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Abstract

A large amount of tailing water is generated from mines around the world every day.
Tailing water requires adequate procedures to reduce its toxicity and, if feasible, to
recover metallic ions present in its. This work describes a novel low cost, high
performance photoelectrochemical system based on titanium dioxide photoanodes
sensitized with CdS quantum dots that carry out Cu recovery and sulfur treatment of
mine tailings simultaneously. Excitation of QDs by solar light promotes hole transfer to
soluble sulfates and thiosulfates, while photogenerated electrons travel to a counter
electrode where they reduce copper and facilitate its recovery. Under 1000 W-m™
illumination, a maximum short-circuit current density of 7.4 A-m? was achieved
meaning a copper recovery rate of 8.6 g m™*-h™. At the same time the device provided
the highest open circuit potential of 1.13 V and a maximum power density of 3.0 W-m,
one order of magnitude higher than that provided by microbial fuel cells in wastewater

decontamination systems.
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Aim and objectives

The contamination of water with heavy metals is considered the major problem in
mining areas. In order to avoid this problem, in this work it is proposed the use of a
photoanode, that under illumination, oxidizes sulfur species from mining wastewaters,
and uses the electrons obtained in this process to recover metallic ions on the cathode.
Furthermore, the complete system produces energy instead of consuming it.

Work structure

This work has been organized in five different sections. First, Introduction section
describes the problems of water contamination in copper minery, different forms to
remove metallic ions from water, an overview about main properties of semiconductors
and quantum dots and some of their applications. Following, all the experimental
procedures are explained in Experimental section, paying special attention to the
different experimental techniques employed. Next, Results and discussion, discusses
the main goals and outcomes achieved. Subsequently, the conclusion extracted from
the experiments and studies performed are presented in Conclusions section. Finally,

the last section, References, is devoted to all references included in this work.
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Chapter 1: Introduction

Water is one of the most abundant resources on Earth and key for life. However,
less than 1% of the water present in our planet is safe for human consumption.
Nowadays, different human activities, including mining and metallurgy, lead on to the
production of millions of tons of wastewater per year, which contain toxic substances
as heavy metals (copper, nickel, cobalt, zinc,® lead, arsenic®) and acid-generating
sulfidic species, which are generally known as tailings. In general, tailings are defined
as the materials left over after the process of separating the valuable fraction from the
worthless fraction of an ore. These materials are suspended or dissolved in water,
provoking its contamination. Heavy metals are normally present in tailing water in form
of ions. The inadequate management and disposal of these mining wastes has a huge
environmental impact, contributing to the pollution of groundwater (aquifers) and
surface water (rivers and lakes). Consequently, this situation leads to a reduction of the
amount water that can be used by humans and wildlife.

Copper can be found in food, water and air. This element is essential for human
health; however an excess concentration can provoke serious health problems, such
as anaemia, infertility or fungal infections. Besides, copper can also produce nervous
system dysfunctions like depression, anxiety, obsessive-compulsive disorder, bipolar

disorder, schizophrenia, etc.*

Cooper is one of the metals with more extended use worldwide, mainly due to its
applications in communications, energy transport, engineering and architecture. In the
recent past, rich ore mining procedures have been stressed to satisfy worldwide
demand of cooper. This fact has yielded to explore the use of low grade ore and mine
waste as alternative source to produce copper metal. Bioleaching has been
successfully combined with electro-wining (electrodeposition) with this purpose,
providing today about 20 % of world copper. Unfortunately this procedure produces
larger amounts of tailing water and consumes a greater amount of energy than

classical minery.

The directive 2006/44/EC of the European parliament and of the council of 6th

September 2006 on the quality of fresh waters,® established the maximum
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concentration of dissolved copper (mg/L Cu) allowed for different water hardness

values, as shown in Table 1.

Table 1. Maximum concentration of dissolved copper allowed in fresh water for
different water hardness

Water hardness (mg/L CaCOs,) 10 50 100 300

mg/L Cu 0.005% 0.022 0.0 0.112

@ presence of fish in waters containing higher concentrations of copper may indicate a

predominance of dissolved organo-cupric complexes.

In order to eliminate or recover heavy metals from tailings, both chemical-physical
and electrical methods are employed.

The most commonly used chemical-physical methods to recover metals are:

- Chemical precipitation is an expensive procedure which requires the use of
chemicals. Metals such as copper, zinc, iron, manganese, nickel, and cobalt can be
recovered by precipitation with hydroxide.®

- Cementation is a metal precipitation from aqueous solution, which occurs due to
the presence of another metal. In this process the metal is deposited or precipitated

usually "cemented" onto the metal added.’

- Ultrafiltration consists in using semipermeable membranes that act as “molecular

sieves” allowing the pass of soluble compounds through their pores.®

- Solvent extraction, in this method the metal is extracted form an aqueous solution
by a ‘liquid-liquid’ extraction with an organic solvent. When needed, the metal ion is
previously reacted with the appropriate chemical to favour its solubility in the organic
phase.

- Adsorption of the metal ion by using activated carbon or resin-in-pulp.

Among the electrical procedures, the most commonly used are electrodeposition,
bioelectrochemical deposition and the novel performance proposed in this work

photoelectrochemical metal recovery:

- Electrodeposition of metals, also named electro-wining, consumes electricity to
recover bulk metals from tailings with high purity. This procedure is widely used in

metallurgical processing and treatment of waste streams. In the particular case of
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tailings water containing different metals, a selective metal recovery is possible when

the metals present different reduction potential.®

- Bioelectrochemical metal recovery, this procedure mainly consists in the use of
Microbial Fuel Cells (MFCs), which are bioelectrical systems based on the use of
bacteria to generate the current needed for metal electrodeposition. Although this
procedure has already been described for the recovery of copper, present efficiencies
are very low (over 1.5 A-m™?.)** Figure 1 shows a MFC used for cooper recovery. As it
can be observed, bacteria at the anode produce a biological oxidation of an organic
compound and deliver electrons to the cathode where copper ions are reduced to
copper metal. MFCs are more efficient than other electrical-based processes for metal
recovery, mainly because electricity is produced instead of being consumed.

()
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Figure 1. Principle of a MFC for copper reduction.

- Photoelectrochemical metal recovery: Photoelectrochemical processes transform
light into energy, through several processes that start with the electron excitation after
the absorption of one photon (photoexcitation). PhotoElectroChemical cells (PECs)
consist of semiconductor photoanodes and/or photocathodes which absorb incident
sunlight and use the photogenerated electron-hole pairs to carry out oxidation and
reduction reactions respectively at the electrode-electrolyte interface. Wide-bandgap
inorganic semiconductors, namely the system of Titanium dioxide nanoparticles
sensitized with CdS/CdSe/PbS quantum dots (QDs) have already been investigated
extensively for solar water splitting purposes,’***** but never before for water

treatment.
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1.1. Semiconductors

Over the last 70 years, semiconductors have become the most important material
for the fabrication of electronic and optoelectronic devices. There are different
definitions of semiconductor. Historically a “semiconductor” was used to indicate
materials with higher conductivity than insulators, which possess lower conductivity
than metals measured at room temperature. But this definition is not complete as, for
example a semiconductor can be transformed into an insulator at very low

temperatures.®

overlap

bandgap

Electron energy

metal semiconductor insulator

Figure 2. Position of conduction band and valence band in metals,
semiconductors and insulators.

A general classification of the materials according to their electrical properties
define: (i) The metals are materials in which there is an overlap between the
conduction band (CB) and valence band (VB) as it is shown in Figure 2 (left). No
bandgap is defined for metals. (ii) Insulators, there is a wide bandgap between the
bands (>3.5eV) and therefore, electrons cannot be promoted easily from the VB to the
CB, see Figure 2 (right). (iii) Semiconductors have a bandgap width between
conductors and insulators (i. e. between 0.5 and 3.5eV), the VB is full of electrons and
the CB is practically empty. In semiconductors, electrons can be promoted to the CB
through the bandgap using a photon with relatively small energy (but higher than the
bandgap energy).
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1.2. Quantum dots

In 1932, H. P. Rockshy discovered that the colour of some silicates glasses is linked
to microscopic composition of CdSe and CdS,* but it was in 1985 when these changes
of colour were associated to the energy states determined by quantum confinement in
these CdSe and CdS." From that moment, the experimental studies about quantum
dots (QDs) have been developed very fast. Figure 3 illustrates the increased interest in
QDs.

6000

5000 -

4000 A

3000 +

2000 A

Number of publications per year

1000 A

0 T T T T T
1990 1995 2000 2005 2010 2015 2020

Year

Figure 3. Increase of publications on quantum dots.*®

1cm 1pm 10 nm 1A

F|o |-

Macroscopic Wavelength de Broglie

of light wavelength
at 300 K
Volume Waveguide Quantum Atom
semiconductor dot
Band structure - == Levels

Figure 4. Schematic comparison of typical dimensions of bulk material,
waveguides for visible light, quantum dots, and atoms.*®
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The term of “quantum dot” refers to crystalline structure of units of nanometers see

Figure 4, which are formed by tens of thousands of atoms.

QDs are called “artificial atoms” because their energy levels present discrete
confinement effect; i.e., due to the separation of energy levels, the electrical and optical
properties can change as a consequence of the widen of the energy bandgap, as
shown in Figure 5. In fact, the main advantage the use QDs in nanotechnology is the
possibility of modifying properties without changing the material, which are assigned to

a phenomenon called quantum confinement.*® 2°

— 473

—
o

Normalized Fluorescence
Intensity

'400 450 ‘ 500 550 600 650 700 750
Wavelength (nm)

Figure 5. Variation of the position of the energy bandgap of a semiconductor
material as a function of particle size.*!

Another advantage of QDs is their high absorption coefficients,? which allows to
obtain devices able to absorpt a higher number of photons using least amount of
material. Furthermore, the final properties of quantum dots solar cells depends on the
performance, such as preparation methods, surface defects, stability of compounds

and photoelectronic characteristics or sensitization of TiO, photoanodes.?®

There are several routes to synthesize the QDs. In this project, the "Successive lon
Layer Adsorption and Reaction" method (SILAR) has been applied to prepare the QDs

(see Chapter 2 for experimental details).
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1.2.1. Structure description of CdS/ZnS QDs

QDs can present different structures, including core,?* corel/shell or core/shell/shell.
The difference in energy levels between the shell and the core determines the
extraction of electron and/or holes from the core. Depending on the position of the
energy levels, structures core/shell can be type | or type Il, see Figure 6. In the case of
type 1-QDs, the electron-hole pair photogenerated stays on the core, whereas in case
of type 1I-QDs, the shell allows that the photogenerated electrons or holes escape from
the core. ®

QDs Type | QDs Type Il

<
<
<

B ® N

Energy
Energy
Energy

CB

VB

Core Shell Core Shell Core Shell

Figure 6. Schematic representation of the alignment of energy levels in
different systems core/shell.

In this work the QDs under study are CdS+ZnS of type I, where the energy gap of
the shell is bigger than the one of the core, thus leading to the confinement of the
photogenerated electrons and holes in the core. In the final device, under working
conditions, the electrons will be collected at the contact of the photoanode while holes

will tunnel to the solution through the very thin ZnS layer.

The shell provides an optically active physical barrier between the core and the
solution, in addition provides less sensitivity to environmental changes and chemical
surface stabilization. The shell also passivates the surface states (“trap states”) of the
core. Figure 7 shows the difference in energy levels of TiO,, CdS and ZnS, as well as

the states.
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T
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Figure 7. Energy levels from ZnS/CdS/TiO..

1.2.2. QDs applications

One of the main applications of QDs is in light emitting diodes (LEDSs), principally
due to the electroluminescent properties of QDs, as they can emit light after applying a
voltage. QDs consume less power than conventional materials, therefore being
appropriate for the fabrication of electronic devices. Furthermore, in contrast to

conventional materials, QDs can also be used for the fabrication of flexible screens.

Another important application is the use of QDs as absorber materials in
photovoltaic cells due to their high light absorption. Surely QDs will play an important
role in the development of photovoltaic energy and optoelectronic devices.

QDs have also been employed in biomedical imaging. It is possible to use them for
studying biological processes in-vivo, their small size makes possible introduce them in

cells.
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Chapter 2: Experimental
methods

2.1. QDs preparation

All solvents and reagents were used as received from commercial suppliers without

further purification.

Substrate preparation

TEC-15 Fluorine doped tin oxide (FTO) coated glass substrates from Pilkington with
dimensions 25.0 x 12.5mm? and ~15Q/sq. sheet resistance, were used as substrate.
FTO was cleaned with soap (Extran® MA 02 neutral) and rinsed with deionised water
for 15 minutes in an ultrasonic bath. Then, the substrates were sonicated for 15
minutes in a solution of ethanol absolute for 15 minutes and rinsed with acetone and
dried with compressed air. After that the cleaned FTO substrates were treated in an

ultraviolet-ozone system for 10 minutes.

TiO, compact layer

In specific samples, a TiO, compact layer (CL) was deposited onto the substrates by
spray pyrolysis at 450°C. The solution used for the deposition was titanium
diisopropoxide bis(acetylacetonate) (75% in 2-propanol, Sigma-Aldrich) solution diluted
in ethanol (1:39, v/v), with oxygen as gas carrier. After the spraying process the films
were sintered on a hot plate at 450°C for 5 minutes. After that, the substrates were
cooling down to room temperature. The objective of the CL is double: blocking
recombination of photogenerated electrons at FTO/electrolyte interface and enhancing
electron contact between FTO and mesoporous TiO, film to improve the electron

injection process.

The spray pyrolysis technique is a simple and relative cost-effective widespread
method used to prepare films of any composition with different thickness, ceramic
coatings and powders. This technique does not require high-quality substrates or

chemicals. The spray pyrolysis equipment consists of an atomizer, precursor solution,
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substrate heater and temperature controller. The solution that contains the compound
to deposit is placed in the recipient connected to the atomizer. A carrier gas is
necessary for transporting the solution and for its atomization. Flow meters are used to
measure the flow of precursor solution and air. See Figure 8. The properties of the film
obtained depend on the spray rate, temperature, atmosphere, carrier gas and cooling

after deposition.?

Figure 8. Spray pyrolysis equipment.

For this project, O, (g) was used as carrier gas. With an automatic spray pyrolysis
machine, homogeneous depositions can be achieved, so this was the method used for

the preparation of the TiO, CL.

Mesoporous TiO,

A mesoporous TiO, layer was deposited by screen printing TiO, paste (Dyesol
18NRT, 20nm average particle size) and dried at 80°C for 10 minutes. The different
thicknesses were made doing different cycles in screen printing, drying each layer at
80 °C for 10 minutes. Subsequently, the TiO, layers were heated at 500°C for 30
minutes and cooled to room temperature. The thicknesses, determined by profilometry,

were ~2.8, 5.8 and 8.2um.

The screen printing technique consists of a synthetic fibre screen with a pattern
framed. The screen, filled with a solution to be deposited, is placed near the substrate
and then the squeegee draw linearly across the screen. At this point, the solution is
deposited on the substrate drawing the screen pattern on the substrate see Figure 9

and Figure 10.

10
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The thickness of the coated film is, in principle, given by the theoretical paste
guantity on the screen. The characteristics of the film obtained can vary depending on
the force with which squeegee is pushed into the screen, the snap-off distance, speed
of the squeegee and the viscosity of the solution.?’

Open area
Movement I filled with ink
Squeegee
\ Screen with
Frame emulsion
Printed ink

— AT
AR N
AR AN

o 8

-m-Mv —-

Figure 9. lllustration of the screen printing process.

Figure 10. Screen printing system.

QDs depaosition

This procedure is an appropriate method to prepare binary semiconductors QDs
materials like CdS, CdSe, ZnS, PbS, etc. In this method, QDs are adsorbed on a
substrate by dipping in different cationic and anionic solutions of the QDs precursors.
Repeating cycles is possible to control the growth.?®

The SILAR technigue was used to grow a ZnS coated CdS quantum dot layer on top
of the mesoporous TiO,. The substrates were dipped into the ionic precursor solutions

11
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for one minute, 5 cycles in CdS and 2 cycles in ZnS. In the case of CdS, 0.05M
solution of Cd(NOy); (Sigma-Aldrich) in ethanol and 0.05M solution of Na,S-9H,0O
(Sigma-Aldrich) in methanol/deionised water (1:1, v/v) were used. For ZnS a 0.1M
solution of Zn(CH3;COO), (Sigma-Aldrich) and 0.1M solution of Na,S-9H,0, both in
deionised water, were used. After each dipping step, the electrodes were dipped in the

same solvent in order to rinse the excess of precursor.

SILAR technique is based on sequential adsorption reactions of ions in solutions.
The reaction between cations and anions forms the compound of the thin film
deposited. This technique consists of the crystal growth “layer by layer” by sequentially
dipping the substrates into the ionic precursor solutions. The adsorption is liquid-solid,
being an exothermic process that implies forces of cohesion, Van-der-Waals or
chemical attraction. Different factors, including temperature, pressure, type of
substrate, surface area, concentration of solutions, etc. determines the film quality
obtained. Figure 11 shows a representative graph of a SILAR process, where steps |
and Il are ionic precursor solutions adsorption and Il and IV is the removal of excess of

ion adsorbed. Figure 12 shows the SILAR equipment used.

[

I II 111

Figure 11. Representative diagram of SILAR process.

12
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Figure 12. SILAR equipment.

2.2. Photoelectrochemical system

A scheme of the PEC used is shown in Figure 13. The operation of the cell is as
follows: CdS QDs absorb light that excites electrons from VB to CB. Favoured by
energy alignment, these electrons are injected to the CB of the mesoporous TiO, layer.
From here, electrons are collected towards a wire and directed to the cathode where
they reduce Cu*? ions in solution to their metallic form. At the photoanode, the ionized
QDs transfer the remaining hole to the different sulfur species present in the tailing
water.

Tailings water

Photoanode

Anionic
exchange Cathode
membrane

Figure 13. Photoelectrochemical cell.

13
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Two electrode system

The photoactive anode, the working electrode (WE), is the mesoporous TiO, layer
sensitized with CdS QDs described in previous section. The electrolyte at the
photoanode side is tailing water (pH 13) whose composition is detailed in Table 2 of
section 2.3. The counter electrode (CE) used was a graphite sample and its
corresponding electrolyte was a CuSO,; + K,SO, solution with a Cu concentration of
1g-L'1 and pH adjusted to 2 with H,SO, and to a conductivity of 10mS-cm™ with K,SO,
to imitate typical tailing conditions. The system consisted in a two compartments cell
separated using an anionic membrane which prevented the flow of Cu® ions from the

CE side to the working electrolyte side.

Figure 14. Two electrode PEC.

Three electrode system

In three electrode system, the photoactive anode was the WE the same as in
previous section, the CE used was a platinum wire and the reference electrode (RE)
was an Ag‘/AgCl (3M). To simplify the measurements, a single compartment cell, as
the one shown in Figure 15, was used in these measurements. The electrolyte was

tailing water (pH 13) whose composition is detailed in Table 2 of section 2.3.
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Figure 15. Three electrode cell.

2.3. Characterization

Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) was used to identify the series
resistance of the cell. EIS is a new technique which permits characterize electrical

properties of a system.

The basis of this technique is to introduce a disturbance in the system and measure
the response. A typical montage of this technique is an electronic circuit as shown in
Figure 16. Being the symbol ~ the disturbance. In this work, the voltage applied was

varied and the current measured.

Potential drop
—— perturbation

Currentin the
external circuit

/

N|©)

i

Analysed sample

©

" Source of the
voltage perturbation

Figure 16. Scheme of impedance assemble.
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The disturbance introduced in the system is in AC (alternating current); therefore it
has a sinusoidal shape and has an associated frequency value. Knowing the frequency
value of the input signal (f), the magnitude of perturbations amplitude to the voltage
(Vm), delay time between them (1), it is possible to calculate the impedance using
Equation (1):

Z=V_m_eiZ1'[tf=V_m_ei¢ (1)

Absorptance and Absorbance

Using a spectrophotometer Cary 300 UV-Vis Varian equipped with integrating
sphere, reflectance (R) and transmittance (T) between 350 to 600nm were measured.
From these measurements, both absorbance (A) and absorptance (a) could be

calculated following Equation (2) and Equation (3) respectively:
A=-log(T+R) (2)
a=1-T-R (3)

External Quantum Efficiency

External Quantum Efficiency (EQE), also called Incident Photocurrent Conversion
Efficiency (IPCE), was measured by employing 300W Xe lamp coupled to a
monocromator. The photoelectrode was polarized a desired voltage using and the
photocurrent was measured using an optical powermeter 70310 from Oriel
Instruments. A Si photodiode was used to measure the light intensity to calibrate the
system. EQE was calculated following Equation 4:

EQE(%)="’;—‘:\’x%x1oo @)

Where Iy, is the photocurrent, the value 1239.8 corresponds to the product hc
(Plank’s constant and speed of light, respectively), P, is the power of light at a particular

wavelength and A is the wavelength of irradiation.?

Structural characterization

The morphological structure and microanalysis were analysed using a Scanning
Electron Microscope (SEM) JEOL 7001F equipped with an energy dispersive
spectroscopy system INCA 350 (Oxford) and a wavelength dispersive system INCA
Wave 200 (Oxford).
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Tailings composition analysis

Tailing water was provided from Boliden (Sweden). lon Chromatography (IC) and
Inductively Coupled Plasma Mass Spectrometry (ICP), using ICP-MS Agilent 7500cx

were used to determine the chemical composition of the tailing water.

Slight deviation found between the two measurement techniques is attributable to
both accuracy in ICP measurements and precision associated to determination of K*,
Ca’ and Na*, which is often disturbed by the signal from other elements, especially at
high cation concentration.

Very good agreement is found for sulfur measurements.

Table 2. ICP and IC analysis of tailing water.

Technique Element Average concentration [mg/L]+

Sodium 44.6

Potassium 15.7

ICP

Calcium 226

Sulfur 257

Na* 57.8

K* 21.2

ca* 272

Ic cr 12.3
NO; 12.7

S0~ 550
S,05” 138.3

Cyclic voltammetry

The behaviour of PECs is determined by cyclic voltammetry (CV) curves. CV is an
electrochemical technique, which consists in applying a potential disturbance that has a
linear variation with time between two voltage limits. In potentiostats, the current is
measured between CE and working electrode (WE), while the voltage used to control
and monitor data is the lecture between WE and RE. In two electrodes measurements
RE is connected to CE.

Parameters such as short circuit current density (Js;), Open Circuit Voltage (Vo.),
maximum power (Pn.x) and Fill Factor (FF) were employed in order to analyse and

optimized the devices. The two first parameters are directly obtained from the average
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values given by CV’s. Power (per unit area) is obtained from the product of the current
density and potential (P = J-V), from which maximum value is taken. Finally, FF can be
calculated following Equation 5.

FF= —max (5)

VocJsc

Ideally FF should approach a value 1, thus it is a parameter that describes how
much the J-V curves deviates from a quasi-ideal rectangle and serves to evaluate
internal inefficiencies of the cell, see Figure 17.

(a) reverse forward
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10 UBRER e e _@ 0.00 —t T — 1 0.0
-02 00 02 04 0.6 08 1.0 02 00 0.2 04 06 0.8 1.0
Potential (volt) Potential (volt)

Figure 17. JV and power curve of short circuit.*

CV measurements were done under illumination using a 300W Xe lamp, where the
light intensity was adjusted with a thermopile to 100mW cm™ equivalent to standard
AM 1.5G sunlight. The scan rate for CV measurements was 50mV:s*. Same
experimental parameters were employed for chronoamperomety measurements, which
were performed at 0.5V.

All the electrochemical measures were made in a potentiostat/galvanostat

AUTOLAB under AM 1.5 (1 sun) illumination at room temperature
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Chapter 3: Results and
discussion

All the photoanodes studied in this work had the following configuration: FTO/TiO,
CL/TiO, mesoporous/CdS-ZnS QDs.

3.1. Photoelectrochemical cell operation

Initially, in order to determine if the contribution to the photocurrent generated at the
photoanodes was produced only from the QDs, a 3-electrode measurement were
carried out with FTO/TiO, CL/TiO, mesoporous (8.2um thick), with and without QDs.
The measurements were performed in tailings, using platinum as cathode and Ag/AgClI
(3M) as RE. As it can be observed in Figure 18 (a), negligible contribution from the
FTO and the TiO, was detected, thus indicating that the photocurrent was produced by
QDs. Furthermore, it was also checked which part of the photoanode, front (TiO, side)
or back (FTO side), contributed to create higher photocurrent. As depicted in Figure 18

(b), the higher contribution was obtained when performing back illumination.

For a better understanding of the system, it was identify the chemical reactions
being carried out at the photoanode by controlling the sulfur composition of the
electrolyte. As shown in Table 2 treated tailings contain mainly a large concentration of
sulfate and thiosulfate anions which could be the electron source, while it is expected
that the cations in the treated tailings do not undergo any further electron injection

reactions.
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Figure 18. J-V curves of (a) 8.2 um thick TiO, with a 40nm CL of TiO, samples
with and without QDs (b) 8.2 um thick TiO,/QDs with a 40nm CL of TiO, samples
illuminated front, back and in dark (c) 8.2 um thick TiO,/QDs with a 40nm CL of TiO,
samples in respective solutions as described in legend with concentrations of 138
mg-L™* Na,S,0; and 550 mg-L™* Na,SO..

Therefore, CV measurements were carried out in a 3-electrode configuration with
only water (to check there are not taking place water splitting), thiosulfate or sulfate
anions with the same concentration as the treated tailings. Then, both anions were
combined to emulate tailing water. Results are shown in Figure 18 (c). It was observed

that the Jg in the case of thiosulfate solution was 1.5A-m™ lower than the average Js.
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obtained in tailings, whereas the Js in the case of sulfate solution was almost the same
as the average Jg in tailings. The larger current in the case of sulfate solution may be
associated to the higher concentration (x4) of sulfate anions as compared to thiosulfate
anions rather than faster kinetics of this reaction. Table 3 presents the proposed
reactions that can take place at the photoanodes.

Table 3. Proposed reactions at the anode.

Half reaction V vs Ag*/AgCI
S,04”+ 60H™ +4h*— 2S05* +3H,0 -0.79%
SO,” + 2h*+ 2 OH — SOz* + % 0, + H,0 -0.93
250, + 2h* — S,04% +2 O, + H,0 See reference®
SO,%+ 4H,0 + 2e — SO5+ 20H -1.13
3.2. Photoelectrochemical cell optimization

With the aim to optimize the system, two different factors were studied: the effect of
the series resistance and the thickness of the TiO, mesoporous layer.

3.2.1. Effect of series resistance

EIS experiments were carried out in order to minimize the effect of the series
resistance (Rseies). Taking into account that Rseies Can mainly be affected by the
electrolyte conductivity, the distance between electrodes and the charge transfer at the

cathode, experiments modifying such parameters were designed.

As show Figure 19 (a) non-optimized system (black line) had a very high series
resistance (Rseies= 745.7Q), while after optimizing the system (red line), by reducing
electrodes distance and increasing conductivity of electrolyte (from 2mS/cm? to

1OmS/cm2), the series resistance was reduced to 238.5Q

In Figure 19 (b) sample with low resistance shows a small arc at high frequency,
associated to charge transfer at the cathode. On the contrary, for cell with high
resistance, high frequency arc is much larger. The differences between these two
samples in this arc where attributed to the use of FTO glass in the high resistance
while in the low resistance sample, FTO was substituted by a large area graphite

electrode.
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In the CV Figure 19 (c) it is possible to see how the total series resistance affects
the slope of the graph: the low series resistance device (red line) has more slope than
the high series resistance cell (black line), yielding to higher FF and better efficiency in

the first case.
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Figure 19. (a) and (b) EIS of 8.2 um thick TiO,/QDs with a 40nm CL of TiO, samples (c)
Series resistance influence in CV of 8.2 um thick TiO,/QDs with a 40nm CL of TiO,
samples.

In order to avoid the effect of series resistance due to the distance between
electrodes, a new PEC, as shown in Figure 20, was designed. Experiments with this

novel PEC are still under development
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Figure 20. PEC designed to avoid the series resistance due to distance between
electrodes.

3.2.2. Effect of varying TiO, layer thickness

After demonstrating the operation of PEC, the next step involved the optimization of
the performance. In order to achieve this goal, two different procedures were followed.
First, different thickness of the TiO, mesoporous layer were studied, as the amount of
QDs absorbed and consequently the current produce depends on this parameter.
Secondly, electrodes without TiO, compact layer were prepared (FTO/TIO,
mesoporous/QDs) with the aim to check if the recombination at the FTO/electrolyte
interface could be reduced, thus improving the electron injection from TiO,
nanoparticles to the FTO.*

CV measurements for FTO/TiO, CL/TiO, mesoporous/QDs samples are shown in
Figure 21 (a). It can be observed an increase in performance with the thickness of the
mesoporous TiO, layer. In the case of electrodes without TiO, CL, the performance
was lower, as observed in Figure 21 (b). This result indicates that the role of the TiO,
CL is to avoid the recombination by a back-reaction, i.e.: electron transfer from FTO to
the solution at the FTO/electrolyte/TiO,, as reported for the case of dye-sensitized solar

cells.343¢
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Figure 21. (a) CV measurements for TiO,/QDs sample with a 40 nm CL of
TiO,. varying thicknesses of mesoporous TiO, (b) Variation of average short-
circuit current density with 8.2 pum thick TiO,/QDs with and without a 40nm CL of
TiO, samples TiO, (c) EQE spectrum for an 8.2 um thick TiO,/QDs sample with a
40 nm CL of TiO,.obtained from FTO side illumination (back) and TiO,/QD side
illumination (front). Solid lines represent respective absorptance for front and back
illumination. (d) IQE spectra for front and back illumination of 8.2 um thick
TiO,/QDs sample with a 40 nm CL of TiO.,.

To shed light on some of the operational properties of the cell, EQE measurements
were performed over samples with average performances of the order of Jo. ~ 4.8 A-m’
2, shown in Figure 21 (c). The onset of the EQE occurs at 500 nm whereas the
absorption onset is at 470 nm. This indicates that injection from the QDs to TiO, is
inefficient between the absorption onset and absorption plateau, which also

corresponds to the EQE onset. The difference of 10 perceptual points between EQE
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obtained under front and back illumination is associated to a diffusion length shorter
than the thickness of the film. lllumination from the FTO (back) side allows the
electrons to be generated closer to the contact for an easier extraction as compared to
front illumination where the electrons are required to diffuse almost the entire length of
the film before extraction. Corresponding internal quantum efficiency (IQE) plots in
Figure 21 (d) confirm that both processes take place, i.e. electron diffusion length
limitation for the samples and injection limitation from the QDs to the TiO, in the 500-

570 nm wavelength range.

It is worth mentioning that the differences in absorption spectra for front and back
illumination are due to the higher reflectance from FTO upon back illumination as
compared to front illumination, as shown in Figure 22. Associated to this, reflectance
measurements in Figure 22 (b) show that reflectance is much smaller for front
illumination than from back illumination. An important part of this difference is
associated to light reflection at the FTO electrode.
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Figure 22. (a) Absorptance and (b) reflectance spectra of 8.2 um thick
TiO,/QDs sample with a 40 nm CL of TiO, by FTO (back) side and TiO, (front)
side illumination.

From these results, it can be concluded that although the improvement of the
performance is correlated to the thickness of the mesoporous TiO, layer, which allows
depositing more QDs, this thickness may also provokes an increase of the loss of
carriers by recombination when its value is comparable or exceeds the diffusion length

of the electrons.
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After obtaining the optimum thickness required for highest performance, it was
proceeded to optimize and identify the average performance of the 8.2um samples with
a 40 nm compact layer over a number of different samples, as shown in Figure 23. The
average of J. was 6.57A-m? and an average of V,. was 0.94V in a 2-electrode
configuration for the 8.2um thick samples. The highest V. obtained was 1.13V and the
highest J. was 7.4A-m™. The average power that could be obtained with this device
was an impressive 2.3W-m™ providing a maximum power density of 3.0W-m? at a

potential of 0.59V.
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Figure 23.Js, Voo, Pmax @nd FF of several of 8.2um thick TiO,/QDs sample with a

40nm CL of TiO,. Triangles represent average values

The obtained maximum power density for this system is also an order of magnitude
higher than that reported for MFCs, which yielded maximum power densities of a few

hundred mW-m for wastewater decontamination.”

3.3. Chronoamperometry

Chronoamperometry measurements were also carried out in order to estimate
the amount of Cu recovered from the solution, shown Figure 24 (a). The amount of
Cu recovered at the cathode from the solution was calculated to be 0.13mg-cm™?in

2.2 hours. It is possible to observe the recovered copper in Figure 24 (b).
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Figure 24. (a) Chronoamperometry measurement of 8.2um thick TiO,/QDs
sample with a 40nm CL of TiO; (b) Image of amount copper recovers in cathode.

The analysis of these results suggests that the current could decrease due to a
possible degradation of QDs. In order to elucidate this observation, SEM images and
Microanalysis were performed to the electrodes before and after being used in

chronoamperometry. These experiments are explained in section 3.4.

3.4. Scanning Electron Microscopy analysis

Figure 25 shows a SEM image of 8.2um thick TiO,/QD sample before being used in
chronoamperometry, where is shown the mesoporous TiO, particle size (over 20nm).

_— " 100mm scIc
X 50,000 15.0kV SEI SEM WD 10mm

Figure 25. SEM image of 8.2 um thick TiO,/QDs sample with a 40 nm CL of TiO,.

27



Chapter 3: Results and discussion

A qualitative analysis of the degraded and non-degraded samples was performed.
Figure 26 shows the elements mapping by EDS (Energy Dispersive X-Ray

Spectrometry) of the different samples.
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Figure 26. Microanalysis (a) before and (b) after chronoamperometry of 8.2um thick
TiO,/QDs sample with a 40 nm CL of TiO,

Table 4 shows the microanalysis of elements presents in non-degraded and

degraded samples and the atomic differences between each element present in

samples.

Table 4. Microanalysis of samples before and after chronoamperometry.

Element Non-degraded Degraded Differences
Atomic% Atomic% Atomic

(0] 66.74 65.33 -1.41
Na 0.00 3.36 3.36

S 3.32 3.69 0.37

cl 1.26 1.30 0.04

Ti 23.19 21.38 -1.81

Zn 2.45 1.47 -0.98

cd 3.05 3.48 0.43

As shown in Table 4, degraded samples have smaller values for zinc and titanium
than fresh samples. Also, sodium from the solution appears in sample after
chronoamperometry. This result suggests that sodium replaces zinc and titanium and

this is the origin of QDs degradation during chronoamperometry. If it occurs, ZnS is

28



Chapter 3: Results and discussion

being degraded causing a depassivation of surface states of the core and,

consequently, a higher recombination of the electron-hole pairs photogenerated.
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Chapter 4: Conclusions

In conclusion, this works presents the proof of concept for new photoelectrochemical
cells that may be applied to generate energy at the same time that decontaminates
water and recovers metals from solution. This system is based on CdS QD sensitized
TiO, photoanodes which carry out sulphur oxidation reactions in heavy metal-free
tailings water with simultaneous recovery of Cu in a cathode immersed in Cu-rich

tailings.

The highest open circuit voltage was 1.13V and the highest short-circuit current
density was 7.4A-m™ for an 8.2um thick sample with a 40nm thick CL of TiO,. The
maximum power density was 3.0W-m? one order of magnitude higher than that
obtained by microbial fuel cells for wastewater treatment. This system can be used in
tandem with bioleaching processes for efficient Cu recovery, allowing for economic
viability due to the simultaneous generation of electric power.

Despite the low power generated by the PEC studied in this project, this system has
a great potential as it can resolve the two main problems associated with mining: (i) the
need of mine industry to have a low cost alternative for tailings treatment that will follow
the increasing restrictive regulations and reduce the space needed to store the waste

and (ii) the simultaneous production of high purity copper with no energy cost.

Besides, it has also been demonstrated that the cells developed does not suffer
from any of the problems that have limited the progress of MFC on an industrial level
for wastewater applications i.e.: high internal resistances® and requirement of a

mediator to transfer electrons from the microbes to the anode.**

Therefore, this system provides features that overcome the state of the art of the
current technologies for metal recovery and water decontamination, i.e.: bioleaching
plus electro-wining or microbial fuel cells. The use of bioleaching in tandem with this
system to recover solubilized copper can help to make exploitation of low grade
mineral ores more economically viable for industrial applications due to the

simultaneous generation of electric power.
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