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ABSTRACT
Chemical oxygen demand (COD) is an important water quality parameter for
estimating organic pollution. Conventional COD method has several drawbacks
including lengthy assay time, complex procedure and requiring the use of highly
toxic and expensive chemicals. Considerable efforts have been devoted to improve
conventional COD methods. In this regard, the PeCODTM method has been the most
noticeable technique. This method utilizes the superior oxidation power of UV
illuminated nanostructured titanium dioxide (TiO2) to achieve organic degradation
while simultaneously enabling quantification of the COD value by directly
measuring the photocatalytic oxidation current/charge that originated from
photocatalytic degradation of organics. The method is an absolute method that
requires

no

calibration.

It

is

an

environmentally

friendly

method

that

requires/generates no toxic reagent. It is a simple and rapid method for sensitive and
accurate COD determination. However, PeCODTM method needs to be improved in
few aspects for more broad applications, especially for the field-based applications.
These include the portability and high degradation efficiency for those oraganic
compounds with difficulty to be oxidized. This study is therefore focused on
improving the portability and applicability of PeCODTM method.
In order to improve the portability, a miniature photoelectrochemical COD system
for rapid COD determination is successfully developed by replacing the xenon light
source and normal electrochemical measurement system with an ultraviolet light
emitting diode (UV-LED) light source and microelectrochemical measurement
system. UV-LED light source has many advantages over the xenon light system
including low cost, small size, light weight, low power consumption, long-life and
high stability. Combined with a microelectrochemical system and a laptop computer,
this miniaturized analytical system can be used for the on-site COD analysis in a
i

simple, rapid, sensitive, accurate and environmentally friendly manner. Under the
optimized experimental conditions, the miniature COD system based on exhaustive
degradation model in thin-layer photoelectrochemical cell can achieve a practical
COD detection limit of 0.2 mg/L of O2 with a linear range up to 300 mg/L of O2. In
addition, the miniature COD system is further developed as a COD probe based on a
non-exhaustive degradation model. The system can be powered and controlled by a
laptop computer as a portable analytical system for rapid on-site COD determination.
Under the optimized experimental conditions, this portable probe can practically
determine COD as low as 0.2 mg/L of O2 with a linear range up to 120 mg/L of O2.
With the conventional COD method, certain types of organic compounds (e.g., some
nitrogenous organic compounds) cannot be completely oxidized. As a result, the
measured COD values may not reflect the actual oxygen demand of the measured
sample. A synergetic photoelectrochemical oxidation method is therefore proposed
and experimentally validated for determination of COD for samples containing
nitrogenous organic compounds. The results demonstrate that this newly developed
synergetic photoelectrocatalytic oxidation technique can be used effectively and
reliably to determine COD values of samples containing nitrogenous organic
compounds without the need to consume any toxic or expensive reagents.
In order to improve the fabrication method and, thus, enabling the mass production
of uniform and reproducible TiO2 photoanodes for COD determination, an inkjet
printing technique is developed and successfully used to replace the conventional
dip-coating technique for fabrication of photoanodes. The experimental results
demonstrate that the inkjet-printed TiO2 photoanodes are highly reproducible and
suitable for COD analysis.

ii

In order to improve the sensitivity, a nano-composite photoanode made of carbon
nanotubes/nanoparticulate TiO2 is developed. The method utilizes the superior
conductivity and adsorption properties of carbon nanotubes to improve the sensitivity.
The composite photoanodes demonstrate superior properties for sensitive
determination of organic compounds.
Finally, a universal photoelectrochemical detector based on TiO2 photocatalysis is
also developed that is coupled with high performance liquid chromatography (HPLC)
system for determination of organic compounds. Compared with the conventional
selective detectors, this detector has a number of advantages including generic
response to any photocatalytic oxidizable organics with high sensitivity and low cost.
The developed system is validated using the flow injection analysis system and
HPLC systems.
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CHAPTER 1 GENERAL INTRODUCTION
1.1

Introduction

Water quality is always a public concern for all countries regardless of their
development level. In the case of the water quality of oceans and rivers, pollution is
primarily caused by the discharge of inadequately treated industrial and municipal
wastewater 1. Municipal and industrial wastewater contains organic pollutants in
largely unknown combinations and in varying concentrations 2. The main sources of
organic pollutants in wastewater are industry (chemical and thermal waste),
agriculture (animal waste, pesticides and fertilizers), and private house-holds (human
waste, pharmaceuticals and detergents) 2.
Oxygen depletion is one of the main effects of organic pollution in water 3. Generally,
oxygen demand is used to collectively represent the organic pollution level of a water
sample. Currently, chemical oxygen demand (COD) is one of the most important
parameters widely used in water quality assessment. The standard COD method is
the preferred method for assessing the oxygen demand of organic pollutants in
heavily polluted or toxic water bodies. Despite its widespread use and acceptance,
the standard COD method has several drawbacks, including a time-consuming
digestion procedure, and the use of highly corrosive and toxic reagents. Because of
these limitations, it is difficult to apply in real-time or on-line monitoring. Enormous
effort has been devoted into developing an alternative method to overcome the
drawbacks associated with the standard dichromate method.
Photocatalysis has recently become a common technique and titanium dioxide (TiO2)
is regarded as the most efficient and environmentally benign photocatalyst 4. TiO2
photocatalyst has been widely used in many areas, including photocatalytic
2
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degradation of various pollutants, photocatalytic sterilization, and photocatalytic
cancer treatment 5. Many applications are based on the highly oxidizing potential of
TiO2 photogenerated holes, and with illuminated TiO2, a wide spectrum of organic
compounds can be completely oxidized in a simple, rapid and efficient fashion.
Herein, by utilizing the highly efficient photocatalytic properties of TiO2,
photoelectrocatalytic systems have been developed as COD sensors and universal
detector for the determination of organic compounds. As COD sensors, the systems
based on TiO2 photoelectrocatalysis intend to overcome some of the problems
associated with the existing methods for COD analysis. As a detector, the system
with the TiO2 photoanode will be introduced into flow injection analysis system and
high performance liquid chromatography system as a type of universal detector for
organic compounds.
1.2

Chemical Oxygen Demand

Oxygen, although poorly soluble in water, is fundamental to aquatic life. Without
free dissolved oxygen, streams and lakes become uninhabitable to most aquatic life.
In water, oxygen is rapidly consumed by the oxidation of organic matter 6. Unless the
water is reaerated efficiently, as by turbulent flow in a shallow stream, it rapidly
becomes oxygen depleted and will not support higher forms of aquatic life 6.
Therefore, organic pollutants requiring oxygen for their decomposition may exert the
most direct and fastest influences on the ecology of these environments. These
effects can be estimated using the oxygen demand concept 7.
Oxygen demand is an important parameter to assess the organic pollution in aqueous
systems. The test has its widest application in measuring waste loadings of treatment
plants and in evaluating the efficiency of treatment processes. Other applications
include testing lake and stream water samples for organic pollution. Oxygen demand
3
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testing does not determine the concentration of a specific substance; rather, it
measures the effect of a combination of substances and conditions. Because oxygen
demand is not a pollutant, it poses no direct threat to fish or other life. It can,
however, pose an indirect threat to living organisms by reducing the level of
dissolved oxygen 8.
There are two methods widely used in measuring oxygen demand, biochemical
oxygen demand (BOD) and chemical oxygen demand (COD). Both methods involve
the quantification of oxygen requirement via oxidative degradation of the organic
matters present in the sample. The degree of oxygen consumption by microbiallymediated oxidation of contaminants in water is called BOD 6. It is evaluated
experimentally by determining the concentration of dissolved O2 at the beginning
and at the end of a period (usually five days) in which a sealed water sample seeded
with bacteria is maintained in the dark at a constant temperature 9. The advantage of
BOD measurement is that it closely parallels natural processes, although it is a
lengthy measurement to complete 10. A more rapid determination of oxygen demand
can be made by evaluating the COD of a water sample. The COD test is the preferred
method for assessing the oxygen demand of organic pollutants in heavily polluted
water bodies and is the national standard for organic pollution evaluation in many
countries.
1.2.1

Principle of the Standard COD Method

In the standard methods of COD determination, a known amount of oxidant is added
to a sample and the mixture boiled. After the oxidation has proceeded for a given
period of time, the initial concentration of organic species can be calculated by
determining the amount of oxidizing agent remaining using titrimetric or photometric
methods. Depending on the oxidants used, there are two COD standard analyses
4
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methods in use. They are the dichromate method (used in western countries) and the
permanganate method (used in Japan) 7.
The dichromate method is preferred over procedures using other oxidants because of
its superior oxidizing ability, applicability to a wide variety of samples, and ease of
manipulation 11. In this method, the COD test measures the oxygen equivalent of the
amount of organic matter oxidized by potassium dichromate (K2Cr2O7) under acidic
conditions (sulphuric acid). Generally, silver sulphate is added as a catalyst to
improve the oxidation extent of volatile straight-chain aliphatic compounds, while
mercuric sulphate is added to reduce the interference of chloride ion 11.
The mixture (i.e. K2Cr2O7 in sulphuric acid) is a powerful oxidizing agent. It is this
mixture, rather than O2, that is used to ascertain COD values. The reduction half
reaction for dichromate when it oxidizes the organic matter is shown in Equation 1.1.
The amount of dichromate consumed in the break down of organic compound is
measured to indirectly indicate the organic content of the sample. Thus, the COD test
includes two steps: digestion and determination. The 2-h digestion ensures the
sufficient oxidation of the organic compounds in a sample, which is followed by the
determination of the consumed amount of dichromate using titrimetric or
colorimetric methods.
Cr2 O7

2−

+ 14 H + + 6e − → 2Cr 3+ + 7 H 2 O

(1.1)

The permanganate method is also used as standard method in some countries (e.g.
Japan), since manganese, unlike Cr(VI), is a non-hazardous metal. Samples are
oxidized by a 30-min digestion with potassium permanganate in a sulphuric acid
solution using silver sulphate as catalyst. After digestion, the remaining MnO4- is
determined by the titration method

12

. However, due to the incomplete oxidation of

5
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many organic compounds and a relatively low detection limit 8, 13, the permanganate
method is not used as widely as the dichromate method.
1.2.2

Improvements Based on the Standard Method

Despite its widespread use and its acceptance as the APHA and EPA standard
method for COD analysis, the dichromate method has several drawbacks. The
principle disadvantages are listed as follows: (i) the analysis time is too lengthy, 2 h
for digestion plus additional time for titration or spectrophotometry; (ii) handling
time is also considerable, thus increasing the probability of errors; (iii) there is a
relatively high consumption of expensive (Ag2SO4) and toxic (HgSO4, K2Cr2O7)
chemicals, which is of particular environmental concern and has led to the
dichromate method being replaced in Japan; (iv) straight chain carboxyl acids are not
oxidized in the absence of a catalyst (Ag2SO4) and may not be completely oxidized
even in the presence of silver sulphate 12. For these reasons, a great deal of effort has
been devoted to improving the procedure focusing on digestion, reagent consumption
and quantification steps.
1.2.2.1 Microwave Digestion
To accelerate the oxidation of organic matters in water samples, the microwave
technique is introduced in the digestion step. A microwave system provides efficient
energy transfer and thus decreases the heating time, moreover it allows the process to
be more accurately controlled and completely automated in a straightforward manner
14

.

Jardim and Rohwedder first employed the microwave technique for the oxidation
step for the determination of COD

15

. Compared to the 2-h standard digestion

procedure, a 7-min microwave digestion, with exposure at 350-W power, was proven
6
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suitable for samples having up to 1000 mg/L of O2. This method saved both time and
reagents, since only one tenth of the total amount of reagents used in the
conventional method was consumed. Instead of pressure Teflon vessels

15

, open

digestion tubes were used in the microwave digestion procedure by Del Valle et al .16,
and the digestion time was further reduced to 4 min (400 W) for a COD range of 50500 mg/L of O2. For river water and wastewater samples, the results obtained were
very similar to those obtained by the standard method. In order to further decrease
reagent consumption, a semimicro determination of COD was employed

17

. A total

of 2.5 mL of sample, 1.5 mL oxidizing solution and 3.5 mL catalyst solution were
used with microwave digestion for 0.5 min at 1000 W and 10 min at 250 W,
followed by the use of titration method used in the determination step. The results
agreed with those obtained with the usual reflux method for selected substances
(potassium hydrogen phthalate, glutamic acid, glucose, dodecyl sulphate) and real
samples 17.
For more efficient energy usage, Dharmadhikari et al. used a laboratory-grade closed
microwave digestion system (one magnetron) for sample digestion, followed by the
titration step for determination. This digestion system was capable of digesting 10
samples at a time for only 15 min for COD concentrations in the range of 5-1000
mg/L of O2 13. Microwave digestion was also tested by digesting samples in open
vessels located in a Focused Microwave System 18. With an exposure of 250 W and
150°C for 8 min, the results obtained for some organic compounds and real
wastewater samples agreed with those obtained from closed reflux methods, but
acetic acid, glutamic acid, glycine and benzene were incompletely oxidized (only
24%-60%)

18

. When a temperature control mode was employed in the focused

microwave system, it allowed the extension of irradiation time, thus improving the
oxidation of acetate 14. Axán and Morrison also employed the microwave method in
7
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their work and used Parr’s PTFE vessels in the microwave system 19. Oxidation was
complete within 2 min and the results were comparable with those obtained with the
conventional 2-h open reflux method. By lowering the concentration of sulphuric
acid, the chloride interference was reduced to tolerable levels without the use of
mercuric sulphate, which was beneficial for the stringent control of mercury usage.
A great deal of effort has been devoted to the development of on-line or automated
determination of COD with the microwave digestion system. Balconi et al. described
a flow injection analysis method based on the use of microwave digestion with a
spectrophotometer as the detector

20

. When it was applied in well, river and waste

waters, in the range of 4-235 mg/L of O2, the obtained results concurred with those
produced using the official Italian method. However, the bubbles were not
completely removed by a degassing unit and caused high noise levels. Cuesta et al.
employed a flow injection microwave exchange system for COD determination

21

.

Sample digestion was carried out in a microwave in conjunction with a flow injection
analysis system, and the determination of the remaining dichromate Cr(VI) was
detected by flame atomic absorption spectrometry after separating Cr(III) from Cr(VI)
with an anion exchange resin. A detection limit of 7 mg/L of O2 and a high
throughput of 50 determinations per hour were obtained. Since the resin deteriorated
rapidly in the high acidity of the medium, the separating procedure was changed to
the liquid-liquid extraction of Cr(VI) with tributyl phosphate in Cuesta’s further
work

22

. Beltrá described a fully automatic microwave assisted COD measurement

device (see Figure 1.1), with a spectrophotometer to measure the absorbance of the
Cr(III) formed

23

.

The device supplied COD values in just 15 min with the

application range of 0-15000 mg/L of O2 23.
All the above modifications attempted to save time and energy in COD
determination, and some of them also decreased the consumption of toxic or
8
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corrosive reagents. Furthermore, the advantages of the microwave digestion system
(such as rapid digestion and easy handle) provided the potential for on-line and
automatic COD determination.

2

F
3

Thermostatic
bath (T<0oC)

Microwave
oven

4

Oxidant Acid
mixture mixture

Spectrophotometer
(λ = 590 nm)

1

NH3

Sample
standard

Wastes

Figure 1.1 Schematic diagram of the fully automatic microwave-assisted COD
measurement device 23. 1, 2, 3, and 4 = Peristaltic pumps, F = Filter.

1.2.2.2 Ultrasound Assisted Digestion
Although microwave digestion is successfully applied both in batch and flow
injection analyses for COD determination and is proven more efficient and faster
than conventional-convective heating, the main drawbacks of microwave digestion
system are the high initial cost of the equipment and safety limitations 24.
Ultrasound is applied in many fields in analytical laboratories, such as cleaning,
solution degasification, extraction, aerosol generation, electroanalysis and organic
synthesis 25. When it was employed in COD determination, ultrasound radiation was
also used to accelerate the oxidation reaction, as accomplished with the microwave

9
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system. Canals et al. firstly evaluated an ultrasound-assisted method for COD
determination (see Figure 1.2)

25

. This method was faster and easier to handle than

the conventional method, and much cheaper than the microwave assisted method.
Under optimized conditions (ultrasound power 143 W, power density 126.5 W/cm2,
[H2SO4]>60% (v/v), sonication time 2 min), this system showed good performances
only with easily oxidized compounds, while the performances with less oxidisable
organic compounds and real wastewater samples were poor 25.

Converter (transducer
housing) and horn
(ultrasonic amplifier)

Vibrating tip

Generator

Water
Sample

Figure 1.2 Experimental set-up for ultrasound assisted COD determination 25.

The poor oxidation may result from the low efficiency of the ultrasound energy
transfer from the sonic probe to the reaction mixture

26

. In order to improve the

efficiency of energy transfer between the generator and the reaction mixture, Canals
et al. used an all-glass sonic probe for direct sonication

26

. The results showed that

this improved system could be successfully used for COD determination of real
wastewater samples 26. Domini et al. described the rapid determination of COD using
ultrasound irradiation, where the irradiation time was only 1 min under the
conditions of 90% of maximum nominal power (180 W) and 0.9-s pulses per second

10
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27

. With sonication, the COD recovery values were higher than in previous work and

the shorter irradiation time could increase the analysis frequency 27.
1.2.2.3 Flow Injection Analysis
The flow injection analysis method was coupled to the standard dichromate method
to achieve a rapid and continuous determination of COD. In the system described by
Korenaga, potassium dichromate in sulphuric acid was used as an oxidizing and
spectrophotometric reagent stream and glucose as a standard substance. The
oxidation step was carried out at 100°C for 30 min in the poly(tetrafluoroethylene)
tubing (0.6 mm i.d. × 50 m) 28. A sampling rate of 10 samples per hour was achieved
with a determination range of 50-10000 mg/L of O2 28. The sensitivity was improved
in their further work

29

, where a detection limit of 5 mg/L of O2 was achieved.

Appleton et al. described a fully automated method using a commercial flow
injection analyzer and a higher reaction temperature (160°C), and achieved a much
shorter processing time (3 min) 30. However, a performance limitation of the analyzer
resulted from the maximum cycle time of 198 s

30

. Generally, in order to achieve

continuous and rapid determination, flow injection analysis has been employed in
many other methods for COD determination, such as the microwave assisted
methods mentioned above

20

, electrochemical methods

31

, and photocatalytic

methods 32.
1.2.2.4 Improvements in Reagent Consumption
As mentioned previously, several hazardous compounds were used in the standard
dichromate method for COD determination, including chromium, mercury, silver and
sulphuric acid. LaPara et al. developed a miniaturized version of this standard
dichromate method, where the use and disposal of these hazardous compounds were
decreased by 84%

33

. Using micropipettes and semi-micro spectrophotometer
11

Chapter 1
cuvettes, only 560 µL of the catalyst solution (Ag2SO4 in H2SO4), 240 µL of the
digestion solution (K2Cr2O7 and HgSO4 in H2SO4) and 400 µL of sample were used
in the miniaturized method

33

. Similar accuracy levels as with the conventional

method were obtained by the miniaturized method for both synthetic and real
wastewater samples

33

. However, compared to the standard method, this method

possesses several drawbacks, including a reduced capacity to re-use standards, a
greater susceptibility to contamination and greater difficulty in obtaining
representative aliquots from samples containing suspended organic materials 33.
Less hazardous oxidizing reagents, such as Ce(IV) and Mn(III), were utilized in the
determination of COD to avoid the usage of dichromate. Korenaga et al. developed a
flow-injection method using cerium sulphate as the oxidizing agent for automated
determination of COD, with a detection range of 0.5-130 mg/L of O2 34. Ce(IV) is not
only non-toxic, but also possesses a higher redox potential than Mn(VII). By this
method, COD values for various types of wastewater samples correlated well with
those obtained by standard methods

34

. However, several disadvantages were found

in this method, including a gradual variation of the degree of sample oxidation

34

,

and the photometric measurement at 320 nm being affected by the incompletely
oxidized organic compounds 8. Mn(III) was suggested as an environmentally friendly
oxidizing reagent by Miller et al.

35

, with a digestion process at 150°C for 1 h. To

shorten the digestion time, microwave-assisted digestion was employed in the Mn(III)
method, and the irradiation time was reduced to 1 min

24

. Moreover, in the Mn(III)

method, the bismuth adsorbent minimized the chloride interference and avoided the
use of silver and mercury salts 24, 35.
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1.2.3

Methods Based Alternative Oxidation Principles

1.2.3.1 Electrochemical Method
Recently, electrochemical methods for the treatment of waste water containing
organic pollutants have attracted a great attention 36. The basic principle is based on
electrochemical degradation of organic pollutants into, ideally, water and carbon
dioxide. Thus, an electrochemical cell with this capability might enable a simple and
fast method for the evaluation of COD based on coulometry (the number of electrons
consumed in the degradation) 7. The electrons released during the oxidation can be
measured as an electrical current, which is proportional to the COD value of the
analysed solution. Frequently, the appellation electrochemical oxygen demand (EOD)
instead of COD is used for these methods. This is defined as the oxygen equivalent
of the charge consumed during electrochemical oxidation of the organic species of a
sample 37. Since both parameters express the concentration of total organic matter in
solution, the only difference between EOD and COD lies in how the oxidation of
these organic species is achieved. In principle, a sample being analyzed in a chemical
or electrochemical method should result in an equal value for COD and EOD 38.
Several anodic materials (e.g. Pt, Ag, Au, Cu, PtOX, PbO2) have demonstrated good
surface catalytic activity for oxidation of different organic compounds

39

. For

example, Lee et al. reported the use of copper as an electro-catalyst for the alkaline
oxidation of organic species, such as carbohydrates and amino acids, which are
thought to be mainly responsible for COD

40

. They also developed a COD sensor

using a stopped-flow thin-layer electrochemical cell with a copper working electrode
(see Figure 1.3) 41. A single measurement took 2-6 min, depending on sample type or
concentration. Moreover, the coulometric charge required for exhaustive electrolysis
of samples was measured and correlated with the COD value obtained by the
13
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conventional method using permanganate

41

. Silva et al. also developed an

electrochemical detector using copper electrodes (Cu/CuO) for COD determination,
achieved a linear range of 53.0-2801.4 mg/L of O2 and detection limit of 20.3 mg/L
of O2 42. Jin’s group reported a nano-PbO2 modified electrode
modified electrode

43

37

and F-doped PbO2

used in the electrochemical detection systems for COD

determination. Of late, other kinds of electrodes have been explored in COD
measurement, including the RhO3/Ti electrode

44

, the boron-doped diamond

electrode 45, 46, and the rotating Pt ring-Pt/PbO2 disc electrode 38.

Peristaltic
pump

Valve

Sample
solution

Thin layer
electrochemical cell

Blank
solution
Reference
electrode
(Ag/AgCl)

Waste
solution

Inlet

Potentiostat

Computer

Counter
electrodes Outlet
(Pt)
Polyvinyl
chloride seals
Polyvinyl
chloride plate

Working
electrode (Cu)
Thin layer electrochemical cell

Figure 1.3 Schematic diagrams of the COD sensor system and the thin-layer
electrochemical cell 41.

As stated above, the main advantages of electrochemical methods for COD analysis
were simplicity, short response time, wide linear range, low cost, and the ease of
automation. There are however, some major drawbacks associated with the
electrochemical method. Firstly, high and unstable background current inhibits
sensitive detection and leads to accuracy and reproducibility problems. Secondly,
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using a metal electrode leads to contamination and/or accumulation of the inactive
metal oxidant at the surface of the electrode in the form of residue left after reactions.
In continuous on-site operation, the inactivation of metal electrodes by contamination
presents a major problem, and may lead to inaccurate data

39

. Thirdly, direct

oxidation of organic species at the surface of an electrode is not always possible
because the oxidation potential for many compounds is more positive than that for
the oxygen evolution reaction

38

. Most of the related studies reported the direct

oxidation of carbohydrates and amino acids rather than a broad spectrum of organic
pollutants. For many other organic compounds direct oxidation still remains
problematic.
1.2.3.2 Photocatalytic Methods
In recent years, the photocatalytic decomposition of organic pollutants in water has
attracted much attention, because complete degradation of organic compounds can be
readily attained

47

. In many photocatalytic processes, TiO2 is applied as a

photocatalyst because it is non-photocorrosive, non-toxic, and highly effective in its
photooxidative destruction of most organic pollutants

48

. The photocatalytic

destruction process begins with photogeneration of electrons and holes in the
photocatalyst: the excitation transfer of an electron from the valence to the
conduction band creates an oxidizing site (a “hole”, h+VB) and a reducing site (an
“electron”, e-CB). With these holes and electrons, organic compounds are degraded,
where oxygen is stoichiometrically involved 49.
Based on this principle, Kim et al. proposed a COD sensor based on an oxygen
electrode (see Figure 1.4), which measured a decrease in the dissolved oxygen
accompanied by oxidation of organic compounds under TiO2 photocatalysis

49

. For

practical applications, this photocatalytic COD sensor, combined with TiO2 and the
15
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oxygen electrode was further modified by employing a flow system
microfabricated oxygen electrode

52

50, 51

or a

. Although the sensor demonstrated many

advantages, including short response time, no sample pre-treatment, simple
49

instrumentation, and long-term stability

, it still had several problems: low

sensitivity due to the small change in dissolved oxygen during the mineralization;
inadequate oxidation caused by short analysis time; limited dynamic working range
due mainly to the low solubility of oxygen in water; the requirement of system
calibration; and the need to control experimental temperature since oxygen
concentration measurement by oxygen electrodes is highly temperature dependent.

Chart
recorder

Digital
multimeter

Reflector
TiO2-loaded
oxygen electrode

Thermostated
water bath

UV lamp
Magnetic stirrer

Figure 1.4 Schematic diagram of the photocatalytic sensor system for COD
determination based on oxygen electrode 49.

Jin’s group reported several coexisting systems using photocatalytic sensors for COD
determination

53-59

. In a nano-TiO2-K2Cr2O7 system

53,54

, where K2Cr2O7 was

stoichiometrically involved as an electron scavenger, the COD of a given sample was
assessed by tracing the change in concentration of Cr(III) produced by the
photocatalytic reduction of K2Cr2O7. Based on a similar principle, a nano-TiO2Ce(SO4)2 synergetic system

55

, a nano TiO2-K2S2O8 co-existing system

nano-ZnO/TiO2-Mn(VII) coexisted system
16
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, and a

were introduced by Jin’s group. The
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latter was most sensitive, capable of detecting lower than 10 mg/L of O2. Even
though these systems replaced the oxygen electrode with an electron scavenger to
improve the degradation efficiency, and shared similar advantages with the Kim’s
photocatalytic COD sensor

49

, the coexisting systems also suffered from several

drawbacks. These included the requirement of system calibration and employment of
reagents which were not environmentally friendly. Besides these coexisting systems,
they also developed flow injection photoelectro-synergetic catalysis systems with
Ti/TiO2/PbO2 electrodes

58

and Ti/TiO2 electrodes

59

for COD determination. The

electrodes acted as amperometric sensors for determination of COD values within a
wide range of 30-2500 mg/L of O2 and 50-1000 mg/L of O2, respectively 58, 59.
1.2.3.3 Photoelectrocatalytic Methods
The photogenerated holes in an illuminated TiO2 semiconductor are a very powerful
oxidizing agent (+3.2V) that is capable of stoichiometrically oxidizing nearly any
organic species found in natural waters and wastewaters 60. In order to improve the
photocatalytic degradation efficiency, it is essential to suppress the recombination of
photoelectrons and holes 61. In traditional TiO2 photocatalysis systems, photo-excited
electrons are removed by an electron acceptor, such as oxygen 47. Unfortunately, this
process is often a rate-limiting step due to the relatively weak reductive power of the
photoelectrons in TiO2 and the low solubility of oxygen in aqueous solution 60.
In this method for COD determination, an electrochemical technique is incorporated
into a photocatalysis system, namely, photoelectrochemical degradation (PeCOD).
The TiO2 nanoparticle film photoanode is used as the working electrode in a reaction
cell, and photoelectrons generated from the oxidation of organics are captured by
electrochemical means. By applying an appropriate potential bias to the working
electrode, the photocatalytic oxidation of organic compounds and water takes place
17
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at a working electrode, and then the photoelectrons are subsequently forced to pass
into the external circuit and to the auxiliary electrode, where the reduction of water
or oxygen takes place. The photocurrent (or charge) is monitored and gives a direct
measure of the oxidation of organic compounds, which can be used as the analytical
signal.
In our previous work

62

, the PeCOD method was successfully applied for

determination of the COD in a range of synthetic and real samples, with the COD
values determined using the PeCOD method agreeing well with the standard
dichromate method. Moreover, the sensitivity and sample analysis time was
significantly improved with a detection limit of 0.2 mg/L of O2 for laboratory
synthetic samples. The system is capable of completely oxidizing a wide spectrum of
organics in samples within 5 minutes. It does not require a calibration standard which
makes it a highly desirable instrument for on-line water quality monitoring
applications 63.
1.2.3.4 Other Alternative Oxidation Method
Other oxidation principles have been employed in COD determination, including
high temperature combustion and ozone oxidation. Stenger et al. developed a rapid
method using high temperature combustion (875°C) and an infrared analyzer, with a
detection range between 10 and 300 mg/L of O2 64. A microsample was injected into
a heated combustion tube where CO2 was flowing, and reducing materials reacted
with CO2 to form CO, which was measured by an infrared stream analyzer 64. Ozone
has also been used in COD determination due to its powerful oxidizing power 65. Jin
et al.

65

demonstrated a COD determination method based on ozone oxidation aided

by UV radiation. Since luminol can be oxidized by dissolved ozone to produce
luminescence, a flow injection ozonation chemiluminescence system was developed
18
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for COD determination

65

. The COD values obtained from this method were

consistently higher than those from the conventional method for real water samples,
indicating that this ozone-UV system was a more effective oxidation technique 65.
Table 1.1 Commercially available COD analyzers
Manufacturer

Model

QuickCODSeries
LAR Process
Analyzers AG,
http://www.lar
.com
Elox Series

AppliTek,
http://www.ap
plitek.com

Envitech Ltd.
http://www.en
vitech.co.uk

Aqua
Diagnostic
http://www.aq
uadiagnostic.c
om

AWA
Instruments,
http://www.aw
ainstruments.co
m

AppliCOD

Technology
Thermal combustion.
The sample is fully
oxidized at the high
temperature
(≥ 1200°C).
Electrochemical
oxidation. By the action
of an electrical current
on an electrode, OHradicals are produced as
the oxidizing agent to
rapidly achieve
complete oxidation.
Wet-chemical
principle. Dichromate
or permanganate as
oxidizing reagent is
used in digestion
procedure.

Range
(mg/L of O2)

Time

Online

1-100, to
max. 100200000

1 min

√

1-100 to
max.
1-100000

0.5 min

√

0-1000 (Cr)
0-200 (Mn)

20 min (with
integrated
EZMicrowave

√

Phoenix1010

Ozone oxidation

10-1500 to
max. 10 100000

3-15 min

√

Phoenix
Thermcat

High temperature COD
analyzer. The analysis
stream is thermally and
catalytically oxidized in
the furnace (600900°C).

2-50 000
(detector
dependent)

3-15 min

√

PeCODTM
COD on-line
unit P100

Photoelectrocatalytic
oxidation. The high
oxidizing power of
illuminated TiO2 is
utilized in the oxidation
of organic compounds.

0.2-350
(without
dilution)

0.5-5 min

√

CX3000
Series COD
Analyzer

UV absorption
principle. The
measurement principle
is based on the
absorption of UV light
by unsaturated organic
molecules at 254 nm.

10 sec or set
up by
requirement

√
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1.2.4

Commercially Available Analyzers

Chemical oxygen demand, as an essential parameter of water quality, has been used
to provide important information in many industrial and water treatment fields. The
COD measurement is widely applied in sewage treatment, urban and industrial
wastewater treatment, and monitoring drinking water and river water. The on-line
determination of COD is critically important in process control, plant effluent
monitoring, detection of organic spills (to protect expensive equipment and
processes), and the detection of product losses (e.g. chemical, petrochemical and
food processing plants)

66-67

. Many companies have developed their own brands of

vials and photometers for determination of COD by the standard dichromate method.
Considering the on-line applications, some models of COD analyzers are
commercially available as well (see Table 1.1).
1.3

Universal Detectors

Ideally, a detector for modern separation technology should have an excellent limit
of detection. It should detect all substances regardless of class or structure and be
unaffected by the method of chromatographic development. In addition, the detector
signal should be quantifiable, linear and uniform for as wide a range of compounds
as possible

68

. A sensitive universal detector, which can achieve all the above

requirements, is sorely needed in industrial analysis and process control, particularly
in the detection of non-absorbing or non-fluorescent analytes.
1.3.1

Classification of Detectors

Detectors, to some extent, are another kind of sensor, and play an important role in
quantitative and qualitative analyses. The detectors applied in high performance
liquid chromatography (HPLC) will be discussed in this section. The HPLC detectors
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can be classified in different ways. According to the sensing principles in peerreviewed publications

69-71

, the HPLC detectors can be classified into elemental

detectors (e.g. atomic absorption/emission), optical detectors (e.g. UV/Visible,
evaporative light scattering, and refractive index), luminescent detectors (e.g.
fluorescence/phosphorescence,

chemiluminescence/bioluminescence),

electro-

chemical detectors (e.g. potentiometry, novel material/modified electrode, and array
electrodes), mass spectrometry detectors and other detection systems (e.g. nuclear
magnetic resonance, biosensors, and radioactivity detectors). Another method of
classification is to define detectors as specific or universal on the basis of the
selectivity of detectors. A specific detector responds to a related group of sample
components in the effluent which have similar chemical characteristics. A universal
detector responds to every component in the effluent except the mobile phase. Herein,
the classification based on selectivity is used. The detectors discussed here are in
common use and employed in most HPLC analytical applications.
1.3.1.1 Specific Detectors
These detectors possess excellent sensitivity for specific analytes, and are ideal for
trace analyses and environmental monitoring. The following techniques are the
commonly used and commercially available specific detectors for HPLC detection.
Electrochemical detectors are specific detectors for electroactive compounds that
undergo an electrochemical reaction at an applied potential

72

. Electrochemical

detections can be divided into four categories: amperometric, coulometric,
conductometric and potentiometric modes. The two most widely used in HPLC
detection are amperometric and coulometric

72

. The compounds are oxidized or

reduced at a working electrode surface in the amperometric and coulometric modes72.
Electrochemical detection gives excellent selectivity and sensitivity in many
21

Chapter 1
applications, ranging from the analysis of catecholamines and other neurochemicals
to the detection of DNA adducts, antioxidants, carbohydrates, and amino acids 72. In
addition, it is suitable for the analysis of extremely low levels of biological
compounds, as the detection limits in nanomolar and even picomolar ranges have
been achieved 72.
The electrical conductivity detector measures the conductivity of the total mobile
phase, and senses all ions whether they are from a solute or from the mobile phase.
In this case, the development of ion suppressing techniques is necessary for
elimination of all ions (other than the solute ions) from the mobile phase before
entering the detector

73

. The electrical conductivity detector can only detect those

substances that ionize and consequently, it is frequently used in the analysis of
inorganic acids, bases and salts. It has also found particular use in the detection of
organic acids and bases that are frequently required in environmental studies and in
biotechnology applications 73,74.
The fluorescence detector is one of the most sensitive detectors and for this reason is
often used for trace analysis. Its high sensitivity and selectivity are especially
attractive in separation systems as column diameters shrink 69. It has been exploited
in liquid chromatography for the separation and determination of the components of
samples that fluoresce. Fluorescent compounds are frequently encountered in the
analysis of materials including pharmaceuticals, natural products, clinical samples,
and petroleum products. However, as the majority of substances do not naturally
fluoresce, in many instances fluorescent derivatives must be synthesized to render
the substances of interest detectable. Moreover, its response is only linear over a
relatively limited concentration range 70, 73, 74.
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The UV/Visible absorption detector is the most common HPLC detector. It has the
excellent combination of sensitivity, linearity, versatility and reliability for detection
of light-absorbing compounds. There are several types of UV detectors, the fixed
wavelength detector, the multi-wavelength detector, the multi-wavelength dispersive
detector and the diode array detector. The fixed wavelength detector is the least
expensive and has a higher intrinsic sensitivity. However, it cannot ensure all the
components in the sample have the maximum absorption at the fixed wavelength. In
this case, the diode array detector is more popular than the other types of UV
detectors. The diode array detector is good in recording the time of a particular peak,
a spectrum of the solute can be obtained by recalling from memory the output of all
the diodes at that particular time. This directly gives the spectrum of the solute, i.e., a
curve relating adsorption to wavelength. Unfortunately, UV detectors have several
limitations. Firstly, the production of very high purity solvents is required for high
sensitivity work. Secondly, although many compounds are UV absorbing, the
wavelengths for maximum absorption vary considerably, as do the corresponding
extinction coefficients. The use of the diode array detector partially overcomes this
problem but cannot compensate for lack of a suitable chromophore. Essentially, one
of the definite limitations of the UV detector is that it can not detect substances that
do not possess UV chromophores 68, 70, 73-75.
1.3.1.2 Universal Detectors
Universal detectors normally have relatively low sensitivities compared to specific
detectors

73, 76

, but their non-specific response helps to “see” all analytes. The

common universal detectors in HPLC detection include refractive index detectors,
mass spectrometry detectors, and evaporative light scattering detectors.
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1.3.2

Universal Detectors and Their Limitations

Nowadays, the needs of pharmaceutical companies (e.g. modern drug discovery
research using high throughput quantification methods for lead discovery) and other
industries demand the development of a generic quantitative detection technique that
can quickly determine the quantity of a chemical without the need to use an authentic
standard and tedious calibration procedures. Therefore, researchers are focusing
much of their activity into developing a universal detector 77.
The refractive index detector (RID), which measures the change in the refractive
index (RI) of the column effluent as it passes through the flow-cell, could be a
universal detector in theory, since it is always possible to choose an eluent with a RI
different from that of a given component. The greater the difference in RI values
between the sample and the mobile phase, the higher the sensitivity of the system.
Due to its inherently limited sensitivity, the RID is often a 'choice of last resort' and
is selected for those applications where, for one reason or another, all other detectors
are inappropriate or impractical

74

. However, as a universal detector, the RID is

extremely useful for detecting those compounds that are non-ionic, do not absorb in
the UV, and do not fluoresce. One of its unique applications is the quantitative
analysis of a polymer mixture. For those polymers that contain more than ten
monomer units, the RI is directly proportional to the concentration of the polymer
and is independent of molecular weight. Another typical application is for the
analysis of carbohydrates, which do not adsorb in the UV, do not ionize and although
fluorescent derivatives can be made, the procedure is tedious and time consuming.
Unfortunately, the RID has several limitations. Firstly, the sample components may
cover a wide range of RI values in the complex mixtures, and the RI values of some
components may closely match that of the mobile phase, making them “invisible” to
the detector. Furthermore, it can not be used for gradient elution since any changes in
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the eluent composition require the rebalancing of the detector. Thirdly, it is very
sensitive to changes in ambient temperature, pressure changes and flow-rate changes
70,73-75, 77

.

Mass spectrometry (MS) detectors coupled with HPLC have evolved from being a
topic of mainly research interest into a routinely usable tool in various application
fields

78

. The MS detector has the advantages of high universality and providing

structural information of the analytes. In combining HPLC and MS (LC-MS), the
enormous mismatch between the relatively large solvent volumes from the
chromatographic technique and the vacuum requirements of the MS detector needs to
be resolved 75. Consequently, different LC-MS interface types have been developed
to remove the mobile phase and to ionize the analyte, including electrospray,
thermospray,

and

atmospheric-pressure

chemical

ionization.

electrospray is the most universal of these analytical techniques

LC-MS
79

with

. Electrospray

enables the determination of analytes of high molecular mass up to several hundred
thousand units such as peptides or proteins, and/or very high polarity such as
quaternary amines, sulfate conjugates, nucleotides or phospholipids 79. As evidenced
by the growing number of LC-MS applications being published, it has been
demonstrated that LC-MS provides a valuable analytical contribution in many
research areas, including pharmacokinetic work 78, bioanalytical applications ranging
from illicit drugs to often abused prescription medicines and some natural poisons
70,78

, identification and/or quantification of drugs, poisons and/or their metabolites in

biosamples relevant to forensic and clinical toxicology

79

, peptides of biological

samples 80, trace environmental analysis 81, and food analyses 82. However, it should
also be pointed out that some limitations appear in MS detectors, including its high
cost (e.g. high performance MS systems start at about $500 K 80). Another limitation
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is that some of the effective mobile phases generally applied in the HPLC are not
compatible with an MS detector 80.
Evaporative light scattering detector (ELSD) has now become a successful universal
purpose detection method for HPLC

83

. The principle of ELSD (see Figure 1.5) is

based on the nebulisation and the evaporation of the mobile phase and on the
scattered light intensity resulting from the residual particles remaining after the
evaporation step. Any solute having a lower volatility than the corresponding mobile
phase used for separation can be detected with ELSD 84. In this case, the applicability
of ELSD has been expanded due to its inherent advantage of detecting any analyte,
regardless of the optical, electrochemical or other properties

85

. Moreover, ELSD is

significantly more sensitive than the RID, compatible with gradient elution and
insensitive to temperature variation (unlike RID)

70,73-75,77

. Compared to the MS

detector, its low cost, easy operation, and the operation at atmospheric pressure are
superior. Thus, ELSD coupled to HPLC has been applied in a wide variety of
analyses, such as analyses for mono- and oligosaccharides
lipids

86

, underivatized amino acids

83

69

, various classes of

, and inorganic cations (e.g., Na+, K+, Mg2+,

and Ca2+) 84. However, significant limitations and drawbacks also appear in ELSD: (i)
requirement for highly volatile mobile phase; (ii) low sensitivity for volatile and
thermosensitive analytes; (iii) sensitive to column bleed

85

; (iv) not completely

uniform response, even within closely related classes of compounds and involatile
buffers cannot be used, as they form solid particles in the gas stream
melting point should be taken into account when optimizing ELSD

87

68

; (v) the

; and (vi) in

quantitative analysis, ELSD is not applicable for samples in very low concentrations
due to a lack of absolute mass sensitivity. Moreover, there is a non-linear relationship
between the response of the detector and the mass of the injected sample which often
requires the use of a non-linear plot of response versus sample mass 83.
26

Chapter 1

HPLC
effluent
Gas

Nebulization

Evaporation

Detection
Light source

Photomultiplier

Figure 1.5 Schematic diagram of an evaporative light scattering detector 88.

In general, the universal detectors that are in common use have disadvantages, which
may limit their application in environmental and industrial analyses. Therefore, much
attention has been focused on developing new universal detectors 77.
1.4

Titanium Dioxide Photoelectrocatalysis

Since Fujishima and Honda discovered the photocatalytic splitting of water on a
TiO2 electrode under ultraviolet light in 1972 89, the research into TiO2 has received
enormous attention from scientists to engineers. TiO2 is a good photocatalyst due to
its non-toxicity, low cost, easy availability, photo-stability, chemically and
biologically inert nature, and the strong oxidizing power of the photogenerated holes
5, 90

. As the most promising photocatalyst, TiO2 has expanded into a formidable field

ranging from photovoltaics, water splitting, photo-electrochromics and hydrogen
storage to photocatalysis and sensors 4. In particular, environmental applications
(photocatalysis and sensing) have been one of most active areas and have been
demonstrated to be a technically viable process 91.
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1.4.1

TiO2 Photocatalysts

Most of the semiconductor materials used for photocatalytic studies are metal oxides,
such as TiO2, WO3, ZnO, and CdO, and metal chalcogenides such as CdS, CdSe,
MoS2 and WS2 92. The electronic energy structure within a semiconductor consists of
three distinguished regimes, i.e., the conduction band (CB), the valence band (VB)
and the forbidden band 93. For an ideal, undoped semiconductor, the forbidden band
represents a region where energy states do not exist. Energy states only exist above
and below this region

93

. Taking the energy level of the electron in a vacuum as a

reference and as the uppermost level, the upper band is CB, and the lower one is VB.
In terms of energy, the difference between the upper edge of VB and the lower edge
of CB is called the bandgap of the semiconductor 93. The bandgap plays an essential
role in defining the optical properties of semiconductors 93.
Figure 1.6 shows band gaps and band edge positions for some ionic and covalent
materials in the bulk state 92. The band positions or flat band potentials indicate the
thermodynamic limitations for the photoreactions that can be carried out with the
charge carriers 92. If a reduction of the species in the electrolyte is to be performed,
the CB position of the semiconductor has to be positioned above the relevant redox
level 92. Therefore, for a semiconductor possessing good photocatalytic reactivity to
different organic compounds, its band edge must be at a relatively high potential.
Among these photocatalysts, TiO2 is regarded as the most efficient and
environmentally benign photocatalyst, and has attracted most attention. One of the
most important reasons is that the photoholes on the TiO2 VB have strong oxidation
power (+3.2eV) that can mineralize a wide variety of environmental organic
pollutants.
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Figure 1.6 Band edge position of several semiconductors in contact with aqueous
electrolyte at pH 1 92.

1.4.1.1 General Mechanism of TiO2 Photocatalysis
TiO2 can act as sensitizers for light-induced redox processes due to its electronic
structure, which is characterized by a filled VB and an empty CB 47. When a photon
with an energy of hv matches or exceeds the bandgap energy (Eg) of TiO2, an
electron, ecb-, is excited from VB into CB, leaving a hole, hvb+ behind (see Figure 1.7)
47

. Excited-state CB electrons and VB holes can recombine and dissipate the input

energy as heat, get trapped in metastable surface states, or react with electron donors
and electron acceptors absorbed on the surface of the photocatalyst or within the
surrounding electrical double layer of the charged particles

29
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between these processes determines the overall efficiency for various applications of
TiO2 4,47.

Conduction
band
ecb-

Ox
Ox hv

Eg

Red+
Valence
band

h

vb+

CO2+H2O+…

Red
TiO2
particle

Figure 1.7 Schematic representation of the processes taking place at the
photocatalyst surface.

In the absence of suitable electron and hole scavengers, the stored energy is
dissipated within a few nanoseconds by recombination 47,94. If a suitable scavenger or
surface defect state is available to trap the electron or hole, recombination is
prevented and subsequent redox reactions may occur 47. The VB holes are powerful
oxidants, while the CB electrons are good reductants

47

. Most organic

photodegradation reactions utilize the oxidizing power of the holes either directly or
indirectly 47.
On the basis of laser flash photolysis measurements, fundamental processes for
heterogeneous photocatalysis on TiO2 have been proposed (see Table 1.2).
Characteristic times for the various steps in the mechanism are also given 95. In these
processes, >TiOH represents the primary hydrated surface functionality of TiO2, ecbis a CB electron, etr- is a trapped CB electron, hvb+ is a VB hole, Red is an electron
donor (i.e., reductant), Ox is an electron acceptor (i.e., oxidant), {> TiIVOH•}+ is the
surface-trapped VB hole (i.e., surface-bound hydroxyl radical), and {> TiIIIOH} is the
surface-trapped CB electron 47.
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Table 1.2 The heterogeneous photocatalysis processes on TiO2.
Primary Process

Characteristic Times

Charge-carrier generation
hvb+ + ecb-

TiO2 + hv

very fast (fs)

Charge-carrier trapping
hvb+ + >TiIVOH

{> TiIVOH•}+

fast (10ns)

ecb- + > TiIVOH

{> TiIIIOH}

shallow trap (100ps)
(dynamic equilibrium)

ecb- + > TiIV

> TiIII

deep trap (10ns)
(irreversible)

Charge-carrier recombination
ecb- + {> TiIVOH•}+
hvb+ + {> TiIIIOH}

> TiIVOH
TiIVOH

slow (100ns)
fast (10ns)

Interfacial charge transfer
{> TiIVOH•}+ + Red
etr- + Ox

> TiIVOH + Red•+ slow (100ns)

>TiIVOH + Ox•-

very slow (ms)

According to the mechanism in Table 1.2, the overall photocatalytic quantum
efficiency is determined by two critical factors. One is the competition between the
recombination and trapping of the charge carrier (photoelectrons and photoholes).
The other is the competition between the trapped charge carrier recombination and
the interfacial charge transfer

47

. Thus, any action that can increase either the

recombination lifetime of charge carriers or the interfacial electron-transfer rate
constant is expected to be beneficial to the overall photocatalytic process 47.
1.4.1.2 Bulk TiO2 and Nanostructured TiO2
Since the performances of TiO2-based devices are largely influenced by the sizes of
the TiO2 building units 4, the comparison between bulk TiO2 and nanostructured TiO2
is discussed herein. Using larger-sized semiconductor particles, the partial currents in
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the dark are of rather limited magnitude under open circuit conditions, because the
major carrier (e.g. electrons in an n-type semiconductor) density at the surface is
small due to the depletion layer beneath the electrode surface (see Figure 1.8a) 93. In
contrast, no space charge region is formed in much smaller particles of size d << dsc
(see Figure 1.8b)

93

, where dsc is the thickness of the space charge region. Under

illumination, some minor carriers (e.g., the holes in an n-type semiconductor) in
large particles are transferred to the electron donor in the solution, leading to a
negative charging of the particle that alleviates the positive space charge. In this case,
this event causes a flattening of the energy bands (the dashed lines in Figure 1.8a),
equivalent to a negative shift of the rest potential of a bulk electrode under
illumination

93

. On the other hand, with the much smaller semiconductor particles,

the photogenerated electrons and holes can be easily transferred to the surface and
react with the electron and hole acceptors if the energy requirements are fulfilled 93.
The average transit time for a particle of 20 nm diameter is about 1 picosecond,
which is much shorter than the recombination time so that most charge carriers can
reach the surface before recombination 93.
Besides the aforementioned difference in charge transfer between bulk-TiO2 and
nano-TiO2, some other properties of nano-TiO2 are very different from bulk-TiO2 of
the same composition due to several reasons: (i) as the size of the TiO2 particles
decreases, the fraction of atoms at the surface or near-surface regions increases with
higher surface area to volume ratios, resulting in a further enhancement of the
catalytic activity
bulk-TiO2)

98

4, 96, 97

; (ii) the increase in the band gap of nano-TiO2 (compared to

can potentially increase the redox potential of the valence band holes

and the conduction band electrons, allowing the photoredox reaction, which might
not otherwise proceed in bulk-TiO2, to occur readily 4; and (iii) the predominant way
of electron-hole recombination may be different depending on the particle size 99,100.
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Figure 1.8 Charge carrier transfer on large (a) and small (b) semiconductor
particles in the presence of an electron donor, D, and an acceptor, A 93.

It has been reported that an optimal particle size exists to maximize the
photocatalytic oxidation rate of organic compounds. Wang et al. reported that,
among the TiO2 anatase paticles sizes of 6, 11 and 21 nm, the highest photoreactivity
was achieved with a nanocatalyst size of 11 nm in the decomposition of chloroform
101

. It was attributed to the increased surface electron-hole recombination rate, which

offset the benefits from the high surface area of nanocrystalline TiO2 99. Chae et al.
found that the particulate TiO2 film derived from 7-nm nanoparticles possessed 1.6
times the photocatalytic activity of Degussa P25 in decomposing 2-propanol, while
the films derived from 15- and 30-nm TiO2 showed lower photocatalytic efficiencies
than P25 102.
Some other TiO2 nanomaterials demonstrated photocatalytic performances as good as
nanoparticles, including nanorods, nanosheets and nanotubes. Joo et al. synthesized
TiO2 nanorods with dimensions of 3.4 nm (diameter) × 38 nm (length), which
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exhibited higher photocatalytic activity than a commercial P-25 photocatalyst for the
photocatalytic inactivation of E. Coli. 103. The enhancement seemed to result from the
high surface area, large amount of surface hydroxyl groups, and the increased band
gap of the TiO2 nanorods 103. Wu et al. found that the thermally treated nanorod film
showed a stable and much enhanced photocatalytic activity in the photodegradation
of rhodamine B compared with the sol-gel derived anatase films and commercial DP25 coating 104.
Shibata et al. investigated the photocatalytic activities of well-ordered mono- and
multilayer films of TiO2 nanosheets. A high photoinduced hydrophilic property was
obtained while the photocatalytic decomposition activity of 2-propanol and
methylene blue dye was low 105. A highly hydrophilic state was also obtained on the
monolayer film surface of TiO2 nanosheets by Sakai et al., and the high
hydrophilicity was dominated by the outermost surface of the oxide 106.
Zlamal et al. demonstrated that the self-organized TiO2 nanotubes layers, which were
grown by anodic oxidation of Ti, could be effectively used to decompose the dye
(acid orange 7) in the presence and absence of externally applied bias, moreover, the
decomposition rate was increased under bias

107

. Smith et al. investigated the

photocatalytic degradation of methyl orange using anodized TiO2 nanotubes 108. The
diameter, calcination condition and the anatase-rutile ratio in the crystalline TiO2
nanotubes had an effect on the photocatalytic and photoelectrochemical properties of
the TiO2 nanotubes. It was found that larger diameter and longer nanotubes
possessed better photoactivity due to availability of greater photocatalyst surface and
improved charge separation

108

. Sreekantan et al. found that a good photocatalytic

acitivity for the degradation of methyl orange was obtained from the TiO2 nanotubes
anodized at 20 V and annealed at 400ºC, which was attributed to the well-aligned
uniform nanotubes at this voltage and the high surface area of such a tubular
34

Chapter 1
structure

109

. Prado’s group synthesized TiO2 nanotubes in a hydrothermal system,

and evaluated the photocatalytic activity through the degradation of malachite dye 110
and indigo carmine dye

111

. The results from both systems showed that TiO2

nanotubes presented a lower photocatalytic activity than commercial TiO2 anatase,
however, TiO2 nanotubes showed a great advantage of easy recovery 110, 111. After 10
catalytic cycles, TiO2 nanotubes maintained 80% and 90% of their activity in the
photodegradation of malachite dye and indigo carmine dye; while the precursor TiO2
catalyst lost its activity on the second catalytic cycle in both systems 110, 111.
1.4.2

Preparation and Characterization of TiO2 Photocatalysts

1.4.2.1 Synthesis of TiO2
There are many synthesis methods for TiO2 nanomaterials, including the sol-gel
method, micelle and inverse micelle methods, sol method, hydrothermal method,
solvothermal method, chemical vapour deposition, sonochemical method, and
microwave method

4

. Among these methods, the sol-gel method has many

advantages such as purity, homogeneity, felicity, flexibility in introducing dopants in
large concentrations, stoichiometry control, ease of processing, control over the
composition, and the ability to coat large and complex areas

100

. In the later

experimental chapters, the sol-gel method is adopted to synthesize TiO2.
The sol-gel method starts from hydrolysis of a titanium precursor. The precursor can
be inorganic salts (such as TiCl4)
alkoxide)

112, 114-120

112, 113

or organic compounds (such as titanium

. The formation of TiO2 from titanium(IV) alkoxide proceeds via

an acid-catalysed hydrolysis step followed by condensation
schematically represented as follows 118,119:
Ti (OR ) 4 + 4 H 2 O → Ti (OH ) 4 + 4 ROH

(hydrolysis)
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Ti (OH ) 4 → TiO2 ⋅ xH 2 O + (2 − x) H 2 O (condensation)

The most-often used alkoxides in TiO2 synthesis contain 2 (ethaoxide) to 4 (butoxide)
carbon atoms

119

. In the presence of excess water, hydrolysis of titanium alkoxide is

rapid and completed within seconds

118,119

. A dilute alcoholic solution of titanium

alkoxide can be used to moderate the hydrolysis rate 119, 121. The TiO2 particles in the
hydrolysis step are unstable and a white suspension is formed immediately due to the
precipitation of large aggregates 118. In the presence of nitrate or chloride, peptization
at elevated temperature is employed to break up the large aggregates into very small
aggregates and primary particles
crystalline

118

118

. After this step, the TiO2 primary particles are

. After peptizing, the colloidal dispersions are generally stable for

several weeks 118.
1.4.2.2 Fabrication of TiO2 Thin Film Photoanodes
In order to facilitate the reuse of TiO2 and avoid the separation of TiO2 particles from
the systems, TiO2 thin films are employed in the practical applications. Various
techniques have been employed to immobilize TiO2 nanoparticles on a substrate,
including sol-gel dip-coating 62, spin-coating 122,123, sputtering 124,125, spray pyrolysis
126,127

, atomic layer deposition

128,129

, chemical vapour deposition

130,131

, and

electrodepostion 132. Each of these techniques has advantages and disadvantages. For
example, the sputtering depostion can produce films with high adhesion and hardness
but relatively low photocatalyic activity, and is expensive for its relatively low
depostion rate

125

. The chemical vapour depositon technique is capable of creating

films on flexible substrates including the inner surface of pipes, and the resultant
films possess good adhesion but relatively low photocatalytic activity 130.
The sol-gel dip-coating method, due to its good homogeneity, ease of compostion
control, large area coatings, low equipment cost, simplicity in equiment and ease of
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processing, has been used in the later experimental chapters. Moreover, to facilitate
the massive production and achieve more uniform photoanodes, the inkjet-printing
technique was employed in the fabrication of TiO2 photoanodes in Chapter 6.
Many kinds of substrates for the immobilization of TiO2 particles have been reported,
including titanium substrates
polyethylene terephthalate
substrate

133

, polymer substrates (e.g. polystyrene

135

), stainless steel

136-138

, glazed ceramic tiles

140

, and indium tin oxide coated glass (ITO glass)

141

139

134

,

, silicon

. ITO glass has been

selected as the conductive substrate for the fabrication of TiO2 thin film photoanodes
in this thesis as the application of electrochemical techniques requires conductive
substrates. In addition, ITO glass is suitable for fundamental studies due to its high
overpotential for water oxidation/reduction and oxygen reduction, resulting in
negligible currents from pure electrochemical processes 142.
After dip-coating the TiO2 colloid on the ITO substrates, the thermal treatment of
immobilized TiO2 films is adopted to manipulate the physical properties of the films
(such as the crystal structure, porosity, microstructures). Calcination conditions have
an important effect on the physiochemical properties, crystalline phase formation,
mechanical stability and photocatalytic activity of the films

143, 144

. The calcination

process also serves other purposes, including burning away organic pore-creating
agents, obtaining better electric connection among TiO2 particles, and between TiO2
particles and ITO conductive glass 92.
1.4.2.3 Characterization Methods
To understand the photocatalytic performance of a specific photocatalyst, a huge
effort has been put into characterizing TiO2 photocatalysts. The characterization
methods commonly used and the information that can be obtained from these
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characterization techniques are summarised in Table 1.3 97. The physical parameters
in Table 1.3 play a critical role in the performance of TiO2 phototcatalysts.
Table 1.3 Physical characterization methods and their utilization
Information

Size distribution of particles

Pore size distribution
Surface elemental analysis and
oxidation state information
Surface area

Surface morphology
Crystallinity

Characterization techniques
Laser light scattering
Diffuse light scattering
Laser-induced breakdown detection
X-ray diffraction
Atomic force microscopy
Transmission electron microscopy
Photo correlation spectroscopy
Nitrogen adsorption-desorption
X-ray photoemission spectroscopy
Atomic force microscopy
Transmission electron microscopy
Brunauer-Emmett-Teller
Atomic force microscopy
Scanning electron microscopy
Transmission electron microscopy
Transmission electron microscopy
X-ray diffraction

To characterize photocatalytic activity, the photoelectrochemical approach has been
employed in the later experimental chapters. TiO2 photocatalysts have been
demonstrated to have good performances in oxidizing and subsequently mineralizing
many different kinds of organic pollutants 91. Since different organic pollutants have
different chemical identities, and a good photocatalyst should be fit in various
practical applications, the photocatalysts are required to possess reasonable
photocatalytic activities toward a wide range of organic pollutants. On the other hand,
many studies on photocatalytic degradation of organic pollutants have been carried
out in TiO2 slurry systems, where TiO2 particles needed to be removed after
treatment

91

. To some extent, this time-consuming post-treatment step makes it
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difficult to evaluate the photocatalytic activity of various organic compounds. Some
studies employed a single kind of dye or a single class of organic compounds in
photodegradation with the investigated TiO2 photocatalyst to evaluate its
photocatalytic activity. However, even though it showed an excellent activity
towards the degradation of this particular organic compound, its photocatalytic
activity towards others cannot be secured. In this case, the photoelectrochemical
approach has many advantages in photocatalytic characterization. This approach can
easily and rapidly obtain kinetic and thermodynamic data under comparable
conditions, which allows systematic evaluation of the photocatalytic activity of a
particular photocatalyst towards a wide range of organic compounds

145

. Moreover,

the usage of immobilized TiO2 thin film photoanodes avoids the separation step in
the slurry system.
1.4.3

Analytical Applications of TiO2 Photocatalysis

TiO2, due to its excellent photocatalytic activity, superior oxidation power and cheap
production, has been applied to various photocatalytic processes in a broad range of
application areas (see Table 1.4)

4, 91, 146-148

. In addition, application of TiO2

photocatalysis has been seen in chemical analysis and sensing, such as the sensors
for various gases 4, 149, biosensors for glucose or DNA, humidity sensors, the indirect
use of TiO2 photocatalysis in the analysis of total organic carbon

150

, and chemical

oxygen demand 49. The analytical applications of TiO2 are covered in the following
sections.
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Table 1.4 Application areas of TiO2 photocatalysis
Photocatalytic purification of water and air
Water purification (drinking water, drainage water, industrial wastewater)
Air cleaning (indoor and outdoor)
Killing of microorganism and pathogens
Conversion or recovery of heavy metal ions/precious metal ions
Oil spill remediation
Prevention of algal bloom and algal growth
Photocatalytic materials and coatings
Self-cleaning materials
Self-sterilizing surfaces
Anti-fogging surfaces
Solar energy conversion through photocatalysis
Hydrogen production through photocatalytic water splitting
Dye-sensitized solar cells
Electrochromic devices
Hydrogen storage
Sensing applications
Photocatalytic cancer treatment
Selective organic synthesis
Photocatalytic metal corrosion prevention
Photocatalytic lithography

1.4.3.1 Gas Sensors
TiO2 nanocrystalline films have been applied in various gas sensors, such as
hydrogen, oxygen, methanol, ethanol, CO, and NO2. Mor et al. reported that TiO2
nanotubes were excellent room-temperature hydrogen sensors, which possess high
sensitivity and can photoactively self-clean after environmental contamination

151

.

Du et al. found that a hydrogen sensor based on TiO2/PtO-Pt dual-layer films
exhibited a high selectivity and good sensitivity to hydrogen in air at 180-200ºC

152

.

This sensor was able to measure the H2 concentration in air within a range of 1-10%
and was immune to CO, NH3 and CH4 152. Shimizu et al. prepared TiO2 film sensors
by anodic oxidation methods and equipped it with Pd and Ti electrodes
40
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found that this sensor responded quickly to H2 in dry air with high sensitivity,
especially at 250°C under a reverse bias voltage of 0.1 V

153

. Chaudhari et al.

reported that TiO2 based sensors doped with WO3 and Pt showed good H2-sensing
properties with high sensitivity and response rates

154

. The maximum sensitivity to

and selectivity for H2 was obtained on the TiO2: 15 wt% WO3 sensor doped with 0.5
wt% Pt at an operation temperature of 200ºC, and its response time was decreased to
1 min

155

. Devi et al. prepared ordered mesoporous TiO2 powder by a modified sol-

gel method, and applied it as gas sensor, which exhibited higher H2 and CO
sensitivities than the sensor fabricated with commercial TiO2 powder due to
increased surface area 155. They found that the highest sensitivity for H2 and CO was
achieved by the TiO2 sensor loaded with 0.5 mol% Nb2O5 155.
Many different kinds of TiO2 based sensors can be applied as oxygen sensors. The
TiO2-x films (x = 0-0.5), which were obtained by reducing TiO2 film in H2
atmosphere at 1000ºC, showed good oxygen sensitivity and reproducibility at 800ºC
156

. The binary nanosized V2O5-TiO2 thin-film sensors, prepared by sol-gel

techinique, were capable of detecting O2 from 10 ppm to 20.9% at an operating
temperature range of 200-350ºC

157

. TiO2 doped with Cr (0.4 wt%) exhibited a high

sensitivity in oxygen sensing and shorter response time at 700ºC than the undoped
TiO2 sensor

158

. Li et al. prepared p-Type Cr-doped TiO2 thin-film sensors giving

response to both NO2 and O2; moreover the sensors exhibited a fast and stable
response to O2 in a range from 100 ppm to 10% at an operation temperature of 370ºC
159

. Trinchi et al. investigated the oxygen sensing performance of CeO2-TiO2 thin

films in the temperature range of 300-470ºC, and found that lower baseline resistance
and larger response were obtained on the CeO2 dominated sensors than the titania
dominated ones

160

. Sharma et al. employed the Nb-doped TiO2 sensors for oxygen

sensing, and the maximum sensitivity was obtained on the 0.2 wt% Nb doped TiO2
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sensor at 400ºC

161

. Pt-doped TiO2 sensors, fabricated by tripole magnetron

sputtering, showed improved gas sensitivity, low operation temperature, and quick
response 162.
TiO2 based sensors have also been employed in other kinds of gas or vapour sensing
besides H2 and O2. For example, the TixZn1-xO sensor
sensors
165

164

163

, Nb-Pt co-doped TiO2

, the hybrid single-walled carbon nanotubes/Nb-Pt co-doped TiO2 sensors

, and La-TiO2 sensors

166

have been demonstrated good performances in ethanol

sensing.
Ruiz et al. fabricated a sensor using Cu- or Co-modified (0.5 wt%) TiO2
nanoparticles for CO sensing

167

. Ferroni et al. prepared Nb-doped TiO2 thick-films

by screen printing and demonstrated that the films were suitable for CO or NO2
sensing

168

. Yamada et al. also demonstrated that the Nb-doped TiO2 thin films,

prepared by sputtering, exhibited good sensing properties to NO2

169

. Lin et al.

reported nanocrystalline Pt/TiO2 sensors had improved sensitivity for CO, NO2170
and H2S

171

sensing than the non-doped TiO2 sensor. A TiO2 thin-film sensor,

deposited by sputtering technique on a silicon substrate, exhibited a good sensing
property and selectivity for ammonia gas 172.
In addition, a renewable and reusable TiO2-based microsensor, produced by thickfilm lithographic methods and cermet materials, was developed to identify specific
gaseous organics at ambient temperatures 173. In the presence of UV light, the sensor
was able to detect and distinguish a variety of gaseous organic compounds

173

.

Saturated concentrations of methylene chloride, ethanol, benzene, acetone, xylene
and isopropanol produced unique signatures when they were oxidized on the sensor
surface 173.
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1.4.3.2 Other Analytical Applications
TiO2-based sensors have been also developed as the biosensors for glucose, DNA,
H2O2 and dinucleotide. Bao et al. synthesized porous nanostructured TiO2 by carbon
nanotube template-assisted hydrothermal methods, and the fabricated glucose
oxidase sensor exhibited good sensitivity and specificity, fast response time and
sound reliability for glucose sensing

174

. Cao et al. modified an ITO electrode with

3D macroporous TiO2, which absorbed more glucose oxidase, and the glucose
oxidase/TiO2/ITO electrode had a great response to the glucose concentration change
175

. Besides pure TiO2 nanomaterials, composite TiO2 nanomaterials were also

employed in the glucose biosensors, such as a TiO2/carbon nanotubes/Pt electrode
modified with glucose oxidase 176 and a TiO2/SiO2 nanocomposite immobilized with
glucose oxidase

177

. Unlike all the above enzyme glucose sensors, Yang et al.

fabricated glucose sensitive TiO2 ultrathin films by molecular imprinting via the
surface sol-gel process, and the imprinted TiO2 film was able to discriminate the
structure of monosaccharide isomers without the immobilization of glucose oxidase
178

. Regarding DNA biosensor applications, Lu et al. reported a label-free

photoelectrochemical strategy for hairpin DNA hybridization detection on a TiO2
nanoparticles electrode

179

. When the hybridization between the hairpin DNA probe

and target DNA occurred, the photocurrent would decrease, which could be utilized
for the identification of the sequence of the target DNA

179

. This group also

developed a photoactive nanoporous electrode with TiO2 nanotubes immobilized
with horseradish peroxidise, and employed it in the photoelectrochemical biosensing
of H2O2 under visible-light irradiation (400 nm) 180. The resultant electrode displayed
a linear range from 5.0 × 10-7-3.5 × 10-5 M and a low detection limit of 1.8 × 10-7 M
for H2O2 determination

180

. Wang et al. demonstrated the application of dopamine-

TiO2 modified electrodes for sensitive detection of dihydronicotinamide adenine
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dinucleotide (NADH) under visible light excitation (up to 580 nm)

181

. With the

photoelectrochemical methodology at a relatively low potential, the detection limit of
NADH was 1.4 × 10-7 M, while the detection range could extend up to 1.2 × 10-4 M
181

.

Humidity sensors based on TiO2 nanomaterials include TiO2-B nanowires
doped ZrO2-TiO2
ZnO/TiO2

186

183

, MgCr2O4-TiO2

184

, TiO2 nanowires/Nafion film

182
185

, Li+-

, and

. In addition, Su et al. developed TiO2/polymers films as low humidity

sensors, including TiO2 nanowires/poly(2-acrylamido-2-methylpropane) sulfonate
composite thin films

187

and polypyrrole/Ag/TiO2 nanoparticles composite thin

films188.
A total organic carbon analyzer has been constructed involving oxidation of the
organic matter with TiO2 as the photocatalyst

150

. This method was suitable for

analysis of water containing 0.1-30 μg/mL organic carbon and sample volumes of 140 mL. Its main advantages were low cost and ease of operation. Its application in
the analysis of COD has been discussed in the previous section.
1.4.4

Nanoparticulate TiO2 Thin Film Photoanodes for Analytical Application

Photoelectrocatalytic oxidation of different organic compounds at TiO2 thin film
photoanodes has been successfully demonstrated

189

. The photoelectrocatalytic

degradation of organic compounds in samples was carried out using a
nanoparticulate TiO2 thin film photoanode under UV illumination in a reaction cell.
The electrochemical system was introduced not only for electrochemical signal
measurement and recording but also for the suppression of recombination of
photoelectrons and photoholes.
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The general equation for mineralization at the TiO2 photoanode under UV light can
be represented as follow:
CyHmOjNkXq+(2y-j)H2O→ yCO2+qX-+kNH3+(4y-2j+m-3k)H++(4y-2j+m-3k-q)e(1.2)
In Equation 1.2, the atomic symbols represent the relative elements and X represents
halogen atoms. The number of carbon, hydrogen, oxygen, nitrogen and halogen
atoms in the organic compound is represented by y, m, j, k and q, respectively. The
oxidation number (the number of electrons transferred) n, is equal to 4y-2j+m-3k-q.
1.4.4.1 Bulk Cell
It is a non-exhaustive model when the photoelectrocatalytic degradation is carried on
at a nanoparticulate TiO2 photoanode in a bulk cell. Figure 1.9 displays a set of
photocurrent-time profiles obtained in the presence and absence of organic
compounds at the TiO2 photoanode in the bulk cell under UV illumination. Under a
constant applied potential sufficient to draw all the electrons into the external circuit,
the current was around zero when the UV light was switched off. Under illumination,
the current increased rapidly and then decreased to a steady value. For the blank
sample without any organic compounds, the steady photocurrent (iblank) was
generated from the oxidation of water, while the total photocurrent of steady state
(itotal) for a sample containing organics resulted from the oxidation of water and
organic compounds. Therefore, the net steady state photocurrent (inet), generated
from the oxidation of organics, can be obtained by subtracting the blank photocurrent
(iblank) from the total photocurrent (itotal) (see Equation 1.3).

inet = itotal − iblank
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Figure 1.9 Photocurrent responses of a blank solution (solid line) and a sample
containing organic compounds (dashed line) in photoelectrochemical bulk cell.

Under diffusion-controlled conditions, the net steady state photocurrent (inet) is given
by Equation 1.4 according to the semiempirical treatment of steady state mass
transfer method 189:

i net =

nFAD

δ

Cb

(1.4)

where n is the number of electrons transferred for the complete mineralization of
organic compounds, F Faraday constant, A the surface area of the photoanode, D and

δ the diffusion coefficients of the compound and the thickness of the effective
diffusion layer, respectively, and Cb the bulk concentration of the compound. The n
value is fixed for each specific organic compound and is equal to 4y-2j+m-3k-q
according to Equation 1.2. For a specific organic compound, the inet should increase
linearly with its molar concentration (Cb) according to Equation 1.4, which has also
been demonstrated in low molar concentration ranges in the literature 189.
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A quantity, Ceq = nCb, was defined to compare the photocurrent responses of
different organic compounds under the same photohole demand regardless of their
chemical identities 189. It can be predicted with Equation 1.4 and the definition of Ceq
that under diffusion-controlled conditions, if all the organic compounds molecules
reaching the photoanode surface are stoichiometrically mineralized, a linear inet vs.
Ceq relationship with a slope of

FAD

δ

would be obtained for all compounds 189. It has

also been demonstrated that at low Ceq ranges, inet obtained from different organic
compounds increased linearly with Ceq. In addition, almost identical slope values
were obtained for all the inet-Ceq curves 189.
The linear relationship between the net steady state photocurrent and concentration
suggests the photoelectrochemical bulk cell with TiO2 photoanode has the promising
potential as asensing application for organic compounds.
1.4.4.2 Thin-layer Cell
It is an exhaustive model when the photoelectrocatalytic degradation is carried out on
a nanoparticulate TiO2 photoanode in a thin-layer cell. Figure 1.10 shows a set of
photocurrent responses at a TiO2 photoanode in a thin-layer cell under UV
illumination. The current was around zero without illumination under a constant
applied potential that was sufficient for 100% photoelectron collection. When the
light was switched on, both the photocurrent from the blank solution (iblank, solid line)
and that from the sample containing the organic compound (itotal, dashed line)
increased rapidly and then decreased to a common steady state current. iblank
originated from the photoelectrocatalytic oxidation of water, while itotal resulted from
the photoelectrocatalytic oxidation of water and organics. The common steady state
current of the blank and the sample indicates that all the organics had been
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exhaustively oxidized, showing the endpoint of the photoelectrocatalytic degradation
reaction and the determination time required in a single analysis. By integration of
photocurrents iblank and itotal with time respectively, the blank charge Qblank and the
total charge Qtotal can be obtained (see Equations 1.5, 1.6). Subsequently, the net
charge Qnet (the shaded area in Figure 1.10), generated from the oxidation of organics,
can be obtained by subtracting Qblank from Qtotal (see Equation 1.7) 62.

itotal
Photocurrent

iblank

0

50

100 150 200 250 300

Time (s)

Figure 1.10 Photocurrent responses of a blank solution (solid line) and a sample
containing organic compounds (dashed line) in photoelectrochemical thin-layer cell.

Qblank = ∫ iblank dt

(1.5)

Qtotal = ∫ itotal dt

(1.6)

Qnet = Qtotal − Qblank

(1.7)

When the originated charge Q is the result of photoelectrocatalytic oxidation of
organics, Faraday’s law can be used to quantify the concentration by measuring the
charge (see Equation 1.8) 62:
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Q = ∫ idt = nFVC

(1.8)

where i is the photocurrent generated from the photoelectrocatalytic oxidation of
organics; n is the number of electrons transferred in the photoelectrocatalytic
oxidation and equals 4y-2j+m-3k-q according to Equation 1.2; F and V are the
Faraday constant and the sample volume, respectively; C is the molar concentration
of organics. For a given TiO2 photoanode, the net charge value should increase
linearly with organics concentration according to Equation 1.8, which has been
experimentally demonstrated in the literature 62. The linear relationship of Q versus
concentration enables the TiO2 photoanode at a thin-layer cell to be a sensor for
organic compounds.
1.5

Scope of the Thesis

The primary aim of this work is to develop a series of effective sensing systems for
determination of organic pollutants based on the TiO2 photoelectrocatalysis principle.
In order to achieve the rapid and sensitive determination of organic pollutants,
different strategies will be adopted to develop the TiO2 based photoelectrochemical
systems, including miniaturization of UV light source, development of a portable
probe, synergetic oxidation of difficult to oxidize organics, improvement of the
photoanode fabrication procedure with the inkjet printing technique, development of
a composite photoanode as a sensor, and development of a universal detector coupled
with flow injection analysis system and HPLC.
The nanoparticulate TiO2 thin film photoanode plays an important role in this work,
and its fabrication and characterization will be investigated in Chapter 2. The
physical and photoelectrocatalytic characteristics of the TiO2 photoanode will be
evaluated with water and organic compounds in a photoelectrochemical bulk cell.
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In Chapter 3, the xenon light used in the TiO2 photoelectrochemical thin-layer cell
system will be replaced with the ultraviolet light emitting diode (UV-LED), which
miniaturizes the whole sensing system and minimizes energy costs and instrumental
expenses. This miniaturized UV-LED photoelectrochemical system is proposed to be
used for the rapid determination of COD, and named as the UV-LED PeCOD
method. Its applicability in COD determination will be experimentally validated with
synthetic samples and real samples. Moreover, in order to get reliable analytical
signals, the experimental parameters will be systematically optimized.
In Chapter 4, a portable probe based on TiO2 photoelectrocatalysis will be developed
for rapid determination of COD in the field. Its analytical principles will be proposed
and validated with synthetic aqueous samples. The experimental conditions will be
systematically studied for accurate measurements. The agreement of the results
obtained from this probe and conventional COD methods will be investigated with a
series of real samples.
The COD values of different classes of organic compounds will be measured by the
UV-LED PeCOD method. It is known that some nitrogenous organic compounds
cannot be completely mineralized by the PeCOD method, leading to underestimation
of COD values for the samples containing these compounds. In Chapter 5, the
synergetic photoelectrocatalytic oxidation mechanism will be employed in the
decomposition of these nitrogenous organic compounds. The synergetic oxidation
effect will be experimentally validated with the addition of glucose into samples
containing these organics.
To develop a technique which is able to produce uniform thin film photoanodes and
is easy for mass production, the inkjet printing technique is used for TiO2 photoanode
fabrication in Chapter 6. The physical and hydrophilicity properties of the inkjet50
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printed TiO2 photoanode will be investigated. The inkjet-printed photoanode will be
subsequently applied in the photoelectrochemical bulk cell system to validate its
applicability for COD determination.
In Chapter 7, the composite photoanode (carbon nanotubes/TiO2) will be prepared
for more sensitive measurements. This composite photoanode will be physically
characterized, and then applied in the photoelectrochemical bulk cell system to
experimentally validate its highly sensitive determination of organic compounds.
In Chapter 8, a universal detector based on TiO2 photoelectrocatalysis principles will
be developed for the determination of organic compounds. To obtain reliable and
stable analytical signals, the experimental conditions will be optimized on the
universal detector coupled with the flow injection analysis system. Subsequently, this
universal detector will be connected to the HPLC system for the determination of
sugars to validate its applicability as universal detection method for organic
compounds.
The overall summary of the outcomes of this work are discussed in Chapter 9.
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CHAPTER 2 FABRICATION AND CHARACTERIZATION OF NANOPARTICULATE TITANIUM DIOXIDE THIN FILM PHOTOANODES
2.1

Introduction

Fabrication and characterization of TiO2 photoanodes are of great importance for
sensing applications since the photocatalytic activities of TiO2 photoanodes depend
on the crystalline structure (anatase or rutile), microstructure, surface area and
particle size etc

1, 2

. Moreover, all these parameters depend on how the photoanode

is prepared.
Rutile and anatase are two major crystalline phases of TiO2. Thermodynamically,
rutile is the most stable crystalline form of TiO2. The transformation of anatase to
rutile occurs in the temperature range of 700-1000°C, depending on the crystallite
size and impurity content, while anatase crystals are grown below 750°C 3. Anatase
possesses a higher photocatalytic activity than rutile due to a larger band-gap and a
higher surface density of hydroxyls 4. In some reaction systems, the mixed-phase
(anatase/rutile) of TiO2 exhibits higher photocatalytic activity than either pure phase
alone

5-7

. Herein, mixed-phase TiO2 photoanodes were prepared and fabricated for

sensing applications.
The efficiency of TiO2 photocatalysts depends on the effective separation of
photoholes and electrons and the subsequent charge transfer reactions with adsorbed
molecules 8. Both of these processes are influenced by the particle size of TiO2 as it
directly influences the specific surface area

8, 9

. A smaller particle size results in an

increase in the number of active surface sites, and hence an increase in the surface
charge carrier transfer rate in photocatalysis 9.
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In this chapter, transmission electron microscopy (TEM) was used to characterize the
TiO2 colloid. To achieve thin film photoanodes, the dip-coating technique was
adopted to immobilize TiO2 nanoparticles onto conductive substrates, followed by a
thermal treatment process. Crystallinity and surface morphology were characterized
for each step in the thermal treatment process. Water, weak adsorbate (e.g. glucose)
and strong adsorbate (e.g. potassium hydrogen phthalate) were used to evaluate
photocatalytic

activity

under

different

experimental

conditions

in

a

photoelectrochemical bulk cell.
2.2
2.2.1

Experimental
Chemicals and Materials

Titanium butoxide (97%, Aldrich), nitric acid (Merck), propan-2-ol (Merck),
carbowax 20M (Supelco), potassium hydrogen phthalate, sodium nitrate, and glucose
(Chemsupply) were used as received. Dialysis tubing cellulose membrane (average
flat width 33 mm) was purchased from Sigma-Aldrich. Indium tin oxide (ITO)
conducting glass slides (8Ω/square) were purchased from Delta Technologies Ltd.
(USA). All other chemicals were of analytical grade and purchased from SigmaAldrich unless otherwise stated. All solutions were prepared using Millipore Milli-Q
water. The pH of the solution was adjusted either with NaOH or HNO3.
2.2.2 Apparatus and Methods
2.2.2.1 Preparation of Titanium Dioxide Colloid
The preparation of the TiO2 colloid is similar to the procedure used by Barbé

10

.A

mixture of 25 mL titanium butoxide and 8 mL propan-2-ol was added, dropwise and
at room temperature, to 300 mL of a 0.1 M nitric acid solution under vigorous
stirring. Hydrolysis occurred and white precipitate was found immediately. After
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precipitation, the slurry was heated to 80°C and stirred vigorously for 10 h to achieve
peptization. The solution was then filtered with a 0.45 µm Millex syringe driven
filter unit (Millipore Corp. USA) to remove the non-peptized agglomerates. The
filtered colloid was moved into the dialysis membrane, and then the membrane with
colloid was immersed in distilled water. The pH value was adjusted by changing the
water every hour until the pH value of the colloid was around 3.8. The colloid was
then hydrothermally treated in an autoclave at 200°C for 12 h. The colloidal
suspension was then introduced into a rotary evaporator and evaporated to a final
solid concentration of ca. 6% w/v. Carbowax 20M was added into the colloid
(proportion of 30% of the solid TiO2 weight) to avoid cracking during calcination
and to make the film porous. The resultant colloid was ready for the preparation of
TiO2 thin film photoanodes.
2.2.2.2 Photoanodes Preparation
ITO conducting glass slides were washed in turn with detergent, water, acetone,
water, dichromate washing solution and water prior to drying in an oven. The
washing time in the dichromate washing solution was less than 20 s to prevent the
acidic dissolution of the ITO layer. After the pre-treatment, the ITO glass slides were
dip-coated in the resultant TiO2 colloid with a dipping time of 30 s and a raising
speed of 2 mm s-1, and then dried in air. The coated slides were calcined in a muffle
furnace in air at 450°C for 0.5 h, then taken out and cooled down in air. The slides
were dip-coated again followed by a calcination procedure at 700°C for 2 h.
2.2.2.3 Physical and Photoelectrocatalytic Characterization
The particle size and crystallinity of colloidal TiO2 particles were investigated with
transmission electron microscopy (TEM) (Tecnai 20, F20). The surface
morphologies of the TiO2 thin film on ITO glass substrates were characterized by
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scanning electron microscopy (SEM, JSM 890). The crystalline phase of the TiO2
thin film was determined by X-ray diffraction (XRD) using a diffractometer (Philips
PW3020) with Cu Kα radiation.

Reference electrode
(Ag/AgCl)
Auxiliary electrode
(Platinum mesh)
Working electrode
(TiO2 thin film photoanode)

Electrode holder

Figure 2.1 Photo of the photoelectrochemical bulk cell.

The photoelectrochemical measurements were carried out in a three-electrode
photoelectrochemical bulk cell (see Figure 2.1) containing 120 mL of 0.1 M NaNO3
as the electrolyte with a quartz window for illumination. The experiments were
performed at room temperature (23°C). The TiO2 thin film photoanode was used as
the working electrode and placed in an electrode holder with ca. 0.78 cm2 (10 mm
diameter circle) left unsealed to be exposed to the solution for illumination and
reaction. A saturated Ag/AgCl electrode and a platinum mesh were used as the
reference and auxiliary electrodes, respectively. A voltammograph (CV-27, BAS)
was used to apply the potential bias. Potential and current signals were recorded by a
PC coupled with a Maclab 400 interface (AD Instruments). A 150 W Xenon (HFC150, TrustTech, Beijing, China) with regulated optical output and a UV-band-pass
filter (UG-5, Schott) was placed in front of the quartz window to prevent the testing
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solution from heating. The output UV light intensity was measured at 365 nm
wavelength using a UV irradiance meter (UV-A Instruments of Beijing Normal
University).
2.3
2.3.1

Results and Discussion
Titanium Dioxide Colloid

Synthesis of the TiO2 colloid started with the hydrolysis of titanium butoxide, and a
white precipitate of large agglomerates was formed at this stage. These agglomerates
were destroyed in the following peptization step. The energy needed for the
deagglomeration was supplied by thermal energy during heating, and the presence of
nitric acid electrostatically ensured stabilization 10. The solution was hydrothermally
treated in an autoclave to facilitate the growth of particles and to enhance
crystallinity.

20 nm

20 nm

(a)

(b)

Figure 2.2 TEM images of TiO2 particles before (a) and after (b) hydrothermal
treatment.

Figure 2.2 displays the TEM images of the TiO2 particles before and after
hydrothermal treatment. Before the hydrothermal treatment, the particle sizes were
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between 3 nm and 5 nm, while the particle sizes increased to between 8 and 12 nm
after the hydrothermal treatment. Figure 2.2b and its insert figure also show that high
crystallinity was obtained through the hydrothermal treatment. Tiny nanoparticles
with the size of 3-5 nm were transformed into regular octahedral-shaped nanocrystals
8-12 nm in size after the treatment. The fact that the crystallinity was improved was
further supported by the dominant crystal fringes with an interspacing of 3.5 Å,
which is consistent with the (101) plane of anatase.
2.3.2

Nanoparticulate TiO2 Photoanodes

Clean ITO glass slides were dip-coated with the TiO2 colloid and dried in air to form
thin film on the surface, followed by calcination at high temperatures. The
calcination process was to remove the carbowax, improve the adhesion between the
TiO2 film and the ITO substrate, and improve the crystallinity and surface properties
of the TiO2 thin film. As previously mentioned the clean ITO glass slides were dipcoated once and dried in air, then calcined at 450°C for 0.5 h. After cooling down at
room temperature, the slides were dip-coated again, and calcined at 700°C for 2 h.
The characteristics of the microstructures in these two steps were characterized by
XRD and SEM.
The X-ray diffraction patterns of TiO2 films on ITO glass substrates at different
calcination steps are displayed in Figure 2.3. Short-time (0.5 h) calcination at 450°C
did not change the crystallinity of the nanoparticles on the substrate. The reflection
peaks could be attributed to a dominant anatase phase TiO2 with trace amounts of
brookite, implied by the reflection at 2θ = 30.9, corresponding with (121) plane of
brookite. However, the calcination at higher temperature had mostly transformed the
anatase nanoparticles into rutile, as shown in the XRD peaks in Figure 2.3. The
measurement of the half-peak demonstrated approximately 79.9% rutile and 20.1%
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anatase. No reflections of brookite were observed, indicating that brookite was
transformed into anatase and probably rutile, consistent with a previous report 11.

Intensity (a.u.)

Anatase
Rutile
Brookite

c
b
a

20

40

60

80

2 θ (degree)

Figure 2.3 XRD patterns of the TiO2 film on ITO glass substrates (a) the first dipcoated layer without calcination; (b) the first dip-coated layer calcined at 450°C for
0.5 h; (c) the first dip-coated layer calcined at 450°C for 0.5 h, and then the second
dip-coated layer calcined at 700°C for 2 h.

The surface morphology of TiO2 photoanodes at different calcination steps were
examined by SEM (see Figure 2.4). A highly porous microstructure was observed on
the TiO2 photoanode calcined at 450°C for 0.5 h, with the particle sizes ranging from
20 to 25 nm (Figure 2.4a). After the calcination at 700°C for 2 h, the porous
microstructure was still found and the particle sizes increased to 40-50 nm (see
Figure 2.4b). The porous microstructure may stem from the removal of carbowax in
the calcination process. The increase in particle size is most likely due to the change
in crystallinity and the degree of aggregation in the calcination process at 700°C. The
thickness of the TiO2 film on the ITO substrate calcined by the two steps is ca. 0.7
µm. The TiO2 film thickness affects the photocurrent response and the stability of the
TiO2 photoanode. A thicker film possesses higher photocatalytic response but less
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stability. The following photoelectrocatalytic characterization results show that the
final TiO2 photoanode had good photocatalytic activity without sacrificing stability.

100 nm

100 nm

(a)

(b)

Figure 2.4 Top view SEM images of TiO2 photoanodes; (a) the first dip-coated layer
calcined at 450°C for 0.5 h; (b) the first dip-coated layer calcined at 450°C for 0.5 h,
and then the second dip-coated layer calcined at 700°C for 2 h.

2.3.3

Photoelectrocatalytic Properties

The photoelectrocatalytic characterization was carried on in a photoelectrochemical
bulk cell, which is a non-exhaustive model. The photoelectrocatalytic oxidation of
water, strong adsorbate, and weak adsorbate was studied systematically at the
resultant TiO2 photoanode in a photoelectrochemical bulk cell.
2.3.3.1 Photoelectrocatalytic Oxidation of Water
The response of the photocurrent, resulting from the electrochemical oxidation or
reduction of water, may influence electrochemical measurements in aqueous
solutions. Thus, the photoelectrocatalytic oxidation of water was the first
investigation considered for the photoelectrocatalytic characterization.
Effect of Light Intensity
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The experimental results demonstrated that only a negligible current was observed
without UV illumination, suggesting that water can not be electrochemically
oxidized in the potential range of -0.4-+0.8 V (Figure 2.5). Under UV illumination of
various intensities, as the applied potential increased, the photocurrents increased in
the low potential range and became steady at higher potentials. The increasing
section of the curves can be attributed to the limitation of the electron transport
within the TiO2 film

12, 13

. The photocurrent (reaction rate) obtained in this part

shows how rapidly the electrons in the TiO2 film can be removed by the applied
potential

13

. At a given light intensity, the increased applied potential results in

increased electromotive force, which leads to increased photocurrent

13

. As the

potential bias increased, the number of electrons produced in the photocatalytic
circuit (i.e. the photocurrent) increased until reaching the maximum number of
electrons that can be drawn by the electrochemical force at the saturation potential 14.
The steady state photocurrent at high potentials provides kinetic information on the
photohole capture process at the TiO2/solution interface, and a direct measure of the
oxidation rate of water

12-14

. The steady state section implies that the potential

applied to the TiO2 photoanode can remove all the electrons generated by the
photocatalytic process at the TiO2 surface

13, 15

. It can be seen from Figure 2.5 that

the applied potential should be greater than 0 V to maximize the photocatalytic
efficiency of the TiO2 photoanode. As the light intensity increased, the magnitude of
the steady state photocurrent increased. There was a straight line relationship
between the steady state photocurrent (Isph) and light intensity (Figure 2.6). In other
words, the steady state photocurrent is limited by light intensity, which determines
the photogenerated hole production rate, and the concentration of molecules
available for oxidation reactions 14.
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Figure 2.5 Linear scan voltammograms for TiO2 photoanode in 0.1 M NaNO3
electrolyte under illumination of different light intensity. The light intensity from
bottom to top in turn: 0, 0.6, 1.1, 2.4, 3.3, 5.5, 6.6, 8.3, 9.9 mW/cm2. Scan rate: 5
mV/s.
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Figure 2.6 Relationship between steady state photocurrent and light intensity in 0.1
M NaNO3 electrolyte, data derived from Figure 2.5, steady state photocurrent taken
at 0.3 V.

Effect of pH
Figure 2.7 shows a set of voltammograms obtained on the TiO2 photoanode under a
given illumination (6.6 mW/cm2) in 0.1 M NaNO3 of different pH values. The pH
values were adjusted with NaOH or HNO3 in 0.1 M NaNO3 solution.
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Figure 2.7 Linear scan voltammograms for TiO2 photoanode in 0.1 M NaNO3
electrolyte of different pH. Scan rate: 5 mV/s, light intensity: 6.6 mW/cm2.
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Figure 2.8 Relationship between steady state photocurrent and pH in 0.1 M NaNO3
electrolyte, data derived from Figure 2.7, steady state photocurrent taken at 0.3 V.

Within the pH range of 3.9-10.0, the photocurrent increased linearly as the potential
increased at low applied potentials (Figure 2.7). At high applied potentials, the
photocurrent did not significantly increase as the potential further increased. When
the photocurrents at +0.3 V in different electrolyte pH were taken as the steady state
photocurrents, no significant difference was obtained in the steady state photocurrent
within the pH range of 3.9-10.0 (Figure 2.8). For the photocatalytic oxidation of
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water, Figures 2.7 and 2.8 suggest that the pH value in the range of 3.9-10.0 had no
significant effect on the steady state photocurrent and the trend of photocurrent
versus the applied potential. This may be resulted from the stable percentage of the
main electron traps (>TiOH) in the medium pH range

16-17

. According to the

calculation by Kormann et al. 17, the neutral surface species >TiOH was predominant
over a broad range of pH, and the relatively stable percentage of >TiOH was
obtained in the medium pH range (3-10). In addition, the >TiOH groups have been
demonstrated as the major electron traps on illuminated TiO2 surface 18.
2.3.3.2 Photoelectrocatalytic Oxidation of Strong Adsorbate
Different functional groups of organic compounds possess different adsorptivity to
the TiO2 surface 19-21. They are classified into weak adsorbates (e.g. hydroxyl organic
compounds), and strong adsorbate (e.g. carboxylic organic compounds). Potassium
hydrogen phthalate (KHP), a common strong adsorbate, was investigated in this
section.
Effect of Organics Concentrations
Figure 2.9 displays a series of voltammograms obtained from different
concentrations of KHP under UV illumination. The characteristics of photocurrentpotential curves in the system containing KHP (see Figure 2.9) are similar to those in
the system mainly containing electrolyte (see Figure 2.5). At different concentrations
of KHP, the photocurrents increased then levelled off as the potential increased. In
the presence of KHP, the photoholes are more efficiently scavenged leading to higher
photocurrents

14

. It can be seen from Figure 2.9 that as the concentration of KHP

increased, the magnitude of steady state photocurrent also increased. When the
concentration of KHP increased, more KHP molecules reached the TiO2 surface,
which was beneficial to the mass transfer process and the interfacial reaction.
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Moreover, the photoelectrocatalytic oxidation of KHP was higher than the oxidation
of water. Thus, the presence of KHP scavenged the photoholes more efficiently and
helped to suppress electron-hole recombination, and hence a higher steady state
photocurrent was observed 14, 22.
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Figure 2.9 Linear scan voltammograms for TiO2 photoanodes in different
concentrations of KHP in 0.1 M NaNO3. Concentration of KHP from bottom to top
in turn: 0, 10, 30, 50, 75, 125, 150, and 175 µM. Scan rate: 5 mV/s, light intensity:
6.6 mW/cm2.
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Figure 2.10 Relationship between steady state photocurrent in the presence of KHP
and KHP concentration. Light intensity: 6.6 mW/cm2.
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Figure 2.10 shows the plot of the steady state photocurrents (Isph) versus the molar
concentration of KHP. The steady state photocurrents were measured at +0.3 V since
the photocurrent did not significantly increase when the potential bias was greater
than 0 V (see Figure 2.9). When the steady state photocurrents (Isph) were plotted
against the molar concentration of KHP (Figure 2.10), it can be seen that Isph
increased linearly with the molar concentration of KHP. This suggests that the rate of
the photoelectrocatalytic process in this concentration range was limited by the mass
transfer of KHP to the photoanode surface (i.e. a diffusion-controlled process) 13.
Effect of Light Intensity
Figure 2.11 shows a set of voltammograms obtained from a given concentration of
KHP (175 μM KHP in 0.1 M NaNO3) under different UV illumination intensities. In
all cases with different light intensities, the photocurrents increased then levelled off
as the applied potential increased (Figure 2.11). The characteristics of
voltammograms shown in Figure 2.11 were similar to those shown in Figure 2.5,
except that the measured steady state photocurrents were much higher than those
obtained for water oxidation due to the presence of organics (i.e. KHP). As
previously mentioned, in the increasing section of the curve, the rate-determining
step was the free photoelectron transport within the TiO2 film, while the ratedetermining step was the interfacial reaction in the steady state part 12.
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Figure 2.11 Linear scan voltammograms for TiO2 photoanode in 0.1 M NaNO3
containing 175 µM KHP under illumination of different light intensity. Scan rate: 5
mV/s, light intensity from bottom to top in turn: 0.6, 1.1, 1.7, 2.4, 3.3, 5.1, 6.6, 8.3,
9.9 mW/cm2.
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Figure 2.12 Relationship between steady state photocurrent and light intensity in 0.1
M NaNO3 containing 175 µM KHP, data derived from Figure 2.11, steady state
photocurrent taken at 0.3 V.

Plotting the steady state photocurrent versus the light intensity produces a straight
line as shown in Figure 2.12, which indicates that the photoholes capture rate is
proportional to light intensity.
Effect of pH
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The electronic energetics of TiO2 photoanode/aqueous solution interfaces are known
to

vary

systematically

with

solution

pH

23

.

Moreover,

the

surface

protonation/deprotonation equilibrium leads to the change of the surface functional
groups. Figure 2.13 shows a series of voltammograms in different pH solutions
containing 175 µM KHP in 0.1 M NaNO3. It can be seen that the characteristics of
photocurrent-potential curves are almost unchanged within pH range of 3.8-10.0
(Figure 2.13). Figure 2.14 displays the dependence of the steady state photocurrent
(Isph) on pH values in the presence of KHP. The Isph values in the presence of KHP
are insensitive to pH change within the range of pH 3.8-10.0 (Figure 2.14). As
previously mentioned, KHP is a strong adsorbate to TiO2 surfaces. Because of the
protonation/deprotonation of the TiO2 surface and phthalate ions, the adsorption
interaction is pH dependent. The results in Figure 2.14 reveal that there are adequate
KHP molecules approaching the TiO2 surface and being photodegraded in this pH
range. Adsorption is not the controlling step within this pH range.
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Figure 2.13 Linear scan voltammograms for TiO2 photoanode in 0.1 M NaNO3
electrolyte containing 175 μM KHP of different pH. Scan rate: 5 mV/s, light intensity:
6.6 mW/cm2.
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Figure 2.14 Relationship between steady state photocurrent and pH in 0.1 M NaNO3
electrolyte containing 175 μM KHP, data derived from Figure 2.13, steady state
photocurrent taken at 0.3 V.

2.3.3.3 Photoelectrocatalytic Oxidation of Weak Adsorbate
Alcohols and carbohydrates are weak adsorbates to TiO2 surfaces, and some of them
have been found to be good hydroxyl radical scavengers 24. In this section, glucose
was selected as a weak adsorbate to investigate the photoelectrocatalytic oxidation of
weak adsorbate at the TiO2 photoanode in the bulk cell.
Effect of Organics Concentration
Figure 2.15 shows a series of voltammograms obtained at the TiO2 photoanode with
UV illumination in 0.1 M NaNO3 blank electrolyte and different concentrations of
glucose in 0.1 M NaNO3. Photocurrents increased with potential and then levelled
off in the high potential range for all concentrations of glucose solution tested
(Figure 2.15). The rate limiting process in the increasing section of the photocurrentpotential curves was electron transfer within the TiO2 film, while the process was
controlled by photohole capture reactions in the steady state part within the high
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potential region

13

. To some extent, the characteristics of photocurrent-potential

curves for glucose are similar to those for KHP (see Figure 2.9).
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Figure 2.15 Linear scan voltammograms for TiO2 photoanodes in different
concentrations of glucose in 0.1 M NaNO3. Concentration of glucose from bottom to
top in turn: 0, 0.02, 0.1, 0.2, 0.4, 0.8, 1.5, 3, 6, 10, 20, 50, and 100 mM. Scan rate: 5
mV/s, light intensity: 6.6 mW/cm2.
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Figure 2.16 Relationship between steady state photocurrent in the presence of
glucose and glucose concentration. The insert is at low concentration range. Light
intensity: 6.6 mW/cm2.

In the low concentration range (0-0.8 mM), the steady state photocurrent (Isph)
linearly increased with concentration (see Figure 2.16 and the insert) due to the mass
transport of organics (i.e. glucose) to the TiO2 photoanode surface as the limiting
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step in the photoelectrocatalytic oxidation process

15, 25

. Afterwards, the Isph did not

change significantly when the concentration was greater than 1.5 mM, suggesting
that the photoelectrocatalytic oxidation reaction at the TiO2 photoanode surface was
a rate-limiting step under a given light intensity 15, 26.
Effect of Light Intensity
The photocurrent increased linearly with potential within the low potential range
followed by the steady state in the high potential region under different light
intensities (Figure 2.17). The steady state photocurrent as well as the potential range
of the linear section of the photocurrent-potential curve increased as light intensity
increased. The linear photocurrent-potential relationship reveals that the system
behaved like a pure resistor and the reaction rate in the linear range was controlled by
the electron transport in the TiO2 film 13. Under a given light intensity, an increase in
potential results in an increase of electromotive force, leading to rapid electron
transfer in the TiO2 film and a proportional photocurrent increase

13

. The

characteristics of the photocurrent-potential curves for glucose are similar to those
for KHP (see Figure 2.11).
The plot of the steady state photocurrent against light intensity produced a straight
line which is similar to the case of KHP photoelectrocatalytic oxidation (Figure 2.18
compared to Figure 2.12), demonstrating again that the rate of photohole capture is
proportional to light intensity.
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Figure 2.17 Linear scan voltammograms for TiO2 photoanode in 0.1 M NaNO3
containing 0.1 M glucose under illumination of different light intensity. Scan rate: 5
mV/s, light intensity from bottom to top in turn: 0.6, 1.1, 2.4, 3.3, 5.1, 6.6, 8.3, 9.9
mW/cm2.

1500

y = 140.6x -12.64
2
R = 0.9983

1250

Isph (μA)

1000
750
500
250
0
0

2

4

6

8

10
2

Light intensity (mW/cm )

Figure 2.18 Relationship between steady state photocurrent and light intensity in 0.1
M NaNO3 containing 0.1 M glucose, data derived from Figure 2.17, steady state
photocurrent taken at 0.3 V.

Effect of pH
Figure 2.19 shows a set of voltammograms at the TiO2 photoanode in different pH
solutions of 0.1 M glucose in 0.1 M NaNO3 electrolyte. The photocurrent-potential
curves were insensitive to pH change in the pH range 4.8-10.0 (Figure 2.19).
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Figure 2.19 Linear scan voltammograms for TiO2 photoanode in 0.1 M NaNO3
electrolyte containing 0.1 M glucose of different pH. Scan rate: 5 mV/s, light
intensity: 6.6 mW/cm2.
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Figure 2.20 Relationship between steady state photocurrent and pH in 0.1 M NaNO3
electrolyte containing 0.1 M glucose, data derived from Figure 2.19, steady state
photocurrent taken at 0.3 V.

The steady state photocurrent was independent of the pH value (Figure 2.20). The

Isph of 0.1 M glucose stayed unchanged as pH increased within the range of pH 4.810.0. At such a high concentration of glucose (0.1 M), mass transport is not the
limiting step, thus the effect of pH on the steady state photocurrent reflects the effect
of pH on electron transfer of the interfacial reaction. The steady state photocurrents
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were fairly constant in this medium pH range (pH 4.8-10.0) due to the predominant
and stable percentage of the neutral surface species (>TiOH), which is the main trap
of photoholes 27.
2.4

Conclusion

TiO2 colloid was synthesized by the sol-gel method and physically characterized.
The particle sizes were in the range of 8-12 nm and the nanoparticles were well
crystallised after hydrothermal treatment. The resultant TiO2 colloid was successfully
immobilized on ITO glass slides by the sol-gel dip-coating method. At the
calcination temperature of 450°C, the thin film consisted of almost 100% of anatase
phase of TiO2 with very small percentage of brookite phase. The mixed phase of
TiO2 (rutile and anatase) was formed after the calcination procedure at 700°C.
The steady state photocurrent indicates the photocatalytic reactivity of the TiO2
photoanode towards electron donors. In the absence or presence of organics (i.e.
KHP or glucose), the steady state photocurrents increased linearly as the light
intensity increased. In other words, the increase in UV light intensity resulted in an
increase in the photocatalytic reactivity of the resultant TiO2 photoanode towards
water or organics oxidation. Moreover, with or without organics, the steady state
photocurrents were insensitive to solution pH in the medium pH range (4-10).
Additionally, the linear relationship between the steady state photocurrent and the
organics concentration was observed in the presence of organics within a specific
concentration range (i.e. KHP or glucose).
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CHAPTER 3 UV-LED BASED PHOTOELECTROCHEMICAL SYSTEM
FOR DETERMINATION OF CHEMICAL OXYGEN DEMAND
3.1

Introduction

Serious global fresh water shortage problems force us to use alternative water
sources, such as storm water and recycled water. This is leading to more and more
rigorous environmental protection legislation being introduced to monitor and
safeguard the quality of our water supply. In this regard, an advanced portable fieldbased analytical system can play an important role in reinforcing the implementation
of this legislation.
Determination of chemical oxygen demand (COD) in waters and wastewaters is
crucial for water quality assessment and pollution control as it can be used to gain an
indication of the organic pollution level. Standard dichromate method is often used to
measure COD 1. It is a preferred method to biochemical oxygen demand (BOD) for
assessing the oxygen demand of organic pollutants in heavily polluted water bodies.
This is because it needs less analysis time than the standard BOD method (i.e., 5
days) and it is immune from organic and inorganic poisons. However, this method
has several drawbacks. Its inherent problems of long analysis time (2-4 h) and high
demanding experimental conditions make the method unsuitable for rapid and onsite
monitoring of COD. Moreover, the requirement of hazardous and corrosive reagents
(e.g. K2Cr2O7, concentrated H2SO4) can lead to secondary pollution.
Electrocatalytic determination of COD using PbO2
and graphite-polystyrene composite electrode

7

2-4

, Pt/PbO2 5, CuO electrode 6,

were proposed to solve the above

problems. Although these methods have demonstrated many advantages over the
traditional COD methods, such as their rapidity, simplicity and low cost, the
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reliability of these new methods is often not satisfactory for practical applications.
This is mainly due to the fact that these methods are incapable of oxidizing a wide
spectrum of organic compounds indiscriminately in a short period of time. This is
due to the limited oxidation power of the electrochemical method.
TiO2 photocatalytic oxidation approach was also used to determine COD in water
samples

8-11

. This method utilized TiO2 nanoparticles as a photocatalyst to oxidize

organic compounds under UV illumination, replacing the chemical oxidants in the
standard method, such as dichromate. In this process, oxygen molecules act as
electron acceptors to remove electrons produced during the photocatalytic oxidation
reaction. The depletion of O2 concentration in water is correlated with standard COD
methods. Because the low solubility of oxygen in water (<10 mg/L of O2 at 25°C)
limits the TiO2 photocatalytic oxidation reaction, this approach suffers from the low
fraction of degradation, unsatisfactory reproducibility, insufficient sensitivity, and
limited dynamic working range.
The problems associated with low O2 concentration in water in the TiO2
photocatalytic oxidation process can be overcome effectively by electrochemical
means. A photoelectrochemical system for the determination of chemical oxygen
demand, (PeCOD)

12

, was developed based on this TiO2 photocatalytic oxidation

process. Under UV illumination in a thin-layer cell, organic compounds can be
stoichiometrically mineralized at a TiO2 nanostructured photoanode. This process
can be represented as:

CyHmOjNkXq+(2y-j)H2O→ yCO2+qX-+kNH3+(4y-2j+m-3k)H++(4y-2j+m-3k-q)e(1.2)
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where N and X represent nitrogen and halogen atoms, respectively. The number of
carbon, hydrogen, oxygen, nitrogen and halogen atoms in the organic compound is
represented by y, m, j, k and q, respectively.
The total amount of electrons transferred (Qnet) at a TiO2 nanostructured thin film
photoanode can be monitored and measured during the degradation process.
According to the definition of COD and Faraday’s Law, the measured Qnet value is
converted into an equivalent O2 concentration (or oxygen demand), because one O2
molecule is equivalent to 4 electrons transferred 12. The equivalent COD value can
therefore be represented as:

COD ( mg / L of O 2 ) =

Q

net

4 FV

× 32000

(3.1)

F is the Faraday constant, and V is the sample volume. This means that the COD
value of a sample can be readily obtained by simply measuring the net charge (Qnet).
The method is an absolute method and requires no calibration. Other advantages
include simplicity, rapidity, sensitivity, accuracy, limited reagent consumption
(supporting electrolyte only) and no secondary pollution.
In practice, however, the previous reported system has very poor portability because
the system employs a 150 W xenon light source and a commercial potentiostat (PAR
363). The apparatus is large, heavy and consumes significant amounts of electricity.
Besides this, the application of xenon light into the sensing application introduces
several practical drawbacks, such as high cost (both the xenon lamp and the high
voltage ignition electrical power source are very expensive), short life time (only a
few thousand hours), high running cost, and the requirement of adequate ventilation
and a dry environment. High humidity in an outdoor environment may destroy the
system. These characteristics are not ideal for a portable field-based monitoring
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device. In order to convert the PeCOD technology into a truly portable and onsite
technology for COD measurement, both the xenon light and the conventional
electrochemical station need to be replaced. The ultraviolet light emitting diode (UVLED) is certainly a promising candidate.

After a careful screening of all

commercially available UV-LEDs, a UV-LED (NCCU033 from Nichia) was chosen
because of its ample light intensity and suitable wavelength (250 mW/cm2 at 365
nm).
In principle, the suitability of the UV-LED for the application in PeCOD needs to be
validated, because the optical characteristics of the UV light from UV-LED and
xenon light are dramatically different from each other. Xenon light consists of
continuous UV wavelength 13, i.e., UVA (320 nm < λ < 380 nm), UVB (280 nm < λ
< 320 nm) and UVC (λ < 280 nm), while the chosen UV-LED light is located in the
UVA zone with a wavelength range of 365±5 nm. Though thermodynamically, the
photoelectrocatalytic reaction (i.e., Equation 1.2) can take place under any light with
a wavelength <387 nm, kinetically, whether reaction rate under the UV-LED light is
appropriate for PeCOD application has not been investigated. It was reported that the
rates of the photocatalytic oxidation of organic compounds can be significantly
different under different wavelengths of light

13,14

. Li Puma et. al. reported that the

degradation and mineralization of 2-chlorophenol were significantly faster with UVABC radiation compared to the use of UVA radiation alone

14

. R. Matthew also

reported that the shorter wavelength 254 nm radiation is considerably more effective
in promoting degradation than the radiation at 350 nm for TiO2 based photocatalytic
degradation of phenols 13.
In this chapter, the UV-LED is incorporated into a specially designed thin-layer
photoelectrochemical cell for the determination of COD, namely as a UV-LED
PeCOD system. A microelectrochemical system (µECS) with a size of a common
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USB memory stick (i.e., 66 mm × 25 mm × 8 mm) was used as the electrochemical
system instead of the large-size conventional electrochemical station. A laptop
computer is used to power the UV-LED via a USB port. At the same time it controls
the µECS to process the data and report the result in terms of COD. To optimize the
system performance, the effects of important experimental parameters, such as light
intensity, applied potential, and pH on the analytical signal generation were also
systematically investigated. The detection principle is experimentally validated with
the model compounds, synthetic samples and real samples.
3.2
3.2.1

Experimental
Chemicals and Materials

Analytical grade of potassium hydrogen phthalate (KHP), hydroquinone, sucrose,
maleic acid, galactose, xylose, glycine, L-ascorbic acid and glucose were purchased
from Aldrich without further treatment prior to use. All the other chemicals and
materials were the same as Section 2.2.1.
3.2.2

Sample Preparation

The real samples used in this study were collected within the state of Queensland,
Australia from various industrial sites including bakeries, sugar plants, breweries,
canneries and dairy production plants. All samples were filtered with 0.45 μm filter
paper and preserved according to the guidelines of the standard method 1. When
necessary, the samples were diluted to a suitable concentration prior to the analysis.
After dilution, the same sample was subject to the analysis by both standard COD
method and the UV-LED PeCOD analyzer. To the real samples and blank for
photoelectrochemical determination, NaNO3 solid equivalent to 2.0 M was added as
the supporting electrolyte.
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3.2.3

Preparation of TiO2 Thin Film Photoanodes

The details of the TiO2 colloid preparation were described in Section 2.2.2.1. As the
photoanode substrate for TiO2 thin film, the ITO slide was cut into a rectangular
shape with dimensions of 15 mm × 40 mm and pre-treated to assure its cleanliness
(the pre-treatment process see Section 2.2.2.2). After pre-treatment, the ITO slide
was dip-coated in the TiO2 colloidal solution and air-dried in a clean room. The
coated photoanodes were then calcined at 700°C in a muffle furnace. The thickness
of TiO2 porous film (~0.5 μm) was measured with a surface profilometer (Alpha-step
200, Tencor Instrument).
3.2.4 Apparatus and Methods
All photoelectrochemical experiments were performed at 23oC in a thin-layer
photoelectrochemical cell with a quartz window for illumination (see Figure 3.1). A
thin metal plate was installed as a shutter between the UV-LED and quartz window
to control the ON/OFF of the illumination. The thickness of the spacer is 0.1 mm,
the exposed area of TiO2 photoanode for UV illumination is 0.2 cm2 and the volume
of the anodic compartment is ca. 2.0 μL. A saturated Ag/AgCl electrode and a
platinum mesh were used as the reference and counter electrodes, respectively. In
Figure 3.1, the distance between the reference electrode and working electrode is 3
mm, while the distance between the reference electrode and counter electrode is 4
mm. A microelectrochemical system (μECS, PLAB, Changchun Institute of Applied
Chemistry, China) powered and controlled by a DELL laptop was used for
application of potential bias, current signal recording and data processing in the
PeCOD measurement. Standard COD value (dichromate method) of all the samples
was measured using an EPA approved COD analyzer (NOVA 30, Merck).
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Figure 3.1 Schematic diagram of the design of the UV-LED thin-layer photoelectrochemical cell.

3.3
3.3.1

Results and Discussion
Photoelectrocatalytic Oxidation under UV Illumination

UV-LED has attracted more and more attention for TiO2 photocatalysis

15, 16

and

sensing application 17-20 due to its low cost, simplicity, low power consumption, and
long life time. However, the practical barrier for UV-LED application in effective
photocatalytic oxidation was that UV-LED on the market did not have sufficient
intensity (< 1 mW/cm2) with sufficiently short wavelengths (< 380 nm).

The

recently developed UV-LED, by Nichia, is able to emit true UV light with sufficient
light intensity, i.e., 250 mW/cm2 at 365 nm. This provides an ideal alternative UV
light source for the PeCOD technology. Figure 3.1 shows that the incorporation of
the UV-LED into a photoelectrochemical thin-layer cell results in a portable
miniature UV-LED PeCOD detector.
In the early version of PeCOD system, a fragile and expensive UV band pass filter
(UG 5) was used to block the substantial heat from xenon light to prevent solution
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heating up. In contrast, because the UV light from the UV-LED has a narrow
bandwidth wavelength width of 10 nm (i.e., from 360 to 370 nm) with no emission
of visible and infra-red light, the reaction solution heating up is no longer a problem.
Besides this, as a UV light source, UV-LED has several inherent advantages over the
xenon light illumination system: (1) it is small in size (6.8 mm × 6.8 mm × 2.1 mm)
and light in weight (ca. 10 g), which makes it readily able to be incorporated into a
compact device (see Figure 3.1); (2) it operates at low voltage (4.5 V) and has low
power consumption (< 2 W), it can be powered by a laptop computer via a USB port
and has better stability and safety, which makes it user friendly; (3) it has a much
longer lifetime (ca. 100,000 h, >20 times of xenon lamp) with cheaper building cost
(ca. 2% of the xenon lamp system) and operational cost (ca. 1% of the xenon lamp),
making it economically more viable. All these benefits indicate that the proposed
UV-LED PeCOD technology has tremendous commercial potential as a portable
sensing instrument, as well as a lab instrument.
When a TiO2 semiconductor is irradiated using UV light with a wavelength <387 nm,
i.e., higher energy than the TiO2 band gap (3.1 eV), electrons are promoted from the
valence band to the conduction band, leaving the positively charged photohole in the
valence band. In a photoelectrocatalytic system, the photoholes are forced to the
interface of TiO2 and aqueous solution, while the photoelectrons are transferred to
the counter electrode via the external circuit. The photohole is a very powerful
oxidizing agent that can readily capture an electron from any reductive species in
aqueous solution, such as organic compounds and water. Organic compounds are
normally more favourably oxidized as shown in Equation 1.2, though the oxidation
of water (see Equation 3.2) is also supported thermodynamically.

2H2O + 4h+ → O2 + 4H+

(3.2)
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Figure 3.2 shows the determination principle of the UV-LED PeCOD measurement.
Under a constant applied potential of +0.3 V (vs Ag/AgCl), when the light was
switched off, the residual current (so-called dark current) was approximately zero,
indicating that no significant electrochemical redox reaction took place. Upon
illumination, photocurrent from the blank (i.e., iblank , solid line) and photocurrent
from the organics-containing sample (i.e., itotal , dash line) increased rapidly before
decaying to a common steady current. The blank photocurrent resulted from the
oxidation of water (Equation 3.2) while the photocurrent for the sample (dash line),
resulted from the overall oxidation reaction of water (Equation 3.2) and organic
compounds (Equation 1.2)

21

. The attainment of the common steady current of the

blank and sample suggests that all the organic compounds had been exhaustively
oxidized. This is an indication of the degradation reaction endpoint and is used as
the principle for the determination of the degradation time (t).
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Figure 3.2 Typical photocurrent responses of a 2.0 M NaNO3 blank solution (solid
line) and a 2.0 M NaNO3 solution containing organic compounds (dash line). The
shaded area indicates the charge originated from the complete oxidation of organic
compounds. The insert shows the images and dimensions of the UV-LED and µECS
system.
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After the degradation is determined, using Equation 1.5, 1.6, Qblank and Qtotal can be
obtained by integration of photocurrents, iblank and itotal, with time, respectively. i.e.,

Q blank = ∫ iblank dt

(1.5)

Q total = ∫ itotal dt

(1.6)

The net charge, Qnet, originated from the oxidation of organic compounds can be
obtained by subtracting Qblank from Qtotal (see Figure 3.2):

Q net = Q total − Q blank

(1.7)

Qnet can then be used to quantify the COD value of a sample according to Equation
3.1.
3.3.2

Optimization

As mentioned, Qnet can be used to quantify the COD value of a sample for an
exhaustive oxidation model at a thin-layer photoelectrochemical cell. Since Qnet can
be obtained by subtracting Qblank from Qtotal, the accurate measurement of Qnet needs
the accurate measurement of both Qblank and Qtotal. Herein, in order to obtain the
reliable, stable and accurate analytical signals Qnet, the effects of experimental
conditions on Qblank and Qtotal were systematically investigated.
3.3.2.1 Effect of Light Intensity
The UV light intensity illuminated on the thin-layer reactor can be regulated from 0
to 250 mW/cm2 by controlling the forward current of the UV-LED and/or by
adjusting relative distance between the UV-LED and the thin-layer reactor. Because
the UV-LED is small in size, it can be readily inserted into the thin-layer cell. In
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order to keep the reactor compact in size and maintain sufficient light intensity, the
UV-LED is fixed at a position only 1 mm away from the quartz lens (see Figure 3.1).
The UV light intensity was therefore fully controlled by the forward current.
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Figure 3.3 Effect of light intensity on Qnet and Qblank for the photoelectrochemical
oxidation of 100 μM KHP and its blank solution.

Figure 3.3 indicated that Qnet and Qblank remained constant when the light intensity
increased from 4 to 12 mW/cm2. In other words, Qnet and Qblank were independent of
the light intensity in this intensity range. This is expected because Qnet originates
from the oxidation of the organic compounds while Qblank stems from oxidation of
water in the same reaction time. In the presence of sufficient TiO2 catalyst, the
increase of UV light intensity leads to more photoholes being generated and
therefore fast oxidation rate can be anticipated

22

. In the UV-LED PeCOD system,

light intensity is directly proportional to the oxidation reaction rate of organic
compounds. In other words, stronger UV light intensity will normally result in
shorter exhaustive degradation reaction time. The reaction time, measured from the
beginning of UV illumination to the time when photocurrent reaches steady state,
was found to be inversely proportional to the light intensity. For instance, the
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reaction time for a UV-LED PeCOD essay of a sample containing 100 μM KHP can
be varied from 1.5 min at 3.0 mW/cm2 to 0.5 min at 9.0 mW/cm2. From this point of
view, higher light intensity means shorter reaction time.
However, in practice, too high a light intensity, e.g., > 9.0 mW/cm2, is often
associated with signal stability problems that are caused either by photocorrosion of
the semiconductor photoanode

23

or generation of O2 bubbles from the enhanced

water oxidation reaction. The bubbles are detrimental to any thin-layer cell analyzers,
because they will change the cell volume dramatically and lead to faulty
measurement. It was observed that the production of bubbles became more notable
when UV light intensity was over 9.0 mW/cm2. It even interrupted COD
measurement frequently when the light intensity was over 12 mW/cm2. Therefore,
practically, the light intensity needs to be carefully controlled at a value smaller than
9.0 mW/cm2. Considering the above factors, a relatively low light intensity (9.0
mW/cm2) was chosen for subsequent experiments in this chapter.
3.3.2.2 Effect of Applied Potential Bias
Applying potential bias on the working electrode can seize photogenerated electrons
from the conduction band. It serves two purposes in this photoelectrocatalytic
analytical system: one is to suppress the recombination of the photo-induced holes
and electrons and therefore achieve high photocatalytic oxidation efficiency

24

; the

other is to quantify the extent of the photoelectrocatalytic oxidation reaction by
quantifying the amount of electrons originating from the oxidation reaction and
subsequently determine the amount of organic compounds in the sample. The effect
of applied potential bias on the Qnet and Qblank was therefore investigated (see Figure
3.4). The electrical field applied to the TiO2 photoanode is directly proportional to
the applied potential. Figure 3.4 reveals that both Qnet and Qblank increased when the
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potential bias is increased from -0.3 V to +0.2 V, which suggests that the electron
collection in this potential region is the limiting step in the overall
photoelectrocatalytic oxidation process.
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Figure 3.4 Effect of potential bias on Qnet and Qblank for the photoelectrochemical
oxidation of 100 μM KHP and its blank solution.

More importantly, the obtained Qnet value for 2.0 μL of 100 μM KHP was
significantly lower than the theoretical charge (i.e., 579 µC, estimated using the thinlayer cell volume). This implies that the electrical field applied in this potential
region was not sufficient to completely capture the electrons originating from the
oxidation reaction. In other words, the applied potential bias needs to be further
increased. With the further potential bias increase from +0.3 to +0.8 V, both Qnet and

Qblank levelled off. Qnet was reaching 100% of the theoretical value. This indicates
that all photoelectrons generated from the photocatalytic oxidation of organics can be
quantitatively collected and counted by the microelectrochemical system. In this
potential range (+0.3 to +0.8 V), the overall photoelectrocatalytic oxidation process
is controlled by the interfacial oxidation reaction, but not the transport of
photoelectrons within the TiO2 film. In practice, high potentials have more chance of
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attracting electrical and electrochemical interferences. Consequently, the potential
bias of +0.3 V (versus Ag/AgCl) was chosen for the subsequent experiments.
3.3.2.3 Effect of pH
The TiO2 photoanode has different electrochemical characteristics at different pH.
This is because the solution pH affects the flat band potential of the TiO2
semiconductor and speciation of the functional groups of TiO2 semiconductors

25

.

Thus, pH may influence the photocatalytic oxidation efficiency at the TiO2
photoanode in the UV-LED PeCOD system. The effect of solution pH on the
analytical performance was then investigated.
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Figure 3.5 Effect of pH on Qnet and Qblank for the photoelectrochemical oxidation of
100μM KHP and its blank solution.

Figure 3.5 shows the effect of solution pH on Qnet and Qblank for the detection of 100
μM KHP. It is observed that ITO can be seriously damaged when the pH is below 2,
which is evidenced by the conductivity loss of the ITO glass. Even when the solution
pH was between 2 and 4, TiO2 and ITO are still not chemically stable enough for
reproducible measurements. This might explain why the measurement of Qnet and
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Qblank involved dramatic fluctuation in this pH range. Additionally, the Qnet value
obtained was lower than the theoretical charge value (i.e., 579 μC), which suggests
that the measurement of COD with the UV-LED PeCOD cell should not be
conducted in this pH range. Within the pH range of 4.0–10.0, both Qnet and Qblank
were independent of pH variations and, most importantly, Qnet values obtained were
very close to the theoretical charge value. When the pH was above 10, a sharp
increase in Qblank and a following sharp decrease in Qnet was observed, suggesting the
photocatalytic oxidation is more favourable towards water

26

. The substantial

deviation from the theoretical value implies that it is not appropriate to determine
COD with the UV-LED PeCOD cell in such a pH range. To summarise the
investigation of pH effect, the suitable pH range for this proposed analytical
application is between 4 and 10. The pH of a sample needs to be regulated if its pH
falls outside of this pH range.
3.3.3

Validation

The theoretical applicability of the UV-LED PeCOD method was first examined
using different varieties of pure organic compounds with known oxidation numbers
(n) and theoretical COD values, including hydroquinone (n = 26), sucrose (n = 48) ,
KHP (n = 30), maleic acid (n = 12), galactose (n = 24), xylose (n = 20), glycine (n =
6), L-ascorbic acid (n = 20) and the mixture of these compounds with equal COD
concentration.
Figure 3.6 shows a group of typical photocurrent profiles for the analysis of KHP
2.88 to 96 mg/L of O2. From low to high COD concentration of KHP, achievement
of common well-defined steady state currents designates the reaction endpoint of the
photocatalytic degradation of KHP.
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Figure 3.6 Typical photocurrent responses at various KHP concentrations: from
bottom to the top: 0 (blank), 2.88, 4.8, 9.6, 14.4, 19.2, 24, 48 and 96 mg/L of O2.

In low KHP concentration range (from 2.88 to 19.2 mg/L of O2), the photocurrents
declined monotonically after the UV illumination began. In strong contrast, the
photocurrent at 24 and 48 mg/L of O2 increased at first and then declined. The
contrast of current profiles became more remarkable at higher organic concentration.
Photocurrents at higher KHP concentration (e.g., > 96 mg/L of O2) declined for ca.
25 s, increased for 60 s and subsequently declined until a steady state was reached,
resulting in a shoulder peak-like profile. This was very likely due to accumulation,
polymerization and degradation of intermediates during the oxidation of aromatic
compounds present in high concentrations. KHP is an aromatic compound with a
chemically stable benzene ring. During the degradation reaction, aromatic and other
organic fragments and free radicals can be formed. The uprising portion of the
photocurrent profiles at 24 and 48 mg/L of O2 were due to accumulation of these
fragments and radicals. For the photocurrent profile at 96 mg/L of O2, the initial
decrease in photocurrent was possibly due to formation of polymer networks caused
by the polymerization of the fragments and free radicals at the photoanode surface.
These polymer networks may diminish the mobility of the intermediates and reduce
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the access of the rest of the organic compounds to the photoanode surface for the
degradation reaction in the thin-layer cell. With the continuation of the degradation
reaction, the photoholes tear off the polymer network and oxidize the resulting
smaller and less stable intermediates, giving rise to the obvious increase in
photocurrent. The subsequent photocurrent decrease and the attainment of the steady
state apparently corresponded to the decline in residue organic compounds and their
intermediates and completion of the degradation reaction, respectively. It is
necessary to note that the proposed polymerization reaction may take place only
when high concentrations of stable organic intermediates are available. Most
importantly, this process does not affect the accuracy of COD measurement, since
the net reaction ultimately follows Equation 1.2. This is evidenced by the calibration
curve shown in Figure 3.7, where a good linearity with an R2 value of 0.9985 was
obtained. The experimental slope (24.2 μC per mg/L of O2) is closely correspondent
to the theoretical slope (24.1 μC per mg/L of O2) estimated from the cell volume (2.0
μL).
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Figure 3.7 The correlation between Qnet and theoretical COD values of KHP .
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In Figure 3.8, PeCOD values are plotted against theoretical COD values of the
selected organic compounds and their mixtures. The trend line of best fit has a slope
of 1.4027 with R2 value of 0.9955, which verifies the applicability of the proposed
UV-LED PeCOD method. This demonstrates that the miniature UV-LED PeCOD
cell can mineralize different organic compounds indiscriminately. In other words, it
possessed similar characteristics as the xenon light based PeCOD cell, where all
organic compounds investigated were stoichiometrically oxidized to CO2 and water.
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Figure 3.8 The correlation between the PeCOD and the theoretical COD values of
different organic compounds and synthetic samples.

A detection limit of 0.2 mg/L of O2 and a linear range up to 300 mg/L of O2 for KHP
was obtained under the optimum experimental conditions. It should be noted that the
practical linear range can be extended by a simple dilution with 2.0 M NaNO3
solution. The reproducibility is represented by a RSD of 1.55%, obtained from 26
replicated injections of KHP of 48 mg/L of O2. In the stability investigation,
photoanode fouling caused by organic contamination and bacteria growth was not
observed during a storage period of 60 days. This was due to the well-known selfcleaning ability of TiO2. Because of the use of mixed-phase photoanode
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adsorbing organic compounds on the TiO2 photoanode after a long storage period
(from days to months), can be decomposed by the UV illumination and simultaneous
injection of the blank (i.e., 2.0 M NaNO3). No significant performance change for

Qnet was observed from injections of KHP of 48 mg/L of O2 over a period of 60 days.
3.3.4 Real Samples Analyses
The practical applicability of the method can be best demonstrated by comparing the
results from real sample analysis. This was done using the UV-LED PeCOD
detection and standard dichromate COD measurement with EPA approved protocols
and instruments.
Chloride ion commonly exists in real samples and affects the measurement of COD
with the standard method. The investigation of effect of chloride on the UV-LED
PeCOD measurement was conducted and the results showed that the chloride
interference was insignificant when chloride concentration is lower than 26.6 mg/L.
The COD value of such a sample can be directly determined by the UV-LED PeCOD
method without compromising its accuracy and convenience. The chloride
concentrations of the real samples can be controlled below 26.6 mg/L by appropriate
dilutions with 2.0 M NaNO3 solution when the chloride concentration is greater than
26.6 mg/L. The analysis accuracy can be maintained due to the high sensitivity of the
UV-LED PeCOD method.
During the real sample analysis, it was observed that the colour of the samples had
insignificant effect on the PeCOD measurement. This could be due to two reasons: (a)
the use of the thin-layer cell (i.e., with a thickness of 0.1 mm) results in very small
light path for UV light absorption, (b) the absorption of UV light becomes less
considerable with the progress of the photoelectrocatalytic mineralization process.
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The pH of the real samples tested in this chapter was adjusted within the range of pH
4-10 (within the aforementioned pH-independent region) with diluted HNO3 or
NaOH when the solution pH was outside the range. Figure 3.9 shows the correlation
between the COD values obtained by both methods. The Pearson correlation
coefficient was used as a measure of the intensity of association between the two
methods. A highly significant correlation (r = 0.997, p = 0.000, n = 24) between the
two methods was obtained, indicating that the two methods agreed very well. More
importantly, the slope of the principal axis of the correlation ellipse of 0.989 was
obtained. The almost identical slope value suggests both methods accurately
measured the same COD value. Given a 95% confidence interval, this slope was
between 0.960 and 1.024. This implies that it can be 95% confident that the true
slope lies between these two values. Consider that there are analytical errors
associated with measurements performed by both methods and that these errors
contribute to scatter on both axes. The strong correlation and almost unity in slope
obtained

demonstrate

the

applicability

of

the

UV-LED

thin-layer

photoelectrochemical cell for determination of chemical oxygen demand.
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Figure 3.9 The correlation between the PeCOD and the standard COD value of real
samples.
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3.4

Conclusion

The validation experiments using pure organic compounds, artificial mixtures and
real samples demonstrate that the UV-LED thin-layer photoelectrochemical cell can
be used for rapid, sensitive and accurate determination of COD in wastewaters.
The UV-LED PeCOD system exploits the advantages of the modern LED technology
(long life, low power consumption and low cost), the microelectrochemical system,
and merits of the original PeCOD technology, while eradicating the drawbacks of the
traditional xenon light optical system and conventional electrochemical station. This
makes the technology portable and more user-friendly.
The successful incorporation of UV-LED into the miniature photoelectrochemical
thin-layer cell makes the commercialization of the PeCOD technology possible. The
proposed UV-LED PeCOD technology will lead to a revolutionary improvement for
the conventional COD analysis and may be widely used for water quality monitoring.
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CHAPTER 4 PORTABLE PHOTOELECTROCHEMICAL PROBE FOR
RAPID DETERMINATION OF CHEMICAL OXYGEN DEMAND
4.1

Introduction

Most of domestic and industrial wastewater effluents contain organic compounds.
Even at low concentrations, these compounds can cause detrimental oxygen
depletion (or demand) in waterways into which the effluents are released. This
oxygen demand is largely due to the oxidative biodegradation of organic compounds
by naturally occurring microorganisms, which utilize the organic substance as a
source of food. In this process, the organic substance is oxidized to CO2, while
oxygen is consumed and reduced to water 1. At present, nearly every domestic
wastewater treatment plant in the world is required to perform regular oxygen
demand analyses, i.e., biological oxygen demand (BOD) and chemical oxygen
demand (COD) on their treated effluents. Many other industries (e.g. dairy, sugar,
wood, pulp, food and textiles etc.) are also required to monitor the oxygen demand
levels of their effluents to meet the environmental protection regulations. In order to
safeguard natural waterways, environmental protect agency and different levels of
government bodies also have substantial needs to monitor oxygen demand in a
timely and accurate fashion. The existing standard methods of BOD and COD
involve time-consuming and tedious analytical procedures which needs 5 days and 24 hours for each analysis, respectively. The standard methods contain considerable
variations as well 2. Furthermore, these methods are designed to be conducted in a
lab environment, where constant temperature, large equipment and electrical power
for large equipment are readily available. These make these methods not suitable for
onsite measurement. Moreover, standard COD method is not environmental friendly,
since it consumes expensive (e.g., Ag2SO4), corrosive (e.g., concentrated H2SO4),
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and highly toxic (Hg(II) and Cr(VI)) reagents. Shortage of sustainable water
resources and increasing awareness of environmental protection calls for onsite,
environmental friendly and rapid methods for quantifying oxygen demand. A simple
and rapid method would be ideal and attractive for these purposes. Electrocatalytic
determination of COD using PbO2
composite electrodes

8

3-5

, Pt/PbO2 6, CuO

7

and graphite-polystyrene

were proposed to meet this need. Compared with the

conventional methods, these methods shortened the analysis time and decreased the
consumption of the toxic and corrosive reagents. However, the reliability of these
methods may not meet the need for some practical applications, because they are
incapable of oxidizing a wide spectrum of organic compounds indiscriminately and
rapidly.
In the previous studies, COD determination methods based on photoelectrochemical
degradation in a thin-layer cell, namely PeCOD technology, was proposed and
experimentally validated

9, 10

. The method employed an exhaustive degradation

model and the extent of the degradation was quantified electrochemically by
measuring the photoelectrochemical charge originated from the photocatalytic
oxidation of organics in a sample. Recently, the kinetic and thermodynamic aspects
of the photocatalytic oxidation process at the mixed-phase TiO2 photoanode surface
were investigated intensively 11, 12. The preliminary result demonstrates that different
organic compounds in a low concentration range, despite their difference in chemical
entities, can be stoichiometrically mineralized at an anatase-rutile mixed-phase TiO2
photoanode under diffusion-controlled conditions due to the synergetic effect of the
rutile and anatase phase

11, 12

. The general equation for mineralization can be

summarised as follows:

CyHmOjNkXq+(2y-j)H2O→ yCO2+qX-+kNH3+(4y-2j+m-3k)H++(4y-2j+m-3k-q)e(1.2)
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where the elements present are represented by their atomic symbols and X represents
a halogen atom, respectively. The stoichiometric ratio of elements in the organic
compound is represented by the coefficients y, m, j, k and q. The oxidation number
(n) in the complete oxidation process is equal to 4y-2j+m-3k-q. The final
photoelectrocatalytic oxidation product of the nitrogen-containing in Equation 1.2 is
ammonia (NH3) which is corresponding to the standard COD method, where the
ammonia, present either in the waste or liberated from nitrogen-containing organic
matter is not oxidized by dichromate in highly acidic media 2.
In this chapter, a portable probe type photoelectrochemical system for COD
determination (PeCOD probe) based on a non-exhaustive degradation mode was
developed. A mixed-phase TiO2 photoanode was employed to achieve higher
photoelectrocatalytic degradation efficiency

13, 14

. The net steady state photocurrent

originated from photoelectrocatalytic oxidation of organics was used as the analytical
signal for COD quantification. The probe design and proposed analytical principle
were validated using representative organics, their mixture and synthetic samples.
The effect of important parameters on the analytical signal was systematically
investigated. Real sample analyses were also performed by the PeCOD probe and the
COD values obtained were correlated with the standard COD values.
4.2
4.2.1

Experimental
Chemicals and Materials

Potassium hydrogen phthalate (KHP), D-glucose, glutamic acid, glutaric acid,
succinic acid, and malonic acid were of analytical grade and purchased from Aldrich
unless otherwise stated. All the other chemicals and materials were the same as
Section 2.2.1.
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The real samples were collected within Queensland State in Australia, including
bakery, oil and grease manufacturer, poultry, hotel, fine food factory, fresh food
producer, commercial bread manufacturer, and Parkwood Pond. When necessary,
the samples were diluted to a suitable concentration prior to the analysis. After
dilution and addition of NaNO3 solid equivalent to 0.1 M as supporting electrolyte,
the same sample was subject to the analysis with the PeCOD probe and with the
standard COD (dichromate) method.
4.2.2

Preparation of TiO2 Photoanodes

Aqueous TiO2 colloid was prepared by hydrolysis of titanium butoxide according to
Section 2.2.2.1. The ITO slides (10 mm × 75 mm) were used as the photoanodes
substrates and were pre-treated to assure its cleanness (see Section 2.2.2.2). After
pre-treatment, the ITO slides were dip-coated in the TiO2 colloidal solution and dried
in the air in a clean room. The coated photoanodes were then calcined at 700°C in a
muffle furnace. The thickness of TiO2 porous film (~0.5 μm) was measured with a
surface profilometer (Alpha-step 200, Tencor Instrument).
4.2.3 Apparatus and Methods
All photoelectrochemical experiments were performed at 23ºC using a threeelectrode photoelectrochemical probe (see Figure 4.1), which consists of
electrochemical and optical components: electrochemical components are made of a
TiO2 photoanode (with a 5 mm diameter circle exposed to solution and UV light), a
saturated Ag/AgCl reference electrode and a platinum net counter electrode. A
microelectrochemical system (µECS) (USB 2.0, PLAB, Changchun Institute of
Applied Chemistry, China) powered and controlled by a DELL laptop was used for
application of potential bias, current signal recording and data processing in the
photoelectrochemical experiments. A UV-LED with a peak wavelength of 365 nm
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and a maximum light intensity of 250 mW/cm2 was installed to supply UV
illumination for the photoelectrocatalytic reaction. The plane of the UV-LED was
fixed in parallel to the photoanode surface with a distance of 10 mm (see Figure 4.1).
The UV intensity at the TiO2 photoanode surface was controlled from 0-25 mW/cm2
by adjusting the UV-LED current via the laptop computer. Standard COD value of
all the samples was measured with a COD analyzer (NOVA 30, Merck).

Laptop Computer

Bottom View

μECS
TiO2
photoanode

Reference
electrode

120mm
10mm

UVLED

Counter
electrode

28mm

Figure 4.1 Schematic diagram of the photoelectrochemical setup and PeCOD probe.

The standard addition method was used to analyze the real samples. The procedure
was as follows: (a) the iblank of PeCOD probe was firstly measured from 90 mL 0.1 M
NaNO3 supporting electrolyte solution; (b) 10 mL sample solution was then mixed
with the supporting electrolyte solution to obtain the itotal for calculating the inet in
accordance with Equation 1.3 (see Figure 4.2).

inet = itotal − iblank

(1.3)

A further dilution should be carried out using 0.1 M NaNO3 if the inet value is outside
the linear range; (c) 100 µL of the glucose-glutamic acid (GGA) calibration standard
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(10000 mg/L of O2) was added and mixed with the diluted real sample solution from
step b resulting in a COD concentration increase of 10 mg/L of O2. The inet was
measured and recorded; (d) the step c was repeated for 2 more times to obtain the inet
values corresponding to the increased COD concentrations of 0, 10, 20, and 30 mg/L
of O2, respectively; (e) the inet values were plotted against the increased COD
concentration and a trend line equation was obtained. The sample with unknown
COD concentration can then be obtained by dividing the intersection on y axis with
the slope, taking into account of dilution factors.

Photocurrent (mA)

0.25
0.20
0.15

itotal

0.10

inet
0.05

iblank

0.00
0

50 100 150 200 250 300 350 400

Time (s)

Figure 4.2 Typical photocurrent response of a 0.1M NaNO3 blank solution (iblank,
dash line) and a 0.1M NaNO3 solution containing organic compounds (itotal, solid
line). inet was the difference of the two steady state photocurrents.
4.2.4

Analytical Signal Quantification

Figure 4.2 shows a set of typical photocurrent-time profiles obtained in the presence
and absence of organic compounds with the PeCOD probe. Under a constant applied
potential of +0.3 V, when the UV light was switched off, the dark current was
approximately zero.

Upon illumination, the current increased rapidly before

decaying to a steady value.

For the blank (dash line), the photocurrent (iblank)

resulted mainly from the oxidation of water, while photocurrent (itotal) observed from
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the sample solution containing organics (solid line) is the total current of two current
components, one from the oxidation of water, which was the same as the blank
photocurrent (iblank), and the other from photoelectrocatalytic oxidation of organic
compounds.
The net steady state photocurrent (inet), i.e., the limiting current, originated from the
oxidation of organics, can be obtained by subtracting the photocurrent of the blank
(iblank) from the total photocurrent (itotal) in the presence of organic compounds (see
Figure 4.2). inet was then used to quantify the COD value of organic compounds.
4.3
4.3.1

Results and Discussion
Analytical Principle

An analytical principle based on the non-exhaustive photocatalytic oxidation model
is developed according to the following postulates: (i) the bulk solution concentration
remains essentially constant before and after the detection; (ii) all organic
compounds at the photoanode surface are stoichiometrically oxidized

11, 14

; (iii) the

overall photocatalytic oxidation rate is controlled by the transport of organics to the
photoanode surface and can reach a steady state within a reasonable time frame
(steady state mass transfer limited process); (iv) the applied potential bias is
sufficient to draw all photoelectrons generated from the photocatalytic oxidation of
organics into external circuit (100% photoelectron collection efficiency).
The rate of steady state mass transfer (dN/dt) to the photoanode can be given by a
well-known semi-empirical treatment of steady state mass transfer model 15:

D
⎛ dN ⎞
⎜⎜
⎟⎟ =
[ C b − C s ( x = 0 )]
δ
⎝ dt ⎠
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where Cb and Cs refer to the molar concentrations of analyte in the bulk solution and
at the photoanode surface respectively. D and δ are the coefficient and the Nernst
diffusion layer thickness respectively.
Under postulate (i) and the steady state mass transfer limited condition, i.e., postulate
(iii), the rate of overall reaction equals:

Rate =

D

δ

(4.2)

Cb

According to the postulates (ii) and (iv), the number of electrons transferred (n)
during photoelectrochemical degradation is a constant for a given analyte and the net
steady state photocurrent, inet, can, therefore, be used to represent the rate of reaction:

i net =

nFAD

δ

(1.4)

Cb

where A and F refer to photoanode geometric area and Faraday constant respectively.
The TiO2 nanocrystralline photoanode here is equivalent to the rough photoanode
depicted by Bard 15. In a long time period, the distance between the diffusion layers
is much larger than the scale of roughness, which is in a scale of nanometer. As a
result, comparing with the scale of diffusion layer, the photoanode surface can be
considered as a flat surface; the surfaces with equal concentration in the diffusion
layer are planes parallel to the photoanode surface. Therefore, the area of the
diffusion field is the geometric area of the photoanode, i.e., a circle with a diameter
of 5 mm.
Equation 1.4 defines the quantitative relationship between the net steady state
photocurrent and the molar concentration of an individual analyte. Convert the
molar concentration into the equivalent COD concentration (mg/L of O2), using the
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oxidation number n and the definition of COD, i.e., [COD] =8000n·Cb 2, it can be
converted into:

FAD

inet =

δ

×

1
[COD ]
8000

(4.3)

Equation 4.3 is valid for determination of COD in a sample that contains a single
organic compound. The COD of a sample contains more than one organic species
can be represented as:

inet ≈

FA D

δ

×

1
[COD ]
8000

(4.4)

where D and δ can be considered as an average diffusion coefficient and average
diffusion layer thickness, respectively. D and δ are dependent on the sample
composition. If they are relatively constant, it can be concluded that inet is directly
proportional to COD concentration. i.e.,

i net ∝ [COD ]

(4.5)

Using calibration method for sample of known COD concentration, the COD
concentration in unknown sample can be determined without the need to find out the
actual value of D and δ . However, this requires us to validate that D / δ of organic
compounds is relatively constant experimentally.
4.3.2

Optimization

Since inet can be obtained by subtracting iblank from itotal, the accurate measurement of

inet needs the accurate measurement of both iblank and itotal. Herein, in order to obtain
the reliable and accurate analytical signals inet, the effects of experimental conditions
on inet were systematically investigated.
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4.3.2.1 Effect of Light Intensity
Effect of light intensity on the net steady state photocurrent inet was firstly examined
(Figure 4.3). It was found that the change in light intensities had dramatic influence
on the linear range. An increase in the light intensity led to an increase in the linear
range. The inet deviated from the linear relationship at high concentration of organic
compound due to the slower rate of photocatalytic oxidation was slower than that of
mass transfer to the photoanode. Increasing light intensity leads to an increase in the
rate of photohole generation, which, in effect, increases the rate of photocatalytic
oxidation

16, 17

. A high light intensity can sustain the overall process under the mass

transfer controlled conditions at higher concentrations. Despite the fact that a large
linear range can be obtained with high light intensity, in practice, too high light
intensity is often associated with stability problems caused by interference of oxygen
and hydrogen gases generated at the photoanode surface and the possible
photocorrosion of the semiconductor photoanode

18

. In order to avoid the stability

problems, a medium light intensity of 20 mW/cm2 was employed for the rest of the
tests, unless specified otherwise.
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Figure 4.3 Effect of UV light intensities on inet.
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It should be pointed out that the effect of light intensity on the magnitude of inet, was
modest when the concentration was low. Nevertheless, experimental data show that,
the overall steady state photocurrent (itotal) obtained was proportional to light
intensity. This increase in the itotal was mainly contributed by the increase of the
blank photocurrent (iblank) generated from water oxidation, which is very likely due to
the concentration of water (56 M) is dramatically higher than the organic compound
concentration.
4.3.2.2 Effect of Applied Potential Bias
For a particulate TiO2 semiconductor photoanode, the applied potential bias serves a
function of collecting the electrons made available by the interfacial photocatalytic
reactions 16. 100% photoelectron collection efficiency can be achieved only when the
applied potential bias is sufficiently positive.

Photocurrent (mA)
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0.00
-0.4 -0.2

0.0
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0.8

Potential (V vs Ag/AgCl)

Figure 4.4 Effect of potential on itotal and iblank.

Figure 4.4 shows the effect of potential bias on both itotal and iblank. It revealed that
both itotal and iblank became constant when the applied potential bias was more
positive than 0.1 V vs. Ag/AgCl, indicating 100% photoelectron collection efficiency.
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It has been reported that the potential bias required to achieve 100% photoelectron
collection efficiency depends on the organic compound concentration and light
intensity

16

. To ensure the selected potential bias is applicable under various

conditions, and at the same time, to avoid direct electrochemical reaction, a potential
bias of +0.3 V vs. Ag/AgCl was selected.
4.3.2.3 Effect of pH
It is well established that the solution pH affects the flat band and the band edge
potentials of TiO2 semiconductors in a Nernstian fashion

19-21

. The solution pH also

affects the speciation of both surface functional groups of the semiconductor
photoanode and the chemical forms of organic compounds in the solution 22, 23. These
pH dependent factors may affect the analytical signal. Also, the sensitivity of iblank
towards the solution pH may cause problems for accurate measurement of inet. The
effect of pH on the analytical results needs to be investigated.
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Figure 4.5 Effect of pH on itotal and iblank.

Figure 4.5 shows the effect of pH on both itotal and iblank. Within the pH range of 2 to
3, iblank decreased as the solution pH was increased. Within the pH range from 3 to 10,
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both itotal and iblank were insensitive to the solution pH change, which is the optimal
pH range for the COD analysis. When the solution pH was above 10, both itotal and

iblank increased significantly. However, the decrease in the inet was observed. It is
because that the rate of water oxidation was greatly enhanced, and water competed
reaction sites on TiO2 with organic compounds at high pH 24. Therefore, an optimum
pH range from 3 to 10 is suggested for the PeCOD measurement. This pH range is
suitable for most of the environmental samples (pH 3-10) without the needs for pH
adjustment.
4.3.3

Validation

The analytical principle validation was carried out using representative organics,
their mixtures and synthetic samples. The theoretical COD values of all test samples
are known. Among the selected organics, glucose represents weak adsorbents while
KHP, glutamic acid, glutaric acid, succinic acid, and malonic acid represent strong
adsorbents. KHP is also a common test compounds used to validate the standard
COD method. COD is an aggregative water quality parameter. In order to accurately
determine COD value, the degradation must be indiscriminative towards different
types of organic compounds. The organic mixture was therefore used to evaluate if
the degradation is indiscriminative. The use of GGA was based on its wide use as a
synthetic sample for validation of standard BOD assay.
From the viewpoint of physical chemistry, inet was found to be proportional to the
molar concentration of individual organic compound in our previous works

11, 12

.

This suggests that the photoelectrochemical oxidation process of organic compounds
at the anatase-rutile mixed-phase electrode meets the above four postulates. From the
view point of analytical chemistry, Equation 1.4 and 4.5 need to be validated using a
group of organic compounds with different oxidation number. The oxidation
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numbers for malonic acid, succinic acid, glutaric acid, glucose, glutamic acid, and
KHP are 8, 14, 20, 24, 18, and 30, respectively. Herein, excellent linear relationships
between inet and Cb were obtained for all compounds investigated (see Figure 4.6).
This validates Equation 1.4 and again confirms that the oxidation kinetics at the
mixed phase electrode meets the aforementioned four postulates.
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Figure 4.6 The quantitative relationship between inet and Cb.
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Figure 4.7 Validation of analytical principle: the plot of inet against the theoretical
COD values of individual organic compounds, GGA and their mixtures with equal
COD concentration of each.
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Furthermore, using the oxidation number of the individual organic compounds, n,
and the definition of COD, Cb can be converted into COD concentration, using
equation [COD] =8000n·Cb 2. Figure 4.7 shows the plot of against the theoretical
COD values of the individual organic compounds, GGA and their mixtures.
Excellent linear relationship between experimental inet and theoretical COD of the
individual organic compounds was obtained. More importantly, the distribution of

inet against the COD concentration indicated that these data points share almost an
identical calibration curve when the concentration was below ca. 120 mg/L of O2,
which implies Equation 4.5 is applicable for COD determination of individual
organic compounds within this concentration range. Because COD is an aggregative
parameter that must suit variety of organic compounds and their mixtures, Equation
4.5 needs to be further validated in mixtures. Figure 4.7 shows that the net steady
state photocurrent, inet, is directly proportional to the COD value of GGA and the
mixture made of six organic compounds with equal molar ratio. This demonstrates
that the proposed analytical principle, Equation 4.5, can be used to determine the
COD values of the individual organic compounds as well as their mixtures. The
result also suggests that the effect of D / δ values on inet is not significant.
4.3.4 Real Samples Analyses
To analyze real samples, calibration with a standard is needed because the D / δ
values of the analysts are not known. However, unlike other analyses, to define a
calibration standard for COD analysis is difficult since COD is an aggregative
quantity. The selected calibration standard has to satisfy two essential criteria, i.e.,
the calibration standard can be oxidized completely and rapidly, it should possess the
same D / δ value as the original sample.

The first criterion is to assure the

calibration standard meet the requirements of the forementioned 4 postulates. The
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organic compounds listed in Figure 4.7 meet this requirement. The second criterion
is an essential condition for the validity of Equation 4.5. According to the
experimental observation in Figure 4.7, the change in D / δ value of the selected
compounds and their mixtures are not significant. The organic compounds and
mixtures in Figure 4.7 comply with this requirement as well.
To minimize the matrix effect (e.g., pH), standard addition method was used for the
photoelectrochemical determination of COD value of real samples. GGA is widely
used for BOD analysis 1. Herein GGA was chosen as the calibration standard,
because glucose and glutamic acid represent two major composition of food
wastewater, i.e. carbohydrate and amino acid. They also represent two types of
organic compounds with significantly different adsorption properties on TiO2 surface.
Glucose has a weak adsorption on TiO2 photoanode while glutamic acid, a carboxyl
acid, has a strong adsorption on TiO2. The adsorption property of organic compounds
on TiO2 surface may have different impact on the analytical signal

25

. In order to

investigate the suitability of the GGA calibration standard, calibration curves were
constructed by plotting inet against the standard COD values of real samples. The
slopes of these calibration curves, i.e., inet against the standard COD values, were
practically the same as the slope in Figure 4.7. The results from real samples,
together with the experimental results from synthetic samples in Figure 4.7 suggest
that GGA meets the criteria as a calibration standard for PeCOD measurements.
The analysis of real samples from various industries was conducted using the GGA
standard addition method. The pH of the real samples tested was in the range of 6-8,
the pH independent region. For the analysis of very high COD samples, dilution with
NaNO3 solution will normally bring the pH in the range of 5-8. The standard COD
value was determined with conventional COD method (dichromate method) 2. Figure
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4.8 shows the correlation between the experimental COD values and standard COD
values. The Pearson correlation coefficient was used as a measure of the intensity of
association between the values obtained from the photoelectrochemical COD method
and the conventional COD method. This was employed for the data in Figure 4.8. A
highly significant correlation (r = 0.993, p = 0.000, n = 20) between the two methods
was obtained, indicating the two methods agreed very well. More importantly, the
slope of the principle axis of the correlation ellipse of 1.02 was obtained. This almost
identical slope value suggests both methods were accurately measuring the same
COD value. Given a 95% confidence interval, this slope was between 0.955 and
1.064. This implies that 95% confidence can be obtained that the true slope lies
between these two values. Consider that there are analytical errors associated with
both the photoelectrochemical COD and the standard method measurements and that
these errors contribute to scatter on both axes, the strong correlation and slope
obtained provides compelling support for the suitability of the photoelectrochemical
COD method for measuring chemical oxygen demand. The excellent agreements
between the two COD values demonstrate the exceptional suitability for the proposed
method to measure COD.
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Figure 4.8 The correlation between the photoelectrochemical COD (PeCOD) and
the standard dichromate COD methods for the real sample measurements.
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Effect of anions on the analytical signals was investigated. It was found that the
effect of common inorganic anions such as SO42-, PO43-, NO3-, F-, HCO3- and low
concentration of Cl- (i.e., <0.5 mM Cl-) on the efficiency of photoelectrocatalytic
degradation of organics, hence the analytical signal is insignificant. Same to other
oxidative degradation methods (e.g., standard dichromate COD method), high
concentration of Cl- (i.e., >0.5 mM Cl-) contributes positive errors to the measured
COD values, due to the oxidation of Cl-

26

. Under such circumstance, the PeCOD

method can still be used after appropriate sample pre-treatment 26.
The operational stability and the storage stability of the PeCOD probe were
examined. The results revealed that there was no significant decrease in sensitivity
after the probe had been used for one month, accomplishing hundreds of tests. The
sensitivity might decrease a little bit after analysis of some persistent organic
substances, but the photoanode can be regenerated completely after exposure in UV
light for a certain of time (~30 min) which may be due to its self-cleaning feature of
TiO2 27. No obvious deterioration was observed after the photoanode was stored in
solution or in a dry environment for different period of time (from days to months).
It was found that the practical detection limit of 0.2 mg/L of O2 with linear range up
to ca. 120 mg/L of O2 was achieved under the above optimized experimental
conditions. It was noted that the detection range could be extended by proper
dilution as aforementioned. A reproducibility of 1.9% RSD was obtained from nine
analyses of 48 mg/L of O2 of glucose.
4.4

Conclusion

A PeCOD probe for rapid determination of COD was developed using a
nanostructured mixed-phase TiO2 photoanode. A UV-LED light source and a USB
mircroelectrochemical station were powered and controlled by a laptop computer,
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making the probe portable for onsite COD analyses. The photoelectrochemical
measurement of COD was optimized in terms of light intensity, applied bias, and pH.
Under the optimized conditions, the net steady state photocurrents originated from
the oxidation of organic compounds were directly proportional to COD
concentrations. A practical detection limit of 0.2 mg/L of O2 and a linear range of 0120 mg/L of O2 were achieved. The analytical method using the portable PeCOD
probe has the advantages of being rapid, low cost, robust, user friendly and
environmental friendly. It was successfully applied to the determination of COD
values of synthetic samples and real samples from various industries. Excellent
agreement between the proposed method and the standard dichromate method was
achieved.
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CHAPTER 5 DETERMINATION OF CHEMICAL OXYGEN DEMAND OF
NITROGENOUS ORGANIC COMPOUNDS IN WASTEWATER USING
SYNERGETIC PHOTOELECTROCATALYTIC OXIDATION EFFECT
5.1

Introduction

Oxygen, although poorly soluble in water, is essential for the aquatic life and habitats
1

. Insufficient dissolved oxygen leads to the sickness and even death of living

organisms in the aquatic environment and may subsequently destroy the ecological
environment. Decomposition of organic matter dramatically consumes dissolved
oxygen, which has a substantial impact on the ecological system over both short and
long periods of time

1, 2

. Biochemical oxygen demand (BOD) and chemical oxygen

demand (COD) are two main indices to assess the oxygen demand. The BOD
analysis measures the amount of biodegradable organic compounds in terms of the
equivalent oxygen concentration required for their decomposition 3. As COD
determination (2-4 hours) is simpler and faster than BOD5 (5 days) 4, it has been the
preferred parameter for estimating the overall amount of the organic matters in
wastewater. The standard COD determination method requires a reflux process in
acidic potassium dichromate solution at high temperature (148°C) 5, 6. In spite of the
strong oxidizing power, the dichromate cannot completely oxidize some nitrogenous
organic compounds (NOCs), such as pyridine and its derivative compounds 7. In
natural environments, the NOCs are a large group of organic compounds that can be
degraded by microorganisms

8-10

. Hence, the oxygen demand contribution from

NOCs should be taken into consideration in order to reflect the actual oxygen
demand. For example, urea

11-13

, arginine 8, nicotinic acid and nicotinamide

9, 10, 14

can be biologically degraded in the environment with oxygen consuming. In the
standard COD measurement, if NOCs can only be partially oxidized or cannot be
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oxidized at all, the COD values of samples containing the NOCs will be
underestimated or even undetectable. Consequently, the COD values obtained by the
dichromate method are unable to reflect the real influence of NOCs on water bodies.
In Chapter 3, it was demonstrated that a photoelectrochemical method (PeCOD) was
developed for simple, sensitive, accurate and rapid detection of COD values. With
the PeCOD method, a wide spectrum of organic pollutants can be mineralized
completely and indiscriminately at room temperature, which is attributed to the
superior oxidation power of the UV illuminated TiO2 photocatalyst. The general
equation for complete mineralization of an organic compound, CyHmOjNkXq, at a
TiO2 photoanode surface can be represented by Equation 1.2:

CyHmOjNkXq+(2y-j)H2O→ yCO2+qX-+kNH3+(4y-2j+m-3k)H++(4y-2j+m-3k-q)e(1.2)
where X represents a halogen atom. The electron transfer number (n) in the complete
mineralization is equal to 4y-2j+m-3k-q. The electron transfer amount (i.e., the
charge) in this process can be quantified by electrochemical means and subsequently
converted to COD concentration according to Faraday’s law.
In this chapter, the COD determination of four NOCs, including urea, nicotinic acid,
nicotinamide and arginine (see Figure 5.1) were investigated. Urea is extensively
used in industry and agriculture 15, and more than 90% of its production is used as a
fertilizer. Nicotinic acid, nicotinamide, and arginine serve important industrial
functions as solvents in pharmaceuticals, additives in food industries 16. Thus, these
four NOCs can be commonly present in wastewaters. It has been demonstrated that
complete degradation of some NOCs cannot be achieved by the dichromate standard
method 7. Furthermore, despite the extraordinary oxidation power of the TiO2
photocatalyst, the complete oxidation of some NOCs cannot be achieved by directly
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utilizing the PeCOD method. Herein, a synergetic photoelectrocatalytic oxidation
mechanism is proposed to improve the oxidation efficiencies of the NOCs in the
PeCOD measurement, as synergetic PeCOD measurement. In this method, a given
amount of an oxidizable hydroxyl organic compound (e.g., glucose) is added to the
test sample to allow the synergetic oxidation reaction to take place. A possible
reaction mechanism and a synergetic PeCOD measurement protocol are proposed
based on the experimental results. The use of the synergetic mechanism is expected
to extend the applicability of the PeCOD technology.
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Figure 5.1 The molecular structures of the four NOCs.

5.2
5.2.1

Experimental
Chemicals and Materials

Urea, nicotinic acid, nicotinamide, arginine, glucose were purchased from Aldrich
without treatment prior to use. The other chemicals and materials were the same as
Section 2.2.1.
5.2.2

Preparation of TiO2 Colloid and TiO2 Photoanodes

The details of the TiO2 colloid preparation was discussed in Section 2.2.2.1 and the
preparation procedure of the nanostructured TiO2 photoanodes was the same as
Section 2.2.2.2.
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5.2.3 Apparatus and Methods
All photoelectrochemical experiments were performed at 23˚C in a thin-layer threeelectrode photoelectrochemical cell with a quartz window for illumination (see
Figure 5.2). The thin-layer cell consisted of three electrodes: a TiO2-coated working
electrode, a Ag/AgCl reference electrode and a platinum mesh counter electrode. The
thickness of the spacer was 0.1 mm, and the diameter of the quartz lens was 5 mm. A
2.0 M NaNO3 solution was used as the supporting electrolyte. A CS300
Electrochemical Workstation (Huazhong University of Science and Technology,
Wuhan, China) coupled to a computer (DCNE, Dell Inc.) was used for the
application of potential bias and recording potential and current signals. Illumination
was carried out using a UV-LED (NCCU033, Nichia Corporation). The light
intensity was controlled at 9.0 mW/cm2 which was measured at wavelength of 365
nm using a UV irradiance meter (Instruments of Beijing Normal University). The
standard COD values of all samples were measured with an EPA approved COD
analyser (NOVA30, Merck).
Flow out

Counter
electrode
Reference
electrode

Quartz
window

TiO2 working
electrode

UV light

Flow in

Figure 5.2 Schematic diagram of the photoelectrochemical thin-layer cell and the
electrodes arrangement for the PeCOD method.
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5.3
5.3.1

Results and Discussion
COD Determination by the Dichromate Method

The COD values of the NOCs (i.e., urea, nicotinic acid, nicotinamide and arginine) at
different concentrations were determined individually using the dichromate method.
The measured standard COD values were well below their corresponding theoretical
COD values (see Figure 5.3). This demonstrated that none of the NOCs were

Standard COD (mg/L of O2)

oxidized completely using the dichromate method.

Nicotinic acid
Arginine
Nicotinamide
Urea

100
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20
0
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100

Theoretical COD (mg/L of O2)

Figure 5.3 Relationship between the measured standard COD values and the
theoretical COD values of the individual NOCs samples. The line represents the
ideal slope at 100% oxidation.

In particular, the measured standard COD values and the oxidation percentages were
zero for different COD concentrations of urea, which was consistent with a previous
report

17

. The standard dichromate method involves a digestion process in a highly

acidic environment (9.7 M H2SO4) at 148°C for 2 h. Under these conditions, urea
was rapidly dissociated into carbon dioxide and ammonium 18. This process involves
no net electron transfer (see Equation 5.1). Moreover, it is well-established that
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ammonium cannot be further oxidized in the standard dichromate COD measurement
process 5. Consequently, urea does not contribute to the COD value when the
standard dichromate method is used.

CH4N2O + H2O + 2H+→ CO2 + 2NH4+

(5.1)

The relationship between the measured standard COD values and the theoretical
COD values of nicotinic acid or nicotinamide was not linear, suggesting that the
oxidation percentage varied with the concentration of nicotinic acid or nicotinamide
(see Figure 5.3). The average oxidation percentages of nicotinic acid and
nicotinamide were only around 20% and 9.8%, respectively. Additionally, poor
reproducibility was observed for both compounds, showing 24.6% and 22% RSD for
three analyses, respectively.
In terms of oxidation percentage, arginine performed much better than the other three
NOCs with an average oxidation percentage of 86.2% (see Figure 5.3). In contrast
with the other three NOCs, the measured COD values of arginine increased linearly
with increasing theoretical COD values. A reproducibility of 1.5% RSD was
obtained from three analyses. It is not the case with urea, nicotinic acid and
nicotinamide. Despite these better results, complete oxidation of arginine could not
be achieved by the dichromate method.
In summary, the standard dichromate method is not suitable for determining the
COD values of the NOCs tested.
5.3.2

Direct PeCOD

In the direct PeCOD method

19

, to minimize degradation time and maximize

degradation efficiency, the photoelectrocatalytic degradation of organic matter was
carried out in the thin-layer photoelectrochemical cell. Faraday’s law was used to
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quantify COD concentration by measuring the charge resulting from the
photoelectrochemical degradation of organic matter (see Equation 1.8). i represents
the photocurrent from the oxidation of the organic compound; F, V and C are the
Faraday constant, the sample volume and the concentration of the organic compound,
respectively;

n

represents

the

electron

number

transferred

during

the

photoelectrocatalytic oxidation, which is 4y – 2j + m – 3k – q (see Equation 1.2).

Q = ∫ i dt = nFVC

(1.8)

Photocurrent

Qnet = Qtotal - Qblank
itotal
iblank
0

50

100

150

200

250

300

Time (s)

Figure 5.4 Photoelectrochemical determinations of the COD values: the dash line
and solid line represent photocurrent-time profiles of the iblank and itotal, respectively.

The detection principle of a typical PeCOD assay is displayed in Figure 5.4. Under
UV illumination, the photocurrent rapidly increased and then levelled off at a
common steady value for both the blank and sample solutions. iblank (dash line)
originated from the photocatalytic oxidation of water while the itotal (solid line)
resulted from the photocatalytic oxidation of organic compounds and water. The
charge of blank (Qblank) and the total charge of a sample (Qtotal) were obtained by
integrating the iblank and itotal with the oxidation time, respectively. The net charge
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(Qnet) was obtained by deducting the Qblank from the Qtotal (see Equation 1.7). Qnet,
generated from the complete degradation of organic compounds, can be used to
subsequently quantify the COD value according to the Faraday’s law, since one
oxygen molecule is equivalent to 4 transferred electrons (see Equation 3.1) 19.

Qnet = ∫ itotal dt − ∫ iblank dt = Qtotal − Qblank

COD (mg/L of O2) =

Qnet
× 32000
4 FV

(1.7)

(3.1)

According to Equation 1.2, the electron transfer number of nicotinic acid,
nicotinamide and arginine are the same (n = 22), and the oxidation product of
nitrogen is NH3 in this calculation. Correspondingly, the n value is zero for urea with
the same calculation procedure, indicating no electron transfer. In contrast, the
experimental results shows that the charge values of the urea samples were over zero
and increased linearly with the increase in urea concentration, implying that the
electron transfer exists in the photoelectrocatalytic oxidation of urea. It can be
recognised that the oxidation product of nitrogen may include not only NH3 but also
NO3-, which is consistent with the route reported by Pelizzetti

20

. In this case, the

calculations of the n value and the theoretical COD values for urea follow Equation
5.2 but not Equation 1.2 (i.e. n = 16).

CH4N2O + 7H2O → CO2 + 2NO3- + 18H+ + 16e-

(5.2)

The PeCOD values measured by the direct PeCOD method were plotted against the
theoretical COD values of the individual NOCs as shown in Figure 5.5. For all four
NOCs, the measured PeCOD values increased linearly as the theoretical COD values
increased. This is in contrast with the case of the standard dichromate method where
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the proportional relationships between the measured COD values and the theoretical

PeCOD (mg/L of O2)

COD values could not be achieved except for arginine (see Figure 5.3).
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Nicotinamide
Urea

80
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40
20
0
0
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80

100

Theoretical COD (mg/L of O2)

Figure 5.5 Relationship between the measured PeCOD values using the direct
PeCOD method and the theoretical COD values of the individual NOCs samples.
The diagonal line represents the ideal slope at 100% oxidation.

Secondly, the direct PeCOD method was highly reproducible with 1.56% RSD for
urea (three analyses of 24 mg/L of O2), 2.22% RSD for nicotinic acid (three analyses
of 35.2 mg/L of O2), 1.54% RSD for nicotinamide (three analyses of 24.64 mg/L of
O2) and 2.02% RSD for arginine (three analyses of 35.2 mg/L of O2). Compared with
the standard dichromate method, the direct PeCOD method also produced much
higher oxidation percentages for all the NOCs except arginine, which were ca. 34%
for urea, ca. 77% for nicotinic acid, ca. 73% for nicotinamide and ca. 76% for
arginine. Although the oxidation behaviour of the NOCs were improved with the
direct PeCOD method, their complete mineralization still could not be achieved, and
thus the synergetic photoelectrocatalytic mechanism was subsequently employed in
the determination of NOCs.
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5.3.3 Synergetic PeCOD
In the synergetic PeCOD method, a known amount of hydroxyl organic compound
(glucose in this work) was initially added to the blank sample to conduct the blank
PeCOD test. In this case, the charge Qblank originated from the photocatalytic
oxidation of water and the added glucose. Secondly, the same amount of glucose was
added to the original nitrogenous sample, and the PeCOD measurement performed to
obtain a Qtotal. The Qtotal originated from the photocatalytic oxidation of water, the
added glucose and the nitrogenous organic sample. Similarly, Qnet was obtained by
deducting Qblank from Qtotal according to Equation 1.7. Therefore, in the synergetic
PeCOD system, the Qnet stemmed from the photocatalytic oxidation of the
nitrogenous organic sample. Subsequently, using the same principle (Equation 3.1)
as that in the direct PeCOD method, the Qnet was then used to quantify the COD
value of the sample.
Urea was used as an example to demonstrate the synergetic photoelectrocatalytic
oxidation effect (see Figure 5.6). The measured PeCOD values in Figure 5.6 were the
average of at least three analyses with a RSD% no larger than 1%. The oxidation
percentages were obtained by comparing the measured PeCOD values with the
corresponding theoretical COD values. The oxidation percentage of urea was only
about 30% at 12 mg/L of O2 urea when the direct PeCOD method was used (i.e., at 0
mg/L of O2 of glucose, Figure 5.6). The oxidation percentage of urea increased to
about 60% and 100% when the urea to glucose ratios changed from 1:1 to 1:2,
respectively. At higher urea concentrations, e.g., 24 and 48 mg/L of O2, higher
amounts of glucose were needed. But the similar oxidation percentages were
obtained for the same urea to glucose ratios. It can be concluded that about 60% and
100% oxidation percentages can be achieved when the urea to glucose ratios were1:1
and 1:2, respectively.
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Figure 5.6 The effect of glucose concentration on the photoelectrochemical
oxidation percentage of urea using the synergetic PeCOD method. The oxidation
percentages corresponding to the NOCs and glucose concentrations are indicated on
the top of each column, respectively.
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Figure 5.7 Relationship between the measured PeCOD values using the synergetic
PeCOD method and the theoretical COD values of the NOCs samples. The diagonal
line represents the ideal slope at 100% oxidation. The NOCs to glucose
concentration ratios are indicated next to the data points, respectively.

When the synergetic PeCOD method was employed for the other NOCs, similar
results were obtained (see Figure 5.7). The ratios next to the data points are the ratios
of the theoretical COD values of the NOCs to the COD values of glucose in Figure
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5.7. For nicotinic acid, at original theoretical COD concentrations of 3.52, 4.4, 17.6,
35.2 mg/L of O2, nearly 100% (98.9%, 98.6%, 92.2% and 96.8%) of nicotinic acid
was oxidized when the ratio of nicotinic acid to glucose was about 1:2 (1.2%, 0.75%,
0.65% and 1.4% RSD for three analyses). Similarly, when the ratio of nicotinamide
to glucose was about 1:1, nicotinamide was completely determined at the original
concentrations of 6.16 and 12.32 mg/L of O2 (1.7% and 1.2% RSD for three
analyses). At the higher concentration of 24.64 mg/L of O2, the ratio was increased to
1:5 to achieve complete oxidation (0.72% RSD for three analyses). A similar positive
synergetic oxidation effect was also found in arginine. At the arginine concentrations
of 8.8, 17.6, and 35.2 mg/L of O2, over 90% of arginine was determined as the ratio
was increased to 1:5 (0.65%, 1.5% and 2.1% RSD for three analyses). In summary,
the positive synergetic photoelectrocatalytic oxidation effect was demonstrated in the
photoelectrocatalytic oxidation of these NOCs (see Figures 5.6 and 5.7).
When the “synergetic effect” was applied in the standard dichromate method, i.e.,
given amount of glucose was added into the dichromate solution, no significant
improvement was observed when the NOC to glucose ratio was changed from 1:0 to
1:5 at different NOC concentrations. This suggests that the synergetic oxidation
effect does not apply to the standard dichromate method, which is due to the
oxidation mechanism of organic compounds in the dichromate method being
different to that in the photoelectrocatalytic oxidation.
Real samples, such as dairy waste and food industry waste, potentially contain high
concentration of NOCs. According to the previous work

19

, the direct PeCOD

method had excellent performance in the real sample analyses. The reason for this
was that the amounts of non-nitrogenous organic compounds (non-NOCs) in the real
samples were higher than that of NOCs. In fact, for the real samples consisting of
thousands of organic compounds but none or a small amount of NOCs, the
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synergetic photoelectrocatalytic oxidation could take place naturally, leading to the
accurate COD measurement without adding the easily oxidizable organic compounds.

Sample A

PeCOD measurement

PeCOD value = a
t=1
Addition of glucose
(ΔCOD = b)
PeCOD measurement

PeCOD value = c

t = t +1
a=c

No

a=c-b?
Yes
Sample A
PeCOD value = c - t·b
Finish

Figure 5.8 Flow chart of the procedure for the synergetic PeCOD determination of
aqueous samples containing NOCs.

The protocol of the synergetic PeCOD method is illustrated in Figure 5.8. For the
samples containing high ratio of NOCs to organic compounds, this method will
become an important solution for accurate measurements. This procedure can be
applied to all types of water samples regardless of the NOC levels. In particular, to
analyze the COD of a sample, the sample will be firstly subjected to the direct
PeCOD measurement and a COD value of “a” obtained. A given concentration of
glucose solution will then be added to the sample solution, resulting in the COD
139

Chapter 5
concentration increment of “b”. The mixed sample will then be again subject to the
PeCOD measurement and a new COD value of “c” obtained.
If a = c – b, this suggests that the NOCs in the water sample do not affect the PeCOD
measurement. In other words, the COD concentration for the sample is c – b.
If a < c – b, this suggests that addition of the glucose has resulted in the synergetic
oxidation of NOCs in the sample. Further addition of glucose and PeCOD
measurements will be needed to assure sufficient glucose is provided for complete
synergetic oxidation.
Logically, the times of glucose addition should be accumulated, which is achieved by
the summator (i.e., t = t + 1). Also in order to determine the existence of the negative
effect of NOCs on the COD value, a starting COD concentration should be set as a
reference point before the addition of glucose. For t = 1, the starting COD
concentration is a. For t > 1, mathematically, the addition of glucose should be taken
into account, and thus the a value is replaced with the last c value by using the
iterator (a = c). The new c value will be obtained upon the new synergetic
measurement. The results in Figure 5.6 and 5.7 were obtained and monitored by this
protocol.
5.3.4

Mechanistic Considerations

It is well established that photoholes are generated at the valence band at the TiO2
surface under UV illumination. Thermodynamically, the photoholes are so powerful
that they can mineralize almost all the organic pollutants in waters and wastewaters
21, 22

. The mineralization of organic compounds in the thin-layer cell involves

diffusion, adsorption and multiple reaction steps

23-26

. Adsorption certainly plays an

important role in this process. During this process, numerous intermediate radicals
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can be formed, and multiple steps for electron transfer will be involved

27

. The

complete photoelectrocatalytic oxidation of a large variety of non-NOCs was
obtained in the direct PeCOD measurements 19.
The degradation of NOCs is generally more complex than that of non-NOCs due to
the multi-valence nature of the nitrogen element. The experimental results presented
in Figure 5.5 suggest that only partial oxidation can be achieved using the direct
PeCOD measurement of the NOCs. This is probably due to the following two
reasons. Firstly, the slow adsorption of this category of compounds causes the slow
kinetics in the photoelectrocatalytic oxidation. Compared with the non-NOCs such as
KHP

28

, the adsorption of the NOCs and their oxidation intermediates on the TiO2

surface are relatively slow process, leading to the slow kinetics process in the
degradation of NOCs. Secondly, the reaction between NOCs and radicals often
follows a slow kinetics process. Pelizzetti et al.

20, 29

reported that the photocatalytic

degradation rate of urea was slow due to the absence of extractable C–H bond. In this
case, •OH attack is forced at the –NH2 moiety

29

. This attack, as the major reaction

pathway, is very slow, and determines the slow degradation rate of urea

29

. In the

suspension system reported by Pelizzetti et al., degradation of urea in a small reactor
needs over 10 h

20

. In practice, the change of photocurrent originated from the

degradation of the NOCs in the direct PeCOD measurement was so slow that the
reaction was often considered as “finished’ by the software or even researcher,
resulting in partial photoelectrocatalytic oxidation of NOCs and inaccurate COD
measurement.
Glucose, as a prototype of polyhydroxyl carbohydrates and alcohols 30, can be easily
oxidized. This is because glucose has abundant hydroxyl functional groups, and the
OH group closely associated with the photo-excited surface undergo easy oxidation
31

. In the direct PeCOD measurement process, glucose can be easily attacked by the
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•

photoholes and forms organic hydroxyl radicals ( R − O H )

31

•

. The R − O H can

further react with other hydroxyl radicals or organic compounds to form aldehydes
( R′ − CHO ) and/or carboxylic organic compounds ( R ′ − COOH )

31, 32

that can be
•

easily adsorbed and oxidized at the TiO2 surface. Most importantly, R − O H can
•

react with these intermediates to form HO − R ′ − O H and carboxylic hydroxyl
•

radicals ( H O − R′ − COOH ). These radicals with dual functional groups, i.e.
hydroxyl radical and strong adsorption functional groups ( − COOH ), can
•

subsequently attack other organic molecules and form H O − R − R ′ − COOH that
can be easily adsorbed on the TiO2 surface and readily mineralized (see reaction
scheme 5.3). In other words, the dual functional radicals can act as carriers to bring
non-adsorptive compounds to the TiO2 surface for the mineralization reactions.
In order to initiate the synergetic effect, a sufficient amount of glucose needs to be
added into the NOCs sample. In the presence of this kind of hydroxyl compound, the
•

•

dual functional carriers such as HO − R ′ − O H and H O − R′ − COOH could be
obtained and react with the NOCs (i.e., R NOC ) following the reaction pathways as
shown in reaction schemes 5.4 and 5.5, forming various adsorptive intermediates (e.g.

′ − R ′′ − COOH ). These intermediates can be easily adsorbed on the TiO2
R NOC
surface. In others words, the NOCs can be carried by these carriers to the TiO2
surface, which facilitates the oxidation of the NOCs to CO2, H2O, ammonia or nitrate.
•

•

•

, hv
, hv
glucose ⎯TiO
⎯2⎯
→ R − O H ⎯TiO
⎯2⎯
→ R′ − COOH + HO − R′ − O H + H O − R′ − COOH
•

+ H O − R − R′ − COOH →→ CO2 + H 2O
(5.3)
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•

•

, hv
, hv
′ − R ′ − O H ⎯TiO
′ − R ′′ − COOH
R NOC + HO − R ′ − O H ⎯TiO
⎯2⎯
→ R NOC
⎯2⎯
→ R NOC

→→ CO2 + H 2 O + NH 3 or NO3

−

(5.4)
•

, hv
′ − R ′ − COOH →→ CO2 + H 2 O + NH 3 or NO3
R NOC + H O − R ′ − COOH ⎯TiO
⎯2⎯
→ R NOC
(5.5)

5.4

Conclusion

Low oxidation percentages of the NOCs in the standard dichromate method results in
underestimations of COD values. The direct PeCOD method could only alleviate this
problem partially. By using the synergetic PeCOD method, the oxidation percentages
of the NOCs were increased up to 100% when a sufficient amount of glucose was
added to the NOC samples. This positive effect may be attributed to the additional
oxidation pathways of the NOCs in the presence of glucose, and extended lifetime of
the free radicals due to the efficient and rapid photoholes scavenging by glucose.
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CHAPTER 6 INKJET-PRINTED NANOSTRUCTURED TITANIUM
DIOXIDE PHOTOANODE FOR DETERMINATION OF CHEMICAL
OXYGEN DEMAND
6.1

Introduction

Since Fujishima and Honda discovered the photocatalytic splitting of water on a
TiO2 electrode under ultraviolet light in 1972 1, the research of TiO2 material has
attracted tremendous attention from scientists to engineers. Due to the strong
oxidation power of TiO2 semiconductor material under UV illumination, TiO2
photoanode

has

been

also

used

in

advanced

oxidation

processes

and

photoelectrochemical sensing of organic compounds 2. However, there are still not
many practical devices for sensing applications in the market. This is partly because
of the lack of cost-effective mass production technology that can be used to produce
robust and highly reproducible TiO2 photoanodes.
Various techniques have been employed to immobilize TiO2 nanoparticles on a
substrate, including sol-gel dip-coating
pyrolysis

9, 10

, atomic layer deposition

electrodepostion
fabricate

TiO2

15

3, 4

, spin-coating

11, 12

5, 6

, sputtering

7, 8

, chemical vapour deposition

, spray

13 14

,

and

. Among them, sol-gel dip-coating method was often selected to

nanostructured

photoanodes

for

sensing

application,

e.g.

photoelectrochemical technique for determination of chemical oxygen demand
(PeCOD) 4, since the dip-coating method is simple, low cost and capable of
maintaining the nanostructure of TiO2. However, in the production of photoanodes, it
is found that the photoanodes obtained from the dip-coating technique were quite
different from each other in terms of sensitivity and reproducibility. Considerable
time and effort is therefore required to calibrate the photoanode individually, the
actual cost for the individual photoanode soars dramatically due to this additional
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cost of the calibration process. Compared with the dip-coating technique, inkjet
printing technique is a potential candidate that can achieve mass production of
uniform and reproducible sensors, and eliminate calibration cost. This technique has
been explored extensively as a versatile research tool in materials and devices
manipulation

16-18

due to the advantages of high reproducibility, fast production and

easy production automation. Recently, Bernacka-Wojcik et al. fabricated dye
sensitized TiO2 photodetectors for DNA biosensors using the inkjet printing
technique 19, which demonstrated that this technique was ideal for cost efficient mass
production.
In this chapter, inkjet printing technique was used to immobilize TiO2
nanoparticulates on the conducting ITO substrates to construct reproducible and
uniform sensors. The resultant TiO2 thin film was characterized using scanning
electron microscope (SEM), X-ray diffraction (XRD) and UV-Vis spectrophotometer.
The suitability of the resultant TiO2 photoanode for sensing application was
investigated using photoelectrochemical bulk cell to detect a range of organic
compounds, such as glucose, phenol, potassium hydrogen phthalate (KHP), glutaric
acid and malonic acid, as well as COD, an important aggregative parameter of
organic waste in water quality 20.
6.2
6.2.1

Experimental
Chemicals and Materials

D-glucose (Merck), potassium hydrogen phthalate (KHP), phenol, glutaric acid, and
malonic acid were used as received. All chemicals were of analytical grade and
purchased from Sigma-Aldrich unless otherwise stated. All the other materials and
chemicals were the same as Section 2.2.1.
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6.2.2

Preparation of TiO2 Colloid

The TiO2 colloid was prepared according to Section 2.2.2.1.
6.2.3

Preparation and Characterization of TiO2 Thin Film

Inkjet-printed photoanodes were fabricated using a piezoelectric inkjet printer (Epson
R290) while dip-coated photoanodes were prepared using a dip-coater (TL 0.01,
Kejing, Shenyang, China). All the photoanodes were calcined at 700°C in a muffle
furnace for 2 h. Transmittance spectra were obtained using UV-1601
spectrophotometer (Shimazu, Japan). The surface morphology of the inkjet-printed
TiO2 film was characterized by scanning electron microscopy (SEM, JSM 890). The
crystalline phase of the TiO2 thin film was determined by XRD using a
diffractometer (Philips PW3020) with Cu-Kα radiation.
6.2.4

Photoelectrochemical Setup of Bulk Cell

A three-electrode photoelctrochemical bulk cell (see Figure 6.1) was to investigate
the photoelectrocatalytic oxidation of organic compounds. The experiments were
performed at room temperature (23°C). The inkjet-printed TiO2 photoanode was used
as the working electrode and placed in an electrode holder with ca. 0.78 cm2 left
unsealed to be exposed to the solution for illumination and reaction. A saturated
Ag/AgCl electrode and a platinum mesh were served as the reference and auxiliary
electrodes respectively. The supporting electrolyte was 0.1 M NaNO3. The other
experimental setup was the same as that of the photoelectrocatalytic characterization
in Section 2.2.2.3. The UV light intensity illuminated at the photoanode surface was
6.6 mW/cm2, measured at 365 nm wavelength using a UV irradiance meter (UV-A
Instruments of Beijing Normal University).
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Electrochemical
station
Insulation
layer
MacLab

Reference electrode
Working electrode Auxiliary electrode
Xenon

UV-band-pass filter

Figure 6.1 The setup of the photoelectrochemical bulk cell.

6.3
6.3.1

Results and Discussion
Inkjet Printing of TiO2

6.3.1.1 Selection of Printing Technology
Most researches on inkjet printing require expensive and specialized inkjet printers,
which are not always available in common laboratories. There are two major printing
technologies available in the market. One is bubble-jet printing technology (e.g.,
Canon printers) that involves an ink heating process during the printing process. The
other is piezoelectric printing technology (e.g., Epson and HP printers). In this
chapter, Epson R290 printer (see Figure 6.2) for office use was chosen due to the
following technical features besides its low cost. (a) Printing with the piezoelectric
print head does not involve an ink heating process and therefore the printing process
is immune from aggregation of the TiO2 nanoparticles in the ink. The aggregation
could destroy the nanostructure of the TiO2 nanoparticles, affect the uniformity of the
printed pattern, and may permanently block the printer nozzles. In fact, this particle
aggregation was observed in the bubble-jet printer trials. (b) The Micro Piezo print
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head technology takes full advantage of high-precision microelectronics to create
perfectly spherical ink droplets at sizes as small as 1.5 pico-liter. The printer
possesses a very high resolution and therefore it has good control of the printed ink
quantity and can achieve high reproducibility. (c) The attached CD-print tray and
labelling software make the creation of desired dimension and pattern simple and
straightforward. Numerous pieces of substrates (e.g. ITO conducting glass with a
thickness up to 2 mm) can be fitted onto the CD-print tray at a time, depending on
the size of the substrate. It does not require any modification for either the printer
hardware or software to print the photoanodes. (d) The sponge-free internal
structures of the ink cartridge are suitable for colloidal ink printing. The ink cartridge
can be cleaned and reused easily.

Figure 6.2 Photo of EPSON R290 printer, CD-print tray, and ink cartridges.

6.3.1.2 Colloidal TiO2 Ink Formulation
TiO2 concentration is one of the most important parameters for the colloidal TiO2 ink,
and thus this needs to be selected first to ensure effective and smooth printing
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process. A too high TiO2 concentration blocks the printer nozzle easily and may lead
to the aggregation of TiO2 nanoparticles, affecting the nanostructure of the resultant
photoanode. In contrast, a too low TiO2 concentration requires many times of
printing to achieve an adequate loading of the photocatalyst on the conducting ITO
substrate. 6% (w/w) of TiO2, the concentration used as the dip-coating solution for
TiO2 photoanodes in our previous work 4 was found to be suitable for inkjet-printing
as well.
The physicochemical characteristics of the ink are essential for printing high
resolution and well-defined patterns. Among them, viscosity and surface tension are
the most crucial in this process 21. The viscosity of the ink needs to be adjusted in a
suitable range. On one hand, it needs to be sufficiently high (i.e. greater than 1 cP) to
allow smooth delivery of the “ink” between the printer head and the cartridge. For
example, it was observed that Epson R290 printer could not print the liquid with
viscosity of <1 cP, e.g., water. For this reason, the routine printer head cleaning is
carried out using 5% (w/w) carbowax solution (viscosity 4 cP) instead of pure water.
On the other hand, the viscosity should be sufficiently low as the spraying power
generated by the piezo-electric membrane is very limited. The suitable viscosity for
inkjet printing needs to be below 20 cP

22

. The colloidal TiO2 ink was made of

carbowax (1.8%, w/w) and TiO2 (6%, w/w), and its viscosity was 4 cP which was in
the range of the above requirement for this type of inkjet printer (i.e. 1 cP < viscosity
< 20 cP). Besides being used for adjusting the viscosity, carbowax also acts as a
binder for TiO2 thin film and pore generator during the subsequent calcination
process at 700˚C 23-25.
Surface tension plays an important role on the interaction between the printer nozzle
and ink, as well as the spreading of this pico-liter droplet over the substrate surface.
Ideally, the surface tension must be high enough to be held in the nozzle without
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dripping and low enough to allow the droplet spreading over the substrate surface to
form a continuous film. In this case, the surface tension of the ink should be between
28 and 350 mN/m2 22. The surface tension of the TiO2 ink was 56 mN/m2, which was
in the required range. Consequently, the ink with TiO2 (6%, w/w) and carbowax
(30% of the solid TiO2 weight) was employed to prepare TiO2 nanostructured
photoanodes for the subsequent investigations using inkjet printing and dip-coating
techniques.
6.3.2

Materials Characterization

The images of a typical inkjet-printed photoanode (10 layers) and a dip-coated TiO2
photoanode are shown in Figure 6.3. It can be visually observed that the inkjetprinted photoanode was more uniform than the dip-coated one, evidenced by the
light diffraction patterns on the dip-coated photoanode. The formation of the
diffraction patterns was due to the surface tension which attracted the liquid layer to
the liquid centre during the drying process after the substrate was dipped and
withdrawn from the colloidal solution. Consequently, the dip-coated TiO2 layer was
thick at the centre and thin at the edge. In comparison, no diffraction pattern was
observed on the inkjet-printed photoanode because the micro-droplet evaporated
rapidly on the photoanode surface and the surface tension was of no effect on the
drying process.
Figure 6.4 shows the XRD pattern of the crystalline phase of the TiO2 inkjet-printed
photoanode that has been calcined at 700˚C for 2 h. The film mainly consists of
anatase since the characteristic diffraction peaks of anatase at 2θ degrees of 25.56,
48.28 are evident in the sample; while the peaks at 2θ degrees of 27.5 and 35.6 are
ascribed to rutile. The crystalline compositions of the TiO2 photoanodes are 92.9 %
anatase and 7.1% rutile.
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Inkjet-printed
TiO2 photoanode

Dip-coated
TiO2 photoanode

Figure 6.3 Images of the inkjet-printed TiO2 photoanode (left) and dip-coated
photoanode (right)
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Figure 6.4 XRD pattern of the inkjet-printed TiO2 photoanode on ITO substrate
calcinated at 700˚C for 2 h.

The UV-Vis transmittance spectra of the ITO glass and inkjet-printed TiO2
photoanodes with different number of layers are shown in Figure 6.5. It indicates that
ITO glass has good transmittance in the visible light and near UV region. With each
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successive print of TiO2, the transmittance in the visible light range was not
significantly affected due to visible light transparency nature of the TiO2 film. In
contrast, the transmittance in UV range decreased dramatically in range of 300-450
nm due to the introduction of TiO2 film. Figure 6.5 also shows a clear trend that more
UV light is absorbed with the increased number of layers (i.e., printing times). This
suggests the UV absorption amount can be controlled by the printing times. It can be
also seen from Figure 6.5 that 1-layer TiO2 film can absorb almost all UV light at a
wavelength of < 300 nm, while 10-layer TiO2 film can absorb nearly all UV light at a
wavelength of < 340 nm.
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Figure 6.5 Transmittance spectra of ITO glass substrate and inkjet-printed TiO2
photoanodes with different layers.

The surface morphology of the film was examined by SEM. The crystalline size
within the range of 20-40 nm was observed, similar to the particle size of the dipcoated photoanode

26

, suggesting the 700°C high temperature calcination process

could lead to aggregation of the primary nanoparticles (ca. 10 nm) of the TiO2
colloid, which was observed by TEM

26

. The cross-section image indicated the
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thickness of the 10-layer TiO2 film was ca. 400 nm (see Figure 6.6). More
importantly, the image reveals that the inkjet-printed TiO2 film has a uniform and
porous surface and internal structure, which is consistent with the observation made
in Figure 6.3. The printed layers merged so well that no gap could be observed
between printed TiO2 layers. This can be attributed to the suitable viscosity and
surface tension of the colloidal TiO2 ink.

100 nm

Figure 6.6 SEM cross section image of the 10-layer inkjet-printed TiO2 photoanode.

6.3.3

Photoelectrochemical Characterization

The thickness of the TiO2 thin film plays an important role on the photocatalytic
activity

27-29

. The thickness was controlled by the number of printing times in this

work. Figure 6.7 shows the voltammograms recorded for the inkjet-printed TiO2 film
photoanodes with different number of printed layers in an aqueous solution (0.1 M
NaNO3). The measured photocurrent was purely generated from the oxidation of
water by the photoholes because there was no other oxidizable substance in the
solution. The voltammograms of the inkjet-printed photoanodes (i.e., from 1 to 10
layers) shared a similar shape, i.e., the photocurrent initially increased linearly with
increase in applied potential bias and then levelled off at higher applied potential.
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The voltammograms can be explained by the following: photoinduced electron-hole
pairs are generated under the illumination of UV light. Separate efficiency of
electron-hole pairs determines the photocatalytic oxidation ability. Potential bias is
considered to act as a driving force for separation of photoinduced electrons and
holes. The electron transfer in the photocatalytic oxidation process involves two
major processes. One is the electron transport within the TiO2 film and the other the
electron injection at the interface (photohole capture). The linear photocurrent
responses at lower potential can be attributed to the limitation of free photoelectron
transport inside the TiO2 film, while the steady state indicates that the photohole
capture process controls the overall photocatalysis reaction 26, 30.
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Figure 6.7 Voltammograms of the inkjet-printed TiO2 photoanodes with different
layers obtained in 0.1 M NaNO3 solution. Scanning rate: 5 mV/s. Light intensity: 6.6
mW/cm2.

The extent of the steady state photocurrent of a photoanode can be considered as the
photocatalytic oxidation capacity. As shown in Figure 6.8, with the increase of the
number of layers, the steady state photocurrent increased, suggesting the
photocatalytic oxidation ability were enhanced. However, when the number of layer
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increased to over ten, film peeling-off was observed after the calcination process.
Therefore, considering the positive effect of the number of printed layers on the
photocurrent and the photocatalytic properties, the 10-layer printed TiO2
photoanodes was chosen for the later photoelectrochemical experiments.
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Figure 6.8 Relationship between the steady state photocurrent and the number of
printed layers, data derived from Figure 6.7, steady state photocurrent taken at 0.3 V.

6.3.4

Photoelectrocatalytic Oxidation of Organic Compounds

The general equation for complete mineralization of an organic compound,

CyHmOjNkXq, on a TiO2 photoanode can be represented by Equation 1.2: 4
CyHmOjNkXq+(2y-j)H2O→ yCO2+qX-+kNH3+(4y-2j+m-3k)H++(4y-2j+m-3k-q)e(1.2)
where X represents a halogen atom. The electron transfer number (n) in the complete
mineralisation of the organic compound is equal to 4y-2j+m-3k-q. The photocurrent
obtained in the oxidation process represents the photoelectrocatalytic activity and
effectiveness of oxidation process.
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Organic compounds with different functional group have various adsorptivity to
TiO2 surface

31-33

. They can be classified as weak adsorbates (such as hydroxyl

organic compounds, e.g. glucose, phenol, etc.) and strong adsorbates (such as organic
compounds containing carboxylic functional group, e.g. phthalic acid, glutaric acid
and malonic acid, etc.). Glucose, as a representative of the weak adsorbates, was
firstly investigated under an UV illumination intensity of 6.6 mW/cm2. As the
photocurrent was levelled off at high potential bias (i.e., more positive than 0 V), a
potential bias of +0.3 V was chosen for subsequent photocatalytic experiments
because the recombination of photoinduced electron-hole pairs can be sufficiently
suppressed. The photocurrent profiles of different glucose concentrations under a
constant potential of +0.3 V are shown in Figure 6.9. Without the UV illumination,
the dark current was approximately zero for all glucose concentrations, which
confirms that the glucose can not be electrochemically oxidized by the TiO2
photoanode. Upon illumination, the current increased rapidly and then decayed right
after the current reached its peak, and subsequently reached steady state.
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Figure 6.9 A set of photocurrent response of a 0.1 M NaNO3 blank solution and 0.1
M NaNO3 solution containing different concentrations of glucose. From bottom to
top: 0, 100, 150, 200, 300, 400, 500, 600, 800, 1000 µM glucose. Applied potential:
+0.3 V vs. Ag/AgCl. Light intensity: 6.6 mW/cm2.
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According to Section 1.4.4.1, the limiting current inet (the net steady state
photocurrent), originated from the oxidation of organics, can be obtained by
subtracting the blank photocurrent iblank from the total photocurrent itotal (see
Equation 1.3), and iblank is generated from the oxidation of water while itotal is
originated from the oxidation of organics and water.

i net = i total − i blank

(1.3)

According to Fick’s law, the quantitative relationship between the inet and the molar
concentration (Cb) of an individual analyte can be written as Equation 1.4, where n is
the number of electrons transferred for the complete mineralization of an organic
compound, A and F refer to photoanode geometric area and Faraday constant
respectively, D is the diffusion coefficient of the compound, and δ is the thickness of
the Nernst diffusion layer.

i net =

nFAD

δ

(1.4)
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Figure 6.10 The relationship between inet and the molar concentrations of different
organic compounds.
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Figure 6.10 shows the plot of inet against Cb using the 10-layer printed TiO2
photoanode. Good linear relationships between inet and molar concentrations of all
the investigated organic compounds (i.e. KHP, phenol, glucose, glutaric acid,
malonic acid).
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Figure 6.11 The relationship between inet and the COD concentrations converted
from Figure 6.10 using equation [COD] =8000n·Cb.

In Chapter 4, the net steady state photocurrents originated from the oxidation of
organic compounds were found to be directly proportional to COD concentrations.
Herein, the molar concentrations of organic compounds were converted into the
equivalent theoretical COD concentrations. Figure 6.11 was obtained by plotting inet
against the theoretical COD values. Excellent linear relationship between
experimental inet and theoretical COD of the investigated organic compounds was
obtained. More importantly, the distribution of inet against the COD concentration
indicated that these data points shared almost an identical calibration curve when the
concentration was below ca. 120 mg/L of O2. Figure 6.11 demonstrates that the 10160
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layer inkjet-printed TiO2 photoanode can be used as a photoelectrochemical sensor
for COD determination. The detection limit and reproducibility of the 10-layer
inkjet-printed TiO2 photoanode were also studied. A detection limit of 1 mg/L of O2
with linear range up to 120 mg/L of O2 was achieved. A relative standard deviation
(RSD) of 3.84% was obtained by performing 25 replicate detections of a sample with
a glucose concentration of equivalent to 24 mg/L of O2.
The similarity of photoanodes was evaluated by measuring the blank and net currents.
For five dip-coated photoanodes from the same batch of TiO2 colloid, it was
observed that their photoelectrochemical responses were significantly different from
each other. RSD of 6.90% and 7.29% were obtained from the measurements of the
blank currents and the total currents of 24 mg/L of O2 of glucose, respectively. This
problem was overcome by the inkjet printing technique. The difference in the
photoelectrochemical responses became remarkably smaller among the inkjet-printed
photoanodes. For example, for five 10-layer inkjet-printed photoanodes from the
same TiO2 ink, RSDs of 3.56%, 3.11% were achieved for the measurements of the
blank currents and the total currents of 24 mg/L of O2 of glucose, respectively. This
suggests that the photoanodes prepared by the inkjet printing technique are more
similar to each other than those by dip-coating technique and the inkjet printing
technique is a better technology for mass production of the TiO2 photocatalytic
sensors.
6.4

Conclusion

Reproducible TiO2 photoanodes for sensing of organic compounds were prepared by
using

the

inkjet

printing

technique.

The

photoanodes

are

capable

of

photoelectrochemically oxidizing various organics (e.g. KHP, phenol, glucose,
glutaric acid and malonic acid). The linear relationship between the net photocurrent
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and the concentration of organics demonstrates the promising potential of the inkjetprinted photoanode for sensing application. When it was applied as a sensor for
determination of COD, a linear range of 0-120 mg/L of O2 and a detection limit of 1
mg/L of O2 were achieved. Moreover, compared with the dip-coated photoanodes,
the reproducibility of the sensing performances among inkjet-printed photoanodes
was improved. This improvement helps the inkjet printing technique become a
simple, low cost, and versatile technique for mass production of TiO2 photoanodes.
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CHAPTER 7 FABRICATION OF CARBON NANOTUBES/TITANIUM
DIOXIDE PHOTOANODES FOR SENSITIVE DETERMINATION OF
ORGANIC COMPOUNDS
7.1

Introduction

Up till now, titanium dioxide (TiO2) has been a dominant photocatalyst owing to its
non-toxic nature, superior photo-corrosion resistance and excellent photocatalytic
activity

1

. Various applications of nanostructured photocatalysts have been

investigated, and the solar energy conversion and photocatalytic degradation of
organic contaminants have been the main foci

2-4

. Recently, the analytical

applications of the nanostructured TiO2 have been reported for environmental
monitoring in the form of sensor arrays

5, 6

. Nanostructured TiO2 films have been

widely used as sensors for various gases, such as H2 7, O2 8, CO 9, methanol
alcohol vapour
wastewater

13

11

, humidity measurement

12

10

,

and also environmental pollutants in

. Despite the great potential of these sensors, in order to expand the

scope of the sensors toward a wide range of organic and inorganic contaminants,
more advances in the use of TiO2 nanostructured materials for sensors are much
needed 5.
Carbon nanotubes (CNTs)/TiO2 composite systems have attracted much attention in
recent years due to the unique properties of CNTs. Taking advantage of the large
surface area, extraordinary electrical conductivity, robust mechanical strength and
thermal stability of CNTs, the CNTs/TiO2 composite materials have been employed
for a wide range of energy-related and environmental applications
batteries

15

, supercapacitors

photocatalysis

21, 22

16,

17

, optoelectronics

and sensing devices

23-27

18

14

, such as

, electrocatalysis

19,

20

,

. For sensing applications, Llobet et al.

reported that the CNTs-TiO2 hybrid film sensor was significantly more sensitive to
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oxygen than the pure TiO2 one. Moreover, the hybrid sensors could be operated at a
lower operating temperature (350°C) than the pure TiO2 sensors (500°C) 23. Ueda et

al. developed the CNTs-TiO2 hybrid gas sensor for NO gas, which could be operated
at room temperature and showed a good sensitivity
materials have also been used for NH3 sensing

24

25

. The CNTs-TiO2 composite

, H2O2 sensing

26

, and even

biosensing for cancer cells 27.
In these applications, particularly in the sensing system and the photocatalytic
degradation of pollutant in water treatment, the enhancements observed with the
CNTs composite systems in comparison with the non-hybrid ones can be attributed
to several possible merits contributed from CNTs such as: (i) higher adsorption
capacity to reactant species due to the high surface area of the CNTs

28, 29

; (ii)

possible longer excitation wavelength 28, 29; and (iii) the relatively low recombination
of photogenerated electron-hole pairs due to the extraordinary electrical conductivity
of the CNTs 30.
In this chapter, the CNTs were incorporated with TiO2 photoanodes in order to
achieve a more sensitive determination of organic compounds compared with pure
TiO2 photoanodes. Both the CNTs/TiO2 and the pure TiO2 thin film photoanodes
were constructed using a dip-coating technique. After a series of calcination
processes, the resultant thin film photoanodes were characterized using scanning
electron

microscope

(SEM),

X-ray

diffraction

(XRD)

and

UV-Visible

spectrophotometer (UV-Vis). The hydrophilicity was appraised by measuring their
contact angles. In a photoelectrochemical bulk cell, the resultant CNTs/TiO2
photoanodes and the pure TiO2 photoanodes were used to detect low adsorptive
compounds with hydroxylic functional group 31, 32 i.e. glucose and phenol, and highly
adsorptive compounds with carboxylic functional groups 33 , i.e. potassium hydrogen
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phthalate (KHP). The sensing performances of the CNTs/TiO2 photoanodes and the
pure TiO2 photoanodes were evaluated and compared.
7.2
7.2.1

Experimental
Chemicals and Materials

Potassium hydrogen phthalate, D-glucose (BDH), and phenol were of analytical
grade and were used as supplied without further purification. All the chemicals were
purchased from Sigma-Aldrich unless otherwise stated. Multi-walled carbon
nanotubes (CNTs) were purchased from Shenzhen Nano-Technologies Port Co. Ltd.
All the other chemicals and materials were the same as Section 2.2.1.
7.2.2

Pre-treatment of CNTs

The CNTs need to be treated with strong acid to overcome agglomeration. Typically,
0.6 g of CNTs was added into 80 mL concentrated HNO3-H2SO4 (1:3, v/v) under
constant stirring at 60°C for 10 h. The mixture was filtered and washed with Milli-Q
water until the pH of the filtrate reached 6.0. The pre-treated CNTs were dried at
65°C in an oven.
7.2.3

Fabrication and Characterization of the Pure TiO2 and CNTs/TiO2
Photoanodes

The TiO2 colloid was prepared according to Section 2.2.2.1. Subsequently, the pretreated CNTs (5 wt% with respect to the mass of TiO2) were added into this colloid,
and sonicated (Digital Sonifer, Branson) for 40 min to improve the interaction
between the TiO2 colloid and CNTs. The ITO glass slides were washed according to
the procedure shown in Section 2.2.2.2 to assure the cleanliness. The CNTs/TiO2
colloid was dip-coated onto the ITO substrates, dried in ambient environment and
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annealed at 450°C for 0.5 h in air. After cooling, the substrates were dip-coated again
and annealed at 700°C for 2 h in N2 atmosphere. The pure TiO2 photoanodes (i.e.,
the control sample) were also prepared using the same procedure with CNTs-free
TiO2 colloid. The variation of the film thickness of the nanomaterials of the TiO2
photoanode and CNTs/TiO2 photoanode were 600 nm ± 3% and 600 nm ± 3.5%,
respectively. The difference of thickness is therefore negligible.
The surface morphology of the CNTs/TiO2 photoanode was characterized by
scanning electron microscopy (SEM, JSM 890). The crystalline phase of the thin
film was determined by an X-ray diffractometer (Bruker) with Cu-Kα radiation. UVVis absorption spectra were obtained using UV-1601 spectrophotometer (Shimazu,
Japan). The hydrophilic property of the CNTs/TiO2 thin film was evaluated by means
of a commercial contact angle meter (FTA200 Dynamic Contact Angle Analyzer).
X-ray photoelectron spectroscopy (XPS) data were acquired using Kratos Analytical
Axis Ultra X-ray photoelectron spectrometer equipped with a monochromatic Al Xray source (Al Kα, 1.487 keV). The C 1s was used as the charge reference with an
assumed binding energy of 284.8 eV.
Electrochemical impedance spectroscopy (EIS) measurements were tested on a CHI
660D electrochemical workstation (CHI Co.) using a three-electrode system with the
0.1 M NaNO3 as the electrolyte. The as-prepared TiO2 photoanode and CNTs/TiO2
photoanode were employed as working electrodes. The other experimental setup was
the same as that of the photoelectrocatalytic characterization in Section 2.2.2.3. The
light intensity was controlled at 6.6 mW/cm2 (365 nm wavelength) using a UV
irradiance meter (UV-A Instruments of Beijing Normal University). The EIS
measurements were carried out at the open circuit potential under impedance
amplitude of 1 mV over a frequency range of 1×106 Hz to 0.1 Hz.
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7.2.4

Photoelectrocatalytic Degradation of Organic Compounds

A three-electrode photoelectrochemical system was used to investigate the
photoelectrocatalytic oxidation of organic compounds at the TiO2 and CNTs/TiO2
photoanodes. The experiments were performed at room temperature (23°C). The
TiO2 or CNTs/TiO2 thin film photoanode was used as the working electrode. The
other experimental setup was the same as that of the photoelectrocatalytic
characterization in Section 2.2.2.3. The UV light intensity illuminated at the
photoanode surface was 6.6 mW/cm2, measured at 365 nm wavelength using a UV
irradiance meter (UV-A Instruments of Beijing Normal University).
7.3
7.3.1

Results and Discussion
Preparation

and

Materials

Characterization

of

the

CNTs/TiO2

Photoanode
It is well-established that the crystallinity of TiO2 plays an essential role in the
photocatalytic activity. TiO2 with poor crystallinity, such as amorphous TiO2,
normally has low photocatalytic activity due to the severe structural defects that
often act as the recombination centres of photogenerated electrons and holes

34

.A

simple calcination process at a high temperature (e.g., 450°C) is an effective way to
improve the crystallinity of the TiO2 semiconductor

34

. It has been reported in the

previous literature that the TiO2 thin film consists of almost 100% anatase TiO2 after
a calcination process at 450°C, while the thin film consists of mixed phases (i.e.,
anatase and rutile) when it is further treated at a temperature above 700°C in air 35.
Moreover, the mixed-phase TiO2 shows better photocatalytic degradation ability than
pure phase TiO2 thin film 35.
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In order to obtain the mixed-phase TiO2 compositions, the dip-coated CNTs/TiO2
composite photoanodes were subject to a calciation process at 700°C. The thermal
stability of CNTs in air was firstly investigated. After the thermal treatment at 450°C
in air for 2 h, it was observed that the overall tubular structure of the CNTs still
remained intact (see Figure 7.1a and b). A further thermal treatment at 700°C in air
resulted in a complete decomposition of the CNTs into CO2. This problem was
overcome by protecting the photoanodes with high purity N2 in the calcination
process. It was found that the appearance of the typical CNTs after being treated at
700°C in N2 (see Figure 7.1c) was identical to that of the untreated CNTs. According
to these findings, the as-coated CNTs/TiO2 photoanodes in this chapter were firstly
calcinated at 450° in air for 0.5 h in order to remove the carbowax (the binder),
achieve strong bindings among the anatase TiO2 particles, CNTs and substrates
without damage of CNTs, and improve the crystallinity. The photoanodes were then
sintered at 700°C for 2 h in the N2 atmosphere in an attempt to achieve the partial
phase transition from anatase to rutile. The physical properties of TiO2 nanomaterials
are influenced by the thermal treatment with different surrounding atmosphere

36

.

The crystalline phases of the resultant photoanode from this calcination process (in
the N2 atmosphere) which were not investigated previously 35 have been analyzed in
this chapter.

100 nm
(a)
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100 nm

100 nm

(b)

(c)

Figure 7.1 SEM images of CNTs under different thermal treatment conditions: (a)
the original CNTs without thermal treatment; (b) the CNTs calcined at 450°C for 2
h in air; (c) the CNTs calcined at 700 °C for 2 h in N2.
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Figure 7.2 XRD patterns of the pure TiO2 (a) and CNTs/TiO2 photoanodes (b), both
of them were calcined at 450°C in air and 700°C in N2 protective atmosphere.

Figure 7.2 shows the XRD patterns of the pure TiO2 photoanode (curve (a)) and the
CNTs/TiO2 photoanode (curve (b)) after 700°C calcination. It suggests that the
introduction of CNTs had no significant effect on the crystallinity of TiO2. Both of
the films consist of anatase and rutile, as confirmed by characteristic diffraction
peaks of anatase at 2θ degrees of 25.50 and rutile at 2θ degrees of 27.68. The
CNTs/TiO2 film contained 93% of anatase and 7% of rutile, while the pure TiO2 film
had a similar ratio (92% of anatase and 8% of rutile). The characteristic peak for
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37

CNTs at the position of 26.0
results in other literatures

28, 30

was insignificant which was consistent with the

. This may be attributed to the overlap of the intense

peaks of the CNTs (0 0 2) at 2θ degrees of 26.0 and strong anatase (0 0 1) peak at 2θ
degrees of 25.5, as the mass of the CNTs is only 5% of the mass of the TiO2 in the
CNTs/TiO2 film.

100 nm

100 nm
(a)

(b)

Figure 7.3 Top view (a) and cross section (b) of SEM images of the CNTs/TiO2
photoanode after the calcination processes at 450°C in air and 700°C in N2
protection atmosphere.

The surface morphology of the CNTs/TiO2 film was examined by the SEM, which is
shown in Figure 7.3a. The morphology of the CNTs/TiO2 film and the internal
structure were significantly different to the results obtained by Eder and Windle’s
group

38

. The difference is possibly due to dramatically different experimental

conditions. Herein, hydrothermal processed highly crystalline TiO2 nanoparticles
with various shape and sizes, different CNTs, different concentrations of CNTs,
different CNTs treatment methods, carbowax as a binder, and different calcination
procedures were used. The average TiO2 particle size of the CNTs/TiO2 sample is ca.
25-50 nm, which is roughly the same as that of the pure TiO2 photoanode

35

. This

suggests that the addition of the CNTs did not change the particle size and its
distribution. It is generally difficult to observe the CNTs from the CNTs/TiO2
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photoanode surface possibly due to the facts that only a relatively small amount of
CNTs (e.g., 5% of the TiO2 nanoparticles) were used, and the CNTs can be strongly
incorporated with TiO2 due to the CNTs surface activation by the acid treatment. To
observe the distribution of the CNTs, cross section sample was therefore prepared
and observed under the SEM (see Figure 7.3b). It reveals that the CNTs were evenly
distributed and well cemented into the TiO2 film. This observation suggests that the
physical structure of the CNTs were well-maintained through this 700°C calcination
process and the protection in the N2 atmosphere was effective. This was consistent
with the observation from Figure 7.1. From the above observations, the CNTs/TiO2
mixed-phase photoanode and the pure TiO2 mixed-phase photoanode can be obtained
via the calcination process at 700°C in N2 protective atmosphere.

Absorbance (a.u.)
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b: TiO2 photoanode
c: CNTs/TiO2 photoanode
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Figure 7.4 UV-Vis absorption spectra of ITO glass substrate (a), pure TiO2
photoanode (b) and CNTs/TiO2 photoanode (c).

The UV-Vis absorption spectra of the ITO glass (curve (a)), the pure TiO2 (curve (b))
and CNTs/TiO2 photoanodes (curve (c)) are presented in Figure 7.4. Curve (a)
indicates that the aluminosilicate ITO glass has no absorption in the visible light and
near UV region. Curve (b) shows that the band edge absorption of the TiO2 was at ca.
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390 nm, typical for anatase. Compared with curve (b), the absorption edge of curve
(c) was shifted into the visible light region significantly due to the introduction of
CNTs. Because pure CNTs have significant absorbance over the entire visible light
region 39, wide optical absorption in the visible light region are also observed for the
CNTs/TiO2 photoanode.
Besides the absorption, the surface properties such as hydrophilicity of TiO2 surface
could be affected by the introduction of the CNTs as well. The change of the
hydrophilicity can be reflected by the variation of the contact angle with pure water.
The measured contact angles were 60.2° and 36.3° on the pure TiO2 film and the
CNTs/TiO2 film respectively, indicating a significant increase in hydrophilicity by
the introduction of the CNTs. This is probably due to several reasons. Firstly, the
acid pre-treatment involves the oxidation of the CNTs and formation of hydrophilic
functional groups (e.g. hydroxyl, carboxyl, and carbonyl) on the CNTs surface

40

.

Secondly, the TiO2 film is porous due to the use of carbowax. Thirdly, the TiO2 and
CNTs/TiO2 films are very thin (i.e. only 600 nm). When the water solution is applied
on the surface of the photoanodes, water molecules are able to reach the internal
structure, i.e., the hydrophilic CNTs’ surface, leading to the increase of the surface
hydrophilicity. The hydrophilic surface favors the adsorption of hydrophilic organic
compounds, which may benefit the adsorption process of the organic compounds
during the photocatalytic oxidation at the CNTs/TiO2 photoanode.
7.3.2

Photoelectrocatalytic Oxidation of Water

The photoelectrocatalytic oxidation of water was first investigated because the
response of the photocurrent resulting from the oxidation or reduction of water may
influence the electrochemical measurements in aqueous solutions.
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Figure 7.5 Voltammograms of the pure TiO2 photoanode and CNTs/TiO2
photoanode in 0.1 M NaNO3 electrolyte under UV illumination.

Figure 7.5 shows the voltammograms obtained with the pure TiO2 and CNTs/TiO2
photoanodes in 0.1 M NaNO3 (as electrolyte) under the same UV illumination
intensity. It can be seen that the photocurrent obtained for both photoanodes
increased with the applied potential bias at low potential range (-0.4 to +0.2 V) then
leveled off at more positive potentials (greater than +0.2 V). The initial increase in
the photocurrents was because the overall reactions at both photoanodes were under
the control of the electron transfer process. The increased potential produced
increased electric field to draw electrons from the photoanode surface to the
conductive back contact. The photocurrent leveling off at higher potentials (greater
than +0.2 V) was due to the transportation of electroactive substance (i.e., H2O) from
the bulk to the photoanode surface becoming the limiting step. It was found that the
potential +0.3 V was able to provide sufficient electric field to collect electrons
generated from the catalytic reactions at the surface. Therefore, the collection of the
electrons will no longer be the limiting step and the further increase of potential will
not lead to significant increase in the photocurrent. In this scenario, the magnitude of
175

Chapter 7
the photocurrent can be used to represent the photocatalytic activity of the
photoanode. As shown in Figure 7.5 under the same potential bias and experimental
conditions, the photocurrent of the CNTs/TiO2 photoanode was about 20% of the
photocurrent of the pure TiO2 photoanode, suggesting that the photocatalytic
oxidation of water at the photoanode had been reduced by 80% due to the
introduction of CNTs compared with the pure TiO2 photoanode. From the viewpoint
of analytical chemistry, the water oxidation current is commonly considered as the
background current. Therefore, the resulting low background current will be an
advantage of the CNTs/TiO2 photoanode over the pure TiO2 photoanode.
7.3.3

Photoelectrocatalytic Oxidation of Organic Compounds

As mentioned in Section 1.4.4, the general electrochemical equation for complete
mineralization of an organic compound, CyHmOjNkXq, on a TiO2 electrode can be
represented as in Equation 1.2:

CyHmOjNkXq+(2y-j)H2O→ yCO2+qX-+kNH3+(4y-2j+m-3k)H++(4y-2j+m-3k-q)e(1.2)
where X represents a halogen atom. The electron transfer number (n) in the complete
mineralisation of the organic compound is equal to 4y-2j+m-3k-q. The photocurrent
originated from the oxidation process represents the photoelectrocatalytic activity
and effectiveness of oxidation process.
Glucose, phenol and KHP were selected to study the photoelectrochemical
performance of the CNTs/TiO2 and TiO2 photoanode. Because it can be seen from
the Section 7.3.2 that the mass transport of electroactive substance (i.e. H2O) from
the bulk to the photoanode surface became the limiting step when the potential bias
was higher than +0.2 V (see Figure 7.5), a potential bias of +0.3 V was chosen for
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subsequent photoelectrocatalytic experiments to obtain a steady state current. At this
potential, the recombination of photoinduced electron–hole pairs was sufficiently
suppressed. Two sets of photocurrent-time profiles of the pure TiO2 photoanode (see
Figure 7.6a) and CNTs/TiO2 photoanode (see Figure 7.6b) were obtained from
solutions containing 0.1 M NaNO3 and different concentrations of glucose under the
UV illumination, respectively. For the blank solution (0.1 M NaNO3), where the
glucose concentration was zero, the photocurrent went up quickly and then leveled
off and eventually a steady state current was obtained, named as iblank. For all glucose
concentrations in Figure 7.6a and 7.6b, the photocurrents increased rapidly to a peak
value and decayed to the steady state, which was nominated as itotal. Moreover, a
photocurrent abrupt spike (in a time domain of 1 second) was observed for the
CNTs/TiO2 photoanode but not for the pure TiO2 one. This spike may be resulted
from the pre-adsorbed water and glucose at the CNTs/TiO2 photoanode. This preadsorption phenomenon was much less significant at the pure TiO2 photoanode. This
difference indicates that the adsorptive property of CNTs/TiO2 photoanode to water
and glucose is better than that of the pure TiO2 photoanode. This might be related to

Photocurrent (μA)

the aforementioned difference of the surface hydrophilicity.
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Figure 7.6 Typical photocurrent responses of the pure TiO2 photoanode (a) and the
CNTs/TiO2 photoanode (b) to different concentrations of glucose. From bottom to
top, the glucose concentration was 0, 25, 50, 100, 150, 200, 250, 300, 350, 400 μM,
respectively.

In Chapter 4, it was well-established that the steady state photocurrent for the blank
solution (iblank) originated from the photoelectrocatalytic oxidation of water, while
the steady state photocurrent for the glucose solutions (itotal) was generated from the
oxidation of water and glucose. The net steady state photocurrent (inet), originated
from the oxidation of glucose, can be obtained by subtracting iblank from itotal as in
Equation 1.3. inet can be used to represent the oxidation rate of the corresponding
organic compound and also quantify the concentration of organic compounds in
aqueous samples. Therefore, higher net current obtained when oxidizing organic
compounds suggests a faster oxidation rate of the organic compounds in term of
oxidation kinetics and higher sensitivity in terms of analytical performance.

inet = itotal.– iblank
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Using Equation 1.3, the inet values of different photoanodes can be obtained from
Figure 7.6a and 7.6b and plotted against the glucose concentration as shown in
Figure 7.7. Good linear relationships between the glucose concentration and inet were
obtained from both photoanodes, indicating the both photoanodes are promising in
the sensing application. The slope of the inet-[glucose] calibration curve indicates the
photoelectrocatalytic activity towards glucose oxidation. It is notable that the
obtained slope value of the CNTs/TiO2 photoanode was larger than that of the pure
TiO2 photoanode, demonstrating that the photoelectrocatalytic activity of the
CNTs/TiO2 photoanode towards glucose oxidation was better than that of the pure
TiO2 photoanode.
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Figure 7.7 Plots of net photocurrent inet against glucose concentrations for the pure
TiO2 and CNTs/TiO2 photoanodes

Similarly, the CNTs/TiO2 photoanode and the pure TiO2 photoanodes were used to
detect phenol and KHP in 0.1 M NaNO3 aqueous solution. The obtained inet values
were plotted against [phenol] and [KHP] as shown in Figure 7.8 and Figure 7.9,
respectively. At both the CNTs/TiO2 and pure TiO2 photoanodes, good linear
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relationships were also observed for both phenol and KHP. More importantly, the
slope values obtained from the CNTs/TiO2 photoanode were larger than that from the
pure TiO2 photoanode. This suggests that the CNTs/TiO2 photoanode possesses
better photocatalytic activity towards phenol and KHP oxidation than pure TiO2
photoanode.
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Figure 7.8 Plots of net photocurrent inet against phenol concentrations for the pure
TiO2 and CNTs/TiO2 photoanodes
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Figure 7.9 Plots of net photocurrent inet against KHP concentrations for the pure
TiO2 and CNTs/TiO2 photoanodes
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Interesting results were obtained when inet in Figures 7.7, 7.8 and 7.9 were plotted
against the equivalent concentrations (Ceq) of all the organic compounds investigated.
The equivalent concentration can be obtained by multiplying the electron transfer
number (n) with the corresponding molar concentration (Cb), Ceq = nCb 35. According
to Equation 1.2, the n values of phthalic acid (i.e. KHP), phenol and glucose are 30,
28 and 24, respectively. Excellent linear relationships between inet and Ceq, were
obtained at both the pure TiO2 and CNTs/TiO2 photoanodes (see Figure 7.10a and
7.10b). This is because the photocurrents were under the diffusion control of the
organic compounds from the bulk solution to the photoanode surface. It is also
remarkable that the slope of the CNTs/TiO2 photoanode (i.e., 0.0102) was much
larger than that of the pure TiO2 photoanode (0.00621). In order words, the
sensitivity of the CNTs/TiO2 photoanode for the detection of the organic compounds
has been improved by 64% compared to that of the pure TiO2 photoanode. This is
due to the 700°C thermal treatment process in N2 atmosphere and/or the introduction
of CNTs.
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Figure 7.10 Relationship between inet and Ceq at the pure TiO2 (a) and CNTs/TiO2 (b)
photoanodes, where Ceq (μeq) = nCb (μM).

According to the XRD spectra, the crystalline composition (i.e., anatase and rutile
ratio) of the TiO2 photoanode and CNTs/TiO2 photoanode are very similar. In other
words, the presence of CNTs did not affect the rutile formation process, which
differs from a previous report 41. This is probably due to numerous reasons: the use
of carbowax binder, different CNTs, different shape (particles versus TiO2 nanotubes
in the literature) and different CNTs treatment method, and relatively shorter
treatment time in this chapter (2 h compared with 4 h in the literature). In addition,
the doped nitrogen in the TiO2 was not observed for both the TiO2 and CNTs/TiO2
photoanode according to their XPS spectra. Figure 7.11 shows the XPS spectra for
the N 1s region for TiO2 and CNTs/TiO2 films. It has been reported that the peak at
around 400 eV can be ascribed to γ-N state, which is molecularly chemisorbed N2
and is related to the N-N, while the peak at around 396 eV corresponds to β-N state,
which relates to the existence of N-Ti

42-44

. It can be seen from Figure 7.11 that

similar XPS spectra were obtained for both films. The N 1s peak around 400 eV but
without the peak around 396 eV could be observed. Both the TiO2 and CNTs/TiO2
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films included a small amount of N that was related to the molecularly chemisorbed
N2, but it had no obvious influence on the UV-Vis absorption spectra, which was
consistent with a previous report

42

. It can be concluded that no obvious N-doping

occurred in the calcination process. Furthermore, the photocurrent was not obtained
for both the TiO2 and CNTs/TiO2 photoanodes under visible light. All of these
eliminate the doping of nitrogen into the TiO2 lattice in this chapter. It can be
concluded that the doping of N in the presence of the CNTs was not responsible for
the significant increase in sensitivity of the CNTs/TiO2 photoanode.
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Figure 7.11 N 1s XPS spectra of the TiO2 (lower line) and CNTs/TiO2 (upper line)
films.

The increase of sensitivity of the CNTs/TiO2 photoanode, therefore, may result from
the improved conductivity for electrons, i.e., enhanced electron transport or electron
collection efficiency due to the extraordinary conductivity of the CNTs 45. The CNTs
interlinked with the TiO2 nanoparticles can act as ‘electron transport superhighways’;
therefore, the CNTs are able to facilitate the photogenerated electrons to be
transported to the conducting substrate, subsequently improving the electron
collection efficiency and electron-hole separation percentage. The argument can be
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supported by the results from EIS measurement under UV illumination (see Figure
7.12). It is well established that EIS is very effective for investigation of the
properties of the electron transfer process across the TiO2-electrolyte interfaces under
light

46

. The smaller impedance arc radius in Nyquist plots indicates the faster

electron transfer 46. Figure 7.12 shows the Nyquist plots of the TiO2 and CNTs/TiO2
photoanodes. It was found that the arc of CNTs/TiO2 thin film was much smaller
than that of pure TiO2 thin film, which suggested that the CNTs/TiO2 photoanode
displayed a smaller resistance than TiO2 photoanode at the TiO2-electrolyte interface.
The impedances of the TiO2 and CNTs/TiO2 films are measured as around 1062 Ω
and 556 Ω, respectively. In other words, the electron transfer ability of the
CNTs/TiO2 photoanode is better than that of the pure TiO2 photoanode.

700
TiO2 photoanode

600

CNTs/TiO2 photoanode

-Z'' (ohm)

500
400
300
200
100
0
0

100 200 300 400 500 600 700

Z' (ohm)

Figure 7.12 Nyquist diagrams of the TiO2 and CNTs/TiO2 photoanodes under
illumination.

Thus, it can be concluded that at a given concentration of an organic compound,
more sensitive response in inet can be obtained at the CNTs/TiO2 photoanode than
with the pure TiO2 photoanode. This could be mainly due to the introduction of
CNTs, which leads to the improved adsorptivity to organic compounds, increased
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absorption of UV light and improved electron transport and collection efficiency.
The incorporation of the CNTs into the TiO2 has led to larger detection current and
higher sensitivity.
7.4

Conclusion

CNTs/TiO2 photoanodes and pure TiO2 photoanodes (as the control) were prepared,
characterized and used for the detection of organic compounds. The CNTs have been
successfully incorporated into the TiO2 nanostructure during the fabrication process
of CNTs/TiO2 photoanodes. The TiO2 particles on the resultant photoanodes have
anatase and rutile mixed phases. The introduction of the CNTs into the TiO2
increased the absorption of UV light, enhanced the hydrophilicity of the TiO2 surface
and improved the electron collection efficiency. When the CNTs/TiO2 photoanode
was used for detecting organic compounds, the net photocurrents were directly
proportional to their concentrations. In comparison with the pure TiO2 photoanodes,
the CNTs/TiO2 photoanodes have the advantages of high sensitivity and low
background current for the determination of organic compounds in aqueous solutions.
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CHAPTER 8 A LOW COST UNIVERSAL PHOTOELECTROCHEMICAL
DETECTOR FOR ORGANIC COMPOUNDS BASED ON
PHOTOELECTROCATALYTIC OXIDATION
8.1

Introduction

Flow injection analysis (FIA) and high performance liquid chromatography (HPLC)
have become two of the most common analytical techniques in many fields, such as
in pharmaceutical, environmental, forensic, clinical, food, flavour sciences and
relative industries

1-4

. The availability of a large variety of detectors supports the

applications of the FIA and HPLC. The detectors can be classified into specific or
non-specific (i.e., universal) detectors 5. Nowadays, the most common detectors,
such as UV-Vis detectors, photodiode array detectors, amperometric electrochemical
detectors, fluorescent detectors, are specific detectors, only giving response to the
specific properties of the analytes. Mass spectrometry (MS) detectors and reflective
index detectors (RID) are more universal. But the MS detectors are extremely more
expensive and are not sensitive to low molecular weight compounds

1

while RID

commonly has unsatisfactory sensitivity 6. Low cost and sensitive universal detectors
are ideal for chromatographic application. In this regards, the flame ionization
detector (FID) for gas chromatography (GC) is a good example. The development of
low cost and sensitive universal detectors is much needed to expand the applications
of FIA and HPLC.
Since the discovery by Fujishima and Honda in 1972 of water cleavage using TiO2
film photoanode under an anodic potential bias and UV illumination 7, considerable
research efforts have been devoted to the development of high efficient TiO2 film.
TiO2 films have been widely studied as sensors for various gases, such as H2, O2, CO,
NOx, ethanol, acetone, liquefied petroleum gas, and toluene
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combined with the immobilization of enzyme, TiO2 based biosensor can be applied
in determination of glucose with high sensitivity and fast response time 11. It also has
been reported that TiO2 films can be used for sensing of different ions, including pH
sensing with TiO2/SiO2/Si structure

12

, and mercury ions determination with the

molecularly imprinted TiO2 thin film 13.
The most significant attraction for TiO2 photocatalyst is the strong oxidation power
of the TiO2 photoanode. It is well-established that the oxidation power stemmed from
the photohole generated under UV light. Because of this, a wide spectrum of organic
compounds can be stoichiometrically mineralized (see Equation. 1.2).

CyHmOjNkXq+(2y-j)H2O→ yCO2+qX-+kNH3+(4y-2j+m-3k)H++(4y-2j+m-3k-q)e(1.2)
The number of electrons captured in this process is the oxidation number (n = 4y-

2j+m-3k-q). When the electrochemistry technique is combined with photocatalysis,
the oxidation power of the TiO2 thin film can be dramatically enhanced.
Electrochemical instrument such as potentiostat can not only provide electric field to
suppress the recombination of photoelectron and photohole (and improve the
oxidation efficiency further), but also measure the photocurrent generated from this
process for quantitative analysis 14.
The photocatalytic oxidation property at the TiO2 surface has been incorporated into
detectors for application in HPLC 15. Fox et al. attempted to develop a flow-through
photoelectrochemical detector for HPLC. UV illumination source was used to initiate
a photoelectrocatalytic oxidation reaction to detect organic compounds. The
detection limits for aniline, benzaldehyde and benzyl alcohol were 1.6 µg, 4.9 µg and
210 µg, respectively

15

. However, this detector has limited application due to the

following factors. Firstly, this TiO2 electrode can react with hydroxylic elluents such
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as water and methanol leading to extremely high background current 15, which limits
its applications in reversed-phase HPLC. Secondly, this system has high building and
maintenance cost due to the use of mercury lamp as the UV light source. Thirdly, the
instability of the mercury lamp can commonly distort analytical signals and results in
noisy response. Brown et al. reported a photoelectrochemical detector for HPLC
which was based on the TiO2 wire electrode along a cylindrical electrochemical cell
16

. It could detect a variety of organic compounds including amines, aromatic

alcohols, hydroquinones, aldehydes and furans, but could not sensitively detect
sugars, alphatic ketones and aliphatic esters due to the insufficient power of the TiO2
electrode 16.
In this chapter, a photoelectrochemical detector (PECD) will be developed to
determine organic compounds universally for FIA and HPLC systems. This will be
based on the photoelectrocatalytic oxidation reaction of organic compounds at the
TiO2 nanostructured photoanode (see Equation 1.2). A low cost, long-life and small
UV-LED was used to provide UV illumination instead of expensive, instable and
high running cost xenon lamp or mercury lamp

17-19

. To optimize the analytical

performance of the detector, the effects of important experimental parameters, such
as applied potentials, light intensity, flow rate and injection volume, on the analytical
signals were systematically investigated using pure organic compound in the FIA
system (i.e., FIA-PECD). The analytical principle of this universal detector was
demonstrated by measuring various types of organic compounds, and the analytical
performance of the FIA-PECD was evaluated under the optimized experimental
conditions. To illustrate the advantage of the PECD over the conventional HPLC
detector (e.g. UV-Vis detector), the PECD was coupled with a HPLC system (i.e.,
HPLC-PECD) and used to determine the sugars separated by the HPLC reversedphase column.
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8.2
8.2.1

Experimental
Chemicals and Materials

D-glucose, sucrose, fructose, tryptophan, glycine, threonine, propionic acid, butyric
acid, maleic acid, oxalic acid, and phthalic acid were of analytical grade and
purchased from Sigma-Aldrich without further treatment prior to use. All other
chemicals and materials were the same as Section 2.2.1.
8.2.2

Preparation of TiO2 Colloid and TiO2 Photoanodes

The TiO2 colloid was synthesized according to Section 2.2.2.1. The preparation of
the nanostructured TiO2 photoanodes was the same as Section 2.2.2.2.
8.2.3 Apparatus and Methods
The PECD was a three-electrode thin-layer cell with a quartz window for UV
illumination (see Figure 8.1). The TiO2 photoanode, a saturated Ag/AgCl electrode
and a platinum mesh were used as the working electrode, reference electrode and
counter electrode, respectively. The flow path and the photoelectrochemical reaction
zone were confined by a spacer (see Figure 8.1). The thickness of the spacer was 0.1
mm, and the diameter of the quartz lens was 5 mm. CS300 Electrochemical
Workstation (Huazhong University of Science and Technology, Wuhan, China)
coupled to a computer (DCNE, Dell Inc.) was used for application of potential bias
and recording potential and current signals. Illumination was carried out using UVLED (NCCU033, Nichia Corporation). The output UV light intensity was measured
at 365 nm wavelength using a UV irradiance meter (UV-A Instruments of Beijing
Normal University).
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Figure 8.1 Schematic diagram of the PECD.

The HPLC system consisted of a Model LC1120 HPLC pump (GBC, Australia) and
a Model 7725i injector (Rheodyne, USA). HPLC mobile phase (i.e. water) was
degassed and filtered before use with 0.45 μm × 47 mm Nylon 66 membranes
(Supelco, USA) and a solvent filtration kit (Synthware). The samples were degassed
before injection. The sample was injected into a sample loop (20 μL) by a 100 µL
Unimetrics syringe (Unimetrics, USA). The sample was filtered prior to injection
with a 0.45-μm Millipore disposable filter (Millipore Corp., USA). The HPLC
column utilized in this study was a Develosil 5μ RP-Aqueous C30 250 mm × 4.6 mm
i.d. stainless steel column (Phenomenex, USA) with a 10 mm × 4.0 mm i.d. guard
column. In comparison of the analytical performance, a UV-Vis detector LC 1200
(GBC, Australia) was used.
In order to minimize the electric resistance of the thin-layer cell, a NaNO3 solution
was used as supporting electrolyte at the thin-layer photoelectrochemical reaction
zone. In the FIA system (see Figure 8.2), a 2.0 M NaNO3 solution was used as the
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carrier and for preparing samples. For HPLC analysis (see Figure 8.3), the solution
eluted from the column was mixed with 4.0 M NaNO3 solution in a reaction coil
before reaching the photoelectrochemical reaction zone.

Sample
PECD

Waste

Injector
Pump

Electrochemical
workstation

Electrolyte
(2M NaNO3)

Computer

Figure 8.2 Schematic diagram of the FIA-PECD system.

Sample
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HPLC
pump

Mixing
coil

PECD

Pump
Electrochemical
workstation

Mobile phase
(e.g.H2O)

Electrolyte
(4M NaNO3)

Computer

Figure 8.3 Schematic diagram of the HPLC-PECD system.
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8.3
8.3.1

Results and Discussion
Analytical Principle

In this chapter, the photocurrent generated at the TiO2 photoanode was measured at
+0.3 V vs Ag/AgCl by the electrochemical workstation. When the UV-LED was not
switched on, in the presence or absence of organic compounds, the electrochemical
current was almost zero. This is because the photocatalytic oxidation of organic
compounds (i.e., Equation 1.2) and water was not activated.

Photocurrent (μA)

35

isample
30

Q = ∫ inet dt

25
20

iblank

15
40 45 50 55 60 65 70 75 80 85

Time (s)

Figure 8.4 The measurement of the charge, Q, generated from the oxidation of the
organic compound at the PECD.

When the UV-LED was switched on, the TiO2 photoanode was under the constant
illumination of 18 mW/cm2 UV light of 365 nm. A constant photocurrent (iblank) of ca.
15 µA was observed for the blank solution (see Figure 8.4). iblank is resulted from the
photoelectrocatalytic oxidation of water. When the sample containing organic
compounds was injected and flowed through the thin-layer cell, a typical
chromatographic peak was observed (see Figure 8.4). The current (i.e., isample)
consists of two parts, one is the photoelectrocatalytic oxidation of water, (i.e., iblank),
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and the other is the photoelectrocatalytic oxidation of organic compounds (i.e., inet).
Because the concentration of water is constant, iblank can be considered constant. inet
is therefore can be calculated by subtracting iblank from isample, i.e.,

inet = isample - iblank

(8.1)

The charge (Q), generated from the oxidation of the organics, can be obtained by
integration of inet with time (see the shaded area in Figure 8.4), i.e.,

Q = ∫ inet dt

(8.2)

If the injected organic compound is completely mineralized according to Equation
1.2, the theoretical charge (Qtheoretical) can be calculated using Faraday’s law, i.e.,

Qtheoretica l = nFVC

(8.3)

where n, F, V, and C are oxidation number, Faraday constant, reactor cell volume
and molar concentration of the injected sample, respectively.
Because the sample solution flows through the thin-layer cell continuously during the
determination process, it can be expected that the organic compounds in the solution
can be partially oxidized. The oxidation percentage (α) can be defined by Equation
8.4, where Q is the amount of electrons captured during the detection process, and

Qtheoretical is the theoretical charge required for the complete oxidation of the injected
sample.

α = Q / Qtheoretical

(8.4)

The relationship between measured charge Q and analyte concentration C can be
represented by Equation 8.5 which was obtained by combining Equation 8.3 and
Equation 8.4.
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Q = α ⋅ Qtheoretical = α ⋅ nFVC = kC

(8.5)

During the FIA and HPLC analysis, if the light intensity, applied potential, flow rate
and injection volume are well controlled, α can be considered as a constant in a
certain concentration range. If these conditions are achieved, the Q will be directly
proportional to C as indicated in Equation 8.5.
8.3.2

Optimization of the PECD

In the optimization experiments, the PECD was connected with a simple FIA system
including a peristaltic pump and injector, which formed a FIA-PECD system (see
Figure 8.2).
8.3.2.1 Effect of Applied Potential Bias
The recombination between photogenerated electrons and holes in semiconductor
particles is one of major limiting factors for the photocatalytic oxidation process 20, 21.
If the photogenerated electrons are drawn from the semiconductor valence band, the
efficiency of oxidation (i.e. reaction with holes) at the semiconductor-electrolyte
interface will be improved and the sensitivity of the PECD will be improved as well
22

. The optimization of potential bias can improve the oxidation efficiency and ensure

the maximum capture of photoelectron. The latter issue is essential for the detections
since the analytical signal (Q) depends on the amount of electrons captured 14.
Figure 8.5 shows the effect of applied potential bias on the measured charge Q. Q
increased with the applied potential and then levelled off when the applied potential
was over +0.1 V. Within the applied potential range of -0.3 V to +0.1 V, the
analytical responses increased because the increased applied potential was beneficial
to the separation of photogenerated holes and electrons and the photoelectron
removal process was the rate-limiting step in the photoelectrocatalytic oxidation
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process

14, 23, 24

. When the applied potential was more positive than +0.1 V vs

Ag/AgCl, the photoelectron removal process was no longer the limiting step. Instead,
the rate-limiting step in the photocatalytic oxidation process was the interfacial
reactions

14

, and the maximum electron capture was obtained, consequently, the

amount of the captured electrons was insensitive to the applied potential. Therefore,
in order to capture maximum electrons in the detections of different organic
compounds while avoiding electrochemical reactions, the applied potential bias of
+0.3 V vs Ag/AgCl was selected for the rest of the experiments.
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Figure 8.5 Effect of the potential bias on the measured charge of 200 µM glucose at
the PECD.

8.3.2.2 Effect of Light Intensity
Figure 8.6 displays the effect of UV light intensity on the Q values. When the light
intensity was less than 18 mW/cm2, there appeared to be a linear increase of Q with
increased light intensity. This can be explained by the fact that at low light intensity,
the increase of light intensity enhanced the production of photo holes and therefore
oxidation percentage. In other words, higher ratio of organic compound was oxidized
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and subsequently led to higher Q value due to the increased light intensity. When the
light intensity was over 18 mW/cm2, the Q value was relatively saturated. When the
light intensity increased and exceeded to a threshold value (in this case 18 mW/cm2),
the sufficient supply of photoholes caused the depletion of the organics so much that
the mass transport of the organics from the solution to the TiO2 surface became an
limiting factor. Therefore, further increases in light intensity did not produce obvious
enhancement in the analytical responses

16

. Furthermore, too high intensity of UV

light may produce air bubbles via the water splitting reaction, which will affect the
analytical signal seriously. Therefore, the light intensity of 18 mW/cm2 was selected
for the rest of the experiments.

55
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Figure 8.6 Effect of UV light intensity on the measured charge of 200 µM glucose at
the PECD.

8.3.2.3 Effect of Flow Rate
Flow rate plays an important role on the sensitivity of the PECD. The residence time
of the sample at the photoelectrochemical zone changes upon the variation of the
flow rate 25, 26.
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Figure 8.7 (a) Effect of flow rate on the Q-C relationship; (b) Effect of flow rate on
the oxidation percentage at different concentration of glucose at the PECD.

Figure 8.7a shows the Q-C relationships obtained under different flow rates. All the

Q-C relationships in the tested flow rate range were linear, i.e., the Q values were
directly proportional to the glucose concentrations C at a constant flow rate. Figure
8.7b indicates that the oxidation percentage was constant for all glucose
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concentrations at all flow rates. This validates the analytical principle of the proposed
analytical method (Equation 8.5). Figure 8.7a also shows that the slopes of the Q-C
calibration curves increased with the reduced flow rates. In other words, slow flow
rates were in favour of high sensitivity. Slower flow rate led to longer contact time
for the organics and TiO2; therefore, higher oxidation percentage can be expected
(see Figure 8.7b). Figure 8.7b shows that, for the samples with the same glucose
concentration, a faster flow rate resulted in a lower oxidation percentage. In order to
enhance the sensitivity of the detector, a slower flow rate was therefore preferred in
the FIA system. However, too slow flow will lead to the problem of small sample
throughout and peak-widening effect. Herein, the flow rate of 0.3 mL/min was
selected as the optimum flow rate for the experiments in the FIA-PECD system.
8.3.2.4 Effect of Injection Volume
The dependence of the Q on the sample injection volume is shown in Figure 8.8,
which depicts the Q-C relationships for the injection volumes of 14, 64, 80 and 100
µL. For all the injection volumes, all the Q-C relationships were linear. It can be also
seen that the slopes of the Q-C calibration curves in Figure 8.8 became larger as the
injection volume increased. It means that an augmentation of injection volume
resulted in a higher sensitivity. That is because that a larger injection volume under a
constant flow rate led to a longer contact between the organic compound and the
TiO2 surface, and hence a larger amount of organics was oxidized, then a higher Q
was obtained. All these observation validates the detection principle regarding the
sample volume (i.e., Equation 8.5). It is therefore expected that the increase of the
injection volume can boost the sensitivity of the PECD. However, a large injection
volume may exceed the linear range of PECD and may be also out of the separation
capacity of the HPLC column, especially when the sample contains high
concentration of organics. If the injection amount of organics is too large for the
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PECD, the oxidation percentage (α) will decrease and consequently Equation 8.5 is
no longer valid. In other words, the obtained Q will not be proportional to C. In view
of the aforementioned factors of the injection volume, relatively small injection
volumes of 14 and 20 μL was selected for the experiments in the FIA-PECD and
HPLC-PECD systems, respectively.
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Figure 8.8 Effect of injection volume on the Q-C relationship at the PECD.

8.3.3

The Overall Performance of the FIA-PECD System

In order to demonstrate the PECD can be used to detect various types of organic
compounds universally, the performance of the PECD was evaluated by testing
different classes of organic compounds in the FIA system under the above optimized
experimental conditions. The tested organic compounds included sugars, amino acids,
straight chain carboxylic acids, aliphatic alcohol, and aromatic carboxylic acid (see
Figure 8.9). Figure 8.9 shows that linear relationships were obtained between the
measured charge Q and the molar concentration C for all the tested organic
compounds. This validates the Equation 8.5 where the Q is directly proportional to
the molar concentration for different organic compounds, which suggests that this
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PECD is capable of being a universal detector for a wide spectrum of organic
compounds.
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Figure 8.9 Determination of different organic compounds at the PECD.
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Figure 8.10 Responses of the glucose samples (100, 300 and 500 μM) obtained from
the FIA-PECD.

Under the optimized conditions, glucose and sucrose were used as the representative
organic compounds to evaluate the analytical performance of the PECD because they
are not commonly detected by the most often-used HPLC detector (i.e. UV-Vis
detector). Figure 8.10 displays the typical well-defined and reproducible analytical
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signals for the injections of the samples containing 100, 300 and 500 μM glucose.
The relative standard deviations (RSD%) of six replicate injections of 100 μM
glucose and sucrose were 3.20% and 3.23%, respectively. The linear ranges for
determination of glucose and sucrose were 25-600 μM and 25-500 μM, respectively,
with the detection limit of 10 μM for both sugars.
8.3.4

Determination of Sugars with the HPLC-PECD System

Sugars are one of the important substances that can store energy in vivo, relate to
various metabolisms, act as a material of body structure, and are relevant to clinical
practice

27

. The determination of sugars is of great importance since sugars exist

widely in many foods and beverages, and are often used within the fields of biology,
nutrition, food and pharmaceutical industries

28-30

. Commercially available detectors

such as fluorescence and UV-Visible detectors are usually used for the analysis of
sugars, but the sensitivity is limited due to lack of chromophores and fluorophores in
these compounds

28, 31

. Other detectors, such as differential refractive index

evaporative light scattering detectors

29

32

and

, also suffer from poor sensitivity, poor

specificity of detection and considerable drift

31

. The electrochemical detection of

sugars was employed to achieve a low detection limit at a low cost. However, the
etching of the electrode surface and the loss of activity of the electrode surface exist
in the pulsed amperometric detection and constant potential amperometric detection
respectively, which limit their applications 28.
In this chapter, the PECD was introduced for the determination of sugars to
demonstrate its feasibility and compatibility with HPLC system. According to the
results obtained from the FIA-PECD system, the PECD has potential to be a detector
for HPLC, i.e., HPLC-PECD.
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Most of the experimental conditions from the FIA-PECD system can be employed
directly to the HPLC-PECD system, e.g., the applied potential bias and the light
intensity. Some of the experimental conditions, such as flow rate need to be
optimized specially for HPLC system. In particular, a flow rate of 1.1 mL/min for the
4.0 M NaNO3 supporting electrolyte used in the HPLC-PECD was faster than that of
0.3 mL/min in the FIA-PECD system. It was observed that the photocurrent was
lower and a lot noisier at a slow flow rate (e.g. 0.3 mL/min) than that at a faster flow
rate (e.g. 1.1 mL/min) in the HPLC-PECD system. This might be due to the
advantages brought by the fast flow rate. The faster flow rate is beneficial for better
mixing effect for the HPLC eluted solution and 4.0 M NaNO3 supporting electrolyte
in the mixing coil. Also the fast flow rate provides higher pressure within the PECD
and therefore better contact for the solution and the TiO2 surface. Consequently,
more stable and higher iblank was obtained. In order to obtain better analytical signal
quality, a flow rate of 1.1 mL/min was selected for the HPLC-PECD system.
Figure 8.11 displays the typical response for sugars obtained from the HPLC-PECD
system. According to the retention time analysis of the single pure compound, the
retention time of glucose was shorter than that of sucrose under the same
experimental conditions. Thus, for the analysis of the mixture sample in Figure 8.11,
the first peak was for glucose while the second peak was for sucrose. Figure 8.12
gives the calibration curves for glucose and sucrose using the PECD. It can be seen
that the linear relationships between Q and C were obtained in the range of 7.5-200
mM for both glucose and sucrose. In addition, the detection limit for both glucose
and sucrose was 1 mM, and the RSD% of six replicate injections of 40 mM glucose
was 4.56%.
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Figure 8.11 Typical responses of a sugar mixture obtained from the HPLC-PECD
system. Mobile phase of the HPLC is water with a flow rate of 0.5 mL/min and an
injection volume of 20 µL Peak 1. glucose (60 mM); Peak 2. sucrose (30 mM).
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Figure 8.12 Calibration curves of the glucose and sucrose obtained from the HPLCPECD system.

Under the same HPLC experimental conditions, UV-Vis detector (at 190 nm)

33, 34

was used to detect the sugar mixture samples for comparison (see Figure 8.13). The
linear ranges for glucose and sucrose at UV-Vis detector were 7.5-60 mM and 7.5 40 mM for glucose and sucrose, respectively (see Figure 8.14). This suggests that
PECD had wider linear range than the UV-Vis detector. Moreover, the detection
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limits for both glucose and sucrose for the UV-Vis detector were 3 mM which were
less sensitive than that of the PECD.
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Figure 8.13 Responses of a mixture of sugars at the UV detector connected with
HPLC system. Mobile phase on HPLC is water at 0.5 mL/min, 20-µL injection, UV
detector 190 nm. 1. glucose (60 mM); 2. sucrose (30 mM).
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Figure 8.14 Relationship between the UV response and the concentration of sugars
at the UV detector connected with HPLC system.
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8.4

Conclusion

A low cost and efficient PECD for FIA and HPLC was developed. The analytical
principle was validated by quantitative determination of a variety of organic
compounds including sugars, amino acids, straight chain carboxylic acids, aliphatic
alcohol, and aromatic carboxylic acid using FIA. The PECD was successfully
coupled with the HPLC for determining sugars. Compared with the UV-Vis
detection method, PECD achieved a higher sensitivity and larger linear range for
determination of glucose and sucrose. With further optimization of the cell design
and improvement of the TiO2 photoanode, the performance of the PECD can be
improved and it can be expected that the PECD can be commercially available in the
near future.
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9.1

General Conclusions

The primary aim of this thesis was to develop analytical systems based on
nanostructured TiO2 photoelectrocatalysis for determination of organic compounds.
During the course of these developments, various improvements were achieved, such
as the replacement of costly and large size xenon light source with UV-LED as light
source, the design of a portable probe for on-site COD analysis, the synergetic
oxidation for nitrogenous organic compounds, the automation of sensor preparation
using simple and reproducible inkjet printing technique, the introduction of carbon
nanotubes into the TiO2 nanostructure for more sensitive measurement, and the
design of a continuous flow detector of FIA and HPLC.
Firstly, the preparation and characterization of the nanoparticulate TiO2 photoanode
were studied in Chapter 2. The TiO2 colloid was successfully synthesized using the
sol-gel method. The hydrothermal treatment was found to be the most critical step
among the preparation procedures. The particles sizes of the resultant colloid after
hydrothermal treatment increased in comparison with those of untreated particles. By
utilizing the dip-coating technique and calcination processes (450 °C and 700°C),
TiO2 thin film was immobilized on an ITO glass slide, and a 2-layer nanoparticulate
TiO2 thin film photoanode was fabricated. The resultant TiO2 photoanode consisted
of both anatase and rutile phases after the second calcination procedure at 700°C.
Further characterization of the TiO2 photoanode for its photoelectrocatalytic activity
was carried out in photoelectrochemical bulk cell using water as well as two model
organic compounds (KHP and glucose, representing the strong and weak adsorbates,
respectively). It was observed that the steady state photocurrent, obtained from the
photoelectrocatalytic oxidation of water, increased as the UV light intensity
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increased. With regard to the photoelectrocatalytic oxidation of organic compounds,
under a fixed light intensity, the steady state photocurrent increased linearly with the
concentration of organic compounds. Meanwhile, at a given concentration of organic
compounds, the steady state photocurrent increased linearly with the light intensity.
Additionally, in the absence or presence of organic compounds, the steady state
photocurrent was insensitive to the solution pH in the medium pH in the range of 410.
The incorporation of UV-LED into the miniature photoelectrochemical thin-layer
cell for COD determination (UV-LED PeCOD) was validated in Chapter 3. Due to
the low cost, simplicity, low power consumption and long lifetime, UV-LED was a
good candidate replacement of the xenon light as the UV light source in the PeCOD
system.

The

UV-LED

PeCOD

system,

consisting

of

a

UV-LED,

a

microelectrochemical workstation, and a laptop computer, has potential to be
developed as a portable on-site instrument for COD analysis. In order to quantify the
COD values, the UV-LED PeCOD system measured the amount of electrons (Qnet)
captured at a TiO2 photoanode during the exhaustive photoelectrocatalytic oxidation
of organic compounds. The essential experimental parameters, such as light intensity,
applied potential bias, and solution pH, were optimized systematically. A light
intensity of 9.0 mW/cm2 was chosen to ensure the rapid exhaustive oxidation and
minimize photocorrosion and generation of bubbles. When the applied potential bias
was over +0.3 V (vs. Ag/AgCl), Qnet was independent of the applied potential bias,
indicating that all the photoelectrons originated from the photoelectrocatalytic
oxidation of organic compounds were captured and counted under such a potential
bias. It was also observed that the solution pH had no significant effect on Qnet within
the medium pH range (4-10). With these optimized experimental parameters, the
UV-LED PeCOD system was validated with pure organic compounds and artificial
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mixtures. It was found that the COD values measured by this method agreed well
with the theoretical COD values, and a COD detection limit of 0.2 mg/L of O2 and a
linear range up to 300 mg/L of O2 were obtained. Subsequently, real samples were
investigated on the UV-LED PeCOD system and compared with the standard
dichromate method. The measured COD values by UV-LED PeCOD system agreed
favourably with those obtained by the standard dichromate method. Accordingly, the
UV-LED and microelectrochemical workstation was successfully incorporated into
the photoelectrochemical method for COD determination, overcoming the limitations
of the xenon light source and the conventional electrochemical workstation.
Another portable system composed of a photoelectrochemical probe, a UV-LED
light source, a microelectrochemical workstation and a laptop computer was
developed in Chapter 4 for rapid determination of COD (refer to PeCOD probe).
Though both systems in Chapter 3 and 4 had potential for on-site COD analysis, the
non-exhaustive model in the PeCOD probe system was obviously different from the
exhaustive model of the UV-LED PeCOD system. The PeCOD probe system
possessed the advantages of being rapid, low cost, robust, user-friendly and
environmentally friendly. The net steady state photocurrent (inet) was used as the
analytical signal, and the effects of the important experimental parameters on inet
were systematically studied. A medium light intensity of 20 mW/cm2 was selected to
ensure attainment of adequate linear range for COD determination and improve
stability. A potential bias of +0.3 V (vs. Ag/AgCl) was chosen as inet was constant at
the potential bias over +0.1 V (vs. Ag/AgCl), suggesting that 100% photoelectron
collection efficiency was achieved in this case. A medium pH range from 3 to 10 was
recommended in the COD measurement by the PeCOD probe. When different
individual organic compounds and the artificial organic mixtures were employed to
validate the PeCOD probe system, inet was found to be directly proportional to the
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theoretical COD value of the organic compounds. A linear range of up to 120 mg/L
of O2 with a practical COD detection limit of 0.2 mg/L of O2 was obtained with the
PeCOD probe system under the optimized experimental conditions. The COD values
obtained for real sample analyses with the PeCOD probe system agreed very well
with those obtained by the standard dichromate method. Consequently, the PeCOD
probe system was successfully demonstrated for rapid COD analysis.
A synergetic photoelectrocatalytic oxidation effect was proposed and demonstrated
in Chapter 5 for the determination of COD in the samples containing nitrogenous
organic compounds. Some nitrogenous organic compounds (NOCs) were not
oxidized completely by the standard dichromate method though these NOCs
contributed to the consumption of dissolve oxygen in waters or wastewaters, leading
to the underestimation of COD values for the samples containing NOCs. When the
NOC samples were individually analysed by the direct PeCOD method, enhanced
oxidation percentages were obtained for some NOCs (34% for urea, 77% for
nicotinic acid, 73% for nicotinamide). In this case, a synergetic photoelectrocatalytic
oxidation effect was introduced in the PeCOD method. The extent of oxidation
increased to 100% by simply adding a specific amount of glucose into the original
NOC samples. Moreover, this synergetic oxidation only had positive effect on the
TiO2 photoelectrocatalytic oxidation but not on the chemical oxidation by
dichromate.
An improved fabrication technique which was different from the one used in the
other chapters was adopted in Chapter 6, where the TiO2 photoanodes were
fabricated by the inkjet printing technique instead of the dip-coating technique.
Compared with the dip-coating technique, inkjet printing technique offers an
excellent potential for mass production of uniform and reproducible sensors. The
nanostructure of the TiO2 particles was maintained at the resultant inkjet-printed
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TiO2 photoanode according to the SEM results. Moreover, the thickness of the TiO2
thin film could be easily controlled by the number of the printing times. When the
inkjet-printed TiO2 photoanode was introduced as the working electrode in a
photoelectrochemical bulk cell, it was observed that a wide spectrum of organic
compounds could be oxidized indiscriminately on the inkjet-printed TiO2
photoanodes. Utilizing this superior oxidation power and the analytical principle of
PeCOD technology, the inkjet-printed TiO2 photoanode was used for COD
determination with a linear range up to 120 mg/L of O2 and a detection limit of 1
mg/L of O2. In addition, the photoelectrochemical activity of different inkjet-printed
photoanodes from the same pot of TiO2 colloid was more reproducible than that of
dip-coated ones. Therefore, the inkjet printing technique is a promising technique for
mass production of uniform TiO2 photoanodes.
In Chapter 7, in order to enhance the photoelectrocatalytic activity for sensitive
determination, carbon nanotubes (CNTs) were incorporated into the TiO2 colloid,
resulting in CNTs/TiO2 colloid. The CNTs/TiO2 composite photoanodes were
fabricated with the CNTs/TiO2 colloid by the dip-coating technique and the thermal
treatment. It was observed that the CNTs were closely incorporated with the TiO2
nanoparticles, which facilitated electron transport between the TiO2 and conducting
substrate. In regard to the photoelectrochemical activity, different kinds of organic
compounds (e.g. glucose, KHP and phenol) could be oxidized at the composite
photoanodes in a photoelectrochemical bulk cell. The net steady state photocurrent
(inet), as the analytical signal, increased linearly with the concentration of the organic
compounds, suggesting that the composite photoanode could be used as a sensor for
determination of organic compounds. Furthermore, compared with the pure TiO2
photoanode, the CNTs/TiO2 composite photoanode showed higher sensitivity with
lower background current in the determination of organic compounds. This may be
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attributed to the enhanced adsorptivity to organic compounds, increased absorption
of UV light and improved electron transport at the composite photoanode due to the
introduction of the CNTs.
A low cost universal detector based on TiO2 photoelectrocatalytic oxidation was
developed for determination of organic compounds in Chapter 8. This detector is a
simple, small and compact photoelectrochemical detector, and has the advantage of
being non-selective and sensitive compared with the conventional FIA and HPLC
detectors.

Considering

the

practical

applications

as

a

detector,

this

photoelectrochemical detector (PECD) was investigated on the continuous flow
mode (e.g. FIA or HPLC). When the PECD was used in conjuction with the FIA
system, the influence of experimental parameters on the analytical signal (the charge,

Q) were studied systematically, such as the applied potential bias, light intensity,
flow rate and injection volume. Under the optimized experimental conditions, a wide
spectrum of organic compounds gave responses on the PECD. Good linear
relationships between Q and the concentration were obtained for various organic
compounds. Coupled with HPLC system, the PECD exhibited better analytical
performance than that of UV-Vis detector in the determination of sugars.
9.2

Future Works

The outcomes of this work have provided promising platforms for the further
development of various analytical systems for determination of aggregate organic
matter (such as COD) or individual organic compounds. Further studies for future
improvement and development of this work are recommended as follows.
In the current work, TiO2 nanoparticulate photoanodes have been successfully
applied in the COD determination by a photoelectrochemical method. Other TiO2
nanomaterials synthesized and applied in photocatalysis can be adopted for sensing
applications, e.g., photoelectrochemical determination of COD. For example, the
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photocatalytic activities of TiO2 nanosheets 1, nanowires 2, 3, and modified nanotubes
4, 5

and nanoplates

6

have been demonstrated and evaluated for the photocatalytic

decomposition of organic compounds. Some of these nanomaterials, e.g., TiO2
nanotube array sensors, have been employed in the determination of COD

7, 8

.

Compared with TiO2 nanoparticle, other TiO2 nonomaterials may also have large
surface area, good adsorptivity for analytes or strong absorptivity for UV light.
Therefore, the feasibility of other TiO2 nanomaterials (e.g. nanosheets, nanowires,
nanorods, nanoplates) as sensors for photoelectrochemical determination of COD can
be further investigated in the near future.
Equally as interesting is the sensitive determination of the low COD or the low
concentration of organic contaminants which is required in monitoring process and
serves industrial functions (e.g. pharmaceuticals, electronics and power industries).
Total organic carbon (TOC) analysers are currently used in such analyses at the low
concentration range

9-11

because no COD analyser has the required sensitivity.

However, the obtained TOC data show a poor correlation with the actual oxygen
demand of aqueous samples

12

. Moreover, this apparatus is expensive and requires

dedicated personnel for both maintenance and quality control 11. In the current work,
the COD detection limit of 0.2 mg/L of O2 for laboratory synthetic samples was
obtained in both the UV-LED PeCOD system and the PeCOD probe system.
However, the COD determination of real samples below 1 mg/L of O2 is still
problematic and hence further sensitivity improvement is required. In this case, the
composite CNTs/TiO2 photoanode has been developed in Chapter 7 and its enhanced
sensitivity has been demonstrated by the photoelectrocatalytic oxidation of model
organic compounds. Therefore, further optimization and improvement should be
carried out on the development of the composite CNTs/TiO2 photoanodes for the
ultra-sensitive detection of organic compounds, such as modification of the
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preparation method or fabrication technique, adjustment of the addition amount of
CNTs, or introduction of a pre-concentration process.
Besides COD, biochemical oxygen demand (BOD) is another important parameter
for the characterization of waters and wastewaters, which is also capable of
quantifying the organic pollutants in aquatic environment. The BOD analysis
measures the amount of dissolved oxygen needed by aerobic biological organisms in
a body of water to break down organic material present in the sample. BOD is
expressed most commonly in the amount of oxygen consumed during 5 days of
incubation at 20°C (BOD5). In contrast, the COD values measured by the PeCOD
method, which has been developed in the current work, can be obtained readily and
rapidly (i.e. 5 min). Since both BOD and COD are commonly used in water quality
monitoring, it may be very useful if the correlation of BOD and COD is built up. In
this case, in order to figure out the feasibility of calculation and prediction of BOD5
values based on PeCOD data and the correlation of BOD5 and PeCOD, the
relationship between BOD5 and PeCOD for both laboratory synthetic samples and
real samples should be further studied.
The universal photoelectrochemical detector (PECD) developed in Chapter 8 was
applied in the reverse phase HPLC for determination of sugars. The compatibility of
the PECD with other HPLC systems can be further investigated. For example, the
PECD was capable of detecting organic acids, and hence it has the promising
potential of being employed as a detector in the HPLC systems for the separation and
determination of organic acids (e.g. oxalic acid, citric acid, tartaric acid, succinic acid,
formic acid, and acetic acid etc.). Furthermore, the PECD also has the potential to
permit the determination of amino acids without any derivation processes.
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