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A B S T R A C T

The increase in global population, industrialization and need for water security has fostered a demand for novel
technologies related to water treatment and purification. The oxygen demand of a given water matrix can pro-
vide useful information on the presence of organic compounds within a sample and can inform decisions on
water use and treatment. Traditional oxygen demand measures are time consuming and require the use of
harmful reagents. TiO2-based photoelectrochemical oxygen demand (PeCOD) methods offer a faster, more effi-
cient, and accurate alternative to traditional analysis processes. These methods use TiO2-mediated photoelec-
trocatalysis (PEC) to oxidize organic contaminants. This paper reviews the recent synthesis methods of TiO2

nanomaterials with respect to electrode preparation in COD sensors, fundamentals of TiO2 photo/photo-elec-
tro-catalysis, TiO2 based PeCOD sensors, and PeCOD sensor system cell design. PEC combines photocatalysis
with electrochemical methods, which result in improved photocatalytic performance in a variety of applica-
tions. TiO2 based PeCOD sensors are promising due to their intrinsic low cost, non-toxicity, chemical stability,
and availability in sensing applications. Here in this paper, an innovative PeCOD sensor system cell design
system is demonstrated. This review paper aims to provide a scientific and technical overview of TiO2

PeCOD sensor systems implementable for large-scale environmental, soil, and gas sensing applications.
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1. Introduction

The past century has seen drastic increases in population and indus-
trialization, resulting in a proportional increase in demand for water
and water purification technologies. The discovery of the Honda -
Fujishima Effect and related technological advances in photo-electro-
catalysis (PEC) gather significant interest as a pathway to meet
unprecedented needs [1,2]. Developments in PEC technologies for
water purification align with increasing standards and demands [3]
for wastewater management to limit contamination and secure potable
water sources. These factors have generated demand for rapid, accu-
rate, and environmentally friendly wastewater monitoring. Poorly
managed wastewater can limit the available drinking water, spread
disease, and present heightened ecological threats.

The degree of organic and biological contamination in water con-
tributes to the chemical oxygen demand (COD) and biological oxygen
demand (BOD) respectively. Although COD and BOD are industrially
standardized measurements, their evaluation has not traditionally
been rapid, accurate, or environmentally friendly. Typical COD evalu-
ation requires the use of strong oxidizers (potassium dichromate) and
acids (sulfuric acid), and the process is not always accessible due to the
significant skill, equipment, and time requirements. Although standard
BOD measures do not require dangerous reagents, more time is
required, and the measurement error is typically between 10 and
20% [4-6]. Photoelectrochemical oxygen demand (PeCOD) offers an
alternative that can be performed swiftly, accurately, and without
the use of toxic or harmful reagents.

TiO2-based photo-electo-catalytic COD determination has signifi-
cant advantages over standard COD methods due to titania’s native
high stability, non-toxicity, abundance, and strong oxidation capabil-
ity [7,8]. However, the system must be carefully designed to obtain
high performance [7]. There are three primary phases associated with
TiO2, anatase (Eg = 3.2 eV), rutile (Eg = 3 eV) and brookite [9]. In
ambient conditions, the rutile phase is thermodynamically stable while
the anatase and brookite phases will revert to rutile at high tempera-
tures. Due to difficulties in synthesis and limited photocatalytic perfor-
mance, brookite is the rarely reported phase of TiO2 [10]. This is,
however, a bulk behavior; at TiO2 surfaces, the anatase phase is ther-
modynamically preferred due to the lower overall surface energy.
Although anatase has higher PEC performance, mixed-phase systems
outperform single-phase titania crystals. This results in significant
complications at the nanoscale; processes designed to generate bulk
phase compositions will no longer hold for nanomaterials [11]. Con-
sideration, then, must be made for both the volume-to-surface area
ratio and rutile-to-anatase phase ratio when designing synthesis pro-
cesses [12,13].

TiO2 PEC occurs when the photoanode, under some external bias, is
illuminated by a UV light source. The absorbance of TiO2 can differ
depending on properties such as morphology, thickness, and annealing
temperature, but in general it is photoactivated by wavelengths in the
UV region [14-16]. The UV light source excites valance band electrons
to the conduction band, producing electron/hole pairs, termed exci-
tons. These excitons can then be separated to generate surface holes
2

and free electrons. When the TiO2 surface is exposed to an aqueous
solution, the holes can interact with oxygen and water species to form
an assortment of oxygen radicals (i.e., •O, •OH, •O2

–). The correspond-
ing electrons undergo reduction reactions, commonly H+ is reduced to
H2 by the excited electrons or are collected and removed to some
external circuit [17]. In the presence of oxidizable species, the oxygen
radicals will, in general, decompose organics to CO2, H2O and mineral
acids. This well-documented mechanism is the fundamental principle
behind the PeCOD system. When the generated holes are consumed
in oxidative reactions, an excess of electrons will be preserved. By col-
lecting and measuring these charges the demand for oxidation in a
sample may be calculated [18,19].

PeCOD is a well-established method [20] for the determination of
organic species in water. This system has been used in several applica-
tions such as industrial & municipal wastewater, [21-24], pulp, paper,
food, beverage, and drinking water applications [25,26]. Several
parameters for PEC cell design play significant roles in the efficiency
and performance of PeCOD devices. The cell surface-area-to-volume
ratio determines the time scale of a specific cell reaction due to diffu-
sion-limited behaviors. The microfluidic design controls in particle
size effects (clogging, settling, flow rates, etc.) depending on the aims
and priorities of the system. The surface roughness and sealing of the
cell also play a role in the performance and expected error of PeCOD
measurements. Given that a calibration stage is necessary, PeCOD sys-
tems require a high degree of reproducibility in their design; therefore,
the operation parameters of this system will be discussed with respect
to the resulting performance and possible areas of concern or
improvement.

Particular attention is needed to optimize the photoanode material
morphology in PeCOD systems. Several factors are commonly at work;
a higher surface-area-to-volume ratio will result in more surface sites
for oxidation reactions while free particles/porous films will permit
more solution-catalyst interactions and fixed-films are more easily
recovered [27]. Grain boundaries will hamper electron collection but
may be necessary to permit a high surface-area-to-volume ratio
[28,29].

Other works only touch on performance parameters and design
considerations for a reaction cell in this application. In this review, a
detailed discussion of the design and optimized operation of an indus-
trial PEC device and the effect of different TiO2 production techniques
and structures on COD determination will be analyzed as a complete
system for the first time to highlight the importance of the TiO2 based
PeCOD system.
2. COD sensors

Oxygen demand has been gathered interest as a key parameter to
represent the quality of water and wastewater [30]. In short, there
are two standard analytical methods used to determine the quality
of water sources; COD represents the degree of organic pollution,
and BOD is a calculation of the oxygen consumed in microbial degra-
dation processes [31]. Especially in heavily polluted water sources,
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COD is preferred for determining the oxygen demand of organics. The
oxygen demand is calculated with this method by analyzing the oxida-
tive degradation in the presence of strong oxidizing agents. Traditional
COD methods are generally performed using dichromate as a primary
oxidizer.

However, these traditional techniques have several disadvantages
[32]. The analysis is time-consuming and requires expensive, corro-
sive, and toxic reagents, such as Ag2SO4, HgSO4, and Cr2O7

2-. Because
of these drawbacks, the dichromate standard COD method is not desir-
able for large-scale environmental and industrial assessment applica-
tions. As discussed, modern techniques such as electrochemical
techniques and photocatalytic methods have been developed as
replacements and have become promising methods in the COD detec-
tion field. Specifically, oxidation by UV-activated photocatalytic mate-
rials has become the preferred operating principle for research into the
COD measurement systems [33,34]. TiO2 is often the most dominant
material due to its strong capability to oxidize almost any organic com-
pound under illumination. These properties have been the primary
driving factors for the attention given to TiO2-based photocatalytic/
PEC sensors [6]. TiO2 COD sensors are highly attractive due to their
non-toxic, inexpensive, and biocompatible nature coupled with a
strong oxidizing performance, and high photostability [35].

3. Fundamentals of TiO2 photocatalysis and TiO2

photoelectrocatalysis
3.1. TiO2 photocatalysis mechanism

TiO2 is an n-type semiconductor with wide bandgap energy [36],
which tends to have electron-donating oxygen vacancies. When energy
of photons greater or equal to the bandgap energy (3.2 eV for anatase
and 3.0 eV for rutile), electrons from the valance band are excited to
the conduction band while holes are left behind in the valance band.
This photoexcitation process is shown in Equation (1), Fig. 1 [37].

TiO2 þ h# ! hþVB þ e�CB ð1Þ
Fig. 1. Schematical representation of energy bandgap diagram and photocat-
alytic process on a TiO2 particle.

3

The formation of a free electron at CB and a paired hole at VB is
referred to as an electron/hole pair or exciton, while the inverse reac-
tion of Equation (1) is known as recombination. The holes, created by
Equation (1), also called photoholes, have a powerful oxidation capa-
bility (+3.2 V) and are able to oxidize a wide range of organic com-
pounds in water [38-40]. The oxidation is performed via two
primary pathways.

In the first pathway, oxidation happens at the surface of TiO2.
Organic species are adsorbed onto the surface of TiO2, and photocatal-
ysis may take place [41-43].

The second pathway utilizes the presence of the surrounding liquid
medium. Water is oxidized by the generated photoholes, which leads
to a heightened concentration of hydroxyl radicals (•OH), shown in
Equation (2). Although oxidation reactions can produce a variety rad-
ical species, the hydroxyl radials are the primary oxidizing agents.
These hydroxyl radicals behave as strong oxidizers and are known to
be able to oxidize a large variety of organic compounds [44-47].

hþVB þ H2O ! �OH þ Hþ ð2Þ
In order to obtain efficient mass transport, the photocatalytic

degradation of organic compounds (e.g., CxHyOzXq) is commonly per-
formed using a suspension of TiO2 particles. The complete oxidation
reaction (using either of the reaction pathways aforementioned) can
be summarized by Equation (3) [34]:

CxHyOxXq

þ x þ ðy � q� 2zÞ=4gO2 ! xCO2 þ xHþ þ qX� þ ðy � xÞ=2gH2Off
ð3Þ

However, there are two main handicaps associated with TiO2 pho-
tocatalytic colloidal slurry suspension systems. The system introduces
the need for a costly and challenging post-treatment to separate and
recycle the TiO2 catalysts from a liquid reaction media. This is the
most important barrier to practical applications [48,49]. Many propo-
sitions to overcome these challenges have been tested, the most popu-
lar being the immobilization or deposition of TiO2 on some other
substrates such as titanium, organic polymers, silicon, etc. [50,51].

The second drawback is the fact that the electron-hole recombina-
tion reaction, which is the reverse reaction of the electron-hole disso-
ciation reaction, given in Equation (1), of TiO2 occurs rapidly. This is
also an indicator of a low or competitively unfavorable photocatalytic
degradation mechanism on the TiO2 surface [41,52]. The recombina-
tion reaction is given in Equation (4).

hþvb þ e�cb ! heat ð4Þ
In order to improve the photocatalytic degradation rate, the recom-

bination of electron-hole pairs (Equation (4)) should be limited. This
can be achieved by physically separating the photogenerated electrons
and holes, which is easily and commonly achieved by reducing the
number of electrons in the conduction band [18]. Electron removal
is commonly facilitated with the use of a potential bias applied across
the TiO2, typically used an effective means of separating the photoelec-
trons and photoholes. This can result in a significant improvement of
the photocatalytic efficiency of TiO2. This mechanism will be further
addressed in section 3.2.

3.2. TiO2 photoelectrocatalysis mechanism

The two main drawbacks of photocatalysis systems can be fixed by
the immobilization of TiO2 on a conducting substrate and the applica-
tion of an electric bias. In TiO2 PEC systems, TiO2 nanoparticles are
often fixed onto conducting substrates; this forms a TiO2 film elec-
trode, called a photoanode, typically used as a working electrode.
An appropriate potential bias is applied on the working electrode
[41,42,53-55], which results in the transfer of photoelectrons through
an external circuit. As seen in Fig. 2, with the application of an external



Fig. 2. Schematical representation of photoelectrocatalytic process at a TiO2 photoelectrode.

Fig. 3. Schematic representation of the thin-layer photoelectrochemical cell [41]. (Reprinted from Zhang et al. 2004. Copyright (2004), with permission from
Elsevier.).

B. Bastug Azer et al. Journal of Electroanalytical Chemistry 918 (2022) 116466
bias, the photogenerated electrons are forced to pass through the
external circuit and delivered to an auxiliary electrode [36,56,57].
Due to the application of a potential bias, reduction reactions occur
at the auxiliary electrode while the oxidation reactions take place at
the working electrode, i.e. the TiO2 photoanode [58]. This electric
potential not only physically separates the oxidation and reduction
reactions, thereby suppressing the recombination of photoelectrons
and photoholes (Equation (4)), and improving the photocatalytic oxi-
dation efficiency, but also provides a pathway to monitor the pho-
tocurrent for the determination of the concentration of organic
compounds [41].

Because of the strong oxidation power of the photoholes for oxida-
tion at the TiO2 electrode, the following stoichiometric oxidation reac-
tion of organic compounds can be determined [41]:
4

CyHmOjNkXq þ 2y � jð ÞH2O ! yCO2 þ qX� þ kNH3

þ 4y � 2jþm� 3kð ÞHþ þ ð4y � 2j

þm� 3k� qÞe� ð5Þ

Here the elements are represented by their atomic symbols and X
represents some halogen atom. The stoichiometric number of atoms
in some organic compounds are represented by y, m, j, k, and q. There-
fore, ð4y � 2jþm� 3k� qÞ will correlate to the oxidation number (n).
This oxidation reaction is regularly used to determine the COD. There
are primarily two analysis methods, probe type TiO2 photoanodes and
thin-layer photoelectrochemical cells [31,41,59-61]. This paper is
focused on the COD determination in thin-layer photoelectrochemical
cells.
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3.3. Determination of COD by Thin-Layer photoelectrochemical cell

Zhao et al. [31] invented, designed, and developed the first thin-
layer photoelectrochemical cell (Fig. 3) using TiO2 photoanode for
photoelectrochemical determination of COD values in water, which
became known as the PeCOD method [41,42]. This has since been
patented in partnership with Aqua Diagnostics Pty Ltd, Australia
[62]. The thin-layer photoelectrochemical cell was developed to
shorten the degradation time and maximize the degradation efficiency
[41]. Their work demonstrates two modes of thin-layer three-electrode
photoelectrochemical cell operation: a stop-flow exhaustive oxidation
mode and a continuous-flow partial oxidation mode [60].

Under constant UV illumination, the light source ideally has a peak
wavelength of 365 nm, at which the TiO2 demonstrates a set photocur-
rent response, visualized in Fig. 4. Here iblank (solid line) corresponds
to current obtained from the PEC oxidation of water, while itotal
(dashed line) represents the PEC oxidation of water and organic com-
pounds present, i.e. itotal consists of two components, PEC oxidation of
water (iblank) and the PEC oxidation of any organic compounds (inet).
Both solutions require a stabilizing electrolyte (LiNO2), however, a
detailed discussion on the electrolyte impact is beyond the scope of
this work. Therefore, inet is calculated as follows (Equation (6)) [31]:

inet ¼ itotal � iblank ð6Þ
By integrating the photocurrents iblank and itotal with respect to time,

the blank charge Qblank and total charge Qtotal can be calculated respec-
tively (Equation (7)) [31].

Q ¼
Z

idt ¼ nFVC ð7Þ

where i is the current generated by PEC oxidation, n is the number
of electrons transferred due to the PEC oxidation (i.e. oxidation num-
ber given by ð4y � 2jþm� 3k� qÞ in Equation (5)), F, V, and C are
the Faraday constant, volume of reactor cell and molar concentration
of the sample, respectively. Qnet, net charge obtained by oxidation of
organic compounds (the shaded area in Fig. 4), can be calculated by
subtracting Qblank from Qtotal, which is shown in Equation (8) [31].

Qnet ¼ Qtotal � Qblank ð8Þ
Fig. 4. Photocurrent responses of a blank solution (solid line, iblank) and a
sample containing organic compounds (dashed line, itotal) in a photoelectro-
chemical thin layer cell, the shaded area indicates the complete oxidation
from the charge, which is called Qnet [41]. (Reprinted from Zhang et al. 2004.
Copyright (2004), with permission from Elsevier.).

5

Under exhaustive oxidation mode, the calculated net charge, Qnet, is
used as a direct measure of the total number of electrons obtained
from the PEC mineralization of all compounds in a sample. As shown
in Equation (9), four electrons are transferred per oxygen molecule;
the measured Qnet value can then be converted to some equivalent
O2 concentration, i.e. oxygen demand. The equivalent COD value
can be calculated as given in Equation (10) [31].

O2 þ 4Hþ þ 4e� ! 2H2O ð9Þ

COD mgL�1O2
� � ¼ 32000

4FV
Qnet ð10Þ
4. Industrial TiO2 PeCOD® system Design, fabrication and testing

In this section, an industrial TiO2 PeCOD system, PeCOD®, is inves-
tigated in terms of design and fabrication considerations with illustrat-
ing testing procedure. As explained in section 3.2, the two main
drawbacks of TiO2 photocatalytic systems, the recombination of pho-
togenerated electron-hole pairs and the separation of TiO2 nanoparti-
cles from the reaction media, are partially improved by fixing the
active TiO2 onto a conductive substrate, under an electric field. The
application of an electric field is not only effective for separating oxi-
dation and reduction reactions but also enables the measurement of
generated current, which can then be correlated to COD.

The aim of the system is to measure the COD of a set of solutions by
counting the electrons associated with oxidation (Equation (5)) for
wastewater and drinking water applications. The measured net charge
is proportional to COD as shown in Equation (10); this linearity allows
the system to analyze solutions up to 300 mg·L-1. In this system, sam-
ples are mixed with a fixed ratio of a LiNO2 electrolyte solution to
ensure reliable electrical conductance as some electron transfer from
the solution to an electrode is required for PeCOD determination, seen
in Fig. 2. The ratio of electrolyte to sample solution is called the dilu-
tion factor. In this system, samples up to 15,000 mg·L-1 may be ana-
lyzed with a maximum dilution factor of 50.

To calculate COD, sensing cell volume, V, and net charge, Qnet, are
required as illustrated in Equation (10). These terms are discussed in
the following sections as microfluidics and control, respectively.

4.1. Microfluidics design

Due to the micro-scale sample size and the sensitivity of the cell to
variations in the operating conditions, concerns and methodologies
relating to the microfluidic operation and performance must be consid-
ered. Two types of solutions are analyzed sequentially in each opera-
tion, called the blank and sample solutions, to calculate Qnet as
shown in Equation (8). The blank solution is a mixture of DI water
with some electrolyte, while the sample solution is prepared by mixing
an unknown sample with electrolyte at the same dilution factor,
depending on the anticipated COD range. The schematic of the
microfluidics circuit is given in Fig. 5.

This system employs three valves and a pump; the first valve, ter-
med the selector valve, is utilized at the inlet side to analyze blank
and sample solutions sequentially. Then the switch valve, normally
off for sealing, is activated simultaneously with the pump to introduce
the solution to the system. The third, flush valve, discharges the excess
solution to prevent electrode wear and increase the sensor lifetime.
After analysis, the pump discharges the accumulated solutions as
waste. All operational elements are connected via microfluidic chan-
nels, while targeted oxidation reactions occur in the sensing cell, dri-
ven by an active TiO2 electrode and UV illumination with a 365 nm
wavelength LED source.

Ideally, all the solution introduced to the sensing cell is oxidized
and contributes to the COD calculation, as illustrated in Equation
(10). However, there are some limitations that cause a decrease in oxi-



Fig. 5. The schematic representation of microfluidics circuit; here A is the blank and B is the diluted sample.

Fig. 6. Illustration of thickness on performance. Red indicates higher electron-hole density. A thinner sensing cell (a) has faster oxidation rate with higher change
of particle stuck while thicker one (b) has slower oxidation rate with lower chance of particle stuck. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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dation. The first concern is due to the finite thickness. As the distance
from the electrode increases, the degree of photocatalytic oxidation
Fig. 7. Velocity streamlines of PeCOD® sensing cell with FEM analysis (scale
bar values are normalized).
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decreases due to the diffusion-limited dependence of the oxidizing spe-
cies interacting with spatially separated organic contaminants. To sta-
bilize the reactants and encourage charge transfer, the electrical
conductivity of the solution is increased by introducing preferred elec-
trolytes into the solution. Therefore, the thickness of the sensing cell
should be as small as possible to minimize the dependence on diffusion
and to increase the overall oxidative performance. However, it should
be also thick enough so that large particles don’t get stuck inside. To
address this concern, filtration is done before each analysis to remove
excessively large particles. Fig. 6 illustrates the effect of sensing cell
thickness on the operation.

The filter size should be chosen for sensing cell thickness, other-
wise, large particles could stick in the sensing cell.

A second concern arises due to the no-slip boundary condition at
the solid–liquid interface, which can result in excess solution in the
cell after rinsing. This excess will change the effective cell volume
and, in some cases, can contribute unexpected species to the COD mea-
surement. To have a linear relationship between COD and Q, this
excess must be removed to minimize error in the volume and COD cal-
culations. To ensure these factors are negligible, a finite element
method (FEM) analysis of microfluidics system has been investigated
when the pump is active. Velocity streamlines of designed sensing cell
is shown in Fig. 7.

Any vortex and eddies cause leftovers during discharge therefore it
is important to have continuous streamlines from inlet to outlet that
are located bottom and top in Fig. 7, respectively. No slip boundary
condition applies at outer walls of the sensing cell, shown as black
color, and geometry of this wall plays a huge role in velocity stream-



Fig. 8. Cross-sectional view of sensing cell. Higher surface roughness (a) has more surface area but low sealing performance while flatter one (b) has less surface
area with better sealing performance.

Fig. 9. An example calibration curve.
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lines. Sharp edges in outer wall cause vortex and eddies in velocity
streamlines and to minimize the leftovers during discharge, outer wall
of sensing cell is constructed with round edges instead of sharp edges.

The final consideration is the overall sealing of the cell housing. It
is well reported that, as the surface roughness of the electrode
increases, the effective surface area increases, and the photocatalytic
performance improves [63]. However, higher surface roughness intro-
duces sealing problems [64] as shown in Fig. 8.

The sealing performance plays a huge role in the experimental
repeatability. Poorly sealed cells produce no current response and rep-
resent the main source of error in these systems. Although a higher sur-
face roughness of the electrode offers improved performance, minimal
surface roughness is recommended in commercial usage for repeatabil-
ity and smooth operation.
4.2. Control of operation

Throughout the fabrication and design process, some consideration
must be taken to determine the specific methodologies and concerns
associated with the operation and precise control of the sensing
device. The fundamental goal of the sensing device is to calculate Qnet

using Eqs. (6–8). The collected current passing through the electrode is
calculated by connecting a series resistor at the end of the electro-
chemical circuit and measuring the voltage on top of it, via ohms
law. The theoretical ratio between COD and Qnet, defined as the theo-
retical M value (Mtheoretical), can be calculated as 0.021 COD/μC using
7

the Equation (10), as the specific volume of our system is 3.88 μL.
Although the microfluidic design is designed to achieve complete oxi-
dation, there’s still some variation between Mtheoretical and the actual
ratio, M, between COD and Qnet due to the volume term in Equation
(10). Therefore, for accurate measurements, M should be measured
experimentally with a calibration process.
4.2.1. Calibration of a sample with known COD
Calibration is done with some samples of a known COD to calculate

M, which relates COD to the total charge collected. Various calibrants
may be used, depending on the desired sensitivity range. The reported
results are calibrated to a standard, termed the calibrant solution,
which is a mixture of DI water, lithium nitrate, sorbitol, and silver
nitrate with a known COD of 20 mg·L-1 and a sucrose concentration
of 20 mol/L. A standard calibration run is shown in Fig. 9.

The calibration process is split into three stages. All three stages
consist of a liquid sample and some photo-illumination intensity; in
this setup, only the light intensity is a controlled parameter. The first
stage, from 0 to 100 s, is the equilibrium adjustment phase. A mixture
of DI water and lithium nitrate, termed the blank solution, is pumped
into the system. The LED intensity is adjusted to maintain a set steady-
state current, Iterm, associated with water hydrolysis. After 100 s of this
control region, the LED current is held at a predetermined constant
value for the remaining stages. This input LED current is typically
manipulated to set the generated output Iterm at 20 μA which corre-
sponds 0.41 μA/mm2 current density. Iterm was set experimentally,
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and it’s been observed that higher Iterm causes earlier saturation in long
term and results shorter lifetime while lower limits Qnet and decreases
the sensitivity.

The current required to do so over repeated calibration analysis
runs is shown in Fig. 10.

As shown in Fig. 10, a larger system input, LED current, is required
to have the same output (Iterm) over the lifetime of the sensor. The main
reason is the loss of active material, TiO2, due to aging and wear. At
failure, the color of the ITO-coated glass slide changed from opaque
and dark to transparent; this is strongly indicative of wear-off due to
interaction with the solution and prolonged photocatalytic activity.
At around 1100 runs the LED current reaches saturation, around
465 mA, at that point the system cannot provide enough input to
achieve the desired output.

Variation in the system output, Iterm, in the long-run calibration
analysis is shown in Fig. 11. As indicated, after input saturation, the
system output cannot reach the set-point Iterm. On the other hand, in
the non-saturation regime, the control stage works properly to main-
tain the desired system output within some small variation.
Fig. 10. LED Current with respect to calibration run count.

Fig. 11. Iterm variation in long-run calibration analysis.
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The second stage of the calibration analysis is termed blank mea-
surement. The goal is to calculate the charge generated by the hydrol-
ysis of water, denoted as Qblank. Again, the blank solution is pumped
into the system and the response is measured. Qblank is calculated by
integrating the area of the response curve over the Iterm line, averaged
over three repeated measurements. Variations in the Qblank values in a
long-run calibration analysis are shown in Fig. 12.

The desired Qblank range for this system of calibration ranged from
50 μC to 300 μC, depending on the photocatalytic efficiency, sample,
and sensor characteristics. Aside from experimental errors, this condi-
tion is reliably met over the full sensor lifetime.

The third and final stage of the calibration is the sample measure-
ment. The aim is to calculate Qtotal, associated with both the hydrolysis
of water and the oxidation of organic compounds. The sensor response
is then recorded; from this, the area is calculated by integrating
between the response curve and the Iterm line. This is done twice and
averaged in order to produce a more reliable result. Variations in Qtotal

over the lifetime of a sensor in a long-run calibration analysis are
shown in Fig. 13.

Since the aim of the calibration process is to calculate the M value,
the net charge due to oxidation of organic compounds is required. It
Fig. 13. Qtotal behavior in long-run calibration analysis.

Fig. 12. Qblank distribution in long-run calibration analysis.
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can simply be calculated by subtracting Qblank from Qtotal as shown in
Equation (8). Variation of Qnet in long-run calibration analysis is shown
in Fig. 14.

As explained above, there is a wide variation in Qnet due to the vol-
ume term of Equation (10). A control mechanism and calibration pro-
cess are required for accurate and sensitive COD measurement. It is
clear that the system can collect enough charge to relate the COD of
a calibrant solution with Qnet up until 1300 runs and successfully cal-
ibrate itself. The final step in the calibration process is to divide the
COD of a known solution, here 20 mg·L-1, by Qnet to determine the
M value. Variation in M value over the lifetime of a sensor in a long-
run calibration analysis is shown in Fig. 15.

As mentioned earlier, there is often a significant deviation between
experimental and theoretical M values. The main reason for this vari-
ation is the volume term from Equation (10). Typically, an ideal vol-
ume is assumed with the expectation that all solutions in the sensing
cell are oxidized by the end of the PEC process. In practice, due to
the finite thickness of the sensing cell, there is some distance from
the top of the cell and the TiO2 electrode. As the distance increases
the photocatalytic effect decreases. Therefore, a decrease in oxidation
in the sensing cell is expected due to diffusion limitations governing
Fig. 14. Qnet behavior in long-run calibration analysis.

Fig. 15. M value trends in long-run calibration analysis.
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some regions of the sample cell. This is associated with a higher exper-
imental M value than theoretically predicted. From the theoretical cal-
culations, the volume is defined from the surface area and thickness of
the sensing cell. In practice, there is surface roughness due to the
uneven TiO2 coatings on the ITO/glass substrate. Additional concerns
arise from the practical production of these sensing cells; specifically,
from the polymer used to set the boundary of the sensing cell walls.
Since these polymer tapes are not rigid, there is some strain and defor-
mation arising during the assembly process; this causes some variation
in volume. Finally, the solution behaves as if there were non-slip
boundary conditions during the pumping between stages. As a result,
some leftover fluid is oxidized repeatedly; this alters the effective vol-
ume of the sensing cell, depending on the specific sample composition.
4.2.2. Sample measurement of a sample with an unknown COD
After the calibration is done and an M value is obtained, the system

is ready for sample measurements of real samples with unknown
CODs. An example of a sample measurement is shown in Fig. 16.

During the sample measurement process, there are only two dis-
tinct stages; in the first stage, a blank solution is pumped into the sys-
tem for stabilization. After 60 s under illumination, a sample of
unknown COD is introduced, this process is repeated a second time.
Qtotal is calculated by averaging the area between the curve and the
Iterm line over these two sample measurements. Qblank, from the calibra-
tion run, is then subtracted from Qtotal to find Qnet. This value is then
multiplied by M to correlate the sample to some sample COD. The sys-
tem should be calibrated immediately before sample measurements to
ensure highly accurate, reproduceable, and reliable data.
5. TiO2 based PeCOD sensor studies

The previous section has broadly covered the industrial usage of
PeCOD hardware and software technology. In the following sections,
TiO2 PeCOD sensing systems innovations will be discussed with
respect to PEC performance.

Jin et al. [65,66] extensively used TiO2 electrodes to determine
COD values via the measurement of current response in a photo-illumi-
nated system. The primary advantages of this measurement method
are lower response times, easier operation, relative cost efficiency,
and low environmental impact. In this case, under optimized experi-
mental conditions, a Ti/TiO2 electrode can measure COD value in a
linear range of 50 – 2000 mg·L-1 with a detection limit reported to
Fig. 16. An example sample measurement curve.
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be 16 mg·L-1[66]. Significantly improved performance has been
obtained through the use of photoelectron-synergistic photocatalysis.
Ti/TiO2/PbO2 electrodes present a wider range of 20 – 2500 mg·L-1,
with a lower detection limit, 10 mg·L-1 [65].

Zhao et al. [31] proposed a novel method for determining COD
based on photo-electrocatalysis, which they termed as an “exhaustive
degradation model”. This group developed a thin layer photoelectro-
chemical cell which quantifies the sum extent of electron transfer. This
direct method does not require the use of a standard for calibration. It
utilizes the native high oxidation efficiency and precise charge mea-
surement available to PeCOD systems. Under optimized experimental
conditions, a linear range of 0 – 200 mg·L-1 and detection limit of
0.2 mg·L-1 have been demonstrated with reported assay times spanned
from 1 to 5 min. This method has significant advantages over prior
advances; it is rapid, environmentally friendly, and consumes very lit-
tle reagent.

The PEC performance of TiO2 can be further through the applica-
tion of nanostructures; some benefits of tailored structures include bet-
ter electron-hole separation, electron transfer, and higher surface
areas. Mu et al. [67] coated TiO2 nanofibers on an ITO glass slide
and integrated this working electrode in a thin layer PEC reactor for
the rapid measurement of COD values. They report a detection limit
of 0.95 mg·L-1 and a working range of 0 – 250 mg·L-1. They suggest
that the TiO2 nanofibers improved the PEC performance by accelerat-
ing the degradation process via enhanced charge separation and diffu-
sion of organics into the nanofiber films.

An extensive selection of fabrication methods has been reported to
generate various TiO2 nanostructures. Zheng et al. [61] fabricated
highly ordered TiO2 nanotube arrays via electrochemical anodization
of a Ti sheet. TiO2 NT sensors show highly efficient photogenerated
electron-hole pair separation, which yields improved PEC activity rel-
ative to TiO2 coated nanofilm sensors. This is due to the highly
ordered, high aspect-ratio TiO2 NT structures, which are perpendicular
to the conductive Ti substrate. These NT sensor arrays are then inte-
grated into a thin PEC cell, operational in a wide working range of 0
– 700 mg·L-1 for COD determination. This is a significant improvement
in working range compared to other sensors based on TiO2 coated
nanofilms.
6. Synthesis of TiO2 nanostructures

It is crucial to identify TiO2 synthesis and manufacturing methods
to determine the figures of merit (FOM) for industrial PeCOD sensing
devices. Many performance parameters depend on the structure of the
TiO2, specifically sensitivity, lifetime, and the working range; improve-
ments typically involve complex manipulations of a preferential syn-
Fig. 17. SEM images of TiO2 nanotubular structures: a) TiO2 nanotube arrays prod
TNAs from Ti anodization using glycerol/fluoride electrolyte [77]. (Reprinted from
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thesis technique. This section will provide an overview of the recent
developments and possibilities regarding synthesis methods of TiO2.

TiO2 nanomaterials have been produced by various techniques
such as sol–gel, hydrothermal, electrochemical anodization, electro-
spinning, atomic layer deposition (ALD), chemical vapor deposition
(CVD), and physical vapor deposition (PVD). By these methods, sev-
eral crystal structures of TiO2 have been prepared: both pressure and
temperature play roles in every synthesis method, typically relating
to the specific crystal phases present. Nanostructures are preferred
due to the fact that larger surface areas and better electron transition
states are more accessible at small scales. The geometry of TiO2 nano-
materials can be zero-dimensional (0-D), such as nanospheres, one-
dimensional (1-D), such as nanorods and nanotubes, and even three-
dimensional (3-D) nanostructures.
6.1. Electrochemical anodization

In the last 20 years, the fabrication of TiO2 nanotube arrays (TNA)
by electrochemical anodization has been a prominent topic for TiO2

sensor application studies. The fabrication of TNA was firstly reported
by Zwilling et al. [68]. They found that, at a constant anodization
potential, NTAs are produced by the anodic oxidation of a titanium
substrate in various fluoride-containing electrolytes. Interest surged
in the topic following that study. The synthesis, characterization,
and application of TNAs have been comprehensively covered and
may be broadly categorized into multiple generations of well docu-
mented development [69-76]. Fig. 17 illustrates a typical TiO2 NT
array prepared by the anodization of Ti foils using two common elec-
trolytes, which are an acidic fluoride/HF electrolyte and a glycerol/
fluoride electrolyte, respectively [77].

It is well documented that the annealing temperature, anodization
potential and time, electrolyte type, and pH are the key factors affect-
ing the growth process of TNA materials [78,79]. However, these fac-
tors rarely change the phase of the produced TNAs, as anodized TNAs
are usually amorphous. Most photocatalytic and sensor applications
require crystalline phases of TiO2 to be effective, therefore, an anneal-
ing step is necessary after anodization to increase or manipulate the
crystallinity. A strong linear correlation between the wall thickness,
diameter of the TiO2 nanotubes, and the applied anodization voltage
has been reported [77,80]. Besides that, the anodization time has a
strong effect on the length of NTAs. Interestingly, there are no reports
on the relationship between the anodization time and any additional
morphological changes [81]. The electrolyte also has a critical effect
on TNA formation; several studies show the relation between the nat-
ure and age of the electrolyte to the aspect ratio of the produced NTs
[78,82]. This is further supported by reports outlining the impact that
uced by the anodization of Ti using acidic fluoride or HF electrolyte (b) long
Macak et al. 2007. Copyright (2007), with permission from Elsevier.).
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the temperature and pH of the electrolyte have on TNA formation
[76,83].

Zhang et al. [84] successfully developed nanoporous TiO2 electrode
and validated the COD values of actual wastewater and synthetic sam-
ples with the PEC method. Their results were in agreement with the
standard potassium dichromate COD determination technique; they
show a processing time of 1–2 min, a detection limit of 8 mg·L-1 and
a linear range of 20–250 mg·L-1. Zhang et al. relate the enhancement
in the photoelectrocatalytic activity with the nanoporous configura-
tion, the formation of oxygen vacancies and an improvement in donor
density. Si et al. [85] prepared a TiO2 nanotube array by anodization
and subsequently loaded the array with Au nanoparticles. They quan-
tified the COD of organic compounds with known COD values with a
detection limit of 0.18 mg·L-1 and a linear range of 1.92 – 3360 mg·L-1.
6.2. Hydrothermal synthesis

The hydrothermal fabrication method is one of the most widely
used and well-studied techniques to produce various TiO2 nanostruc-
tures. This technique is especially suited to produce large-scale TiO2
Fig. 18. The effect of concentration of NH3 on morphology of a mixture of anatase
complex solutions at 473 K for 24 h [90] (Reprinted from Kobayashi et al. 2011.
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nanotubes (TNTs) with unique nanotubular structures in the industry
[86,87]. The general hydrothermal synthesis is as follows: first, the
Ti precursor is dissolved in some aqueous solution (NaOH, HCl,
etc.), and the resulting mixture is subjected to a hydrothermal auto-
clave step to facilitate the conversion from amorphous to nanosized
crystalline tubular structures in temperature ranges of 110–150 °C.
Then, with a dilute acidic solution or a solvent, the resulting material
is washed, dried, and sometimes annealed to produce a nanotubular
product [86-89]. It is well known that several factors including the
annealing temperature, the nature of the titanium precursor, and the
hydrothermal processing time have major roles in nanostructure
growth. However, the nature of the aqueous solution used to form
the mixture before the autoclave process plays a predominant role in
determining the morphology and the final phase. Fig. 18 shows the
effect of NH3 amount both on size and shape of anatase powders which
are prepared by hydrothermal treatment [90]. Kobayashi et al. also
showed that not only the morphology but also the phase of TiO2

nanoparticles depend on the concentration of NH3.
There is a large array of viable morphologies that might be pro-

duced via hydrothermal synthesis. Aside from TiO2 nanotubes, varia-
and brookite powders synthesized by hydrothermal treatment of aqueous CPT
Copyright (2011), with permission from Elsevier.).



B. Bastug Azer et al. Journal of Electroanalytical Chemistry 918 (2022) 116466
tions of nanorods and nanowires of rutile and anatase phases have
been shown to be possible target products based on the specific synthe-
sis conditions [91,92].

The hydrothermal reaction time is not only important in terms of
structural, optical and morphological properties but also relates to
the photoelectrochemical activities of TiO2 nanorod arrays. Photocur-
rent density generation from TiO2 nanorod arrays has a critical corre-
lation with the hydrothermal reaction time owing to an enhancement
in the surface wettability and surface roughness, which increase the
effective surface area of the arrays [93].

Post treatments are also critical when considering photoelectro-
chemical applications. Wang et al. [94] formed TiO2 NTs by the
hydrothermal synthesis method and followed by a sulfide treatment.
They report a 3.3-fold improvement due to the post-synthesis sulfide
treatment. They argue that the improvement is due to the introduction
of mesopores on the TiO2 NTs, which increases the active surface area
available for electrochemical activity, optical absorption, and electron
transfer rate.
6.3. Synthesis of TiO2 inverse opal structure

It has been reported that TiO2 inverse opal structures (TiO2 IO)
demonstrate superior morphological properties compared to other
TiO2 structured materials. There is a significant degree of control with
respect to pore size, surface area, and, most importantly, a semi-tai-
lorable photonic bandgap. TiO2 IOs are generally prepared by the col-
loidal crystal template method. Commonly, silica (SiO2) or polystyrene
(PS) spheres are used as a template, which is then surrounded by a pre-
cursor material and stabilized with several techniques. As a final step,
the template is removed either by etching or calcination, depending on
the material used. Upon completion, TiO2 IOs are obtained but may
need an anneal step to improve phase uniformity or selectivity [95].
The synthesis of TiO2 IOs is outlined in Fig. 19 in three steps [95]. It
is generally understood that the methodology for producing and intro-
ducing the filling material is paramount to the success and functional-
ization of the IOs. These methods include chemical vapor deposition
[96,97], atomic layer deposition [98,99], and the sol–gel method.
The most widely used TiO2 IO preparation is the sol–gel method, as
it offers significant advantages such as high purity, good product uni-
formity, low processing temperature, and, notably, limited demand for
expensive instrumentation [100-102].

TiO2 inverse opals show better photoelectrochemical behavior
associated to its better light absorption and improved catalytic oxygen
reduction, which is the most important factor for photocatalytic and
photoelectrocatalytic performance in TiO2 inverse opal systems
[103,104].
Fig. 20. Representative diagram of electrospinning equipment set up [106].
(Reprinted from Bhardwaj and Kundu 2010. Copyright (2010), with permis-
sion from Elsevier.).
6.4. Electrospinning

Compared to the other listed methods, electrospinning is the sim-
plest and most cost-effective technique to produce 1D TiO2 structures,
especially when producing nanofibers. Traditional electrospinning
Fig. 19. Representation of synthesis by template method for TiO2 inverse opal stru
from Elsevier.).
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equipment has three main components; a high-voltage power supply,
the feeding unit, and a collector [105]. The diagram in Fig. 20 shows
the general electrospinning equipment setup [106]. 0-D nanomaterials
produced by electrospinning generally show worse performance than
other methods when comparing PEC applications. The resulting mor-
phology and structures more easily result in the formation of charge
carrier recombination sites. For these applications, some research
has been done to produce targeted 1D nanostructures using the elec-
trospinning process [105]. To date, the possible microstructures that
have been achieved by electrospinning include nano-rice [107], micro-
spheres [108], nanowires [109], and nanotubes [110]. 1-D TiO2

microstructures produced by electrospinning are noteworthy for their
improved performance with regard to the direct electron transfer path-
ways and fewer grain boundaries, however, nanoparticles typically
have a higher surface area than these 1D structures. In order to com-
bine both beneficial aspects, some composite structures of TiO2 nan-
otubes and nanoparticles have been produced by electrospinning
[111]. For this purpose, the electrospinning technique is preferred
for the production of various microstructures.

The morphology control during electrospinning plays an important
role in manipulating the photocatalytic and photoelectrocatalytic
properties of TiO2. By tuning these parameters, not only the morphol-
ogy, but also the crystallinity and the phase ratio can be adjusted.
Owing to the higher surface area and particle crystallinity, a targeted
degradation performance can be obtained [112]. The hybrid structures
formed by electrospinning show an enhanced PEC activity with
improved sensitivity and a wide linear detection range [113].
cture [95]. (Reprinted from Yu et al. 2018. Copyright (2018), with permission
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6.5. Chemical vapor deposition (CVD)

Chemical Vapor Deposition (CVD) is one of the commonly used
TiO2 preparation techniques. One or more volatile materials, typically
as mixed solid and gaseous precursors, are introduced in a reaction
chamber under predetermined temperature and pressure. Depending
on the anticipated reaction and relevant parameters it is possible to
produce either TiO2 powders or thin films [114]. The nucleation and
growth mechanisms taking place in the nanoparticle formation can
determine the morphology and phase and are often manipulatable
when using CVD [115,116]. After the growth of the newly formed
nucleation sites, various nanosized particles may be collected depend-
ing on reaction time and rate [117]. The formation mechanism of TiO2

thin film is notably different than that used for nano-powder forma-
tion. First, the precursor(s) are evaporated and transferred to the reac-
tion chamber by some carrier gas. Then, while in the reaction zone, the
gaseous reactions occur; these reactants are transferred to, and
adsorbed by, the heated substrate. Surface diffusion takes place and
the nucleation and growth of the TiO2 layer occur. The deposition rate
of a film by CVD depends on several factors including the type of the
carrier gas (this can be a reactant gas or inert gas such as H2, N2, and
Ar), the type of the precursor material(s), the type and temperature of
the substrate, the synthesis temperature, the deposition time, and the
design of the reaction chamber [118-121].

Lee et al. [122] used TTIP as a precursor material to coat TiO2

nanoparticles on glass beads using a CVD method. The precursor
was evaporated and carried with carrier gasses (N2 and Ar) at 900 °
C to soda-lime glass beads. The effect of the deposition time on the
photocatalytic performance was investigated and it was reported that
a one-hour deposition had the best photocatalytic performance with
respect to the decomposition of acetaldehyde.

Besides these above-mentioned methods, there are numerous com-
parable techniques including plasma-enhanced CVD (PECVD), physi-
cal vapor deposition (PVD), sputtering, pulsed laser deposition, and
atomic layer deposition have been used to produce different TiO2

nanostructures. When compared, all these techniques have both
advantages and disadvantages between each other. Generally, there
are several parameters with competing influences on the overall qual-
ity of the final TiO2 nanostructure. All the techniques explained above
and mentioned have a critical effect on the morphology and structure
of TiO2, which determines the photoelectrocatalytic performance. Pro-
duction techniques have a nontrivial impact on the detection limit and
sensitivity of any TiO2 PEC system. Therefore, more research should be
conducted on the performance and photoelectrocatalytic COD deter-
mination of TiO2 systems with respect to the production technique.

6.6. TiO2 based nanocomposites

As seen in earlier sections, TiO2 has been the most prevalent PEC
material due to its numerous advantages. However, there are signifi-
cant limitations and drawbacks; the main concern with TiO2 is the
wide indirect band gap energy. This limits the absorption of solar
energy to 5% and permits a fast electron/hole recombination rate, low-
ering the overall quantum efficiency [123,124]. To minimize these
drawbacks, researchers have been proposed various strategies, includ-
ing metal/non-metal ion doping [125-127], heterojunction formation
[128], morphological and structural modifications [129,130], sensiti-
zation [131], hydrogenation [132-134], etc. Recently, most of this
attention has been directed to nanocomposite formation.

Introduction of another semiconductor material in TiO2 systems is
one of the common research directions taken to improve the photo-
electrochemical and photocatalytic performance. The charge transfer
between the different band gap structures and surface interactions
coming from composite structures improve the photoelectrocatalytic
performance of TiO2. Pang et al. [135] introduce a bismuth-based
semiconductor in TiO2 nanotubes arrays and they report an enhanced
13
photoelectrochemical COD detection with a sensitivity of 2.05
µA·cm−2/(mg·L-1) and with a detection range of 0.366 – 208.9 mg·L-1.
Narrow bandgap semiconductors have also been combined with
TiO2 to enhance the photoelectrocatalytic activity under visible light
illumination. To illustrate, Cu2O (bandgap energy of Cu2O is 1.9 eV)
is loaded on TiO2 nanotubes and this composite electrode show an
enhanced photoelectrocatalytic activity relative to pure TiO2 nan-
otubes under visible light illumination. A COD detection limit of
15 mg·L-1 with a linear range of 20–300 mg·L-1 is reported [136].
In addition to semiconductors, metal nanoparticles have also been
incorporated into TiO2 structures to form composite materials with
enhanced COD detection. Si et al., load Au nanoparticles on 3D
TiO2 nanotube arrays, which demonstrated enhanced photoelectro-
catalytic properties. They confirm known COD values of representa-
tive organic solutions with a detection limit of 0.18 mg·L-1 and
linear detection range of 1.92 – 3360 mg·L-1 under UV illumination
[85].

6.7. TiO2 electrode preparation

TiO2 nanostructures can be produced by several techniques, as
explained. These TiO2 nanostructures and the associated preparation
methods are the most common choices for TiO2 electrode fabrication.
Typical TiO2 electrode preparation is done by assembling a sensing
electrode with either a conductive or nonconductive electrode sub-
strate. Although conductive substrates are preferred for most applica-
tions, nonconductive substrates are often used in some gas sensors
[137].

As the TiO2 synthesis techniques are in solutions, deposition of the
as prepared TiO2 colloids onto a substrate surface plays a crucial role.
Among the deposition methods, dip coating is the oldest and simplest
technique. This technique involves a prepared substrate which is
immersed into a TiO2 containing solution at steady speed, then
removed, the solvent is evaporated, depositing some thickness of
TiO2. This technique is very useful to prepare uniform films. By con-
trolling the dipping and removal speed, the overall thickness of the
deposited film may be controlled [138]. Another very common depo-
sition method to form TiO2 thin films is spin coating [139]. With this
method, the coating is spread by centrifugal forces. A fixed substrate is
rotated at high speeds while some TiO2 solution is deposited. The layer
remains behind after evaporating the solvent. The thickness and uni-
formity of the film depend on the volume of deposited solution and
the rotating speed. For PeCOD applications, the control of the film
thickness and uniformity is the most important design factor. For
large-scale and industrial applications, the production volume, cost,
energy demand, complexity must additionally be considered. The
reproducibility of the sensing slides fabrication by dip coating and spin
coating techniques is not trivial and must be considered along with the
variability related to solution preparation and deposition. Recently,
inkjet printing techniques have been proposed for the fabrication of
TiO2 photoanodes for mass production of reproducible slides. By inkjet
printing, as-synthesized TiO2 colloids are immobilized on a desired
substrate. The slides prepared by this technique have been used to
determine COD of aqueous solutions, resulting in a linear range of
0–120 mg·L-1 with a detection limit of 1 mg·L-1 has been reported
[140].

Many applications have functional requirements that cannot be met
with pure TiO2 nanomaterial electrodes. Consideration for heightened
sensitivity, detection range, and response time must be incorporated
into the electrode preparation method if the device must satisfy more
stringent requirements for specific sensing applications. This is mostly
applicable to bio- and gas-sensing applications, which has led to more
severe limitations on their practical applications. Surface modification
or surface functionalization are popular methods used to overcome
these problems in TiO2 electrodes. Generally, noble metals, polymers,
and biomolecules are introduced to the TiO2 films for specific, targeted
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application purposes [141-143]. The greatest challenge to the integra-
tion and deposition of these materials is the prevalence of oxidation
and corrosion after implementation, which decreases the specified per-
formance [144].

TiO2 nanomaterials are still a popular research topic, especially in
sensing application fields. The continued focus revolves around devel-
oping better-performing sensors; this depends on the optimized pro-
cessing of TiO2 nanomaterials, electrode formation processes, and
surface functionalization processes.

7. Conclusions

In this work, state-of-the-art PEC TiO2 materials fabrication meth-
ods, testing, and characterization were discussed. Currently, a wide
variety of manufacturing techniques have been developed. This makes
the selection of a suitable manufacturing process and the correspond-
ing implementation difficult for a particular industrial-scale sensing
application.

Nevertheless, hydrothermal and electro-spinning techniques might
be well-suited systems for simple or scalable production routes. More
complicated techniques such as anodization, CVD, and inverse opal
suffer from scalability or accessibility requirements. Consideration
for heightened sensitivity, detection range, and response time must
be incorporated into the electrode preparation method if the device
must satisfy more stringent requirements for specific sensing applica-
tions. Many application-specific possibilities for material manipulation
exist; typical, pragmatic implementations of TiO2 involve an active
layer fixed to a conductive substrate. The operation and implementa-
tion of sensors for COD are discussed with respect to our specific
implemented system. The electrical, mechanical, theoretical, and prac-
tical aspects of the development of the system and their optimization
are outlined. These factors are very application-dependent; however,
catalytic systems generally rely on cycling between samples and cali-
bration stages such that the reproducibility and minimization of vari-
ation are paramount. These catalytic systems rely on similar
considerations for the adequate removal of contaminants, appropriate
system geometries, and reproducible fabrication. Microfluidics are a
common and challenging topic in the design and implementation of
sensor systems, but the minimization of complexing aspects in photo-
catalytic systems enables a reliable and systematic implementation of
PEC TiO2 analyzers.
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