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Abstract

Sunlight provides abundant, renewable energy on earth’s surface. Photoelectrochemical
photovoltaic cells (PEPC) are one of the most convenient ways to capture this solar energy and
convert into electricity. Cu2ZnSnS4 (CZTS) is a p-type semiconductor which holds great opto-
electronic and economic advantages over traditional solar absorbing materials such as silicon. The
elements in CZTS are earth abundant and environment friendly and CZTS has an energy band gap
of ~1.5 eV which is considered to be optimum for solar absorption. The high absorption coefficient
~ 10*cm™ of CZTS thin films allow for 95% absorption of the incident energy within 1um.
However, there are significant challenges with CZTS in separating the photogenerated charge
carriers. These challenges results from the narrow thermodynamic window for chemical stability
and the high density of intrinsic defects within the film. During the deposition of this quaternary
material, domains of binary compounds develop within the thin film. The interface between these
binary impurities and quaternary CZTS induces recombination of the charge carriers that are
generated through the absorption of light.

To minimize the impure phases, we developed a facile and reproducible CZTS thin film
deposition protocol using an air stable precursor solution. Initially, the solution was sprayed onto
a preheated FTO substrate for instantaneous film deposition. The film was then annealed under S
and SnS atmosphere at 470 °C with inert gas (N2) flow. The precursor composition was varied to
study evolution of impure phases with compositional changes in the film. The thin film was
employed as a photocathode in a three-electrode photoelectrochemical cell (PEC) to study the

electrode performance as a solar absorbing layer.



The thin film deposited using the precursor solution requires high temperature annealing
which is energy intensive. In a different approach, CZTS nanocrystals can be presynthesized in
the solution at low temperature (~270°C). Cu2ZnSnS4 (CZTS) nanocrystals are important materials
for next generation solar energy capture and conversion strategies. However, progress in utilizing
CZTS nanocrystals is impeded by the numerous crystal and morphological defects present without
high temperature annealing. These defects commonly result in reduced carrier diffusion length and
carrier lifetime. One recent and promising direction for employing CZTS nanocrystals in solar
energy capture and conversion strategies is through remediation of defects by doping with alkali
Earth metal ions such as Li*, Na*, and/or K*. We focused on the K* cationic doping since it has
demonstrated the highest efficiencies but without fundamental investigation into the underlying
drivers. A flexible and reproducible synthesis route was developed to prepare K*-doped CZTS
nanocrystals with low polydispersity. We employed undoped and K*-doped nanocrystals to
fabricate CZTS photocathodes and evaluated their photoresponsiveness in a photoelectrochemical
cell. K*-doped CZTS nanocrystals showed the previously-reported trend of improved photocurrent
density. We obtained further insight into the role of K* dopant using Raman spectroscopy, x-ray
photoelectron spectroscopy, and transient absorption spectroscopy. K*-doping of CZTS
nanocrystals boosts charge carrier lifetime and enables better charge extraction efficiency to boost
photocurrent. Improved carrier lifetime is attributed to remediation of binary/tertiary impurity
phases and surface anion vacancies to yield higher degree of phase purity and lower degree of
surface electron traps in CZTS. Ligand exchange reactions using Na»S and pyridine have been
exploited to reduce the carbon content which serves as the recombination site for the charge

carriers.



The selenized CZTS nanocrystal (CZTSSe) provides an opportunity for tuning the band
gap energy of the thin film. Achieving a homogenous precursor solution of selenium in organic
solvent (high boiling point) is vital to the synthesis of CZTSSe nanocrystals. We dissolved
elemental Se in oleylamine at room temperature by using thioacetamide as a reducing agent. The
Se precursor was utilized to synthesize selenized CZTS nanocrystals via hot injection route. The
characterization of nanocrystals revealed improved grain growth and reduced binary phases in
CZTSSe compared to pristine CZTS. The electrodes of CZTSSe nanocrystal showed significant
improvement on photocurrent generation over the CZTS counterparts under AM1.5 illumination.

Cost-effective industrial-scale energy storage system is a great challenge for
accommodating contributions from unpredictable renewable sources (solar, wind, and hydro) to
the power grid. Polysulfide (S2-/S2Z;) redox couple has received much attention among
researchers as an affordable energy storing system. Sulfur, a by-product in crude oil production, is
considered a cheap industrial waste with potential for megawatt scale energy storage systems such
as redox flow batteries (RFB). We demonstrate photo-assisted reduction of polysulfide by
developing a Cu2ZnZnS4 (CZTS) nanocrystal-based photocathode which provides opportunities
for in-situ solar energy conversion and storage in a polysulfide based solar rechargeable RFB. The
electrode performance was improved first by doping the nanocrystal with K* and then by using
Cu" as an electrocatalyst. Electrochemical tools were used to show that Cu* dramatically reduces
electrode overpotential by reducing charge transfer resistance. The electron injection rate was
probed using ultrafast laser absorption spectroscopy which reveals that K*-CZTS\Cu™ electrodes

show 8 times faster electron injection rates than the bare K*™-CZTS electrode.
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1.1 Green technology for power generation

Global energy consumption is largely dominated by nonrenewable energy sources.
Burning fossil fuels releases greenhouse gasses, which trap reflecting heat from the earth and give
rise to global warming. Global warming in turn is causing sea level rise and poses a serious threat
to the human kind. Eventually, fossil fuels will be depleted at such a rate that economic production
of new petroleum will become too expensive to drive the economic output and consumption.
Researchers have focused on capturing abundant solar radiation and turning it into useful work
since the sun provides nearly 120,000 TW of power to the earth’s surface daily.! The most direct
and benign technology utilizes semiconductor to capture the solar radiation and generate electrical

current in a photovoltaic and/or photoelectrochemical cell.

1.2 Physics of semiconductors as a solar absorbing material

The electronic structure of semiconductors, as explained? by the molecular orbital theory,
allow us to fabricate device for converting of light into electrical energy. These semiconductors
are characterized by two separated energy bands. Figure 1-1A shows a simplified energy band
configuration of semiconductors. The valence band (VB) are completely filled with valence
electrons while the conduction band (CB) remains empty in absence of excitation. The separation
energy of the two energy bands is called band gap energy (Eg) which sets prerequisites for light
absorption. Since the energy remains conserved (the 1% law of thermodynamics) in a photon-
electron interaction, the energy of the photon must be equal to or greater than the band gap energy.
The interaction with photons, excite the electrons () to the CB. The absence of electrons leaves
an unbalanced electronic state in the VB which behaves as a positively charged particle or holes

(h"). The excited electrons quickly (~picoseconds)® relax back to the conduction band edge by



thermalization and the light energy greater than Eq is lost as heat.* The electron in the CB and hole
in the VB gain lateral mobility and are called free charge carriers. These charge carriers must be

separated and flown through an external circuit to generate electricity before they recombine.
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Figure 1-1: (A) simplified energy band configuration in a semiconductor. (B) Solar irradiance plot obtained from
Planck’s equation at 6000 K. (C) Energy vs. momentum plot showing the direct vs indirect nature of the band gap.

The optimum band gap energy of semiconductors, which maximizes energy efficiency by
minimizing energy loss, depends on the solar energy distribution on the earth’s surface. Solar
irradiance closely resembles black body radiation at 6000 k.* Figure 1-1B illustrates photon

number and energy distribution in the solar radiation. A semiconductor with band gap of ~1 eV



will absorb the maximum number of photons. However, the energy greater than 1eV will be wasted
by the thermalization process. From optimization calculations, the optimum band gap is considered
to be within 1.4 to 1.8 eV.> The nature of the band gap determines the probability of light
absorption and the required film thickness for light absorption. Figure 1-1C shows the relationship
between energy and momentum for charge carriers in a lattice. For an indirect band gap
semiconductor, the excitation requires interactions between electrons, photons, and phonons which
dramatically reduces the probability of absorption for a given thickness of the film.* The band gap
energy, nature of band gap, material availability, economy, and environmental impacts drive the

research focus and selection of solar absorbing material.

1.3 Evolution of solar absorbing materials: from Silicon to CZTS (Cu2ZnSnSa)

The photovoltaic effect has been known for nearly two centuries while the popular
semiconductor- silicon (Si) was first discovered to show the effect in 1954.5 Numerous
revolutionary developments made Si based solar cells very efficient. Today, the efficiency of the
single junction solar cells have reached 24.7% where the theoretical limit (Shockley-Queisser) is
~30%.%8 Though the efficiency has nearly reached the limit, the search for new materials continues
as the manufacturing cost of Si based solar cell remains high. Silicon is abundant on earth but
purification and processing still present significant cost hurdles. The cost of 250-300 pum-thick
wafers is a major contribution to the high manufacturing cost of Si solar cells.® Such a thick wafer
is required as Si has an indirect band gap and as a consequent the absorption coefficient is low.*
For optimum absorption of sunlight, only a few micrometer thin film is sufficient when the
semiconductor has a direct band gap energy. Thus, thin film technology emerges with new

absorbing materials like CIGS, CIS or CdTe which are compounds of Cu, In, Ga, Se, Cd and Te.



The CIGS and CdTe thin film solar cell were made with record power conversion efficiency (PCE)
of 20.3% and 16%, respectively.®1° However, In and Te prices grew higher as these elements were
competitively used in other technologies and the elements are very rare on earth. Also, Cd is very
poisonous and harmful for the environment. This led to a scientific push toward discovery of new
materials for photovoltaic applications. CZTS (Cu2ZnSnSys) thin film solar cell emerged, which is
composed of Cu, Zn, Sn and S. Figure 1-2 shows the content in the earth and pricing of some the
common elements used in thin film solar cell.)* The elements in CZTS are inexpensive, earth

abundant and non-toxic.*

104
In
5 -
10 5 'IE
a5 “]2 . El'.l ':._:l.l S'E
E sn [
= o cd
§ 10" -
10—t 4
102 4
103 I

Elements

mm Content (ppm)
== Price (5/Kg)

Figure 1-2: The content in earth and pricing of some the common elements used in thin film solar cell



1.4 CZTS (Cu2ZnSnSa) crystal structures, properties and challenges

CZTS has been reported to exhibit tetragonal (kesterite or stannite) and hexagonal crystal
structure (wurtzite).*2% The first principle calculation predicts the tetragonal kesterite phase is
thermodynamically the most favorable structure for CZTS. This is consistent with the majority of
experimental work reported with kesterite CZTS.*® The kesterite CZTS structure is highly similar
to chalcopyrite CIGS [Cu(In,Ga)Se2] where anions and cations are bonded in a tetrahedral
environment similar to ZnO or ZnS.!’ The difference between kesterite and stannite structures are
shown in Figure 1-3 where the order of cation ions layer are different.*® In kesterite CZTS, cation
layer order follows CuSn Cuzn CuSn CuZn CuSn while in stannite layers the order follows ZnSn

CuCu ZnSn CuCu ZnSn.
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Figure 1-3: Showing crystal structure of kesterite vs stannite phases of CZTS. The tetragonal lattice constant: 0.5435
nm, 1.0843 nm and 1.0843 nm.



The theoretical band gap energy of stoichiometric CZTS (~1.5 eV) falls within the
optimum range of 1.4 to 1.8 eV.*>! The band gap corresponds to an absorption onset of ~825 nm,
which encompasses nearly all of ultraviolet and visible solar radiation. The direct nature of band
gap offers impressively high absorption coefficient (~10* cm™) which enables nearly complete
absorption of solar radiation within a few micrometers thin film.* CZTS shows p-type conductivity
where the majority charge carriers are positively charged holes (h*). The p-type conductivity
generates due to the presence of the intrinsic defect in crystal lattice.'* In Cu rich/Zn poor film, the
p-type conductivity results from the presence of Cuzn antisite where Cu takes the Zn site. However,
the Cuz, antisite creates deep acceptor states into which traps charge carriers and induces electron-
hole recombination.'>!® As a consequence, Cu rich/Zn poor film of CZTS lowers the overall
efficiency of the device.!! In Cu deficient film, copper vacancies Vcu and some self-compensated
defect pairs such as [Vcu+ Zncu], [Cuzn+ Zncy], are easily formed. These electrically neutral defect
sites can reduce the recombination in photovoltaic devices by passivating the deep energy levels
within the band gap region. Thus, Cu poor/ Zn rich films are widely preferred for higher
performance.*

According to first principle calculations, the chemical potential for forming stoichiometric
CZTS exists only within a narrow window.*? As a result, achieving the stoichiometry is very
challenging in a quaternary compound like CZTS. The volatile nature of some of the elements
such as Zn, Sn and S makes it even more difficult. In Figure 1-4, the phase equilibrium diagram
illustrates that the single-phase CZTS is pushed nearly to a point.'° The binary and ternary impurity
phases such as CuxS, SnSx, ZnS, and Cu,SnSs are highly favored outside of this window. These

impure phases compete with CZTS growth and the grain boundaries induces trap states for charge



carriers through dangling bonds.* Many research groups have linked the poor performance of

CZTS to these parasitic phases.'®
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Figure 1-4: Showing phase equilibrium diagram of SnS,-Cu,S-ZnS

1.5 CZTS deposition techniques

The CZTS deposition techniques can be classified into two main categories- vacuum &
non-vacuum techniques. The vacuum deposition techniques have the advantage of having good
control on film thickness and composition and an excellent reproducibility. The techniques include
film deposition by evaporation and sputtering in a vacuum chamber.

Plasma sputtering is a robust deposition techniques which can be applied to a wide variety

of materials. The very first attempt on CZTS thin film solar cell was made through sputtering



techniques in 1988.%° Several plasma techniques such as DC sputtering, magnetron sputtering, RF,
hybrid (combination of sputtering and evaporation), and ion beam sputtering have been employed
for the deposition of CZTS.?! Katagiri et al. reported the maximum photo conversion efficiency
(PCE; 6.77%) on sputtered CZTS solar cell in 2008.2% Several evaporative approaches such as
electrical resistance heating, electron beam evaporation, pulsed laser deposition, co-deposition
have been exploited in the preparation of CZTS thin films. FriedImeier et al. reported the first
attempt to synthesize CZTS thin films by thermal evaporation in 1997.2 The elements were
deposited onto a substrate in high vacuum from binary chalcogenide compounds. The film
composition and grain size were largely dependent on the substrate temperature., The highest
efficiency for evaporated CZTS solar cell was 8.4%.%*

The vacuum deposition techniques are expensive. Achieving high vacuum imposes
significant operating costs in the production. Researchers have shifted their focus toward non-
vacuum deposition techniques such as, chemical bath deposition, electrochemical deposition, spin
coating, dip coating, and spray pyrolysis. Asokan et al.?® reported a very respectable CZTS thin
film solar cell using simple chemical bath deposition (CBD) techniques (PCE 1.34%). The
precursor solution was prepared using Cu(NOs)z2, Zn(NOs)2, SnClz, and thiourea in methanol.
Monoethanol amine (MEA) was added to the solution as a chelating agent to prevent precipitation.
The solution was stirred at room temperature for 1 hour until the solution became clear. After that,
a glass substrate coated with indium doped tin oxide (ITO) was inserted into the solution. The
temperature of solution was kept at slightly higher temperature to increase the deposition rate. The
deposition stopped when precipitation caused agglomeration of particles. The possible mechanism
was explained as the dissociation of MEA-complexes and the subsequent reaction between Cu?*,

Zn?*, Sn?*, and S? to produce Cu,ZnSnSs. The root-mean-square roughness of the film was



reported as 3.2 nm. The as prepared thin film was annealed in air at 623 °K for 1 hour. The final
configuration of the cell was: Al/CdS/CZTS/ITO-Glass. Electrochemical deposition is another
cost-effective deposition route for CZTS. Ennaoui et al. reported the most efficient (~3.4%) solar
cell prepared using this method.?® CZTS was electrodeposited on 10x10 cm? Mo coated SLG using
conventional three-electrode assembly. The electrochemical cell contained Ag/AgCl as reference,
an inert anode, Mo (0.5 um) on glass (3 mm) as working electrode, and metal salts of Cu(ll),
Zn(11), Sn(1V) ions together with complexing agents and additives as the electrolyte solution. On
average an area density of 500 pg/cm? was achieved within 20 min depending on temperature,
bath flow, and pH value. The film containing all metals was then subject to high temperature
sulfurization to form the kesterite CZTS phase. The champion PCE of CZTS (12.6%) was reported
from a hydrazine-based precursor solution where the precursor solution having Cu-poor and Zn-
rich stoichiometry was spin-coated onto Mo-coated glass and annealed at 500 °C in Se
atmosphere.?’ Resulting CZTSSe (about 5 um) film was followed by 25 nm CdS (chemical bath
deposition) and 10 nm ZnO (sputtered)/50 nm ITO. Higher ratio of the Zn was maintained in the
precursor solution, as some the film loses Zn by evaporation during annealing at high temperature.
Also, higher Zn/Cu ratio was reported to reduce the probability of excess Cu, which forms
undesired binary phase (CuzS).

The precursor solution techniques provide excellent cost benefit and flexibility in the
deposition process. However, the techniques have some drawbacks as well. For example, in spin
coated techniques material efficiency is very low, almost 99% of the material is wasted. The
technique requires heat treatment between each steps of coatings which complicates the fabrication
process. Spray pyrolysis is a convenient technique for instantaneous film deposition. In this

method, a precursor solution containing sources of the elements such Cu, Zn, Sn, and S is sprayed
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onto a heated substrate. The as sprayed film is then annealed at high temperature under SnS and S
condition to achieve CZTS. Depending on the substrate, pH value, and composition of the solution,
the film crystallinity and the morphology varies.!

While optimal cost metrics are favorable when solution-processing technologies are
employed, CZTS thin film prepared from precursor solution suffers from a drastic increase in
impurity phases without a thermal annealing step. The energy intensive processing step can be
avoided by synthesizing CZTS nanocrystal (NC) prior to film deposition. In fact, CZTS
nanocrystal offers several advantages over bulk deposited film.? Firstly, the band gap energy of
the NC semiconductor largely depends on the particle size. This facilitates tuning of
physicochemical characteristics through quantum confinement effects by altering the physical
dimensions of the NCs, which can be used to maximize the driving force for carrier transfer to an
acceptor species. Secondly, NC may undergo multi-excitation, which means the NC will generate
multiple electron-hole pairs from single photon absorption when photon energy is greater than
2E4.% This phenomenon offers an opportunity to overcome the theoretical SQ limit (30%).
Researchers have postulated that NC based solar cells can reach nearly 50% efficiency.?®° The NC
can be attached to form a thin film by direct adsorption (physisorption) or with the help of a linker.
In a physisorbed film NC-NC interaction hampers the efficiency which can be overcome with
linker assisted attachment. However, until 2010, the maximum PCE for CZTS NC was only 2%.3%
32 Such a poor performance was attributed to the poor attachment of NC on the surface and the
poor electron transfer ability of linker.3® A champion nanocrystalline film was reported by Guo et
al., 2010.3* In this solar cell, CZTS nanocrystal (NC) prepared using hot injection method was
dispersed in hexane thiol which was directly applied onto molybdenum (~1 pm) coated soda lime

glass substrates by knife coating to form a densely packed nanocrystal. Two separate coatings with
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intermediate heat treatment (air dry, 300 °C, 1 min) resulted in a total film thickness of
approximately 1 um. The resulting CZTS film was composed of large densely packed grains. The
final configuration of the cell was: Ni-Al (Top contact, thermal evaporation)/ITO (RF sputtering,
200 nm) /ZnO (RF sputtering, 50 nm)/CdS (50 nm, CBD) /CZTS/Mo. The cell had a total area of

0.47 cm? with PCE of 7%.

1.6 CZTS devices: photovoltaic cell vs photoelectrochemical cell

Traditional CZTS based devices are focused on solid-solid junctions (photovoltaic cell) of
different layers of semiconductors sandwiched together. Figure 1-5A shows a typical configuration
of CZTS based photovoltaic cell: Ag/ZnO/CdS/CZTS/Mo. The device utilizes the relative position
of valence and conduction bands of different layers for separating the photogenerated charge
carriers, as shown in Figure 1-5B.34 The solar radiation is absorbed in the active layers of CZTS
and CdS. The photogenerated free electrons (e”) flow downward to reduce its free energy while
holes (h*) move upward. Eventually, the electrons and holes are separated to the opposite metal

conducting end. The charge carriers flow through external load to generate electricity.
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Figure 1-5: (A) The configuration of the photovoltaic cell. (B) The energy band diagram.

Many of the processing steps of the traditional solid-solid junctions can be simplified or
eliminated using a solid-liquid junction in a photoelectrochemical cell (PEC) where energy
conversion is achieved by immersing a semiconducting photoelectrode in suitable redox couples
as shown in Figure 1-6A.%° The solar radiation is absorbed by the CZTS electrode which generate
photoexcited electron-hole pair. The electrons are transferred into the electrolyte solution while
holes leave the photocathode and reach the counter electrode through external circuit. At the
counter electrode, holes oxidize back the electrolyte into to the original states. The electrolytes
remain unchanged. The end result is that the photon energy is converted into electrical energy.
Figure 1-6B demonstrates the charge separation mechanism. Upon immersion, the electrochemical
potentials of electrode (also called fermi level®® (Ef) which is the energy level at which the
probability of finding the electron is 50%) and electrolyte solution (redox potential) equilibrates
through charge exchange. Since the charge density in the solid is much lower than liquid, the
equilibration creates a depletion layer near the solid-liquid interface. The charge depletion results

in bending the energy bands which poses a barrier (Schottky barrier) to charge transfer across the
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interface. The photo-electrochemical cell (PEC) utilizes the Schottky barrier and/or diffusion
mechanism for separating the photogenerated charge carriers. Any electron/hole pair generated (or
travelled by diffusion) in this region is separated instantaneously which contributes to the
photocurrent. A downward bending encourages e injection to the electrolyte while upward
bending acts against e~ injection.” The direction of band bending or the height of barrier depends

on the pre-equilibrium fermi levels of electrode and redox couples.®%®
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Figure 1-6: (A) CZTS semiconductor-liquid junction photovoltaic cell. (B) Charge separation mechanism
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The comparative advantages of solid-liquid junction over solid-solid junction are as
follows. The doping step of traditional p-n junctions is not needed in solid-liquid junctions since
the charge separation is achieved by the Schottky barrier.®® In the electrochemical cell, the
electrolyte redox potential (determined by the Nernst equation) can be used to tune the amount of
band bending and half of the solid-solid junction is replaced by inexpensive redox solution and
counter electrode. This simplification leads to the reduced cost in materials synthesis and device
fabrications. The procedures for adding redox solution, counter electrode, insulation of the
electrodes and air tight seal for the completed cell are well established in battery technology. In
liquid-junction cells, random crystal orientation can be used as the liquid will form spontaneous
contact with electrode upon immersion. This spontaneous contact offers opportunity to exploit
special architecture to improve charge extraction efficiency.3®

Despite numerous advantages, the CZTS thin films have been rarely explored in a
photoelectrochemical cell configuration. Dai et al. applied porous CZTS photocathode in a dye
sensitized solar cell (DSSC) to improve the short circuit current and power conversion efficiency.*
Additionally, the adoption of a photocathode in a rechargeable battery provides an opportunity of
combining solar energy conversion and storage in a single and simultaneous step. Such
intensification of the processes often leads to cost reduction.’® Researchers have attempted
combining semiconductor photoanode into various rechargeable battery systems.***> Recently,
redox flow batteries (RFB) have captured a great attention which is demonstrated by the
exponential number of publications in the field.*® RFBs have many advantages such as low-
temperature operations, large cycle-life, design flexibility, scalability, simplicity, low maintenance
costs, and reversible redox reactions.*>> However, to achieve the target cost of $150 per kWh set

by the DOE Office of Electricity Delivery and Energy Reliability, the chemicals are needed to be
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almost free.*® The polysulfide based RFB system could be an excellent candidate because sulfur

which is an industrial waste from crude oil production.*’

1.7 Motivation and objectives

The abundant solar energy is considered as the most viable solution to the energy crisis and
global warming. The semiconductor materials used to capture the solar radiation must possess the
optimum thermodynamic and economic quality. The copper, zinc, tin, and sulfur-based
semiconductor, CZTS holds a great attention in the research community. The p-type
semiconductor consists of inexpensive, nontoxic, and earth abundant elements, has a very high
absorption coefficient and optimum energy band gap. However, the preparation of phase pure
CZTS is quite challenging. The quaternary compound often coexists with other binary and ternary
impure phases. In the past two decades, the research in CZTS have been proved very fruitful.
However, lots of attention is needed to improve the power conversion efficiency to meet the grid
parity. The lacking in performance is often linked to the formation of impure phases and intrinsic
defects in CZTS. Many different deposition techniques have been exploited to fabricate high
quality CZTS thin film. The early research techniques involved expensive vacuum techniques. To
facilitate large scale, cost effective production, recent studies are focused on solution processing
of CZTS. The CZTS thin film can be applied in solid state photovoltaic devices. However, the
solid-liquid junction in a photoelectrochemical cell offers easy fabrication and significant cost
reduction compared to the solid-state devices. Also, incorporating a photocathode in a battery can
be used for simultaneous solar energy conversion and storage in a process intensified environment.

The studies presented here represent a bottom up approach for developing high quality

16



photocathode of CZTS for potential application in solar energy conversion (nanocrystal sensitized

solar cell) and/or energy storage technology (solar rechargeable battery).
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Chapter 2

Stable and Flexible Precursor Solution for Reproducible Spray Deposited Cu2ZnSnSa
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2.1 Introduction

The sun provides 120,000 TW of radiant power to Earth’s surface.! Capturing and
converting solar energy is the most attractive option to meet the increasing energy demand in a
sustainable fashion. Several variables must be optimized to facilitate a smooth transition from
fossil fuels to solar energy, primarily cost, longevity, and efficiency. Recently, semiconducting
thin films of Cu.ZnSnSs (CZTS) have captured the attention of researchers since the material
exhibits many related desirable properties. CZTS contains Earth abundant elements, low toxicity,
moderate cost of Cu, Zn, Sn, and S, and optimal band gap (~1.5 eV), which drives much of its
current study.®>%4% CZTS exhibits strong photon absorption properties with an absorption
coefficient on the order of ~10* cm™. This high absorptivity enables a marginal film thickness of
1 um to absorb ~95% energy of the incoming sunlight.>® However, quaternary semiconductors,
such as CZTS, present significant challenges in obtaining phase purity as a result of the strict
thermodynamic conditions for their stability. Impurity phases are often binary or ternary
chalcogenides, which are thermodynamically favored except within a small window of CZTS
phase.®* Optimal cost metrics are obtained using solution-phase processing technologies, yet CZTS
thin films fabricated in this fashion suffer from a higher than average density of impurity phases,
particularly without a thermal annealing step.

Synthesizing CZTS thin films directly from precursor solutions has been attractive because
of low cost, scalability, and exquisite potential to exert control over film thickness and quality.5%3
Solution-based fabrication of CZTS thin films is often carried out by spin coating a precursor
solution, in some cases multiple times, under proper shear and drying rates to yield the desired
film thickness and quality. The highest efficiency reported from CZTS thin film employed spin

coated Hydrazine based precursor solution.?” Although spin techniques are facile, the film can
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sometimes require heat treatment between coatings and other additional processing steps, which
complicates the thin film fabrication. The high toxicity and hazard levels associated with hydrazine
have driven researchers to focus on developing nonhazardous solvents such as mixtures of alcohol
and/or water.>*°" Some have precipitated binary particles by mixing precursors with sulfide in
water solvent, spray-deposited the resulting precipitates onto a conductive substrate, and annealed
it to produce high-quality CZTS thin film photoelectrodes.*®

One major issue encountered in fabricating CZTS thin films from soluble precursor
solutions is the lack of stability and flexibility of the solution itself. The solution should minimally
meet two important criteria: 1) exhibit stability for the time period required for deposition and 2)
sufficient flexibility to tune the composition of the resulting film to meet the desired stoichiometry
or grain density. The previously reported non-hazardous precursor solution recipes primarily
involve halide or oxide salts of Cu?*, Zn*, Sn?* and a sulfur source such as thioacetamide (TAA)
which also acts like a complexing agent.>*% The mechanism of CZTS formation has been

explained by the following chemical reactions®°

Reaction 1 (Solution): 2Cu?* + Sn?* — 2Cu* + Sn**

Reaction 2 (Annealing): 2Cu* + Zn?* + Sn** + 452~ = Cu,ZnSnS,(CZTS)

Reaction 1 lessens the flexibility of the recipe as the deviation of Cu?* and Sn?* salts from
stoichiometry results in unreacted Sn?* in the solution, which encourages SnS binary phase
formation. However, nonstoichiometric films with Cu poor and Zn rich composition are now

widely accepted to show better performance than those fabricated stoichiometrically.?/:6364
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Furthermore, TAA is forms only a weak complex with cations that breaks easily, typically within
30 min at room temperature.

Here we report on the development of a flexible and stable precursor solution for solution
fabrication of CZTS thin films. The TAA complexing agent was replaced by thiourea (TU) since
it forms a stronger complex with the precursor metal ions, which was stable for days at room
temperature. The TU (pH~2) reduces Cu?* to Cu* ions®®® and accommodates TU-Cu* complex
solubility. The UV-Vis absorption profile of a thin film sprayed from a TU-CuCl, mixture exhibits
characteristic absorption features of Cu2S, which supports previous reports reduction of Cu* to
Cu* through the formation of the TU-Cu* charge-transfer complex.5”68

The elimination of Reaction 1 permits the use of Sn** directly in the precursor solution
with Cu?*. This enables one to tune the stoichiometry of the resulting thin film quite easily. We
utilized this strategy to vary the composition of CZTS photoelectrodes while monitoring the
evolution of impurity phases and their impact on the photosensitivity of the electrodes. Use of Cu*
directly was restricted by the poor solubility and tendency for disproportionation in
ethanol/methanol solvent. The precursor was spray-deposited in a controlled fashion onto
preheated FTO to achieve the desired film thickness, and the films were annealed under different
conditions. The thin films were then employed as photocathodes in a photoelectrochemical cell to

probe their photosensitivity under AM1.5 simulated sunlight.

2.2 Experimental
2.2.1 Chemicals
The chemicals for preparing CZTS photocathode were used as received from the suppliers.

The chemicals purity and vendors are listed below- copper (11) chloride dehydrate (CuCI2.2H20),
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ACS, 99+% (Alfa Aesar); zinc chloride anhydrous (ZnCl2), 99.95% (Alfa Aesar); tin (1) chloride
pentahydrate (SnCl4.5H20), 98% (Strem Chemicals); thioacetamide, ACS, 99% (Alfa Aesar);
thiourea, 99% (Alfa Aesar); methanol, 99.9+% (EMD Millipore Corporation); ethyl alcohol 190

Proof, 95% (Pharmco-Aaper);

2.2.2 Methods

2.2.2.1 Precursor solution preparation

The overall scheme of the photocathode fabrication is shown in Figure 2-1. In a typical
synthesis, 1.87 mmol CuClz, 1.3 mmol ZnClz, 0.95 mmol SnCls, and 12 mmol thiourea were
dissolved one by one in 20 mL methanol-water mixture (80-20 wt.%). Methanol was found to
provide better solubility and stability for the solution compared to ethanol. A white slurry was
produced upon addition of thiourea that remained dissolved in excess thiourea. The resulting
solution was stable in air for a long period of time although excess thiourea might precipitate after

a few days.

2.2.2.2 Photocathode preparation using spray pyrolysis

The transparent precursor solution was sprayed onto a preheated FTO substrate (~300 °C)
using a spray pen to form the thin film (Figure 2). The sprayed film was then annealed with SnS(g)
and S(g atmosphere at 470 °C for 1 hour with a low flow of N2 gas. The sulfurization at higher
temperature (especially close to 500 °C) sometimes causes growth of sulfur crystals on the FTO
substrate reducing conductivity of the substrate. To avoid this from occurring, the FTO can be

wrapped well with aluminum foil to reduce contact with sulfur vapor.
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Figure 2-1: (A) Transparent clear solution of metal chlorides and thiourea, (B) Dark brown film from sprayed solution

onto preheated (300 °C) FTO substrate, and (C) Dark black film after annealing at 470 °C under SnS, S, and N; gas
atmosphere.
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Figure 2-2: (A) Spray pen. (B) Photograph of aluminum wrapped annealed film of CZTS. (C) Temperature profile for

film annealing. (D) Furnace tube schematics showing direction of N2 gas flow, ampules SnS, S powders and the
annealed films.
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2.3 Results and Discussions
2.3.1 Comparison of traditional vs modified recipe

A comparison between the standard precursor solution and that with our modifications is
provided in Figure 2-3. Route 1 shows the traditional precursor recipe which started with CuCl;
and ZnCl; in ethanol. After addition of SnCl>, a white slurry of CuCl produced which dissolved in
excess thioacetamide. The transparent yellow precursor solution started to break down within 40
min of preparation at room temperature. In about 80 min, the solution completely lost the
homogeneity required for the deposition process. Route 2 shows a more stable and flexible
synthesis recipe where CuCl, and ZnCl> were added in methanol-water (80-20%) mixture. In this
approach, SnCls dissolved in the mixture without reducing Cu?* which was evident from the
absence of Cu* precipitates. The Cu?* salt was reduced to Cu* precipitation when thiourea was
added to the mixture. The Cu™ precipitates dissolved quickly in excess thiourea and the complexes
remained dissolved in the solution for several days at room temperature, demonstrating the

improved stability.
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Figure 2-3: (a1) CuCl; and ZnCl; in Ethanol, (b1) SnCl; added, (c1) precursor solution with thioacetamide,
(d1) solution decomposing after 40 minutes, (e1) inhomogeneous solution after 80 minutes, (az) CuCl, and
ZnCl, in Methanol and water, (b2) SnCl, added, (c2) precursor solution with thiourea, (f2) homogeneous
solution after shaking (e.) stable solutions after 40 minutes, and (f2) stable solution after 80 minutes.

2.3.1.1 X-ray diffractogram and raman spectroscopy

The annealed CZTS films prepared from the stable precursor solution were characterized
using X-ray diffractogram (XRD) and Raman spectroscopy. In Figure 2-4A, the kesterite structure
of CZTS was identified using XRD.5>¢*"*However, XRD does not suffice to identify CZTS
because of similar unit cell dimensions of CZTS, ZnS, and CTS (Cu2SnSs). To distinguish the
impure phases (ZnS and CTS) from CZTS, Raman spectroscopy was performed on the films. The
CZTS has been predicted to have 27 Raman active modes among which only 3 modes (related to
A1 symmetry) are most commonly reported for green light excitation (514 nm) - a strong Raman
shift at 333-339 cm™ and two weak shifts at 285-292 cm™, and 371-373 cm™* which can be used
as fingerprint for CZTS.”27"° Until today, 18 modes have been detected using different excitation

wavelengths.”® In Figure 2-4B, we observed and identified 8 Raman active modes using 514 nm

25



excitation with a wide range of Cu/Zn ratios. The shoulder of the strongest peak at ~337 cm™ was
examined very carefully. The absence of the shoulder peaks at 316 cm™ or 352 cm™ eliminated
possible formation of ternary CTS or binary ZnS phases, respectively. Additionally, we found that
the Raman peaks displayed a red shift with increasing Cu composition. This effect was most
obvious for the strongest peak as illustrated in Figure 2-4C. The red shift can be attributed to the
higher degree of disorder in the cation sublattice of CZTS. The random distribution of cations on
the Cu-Zn plane causes the crystal structure to be altered from a kesterite phase to a stannite like
structure.”””® The CZTS growth temperatures were probed using Raman spectroscopy as seen in
Figure 2-4D. A CZTS characteristics Raman shift appeared at ~329 cm™ at a low temperature (350
°C). Interestingly, the peak continued developing while blue-shifting with increasing temperature.
At 470 °C, we have identified maximum number of Raman shifts for CZTS with minimal presence

of impure phases, which established the minimum annealing temperature for the sprayed film.
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Figure 2-4: (A) X-ray diffractogram (XRD), and (B) Raman spectroscopy of CZTS annealed films where Cu/Zn ratio
in precursor varies from (a) 1.36, (b) 1.38, (c) 1.40, (d) 1.44, (C) Raman peak shifting with Cu/Zn ratio in the precursor,
and (D) Raman spectroscopy for different annealing temperature (a) 250 °C, (b) 350 °C, (c) 450 °C, (d) 470 °C, (e)
490 °C for CZTS with Cu/Zn ratio 1.44. Raman spectrometer scan settings: 532 nm excitation wavelength, 5% laser
power, 10s, 20 accumulations. Si reference peak at 508 cm™.

2.3.1.2 X-ray photoelectron spectroscopy

The valence states of the elements in the film were investigated using X-ray photoelectron
spectroscopy (XPS) as shown in Figure 2-5. Two narrow doublet peaks in the Cu 2P spectrum
appearing at 931.9 eV (*Ps2) and 951.7 eV (°P1.), separated by 19.8 eV, indicate the existence of
Cu (1).”*®1The Zn 2P binding energies at 1021.8 eV (?Ps;2) and 1044.9 (?P12) eV, with a splitting

energy of 23.1 eV, correspond to Zn (I1) oxidation state. The Sn (1V) state is confirmed by Sn D
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peaks at 486.5 (3Ds2) and 494.9 eV (3Dsr2) with its characteristic peak separation of 8.4 eV. The
S2P spectrum shows peaks at 161.7 (?Ps2) and 162.8 eV (?P12) with a split of 1.1 eV which indicate

S(11) oxidation states. As expected, a small presence of O 'S exists in the film, which was a result

from high-temperature annealing.
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Figure 2-5: X-ray photoelectron spectroscopy (XPS) showing binding energy for (A) Cu 2P, (B) Zn 2P, (C) Sn ®D, (D)

S 2P scan, and (E) O 'S scan of CZTS annealed film.
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2.3.1.3 SEM and EDS analysis

The film morphology and composition were examined using SEM-EDS analysis. As suspected, the
spray deposited film displayed an amorphous structure (Figure 2-6A). Upon high-temperature annealing,
the film grew into a compact and dense film with a large grain size (<1um) as shown in Figure 2-6B. The
spray parameters were refined over many trials to establish parameters that yielded finer control over film
thickness. A cross-sectional SEM image (Figure 2-6C) of a film with thickness of 630 nm displayed
optimum performance in photocurrent generation. The EDS analysis (Figure 2-7) showed a slightly Cu

poor and Zn rich composition, which is intended for good performance.*

Figure 2-6: SEM image (A) Sprayed film morphology before annealing, (B) Annealed film morphology, and (C) Cross
sectional SEM image.
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Figure 2-7: (A) EDS elemental spectrum. (B) EDS compositional analysis shows the film is slightly Cu-poor and Zn-
rich in composition.

2.3.1.4 Study of phase evolution using uv-vis absorption spectroscopy

The photoelectrical property of the film was investigated using UV-Vis absorption Spectroscopy.
In Figure 5A, the film shows a sharp absorption edge at 900 nm (1.37 eV) representing the band edge
transition. The electronic transition was modeled®®®°® for a direct band gap semiconductor in the Tauc plot,
which confirmed the semiconductor band gap of 1.4 eV (Figure 2-8B).

The flexibility of the synthesis recipe allowed us to vary the Cu and Sn composition in the precursor
solution with homogenous oxidation states while keeping the counter elements constant. This permits
investigation of the evolution of different phases by probing UV-vis absorption spectroscopy on the
annealed films (Figure 2-8C). According to the previous reports®, CZTS only forms within a very narrow
composition window. At lower Sn composition, it is safe to assume that only binary and ternary phases
such as ZnS, SnSy, CuyS, and CTS (Cu2SnSs) exist in the film. Among these phases, CuxS and SnSx are
easily distinguishable from CZTS under UV-Vis spectroscopy. In the trace a-c, CuxS phase dominates,
evident from its characteristic valley at ~700 nm.®” To confirm the Cu,S phase, we present UV-Vis spectrum

for pure Cu,S in Figures S3A.
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Figure 2-8: (A) UV-vis absorption spectrum of CZTS annealed film. (B) Tauc plot showing band gap energy. (C) UV-

vis spectra of annealed films with varying Sn composition in the precursor solution where CquZn = () 0, (b) 0.06, (c)
0.12, (d) 0.18, () 0.24, and (f) 0.30. (D) UV-vis spectra of annealed films with varying Cu composition in the precursor
solution where —— = (@) 0, (b) 0.21, (c) 0.42, (d) 0.64, and (e) 0.86.

Zn+Sn

The CuxS phase diminishes as the Sn composition increases, which can be explained by a new
dominating phase (CTS) within the film. However, before reaching the stoichiometric Sn composition
(trace c-f), the films start to develop a peak near 420 nm which is, according to the literature®?, attributed to
SnSx (x = 1 to 2) phase. The UV-Vis spectrum of SnS, film, grown via successive ionic layer adsorption
and reaction, shows an absorption peak at ~420 nm (Figure S3B, Supporting Information). Similarly,
Figure 2-8D shows the effect of Cu variation on the annealed films. At the lower Cu composition, we

suspect ternary CTS (band edge at 850 nm) dominates the film for the same reason discussed above. As
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the Cu composition approaches the stoichiometry, the SnS phase becomes evident (trace d-e). Binary CuxS
is a low band gap n-type semiconductor which creates a short circuit within the film, therefore, dramatically
reduces carrier density.>! Binary SnSy is a wide band gap (indirect) semiconductor which reduces energy
efficiency. Moreover, the grain boundaries between CZTS and binary phases act like recombination sites
for the charge carrier. Our study suggests that to minimize the SnSx phase in the film, a Cu poor and Sn
poor composition must be attained. The findings agree with the “Cu poor and Zn rich” notion for improved

performance which has been observed previously® - via vapor deposition techniques.
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Figure 2-9: (A) UV-vis absorption profile of CuxS sprayed film prepared by mixing 1.87 mmol CuCI2 and 6 mmol
thiourea in a 20 mL methanol-water mixture (80-20 wt.%). The resulting light green solution was sprayed onto a
preheated FTO substrate (~300 °C) using a spray pen. (B) UV-vis absorption profile of SnSx film grown onto TiO2
(baseline) via successive ionic layer adsorption and reaction (SILAR) a-e represents film after 1-5 cycles. The SnSx
SILAR film was grown onto mesoporous TiO2 film with a 0.02 M SnCI2 solution (pH 1.3 adjusted with HCI) as the
cationic precursor and a 0.02 M NazS solution as the anionic precursor solution.

2.3.1.5 Photoelectrochemical Response of CZTS thin film.

To study the photoresponse, the annealed film was employed as the working electrode in a three-
electrode photoelectrochemical cell (PEC) with Ag/Ag* as reference, Pt as counter electrode, and Eu?*/Eu®*
aqueous redox couple (0.2 M) as the electrolyte solution. This characterization technique provides a quick

performance testing for the absorber layer without requiring to build a multilayer photovoltaic device.®
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The Eu?*/Eu® redox couple has been shown to stabilize the CZTS-electrolyte interface while the standard
redox fermi level falls within the band gap energy level of CZTS® (Figure 2-10). Figure 2-11A shows
the three-electrode configuration of the PEC. The film was illuminated by 100 mW/cm? simulated sunlight
using a 300W Xe lamp that was first passed through an AM 1.5 filter. In Figure 2-11B, the linear sweep
voltammetry (LSV) shows that the photocurrent (difference between light and dark current) increases
steadily from -320 mV to -1V vs. Ag/AgCl. The negative photocurrent indicates electron injection into the
electrolyte at interface of working electrode. This electrochemical behavior is expected for a p-type
photoelectrode.®® As illustrated in Figure 2-11C, in addition to the diffusive separation mechanism, the
band bending at the bulk film-liquid interface promotes separation for the photogenerated charge
carriers.®®8° The stability of the photocurrent is shown in the J-t curve as a function of time (Figure 2-11D)
under -500 mV applied bias vs. Ag/AgCI. The current response with an intermittent cycle of dark and
illuminated conditions shows that the resulting photocurrent is stable for a long period of time, which is a
drastic improvement from previously reported values.®°-92 This improvement can be attributed to the

lesser degree of binary phases obtained from careful choice of cations in the precursor solution.

Ag/AgCI reference electrode
(not to the scale)
CB -1.2V
L -0.61V (EUZ*/Eu3*)
CZTS
— 0V (Ag/Ag")
+0.3V |
VB '

Figure 2-10: Relative band positions of CZTS and Eu?*/Eu®* redox fermi level with respect to Ag/AgCl reference
electrode.
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Figure 2-11: (A) Three electrode photoelectrochemical cell image, (B) Charge separation mechanism at the solid
liquid interface, (C) Linear sweep voltammetry of CZTS film under dark and illumination depicts p-type
semiconductor response under AM 1.5 simulated solar flux at 100 mW/cm?, and (D) Current density vs. time plot at
-500mV for shows stable electrode performance with reference Ag/AgCl, Pt as counter and 0.2 M EuCls in water as
electrolyte solution.

2.4 Summary

The precursor solution approach has been proven to generate the best quality film for solar energy
absorption. However, the air stability of the solution has been a prolonged issue that needs to be addressed.
In this report, a systematic approach was acquired to develop a stable and flexible precursor solution by
selecting the oxidation states of metal ions corresponding to CZTS. The precursor solution was spray
deposited onto preheated FTO and annealed at 470 °C under SnS and S atmosphere. Results from Raman

studies have indicated 8 Raman active modes in the annealed samples using only green light (514 nm)
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excitation. The flexibility of the solution was utilized to show binary phase evolution for the first time, to
our best knowledge, by probing the UV-Vis absorption spectra. By varying the Cu and Sn composition
variation, we found that impure SnSy phase develops under Cu rich and Sn rich condition. To maximize the
film performance, a Cu and Sn deficient film was suggested. The easily reproducible photocathodes were
employed in a three-electrode photoelectrochemical cell to test the performance as solar absorbing layer.
The photocurrent increases with applied negative bias vs Ag/AgCl reference electrode. The photocurrent at

a fixed bias was found stable over an extended period of time.
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Chapter 3

3 Carrier Lifetime and Charge Separation in K*-Doped CZTS Nanocrystals

Fast Slow
Recombination Recombination
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3.1 Introduction

Kesterite quaternary semiconductor Cu2ZnSnSs (CZTS) holds promise as an earth
abundant, inexpensive material for next generation solar energy conversion strategies.®*% The p-
type semiconductor has a direct band gap energy of ~1.5 eV which falls within the optimum range
for the absorption of solar radiation on earth’s surface.®>%3%.% The relatively high absorption
coefficient (~10* cm™) enables nearly complete light absorption within only a few micrometers of
thin film constructs.®® However, CZTS primarily suffers from balancing light absorption with
minority carrier transport. While nearly all photons of sufficient energy are absorbed within 1-2
um, the upper-bound electron diffusion length has been estimated from fluorescence lifetime
measurements to be ~200 nm in vacuum deposited thin films of high quality.** Grain boundaries
and intrinsic point defects in Cu poor/Zn rich CZTS film such as sulfur vacancy -Vs, Sn on Cu
anti-site - Sncy, and Cu on Zn antisite - Cuz, within the thin film are thought responsible for the
low carrier lifetime and, by extension, carrier diffusion length.%"-%

Doping CZTS with alkali metal ions such as Na* increases the carrier lifetime and charge
density by passivating defect sites and increasing free carrier concentration.®1% Accordingly, Na*
has been shown to suppress formation of binary compound ZnS, which induces recombination by
trapping carriers at ZnS-CZTS interfaces. The highest-performing CZTS photovoltaics are
fabricated using soda lime glass (SLG), which facilitates diffusion of Na* impurity during high-
temperature annealing. Recently, doping CZTS thin films with K* has been shown to be more
effective in improving grain boundary defects than Na*.!% The highest recorded efficiency of
CIGSe based solar cell, which is considered the analogue to CZTS, was achieved using K*-doped
thin film.1% Significant improvements in thin film photoresponse were reported with proposed

mechanisms similar to those observed with Na*-doping.2%? Despite such promising results, little is
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known regarding the fundamental nature of the role of K* in improving the photoresponse of
CZTS, particularly in nanocrystalline form.

Nanocrystal (NC) synthesis methods have been developed to produce monodisperse CZTS
particles that act as building blocks for CZTS thin films.2?"*1% The NCs can be synthesized in a
variety of ways that allow strict control over the resulting material and thin film properties.%4111.112
NCs typically undergo ligand exchange to reduce carbon content and are annealed at high
temperature to produce the CZTS thin films, which are employed as photoactive layer in
photovoltaic cells 104-109.113-115

Our objective in this study was to elucidate the role of potassium doping in improving the
CZTS photoresponse. We first developed a reproducible and flexible synthesis to produce undoped
and K*-doped CZTS NCs. The NCs were then subjected to ligand-exchange, dispersed in water,
and spray-deposited onto preheated transparent oxide conductor to produce nanocrystalline thin
films. We did not anneal the thin films, which induces grain growth and better CZTS phase purity.
Instead, we focused on the fundamental photoresponse of NC thin films so we could eliminate the
well-established role alkali metal dopants play during annealing. Surface-enhanced Raman
spectroscopy, XPS, transmission electron microscopy (TEM), energy-dispersive Xx-ray
spectroscopy (EDS), x-ray fluorescence (XRF), and transient absorption spectroscopy (TAS) were
used to characterize doped and undoped CZTS NCs. We employed the doped and undoped CZTS
NC photocathodes in a photoelectrochemical cell to probe the photoresponse. The results show K*
doping of CZTS NCs reduces impurity phases and slightly changes the surface chemistry to a more
K™ rich environment. These factors give way to a significant increase in the excited state lifetime,
which enables a higher degree of charge separation and therefore photocurrent. Figure 3-1 depicts

the overall NC synthesis and photocathode preparation steps. NCs were synthesized in a 3-neck
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flask via heat up and hot injection methods. After washing, chloroform dispersed NC were
subjected to ligand exchange reaction using formamide (FA)-Na2S solution. After ligand
exchange, NCs were dispersed in water for spraying onto FTO. Methanol was added (not shown)

for spraying to improve drying processes and allow for lower temperature spray deposition

process.
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Figure 3-1: Cartoon illustration showing the route for CZTS photocathode preparation.

3.2 Experimental

3.2.1 Chemicals

The following materials were used: copper (I1) acetylacetonate, 98+% (Strem Chemicals);
zinc acetate, anhydrous, 99.98% (Alfa Aesar); tin (IV) chloride pentahydrate, 98% (Strem
Chemicals); sulfur powder, -325 mesh, 99.5% (Alfa Aesar); potassium acetate, anhydrous (VWR);

disodium sulfide (Anachemia); oleylamine, >50.0% (Tokyo Chemical Industry); formamide,
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ACS, 99.5+% (Alfa Aesar); chloroform, 99.8+% (EMD Millipore Corporation); ethyl alcohol 190

Proof, 95% (Pharmco-Aaper).

3.2.2 Methods

3.2.2.1 Nanocrystal Synthesis

The nanocrystal synthesis via hot injection (HI) method was modified from Steinhagen et
al.1® In a typical synthesis, 0.935 mmol copper acetylacetonate, 0.7 mmol zinc acetate, and 0.475
mmol tin (1) chloride were mixed with 15 mL oleylamine (OLA) in a three-neck flask. Here,
Sn** salt was used to achieve the appropriate oxidation state with respect to CZTS, and the OLA
was found to reduce the Cu?* to Cu* as apparent by color change from blue to light green.**® The
flask was degassed and placed under N blanket while the temperature was raised to 185 °C. Once
the solution turned transparent-orange, 5 mL of degassed OLA-S (4 mmol S dissolved in 5 mL
OLA) solution was injected. The solution turned black immediately due to burst nucleation, and
nanocrystal growth continues as the temperature rose to 270 °C. The temperature was held for 1.5
hours to complete the growth process. To carry out synthesis of potassium-doped CZTS, K* was
introduced at the beginning with other metal sources to serve as dopant to CZTS NC via potassium
acetate. The NCs were washed twice (three washes rendered the resulting dispersion kinetically
unstable for the duration required to prepare the photocathodes) and dispersed in chloroform for

further processing into photocathodes.

3.2.2.2 Surface modification through ligand exchange reaction
The NCs were further processed through ligand exchange reaction before fabricating

photocathodes. Ligand exchange reactions were carried out with NazS-formamide solutions.*®
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Typically, 0.453 g of NaxS. 7H.O was dissolved in 5 mL formamide for 44 mg of CZTS NC
dispersed in chloroform. The ligand exchange reaction was carried out in a vial with rapid stirring
for up to 6 hours. At the end of the reaction the NCs became dispersed in formamide, which left
transparent chloroform remaining at the bottom of the vial. The NCs were separated by adding 5
mL water and 30 mL ethanol followed by centrifugation at 5000 RPM for 5 minutes. The NCs
were redispersed in 3 mL water by ultra-sonication and precipitated again by centrifugation after
adding 40 mL ethanol. The NC were redispersed in water and centrifuged at 5000 RPM to remove
coarse particles. The dispersion was bubbled with N> gas before storing in the dark and found to

be stable for months if properly stored.

3.2.2.3 Photocathode Preparation

The photocathode was prepared by spraying the NC dispersion onto cleaned FTO glass
substrate preheated to 270-300 °C. NCs were dispersed in a mixture of 80 vol% methanol and 20
vol% water to produce photoactive films via lower drying stresses in films. Drying stresses lead
to cracking, delamination, and other macroscale defects that were eliminated by using the solvent
mixture. Methanol further improved the spray deposition process by enabling a lower substrate
temperature. Typically, a 1 mg/mL NC dispersion was used for spraying to achieve a homogenous

film employing a spray pen.

3.3 Results and Discussions
3.3.1 Synthesis and Characterization of CZTS NCs.
We first monitored the evolution of CZTS nanocrystals as a function of temperature

utilizing a direct-heating method. Precursors were introduced to the flask simultaneously

41



(including sulfur, which is typically injected), and the temperature was raised from 150 °C to 270
°C at 5 °C/min. UV-Visible absorption spectra (UV-Vis) were collected at different temperatures
to track growth of the NCs following nucleation, which we observed via color change at ~190 °C.
The rationale for this approach was twofold. First, CZTS is quaternary and often contains impurity
phases such as ZnS, CuxS, SnSx, and CTS (Cu2SnSs). Among these impurity phases, CuxS and
SnSx are observable in the UV-vis spectrum. Second, we aimed to establish an injection
temperature where these binary phases were minimized. Figure 3-2A shows the evolution of the
CZTS phase as a function of temperature from 190 °C to 270 °C. As can be seen in the figure,
trace a contains the characteristic valley of Cu,S at ~800 nm, which is no longer present and instead
CZTS absorption spectrum is obtained as the temperature increases above 200 °C. The evolution
of the absorption spectra as a function of increasing temperature suggests CuxS nuclei initiate the
synthesis, after which, according to previous reports, slower-reacting Zn/Sn begin to drive the
nanocrystal growth toward CTS and eventually CZTS phase.®! The TEM image (Figure 3-2B) of
the final NCs (270 °C) shows a high degree of polydispersity in particle size.

Figure 3-2C compares the UV-Vis of the undoped and K*-doped NC products in the HI
synthesis method and shows the nanocrystal absorption characteristics are nearly identical. The
TEM image in Figure 3-2D suggests much lower polydispersity can be obtained from HI synthesis
compared to the direct heating method (Figure 3-2B). The stark contrast between the
polydispersity of the NCs implies a burst nucleation process following HI of sulfur-oleylamine
solution at 185 °C. After burst nucleation, the subsequent growth period (until the temperature
reaches 270 °C) is consistent for all nuclei, which results in good control over the nanocrystal
size.!” However, HI synthesis yields NCs of slightly larger average size (~30-40 nm). Previous

reports suggest this is within the optimal size regime for CZTS thin films prepared from NCs.°
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Figure 3-2: (A) UV-vis absorption spectra of NCs synthesized (via heat up method) at (a) 190 °C (b) 200 °C (c) 210
°C (d) 220 °C (e) 230 °C (f) 250 °C (g) 270 °C. The low-temperature spectra suggest CuxS phase initiates the growth
of CZTS NCs, as the absorbance increase from ~800 nm to 1000 nm is characteristic of CuxS phases, (B) TEM imaging
of NCs synthesized by heat up method show high degree of polydispersity and random shapes, (C) UV-vis absorption
spectroscopy of hot injection CZTS in (a) undoped (b) 1.4% K*-doped NCs, (D) TEM imaging of NCs synthesized
by hot injection method demonstrates higher degree of size and shape control over the NCs, albeit with overall larger
average NC size. The percentage of K* doping was calculated based on Cu mole.

The slight depression of the peak at 420 nm in the K*-doped NCs is thought to be a
reduction of SnS phase as previously mentioned.®? To confirm this, we carried out additional
experiments employing sequential bath deposition of SnS.1*® The UV-Vis absorption profile in

Figure 3-3A shows the evolution of the primary absorption peak for SnS at ~400 nm, which
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undergoes quantized red-shifts as the crystallite size increases with subsequent immersion cycles
and the band gap approaches the bulk value. The effect of K*-doping on CZTS phase purity and
lattice structure were further investigated using x-ray diffraction (XRD) and Raman spectroscopy.
We first probed the CZTS NCs using XRD in the event that K*-doping would result in a shift of
one or more peaks as a result of its inclusion within the crystal structure through replacement of
Cu* rather than as an intercalant (atomic radii: Cu = 1.28 A; K = 2.8 A). The XRD diffractogram
for the undoped and K*-doped CZTS NCs are provided in Figure 3-3B, and no significant
differences in the diffractograms are noted. Overlap in the diffraction peaks of undoped and K*-
doped CZTS implies K™ does not significantly alter the d-spacing of low dimensional planes.
However, we did observe minor peak broadening in the K™ doped sample (FWHM data are
reported in Table 1). Impurity phases were not immediately evident from XRD, but only select
impurities can be resolved since a significant number of the peaks corresponding to the CZTS

kesterite phase overlap with the binary ZnS and tertiary CTS phases.!®

Table 3-1 FWHM data of the major XRD peaks for undoped & 15% K* doped (maximum doping load) CZTS NC
aggregated powders.

Planes FWHM (deg)
0% 15%
1(112) 1.07 1.08
2 (200) 0.28 0.36
3(220) 0.84 0.91
4 (312) 0.98 1.11
5 (008) 0.01 0.02
6 (332) 0.18 0.30
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In order to circumvent this and better resolve phase impurities, Raman spectroscopy was
employed to probe the kesterite CZTS phase as done in previous studies.*?®?2 CZTS shows a
Raman strong-shift between 330-339 cm™ and two additional weak-shifts at 285-295 cm™ and
371-373 cm™.12® We first employed standard Raman spectroscopy on CZTS NC powder samples
obtained by varying the amount of K* introduced to the precursor solution. The Raman spectra
presented in Figure 3-3C demonstrate a continual shift of the strong-shift peak to higher
wavenumber corresponding to increasing initial K™ concentration, which mirrors previous findings
in solution-processed K*-doped CZTS thin films.1921241%5 However, traditional Raman
spectroscopy generates very broad spectra for CZTS NCs and convolutes the observable peaks
corresponding to binary/ternary phases. We employed Surface Enhanced Raman Spectroscopy
(SERS) to better resolve the phase purity of the as-prepared NCs. SERS spectra provided in Figure
3-3D show a slight reduction of ZnS and CTS phases for K*-doped sample. We also continue to
observe slight increase in wavenumber from 332 cm™ to 336 cm in the strong-shift of the SERS

spectra for the K* doped sample.
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Figure 3-3: (A) UV-vis of a SnSx-sensitized TiO, mesoscopic thin film depicting the evolution of primary absorption
peak near 400 nm, which is similar to the observed peak at ~420 nm in the UV-vis for as-synthesized CZTS NCs. (B)
X-ray diffractogram for (a) CZTS (b) 15% K*-doped CZTS (at 15% dopant addition to the initial flask conditions, we
anticipate the highest level of K* incorporation into the CZTS NCs, which would impact diffractograms to the highest
degree if any impacts are observable). (C) Raman spectroscopy of (a) undoped (b) 1.4% K*-doped (c) 5% K*-doped
(d) 15% K*-doped CZTS NC aggregated powders. (D) Surface Enhanced Raman Spectroscopy (SERS) of (a) undoped
(b) 1.4% K*-doped CZTS NC. Approximately 2 nm Au islands were formed via sputtering Au onto CZTS NC film.
Raman spectrometer scan settings for all measurements: 532 nm excitation wavelength, Si peak at 508 cm*, 5 % laser
power, 10s, 20 accumulations. Initial K/Cu molar ratio of 0.014 at the initiation of the synthesis is referred as 1.4%
doping.
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3.3.2 Fabrication and Characterization of CZTS Photocathodes.

CZTS thin films were fabricated via spray-deposition as discussed in the experimental
details. The films were first characterized using UV-vis, SEM/EDS, x-ray fluorescence (XRF),
and XPS before carrying out photoelectrochemical testing. UV-vis was used to investigate the
absorption characteristics of the CZTS thin film photocathodes and was used to estimate the film
thickness (Figure 3-4A). The absorption features of the best performing films demonstrate a
smoothing of the peak at 420 nm after spraying at elevated temperature. This is not unexpected
since elevated temperatures during annealing processes for producing high-quality CZTS thin
films reduce grain boundaries and reform impurity phases into kesterite phase. Furthermore, the
Tauc plot (inset) shows the band gap of the K*-doped CZTS photocathode is 1.5 eV, which
corresponds to the reported bulk band gap of kesterite CZTS. SEM imaging (Figure 3-4B) depicts
a rough photocathode surface, which we posit is a result of the steep thermal gradients (and

resulting rapid drying rates) at or near the FTO surface during deposition onto the heated substrate.
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Figure 3-4: (A) UV Vis absorption spectroscopy of the NC film sprayed onto FTO glass substrate. Inset: Tauc plot to
determine the band gap of the sprayed K*-doped CZTS film. (B) SEM image depicting the surface topology of the
sprayed film. Thermal gradients and rapid drying lead to crater development in the surface of the NC film.
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EDS spectra and corresponding compositional analyses are presented in Figure 3-5. We
performed confirmatory XRF analysis (Figure 3-5C) as EDS can sometimes exhibit a wide margin
of error. However, the calculated composition of the samples obtained from both EDS and XRF

match to within 1%.
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Figure 3-5: (A)-(B) EDS compositional analysis of undoped NC aggregated powder showed slightly Cu poor and Zinc
rich composition. (C) X-ray fluorescence (XRF) spectra for undoped CZTS. The K, and K as displayed are the
prominent peaks observed under XRF. EDS Cu/Zn ratio calculated as ~1.53; XRF Cu/Zn ratio calculated as ~1.52.
XPS was employed to probe the surface composition of the as-prepared nanocrystalline
CZTS thin films. Several important findings were uncovered. First, the relative intensity of the
primary cations shown in Figure 3-6A-C (Cu, Zn, Sn) in undoped CZTS is higher than that within
K*-doped CZTS. Moreover, the relative intensity of the sulfur peaks in undoped and doped CZTS
presented in Figure 3-6D is inverted with K*-doped CZTS showing higher intensity of the sulfur

peaks. This result suggests the K*-doped CZTS leads to fewer sulfur vacancy surface defects and

lower cation/sulfur ratio on the surface. The K*-doped CZTS thin film also contains an additional
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peak at 293 and 296 eV (Figure 3-6E), which corresponds to K 2P transition and confirms the
presence of K* dopant on the surface of the doped sample. K 2P peaks were not evident in undoped
sample. (Adventitious carbon peak at ~286 eV in Figure 3-6E was used to standardize XPS scans.)
Characteristic sodium peak was observed at 1071 eV for both doped and undoped films, which
originates from the ligand-exchange process. We note the K*-doped film shows lower sodium peak
intensity (Figure 3-6F), suggesting K* resides on the surface of the NCs and is fractionally-
replaced with Na* during ligand exchange. Oxygen was observed in both thin films near the
characteristic energy of O 'S at 531 eV (Figure 3-6G). Further investigation of the surface of CZTS
NCs is warranted to understand the interplay between the synthesis/processing conditions and

surface features in the NCs.
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Figure 3-6: (A) — (D) XPS spectra for the primary elemental constituents of CZTS, which shows varying relative
intensities of cation/anion ratio and peak-shifting in K+-doped CZTS associated with the local oxidation state and
bonding environment. (E) XPS spectra showing K 2P peaks present in K*-doped CZTS sample and the alignment of
adventitious carbon peak at ~285 eV. (F) XPS spectra of Na 'S peak at 1071 eV demonstrating the success of the
ligand exchange using Na,S and the effect of the exchange on surface composition. (G) XPS spectra of prepared
CZTS NC thin film photocathodes. We prepared the photocathodes using dropcast and spray methods to ascertain the
influence of the heated substrate in spray-deposition of the NCs. No significant differences were observed, indicating
oxidation of the NC surface results from prior synthesis and/or processing steps.
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3.3.3 Probing the Excited State of CZTS Nanocrystals.

In order to better understand the impact of phase impurity remediation and passivation of
K*-CZTS NC surface on the photophysical behavior of CZTS NCs, we employed femtosecond
transient absorption spectroscopy (TAS) to probe the lifetime of the photoexcited state. Generally,
doping CZTS with alkali metal ions is thought to improve the excited state lifetime and charge
separation efficiency through the passivation of defect sites.*?612° TAS is a pump-probe method
commonly employed to interrogate the excited state lifetime of semiconductor NCs.**%1%% we
deposited CZTS and K*-doped CZTS on mesoscopic insulating supports prepared from ZrO-
nanoparticles and carried out pump-probe measurements on the fs-ns timescale. UV-vis absorption

spectra of the physisorbed CZTS NC onto mesoscopic ZrO is provided in Figure 3-7A.
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Figure 3-7: (A) Schematic for photoexcitation and predominant charge recombination pathway within the NCs during
transient absorption spectroscopy experiments. (B) UV-vis absorption spectrum of ZrO, insulating support
architecture and CZTS nanocrystal physisorbed onto porous ZrO2 film. Absorbance of films is controlled at ~0.3 at
the wavelength of the excitation pulse (387 nm) for transient absorption measurements.
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One can observe in Figure 3-8A a representative optical difference spectrum when CZTS
is photoexcited by 387 nm pump of 130 fs temporal width. Two features are prominent in the
spectrum: a transient bleach convoluted with the broad transient absorption is observed at ~520
nm at time delays beginning at 100 fs after photoexcitation, similar to that observed in prior fs
spectroscopy work on CZTS NCs.'** Pundsack and co-workers attribute the broad transient
absorption to the presence of a 2" conduction band within the CZTS electronic structure, following
from prior findings in computational analyses.*’**>13 Figure 3-8B shows the exponential decay
of the difference spectra for each sample. A significant increase in the excited state lifetime for the
K*-doped CZTS (t = 1864 + 312 ps) NCs relative to the undoped CZTS (t = 1169 + 267 ps) is
observed. The inset as well as the tabulated fitting parameters provided in Figure 3-8, indicate the
shortest component of the lifetime is approximately the same (tshort = 2.5 ps). However, this “fast”
component in the undoped sample is weighted nearly 20 times more than K*-doped CZTS in the
calculation of the average lifetimes. This fast component is typically attributed to ultrafast charge
trapping processes characteristic of defect-laden semiconductor NCs following photoexcitation.
The TAS results reported here suggest the predominant role of K* in improving the photoresponse
of CZTS is through the suppression of these trapping processes commonly observed in
semiconductor NCs. Since we observe the rapid onset of transient absorption signal from trapped
holes at surface-terminating sulfide ions, it’s possible the K* serves as a stabilizing charge-balance

during generation of sulfide radical species following photoexcitation.
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Figure 3-8: (A) Representative transient absorption spectra of K*-doped CZTS NC physisorbed onto ZrO; insulating,
mesoscopic support at various delay times following excitation pulse. (B) Temporal decay of excited state transient
absorption of (a) CZTS (b) K*-doped CZTS (Inset: zoomed view of early time). Scan settings: 387 nm excitation
wavelength, 0.12 mWw.

We note here, however, that chalcogenides are particularly susceptible to excited state
transient absorption features since the visible-absorbing chalcogen radicals (S, Se*) are formed
via hole trapping processes at surface sites.™*”1*° Considering the p-type characteristics of CZTS
and the resulting high density of states near the valence band,'® we posit the observed transient
absorption in our experiments corresponds to the sulfide radical species observed in other
chalcogenide semiconductor nanocrystals. As a maiden attempt at unveiling the nature of the
transient absorption signal in the photoexcited CZTS NCs, we introduced isopropanol as an

electron donor to CZTS colloidal dispersion since the HOMO of isopropanol is above the valence
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band energy of CZTS and the LUMO is far above the conduction band (Figure 3-9B). The results
show faster decay when hole-scavenging isopropanol is present implying the transient absorption
is related to trapped holes on the sulfur ions present on the CZTS NC surface (Figure 3-9A). While
the focus of this work is not to analyze and partition the transient signals of the photoexcited CZTS

NCs, we do wish to introduce this preliminary data to encourage further inquiry.
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Figure 3-9: (A) Decay of transient absorption at 600 nm (a) in toluene and (b) in 2:1 toluene-isopropanol solvent. The
faster decay in the transient absorption is related to the introduction of electron donor to scavenge photogenerated
holes and establish the origin of the transient signal. The rate constant for hole transfer is on the order of 109 s-1,
which would be expected for an upper bound transfer rate in a diffusion-controlled system. (B) Relative band position
diagram with respect to Ag/AgCI reference electrode.

Our primary focus was to employ fs TAS to probe the difference in relaxation time for the
excited state in CZTS and K*-doped CZTS. It was anticipated that the remediation of defects via
K" doping of CZTS NCs (as shown above) would yield a longer-lived excited state. We tracked
the decay of the excited state at the peak wavelength of the transient absorption, 562 nm, in CZTS

and K+-doped CZTS NCs to evaluate the differences. The excited state decay was modeled using
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a linear combination of a minimum number of exponentials following prior works where transient

spectroscopy is used to probe semiconductor NCs,140-145

3.3.4 Photoelectrochemical Response of K*-doped CZTS NCs.

The spray process used to fabricate the CZTS thin films was refined over many trials to
establish parameters that yielded optimum photocathodic response. Based on the absorbance of
CZTS films at 600 nm and the reported absorption coefficient (a ~ 10* cm™), we estimate the
optimum film thickness to be ~1000 nm. The thickness of photocathodes was matched using their
absorption profiles, which enabled us to control for light absorption in the films.

We introduced CZTS photocathodes to a 3-arm, custom photoelectrochemical cell to
characterize the J-V characteristics (linear sweet voltammetry, LSV) and photocurrent stability
(chronoamperometry). A 3-electrode configuration using Ag/Ag* reference, Pt counter electrode,
and Eu?*/Eu®* redox couple was used for the photoelectrochemical tests as shown in the cartoon
sketch in Figure 3-10A. The redox couple was chosen since the Eu?*/Eu®* Fermi level (-0.61 V vs.
Ag/AgCl) falls within the band gap energy level of CZTS (Figure 3-9B).}¢ Furthermore, the
europium redox couple stabilizes the electrode/electrolyte interface and suppresses photocorrosion
processes as reported previously.!4" 152 \We utilized the 3-electrode setup to isolate the

photocathodic response without convolving the redox Kinetic response at the counter electrode.
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Figure 3-10: (A) Cartoon depiction of three electrode photoelectrochemical cell. (B) Linear sweep voltammetry of
CZTS film under dark and illumination depicts expected photocathodic response under AM 1.5 simulated solar flux
at 100 mW/cm?. Current density vs. time plot at (C) -500 mV (D) -600 mV for (a) CZTS, (b) K*-doped CZTS electrode
in three electrode cell with reference Ag/AgCl, Pt as counter and 0.1 M EuCls in water as redox active electron
acceptor.

Figure 3-10B shows a representative LSV response in dark and illuminated conditions of
K*-doped CZTS photocathode. Photocathodic response was observed in both the undoped and K*-
doped CZTS thin films during illumination with AM 1.5 simulated solar flux at 100 mW/cm?2.
Dark current in the nanocrystalline photocathode begins to gradually increase from -300 mV until
c.a. -700 mV (vs. Ag/AgCl), after which a drastic increase in cathodic dark current is observed.
We attribute leakage current evident in the dark current scan prior to -700 mV to the high density
of defects present without a thermal annealing step. In practice, surface defects in particular

populate a significant number of charge carriers at defect sites upon voltage perturbation by the
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imposed electric field from the potentiostat. High-energy defect sites on semiconductor NCs can
often be catalytic during applied electrochemical bias in dark conditions but is not conducive to
efficient charge carrier extraction following photoexcitation.

The stability of the photoresponse for both CZTS and K*-CZTS photocathodes was probed
with chronoamperometry. This allowed us to observe the photocurrent response to intermittent
cycling of dark and illuminated conditions as a function of time. The resulting J-t curves at a bias
voltage of -500 mV and -600 mV are presented in Figure 3-10C-5D. The results show that both
CZTS and K*-CZTS exhibit stable photoresponse in the aqueous europium redox couple.
Significant increases in photocurrent were produced by the K*-doped CZTS photocathodes, which
we attribute to the increase in the excited state lifetime of K*-doped CZTS NCs that results from
the lower degree of phase and surface defects. This increase in excited state lifetime improves the

probability of charge extraction and collection at the photocathode contact.

3.4 Summary and Conclusions

The work reported in this work demonstrates, for the first time, the mechanisms involved
in the improved performance of K*-doped CZTS NCs. In summary, K*-doping leads to a reduction
in binary and ternary impurity phases and terminal-surface defects, which are known to reduce
charge carrier diffusion length and increase undesirable recombination reactions between electrons
and holes. Furthermore, the suppression of these defects leads to a longer-lived photoexcited state
as probed by TAS. The improved lifetime of the excited state provides increased probability for
charge extraction, leading to the higher photocurrent observed in the photoelectrochemical tests.
K*-doping of CZTS NCs can be achieved directly through the modified hot injection synthesis

reported here for the first time. Further work on uncovering the inherent limiting factors in CZTS
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NCs can facilitate their introduction to photoelectrochemical reactors for water splitting or in

mesoscopic, nanostructured photocathodes for solar energy conversion.

58



Chapter 4

4  CZTS (Cu2ZnZnS4)\Cu:S electrode for photocatalytic reduction of polysulfide and

probing charge injection using transient absorption laser spectroscopy.

@ K*-Cu,ZnSnS,
® Cu,S
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4.1 Introduction

The increased dependency on renewable energy (solar, wind, and hydro) requires large-
scale energy storage systems as these source are often intermittent.*>>® Recently, redox flow
batteries (RFB) have captured a lot of attention as evidenced by the exponential number of
publications in the field.*® RFBs have proven to be a viable energy storage technology at an
industrial scale in a cost-effective, safe, and efficient environment. Low-temperature operations,
large cycle-life, design flexibility, scalability, simplicity, low maintenance costs, and reversible
redox reactions are the main advantages of these batteries.*>*> However, to achieve the target cost
of $150 per kWh set by the DOE Office of Electricity Delivery and Energy Reliability, we need a
redox couple which is almost free.*® The polysulfide based RFB (PRFB) utilizes cheap, water
soluble sulfur compound which is considered industrial waste from crude oil production. Sulfur
can also achieve a very high charge carrier density.*” A traditional PRFB utilizes an electrical
energy source to reduce polysulfide which represents charging of the cell.*>* In this report, we
investigate photo-assisted reduction of polysulfide utilizing a Cu2ZnSnSs (CZTS) electrode to
demonstrate simultaneous solar energy conversion and storage. CZTS is a nontoxic, p-type
quaternary semiconductor which is both thermodynamically and economically suited for next
generation solar energy conversion technologies. This semiconductor contains earth-abundant
elements with a direct band gap energy of ~1.5 eV which is considered optimum for solar
absorption. 3489395154 There is an abundance of studies on the electrocatalysis of polysulfide for
its application in dye-sensitized solar cells (DSSC).1%°-1%0 However, to our knowledge, this is the
first ever attempt to evaluate photo-assisted reduction of aqueous polysulfide using a photocathode
which presents opportunities for in-situ simultaneous conversion and storage of solar energy, i.e.

solar rechargeable batteries.
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We developed a CZTS (Cu2ZnZnS,) photocathode by spraying CZTS nanocrystals onto
preheated FTO and employed the electrode in a three-electrode photoelectrochemical cell with
polysulfide as the electrolyte. The electrodes were illuminated with AM 1.5 simulated sunlight
with a chopper to disrupt illumination when desired. The electrode performance was measured by
the stable photocurrent generated from the polysulfide reduction under solar illumination. The
performance of the electrode was significantly improved in multiple steps- by doping of CZTS
nanocrystal with K* and by using Cu® as an electro-catalyst. Electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV) and Tafel analysis were used to study the charge
transfer behavior at the cathode-electrolyte interface. The charge carrier lifetimes of the electrodes
were probed using femtosecond transient absorption spectroscopy (TAS) to understand the
electron-hole dynamics that fundamentally govern the electrochemical reaction kinetics and the

photocurrent.

4.2 Experimental
4.2.1 Chemicals

The following materials were used: copper (I1) acetylacetonate, 98+% (Strem Chemicals);
zinc acetate anhydrous, 99.98% (Alfa Aesar); tin (IV) chloride pentahydrate, 98% (Strem
Chemicals); sulfur powder, -325 mesh, 99.5% (Alfa Aesar); potassium acetate, anhydrous (VWR);
disodium sulfide (Anachemia); oleylamine, >50.0% (Tokyo Chemical Industry); formamide,
ACS, 99.5+% (Alfa Aesar); chloroform, 99.8+% (EMD Millipore Corporation); ethyl alcohol 190
Proof, 95% (Pharmco-Aaper); copper sulfate anhydrous, 99.98% (Alfa Aesar); sodium thiosulfate

anhydrous, 98% (AMRESCO).
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4.2.2 Methods

4.2.2.1 CZTS nanocrystal synthesis and electrode preparation

The details for the synthesis and characterization of pristine CZTS and 1.4% K* doped
CZTS nanocrystals was reported in chapter 3. We adopted a hot injection technique where the
metal precursors were mixed with oleylamine (OLA) in a three-neck flask. The degassed S-OLA
solution at room temperature was injected into the hot metal precursor solution. The reaction
continued for an hour after which the nanocrystal mixture was quenched to room temperature. The
nanocrystals were separated and washed multiple times before dispersing into chloroform for
storage. The nanocrystals underwent ligand-exchanged reaction with Na,S to remove long chain
surface ligands. After ligand exchange, NCs were washed and dispersed in water. A water

methanol dispersion of NC was sprayed onto FTO substrate to complete the electrode fabrication.

4.2.2.2 CZTS\Cu" electrode preparation

A single cycle of Cu,S was incorporated onto CZTS electrode by successive ionic layer
adsorption and reaction (SILAR) to avoid excessive corrosion during the electrochemical test. The
Cu" cationic solution was prepared by adding 40 mg of CuSO4 with 250 mg of Na2S203 in 10 mL
DI water.1*> For a complete cycle, the electrode was immersed in the cationic solution for 30
seconds, rinsed with DI water, immersed in a 0.1 M Na>S solution for 30 seconds, and then rinsed

with water.
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4.2.2.3 Polysulfide solution preparation
Polysulfide electrolyte was prepared by sonicating the mixture of 0.7 M NazS and 0.07 M
S in DI water.®*” The polysulfide solution was degassed by purging N2 gas before storing in a

sealed vial.

4.3 Results and Discussion
4.3.1 Film Characterization

Characterization techniques of the prepared photocathodes are discussed in chapter 3. Here,
the UV-vis absorption spectroscopy and Tauc plot for the photocathode are provided in Figure 4-1

confirming a semiconductor band gap of 1.5 eV.
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Figure 4-1: Tauc plot for a sprayed K*-CZTS film showing band gap energy (1.5 eV) of the photocathode, inset UV-
vis absorption spectroscopy of the electrode.
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4.3.2 Photoelectrochemical performance testing

To investigate electrodes response in photo-assisted reduction of polysulfide, sprayed films
were employed as the working electrode in a custom made three-electrode cell as shown in Figure
4-2A. Pt wires were used as the counter and pseudo-reference electrode. The polysulfide solution
was continuously sparged with inert gas (N2) while the data were recorded. The solar spectrum
was simulated by using light from a 300 W Xe lamp that was first passed through AM 1.5 filter
with 100 mW/cm? optical power density. Figure 4-2B depicts the simplified charge transfer
mechanism at the electrode-electrolyte interface. The photoexcited electrons reduce polysulfide
(S2- - S27,) at the cathode while holes are transported to the counter electrode where they take
part in the oxidation reaction (S2=; - S27).

The current density-voltage (J-V) characteristics and stability of the photoresponse were
recorded. Figure 4-2C shows a representative linear sweep voltammetry experiment under dark
and with illumination. The gradual increase of dark leakage current from -300 mV to -680 mV can
be attributed to the high density of defect sites which exist due to a lack of high temperature
annealing.%® These defect sites can accept or donate a significant number of charge carriers under
applied electrical bias. A drastic increase beyond -680 mV is accompanied by the H» evolution
reaction with visual confirmation of gas bubble formation. Under illumination the current density
represents the solar energy converted into electrical power which is stored as chemical energy in
the electrochemical cell. The direction of photocurrent is expected behavior for p-type
semiconductor/polysulfide interfaces where electron injection to the electrolyte reduces
polysulfide into shorter chain polysulfide while holes travel towards the counter electrode via an

external circuit.
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Figure 4-2D compares the photocurrent density of pristine and K*-doped CZTS electrodes
under -600 mV applied bias as a function of time. A stable photocurrent was observed for both
electrodes, however, K* doping resulted in doubling the photocathodic response. We observed, the
similar response for europium redox couple (Eu?*/Eu") has been reported in chapter 3 where we
showed that K* increases the charge carrier lifetime of CZTS nanocrystals by passivating defect
sites.®® Alkali metals such as Na*and K* have been previously suggested to improve the charge
carrier density and enhance carrier separation efficiency.*®*% This phenomena would result in
improved photocathodic response with K* doped CZTS electrodes over the pristine CZTS

electrodes observed here.
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Figure 4-2: (A) Photograph of the custom made three electrode photoelectrochemical cell (PEC) arrangement with
polysulfide solution as electrolyte, (B) Cartoon depicts the mechanism for photo-assisted reduction of polysulfide in
PEC, (C) Linear sweep voltammetry of K*-doped CZTS electrode under dark and illumination depicts expected
photocathodic response, (D) Current density vs. time plot compares photo-response from (a) CZTS and (b) K*-doped
CZTS electrode at -600 mV applied bias vs reference electrode. The electrochemical response was recorded with AM
1.5 simulated solar flux at 100 mW/cm? with Pt serving as pseudo-reference and counter electrode, and aqueous
polysulfide (0.7 M Na,S and 0.07 M S) as redox active electron acceptor.

The effect of electrolyte concentration on the photocathodic response is shown in Figure
4-3. It was observed that the dark current density (trace c) and photocurrent density (trace d)
generated in presence of polysulfide solution is much larger than that from the pure NaS solution
(trace a-b). Addition of S above 0.075 M (NaxS: S=10:1) results in the dark current to translate
without significant contribution to the photocurrent. A similar trend was reported for CdSe/

polysulfide system by Lando et al.*! It is worth mentioning here that high S concentration in the
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polysulfide solution was visually observed to be corrosive towards CZTS film during the PEC

experiments when the physical film etches off.
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Figure 4-3: In chronoamperometry, (a) dark current density, (b) illumination current density vs. Na,S concentration;
(c) illumination current density, (d) dark current density vs. S concentration in polysulfide solution where S to NazS
molar ratio was maintained as 1 to 10 ; Higher S concentration was found to be corrosive to CZTS film. The K*-CZTS
electrode was used to measure the current density at -600 mV applied bias against Pt wire pseudo-reference. The
photocurrent density (4)) is the difference between illumination and dark current density.

Next, we exploited the electrocatalytic effect of Cu* for improving the electrochemical
performance of CZTS electrode.}* We deposited Cu.S on the K*-CZTS electrode using SILAR

techniques described in section 4.2.2.2. The normalized UV-vis absorption spectra of a thin film
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before and after Cu,S deposition are shown in Figure 4-4. The deviation of the absorbance profile

in trace b from the trace a is due to the presence of CuzS on the film.
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Figure 4-4: Normalized UV-vis absorption spectroscopy of (a) ZrO,\K*-CZTS and (b) ZrO,\K*-CZTS\Cu,S electrode
with ZrO, baseline.

The photoelectrochemical performance is compared for the electrodes with and without
Cu’ in a PEC cell. Figure 4-5A shows the photocurrent generation under -400mV applied bias as
a function of time. With Cu™, the electrode performance exceeds the original response at a lower
applied bias (-100 mV). Cyclic voltammograms (CV) were recorded for K*-CZTS and K*-
CZTS\Cu* electrodes in 0.1 M polysulfide solution scanning from -800 mV to 120 mV at a scan
rate of 10 mVs? while repeating the scan for 10 cycles for each electrode (Figure 4-5B). In the
resulting voltammogram, the S2~/S2-, reduction peak was observed near -200 mV vs Pt. pseudo
reference. The redox species showed chemical stability and electrochemical reversibility as
evidenced by the overlapping cycles and the species remained dissolved in the solution. The CV

curve showed a significantly higher electrocatalytic activity with the CZTS\Cu® electrodes
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compared to the CZTS electrodes. To better understand the electrochemical activity, Tafel analysis
(Figure 4-5C, Table 4-1) and electrochemical impedance spectroscopy (EIS) measurements
(Figure 4-5D) were performed on the electrodes. The improved electrode activity of Cu* electrode
is confirmed by the Tafel analysis where a higher exchange current density (io) is found. The
anodic and cathodic current slopes are also doubled in presence of Cu* and the transfer coefficient
a, which is the weighted average of the slopes, shows that the anodic reaction is equally favorable
over the cathodic reaction for both electrodes. The EIS (Figure 4-5D) was recorded in
potentiostatic mode at open circuit voltage (Voc) by the pulse of a sinusoidal voltage (10 mV
amplitude) with scanning frequency from 1 MHz to 0.01 Hz. We observed Cu* causes a dramatic
reduction in charge transfer resistance as represented by the arc diameter of the Nyquist plot. The
reduced charge transfer resistance is indicative of reduced electrode overpotential for polysulfide

redox reactions.160

Table 4-1: Tafel analysis data for CZTS vs CZTS\Cu+ electrode in dilute polysulfide solution (0.1 M NazS + 0.01 M
S)

Anodic
Exchange current ) ) f
Electrodes density (i) (A Anodic Slope | Cathodic Slope transter _
ensity, (io) () coefficient | Cathodic transfer
(0a) coefficient (ac)
CZTS 2.69616E-08 0.0029 -0.0017 0.62 0.38
CZTS\Cu+ 4.66875E-08 0.0059 -0.0034 0.63 0.37

a,nFn
2.303RT

Tafel equation: logi, = logi, +
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Figure 4-5: (A) Chronoamperometry with polysulfide solution (0.75 M NazS and 0.075 M S); (B) Cyclic voltammetry
(CV) and (C) Tafel analysis with diluted polysulfide solution (0.1 M Na.S and 0.01 M S); (D) Electrochemical
impedance spectroscopy (EIS) with polysulfide (0.5 M Na,S and 0.05 M S)

4.3.3 Probing the Excited State of Photocathode

To better understand the reason for improved photocurrent from K*-CZTS\Cu* electrodes
compared to K™-CZTS electrodes, we utilized femtosecond transient absorption spectroscopy
(TAS) to probe the photoexcited charge carrier lifetimes. We deposited ligand-exchanged
nanocrystals on mesoscopic insulating supports (ZrO2) via drop-casting to include inter-particle
interactions. The films were dried at 130 °C in air to increase adhesiveness to the supports followed
by CuzS deposition as previously discussed. The UV-vis spectra of drop-casted nanocrystal films
with and without Cu™ deposited onto mesoscopic ZrO; are provided in Figure 4-4. The films were

placed in either N2 or 0.1 M polysulfide solution and photoexcited by a 387 nm pump of 130 fs
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temporal width. The optical density difference for the probe pulse was recorded between the
excited and ground states on the fs-ns timescale!®?, VOD = Aexcited (t, 1) - Aground (A). Figure 4-6A
shows a typical transient absorption spectrum observed for a CZTS nanocrystal film. A transient
bleach at ~500 nm convoluted with excited state absorption was observed which can be attributed
to the presence of a 2" conduction band within the CZTS electronic structure,”1351%

Figure 4-6B (cartoon) shows the primary depopulation mechanisms for the photoexcited
charge carriers- (1) charge transfer, (2) charge trapping, and (3) electron-hole recombination (trap
mediated). The charge transfer and charge trapping processes are slower relaxation mechanisms
compared to the recombination process.'311%3-167 The TAS exponential decay traces in N2(g) and
polysulfide are presented in Figure 4-6C and D respectively while the fitted parameters are
compared in Table 4-2

In N2(g), a significantly faster decay was observed for the K*-CZTS electrode (tavg ~1360
ps) relative to the K™-CZTS\CuzS (tavg ~ 2993 ps). However, the slower components were
comparable on both electrodes. The TAS results suggest the predominant role of Cu™ in improving
the carrier lifetime of the electrode is the suppression of the recombination process. By placing the
electrodes in polysulfide, we introduce an additional transfer path for the electrons. The effect of
electron injection process can be observed from the TAS traces in Figure 4-6D. Both electrodes

showed a strong quenching in carrier lifetimes which implied carrier depopulation by charge
injection. From the difference in average carrier lifetime (K; = Arli), we found that the charge
injection rate with a K*™-CZTS\CuzS electrode is ~8 times faster than that of a K'-CZTS electrode.
We conclude that Cu,S suppresses the recombination process which encourages higher electron

injection in reducing polysulfide. The higher electron injection rate is reflected by the higher

electrocatalytic activity of the electrodes.
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Figure 4-6: (A) Transient absorption spectra of K*-doped CZTS NC drop-casted onto the mesoscopic ZrO; insulating
support; (B) Photoexcited carrier relaxation mechanism; Temporal decay of excited state transient absorption in (C)
N2 gas and (D) polysulfide solution; scan settings: 387 nm excitation wavelength, 0.12 mW.
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Table 4-2: Transient absorption spectroscopy parameters for CZTS vs CZTS\Cu* electrode in dilute polysulfide
solution (0.1 M Na,S + 0.01 M S)

In N2 In polysulfide
Fit Parameters
K*-CZTS K*-CZTS\Cu,S K*-CZTS K*-CZTS\Cu,S
Al 1.1+.01 1.2+.02 1.8+0.17 183+04
11 (ps) 1.43+.04 1.28 +.03 1.09 + 0.06 0.84 £0.12
A2 0.1+.01 0.1+.01 0.66 + .04 0.59 + .03
72 (PS) 175+21 16+1.9 15+0.5 9.38+0.86
A3 0.32 £.003 0.55+0.3 0.14 + .01 0.1+.01
3 (pS) 1371+ 40 3000 + 211 215+ 16 99 +15
Lifetime, tavg (PS) 1360 + 83 2993 + 260 171+ 20 24+8
Injection rate, K,- (s?) -- -- 5.1x10° 4.1x10%
AOD(t),; = ZAie;_it; Tavg = ZA—ITLZ
YA

4.4  Summary

To demonstrate possible application of polysulfide electrolytes in solar rechargeable
batteries, we developed Cu>ZnZnSs (CZTS) photocathodes by spray coating CZTS nanocrystals
onto preheated FTO substrates and employed these electrodes in a three electrode
photoelectrochemical (PEC) cell with polysulfide as the electrolyte. The performance of these
electrodes was evaluated in terms of photocurrent generated under applied bias which showed
significant improvement when the nanocrystals were doped with K*. The catalytic effect of Cu,S
was exploited which drastically reduced electrode overpotential and increased photocurrent
generation. Electrochemical impedance spectroscopy (EIS) showed the charge transfer resistance

reduced dramatically when Cu* was utilized. The carrier lifetimes of the electrodes were measured
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in polysulfide solutions and in N2 gas using transient absorption spectroscopy which revealed that
Cu® passivates surface defects sites and improved the electron injection rate. This surface
passivation resulted in higher charge carrier lifetime and an eight times higher electron injection

rate which ultimately increased photocurrent generation.
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Chapter 5

5 Thioacetamide-enabled Se dissolution in oleylamine for synthesis of CZTSSe

nanocrystals

Se+TAA Precursor

270°C
185°C
) }\# * I
M+ P
recursor . * * TAA Se
Nanocrystal synthesis by v v Nanocrystal growth

hot injection
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5.1 Introduction

Exploring novel and facile routes to synthesizing low band gap semiconductor nanocrystals
has great potential for next-generation solar energy conversion technologies. Earth-abundant,
nontoxic Cu2ZnSnSxSes.x (CZTSSe) thin films hold widespread attention because of the optimum
direct band gap energy (~1.5 eV) and high absorption coefficient (~10* cm™).7%918 CZTS,Ses-x
(0<x<4) shows interesting band gap dependent photoelectrical properties that can be tuned by
changing the S/Se ratio.’®%4148169-173 The earliest attempts to synthesize CZTSe were based on
thermal co-evaporation with elemental metal and Se cracking sources.’#17® These expensive films
suffer from impure binary phases which reduce device performance. The best efficiencies reported
with CZTSSe thin films used a selenization technique to tune the band gap energy.®176-178 The
selenization was achieved by annealing a presynthesized CZTS film under Se vapor at high
temperature (~500 °C). Such techniques are energy intensive, costly, and offer poor control on the
extent of selenization. To achieve finer control Se must be added to the solution prior to CZTS
synthesis. Hydrazine based recipes have been shown to produce good quality CZTSSe films with
excellent photovoltaic performances.?”531% However, hydrazine is extremely reactive and
intensive care has to be taken to avoid any physical contact with its vapor or liquid. Several
hydrazine-free synthesis routes have been developed though the options are very limited due to
the low solubility of Se in high boiling point organic solvent. Researchers have shown that Se can
be reduced by tri-n-octyl phosphine (TOP)/ tributyl phosphine (TBP) at room temperature in
presence of OLA.Y"®1 The resulting solution is highly reactive and can be used to generate
numerous binary, ternary and quaternary NCs. TOP/TBP are hazardous, unstable, and their
operations have to be handled in a glovebox, thus people have been searching for phosphine free

synthesis routes. Long chain dodecane thiol (DT)/ hexadecane thiol (HT) can be another reducing
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agent for Se.'8! Wei et al. showed Se can be reduced with NaBHy4 in presence of OLA which was
then used for one-pot synthesis of binary metal selenide nanocrystal.'®? Shannon et al. followed
the same recipe to produce CZTSSe NCs via hot injection.'*® NaBHa is a highly corrosive reducing
agent and we suspect that CZTSSe nanocrystal prepared through this route will have uncontrolled
doping of Na* in the crystal lattice.%8°%-1%2 Surprisingly, there exists a lack of synthesis routes for
pristine CZTSSe NCs without using hazardous corrosive chemicals.

Here, we demonstrate a novel, reproducible route for the synthesis of pristine CZTSSe
NCs. A homogenous solution of OLA-Se-thioacetamide (TAA) was used as the Se/S source to
produce OLA capped NC via hot injection. The band gap of the synthesized CZTSSe NCs can be
tuned by changing Se/S ratio in the solution. The NC surface was modified by a ligand exchange
reaction with Na>S-Formamide solution for surface passivation before the NCs were spray
deposited onto a preheated FTO glass substrate. The thin films of CZTSSe NCs were employed as
photocathode in a polysulfide-based photoelectrochemical cell to investigate the photosensitivity

under AM 1.5 simulated sunlight.

5.2 Experimental details
5.2.1 Chemicals

The chemicals used in this experiment are used as received- copper (1) acetylacetonate,
98+% (Strem Chemicals); zinc acetate, anhydrous, 99.98% (Alfa Aesar); tin (IV) chloride
pentahydrate, 98% (Strem Chemicals); selenium powder, 99.99% (Strem Chemicals);
thioacetamide, ACS, 99% (Alfa Aesar); disodium sulphide (Anachemia); oleylamine, >50.0%
(Tokyo Chemical Industry); formamide, ACS, 99.5+% (Alfa Aesar); chloroform, 99.8+% (EMD
Millipore Corporation); methanol, 99.9+% (EMD Millipore Corporation); ethyl alcohol 190 Proof,

95% (Pharmco-Aaper).
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5.2.2 Nanocrystal Synthesis

For CZTSSe NC synthesis via hot injection, typically copper acetylacetonate (0.935
mmol), zinc acetate (0.7 mmol), and SnCls.5H20 (0.475 mmol) were mixed with 15 mL
oleylamine (OLA) in a three-neck flask. The chemical mixture was degassed three times at an
elevated temperature (70 °C) by alternating vacuum and inert N> gas. After degassing the mixture
temperature was further raised to 185 °C under N2 gas. The solution looked transparent-orange due
to the complete dissolution of all chemicals. At this stage, 5 mL of degassed OLA-thioacetamide
(TAA)-Se (1 mmol TAA and 4 mmol Se) solution was injected. The solution turned black
immediately due to burst nucleation. The nanocrystal growth continued as the temperature was
raised to 270 °C and held for 1 hour. At the end of growth process, the heater was removed, and
the reacted mixture was quenched to room temperature. For nanocrystals (NCs) separation, 25 mL
ethanol was added to 20 mL NC mixture and centrifuged for 10 min at 5000 rpm. The supernatant
was discarded, and the NC aggregation was redispersed in 3 mL chloroform by ultra-sonication.
The separation process was repeated one more time. The NCs were finally dispersed in chloroform

(can be dispersed in toluene as well).

5.2.3 Photocathode Preparation

The NCs went through a ligand exchange reaction before fabricating the photocathode.
Ligand exchange reactions were carried with Na,S-formamide solutions. Typically, 0.453 g of
Na.S.7H20 was dissolved in 5 mL formamide and mixed with a chloroform dispersion containing
44 mg of CZTSSe NCs. The ligand exchange reaction was carried out in a vial with violent stirring
for 6 hours. At the end of the reaction the NCs became dispersed in formamide leaving transparent
chloroform at the bottom of the vial. The NCs were separated by adding 5 mL water and 30 mL

ethanol followed by centrifugation at 5000 rpm for 5 minutes. The suspended NCs were
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redispersed in 3 mL water by ultra-sonication and suspended again by centrifugation after adding
40 mL ethanol. The suspended NCs were redispersed in water and centrifuged to remove the coarse
particles. The dispersion was bubbled with N2 gas before storing in the dark. The dispersion was
found stable for months if properly stored. The photocathode was prepared by spraying the water
dispersed NC onto FTO glass substrate preheated to 270-300 °C. Addition of methanol to the spray
dispersion eases the drying process during the spray deposition at relatively lower temperature.
Typically, a 1 mg/mL NC dispersion with 80/20 vol% of methanol/water was used for spraying to

achieve a homogenous film using a spray pen.

5.2.4 Characterization

The CZTSSe NCs were characterized using X-ray diffraction (XRD; PROTO AXRD, Cu
K, radiation, A= 1.541 A, scan settings: 2.72 deg/min, 0.014 deg/step), surface enhanced raman
spectroscopy (SERS; Renishaw inVia™ confocal Raman microscope, 532 nm excitation,
approximately 2 nm gold islands were formed via sputtering onto CZTSSe film, scan setting: Si
peak at 508 cm™, 5% laser power, 10 s, 20 accumulations), and transmission electron microscope
(TEM; Zeiss EM 10). The CZTSSe photocathode was examined under SEM-EDS (Jeol JSM
7000F SEM) and UV-vis absorption spectroscopy (Cary 60 UV-Vis, Agilent). The J-V
characteristics were measured in a custom made three-electrode cell at 100 mW/cm? using a solar

simulator equipped with Xe 150 W light source, a manual chopper, and AM 1.5 filter.
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5.3 Results and discussion
5.3.1 Solution chemistry

The oleylamine-thioacetamide-Se precursor solution is vital to the CZTSSe synthesis in
this work. The exact chemistry of the precursor solution is difficult to characterize.!’282 Using
UV-vis, we observed that Se replaces S sites in TAA.' Figure 5-1 shows UV-vis absorption
spectra where trace a demonstrates molecular electronic transition in TAA. The C=S bond length
(1.60 A°) is larger than C=Se bond length (1.71 A°).%* As a consequence, the corresponding
electronic transition energy will be higher in thioacetamide than that in the selenoacetamide. We
attribute the absorption edge at ~500 nm to the n-n* electronic transition (HOMO to LUMO) for
the C=S bond.!81# The transition energy was red shifted to ~650 nm for the C=Se bond in trace
b. However, a homogenous solution with Se:TAA molar ratio of 4:1 was achieved which implies
that the direct 1:1 substitution couldn’t be the only mechanism of Se dissolution. Another
possibility is that TAA reduces elemental Se which forms complexes with oleylamine (OLA-Se).
A similar mechanism was proposed for reducing agents such as NaBHs and -thiol by various

groups 148,181
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Figure 5-1: UV-vis absorption spectroscopy of TAA vs. TAA+Se homogenous solution in oleylamine.

5.3.2 CZTSSe nanocrystal characterization

The Se to S ratio was varied in the precursor solution and the resulting NC samples are
listed on Table-1 and compared using X-ray diffractogram and surface-enhanced raman
spectroscopy (SERS). In Figure 5-2A, trace a represent the diffractogram of pristine CZTS sample
where only TAA was injected (molar Se:S= 0:2). The diffractogram peaks were identified as the
kesterite structure of CZTS.'*® Trace b shows Se incorporation in the crystal lattice where a
precursor with Se:S= 2:1 was injected. The diffractogram peaks shifted to the smaller diffraction
angle indicating larger lattice parameters which resulted as the larger Se atoms replaced the smaller
S sites (atomic radius, rs=1.84 A°, rse=1.98 A°).%°1%8 |n trace c, the highest degree of selenization

was achieved by utilizing maximum solubility of Se in TAA (Se:S ~ 4:1). Interestingly, the
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diffractogram peaks showed only a slight shift to the lower angle where the higher order planes
became more developed. From the FWHM data Table 5-2, it was observed that with increasing Se
content the grain size was reduced at the beginning. However, with the highest degree of
selenization, the CZTSSe grain size was slightly larger than the pristine CZTS sample. This is in
well accordance with the previous observations.>*2 The most striking distinction between the
samples were observed in the SERS (Figure 5-2B). In trace a, the pristine CZTS structure can be
identified by the strong raman shift at 337 cm™ and two weak shifts at 290 and 372 cm™.”® The
strong raman peaks for sample b-c shifted to 192 cm™ which is often reported as the raman peak
for compositionally pure CZTSe.%%17218L18% This indicates faster reaction kinetics for Se in
comparison to S as seemingly pure CZTSe resulted despite the presence of S in the reaction
mixture. The elemental composition of the CZTSSe NCs was determined using EDS analysis
(Figure 5-2B) which agreed with the findings from raman spectroscopy. A Cu poor and Zn rich
composition was targeted for the NC samples as that has been suggested for better photoelectric

performance.?”63

Table 5-1: Chalcogenide ratio in the precursor, EDS compositional analysis, and band gap energy of CZTSSe NCs.

Sample Injected chalcogenide ratio Molecular Formula determined from EDS Band gap energy (eV)
(TAA:Se), mmol composition
a 2:0 Cu1.94ZNn1.1SN0,87S4.01 1.49
b 1:2 Cu1.79ZNn1.1SN0.9S0.385€3.8 1.46
c 1:4 Cu1.7Zn1.1SN0.9550.275€3.98 1.45
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Figure 5-2: (A) X-ray diffractogram and (B) surface enhanced raman spectroscopy (SERS), and (C) EDS
compositional analysis of CZTSSe NC aggregated samples when precursor contains S:Se molar ratio (a) 2:0, (b) 1:2,

and (c) 1:4.

Table 5-2: FWHM data of the major XRD peaks for CZTSSe nanocrystal aggregated powders with S/Se ratio (a) 2:0,

(b) 1:2, and (c) 1:4

Planes
(112)
(220)
(312)
(332)

FWHM (degree)

0.56
0.55
0.49
0.06

b
0.83
0.73
0.79
0.26
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The optical properties of the as synthesized NC were evaluated using UV-vis absorption
spectroscopy (Figure 5-3A). From the normalized spectroscopy, we observe an interesting
distinction between CZTS and CZTSSe samples. The selenization of NC (sample b-c) minimizes
the absorption peak which was prevalent in the CZTS NC (sample a). This absorption peak at ~450
nm had been identified as binary SnS phase in previous reports.%8#2 The (Ahv)? vs hv was plotted
to determine the band gap energy by extrapolating the linear region of the plot (Figure 5-3B).
Previously, the selenization of CZTS film in Se vapor was reported to generate a large shift (~500
meV) in band gap energy.®"> However, a more conservative trend has emerged from the NC
studies that show a relatively smaller shift (<70 meV) from selenization.3*%® We observed that
the band gap tuning was not dramatic, a shift of <50 meV was determined for CZTSSe NC. The
band gap energies of the NCs (1.49-1.45 eV) were comparable to the experimental bulk values

reported for CZTSSe samples. 19019
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Figure 5-3: (A) Normalized UV-vis absorption spectroscopy showing reduction of binary SnS phase and (B) Tauc
plot showing band gap energy tuning with increasing Se content in CZTSSe samples when precursor contains S:Se
ratio (a) 2:0, (b) 1:2, and (c) 1:4.
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A representative TEM image (Figure 5-4A) of CZTSSe NCs shows the particle dispersity.
Figure 5-4B illustrates the size distribution. The particle ranges within ~10-30 nm with an average
size (~18 nm) much larger than previously reported data.**®8! The particle size is controlled by
the burst nucleation upon injection of Se precursor solution where the subsequent growth time is

same for all nucleates.!t’
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Figure 5-4: (A) TEM image showing dispersity and (B) particle size distribution in the CZTSSe NC sample.

5.3.3 CZTSSe photocathode characterization and electrochemical performance testing

To investigate the photosensitivity, thin films were formed by spray coating as described
in the experimental section. Figure 5-5 A-B show the SEM of the resulting morphology and cross-
sectional view of the sprayed film. A densely packed film of ~700 nm thickness was used as the
working electrode in a three-electrode cell configuration.®® An aqueous sodium polysulfide
solution (0.7 M NazS and 0.07 M S) was taken as the electrolyte because polysulfide (S2~/S2Z,)
is an important redox couple which finds numerous applications in battery technology.#24445153
To avoid sulfur poisoning of the traditional secondary reference electrodes, Pt wires were used as
the counter and pseudo-reference electrodes. The stability of the current-voltage performance was

recorded under chopped white light (flux-100 mW/cm?) generated by holding the AM1.5 filter in

front of a 300W Xe lamp to closely simulate the solar spectrum. Figure 5-5C shows a typical linear
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sweep voltammetry response for CZTSSe electrode under dark and illuminated conditions. The
reduction peak of polysulfide (S3~ — S2Z,) was observed near -250 mV with respect to Pt pseudo
reference. Beyond -630 mV, the drastic increase in cathodic current was contributed from the water
reduction. Under illuminated condition, a more negative current density resulted from photo-
assisted reduction of polysulfide at the electrode/electrolyte interface.® The stability of the
photocurrent was investigated in the J-t plot (Figure 5-5D) with intermittent cycling of dark and
illuminated conditions. The photocathodic responses from CZTS and CZTSSe thin films were
compared at -500 mV applied bias. The results showed stable photo response in the agueous
polysulfide solution for both CZTS and CZTSSe electrodes. The most prominent feature of the J-
t curves was that the photocurrent approximately doubled in the CZTSSe electrode. It is highly
unlikely that the slight tuning of band gap energy would result in such drastic improvement.
Shannon et al.** indicated that the grain boundary passivation by Se-rich surface reduces potential
barrier for grain to grain charge transport. In addition, we observed reduced binary phases and

increased grain growth in CZTSSe NC which contributed to the improved photocurrent density.
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Figure 5-5: (A) Linear sweep voltammetry of CZTSSe photocathode showing cathodic current density with applied
bias under dark vs solar irradiation. (B) Chronoamperometry showing stability of photocurrent density with time for
(a) CZTS and (b) CZTSSe photocathode. A polysulfide solution with 0.7 M Na2S and 0.07M S in water was taken as
the electrolyte solution with Pt wire as pseudo reference electrode.

54 Summary

In summary, we present a benign and reproducible procedure for synthesizing CZTSe
nanocrystal without using hazardous chemicals like NaBH4 or phosphine. A homogenous solution
of oleylamine, selenium, and thioacetamide was used to synthesize close to pure CZTSe
nanocrystal via hot injection method. A slight reduction in band gap energy was observed with an
increasing degree of selenization. The selenization of CZTS nanocrystal led to larger grain size
and reduced binary phase which contributed to a drastic increase in photocurrent generation in a

photoelectrochemical cell.
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Chapter 6

6 Conclusions and Future Research

6.1 Conclusion

CZTS thin film solar cells holds a great attention in the research of solar energy conversion.
The p-type semiconductor is inexpensive, nontoxic with very high absorption coefficient and
optimum energy band gap. The pure phase of CZTS forms within only a narrow thermodynamic
window and the quaternary compound (CZTS) often coexists with other binary and ternary impure
phases. The research presented here is focused on semiconductor liquid junction solar cell
following other photo-electrochemical cells such as dye sensitized, and quantum dot sensitized
solar cell. The solid-liquid junction cell implies easy fabrication and significant cost reduction
compared to the solid-solid junction.

An instantaneous film deposition protocol was developed via spray techniques using a
stable and flexible precursor solution. The air stability of the solution was increased by eliminating
intermediate chemical reaction within the solution. The precursor solution was spray deposited
onto preheated FTO and annealed at 470 °C under SnS and S atmosphere. Results from Raman
studies have indicated minimal presence of impure phases with the film. The precursor solution
was used to show binary phase evolution for the first time by probing the UV-vis absorption
spectra. By varying the Cu and Sn composition variation, we found that impure SnSy phase
develops under Cu rich and Sn rich condition. To maximize the film performance, a Cu and Sn
deficient film was suggested. In a PEC configuration, the photocathodes exhibited stable
photocurrent for an extended period of time.

Next, a synthesis protocol for CZTS nanocrystal was established and the mechanisms

behind the improved performance in K*-doped CZTS NCs was revealed. K*-doping leads to a
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reduction in impurity phase and terminal-surface defects which leads to a longer-lived
photoexcited state as probed by TAS. The improved lifetime of the excited state provides increased
probability for charge extraction, leading to the higher photocurrent observed in the
photoelectrochemical tests.

Subsequently, the photocatalytic reduction of polysulfide was demonstrated using CZTS
photocathode. The polysulfide reduction represents the charging cycle in polysulfide-based flow
batteries. The performance of the electrode was evaluated in terms of photocurrent generated under
applied bias which showed significant improvement when the nanocrystals were doped with K*.
The catalytic activity was further improved by using Cu>S which drastically reduced electrode
overpotential and increased photocurrent generation. Probing the carrier lifetimes of the electrodes
revealed that Cu* passivated surface defects sites and improved electron injection rate. The surface
passivation resulted in higher carrier lifetime and eight times higher electron injection rate which
ultimately increased photocurrent generation.

Lastly, we presented a benign and reproducible procedure for synthesizing CZTSSe
nanocrystal without using hazardous chemical like NaBH4 or phosphine. The bandgap tuning was
investigated based on Se composition in the NCs. The selenization of CZTS nanocrystal led to
larger grain size and reduced binary phase which contributed to a drastic increase in photocurrent
generation in a photoelectrochemical cell.

Researches in the field of CZTS have been proved very fruitful in the past two decades.

However, still lots of attention are needed to improve the PCE efficiency to meet the grid parity.
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6.2 Future research projects
6.2.1 Incorporation of mesoscopic architecture as hole transporting layer for improved

performance

One of the major challenges with the CZTS comes from the mismatch between the
thickness required for light absorption and the minority carrier diffusion length. Approximately 1
pm thin CZTS film is required to absorb 95% energy of the incoming light but the minority carrier
(electron) diffusion length in this p-type material is only about 200 nm, which is 8 times
mismatch.>® Based on the TAS data, it has been hypothesized that the incorporation of a
mesoscopic layer of NiO in between the CZTS and the metal contact will greatly reduce the
minority carrier diffusion length and improve the performance of CZTS electrode in liquid
junction. The hole transfer capability of NiO was investigated using femtosecond laser
spectroscopy. Another study has been proposed to probe the excited state lifetime of the charge
carrier as function of nanocrystal size, composition and ligand type. Understanding the charge
carrier lifetime of the material will allow finer tuning for reducing the nonradiative recombination
rate.

Figure 6-1 shows the diffusion length can be reduced significantly by adopting the
mesoscopic architecture. The higher rate of electron extraction should result in improved
photovoltaic efficiency. However, the mesoscopic architecture must be chemically stable and must

not hinder the hole transportation.
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Figure 6-1: (A) Flat architecture vs (B) Mesoscopic architecture (porous three-dimensional network of nanoparticles)
of NiO reduces minority carrier diffusion length.

6.2.1.1 NiO as hole transporting layer

The mesoscopic architecture of NiO was evaluated as NiO is a transparent p type
semiconductor while the valence band of NiO is appropriately positioned with respect to CZTS
valence band (Figure 6-2). The hole transfer capability of mesoscopic NiO was investigated using

TAS in the following experiments.

B

Bafk contact

CZTS NC

Band alignment Physisorbed particles

Figure 6-2: (A) Band alignment of CZTS with NiO. (B) Cartoon depicting CZTS NC physisorbed onto hole
transporting back contact layer.
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6.2.1.2 Experimental
6.2.1.2.1 Mesoporous film fabrication

Mesoscopic NiO layer was prepared by spin coating the NiO paste onto microscope glass
slide and subsequently drying the film at high temperature. The NiO paste was prepared by adding
0.45 g NiO powder to a mixture of 1 mL ethanol, 0.1 g terpineol, and 0.03 g cellulose. The mixture
was sonicated for 30 min and spin coated onto glass substrate at 1250 rpm for 15 s. The film was
then annealed at 500 °C for 30 min to burn off carbon which leaves a porous architecture. A

mesoscopic ZrO; film was also prepared by similarly for the control experiment.

6.2.1.2.2 Sample preparation for transient absorption spectroscopy
The TAS samples were prepared by soaking the NiO and ZrO> films in CZTS nanocrystal
dispersion (10 mg/mL) for 1 hour for physical adsorption. The resulting films were then dried at

130 °C on air for 10 minutes.

6.2.1.2.3 Electrophoretic deposition of CZTS

For electrophoretic deposition of CZTS NC, the ligand exchanged NC were dispersed in
dimethyl-sulfoxide (DMSO) with 10 mg/mL. The dispersion was diluted to .09 mg/mL by adding
acetone prior to deposition. As shown in Figure 6-3, a custom-made header was placed on top of
a 10 mL beaker which can hold two FTO electrodes submerged in the dispersion and separated by
0.5 mm. A DC potential of 20-40 V was applied across the two electrodes when a current less than
0.6 mA indicating negligible electrolytic breakdown of the dispersion medium. A 10 mL
dispersion with acetone:DMSO of 1:120 was used and the deposition was continued for 5-10
minutes. The NCs were deposited on the positive electrode as the particles carried a negative

charge. Figure 6-3E shows the zeta potential distribution of the NC dispersed in water. Na,S treated
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NC showed more negative surface charge compared to the sodium polysulfide treated NCs. As a
result, Na,S treated NCs were used in the deposition process which formed a more stable
dispersion in the acetone and DMSO mixture. After deposition the electrodes were dried in a
furnace tube at 350 °C under inert atmosphere for 10 min which removes the residual solvent from

the films and improve adhesion to the porous support.

A B C D

Positive ~ Negative

Positive Negative

"I
Q 20-40V Drying
o]
5-10 min 350 °C,
10 min,
inert gas
CZTS NCdispersion EPD setup
(Acetone + DMSO) E
a5
CZTS NC dispersion
204
= 251 Polysulfide treated
£ '
0] )
Na,S treated |
-351 3 ’
o

Figure 6-3: (A) Dispersion of CZTS NC in acetone and dimethyl-sulfoxide mixtures. (B) Electrophoretic deposition
setup shows the custom-made arrangement of a header that can hold the electrodes submerged and separated by 0.5
mm. (C) Replenishing dispersion as the deposition progresses. (D) A film of CZTS NC electrophoretically deposited
onto porous NiO support. (E) Zeta potential measurement of a CZTS NC dispersion in distilled water (pH~ 6.0)
showing the Na,S treated NCs had higher surface charge than sodium polysulfide treated NCs.
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6.2.1.3 Probing hole transfer kinetics using transient absorption spectroscopy.

To study the hole transfer kinetics, the carrier lifetime of the CZTS NC was probed using
transient absorption spectroscopy. Figure 6-4A shows faster decay of the transient absorption
signal when CZTS was interfaced with mesoscopic NiO compared to ZrO». The additional transfer
process from the CZTS NC to the NiO layer resulted in quenching of the signal while low valence
band edge of insulating ZrO> prevents any charge transport. The carrier transfer rate is inverse of
carrier lifetime which is linear combination of the constituent rate constants from processes such

as radiative recombination, nonradiative recombination and charge transfer.*

1

Nio = Kor+Kn (D
1
Tzro, = Kor (2)
1 1
Kht = - (3)

™Nio  Tzro,

Here, Ky is the nonradiative recombination rate constant and Kr: is the hole transfer rate
constant. It is assumed that hole transfer to NiO is the only difference between the two systems.
Using equation (1) through (3), the Kn: was determined as 8.0 x 10! st (approx.). To crosscheck
our assumption that the TAS signal correspond to the hole transfer, we introduced isopropanol as
electron donor to CZTS colloidal dispersion since the HOMO of the isopropanol is above the
valence band energy of CZTS and the LUMO is far above the conduction band (Figure 3-9B). The
TAS data presented in Figure 6-4B shows faster decay when hole-scavenging isopropanol is
present which implies the transient absorption is related to trapped holes on the sulfur ions present

on the CZTS NC surface.
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Figure 6-4: (A) Decay of transient absorption spectra at 600 nm with NiO and ZrO; support. NiO support showing
quenching of the hole signal compared to the ZrO; insulator. (B) Decay of transient absorption at 600 nm in toluene
and in 2:1 toluene-isopropanol solvent. The faster decay in the transient absorption is related to the introduction of
electron donor to scavenge photogenerated holes and establish the origin of the transient signal. The rate constant for
hole transfer is on the order of 109 s-1, which would be expected for an upper bound transfer rate in a diffusion-
controlled system. (C) Band gap alignment of CZTS and HOMO and LUMO energy level of isopropanol with respect
to Ag/AgCl reference electrode.

6.2.1.4 Characterization and performance testing.
The uv-vis absorption spectroscopy of the NiO and CZTS NC deposited films is shown in

Figure 6-5A. The porous NiO film showed a sharp absorption edge at 320 nm which corresponds
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to a band gap of 3.8 eV.1%31% The absorption spectra of the EP deposited CZTS NC is shown with
the NiO baseline. The absorbance reduced after heat treatment indicating removal of residual
solvent from the film. Figure 6-5B shows the stylus profilometry of the NiO film. A NiO: ethanol
ratio of 0.45:1 yielded a porous film with average thickness of 104 nm. The film showed high
surface roughness as measured by the arithmetic and rms value (Ra= 126 nm, Rq= 250 nm). The
SEM image of the NiO\CZTS film shows cracks and crest as expected in a mesoporous support.
The electrochemical performance of the film is presented by the chronoamperometry data under
dark and illuminated condition. A three electrode photoelectrochemical cell was used where the
NiO\CZTS film was illuminated by simulated solar radiation. A 0.7 M sodium polysulfide solution
in water was used as the electrolyte solution. A significant photocurrent of 0.25 mA/cm? was

achieved from the electrode.
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Figure 6-5: (A) UV-vis absorption spectroscopy of porous NiO, NiO\CZTS EPD film before and after heat treatment.
(B) Stylus profilometry of a NiO porous film. (C) SEM image of NiO\ CZTS EPD film. (D) Chronoamperometry for
the NiO\CZTS photocathode under dark and illuminated condition with 0.7M sodium polysulfide electrolyte at -500
mV applied bias with respect to Pt pseudo-reference electrode.

6.2.1.5 Optimization and future direction.

The photocurrent achieved in the experiment didn’t supersede the photocurrent generated
from the sprayed CZTS NC electrode onto bare FTO substrate. However, the preliminary data
showed promises for further improving the electrode performance through optimization of the
design parameters. In the NiO paste, the NiO: ethanol ratio determines the film thickness which is
one of the most important parameters in the design of mesoscopic architecture. In our rudimentary
investigation, we found that a film with 0.45:1 ratio (NiO: ethanol) performed better than the film
with 0.65:1 ratio. Another important parameter would be the carbon content in the NiO paste which
controls the porous architecture in the film.
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The electrophoretic deposition parameters also play a critical role in the film structure and
film quality. The electrical field is affected by the applied voltage when the distance between the
electrodes is fixed. A weaker electric field results in slower deposition rate and affects the adhesion
of CZTS NC to the porous support. We found that films deposited at 40 V performed better than
films deposited at 20 V. This is perhaps because with higher electrical field strength the CZTS NC
can be forced to reach the pores that was unavailable at lower voltage. However, the dispersion
concentration must be kept low ( <0. 09 mg/mL) as the particle aggregated near the electrode tend
to stick to one another and create a non-adhesive superficial layer on top of the porous support.

The post deposition heat treatment removes the residual solvent within the film and
improve the contact between the NiO support and the CZTS NC. A combination of time and
temperature should be selected that minimizes the charge transfer resistance at the NiO-CZTS NC
interface.

Mo can be used as an alternative to NiO, as it is commonly known as hole accepting, back
contact in CZTS photovoltaics.} 19197 However, the Mo\CZTS contact has poor adhesion and it
is chemically unstable, giving rise to MoS», Cu.S, SnS at the interface when depositing the
precursor elements.% CuzS causes short circuit as the resistance of this material is extremely low.
MoS: gives better adhesion but it has low conductivity which increases the series resistance. Hence
minimizing the MoS: layer thickness is extremely important. An intermediate buffer layer of Ag,
TiN, ZnO, TiB2, or SnS has been found to control the MoS; thickness in numerous studies . 17819~
197 Annealing of Mo in N2 atmosphere also helps to reduce the MoS; thickness. However, CZTS
nanocrystal doesn’t necessarily need high temperature annealing in sulfur atmosphere, thus the

problem of MoS; formation is less concerned with nanocrystal-based electrode. The mesoscopic
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architecture of Mo can be obtained by controlled sputtering of Mo on mesoscopic ZrO; or SiO;

layer.

6.2.2 Fabrication of solar rechargeable redox flow battery system

The photocatalytic reduction of polysulfide was presented in chapter 4 which presents
opportunity to utilize a CZTS photocathode in a polysulfide based solar rechargeable redox flow
battery.

Figure 6-6A demonstrates the role of a CZTS photocathode in a traditional polysulfide-
iodide redox flow battery (PRFB) with the following configuration - Photosensitive

semiconducting electrode | Electrolyte; (Na2S2/Na2Ss) || Electrolyte, (Nal/Nals) | Counter

electrode.
A B
e
h* (Charging)
Membrane (Nafion)
e ( )

e energy
Electrode Carbon

; Ml 0 [ orpene Aoz

s2- (-0.26 V)

SZ™ + 2e” =257 317+ 2ht =213

S2- I= h* energy

SHE reference electrode (not to the scale)
1

ump

Figure 6-6: (A) Polysulfide-iodide based redox flow battery. (B) Charge transfer mechanism from CZTS nanocrystal
to the redox species.

The special features of the RFB is that the energy storing electrolytes are not kept in the
battery chambers. Two outside reservoirs hold the anolyte and catholyte separately. Each
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electrolyte circulates from reservoir to electrode chamber in a loop. Each electrolyte contains a
redox couple and the difference between the two redox levels contributes to the cell voltage. The
electrolytes are separated by ion exchange membrane (e.g. Nafion) which selectively allows Na*
ions to pass in order to balance the positive ions. The chemical reactions are as follows where the
forward reactions represent the charging of the cell and the backward reactions represent the
discharging cycle.®
Sz~ + 2e” = 2S5
31" +2ht 2113

In a traditional RFB, an electrical energy source drives the charging reaction of the cell. In the
proposed system, the electrical energy source is reinforced by the solar energy which is absorbed
at the CZTS photocathode. The relative energy band position of CZTS with respect to
S2=/S%7and I~ /I3 is portrayed in

Figure 6-6B, the CB of CZTS is more negative than the standard redox potential of
Sz~/ S%” and VB of CZTS (+0.75 V) is more positive than the standard redox potential of I~ /I3
(+0.35 V) with respect to NHE.*>19%1% The photogenerated electron reduces the polysulfide and
holes are transferred to the counter electrode where they oxidize the I~. The photo generated
charge carriers driving the reduction at cathode and oxidation at anode reinforces the charging of

the cell which can be achieved through simultaneous conversion and storage of solar energy.
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