processes for all the CPEs prepared with the C,, Ce,
and C, materials are controlled by diffusion.®
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Table 4.7. Peak-to-peak potential separation (AEp) at a scan rate of 50 mV s for different CPEs
in a 0.1 M KNO3 solution containing 1 mM ferrocene redox species and 1 mM ferricyanide

redox pair.
Redox Species | CPE_C, CPE_C. CPE_GC, CPE_Cq4
AEp ferrocene 61 63 63 66
(mV) ferricyanide 137 112 166 134

For comparative purposes, a CPE made of commercial graphite powder (labeled as CPE_Cy)
was characterized following the same study shown above (Figure 4.23). The recorded AEp
values of 66 mV for ferrocene and 134 mV for ferricyanide (Table 4.7) are quite similar to
those obtained for CPE_C,, CPE_C., and CPE_C,. This confirms that the C,, C., and C,

materials exhibit excellent electrochemical performance.
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Figure 4.23. Cyclic voltammograms recorded with CPE_Cg4 at different scan rates, in a 0.1 M
KNOs solution containing 1mM ferrocene redox species (A) and 1 mM ferricyanide redox pair
(C), and plots of anodic peak and cathodic peak currents vs. the square root of the scan rate
(B and D). (B) is plotted from the measurements of ferrocene redox species and (D) is obtained
from the measurements of ferricyanide redox pair.
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To better assess the electrochemical performance displayed by the different carbon
materials, we calculated their apparent heterogeneous electron transfer rate constants (K%pp)
from cyclic voltammograms recorded at different scan rates (Table 4.8). This was done
without correcting double-layer effects and following the Nicholson method as described in
detail in our previous work.>* The largest K%, values, from both the outer-sphere redox
probe of ferrocene and inner-sphere redox probe of ferricyanide redox pair were obtained

for Cc, while C, exhibited the lowest electron transfer rates.

The electrochemical performance of the different wood-based carbons can be correlated to
the wood characteristics by considering the results obtained from Thermogravimetry,
Raman spectroscopy, BET measurements, shown in Chapter 3, together with thed
electrochemical characterization that was just shown (Table 4.8).

Table 4.8. The data comparison of the results from TG analyses, Raman spectrum analyses,
BET analyses and electrochemical measurements.

Cp Cc CO
Percentage of hemicellulose in
_ 45% 33% 51%
the wood by-product material
TG analysis Percentage of cellulose +
lignin in the wood by-product 55% 67% 49%
material
Raman
spectrum le/lp 0.43 0.59 0.31
analysis
310+ 32.8+
Surface area (m?g?) 18.9+0.1
_ 0.2 0.1
BET analysis
Total pore volume (*10° cm?3g"
1 31+1 41+ 1 22+1
Electrochemical KO%pp[*10* cm s1]_ferrocene | 410+74 | 510+76 380151
performance K%pp[*10* cm s1]_ferricyanide | 18%3 27+2 10+3

The TG analysis revealed that the wood by-products under study presented different
proportions of hemicellulose, cellulose and lignin. These polymers will determine the carbon
sp? content, 3D structure, and defect distribution that in turn define the material electronic

conductivity, surface area and porosity as well as the catalytic activity.5”°8¢ Our study shows
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that the electrochemical response of the wood-derived carbons is negatively impacted by
hemicellulose but positively correlated with the presence of cellulose and lignin, in
agreement with previous literature.® This result can be attributed to the molecular
composition of hemicellulose, cellulose and lignin.®®-%2 Hemicellulose is an amorphous
polymer made of heterogeneous monosaccharide units (arabinoxylans, arabinogalactans,
B-glucans, etc.).®® After the thermal depolymerization of hemicellulose into a variety of
monosaccharides, thermal degradation and ring rearrangement occur. Due to the
differences in the thermal stability of each monosaccharide unit, the carbon rearrangement
could be hindered and result in a low degree of sp? carbon.®® On the other hand, cellulose
is composed of B-glucose single monomer.®* Such a uniform composition may facilitate the
recombination of carbon rings into carbon sheets with sp? arrangements.%%3 Lignin is a
highly thermally-resistant component due to its rich amount of crosslinked bonds.®? With the
slow kinetics of its thermal decompaosition and a higher pyrolytic temperature, the formation
of sp? structure could be favored in lignin.®® In turn, graphite-like sp? bonds improve the
electrical transport properties of the material,5#®> which results in a better electrochemical
performance. Indeed, the electrodes prepared from the wood with the lowest hemicellulose
content, CPE_C., show an excellent electrochemical response considering the
measurements carried out with the representative redox species. The obtained K%y, values
are almost 2 times larger than that of commercial graphite powder, which has the K%y
values of 220+60-10* cm s for ferrocene and 15+3-10% cm s? for ferricyanide. Thus,
sample C. was selected to further explore the potential of chestnut wood-derived material in

electrochemical sensor applications.

4.5 Conclusion

We demonstrated the excellent electrochemical performance of the produced composites
consisting of a porous C matrix and Cu20 or Cu nanoparticles for the reliable detection of
COD in real wastewater samples. All of them were analytically validated in the detection of
COD using glucose as a standard analyte and the analysis of water samples collected at
three different locations of a WWTP gave COD values quite similar among the different
materials and in agreement with those obtained by the standard dichromate method. The
Cu/C_1 material, prepared by a one-pot synthesis, is the most promising material

considering both the ease of manufacturing and its analytical performance.
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The potential of the Ag/C nanocomposite for analyzing halides (CI, Br and I) and
organohalides (sucralose and trichloroacetic acid) was evaluated and the achieved results
indicate that bread waste can be upcycled to high-added-value materials by doping with
specific nanoparticles and application for electrochemical sensor purposes, thus

contributing to the circular bio-economy.

The electrochemical performance of the carbon materials derived from wood by-products
was successfully assessed. The biomass-carbon-electrochemistry correlations were also
unlocked. The carbon material derived from the Chestnut wood shows better
electrochemical performance and will be further explored for electrochemical sensor
applications.

The preparation approaches for the three types of materials are compatible with upscaling
processes for mass manufacturing and cost-effective fabrication of electrochemical sensors
using screen-printing fabrication approaches. This opens up new opportunities for the
development of portable, low-cost electrochemical sensors, offering the possibility of on-site

detection of water pollutants.
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Chapter 5

Preparation and characterization of metal nanoparticle-modified

carbon nanocomposite screen-printed electrodes

Summary

In this chapter, the three types of previously prepared materials, namely copper-based
nanoparticle-modified porous carbon, bread waste-derived Ag/C composite, and carbon
derived from wood by-products, were used to fabricate thick-film electrodes by screen-
printing integrated in a common three-electrode electrochemical cell configuration. The
electrochemical performance of the resulting electrochemical devices was thoroughly
evaluated and applied to the detection of chemical oxygen demand (COD), halogenated
compounds or heavy metals.  Furthermore, a modified paper disk component was
implemented in the devices with the aim of producing miniaturized sample-to-result

electrochemical sensors of potential application to in-field analytical studies.



5.1 Introduction

Progress in the field of analytical chemistry is directed toward generating analytical data at
the point of need.’ More and more fast, user-friendly, and portable devices that replace or
complement bulky and expensive bench-top equipment are broadly demanded for many
analytical applications, including environmental monitoring of chemical parameters used as
water quality indicators. Such device approaches overcome different drawbacks related to
the sample collection, transport, storage and measurement in centralized laboratories.* In
this context, electroanalytical tools have become a promising alternative due to the merits
of sensitivity, miniaturization, portability, cost-effectiveness and low-power instrumentation

requirements.4

Screen-printing (thick film) fabrication technology is widely used for the large-scale
manufacturing of low-cost electrochemical cells of a variety of configurations used for
chemical sensor purposes.?®® Screen-printed electrodes (SPEs) are commonly used as
sensor platforms on a daily basis in many fields for carrying out discrete measurements
where they are very often applied as single-use devices. This is an important feature to
circumvent several drawbacks associated with conventional electrochemical devices such
as glassy carbon or solid metal electrodes that are affected by electrode fouling when used

repeatedly, frequent calibration and tedious pretreatment processes.’

In a scenario where discrete on-site measurements are to be carried out, a much simpler
device that does not require any maintenance and can be operated by non-specialists would
be the ideal solution. Hence, in this chapter, we develop a sample-to-result miniaturized
electrochemical sensor approach for measuring water pollutants. The sensor incorporates
a paper filtering disk component loaded with an electrolyte that, upon addition of a small
sample volume, enables sample preconditioning and subsequent -electrochemical
measurement without any user intervention. Measurements can be carried out with compact,

low-power instrumentation connected to a mobile device for in-field analytical studies.
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5.2 Fabrication and electrochemical characterization of Cu/C screen-printed

electrodes

5.2.1 Preparation of Cu/C ink and screen-printing fabrication of Cu/C composite
electrodes

The synthesis method of Cu/C material is very similar to that of Cu/C_1 introduced in
Chapter 3 (Figure 3.3B), with slight differences. The main one is the adjustment of the pH
of the sol solution during the synthesis process which effectively improved the conductivity
of the resulting material. The Cu/C nanocomposite powder with the desired particle size was
mixed with a 15-20 wt.% nitrocellulose binder solution prepared in 2-Butoxyethyl acetate.
The weight ratio of the material to binder was 3:1. Afterward, the mixture was stirred
thoroughly with the assistance of 2.0 mm ZrO; balls until the resulting paste presented a
honey-like texture. The ZrO; balls are used to enhance the dispersion of the Cu/C powder
to avoid agglomeration. Afterward, the ink was used to fabricate the working electrode of the

Cu/C composite screen-printed electrochemical device (SPE_Cu/C).

Electrochemical devices showing a three-electrode cell configuration (Figure 5.1) were
manually screen printed on a polyethylene terephthalate (PET) substrate using a home-
made screen-printing machine.® The principles of the screen-printing process were
described in Chapter 1, section 1.5. Firstly, Ag conducting tracks and the pseudo-reference
electrode (725A silver pastes) were printed. Next, the ink made of Cu/C nanocomposite
was applied to print the auxiliary and working electrodes. Finally, a dielectric layer
(Electrodag PF-455B photocurable dielectric) was printed to cover the conducting silver
tracks. 12 screen-printed electrodes printed on the same PET substrate could be obtained
using around 0.4 g Cu/C material in one process and around 120 screen-printed electrodes
could be printed in one batch with around 6 g Cu/C material. Then they were cut into

individual electrodes using a CO; laser cutter (Figure 5.1).

Figure 5.2 A shows the SEM images of the rough surface of a screen-printed working
electrode made of Cu/C nanocomposite. Surface morphology is similar to the surface of
any carbon (graphite) screen-printed electrode on the market. The higher magnification
SEM image (Figure 5.2 B) reveals that both the carbon and the particle components were
dispersed in the ink. EDX analysis of the electrode surface in which the relative content of

C and Cu were quantified indicates the presence of 4.3 wt.% Cu for a 95.7 wt. % of C.
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working electrode

auxiliary electrode
pseudo-reference electrode

dielectric layer

PET substrate —— = J <+—— conducting tracks
\ J

Figure 5.1. Optical image showing the different components of the screen-printed electrode.

Figure 5.2. SEM images of the surface of a screen-printed Cu/C composite electrode. The
inset in (A) is the photograph of the three-electrode cell of the SPE, where the scale bar is 0.5
cm.
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5.2.2 Electrochemical assessment of SPE_Cu/C: analysis of COD

CV measurements were recorded in a 0.1 M KNOs solution containing 1 mM ferrocene-

methanol to study the electrochemical performance of SPE_Cu/C (Figure 5.3 and Table 5.1).

They exhibited a good electrochemical behavior assessed by considering the peak-to-peak

potential separation of 139+12 mV and the anodic to cathodic peak current ratio of ca.

1.13+0.02. This performance reveals that the good conductivity of the Cu/C composite

materials is not greatly affected when being used in the form of ink where the percentage of

material is just 75 %.

Current/pA

——electrode 1
electrode 2
——electrode 3
—— electrode 4

-0.2 0

0.2 0.4 0.6
Potential/V vs. Ag/Ag”

Figure 5.3. Cyclic voltammograms recorded in a 0.1 M KNOs3; solution containing 1 mM
ferrocene- methanol using four different SPEs_Cu/C. The scan rate is 100 mV s™.

Table 5.1. Peak to peak potential separation and ratio of anodic to cathodic peak currents
for the 4 electrodes tested.

Electrod | Electrod | Electrod | Electrod Mean Standard
el e2 e3 e4d Value Deviation
peak to peak
_ 0.149 0.139 0.146 0.122 0.139 0.012
separation (V)
anodic to
cathodic peak 1.15 1.13 1.12 1.11 1.13 0.02
current ratio
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Figure 5.4. Cyclic voltammograms recorded in a 0.1 M NaOH solution before and after the
addition of glucose using, (A) the SPE made of pure C and, (B) the SPE_Cu/C electrode, at a
scan rate of 100 mV s1. The dotted line shows the overpotential chosen for carrying out the
chronamperometric studies. (C) Chronoamperometric responses of the screen-printed Cu/C
electrode recorded in solutions ranging from 0 to 1419 mg L O (equivalent to 0 to 1258 mg
L of glucose). (D) Calibration curve of the screen-printed Cu/C electrode in the range
between 0 and 1419 mg L* O,. The standard deviation of three measurements carried out
consecutively and depicted as an error bar for each concentration.

The performance of the SPE_Cu/C as an electrochemical sensor for measuring COD was
assessed using glucose as the standard analyte.®*! First, a comparative study on the
response of SPE electrodes produced with just the carbon material and with the Cu/C
composite was carried out by cyclic voltammetry. We aim to investigate the possible
contribution of the C component to the sensor response, considering the previously reported
electrocatalytic response of some C materials to different target analytes under certain
experimental conditions!?3, The CVs shown in Figure 5.4 A were recorded in 0.1 M NaOH
solutions with and without glucose. Since both curves are nearly identical, it is evidenced
that no electrocatalytic processes due to the C material took place.
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Figure 5.5. Chronoamperometric responses of the screen-printed C electrode recorded in
solutions ranging from 0 to 1419 mg L O; (equivalent to 0 to 1258 mg L of glucose).

Table 5.2. Analytical parameters obtained from the calibration curves recorded with the
different SP sensor approaches using glucose as standard analyte.

_ Linear LOD*
Slope intercept R?
Sensor range (mgL?
(nAmg?L Oy) (HA) (n=3)
(mgL™*02) 02)

SPE_Cu/C 10.4+0.3 13.4+0.1 | 0.995 | 53-1419 23.6
SPE_Cu/C_paper 5.9+0.2 5.8£0.2 | 0.996 | 53-394 24.4
SPE_Cu/C_paperaon 1.620.1 1.2¢0.1 | 0.997 | 53-394 26.0

*LOD is calculated using the 30 IUPAC criterion.

Figure 5.4 B shows the corresponding signals recorded with the SPE_Cu/C. Here, an
oxidation wave at around +0.7 V vs Ag/AgCl was recorded in the glucose solution, which
can be ascribed to the electrocatalytic effect of the Cu nanopatrticles on the oxidation of this
target analyte. An overpotential of +0.8 V vs Ag/AgCl was selected to carry out
chronoamperometric measurements. These were also carried out with the SPE made of
pure C. Figure 5.5 shows the chronoamperometric responses of the screen-printed C
electrode recorded in solutions ranging from 0 to 1419 mg L'* O, (0 — 1258 mg L of glucose).
The acquired curves tend to overlap in the range of lower glucose concentrations and the

current will decrease as the concentration of glucose increases, confirming a negligible
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contribution of the pure carbon material to the catalytic oxidation of glucose. The possible
mechanism for the oxidation of organic chemical species by the Cu nanoparticles in an
alkaline medium has been well explained in previous reports and details have been given in
Chapter 1 of this thesis.}41’

Figure 5.4 C shows the chronoamperometric response of SPE_Cu/C to different
concentrations of glucose. The recorded current clearly increases with the glucose
concentration in the solution. In these measurements, a potential of 0.0 V was initially set
for 30 s, at which no redox reactions occurred and the current tended to zero. Then the
potential was shifted to +0.8 V, at which the Cu nanoparticle electrocatalytic oxidation of
glucose took place, and the anodic current was recorded for 60 s. The total time for one
measurement was 90 s. Based on these chronoamperograms, the value of the current
recorded at the 90 s time was used as the analytical signal. The corresponding calibration
curve is presented in Figure 5.4 D, and the analytical parameters obtained from it are
summarized in Table 5.2. The WWTPs have in the EU a legal limit of COD in the effluents,
set to 125 mg L O, or a minimum 75% reduction of the organic load of the influent.®*8
Hence, the presented SPE_Cu/C sensor, with a LOD well below 125 mg L* O,, can be an

excellent option for measuring the COD in wastewater.

5.2.3 Integration of a paper disk with the SPE_Cu/C sensor for one-step COD

measurements

An excellent way to make the COD sensors more user-friendly is by reducing the number of
manual steps required to perform an analysis, making it more amenable to be applied as an
on-site sample-to-result device. To this aim, we devised a way to eliminate the sample
filtering and pH conditioning steps by introducing a disk of filtering paper loaded with NaOH
over the electrode area. The paper disk (Whatman® membrane filters nylon, WHA7404004)
was laser cut to a suitable size. An adhesive vinyl plastic layer having several evenly
distributed circular holes was also laser cut to be placed over the paper. The paper disk
was used bare or loaded with NaOH. For this, 20 pl of a 0.5 M NaOH electrolyte solution
was cast on the disk and left to dry at RT. The estimated NaOH mass was 0.4 mg. Then,
the paper disk was integrated into the SPE, by fixing it on the electrode area with the aid of
the vinyl plastic layer. The paper disk and the plastic layer were aligned, covering the entire

electrode area (Figure 5.6 and 5.7).
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plastic layer

paper
disk

Figure 5.6. Representative image of the SPE_Cu/C with an integrated paper disk.

This paper disk enables sample preconditioning, which includes filtering and adjusting its
pH and conductivity, so that the COD amperometric measurement can be done without any
user intervention other than adding the required sample volume. Figure 5.6 and Figure 5.7
show an optical image and schematic representation of the implementation of the paper disk,
respectively. Each measurement required the addition of 20 pL of solution carefully drop-
cast over the holed plastic area. The solution was left to flow through the paper. It was
shown that a 10-min time was sufficient for the solution to reach the electrode area before

carrying out the chronoamperometric measurement.

We carried out a sequential assessment procedure to show that the paper disk did not
compromise the sensor performance. First, chronoamperometric measurements were
performed by introducing a bare paper disk without NaOH. The corresponding calibration
curve was constructed using a 0.1 M NaOH solution containing different glucose
concentrations (Figure 5.8).
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Figure 5.7. Schematic representation of the fabrication and analytical response of SPE_Cu/C
with an integrated paper disk (top) and with an integrated paper disk loaded with NaOH
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Figure 5.8. (A) Chronoamperometric responses of the SPE_Cu/C covered with the paper disk
not loaded with NaOH were recorded in 0.1 M NaOH solutions containing different glucose
amounts to set COD levels from 0to 394 mg L* O,. For recording these signals, the potential
was shifted from 0.0 V to +0.8 V vs Ag pseudo-reference electrode; (B) Corresponding
calibration curve. The standard deviation of three measurements carried out consecutively
and drawn as an error bar.

The total time for one measurement was 690 s (600 s for the sample to flow through the
paper plus 90 s for recording the chronoamperometric signal). Figure 5.8 A displays the

corresponding chronoamperometric signals for different concentrations of glucose, used as
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an organic standard analyte. The value of the current recorded at 90 s was chosen as the
analytical signal, as in the previous studies. The signal increases linearly with the glucose
concentration. The corresponding calibration curve is presented in Figure 5.8 B, and the

analytical parameters extracted from it are included in Table 5.2, for comparison purposes.

Second, the same study was repeated using a paper disk loaded with NaOH. Figure 5.9
shows the chronoamperograms and the calibration curve of the SPE_Cu/C covered with the
filter paper loaded with NaOH (SPE_Cu/C_papernaor). The corresponding analytical

parameters resulting are also included in Table 5.2.
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Figure 5.9. (A) Chronoamperometric responses of the SPE_Cu/C covered by the filter paper
loaded with NaOH were recorded in water solutions containing different glucose amounts to
set COD levels from 0 to 394mg LO,. For recording these signals, the potential was shifted
from 0.0 V to 0.8 V vs Ag pseudo-reference electrode; (B) Corresponding calibration curve.
The standard deviation of three measurements was carried out consecutively and drawn as
an error bar.

From the values in Table 5.2, it can be seen that the sensitivity decreases upon
implementation of the paper disk and the paper disk loaded with NaOH. It is also observed
that the introduction of the paper shortens the linear range. However, the detection limit is
maintained, and the value achieved with the complete COD sensor device is 26 mg LO..

As mentioned several times in the previous chapter, water samples from effluents of urban
wastewater treatment plants cannot show organic matter concentrations above the legal
limit of COD, set to 125 mg L™ O,, or have to decrease by at least 75% with respect to the
organic load of the influent.'® Thus, the SPE_Cu/C_papernaon Sensor is very simple and
user-friendly and could be applied to carry out discrete measurements of COD in-field in

wastewater treatment plants, as shown below.
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5.2.4 Analysis of water samples in the laboratory

In order to explore the practical application of the developed screen-printed electrodes, three
sets of real water samples were collected at the urban WWTPS in La Garriga (Barcelona,
Spain) and analyzed following a protocol previously set by our group.® Upon reception of the
real water samples, a certain volume of each sample was filtered using an OlimPeak filter,
including a 0.45 um Nylon membrane (Teknokroma, TR-200100). Then, both filtered and
unfiltered samples were frozen at -20°C. During the following two weeks, samples were
analyzed to avoid any errors coming from the possible alteration of the sample composition.
The pH of these three samples was about 8. To carry out the measurements, they were
thawed at room temperature and then diluted 1:1 with a 0.2 M NaOH solution to adjust the
pH and ionic conductivity conditions at which the desired electrocatalytic process was
favored, which is very similar to those used for plotting the calibration curves. Then, the
three filtered water samples were analyzed using SPE_Cu/C, and both filtered and unfiltered
samples were analyzed using the SPE_Cu/C_paper and SPE_Cu/C_papernaon SENSOrs.
The recorded current intensities were interpolated into the corresponding calibration curve
to calculate the COD value. COD analyses obtained with the dichromate standard method
of the same samples were also conducted at an accredited laboratory (Applus Norcontrol,

S.L.U, Laboratorio Analisis Quimicos de Sada, A Corufia, Spain).®

As can be seen in Table 5.3, the values recorded with the three sensor approaches were
quite similar, demonstrating that the paper component successfully performed in the filtering
and preconditioning of the sample before the measurement. Moreover, the values recorded
with the sensors are, within the error limits, consistent with the values obtained with the
standard dichromate method carried out at a certified laboratory. By considering the COD
value from the standard dichromate method as the “true” value, the relative error of the
measurement provided by the sensors could be estimated (Table 5.3, red values). This is
between 4 and 18 % for all the analyzed samples. These values are similar to the ones
reported in previous works, ° demonstrating the potential of our sensor approach to

gquantitatively detect the soluble COD in real water samples.
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Table 5.3. COD analysis of real water samples coming from a WWTP using SPE sensors and
the standard dichromate method. Sample 1 — Exit effluent; Sample 2- Clarifier effluent;
Sample 3 — Pretreatment effluent.

Sample 1 | Sample 2 | Sample 3 |Analysis| Pre-
Electrodes _ )
(mgL?*0O2) | (mgL'0,) | (mgL?0z) | Time |filtered
3915 99+7 220+11 v
es
SPE_Cu/C (+5.4%) (+16.5%) (+4.8%) 15 min
40+4 96+7 218+11 v
es
SPE_Cu/C_paper (+8.1%) (+12.9%) (+3.8%) 10 min
414 9915 22214 o
SPE_Cu/C_paper (+10.8%) | (+16.5%) (+5.7%) 10 min
405 98+7 221+14 v
es
SPE_Cu/C_papernaon| (+8.1%) (+15.2%) (+5.2%) 10 min
42+6 100+2 228+18
SPE_Cu/C_papernaoH| (+13.5%) | (+17.6%) (+8.6%) 10 min No
Dichromate method 378 85+18 210+25 Yes

In Table 5.4, the analytical performance of the very few electrochemical sensor devices
based on screen-printed technology, previously reported for measuring COD, are
summarized for comparative purposes. Basically, there are two previous reports of SPE
sensors based on the use of Ni nanoparticles as electrocatalysts, electrodeposited on the
surface of a carbon screen-printed electrode previously modified by drop-casting with
graphene oxide. Such configuration is rather complex to be mass-produced. Moreover,
COD analysis required manual sample conditioning using an electrolyte solution. Other SPE
based on the use of Cu nanoparticles but not applied to the detection of COD have been
studied and their main features are presented in Table 5.5. By contrast, and to the best of
our knowledge, our work represents the first application of a sample-to-result miniaturized
electrochemical sensor for measuring COD based on a screen-printed electrode that
incorporates a paper disk component loaded with an electrolyte and just requires the
addition of a small sample volume. The SPE is made of a Cu/C nanocomposite material

prepared by a one-pot sol-gel synthesis approach. This one-pot method shows

131



unprecedented advantages for mass production and large-scale manufacturing of cost-

effective electrochemical sensors.

Table 5.4. Comparative analytical features of previously reported electrochemical sensors for
COD detection in wastewater and this thesis. COD standard analyte in [13, 14] was glycine,

whereas glucose was used in this thesis.

Linear range

(mgL™);
Particle sensitivity
Electrode type preparation (nAmg?tL?); | Comments Ref.
method limit of
detection
(mgL™)
Home-made C SPE N 0.1-400; Not suitable
. _ Electrodeposition
modified with _ 6107; for mass 13
_ of Ni NPs .
graphene oxide 0.02 production
Home-made C SPE N 0.1-400; Not suitable
. _ Electrodeposition
modified with _ 3850; for mass 14
_ of Ni NPs .
graphene oxide 0.05 production
53-1419; Amenable for
SPE_Cu/C 10.4+0.3; mass
23.6 production.
User-friendly
One-pot 53-394; . i
device foron-| This
SPE_Cu/C_paper |synthesis of Cu/C 5.9+0.2; .
site work
composite 24.4 o
application
53-394;
SPE_Cu/C_papernaon 1.62+0.04;
26.0
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Table 5.5 Analytical parameters of screen-printed electrode electrochemical sensors for
glucose analysis from previous reports.

Linear range,
Electrode Particles Notes sensitivity and Ref
type limit of
detection
Home-made Commercial copper(ll) First example_of a S0uMto 1.2
. : . copper(ll) oxide mM,
screen-printed | oxide powder (physical . 19
electrode mixing) screen-printed
electrode 4 (1) M
0.5uMto 15
Home-made .. L mM,
screen-printed Electrodeposmo_n Iof Applied |nI blood 3225 LA MM 20
clectrode copper nanopatrticles samples cm-2,
0.06 uM
Home-made 6 UM to 22mM,
. Pd-CuO with reduced Applied in blood 3355 y)A mM
screen-printed h d 5 21
electrode graphene (drop cast) serum cm™,
0.03 uM
Home-made 10 pM-1.13 mM,
. Cu nanobelt 79.8 pPAMM?
screen-printed " - 22
electrode (electrodeposition) cm™,
10 uM
Screen-printed In-situ grown flower 40 UM —2mM,
- - - . - -1
electrode from like nanostructured Commﬁru_al generic | 1460 “AZmM 23
DropSens CuO evice cm
2.5 uM
Screen-printed Wet precipitation 7 UM to 4.5 mM,
P method to prepare Commercial generic | 1040 pA mM*
electrode from bes (d devi - 24
DropSens Cu20-nanocubes (drop evice cm™,
cast) 3.1uM
Home-made Flower-like CuO and 4 pl\/|1;<31;4.2mM,
screen-printed CuO/ MWCNTs ml\/I‘lcrLrlrz 25
electrode (physical mixing) 4 UM '

5.2.5 In-field analysis of COD in an urban WWTP

An analytical assessment of the COD sensor performance was carried out in-field at a
WWTP (Figure 5.10). The Sensit Smartphone Minipotentiostat (PalmSens BV, Houten, The
Netherlands) controlled by PStouch software for Android, was connected to a smartphone
to carry out the measurements. Figure 5.10 A shows a picture of the COD instrument, using
a compact potentiostat that allowed the direct connection of the sensor without the need for

any additional wiring.
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Figure 5.10. (A) Photograph of COD detection setup using a smartphone-based
Chronoamperometric method; (B) photograph of in-field measurement of COD in the
wastewater treatment plant.

Three sampling points (see Figure 5.11) were selected that were located in (1) the
pretreatment effluent, (2) after the clarifier effluent and (3) at the exit (effluent). The three
representative samples were collected at the same points as those previously analyzed in
the lab. For performing an analysis, 20 uL of the sample was carefully drop-cast over the
holed plastic area of the sensor and the solution was left to be filtered and flow through the
paper disk for just 6 min to reach the electrode area. During these experiments, we could
see that analysis times significantly shorter than those used previously were more adequate.
This was important to prevent the effect that evaporation may have had on the sensor
performance when measurements were carried out under sunny and windy weather
conditions. Considering that the chronoamperometric measurements took 90 seconds, as
in the measurements above, the overall analysis time was 450 s. The value of the current

recorded at 90 s time was chosen as the analytical signal.
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Figure 5.11. Photographs of the in-field COD measurements carried out at the urban
wastewater treatment plant. (A) Sampling point at the pretreatment effluent, (B) Sampling
point at the clarifier effluent, (C, and D) Sampling point at the exit (effluent).
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Figure 5.12. (A) Chronoamperometric responses of the SPE_Cu/C covered by the paper disk
loaded with NaOH were recorded using the minipotentiostat in water solutions containing
from 0 to 394 mg L10,. To record these signals, the potential was applied as +0.8 V vs. Ag
pseudo-reference electrode after pretreatment at 0.0 V for 30 s; (B) Corresponding calibration
curve. Each point represents the mean value of three measurements performed consecutively
and the error bars are the corresponding standard deviation.
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COD values were estimated by interpolation of the recorded currents in the corresponding
calibration curve (Figure 5.12). Calibration curves should be acquired for each batch of
fabricated electrodes. This is carried out to compensate for any potential biases originating
in any of the different sensor manufacturing steps. The automation of the sensor mass
production may minimize these undesired effects. The COD values of the samples were
28+6, 5748, and 195+61 mg/L O for the sampling points at the effluent, primary treatment,
and solid sedimentation locations of the plant, respectively. These are consistent with the
previous results recorded in the lab. These results point out that our integrated screen-

printed electrochemical sensor successfully performed for analyzing COD in-field.

5.3 Fabrication and electrochemical characterization of screen-printed Ag/C

electrodes
5.3.1 Preparation of Ag/C ink and screen-printing fabrication of Ag/C electrodes

The ink was prepared following the formulation of Cu/C ink described above, the difference
being just the Ag/C powdered material. Briefly, this material was mixed with nitrocellulose
binder solution (15-20 wt%) prepared in 2-Butoxyethyl acetate. The weight ratio of the Ag/C
material to binder is 3:1. Then, the mixture was stirred thoroughly with the assistance of 2.0
mm ZrO- balls until the resulting paste presented a honey-like texture. The ZrO; balls are
used to enhance the dispersion of the Ag/C powder to avoid agglomeration. Finally, the ink
was used to print the working electrode of the Ag/C screen-printed electrochemical device
(SPE_Ag/C).

Three-electrode electrochemical cells (Figure 5.13) were manually screen printed on PET
substrates in the same fashion as with the SPE_Cu/C, described in section 5.2.1. Here, the
pseudo-reference and auxiliary electrodes were printed using a commercial C ink
(C2030519P4). Ag was avoided in the fabrication of the pseudo-reference electrode to avoid
any leaching that could take place when in contact with the measuring solution and that
could interfere with the Ag NPs performance. The produced Ag/C ink was used to print the
working electrode. The produced SPEs are shown in (Figure 5.13 and 5.14). It should be

noted that the pseudo-reference electrode clearly differed to that shown in Figure 5.1.
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Figure 5.13. Optical image of the produced screen-printed electrodes.
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Figure 5.14. Optical image showing the different components of the screen-printed electrode.

Figure 5.15 depicts the SEM images of the rough surface of the screen-printed working
electrode produced with the Ag/C nanocomposite ink. The surface morphology is similar to
the surface of commercial carbon (graphite) screen-printed electrodes and the Ag/C material
appears uniformly dispersed. The higher magnification SEM image in the secondary
electron mode shown in Figure 5.15C reveals the existence of small bright particles on the
surface and within the bulk of the material, which can be ascribed to the Ag NPs and the C
component, respectively. The size distribution of the Ag NPs is between 12 nm and 18 nm,
measured with the Image J software (Figure 5.16) on a detailed study of different SEM
images. The Ag to C mass ratio on the electrode surface is around 10.8 wt% based on the
EDX analysis (Figure 5.17 and Table 5.6).
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100nm

Figure 5.15. SEM images of the surface of a screen-printed Ag/C composite electrode. The
inset in (A) is the photograph of the SPE three-electrode cell, where the scale bar is 0.5 cm.
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Figure 5.16. Ag nanoparticle size distribution histogram in SPE_Ag/C.
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Figure 5.17. Energy dispersive spectroscopy (EDX) spectra of the working electrode material
in SPE_Ag/C. The EDX analysis revealed the percentage of silver (Ag) and carbon (C) in the
material.

140



Table 5.6. Composition of the working electrode material in SPE_Ag/C based on the EDX
analysis.

Element | Wt.% At.%
C 55.1 67.27
Ag 10.79 1.47
@] 34.11 31.27

5.3.2 Electrochemical assessment of SPE_Ag/C: Analysis of Chloride

In order to evaluate the electrochemical performance of the produced SPE_Ag/C, 20 units
from the same batch were tested in a 0.1M KNOj solution containing 1mM ferrocene-
methanol electroactive redox species at a potential scan rate of 100 mVs?. 15 SPEs_Ag/C
provide comparable signals, showing a peak-to-peak separation (AEp) and anodic to

cathodic peak current ratio of 187+7 mV and 0.94+0.02, respectively (Table 5.7). Thus the
fabrication yield was estimated to be 75%.

9- ——electrode 1
——electrode 2
6 ——electrode 3

Current/uA
w

04 02 0 02 04 06
Potential/V vs. C pseudo-reference

Figure 5.18. Cyclic voltammograms recorded in a 0.1M KNOsj; solution containing 1mM
ferrocene-methanol using three different SPEs_Ag/C. The scan rate is 100 mV s,
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Table 5.7. Peak to peak separation and anodic to cathodic peak current ratio for different
screen-printed Ag/C composite electrodes in a 0.1M KNOssolution containing 1mM ferrocene-
methanol redox probe. The scan rate is 100 mV s,

_ _ Anodic to
Electrodes Peak to peak | Anodic peak | Cathodic peak cathodic peak
separation(mV) | current (uA) current (HA) current ratio
1 180 3.6 3.8 0.95
2 186 3.54 3.65 0.97
3 190 3.52 3.7 0.95
4 175 3.55 3.68 0.96
5 193 3.64 3.77 0.97
6 198 3.52 3.66 0.96
7 183 3.57 3.79 0.94
8 187 3.32 3.76 0.88
9 194 3.58 3.69 0.97
10 193 3.54 3.77 0.94
11 190 3.63 3.85 0.94
12 190 3.52 3.74 0.94
13 185 3.36 3.68 0.91
14 173 3.53 3.75 0.94
15 190 3.35 3.75 0.89
mean value 187 3.52 3.74 0.94
standard
deviation 7 0.1 0.06 0.027
RSD 4% 3% 1.5% 2.8%

Figure 5.18 shows three examples of the cyclic voltammograms (CV) recorded with the
SPE_Ag/C. The fabrication yield could be improved by optimizing different aspects of the
material synthesis, such as the mixing of bread waste and Ag precursor, or using an

automatic screen-printing machine.

A cyclic voltammogram was recorded in 0.075 M phosphate-buffered background solution
pH 6 (PB) with a SPE_Ag/C to monitor the electrochemical redox process of Ag NPs (Figure
5.19). The recorded anodic peak at + 0.27 V could be ascribed to the oxidation of Ag and
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the formation of Ag.0.%6-28 The cathodic peak centered at around -0.15 V could be related
to the reduction of the Ag oxides and the formation of Ag°® species on the electrode
surface.?-28 Also, there is a sort of wave at around +0.45 V that could be ascribed to the
formation of AgO, following a similar behavior to the one recorded in the characterization of
the material using CPEs (Chapter 4, section 4.3.1). The peaks are not that nicely defined
and this is likely to be due to the ink composition used for printing the electrode that shows
a mass percentage of Ag/C material of just 75%, which influences the electrochemical
performance of the electrode. This is commonplace with all commercial SPEs when
compared with the conventional bulky electrode counterparts (screen-printed graphite

electrodes versus glassy carbon or pyrolytic graphite electrodes).
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Figure 5.19. Cyclic voltammogram in PB solution (pH = 6.0) using screen-printed Ag/C
composite electrode at scan rate of 100 mVs™.

Figure 5.20 shows the CV signals recorded in PB containing Cl- concentrations in a range
from 50 uM to 2723 uM. A peak appears at +0.19 V (vs. C pseudo-ref. electrode), whose
peak current steadily increases with the CI- concentration in the solution. This peak is
produced by the oxidation of Ag* and the production of a AgCl precipitate. Also, the
oxidation peak shifts to lower potentials when the CI- concentration increases, as expected
from the Nernst equation.?®*° This is a similar phenomenon in the carbon paste electrodes

(Chapter 4, section 4.3.1). A calibration curve was plotted, and the corresponding analytical
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parameters were summarized in Table 5.8. Two linear ranges were observed, similar to

those recorded with the CPEs in Chapter 4. Limits of detection in the low puM range were

estimated. The measurements presented a good reproducibility reflected in small standard

deviations obtained for each tested CI- concentration, the corresponding error bars being

below 5%, in all cases. Here, Cl standard analyte was initially used to show the potential

performance of the SPE_Ag/C for detecting chlorinated species. Then, the analysis of

sucralose and trichloroacetic acid in waters was carried out in a similar fashion to the studies

carried out in Chapter 4.

Table 5.8. Analytical parameters obtained from the calibration curves for CI-, sucralose and

TCA analysis.
Linear
Slope (A R? LOD
Sensor Analyte | Method . Intercept (LA) Range
M) (n=3) | (UM)
(HM)
or oV 3.0+0.1 0.030+0.006 | 0.991 | 15.2 50-491
0.50+0.02 1.20+0.02 0.994 - 491-2723
SPE_Ag/C 0.20+0.01 1.80+0.01 0.993 | 145 200-2920
sucralose Cv
0.030+0.001 2.20+0.01 0.991 - 3850-16690
TCA SWV | 0.300+0.003 0.70£0.01 0.999 | 19.8 100-5508
0.200+0.004 | 0.200+0.008 | 0.994 | 240 400-2920
SPE_ sucralose Cv
0.070+0.001 0.70+0.02 0.998 - 3850-13070
Ag/C_paper
TCA SWV | 0.200+0.002 | 0.3000+0.0007 | 0.999 | 23.8 100-4295

*Limit of detection (LOD) is calculated using the 3c IUPAC criterion.
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Figure 5.20. (A) Cyclic voltammograms recorded with SPE_Ag/C in PB solutions containing

from 50 uM to 2723 uM CI-, (B) Calibration curve of the SPE_Ag/C for measurement of Cl-. Each

point represents the mean value of three measurements carried out with three electrochemical
sensors from the same batch, the error bars being the corresponding standard deviation.
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5.3.3 Application of the SPE_Ag/C to the analysis of sucralose and TCA

5.3.3.1 Electrochemical detection of sucralose and TCA with bare SPE_Ag/C
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Figure 5.21. (A) Cyclic voltammograms recorded with SPE_Ag/C in PB solutions from 0 mM
to 16.69 mM of sucralose. (B) Zoomed-in image of the cyclic voltammograms shown in (A).
(C) Calibration curve of the SPE_Ag/C for sucralose. Each point represents the mean value
of three measurements carried out with three electrochemical sensors from the same batch,
the error bars being the corresponding standard deviation.
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Figure 5.21 shows the cyclic voltammograms recorded with SPE_Ag/C in PB solutions
containing increasing concentrations of sucralose. A peak at around +0.18 V was recorded,
which increased its current intensity with the sucralose concentration in the solution. The
corresponding calibration curve was constructed, and the extracted analytical parameters
are displayed in Table 5.8. As in the case of the CI- analysis, the calibration curve shows
two linear ranges, but a significantly higher detection limit of around 145 uM was estimated
in this case.

A previous work reported the difficulty of detecting concentrations of TCA in the sub-mM
range by CV.*! It was described that the sensor sensitivity could be improved by using the
square-wave voltammetric technique (SWV), with which a calibration curve showing a linear
concentration range of 5-120 uM could be achieved.*? Therefore, SWV was applied with the
developed sensor to measure TCA. Figure 5.22 shows the SWV measurement recorded
with the SPE_Ag/C in PB. An anodic peak at around +0.28 V was observed, which can be
ascribed to the oxidation of Ag NPs. This result is in agreement with the CV measurement
shown in Figure 5.19.
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Figure 5.22. Square wave voltammetry in PB solution (pH = 6.0) using screen-printed Ag/C
composite electrode.
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Figure 5.23. Optimization of the electrochemical condition for the measurement of TCA. (A)
SWV curves recorded at different applied potentials. The scan range is -0.3V - 0.6 V and the
conditioning potential time is 15 s. (B) SWV curves recorded at different scan ranges. The
applied conditioning potential is 0.5 V and the conditioning potential time is 15 s. (C) SWV
curves recorded for different durations of the conditioning potential. The applied conditioning
potential is 0.5 V and the scan range is -0.5 V — 0.6 V. The concentration of TCA is 500 pM.
The SWV parameters were 5 mV step, 25 mV amplitude and 20 Hz frequency.
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Then, the square wave voltammograms were recorded in PB solutions containing TCA. First,
three parameters influencing the SWV response were optimized. These were the applied
conditioning potential and its duration, together with the starting potential (Figure 5.23). An
anodic peak at around +0.12 V (vs. C pseudo-reference) was ascribed to the reaction of
TCA with the electrochemical sensor, while the peak at around +0.28 V corresponds to the
direct oxidation of Ag NPs on the electrode surface, as mentioned above. However, the
peak related to the TCA detection was not observed when the applied conditioning potential
was below 0 V (Figure 5.23A). As this potential value increased steadily from +0.15 V to
+0.7 V, the recorded peak at +0.12 V appeared and its peak current increased, becoming
predominant at potentials values = +0.3 V. A clear explanation for this behavior cannot be
given. However, we hypothesized that the application of these conditioning potential values
might induce an activation of the Ag NPs. That is, Ag NPs were oxidized to a certain extent,
generating Ag* species required for the effective interaction with the CI residues of the TCA
target analyte. From the voltammograms shown in Figure 5.23A, we selected potential of
+0.5 V for further experiments. Regarding the influence of the starting potential, Figure
5.23B shows that this potential should be higher than -0.05 V for recording the TCA peak.
Two separated small peaks appeared when the starting potential was set to -0.1 V. By
decreasing this value to -0.3 V or -0.5 V, the TCA peak increased and was better defined.
Thus, the selected potential scan range was between -0.5 V and +0.6 V. Next, the
conditioning potential time was optimized and experiments are shown in Figure 5.23C. As
the time increased from 15 s to 30 s, 60 s and 120 s, the peak intensity for measuring TCA
first increased and then decreased. Thus, 30 s was used for further measurements.

After the optimization of the set parameters, square-wave voltammograms were recorded in
solutions containing different TCA concentrations. Figure 5.24A shows how the sensor
response increases with the TCA concentration. The calibration curve was then plotted
(Figure 5.24B) and the corresponding parameters are included in Table 5.8. A linear
response in the concentration range of 100 - 5508 UM TCA was obtained, with a sensitivity
of 0.300+ 0.003 nA uM™. The LOD was 19.8 uM, estimated using the 3o IUPAC criterion.*3
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Figure 5.24. (A) Square-wave voltammograms of some representative concentrations of TCA
recorded with SPE_Ag/C electrode, (B) Calibration curve for the measurement of
trichloroacetic acid using SWV method. Each point represents the mean value of three
measurements performed with three SPE_Ag/C devices and the error bars are the
corresponding standard deviation. Voltammograms in (A) just represent some examples of all
the measurements carried out at different TCA concentrations.

5.3.3.2 Electrochemical detection of sucralose and TCA using a sample-to-result
SPE_Ag/C approach
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Figure 5.25. Schematic representation of the fabricated SPE_AgQ/C miniaturized analysis

platform and the analytical response applied to the compact low-power instrument connected
to a mobile phone.
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In order to make the SPE_Ag/C of potential use for on-site analysis, a paper disk loaded
with the reagents required for sample conditioning, was implemented over the sensor area
(SPE_AgQ/C_paper). The fabrication process is similar to the one of the
SPE_Cu/C_papernaon electrodes. In detail, a 1 cm diameter paper disk (Whatman® nylon
membrane filter, 0.45 um pore size) and a vinyl plastic layer showing a holed structure
(Figure 5.25) were cut using a laser (Epilog Mini 24, Epilog Laser). The paper disk was
loaded with phosphate salts. For this, 20 pl of the 0.075 M phosphate buffer (pH 6) solution
was drop-cast on the disk and left to dry at room temperature (Figure 5.25 B). Then, the
modified paper disk was placed to cover the electrode area and was tightly fixed with a vinyl
plastic layer (Figure 5.25 C). Once the SPE_Ag/C_paper was connected to a compact low-
power minipotentiostat operated by a smartphone, the sensor platform was ready to use.
This only requires the addition of 20 pl of the just collected water sample without any
additional processing, making it very convenient for on-site analytical measurements (Figure

5.25 D, E). Figure 5.26 shows the photos as the sensor is working.

p-RE

Plastic layer

Pre-modified paper

Figure 5.26. Photograph of the measurement with SPE_Ag/C_paper sensor connected to the
compact low-power minipotentiostat.

Figure 5.27 shows CVs for different concentrations of sucralose recorded using the
described platform. It can be seen that the current of the anodic peak ascribed to sucralose
increased with the sucralose concentration. Accordingly, the calibration curve was obtained
and the corresponding analytical parameters are summarized in Table 5.8. The calibration

curve also shows two linear ranges. The range at low concentrations between 0.4 mM and
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2.92 mM, shows a higher slope than the second range between 3.85 mM to 13.07 mM.

These values are in the same range as those obtained with the SPE_Ag/C device.
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Figure 5.27. (A) CVs recorded with SPE_AQ/C_paper sensor connected to the smartphone-
based minipotentiostat at different concentrations of sucralose; (B) Corresponding calibration
curve of the measurement. The reproducibility of the electrochemical characteristics was
studied by carrying out triplicate measurements using three SPEs from the same batch. Each
point represents the mean value of three measurements performed consecutively and the
error bars are the corresponding standard deviation. Scan rate: 100 mV/s.
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Figure 5.28. (A) SWVs recorded with SPE_Ag/C_paper sensor connected to the smartphone-
based minipotentiostat at different concentrations of TCA, (B) Calibration curve for the
measurement of trichloroacetic acid. The reproducibility of the electrochemical
characteristics was studied by carrying out triplicate measurements using three SPEs from
the same batch. Each point represents the mean value of three measurements performed
consecutively and the error bars are the corresponding standard deviation. The SWV
parameters were 5 mV step, 25 mV amplitude and 20 Hz frequency.
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The same platform was used to analyze TCA by SWV. Figure 5.28 A and 5.28 B show the
SWV curves at different concentrations of TCA and the corresponding calibration. The
analytical parameters (see Table 5.8) are similar to those obtained with the SPE_Ag/C

Sensor.

Table 5.9. Analytical parameters of the developed sensors for TCA determination.

Modified electrodes Linear LOD (uM) Ref
range (UM)
Ag NPs-MA/GCE (SWV) 0.1-2, 0.030, 24
4-100 0.079
Hg-Ag@GNR-PSS-PDDA/GCE (CA) 0.16-1.7 0.12 35
Porphyrin/SWNTs-[BMIM][PFs]/GCE
PRy [BMIM][PFe] 0.9-140 0.38 36
(CA)
SNP-CS/GCE (CA) 3-56 1.1 37
Ag-MWCNT/GCE (SWV) 5120 19 32
MWCNTs/Pc/Fe(CA) 8-2000 2.0 38
TH/TNTs/CS/IGCE (CV) 15-1500 - 39
np-Ag (CA) 2500-22500 25.4 31
SPE_Ag/C (SWV) 100-5508 19.8
SPE_Ag/C_paper (SWV) 100-4295 23.8 This work

Previous reports describing similar sensor approaches were sought for comparative
purposes. To the best of our knowledge, the detection of sucralose using an electrochemical
sensor platform was just reported in one paper by Nikolelis et al. “° Their sensor
incorporated a surface-stabilized bilayer lipid membrane. The adsorption of the target
analyte produced a change in the ionic conductivity of the membrane which transduced into
a faradaic current directly proportional to the analyte concentration in the solution. This work
just reports a proof-of-concept of a sensor transduction mechanism using lipid membrane
receptors, which was not explored further. Moreover, since the sensor lifetime was short, it

doesn't seem very convenient to implement it in decentralized analytical studies.
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Electrochemical sensor approaches for TCA detection were previously reported and are
summarized in Table 5.9. Some of these outperform the sensor described in this work in
terms of linear range and limit of detection. However, most of them are based on complex
sensor architectures, thus making the manufacturing process unsuitable for mass
production. In addition, the use in some of these studies of conventional electrochemical
cells comprising commercial working electrodes such as glassy carbon, restricted their use

in analytical laboratories.

5.4 Fabrication and electrochemical characterization of wood-derived screen-

printed carbon electrodes

Figure 5.29. SEM images of the surface of the SPE_C.. The inset in (A) is the photograph of
the three-electrode cell of the SPE, with a scale bar of 0.5 cm.
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The wood-derived C ink preparation and the screen-printing process of the three-electrode
configuration were the same as those described in sections 5.2 and 5.3. Here, the reference
electrode was prepared using a silver paste whereas de auxiliary and carbon paste
electrodes were simultaneously printed using wood-derived ink.

Batches of 120 screen-printed working electrodes (SPE_C.) were prepared from 20 ml of C
ink made of Chestnut wood by-product (Cc). Figure 5.29 shows the SEM images of a
working electrode rough surface, which displays a morphology similar to that of the surface
of any carbon (graphite) screen-printed electrode found on the market.

The SPE_C. electrochemical performance was assessed by CV in 0.1 M KNOs solutions
containing 1 mM ferrocene outer-sphere or 1 mM ferricyanide inner-sphere redox species.
Figure 5.30A shows the CVs recorded with SPE_C. at scan rates from 5 to 100 mV st in
the ferrocene solution. The AEp values at 50 mV s scan rate and the K%p, values,
summarized in Table 5.10, indicate that the SPE_C. electrodes show quasi-reversible
voltammetric signals. The anodic and cathodic peak current signals recorded at scan rates
in the range from 5 to 100 mV s show a linear relation with the square root of the scan rate

(Figure 5.30B), unambiguously revealing diffusion-controlled redox processes.
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Figure 5.30. Cyclic voltammograms recorded with the SPE_C. at different scan rates, in a 0.1
M KNOs solution containing 1 mM ferrocene redox species (A), and plots of anodic peak and
cathodic peak currents vs. the square root of the scan rate (B).

Similar measurements carried out with a SPE fabricated using a commercial graphite ink

(SPE_C,y), revealed that the electrochemical performance of SPE_C. is comparable to that
of the SPE_C, (see Table 5.10 and Figure 5.31).
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Table 5.10. Peak-to-peak potential separation (AEp) at a scan rate of 50 mV s and the electron
transfer rate k%pp values for SPE_C. and SPE_Cg4 in a 0.1 M KNOs solution containing 1 mM
ferrocene redox species.

redox
Samples _ KCpp[*10* cm s7]
species AEp (MmV)
SPE_C. 78 9016
Ferrocene
SPE_Cq4 71 130+29
A B
9
} y=257(0.2)*x-0.3(0.04)
8 —5mvs? 64 R?=0.999
<
< [ 3 n
% 4 _"' :E 31 . gZd
= = g
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Figure 5.31. Cyclic voltammograms recorded with the SPE_Cq4 at different scan rates, in a 0.1
M KNOs solution containing 1 mM ferrocene redox species (A), and plots of anodic peak and
cathodic peak currents vs. the square root of the scan rate (B).

CVs were recorded with SPE_C. (Figure 5.32A) and SPE_C, (Figure 5.32B) at 50 mV s
scan rate, in a 0.1 M KNOs solution with and without 1 mM Ferricyanide redox species. The
oxidation and the reduction peaks obtained from the SPE_C. are very small. It was not
investigated any further and this behavior could be related to the surface chemistry of the
SPE_C.. In the case of SPE_Cy, the AEp is 394 mV, which is very large revealing a low
electron transfer kinetics.*

Even though the surface chemistry of the fabricated SPE_C. limits the analytical
performance with a surface-sensitive redox species (Ferricyanide), they show an excellent
behavior when measuring ferrocene redox species, which present a surface-insensitive
electrochemical response. This encouraged us to use these devices for electrochemical

sensing purposes, as shown in the section below.
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Figure 5.32. Cyclic voltammetric responses of SPE_C. and SPE_C, recorded in 0.1 M KNOs
supporting electrolyte solutions containing 1 mM Ferricyanide redox probe. Background
sighals recorded in the 0.1 M KNO3 supporting electrodes are also included. Scan rate: 50 mV
s,

5.4.1 Electrochemical performance of Bi or Sb modified SPE_C. devices: Analysis of

heavy metals

SPE_C.were assessed for the analysis of Pb(ll) and Cd (Il) heavy metal ion pollutants in
water. Both have been listed by different governmental agencies as priority pollutants to be
analyzed in surface waters and their maximum allowable concentrations according to
different regulations are summarized in Table 5.11.#>* We adopted Bi and Sb as active
materials for detecting Pb(ll) and Cd (Il). The latter can be electrochemically reduced on the
surfaces of the Group 15 metals and later re-oxidized and quantified by anodic stripping
voltammetry. Two approaches were followed using Bi(lll) or Sb(lll), co-electrodeposited
with the Pb(Il) and Cd (Il) by in-situ plating on the surface of the SPE_C.. Then the Pb(ll)
and Cd (1) were stripped using the differential pulse anodic stripping voltammetric (DPASV)
technique. DPASYV is based on the accumulation of redox species on the surface of an
electrochemical device by electrodeposition at a controlled DC potential for a certain period
of time. This is followed by the application of a potential scan at which the deposited species
are stripped off the surface. The potential waveform is in this case a differential potential
pulse, which allows for discrimination of the recorded Faradaic to capacitive currents for
enhanced sensitivity purposes. The stripping peak currents recorded in the electrochemical

signals were used to analyze the concentration of the heavy metals in the water solution.
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Table 5.11. Maximum allowable concentrations of heavy metal ions in drinking water.

Heavy metals | WHO (ppb) | EU-WFD (ppb) | US-EPA (ppb) | C-MEP (ppb)
Lead (Pb) 10 14 15 10

Cadmium (Cd) 3 0.45-1.5 5 5

World Health of Organization: WHO; the European Union Water Framework Directive: EU-WFD; the US Environmental
Protection Agency: US-EPA; and the Ministry of Environmental Protection of China (C-MEP).
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Figure 5.33. (A) DPASYV signals recorded in acetate buffer solutions (pH 4.5) containing 100
ppb Pb (Il) and Cd (ll) with and without active materials of Bi (lll). (black line) No addition of Bi
(1; (red line) addition of 100 ppb Bi; (B and C) DPASV signals recorded in 0.1 M acetate buffer
solutions pH 4.5, containing different concentrations of Pb (ll) and Cd (Il) on the Bi-SPEs with
the in-situ plating method. (D) Calibration curves for both heavy metals. Each point

represents the mean value of three measurements and the error bars indicate the
corresponding standard deviation.
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Figure 5.34. DPASV signals recorded in acetate buffer solutions (pH 4.5) containing 100 ppb
Pb (II) and Cd (ll) with and without active materials of Sb (lll). (black line) No addition of Sb
(l); (red line) addition of 500 ppb Sb (llI).

Considering that some carbon material may show electrocatalytic behavior under certain
experimental conditions,'?® we performed a comparative study using the SPEs with and
without the addition of Bi (Ill) or Sb (Ill). As shown in Figure 5.33A and Figure 5.34, the
peaks for Pb(Il) and Cd (II) do not appear without the addition of Bi (Ill) or Sb (lll). On the
contrary, when the Bi (lll) is present (Figure 5.33A), two peaks at around -0.8 V and -1 V (vs.
Ag/Ag* pseudo-ref.) are clearly visible that can be assigned to Pb and Cd stripping
processes, respectively.*¢*” When Sb (lll) is present (Figure 5.34), the peak of Cd (ll) is
very clear but the one corresponding to Pb(ll) is very weak. Thus, Bi (lll) or Sb (lll) should
be applied as the active material in the performance of the electrochemical device for heavy
metal detection.

The experimental conditions for the detection of Cd(ll) and Pb(ll) with Bi (lll) as active
material were optimized. As shown in Figures 5.35 and 5.36, three parameters
(concentration of Bi, applied potential for co-deposition and accumulation time) are
respectively optimized in solutions containing both heavy metals at concentrations in the low
(20 ppb) and high (100 ppb) range. The optimized conditions of 100 ppb Bi (lll), -1.6 V
applied DC potential and 5 min accumulation time were further applied to detect the Pb(ll)
and Cd (Il) with the SPE_C..
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Figure 5.35. Optimization of the electrochemical condition for the analysis of Cd and Pb with
Bi as active material by the in-situ plating method. (A) different addition amounts of Bi; (B)

different applied potential; (C) different accumulation time. The concentration of Pb and Cd
is 20 ppb.
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Figure 5.36. Optimization of the electrochemical condition for the analysis of Cd and Pb with
Bi as active material by the in-situ plating method. (A) different addition amounts of Bi; (B)

different applied potential; (C) different accumulation time. The concentration of Pb and Cd
is 100 ppb.
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Figure 5.33B and Figure 5.33C depict the DPASYV signals recorded in solutions containing
different concentrations of Pb(ll) and Cd (ll). The peak currents increased with the heavy
metal concentration and the peak potential shifted toward more positive values. Figure
5.33D shows the calibration curves of Pb(ll) and Cd (Il) and the analytical parameters
extracted from them are summarized in Table 5.12. The maximum allowable Pb(ll) and Cd
(I) concentrations in drinking water set by different government agencies fall within the
linear ranges of our electrode except for the Cd (Il) concentration provided by EU-WFD.
These results indicate that our sensor could be a promising cost-effective alternative for
monitoring Pb(Il) and Cd (ll) in drinking water. The reproducibility of the electrochemical
analysis was studied by recording triplicates using three SPEs_C. from the same batch, and
the standard deviation was drawn as the error bar in the calibration curves (Figure 5.33D).
The error bar is around 5%, revealing the good reproducibility of the analysis of Pb(ll) and
Cd (1.

Table 5.12. Parameters of calibration curves for the different heavy metals.

Heavy metals | Linear range Sensitivity Limit of Correlation
(ppb) (LA/ppb) detection coefficient (R)
(ppb)
Pb 1-100 0.015+0.0005 0.37 0.994
Cd 1-100 0.036+0.002 0.15 0.991

LOD is calculated using the 3o IUPAC criterion.

Similarly, the Sb (lll) was also used as the active material to analyze Pb(ll) and Cd (Il). After
optimization of the electrochemical condition (Figure 5.37 and 5.38), 500 ppb of additional
amount of Sb (lll), applied potential of -1.4 V and accumulation time of 4 min were used to
analyze the Pb(ll) and Cd (ll). Figure 5.39 shows the analysis result of the measurement
for different concentrations of Pb(ll) and Cd (ll). It is obvious that the peaks for the Pb(ll)
and Cd (ll) are difficult to obtain when the concentrations of the heavy metal are below 20
ppb. This confirms that Bi (lll) is a better active material to analyze Pb(ll) and Cd (ll)
compared to Sb (ll1).
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Figure 5.37. Optimization of the electrochemical condition for the analysis of Cd and Pb with

Sb as active material by the in-situ plating method. (A) different addition amounts of Sb; (B)

different applied potential; (C) different accumulation time. The concentration of Pb and Cd
is 40 ppb.
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Figure 5.38. Optimization of the electrochemical condition for the analysis of Cd and Pb with

Sb as active material by the in-situ plating method. (A) different addition amounts of Sb; (B)

different applied potential; (C) different accumulation time. The concentration of Pb and Cd
is 100 ppb.
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Figure 5.39. DPASV signals recorded in acetate buffer solutions (pH 4.5) containing different
concentrations of Pb (II) and Cd (lI) on Sb-SPEs by the in-situ plating method.
Electrodeposition was carried out at -1.4 V for 4 min.

5.5 Conclusion

The Cu/C and Ag/C nanocomposites prepared in this Thesis (Chapter 3) were used to
fabricate screen-printed electrodes that displayed a good performance for specific analytes
of interest (COD and halogenated compounds, respectively). The screen-printing process is
a convenient method for the eventual mass production and manufacturing of low-cost ready-
to-use electrochemical devices. Integrating the SPEs with a paper disk loaded with an
electrolyte enabled automatic sample preconditioning. This includes filtering and
conductivity and pH tuning, making possible an electrochemical analysis by the simple
addition of the required sample volume. As aresult, the sample-to-result single-use screen-

printed sensors for in-field analysis of COD and halogenated compounds were successfully
produced.

The pure carbon material derived from the pyrolyzed wood by-product was adopted for the
fabrication of screen-printed electrodes. These screen-printed electrodes were successfully

applied to analyze heavy metals by maodification of bismuth active species using the in-situ
plating method.
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Chapter 6

Fabrication and characterization of metal nanoparticle-modified

carbon/silica thin-film electrochemical devices

Monitoring of COD in urban wastewaters
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Summary

This chapter describes the manufacturing of robust carbon thin-film electrodes on silicon
substrates at the wafer level by combining sol-gel synthesis and photolithographic
techniques. The fabricated electrode chips are integrated into a simple fluidic device and

customized for the rapid chronoamperometric sensing of COD by modifying their surface
with Cu NPs produced by a controlled potentiostatic process.



6.1 Introduction

As described in the previous chapters, Chemical oxygen demand (COD) is one of the
important reference parameters for determining the water organic load.* As an indicator of
contamination, COD is useful to assess the efficiency of the treatment process, and ensure

compliance with the directives that regulate wastewater treatment.

There exists a high demand for better online monitoring of COD given that existing
laboratory-based methods are too slow to provide timely results and do not provide a level
of early warning of emerging water pollution in real-time.? On-line measurements are usually
conducted via a bypass from the main water source (Figure 6.1). This approach shows
several advantages such as the possibility of continuous monitoring, at a great reduction of
the cost-per-analysis considering that sample has not to be collected, stabilized and

transported to the laboratory.®

Online

f )

s >
o R (O,
-

Atline Offline

Figure 6.1. Diagram showing differences between offline, atline, online and inline analysis.

(https://metrohm.blog/on-in-at-offline/)

Miniaturized electrochemical sensors being amenable to integration in a fluidic system are
highly appealing devices for the online monitoring of COD in waters. Miniaturized sensors
fabricated by thin-film microfabrication technology are good candidates to be implemented
in this scenario. Thin-films of different materials showing thicknesses from several
nanometers to a few micrometers can be produced by different vapor and liquid deposition
techniques. These can be patterned using conventional photolithography and etching

processes to mass manufacture miniaturized structures with lateral resolutions between 1
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and 100 um.* Thin-film electrochemical devices can be integrated into compact, affordable,
user-friendly devices that required low-power electronics and enabled automatic online
sampling and analysis.? Miniaturized engineered thin-film electrodes could be a good
addition to the thick film (screen-printed) electrochemical devices presented in previous
chapters. The screen-printed electrode production approach has mainly been developed to
meet the demand for single-use detection. In addition, the screen printing technology shows
a shortcoming in terms of device size reduction, since its maximum lateral resolution is

around 80 pum.

Our group has previously reported on the production of robust carbon-silica thin films that
could be patterned into miniaturized electrochemical transducers by combined lithographic
/ etching processes.® The main challenges of this work were achieving high conductivity
values to allow a good electrochemical performance of the devices and controlling the
functional chemical groups that were produced on their surface during the fabrication
process. Furthermore, the robust mass-production of devices at wafer-scale with high yields

was not fully demonstrated.

During this chapter, we could overcome these limitations by taking a big leap towards the
wafer-scale fabrication of robust carbon-silica thin-film electrodes showing excellent
electrochemical performance compared to that of the glassy-carbon standard electrodes.
The electrodes are integrated into a simple fluidic device and customized for the rapid
chronoamperometric detection of COD by modifying their surface with Cu NPs produced by
a controlled potentiostatic process. The resulting fluidic electrochemical sensor platform is
promising for online monitoring applications. This is further assessed by analyzing three

samples collected at different locations of a WWTP.

6.2 Fabrication and characterization of Cu NP-modified carbon/silica thin film
electrode device

6.2.1 Preparation of C/SiO; films

The preparation of these films has been previously reported by our group,® and applied in
this work with some variations. Overall, the process consists in obtaining polymeric gel films

by a sol-gel process followed by film pyrolysis in a reducing atmosphere. This involves three
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main steps: (1) sol preparation, (2) spin-coating and formation of an organic thin film, (3)
pyrolysis in a tubular furnace. In step 1, a certain amount of APTES was firstly added to 2
ml ethanol in a glass vial. Then, 0.4 g resorcinol was dissolved in the resulting solution
followed by the addition of 0.54 ml formaldehyde. The mixture was continuously stirred at
room temperature for a certain time to produce a sol with a certain viscosity. This is a key
step since the sol viscosity, which can be controlled by the reaction time and the volume of
added APTES, determines the agglomeration kinetics of the polymeric solution and thus the

thickness and morphology of the deposited film.

To produce crack-free C/SiO films of around 500 nm thickness, the viscosity was tuned by
adjusting the reaction time at RT for different amounts of APTES. Sols with viscosities of 6-
10 mPa-s resulted in high-quality crack-free films with thicknesses ranging from 400 to 800
nm.® The experimental details of the preparation of C/SiO; films with different concentrations
of APTES are shown in Table 6.1. In step 2, the sols were spin-coated to obtain the organic
films (RF/SiO2). The sols were initially spin-coated onto 1.5 cm x 1.5 cm SiO2/Si substrates
using a spinner (WS-650SZ-6NPP/LITE from Laurell Technologies) with a rotation speed of
4000 rpm for 45 s. A gel film was formed and aged in an oven at 60°C for approximately 4
h. After optimizing the preparation conditions, the sols were spin-coated onto 4-inch wafers.
In step 3, the films were placed in a quartz tube to carry out the pyrolysis process under an
Ar+H; (95%+5%) atmosphere to obtain the C/SiO, films. For the pyrolysis process, the
furnace temperature was raised to 1000°C at a rate of 200°C-h* with a gas flow of 100

cm®-min‘t kept at this temperature for 2 h and then leave it to cool down until reaching RT.

The sheet resistance and the thickness of the films were measured using a four-point probe
(MPI TS2000 SE from MPI Corporation) and a profilometer (Profilometer P16+ from KLA

Tencor). The electrical conductivity, o, was calculated from the following equation.”®

g=——(Sm?

~ FxRgxt

, where F is a correction factor, Rs the sheet resistance and t the film thickness. The
morphologies of the C/SiO; films with and without Cu NPs were characterized by SEM at 10
kV (Auriga from Carl Zeiss). Following our previous work®, a qualitative characterization of
the interfacial adhesion of the C/SiO; films was done by adhering a piece of transparent tape
(magic TM from 3M) to the films and then peeling it off and observing if the films were

detached from the substrates.
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Table 6.1. Sol compositions, reaction time, film thickness and results of the adhesion studies.

_ Reactio| C film |Adhesio|Conductivit
Sampl |[Ethano|APTE | Resorcin |Formaldehyd _ )
n Time |thicknes n y (S/cm)
e [ (ml) |[s (ml)| ol (9) e (ml) _
(min) | s (nm) |property
2 10.035 0.4 0.54 75 | 387435 W
CS24-1 2 |0.035 0.4 0.54 105 | 404+27 W 84+6
2 10.035 0.4 0.54 120 | 520+10 v
2 0.07 0.4 0.54 25 | 361+43 | W
CS12-1 2 0.07 0.4 0.54 32 42716 | W 67+3
2 0.07 0.4 0.54 48 430+8 VW
2 10.105 0.4 0.54 18 453+25 | W
CSs8-1| 2 |0.105 0.4 0.54 25 501+16 | W 57+2
2 10.105 0.4 0.54 29 | 59062 | VW
CS6-1| 2 0.14 0.4 0.54 12 647+47 | W 46+1.5
CS4-1| 2 0.21 0.4 0.54 10 537 VW 43+1.5

CS: carbon silica Reaction time: the time before spin-coating the sol. Y means good adhesion property and the more the
number of v, the better the adhesion property.

Figures 6.2 A and 6.2 B show the representative photographic and optical microscope
images of the RF/SiO; film spin-coated on Si/SiO2 chips, together with the corresponding
surface profile recorded with the profilometer. As previously reported,® the film surface is not
flat and presents a wave-like roughness morphology with an amplitude between 80 and 100
nm. Figures 6.2 C, 6.2 D, and 6.2 E display photographic, optical microscope and SEM
images of the film after pyrolysis, hamely C/SiO. film, together with the corresponding
surface profile (Figure 6.2 F). This shows that the film kept the wave-like roughness with a
lower amplitude between 30 nm and 40 nm, representing an almost 60% height reduction

after the pyrolysis process.
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Figure 6.2. Picture (A and C), optical microscope (B and D) and SEM (E) images of the prepared
RF/SiO; thin-film (A and B) and C/SiO; film (C, D and E). Panel F and the inset of panel B are
the extracted surface profile scanned by the profilometer.
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6.2.2 Optimization of the conductivity of the carbon/silica thin films

The main component of the analytical platform for measuring COD is the thin-film
electrochemical sensor made of a C/SiO, material prepared by sol-gel chemistry. In order
to produce a robust, sensitive, and reproducible electrochemical sensor platform, we firstly
optimized the material synthesis conditions focusing on the carbon to silica relative content
and pyrolysis temperature, looking at maximizing the electrode conductivity while keeping
the mechanical stability. The ratio of C to SiO; is a key feature to achieving a strong
adherence of the thin film to the Si/SiO; chip surface, but this ratio directly influences the
film conductivity.>® The presence of SiO; hinders the transfer of electric charges through the
carbon and reduces the overall conductivity of the C/SiO; film. We previously reported that
a sol-gel prepared with resorcinol to APTES ratio of 4:1, pyrolyzed at 1000 °C produced
C/SiO: thin-films showing a moderate conductivity and an acceptable electrochemical

performance when compared with a glassy carbon standard electrode.

In this work, we focused on further reducing the proportion of SiO; in the C/SiO: film without
compromising the film stability. For that, the amount of APTES (SiO2 precursor) in the film
was optimized while keeping the pyrolysis temperature to a set value of 1000°C. The
different tested conditions together with the results of the peeling test carried out with all the
produced films are summarized in Table 6.1. The results indicated that the films with
thicknesses between 400 nm and 600 nm showed a strong interfacial adhesion when the
molar ratio of resorcinol to APTES was 12:1 or lower. Higher ratios made the films easily
peel off the chip surface. As expected, the conductivity of the C/SiO; film increased when
the resorcinol to APTES ratio decreased (Figure 6.3 A and Table 6.1). 24:1 and 12:1 ratios
produced films showing conductivity values of 84+6 S-cm™ and 67+3 S-cm, respectively.
These were over two- and three-fold higher than the highest ones previously reported by
our group, being around 25 S-cm™.5¢ In order to ensure the integrity and long-term
mechanical stability of the films, the 12:1 ratio was eventually selected for manufacturing the
thin-film electrodes. From this study, we anticipated that the electrochemical performance

of the sensor devices could be dramatically improved, as shown below.
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Figure 6.3. Electrical conductivity of the C/SiO- films prepared with gel having different molar
ratios of resorcinol to APTES, obtained by varying the APTES amount (A), and the electrical
conductivity of the C/SiO: films prepared with the 12:1resorcinol to APTES ratio and pyrolyzed
at different temperatures (B). The C/SiO; film was spin-coated on a 1.5x1.5 cm? SiO/Si
substrate. The standard deviation of three measurements for different C/SiO, films was
calculated and drawn as an error bar.

Next, the effect of the pyrolysis temperature on the film conductivity was studied in the range
of 650 - 1350 °C. Figure 6.3 B shows that the conductivity increased with the pyrolysis
temperature up to 1000 °C. At higher temperatures, the film's overall structure was degraded.
SEM images of the resulting films in Figure 6.4 showing some flocculent or fibrous structures
were generated on the substrate. This might be attributed to the formation of Si or SiC
structures but it was not further investigated.®° Thus, 1000°C was selected for the purpose
of producing stable C/SiO. conductive thin films and the manufacturing of electrochemical

SEensors.
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Figure 6.4. SEM images of C/SiO; film at different pyrolysis temperatures. (A) 1100°C, (B)
1200°C and (C) 1350°C. Inset in (A and B) are the optical microscope images and the inset in

(C) shows the optical photo of the films.
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6.2.3 Fabrication of carbon/silica thin-film electrodes at the wafer level by a

photolithographic and etching process

Following these studies, the RF/SiO- films were prepared on 4-inch SiO./Si wafers. Thin
films were patterned into miniaturized devices by combining conventional photolithography
and RIE processes.®

The photolithography process was carried out in a cleanroom environment and consisted of
the spin coating of a 4-um thick HiPR 6512 positive photoresist layer onto the RF/SiO; film
followed by a baking step at 90 °C for 60 s. The photoresist was then exposed to UV light
through a photomask (Karl Suss MA6 mask aligner) showing the desired electrode patterns
and then post-baked at 120°C for 120 s. Following the development of the photoresist to
release the exposed patterns, the substrate was placed in a reactive ion etcher (Alcatel
AMS-110 DE RIE) to etch the areas of the RF/SiO- film not covered by the photoresist using
an SFs + O, plasma (P: 6 Pa; RF ICP: 600 W; RF chuck: 30W; O, mass flow: 150 sccm and
O2/SFs ratio: 9:1). The etching time was 7 min for a 1.5-um thick RF/SiO; layer. Next, the
remaining photoresist layer was stripped off in an acetone bath and the electrode patterns
were released. Then, a pyrolysis step was carried out under the experimental conditions
described in the previous section.

As shown in Figure 6.5 A, 51 RF/SIiO; electrode chips containing two- (working electrode
(WE) and counter electrode (CE) / reference electrode (RE)), three- (WE, CE and RE) and
four (2 WEs, CE and RE) bar-like electrode cell arrangements were batch produced and
eventually diced into chips of 11 mm x 9 mm lateral dimensions. The patterns presented
extremely well-defined structures, revealing the excellent performance of this fabrication
approach. Figure 6.5 B shows the images of the patterned C/SiO. electrodes, after dicing
and pyrolysis at 1000°C. The C/SiO; pattern structure was kept during the pyrolysis step but
the thickness was reduced to about 40% of the original RF/SiO- film. Conductivity values of
the patterned electrodes were calculated to be 70+3 S-cm™, which is similar to the value of
the non-patterned film (Table 6.1), showing that the photolithography process did not affect
the material conductivity. Figure 6.5 C shows three fabricated C/SiO, electrochemical

devices with a silver thick-film deposited on the electrode contact pads by screen printing.
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Figure 6.5. Thin-film electrode patterns prepared by photolithography and RIE processes on
RF/SiO; thin films. (A) photograph of a 4-inch SiO./Si wafer containing 51 RF/SiO- electrodes;
(B) photographs of three representative C/SiO; electrochemical devices; (C) photographs of
three representative C/SiO; electrochemical devices after screen printing a silver layer on the
electrode contact pads.

Figures 6.6 A and 6.6 B show images of the assembled PMMA cell for carrying out the
sensor characterization in batch. The electrode chip inserted in the cell device is visualized
as well as the integrated spring-loaded connectors contacting the silver pads. These pads
were robust and resistant to possible scratches produced by the connectors. They also
minimize the connector to pad contact resistance, ensuring stable and reproducible signals
during the electrochemical measurements. Figures 6.6 C, 6.6 D and Figure 6.7 include
detailed images of the C/SiO; electrode chip. The larger electrode (2x2.5 mm?) on the left
was used as the counter electrode (CE), while the middle and right ones (1x2.5 mm?) were
used as the working electrode (WE) and pseudo-reference (p-RE) electrodes, respectively.
The distance between adjacent electrodes was 0.6 mm and the contact pads were located

2.9 mm apart from the electrode areas.
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Figure 6.6. Photographs of the assembled cell for the electrode chip and COD sensor
characterization (A-C) and the detail of the C/SiO; electrochemical device (D).

Figure 6.7. Detailed pictures of the C/SiO> chips. CE: counter electrode, WE: working electrode,
RE: reference electrode.
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6.2.4 Electrochemical characterization of the carbon/silica thin film electrodes

The performance of the C/SiO; electrodes was assessed by cyclic voltammetry in solutions
containing different representative redox probes showing inner- or outer-sphere redox
mechanisms and compared with the performance of a commercial glassy carbon electrode
and our previously fabricated electrodes.® This assessment took into consideration the effect
of the surface composition and structure of the carbon electrodes on the electron transfer
kinetics of the individual redox probe reactions. The surface chemistry, such as the density
of surface oxides, the presence of other functional groups or impurities, as well as the
surface electronic density of states (DOS), together with the formal potential of the redox
probes, have a significant effect on the electron transfer (ET) kinetics at various carbon
electrodes.®

The electrode response to the ferrocene outer-sphere redox probe is not sensitive to the
presence of surface molecular defects and its electrochemical behavior only depends on the
DOS of the carbon material. By contrast, the electrode response to the ferricyanide inner-
sphere redox probe is strongly dependent on the presence of molecular defects that could
act as electrocatalytic points to improve the ET kinetics at the electrode surface.>!! Figure
6.8 A and Figure 6.9 A show the voltammetric responses of the C/SiO; electrode chip to

ferricyanide and ferrocene-methanol redox species, respectively.
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Figure 6.8. Cyclic voltammograms recorded in a 0.1 M KNO3z solution containing 1 mM
ferricyanide redox species at different scan rates (A), and the corresponding linear plots of
the recorded anodic and cathodic peak current vs. the square root of scan rate (B).
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Both inner-sphere and outer-sphere redox probes show quasi-reversible voltammetric
signals at all scan rates.’> The anodic to cathodic peak potential separations (AEp) of
ferricyanide and ferrocene-methanol are in the range of 85-122 mV and 70-90 mV at all scan
rates, respectively. All of them are in accordance with the expected values for one electron
electrochemical reactions. The peak currents for both anodic and cathodic signals recorded
at scan rates ranging from 5 to 100 mV-s* show a linear dependence with the square root
of the scan rate, indicating that diffusion-controlled redox processes took place (Figure 6.8
B and Figure 6.9 B).
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Figure 6.9. Cyclic voltammograms recorded in 0.1 M KNOs solution containing 1 mM
ferrocene-methanol redox species at different scan rates (A), and the corresponding linear
plots of the recorded anodic and cathodic peak current vs. the square root of the scan rate

(B).

To more accurately compare the performance of our sensor to that of our previous devices
and the standard glassy carbon electrode (GCE), we estimated apparent heterogeneous
electron transfer rate constants (without correction of double-layer effects; k%gp) by recording
cyclic voltammetric signals at different scan rates and following the Nicholson method.® The
details are summarized in Table 6.2. Our sensor shows a higher k%g, value than the values
estimated for electrodes A, B and C previously developed by us® indicating that its
performance has been significantly improved. In addition, the k%g, of our sensor is of the
same order of magnitude as those of the commercial GCE. Our sensor marginally
outperformed the GCE for the ferrocene-methanol oxidation process (outer-sphere redox
reaction), whereas the opposite happens for the ferricyanide oxidation process (inner-
sphere redox reaction). This valued evidence of a similar electrochemical performance of
our sensor compared to that of the GC standard electrode in terms of electron transfer
kinetics.
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Table 6.2. Apparent heterogeneous electron transfer rate constants (k° 4p) obtained from the
cyclic voltammetric measurements carried out with the fabricated electrode chips in 0.1 M
KNOs solutions containing 1 mM Ferrocene-methanol or 1 mM Ferricyanide, at scan rates from
5t0 100 mV-s™ (n =12). The k° 4pp values of GCE, electrodes A, B and C as cited in our previous
work® were used for comparison purposes.

Koapp (*10_4cm 'S_l)
Redox Glassy
_ Electrode | Electrode | Electrod Our
Species carbon
A B eC electrode
electrode
Ferrocene-
55+9 262 18+2 15+2 74+8
methanol
Ferricyanide 5449 ~ ~ ~ 3344

6.2.5 Electrodeposition of Cu NPs on the surface of carbon/silica electrodes

The C/SiO; electrode chips were further applied to the development of an electrochemical
sensor for COD by electrodepositing Cu NPs on the WE surface. The experimental
conditions for the precise control of the Cu NPs deposition were optimized. Firstly, three
different CuSO. concentrations (0.4, 1 and 4 mM) were studied and the Cu NPs
electrodeposition was performed setting the accumulated charge to 325 uC. Keeping the
latter value constant ensured that the amount of electrodeposited copper was the same,
regardless of the CuSQO, concentration.'® Thereby, the time required to reach this value
decreased when the CuSO, concentration increased, being around 145 s, 72 s and 12 s,

respectively.

In order to test the performance of the electrodeposited Cu NPs on the surface of the
electrode, an analytical study was carried out that consisted of recording cyclic
voltammograms in a 0.5 NaOH containing different concentrations of the glucose target
analyte.’**" Figure 6.10 shows the measurements carried out with the nanoparticles
produced using a 4 mM CuSO4 solution, as an example to visualize the analytical study.
First, the cyclic voltammetric signals were recorded with Cu NPs-modified C/SiO; thin-film
sensor in the absence (black curve) and presence of glucose (red curve) (Figure 6.10 A). A
wide peak appears in the potential range of 0.4-0.6 V (vs. C pseudo-RE), which could be
ascribed to the oxidation of glucose by the electrocatalytic effect of the Cu NPs. From these

CVs, an overpotential of +0.7 V (vs. C pseudo-RE) was set for carrying out
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chronoamperometric measurements in solutions containing increasing glucose

concentrations (Figure 6.10 B).
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Figure 6.10. Cyclic voltammograms recorded before and after addition of glucose with Cu NPs-
modified C/SiO; electrode in a 0.5 M NaOH solution at a scan rate of 100 mV s (A);
Chronoamperometric responses of the Cu NPs-modified C/SiO. electrode recorded in
solutions ranging from 0 to 670 mg L™ O, (equivalent to 0 to 629 mg L of glucose) (B);
Calibration curve of the Cu NPs-modified C/SiO; electrode in the range between 0 and 670 mg
L O; (C). The Cu NPs were prepared by the electrodeposition protocol described in the main
text, in a 4 mM CuSOs solution at the accumulated charge of 325 pC.
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Taking the current recorded at 90 s, a calibration plot was produced that showed the linear
dependence of the current with the glucose concentration (Figure 6.10 C). Similarly, the
analysis results measured with the C/SiO; thin-film sensors produced by electrodepositing
Cu NPs in 0.4 mM and 1 mM CuSOs solutions were obtained (Table 6.3). By comparing the
sensitivity and linear range analytical parameters, the sensor manufactured using a 1 mM

CuSO0; solution was selected for further studies.

Table 6.3. Adjusted parameters and the electrochemical performance of the prepared sensor.

CuSO. L _
Accumulated _ Sensitivity*10® | Linear Range
Group Concentration
Charge (uC) (MA mgiL Oy) (mgL10Oy)
(mM)
0.4 7.1+04 53 - 198
1 325 1 10.7+0.3 53 -670
4 17.7+0.6 53- 198
260 53+05 53-198
) 325 L 10.7£0.3 53-670
650 13.4+0.2 53 - 388
975 8.6+0.7 53 - 198

Once the CuSO, concentration was fixed to 1 mM, the effect on the sensor response of the
accumulated charge (260, 325, 650 or 975 uC) was studied. Similarly, after the
electrodeposition of Cu NPs on the C/SiO; electrode, the electrocatalytic measurements for
glucose were carried out and consequently, the calibration curves were constructed. When
the accumulated charge reaches 325 uC, the sensor shows the best electrochemical
performance (Table 6.3). This could be related to the distribution and aggregation of the

generated Cu NPs on the surface of the working electrode.

Figure 6.11 shows the secondary electron SEM images of the electrogenerated
nanoparticles for CuSO4 concentrations of 1 mM at different accumulated charges. They
revealed the presence of small bright particles on the dark film. The small particles can be
attributed to the presence of Cu particles, while the darker film corresponds to the C/SiO;
film electrode. The density of nanoparticles increases as the accumulated charge increases
from 260 pC to 325 pC (Figure 6.11 A and 6.11 B). When the accumulated charge is 260
HC, the generated Cu NPs are sparsely distributed on the C film, indicating that the amount

of Cu NPs formed may be insufficient to catalyze the glucose oxidation in a wide range of
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concentrations and provide a linear calibration curve. By contrast, when the accumulated
charge exceeded 650 UC, big sub-micron Cu particles were produced that might be the
result of aggregation phenomena of CuNPs (Figure 6.11 C and 6.11 D). Furthermore, the
larger the accumulated charge, the bigger the Cu particles produced. Of all the tested
conditions, it appears that the Cu NPs produced when the accumulated charge was 325 uC,
was uniformly distributed on the surface of the WE (Figure 6.11 B). Thus, 325 uC was used
as the accumulated charge in the subsequent experiments to prepare the Cu NPs-modified

C/SiO; electrodes, as shown in Figure 6.12.
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Figure 6.11. Secondary electron SEM images of the electrogenerated nanoparticles on the
working electrodes at different accumulated charge values, (A) 260 puC, (B) 325 uC, (C) 650 uC,
(D) 975 pC.

Figure 6.12 shows the SEM secondary electron images of the electrogenerated
nanoparticles under optimized conditions, revealing the presence of small bright particles
distributed on the C/SiO; thin-film working electrode surface, which could be attributed to
the presence of Cu particles, showing sizes in the range of 35-50 nm. The particle size
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distributions were obtained from a detailed study of different SEM images (Figure 6.13)
using image J software.'® In addition, the reference and counter electrodes were also

examined by SEM to show that no Cu NPs were deposited on either of them.
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Figure 6.12. Secondary electron SEM images of a representative electrochemical device (A)
and the SEM images of Cu NPs electrogenerated on the surface of the working electrode of
C/SiOz chip.
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Figure 6.13. Secondary electron SEM images of Cu NPs (A) and particle size distribution
histogram (B) of Cu NPs generated in a 1 mM CuSO, solution at the accumulated charge of
325 uC. The particle size distribution histogram was obtained from the detailed analysis of
more than 150 particles viewed on SEM images.

6.2.6 Evaluation of the sensor performance for COD analysis

The analytical response of the Cu NP-modified C/SiO: electrode was first evaluated in batch
with the assembled cell shown in Figure 6.6. The Cu NPs-modified C/SiO; thin-film electrode
performances were assessed using glucose as the standard COD analyte.**’

Taking into account the well-known fact that carbon materials have good electrocatalytic
performance under certain experimental conditions,!®'® we investigated the possible
influence of the C/SiO; thin-film electrode on the electrocatalytic oxidation of glucose (Figure
6.14 A). For this, we tested the response of the bare C/SiO, thin-film electrode by CV in 0.5
M NaOH solutions with and without glucose. The recorded signals are nearly overlapped,
indicating the negligible contribution of the C/SiO; film to the electrocatalytic oxidation of

glucose.

Figure 6.14 B shows the voltammetric signals recorded with the Cu NPs-modified C/SiO-
thin-film sensor in the absence (black curve) and presence of glucose (red curve). A wide
peak appears in the range of 0.4-0.6 V (vs. C pseudo-RE), which can be ascribed to the
electrocatalytic oxidation of glucose by the Cu NPs. Thus, an overpotential of +0.7 V was
set for performing chronoamperometric measurements in solutions containing increasing
glucose concentrations (Figure 6.14 C). The current recorded at 90 s time shows a linear
dependence with the glucose concentration and was used to construct the calibration curve
(Figure 6.14 D). The corresponding analytical parameters are summarized in Table 6.4. The
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Cu NPs-modified C/SiO- thin-film sensor shows a linear range from 53 to 670 mg L0, and
a limit of detection of 28 mg-L™* O,. As mentioned in previous chapters, the EU directive has
set a COD threshold value in effluents at the exit of WWTPs of 125 mg-LO; or, alternatively,
this value should not exceed 25% of the COD at the WWTP influent.'* Therefore, the
analytical response in the standard analyte of glucose indicates that the Cu NPs-modified

C/SiO, sensor appears to be a good candidate for the measurement of COD in urban
wastewaters.
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Figure 6.14. Cyclic voltammograms recorded before and after the addition of glucose with the
C/SiO; electrode (A) and Cu NPs-modified C/SiO; electrode (B) in a 0.5 M NaOH solution at a
scan rate of 100 mV-s*; Chronoamperometric responses of the Cu NPs-modified C/SiO;
electrode recorded in solutions ranging from 0 to 670 mg-L* O (equivalent to 0 to 629 mg-L™*
of glucose) (C); Calibration curve of the Cu NPs-modified C/SiO, electrode in the range
between 0 and 670 mg-L* O, (D). Each point represents the mean value of three measurements
performed consecutively and the error bars are the corresponding standard deviation. The Cu

NPs were prepared by electrodeposition method in 1 mM CuSOy solution at an accumulated
charge of 325 uC.
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Table 6.4. Analytical parameters of COD analysis obtained from the calibration curves of Cu

NPs-modified C/SiO; electrode in the cell device and modular fluidic system.

Linear
, slope*10® | LOD
device intercept R? range
sensor (LA-mg (mg-L
) mA) | (0=3) | (mg-L
L-02) -02)
1.02)
Cell device Cu NPs- 10.7£0.3 | 1.24+0.07 | 0.997 28 53-670
modular modified
fluidic C/SiO2 5.310.1 2.0+£0.0.03 | 0.998 32.2 53 -670
system electrode

LOD is calculated using the 3o IUPAC criterion.

The sensor working stability was also studied. Figure 6.15 shows the variation of the sensor
response during several consecutive assays using three different Cu NPs-modified C/SiO;
electrodes. The sensor retained over 90% of its initial response after around 6 assays,
indicating that the sensor could be re-used at least 6 times. After 6 measurements, the
sensor response decreases rapidly. SEM images of a sensor used for more than 6 assays
revealed that the Cu NPs were either consumed or aggregated (Figure 6.16). By carrying
out a single measurement every 4 h, the same sensor could be applied for 1 day without
requiring new electrodeposition of Cu NPs. After that, the C/SiO- surface could be easily

regenerated and reused by electrodepositing fresh CuNPs, as explained below.
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Figure 6.15. Variation of the sensor response after several consecutive assays using three
different Cu NPs-modified C/SiO, sensors. Chronoamperometric measurements were carried

outin 0.5 M NaOH solutions containing 198 mg L Oy, and the current values at 90 s were used
as the analytical signal.
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Figure 6.16. Secondary electron SEM images of the surface of one Cu NPs C/SiO; sensor after
being used for six measurements.

The remaining Cu could be easily removed from the C/SiO, surface by performing an
electrochemical cleaning process by applying an overpotential of 1 V (vs. C p-RE) ina 1 mM
H.SO, solution for 3 min. As shown in Figures 6.17 A and 6.17 C, after this process, the
cyclic voltammogram recorded in 0.5 M NaOH appears to be quite similar to the one
recorded with a new C/SiO: electrode, indicating that the remaining Cu was thoroughly
removed. These cleaning and regenerating steps could be easily implemented in order to

use the same C/SiO; for a large number of measurements.

It was demonstrated that the C/SiO; electrode could be reused more than 30 times during a
period of 100 days, observing no evidence of physical degradation or a decrease in the
electrode electrochemical performance. The thin-film electrodes could be stored in a sealed
opaque bag to prevent the silver film pad from oxidation. Under these conditions, electrodes

stored for over a year did not show any deterioration.
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Figure 6.17. Cyclic voltammograms recorded in a 0.5 M NaOH solution at a scan rate of 100

mV st with a bare C/SiO; electrode (A), a freshly prepared Cu NP-modified C/SiO; electrode
(B) and a Cu NPs-modified C/SiO; electrode after electrochemical cleaning.
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6.2.7 Implementation of the Cu NP-modified C/SiO2 sensor in a modular fluidic

system

The potential deployed application of the presented electrochemical sensor for automatic
monitoring of COD was assessed with the modular fluidic sensor platform (Figure 6.18).
Figure 6.18 depicts the main components of the fluidic device. Inlet and outlet, flow cell and
fluidic channel modules as well as the fluidic channel were defined (Figure 6.18 A). All these
modules could be easily interconnected as shown in Figure 6.18 B and 6.18 C and described
below. Flow conditions in the system were applied and controlled using a multichannel
pressure & vacuum fluidic flow controller (OB1 MK3+, Elveflow). Inlet and outlet modules
are connected to flasks by external tubing and used as reagents and waste containers,
respectively. Valves were included to set up the sequential injection of the different reagents

in the flow system. (Figure 6.18 D).
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Figure 6.18. Scheme of the fluidic device. (A) different modules of the fluidic system: (I) inlet
module,(ll) electrode chip flow cell module, (Ill) outlet module, (1V) fludic channel; (B) assembly
of modular fluidic system device; (C) assembled modular fluidic device; (D) the whole modular
fluidic system set-up.
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175-um thick PSA was used to define the fluidic channel module by laser cutting. This had
a length and width of 60 mm and 0.5 mm, respectively. It was sandwiched between two
translucid 175-pum thick polycarbonate sheets, each one including one inlet and one outlet
having a 5 mm outer diameter and 1 mm inner diameter (Figure 6.18 A). Two 600-um thick
cylindrical poly(dimethylsiloxane) (PDMS) gaskets with a 1-mm inner diameter were
chemically bonded at the outer inlet and outlet,?° in order to seal the channel once connected
with the other modules and thus avoid fluid leakage. Likewise, a rectangular frame-shaped
9mm x 5mm PDMS gasket was also bonded around the area of the inner inlet and outlet in
order to define a flow cell. The flow cell dimensions were 8 mm (length) x 3 mm (width) x 0.6
mm (height), with a total volume of 14.4 pL.

Inlet and outlet modules comprised two symmetrical poly(methyl methacrylate) (PMMA)
parts (10 mm x 15 mm x 30 mm), each one having four embedded neodymium disk magnets
(2 mm diameter and 2 mm long, N48, Supermagnete, Gottmadingen, Germany). Magnets
enabled the easy opening and closing of both modules and also to clamp of the ends of the
fluidic channel module (Figure 6.18 B and 6.18 C). One orifice was opened on the top parts
that served to insert 0.5-mm inner-diameter external Teflon tubes, which were bonded to the
PMMA using an epoxy adhesive. The electrochemical flow cell was based on a similar
PMMA clamping structure where the electrode chip was integrated and aligned with the
fluidic channel module that defined the actual volume of the cell (Figure 6.18 C). The whole
fluidic device is depicted in Figure 6.18 D and included a single fluidic inlet and outlet so that
all the solutions are required for Cu NPs deposition and COD sensor performance (cleaning,

calibration, sample preconditioning and COD measurement) were sequentially pumped.

Figures 6.19 and 6.20 A show the set-up used in the lab and a picture of the actual device
for carrying out the electrochemical measurements. The planar configuration of the fluidic
modules as well as the transparency of the materials enable fast inspection of the fluid flow
and any other undesirable phenomena that may occur such as bubble formation or fluid
leakage. This approach also enables simple disassembly and assembly of the fluidic
modules, as well as the replacement of the sensor chips in just a few seconds. This reduces
the time required to set up or repair the system and facilitates device manipulation by non-

trained personnel.
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Figure 6.19. Photograph of the set-up to carry out the measurements with the modular fluidic
system.
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Figure 6.20. Fluidic system for the COD analysis (A); Cyclic voltammograms recorded before
and after addition of glucose (1500 mg-L?) with the Cu NPs-modified C/SiO; electrode in a 0.5
M NaOH solution at a scan rate of 100 mV-s* (B); Chronoamperometric responses of the Cu
NPs-modified C/SiO, electrode recorded in solutions ranging from 0 to 670 mg-L* O, (C);
Calibration curve of the Cu NPs-modified C/SiO; electrode in the range between 0 and 670
mg-Lt O, (D). Each point represents the mean value of three measurements performed
consecutively and the error bars are the corresponding standard deviation..
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The sensor analytical performance in the fluidic platform was assessed following the same
analytical experiments described above for the sensor performance in batch. The overall
process included the initial formation of Cu NPs by pumping a 0.1 M H>SO4 solution
containing 1 mM CuSO, at a rate of 20 pL-min? for 20 s. Then, the Cu NPs were
electrodeposited over the WE surface by applying a potential of -1 V (vs. C p-RE) under

continuous flow conditions until reaching 325 uC of accumulated charge.

Figure 6.21 shows the chronoamperometric signals recorded during the electrodeposition
of Cu NPs outside and inside the fluidic system. The desired charge density was achieved
faster than when working in batch, indicating faster electrodeposition kinetics under the
convection conditions produced by the liquid flow. After the Cu NPs electrodeposition
process, the system was cleaned by injecting deionized (DI) water at a rate of 65 pL-s for
60 s. Following that, 0.5 M NaOH solution was pumped at a rate of 20 pL-s for 20 s to
ensure that the solution inside the system was fully renewed. Afterward, the voltammetric
response was recorded in the 0.5 M NaOH background electrolyte solution. Similarly, the
0.5 M NaOH solution containing 1500 mg-L* of O, was also pumped into the fluidic system,

and electrochemical measurements were performed in the flow condition.

The voltammetric response signals are shown in Figure 6.20 B. An anodic current increase
due to the addition of glucose can be observed in the potential window between +0.5 and
+0.7 V. Therefore, an overpotential of +0.7 V was selected for performing the
chronoamperometric measurements. Chronoamperometric measurements were conducted
under continuous flow conditions and are presented in Figure 6.20 C. The current at 90 s
time was used as the analytical signal to plot the calibration curve (Figure 6.20 D). The
estimated analytical parameters, also summarized in Table 6.4 show that even though the
sensitivity of the sensor was reduced in the flow system, the linear range and limit of
detection were similar. This evidences the potential application of the sensor approach for

automatic COD measurements.
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Figure 6.21. Chronoamperograms recorded during the electrodeposition of the Cu NPs over

the C/SiO, WE surface outside (black color) and inside (red color) of the modular fluidic
system.

The reusability of the sensor was also studied (Figure 6.22). After 6 measurements, the
recorded current values decreased by less than 10%, in a similar way as with the sensor
working in batch. Likewise, the C/SiO, electrodes could effectively be regenerated by

removal of the remaining Cu by applying a potential of 1 V (vs. C p-RE) for 3 min under flow
conditions.
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Figure 6.22. Variation of the sensor response recorded during several consecutive assays
carried out in the modular fluidic system.
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6.2.8 Analysis of urban wastewater samples

In order to provide an initial evaluation of the sensor potential application for the analysis of
urban wastewater, we analyzed real samples collected at three different locations of a
wastewater treatment plant: pretreatment effluent, clarifier effluent and the effluent. The
values measured with the sensors were compared with those obtained from the analysis by
an accredited laboratory using the standard dichromate method and the results are shown
in Figure 6.23 and Table 6.5. It can be seen that the values recorded with the sensor both
in the cell device (batch conditions) and the modular fluidic platform are in good agreement,
within the error limits, with those of the standard dichromate method. The results
demonstrate the potential of the sensor approach for carrying out deployed measurements
of COD.
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Figure 6.23. Graph of COD measurement of real water samples using Cu NPs-modified C/SiO»
sensor and standard dichromate method. The standard deviation of three measurements was
performed consecutively and drawn as an error bar.
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Table 6.5. COD measurement of real water samples using Cu NPs-modified C/SiO, sensor and
standard dichromate method.

3
1 Efflue 2_ Clarifier -
Samples Pretreatment
nt Effluent
Effluent
Cu NPs-modified C/SiO, sensor
_ _ 45+8 62110 16334
in cell device (mg-L*-Oy)
Cu NPs-modified C/SiO; sensor
in the modular fluidic system 4515 668 191+14
(mg-Lt-0y)
Dichromate method (mg-L
1.0)) 37+8 85+18 210+25
U2

The standard deviation of three measurements was performed consecutively and written as an error bar.

6.3 Conclusions

A compact analytical platform that integrates a Cu-NP based C/SiO; thin-film
electrochemical sensor for measuring COD was developed. C/SiO; thin-film electrodes were
fabricated from an optimized formulation of a sol-gel composite material using standard
microfabrication and screen-printing techniques at the wafer level. Electrochemical cells of
different configurations were produced and showed excellent electrochemical performance
compared with the glassy carbon standard electrodes and similar thin-film carbon electrodes
previously reported. These electrochemical cells could be easily implemented in a device
for batch electrochemical measurements or integrated into a compact fluidic system for
carrying out automatic measurements. The resulting analytical platforms were applied to the
development of a robust electrochemical sensor for measuring COD. In this regard, CuNPs
were electrodeposited on the C/SiO, electrode surface under optimized conditions to
engineer a Cu NPs-modified C/SiO» thin-film electrochemical sensor that was thoroughly
assessed using standard solutions. Three real samples collected from a UWWTP were
analyzed with the sensor platforms and COD values were in good agreement with those

obtained by the standard dichromate method. These results demonstrate the potential of
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the Cu NPs-modified C/SiO; thin-film electrochemical sensor for the analysis of COD and
the feasibility of a system for the on-line and real-time estimation of the “organic loading” of
urban wastewater. This technology could effectively contribute to the efficient management

of water treatment in the near future.

As a wrapping up on the development of electrochemical sensors for COD, Table 7.1
summarizes the analytical parameters obtained from the calibration curves obtained for the
sensors studied in this thesis. The results indicate the LOD of the different sensors for
analysis of glucose is quite similar. On the contrary, their sensitivities vary a lot. Table 7.2
shows the COD detection of real water samples using our sensors and the standard
dichromate method. Within the error limits, the responses of all our sensor are in good
agreement with the COD values provided by the standard method. This demonstrates the
potential of the presented sensor approaches to quantitatively detect the soluble COD in
real water samples. If we consider the COD value from the standard dichromate method as
the “true” value, the relative errors obtained from the three kinds of electrodes obey this
order: CPE < SPE < Cu NPs-modified C/SiO; electrode. While the CPE performs better, it
cannot be commercialized but is only used to evaluate electrode materials.

Table 7.1. Analytical parameters obtained from the calibration curves of our produced
sensors for COD analysis. Glucose was adopted as the standard analyte.

Slope*10°® LOD* Linear
Intercept R?
Sensor (MA mgiL? (mgL- Range
mA) | (0=3) | .
02) 02) (mgL™0y)
CPEcurc 1 27.1+04 3.3+x0.4 0.998 25.4 53 - 1500
SPE_Cu/C 10.4+0.3 13.440.1 0.995 23.6 53 -1419
SPE_Cu/C_paper 5.9+0.2 5.8+0.2 | 0.996 | 24.4 53 - 394
SPE_Cu/C_papernaon 1.6+0.1 1.2+0.1 0.997 26.0 53-394
Cu NPs-modified C/SIO2 | 157,93 | 1244007 | 0997 | 28 53 - 670
electrode in cell device
Cu NPs-modified C/SIO2 | 54,59 | 2040003 | 0098 | 32.2 53 - 670
electrode in fluidic system

*LOD is calculated using the 30 IUPAC criterion.
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7.2. COD detection of real water samples using our produced sensors and standard
dichromate method.

Electrodes 1 2_Clarifier 3_Pretreatment
1_Effluent (mgL=0z) Effluent (mgL'0,)| Effluent (mgL10,)

30.5+0.8 (+6.2%) | 93.2£0.4 (+0.8%) | 216.3x12.4 (+3%)
38.9+4.6 (+4.6%) |98.8+2.7 (+16.3%) | 220.0+10.8 (+4.8%)
41.2+4.2 (+10.7%) | 99.2+4.8 (+16.8%) | 222.4+13.6 (+5.9%)
42.1%6.2 (+13.1%) |100.3+2.1 (+18.1%)| 228.5+18.4 (+8.8%)

CPEcurc 1
SPE_Cu/C
SPE_Cu/C_paper
SPE_Cu/C_papernaon

Cu NPs-modified
C/SiO; sensor in cell
device

Cu NPs-modified
C/SiO; sensor in the 0 0 0
modular fluidic system 4515 (21%) 6618 (22%) 191+14 (9%)

(mg-L*-0y)

Dichromate method

45+8 (21%) 62+10 (27%) 163+34 (22%)

37.2+7.8 84.9+17.8 210.0+25.0
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Chapter 7

Conclusions and Further Work

7.1 General Conclusions

This thesis aimed at the development of novel electrochemical sensors for the sensitive
analysis of some specific water pollutants and indicators of water quality: organic matter,
organohalides and heavy metals. The main progress and conclusions of this thesis are

summarized below:

1. Three functional materials were successfully prepared using different approaches.
Composites of porous carbon modified with copper-based nanoparticles were
synthesized by the sol-gel chemical process. Carbon materials doped with silver
nanoparticles were prepared from bread waste using the impregnation method.
Porous carbons with different structures and textures were synthesized from different
wood by-products by the high-temperature pyrolysis process. All of the material
preparation methods are compatible with upscaling for mass manufacturing and low-
cost fabrication.

2. The three produced materials were used to develop conventional carbon paste
electrodes applied to evaluate the material's electrochemical performances. The
composites of the porous C matrix and copper-based nanoparticles show excellent
electrochemical performance for the quick and reliable analysis of dissolved COD in
urban wastewater samples. The Ag/C composite exhibits a big potential for the
analysis of halides (CI, Br and I") and organohalides (sucralose and trichloroacetic
acid). The achieved results indicate that bread waste can be doped with specific
functional nanoparticles to produce high-added-value materials for the
manufacturing of electrochemical sensors, thus contributing to the circular bio-
economy. The carbon materials derived from wood by-products show superior
electrochemical performance. The correlations between the types of biomass,
carbon and electrochemistry were unlocked and used to select the more suitable
wood material for the electrochemical application. Of the three tested wood by-
products, Chestnut presented the best performance, which was linked to a lower

hemicellulose content.



3.

The three kinds of functional materials were successfully applied to the fabrication
of screen-printed electrodes. A new electrode design with an integrated paper disk
component impregnated with chemical species was successfully tested with the
Cu/C nanocomposite and Ag/C active materials. It allowed bypassing sample filtering
and conditioning manual steps making possible a sample-to-result analysis of
dissolved COD and halogenated compounds, respectively. The new design shows
great potential for in-field application due to its simplicity, robustness, and user-
friendliness. The screen-printed electrodes prepared by the carbon material derived
from the wood by-product were successfully applied for the analysis of heavy metals
by electrode surface modification with bismuth active species. This approach could
also be a good candidate for the on-site analysis of heavy metals in the near future.
Thin-film carbon electrodes were fabricated at a wafer-scale by combining a sol-gel
material synthesis process, standard microfabrication and screen-printing
technologies and show superior electrochemical performance compared with the
glassy carbon standard electrode. A simple modular fluidic device was fabricated
integrating the manufactured thin-film electrode chips and enabling the
electrodeposition of functional Cu nanoparticles to construct an electrochemical
sensor for automatically monitoring dissolved COD. The miniaturized
electrochemical sensor shows great potential for monitoring this parameter in

surface waters entering and exiting urban wastewater treatment plants (UWWTP).

7.2. Ongoing and Further Work

1.

Upscaling the production of Cu/C composite and the screen-printed Cu/C electrodes
can be investigated which is the crucial step in translating the laboratory research

into a feasible industrial-scale production process.

. The approach followed in this work to prepare porous carbon materials doped with

Ag NPs from the bread waste can be extended to other similar composites with
different types of nanoparticles, for instance, Cu, Bi, Au, Fe, or Co, which can be

relevant in other sensing applications.

. In our thesis, we have unlocked the biomass-carbon-electrochemistry workflow

process. Guided by this knowledge, it will be quite attractive to fractionate or remove

the hemicellulose in the biomass sample to improve the electrochemical
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performance of the resulting carbon, keeping in mind that the process should be

clean and sustainable.

It will be interesting to investigate the possibility of finding a one-pot synthesis to
obtain carbon/silica thin films that contained the desired functional metal
nanoparticles and process the material into thin-film electrodes by the
microfabrication processes set up in this thesis. This possibility has been explored
for the case of Cu without success due to the issues related to the interaction of the
metal nanoparticles with the gases required for the etching step during the

microfabrication process.

. It will also be interesting to explore the fabrication protocol for depositing metal
clusters (Cu or Ag) on carbon-silica thin-film electrodes at a wafer scale using the
cluster beam deposition technique. The cluster beam deposition can be used to
produce high-resolution micro-structured patterns by simple interposition of a non-
contact stencil mask between the source and substrate. The nanoparticles prepared
by this method are expected to retain the inherent structural properties of the
deposited clusters, which will be of very small size and insignificant aggregation,
showing in turn larger surface-to-volume ratios. This could result in a significant
enhancement of the sensitivity and better catalytic performance of the resulting

electrochemical devices.
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