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Abstract 

This project, prepared in collaboration with Shanghai Jiao Tong University, details a study 

on the modification of monoclinic BiVO4 photocatalyst with gold nanoparticles for the degradation 

of 4-chlorophenol.  It adapts methodologies in the literature for the synthesis of thin film 

semiconductor photocatalyst electrodes and photoelectrochemical characterization techniques, 

including linear sweep and cyclic voltammetry and chopped irradiation chronoamperometry, to 

compare BiVO4 modified with 0.5, 0.75, 1, 2, and 4 wt% gold to its unmodified form.  Additional 

parameters explored were the material of the counter electrode, the electrical potential bias, the 

spectra of illumination, and the addition of hydrogen peroxide.  Analysis of data suggested that 2 

wt% Au/BiVO4 was the most suitable thin film electrode for the degradation of 4-chlorophenol in a 

H2O2-Na2SO4 electrolyte.  Several recommendations for improving the quality of the research are 

then discussed. 
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Chapter 1: Introduction 

Contamination of water by organic pollutants significantly impacts developed and rapidly 

developing regions in the world.  Without proper treatment, they seep into groundwater aquifers, 

rivers, and reservoirs used as water sources.  The slow pace of hazardous waste remediation means 

that the presence of toxic chemical substances from waste effluents and previously contaminated 

sites is a major concern.1 

Mineralization (oxidation of organic compounds to carbon dioxide, water, and other 

inorganic components) by photoelectrochemical methods has been identified as an effective waste 

degradation technique with applications in environmental control technology by semiconductor 

photocatalysis with TiO2 and BiVO4.
1  A supreme challenge for photocatalysis century is the 

development of new catalysts that more efficiently utilize sunlight, a vastly abundant and green 

energy source, to drive chemical reactions of interest to society.  This research has led to great new 

understandings of heterogeneous photocatalysis by metal oxide systems in environments with 

multiple phases.2, 3 

Heterogeneous titanium dioxide photocatalysts are well-studied in the removal of organic 

pollutants from environments and are known to be highly oxidative, inexpensive, non-toxic, and 

chemically stable; however, these advantageous properties are offset by the fact that TiO2 is active 

only under UV light irradiation.  Because ambient light is typically provided by the sun or 

conventional fluorescent lamps, it is desirable to develop visible-light driven photocatalysts that 

demonstrate degradation activity on the order of titanium dioxide.4-7  Bismuth vanadate is one such 

candidate that has shown promising photooxidation capabilities under visible light irradiation.  Its 

activity is typically improved by the loading of transition metals such as silver or gold.6, 8-10  In 

particular, gold nanoparticles are known to strongly absorb visible light due to a surface plasmon 

resonance effect.2 

Nanocrystalline semiconductor thin films exhibit a highly microporous structure with similar 

properties to semiconductor particle suspensions.  The use of an immobilized thin film eliminates the 

need to add semiconductor particles to a reaction mixture and then perform a separation step.  

Developments in designing porous nanocrystalline thin films make it possible to achieve charge 

separation in a semiconductor system with an electrochemical bias.4, 6, 11-13 
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4-Chlorophenol was chosen as a model organic compound.   Chlorophenol compounds are 

used in disinfectant agents and pesticides and are intermediates in the polychlorination of phenol.  

Exposure is most common after water is disinfected with chlorine, wood is bleached, and pesticides 

released to the environment go into water.  High levels of chlorophenols cause liver and immune 

system effects and may lower birth weight but not cause birth defects.14, 15  Mechanisms of 4-

chlorophenol photooxidation have been explored previously.1 

In this report, nanocrystalline bismuth vanadate loaded with varying weight percentages of 

gold nanoparticles were explored in terms of their photocurrents at various potentials and with and 

without visible-light irradiation.  A limited number of 4-chlorophenol degradation experiments were 

run, and recommendations for future experiments were made.  Ultimately, this study will improve 

the understanding of the photoelectrocatalytic degradation of 4-chlorophenol on a metal oxide 

support enhanced by gold nanoparticles. 
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Chapter 2: Background 

Much of the early semiconductor photocatalysis research focused upon the use of titanium 

dioxide (TiO2), which has been investigated quite thoroughly in photocatalytic and mechanistic 

studies
1, 2, 5-12, 16-18

 since its discovery in applications of water electrolysis with TiO2 by Fujishima 

and Honda.
19

  In recent years, alternative photocatalysts have come of interest and many papers on 

the synthesis and characterization of bismuth vanadate (BiVO4) can be found.
4, 5, 13, 20-32

  Of these, 

many have studied the effects of loading transition metals such as gold, platinum, iridium, cobalt, 

and silver onto TiO2 and BiVO4, with indications that the photocatalytic activity is greatly 

enhanced.
2, 3, 6, 8, 9, 20, 22, 23

 

2.1 Motivation for Semiconductor Photocatalysis 

Semiconductor photocatalysis has been applied to water splitting,
13, 25

 electricity production,
3
 

self-cleaning films, oxidation of gaseous and dissolved organic pollutants, biomass conversion to H2 

and CO2,
17

 and selective oxidation reactions of interest to the bulk commodity industry
2
 as well as 

the photodestruction of cells, bacteria, and viruses.
17

  Among the many reactions for which 

semiconductor photocatalysis has been applied, those related to pollution abatement and organic 

waste degradation have garnered a large amount of interest in the research community.  General 

types of hazardous wastes include solvents, halogenated hydrocarbons, pesticides, volatile organics, 

phenols, and dyes.
1, 4, 17

  4-chlorophenol, the probe compound in this project, is a skin and eye 

irritant that is toxic if ingested.
14

  It is created in the production of pesticides, chlorination of 

drinking water, and synthesis of dyes and drugs.
18

  Groundwater contamination is the primary source 

of human contact, and numerous studies have explored 4-chlorophenol as a model compound.
11, 12, 18

 

Many of these organic contaminants can penetrate environmental barriers and enter 

groundwater wells or surface wells after being released in wastewater effluents from industries or 

households.    Military as well as commercial installations have disposed chemical wastes in 

underground storage tanks and dump sites that eventually contaminate the surrounding soil and 

groundwater aquifers.  This slows the conversion of these facilities to civilian or other uses and cost 

billions of dollars and take years to cleanup.
1, 17

 

Semiconductor photocatalytic degradation reactions can serve as alternative or 

complementary processes to more traditional approaches to chemical waste elimination, such as 
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incineration, anaerobic digestion, activated sludge digestion, and conventional physicochemical 

treatments.
1
  Common water treatment technologies adsorb organic pollutants on activated carbon or 

utilize air stripping, which do not destroy the contaminants, and incineration is negatively perceived, 

limiting its use.
16

  Therefore, complete mineralization of organic pollutants to CO2 and inorganic 

acids is desirable; with wide bandgap semiconductors that have high oxidation potentials under 

photoexcitation, this is achievable.   

2.2 Basics of Semiconductor Photocatalysis 

Photocatalysis refers to two distinct mechanisms of catalysis.  In one conceptualization of it, 

it is the acceleration of a photoreaction in the presence of a catalyst whereby the adsorbed substrate 

absorbs light.  In the context of this report, it is photogenerated catalysis, whereby the catalyst itself 

absorbs light and its photocatalytic activity depends on its ability to create electron-hole (e
- 
h

+
) pairs.  

Creation of electron-hole pairs leads to generation of free radicals (such as hydroxyl radicals) that 

are able to undergo secondary reactions.
17

 

In photocatalysis, light acts as an electron pump; atomic or molecular absorption of a photon 

pumps an electron from an almost full valence band to a nearly empty conduction band.    To cause 

such a transition, the wavelength of light must be with energy equal to or greater than the bandgap, 

the difference in energies of the two orbitals or bands.  This excitation results in an electron (e
- 
h

+
) 

pair.  This pair can separate such that the e
-
 transfers to an acceptor species, A, and the h

+
 is filled 

with an electron from a donor species, D: 

         

         

If the electron is pumped through a wire and the above redox reactions are separated, useful 

electrical current can be extracted.
11, 12

  The excited state of charge separation is typically very short-

lived and the charge pairs frequently recombine quickly, emitting heat.
1, 2, 17

  Promotion of this 

separation occurs by introduction of an electric field (when an electrical potential bias is created) or 

a difference in chemical potential (which occurs when A and D are present).  Semiconductor 

immersion in a solution results in charge transfer at the interface due to the difference in electron 

affinities between the two phases.  An electrical field to a depth on the order of one to several 

hundred nanometers is created by this difference.  In an n-type semiconductor, some electrons are in 
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the conduction band, so the field is directed from the bulk of the semiconductor to the interface.
28

  

Photogeneration of an e
- 
h

+ 
pair in this region results in their separation because the electron would 

move towards the bulk of the semiconductor while the hole would move towards the surface.   

A photoelectrochemical cell, as shown in Figure 1, can harness this separation.  Species D 

has an energy level above that of the photogenerated hole at the surface and transfers an electron to 

fill it, oxidizing D.  The excited electron is transferred through a wire connected to the 

semiconductor or a conductive substrate on which it is backed to an inert counter electrode and 

reduces species A.  The overall reaction in this cell comprised of the n-type semiconductor, 

nonphotoactive electrode, and electrolyte is: 

          

 

Figure 1: Basic schematic of a photoelectrochemical cell with an n-type semiconductor.  Note that band bending is indicated. 

Electrons move spontaneously downhill and holes uphill.  Adapted from [17]. 

 An external electrical source would drive the reaction in the uphill direction in addition to the 

electron pump provided by the light.  The photoelectrochemical cell provides on its own the required 

field for e
- 
h

+
 separation as well as the special distance between the products of the photoredox 

reaction, which could potentially react with each other. 
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Figure 2 summarizes the processes involving e
- 
h

+
 pairs upon photoexcitation of a 

semiconductor particle by light greater than the bandgap of the semiconductor.  Upon generation and 

subsequently separation of the charge pairs, competing processes can occur.  Deactivation and 

degradation of light energy into heat occurs with recombination of the charges at the surface (path 

A) or in the bulk (path B).  After diffusing to the surface, interfacial electron transfer occurs.  

Photogenerated electrons reduce the electron acceptor (path C), and photogenerated holes oxidize 

the electron donor (path D).  In a photoelectrochemical cell, the electrons would be drawn through 

the wire and react at the surface of the counter electrode.  The combination of the reactions given by 

path C and path D is the overall redox reaction that can occur in the cell. 

 

Figure 2: Schematic of major processes following e- h+ photogeneration.  Adapted from [17]. 

 From laser flash photolysis experiments, primary processes associated with the 

mineralization of organic compounds via heterogeneous photocatalysis over TiO2 were identified, 

along with their characteristic time domains, shown in Table 1.  >TiOH is the primary hydrated 

surface functionality of TiO2.  The organic compound acts as an electron donor while oxygen is an 

electron acceptor.  Typically, the organic does not undergo direct hole transfer but rather is oxidized 

by a surface-bound hydroxyl radical.  A full kinetic model for these sets of reactions is difficult to 

establish and may vary depending upon the substrate used. 
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Table 1: Processes and characteristic times in TiO2 photomineralization of organics.  Adapted from [1, 17]. 

Two popular photocatalysts are TiO2, which has a bandgap of 3.2 eV in its anatase form,
5, 8

 

and BiVO4, with a bandgap of 2.4 eV.
5, 13, 24

  Numerous others have also been studied and most are 

metal-oxide systems, with different bandgaps and spectrums in which they are photoactive, 

including ZrO2, SiO2, doped forms of TiO2, zeolites, CdS, ZnO, Fe2O3, and WO3.
2, 17

  Wide band 

gap semiconductors such as the commonly studied TiO2 are in general not photocatalytic under 

visible light, which would be a requirement for efficient solar energy utilization.
22

  Consequently, 

materials capable of photoinduced charge separation upon excitation in the visible spectral region 

have garnered intense interest.   

Bismuth vanadate exhibits catalytic photooxidation activity and promising 

photoelectrochemical properties when irradiated at wavelengths less than 520 nm, which 

corresponds to its bandgap of about 2.4 eV, and thus is suitable for applications using natural or 

ambient visible light.
13, 33

  Monoclinic BiVO4 prepared by facile hydrothermal techniques and co-

precipitation reactions appears to be the most photoactive morphology for BiVO4 for a variety of 

organic degradation reactions.
4, 5, 20, 21, 24, 26, 27, 29-32

  Additional requirements for improved 

photocatalysts are better performance, high energy efficiency, environmental benignity (biological 

and chemical inertness), low cost, long lifetime and photostability, and the ability to utilize visible 

and/or near-UV light.
17, 34

 

2.3 Photocatalysts with Metal Nanoparticle Modification 

 Most research on the modification of metal oxide photocatalysts with metal nanoparticles has 

investigated Ag/TiO2, Ag/BiVO4, or Au/TiO2.  Gold modification of BiVO4 has so far been quite 

rare.  In all cases, surface modification of the semiconductor with metal nanoparticles accelerated the 

photooxidation reactions studied.  This is mainly attributed to improvement in the charge-transfer 
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process at the interface of the metal/semiconductor and surface plasmon resonance (SPR).  The SPR 

effect is due to the collective oscillations of the conduction-band electrons in the nanoparticles upon 

resonance with the electric field of an electromagnetic wave (i.e., the incident light shone upon 

them).
2, 6, 9, 10

  Zhu, et. al.
2
 determined that visible light absorption by Au nanoparticles attributed to 

SPR originates from intraband excitation of 6sp orbital electrons while UV light absorption 

originates from interband excitation of electrons from 5d to 6sp. 

Wodka, et al.
9
 report that a common Ag/TiO2 composite system was able to absorb light in 

the whole visible region, with the appearance of optical effects in absorbance spectra attributed to 

the SPR effect.  The potential for oxidation of silver is relatively similar to that of the conduction 

band edge of TiO2; this allows electrons to flow in both directions and enables capture of a hole by a 

silver nanoparticle.  This potential for gold is much less than the conduction band edge of TiO2, so 

the electrons can flow in one direction only; gold nanoparticles deposited at the TiO2 surface can 

become traps for electrons, enhancing the charge separation step of the irradiation response.  

According to Kohtani, et al.,
20

 oxidation of water by valence-band holes on Ag/BiVO4 surfaces 

generates OH radicals, which greatly contributes to organic degradation.   

Chandrasekharran, et al.
8
 determined that Au particles adsorbed on TiO2 films were larger in 

diameter (50 – 70 nm) than particles in solution (5 nm) but still retained similar surface plasmon 

characteristics.  They found a 3-fold enhancement in photocurrent generation due to the Au 

nanoparticles and explained this increased efficiency by the promotion of charge separation within 

the nanostructured TiO2 network and of the interfacial charge-transfer process.  A schematic 

illustrating the mechanism of these improved charge transfer kinetics is shown in Figure 3.  Tian et 

al.
10

 explain that Au nanoparticles are photoexcited due to SPR, and charge separation occurs by the 

transfer of photoexcited electrons from the Au particle to the TiO2 conduction band and 

simultaneously by the transfer of electrons from a donor in the solution to the gold particle.  The 

electrons injected into the TiO2 conduction band can then be drawn through a wire and transferred to 

O2 or another electron acceptor elsewhere in the photoelectrochemical cell. 
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Figure 3: Charge separation in a TiO2 or BiVO4 electrode on optically transparent electrode modified with gold nanoparticles 

upon irradiation and presence of a redox couple.  Adapted from [6, 8]. 

Charge separation at a plasmon-excited metal nanoparticle is accompanied by corrosion or 

degradation of the particle.
10

  Subramanian, et al.
6
 caution that photocurrent measurements and 

photocatalytic degradation experiments employ different experimental conditions, related to the 

length of illumination time.  Photocurrents are measured using short-term illumination, while 

degradation involves long-term illumination; deterioration of the metal/semiconductor interface 

during long-term operation of a photoelectrode likely limits the benefits of metal nanoparticle 

deposition.  In composite films, the oxidation of the metal nanoparticles in the presence of oxidizing 

radicals and valence-band holes disrupts the metal/semiconductor interface but also creates new 

electron-hole recombination centers, such as Au
+
.  Some of these metal ions diffuse into the 

photocatalyst matrix but many recombine with photogenerated electrons, reducing the efficiency in a 

net loss of electrons.  Contributions by these recombination centers are negligible for short-term 

irradiation, but continued irradiation could become detrimental to photocurrent generation. 
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Chapter 3: Methodology 

The overall procedure was as follows.  The catalyst powder was mixed into a slurry of ethyl 

cellulose, ethanol, and terpineol.  This paste was doctor bladed onto the conductive side of FTO 

glass pieces to form the electrode; these electrodes were then heated in a furnance.  The calcined 

electrodes were assembled into an electrochemical cell, with the catalyst side contacting the 

electrolyte solution and the other side exposed to irradiation from a xenon lamp.  Various 

experiments could be performed with or without irradiation and/or filters while potential and current 

through the electrochemical setup and time could be recorded and plotted.  The electrolyte was 

sodium sulfate with 4-chlorophenol and, in a few runs, hydrogen peroxide added.  The 4-

chlorophenol samples were analyzed in a UV-vis spectrometer.  All potentials were measured versus 

the potential of the Ag/AgCl reference electrode saturated with KCl (+0.197 V vs. NHE, normal 

hydrogen electrode).  All water used for preparation of solutions and cleaning of glassware was 

purified by a Hitech-Kflow reverse osmosis deionization (RO DI) water purification unit that 

provided water with a resistivity up to 15 MΩ-cm.  Gloves, safety glasses, and a lab coat were worn 

throughout the duration of all experiments and handling of chemicals.  Data from the 

photoelectrochemical experiments was collected by the potentiostat software and then converted to a 

text format.  These text files were imported into OriginLab 7.5 and Microsoft Office Excel 2007 for 

graphing and analysis. 
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Figure 4: Schematic of the overall methodology 

3.1 Synthesis of Catalyst Paste 

Monoclinic BiVO4 powders were synthesized according to the description of Kohtani, et al.4, 

5  Aqueous equimolar Bi(NO3)3 and NH4VO3 solutions (0.4 M) containing HNO3 (1.84 M) were 

prepared separately. After 100 mL each of these two solutions were mixed, 7.5 g of urea was added.  

The mixed solution was then stirred at 90°C for eight hours. The BiVO4 precipitation formed by the 

hydrolysis was washed by water, filtered, and dried at 45°C. 

The bismuth vanadate was modified with gold nanoparticles using a gold precursor of 

chloroauric acid (HAuCl4).  The preparation was performed by deposition-precipitation with urea.  

Usually, BiVO4 powder (1 g) was dispersed into 0.42 M urea solution with a desirable amount of 

HAuCl4 aqueous solution (4 g/100 mL water) was added to achieve the desired gold content (0.5 
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wt%, 0.75 wt%, 1 wt%, 2 wt%, or 4 wt%).  This suspension was sonicated for 30 minutes and then 

stirred in a water bath at 90°C for four hours in a sealed flask.  The resulting precipitate was 

collected, washed with water, and dried.  Finally, Au/BiVO4 was obtained by calcinations at 300°C 

for two hours.  

To prepare a paste of the appropriate powder, ethyl cellulose (0.2 g) was mixed into ethanol 

(2 mL) over five minutes.  The catalyst powder (1 g) was added along with terpineol (1 mL) and the 

resulting mixture was mixed for another five minutes using a glass stirring rod. 

3.2 Preparation of FTO Glass Electrode 

Fluorine-doped tin oxide coated glass (FTO glass), a transparent and conductive substrate, 

was used as the catalyst support and electrode.  The conductive side was identified by a finite 

reading by a multimeter on a resistance setting.  Electrodes were measured into the appropriate 

dimensions with a ruler and then scored once on the nonconductive side at the correct intervals with 

a diamond-edge cutter.  They were separated by placing the small end between two stiff, flat 

surfaces and snapping off the larger end.  The electrodes were handled with plastic tweezers and 

placed into separate covered weighing dishes and cleaned.  They were sonicated in water and soap 

for ten minutes, then again in ethanol, and once more in acetone, with triple rinses with water in 

between each sonication step.   The electrodes were then dried under an infrared lamp. 

The thin film electrode was prepared by doctor blading the catalyst paste onto the conductive 

substrate of the electrode with a glass stirring rod.  A thin strip at the top of the electrode was left 

bare so that a copper wire could be attached to create the working electrode in the electrochemical 

setup.  It was necessary to calcine the electrodes in order to remove the volatile organics and 

promote the adsorption of the catalyst film on the FTO glass.  The electrodes were calcined in 

alternating periods of temperature ramps and of constant temperature.  The rate of temperature 

change was 5°C/min, and the calcinations program lasted 305 min, or about 5 hours.  The 

temperature-time profile is shown in Figure 5.  Figure 6 shows BiVO4 electrodes before and after 

calcination. 
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Figure 5: Temperature-time profile of the electrode calcination program 

 

Figure 6: Left: Bismuth vanadate in a vial and doctor bladed on three FTO glass electrodes; right: the same electrodes after 

calcination. 

3.3 Assembly of Electrochemical Cell 

 The electrochemical cell was made of plastic with a removable top and a circular opening 

towards the bottom of the front.  The cell was covered in construction paper to limit the exposure of 

light to the contents.  The top had ports for the counter electrode, reference electrode, and gas 

bubbler.  The working electrode (FTO glass) was sandwiched between an O-ring in the groove 

around the front opening and a plastic plate that could be secured and tightened by screws or 

wingnuts.  The electrode and openings in the cell and the plate were aligned so that the catalyst layer 

in contact with the electrolyte solution would be exposed to light irradiated from a xenon lamp with 

an infrared filter to avoid overheating. 
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 Once the electrode was secured in place, the electrochemical cell was filled with the 

appropriate electrolyte solution; care was taken not to create bubbles in the channel in front of the 

working electrode.  The cell was covered with its top, and the reference electrode, Ag/AgCl 

saturated with KCl, and the counter electrode, Pt wire, were inserted into the cell.  If necessary, a 

syringe needle connected to a gas line was inserted into the cell in order to sparge nitrogen into the 

electrolyte solution.  The cell was placed onto a stand with an adjustable height in front of a 500-W 

xenon lamp at a distance of 10 ± 0.1 cm, measured from the front filter of the lamp to the center of 

the working electrode.  The electrodes were connected to the potentiostat by wires with alligator 

clips. 

 Two different electrochemical cells were used.  When the electrodes were being 

characterized in 0.5 M Na2SO4, a larger cell with a front hole of area 0.785 cm
2
, was used.  

However, when 4-chlorophenol degradation experiments were carried out in 0.5 M Na2SO4 and 10 

mg/L 4-chlorophenol, a smaller reactor with a larger opening in the front, of area 1.77 cm
2
, was 

found necessary.  The xenon lamp was always operated at 20.0 A, and a cooling fan was directed at 

the cell in order to prevent significant heating. 

 Upon completion of experiments with the electrochemical cell, it was disassembled and all 

parts and electrodes were triple rinsed with water.  It was found that a white precipitate would form 

if the electrolyte solution was left in the cell. 

 

Figure 7: Pictures of the electrochemical cell.  From left to right: The large electrochemical cell with no electrodes; the same 

cell fully assembled; the small cell with a bismuth vanadate electrode in place after the electrolyte was left to sit in the cell 

overnight. 
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3.4 Characterization 

The filters used were 420 nm, 490 nm, 535 nm, 600 nm.  The 535 nm and 600 nm are above 

the wavelengths of light absorbed by bismuth vanadate, so any activity observed should be due to 

the gold nanoparticles.  When the platinum-wire counter electrode was replaced by a graphite 

electrode or when the FTO glass was pre-treated with TiCl4 (to reduce background noise), there were 

no significant changes in the photocurrent measurements.  When a potential is applied, there is 

usually a built-in delay before the current is recorded in order to allow the system to equilibrate.   

3.4.1 Linear Sweep Voltammetry 

 In linear sweep voltammetry (LSV), an initial potential is applied and then increased linearly 

at a constant rate until a final potential is reached.  The current is recorded, and current versus 

potential graphs are generated.  All linear sweep voltammograms were generated in 0.5 M Na2SO4 

by sweeping from -0.5 V to 1.2 V (vs. Ag/AgCl) with a scan rate of 0.05 V/s after an initial two 

second delay and with data recorded every 0.001 V at a sensitivity of 0.001 A/V.  For a given sample 

and filter, an LSV was produced with no illumination (“dark” LSV) and then with irradiation.  The 

dark LSV indicates the level of background current present in that experimental setup; the 

illuminated LSV should be compared to the dark LSV to determine the level of photocurrent induced 

by the illumination.  For one sample, BiVO4, a cyclic voltammetry (CV) was performed; it scanned 

between -0.5 V and 0.5 V (vs. Ag/AgCl) with the other settings identical to those for the LSVs.  The 

CV swept forward and backward for 10 cycles. 

3.4.2 Chronoamperometry 

In chronoamperometry (CA), a constant potential is applied and the transient photocurrent is 

measured over time.  This was performed in 0.5 M Na2SO4 under chopped irradiation of unfiltered 

visible light from the xenon lamp in order to elucidate information on the rates of the electron-hole 

transfer processes.  By removing an aluminum shield in front of the lamp, the cell was irradiated for 

5 seconds.  After irradiation, the lamp was again shielded.   The potentials that were probed were 0.2 

V, 0.5 V, -0.2 V, and -0.4 V (in that order), with a sensitivity of 0.001 A/V and sample interval of 

0.001 s after an initial delay of five seconds. 
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3.4.3 Degradation of 4-Chlorophenol 

 Degradation of 4-chlorophenol was carried out in a solution of sodium sulfate and 4-

chlorophenol.  Solutions were prepared from a stock solution of 1 g/L 4-CP and 1 M Na2SO4.  In the 

case where 5 mM or 10 mM H2O2 was also present in the solution, a 0.1 M H2O2 stock solution was 

used.  The small electrochemical cell was thus filled with 40 mL of 0.5 M Na2SO4, 20 mg/L  4-CP, 

and 0, 5, or 10 mM H2O2.  A constant potential of 1.0 V (vs. Ag/AgCl) was applied through a one-

hour long chronoamperometry program under constant irradiation.  For one sample of BiVO4, 

another program was tested:  applied -0.2 V for 300 s and then 1.0 V for 900 s and repeated this 

cycle 3 times per hour.   At the hour, the lamp was shielded, and an approximately 1.5 mL sample 

was drawn off from the solution using a syringe that was thoroughly washed between uses.  These 

samples were stored in labeled vials in a dark refrigerator to be tested later.  Then this process was 

repeated for a total of four hours of degradation.  The experimental setup is displayed in Figure 8. 

 

Figure 8: The experimental setup for 4-chlorophenol degradation. 

 Immediately following the completion of the experiment, the absorbance of each sample was 

taken in a quartz cuvette against a blank of 3 mL of 0.5 M Na2SO4.  The absorbances over the 

wavelength range of 200 nm to 700 nm were determined, with the region 210 nm to 310 nm being 

the most important to features exhibited by 4-chlorophenol.  The strongest peaks can be seen at 230 

nm and 280 nm. 
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3.4.4 SEM 

Surface morphology was imaged by scanning electron microscopy.  Due to limited time, 

SEM images were taken only for one of each of the following: 0 wt%, 0.5 wt%, 1 wt%, and 2 wt% 

Au/BiVO4.  These were recorded at various magnifications 200-200000x, as shown in Table 2, with 

an accelerating voltage of 5.00 kV on a FEI Sirion 200 Field Emission SEM. 

Table 2: Magnifications of SEM images for 0, 0.5, 1, and 2 wt% Au/BiVO4. 

Sample BiVO4 0.5 wt% Au/BiVO4 1 wt% Au/BiVO4 2 wt% Au/BiVO4 

Available 

Magnifications 

200 200 500 200 

500 1000 1000 1000 

10000 10000 2500 50000 

40000 100000 5000 100000 

50011   9000 200000 

    10000   

    20000   

    40000   
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Chapter 4: Results and Discussion 

The bismuth vanadate powders were yellow; when they were modified with gold, the 

resulting powder was green but had the same texture.  During the synthesis of the catalyst paste and 

the preparation of the electrode, care was taken to prevent it from agglomerating and forming bumps 

in the thin film on the FTO glass.  Samples were prepared in duplicate, so electrodes with visibly 

rough surfaces were not used.  After the calcination of the electrode, they were placed into the 

electrochemical cell and linear sweep voltammetry and chronoamperometry were performed.  

Following this, select electrodes were employed in 4-chlorophenol degradation and then 

characterized by scanning electron microscopy.  Figure 9 shows the different electrodes investigated. 

 

Figure 9: The working electrodes after calcination coated with a thin film of (from left to right) 0 wt%, 0.5 wt%, 0.75 wt%, 1 

wt%, 2 wt%, or 4 wt% Au/BiVO4. 

4.1 Linear Sweep Voltammetry 

In Figure 10, each black curve is a linear sweep voltammetry (LSV) under dark conditions – 

the xenon lamp was shielded with an aluminum plate.  There was some variation among the repeated 

dark curves due to errors in the potentiostat measurement and possibly due to changes in the 

electrode as they are used.   The colored curves were LSVs performed with illumination.  For each 

electrode, the data appeared to be inconclusive as to the effect that gold has, considering the 535 nm 

and 600 nm filter.  However, a clear trend could be observed with the other filters.  The red curve 

demonstrated that there was significantly more activity for positive potential biases when the catalyst 

was illuminated with light with no filter than when there was no illumination.  The green curve 

indicated that some of the photocatalytic activity is reduced when light with wavelengths shorter 

than 420 nm is filtered.  As seen with the blue curve, this trend continued with the 490 nm filter, as 

only a small amount of activity observed at higher positive potentials.  The 535 nm and 600 nm 

filters cut off any significant activity above the background.   
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In the case of (Figure 10A), this was to be expected as the bandgap of BiVO4 corresponds to 

a wavelength of about 520 nm.  Filtering light below this wavelength would inhibit the generation of 

electron-hole pairs necessary for BiVO4 to be photoactive and conduct current.  The other charts in 

Figure 10 show the results of linear sweep voltammetry with the gold-modified BiVO4 electrodes.  A 

major difference between these LSVs and those with BiVO4 was that a cathodic current was more 

readily achieved.  With no filter and with a 420 nm filter and below ~0 V vs. Ag/AgCl, the current 

was less than the dark currents.  However the trend of the magnitude of the photocurrents at a given 

potential at the extreme potentials was still the same: no filter > 420 nm filter > 490 nm filter > 535 

nm filter > 600 nm filter.    The 535 nm and 600 nm curves were always very similar to the dark 

curves, calling into question whether the ability of gold to provide activity above these wavelengths 

can be determined by these methods.  The magnitudes of the current densities achieved should only 

be qualitatively compared because the densities were determined from geometric area, not the true 

catalytic surface area, which was not determined due to limited time. 
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Figure 10: Linear sweep voltammetry from – 0.5 V to 1.2 V (vs. Ag/AgCl) for (A) BiVO4, (B) 0.5 wt% Au/BiVO4, (C) 0.75 wt% 

Au/BiVO4, (D) 1 wt% Au/BiVO4, (E) 2 wt% Au/BiVO4, and (F) 4 wt% Au/BiVO4 and (black) without illumination and with 

irradiation filtered in the following manner: (red) no filter, or (green) 420 nm, (blue) 490 nm, (cyan) 535 nm, or (magenta) 600 

nm filters.  Note that the 535 nm and 600 nm results are indistinguishable from the background.  The non-illuminated curves 

were generated several times to test reproducibility.  The current density is calculated as the current divided by the area of the 

electrode exposed to the electrolyte solution, 0.785 cm2. 
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Out of interest to test the stability of the BiVO4, a cycle voltammogram (CV) from -0.5 V to 

0.5 V vs. Ag/AgCl was obtained before the chronoamperometric photocurrent measurements, shown 

in Figure 11.  The red curve demonstrates that the photocurrent is relatively stable under dark 

conditions.  However, the blue curve indicates that the photocurrent changes with time under 

illuminated conditions; this is because the illumination is effectively inducing the separation of 

charges and holes, and electrons are being depleted.  The CVs in both cases demonstrate hysteresis 

as the forward scan is not the same as the backward scan. 

 

Figure 11: CVs performed with BiVO4 electrode before photocurrent measurements.  The red curve (and black curve that it 

overlaps) were obtained in dark conditions.  The blue curve (and green curve that it overlaps) were obtained in illuminated 

conditions. 

4.2 Chronoamperometry 

Figure 12 plots the results of chopped irradiation chronoamperometric photocurrent 

measurements, whereby a given potential was applied, the lamp was unshielded and then shielded, 

and the current measured as it varies with time.  The start of the region of interest is when the 

catalyst is illuminated and the end of it is when the lamp is shielded.  The response can be indicative 

of the mechanism of electron-hole pair generation.  Differences between these responses among the 

different catalysts being studied would indicate a change in preferred routes.  The magnitude of the 

current density in this region is indicative of the amount of catalytic activity.  Because the data was 

generated over periods of time that were not exactly identical and the general shape of the curve is 

independent of absolute time, the time scale is not explicitly shown; the timescale for each run was 
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adjusted so that the time when the lamp was unshielded (a spike in current is observed) were 

approximately uniform.  The chronoamperometric photocurrent measurements obtained when a filter 

was occasionally applied followed the same trend as for the LSVs when a filter was applied; that is, 

the same generic shape was retained but the magnitude of the response was diminished. 

For 0, 1, and 4 wt% Au/BiVO4, the curves at each potential were very similar in magnitude 

and in shape.  Potentials of 0.5 V and 0.2 V resulted in anodic (positive) currents, with that at 0.5 V 

higher than at 0.2 V.  At -0.2 V and -0.4 V, the current was cathodic (negative), with that at -0.2 V 

only marginally more positive than that at -0.4 V.  The 2 wt% Au/BiVO4 exhibits much greater 

magnitudes of photocurrent densities, especially at 0.5 V and -0.4 V.  This demonstrates that a 2 

wt% loading of gold onto bismuth vanadate greatly enhances its photoactivity and may be the most 

interesting catalyst to employ in the working electrode for the 4-chlorophenol degradation 

experiments. 

As seen in Figure 12B and Figure 12C, the features for the curves representing 0.5 wt% and 

0.75 wt%  Au/BiVO4 were similar to those for BiVO4 at 0.5 V, -0.2 V, and -0.4 V.  However, the 

response at 0.2 V was cathodic (the current density is negative) instead of anodic (positive).  This 

indicates that a cathodic current was produced more readily or easily on the gold-modified BiVO4 

than with the unmodified form.  The gold nanoparticles scavenged the electrons generated during 

electron-hole pair separation on the photocatalyst and facilitated the conduction of the electrons to 

the electrolyte.  Since the solution was bubbled with nitrogen, the reduced species was likely water.  

This conclusion did not always hold for the other electrodes.  The chronoamperometric photocurrent 

at 0.2 V was cathodic when it was anodic for the other gold-modified samples; this was attributed to 

an effect by gold.  However, this may have been due to oxygen diffusing into the solution.  For the 1 

wt% Au/BiVO4 sample, a similarly cathodic current was observed at first, but the run was repeated.  

When the nitrogen purge was increased in flow and the CA was repeated, the current became anodic.  

The current at 0.2 V was generally small in magnitude, so it would have been sensitive to 

fluctuations in the concentration of oxygen; trace amounts of oxygen would have driven the current 

to become more negative (more cathodic).  Lack of oxygen, trace gases, and other contaminants may 

have contributed to the different results.  As experiments were performed, the lab technique of the 

investigator improved and so later data is probably more consistent with the methodology laid out in 

Chapter 3.  Unfortunately, the measurements for 0.5 wt% and 0.75 wt% could not be repeated due to 

time constraints. 
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Figure 12: Chronoamperometric photocurrent measurements at constant potentials of (red) 0.5 V, (black) 0.2 V, (green) -0.2 

V, and (blue) -0.4 V (vs. Ag/AgCl) for  (A) BiVO4, (B) 0.5 wt% Au/BiVO4, (C) 0.75 wt% Au/BiVO4, (D) 1 wt% Au/BiVO4, (E) 2 

wt% Au/BiVO4, and (F) 4 wt% Au/BiVO4 with illumination and no filters.  The current density is calculated as the current 

divided by the area of the electrode exposed to the electrolyte solution, 0.785 cm2. 

Figure 13 compares the photocurrent measurements of BiVO4 and 2 wt% Au/BiVO4 at 0.5 V 

with different filters.  In each chart, the black curve was obtained with no filter, the red curve was 

with the 420 nm filter, the green curve with the 490 nm filter, the blue curve with the 535 nm filter, 

and the cyan curve with the 600 nm filter.  It can be seen that for each potential, the photocurrent for 

BiVO4 is much smaller than that for 2 wt% Au/BiVO4.  The currents for the 535 nm and 600 nm 
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filters appear identical to each other for both electrodes.  A small amount of activity is observable for 

BiVO4, but the activity for 2 wt% Au/BiVO4 is much more significant.  No photocurrent density 

would be expected for the 535 nm or 600 nm filters with BiVO4 because it is not supposed to absorb 

above 520 nm.  However, there was a small yet noticeable photocurrent with these filters.  This may 

be due to a background capacitance in the solution created because the electrodes in the three-

electrode setup were not immediately adjacent to each other in the cell.  For 2 wt% Au/BiVO4, there 

was an increased photocurrent density measured with the 535 nm or 600 nm filters applied.  One 

could attribute this to the presence of the gold in the sample.  However, this may be caused by the 

capacitance within the solution being different due to a slightly different experimental setup.  

Therefore, the effect of gold at wavelengths above 520 nm cannot be conclusively determined. 

 

Figure 13: Chronoamperometric photocurrent measurements for (left) BiVO4 and (right) 2 wt% Au/BiVO4 at 0.5 V with 

different filters: (black) no filter, (red) 420 nm, (green) 490 nm, (blue) 535 nm, and (cyan) 600 nm. 

4.3 Degradation of 4-Chlorophenol 

From the photocurrent measurements, it was decided that 2 wt% Au/BiVO4 showed the most 

activity; photodegradation experiments were also done with BiVO4.  The two different degradation 

programs used with BiVO4 were: 1.0 V constant applied potential; apply -0.2 V for 300 s and then 

1.0 V for 900 s and repeat this cycle 3 times per hour.  The logic behind the second program is that 

applying a cathodic potential of -0.2 V should restore the electrons in the photocatalyst and should 

decompose any peroxide generated on the surface of the electrode at the high anodic bias of 1.0 V.  

However, the absorbance readings did not improve appreciably, so the first program was utilized in 

subsequent runs.  With the constant applied 1.0 V, there was a minor change in absorbance, but with 

the alternating pulses, there was no change in absorbance.  It was expected that the absorbances were 
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proportional to the concentration of 4-chlorophenol at the main peaks exhibited by it, at 230 nm and 

at 280 nm.  Most runs using only Na2SO4 and 4-chlorophenol in the electrolyte solution were 

inconclusive, with no major changes in absorbance and no observable trend in the hourly readings.  

Sometimes samples in a run taken at later times had higher absorbances than the earlier samples, 

which is indicative of error if a degradation reaction is occurring.  Figure 14 is representative of this; 

it shows the absorbance measurements made for a run with 2 wt% Au/BiVO4.  The samples taken at 

hour 3 and hour 4 displayed higher absorbances than the others.  The remaining curves do not 

indicate significant degradation, signifying that 2 wt% Au/BiVO4 demonstrated low activity with 

only Na2SO4 and 4-chlorophenol. 

 

Figure 14: Absorbance of samples from 4-chlorophenol degradation with 2 wt% Au/BiVO4, taken once every hour.  The 

curves were created by subtracting the blank reading from the absolute readings of the samples. 

More success occurred with the addition of H2O2, an electron scavenger, whereby observable 

changes in absorbance occurred.  It was thought that the addition of H2O2 would promote the 

formation of hydroxyl radicals in the solution.  As shown in Figure 15, there was a clear decrease in 

the absorbance readings for each hour, except that the absorbances for hour 2 and hour 3 overlapped.  

This may be because the vials containing these samples were accidentally mixed in the cuvette.  

Figure 16 also indicates that the addition of hydrogen peroxide improved the degradation efficiency.  

Both figures indicate that the peak at 230 nm is the one that changes the most throughout the 

degradation experiment; readings should be based around this peak as opposed to the one at 280 nm.  

The former was generated when 5 mM H2O2 was used, while the latter was produced with 10 mM 
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H2O2.  The initial absorbance readings for each are not the same, indicating that the experimental 

setup must have been slightly different or that the readings were taken under different conditions 

(perhaps more time had elapsed between storage of the initial samples and measuring the 

absorbances in the second case).  However, the addition of 5 mM H2O2 led to a degradation 

efficiency of 51% after the first hour and 92% after the fourth hour, based on the ratio of the change 

in the absorbance at 230 nm to the initial reading.  The addition of 10 mM H2O2 resulted in a 

degradation efficiency of 23% after the first hour and 70.% after the second hour, which may mean 

that 10 mM H2O2 led to less effective degradation or that the samples were degraded by H2O2 while 

in storage. 

These experiments should be repeated to ensure that the results are reproducible.  The current 

results indicate that additives such as H2O2 should be used to study the best gold-modified bismuth 

vanadate photocatalysts.  Unfortunately, time did not permit reproduction or further optimization of 

the experiments. 

 

Figure 15: Absorbance of samples from 4-chlorophenol degradation with 2 wt% Au/BiVO4 and 5 mM H2O2 added, taken once 

every hour.  The curves were created by subtracting the blank reading from the absolute readings of the samples. 
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Figure 16: Absorbance of samples from 4-chlorophenol degradation with 2 wt% Au/BiVO4 and 10 mM H2O2 added, taken 

once every hour.  The curves were created by subtracting the blank reading from the absolute readings of the samples.  

4.4 SEM Images 

 Due to limited time, scanning electron microscopy images were obtained only for the 0, 0.5, 

1 and 2 wt% Au/BiVO4 samples.  The most interesting and representative images are shown in 

Figure 17 while the rest are in the Appendix.  It can be clearly seen that BiVO4 displays a 

monoclinic structure, indicating that the synthesis procedure was successful.  This same structure is 

prominent in the gold-modified samples as well.  The gold nanoparticles do not necessarily appear 

uniform in size but appear to be relatively “smooth” in appearance, with no spikes or right angles in 

their shapes.  They exhibit increased dispersion at higher concentrations of gold.  In the 2 wt% 

sample, the larger particles are on the order of 40 – 100 nm in the longest dimension.  However, 

some small specks of particles appear to be present.  It may be possible that some small clusters of 

gold atoms nucleated and then grew and agglomerated into the larger clusters. 
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Figure 17: SEM images of (Top) BiVO4 at 104X magnification; (Bottom left) 1 wt% BiVO4 at 104X magnification; (Bottom 

right) 2 wt% Au/BiVO4 at 105X magnification 

4.5 Errors and Lab Practices 

 Throughout the project experience, numerous sources of error were noted and are discussed 

in this section.  These errors derive from limitations in the technology available as well as the 

practices employed by others in the lab. 

The only available container of 4-chlorophenol was dark brown to prevent photodegradation 

from ambient light; however, it was broken early on in the experiment but most of the solid 4-CP 

was recovered and dissolved in water in a 250 mL Erlenmeyer flask.  Although it was stored in a 

dark refrigerator, there is a possibility that this stock solution was exposed to ambient light when 

being used to prepare 4-CP solutions.  After washing the FTO glass pieces, it was possible that they 

were not completely dry, dust from the air deposited on them, or that they were scratched from 

handling with tweezers.  In the assembly of the electrochemical cell, the working electrode with the 
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catalyst thin film needed to be carefully placed on top of the O ring used to create a seal between it 

and the cell.  If the electrode did slip slightly, the catalyst film could have been partially scratched 

off or some of the catalyst placed into the reactor cell, reducing the effective geometric area of the 

electrode and possibly contaminating the electrolyte solution. 

Due to noise in the initial collection of data for the photocurrent experiments (without 4-

chlorophenol), it was decided that the electrolyte solutions should be N2-purged.  It was necessary to 

redesign the reactor cell used in the degradation experiments and to change the size of the electrodes 

in order to create a better seal and to completely cover the O-ring.  The room in which the 

electrochemical cell was used was relatively dark without the room lights on.  To be consistent in the 

exposure to external light, the lights were left on in the lab.  The light through the windows, which 

changes during the cycle of the day, was not a major source.  However, the room’s lights were 

connected to those of an adjacent lab, so others would occasionally turn off the lights when they did 

not realize the room was in use.  The reactor cells were covered in dark paper in attempt to limit the 

amount light admitted by sources other than the xenon lamp.  However, it was impractical to cover 

the removable top piece of the cell as well as the front plate of the cell and the area that it covered. 

Working electrodes with visible bumps on the surface due to uneven dispersion of the paste 

and/or ethyl cellulose were discarded and re-made until a smooth surface was created.  This does not 

mean that all electrodes used were relatively smooth at the microscopic level.  With a smoother 

surface, the geometric area would more closely approximate the true catalytic surface area.  The 

furnaces used for calcination were filled with the ambient air, so it cannot be known for certain 

whether undesired reactions occurred on the working electrodes at the high temperatures in the 

furnace or whether impurities may have been introduced. 

When the degradation experiments were carried out, the absorbance data may have had 

serious errors in it.  Although the samples were stored in a dark refrigerator and covered when 

transported, they may still have been exposed to light, leading to degradation not caused by the 

photoelectrochemical degradation.  The sample port in the cell was not located immediately next to 

the working electrode, and the stirrer bar in the main part of the cell may not have induced mixing in 

the channel leading to the working electrode.  This may mean that the samples taken were not truly 

representative of the bulk surrounding the photocatalyst.  It would be recommended to thin the front 

side of the reactor cell, which would reduce the size of the channel between the working electrode 
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and the main compartment of the cell.  This would also reduce the likelihood that bubbles would 

form and be trapped in the channel when filling the cell with solution.  It is doubtful that the cuvettes 

used for the absorbance measurements were clean despite thorough washing from the investigator; 

occasionally the background curves generated with the blanks would show absorbance peaks! 

In general, lab practices of colleagues were seen as poor.  Oftentimes, powder residue was 

observed on the glassware shared with me.  There was no central HVAC system in the lab building, 

so vapors were diluted by opening the windows in the lab or removed inefficiently by turning on a 

single fume hood with the sash opened above the recommended level.  The floors and counters were 

filthy with unknown residues, and many metal cabinets (including ones for storage of chemicals) 

were rusted.  To wash glassware, tap water, known to be biologically and chemically impure, was 

oftentimes used to wash the glassware, which was usually washed once before being dried in an 

oven where wet powder samples were dried.  Many times, colored solutions were left uncovered, 

and labeling of containers was infrequent.  In addition, there was very little urgency in the proper 

disposal of waste and its treatment.  Powder samples and broken glassware were thrown in the 

regular trash, even if they contained heavy metals.  There was only one waste container used for 

disposal of liquids and liquid-phase solutions in the labs utilized by the group.  It was blue in color, 

with foam at the top, and reeked of the smell of heavy metals.  It seemed to be leaking somewhat 

because when it was picked up, the cabinet floor was blue in color, with plastic from the container 

adhered to the floor.  There seemed to be no apparent separation of wastes between acids, bases, 

heavy metals, and organics.  Given these generally poor practices, it is unknown what effect they 

may have had on the experimental results presented in this report.  It is recommended that future 

projects evaluate these issues and establish lab hygiene and safety protocols, with a member of the 

group or at least the building dedicated to ensuring it is followed. 

4.6 Recommendations for Future Work 

 This work has been useful for a preliminary exploration of gold-modified bismuth vanadate 

as a photocatalyst for 4-chlorophenol degradation.  However, numerous items can be improved and 

ideas covered in this work can be extended.  experimental design 

Some papers suggest that the chronoamperometric photocurrent will decay over very long 

periods of irradiation.  Runs should be performed where the light is not chopped and where the 

chopped irradiation is carried over long periods of time, on order of thousands of seconds.13, 23 
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The catalytic surface area should be determined.
9
  It would be useful to know the actual 

surface area of the catalyst so that all currents can be normalized with respect to area and compared 

quantitatively with other samples, as opposed to only being qualitatively comparable.  The geometric 

area, as determined by the size of the O-ring in the electrochemical cell, is not necessarily an 

accurate indicator of the actual area of catalyst exposed by the semiconductor thin film.  Ideally, 

BET or another adsorption isotherm would be done after the catalyst film is calcined on the 

substrate, but it could also be done on the catalyst powder prior to the paste being prepared to get the 

surface area per mass of the catalyst.  Assuming the same mass of catalyst was used in all cases and 

the preparation method was consistent, comparisons between different electrode samples would be 

achievable. 

The investigator feels that the overall experimental design was relatively poor and would 

recommend that the order of experiments be changed.  Due to the short amount of time, the advice of 

the lab advisor was followed even when it may have been better to do otherwise.  It would be 

suggested that future experiments first perform degradation experiments and systematically tune the 

parameters, including the weight percentage of gold.  Then the LSV and CA data and SEM images 

should be collected in order to characterize the electrodes.  Due to limited time, it was unsatisfying 

to be unable to compare the photodegradation efficiencies between the different electrodes, as is 

done in the literature. 

The 2 wt% Au/BiVO4 sample exhibited the best photoactivity and was predicted to have the 

most promising photodegradation efficiency, but due to a lack of time, the degradation conditions 

were not optimized.  Future experiments should monitor the degradation concentrations over time 

and determine the degradation efficiency for a certain amount of time.  The best results from the 

degradations performed in this project indicate that the first one or two hours was when the most 

degradation occurred.  Photodegradation should be carried out with applied potential but no 

illumination and with illumination but no applied potential as control experiments.  It would be 

useful to know which of the electrochemical, photochemical, or photoelectrochemical aspects have 

the most significant influences on the degradation efficiency.  The channel in the front of the 

electrochemical cell should be thinned so that there is less distance between the working electrode 

and the main compartment of the cell.  Adequate mixing may not have occurred, so the solution in 

the channel may have become stagnant.  Due to the location of the sampling port, the sampling may 

not have been representative of the processes taking place at the catalyst surface.  In addition, the 
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working electrode was located in the solution some distance apart from the other two electrodes.  

Although the reference electrode and counter electrode were relatively adjacent to each other in the 

solution, the working electrode was at a distance of at least the thickness of the front wall of the 

electrochemical cell (about 1-2 cm).  This separation within the solution can lead to an undesirable 

solution resistance and a background current.  Reducing this distance would then reduce the 

background capacitance that was observed in the chronoamperometric photocurrents. 

There are many parameters that can be manipulated to optimize the degradation conditions, 

including the addition of electron scavengers, changing the pH, bubbling in O2, and changing the 

power and spectra of illumination.  As shown in this work, the addition of H2O2 greatly enhanced the 

photodegradation, as observed by the change in absorbance of the degradation samples.  This work 

suggests that too much hydrogen peroxide may diminish the efficiency, so the initial concentration 

of it should be tuned.  The surface plasmon resonance effect enables gold to absorb light in the UV 

range.  To test this, the samples should be exposed to UV light separately from visible light; then the 

samples can be tested with both visible- and UV-light exposure.  In addition, the power of the lamp 

and the current at which it is operating influences the intensity of light shone on the photocatalyst, 

which in turn affects the electron-hole generation and separation processes.  This would then change 

rate of reaction.  Most of the characterization experiments were carried out in an N2-purged Na2SO4 

electrolyte.  Others have reported that the activity would be higher in an O2 environment or with 

alternative electrolytes, such as NaOH.  Oxygen should be bubbled into the solution because the 

degradation requires oxygen as an electron acceptor; the oxygen in the electrolyte would eventually 

be depleted because diffusion of air into the solution would be too slow.1, 11, 12  When bubbling gases 

into the solution, placing the experimental setup in a ventilation hood may prevent undesired trace 

gases from diffusing into the electrolyte.  It has been reported that alkaline electrolytes lead to higher 

stability of and higher photocurrents for BiVO4 film electrodes.  This effect was attributed to lower 

accumulation of peroxide species in the solution when a photooxidation reaction was carried out.13.  

In order to explore possible mechanisms and the kinetically significant steps relevant to conditions 

under which environmental remediation would be performed, the products of the degradation would 

need to be analyzed more completely.  As the parameters are modified, the mechanism may change 

or become more complicated.  If the applied potential is too high, water photooxidation would 

become involved when one may want the activity to only stem from organic mineralization. 
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Work in the Flytzani-Stephanopolous group on gold modification of various metal oxide 

supports has revealed that the actual weight percentage of gold present in the sample is not a 

significant factor.35, 36 The nanoparticle clusters do not contribute significantly to the activity in the 

studied reactions.  By leaching the clusters off and leaving only the most strongly adsorbed Au 

species (Au-O-Metal) in place on the surface, it was discovered that sites with only a single or few 

gold atoms were responsible for the activity of the gold catalysts supported on metal oxides.  Thus, 

the shape of the catalyst is critical.  More work should be carried out to study the structure effects.  

Although these metal-oxide supported gold catalysts were studied in steam reforming and water-gas 

shift reactions, it is possible that other oxidation reactions would experience such structure 

sensitivity. 

Thus, the photocurrent activity displayed by the Au/BiVO4 photocatalysts when different 

filters are applied may be explained by the fact that only gold should be responsible for the activity 

above the 535 nm filter wavelength (BiVO4 no longer contributes).  This activity remains the same 

for the different filters because only the gold is contributing.  This photocurrent activity is similar for 

different weight percentages of gold because what truly matters is the formation of the few-atom 

clusters, not the major agglomerations of nanoparticles.  This idea would suggest that the calcination 

process should be optimized to avoid sintering – migration of particles and agglomeration upon 

contact with each other due to the energy provided by the thermal excitation.  The thermal treatment 

is important because it removes the volatile fraction and burns off the organics in the slurry paste. 
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Chapter 5: Conclusions 

In this research, bismuth vanadate was identified as an n-type semiconductor photocatalyst 

that has the enticing property of being visible-light driven; it would be an alternative to the more 

popular ultraviolet-active titanium dioxide.  Recent research indicates that transition metal 

modification of a photocatalyst enhances its activity, and gold is well known to catalyze many 

reactions.  By modifying BiVO4 with gold nanoparticles, the photocurrent generated under visible-

light irradiation was much higher than that of BiVO4 itself when the gold concentration was 1 wt% 

or more.  The most promising gold-modified bismuth vanadate sample studied was identified as 2 

wt% Au/BiVO4, balancing low loading with reasonable activity.  It exhibited the largest 

photocurrents in illuminated linear sweep voltammetry as well as chopped irradiation 

chronoamperometry.  The gold promotes the separation of the electron-hole pairs once they are 

generated and the transfer of the holes to the electrolyte before the charges can recombine.  SEM 

images revealed that gold-modified bismuth vanadate retains the same support structures as BiVO4, 

indicating that the dispersion of gold on the surface does not appear to promote rearrangement at the 

surface.  The addition of 5 mM and 10 mM H2O2 to the Na2SO4 electrolyte greatly enhanced the 

decrease in the absorbance curves of 4-chlorophenol, specifically at 230 nm.  This was attributed to 

the role of hydrogen peroxide as an electron scavenger; because surface peroxides can be detrimental 

to photocatalytic performance, the lower concentration of H2O2 led to higher photodegradation 

efficiency.  Modification of the electrolyte may be necessary to improve the degradation efficiency.   

The 2 wt% Au/BiVO4 sample appeared to have the most promising photodegradation 

efficiency, but due to a lack of time, the degradation conditions were not optimized.  In future 

investigations, the degradation parameters should be optimized to demonstrate the best performance.  

The effects of electron scavengers, pH, O2, and power of illumination should be explored.  Once 

these are appropriately tuned, the gold loading on the bismuth vanadate should be surveyed as a 

variable once again.  The activity may be enhanced, enabling better distinction among the current 

curves for the 535 and 600 nm filters.  In addition, the absorbance curves would be more widely 

spaced so that the concentrations over time would follow a consistent trend.  Other techniques may 

be more appropriate for analyzing the products, and in more completely investigating the solution 

after degradation, a complete mechanism could be explored.  If one wishes to use this thin film 

semiconductor photocatalyst in the commercial treatment of wastewater, one must keep in mind the 

parameters that could be realistically achieved in the actual process.   
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Appendix 

Furnace Program for Electrode Calcination 

Region Temperature (°C) Time Interval (min) Cumulative Time (min) 

1 20 20 0 

2 120 10 20 

3 120 40 30 

4 325 10 70 

5 325 10 80 

6 375 5 90 

7 375 15 95 

8 450 5 110 

9 450 10 115 

10 500 180 125 

11 500 END 305 

SEM Images 

BiVO4 
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0.5 wt% Au/BiVO4 
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1 wt% Au/BiVO4 
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2 wt% Au/BiVO4 

 

 


