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Surface Photovoltage Studies on Copper Gallium Selenide and Metal Oxides

for Photoelectrochemical and Photocatalytic Solar Energy Conversion

Abstract

Photoelectrochemical (PEC) and photocatalytic (PC) water splitting are potentially promising
ways to achieve solar energy conversion with renewable hydrogen fuel to meet the growing global energy
demand. However, solar to hydrogen efficiencies achieved in current systems are still far behind the
target value to make the technology economically viable. In order to increase the efficiencies, developing
narrow bandgap photocatalyst and deeper understanding of the photophysics is of great importance.
Therefore, this dissertation focuses on study of photochemical charge separation and transport in copper
gallium selenide and metal oxides semiconductor materials as a function of light intensity, photon energy
and chemical environment. We hope the results from this study can promote the development of PEC and

PC water splitting systems.

Chapter 2 employs liquid surface photovoltage (SPV) measurements combined with open circuit
potential (OCP) measurements to investigate quasi-Fermi level splitting (QFLS) in CuGasSes thin film
photocathodes. Studies with different electrolyte contacts show that Fermi level pinning 0.5 eV above the
valence band is the cause for the voltage loss during photoelectrochemical water and methyl viologen
reduction. The effect of back contacts and CdS surface passivation layer on the QFLS of CuGasSes thin
film are also discussed. This work demonstrates a new approach to obtaining absolute minority carrier
potentials in semiconductor/liquid junctions and identifying charge selective contacts and passivation

layers.

Chapter 3 examines copper gallium selenide (CGSe) as a particulate photocatalyst for proton
reduction. P-type CGSe particles were synthesized via solid-state method. With cocatalyst and sacrificial
donor, CuGasSes showed only mild activity for hydrogen evolution. Surface photovoltage spectroscopy

(SPS) is used to monitor photochemical charge separation and transport in these materials for the first
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time. The early photovoltage onset in SPS confirms interface/surface states in CuGasSes particle films.
SPS is also applied to study the effect of substrate/back contacts and electron transport layers on
photochemical charge separation. A molybdenum back contact induced better charge carrier separation

than fluorine-doped tin oxide (FTO). Nickel and TiO, were identified as electron selective contacts.

Chapter 4 employs surface photovoltage spectroscopy (SPS) and photoelectrochemical (PEC)
methods to study the photochemistry of the metavanadates (CuV:0s, ZnV20s and ZnsV-0y). SPS verifies
the existence of sub bandgap states of V4* in the vanadates and their negative effect on the photovoltage
and the PEC performance. Additionally, photochemical charge separation and the role of the space charge

region (SCR) in CaFe,O4 particle films are investigated.
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Chapter 1 Introduction

Fuel from Water Splitting

The ongoing increase in global energy demand and the unprecedented impact of human activity
on climate change have made the development of carbon-neutral energy sources ever more critical. With
solar as a renewable and the most abundant energy source and hydrogen as a clean and versatile energy
carrier, solar water splitting is a promising way to counter the climate change and energy crisis.* Solar
water splitting, using solar energy to split water into hydrogen and oxygen gas (Eq 1.1), with the solar
energy stored in the bond rearrangement. Fujishima and Honda first demonstrated this in 1970s with an

illuminated single-crystal TiO, electrode.®
H>O(1) — H2 (g) + ¥ 02 (9) AG® = +237 kJ-mol! (1.1)

Solar water splitting can be generally categorized into three types: photovoltaic-assisted
electrolysis (PV-E), particulate photocatalysis (PC), and photoelectrochemical (PEC) water splitting. The
PV-E approach is at a much higher technological readiness level due to the maturity of both PV and
electrolyzer technologies.* A technoeconomic analysis in 2016 by Shaner el at. pointed out that this
process is not cost-competitive with electrolysis powered by nuclear or thermal power plants using
present-day technology, even taking into account that such systems have shown solar-to-hydrogen (STH)
conversion efficiencies higher than 20%.° Considering that lower technological maturity offers ample
space for innovation, PEC and particulate photocatalysts (PC) systems are predicted to be more promising
for the long-term goal of achieving hydrogen production costs competitive with fossil-fuel derived
hydrogen.2 #® In the technoeconomic analysis conducted by Pinaud et al. in 2013, the baseline levelized
cost of hydrogen production by those systems are calculated.® It was estimated to be $1.60 -3.20 kg for
particle suspension systems (assuming STH values of 5-10% and an expected lifetime of 5 years) and
$4.10-10.40 kg'* for PEC systems (assuming STH values of 10-15% and an expected lifetime of 10
years). With the targeted hydrogen price of 2.10 kg set by the U.S. Department of Energy, particulate
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photocatalytic systems show the potential to meet the requirements because of the low material,
construction and operation cost.” Recently, the Domen group reported safe photocatalytic solar hydrogen
production from water on a 100-m? array of panel reactors based on modified Al:SrTiO; particulate
photocatalyst over several months with autonomous recovery of hydrogen from the moist gas product
mixture using a commercial polyimide membrane, with maximum STH of 0.76%.8 While the project
successfully demonstrated safe and large-scale photocatalytic water splitting with gas collection and
separation, the obtained STH is still behind the target value. To make the technology economically viable,
improving the STH efficiency and photocatalyst stability are part of the essential steps. So, deeper
understanding and more rational design and construction of highly efficient water-splitting photocatalysts

are needed.*1°

Photocatalytic Water Splitting

Overall water splitting consists of a proton reduction half reaction and an oxygen evolution half reaction:

Hydrogen evolution reaction (HER): 2H* + 2™ — H; 0V vs RHE (1.2)
Oxygen evolution reaction (OER): H:O — 2 O, + 2H" +2e  +1.23 Vvs RHE (1.3)
Overall water splitting: H,O — H; +% O, -1.23V (1.4)
@) (b) ¢
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Figure 1.1 Energy diagrams of photocatalytic water splitting based on (a) one-step excitation and (b) two-
step excitation (Z-scheme). Reprinted with permission from ref.!* Copyright 2014, Royal Society of

Chemistry.



Photocatalytic systems can employ single- or dual-absorber (tandem/ Z-scheme) systems to split
water (Figure 1.1). In the single-absorber system, the HER and OER reactions occur on the same particle,
whereas in the dual-absorber system, the H, evolution photocatalyst (HEP) and O, evolution
photocatalyst (OEP) are connected in series with reversible redox shuttles or solid interface.!* Upon
absorption of a photon with energy greater than the bandgap, an electron is excited from the valence band
to the conduction band, generating an electron-hole pair. The electron diffuses from the conduction band
to the reduction cocatalyst, where the HER takes place, and the hole diffuses from the valence band to the
oxidation cocatalyst, where the OER takes place. For the single-absorber system, the conduction and
valence bands of the semiconductor must straddle the thermodynamic potentials for both HER and OER
reactions to accomplish overall water splitting (Figure 1.1a). In the dual-particle system, the constraints
are relaxed, as the voltages of both HEP and OEP sum to provide the driving force for overall water
splitting (Figure 1.1b). This allows the utilization of photocatalysts with smaller bandgaps to harvest

more solar irradiation.

Researchers from the Domen lab currently hold the record efficiency (STH exceeding 1.0%) on
particle tandem systems with their photocatalyst sheet comprising HEP of La and Rh co-doped SrTiO3
and OEP of Mo doped BiVO, embedded in gold or carbon layer.*?*3 Their Cr,O3/Ru modified
SrTiOs:La,Rh/C/BiVO4:Mo photocatalyst sheet achieved an STH of 1.0% during unassisted overall pure-
water (pH 6.8) splitting at a temperature of 331 K and a pressure of 91 kPa, which are close to practical
operating conditions.*® The apparent quantum yield (AQY) of the system was reported to be 26% at a

wavelength of 419 nm.

To meet the target STH of 10%, there is high demand for the development of narrow bandgap
materials with an operable wavelength range up to 600-700 nm together with an AQY of 40-60%.°
Some particulate photocatalysts such as (oxy)nitrides and (oxy)chalcogenides were shown to be
applicable to water splitting under visible light.2**° However, the efficiency in such materials is currently

very low. For example, LaMgi3TazsO2N with appropriate surface modifications splits water under



irradiation at wavelengths up to 600 nm, while the AQY value is only 0.18% at 440 nm.*>% In addition,

improvement in the lifetimes of these photocatalytic systems is needed.

It appears that particulate semiconductor materials with narrow band gaps are typically poorly
crystallized and often defective due to the synthesis difficulty.? This results in a high concentration of
defect states, which generally enhance the charge recombination and deteriorate the photocatalysis
performance. Several of the main desired requirements for utilizing those materials are synthesis methods
giving well-crystallized materials with low bulk defect densities, effective engineering of the
photocatalysts/cocatalysts interfaces and surface modification methods to passivate surface defects. For
example, the Domen group reported a particulate solid solution of zinc selenide and copper gallium
selenide (ZnSe:CGSe) that evolves H efficiently and is responsive to visible light up to 725 nm.% With
the preparation of single-crystalline particles and the rational assembly of Ni-Ru composite cocatalysts,
an AQY of 13.7% was obtained at 420 nm during a sacrificial H, evolution reaction, which is
approximately 27 times higher than the value they previously reported for this material (0.5% at 420

nm),?! representing the highest AQY yet obtained using a 700 nm-class photocatalyst.

In 2020, almost unity internal quantum efficiency (at 350-360 nm) was achieved in a modified
Al-doped SrTiOj; photocatalyst, by applying aluminum doping for defect suppression,?>2* flux treatment
to improve the crystallinity,?* % facet engineering with selective deposition of HER and OER cocatalysts,
and a Cr.03 shell to inhibit the backward reaction, thus demonstrating the feasibility of overall water
splitting free from charge recombination losses.?” With this finding by the Domen group as a shot in the
arm and emerging research worldwide in this field, we believe that efficient charge separation and
transport (AQY >20%) could be achieved in a broader range of materials in the near future. To promote
the development, more profound understanding of the charge separation processes in semiconductors
materials is of great importance. This work will attempt to address these issues by providing information

about charge separation and transport within semiconductor films and particles.



In Chapter 3, we examine copper gallium selenide (CGSe) as a particle photocatalyst. CGSe is a
wide bandgap (~ 1.5-1.9 eV) material, that belongs to the class of chalcopyrite Cu(In,Ga)(Se,S). (CIGS)
absorbers, which feature tunable band structure and high absorption coefficients.?-** While showing
promising PEC performance,®?% there is only one report on the use of CGSe as HER photocatalysts (7
umol-h! H evolution for CuGasSes with sulfide and sulfite ions as sacrificial electron donors.)*® This is
only a small fraction of the theoretical performance of this material. Questions still remain about the
charge separation abilities in these materials. To study these questions, this work will employ surface
photovoltage spectroscopy (SPS) to observe the carrier dynamics in these materials and to gain more
information about the defect states. The use of charge selective contacts to promote carrier separation will

also be examined for the particle films.

In Chapter 4, photochemical charge separation of metavanadates (CuV20s, ZnV20s and ZnsV-0y)
and CaFe.O, was investigated. Because of their low cost and chemical stability, transition metal oxide are
receiving increasing interest for the application of PEC water splitting.3*3" With suitable band edge
positions for PEC water oxidation, photochemistry of metavanadates (CuV,0s, ZnV20¢ and ZnsV20y),
that synthesized via a deep eutectic solvent (DES) synthesis route,*®3° will be studied with SPS and PEC
method. Similarly, p-type CaFe.0O. with a bandgap of 1.9 eV belongs to the class of ferrites, which is
recently been explored owing to their abundance, nontoxicity, and intrinsic stability in agueous
solutions.*° Because the conduction band edge of CaFe,Q4 is more reducing than water reduction
potential, it has been investigated for PEC water reduction.**** However, the achieved PEC performance
is much limited by the high charge recombination rate of the CaFe,04,* and only one photocatalytic
hydrogen evolution of CaFe,0, particle suspensions (with methanol sacrificial donor, AQY 1.57 %) can
be found in the literature.*® Therefore, this work will employ SPS to study the photophysics of CaFe;O4
that was synthesized by a facile solution-based microwave reaction method.*® Observations of the space

charge region in the particle films will be discussed.



Photoelectrochemical (PEC) Water Splitting, Photovoltage and Quasi-Fermi Levels

While the particle photocatalytic systems may be more cost effective in the long term, it was
argued that thin film-based PEC technology that leverages current semiconductor manufacturing
knowledge is likely to succeed in the medium term (~10 years).* Because the underlying photophysics are
shared among systems, insights gained in one field can benefit the other.*” For thin-film-based systems,
the illumination conditions can be more easily controlled, and there is more flexibility in spectroscopic
and operando (non-equilibrium) characterizations.® This allow us to characterize the materials using
various techniques to understand each material's underlying photophysical and photochemical properties,

thereby providing opportunities for rapidly improving efficiency and stability.
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Figure 1.2 Energetics and charge carrier dynamics of a p-type semiconductor-liquid junction, in the dark
and under illumination. Quasi-Fermi levels, Er, nand Er, ,, are shown together with the standard reduction
potentials of the solution E® and the surface states Es. (a)(b) In the ideal case of Er, gark = E°, the band
bending is controlled by electrolyte potential in the dark. QFLS: quasi-Fermi level splitting under
illumination. » = Er - E°, serves as extra driving force that overcomes the kinetic overpotential. (c)(d)
Surface states pinning the Er in the dark and controlling the band bending. Surface states serve as electron

hole recombination centers under illumination, thus limiting the QFLS.

The performance of a photoelectrode depends critically on the nature of the semiconductor/liquid
junction. For the ideal case, Fermi level (Er) of the semiconductor is fixed to the electrochemical potential
of contacting electrolytes at dark equilibrium (Figure 1.2a). Upon illumination (Figure 1.2b), the
electron and hole concentrations at the semiconductor/liquid junction are under quasi-equilibrium
conditions. The electrochemical potentials of the electrons and holes are expressed by their quasi-Fermi
levels (Er,» and Er, ), the difference of which, the quasi-Fermi level splitting (QFLS), corresponds to the
photovoltage (Vpn) of the semiconductor liquid junction.*®! As addressed by Lewis and coworkers, this
quasi-equilibrium is governed by several kinetic processes at the junction as shown in Figure 1.3, with

description in the figure legend.2%2
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Figure 1.3 Schematic of a typical n-type semiconduction/liquid junction under illumination, showing the
recombination pathways (thin arrows) for photoexcited carriers. These are @ recombination in the bulk
(Jor), @ recombination in the depletion-region (J4r), @ tunneling through the electric potential barrier near
the surface (J;), @ thermionic emission (Jet), and ® recombination at surface defect states (Js). Electron
collection by the back contact and hole collection by the redox couple are processes that contribute
positively to device efficiency (depicted by thick black arrows). Adapted with permission from ref. 53

Copyright 2005, American Chemical Society.

It was pointed out that when any of these recombination rates are significant, the photovoltage
will be limited.5? One of the most recognized phenomena cause by the surface states is Fermi level
pinning,® which has been documented for many semiconductors electrodes.®%° This results in Er, gark
pinned to the surface states level, and controls the band bending (Figure 1.2c). These trap states could
also act as recombination center, thus limiting the QFLS under illumination (Figure 1.2d). This will be
further discussed in detail in Chapter 2 which describes QFLS results for CuGasSes thin film

photocathodes.

The performance of photoelectrodes is usually characterized with (applied) potential-current
measurements under light illumination, as shown in Figure 1.4 for a photocathode and photoanode.>? For
an ideal (no overpotential) but photo-inactive anode, electrochemical water oxidation will start when the
applied potential is more positive than 1.23 Vrue (grey curve on the right side in Figure 1.4). When a
photoanode is used under illumination, the generated photovoltage will contribute thermodynamically and
it requires less applied potential to oxidize water, thus leading to a cathodic shift of the current-potential
curve (blue curve in Figure 1.4). Same principle works for the photocathode. A dual-absorber ‘tandem’
PEC device combines the separate electrodes in series.®? In this arrangement photocathode and
photoanode contribute additive photovoltages that drives the PEC overall water splitting. It is also worth
to point out that overall water splitting activity of a tandem particle PC system is strongly correlated with

the activity of the photocatalyst as a (particle-based) photoelectrode rather than as suspended



photocatalyst with sacrificial agent, as indicated by researchers in the Domen group with several studies

on oxysulfide-based or metal selenide-based photocatalyst sheet systems, 1% 21 63-64
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Figure 1.4 (a) Schematic relating band gaps and photovoltages in an idealized two-absorber tandem PEC
device in which the photoanode is the top absorber. Free energy losses in each absorber (Viess) and
catalytic overpotentials for each half-reaction () are fundamental loss pathways. Current-potential curves
for electrocatalysts (grey) and an idealized PEC photoanode (blue) and photocathode (orange) are shown
with their relative power contributions (shaded areas) in an ideal tandem. Adapted with permission from

ref.%! Copyright 2017, Elsevier.

To assess the energy conversion efficiency of the system, it is crucial to understand the
photovoltage, as a key property, of the individual photoelectrodes. However, the true photovoltage (Vp),
or quasi-Fermi level splitting (QFLS) energy at a single electrode is difficult to measure experimentally
because of the lack of a direct electric contact to the semiconductor-liquid interface. Instead, the
convention is to estimate the photovoltage from the difference between the photocurrent onset potential
(Eon) and the Nernst potential for the targeted redox reaction (E°, 0 Vrue for HER and 1.23 Vrue for
OER), as shown in Figure 1.4a. This analysis ignores catalytic overpotentials (). This brings some
errors, especially for photoanodes due to the large 1 for oxygen evolution.®® In addition, the determination

of Eon is not always applicable, or sometime can be arbitrary, for systems that have competing redox

9



process, like photo corrosion, happening at the correspond potential.>* Another method to estimate the Vpn
is to measure the voltage difference of the illuminated photoelectrode versus a counter electrode in a
electrochemical cell.>? However, this method assumes that both electrodes are in rapid charge transfer
equilibria with a certain redox couple in the electrolyte, which is not applicable when slow redox couples
(H*/H2, O2/H,0) encountered or when there are multiple redox couples involved.% The catalytic

overpotentials are also ignored in this method.

As mentioned, difficulties to measure the true Vn, or QFLS, mainly originate from the
accessibility of the quasi-Fermi level of the minority carriers (e.g., Er, , for a n-type semiconductor) due to
the lack of a direct electrical connection to the solid-liquid interface. These limitations have been
addressed and partially solved by Boettcher and coworkers. They introduced dual-working-electrode
(DWE) techniques and/or applied atomic force microscopy (AFM) to the electrochemical measurements
with demonstration on TiO,, hematite, BiVO4 and Si based photoelectrode.®”"? Through surface
deposition of a thin, electrolyte-permeable gold layer, which is the second working electrode, the local
electrochemical potential of the surface is measured by a second potentiostat as one approach.®”-% In
another approach, potential-sensing electrochemical atomic force microscopy (PS-EC-AFM) is used in
contact with the catalyst layer.5%72 This allows the direct measurement of surface electrochemical
potential in heterogeneous electrochemical systems in operando. Though examined examples in above
studies all have redox-active Ni, Co or Fe based (co)catalysts on electrode surface, the authors noted that
the measurement techniques will work equally well on any catalytic material that is electronically

conductive and therefore amenable to potential sensing.”

Recently our group developed an alternative, contact-less and non-invasive method for the
determination of the QFLS, using liquid surface photovoltage (SPV) spectroscopy on BiVO4, GaP and
CuGasSes photoelectrodes (unpublished results). In Chapter 2, this technique will be applied to CuGasSes
thin films. This material recently emerged as a promising wide bandgap (~1.84 eV) absorber for the top

cell (photocathode for HER) in tandem PEC devices.”*’® While high photocurrent (~12 mA-cm2at -1

10



Vrue) With excellent stability (17 days) were achieved, the reported photo-onsets of bare CuGasSes
photocathodes are less positive than 0.3 Vrue,”® 7® which represents a substantial photovoltage loss. In
order to study the origin of the voltage loss this work employs photoelectrochemical measurements
together with liquid SPV on thin film CuGasSes photocathodes in contact with different electrolytes, back

contacts and a CdS passivation layer.

Surface Photovoltage (SPV)

The surface photovoltage (SPV) method is known as a highly sensitive and non-destructive
technique for semiconductor characterizations that relies on analyzing illumination induced changes in the
surface voltage.””-"® Starting from the work of Brattain and Bardeen in the late 1940s and early 1950s,7%-8
it was further developed in the early 1970s, when systematic research on the effects of sub-bandgap
illumination on the surface voltage took place by Harry Gatos and Jacek Lagowski at MIT.8! Since then,
SPV has been used as a comprehensive source of surface and bulk information on various semiconductors

and semiconductor interfaces.

One of the most widely used experimental methods to carry out SPV measurements is the
vibrating Kelvin probe (VKP) technique.””-"® Figure 1.5 shows a photo of the experiment set-up in this
study and a schematic configuration of the vibrating Kelvin probe surface photovoltage (VKP-SPV)
measurement. In VKP-SPV, the contact potential difference (CPD) is measured between a sample and a

semi-transparent gold Kelvin probe placed approximately 1-2 mm above the sample.
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Figure 1.5 Vibrating Kelvin probe surface photovoltage (VKP-SPV) measurement. (a) Photo and (b)
schematic of the measurement configuration. CPD: contact potential difference. SPV = ACPD = CPD

(light) — CPD (dark).

The principle of the Kelvin probe technique is illustrated in Figure 1.6 and described as
following. Initially, the bare sample electrode and the reference electrode (gold Kelvin probe) are
characterized by their work functions Ws and W, respectively (Figures 1.6a). When the sample and
reference electrodes are electrically connected (Figure 1.6b), electrons flow from the electrode with the
lower to the electrode with the higher work function. The Fermi energies of the sample (Er, 5) and
reference (Er, ) electrodes change until one common Fermi energy (Er) is established. The two
electrodes then no longer have the same local vacuum level (electric potential or Galvani potential). The

corresponding potential drop between the two electrodes equals the contact potential difference (CPD).
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Figure 1.6 Schematic diagram of energies illustrating the CPD measurements in the VKP-SPV technique.
(a) Isolated bare sample electrode and reference electrode (Kelvin probe). (b) Electrically connected
sample and reference electrodes. (c) Sample and reference electrodes connected through a DC bias equal
and opposite to the contact potential difference. (d) Electrically connected (photoactive) sample and
reference electrodes under illumination. ACPD denotes the change of the CPD due to the separation of

photogenerated charge carriers in space. Figures are adapted with permission from reference.”” Copyright

2020, World Scientific Publishing Co., Inc.

The CPD value is measured experimentally by vibrating the Kelvin probe and following the small
AC current that flows between the two electrodes, resulting from the changing capacitance of the sample-
probe configuration. Through application of an external DC bias, equal and opposite to the CPD (Figure.

1.6¢), the AC current becomes zero, and the CPD can be observed from the necessary bias voltage.
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In SPV, the light induced CPD change under illumination is the main interest. When the sample is
illuminated, photogenerated charge carriers are separated in space, for example, photogenerated holes and
electrons move towards the sample substrate and the sample surface, respectively (Figure 1.6d). This
creates an electrostatic potential in the region of the photoactive layer, which changes the work function
of the sample electrode. This results in a CPD change (ACPD) compared to the dark condition, with the

surface photovoltage (SPV) determined as:
SPV = ACPD = CPD (light) — CPD (dark)

As the SPV signal is caused by the photogenerated charge carriers via light absorption and their
following spatial redistribution, the technique is sensitive not only to the ‘surface’, but to the entire
surface space charge region (via super- or sub-bandgap absorption), to the quasi-neutral bulk (via the

Dember effect) and even to buried interfaces located within the sample.

One specific SPV method variant is surface photovoltage spectroscopy (SPS), in which SPV is
monitored as a function of incident photon energy.® Through analysis of the spectra, useful information
about the semiconductor properties can be extracted. These properties include, but are not limited to,
bandgap, majority carrier type, and its (surface and bulk) defect states. This provides essential

information to construct surface and interface band diagrams of semiconductors.

SPS has been used in the Osterloh lab since 2013 to study the photochemical charge separation in
water splitting semiconductor photocatalysts.?* -1 For example, Jing Zhao et al. used SPS to investigate
the charge transfer processes in nanocrystal HCa>NbsO1o films; variations in the density of states of the
nanocrystals were observed, as well as effects resulting from surface defects, molecular adsorbates, and
interfacial electron transfer barriers.3* Their study on the CdSe quantum dots further demonstrated the
ability of SPS to measure built-in voltages, space charge region (SCR) thickness and sub-band gap states
in drop-cast quantum dot films.® A more systematic SPS study on the SCR in nano- and microparticle of
SrTiO3; and GaAs on gold substrate was carried out by Rachel Doughty et al.; they found that the
observed depletion layer width in particle films exceeded the theoretical value by 1~3 orders of
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magnitude, which is attributed to the surface states that controls band bending and photochemical charge
separation.® SPS is especially useful for studying the mid-gap states induced or suppressed in doped
semiconductors. For example, studies by Xiaoging Ma et al. used SPS to locate the dopant levels and
defect states in transition metal doped SrTiO3.8”-88 SPS studies on Al-doped SrTiO3z nanocrystals by
Zegiong Zhao et al. confirmed that aluminum doping enhances photochemical charge separation and
reduces electron and hole trapping from the elimination of Ti** states.?* 8 SPS could also be used in the
study of heterostructures. For example, a study by Zongkai Wu et al. used SPS to investigate
photochemical charge transfer at the interfaces of Cu,O and BiVVO. nanoparticles; they found evidence for
tandem excitation, demonstrating the possibility of a water splitting system based on a BiVO.-Cu,O direct
contact particle tandem.® SPS was also utilized in the study of charge transfer in dye-sensitized solar cells
(DSSC) by Ruirui Han et al.; they found that efficiency and reversibility of electron transfer at the
conductive substrate - electron transfer layer - dye interface are essential for DSSC performance.®!
Ferroelectric enhanced charge separation was studied with SPS by Samutr Assavachin et al. as well;

anomalous surface photovoltage up to -6.3 V was observed in Cr-doped SrTiOs; nanocrystals.%?

As mentioned above, our group developed a liquid SPV method recently (unpublished results).
The measurement configuration is very similar to the vacuum SPV (Figure 1.5), except for the addition
of a liquid electrolyte drop plus a piece of microscope glass on the sample electrode and beneath the
Kelvin probe. Because the semiconductor is in contact with the electrolyte, the SPV signal is different
from those measured in vacuum,’”"® and reports on quasi-Fermi level splitting (QFLS) of the

semiconductor/liquid junction.

In Chapter 2, the liquid SPV technique is applied to CuGasSes thin film photocathodes in order to
examine the reason for the photovoltage loss observed with CuGasSes/liquid contacts. The effects of the
electrolyte, substrate, and surface passivation layer on the QFLS will be described. This provides new
insight into the factors that limit the performance of this photoelectrode material. In Chapter 3 of this

work, we use SPS to examine the photochemical charge separation properties in copper gallium selenide
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(CGSe) particle films with various charge selective contacts/layers. Through detailed analysis of the
spectra, we identify the energy levels of the surface states in CGSe particles and reveal the possible
reason for the low H; evolution activity. SPS results with different charge selective contacts/layers
provide ideas for optimizing the photocatalyst in future work. In Chapter 4 of this work, SPS is used to
observe charge separation in zinc-rich metavanadate (ZnsV20o) and calcium ferrite (CaFe,0,) particle
films. Here, SPS is used to observe the sub-band gap states in Zn.V,Og, which is correlated with its
photoelectrochemical performance. We also use SPS to observe charge separation and space charge
region in CaFe,0. particle films with various thicknesses. This contributes to a better understanding of
photochemical charge separation in chalcopyrite and metal oxide semiconductor photoelectrodes and

photocatalysts systems and promotes their use for solar fuel generation.
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Chapter 2 Liquid Surface Photovoltage Reveals Effects of Substrates and Passivation
Layers on Quasi-Fermi Level Splitting of CuGasSes Thin Film Photocathodes for Proton

and Methyl Viologen Reduction

The work in this Chapter contains unpublished results. Part of the work is used in the manuscript
"Contactless Measurement of Quasi Fermi Level Splitting in Solar Fuel Photoelectrodes™ that submitted
to Nature Energy (Sep 2022). Other parts are prepared in the manuscript “Effect of Charge Selective
Contacts on Quasi Fermi Level Splitting of CuGasSes Thin Film Photocathodes for Hydrogen Evolution
and Methylviologen Reduction ” that will be submitted for publication soon. The XPS in this work is

contributed by Chengcan Xiao in the Osterloh lab.

Introduction

Copper chalcopyrites, Cu(InyGai-x)Sez (CIGS) (x = 0~1), have been well established for thin film
photovoltaic (PV) applications, due to their tunable band gap, high absorption coefficients and usability in
the polycrystalline state.> In recent decades there also has been emerging research on these materials for
photoelectrochemical (PEC) water splitting.**! It has been shown that lower Cu content relative to
stoichiometric CuGaSe; leads to more favorable energy band positions for better PEC performance.!?
Specifically, CuGasSes, has emerged as a champion because of its wider band gap (ca. 1.85 eV) and
deeper valence band potential.*** Utilization of a buried junction with cadmium sulfide extraction layer
is often required to achieve a relatively positive onset for PEC water reduction.> 1*1 15 For devices with
direct CuGasSes/electrolyte interface, stable H.-generation saturation photocurrent were only reached at a
negative potential versus the reversible hydrogen electrode (RHE).*** For example, the Maijenburg
group reports hour-stable Hp-related saturation photocurrents of 68% of the theoretical limit (-12.1
mA-cm2 at -0.40 Vrue).2* However, the onset of only +0.20 Vree is not positive enough to make it an
efficient photocathode that can be utilized in a tandem water splitting system. The onset indicates that

there is substantial voltage loss of this photocathode with direct CuGasSes/electrolyte contact.
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Recently, the Sivula group used spectroelectrochemical and computational methods on a related

Culng 3Gao 7S, photocathode to conclude that voltage losses are linked to charge carrier traps induced by
surface Ga and In vacancies.*® A similar voltage loss mechanism may limit operation of the CuGasSes
photocathode. To test this hypothesis, we employ liquid SPV to measure the internal photovoltage of an

illuminated CuGasSes (CGSe) photocathode in contact with several electrolytes for the first time.
(Note: In this chapter, CGSe is used as abbreviation for CuGasSes specifically.)

Preliminary evidence with BiVO, and GaP photoelectrodes (unpublished results) suggests that
the liquid SPV signal reports on quasi-Fermi level splitting (the internal photovoltage) of a
semiconductor/liquid junction, as illustrated in Figure 2.1. Thus, by combining SPV with open circuit
potential measurements that provide the majority carrier quasi-Fermi level, the minority carrier quasi-

Fermi level at the CGSe photocathode/liquid interface under illumination can be obtained.
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Figure 2.1 Energetics and charge carrier dynamics of a typical p-type semiconductor-liquid junction, in
the dark and under illumination. SPV gives quasi-Fermi level splitting (QFLS) energy. Quasi-Fermi
levels, E,»and Es, , are shown together with the standard reduction potentials of the solution E° and of the

surface states Es.

The CGSe thin film photocathode used in this study is provided by Prof. Wouter Maijenburg’s

group from Martin-Luther-University Halle-Wittenberg, Germany. Details of the preparation are
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described in their previous publication.* The samples consist of 2 um thick CuGasSes on molybdenum-
or FTO-coated soda-lime glass and are noted as Mo-CGSe and FTO-CGSe, respectively. Photos, SEM
and reported PEC water reduction performance of the Mo-CGSe electrode are shown in Figure 2.15 in
the Appendix. The SEM images show a flake-shape morphology with a high density of grain boundaries.
The PEC data in electrolyte of 0.5 M H>SO, under AM 1.5 irradiation shows a saturated photocurrent of -
12 mA-cm2 (at -0.40 Vree) for water reduction with a photo-onset of 0.20 Vrue. This is one of the best
PEC water reduction performances reported for CuGasSes photocathode with direct CGSel/electrolyte
contact.*** While promising regarding its photocurrent, the photo-onset is below expectations. Based on
its band positions, CuGasSes should be able to reduce protons at potentials positive of 0.80 Vrxe under
illumination. The voltage loss may be a result of material defects, or it may be related to a substantial
kinetic proton reduction overpotential. For the related Cu,Se 118 and for layered GaSe,° proton reduction
overpotentials were reported to be 0.8 VV and near 0.3 V, respectively. To better understand the
photocathodic performance of CGSe, its photoelectrochemical and SPV response was measured in
different electrolytes. Viologen dications (4,4'-bipyridinium compounds) were chosen because of the high
solubility, formal potentials negative of the hydrogen potential and fast, reversible charge transfer
kinetics.?%-2! Specifically, methyl viologen (MVCI.) and benzyl viologen (BVCI,) have redox potentials of
Emva+/mvs = -0.446 Vpe and Egvo+/avs = -0.359 Vie.22 Water reduction was studied in the presence of
0.1 M NazSOa To all systems, 0.05 M phosphate buffer was used to exclude pH variations. Electrolytes

are abbreviated as follows:
NaPi: 0.1 M Na,SO, with 0.05 M pH=7 sodium phosphate buffer
MV: 0.01 MVCI; with 0.05 M pH=7 sodium phosphate buffer

BV: 0.01 M BVCI; with 0.05 M pH=7 sodium phosphate buffer
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Results and Discussion

To assess the ability of the CGSe electrodes to photo-reduce methyl viologen or protons, linear
sweep voltammetry (LSV) measurements were conducted on the systems above under chopped light
illumination. Figure 2.2a and 2.2b show the LSV curves for the Mo-CGSe electrode in NaPi and MV
electrolytes, respectively. Cathodic photocurrents were observed for water reduction and MV?2* reduction,
respectively. Figure 2.2a shows that the stable photocurrent reaches -3 mA-cm at 0 Vrue, approximately
one-third of the photocurrent achieved in 0.5 M H,SO; electrolyte reported by Maijenburg®* (Figure
2.15c). This difference in photocurrents is attributed to the concentration difference of protons, as the
proton concentration in NaPi at pH 7 is six orders of magnitude lower than that in 0.5 M H,SO4
electrolyte. In addition, strong capacitive currents were observed, as evident by the sawtooth shape of the
photocurrent response after switching the light on. The capacitive current is due to the trapping and de-
trapping of photogenerated charge carriers at CGSe/electrolyte interface.?® As shown in Figure 2.2a, the
onset potential of PEC water reduction is at 0.32 Vrye, similar to the value (0.20 Vrue) observed in 0.5
H>SO,. Based on this value and the standard water reduction potential, the external photovoltage Vpn (ext,
LSV) is estimated to be Eon - E%4/t2) = 0.32 Vree - 0.0 Vrpe = 0.32 V for the Mo-CGSe/NaPi contact. 24
Hydrogen evolution was evident from bubble formation at the working electrode under cathodic bias (0.0
Vrre). The LSV curve of the Mo-CGSe electrode in MV electrolyte is shown in Figure 2.2b. The curve
shape is similar to the water reduction curve in Figure 2.2a, but this time no bubbles were formed.
Instead, a purple color is observed from the MV* radical cation suggesting that MV?* reduction is taking
place instead of proton reduction. The onset potential of MV2* reduction is at 0.35 Ve, SO the external
photovoltage is estimated to be Eon - E%mv2+mav+) = 0.35 Vrue — (-0.03) Vriue = 0.38 V for the Mo-

CGSe/MV contact.
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Figure 2.2 Linear sweep voltammetry (LSV) scans of the Mo-CGSe electrode under chopped
illumination (400 nm, 81 mW-cm-2). (a) Electrolyte: 0.1 M Na;SO,4 with 0.05 M sodium phosphate buffer
(pH=7). (b) Electrolyte: 0.01 M MVCI, with 0.05 M sodium phosphate buffer (pH=7). Electrolytes were

de-aerated by continuous N2 bubbling.

Next, to obtain the Fermi level in the dark (Er, 4ak) and quasi-Fermi level of holes (Es, p) under
illumination, open circuit potential (OCP) measurements were done on the Mo-CGSe electrodes. The data
measured with increasing light intensity is shown in Figure 2.3. In both systems, Er, dark iS at around 0.53
Vrue. The MV?* did not affect Ex, dark, possibly because no reduced MV™ radicals are present in the
experiment. Likely, the Fermi level is pinned to CGSe surface states in both cases. Under illumination, Eg,
» Moves to more positive potentials, as expected for a p-type photocathode. For example, at 81 mW-cm,
Et p = 0.71 Vrue for Mo-CGSe/NaPi and Ey,, = 0.77 Vrue for Mo-CGSe/MV. This corresponds to an
external photovoltage Vpn (ext, OCP) = Eg, dark - Ef, p 1ignt OF 0.18 V for Mo-CGSe/NaPi and 0.25 V for Mo-
CGSe/MV. These values are smaller than those observed for the PEC method. For the latter, a negative
bias is applied which increases the band banding and charge separation efficiency of the photoelectrode.

This explains the increased photovoltage compared to the open circuit condition.
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Figure 2.3 Open circuit potential (OCP) of the Mo-CGSe electrode in the dark and under 400 nm
monochromatic illumination of variable intensity (irradiances given in mW-cm-2). (a) Electrolyte: 0.1 M
Na>SO4 with 0.05 M sodium phosphate buffer (pH=7). (b) Electrolyte: 0.01 M MVCI;, with 0.05 M

sodium phosphate buffer (pH=7). Electrolytes were de-aerated by continuous N, bubbling.

Finally, to measure the quasi-Fermi level splitting of CGSe, chopped light surface photovoltage
data of the Mo-CGSe electrode in variable light intensity were recorded. Figure 2.4a and b show the
contact potential difference (CPD) versus the time, with chopped light of variable intensity. The
difference of the CPD between dark and light conditions is defined as the surface photovoltage (SPV).2528
As expected for the p-type CuGasSes electrode, a positive SPV signal from transfer of majority carriers
(holes) into the electric contact at the CGSe backside and of minority carriers (electrons) into surface
states were observed. The SPV signal increases when the light intensity increases, the trend is described
below. SPV data in both systems are reversible. For both systems, the baseline drifts by 0.1 V to smaller
CPD values, indicating trapping of minority charge carriers (electrons) at the CGS/Mo interface. The Mo-

CGSe/MV shows slightly larger SPV signal than the Mo-CGSe/NaPi, but the difference is not significant.

For each system, the SPV was also plotted versus the logarithm of light intensity, shown in Figure 2.4c
and d (closed dots). For an ideal photovoltaic junction, the quasi-Fermi level splitting energy (the SPV

signal) is expected to increase linearly with the logarithm of light intensity.?%-3° Experimentally, the Mo-
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CGSe/NaPi shows slopes of 77 mV/dec and 37 mV/dec at low and high light intensity. The Mo-
CGSe/MV gives the slope of 75 mV/dec over the entire intensity interval. Deviations from the ideal 59
mV slope value indicate that there are different recombination processes happening at the Mo/CGSe or
CGSel/electrolyte junction under illumination. This is quite common for real photovoltaic junctions.*°
Though the slope varies from the ideal case, it still shows decent linear trend in the whole or separate
regions. This allows us to interpolate the SPV, so that SPV values can be compared directly to the
external photovoltages at each light intensity. Figure 2.4c and d (open dots) show the data points that
were extracted from the plots. For the Mo-CGSe/NaPi contact, the SPV is estimated to be 0.23 V
(81mW-cm2). It is comparable to the Vph (ext, OCP) of 0.22 V, but slightly smaller than the Vp, (ext,
LSV) of 0.32 V. For the Mo-CGSe/MV contact, the SPV is estimated to be 0.30 V (81mW-cm). It is
comparable to the Vpn (ext, OCP) of 0.35 V and Vpn (ext, LSV) of 0.38 V. This shows that the
photovoltage observed by the liquid SPV are in reasonable agreement with the external photovoltage

measured by the conventional PEC and OCP method.

It is worthy to point out that the photovoltage estimated from photoelectrochemical (PEC) scans
may not reflect the true value, because the photocurrent onset may be from reduction of CGSe surface
species instead of proton or MV?* reduction. Moreover, liquid SPV measurement is done at no applied
bias, when Es ;= 0.71 Vree. In contrast, the PEC water reduction onset of 0.32 Vrue, cOrresponds to an
applied negative potential and increased band bending. This explains the differences between SPV and

external photovoltage from PEC.
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Figure 2.4 Surface photovoltage (SPV) data of the Mo-CGSe electrode under 400 nm monochromatic

illumination of variable intensity (irradiances given in mW-cm-2). (a) Electrolyte: NaPi. (b) Electrolyte:

MV. (c)(d) SPV versus logarithm of the light intensity for each system. SPV = CPD (light) — CPD (dark).

Closed dots: Experimental data. Open dots: Interpolated and extrapolated SPV values.

Assuming that the SPV equals the quasi-Fermi level splitting (Er, p — Er, n), and that quasi-Fermi

level of the holes (Ex, p) is obtained from the OCP measurement, quasi-Fermi level of the electrons (E, n)

can be calculated with the equation of Es,» = Ef , — SPV. The quasi-Fermi levels, Ez nand Eg, p, were

plotted versus the logarithm of light intensity to produce the QFLS plots in Figure 2.5. In both

electrolytes, Er, , becomes slightly more oxidizing with increasing light intensity while Er, , stays constant

and appears pinned by the surface states, which could be surface Ga vacancies states near the flat band
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potential.’® The quasi-Fermi level splitting suggests that MV?* in the electrolyte is not changing the

junction compared to NaPi. Based on the potential of Er », without applied cathodic potential, Mo-CGSe

can neither reduce protons nor MV, even under the highest illumination intensity.
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Figure 2.5 Quasi-Fermi level splitting (QFLS) plots of the Mo-CGSe electrodes with the electrolyte of

(@) NaPi and (b) MV. Quasi-Fermi levels, Es,»and Es, ,, were plotted versus the logarithm of light intensity

(400 nm LED).

35



0,00 r-mmmmmm e e scassassssnasmnanee -] Mo-CGSe BV
0.804
025
£
)
<
E -0.50
=
2
075
©
o
-S -1.00 4
Mo-CGSe BV
1254 ) Mo-CGSe MV
T T T T T 045 T T T T
0.2 0.3 0.4 05 06 0.7 0 200 400 600 800 1000
E vs RHE (V) Time (s)
c) d)
1.0
-3.60 Mo-CGSe BV 486 CB Mo-CGSe BV
,05 -
~ s H'H
2 W 0.0+ SoTIIITIIIIIIIIIITIIIoIIoIIIIIoL: '
o = BVZ'/BV
®] (g Eio Eg
- Wosd - n———-»——'-——"—"—_. =
Ey gark 2 o
Ep
1.04
VB
-400 T T T T T T T T T T
0 500 1000 1500 2000 2500 0.01 0.1 1 10 100
Time (s) Light intensity (mW-cm)

Figure 2.6. Data for the Mo-CGSe electrode with the electrolyte of 0.01 M BVCI; and 0.05 M sodium
phosphate buffer (pH=7). (a) LSV scans under illumination (400 nm, 81 mW-cm-2). (b)(c) OCP and SPV
data in the dark and under 400 nm monochromatic illumination of variable intensity (irradiances given in

mW-cm2). (d) QFLS plot based on the OCP and SPV results.

To further support the above analysis, another set of LSV, OCP and SPV measurements were
performed on the Mo-CGSe electrode with the BV electrolyte (Figure 2.6). Benzyl viologen (BV?#) has a
slightly more positive reduction potential (-0.359 Vnie / 0.055 Vrue) than methyl viologen (MV?, -0.446
Ve / -0.032 Vrue). Accordingly, a more positive photo-onset (BV: 0.40 Vrue, MV: 0.36 VRruE) iS

observed in the LSV curve (Figure 2.6a). The sizes of light induced SPV and OCP changes are similar to
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that with the MV contact. Finally, Figure 2.6d shows the QFLS plot for the Mo-CGSe/BV system.

Again, it is found that E » is pinned near the surface states under illumination.

Overall, the similar SPV data for the CGSe/NaPi and CGSe/MV, BV systems confirm that the
low photovoltage of these junctions is not a result of a large proton reduction overpotential. Instead, it is a
result of poor charge separation at the CGSe/liquid interfaces. The latter is not ideally controlled by the
redox potential of the electrolyte, but instead by the potential of the surface states in CGSe. This is known
as Fermi Level Pinning, which has been documented for many semiconductor electrodes.® 24 31-% |n the
case of CGSe, the pinning surface states could be gallium vacancies.® Our QFLS results suggest that they
pin the Fermi level at around 0.5 eV above the valence band and limit the band bending that controls the
electron hole separation. These surface states also trap electrons and can act as recombination sites for the
holes, as shown in Figure 2.7a. This is causing the voltage loss during PEC water reduction and methyl
viologen reduction. Figure 2.7b shows the increased band bending at a negative applied potential, that
allows electrons to reduce protons. It explains why a cathodic bias is required for reduction of protons and

methyl viologen, as seen in the PEC data in Figure 2.2.
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Figure 2.7 Energy diagram shows the band bending and QFLS of the Mo-CGSe/NaPi system under
illumination (400 nm, 81 mW-cm). (a) At open circuit potential, Er,, =0.71 Vrue (from Figure 2.3a).

(b) At an applied potential of 0.20 Vrue. The increased band bending allows electrons to reduce protons.
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In order to study the effect of the back contact on the internal photovoltage of CGSe electrode, a

series of LSV, OCP and SPV measurements were performed on the FTO-CGSe and the Mo-CGSe

electrodes. Transparent conductive oxide substrates, such as FTO, are used in the superstrate

configuration of CIGS based solar cells, even though the electronic properties of the CIGS/FTO junction

are inferior.3%*® Figure 2.8 shows energy diagrams for CGSe on Mo and FTO back contacts. A n-/p-

junction forms at the FTO/CGSe interface, whereas the Mo/CGSe contact is ohmic due to the formation

of a thin MoSe; layer at the Mo/CGSe interface during the high temperature absorber formation step.3%-4
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Figure 2.9 Data for the FTO-CGSe electrode. (a-d) OCP and SPV data in the dark and under 400 nm
monochromatic illumination of variable intensity (irradiances given in mW-cm-2). (a)(c) Electrolyte:
NaPi. (b)(d) Electrolyte: MV. (e)(f) QFLS plots of the FTO-CGSe and the Mo-CGSe electrodes with

electrolyte of NaPi and MV, respectively.
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The OCP and SPV data for the FTO-CGSe electrode with NaPi and MV contacts are shown in
Figure 2.9a-d, with the corresponding QFLS plots in Figure 2.9ef. LSV curves are shown in Figure
2.10a and b, for water reduction and MV?* reduction, respectively. With a Mo back contact, the CGSe
photocathode shows earlier onset and higher photocurrent density for both proton reduction and MV?2*
reduction. This indicates higher photovoltage achievement for Mo-CGSe, compared to FTO-CGSe. This
result is in consistent with the observed internal photovoltage (Figure 2.9ef). At the light intensity of 81
mW-cm2, the internal photovoltage (the QFLS) is estimated to be 0.16 V for FTO-CGSe/NaPi, smaller
than the 0.23 V for Mo-CGSe/NaPi. The increased QFLS of Mo-CGSe over FTO-CGSe applies to the
entire range of illumination. This shows the superior properties of the Mo-CGSe configuration and
confirms that the n-/p-junction at the FTO/CGSe interface acts as recombination center is the cause for
the decrease of the photovoltage. This demonstrates that the surface photovoltage measurement is an
effective method to evaluate the contribution of back contact to the quasi-Fermi level splitting in a thin

film photoelectrode.
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Figure 2.10 LSV scans of the FTO-CGSe and the Mo-CGSe electrodes under (chopped) illumination

(400 nm, 81 mW-cm). (a) Electrolyte: NaPi. (b) Electrolyte: MV.
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Potentially, the photovoltage loss at CGSe photocathodes from electron hole recombination at
surface states can be overcome with surface treatments.*>** For example, surface pretreatment with Cd?*
solution before the deposition of buffer layers was reported improve the performance of Cu(In,Ga)Se.,
CulnSxSez.x or CuGasSes based solar cells.*>* This was mainly attributed to surface Cd doping and the

removal of surface oxide.*?

To investigate the effect of cadmium acetate solution treatment on QFLS of the Mo-CGSe
electrode, the electrode was soaked in a 65 °C 0.1 M cadmium acetate aqueous solution for 30 min,
followed by washing. The resulting electrode is described as Mo-CGSe_Cd in the following. Surface Cd
doping is confirmed by X-ray photoelectron spectroscopy (XPS) (Figure 2.16 in the Appendix), similar
to what was observed in the literature.** LSV, OCP and SPV measurements were performed on the Mo-
CGSe_Cd electrode. The LSV curves and the corresponding QFLS plots are shown in Figure 2.11.
Compared to the non-treated sample, the LSV curve shows no significant photo-onset difference for water
reduction after soaking (Figure 2.11a). The photocurrent is slightly lower, probably due to slightly
reduced active sites after soaking. For the MV?2* reduction, a 50 mV anodic shift of the photocurrent onset
is observed after the soaking treatment (Figure 2.11b). This slightly increased external photovoltage for
MV?2* reduction from PEC confirms that Cd?* surface treatment changed the CGSe surface. However, the
0.05 V shift is small, as seen in the QFLS plot in Figure 2.11c. So, we conclude that aqueous cadmium
acetate solution treatment does not significantly increase the internal photovoltage for CGSe

photoelectrode with direct CGSe/electrolyte contact.

41



o
- |
1]

& ) N
! 1 s

IN
1

Current density (mA-.cm?)

&
1

&

Mo-CGSe_Cd NaPi
Mo-CGSe NaPi

'
<3
-

0.0

T T T T T T
0.1 0.2 0.3 04 05 0.6

E vs RHE (V)

CB

0.5

0.04

E vs RHE (V)

0.5 1

5—Mo-CGSe E, , Electrolyte: NaPi
—o—Mo-CGSe E; ,
Mo-CGSe_Cd E; ,

Mo-CGSe_Cd E; ,,

T
0.01

01 1 10 100
Light intensity (m\W.-cm2)

b)

d)

0.00 O
& 0251
S
<
£ 050
=
2
& -0.754
©
€
[
5 -1.00
(&)
Mo-CGSe_Cd MV
-1.254 Mo-CGSe MV
T T T T T
0.1 0.2 0.3 04 05 06 07
E vs RHE (V)

054

0.0

E vs RHE (V)

0.5+

CB

E dark

VB

Mo-CGSe E, , Electrolyte: MV

Mo-CGSe E; ,
Mo-CGSe_CdE, ,
—e—Mo-CGSe_Cd E;

T
0.01

o1 1 10 100
Light intensity (mwW-cm™)

Figure 2.11 (a)(b) LSV scans of the Mo-CGSe_Cd and the Mo-CGSe electrodes under (chopped)

illumination (400 nm, 81 mW-cm) in the electrolyte of NaPi and MV, respectively. (c)(d) QFLS plots of

the Mo-CGSe_Cd and the Mo-CGSe electrodes with electrolyte of NaPi and MV, respectively.

It is known that for Cu-based chalcogenide photocathodes, surface modification using a thin layer

of n-type CdS to form a p—n heterojunction can produce anodically shifted onset potentials and larger

cathodic photocurrents.> 154546 To test this in the present system, a thin layer of CdS was deposited on the

surface of the Mo-CGSe electrode by the chemical bath deposition (CBD) method.* The sample after

CdS deposition is noted as Mo-CGSe/CdS in the following. Photos, SEM and EDX mapping data

(Figure 2.17 in the Appendix) show that the CdS deposition is uniform and produces a thin layer of

expected thickness of ~60 nm.*®> OCP and SPV measurements were performed on the Mo-CGSe/CdS



electrode with both NaPi and MV liquid contacts (Figure 2.12a-d). The resulting QFLS plot is shown in
Figure 2.12e and f. It can be seen in both cases, that addition of the CdS layer moves the dark Fermi level
to more reducing potential. This is a result of the negative Fermi energy of the CdS layer, as shown in
Figure 2.14. The QFLS of the Mo-CGSe/CdS electrode shows an increase of 30-40%, compared to the
bare Mo-CGSe, over the entire intensity range. This confirms improved charge separation at the CGSe —
CdS interface. However, while the quasi-Fermi level of electrons shifts to negative energy, it still is not
sufficient to reduce protons or MV2* without applied negative bias. This is also confirmed by PEC

measurements in Figure 2.13.
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Figure 2.12 Data for the Mo-CGSe/CdS electrode. (a-d) OCP and SPV data in the dark and under 400 nhm

monochromatic illumination of variable intensity (irradiances given in mw-cm-2). (a)(c) Electrolyte:

NaPi. (b)(d) Electrolyte: MV. (e)(f) QFLS plots of the Mo-CGSe/CdS and the Mo-CGSe electrodes with
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44



0.8

14
0 ! A 4
P I y
€1
o
<
£-2 \ W
\
23 \ \
[ =
)
T 4
=
o
5 -5
(&]
61 ——— Mo-CGSe/CdS MV
. Mo-CGSe MV
T T T T T T T
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
E vs RHE (V)
c)
0 rﬂT
14
£
Qo
<
£
<,
=
[}
S 4
B 3 Electrolyte: NaPi
C
g 1y - Mo-CGSe light
8 M| —— Mo-CGSe chop
---Mo-CGSe/CdS light 8 (Figure-b)
——— Mo-CGSe/CdS chop (after light 8)
5= T T T T T T T
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
E vs RHE (V)

b)

Current density (mA-cm™)

&
1

'
N
1

'
@
1

.
N
1

5

dark

——light 1
—— light 2
——light 3
——light 4
——light 5
—— light 6
——light 7
—— light 8

Mo-CGSe/CdS NaPi

-03 -02 -0 00 01 02 03 04 05 06
E vs RHE (V)
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(b) LSV curve of the Mo-CGSe/CdS electrode in NaPi electrolyte with repeating scans. Inserted photo:

the electrode after repeated scans. (¢) LSV curve of the Mo-CGSe/CdS electrode after repeated scans,

compared with the bare Mo-CGSe, in NaPi electrolyte. Light source is 400 nm LED, with light intensity

of 81 mW-cm, Electrolytes were de-aerated by continuous N, bubbling.
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Figure 2.14 Energy diagram of (a) the Mo-CGSe electrode (b) the Mo-CGSe/CdS electrode with MV
electrolyte contact, shows the band bending in the dark. A p-/n-junction forms at the CGSe/CdS interface.

The band alignment at the CGSe/CdS interface were drawn based on the value reported in ref.*

The cathodic photocurrent for proton reduction begins at -0.10 Vrye, shifted by 0.35 V to more
negative potential compared to the bare Mo-CGSe electrode. When the scans are repeated, the photo-
onset gradually shifts in anodic direction (Figure 2.13c) until it finally (light 8 scan) becomes equal to the
bare Mo-CGSe electrode. At the same time, we observed that most of the top CdS layer was peeled off
from the CGSe surface, as shown in the inserted photo in Figure 2.13b. These observations suggests that
the performance of the Mo-CGSe/CdS system is limited by the unfavorable kinetics of proton reduction at
the CdS surface. CdS is known to have a large overpotential for proton reduction.*” As a result, proton

reduction occurs at the CGSe layer, and the resulting H, bubbles peel off the CdS layer.

When the fast redox couple of MV#*/MV* is used, no reduction overpotential at the CdS layer
should exist. Accordingly, in the Mo-CGSe/CdS system, the photo-onset for MV?* reduction shift
anodically from 0.35 Vrye t0 0.65 Vrae (Figure 2.13a). MV?* reduction is confirmed by observation of a
purple color of the MV" radical cation near the electrode. This confirms the improved performance of the
Mo-CGSe/CdS photoelectrode for MV?* reduction. Based on the PEC data, the CdS layer increases the
external photovoltage to 0.68 V from 0.38 V for the bare Mo-CGSe photoelectrodes. This increase is
larger than the internal photovoltage increase observed in SPV measurement (from 0.30 V to 0.45 V). As
discussed in earlier parts, PEC method usually gives a larger photovoltage because there is an applied
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potential in LSV measurements comparing to the open circuit condition in the SPV experiment.
Considering this, the external photovoltage from PEC and the internal photovoltage (QFLS) from SPV

are in good agreement.

Conclusions

For the first time, surface photovoltage (SPV) measurements were used to measure quasi-Fermi
level splitting (QFLS) in CuGasSes thin film photocathodes in contact with different electrolytes, different
back contacts, and with surface passivation layers. For the non-passivated electrodes, Fermi level pinning
near the surface states, 0.5 eV above the CGSe valence band was established as the cause for the voltage
loss during photoelectrochemical water and methyl viologen reduction. The surface states both limited the
band-bending at the CGSe/liquid interface, and they served as recombination centers for the electron/hole
pairs. Application of a CdS passivation layer increases the internal photovoltage to 0.43 V for NaPi
contact and 0.45 V for MV contact under 81 mW-cm illumination. This increase is due to the
passivation of the CGSe surface states and the formation of a p-/n-junction that promotes electron
extraction from CGSe. Molybdenum was confirmed to be a better back contact to CGSe than FTO, based
on the increased internal photovoltage (from 0.16 V to 0.23 V, NaPi electrolyte, light intensity of 81
mW-cm2). This confirms the hypothesis that Mo acts as a hole selective contact at the CGSe back side.
These findings improve our understanding of the factors that control charge carrier extraction from
illuminated CGSe photoelectrodes. Additionally, the work establishes SPV as a powerful method to
measure internal photovoltages in semiconductor/liquid junctions, and to identify charge selective

contacts and passivation layers.
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Experimental Section

Chemicals. Sodium phosphate monobasic monohydrate (>99.0%, Sigma-Aldrich), sodium
phosphate dibasic heptahydrate (98.0% - 102.0%, Sigma-Aldrich), sodium sulfate (>99.0%, Sigma-
Aldrich), methyl viologen dichloride hydrate (98%, Acros Organics) and benzyl viologen dichloride
hydrate (>98.0%, TCI) were used for the preparation of the electrolytes. Cadmium acetate dihydrate
(analytical reagent, Mallinckrodt), thiourea (99%, Alfa Aesar) and ammonium hydroxide (29.7%,
certified ACS plus, Fisher Chemicals) were used for the cadmium sulfide chemical bath deposition.
Potassium ferricyanide (99.2%, Sigma) and potassium hexacyanoferrate (I1) trihydrate (98.0% - 102.0%,
Sigma-Aldrich) were used as received. Water was purified to 18 MQ-cm resistivity by a Nanopure

system.

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) were

recorded using Scios DualBeam FIB/SEM.
pH of the electrolyte was measured with a pH meter (Fisher Scientific accumet AE150).

X-ray photoelectron spectroscopy (XPS) was conducted via Supra XPS spectrometer with Al Ka
source that generate x-ray at 1487 eV. All analysis was done in the ultra-high vacuum (UHV) analytical
chamber with the pressure of 10~ mbar. The survey scan was conducted at constant pass energy of 40 eV
with a scan step of 0.5 eV, and the high-resolution core-level spectra were recorded at constant pass
energy of 40 eV with a scan step of 0.1 eV. The spectra were electrostatically corrected based on the

position of C 1s (284.8 eV).

Cadmium treatment: Treatment method is modified from literature.**** The film was soaked in a

65 °C 0.1 M cadmium acetate aqueous solution for 30 min. The film was rinsed with water afterwards.

CdS layer deposition: CdS layers were formed on the surface of CGSe films by the chemical bath
deposition (CBD) method.*® Prior to CdS deposition, the surface of the CGSe films was pretreated with

an aqueous solution containing 2 M NH4OH and 7.5 mM Cd(CHsCOO). at 80°C for 10 min. CBD of
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CdS was performed by immersing the Cd?*-pretreated films in a bath solution containing 0.375 M
SC(NH2)2, 7.5 mM Cd(CHsCOO),, and 2 M NH4OH at 65°C for 5 min. After CdS deposition, the

samples were annealed in air at 300°C for 60 min.

Surface photovoltage spectroscopy (SPS): Contact potential differences (CPD) were measured
using a circular (2.5 mm diameter), semitransparent vibrating gold mesh disk (Kelvin Probe S, Besocke
Delta Phi) controlled by a Kelvin Control 7 Oscillator/amplifier (Besocke Delta Phi) that mounted inside
of a home-built vacuum chamber. Samples were placed approximately 1 mm underneath the Kelvin
probe. 400 nm LED (LZC-00UAO00O, LedEngin) was used as the light source, irradiation power was
controlled by a power supply (Naweisz NP6005). Light intensity was measured from a photometer
(International Light IL1400BL) equipped with a SELO05 detector. SPS data was recorded every 5
seconds and by measuring the contact potential difference (CPD) value at each step. For liquid SPS
measurements, 15 pul of the respective liquid electrolyte was dropped on the surface of the sample and
then covered with a microscope cover glass (12 mm diameter, Fisherbrand). During the measurements,
the chamber was continuously purged with a water saturated N (flow rate of 0.02-0.10 SLPM) to

suppress the evaporation of the electrolyte.

Photoelectrochemical Linear Sweep Voltammetry (LSV) Measurements: Electrochemical
measurements were conducted using a Gamry Reference 600 Potentiostat connected to a typical three-
electrode system, with a Pt counter electrode and a calomel reference electrode (3.5 M KCI). All the PEC
measurements were performed with stirring and continuously N> purging. LSV scans were performed
with a 10 mV/s scan rate in cathodic direction. The potentials in each measurement were converted to
normal hydrogen electrode (NHE) by calibration with 10 mM KsFe(CN)es/ K4sFe(CN)e. Potentials were
adjusted to RHE with the following formula: Vrue = Ve + 0.0592 x pH. The same 400 nm LED

described in the SPS measurements was used as the light source.

Open Circuit Potential (OCP) Measurements: A two-electrode setup was used in the OCP

measurements by using the calomel electrode (3.5 M KCI) as the counter/reference electrode and the
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CGSe electrode as working electrode. All OCP measurements were performed with stirring and

continuously N purging. The potentials in each measurement were converted into the values versus RHE,

as described above. The same 400 nm LED light source was used.

Appendix
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Figure 2.15 (a) Photos of the Mo-CGSe and FTO-CGSe electrodes. (b) SEM images of the Mo-CGSe
electrode. (c) PEC data of the Mo-CGSe electrode. Adapted from reference!* with permission from

Elsevier, Copyright 2020.
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Chapter 3 Factors Limiting p-type Copper Gallium Selenide as a Particulate Photocatalyst

for Hydrogen Evolution

Introduction

Sunlight-driven water splitting with photocatalysts is a potential scalable, low-cost approach to
hydrogen fuel production.r” Tandem photocatalysts combining separate hydrogen evolution photocatalyst
(HEP) and oxygen evolution photocatalyst (OEP) achieve maximum light utilization.®** One of the most
efficient photocatalysts is a tandem system with SrTiOs:La, Rh and BiVO4:Mo powders embedded in a
gold layer. It achieves 1.1% solar-to-hydrogen (STH) conversion efficiency.*? As discussed in Chapter 1,
the development of narrow bandgap HEP that can harvest a larger portion of the solar spectrum is needed

to further increase the efficiency of such tandems.

Chalcopyrites of the formula Cu(In,Ga)(Se,S). (CIGS) are suitable for this purpose, due to their
narrow bandgaps (1.0 — 2.2 eV), their tunable band structures and high absorption coefficients.**’
Among these, copper gallium selenides (CGSe) is most suitable for PEC water reduction,*32® because of

its favorable conduction band edge. This is illustrated for CuGasSes Figure 3.1.
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Figure 3.1 Energy band positions of CuGasSes with proton reduction potential and sacrificial donor
(iodide/ sulfite) standard reduction potentials. Positions of the valence band (VB) and conduction band
(CB) were drawn based on a reported VB position in ref,?® and considering a bulk bandgap of 1.7 eV

measured later in the Chapter.

Electrodes prepared from particulate CGSe were achieve efficient PEC water reduction (cathodic
photocurrent 9.3 mA-cm at 0 Vrye) after proper surface modifications.?! To date, reports of the
application of CGSe in particulate photocatalytic water splitting are limited. However, in 2019 the Domen
group reported the use of solid solutions of ZnSe and CGSe (ZnSe:CGSe) combined with BiVO4
embedded in a gold layer, as photocatalyst sheet for overall water splitting, with STH energy conversion
efficiency of 0.01%.2* A similar ZnSe:CGSe system was constructed from reduced graphene oxide as
electron mediator.? In 2020, single-crystalline ZnSe:CGSe with optimized cocatalyst composite showed
apparent quantum yield (AQY) of 13.7% at 420 nm during H; evolution reaction with sulfide and sulfite
ions as sacrificial electron donors.?® In contrast, CGSe shows much lower activity (7 umol-h for
CuGasSeg with same electron donors, corresponding to 0.05% AQY at 420 nm)?® for photocatalytic water
reduction. This activity is far below the theoretical limit of 0.86 mmol-h-t-cm for this compound, based

on its 1.7 eV band gap and 100% quantum efficiency.

Therefore, the purpose of this work is to study CGSe as a particulate photocatalyst for water
reduction and to investigate the reasons for the low activity. We hypothesize that defect states and
inefficient charge separation were responsible for the low photocatalytic activity. To test this, surface
photovoltage spectroscopy is applied to measure the charge separation ability and charge separation
reversibility in CGSe particles in contact electron and hole selective materials. The effectiveness of

charge selective contacts and layers is also studied with the CGSe particle films.
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Results and Discussion

Copper gallium selenide (CuGaxSey, abbreviated as CGSe) powders with different Ga/Cu ratios
(x = 1 or 3) were synthesized via a solid-state reaction of Cu,Se and Ga,Ses according to the literature.?
The powder X-ray diffraction (PXRD) pattens are shown in Figure 3.2. All diffraction peaks of CGSe
with Ga/Cu of ratio 1 can be assigned to the chalcopyrite phase CuGaSe,. The most prominent peak at
27.6° is due to the (112) diffraction. The peaks of CGSe with Ga/Cu of ratio 3 were assigned to the

ordered-defect chalcopyrite phase CuGasSes.?’

l Ga/Cu=3
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CuGa,Se, (JCPDS #51-1223)
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Figure 3.2 Powder X-ray diffraction patterns of synthesized CGSe with Ga/Cu ratio of 1 and 3. All
doublets (2:1) of the peaks are due to X-ray source Cu Kal and Ka2 (2:1 ratio).?® The broadening of the
peak at 46 degrees in CuGasSes, has been previously observed in XRD patterns.?-22 24 |t is likely

associated with the presence of more copper deficient compositions.

Figure 3.3 shows the SEM images of CuGaSe, and CuGasSes particles. For CuGaSe,, most of the
particles are several tens of micrometers in size. For CuGasSes, the particles range from submicrometers to
micrometers. Those polycrystalline particles do not have well-defined facets. This is because they were

obtained by breaking up a polycrystalline chunk from the solid-state synthesis.
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Figure 3.3 SEM images of CuGaSe; and CuGasSes powders obtained by grinding the polycrystalline melt

from the solid-state synthesis.

The CGSe powder powders look black grey in color. The optical absorption properties of the
CGSe samples were examined by UV-vis diffuse reflectance spectroscopy, as shown in Figure 3.4. From
the absorption edges, the band gaps were estimated to be 1.55 eV (800 nm) for CuGaSe; and 1.70 eV
(728 nm) for CuGasSes, which are consistent with the reported values.?® Additionally, CuGaSe; shows a
tail in the absorption spectrum. This can be explained by the Cu(0) defects and increased interband

transitions due to a slightly Cu-rich composition.?°

—— CuGaSe,
— CuGa,Sey
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Figure 3.4 Kubelka-Munk-transformed UV—vis diffuse reflectance spectra of CuGaSe; and CuGasSes

powders.
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CGSe particle films were then prepared on fluorine-doped tin oxide (FTO) substrates by
drop-casting, followed by annealing under argon at 500 °C for 2h to enhance the electric contact.
An SEM image of the CuGasSes film is shown in Figure 3.19 in the Appendix. The film is not a
compact layered film, as the CGSe particles are not uniformly covering the FTO. This is common

for particle films made from inhomogeneous particles with large particle domains.

To study the photophysics of the FTO/CGSe system, surface photovoltage (SPV) spectra
were recorded on the above films. The SPV spectra are shown in Figure 3.5, together with the
corresponding UV—vis spectra. The positive photovoltage signals (black and blue solid line) for
both samples can be assigned to transfer of photogenerated holes into the substate and
photogenerated electrons into CGSe surface states (Figure 3.6). These states are likely related to
reduced Ga(3+) and Cu(+) ions, although convincing experimental evidence is not yet available.3%-3!
Based on results (surface pinning states) in Chapter 2, Es is ~0.5 eV above the valence band. The
positive SPV signal confirms that holes are the majority carriers and that the synthesized CuGaSe;
and CuGasSes are p-type. The effective bandgap can be estimated based on the extrapolation of the
tangent of the major photovoltage signal. For CuGasSes, the effective bandgap is 1.6 eV, which is
slightly smaller than the optical bandgap of 1.7 eV. This is attributed to the sub-bandgap states in
CuGasSes that are further discussed later in the chapter. For CuGaSe; the effective bandgap is 2.2
eV, much larger than the optical bandgap (1.55 eV). This indicates that the charge separation in
CuGaSe; is relatively inefficient near the bandgap. This might be due to electron-hole recombination
at a copper induced defect band located 0.1-0.4 eV below the conduction band, as shown in Figure
3.6b. The defect band was previously identified with photoluminescence and transient spectroscopy
studies 323° It is likely due to copper interstitial defects (Cui).3" % These states likely also affect the
photocatalytic activity, as discussed below. Above 3.6 eV, the photovoltage is diminished because
of the lower intensity of the Xe lamp at this photon energy (emission spectrum in Figure 3.20 in

the appendix). For CuGasSes, the small SPV signal at 1.25eV - 1.6 eV is also attributed to the sub-
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bandgap states of unknown origin (see discussion below).
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Figure 3.5 SPV spectra of CuGaSe; and CuGasSes particle films on FTO, together with UV-vis spectra
(back and blue short dash lines). Note: the y-axis for the ACPD values is inverted to allow better

comparison with the UV-vis spectra.
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Figure 3.6 Energy diagram shows charge separation during SPV measurements for (a) CuGasSes and (b)
CuGasSe,. Under illumination, photogenerated holes inject into the substrate and electrons move to the

surface states of energy Es. For CuGaSey, interband states located 0.1-0.4 eV below the conduction
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band have been documented in the literature.®?-3% Electron-hole recombination at these defects will

reduce the SPV signal.

To examine the photoelectrochemical (PEC) water reduction ability of the synthesized CGSe,
linear sweep voltammetry (LSV) measurements were performed on the particle film electrodes immersed
in 0.1 M Na,SO; electrolyte and subjected to visible light illumination (Figure 3.7a). Both CuGaSe; and
CuGasSes electrodes generate weak cathodic photocurrents (5~20 pA-cm2) under illumination. The
origin of the photocurrent is likely proton reduction, although no H; bubbles were observed due to the
weak current. CuGasSes shows a superior PEC performance than CuGaSe,, which is attributed to
improved charge separation also seen in the SPV signal. For the drop-casted particle films, high resistance
and inefficient charge transfer at FTO/CGSe contacts and at the CGSe/liquid interface are responsible for
the overall small size of the photocurrent. The comparable dark current observed during the chopped light
LSV scan is attributed to the exposed FTO surface of the particle films. This is more pronounced for

CuGasSe; which has larger particle sizes and less coverage on the FTO.
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Figure 3.7 Linear sweep voltammetry (LSV) curves for CuGaSe; and CuGasSes particle film electrodes
on FTO. 0.1 M Na2SO4(aq) and a 300 W Xe lamp equipped with 400 nm long pass filters were used as

the electrolyte and light source, respectively. Visible light intensity is 150 mW-cm2.
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To study the ability of the CGSe powders to function as proton reduction photocatalyst, Pt
nanoparticle cocatalysts were loaded by impregnation, followed by annealing at 450 °C in argon for 3h.
For the related Cu,Se %8 and for layered GaSe,*® proton reduction overpotentials were reported to be 0.8
V and near 0.3V, respectively. Therefore, Pt cocatalysts were loaded here to reduce the overpotential.
Figure 3.8 shows the SEM and energy dispersive X-ray spectroscopy (EDX) mapping of Pt-loaded
CuGasSes. It confirms that that the Pt was successful loaded on the CGSe particles. The mapping result

shows that Pt prefers to be loaded on the CGSe particles with smaller size.

EDS Layered Image 2
g0

10pm 10pm
Se Lal_2 Pt Mal
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Figure 3.8 SEM and EDX mapping of Pt-loaded CuGasSes (impregnation method). EDX shows that Pt

loading amount is 4.3 wt%.
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Next, H; evolution test under visible light irradiation was performed on the particle suspensions,
with 0.1 M Kl as sacrificial electron donor (E° (Is/1") = 0.536 Vnwe). Hz evolution results are shown in
Figure 3.9a. The CuGaSe,-Pt shows no H; evolution activity. This is possibly attributed to inefficient

charge carrier separation in CuGaSe; as discussed above. The CuGasSes-Pt produces hydrogen at a

relative steady rate of 0.4 umol/h over the 7 h experiment.

It was reported that the photocatalytic H2 evolution rate of p-type GaP has a dependence on the
potential barrier at the solid-liquid junction, which is partially controlled by the potential of the sacrificial
electron donor.*° So as another sacrificial donor 0.1 M Na,SOs (E (S042/S03%) = -0.516 Ve, at pH 7)
was tested. H, was evolved, but at the same H; evolution rate as before (Figure 3.9b). Overall, the
photocatalytic H, evolution activity of CuGasSes-Pt remains significantly below its theoretical limit (0.86
mmol-h-t-cm, assuming a bandgap of 1.7 eV and quantum efficiency of 100%). This suggests the

activity is limited not by the proton reduction overpotential, but by electron-hole recombination at surface

defects and poor charge separation.
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Figure 3.9 Hydrogen evolution from (a) 25 mg CuGasSes-Pt or CuGasSes-Pt particles in 50 mL 0.1 M KI

solution, or (b) 25 mg CuGasSes-Pt particles in 50 mL 0.1 M Na,SOs solution under Xe lamp irradiation

with 400 nm long pass filter.
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Sulfur treatment has been known to passivate I11-V semiconductors, by removal of surface
defects from native oxides and dangling sulfur bonds.***3 To test the effect of sulfur treatment on CGSeg, a
high temperature solid-state sulfur treatment was applied to CuGasSes. CuGasSes powders were mixed
and ground with sulfur of 1:1 molar ratio and heated at 900 °C for 10 h in a sealed quartz tube. A PXRD
pattern of the resulting powder is shown in Figure 3.10. Comparing to CuGasSes, the diffraction peaks of
the resulting compound shifted to higher angle by 2 theta = 0.4 degrees, indicating a smaller unit cell size.
SEM and EDS mapping result (Figure 3.11) shows uniform sulfur distribution and gives atomic ratio of
Cu: Ga: Se: Sto0 9.3: 10.8: 33.5: 46.4, which is close to 1: 1: 3: 4. The above results indicate that 20

atomic percent of Se in CuGasSes was replaced by S, giving the new quaternary compound CuGasSesS.

CuGa,Se,
CuGa,Se, - Sulfur treated
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Figure 3.10 XRD pattern of high temperature (900 °C, 10 h) sulfur treated CuGasSes. The diffraction

peaks of the resulting compound shifted to higher angle by 2 theta = 0.4 degrees.
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Figure 3.11 SEM and EDX mapping of high temperature sulfur treated CuGasSes. EDX gives the atomic

ratio of Cu: Ga: Se: S to be 9.3; 10.8: 33.5: 46.4, which is close to 1: 1: 3: 4.

With S substitution, the CuGasSesS is expected to have a more reducing conduction band than
CuGasSes. To test the effect on the photocatalytic H; evolution properties, an illumination experiment
was performed on the CuGasSesS after loading the Pt cocatalyst. The result in Figure 3.12 shows that
there is no significant improvement. This indicates that the low activity of CuGasSes is not limited by the

conduction band edge. This also agrees with the energy scheme in Figure 3.1.
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Figure 3.12 Hydrogen evolution from 25 mg CuGasSesS-Pt or CuGasSes-Pt particles in 50 mL 0.1 M KI

solution under Xe lamp irradiation with 400 nm long pass filter.

As discussed above, the achieved photocatalytic activity of CuGasSes is far below the theoretical
limit. We attribute this to the high recombination rate and inefficient charge separation under illumination
in the CGSe particles. To further investigate the photochemical charge separation in the CGSe particles,
additional SPS and transient surface photovoltage (SPV) experiments were conducted for CuGasSes. As
discussed earlier, CuGasSes (blue line in Figure 3.5) shows a small photovoltage signal between 1.25 eV
and 1.6 eV, which was attributed to the light absorption and charge separation induced by sub-bandgap
states and surface states. To further study the charge separation that is caused by these states, we
performed full SPV scan with increased photon energy range and increased light intensity at low energy
range. This was done by changing the settings of monochromator and holographic grating from grating 2
to grating 1 (details are shown in the Experimental section). The output spectrum from the light source of

Xe lamp is shown in Figure 3.20 in the Appendix.

The revised SPV spectrum of the CuGasSes particle film on FTO (FTO-CuGasSes) is shown in
Figure 3.13a, alongside its UV-vis absorption spectrum. As shown in the marked region of I and I, there

is a substantial SPV signal before the optical bandgap. This is attributed to the light absorption and charge
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separation caused by the sub-bandgap states and interface/surface states, as shown in the energy diagram
(Figure 3.14b). In analogy to Cu(In, Ga)Se,,3*3 34 44-45 these defects may be assigned to copper vacancy
(Vcu) acceptor states 0.1 eV above the valence band and Gac, antisite donor states 0.4 eV below the
conduction band. Transitions between these states could produce the SPV onset at 1.2 eV in region Il. The
SPV onset at 0.8 eV in region | indicates additional defect states located at 0.8-0.9 eV above the valence

band. These might be defect states at the FTO/CuGasSes interface.
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Figure 3.13 (a) SPV spectra of FTO-CuGasSes and UV-vis spectra. (b) Transient SPV data of FTO-

CuGasSes under 3.0 eV illumination (~1.6 mW-cm-),
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Figure 3.14 Energy diagrams of FTO-CuGasSes showing charge separation under (a) super-bandgap
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band (CB). A: shallow acceptor states 0.1 eV above the valence band (VB). DS;: defect states at the
interface. DS; contribute to the sub-bandgap SPV signal, also act as recombination sites and trap states

that limit the charge separation and transfer in FTO-CuGasSes particle films.

To evaluate the ability of these states to trap charge carriers, transient SPV data was recorded
under monochromatic illumination at 3.0 eV, as shown in Figure 3.13b. The scan shows a positive SPV
signal similar in size and sign to what was seen in the full spectrum. This suggests a similar charge
transport mechanism under monochromatic illumination. The signal rise and decay can be described with
time constants Ton and Tors Which correspond to the times needed for the signal to reach 63.2% (1-1/e) of
the final value, after light on and off, respectively.! Charge separation in FTO-CuGasSes occurs on an 80
second time scale, but photovoltage decay is markedly slower with tor =310 s. This difference is
attributed to the different charge transport mechanism, drift under light and diffusion when the light is
off.*% In the first light-on and light-off circle, there is still 41% of the photovoltage remaining after 1,000
seconds. This indicates that some of the photogenerated electrons were trapped in deep trap states. Similar
observations of this low photovoltage reversibility and slow charge transport have been reported in the

SPV study of GaP particles films.*°

We hypothesize that the low photovoltage and slow charge transport of CuGasSes particles on
FTO is a result of charge trapping at the FTO/CuGasSes interface (Figure 3.14). To confirm this,
CuGasSes particle films were prepared on molybdenum or nickel substrate, by drop-casting, and
annealing at 600 °C in argon for 2h. The SPV spectrum and transient SPV data for the CuGasSes particle
film on molybdenum (Mo-CuGasSes) are shown in Figure 3.15. The positive photovoltage signal seen in
Figure 3.15a confirms the hole injection into the molybdenum substrate. Compared to FTO-CuGasSes,
the Mo contact gives increased photovoltage in the entire absorption range (1.5 eV — 3.0 eV) and the sub-
bandgap photovoltage at 0.8 eV is reduced. Also, the transient SPV data in Figure 3.15b reveals much
smaller time constants (ton = 30 s, Totf = 30 s) compared with FTO (ton = 80 s, Tort = 310 S). This shows

that charge transfer for the CuGasSes particle films on molybdenum substrate is faster than on FTO. In the
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first light-on and light-off circle, there is only 13% of the photovoltage remaining after 1,000 seconds
(41% for FTO-CuGasSes). This also indicates that there are fewer charge trap states at the Mo/CuGasSes

interface.

These findings are consistent with the results in Chapter 2 for the physical vapor deposited (PVD)
CuGasSes thin films, which prove that a Mo contact promotes hole transfer.*®#” Based on the diminished
SPV signal in 0.8-1.2 eV region the Mo-CGSe interface also has fewer defects. This confirms that the

defects 0.8-0.9 eV above valence band originate from the FTO/CGSe interface (Figure 3.14a and Figure

3.15¢).
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Figure 3.15 (a) SPV spectra of Mo-CuGasSes and FTO-CuGasSes. (b) Time-dependent SPV data of Mo-
CuGasSes under 3.0 eV illumination (~1.6 mW-cm). (c) Energy diagram of Mo-CuGasSes, showing

charge separation under illumination. A MoSe; layer is expected at the Mo-CGSe interface.*64
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Figure 3.16 (a) SPV spectra of Ni-CuGasSes and FTO-CuGasSes. (b) Transient SPV data of Ni-CuGasSes
under 3.0 eV illumination (~1.6 mW-cm). Regions I, Il, 11l designate 0.8-1.2 eV, 1.2-2.4 eV, and 2.4-4.9

eV, respectively.

SPV spectra and transient SPV data for the CuGasSes particle film on a nickel substrate (Ni-
CuGasSes) are shown in Figure 3.16. Surprisingly, a negative photovoltage signal was observed, which
indicates electron injection into the nickel substrate (Figure 3.17b). The spectrum of Ni-CuGasSes also
shows an enhanced SPV signal (-0.30 V at 3.0 eV), compared to FTO-CuGasSes (0.19 V at 3.0 eV).
Additionally, the time dependent SPV data under band gap illumination in Figure 3.16b shows small
time constants (ton = 40 s, Torf = 110 S) and good reversibility. This indicates that nickel acts as a
reversible electron selective contact for CuGasSes. The electron selectivity is possibly due to the
formation of a thin nickel selenide (e.g., p-type NiSe “8) layer at the Ni/CuGasSes interface during the
thermal annealing at 600 °C. Related to that, nickel sulfide hydroxide composite (NiS/Ni(OH),) formed
on ZnSe:CGSe photocatalyst has been reported to be a good hydrogen evolution cocatalyst that facilitates
the electron transfer.?® Therefore we believe that the nickel selenide interlayer is likely responsible for the

observed selective electron transfer in the Ni-CuGasSes film.
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Figure 3.17 Energy diagrams of (a) FTO-CuGasSes and (b) Ni-CuGasSes showing charge separation

under illumination (including both super-bandgap and sub-bandgap illumination). Nickel substrate acts as
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an electron selective contact for CuGasSes, possibly due to the formation of a thin NiSe interlayer during

thermal annealing.

Lastly, we investigate TiO; as electron selective contact for CGSe. TiO2 is widely used as
electron transporting layer in solar cells.**-*° To apply this in the CGSe particle films, a TiO; particle layer
was first prepared by drop-casting 3 mg/mL P25 TiO; aqueous suspensions on FTO, followed by 2h
annealing at 500 °C in air, resulting FTO-TiO.. And then CuGasSes particles were drop-cast on the top of
TiO; layer, followed by annealing at 500 °C in argon for 2 h. The formed film is denoted as FTO-TiO»-
CuGasSes. SPV spectra of FTO-TiO; and FTO-TiO,-CuGasSes are shown in Figure 3.18 together with
charge transfer diagrams. The negative photovoltage observed for FTO-TiO; is assigned to the
photogenerated electrons injection into the FTO substrate. This confirms the n-type property of TiO,. The
SPV signal shows at 2.1 eV onset is assigned to the charge separation caused by Ti(lll) states,>! while the
sharp increase near 3 eV is due to the bandgap absorption. For FTO-TiO,-CuGasSes, the negative
photovoltage at 1.2-3.5 eV confirms the electron injection into the substrate. While the photovoltage
features shown in regions Il and IV are due to the light absorption and charge separation caused by TiO»
layer, those features shown in regions | and Il are assigned to the CuGasSes layer. Comparing to FTO-
CuGasSes, the inverted photovoltage confirms that TiO, acts as electron selective layer, as shown in
Figure 3.18b. This is explained by the formation a p-n junction at the CuGasSes/TiO; interface and by the
low valence band of TiO; blocking the photoholes from CGSe. The increased photovoltage at 1.2 eV

further confirms presence of defect states in CuGasSes.
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Figure 3.18 (a) SPV spectra of FTO-CuGasSes, FTO-TiO, and FTO-TiO,-CuGasSes. (b) Energy
diagrams of FTO-TiO; and FTO-TiO,-CuGasSes, showing charge separation under illumination. Band
positions of TiO; are estimated from literature value.®>® The shaded region in the TiO band diagram

indicates a Ti®*-defect band.5?

Conclusions

CuGaSe; and CuGasSes powders were synthesized via solid-state reaction method. XRD, SEM,
and UV-vis spectra confirmed their crystal structure, morphology, and optical properties. The optical
band gap was found to be 1.55 eV for CuGaSe, and 1.70 eV for CuGasSes. Photoelectrochemical
measurements on drop casted CuGaSe; and CuGasSes particle films on FTO showed weak cathodic
photocurrents (10 pA-cm?and 20 pA-cm?at -0.2 Vree) in 0.1 M Na,SO4 electrolyte for water reduction.
These currents were limited by poor charge separation, electron-hole recombination, and a proton
reduction overpotential. After Pt cocatalyst loading, a CuGasSes particle suspension was mildly active
(0.4 umol-h over the 7 h experiment) for H, evolution from aqueous solution with K1 or Na,SOs as the
sacrificial donor. The low activity can be attributed to poor charge separation and electron-hole
recombination. Surface photovoltage spectroscopy (SPS) on CuGasSes particle films on FTO revealed

strong sub-bandgap signals at 0.8 eV and 1.2 eV, that were attributed to interface/surface defects, likely
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Ve and Gagy, based on the literature. These defects can act as charge recombination sites and may be
responsible for the low H; evolution activity. The SPS result showed that molybdenum is a good hole-
selective contact for CGSe, and that nickel or TiO; function as electron-selective contacts for CGSe.
Adding these contacts to CGSe particles may lead to improved photocatalysts. However, testing this
hypothesis requires methods for uniform particle coating with these materials. Such methods should be

developed in future work.

Experimental Section

Chemicals. Copper (1) selenide (99.95%, Sigma-Aldrich) and gallium (111) selenide (99.99%,
Fisher Scientific) were used for the synthesis of CGSe. Cadmium acetate dihydrate (analytical reagent,
Mallinckrodt), thiourea (99%, Alfa Aesar) and ammonium hydroxide (29.7%, certified ACS plus, Fisher
Chemicals) were used for the cadmium sulfide chemical bath deposition. Sodium sulfate (=99.0%, Sigma-
Aldrich), sodium sulfite (98.0%, Sigma-Aldrich), potassium iodide (99.9%, Fisher Scientific), dihydrogen
hexachloroplatinate (1V) (99.9%, Alfa Aesar), sulfur (99+%, Strem Chemicals) and titanium (IV) oxide

(Aeroxide P25, 99.8 %, Acros Organics) were used as received.

Solid-state synthesis of CGSe Powders: CGSe powders were prepared by the published solid-state
reaction method.?! The precursor materials, Cu,Se (99.95%) and Ga,Ses (99.99%), were ground in a
mortar for 20 minutes and then mixed in the inert atmosphere in a nitrogen gas-filled glove box. In the
mixing process, the ratio of the precursors was changed to achieve molar ratios of Ga/Cu of 1 and 3. For
example, Ga/Cu=1: Cu,Se 0.1772 g, Ga,Ses 0.3235 g; Ga/Cu=3: Cu,Se 0.0782 g, Ga,Se; 0.4243 g were
used. These powder mixtures were sealed in quartz tubes, then heated up to 900 °C in 10 h, followed by
calcination at 900 °C for 10 h. Sample were then cooled to room temperature in 10 h. This resulted in a

polycrystalline chunk of CGSe. Quartz tubes were opened in air and the CGSe powders were then
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obtained by the grinding of the chunk for 10 min. Yields vary from 85% to 95 % for different batches.

The loss of yield mostly comes from transferring samples.

Characterizations of CGSe Powders: Powder X-ray diffraction measurements were performed
using a Bruker D8 Advance Eco with a Cu Ka X-ray radiation and a monochromatic wavelength of
1.5418 A. The UV—visible diffuse reflectance spectrum was recorded using a Thermo Scientific
Evolution 220 spectrometer, equipped with an integrating sphere. The instrument was calibrated using a
BaSO; disk as a reference. Scanning electron microscopy (SEM) and energy dispersive X-ray

spectroscopy (EDX) data were recorded using Scios DualBeam FIB/SEM.

CGSe particle films used in SPV and PEC measurements were prepared by first drop-casting 0.6
mL aqueous suspension (ca. 3 mg/mL) on the corresponding substrate with an area of 0.385 cm?,

followed by drying in air and further annealing at 500 °C or 600 °C in argon for 2 h.

Surface photovoltage spectroscopy (SPS): Data was obtained under vacuum (~10-° mbar) with a
Delta Phi Besocke Kelvin Control and Kelvin probe system. Samples were mounted inside of a custom-
made vacuum chamber approximately 1.0 mm underneath the vibrating gold Kelvin probe and
illuminated with light from a 150 W Xe lamp passing through an Oriel Cornerstone 130 monochromator.
Spectra in Figure 3.5 were measured using holographic grating 2 (1200 I/mm, 250 nm Blaze, 180-650
nm) from 1.2-5.0 eV. All others were measured using holographic grating 1 (1800 I/mm, 500 nm Blaze,
300-1070 nm) from 0.4-5.0 eV. Emission spectra for these two gratings are shown in Figure 3.20 in the

Appendix.

Photoelectrochemical Linear Sweep Voltammetry (LSV) Measurements: Electrochemical
measurements were conducted using a Gamry Reference 600 Potentiostat connected to a typical three-
electrode system, with a Pt counter electrode and a calomel reference electrode (3.5 M KCI). All PEC
measurements were performed in an open round bottom flask after purging N for 20 minutes. There is no
purging during the scans. LSV scans were performed with a 10 mV/s scan rate in cathodic direction. The
potentials in each measurement were converted to normal hydrogen electrode (NHE) by calibration with
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10 mM K;Fe(CN)e/ KsFe(CN)s (E°=0.358 Vnre). Potentials were adjusted to RHE with the following
formula: Vrue = VinHe + 0.0592 x pH. A 300 W Xe lamp with a 0.22 M NaNO: (aq) 400 nm long pass

filter was used as the light source.

Photocatalytic hydrogen evolution tests: These were performed by dispersing 25 mg of the
catalysts in 50 mL aqueous solution with sacrificial agent (0.1 M KI: 0.830 g of KI; 0.1 M Na,SO3: 0.630
g of Na,S0s) ina 135 mL quartz flask. The flask was evacuated down to 50 torr and purged with argon
several times to remove the air. The stirred suspension was irradiated with a 300 W xenon arc lamp with a
0.22 M NaNO2(aq) 400 nm long pass filter (visible light intensity of 400 mW-cm? at the flask as
measured by a SELOO5 detector connected to an International Light IL1400BL photometer). A cooling
fan was attached to the flask to keep the temperature at 25-30 °C. The air-tight irradiation system was
connected to a Varian 3800 gas chromatograph (with a 60/80 A molecular sieve column and thermal

conductivity detector) to quantify the gases evolved.

Surface Modification with CdS: CdS layers were formed on the surface of the CGSe films by
chemical bath deposition.® An aqueous solution containing cadmium acetate, thiourea, and ammonium
hydroxide with concentrations of 25 mM, 375 mM, and 14 wt %, respectively, was used as a chemical
bath (0.170 g cadmium acetate dihydrate, 0.860 g thiourea, 15 mL 28 wt% ammonium hydroxide and 15
mL water). This bath solution was heated to 70 °C with stirring. The CGSe films were immersed in the
chemical bath for 60 s. After this treatment, the resulting films were rinsed with water followed by post-

annealing in air at 200 °C for 1 h.

Pt deposition on CGSe via impregnation method: 100 mg CGSe and 5 mL water containing 5.3
mg H2PtCls (2.5 mg Pt, 2.5 wt% Pt) were placed in an open glass vial and heated to 90 °C in a water bath
with occasionally stirring until all water in the vial evaporated. The resulting powder was heated at 450 °C

under argon for 3 h to produce CGSe-Pt in 95% vyield.
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Appendix

Figure 3.19 SEM image of drop-cast CuGasSes film on FTO. It shows un-uniform covering with large

particles and exposed FTO surface.
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Figure 3.20 Spectra of the 150 W Xe lamp passing through the monochromator with different
holographic grating settings, as measured with a thermopile at the SPV measurement distance. Grating 1

gives higher light intensity at low photo energy range (0.7 eV — 2.0 eV).
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Chapter 4 Surface Photovoltage Spectroscopy and Photoelectrochemical Studies on

Metavanadates (CuV20s, ZnV206 and Zn4V209) and Calcium Ferrite (CaFe204)

The surface photovoltage spectroscopy (SPS) and photoelectrochemical (PEC) studies on the
metavanadates (CuV.0s, ZnV.0s and ZnsV,0s) are parts of the published work!-2 in collaboration with
Prof. Julia Zaikina’s group from lowa State University. Selected parts of the publications are reproduced

from reference 1 and 2 with permission by American Chemical Society.

Introduction

Transition metal oxides are receiving increasing interest for the application of PEC water
splitting, because of their low cost, chemical stability, and favorable band edge positions.*® While having
been extensively studied, simple metal oxides (TiO2, WOs, and a-Fe,0s) are still not efficiently used,
limited by their wide band gaps, poor charge separation and mobility, and slow water oxidation kinetics.*
1 Incorporation of secondary metal cations into the lattice of simple metal oxides may bring a solution to
those limitations. For example, the ternary metal oxide BiVOa, with the bandgap of 2.55 eV, was

demonstrated with promising PEC water oxidation performance (2.73 mA/cm? at 0.6 Vgrye). 2

Similarly, other metal vanadates, like manganese vanadate (B-Mn,V,0-)* and copper vanadates
(CuV20s, B-CupV207, y-CuzV20s, Cu11VeO2s, and CusV2010)¥2° are considered suitable for PEC
applications as well. Copper vanadates possess bandgap energies around 2.0 eV and are chemically stable
under mild alkaline conditions.'* However, the demonstrated PEC performance are not efficient. For
example, the copper-poor CuV20gs shows the most drastic increase of photocurrent density (0.30-0.75
mA-cm2) beyond 1.23 V vs RHE for water oxidation.® 1820 In contrast, the zinc based analogue
ZnV,0g5 is underexplored, although it was predicted with a favorable bandgap of 2.31 eV and suitable

band edge position for water oxidation in a computational study.?

Recently, a collaboration between the Zaikina and Osterloh (Dr. Rachel Doughty) groups
revealed that oxygen deficiencies, can be introduced in zinc and copper pyrovanadates M,V,07 (M = Zn
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and Cu) via a deep eutectic solvent (DES) synthesis route.?? These vacancies play a vital role for optical
absorption and transport properties of metal oxides.?*2¢ The Zaikina group then went on to demonstrate
that the DES synthetic method can be extended to metavanadates MV2Og (M = Zn and Cu) and zinc-rich
Zn4V>0y containing oxygen vacancies. The effective bandgap, majority charge carrier type and charge
separation ability of MV,0s (M = Zn and Cu) were characterized by Rachel Doughty with surface
photovoltage spectroscopy (SPS).! This chapter describes the results of an SPS study on the zinc-rich
ZnsV,0g, and on their photoelectrochemical methanol or/and water oxidation experiments. Additionally,
the surface photovoltage properties of CaFe,O. are presented. This oxide is an example of the ferrite
family MFe,O4 (M =Ca?", Co?*, Cu?, Mg?* etc.), which exhibit bandgaps of around 2 eV and are made of
only elements that are inexpensive and readily available.?”-?® That makes them promising candidates as
water oxidation photoanodes. Among them, CaFe,O4 stands out because the reported conduction band
potential is located more cathodic than the hydrogen reduction potential, making CaFe,O. a candidate for
photocatalytic hydrogen evolution.?®-3! Recently, the Marschall group reported a phase-pure and highly
crystalline CaFe;04 with a sponge-like microporous structure that was synthesized via facile solution-
based microwave reaction and subsequent short thermal treatment.®> The surface photovoltage spectra
reveal the effective bandgap of the material, its majority charge carrier type, and the presence of two

separate space charge region (SCR) in the particle films.

Results and Discussion

Powders of the metavanadates (CuV.Osg, ZnV20s and Zn,V;0q) were received from Prof. Julia
Zaikina’s group from lowa State University. Synthesis and structure analysis were done by the Zaikina
group. Details are described in the publications.*? Powder X-ray diffraction (PXRD), scanning electron
microscopy (SEM), UV-vis, and X-ray photoelectron spectroscopy (XPS) data of the metavanadates are
shown in Figure 4.5 in the Appendix. PXRD patterns confirm the materials to be phase-pure monoclinic

CuV206, ZnV206 and ZnsV20q. A broad range of individual particles sizes (4—22 um) with a few
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agglomerates for both ZnV-0¢ and CuV-Ogs are identified with SEM. The particles have irregular shapes
with sharp and round edges. The SEM image of ZnsV,09 shows agglomerates sized up to ~27 um with
porous morphology. The optical bandgaps of the materials are found at 1.8 eV (CuV:0g), 2.2 eV
(ZnV206) and 2.9 eV (Zn4V20q). XPS data shows the existence of reduced vanadium species (V#*) in the

ZnV,0s and increased concentrations in the zinc-rich ZnsV-0q.

Particle films of the metavanadates were prepared on fluorine-doped tin oxide (FTO)
coated glass substrates by drop-casting from aqueous suspensions (ca. 3 mg/mL), followed by air
annealing at 500 °C for 2h. The film electrodes (Figure 4.6 in the Appendix) were used in the

following SPS and PEC studies.

First, we use SPS to study the photophysics of Zn,V.04 (Figure_4.1). The negative
photovoltage is attributed to the injection of photogenerated electrons in ZnsV,Og into the FTO substrate,
as shown in the inset. It confirms that the material is n-type. The tangent line for the major photovoltage
feature gives a 2.95 eV effective bandgap, which is similar to the optical band gap of the material (Figure
4.5d in the Appendix). This is relative larger than the bandgap of the zinc-poor ZnV:0s (2.3 eV).
However, there is also substantial sub-bandgap photovoltage signal at 2.25-2.95 eV observed, suggesting
the presence of defect states. These states likely correspond to lattice V** ions that are also responsible for
the visible absorption tail in the optical spectra, and that were detected in XPS data for the material
(Figure 4.5e in the Appendix). The sub-bandgap signal is much more pronounced than for
ZnV,0s (Figure 4.7a in the Appendix) or Zn,V»07,2> which indicates that ZnsV-Oy has a higher

V** concentration. This is consistent with the XPS data.
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Figure 4.1 SPS of a Zn,V,0q particle film on FTO. Inset: charge transfer causing the photovoltage signal.

Adapted with permission from reference 2. Copyright 2022, American Chemical Society.

Next, photoelectrochemical methanol or/and water oxidation experiments were conducted on the
metavanadates (CuV20s, ZnV,0s and ZnsV,0y) particle film electrodes to investigate these materials for
potential solar energy conversion applications. Linear sweep voltammetry (LSV) curves of ZnV,0¢ and
CuV20gs are recorded under chopped light illumination, in degassed aqueous 0.1 M Na,SO, with 20%
(v:v) added methanol (Figure 4.2). Anodic photocurrents of over 0.40 mA-cm~ for CuV,0s and over
0.150 mA-cm2 for ZnV,Os can be attributed to the oxidation of methanol. For both materials, the initial
photocurrent begins at 0.6 V vs NHE, which approximates the electron quasi-Fermi level under
illumination. This value compares reasonably well with calculated conduction band edges at the point of
zero charge (0.71 V vs NHE for CuV:0s and 0.49 V vs NHE for ZnV,0e) using the Butler—Ginley
method (details in the Experimental Section).®*3* The much faster rising photocurrent for
CuV206 suggests that its photoelectrochemical properties are superior to those of ZnV;0s. This is mostly
attributed to the better light harvesting properties resulting from the smaller band gap of the material.
Additionally, we speculate that the lower photocurrent response of ZnV;,Os is limited by the higher
V4 content, as revealed by the XPS data (Figure 4.5e in the Appendix). Reduced metal ions, from
oxygen vacancies, for example, are known to produce mid-band gap states that cause electron hole
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recombination and lead to energy loss.®>% On the basis of the photocurrent size and onset potentials, the
vanadates appear to perform at a similar level as recently reported Bi, Zn, Mg, and Cu ferrites

(BiFeO3 and MFe;04; M = Zn, Mg, Cu)?® 374 and also Mo-doped FeVO,.*
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Figure 4.2 Photoelectrochemical scans of ZnV20s and CuV20s on FTO with intermitted illumination
from the Xe lamp with a 400 nm long pass filter (visible light intensity 150 mW-cm~2). The electrolyte is
degassed aqueous 0.1 M NazSO4 (pH 7) containing 20% (v/v) methanol. Adapted with permission from

reference 1. Copyright 2021, American Chemical Society.

To determine if the zinc-rich vanadate ZnsV-Oy is able to facilitate photoelectrochemical
reactions, LSV curves under chopped simulated sunlight were obtained on Zn.V,Oq particle film
electrodes in degassed aqueous 0.1 M Na,SO, with 20% (v:v) added methanol or in aqueous 0.1 M K3SO4
(Figure 4.3). Weak photocurrents were observed when the applied potentials exceeded +0.15 V vs NHE
in aqueous methanol and +0.6 V vs NHE in aqueous 0.1 M K,SO.. In the latter electrolyte, the current is
attributed to water oxidation, although no O could be detected at this low activity. Based on the photo-
onset potential in agueous methanol, the Fermi level in ZnsV20g is at +0.15 V vs NHE (0.56 V RHE).
Overall, Zn,V20y is 10 times less photoactive than the ZnV,0¢ phase for which methanol oxidation
photocurrents of 20 pA-cm at 1.6 V vs RHE were measured under 150 mW-cm~2 visible light

illumination (Figure 4.2). The lower activity of ZnsV20Ogs is attributed to the high concentration of
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V#* sub-band gap states, which promotes recombination with the photogenerated holes. A similar role of

reduced Ti®" sites had been observed previously for SrTiO3,% and for Fe?* states in hematite.*?
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Figure 4.3 Photoelectrochemical scans of ZnsV20g on FTO with intermitted illumination from a Xe lamp
(100 mW-cm). The electrolytes are (a) degassed aqueous 0.1 M Na,SO, (pH 7) containing 20% (v/v)
methanol or (b) 0.1 M K;SO4 aqueous solution (pH 7). Adapted with permission from reference 2.

Copyright 2022, American Chemical Society.

Next, the photophysical properties of the calcium ferrite (CaFe.O4) were investigated. Powders of
the CaFe,O. were received from Prof. Roland Marschall’s group from University of Bayreuth, Germany.
Details of the synthesis method and characterization are described in their previous publication,? while
the PXRD, SEM and UV-vis data of the CaFe,O4 are shown in Figure 4.9 in the Appendix. PXRD
patterns show the CaFe,O4 to be phase-pure orthorhombic (Pnma) crystals, with an average crystallite
size of 49nm (determined via Scherrer equation). SEM shows that it exhibits a sponge-like, porous
macrostructure with walls that are several hundred nanometers in diameter. An indirect optical bandgap

of 1.92 eV was determined by Tauc plot construction (Figure 4.9c).

Particle films of CaFe,0, were prepared on FTO substrates by drop-casting, followed by
air annealing at 500 °C for 2h. The film thickness ranges from 2 um to 11 pm. Photos of the films

and SEM images of the representative films are shown in Figure 4.8 in the Appendix.
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To study the charge separation properties of the CaFe,O4, SPS measurements of the samples were
performed as a function of the film thickness (Figure 4.4a). A positive surface photovoltage (SPV) signal
is observed for thick films and negative SPV signal is observed for thin films. This reversal of the SPV
signal to film thickness is similar to what Rachel Doughty et al. observed recently in the particle films of
n-SrTiOs, n-SrTiOs3:Al, and n-GaAs:Te.*® It was attributed to a change from the majority carrier to the
minority carrier transport towards the substrate/particle interface. For the CaFe,Q, particle films, change
in the carrier transport indicates the presence of two separate space charge region (SCR) at the
substrate/particle interface and at the particle-surface. SCR is known to present at the interface between a
semiconductor and an adjacent phase, where the majority carriers is depleted as a result of the
electrochemical potential difference.** This leads to the band bending of the semiconductor at the

interface, where the internal electric field can affect the charge carrier transport under illumination.*?

A model of the charge transport is shown in Figure 4.4b for thick and thin films. In the thin film,
charge transport is controlled by the space charge layer at the FTO/CaFe20. interface. Electrons are
attracted by the interface and holes are repelled by it, producing the negative SPV signal that is observed.
In the thick film, light only reaches the film surface, and the charge transport is controlled by the space
charge layer at the CaFe,O4 particle surface. Photogenerated electrons move towards the surface, thus
giving the positive SPV signal. The light penetration depth (3p), the depth at which the intensity of the
light decays to 1/e of its surface value, is calculated based on an absorption coefficient (o)) of 1x10* cm™
for CaFe,O4 (under 2.5 eV illumination)* : §, = a™* = 1 pm. However, for particle films that are not very
dense, the light can penetrate deeper. So, for the CaFe,0, particle films (Figure 4.8 in the Appendix) in

this study, we estimate that light can penetrate 55, = 5 um deep into the films.
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Figure 4.4 (a) SPS of CaFe,O4 particle films on FTO, with different film thickness. (b) Energy diagram
shows the charge separation of the CaFe,O4 particle films on FTO under illumination. &,: light penetration
depth. In the thin film, photogenerated charge separation is controlled by the space charge layer at the
FTO/CaFe,0, interface. In the thick film, light only reaches the film surface, and photogenerated charge

separation is controlled by the space charge layer at the CaFe,Q4 particle surface.

On the basis, the major photovoltage signal for the 11.0 pum thick film (purple line in Figure
4.4a) can be assigned to transfer of excited electrons into surface states (Figure 4.4b). This confirms that
electrons are the minority carriers and that is CaFe,04 p-type, consistent with the reported Mott-Schottky
results on this sample.®? Based on extrapolation of the tangent of the major photovoltage signal, the
effective bandgap can be estimated as 1.75 eV, which is smaller than the optical bandgap of 1.92 eV
(Figure 4.9 in the Appendix). This could be attributed to the existence of sub-bandgap states, possibly
Fe?* states, like Fe?* in the hematite.*> Above 3.6 eV, the photovoltage is diminished because of the low

penetration depth of high energy photons and the lower intensity of the Xe lamp at this photon energy.

For samples with thickness of 3.3 um and 1.9 um, the photovoltage is inverted from positive to
negative. The inversion suggests that carrier movement under illumination is controlled by the SCR at the
FTO interface as shown in Figure 4.4b. To be noted, the observation of SCR in the particle films usually

requires annealing process to enhance the electrical contact the semiconductor/substrate interface.*
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For 6.6 -8.2 um thick films, charge separation is controlled by both the interface SCR and the
surface SCR, and the photovoltage is reduced. The SCR width at the substrate/particle interface is best
estimated from the film thickness which produces the greatest inverted photovoltage.*® Here it is

estimated to be around or less than 1.9 pm for the FTO/CaFe;0, interface.

Furthermore, based on this SCR model, the surface states energy can be estimated from the
maximum SPV signal of the thick films. The model assumes that surface states of energy Es control the
Fermi energy of the free particles and the band bending in the dark (Figure 4.4b). Sufficiently strong
illumination flattens the bands at the surface. Thus, the maximum SPV for thick films can be used to
estimate the built-in potential (Vyi), i.e., the difference of Es and Fermi level in the bulk (Eg): SPVmax
(thick film) = Vi = Er — Es. Using an SPV value of 0.42 V (purple line at 3.5 eV in Figure 4.4a), and a
Fermi level of 1.43 Vrue for p-CaFe204,% the energy of the surface states Es is estimated as Es = Er — Vi
=1.43 VrHe — 0.42 V = 1.01 Vrue. This places the estimated defect states 0.5-0.6 eV above the valence
band, as shown in Figure 4.4.b. This energy is close to the standard reduction potential of the O2/H20

couple (E°=1.23 V), and thus the defect states are likely associated with adsorbed oxygen.*"-4

Conclusions

In summary, we used surface photovoltage spectroscopy (SPS) to study the charge separation of
ZnsV,0q under illumination. It confirms this vanadate as an n-type semiconductor with effective
bandgaps of 2.95 eV. This is similar to CuV20s, ZnV20¢ with bandgaps of 1.9 eV, 2.3 eV, as measured
previously in this lab.! SPS of Zn,sV,0y reveals a sub-bandgap photovoltage signal at 2.25-2.95 eV,
suggesting the presence of defects, likely V** lattice ions that were also seen in optical spectra and XPS
data. This pronounced sub-band gap signal in ZnsV>Oy indicates a higher V4* concentration in
Zn4V>0g than in ZnV,06 or Zn,V,0-. Photoelectrochemical measurements on CuV20s and ZnV-0s

particle film electrodes show anodic photocurrents (0.40 mA-cm= for CuV:0g, 0.15 mA-cm= for
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ZnV,0g, at 1.5 Vnue) for methanol oxidation under visible light illumination. On this basis, ZnsV20g is
approximately 10 times less photoactive (2 pA-cm~2 at 1.3 Ve, 100 mW-cm2 visible light) than the
ZnV,06 phase (20 pA-cm2 at 1.3 Vnne, 150 mW-cm2 visible light) for methanol oxidation under visible
light illumination. The lower activity of ZnsV,Qy is attributed to the high concentration of V** sub-band
gap states, which promote electron-hole recombination. Also, SPS data on CaFe,04 shows the effective
bandgap of 1.75 eV, smaller that the optical bandgap of 1.92 eV. We speculate that Fe?* defects are
responsible for the observed sub bandgap signal in SPS. Two separate space charge region (SCR) in the
particle films of CaFe,O. were observed for the first time. For thin films, charge transport is controlled by
the SCR at the FTO/CaFe,0, interface, estimated to be less than 1.9 mm thick. For thick films, it is
controlled by the SCR at the CaFe,O, particle surface instead. These results on the metavanadates and
CaFe204 impact our understanding of photochemical charge separation in the metal oxide semiconductors

and give new insights into optimizing their solar energy conversion applications.

Experimental Section

Chemicals. Sodium sulfate (>99.0%, Sigma-Aldrich), methanol (>99.8%, Sigma-Aldrich),
potassium ferricyanide (99.2%, Sigma) and potassium hexacyanoferrate (1) trihydrate (98.0% - 102.0%,
Sigma-Aldrich) were used as received. Water was purified to 18 MQ-cm resistivity by a Nanopure

system.

Photoelectrochemical (PEC) Measurements: Electrochemical measurements were conducted
using a Gamry Reference 600 Potentiostat connected to a typical three-electrode system, with a Pt counter
electrode and a calomel reference electrode (3.5 M KCI). All PEC measurements were performed in an
open round bottom flask after purging N for 10 minutes. There is no purging during the scans. The
potentials in each measurement were converted to normal hydrogen electrode (NHE) by calibration with

10 mM KsFe(CN)e/ KsFe(CN)s (E° = 0.358 Vnwe). Potentials were adjusted to RHE with the following

95



formula: Vrue = Vnwe + 0.0592 x pH. A 300 W Xe lamp with or without a 0.22 M NaNO- (aq) 400 nm
long pass filter was used as the light source. The light intensities at the samples were 100 mW-cm2 for

ZnsV,0q (Figure 4.3) and 150 mW-cm for ZnV,0g and CuV,0s (Figure 4.2).

Film electrodes of CuV20¢, ZnV20s and ZnsV,0s were fabricated by drop-casting 0.06 mL of
agueous suspensions (ca. 3 mg/mL) of each material onto fluorine-doped tin oxide (FTO) glasses (0.385

cm), followed by drying in air, and annealing at 500 °C in air for 2 h.

Surface Photovoltage Spectroscopy (SPS): Contact potential differences (CPD) were measured
under vacuum (~10-° mbar) with a Delta Phi Besocke Kelvin Control and Kelvin probe system. Samples
were mounted inside of a custom-made vacuum chamber approximately 1.0 mm underneath the vibrating
gold Kelvin probe and illuminated with light from a 150 W Xe lamp passing through an Oriel
Cornerstone 130 monochromator. Spectra were acquired by stepping the photon energy by 0.0124 eV
every 5s and by measuring the CPD value at each step. All CPD values are reported relative to the CPD

value in the dark, as ACPD in SPV spectra.

Films of ZnsV-04 and CaFe,0, for the SPS measurements (Figure 4.2 and Figure 4.5a) were
fabricated by drop-casting 0.06 mL of aqueous suspensions (ca. 3 mg/mL for Zn4V>0g, ca. 1, 3 or 6
mg/mL for CaFe,04) of each material onto FTO glasses (0.385 cm2), followed by drying in air, and
annealing at 500 °C in air for 2 h. Film thicknesses were measured with a Veeco Dektak 150

profilometer.

Calculation of Conduction Band Minima Using the Butler Ginley Method:* Using data from
Schoonen et al.,** a geometric mean electron affinity of 6.05 eV is estimated for both ZnV,0¢ and
CuV206. Using the band gaps of 2.23 eV for ZnV,0¢ and 1.81 eV for CuV:Oe, this yields conduction

band (CB) minima of —4.93 eV (0.49 V vs NHE) for ZnV 06 and —5.15 eV (0.71 V vs NHE) for CuV20e.
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Figure. 4.5 (a) PXRD patterns of ZnV;0s and CuV.0s. (b) PXRD pattern and SEM image of Zn,V;0.

(c) SEM images of ZnV,0s and CuV-0s. (d) Tauc plots (transformed from UV-vis spectra) of ZnV;Oes,

CuV206 and Zn4V20s. Linear fits (dotted lines) are shown to determine bandgaps. Inset: optical images of

ZnV,0¢6 and CuV:0s powders. (e) XPS data of the O 1s and V 2p regions of ZnV,0¢, CuV.0¢ and

ZnsV,0q. Figures are adapted with permission from reference 1 and 2. Copyright 2021 and 2022,

American Chemical Society.
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Figure 4.6 Photos of the particle films of CuV20s, ZnV.0¢ and ZnsV-.0g on FTO.
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Figure 4.7 SPS data for the vanadate particle films (a, ZnV.0s, and b, CuV,0s) on gold-coated glass

substrates. Adapted with permission from reference 1. Copyright 2021, American Chemical Society.
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Figure 4.8 (a) Photos of the CaFe;O, particle films on FTO. Film thicknesses were measured with a

profilometer. (b)(c) SEM image of the 3.3 um and 11.0 um thick CaFe,O. films, respectively.
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Figure 4.9 (a) PXRD pattern of the synthesized CaFe>O4. (b) SEM image of the macroporous CaFe;O..
(c) Kubelka—Munk absorption spectrum of CaFe;O4. The inset shows the Tauc plot for determination of
the indirect optical bandgap of 1.92 eV. Adapted with permission from ref.*? Copyright 2020 The

Authors.
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