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Abstract

In connection with attempts to increase the Solar Redox Flow Battery (SRFB) viability,
an investigation was done into the charge carrier transport mechanisms entailed at the
photoelectrode interlayer interfaces. On the basis of a preliminary study, the investigation
focused on the development of a suitable conducting layer at the electrolyte/electrode
interface as well as the development and control of a hole extraction layer, based on the
device electronic structure and energy levels matching.

Research was conducted into the properties of various prospective materials that could
improve charge carrier transport at the electrolyte/photoelectrode interface. Once the
optimal configuration is determined, the photoelectrode and redox couples are prepared
and characterized and the photocharging performance of the device is optimized. Further-
more, the control of the formation conditions of a hole extraction layer took place, in order
to yield improved internal charge carrier separation and transport. Various hole transport
layers were assessed in SRFB system in relation to the photo-charging performance.

The described process resulted in the development of a conducting layer through the
growth of well distributed islands, which led to a high solar-to-chemical conversion of
9.4%. Through the control of the formation conditions of the hole extraction layer, better
spatial separation of the photogenerated charge carriers was achieved, leading to im-
proved device performance. Despite the enhanced viability of each device in terms of
efficiency, further research into the long-term stability is essential for its practical imple-
mentation. This mainly relates to electrolyte degradation to form solid precipitates and
photocorrosion of the absorber semiconductor materials in acidic conditions.
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Subscripts
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C conduction band
\% valence band
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1. Introduction

In this chapter an introduction alongside the fundamental theoretical background is provided in
order to have a better understanding of the work done during this thesis. Firstly, an introduction
on the energy challenge is given followed by the incentive for this research. Finally, the ultimate
objectives are presented along with the research questions of this work.

1.1 The Energy Challenge

Until the 19th century, society covered its energy needs by using exclusively renewable
energy sources such as wind, hydro and geothermal energy. With the industrial revolution,
however, fossil fuels, namely coal, oil, gas, have become the primary forms of energy for
human society and the economy. The rapid development of technology has resulted in
the direct dependence of mankind on it and consequently on the non-renewable energy
sources on which modern technology was built. Over time and the proliferation of in-
dustrialization, energy needs have multiplied and new problems have emerged. These
concern the depletion of mineral reserves, the impact on the environment of the use of
fossil fuels as well as the uctuations in their prices and the socio-political problems
caused by their claim. These problems make immediate the need for substitution with
alternative, renewable forms of energy before exhaustion.

Out of several initiatives that have emerged regarding the promotion of renewable energy
sources [M], the Paris agreement stands out, being a global response to climate change
indications and setting a long-term goal to maintain the increase of the average global
temperature below 2 °C above the pre-industrial levels [ 5]. Nonetheless, there exist multi-
ple factors that squander this ultimate objective. It is projected that the world population
will surpass 10 billion by 2050, an increase that is attributed mostly to a small number of
countries in Asia and Africa [ 6]. This is estimated to result in an increase of the global
energy demand by more than a quarter, surpassing 800 quadrillion Btu annually [ 7, 8].
Moreover, early stage industrialization of the developing countries has led to higher and
rapidly rising shares of anthropogenic greenhouse gas (GHG) emissions compared to that
of industrialized countries [ 9]. In order for the Paris agreement to be implemented, the
energy scheme has to tackled the root cause and change drastically, based on key pillars
for coordinated progress. These can be new policy implementations in favor of renewable
sources, a shift towards local energy generation, microgrids development and electricity
grid infrastructure overhaul. The incorporation of renewable energy sources, speci cally
solar, wind, biomass and geothermal, into the existing grid has already been inaugurated,
in order to meet the increasingly high energy demand while keeping the GHG emissions
rates at their present value. It is expected that energy generated from these sources will
reach 12.4% of the global energy demand by 2023 [L(]. Speci cally, photovoltaics have
followed an exponential increase in their installed capacity over the past years and are ex-
pected to lead the renewable electricity market in the near future, since solar energy is the
most abundant energy resource of the planet (Figure 1). Nevertheless, the intermittency of
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renewable energy sources presents a vital complication for their effective integration with
the existing electricity grid. The only way to ensure exibility, reliability and non-volatility

of the grid while reducing carbon emissions, is to incorporate another balancing capacity
technology, that will act as the grid stabilizer and provide security of supply.

Figure 1: The nite and renewable energy reserves of the planet [11].

Energy storage already exists in many forms, such as pumped hydroelectric storage plants,
which make up for more than 95% of worldwide current storage capacity [12]. However,
the environmental impacts, the vast land-use, which is already con ned by hydrology
dependency and natural habitats deformation, as well as the high cost associated with such
plants, restrict their expansion. On the other hand, research has been strongly directed
towards battery storage, considering the fact that their cost declines fast and that they
become economically competitive with natural gas peaking plants [ 13]. The technological
improvements, the revocation in their economic limitations and their ability to cover for
uctuations has made electricity storage in batteries the most promising means to store
energy [7, 13].

1.2 Motivation

In order for photovoltaics to be practically integrated into the grid, there is a need for high
conversion ef ciency, as well as large-scale energy storage to cover for their intermittent
nature. Many attempts have been made to incorporate photoelectrochemical (PEC) cells
to current electricity generating technologies, in order to convert electricity directly to
chemicals. Most common and widely studied examples are PEC water electrolysis [ 14],
carbon dioxide reduction [ 15] or other solar fuels production using arti cial photosyn-
thesis [16, 17]. However, after several years of research, these methods and devices have
only been exploited in a quite limited capacity, mainly due to overpotential related losses,
which results in low conversion ef ciency and high cost and therefore restrains their
market viability.

In the context of solar energy increased utilization and leading role in the near future,
coupled with the need for an effective electricity storage system to cover the daily uctua-
tions, solar redox ow batteries (SRFBs) have received an increasing amount of attention
over the last few years. The architectural concept of the SRFB is a combination of a redox
ow battery (RFB) and a PEC or PV-assisted device, which may be fully integrated into

a single cell or separated into an RFB and a solar charging component (Figure 2). The
process involved is the conversion of solar energy into a chemical fuel in the form of

2
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soluble and reversible redox couples, which can be converted back to electricity during a
period of scarcity. The conversion step of solar energy to the redox couples is achieved
by the illumination of at least one photoelectrode, which is submerged in at least one of
the redox couples. Consequently, photoexcited charge carriers are generated from the
semiconductor, separated towards different contact points and subsequently reduce or
oxidize the dissolved redox species of the electrolyte [ 18]. The charged species are then
stored until there is a need for excess energy, in which case they are discharged like being
in a normal RFB.

The SRFB is a simple and promising system for simultaneous solar energy conversion
and storage. Such a system has multiple advantages compared to conventional water
splitting devices. Firstly, it has the potential to be incorporated in any energy market, from
improving grid power quality (UPS) to bulk power management [ 19]. This is because the
SRFB shares similar features as the RFB's, one of which is the ease of scalability in energy
output, just by increasing the electrolyte volume in the tanks. In addition, compared
with the separate solar energy conversion and storage devices, the SRFB skips the step
of electricity generation and has less capital costs due to less balance of systems (BOS)
requirements [20]. Furthermore, the most prominent advantage of this system is its ex-
ibility on redox couples [ 21] and photoabsorber materials [ 22] that can be employed in
multiple combinations between them, in order to achieve the optimal result.

Figure 2: Schematic of solar charging compartments for SRFB system. (a) Charging cell
with a back-side illuminated device and (b) cell with front-side illuminated device (i.e.,
illuminated through the window (2) and the electrolyte). Photocathode (1) in the catholyte
(with redox couple A) and an polarizable counter electrode (4) in the anolyte (with redox
couple B) are separated by an ion exchange membrane (3). In practical applications, RFB
stack (5) is connected in series with storage tanks and pumps (not shown) for discharging
the solar charged electrolytes. Subscripts (Ox and Red) denote the oxidized form and
reduced form of the redox couples. CB and VB correspond to the conduction and valence
band edges of the semiconductor, respectively. Note that the illustration is not to scale.

Despite the long research history since 1976 by Hodes et al.,R3] a lot of effort has been
demonstrated relatively recently [ 22, 24-28], after research of PEC water splitting tech-
nologies grew. This resulted in the incorporation of PV materials in electrochemical

3
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applications. The main advantages of SRFB's compared to conventional PEC water, is
that it offers exibility with respect to redox couples employed and solubility in a wide

pH range. In addition, the use of various organic chemicals has been demonstrated in
recent studies, where they were combined with conventional inorganic redox chemicals,
which results in an unprecedented wide selection of redox energy level matching with
photovoltage for the charging reaction [ 18, 29, 30]. However in every case, the main
drawback is the relatively low solar-to-chemical ef ciency (i.e., charging ef ciency, STC%
hereinafter). The highest solar-to-output electricity was achieved by Li et al., where a
14.1% ef ciency was recorded utilizing a single photon device combined with high cell
voltage [31]. Apart from the single photon devices, there have been reports of an in-
tegrated system with photo-anode and -cathode, immersed into the PEC charging cell
in dual-bed or tandem device con guration (2-photon-device). This leads to increased
photovoltage that is suf ciently enough for the redox couples with high cell voltage ( 0.8
V) [25-27]. Most recently, Urbain et al. published a record-breaking STC% (12.3%) using a
monolithic tandem a-Si/a-Si PV-assisted device which showed high photovoltage (2 V)
owing to its wide bandgap (c.a. 1.95 eV) [26]. Nonetheless, the 2-photon-device approach
is cost-advantageous only when both photo-absorbers have an ideal band-gap pairing
[32]. Another critical challenge is the demonstration of a wide band-gap top cell with a
cost below $100n 2 with an ef ciency above 20% which is essential for having a lower
LCOE (Levelized cost of electricity) than that of single-photon-device[32, 33].

Figure 3: Experimental STC% of several solar-chargeable cells are shown at different
combinations of photo-absorber band-gap and thermodynamic potential (de ned as the
difference between the redox potential of the respective oxidation and reduction couples)

().

As shown in Figure 3, some studies demonstrated meaningful charging ef ciency using a

n WSe [34, 35. However, those references used a stationary redox chemical cell with
a non-standard light source (e.g., He-Ne laser; 150 mWcm 2). McKone and co-workers
[28] have demonstrated an SRFB in accordance to its real meaning under the standard
light condition. The home-made crystalline W Se was used for charging an RFB with Nal
and AQDS(2,7) redox couples with a cell voltage (Vcell) of 0.46 V with an STC% of 3.9%,
which is one of the highest values among the SRFBs with unbiased single PEC device
[28]. Interestingly, examples with already proven PEC materials, such as c-Si, BiVOy,
DSSC, and etc. P2, 36-38] exhibited quite low charging ef ciency ( 2%). For the sake of
consistency, all STC% data are calculated using the light-driven photocurrent measured

4
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at a 0% state of charge (SOC%). For an ideal case, which is well known as the Shockley-
Queisser limit, one would expect an theoretical maximum ef ciency up to around 33%.
However, Figure 3 shows that charging ef ciencies are far from this maximum. Even
though there is a precondition of suf cient solubility of the redox couples to balance the
energy storage capacity, there remains substantial room for improvement considering the
gap between performances of the SRFB with a single-photon-device and state-of-the-art
PV cell technology. The performance of the stationary redox cells in Figure 3 alone, also
highlights the experimental potential of the SRFB. In this respect, modeling the theoretical
conversion ef ciency for PEC device of the SRFB is useful as it can identify practical
performance limit and aspects of material properties that need to be enhanced. A number
of previous studies have addressed theoretical performance limit for both single- and
2-photon PEC water splitting devices [39-42].

To recapitulate, the integrated SRFB device has attracted a lot of attention for its great
potential in many applications. Several parameters still need to be optimized in order
for it to be rendered viable and achieve industrialization and commercialization. Several
negative effects, such as electrolyte parasitic absorption, can be hindered by using different
con gurations, stability issues can be improved by applying better surface passivating/-
catalytic layers and the energy levels between the photoelectrode and the redox couples
need to be tuned awlessly. In addition, the vast technical breakthroughs in the eld of
photoelectrodes and ow batteries can be utilized and combined in a suitable way to yield
the optimal results.

1.3 Research Objectives

The ultimate objective of this thesis is twofold. First, the fabrication of a Si-based photo-
electrode, to understand fundamental aspects of interfaces between the photoelectrode
and the electrolyte, as they pertain both to electric conductivity and energy level matching
of the surface, for maximization of photocharging ef ciency. Secondly, the design and
fabrication of a high photovoltage SRFB device, based on GaP, to study the ef cient charge
carrier generation, separation and transport through a hole selective transport layer incor-
porated in order to maximize the photocurrent output. In both cases, the photoelectrodes
are employed for the photocharge of their respective dissolved redox species, based on
energy levels matching, without applying any external bias.

The main research questions for this thesis are :

« How the charge carrier transport takes place at the thin Im interfaces and the
development of a suitable catalytic/conducting layer.

« How to achieve high photovoltage and increase photocurrent output utilizing a hole
selective thin transport layer coupled with GaP main absorber semiconductor.

« What is the in uence of the deposition parameters on the thin Im layers in terms of
charge extraction ef ciency, circumventing recombination and preventing ef ciency
losses.

« The suitable electrolyte selection and characterization, for each respective photoelec-
trode based on energy levels matching.

« The SRFB optimal con guration and electronic structure for maximizing stability,
photocurrent output and charging ef ciency.
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1.4 Thesis Outline

The work of this thesis is partly based on the original research papers which have been pub-
lished, accepted, submitted or prepared for publication and are listed in the approval page.

The layout of the report is as follows. Chapter 2 presents the theoretical background
required for understanding the concept of the Solar Redox Flow Battery. The properties of
semiconductor materials and electrochemical systems are introduced and the appropriate
energy levels matching between them is explained. In addition, the main charge transfer
mechanisms between different layers are described and the recombination processes are
reported. In Chapter 3, the experimental methods followed are provided. Firstly, the
photoelectrode fabrication process is described and the processing techniques are shown in
detail, with additional information about the equipment employed for the photoelectrodes
characterization. Secondly, the sample preparation procedures and cell con guration are
described for the respective experiments employing the single or dual-chamber photoelec-
trochemical cell. In chapter 4, the results are shown for the two different semiconductors
employed (Si and GaP), including characterization of catalytic/conducting layer, charge
carrier selective transport layers, electrolyte characterization and photocharging perfor-
mance. Chapter 5 discusses the experimental results and some practical considerations
are reported about the devices. Furthermore, an outlook of the possible ways to further
improve the photocharging ef ciency is given, which provides some necessary points to
guide future research. This report is concluded in chapter 6, with a summary of the most
important inferences about the implemented systems and how the ultimate objectives of
this thesis work are achieved.



2. Theoretical framework

This chapter aims to introduce the fundamental concepts of semiconductor physics and electro-
chemical systems. A theoretical outline of the semiconductor materials properties are presented
and their integration with energy storage devices is discussed. In addition, the operating principle
of the Solar Redox Flow Battery is described and further insights are reported in order for the
photoelectrochemical system to be properly designed, including energy levels matching, charge
carrier transport and recombination mechanisms.

2.1 The Solar Redox Flow Battery

The Solar Redox Flow Batteries (SRFB's) are integrated devices of a PEC and an RFB,
for conversion of solar energy and simultaneous storage. It is considered a more direct,
ef cient and cost-effective system for solar energy utilization [ 31]. There exist three differ-
ent operating modes which can be interchanged based on the context that the SRFB will
be utilized. These include the normal RFB operation mode for discharging of the redox
active species, providing energy during scarcity periods, the normal photovoltaic solar
cell operation mode for direct conversion of solar radiation to electricity and nally, the
SRFB operation mode for solar energy harvesting and consequently storage in the form
of charged redox species. In addition, employing the right electrodes and system con g-
uration, simultaneous charging and discharging of the redox active species is possible,
making it a suitable system for energy supply and demand management.

2.1.1 Solar energy

Due to the intermittent nature of solar energy, it is necessary to employ both high ef ciency
solar energy conversion devices, as well as storage systems to store and release energy
when required. It is the most abundant and major renewable energy source and can meet
the constantly increasing global energy demand in an ef cient and sustainable way. It has
been reported that the potential of incident solar radiation can reach up to 23.000 TWy
per annum, compared with a mere 19 TWy per annum which has been reported to be the
world's yearly energy needs [ 43]. Due its great potential, solar energy has been established
as the most promising energy source to cover future energy needs. Correspondingly to
solar cells, SRFB's can either convert solar energy directly to electricity by means of the
photovoltaic effect, or convert solar energy to stored charged redox species by means of
the photoelectric effect. In either case, it serves as an effective and versatile system to
utilize and simultaneously store solar energy. The photoelectric effect can be interpreted
by describing light as well de ned quanta, the photons. The photon's energy is:

hc 1.2398
Ephoton= hv = T = mev 1)

Where h is Planck’s constant equal to 6.62607004 10 3*m?kgs 1, v is the frequency of the
light, ¢ is the speed of light in vacuum equal to 29979245&s ' and | is the wavelength
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of the wave. [44)]. It is also important however to state how the solar energy spectra is
distributed based on the photons' energy. The majority of the solar radiation (51.7%) lies in

the near infrared region (700-3500 nm), 38.3% in the visible region (400-700 nm) and nally
8.7% lies in the ultraviolet region (200-400 nm) [45]. The corresponding electromagnetic
frequency spectrum can be seen can be seen in Figure 4.

Figure 4: The electromagnetic frequency spectrum [46].

The solar radiation spectrum is described using the spectral irradiance ( lg4 ), which is
de ned as:

o= Fonl) @

and the and the spectral photon ux ( F pp(l )) which is the photon ow per unit area
(s 'm 2). The spectral irradiance determines the radiation level of sunlight, resulting in
the AM1.5 spectrum at the Earth's surface which corresponds to an angle of 48.2°between
Sun's position and the zenith. This spectral irradiance is depicted in Figure 5 has been
established as the Standard Test Conditions (STC) which corresponds to the air mass 1.5
spectrum, a power density of 1000 W/ m? and a standard temperature of 25°C.

Figure 5: The AM1.5 solar spectrum [47].

2.1.2 Semiconductor materials

Semiconductors are de ned as the group of materials with electrical conductivities be-
tween those of metals and insulators. They belong in group IV of the periodic table
(elemental materials) or are comprised of a combination of materials from groups IlI-V

8
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or lI-VI (compound materials). The most common elemental semiconductors are silicon
(Si) and germanium (Ge) while compound semiconductors, such as GaAs, GaP or CdTe,
can occur from various combinations of elements from those groups. Semiconductors are
utilized for electronic devices manufacturing, such as photovoltaics, diodes, transistors
and integrated circuits [ 46]. Based on the structure and bonding of its molecules, a solid
can be distinguished into three major categories. These are amorphous, polycrystalline
and single crystal solids. The amorphous materials are characterized by a random and
low degree of ordered structure within the material, that means there is no consistent peri-
odicity of atoms or molecules. On the contrary, a polycrystalline material is distinguished
from multiple highly ordered and alternating phases, called single-crystal regions, charac-
terized by different sizes and orientation of their crystal structure. Finally, single crystal
solids have a speci ¢, highly ordered structure and orientation, that extend throughout
the material's spatial volume [46].

All semiconductors are characterized by a forbidden energy gap which separates their
discrete electron energy levels. This energy gap is called the band gap (Eg) and under
normal circumstances, energy levels can not exist in that region. The band gap of each
semiconductor is located in between an occupied energy band, called the valence band
(VB) and a vacant energy band, called the conduction band (CB) and is de ned as the
difference between the conduction band minimum (' E¢) and the valence band maximum
(Ev). When that conduction band minimum is located at the same wave vektor (k) as
the valence band maximum, the semiconductor has a direct band gap. However, not all
semiconductors have the same wave vector for their E; (at k& 0) compared to E, (at k=0),
rendering those as indirect band gap materials [ 48]. In order for an electron to be excited
from the occupied valence band to the conduction band at a direct band gap material, a
photon with suf cient energy must be absorbed from the incident light. This is not the
case however for the indirect band gap semiconductors, where the law of conservation of
momentum must apply. The excitation of an electron to the conduction band minimum

in this case, only occurs if a collision between a photon, an electron and a phonon takes
place, in order for the phonon to provide the missing momentum to the photoexcited
electron. Indirect transitions occur less frequently compared to direct transitions, affecting
the absorption coef cient of the semiconductor [ 49]. The electron energy level at 0 K can
be described by the electrochemical potential, called the Fermi level (E;) and means that
the probability of occupation of an energy state by an electron is 50% [ 44]. As shown
in Figure 6, for an intrinsic semiconductor, the Fermi level is located in the middle of
the band gap, while it shifts towards the E; and E, when the semiconductor is n-type or
p-type doped, respectively.

Figure 6: The energy band diagrams for intrinsic, n-type doped and p-type doped semi-
conductors [48].
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The band structure can cause disparity in the electrical properties of each material. In case
a solid has a band gap in the order of 4 eV or higher, it is described as an insulator. The
main characteristics of insulators are the facts that the valence band is completely full of
electrons and the conduction band completely empty, as well as the very large resistivity.
On the other hand, metals are characterized by overlapping of the conduction with the
valence band, resulting in very low resistivity.

When a semiconductor is illuminated, the light can be absorbed from the material and
the energy of the photons is utilized to create an electron-hole pair. The electron can be
consequently excited from the VB to the CB. The energy that is therefore needed for this
excitation depends on the band gap energy of the semiconductor. The photon energy
should be higher than the band gap in order for this to take place.

2.1.3 Electrochemical Systems

Electrochemical systems for energy storage are receiving increasing attention and among
the numerous auspicious technologies, Redox Flow Batteries (RFB's) are considered a
promising choice for future large-scale energy storage. The RFB is an electrochemical
device in which liquid electrolytes, stored in separate tanks, are pumped around a circuit
undergoing reversible electrochemical reactions. The redox couples are dissolved in
a suitable supporting electrolyte. Subsequently, when there is a need for energy or
excess energy to be stored, the redox electrolytes are pumped through an electrochemical
ow cell, in order to be discharged or charged, respectively. The electrode size and
electrolytes volume can be scaled independently, rendering it a versatile system for power
and capacity management [18]. Apart from the volume, the electrolyte composition
is a crucial parameter for the performance and stability of the system. The dissolved
redox species should therefore satisfy several requirements in order to design the optimal
con guration. An important factor is their solubility limit, since it is desired for the redox
species to yield high energy and current density during cycling. The solubility limit can be
controlled by selecting appropriate supporting electrolyte, pH and temperature working
range and other additives. The energy density of the electrolyte is de ned as:

z CF
3600 (3)

Where n is the number of electrons involved in the reaction, C [mol/L] is the concentration
of the redox species in the supporting electrolyte and F is the Faraday constant equal
to 96.485 C/mol. Moreover, suitable redox potentials should be chosen, or controlled,
to result in a high cell voltage. The fast and reversible kinetics as well as high ionic
conductivity are also of great importance, in order to avoid hysteresis effects and output
power related issues. Furthermore, the electrolyte should be thermally stable and have
low light absorption to avoid parasitic absorption when coupled with a semiconductor.
Generally, it is desirable for the optical absorption range of the electrolyte to not overlap
with that of the semiconductor's. Finally, safe, earth abundant and low cost materials are
always desirable [48].

e =

Cyclic Voltammetry (CV) studies are performed to nd the standard redox potential
of the electrolyte redox species employed, at the speci ¢ conditions used. This is impor-
tant to calculate from the Nernst equation, from which the expected maximum voltage of
a redox species is needed to fully charge the cell [50].

RT, (0)

= Eo +
Ecell cell ZF (Red

(4)
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Where Ege” is the standard cell potential, R is the gas constant, T the absolute temperature
and (Ox) and (Red) correspond to the relative activities of the oxidized (Ox) and reduced
(Red) species of the electrolyte. CV's scan through a voltage range in excess of the voltage
of the Nernst equation and the response current which develops in the electrochemical
cell is measured. By alternating the scan directions, the anodic and cathodic current peaks
developed indicate the oxidation and reduction reaction of the redox species, respectively.
This is illustrated in Figure 7. The midpoint of the potentials at which the current peaks
occur, is the redox potential of the species [50].

Figure 7: Sample voltammogram of a single electron oxidation-reduction reaction [51].

An important factor to consider when choosing the right redox species for the solar RFB
operation, is the fact that based on the Nernst equation, the cell potential changes as a
function of the concentration of the active species, as suggested by the Nernst equation.
This can be described by [18]:

RT SOC?
Beon = Ecart ¢ (70052
As the redox species are charged, the SOC increases and this causes an increase in the
Nernst potential, while the available overpotential for charging decreases. This results in

a very low expected conversion ef ciency at very high SOC. It is therefore desirable to
take into account the Nernst potential and available overpotential, for proper selection of

the redox couple based on their redox potentials, in order to be able to charge the battery
until high SOC from the available photovoltage [52].

(5)

2.1.4 SRFB working principle

The working principle of the SRFB is based on the photovoltaic effect, which includes
an induced potential difference through electromagnetic radiation at the junction of two

materials [44]. When a semiconductor is submerged in the electrolyte and illuminated,
charge carriers will be generated due to absorption of photons in the material. The energy
from the photons, if higher than the band gap energy of the material, is utilized to excite

an electron from the valence band to the conduction band. If the photon's energy is not
suf cient to excite the electron past the forbidden energy states, it will not be absorbed
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and pass over the semiconductor. The electron excitation leaves a void in the valence
band, which behaves as a positively charged elementary particle, called the hole. Once the
charge carriers are generated, they are subsequently separated towards different contact
layers. During this step, it is of outmost importance to consider the diffusion length and
lifetime of the photogenerated carriers, in order to achieve ef cient separation. Finally,
the photogenerated charge carriers reduce or oxidize the dissolved redox species in the
electrolyte. The charged species can then be stored in the same or a different cell, until
there is a need for excess energy. A typical SRFB device is depicted in Figure 8. This
includes at least one photoelectrode immersed in at least one electrolyte. There are many
possible con gurations for such a system, incorporating 2 or more electrodes and various
modes of illumination. The PEC and RFB devices can be designed individually, connected
with pumps for the ow of electrolyte between the charge and discharge cells, as shown
in Figure 8, or it can be an integrated system with two or three electrodes. The advantage
of incorporating more electrodes is that the discharging of the redox species can take place
at the same time as their photocharging. Apart from the photoelectrode, the rest of the
counter electrodes employed in the system should abide by several requirements. Firstly,
they should have good electrochemical activity for both redox species to result in a low
activation overpotential as well as be highly conducting to minimize the Ohmic losses. In
addition, they should be porous enough and the electrolyte should have a high penetration
depth in the counter electrodes to reduce energy consumption of the system. Finally, the
materials should present good chemical stability, be cost-effective and environmentally
benign [48].

Figure 8: Schematic of a Solar RFB device [18].

Furthermore, there can exist con gurations with more than one photoelectrode. If a dual
band gap is incorporated for light absorption, a higher fraction of energy will be utilized. In
order to ef ciently make use of both photoelectrodes in such a con guration, there is a need
for illumination of both semiconductors to obtain a similar current density. Nonetheless,
semiconductors with complementary band gaps can be chosen, in order to absorb different
photon energies and drive redox reactions with high potential difference [ 48]. Differences
in con gurations can also be noted regarding the mode of illumination. The immersed
photoelectrode can either be illuminated from the front-side or back-side. These modes
can be seen in Figure 9. Firstly, front-side illumination through the electrolyte, Figure
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9a, most charge carriers will be generated near the semiconductor-electrolyte interface,
making it easier for them to diffuse towards the electrolyte and back contact. However,
there will be parasitic light absorption, which is not only dependent on the electrolyte, but
also on the battery's SOC. On the other hand, back-side illumination, Figure 9b, has the
advantage of no parasitic light absorption from the electrolyte, as well as avoiding light
induced degradation issues. The photogenerated carriers will have to diffuse through the
bulk of the material to reach the semiconductor-electrolyte interface [48].

Figure 9: Schematic of a) front-side and b) back-side illumination [48].

2.1.5 Energy level matching

In order to design an effective SRFB device, the energy level matching between the different
components is of utmost importance. Ef cient charge carrier separation and consequently,
solar charging of the dissolved redox species, relies on proper energy level alignment
between the redox potential of the electrolyte with the band edges of the photoelectrode.
In addition, appropriate matching of the energy levels should be considered in every
layer interface of the solid surface. After the photoelectrode comes into contact with the
electrolyte, in dark and equilibrium conditions, the Fermi level pinning and band bending
will determine the charge carrier separation ef cacy. Figure 10 depicts how the band
positions of various semiconductors can be aligned with the redox potentials of some
of the most crucial and widely studied redox species. There are several redox species
with suitable redox potentials that can be charged by the generated photovoltage of each
photoelectrode. Especially considering the addition of the organic redox species, further
enhances the selection range, not only due to the diversity of available choices, but also
due to the capability of controlling their redox potential by selecting the appropriate pH
for the supporting electrolyte and side chain functionalization [ 18]. Here, the electron
energy level is converted to the Standard Hydrogen Electrode (SHE) scale using [48]:

Evacuum= 4.5V  ebknhe (6)

The available photovoltage that will be generated and used to charge the redox species
depends on the band gap of the material used. However, the full photovoltage range

is not exploitable, since there are signi cant thermodynamic losses such as reaction
overpotentials, difference in operating voltage and semiconductor band gap and several
other factors such as Ohmic losses and parasitic absorption that affect the operation range
[53]. Among system proof of concepts and other studies in the SRFB eld related literature,

it is a common phenomenon that the photocharging taking place is not suf cient to fully
charge the redox species. On the contrary, in most cases the achieved SOC reaches very
low values [25, 27, 30, 54-62].

13



Photoelectrode design principles for ef cient photo-charging of solar redox ow batteries

Figure 10: Band positions of various semiconductors (vs NHE, at pH=0) and redox
potentials of crucial inorganic and organic redox species [18].

One of the reasons for this is that the available photovoltage for charging has not been
considered with the thermodynamic losses and the redox potentials employed where
not correctly designed. Furthermore, as already stated and shown in Equation 5, the cell
potential increases with increasing SOC, meaning that if the electrolyte is charged until
a point and then the necessary voltage is not supplied, the photocharging will decrease
signi cantly. It is therefore pivotal, when designing an SRFB system, to consider band
structure tuning, minimizing the voltage mismatch and to match the RFB cell voltage with
the photoelectrode's maximum power point (MPP) [31].

2.1.6 Photoelectrode performance

When a photoelectrode is operated in solar cell mode, there are certain parameters that
can be used to describe its properties under illuminated conditions. These parameters
are the open circuit voltage (Voo), the short circuit current density ( Lo, the maximum
power output ( Pmax) and the Il factor (FF). In order to determine those parameters, the
solar cell is illuminated with a certain intensity ( PB,) and the corresponding J-V curve is
measured. A typical solar cell J-V curve is presented in Figure 11. In addition, the external
solar cell parameters are shown. The short circuit current corresponds to the current
owing at the external circuit when the solar cell electrodes are short circuited. The short
circuit current depends on the incident illumination on the solar cell and therefore to the
photon ux. The measurements under the Standard Test Conditions (STC) imitate the
AML1.5 solar spectrum, with a measured total irradiance on the cell surface of 1;,=1000
W/ m? and a constant temperature of 25 °C. The open circuit voltage depends primarily
on the semiconductor properties and is the voltage at which no current ows through the
cell. The externally applied forward bias voltage at which the generated photocurrent
becomes equal to the reverse current and consequently cancel each other out, is the open
circuit voltage. The FF is de ned as the ratio of the maximum obtainable power to the
product of Vycand Jcand is an important parameter for the power conversion ef ciency
calculation. The FF is affected by many parameters, both internal materials' related and
external parameters of the solar cell [44].

Pmax
FF= 7
VOC‘LC ( )
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Figure 11: a) A typical solar cell J-V curve with it most important parameters [ 63] and b)
graphical representation of the series and shunt resistance derived from a solar cell J-V
curve negative inverse slope near the Voc and X, respectively [64].

Figure 11b indicates the series and shunt resistance of the solar cell, derived from the
measured illuminated I-V curve. The series resistance corresponds to the negative inverse
of the curve's slope near the open circuit potential, while the shunt resistance is the
negative inverse of the curve's slope near the short circuit current. The series and shunt
resistances can affect the operation of the solar cell to great extend. An increased series
resistance results in lower current output, while a reduced shunt resistance results in
lower open circuit voltage, since there exists a path of least resistance for the current to
ow to bypass the actual con guration [ 44]. The effect of the resistances on the solar cell
J-V curve are shown in Figure 12. The solar cell dark diode current can be described by the
Boltzmann approximation. This depends on o, the reverse saturation current. The lp is an
important parameter for any solar cell operation. When a diode is reversed biased and the
space charge region width is increased and as a response, majority carriers move away
from the junction. This results in no current ow produced by majority carriers. During

the illumination however, charge carriers keep on generating constantly. Those that are
generated near the junction will manage to ow through it, depending on their charge, so

a current ow develops.This is due to the ow of minority charge carriers and is called
reverse saturation current. In practice, solar cells are described by the same equation,
approximating their non-ideality with an ideality factor, n, in the Boltzmann exponent
factor [65].

qVv
I'= lo(exprer 1) (9)
_ 2( PN Dp
Pp——
Li = Diti (11)

Where D; is the diffusion coef cient for each region [ m?s 1], L; is the diffusion length of
the minority charge carriers [m], N; is the particle density [ m 3] and t; is the minority
charge carrier lifetime [s]. In general, the charge carrier lifetime is greatly decreased
when many recombination processes are taking place and therefore the diffusion length of
minority carriers is also signi cantly shorter. The saturation current density, also denoted
as dark current density, can affect the available photovoltage and therefore the energy
ef ciency.
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Where D is the diffusion coef cient[ m?s 1] and | is the diffusion length [m] . The subscript
n or p corresponds to the properties of the minority carrier in each respectively doped
region. Np and N, are the net donor impurity concentration on the n-side and acceptor
concentration on the p-side of the junction [ m 3].

Figure 12: The effect of a) series resistance and b) shunt resistance on the solar cell J-V
curve [44].

2.2 Charge transfer mechanisms

The physics underlying the layer interfaces, are a fundamental issue in the effective
operation of every solar cell or photoelectrode. These include the junctions between
different semiconductors (heterojunctions), the junctions between a semiconductor and
a metal (MS junctions) and the interface between the photoelectrode and the electrolyte.
In depth understanding of how the electronic structure of each material is affected and
what the in uence is on the operation of the device, will result in the optimal energy level
design and ef ciency of the device.

2.2.1 Semiconductor/Semiconductor interface

A heterojunction is a junction formed between two different semiconductors, either n or
p-type doped, which rises to four different combinations. These are n-P, p-N, n-N and
p-P, where the material with the lower band gap is referred to with a lower case letter
while the material with the higher band gap is referred to with an uppercase letter. When
two semiconductors come in contact under dark and equilibrium conditions, their Fermi

level will be aligned and constant throughout the junction. However their conduction and

valence bands will not be continuous, due to their band offsets. The electron af nity rule
describes this as [44]:

DE: = g(Ce1 Ce2) (12)

Where cg is the electron af nity of semiconductor i. This can also be expressed with
respect to band offsets as:

In addition, the vacuum energy, which acts as reference, is constant across the junction
under equilibrium. However, a gradient of electrostatic potential is developed across the
junction. This is denoted as built-in voltage and is expressed as [44]:

Vpi=fs1 fs2 (14)
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Where f g is the work function of semiconductor i. The electric eld is maximum at the
junction and deteriorates across the depletion region, following the equation:

X), In x Ip (15)

Where Ny 4 is the donor or acceptor concentration, ey the vacuum permittivity and g the
relative permittivity of the material. The depletion region, for the case of a n-P junction on
each respective side, is expressed as [44]:

S
2epenepNapVpi
Iy = 16
" qNgn(€nNgn + epNap) (16)
S
2epenepNgnVpi
IP — eO nCpPINdn Vi (17)
qNap(€nNgn + epNap)
The total depletion width is:
S
+ 2\/. .
W = |n+ IP - ZeOeneP(Ndn NaP) Vbl (18)

qNgnNap(€nNgn + €pNap)

In general, when a pn* or a np* junction is used, the depletion width in the high doping
region is practically zero, as will be shown in the Results section. The energy band
diagrams of a n-P heterojunction example is shown in Figure 13.

Figure 13: The band diagrams of a n-type and a P-type semiconductor a) before and b)
after contact [44].

2.2.2 Semiconductor/Metal interface

Corrosion is a very important factor for the operation of any photoelectrochemical cell
and poses a challenge for the long-term stability of the device. Many techniques have
been developed to delay or prevent corrosion processes, the most popular of which is
applying a chemically stable coating on the surface of the device. The processes leading
to corrosion of a semiconductor are more complicated compared to that of a metal, due
to constantly varying number of charge carriers as well as impurities or dopants incor-
porated in the bulk. Three different types can be distinguished, photoelectrochemical,
electrochemical and chemical. Photoelectrochemical corrosion involves net charge transfer
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at the semiconductor-electrolyte junction of photoexcited minority charge carriers. Elec-
trochemical corrosion is due to net charge transfer at the same junction, but caused by
transfer of majority carriers. Finally, chemical corrosion does not require charge transfer,
but chemical reactions can take place that will degrade or negatively affect the electrode
at the interface. In order to prevent any of these cases of corrosion of the photoelectrode,
a protective layer is applied, that prevents the contact between the semiconductor and
the electrolyte and can also act as a co-catalyst for the oxidation or reduction of the redox
species. The theoretical requirements for such a thin Im would be to have the optimal
electronic and optical properties, such as high transparency, low trap state density, suitable
work function. The photoelectrosynthetic behaviour of this protective thin Im will de-
pend upon its composition, the way it was processed and the interface structure between
the materials [66].

When a metal and a semiconductor come in contact in equilibrium, their vacuum and
Fermi level will be continuous. However each metal in only characterized by one pa-
rameter, the work function ( f ). Therefore, an energy barrier (f g) will form between the
metal and the semiconductor, equal to the difference of the metal work function and the
semiconductor electron af nity [44]:

In addition, a built-in voltage will also develop in this junction:

Vbi=fe (fs cCe¢ (20)

This barrier can either be a Schottky barrier or an Ohmic contact. Shortly, the rectifying
junctions or Schottky barriers have a large barrier (f g kgT)and current transport mainly
takes place due to transport of majority charge carriers through thermionic emission.
Otherwise, the Ohmic contact results in a reduces resistance at the junction and a low
voltage drop. Figure 14 depicts a representation of the energy levels allignment before
and after contact of a metal with a semiconductor.

Figure 14: The band diagrams of a metal and a semiconductor a) before and b) after contact
[44].
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2.2.3 Solid/Liquid interface

Stability between the semiconductor and electrolyte is a crucial issue for the operation of
any photoelectrochemical cell. In order to overcome the limitations occurring from an
exposed semiconductor surface to the electrolyte, whether it is photocorrosion, interfering
surface states, impurity effects or ion exchange caused by light, a thin, unreactive and con-
ducting metal layer is deposited on the surface of the electrode, that requires the formation
of a Schottky barrier between the metal Im and the semiconductor. In that case, when
the layer is deposited, the metal's ionization energy is aligned under equilibrium with the
semiconductor's Fermi level. Subsequently, when the metal layer comes in contact with
the electrolyte, a at band potential is developed at the interface. This takes place due
to the equalization of the charge of each side [48, 67]. The at band gives the amount of
band-bending caused by the Fermi level pinning at the Schottky interface. In order to have
optimum charge carrier transfer at the interface, this band bending should be designed to
be close to the redox reaction potential of the electrolyte.

As soon as a semiconductor is immersed in the electrolyte, the at band potential is
developed. Afterwards, a space charge (SC) region is developed on the photoelectrode
side. This is the outcome of the accumulation of the electrons on the solid surface or
migration towards the electrolyte and takes place in a considerable distance from the
interface, since semiconductors have much lower carrier density compared to metals [ 49].
The potential at the SC region is given by the Poisson equation:

d’Df ¢ _ 1
Where r (x) is the charge density and described by:
r(x)=dNa  Na n(x)+ p(x)] (22)
And the electron (n(x)) and hole (p(x)) densities:
E«(x) E
n(x) = Ncexp ?f (23)
Ev(X E
p(x) = Nyexp V(z_l_f (24)

In the case of a photoelectrode with a pn* or np* junction, the calculations for the
depletion region and intrinsic semiconductor properties can be simpli ed (analysis on
Discussion chapter).

2.3 Recombination Mechanisms

The second law of thermodynamics states that all systems are spontaneously driven
towards thermodynamic equilibrium and maximizing their entropy. Based on that, a
meta-stable photoexcited electron located in the semiconductor's conduction band, will
end up at a lower energy state in the valence band. When this happens, the electron will
recombine with the generated hole. There are various recombination effects and these
are more likely to happen in direct band gap materials, since no addition of momentum
is required, as previously explained. Recombination of photogenerated charge carrier,
before their separation towards their respective contact layers, can greatly affect the
performance of the photoelectrode. When the charge carriers recombine, the generated
current is decreased, since less charge will ow through the circuit. In addition, the
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recombination rate affects the saturation current density. The recombination mechanisms
can be distinguished between bulk (direct, SRH and Auger recombination) and surface
processes.

2.3.1 Direct (Band-to-Band) recombination

Direct recombination, the opposite process of radiative generation of charge carriers,
dominates in direct bad gap materials. The process involves the recombination of a "free"
electron from the conduction band with a hole from the valence band. This is followed
by the generation and release of a photon, with energy similar to the material's band gap
energy, as shown in Figure 15a [44]. Under thermal equilibrium, the direct recombination
rate is equal to the direct generation rate and both are proportional to the concentration of
free electron available at the conduction band as well as the concentration of holes in the
valence band. Under illuminated conditions, excess charge carriers are being generated,
until the system reaches a steady state, were the direct generation is again equal to the
direct recombination.

2.3.2 Auger recombination

Conversely to band-to-band recombination, Auger recombination involves a three-particle
process and is more important for indirect band gap materials. The process includes
the conservation of energy and momentum of the recombining electron-hole pair, by
transferring energy and momentum to a third particle involved in the process. This third
particle can be either an electron or a hole. The two different cases are depicted in Figure
15b.

Figure 15: a) Direct recombination process and b) Auger recombination process with a)
two electrons and one hole (eeh) and b) two holes and one electron (ehh) [68].

The third particle involved is excited to higher energy levels of the conduction band

or deeper energy levels of the valence band, depending on if it is an electron or a hole,
respectively. The excited charge carrier is consequently relaxed to its initial state, extracting
heat through vibrational energy or phonon modes [ 44]. Whether the third particle is an
electron or a hole, depends on which are the majority carriers in each speci ¢ application.

2.3.3 Shockley—Read—Hall recombination

Shockley—Read—Hall (SRH) recombination does not include band to band transitions, since
it involves two steps and it only takes place in materials with defects. The recombination
happens in trap states, which can be impurity atoms, interstitials, or lattice defects. These

20



Photoelectrode design principles for ef cient photo-charging of solar redox ow batteries

trap states introduce an allowed energy state in the band gap of the semiconductor, where

a charge carrier can be trapped and attract the opposite to recombine. It is considered the
dominant mechanism in most semiconductors and the excess energy from the recombi-
nation is dissipated as heat. SRH recombination is effective when the defect state energy
level is not located near the conduction or valence band edge. If an electron is trapped

in a defect state near a band edge, it can be re-emitted towards the conduction band.
Nevertheless, SRH recombination is dependent on several parameters, the most important
of which are the free carrier concentration and the trap density [ 44]. The process is shown
in Figure 16a. The recombination rate of SRH process consists of four individual processes
associated with electron or donor traps and their respective rates. These processes involve
the electron capture, electron emission, hole capture and hole emission.

2.3.4 Surface recombination

Surface recombination takes place in all semiconductors. Itis caused by the dangling bonds
at the surface, which are practically defects, since surface atoms have electrons which
do not create covalent bonds with neighboring electrons (Figure 16b). These dangling
bonds form mid-gap states inside the band gap, allowing for recombination sites to be
formed. Consequently, formed trap states inside the band gap is a common characteristic
of semiconductors, that can also cause SRH recombination to take place, making it the
dominant mechanism.

Figure 16: a) Shockley—Read—Hall recombination process and b) surface recombination
mechanism through formation of dangling bonds at the surface. [68].
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3. Experimental methods and
materials

The objective of this chapter is to introduce the experimental methods employed for the photoelec-
trodes fabrication and characterization. The cell components are described and the SRFB testing
procedures are reported to gain insight on the properties and the most important aspects for the
ef cient operation of the system.

3.1 Electrode fabrication and characterization

This section addresses the thin Im solar cells fabrication procedure and the subsequent
measurements for their characterization in order to be used as photoelectrodes in the
integrated photoelectrochemical system.

3.1.1 Materials and chemicals

The photoelectrodes were produced by commercial semiconductor wafers at DTU by D.
Bae and used without further optimization. For the photoanode, a shallow pn™* -junction
was produced in p-type (100) Si wafers (Topsil, 1 to 20 Wem, boron-doped, acceptor density
of 5 10%%m 3) by n* doping by a boron diffusion furnace process. Depending on whether
the wafer is polished from one or both sides, etching of the unpolished side takes place
in order to deposit the appropriate thin Ims, either for charge carrier transport or for
creating an Ohmic contact for the electrical connection. Surface etching of unpolished Si
samples is necessary for the operation of the device. The KOH etchant employed corrodes
microstructural features on Si, necessary for attening the semiconductor surface, removal
of contaminated surfaces and removal of formed oxides at the same time. In order for
the Si unpolished surface to be etched, a 40% KOH solution was created, since it has
been found that solutions with less than 30% KOH do not perform satisfyingly [ 69]. The
solution included a small amount of isopropyl alcohol, in order for the etching rate to
dwindle. The 40% KOH solution is heated to 80 °C. Some drops of H,O, are put on the
unpolished Si surface and left for two minutes. The sample is then rinsed with deionized
water and etched in contact with the solution at high temperature for 40 minutes. This
results in 50 nm/hour etching rate. After the etching is nished, the sample is sonicated

in deionized water, dried with N> gas and stored.

The reference electrode,Hg/ HgSO, saturated with K>SOy solution, is prepared by bring-
ing deionized water close to boil and then making it saturated with  K,SO,. It has a redox
potential of 0.643 Vyne at 25 °C.

The membrane was a Nafon-117 (Fuelcellstore). The pretreatment procedure included

submerging the IEM in 3% H,0, at 80 °C for 20 minutes. Afterwards, the membrane is
stored in H,O until it is used.
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The electrolytes employed for the measurements, KsFg CN)g (Sigma-Aldrich,  99%),
K4FE(CN)g 3H,0 (Sigma-Aldrich, 99.5%9 Nal (Sigma-Aldrich, 99.5%), NH4Br
(Sigma-Aldrich,  99.99%trace metals basis) andSnCl, 5H,0 (Sigma-Aldrich,  98%)
were used as received. The synthesis of TEMPO-sulfate was based on a related report and
used as received [70].

3.1.2 Thin- Im deposition process

Direct Current Sputtering is a Physical Vapor Deposition (PVD) technique, which refers
to non-chemical thin Im fabrication procedures. While sputtering presents several lim-
itations in the formed thin Im compared to other methods, it is the process of choice
for several industrial applications due to its wide application range. During the process,

a coating material is chosen as the target (cathode) to be deposited in a vacuum cham-
ber and is bombarded by Argon ionized gas molecules which are generated in a glow
discharge in front of it. Molecules of the target are caused to be removed (sputtered-off)
into the generated plasma and are subsequently condensed on the substrate (anode). The
basic sputtering procedure presents several practical limitations, such as low ionization
ef ciency and deposition rates, as well as heating of the substrate. These problems have
been resolved by magnetron sputtering, which unlike basic sputtering, develops a mag-
netic eld con guration that controls the movement of the emitted secondary electrons,
responsible for conserving the generated plasma, near the surrounding area of the target
material. This results in increased chances a sputtered-off atom collides with an ionized
electron and therefore higher ionization ef ciency, ion bombardment and deposition rate
[71]. A schematic of the procedure described is presented in Figure 17.

DC Sputtering is one of the most simple PVD techniques used for coatings of conducting
materials, non-re ective coatings, optical components etc., and is limited to dielectrics.
Its main advantages include the ease of controlling the process and the relatively low
cost. Depending on the conditions employed for the deposition of the thin Im, the result
can vary signi cantly in their electronic structure, optical properties, crystalline structure
and composition. The parameters that can be optimized for the desired result include
the sputtering power, total pressure, temperature, gas composition (individual partial
pressures) and time. In the present study, AJA International ATC 2400 sputtering system
was used to optimize and vary these deposition parameters.

Figure 17: Schematic diagram of DC magnetron sputtering [72].
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3.1.3 Post-annealing process

Annealing is a heat treatment technique in thin Ims fabrication, that alters the physical
and chemical characteristics of the material. Depending on the conditions employed,
thermal annealing can affect the material's micro-structure, like defect states concentra-
tion, intrinsic stress, grain size and surface roughness or the phases of the material, like
preferred orientation and crystallinity. Temperature, time and ambient environment de-
termine the changes that take place. In general, annealing can be used to improve the
conductivity and electronic properties of the Im as well as its surface morphology [ 73].
The post-deposition annealing process (ATS Applied test systems inc.) took place at 200
°C for all thin Ims.

3.1.4 Ultraviolet—visible spectroscopy

Ultraviolet and visible absorption spectroscopy (UV-Vis) is primarily used to measure the
absorbance (A), transmittance (T) and re ectance (R) of a Im, for a speci ¢ wavelength or
an extended spectral range, described below. As explained in Equation 1, each photon
with a speci ¢ wavelength has a certain quantized energy level. Visible and ultraviolet
radiation (Figure 4) incident on the target material cause the excitation of electrons to
higher energetic states. The excitation takes place if the energy provided by the photon is
suf cient and thereby absorbed by the Im. The larger the energy gap between the full
orbital and its subsequent empty anti-bonding orbital, the higher photon energy will need
to be provided to excite an electron [ 74]. A schematic of the UV-Vis procedure is shown in
Figure 18.

A+T+R=1 (25)

A light source provides the radiation, which passes through a prism. Then the incoming
light splits into its components and is focused on the target material. Behind the target,
detectors convert the transmitted light into current, which signals the response of the
target. In order to eliminate error odds, a so-called "blank" sample is rst measured,
whether that is a cuvette only containing the supporting electrolyte of the redox species
or the substrate on which a thin Im is deposited. Once the signal is detected, light
absorbance can be quanti ed by comparing the initial light intensity (1) over the nal
detected one (I):

lo(l)

A(%(1)) = log 10

= log(T%(l)) (26)

Figure 18: Schematic diagram of UV-Vis spectrometer [74].

24



Photoelectrode design principles for ef cient photo-charging of solar redox ow batteries

The system used was a Perkin-Elmer Lambda 900 UV-VIS-NIR Spectrometer. Based on
the wavelength of the incident light that will be absorbed by the thin Im, its band gap
can be determined. There are four cases that can be distinguished regarding the electronic
structure of each thin Im. Their band gap can include an allowed direct, allowed in-
direct,forbidden direct or forbidden indirect transition. As previously mentioned, the
allowed direct and indirect transitions refer to the need for just photon energy or photon
energy along with phonon momentum for the electron to be excited, respectively. The
forbidden direct and indirect transitions refer to cases of zero momentum matrix element,
which does not allow an excitation regardless of the supplied energy [ 75]. The optical
absorption coef cient ( @) and band gap energy of the material are given by:

o 2303A(%)

: @7)

(hV Eg) 1/n

v (28)

Where C is a constant independent of wavelength, d is the sample thickness and n is
determined by the transition type and is equal to 0.5, 2, 1.5 and 3 for allowed direct,
allowed indirect, forbidden direct and forbidden indirect transitions, respectively. Once
the Tauc coordinates (@hv  hv) are plotted, the intersection of the linearized part of the
curve with the x-axis determines the band gap energy of the material.

3.1.5 X-ray diffraction

X-ray diffraction (XRD) is one of the most widely used techniques to inquire into the struc-
tural properties and degree of crystallinity of materials and can be utilized to investigate
powders or Ims, since the X-ray penetration depth, and therefore the investigation depth
of the material's internal structure, can be controlled. The XRD analysis is illustrated in
diffraction peaks, which originate from the periodical pattern of the material's atomic struc-
ture and represent its lattice parameters. The lattice parameters are unique to every crystal
and relevant data is widely available on literature to precisely determine any structure [ 76).

Bruker AXS X-ray Diffraction Elemental Analysis was used for the XRD measurements.
These XRD patterns are a result of the elastically scattered X-rays after collision with the
atoms of the crystal lattice. Interpretation of these diffraction peaks is based on Bragg's
law, which describes the principle of constructive interference as:

2dsing= ml (29)

Where d is the distance between the Bragg's planes and can be the magnitude of any of the
lattice parameters, qis Bragg's angle, m is the diffraction order, and | is the wavelength of
the incident X-rays. The XRD measurement procedure and the variables described are
shown in Figure 19.

25



Photoelectrode design principles for ef cient photo-charging of solar redox ow batteries

Figure 19: Schematic representation of XRD measurement procedure. Green and red
circles are centers that the x-rays are diffracted. The X-ray incident and exit angle are
denoted asa and d, respectively. The Braggs planes (orange lines) are at a distance d and
gis Bragg's angle [76].

3.1.6 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique based on the
photoelectric effect. During XPS, a sample is irradiated with monoenergetic x-rays, which
interact with surface atoms at a maximum penetration depth of 10 nmm , causing their
electrons to be emitted from the material and their energy is measured [ 77]. The emitted
electrons are translated in the measurement as counts per second (CPS) as a function of
binding energy (eV). Binding energy is the difference between the energies of the initial
and the nal states of the emitted electron. By de nition, the Fermi level corresponds to
zero binding energy. However, there are multiple states that an electron can be emitted
to as well as a variety of probabilities, depending on the incident photon energy which
affects the sample volume from which electron are emitted, as well as the variable energy
that the electrons possess and is affected by their position and the photon energy [78].
While the binding energy is important to analyze the surface structure of the material
investigated, the kinetic energy of the nal state of the emitted electrons can provide
important information about the sample. This is given by:

KE= hv BE fg (30)
Where BE is the binding energy (eV) and f s is the work function.

A Thermo Scienti ¢ K-Alpha X-ray Photoelectron Spectrometer (XPS) System was used for
all measurements. XPS is a widely used analysis technique and is employed for surface el-
emental analysis or the determination of their concentration. Each element can be matched
with a unique set of binding energies and there is extensive literature regarding material
compositions. When the binding energy is measured, the resulting shift and intensity will
determine the elemental and chemical state of the material [ 77]. In addition, the full width
at half maximum (FWHM) can be measured, which provides information regarding the
chemical bonds that contribute the an observed peak, changes that might occur in the ma-
terial due to the incident photons or localized differences in the charged state of the surface.

Apart from the electrons emitted from surface states due to the photoelectric effect, Auger
electrons can also be emitted and measured. The necessary energy for this excitation can be
provided by the relaxation of photoexcited ions of the surface, after the primary electrons
are emitted. After an electron transmits at a higher energy state in a vacant inner orbital of
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the atom, another electron can be excited or emitted of the material by capitalizing on the

excess energy provided. The kinetic energy of this excited Auger electron will match the

energy difference between its nal state and the initial energy of the relaxed electron[ 78]
and is given by:

KEauger = BEfina  BEnitiar s (31)

3.1.7 Resistivity measurement

The electrical resistivity of the thin Ims studied is a crucial property to understand and
improve them. Depending on the method employed, the axial or in-plane conductivity
can be roughly measured. Electrical resistivity is inversely associated with other semi-
conductor properties, such as carrier concentration and mobility, through the equation
[79]:

r=(Nem ! (32)

Where N is the total dopant concentration (atoms/ cnr), e is the electronic charge (C) and
mis the majority carrier mobility ( cm?/ (Vseq). Determining the thin Im's resistivity can
therefore provide useful information, not only about the charge carrier diffusion paths and
mechanisms, but also about the intrinsic properties of the semiconductor. Charge carrier
diffusion can take place both directly or with a combination of steps. One of the methods
to determine the thin Im resistivity is the two-point probe measurement. This method
allows for the axial resistivity measurement, accordingly to the charge carriers diffusion
path, while it is also suitable for highly resistive samples. The major disadvantage is the
fact that the contact resistance between the probe and the metal cannot be eliminated and
its resistance contributes to the measured total sample resistance. Nevertheless, a suitable
con guration should be employed in order to result in an Ohmic contact between the
metal and semiconductor in contact. During the measurement, the voltage drop and the
current are measured across the sample, resulting in the following equation to derive the
resistivity [80]:

VA
= — 33
Where V is the voltage drop across the sample (Volts), | is the current owing (A), A is the

cross sectional area of the sample €n?) and L refers to the thickness of the thin Im (cm).

3.1.8 Atomic force microscopy

Atomic force microscopy is similar to a scanning probe microscope in the sense that
a topographical image of the sample's surface can be illustrated. The images can be
obtained with atomic resolutions of 10 1 m. The operating principle is based on the
interactions between a tip and a sample surface. As soon as the tip, which is integrated to
the end of a spring cantilever, is brought close to the sample surface, interatomic potentials
are developed between the atoms of the surface and those of the tip. This results in
a movement of the cantilever due to the potentials applied, with which is possible to
map the sample surface based on the de ection measured [81]. The AFM imaging was
performed, on the different samples presented in this work, using a Bruker Dimension
Icon atomic force microscope. A Bruker SCANASY ST-AIR probe with a constant force of
0.4 N/m was used in the PeakForce Tapping mode to obtain these images.
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