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“Yes, my friends, I believe that water will someday be employed as fuel, that hydrogen and
oxygen, which constitute it, used singly or together, will furnish an inexhaustible source of
heat and light....

| believe, then, that when the deposits of coal are exhausted, we shall heat and warm

ourselves with water. Water will be the coal of the future.”

Jules Verne, The Mysterious Island, 1874




Abstract

Direct solar hydrogen generation (DSTH) is a promising method for renewable hydrogen
generation, where solar energy drives the generation of hydrogen and oxygen by molecular
dissociation of water on a catalytic or semiconductor surface. Despite an enormous amount of
work over the last few decades, DSTH has not yet been implemented on large scale due to low
efficiency and high costs. Techno-economic analysis of different solar hydrogen generation
systems has identified the solar-to-hydrogen conversion (STH) efficiency as an important
parameter for cost reduction. The US Department of Energy has set a target of 20% STH
efficiency by 2020, and an ultimate goal of 25% using low-cost materials to ensure the

economic viability of direct solar hydrogen generation for large scale hydrogen production.

This thesis investigates perovskite-silicon tandem photovoltaic (PV) and earth abundant
catalysts-based systems for low-cost, high efficiency direct solar hydrogen generation. The
thesis starts by developing a photoelectrochemical system based on perovskite PV and Si
photocathodes in a tandem configuration. We demonstrate a high-performance Si
photocathode, incorporating state-of-the-art charge selective passivation and earth abundant
catalysts, with an applied bias to photon efficiency (ABPE) of over 10%. Earth abundant
catalysts are fabricated by sputter deposition for direct integration with the silicon
photocathode. Using a physical deposition method allows catalyst fabrication to be integrated
easily with current PV manufacturing and allows the possibility of scaling up the system.
Charge selective passivation layers improve the Si photocathode performance by roughly 70%
compared to Si photocathode without any passivation, highlighting the importance of the
efficiency loss due to recombination at the Si/catalyst interface. An overall water splitting

efficiency of 17% is achieved for the photoelectrochemical system when combined with a
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previously reported Earth abundant OER catalyst and a wide bandgap perovskite solar cell in

tandem.

Next, we identify performance limitations and conceptualise practical device designs to
improve the STH efficiency towards 20%, by developing a new theoretical framework to
quantify and compare different loss mechanisms in PV based solar hydrogen generation
systems and evaluate the potential of different loss mitigation techniques to improve the solar
to hydrogen generation efficiency. Our analysis shows that the two largest losses in an ideal
system are energy lost as heat in the photovoltaic component, and current and voltage mismatch
between the PV and electrochemical (EC) components due to sub-optimal system
configuration. Two different loss mitigation techniques are considered: decoupling the PV and
EC system by introducing a power management unit, and thermal integration to improve the
water splitting reaction kinetics by utilizing the heat losses from the PV component to increase
the electrolyte temperature. Employing loss mitigation techniques targeting the two major
efficiency losses results in predicted STH efficiencies above 20% for realistic perovskite-
silicon tandem-based systems, without the need for further improvement of the photovoltaic
devices or catalyst. These results identify where best to target interventions to mitigate losses

and ensure maximum improvement in the performance.

Next, we develop a system with perovskite-Si tandem PV and Ni based earth abundant catalysts
with a record STH efficiency of 20%. The NiMo electrodes with a high density of NiMo active
sites are fabricated in a flower-stem morphology and exhibit an exceptional HER performance.
In addition, an improved perovskite top cell with a record open circuit voltage is achieved using

n-dodecylammonium bromide.
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Further analysis is performed to assess the potential for improvement in the STH efficiency.
Decoupling the PV and EC component of the system to allow optical configuration, would
improve the STH efficiency of the current system to 23% without any further improvement in
the components or materials. With Si solar cell performance already close to theoretical limits,
improving the perovskite solar cell offers the best opportunities of increasing the overall
tandem efficiency. Realistic enhancements in the performance of perovskite solar cell alone

could improve the STH efficiency to 25%.

A technoeconomic analysis is performed to assess the cost competitiveness of the developed
system. The levelized cost of hydrogen (LCOH) of the DSTH system is calculated as $4.1/Kg.
Combining this with projected cost reductions in the PV module and membrane costs could
further reduce the LCOH to $2.3/Kg, presenting a remarkable opportunity to realise cheap

renewable hydrogen.

The results of this thesis show that perovskite-silicon tandem based photoelectrochemical
systems have the potential to make large scale direct solar hydrogen generation a reality by
demonstrating STH efficiencies of 20% using all low-cost systems. Our work demonstrates
that 25% STH efficiency is achievable with further improvement in the perovskite solar cell
performance. In addition, we have developed a modelling approach capable of, identifying the
major limitations of DSTH systems under realistic operating conditions. In doing so we have
demonstrated the potential of different loss mitigation techniques to improve the STH
efficiency by improving system components and integration and introducing thermal
integration. This work will encourage dedicated research with a clear awareness of which
components to focus on, and how to improve system design, enabling progress towards

achieving the aim of low-cost, large scale solar hydrogen generation.
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Chapter 1

Introduction

1.1. Motivation

To limit global warming below 2 °C, green-house gas (GHG) emissions must be reduced by
around 25% below 2010 levels by 2030, and reach net zero by 2070 [1]. Energy related
emissions account for two-thirds of the global GHG emissions, highlighting the urgent need to
transition from fossil fuels to renewable energy sources. With the current trajectory, CO,
emission are projected to increase to 35 Gtonns/year by 2050 [2]. The Intergovernmental
Panel on Climate Change (IPCC) has indicated that current global policies can stabilise the
CO, emission but will not help with reducing it, resulting in the need for a profound
transformation from fossil-fuels to a renewable, low-carbon energy system [1]. According to
the International Renewable Energy Agency (IRENA), renewables and energy efficiency can
reduce the energy related CO, emission by up to 94% by 2050. Renewable energy and
electrification are expected to contribute 41% and 13% to reducing the emissions, respectively.
Further, the energy efficiency will contribute to 40% in CO, reduction. To achieve this,
renewable energy’s share in global energy consumption needs to increase from 18% today to

65% by 2050 [2].

Presently one-third of the CO, emission comes from energy intensive industry sectors, such

as iron, steel, cement, aluminium production and freight transport, which heavily depend on




fossil fuels without any economically viable alternative [3]. Total decarbonisation of these
sectors is difficult by means of electrification alone, emphasizing on the need of alternate
renewable fuels for rapid decarbonisation of energy use in transportation and industrial

processes.

1.2. Hydrogen as a promising fuel candidate

The high specific energy density of hydrogen allows its use as a feedstock in industry as well
as fuel, which makes it a suitable candidate for a carbon-free energy vector [4, 5]. Hydrogen is
an energy carrier like electricity and can be produced and stored in different ways depending
upon the end use. its flexibility in terms of production and storage has made it attractive for use

in a wide variety of applications.

1.2.1. Current hydrogen production and applications

Around 70 Mt of merchant hydrogen is currently produced every year, primarily for use in
industries such as refineries, ammonia, bulk chemicals, etc. Due to this, industry has well

established hydrogen production and handling techniques [6].

The current primary source of hydrogen production is steam methane reforming (SMR).
Around 76% of the required hydrogen demand is met from production through natural gas and
23% using coal. This translates to consumption of around 205 billion cubic metres of natural
gas and 107 metric tons of coal, 6% and 2% of global use, respectively. Each kilogram of

hydrogen produced from SMR results in ~10 kgs of CO,, [6].




GHG emission intensity of existing fossil fuel technologies can be reduced by coupling them
with carbon capture and storage technologies (CCS). Large quantities of CO, can be avoided
from being released in the atmosphere, by capturing it from stationary emitters, compressing
it, and injecting it underground at the depth of 1 km or more to be store in suitable rock
formations. A 60% efficient carbon capture system will still result in 4 kg of CO, per kg of
hydrogen, meaning that 70 Mt of hydrogen produced using SMR with CCS would still result
in 280 Mt of CO, emitted to the environment every year. These factors motivate the

development of renewable hydrogen generation techniques.

1.2.2. Future hydrogen applications

Recent years have seen increasing interest in hydrogen as an alternate energy source for
applications like transportation, energy storage etc. Fuel cell electric vehicles powered by
hydrogen are an attractive low carbon alternative to petrol/diesel powered vehicles. They can
be a preferable option for medium to heavy duty transport such as the freight sector where
battery powered vehicles are currently limited due to shorter range and longer refuelling times
[7]. Based on the current scale of production and use, it can still be termed as an application in

the development stage with a promising future.

Automobile companies and others have developed fuel cell cars and buses that are already
available commercially and concept designs for the future. Germany launched Cordia-iLint,
the world’s first fuel cell passenger train for commercial purposes in 2018 and is currently
expanding it at other places [8, 9]. Recently, airbus revealed three zero-emission commercial

aircraft designs relying on hydrogen fuel, which it hopes to enter in commercial operation by




2035 [10]. Increasing interest of industries and recent advancements shows promising future

towards developing hydrogen fuel cells-based vehicles.

Hydrogen also has the potential to be used as a substitute to natural gas for domestic power and
heating requirements. Already established gas pipelines can be modified for the purpose.
Another key advantage of the direct power to hydrogen conversion is the ease of storing
hydrogen on a large scale, which enables the system to manage the large variations in energy
demands as well as allowing for inter-seasonal storage to meet seasonal demand peaks. But

low roundtrip efficiency of ~47 % limits is use [11].

Critically, hydrogen could also provide us with a way to export renewable energy around the
world — from countries that have a lot of it — like Australia, to countries that do not have enough.
Hydrogen can be stored and exported at a relatively low cost compared to renewable electricity
export using high voltage lines. The large number of applications of hydrogen also provides

flexibility in terms of its use in the importing country [12].

However, hydrogen can only be used as an alternative fuel to drive decarbonisation if it is made

from renewable energy.

1.3. Renewable hydrogen generation

Electrolysis is an electrochemical process that splits water into hydrogen and oxygen, and as
such is potentially a CO, emission free process if produced using renewable electricity options

such as wind and/or solar. Figure 1.1 shows a schematic of renewable hydrogen generation




using renewable electricity and electrolysers, as well as possible end uses. One of the benefits
of hydrogen is, like renewable energy, it can be produced and used on-site in decentralised
systems or in a centralised electrolyser system powered by renewable electricity from grid, and

then compressed and transported.
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Figure 1.1: Schematic of renewable hydrogen generation using renewable electricity and

electrolyser and end use (individual small images- freepik.com)

Presently, less than 0.1% of hydrogen is produced by water electrolysis and is mostly used in

applications that require high purity hydrogen, due to its higher cost compared to SMR.

The levelized cost of hydrogen (LCOH) gives the net present cost of hydrogen for a plant over
its lifetime. It is an important measure which allows us to assess the scalability and compared

different hydrogen production technologies. It is the ratio of the sum of the discounted capital




and maintenance costs over the amount of total hydrogen produced over a lifetime and is given

by

n  O&M

LCOH = Capital cost + = )’ (1.1)

H, production
=0 (1+n)t

Where, n is the plant lifetime, O&M is the operation and maintenance cost, r is the discount

rate and t is the year.

According to the IRENA report, assuming a realistic electrolyser capital expense of USD
840/kW, the present LCOH for renewable hydrogen is $4.6/Kg ($ is in USD), using the average
cost of wind power with a capacity factor of 46%, and $6.9/kg using the average cost of solar
PV power with a capacity factor of 26%. This is much higher than the LCOH for SMR with
CCS, ~1.5-$2/Kg [13]. In order for renewable hydrogen generation to be competitive to current
fossil fuel-based technologies, further cost reduction is required. Reduction in cost not only
requires low-cost renewable electricity for longer durations, but also reduction in electrolyser
costs up to 200 USD/kKW. The US Department of Energy (DOE), has set LCOH target of 2.3
and $2/kg for distributed and centralised electrolysis system [14]. The Australian government
has also set a ‘stretch goal” of $2/Kg in the low emissions technology roadmap [15]. Current

production costs are much higher than that.

1.4. Direct solar hydrogen generation

Direct solar hydrogen generation (DSHG) is a promising method for renewable hydrogen

generation, where solar energy drives the generation of hydrogen and oxygen by molecular




dissociation of water on a catalytic/semiconductor surface [16]. This eliminates the need for
separate power generation and electrolyser systems, as well as complex power infrastructure
and additional balance of system (BoS), reducing the capital cost and potentially lowering the
LCOH. Technoeconomic analysis of different solar hydrogen generation systems has identified
solar to hydrogen (STH) efficiency as an important parameter for cost reduction [17]. The US
DOE has also set a target STH efficiency of 20% by 2020 to attain economic viability of large-

scale solar hydrogen production [18].

Solar hydrogen generation systems involve one or more semiconductor components that are
either directly integrated with the catalysts or via wires. These systems generate hydrogen by

following three major steps, as shown in figure 1.2.

1. The reaction is first initiated by photon absorption in the semiconductor, which generates
numerous electron-hole pairs and generates a photovoltage sufficient to drive the water
splitting reaction .

2. Those charge carriers then migrate from semiconductor to the surface of the catalysts
active sites.

3. Finally, the photo-generated electrons reduce water to form hydrogen, and the holes oxidize

water molecules to give oxygen, where the charge transfer occurs through the electrolyte.
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Figure 1.2: Solar water splitting process schematic

The minimum therodynamic potential requirement to drive the water splitting reaction is 1.23V
under normal pressure and temperature, but overpotential losses in the photovoltaic (PV) and

catalyst system increase the potential requirements to 1.6-2 V [16, 19, 20].

1.4.1. System design/pathways for direct solar hydrogen generation

Different techniques can be applied for DSHG via water splitting and can be broadly classified
into two categories: Photochemical system (PC) and, photoelectrochemical system (PEC) as

shown in figure 1.3.
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Figure 1.3: Different solar hydrogen generation systems (a) a photochemical system (PC), (b-
d) different configurations of photoelectrochemical systems (PEC). The semiconductor is
represented in blue, while the hydrogen evolution reaction (HER) and oxygen evolution

reaction (OER) catalysts are represented by orange and grey, respectively.

The PC approach uses semiconductor-based photocatalytic particles embedded in the
electrolytic solution for direct solar hydrogen generation (figure 1.3 (a)). Though a simple
system, it suffers from the following drawbacks, limiting its use for large scale solar water

splitting.

Firstly, additional high-cost equipment is required to immediately separate the hydrogen and
oxygen gas to avoid any back reactions. This increases the capital cost of the system, thus
affecting the LCOH. It is important to make sure that there is minimum contamination and

obtained gases have high purity.




Secondly, hydrogen production from this approach suffers from very low STH efficiency
compared to other methods, typically an order of magnitude lower (<1%). Semiconductor
particles of bandgap more than 2 eV are required to achieve unassisted solar water splitting,
reducing the theoretically limiting STH efficiency to below 20% (figure 1.4 (a)). Further
unavoidable losses in the photocatalytic component and overpotential losses associated with

the reaction reduce the practically achievable efficiency to below 10%.

The disadvantages above severely limit the potential of PC system for low-cost and large-scale
hydrogen generation. PEC systems are another possible approach for solar hydrogen generation
with the potential to offer high efficiency. A simple PEC system consists of one or more
semiconductors in a photovoltaic and/or a photoelectrode configuration integrated directly with
a catalyst or connected via wires to the electrodes. Figure 1.3 (b) shows a PV-EC configuration
where a photovoltaic cell is placed outside the electrolyte and connected to the electrodes
supporting the catalysts via wires. Figure 1.3 (c) shows another configuration where the HER
catalyst is directly integrated with a semiconductor photoelectrode and connected to a counter
electrode via wires. A monolithic PEC system or artificial leaf system has both the HER and
OER catalysts directly integrated with the semiconductor, resulting in a single device for
overall water splitting as shown in figure 1.3 (d). Different configurations of PEC approach are

discussed in detail in Chapter 2 section 2.4.

Unlike standard PV-electrolysis which employs electrolysers powered by photovoltaic panels
connected together with external power management, a PEC system combines the solar energy
conversion and electrochemical water splitting directly in a single system [21, 22]. The PEC

approach eliminates the need for separate power generation and electrolyser systems, as well
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as complex power infrastructure and additional BoS, reducing the capital costs. High STH

efficiency also results in cost reduction [18], making PEC a promising approach for low-cost

large scale solar hydrogen generation.

1.4.2. Photoelectrochemical hydrogen generation system

For the ideal water splitting reaction without any losses, a voltage of 1.23 V is required to split

water into hydrogen and oxygen. However, unavoidable overpotential losses associated with

the reaction itself increase the potential requirements to 1.6-2 V.
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Figure 1.4: Calculated (a) STH efficiency for a single PV cell and catalyst system without
(blue) and with (red) the catalytic overpotential losses as a function of semiconductor bandgap
(Eg). STH efficiency (nsry) for tandem PV cells in two-terminal configuration without (b) and
with (c) the catalytic overpotential losses as a function of top (Top Ey) and bottom (Bottom E,)
semiconductor bandgap. In both the cases ideal PV system without any losses is considered.

STH efficiency is calculated using standard solar spectrum (AM1.5G). (Details of the

calculations are given in Chapter 2)
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In PEC systems, the potential to drive the water splitting reaction is provided by the solar
cells/photoelectrodes. The maximum open circuit potential of the solar cell depends upon the
semiconductor bandgap. The ideal STH efficiency of a PEC system can be calculated following

the detailed balance approach and will be discussed in Chapter 2.

Figure 1.4 (a) shows comparison of STH efficiency for a single PV cell and catalyst system
without (blue) and with (red) taking into account the catalytic overpotential losses as a function
of semiconductor bandgap. The standard solar spectrum (AM1.5G) is used as the input
spectrum, and realistic catalytic overpotential losses are considered, typical of high-
performance platinum and iridium-ruthenium catalysts, similar to previously reported work
[23]. The thermodynamic limiting STH efficiency for a solar hydrogen generation system using
a single semiconductor absorber with optimum bandgap of more than 1.50 eV is close to 30%
(blue line). However, when considering overpotential losses in the catalytic system, a bandgap
of more than 2 eV is required to achieve unassisted solar water splitting, considerably reducing
the maximum STH efficiency to ~17% (red line). Considering further unavoidable losses in
the PV components in realistic systems reduces the practically achievable efficiency of systems
based on single PV components to 10-15% [19, 23, 24]. As discussed above, a single bandgap
semiconductor with bandgap more than 2 eV are required to provide sufficient potential for
water splitting reaction. Such high bandgap restricts the amount of solar spectrum that can be

absorbed by the semiconductor, limiting the maximum STH efficiency.

Various wide bandgap semiconductors like TiO, (3.2 eV), W05 (2.6 eV), Fe, 05 (2.2 eV) have

been extensively studied for unassisted solar hydrogen generation, but their performance is
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limited due to restricted absorption (high bandgap), low conductivity, short diffusion length

and high overpotentials [25-28].

Low bandgap PV components can also be connected in series to provide sufficient
overpotential for unassisted water splitting reaction. Various devices with series connected
photovoltaic cells/photoelectrode were reported with efficiency higher than 10%. For example,
Luo et al. reported an STH efficiency of 12.3% using bifunctional NiFe catalysts and two
series-connected perovskite solar cells[29]; while 13.1% STH efficiency was achieved using
GaAs photoelectrodes.[30] Schuttauf et al. reported 14.2% STH efficiency using three series-
connected bifacial Si heterojunction cells paired with Ni-based catalysts [31]. Series connected
systems offer the opportunity to use efficient low bandgap semiconductors to provide sufficient
potential for water splitting reaction. But connecting semiconductors in series reduces the
operating current density in proportion to number of series connected cells, limiting the

maximum STH efficiency of series connected systems [32].

1.4.3. Photoelectrochemical hydrogen generation systems using tandem solar

cells

One way to improve the efficiency is to integrate two semiconductor absorbers with
complementary bandgaps in a tandem configuration, to provide sufficient potential to drive the
electrochemical water splitting reaction. Tandem configurations using a high bandgap top cell
and a low bandgap bottom cell allows more utilisation of the solar spectrum compared to a
single bandgap semiconductor [15, 25]. Considering the example of the PV system, the

thermodynamic efficiency improves to 40% for two terminal (2-T) tandem cell for an optimum
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bandgap combination, compared to around 30% for a single bandgap semiconductor PV [21,

33].

Figure 1.4 (b,c) shows limiting STH efficiencies, without (b) and with (c) catalytic
overpotential losses, for a 2-T tandem based system as a function of top and bottom cell
bandgap. The same catalytic overpotential losses are considered as in figure 1.4 (a) [23]. The
maximum STH efficiency for a 2-T tandem PV based system is 40%, for a top and bottom
bandgap combination of 1.4 and 0.5 eV, highlighted by black square in figure 1.4 (b). However,
such low bandgap bottom cells suffer from poor material quality and hence low performance.
Restricting the choice of bottom bandgap to the range 0.9-1.4 eV, reduces the possible bandgap
combinations that achieve STH efficiencies above 30% to a narrow region and requires top

bandgaps in the range 1-2.5 eV.

Once again, catalytic overpotential losses increase the voltage requirement to drive the water
splitting reaction, reducing the realistically achievable efficiencies to 32% (figure 1.4 (c)).
However, it is still possible to achieve the 25% STH target set by US-DOE for DSHG to be

cost competitive for large scale hydrogen generation.

There have been many experimental demonstrations based on tandem based systems aiming to
achieve low cost, high efficiency direct solar hydrogen generation. Various oxide-based
semiconductors such as Fe,05 (2.2 eV) [34, 35], BiVO0, (2.4-2.5 eV) [36, 37], have been
explored as photoelectrodes for tandem PEC configuration, coupled with another low bandgap
photoelectrodes. Non-ideal bandgap combinations have limited the STH efficiency of these

systems. In order to improve the STH efficiency, tandem configurations with photoelectrode

14



and a PV cell combination have also been explored. A BiV0, photoanode was combined with
perovskite PV cell achieving an STH efficiency of 4.3% [38]. Similarly, Park et. al. developed
a PV/PEC tandem device with W05 /BiV 0, heterojunction photoanodes combined with a dye-
sensitised solar cell, realizing an STH efficiency of up to 7.1% [39] [40]. These materials are
cheap and easy to fabricate, and a potentially low-cost option for solar hydrogen generation.
However, the bandgap combinations available, and losses in the PV and catalytic components

limit the STH efficiency of such systems to less than 10% (figure 1.4 (b, c)).

Tandem PV cells based on high cost 111-V semiconductors have long been explored to achieve
high efficiency solar water splitting. Their favourable bandgap combinations and high PV
efficiencies makes them promising candidates to achieve high STH efficiency. Khaselev and
Turner reported a I11-V tandem PV components-based PEC system for the first time in 1998,
achieving 12.4% STH efficiency with a GalnP top cell and GaAs bottom cell [41].
Improvements in material growth techniques resulted in STH efficiencies of 16.2% for
GalnP/GalnAs tandem structures. Further improvement in the material quality and surface
passivation resulted in record STH efficiencies of 19.3% under 1 sun illumination for a

monolithic PEC system [42].

Directly coupled I11-V tandem PV-electrolyser systems under concentrated irradiation have
also been used for solar hydrogen generation. Peharz et.al. reported a STH efficiency of 12.8%,
under 500 suns for a GalnP/GalnAs tandem based PV system [43]. A record STH efficiency
over 30% was achieved with a GalnP/GaAs/GalnNAsSb cell and 2 series connected

electrolysers under 42 suns [44].
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Regardless of the impressive STH efficiencies reported in literature, the use of expensive
semiconductors and/or noble-metal catalysts will likely reduce their economic viability for

large scale solar hydrogen generation [17, 45].

As discussed above, oxide-based semiconductors are cheap and easy to fabricate but suffer
from STH efficiencies below 10%, whereas 111-V based systems that have demonstrated
experimental STH efficiencies of more than 19% under 1 sun are too expensive for large scale
implementation. Large scale solar hydrogen generation requires low-cost alternatives that can

simultaneously provide higher efficiencies.

1.5. Perovskite-silicon tandems-based photoelectrochemical system for low-cost,

high-efficiency direct solar hydrogen generation

Silicon (Si) solar cells dominate the PV market, with close to 95% of total PV installations are
currently based on Si technologies [46]. With record Si solar cell efficiencies already close to
theoretically achievable efficiency limits [47], the PV community is looking into Si-based

tandems as a viable option for increasing the efficiency above 30% [48, 49].

Properties like bandgap tunability, high absorption coefficient and low sub-bandgap absorption
coefficient make perovskite solar cells based on organic-inorganic halides a favourable top cell
for Si based tandem solar cells [49-52]. Moreover, the abundant availability of constituent
elements and low-cost solution-based processing, suggests that production cost could be low

at large scale [53-55]. The first report of perovskite solar cells was published in 2009, with the
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power conversion efficiency (PCE) of 3.8% [56]. This efficiency rose rapidly over the years,

with the current record PCE of 25.5 % [57].

With the potential to use perovskite as top cells in combination with Si in tandem
configurations, efforts have also been devoted to developing semi-transparent high bandgap
perovskite cells. In 2014, Bailie et. al. reported a semitransparent perovskite solar cell and
mechanically stacked perovskite-silicon tandem solar cell with 17% PCE [58]. Subsequently
they reported the first monolithic perovskite/Si tandem solar cell with PCE of 13.7% [59].
Increasing research interest in perovskite-silicon tandems has led to rapid improvements in the
efficiency, with a current record PCE of 29.52% PCE [60] for monolithic tandems and 27.7
and 30.5% for mechanically stacked tandems using interdigitated back contact (IBC) and

bifacial type of Si bottom cells respectively [61, 62].

The International Technology Roadmap for Photovoltaics predicts that perovskite-Si tandem
solar cells will be in mass production as early as 2021, paving the way for low cost, high
efficiency tandem cells in the near future [63]. The high efficiency and commercial dominance
of Si-based tandems can be leveraged for large scale implementation of commercial PV-based

solar hydrogen generation.
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Figure 1.5: (a) Absorption spectrum of tandem PV cell with bottom Si cell (b) Thermodynamic
STH efficiency (nsry) of solar hydrogen generation system with two-terminal tandem
configuration with bottom Si cell, as a function of top cell bandgap. Ideal STH efficiency is
calculated using standard (AM1.5G) solar spectrum, and catalytic system with no overpotential

losses. (Details of calculations are discussed in Chapter 2)

Figure 1.5 (b) shows the thermodynamic STH efficiency (nsty) of tandem PV based systems
with bottom Si cell, as a function of top PV bandgap. Thermodynamic STH efficiency greater
than 25% is possible for top PV cell with bandgap in the range of 1.6-1.8 eV. Perovskite-Si
tandem PV cell offers promising opportunity to achieve high STH efficiency and low-cost large
scale hydrogen production. Recent efficiency improvements in perovskite-Si tandem PV cells
and increasing research towards further improvement in efficiency and stability can be directly
leveraged for large scale solar hydrogen generation. In particular, thermodynamic limiting
efficiency of more than 25%, opens up realistic possibilities to achieve DOE targets for PEC

solar hydrogen generation using low-cost systems [18].
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Recent advances in the development of low-cost, DSHG systems using the perovskite-Si
tandem PV have shown promising STH efficiencies approaching 18% on the lab-scale [64-67].
However, despite good progress, further advances are required to achieve STH efficiencies

above 20% with low-cost materials.

1.6. Earth abundant catalysts for photoelectrochemical hydrogen generation

The best-known water splitting electrocatalysts for OER and HER are the noble metal-based
catalysts, such as Ir/Ru for OER and Pt for HER [68]. However, scarcity and high cost of the
noble metals contributes to increasing the overall hydrogen production costs from the solar
water splitting [69]. Replacing these materials with earth abundant catalysts is one of many
ways to reduce the production costs and make the system more feasible for industrial scale
implementation. The development of low-cost, earth-abundant metal-based electrocatalysts
with similar performances to the noble metals is critical to increasing the overall STH

efficiency, thereby reducing the LCOH.

The first-row transition metals, such as Ni, Fe, Co, have shown promising OER and HER
performance [70-78]. Alloying 3-d transition metals has been known to further improve their
electrocatalytic activity, superior to the individual activities of pure metals. Nickel alloyed with
other metals has received extensive attention due to their excellent OER/HER activities and
stability under harsh alkaline conditions [71-73, 75, 76]. Although earth abundant catalysts
have shown promise, their performance and operational stability need to be further improved

in order to match with PV cells and construct robust, high efficiency DSHG systems.
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1.7. Thesis outline

This thesis aims to develop perovskite-Si tandem PV/photocathode devices and earth abundant
catalysts for low cost, high efficiency unassisted solar hydrogen generation systems. We focus
on developing both the photovoltaic and catalytic components, as well as optimum
configuration strategies, for overall improvement in the STH performance. Apart from
experimentally investigating these systems, this thesis also advances understanding of the
fundamental limitations in these systems and proposes methods to overcome them to improve

the STH efficiency.

In Chapter 2, we will work towards establishing an understanding of various physical processes
occurring in solar hydrogen generation system. We further describe theoretical models to

analyse ideal and realistic solar hydrogen generation systems.

In Chapter 3, we discuss the design strategies for Si photocathode. We introduce the
experimental methods and fabrication techniques, used in Chapter 4 and 6 to experimentally
demonstrate high efficiency perovskite-Si tandem and earth abundant catalysts based solar

hydrogen generation systems.

In Chapter 4, we develop a high efficiency Si photocathode with charge selective passivation
layer integrated with earth abundant catalysts for hydrogen evolution reaction. Sputter based
earth abundant catalysts are developed for direct integration with the silicon photocathode.
Using a physical deposition method allows catalyst fabrication to be integrated easily with PV

fabrication and allows the possibility of scaling up the manufacture of the system. An overall
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water splitting efficiency of 17% is achieved for a PEC system when combined with earth

abundant OER catalyst and perovskite solar cell in PV-PEC configuration.

In Chapter 5, we introduce a new theoretical approach to quantify the losses in PV-based solar
hydrogen generation systems and assess the potential of loss mitigation techniques to improve
the STH efficiency. We develop a temperature-dependent system model to evaluate the relative
potential of two techniques to mitigate these losses: decoupling the PV system; and thermal
integration. We show that optimal system configuration strategies provide more than three
times the STH efficiency increase of thermal integration at high operating temperatures.
Combining both techniques results in predicted STH efficiencies approaching 20% for low-
cost perovskite-Si tandem-based systems with earth abundant catalysts at realistic working

temperatures.

In Chapter 6, we demonstrate a low-cost material system consisting of perovskite/Si tandem
semiconductors and Ni-based earth-abundant catalysts for direct solar hydrogen generation.
We achieve a record 20% STH efficiency for a PEC system in PV-EC configuration. In
addition, we have assessed the potential for further improvement in STH efficiency. We
analyse the improvements in STH efficiency by employing loss mitigation technique of
decoupling proposed in Chapter 5. Further improvements in the perovskite cell are considered
as a function of different loss parameters and resultant improvement in PCE and STH
efficiency is studied. A technoeconomic analysis is performed to calculate the current and
future levelized cost of hydrogen and assess the cost competitiveness of direct solar hydrogen

generation for large scale hydrogen generation.

21



In Chapter 7, we summarise the main findings and analysis from the thesis and discuss the

future research pathways towards realising the goal of large-scale solar hydrogen generation.
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Chapter 2

The Theory of Solar Hydrogen Generation

2.1. Introduction

In this Chapter, we will work towards establishing an understanding of various physical
processes occurring in solar water splitting systems. A PEC system for direct solar hydrogen
generation can be divided into two main parts defined by their role in the hydrogen generation
process: the PV components responsible for the conversion of light to electrical energy; and
the electrochemical (EC) components which mediate the conversion of electrical energy to
chemical energy. We start by discussing the theory of the water splitting reaction in section
2.2. In section 2.3 we discuss solar hydrogen generation systems models, various approaches
mentioned in the literature and their limitations. We then describe a solar hydrogen generation
model to calculate limiting and realistic efficiencies. Section 2.4 covers different configurations

and their impact on system performance.

2.2. Theory of the water splitting reaction

Water splitting is a chemical reaction where hydrogen and oxygen is produced by molecular
dissociation of water on a catalytic/semiconductor surface [16]. The overall water splitting

reaction in an alkaline electrolyte can be written as

4H,0 + 4e~ = 2H, + 40H™ ES,, = —0.828V (2.1)
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40H™ + 4h* = 2H,0 + 0, EJ, = —0.401V (2.2)

E°,;and EJ, are the reduction and oxidation potentials respectively. For an acidic
environment, the appropriate reactions can be obtained by subtracting or adding the

dissociation reaction of water into protons and hydroxyl ions:

4H* + 4e~ = 2H, El,; = +0.000V (2.3)

2H,0 + 4h*t = 4H* + 0, Ej, = —1.23V (2.4)

As discussed in Chapter 1, section 1.4, in the absence of any overpotential losses, the water
splitting reaction requires a minimum thermodynamic potential of 1.23 V for the reaction to
proceed at room temperature. But in realistic operating conditions, the electrochemical reaction
has some additional losses. Additional potential is required to overcome the activation energy
barrier and drive the reaction at a desired rate, and results in irreversible activation
overpotential losses in the system. Ohmic overpotential losses can also occur due to resistance
to the flow of charge in the electrode and electrolyte solution. These overpotential losses

increase the potential requirements to 1.6-2 V [16, 19, 20].

An electrochemical system for water splitting consists of series connected hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) electrocatalysts, seperated by an ion-
conducting electrolyte and a power source. For a standalone water-splitting system, the voltage

required to overcome the reaction potential and additional losses is given by [79]:
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VinU, T) =2 Esru(T) + VogrU, T) + Vypr(J, T) + V. (J, T) (2.9)

where Egry is the electrochemical reaction potential which defines the minimum potential
required to drive the water-splitting reaction (at a specific temperature, T, and pressure
condition); Vyer(J,T) and Vygr(J, T) are the temperature-dependent activation overpotential
losses during the OER and HER respectively; and V,(J, T) is the resistive voltage loss due to

charge transport through the electrolyte.

The minimum electrochemical reaction potential Esry, is calculated using the Nernst equation.

The Nernst equation provides a relationship between the potential of an electrochemical
reaction and the standard reaction potential, and can be used to calculate the potential of an

electrochemical reaction under non-standard conditions:

0.5
Esry = Eo + o= In[-22202) ] (2.6)

PH20

where R is the gas constant, T is the operating temperature, n is number of charges involved in

the reaction and F is Faraday’s coefficient, Py,, Pp,and Py, are partial pressures of hydrogen,

oxygen, and water, respectively. The reaction potential under standard conditions, (temperature

and pressure) E,, is determined by the change in the Gibbs free energy, 4G, as[80]

E, = 46 2.7)
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Both the Gibbs free energy and reaction potential in the electrochemical system are sensitive
to the operating temperature. The change in Gibbs free energy of the reaction is due to the

change in enthalpy, AHY,,,, and entropy, AS?,,,, of the reaction with temperature [80, 81]
AGY,, = AHS,,, — T % ASY,, = AHO(T,) + f;; ACo(T)AT — T f;; ac, < (2.8)

where AH°(T,) is the enthalpy change at reference temperature, T, (298 K), and C,, is the heat

capacity at constant pressure. The values above can be calculated by established methods using

semi empirical polynomial equations [16]:

T t? t3 t*  AE
fToACP(T)dT = AAt +AB—+ AC S + AD - — —+ AF — AH(Ty) (2.9)
2 3
Jp Cp= = AAlnt + ABt + ACS+ AD S — 22 + AF (2.10)

where t = T /1000, T is the operating temperature in kelvin.

Any additional overpotential required to overcome the activation energy barrier for the reaction
to proceed is calculated by the temperature dependent Butler-VVolmer equation. Butler-Volmer
equations gives the relation between current density at an electrode and the activation

overpotential. It is given mathematically as [80, 82-84]

Vact = VHER + VOER == r Sinh_l ( / )+Sinh_1 (4)] (211)

nF [ 2Jp,anode 2]g,cathode
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where, Jo anode, and, J, cathode, are the exchange current density at the anode and cathode,
respectively. The exchange current densities for the anode, /o anode, and, cathode, J, cathode,

is the rate of oxidation and reduction respectively, and are calculated as

_ Pﬂ PHy0 _ Eacta
Joanode =y, ( e ) (_Po ) exp ( ~ar ) (2.12)
1
Jo.cathode = yc(%ﬁexp (— ke (2.13)

where P, is the reference pressure, y, and 7y, are the pre-exponential factors and E,.. ,and
Eqcc . are the activation energies of the anode and cathode respectively [80, 83]. A large
exchange current density signifies fast reaction kinetics and electron transfer at the electrode
and vice-versa [16]. The electrochemical system is modelled based on Nernst and Butler-
Volmer equations which predict the behaviour of catalysts over a range of operating conditions.
In the next section, we will describe the solar hydrogen generation system model based on
detailed balance approach to calculate thermodynamic limiting STH efficiency and realistic

efficiencies based on previous approaches.

2.3. Modelling photoelectrochemical system for direct solar hydrogen generation

Developing a theoretical model for solar water splitting, including all the critical
photoelectrochemical processes, provides an opportunity to understand optimal material
combinations, different design considerations, operating conditions, and allow for a

quantitative understanding of the system performance.
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In 1977, Ross and Hsaio calculated the efficiency limits of photoelectrochemical solar energy
conversion based on Shockley and Quiesser’s ‘detailed balance limit’ for the efficiency of p-n
junction photovoltaic devices [33]. For a photoelectrochemical system operating under 1 sun
at 20 °C they calculated thermodynamic efficiency limit of 29% for single absorber and 41%
for a tandem system with two absorbers of optimised bandgaps [85]. Several authors have since
developed similar frameworks to identify optimum bandgap combinations for tandem systems
[19, 23, 85, 86]. In particular, Fountaine et. al. used analytical equations to develop a
photoelectrochemical water splitting device model to calculate the limiting and realistic
efficiencies for single and dual tandem absorbers [23]. Other works have demonstrated the
importance of considering the effect of different electrical and optical configurations in tandem
based systems [32, 87-89]. The operating parameters of the system has also been shown to be
an important parameter [90, 91]. In general, these studies have tended to focus on a single
aspect of the system design for example, choice of material, operating parameters, or device

configuration.

Despite the importance of the studies discussed above, there is still a lack of understanding of
the relative importance of different loss mechanisms for solar hydrogen generation systems.
Loss mitigation techniques can be employed at different levels in the system to improve the
STH efficiency, but generally add complexity and cost to the system. It is necessary to ensure
that the most effective loss mitigation techniques are employed, however there have been no
studies that systematically compare their potential to increase the performance. In Chapter 5
we perform a quantitative analysis of different losses in a PEC system for DSHG. We further
assess the relative improvement in efficiency for different loss mitigation techniques. The

literature on modelling the PEC systems will be reviewed critically in Chapter 5. In the next
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section, we will use thermodynamic efficiency models to calculate the limiting efficiencies of

PEC hydrogen generation systems.

2.3.1. Thermodynamic efficiency limits for direct solar hydrogen generation

We use the detailed balance approach to calculate the absolute limiting efficiencies of single
and dual tandem junction PV based direct solar hydrogen generation devices [21, 23]. The total

input solar irradiation incident on the PV component is calculated as

Pip = fOOO E - ¢(E Ts.2s01ar) dE, (2.14)

using Planck’s equation to calculate the incoming photon flux from a black body as

20 E?

Q(ET Q) =

(2.15)

The incoming photon flux is a function of photon energy, E, solid angle, 2, and temperature,
T.Here c = 3 X 108 ms™1, is the speed of light, h = 6.63 X 10734Js, is the Planck’s constant
and k = 1.38 x 10723JK 1, is the Boltzmann constant. To calculate the incident solar flux we
take, 5010 = 6 X 1075 as the angular diameter of Sun as viewed from the Earth and T, =

6000 K is the temperature of Sun.

For STH efficiency calculations in Chapter 1, and realistic cases discussed in Chapter 5 and 6

AM1.5G solar spectrum is used as incoming solar irradiation and is given as
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Py = [, AM1.5G(E)dE (2.16)

In an ideal PV component, all the incoming photons exceeding the semiconductor bandgap

energy E; are absorbed and contribute to the photocurrent as
Ju = afy, SETs Qsorar)dE, (217)

where q is the elementary charge. The cell emits photons due to radiative recombination which

results in the recombination current given as
Jraa = q Jy, B(ETpy, Demie) dE, (218)

where Tpy = 300 K and Q,,,;; = m, are the temperature and the solid angle of emission of the

PV component. The current density-dependent photovoltage of the ideal PV cell is then given

by

_ KTey o (1)
Vey == n ( +1). (2.19)

Jrad

The maximum power point (MPP) of the PV cell is defined as

MPP = max Vev (1], (2.20)

which gives the PCE of the PV cell as
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MPP

Mpce = 5 —- (2.21)
Figure 2.1 shows the current density-voltage (J-V) curve of Si PV cell (red), semi-transparent
top PV cell with bandgap 1.72 eV (blue) and Si as a bottom cell under top cell (dashed red)

calculated using detailed balance approach discussed above.
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Figure 2.1: 1-V curve of Si PV cell (red), top PV cell with bandgap 1.72 eV (blue) and Si as a

bottom cell under top cell (dashed red).

To achieve unassisted water splitting the voltage supplied by the PV component should be
enough to overcome reaction potential and additional losses as given in equation (2.5) and

restated below,

VinU,T) = Esry(T) + Vopr(, T) + Vygr(,T) + V. (J, T)
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The STH efficiency, is defined by the fixed thermodynamic potential requirements of the
water-splitting reaction (1.23 V) and is then given as

Jop E
Nsry =~ (2.22)

where, ,p,, is the operating current, 7, is the faradic efficiency, assumed to be unity

The method above was employed to calculate the STH efficiencies as described in Chapter 1.
Figure 1.4 details the limiting STH efficiency for a single and two terminal tandem PV and
catalyst based solar to hydrogen generation system as a function of the semiconductor
bandgaps. The results demonstrate that employing two semiconductors with complementary

bandgaps in 2-T tandem configuration can improve the limiting STH efficiency to 40%.

2.3.2. Realistic direct solar hydrogen generation systems

The thermodynamic efficiency calculations are useful in understanding the absolute efficiency
limits. However, these calculations give upper bound values of efficiencies and practical

systems achieve much lower efficiencies due to inevitable system losses.

Given the dependence of STH on the voltage and overpotential losses, it is important to
understand the difference between ideal and realistic efficiencies. As discussed in section 2.2,
the electrochemical system suffers from overpotential losses which affect the voltage
requirements for water splitting reaction. The PV components suffer from non-ideal diode

characteristics which affect its photovoltage and photocurrent output.
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Several authors have calculated realistic PV and STH efficiency by including the non-ideality
factors associated with photovoltaic and catalytic components, which provides a better

approximation of practically achievable device efficiencies.

Fountaine introduced five different loss parameters to calculate realistic efficiencies:
semiconductor absorption fraction, semiconductor external radiative efficiency, series
resistance, shunt resistance and catalytic exchange current density. These parameters directly
affect light absorption, charge transport and catalysis [23]. This work provided a framework
to analyse previously reported limiting efficiencies and parameters limiting the device
performance. In Chapter 5 we expand on this work to take into account temperature

dependence and different loss mitigation techniques.

2.4. Different configurations of photoelectrochemical system for direct solar hydrogen

generation

A wide variety of configurations have been reported in literature for PEC systems. Jacobsson,
in their work, established that all these different configurations are essentially equivalent as
they follow same fundamental physical process regardless of the system configuration [88].
Although the physical design of different systems is considerably different based on how the
semiconductor, catalyst and electrolyte are integrated, the solar to hydrogen conversion process
in all the systems follow same underlying physics. The solar energy is converted to electrical
energy by the photovoltaic effect and then the electrical energy is converted into chemical
energy. Beck further developed a framework to rationally compare the performance of different

configurations and optimise the system performance [21].
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This thesis will discuss a range of different configurations for PEC systems, and it is instructive
to include an overview here. In this section we will summarise the different configurations

reported in literature and compare them based on the framework developed by Beck [21].

In a coupled PEC system, the two PV cells are connected in series with each other in 2-T
configuration and with the EC components through wire or an interface, such that the same

operating current (J,,) is flowing through all the components (Figure 2.2).
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Figure 2.2: (a-c) Schematic and (d) equivalent circuit of coupled configuration. Top PV cell

is represented by blue, bottom PV cell by red, HER by orange and OER by grey colour.

For a coupled PV-EC configuration the tandem PV cell is connected to the EC components via
wires as shown in figure 2.2 (a). A monolithic PEC configuration (also known as artificial leaf
system) is also in the coupled configuration, where the catalyst is directly integrated on the PV
cells, but still connected in series with same current flowing through all the components (figure

2.2(b)). In the intermediate PV-PEC configuration a photoelectrode is directly integrated to a
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catalyst and additional PV cell is connected externally via wires (figure 2.2(c)). All the above
three systems are essentially equivalent as they can be represented by the same equivalent

circuit (figure 2.2 (d)).

It is possible to decouple the EC and PV components by connecting the tandem PV cell to a
power management unit (PMU), which in turn is wired to the EC components, as shown in

figure 2.3 (a)) [21].
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Figure 2.3: (a) Schematic and (b) equivalent circuit of decoupled configuration. Top PV cell

is represented by blue, bottom PV cell by red, HER by orange and OER by grey colour.

The two PV components are connected independently to the PMU (known as a four-terminal
(4-T) configuration). The PV cells can then be operated at their respective maximum power
points (MPP) while the PMU optimises the current and voltage provided to the EC components.
This can be represented by an equivalent circuit in figure 2.3(b). The resultant voltage for

different system configurations can be summarized as
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Coupled: Vi (]op) = VPV,l(]op) + Vov,2Uop)

MPP; +MPP,

4-T PV decoupled system: V;y (J,p) =

Jop

where MPP; and MPP, are maximum power operating points of the top and bottom PV cells.
Optimising the system configuration can improve the STH efficiency. Decoupling the system
eases the requirements for bandgap combinations to achieve high STH efficiency. Decoupled
systems also have the potential to achieve higher STH efficiency compared to coupled systems
for identical PV materials and catalysts[21]. But they require more complicated wiring and a
power management unit, which will add to complexity and cost. We will discuss methods to

increase STH efficiency in detail in Chapter 5.

2.5. Conclusion

To summarise, the PEC system can be divided into PV and EC components, based on their
roles in the hydrogen generation process. The minimum thermodynamic potential required for
water splitting reaction is 1.23 V but overpotential losses increase the potential requirements
to 1.6-2 V. To achieve unassisted solar hydrogen generation, the PV component is required to
provide enough potential to overcome minimum thermodynamic potential and additional

overpotential losses.

We describe the model to calculate thermodynamic and realistic efficiency limits of direct solar
hydrogen generation system. The thermodynamic efficiency calculations are useful in

understanding the absolute efficiency limits, but these calculations give upper bound values of
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efficiencies. Realistic efficiency calculations are important to understand the practically
achievable limits and inevitable system losses. The electrocatalytic component is modelled
using Nernst and Butler-Volmer equation. The ideal PV component is modelled using detailed
balance approach, and realistic PV component is modelled by introducing various loss

parameters to account for the non-idealities in the PV system.

We further discuss various PEC system configurations discussed in literature. Different
configurations for solar hydrogen generation are reported in literature with PV and EC
components either connected through wires or directly integrated through surface. These
configurations are essentially similar with all the components connected in series and same
current flowing through them. It is possible to decouple the EC and PV components by
connecting the tandem PV cell to a power management unit (PMU), which in turn is wired to
the EC components. This eases the current and voltage matching requirements between the PV

and EC components.

The ideal and realistic solar hydrogen generation model and various solar hydrogen generation

configuration form the basis of further detailed analysis in the upcoming Chapters in the thesis.
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Chapter 3

Experimental Methods

3.1. Introduction

This Chapter will cover the key experimental fabrication and characterization techniques used
in this thesis in the development and analysis of perovskite-Si tandem PV based solar hydrogen
generation systems. Section 3.2 will give an overview of different c-Si solar cell designs and
the development of Si photocathodes used in this thesis. It includes a brief overview of the
limitations of Si photocathodes and different strategies explored in this thesis to overcome
them. Section 3.3 will introduce the experimental process used to fabricate different
components of the solar hydrogen generation system which includes Si solar cells (Chapter 4
and 6), Si photoelectrodes, sputter deposited earth abundant catalytic systems (Chapter 6), and
perovskite-Si tandem configuration (Chapter 4 and 6). Section 3.4 will cover the solid state,
electrochemical and photoelectrochemical characterisation techniques used for experimental

analysis (Chapter 4 and 6).

3.2. Introduction to silicon photocathodes

In recent years, passivated emitter rear contact (PERC) cells have emerged as the most
successful Si solar cells for commercial implementation, due to their high efficiency, good
performance under variable temperature and light conditions, and relatively cheap fabrication

costs. Si solar cell efficiencies of 26.7% have been reported on lab scale, very close to its
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maximum achievable efficiency limit [92]. The efficiency of commercial Si based modules
have improved to above 24% on lab-scale and 22% on industrial scale [93, 94]. According to
International Technology Roadmap for PV-2020, around 60% of the global Si based PV
technologies are of the PERC cell family, with diffused and passivated p-n junctions and
passivated rear side [95]. Figure 3.1 shows the schematics of some of the most common silicon

cell structures: PERC, PERL, and PERT, which will be discussed below.

In 1976, Green and Godfrey developed metal insulator semiconductor (MIS) solar cells at
University of New South Wales (UNSW) [96]. These cells had continuous passivation at the
front via a thin oxide layer, allowing charge tunnelling between the metal contact and the Si
cell. Blakers and Green reported 16% efficiency for an improved MIS design with light surface

phosphorus diffusion (MINP) in 1981, further improving it to 18% by 1984 [97, 98].

Inspired by the low area metal contact at the surface, it was realised that reducing the metal-Si
contact area at the rear would help in reducing the rear-surface recombination, thus improving
the cell efficiency. In 1988, Blakers reported cells with a passivated emitter and rear cell
(PERC) structure, shown schematically in figure 3.1(a), with PCE of 22-23 % [99, 100]. The
optical and recombination losses at the rear of the PERC structure were reduced by using an
Al reflector on top of a dielectric passivation layer. An array of small holes was used to make
contact between the Si and rear Al metal, covering around 1% of the rear surface, while the

rest was passivated with the dielectric layer.

To further improve on the PERC cell performance, a boron diffusion was performed at the rear

Si surface underneath the Al reflective contact. The passivated emitter rear totally diffused
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(PERT) structure, shown schematically in figure 3.1(b), had a boron diffusion on the entire rear
surface, while the passivated emitter and rear locally diffused (PERL) structure, in figure

3.1(c), had local diffusions only at the point contacts.

The PERT and PERL cell structures provide excellent light trapping, better fill factor due to
optimised design, reduced recombination due to better surface passivation and high minority

carrier lifetimes, [101, 102] and resulted in improved efficiencies of 24-25% [101, 103-106].

Most of the initial solar cell research focussed on cells with p-type base wafers due to better
tolerance to damage due to radiation, lower temperature requirements for phosphorus doping
to form p-n junctions, and uniform resistivity along length. Research in the last few years have
shown that n-type Si has certain advantages over p-type Si. N-Si has higher carrier lifetime
compared to p-Si due to absence of boron oxygen defects, and are resistant to light induced
degradation [107]. Cells with n-type substrates with reverse doping polarities (p*nn*) have

also achieved efficiencies close to 26% [92, 108].
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Figure 3.1: Schematic of (a)PERC (b)PERT and (c)PERL cell structures

Leveraging the existing success of Si cells, we develop high performance Si photocathodes by
modifying standard PERT structures. Owing to superior performance, high quality and
possibility of large-scale production, this structure is a preferable choice to design Si
photocathodes. While the front is kept identical to the PERT/PERL structure, the rear surface
was modified to develop photocathodes for hydrogen evolution reaction. This design decouples
light absorption, occurring at the front, from the catalytic reaction, occurring at the rear, and
reduces the photocurrent losses from parasitic light absorption [64, 109]. Owing to requirement

of electrons for hydrogen evolution reaction at the catalytic site, a p*nn* buried junction is
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formed with n-Si base wafer, and catalyst at the n+ rear. A thin titanium interlayer is deposited

at the n* rear surface to improve catalyst adhesion, followed by catalyst deposition.

Since Si photocathodes are unstable in alkaline solution and corrode quickly, the photocathode
needs to be protected from the electrolyte solution. The front metal contacts are unstable in
electrolyte and are protected by encapsulation using glass cover. The rear is protected by the

Ti/catalyst coating. Figure 3.2 shows the schematic of Si photocathode.
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Figure 3.2: Schematic of Si photocathode

3.3. Silicon photocathode limitations and practical solutions

The performance of Si photocathodes is limited by slow reaction kinetics at its surface [110].
Employing a HER catalyst can substantially improve the performance [111]. Noble metal Pt is
the best reported HER catalyst, but its low availability and high cost limits its use for large

scale applications. While the previous reports of earth-abundant catalyst integrated Si
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photocathodes have achieved efficiencies above 10%, they have relied on microstructures or
wet-chemical methods-based catalyst synthesis [112-114] which are less compatible with the
current industrial PV manufacturing [115]. Using wet chemical methods require Si
encapsulation and metal layer deposition at the rear before electrodeposition to avoid corrosion

during the electrodeposition process under harsh conditions.

Enabling low-cost DSHG based on Si photoelectrodes at large scale requires a transition
towards earth abundant catalytic systems fabricated using processing techniques that can be
easily integrated into the current PV industrial fabrication methods, while maintaining high
STH efficiencies. Physical deposition techniques facilitate the deposition of thick and compact
catalytic films, and also enable effective chemical protection of Si from the electrolyte [115,
116]. However, so far Si photocathodes integrated with physically deposited earth abundant
catalysts have had limited performance, resulting in the photoelectrode efficiencies below 5%

due to lack of optimisation of physically deposited catalysts [117-119].

In this thesis we develop high performance Ni based, bimetal catalysts using magnetron co-
sputtering. Sputter deposition allows fast deposition of thick and compact high quality catalytic
films [115] that can also provide chemical protection against corrosion of Si in electrolytic
environment. It also provides precise control over the chemical composition, film thickness,
morphology, provides good adhesion. Sputter deposition is a physical depositon method that
is already used in the semiconductor industry allowing facile ntegration with the current Si PV
manufacturing techniques [116]. Catalyst development and performance analysis is covered

in detail in Chapter 4.
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Recombination losses at the Si/catalyst interface is another key limitation for the Si
photocathode performance. Capping the Si surface with a passivation layer can help improve
the overall performance by reducing the charge recombination. Metal oxide semiconductors
such as Al,0;and TiO, have been widely explored for protection/passivation of Si
photoelectrodes due to their stability in electrolytic solutions [120-122]. Although these layers
provide better protection against corrosion, their passivation performance is still limited
compared to similar layers employed in the solar cells. In this thesis we report for the first time
Si photocathodes with industrially relevant poly-Si based charge selective passivating contacts.
This provides electrical passivation against charge recombination at the Si/catalyst interface
and electron selectivity for HER. Si photocathode and passivation layer fabrication and

performance analysis is discussed in detail in Chapter 4.

The sections below give an overview of the Si photocathode and solar cell fabrication methods
(3.3.1), catalyst deposition (3.3.2), photocathode encapsulation (3.3.3), perovskite-Si tandem

configurations (3.3.4), and characterisation techniques (3.4) used in Chapter 4 and 6.

3.4. Device Fabrication

3.4.1. Silicon photocathode and solar cell fabrication

Silicon photocathodes and solar cells were fabricated following the procedure below for
experiments performed in Chapters 4 and 6. Figure 3.3 shows the flow chart of the major steps

involved in Si solar cell and photocathode fabrication.
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Figure 3.3: Flow chart of the major steps involved in Si solar cell and photocathode fabrication.

(a) Wafer etching and cleaning

N-Si wafers with 100 orientation and 0.5-1.5-ohm cm resistivity are used for solar cell and
photocathode fabrication. The samples are etched in TMaH (tetramethylammonium hydroxide)
solution at 80 °C for 10 minutes followed by standard RCA (radio corporation of America)

cleaning prior to photocathode fabrication.

(b) Front diffusion and texturing

The formation of p*n junction in the front consists of two different boron diffusions. The first
is light and covers the front cell area to form p*n junction. The second is heavy p* diffusion

and is deposited beneath the contact fingers to reduce resistance.

A Si0, /SiN, mask is deposited on the front and rear of the wafer to define the cell area in the

front for p* diffusion and protect the rear area. The thin SiO, layer is deposited by ramping the
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temperature of the furnace up to 666 °C followed by ramping down in the furnace under oxygen
flow. The SiN, layer is deposited using low pressure chemical vapour deposition (LPCVD)
(CVD equipment corporation). Photolithography is performed to open cell area for front p*

diffusion, using AZ 4620 photolith.

The p* region on the front (illumination) side is doped with boron, formed by by thermal
diffusion of BBr; in an automated furnace (tempress systems, model 594). Boron doping is
performed at 850 °C for 30 minutes followed by drive in under oxygen at 955 °C for 1 hour and
oxidation for 20 minutes before cooling down in nitrogen upto 700 °C. Masking layer is then

removed by HF fuming.

The samples are RCA cleaned and a SiO,/SiN, mask is deposited following the same method
as above, followed by photolithography to open selective area under the metal fingers. Random
pyramid texturing in the active cell area in the front is formed, using TMaH and monotex

solution at 75 °C for 13-15 minutes.

A heavily doped p** region is formed under the front metal fingers. The wafers are RCA
cleaned followed by masking using SiO,/SiN,and photolithography to open selective area.
Boron doping is performed at 930 °C for 35 mins followed by oxidation for 40 mins before
cooling down to 700 °C under nitrogen. This resulted in formation of p*n junction in the front.

The front SiO, /SiN, masking layer is removed by Hydrogen fluoride (HF) fuming.

(c) Rear diffusion

46



A phosphorus diffusion is performed to form the n*n junction at the rear of the cell. Samples
are first RCA cleaned followed by the deposition of a SiO,/SiN, mask to protect the front
surface following the same method as above, followed by photolithography to open rear area.
n* region is formed at the rear by thermal diffusion of PoCl; at 820 °C for 25 mins followed
by oxidation at 900 °C for 40 mins before cooling down to 700 °C under nitrogen. This results

in formation of n*n junction at the rear.

(d) Front passivation and antireflection coating (ARC)

A SiN, /Al, 05 dielectric stack is deposited on the front boron doped textured surface to provide
antireflection and surface passivation. The Al,O5 layer is deposited by thermal atomic layer
deposition (ALD) (Beneq, TFS200). Wafers are subjected to around 200 ALD cycles at 200
°C, resulting in deposition of around 20 nm of conformal Al,0; surface passivation layer.
Around 70-80 nm of SiN, anti-reflection layer is deposited using plasma enhanced chemical
vapour deposition (PE-CVD) (Roth and Rau AK400) followed by forming gas anneal (FGA)

at 425 °C for 25 minutes.

(e) Front metal contacts

The front metal grid and busbar are defined by photolithography on top of the previously
defined p** regions, followed by metal deposition. Chromium/palladium/silver are deposited
for the metal grid and chromium/silver for busbars using standard thermal evaporation (Varian

thermal evaporator).
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(F) Rear metal/catalyst deposition

For Si solar cell samples, the rear is coated with silver, while for photocathodes, the catalyst is
deposited at the rear following the method discussed in the next section. For Si solar cell
samples, 900 nm silver is deposited for rear contact. Solar cells and photocathodes are then
subjected to silver (Ag) plating to thicken front metal fingers to 12-15 um. The rear side of the
photocathodes is protected by spin-coating AZ-4620 photolith layer to avoid any Ag

electroplating.

3.4.2. Catalyst deposition

Fabrication details of catalysts and Ti interlayer used in Chapter 4 are discussed below

(a) Titanium layer

A Ti layer is used to improve catalyst adhesion on the Si photocathodes. The Ti layer is
deposited using (Ti pellet 99.99%) by electron-beam evaporation (Temescal BJD-2000). The
chamber is evacuated to 1e-5 Torr and metal layer is deposited at the rate of 1 As™! at room

temperature. The film thickness is confirmed using ellipsometry.

(b) Sputtered Nickel and Platinum

Pt and Ni catalysts are deposited using Pt (99.99%) and Ni (99.99%) targets respectively, by
DC sputtering (AJA international). The process chamber is evacuated to 4 mTorr and flow of

working gas argon is kept at 20 sccm during the deposition process. The substrate is rotated
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continuously for uniform deposition and is maintained at room temperature through the
process. The deposition power for Ni is 150 W, resulting in deposition rate of 9.8 nm min™?.
and for Pt is 200 W, resulting in deposition rate of 10.1 nm min~1. The film thickness is

confirmed using ellipsometry.

3.4.3. Silicon photocathode sample preparation

As mentioned above, the front contacts of the Si photocathode need to be protected from
corrosion by coming in contact with electrolyte. Silicon photocathode encapsulation is

performed following the procedure below for experiments described in Chapter 4.

External contact for performing photoelectrochemical measurements is formed by soldering
silver wire on the front silver busbar. The front is then encapsulated using glass and epoxy
(Hysol 9460). The front glass used for encapsulation is cut and cleaned thoroughly in soapy
water, deionised (DI) water, acetone, isopropanol (IPA) and ethanol followed by drying
through nitrogen gun. Epoxy is also used to define the rear catalytic area, ensuring it to be
similar to front illumination area. Samples are then vented under fume-hood for 24 hours for

epoxy to dry before any measurements.

3.4.4. Perovskite-Si tandem PV cells

Perovskite cell fabrication is discussed in Appendix section C. In Chapter 4, perovskite-Si
tandem for unassisted direct solar hydrogen generation system is fabricated by placing wide

bandgap semi-transparent perovskite PV as a top cell in 2-T configuration with bottom Si
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photocathode in PV-PEC configuration. In Chapter 6, perovskite-Si tandem solar cell in 2-T
configuration is used in PV-EC configuration. Details of configuration and performance are

discussed in the relevant Chapters.

3.5. Characterisation techniques

The performance and properties of the as developed Si and perovskite solar cells, Si
photocathode and catalyst system are analysed using a variety of solid-state and
photoelectrochemical techniques. The performance of individual perovskite and Si cells, as
well as tandem cells, are analysed using solid state current-voltage (J-V) and external quantum
efficiency (EQE) measurements. Photocathode and catalyst are assessed using
photoelectrochemical (PEC) and electrochemical (EC) measurements like linear sweep
voltammetry (LSV), electrochemical impedance spectroscopy (EIS), chronopotentiometry (V-
t) and chronoamperometry (J-t). The morphology of the Si photocathode and catalysts are
investigated using scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and X-ray diffraction (XRD). The chemical composition of catalysts is analysed using

X-ray photoelectron spectroscopy (XPS) and EDAX.

The section below discusses the key characterisation techniques mentioned above, covering
their requirements, experimental setups, sample preparation, measurement process and

specifications.
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3.5.1. Solid state characterisation

(a) Current-voltage measurements

The performance of the individual perovskite and Si solar cells and perovskite-Si tandem cells
is analysed by solid state current-voltage (I-V) measurements. Several important performance
parameters such as open circuit voltage (V,.), short-circuit current (J.), fill factor (FF) and

power conversion efficiency (PCE) are determined by J-V curve.

The current—voltage characteristics are measured using a solar simulator (#WAVELABS
SINUS-220) equipped with a potentiostat source (AutolabPGSTAT302N). The light intensity
is calibrated at one sun (100mWcm~™2, AM1.5G) using the certified FraunhoferCalLab
reference cell. Unless stated otherwise, the scan rate is fixed at 50 mVs~! with a voltage step

of 10 mV and dwell time of 200 ms.

(b) External quantum efficiency (EQE) measurements

External quantum efficiency is the ratio of charge carriers collected by the solar cell to the total
number incident photons of a given energy. EQE spectra is obtained using a homemade setup
without light bias in DC mode, including a tungsten light source, a monochromator SP AB301-
T, two Keithley 2425 source-meters, and a Si reference cell. The system is calibrated by the
National Institute of Standards and technology (NIST)-certified reference Si and Ge

photodiodes.
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3.5.2. Electrochemical and photoelectrochemical characterisation

The performance of individual Si photocathodes is analysed by photocurrent measurements in
a three electrode configuration under standard solar (AM 1.5G) illumination. The photocurrent
response of the photocathode is proportional to the amount of hydrogen produced and can be
used as a benchmark parameter to analyse the performance. For catalysts, similar current

response measurements are performed without any light source.

Three electrode measurements are composed of a working electrode/photoelectrode
(investigated electrode), a counter electrode (Pt plate) and a reference electrode (Ag/AgCl) to
evaluate the electrochemical/photoelectrochemical HER activity of the developed materials in
an alkaline solution (1 M potassium hydroxide (KOH)). Figure 3.4 shows the schematic of

the three- electrode measurement setup.
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Figure 3.4: Schematic of three electrode measurement setup
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The Ag/AgCI potential is converted to RHE (reversible hydrogen electrode) following Nernst

equation stated below

VRHE = VAg/AgCl + VOAg/AgCl + 0059 V X pH (31)

where, Vyg/4gci 1S the working potential measured using Ag/AgCI reference electrode,
Voug/ager = 0197V is the standard potential of Ag/AgCI reference electrode at 25 °C, and pH

is the electrolyte solution pH. For optimizing catalytic performance, the overpotential value at

10 mAcm™2 current density is compared.

Applied bias to photon conversion efficiency (ABPE) is calculated in case of Si photocathode,

using the following equation:

-2
ABPE = Vmax(VRHE) X Jmax(mAcm™*) (32)

Pipn(mWem=2)

where, V., and J,,4, are the voltage and current density at maximum power point and P;,, is
the power density of incident irradiation (100 mWm™2). Overall performance of the
perovskite-Si tandem based system for direct solar hydrogen generation is analysed using a
two electrode configuration. STH efficiency is calculated using equation (2.22), Chapter 2 and
restated below:

__Jop Estuny
Nsth = — 5
m

where, ,p,, is the operating current, 7 is the faradic efficiency, assumed to be unity
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Electrochemical and PEC performance are studied using a solar simulator (#\WAVELABS
SINUS-220) equipped with a potentiostat source (AutolabPGSTAT302N). Photocathode
measurements are performed in dark and under AM 1.5G illumination and in dark for catalysts.
The light intensity is calibrated at one Sun (100 mWm™2, AM1.5G) using the certified
Fraunhofer CalLab reference cell. A platinum plate of size one by one cm is used as a counter
electrode and silver/silver chloride (Ag/AgCl) is used as a reference electrode for all the three

electrode measurements unless stated otherwise.

(a) Linear sweep voltammetry (LSV)

The linear sweep voltammetry (LSV) is the photocurrent/current response of either the two or

three electrode configuration as discussed above.

(b) Chronoamperometry

Chronoamperometry measurements can demonstrate the stability of photocathode/catalyst or
its performance over a period of time. The photocurrent/current measurements are performed
at the fixed applied potential as a function of time. The resultant J-t plot is used to evaluate the

stability of the photocathode/catalyst.

Chronoamperometry measurements for catalysts are performed at 10 mAcm~2 in 1 M KOH in
a three-electrode configuration with Carbon counter electrode. Chronoamperometry
measurements of Si photocathodes are performed at 0 V vs RHE in 1 M KOH in three electrode

configuration under 1 sun (AM1.5G) illumination.
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(c) Chronopotentiometry

Chronopotentiometry measurements are similar to chronoamperometry measurements and are
used to analyse the stability of catalyst or its performance over a period of time. The
measurements are performed at a fixed current density and the overpotential required to

maintain that current is measured over a period of time.

Chronopotentiometry measurements for catalysts are performed at 20 mAcm™2 in 1M KOH in
three electrode configuration with carbon counter electrode and SCE reference electrode.
Chronopotentiometry measurements for both HER and OER is also performed at 10 mAcm™?2

in two electrode configuration.

3.5.3. Morphology and compositional analysis

(a) X-ray diffraction (XRD)

X-ray diffraction (XRD) provides information about crystal structure and chemical
composition of the material. XRD analysis is performed using a PANalytical Empyrean I
diffractometer with Cu Ka radiation. The samples for XRD analysis are prepared on Si/SiOy

substrates unless stated otherwise.

(b) Scanning electron microscopy (SEM)

The surface and cross-sectional morphology of the catalyst, photocathode and perovskite solar

cell were analysed using scanning electron microscopy (SEM). The SEM images provide
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information about the surface topography and composition of the sample. SEM analysis is
performed using FEI Nova NanoSEM 450 FE systems. The samples for SEM analysis are

prepared on Si substrate unless stated otherwise.

(c) Transmission electron microscopy (TEM) and Selected area electron diffraction

(SAED)

The transmission electron microscopy (TEM) and selected area electron diffraction (SAED)
analysis provides information about the morphology, crystal structure, chemical composition
of the material. TEM and SAED analysis of the Si photocathode and catalysts was performed

using JEOL JEM-F200 systems.

(d) X-ray photoelectron spectroscopy (XPS)

X-Ray photoelectron spectroscopy is used to identify the elemental composition analysis of
material. The surface chemical properties and elemental composition of the catalysts are
studied by XPS using a Thermo ESCALAB250i high-resolution X-ray photoelectron

spectrometer.

(e) Ultraviolet-visible spectroscopy

The reflectance and transmittance are measured using a Lambda 1050 spectrophotometer

(Perkin Elmer) equipped with an integrating sphere.
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Chapter 4

Silicon Photocathodes with Carrier Selective Passivated Contacts,
and Earth Abundant Catalyst for High-Performance, Low-Cost,

Direct Solar Hydrogen Generation

4.1. Introduction

In this Chapter, we develop Si photocathodes with charge selective passivation and physically
deposited earth abundant catalysts with an efficiency above 10%. A standalone PEC system in
PV-PEC configuration is demonstrated by integrating the Si photocathode with a perovskite
solar cell in 2-T tandem design, and a NiFe OER anode, achieving an exceptional STH
efficiency of 17%. Section 4.2 introduces the background literature of Si photocathodes
integrated with earth abundant catalysts, including the limitations of the current technology.
Section 4.3 describes earth abundant HER catalysts in brief. We use magnetron co-sputtering
to deposit conformal films of NiMo/Ni HER catalyst, with low HER overpotentials of 89 mV
at 10 mAcm™2 on planer substrates. Sputtering is a physical deposition technique and has the
potential to integrate into current Si manufacturing processes for large scale production. The
catalyst fabrication and electrochemical performance analysis is discussed in section 4.4. We
further develop high-performance Si photocathodes, incorporating state-of-the-art charge
selective passivation and earth abundant catalysts, with an ABPE of over 10%, covered in
section 4.5. We separate the requirements of protection and passivation, by employing a Si

dioxide and n doped polycrystalline Si (SiOx/n* poly-Si) charge selective passivation layer,
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combined with a continuous, thick metal catalyst layer on the rear of the photocathode to
provide protection against corrosion in the electrolyte. The SiOx/n* polycrystalline Si charge
selective passivation layer improves the Si photocathode ABPE by 70% relative to the same
photocathode without any passivation, highlighting the important effect of recombination at
the Si/catalyst interface on the efficiency. Unassisted water splitting is demonstrated in section
4.6, by combining a semi-transparent, wide bandgap perovskite solar cell in a 2-T tandem
design with the Si photocathode, and a NiFe OER anode. The perovskite PV cell used in this
work was fabricated by Dr. The Duong, at The Australian National University, and the NiFe
anode fabrication and characterisation was performed by Peng Liu, at Tsinghua University.
The text in the Chapter is adapted from a paper which is under preparation and is co-authored
by Astha Sharma, The Doung, Peng Liu, Doudou Zhang, Di Yan, Christian Samundsett,

Heping Shen, Siva Karuturi, Kylie Catchpole and Fiona J. Beck.

4.2. Silicon photocathodes for hydrogen evolution

As discussed in Chapter 2, Si is an attractive candidate for constructing high efficiency
photocathodes for solar water splitting because it has a suitable bandgap (~1.1 eV) to harvest
solar energy, and a compatible conduction band edge to enable the hydrogen evolution reaction
[111]. Unassisted solar hydrogen generation has already been achieved by integrating Si
photocathodes with wide bandgap top cell resulting in efficiencies over 17% [64, 123-125] for
PEC systems with noble metal catalysts. In addition, Si solar cells have reached more than
90% of their theoretical efficiency [126], and currently dominate the global solar energy market

with close to 95% of the total PV installations based on Si technologies [95]. The impressive
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advances in performance and manufacturing that have made this possible can be leveraged for

solar water splitting.

Silicon photocathodes can be fabricated from standard Si solar cells by replacing the rear
contact with metal catalysts. This design decouples light absorption, occurring at the front,
from the catalytic reaction, occurring at the rear, and avoids the photocurrent losses from
parasitic light absorption in the catalyst [64, 109]. High ABPE of more than 15% has been

achieved for Si photocathodes integrated with noble metal catalysts [64, 127-129].

As discussed in Chapter 3 section 3.3, catalyst deposition techniques should be compatible with
current industrial PV manufacturing processes to enable PEC systems to leverage existing
fabrication infrastructure and reduce costs [130]. Although there have been many reports of
high-performance earth abundant catalysts integrated with Si photocathodes, most of the
approaches involve wet chemical methods, like electrodeposition, which are less favourable
for large scale fabrication [112, 113]. So far, earth abundant catalysts fabricated using
industrially relevant physical deposition methods have shown limited performance, with ABPE

below 5 % due to lack of optimisation of physically deposited catalysts [117-119].

Charge recombination at the Si/catalyst interface is another key limitation for the Si
photoelectrode. Thus, achieving high performance requires effective electronic passivation and
chemical protection. Passivating the Si surface defects by using dielectric layers can improve
the electrical performance. TiOx has been widely studied as a carrier selective passivating
contact chemical protection layer for Si photoelectrodes due to its high stability in electrolyte

solution and low conduction band offset assisting the collection of electrons [128, 129, 131].
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However, fabrication conditions are critical for the film quality and formation of charge trap
states in TiOx limits its surface passivation [121, 132]. Non-conducting passivating layers such
as Al2O3 and SiOx have also been investigated for passivation of Si photoelectrodes [120, 122,
133, 134]. However, the thickness of the passivating interlayers must be less than 2 nm to allow
carrier transport via electron tunnelling, which is insufficient for adequate surface passivation
[132]. In Si solar cells, this problem is solved by introducing localised contacts, and the non-
contacted regions are passivated with state-of-art dielectric layers like SiNx [135]. But high
series resistance due to smaller contact area, complex fabrication steps, and limited catalyst

coverage restricts its application in photoelectrodes [135, 136].

Carrier selective passivating contacts based on ultrathin SiOx, and heavily doped
polycrystalline Si (poly-Si) can overcome these issues in Si photoelectrodes which
simultaneously providing good surface passivation and the carrier selectivity. The Si solar cells
employing SiOx/poly-Si have achieved efficiencies more than 25% on an industrial scale and
26.1% on small scale [137-139]. Even though these types of passivating contacts are already
used in high efficiency solar cells, there are no reports to demonstrate their use in

photoelectrodes.

4.3. Nickel based earth abundant catalysts for hydrogen evolution reaction

Ni based alloys have received extensively explored as an alternative to noble metal catalysts
due to their excellent OER/HER activities and stability under harsh alkaline conditions [71-73,
75, 76]. Various Ni based binary metal alloys such as NiMo [73, 140, 141], NiCo [142, 143],

NiFe [144-146], NiW [144, 147, 148], NiCu [149, 150], NiZn [151] have been reported in
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literature. Raj et. al. concluded the following activity trend of Ni-based binary metal alloys for
Hydrogen evolution reaction in alkaline environment Ni-Mo > Ni-Zn > Ni-Co > Ni-W > Ni-
Fe > Ni-Cr > Ni-plated steel [152]. This finding was corroborated by recent results of NiMo
HER electrocatalysts with a remarkable HER activity with low overpotentials of 17 mV at 10
mAcm™2[73]. Although Ni-based catalysts are a promising HER candidate, most of the high-
performance systems reported in literature, involve chemical and solution-based processes like
electrodeposition and hydrothermal methods [73, 140, 141] making them less compatible with
current industrial PV manufacturing process [115, 116]. In the research described below, we
develop an NiMo HER catalyst using dc-magnetron sputtering method. Sputtering is a physical
technique used to prepare thin films, where film parameters can be engineered by closely
controlling deposition parameters. Being a physical deposition method, it provides the

flexibility to integrate it into current Si cell manufacturing processes [115, 116].

4.4. Sputter deposited hydrogen evolution reaction catalysts

4.4.1. Catalyst fabrication and optimisation

The deposition of the various HER catalysts studied here is carried out using dc-magnetron
sputtering (AZA international). The process chamber is evacuated to 4 mTorr and the flow of
working gas Ar is kept at 20 sccm during the deposition process. The substrate is rotated
continuously for uniform deposition and is maintained at room temperature throughout the
process. Pt, Ni and Mo catalysts are deposited using Pt (99.99%), Ni (99.99%) and Mo
(99.99%) targets, respectively. Binary metal Ni-Mo films are prepared by co-sputtering Ni

(99.99%) and Mo (99.99%) in a multisource dc-sputtering instrument. The deposition power
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of Ni is kept constant at 150 W and the deposition power for Mo is varied to obtain Mo at ratio

from 0% to 100% in Ni-Mo alloy.
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Figure 4.1: Overpotential at 10 mAcm™2of sputter deposited (a) Ni catalyst with different
thickness (b) NiMo with different ratios (fixed thickness) (c) NiMo with different thickness
(fixed ratio) and (d) NiMo/Ni with different Ni interlayer thickness on FTO substrates. (e)

Overpotential of sputter deposited Pt catalyst with different thickness on FTO substrate

Figure 4.1 shows the NiMo/Ni catalyst thickness and composition optimisation. The
performance of the bimetal alloy is compared to the in the individual constituent metals, as
well as Pt as a benchmark, and the thickness of Ni and Pt are also optimised. The thickness is
determined using a surface profilometer and optimised by changing the the deposition time.
The NiMo ratio is controlled by varying the sputter gun power. Three electrode linear sweep
voltammetry measurements are carried out to determine the overpotential of catalysts at 10
mAcm™2 for catalyst with different thickness, and ratios in the case of NiMo. A ratio of
Ni(83.5%)Mo(16.5%) is found to be optimum with an overpotential of 113 mV at 10 mAcm™2.
Adding a Ni interlayer further improves the catalyst performance, reducing the overpotential

to 89 mV at 10 mAcm 2.

4.4.2. Morphology and composition analysis of sputter deposited NiMo hydrogen

evolution reaction catalysts

Figure 4.2 (a) and (b) show the top and cross-sectional SEM images of the NiMo catalyst film
on a Si substrate. The NiMo forms a conformal film with fine granular structures on the surface.
Figure 4.2 (c) and (d) show the top and cross-sectional SEM images of the NiMo catalyst film
with a Ni interlayer on Si substrate. Adding a Ni interlayer results in formation of a cauliflower-

like structure, with noticeably bigger surface features compared to pure Ni or Mo
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(supplementary section, figure S 4.1) or only NiMo (figure 4.2 (a)) film. The supplementary
section is at the end of the Chapter. The cross-sectional SEM image of NiMo/Ni in figure 4.2
(d) further reveals that the NiMo/Ni catalyst films form non-conformal nanorod structures. The
nanorod morphology of NiMo/Ni allows concentrated porosity in perpendicular direction to
the substrate, supporting effective transport of reactants to the catalyst sites [144, 153]. The
three-dimensional structure significantly enhances the surface area available for HER reaction

and improves the catalytic performance.
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Figure 4.2: Surface and cross-sectional scanning electron microscopy (SEM) image of (a,b)
NiMo and (c,d) NiMo/Ni, (e) high resolution transmission electron microscopy (HR-TEM)
image of NiMo, (f) selective area diffraction (SAED) pattern of the NiMo/Ni, x-ray

photoelectron spectra (XPS) of (g) Ni 2p and (h) Mo 3d on Si substrate.
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Figure 4.2 (e) shows the HR-TEM image of NiMo film on a Si substrate. The coloured inset is
the magnified image of the selected area with false colouring for better contrast. The inset
image shows clear lattice fringes with interplanar spacing of 2.07 A and 1.26 A, corresponding
to the (121) and (312) planes of MoNi,. The crystal planes are oriented in random directions
suggesting polycrystalline structure of the film. Figure 4.2 (f) shows the selective area
diffraction (SAED) pattern of the NiMo/Ni film. The concentric-circular rings with broad halos
and irregularly located diffraction dots further confirms the polycrystalline structure of the film.
The diffraction rings are indexed to (310), (121), and (312) planes of MoNi,, which is further

confirmed by XRD patterns (figure S 4.2).

A surface chemical composition analysis of NiMo film is performed using XPS as shown in
figure 4.2 (g) and (h). The Ni 2p XPS spectrum peaks in figure 4.2 (g) correspond to metallic
Ni(0) (852.63 eV and 869.9 eV), and satellite peak (858.65 eV). Similarly, the Mo 2d XPS
spectrum peaks in figure 4.2 (h) are attributed to metallic Mo(0) (228 eV and 231 eV) and
MoOx (236 eV). Compositional analysis of XPS spectra reveals Ni:Mo ratio of 4:1 confirming

presence of MoNi, alloy.

4.4.3. Electrochemical performance of sputter deposited NiMo HER catalysts

The electrochemical performance of the sputter deposited HER catalysts is measured in 1 M
KOH electrolyte, in a three-electrode configuration. The LSV current-voltage curves for the
NiMo alloy with and without the Ni layer are shown in figure 4.3 (a) and are compared to plain

Ni and Mo, as well as sputter deposited Pt metal as a benchmark.
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Figure 4.3: (a) Linear sweep voltammetry (LSV) curves of NiMo, NiMo/Ni, Pt, Ni and Mo
for HER on FTO substrate. (b) tafel slopes of of NiMo/Ni, NiMo and Pt for HER on FTO
substrate calculated from LSV curves (c) Electrochemical impedance spectroscopy (EIS),
Nyquist plots of NiMo/Ni, NiMo and Pt for HER on FTO substrate. (b) Current density vs time
(J3-t) measurements of NiMo/Ni/FTO at 10 mAcm™2. All the measurements are performed in

three electrode configuration in 1 M KOH solution.
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The HER overpotential of the catalysts is compared at a current density of 10 mAcm™2. The
NiMo with optimum alloy ratio shows superior HER activity with overpotentials as low as 113
mV at a current density of 10 mAcm™2, lower than Ni and Mo with overpotentials of 123 mV
and 366 mV respectively. Depositing a Ni interlayer (NiMo/Ni) further improves the catalytic
performance, reducing the overpotential to 89 mV at 10 mAcm™2 on a planer FTO substrate.
Notably, this performance is comparable to that of high-cost Pt. NiMo/Ni achieved a low Tafel
slope of 47 mVdec™?, showing fast reaction kinetics (figure 4.3(b)). As discussed in the last
section, improved performance for NiMo/Ni is attributed to formation of a non-conformal
nanorod morphology that improves charge transfer to catalytic site. These results are in
agreement with reports that alloying 3-D transition metals improves the HER electrocatalytic
activity above that of the individual activities of the pure constituent metals [144]. This
enhancement can be explained by the Brewer-Engel valence band theory: mixing of Ni (with
half-filled d-bands) and Mo (with more fully filled d-bands) improves the M-H bond strength
values compared to individual metals, and hence alters the HER activity, and reduces the

overpotentials of the alloy compared to the individual metal catalysts [144, 154].

Figure 4.3 (c) shows the Nyquist plots measured using EIS. The addition of the Ni interlayer
substantially reduces the charge transfer resistance (R as shown in inset in figure 4.3 (c)) of
the NiMo/Ni bilayer catalyst (22.33 Q.cm?) compared to a single layer of NiMo (46.42 Q.cm?),
suggesting that the enhanced performance can be attributed to improved charge transfer to the
catalytic sites. Chronoamperometry measurement demonstrate stable performance of NiMo/Ni
catalyst on FTO at 10 mAcm™2 for 24 hours of continuous operation (figure 4.3. (d)) and a

Faradic efficiency of around 99% (table S 4.2).
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4.5. Charge selective passivation layer for silicon photocathodes

In order to reduce the recombination losses at the Si/catalyst interface we introduce a
SiOx/n™ polycrystalline Si (SiOx/n*poly-Si) charge selective passivation layer. Such
passivation layers effectively reduce charge recombination due to c-Si defect states, and

simultaneously act as selective contacts, allowing the flow of only one type of charge carrier.

4.5.1. Charge selective passivation layer fabrication and working mechanism

The charge selective passivation layers are adapted from the work of Yan and colleagues at the
ANU [155]. Apart from the deposition of the passivation layer, the Si photocathode fabrication
method is similar to that described in Chapter 3 section 3.3.1. A SiOx/n*poly-Si charge
selective passivation layer is deposited after the diffusion of the front emitter region, and before
the deposition of the front passivation/anti-reflection coating. A diffusion mask is deposited on
the front surface to protect the boron diffusion of the emitter. An ultrathin SiOx (1-2 nm) layer
is then grown by dipping the wafers in boiling nitric acid at 85 °C, followed by a-Si deposition
at the rear using plasma enhanced chemical vapour deposition (PECVD). The a-Si layer is then
subjected to heavy phosphorus doping, by thermal diffusion of PoCl, (phosphorus oxychloride)
at 820 °C, resulting in the formation of n*doped polycrystalline Si film. A SiNy layer is then
deposited using PECVD followed by annealing in forming gas at 425 °C for 25 minutes for
hydrogenation. The SiN, layer and the front masking layer are then removed by HF fuming.
For the samples without any passivation layer, a rear n* phosphorus doped layer is formed by
thermal diffusion of PoCl, (phosphorus oxychloride). HF fuming is used to remove the front

masking layer in these samples too.
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Figure 4.4: (a) Schematic and (b) band alignment of Si photocathode with SiOy/

n*polycrystalline Si passivation and NiMo/Ni Earth abundant catalyst

Figure 4.4 (a) shows the schematic of the Si photocathode with a charge selective passivation
layer and NiMo/Ni catalyst at the rear. A thin Ti layer is introduced to improve the catalyst
adhesion. The charge transfer mechanism across the charge selective passivation layer can be
explained with reference to the band alignment as illustrated in figure 4.4 (b). The chemically
grown ultrathin SiOyx layer provides effective chemical passivation at the c-Si/oxide interface,
while still enabling charge transfer from c-Si to poly-Si through tunnelling across the ultrathin
barrier. The highly doped poly-Si region results in significant band bending at the SiOg
interface which aids electron transfer while blocking hole transfer [135]. The high doping
density of the order of 101°cm™3 also allows the formation of an ohmic contact at the n*poly-

Si/Ti junction, ensuring good charge transfer across the interface.
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4.5.2. Silicon photocathode performance analysis
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Figure 4.5: (a) X-ray diffraction (XRD) spectra of polycrystalline Si (red) and c-Si (black). (b)
High resolution transmission electron microscopy (HR-TEM) image of NiMo/Ni earth
abundant catalyst integrated Si photocathode with SiO,/ n*poly-Si passivation layer and (c) c-
Si/ SiOx/n*poly-Si interface. Photoluminescence (PL) imaging of Si photocathode (d) with

and (e) without / SiOyx/n™ poly-Si passivation.

In this section the morphology and passivation quality of the polySi layer is analysed. The
polycrystalline structure of the film is confirmed by XRD analysis, as shown in Figure 4.5 (a).
The c-Si (black) XRD spectrum shows a dominant peak appearing at 26 value of 69.2
corresponding to (100) plane, while the n*poly-Si (red) spectrum shows clear peaks appearing

at 26 values of 28.5, 47.3, 56.1, 69.2 and 76.45 corresponding to (111), (220), (211), (100) and
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(331) planes, indicating that the film is polycrystalline. The HR-TEM image of the Si
photocathode (figure 4.5 (b)) clearly identifies All the separate layers and shows uniform
deposition and thickness thought the region. Figure 4.5 (c) shows a zoomed in HR-TEM image
of the ¢-Si/SiO,/n* poly-Si interface. The coloured inset image is a further magnified image of
the selected area with false colouring for better contrast. The n*poly-Si film has lattice fringes
with interplanar spacing of 3.12 A corresponding to the dominating (111) plane of n* poly-Si,
in agreement with the XRD measurements. The crystalline-Si wafer shows the (100) planes of

the single crystalline phase.

The quality of the interface passivation for the Si photocathodes with and without the SiOx/
n*poly-Si charge selective passivation layer is compared using photoluminescence (PL)
imaging, which is a standard measurement technique used in the solar cell community to
compare the carrier lifetimes of samples and finished cells. In this technique, the strength of
the measured PL signal (in counts) is proportional to the carrier lifetime and hence passivation
quality. Figure 4.5 (d) and (e) show the PL images of the Si photocathode with (d) and without
(e) SiOx/ n*poly-Si layer. The large features in the passivated film (figure 4.5 (d)) are attributed
to uneven HF fuming during removal of the rear SiNy masking layer. The passivated
photocathodes have a PL count which is more than an order of magnitude higher than the Si
photocathode without any passivation. The higher PL count of the passivated Si photocathode
directly translates to higher effective carrier lifetime and better passivation quality at the

SiOx/n*poly-Si/Ti interface compared to n*c-Si/Ti interface.

To further investigate the improvement in the performance of Si photocathode upon

passivation, PEC measurements are performed. Si photocathode integrated with NiMo/Ni
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catalysts, with and without SiOyx/n*poly-Si charge selective passivation layer are measured in
a three-electrode configuration in 1 M KOH solution under AM1.5G illumination. Figure 4.6
(a) shows the LSV response of the Si photocathodes with (red) and without (black) passivation.
The results suggest that even with a high activity HER catalyst, recombination losses at the
interface limit the conversion efficiency of the Si photocathode without passivation,
demonstrating a low photocurrent density of 31.1 mAcm™2 and onset potential of 528 mV .
However, with a SiOx/n* poly-Si charge selective passivation layer, the current density

improves markedly to 37.8 mAcm™2 , as does the onset potential to 570 mV.
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Figure 4.6: Photoelectrochemical performance of Si photocathodes with (red) and without
(black) charge selective passivation layer. (a) Three electrode linear sweep voltammetry (LSV),
(b) applied bias to photon conversion efficiency (ABPE) and, (c) photoelectrochemical
impedance spectroscopy (P-EIS). All measurements were performed in three electrode
configuration in 1 M KOH. (d) Current density vs time (J-t) stability measurements of Si
photocathode with SiO,/ n*polycrystalline Si passivation layer in 1 M KOH. Blue dashed line

represents electrolyte change and reference electrolyte clean.

Figure 4.6. (b) shows the resultant ABPE for Si photocathode with (red) and without (black)
any passivation calculated from LSV curves. The Si photocathode without any passivation
shows a low ABPE of 6.2%, while addition of the SiOx/n*p- Si layer improves the ABPE to

10.5%. This translates to a relative improvement of 70% in ABPE upon passivation.

Next, we perform photoelectrochemical impedance spectroscopy (P-EIS) measurements to
compare charge transfer resistance in photocathodes with and without charge selective
passivation layers. Figure 4.6 (c) shows the Nyquist impedance plots for Si photocathodes
with (red) and without (black) SiOx/n* poly-Si passivation layers. The P-EIS response for both
the photocathodes show two distinguishable semi-circles. The second semicircle size reduces
considerably upon SiOyx/n* poly-Si passivation indicating the decrease in the charge
recombination at the interface, enhanced charge lifetime, and better charge transfer, in

agreement with the PL image analysis in figure 4.5 (d and €) [122, 128].

Current density vs time (J-t) measurements are performed in a three-electrode configuration at

0V vs RHE, in 1 M KOH. The passivated Si photocathode shows stable performance over 60
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hours under 1 sun (AM1.5G) illumination, as shown in figure 4.6 (d). The light is turned on
and off during the measurement as labelled in the plot. The fluctuations in the operating current
density when the photocathode is under illumination are due to bubbles formed on the surface,
which blocks the active catalyst area. The electrolyte was changed, and reference electrode was
cleaned twice during the measurements, at the times indicated by dashed blue lines in the

figure.

4.6. Photoelectrochemical system based on all low-cost materials for direct solar

hydrogen generation

To achieve unassisted water splitting with a PEC system based on all low-cost materials, we
incorporate a perovskite top cell with our Si photocathode in a 2-T tandem configuration, and
a NiFe OER anode as shown in figure 4.7 (a). A similar system has been demonstrated
previously with 17% STH efficiency based on noble metal catalysts [64]. The NiFe OER
catalysts is based on the work of Liu et. al. and has a nano-cone like structure [156]. The
perovskite cells were fabricated by The Doung, at The Australian National University. NiFe
OER anode synthesis and characterisation was performed by Peng Liu, at Tsinghua University.
The design of the solar hydrogen generation system, as well as the integration, characerisation

and analysis was performed by the author.
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Figure 4.7: (a) Schematic of a PEC system in PV-PEC configuration based on low-cost
materials, incorporating a large bandgap semi-transparent perovskite cell connected in two-
terminal tandem configuration to NiMo HER catalyst integrated silicon photocathode and a
NiFe anode. (b) J-V curve of 1x1 cm? high bandgap perovskite solar cell. Inset shows the cross-
sectional SEM image of different layers in perovskite cell (¢) Three electrode LSV curves of
1x1 cm? NiFe nanocone arrays OER in 1 M KOH. Inset shows the cross-sectional SEM image
of the NiFe nano-cone arrays morphology. (d) Overlay of J-V curves of area matched (1x1
cm?) high bandgap perovskite cell (red), the Si photocathode behind the perovskite cell (blue),
and the NiFe nano-cones anode (grey). (e) Photocurrent response of the integrated system

under AM1.5G solar illumination in 1 M KOH.

A semitransparent perovskite PV cell with bandgap 1.72 eV is used as a top cell absorber,

which is close to the ideal top-cell bandgap for current matching with bottom Si cell in order
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to obtain the maximum STH efficiency, as shown in Chapter 1 and 5 and published in [22].
One by one cm? perovskite solar cells are fabricated were fabricated by The Doung, at The
Australian National University, using a 3D perovskite absorber consisting of the quadruple-
cation mix-halide perovskite. It has been previously demonstrated that coating the 3-D
perovskite absorber with 2-D perovskite passivates the surface defects and enhances the power
conversion efficiency [61]. Details of the perovskite cell fabrication are discussed in Appendix
C. Figure 4.8 (b) shows the J-V curve of the perovskite solar cell (blue). The cell achieves a
PCE of 15.9%, with a J. of 17.4 mAcm™2, FF of 75.5%, and high V,. of 1.21 V with negligible

hysteresis.

The NiFe nanocone arrays OER catalyst was fabricated by Peng Liu, at Tsinghua University
on Ni foam by one step electrodeposition. The inset of figure 4.7 (c) shows an SEM image of
the OER electrode with nano-cones array morphology. The nanocone arrays exhibit high
curvature tips, which improves the local electric field, results in accumulation of hydroxide
ions (OH-) at the active sites, and promotes OER activity. The LSV response of the 1 x 1 cm?
NiFe OER electrode in a three-electrode configuration presents a low overpotential of 233 mV

at 10 mAcm™2 (figure 4.7 (c)).

The representative performance of the PEC system is shown in figure 4.7 (d). The J-V curves
of the perovskite top cell, Si photocathode (behind the perovskite, with respect to the 1-sun
illumination) and NiFe/NF OER anode are plotted together to determine the operating current
density of the overall system. The blue curve represents the J-V performance of the perovskite
solar cell, and the grey curve represents the J-V response of the NiFe/NF OER electrode,

identical to figure 4.7 (b,c). The Si photocathode behind the high bandgap perovskite PV
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exhibits a photocurrent of 16.4 mAcm™2 at 0 V vs RHE (red). The integrated system achieves
an operating photocurrent density of 13.8 mAcm~2, which corresponds to a high STH
efficiency of 17 %, for an area matched system. The water splitting performance of the PEC
system is evaluated in two-electrode configuration (figure 4.7 (e)). The integrated system
shows a direct water splitting current of ~13.8 mAcm™2, matching closely with that determined

from the J-V curves of individual components.

Combining the high-performance Si photocathode together with high bandgap perovskite top
cell, and optimum current matching between two absorbers in the tandem configuration results
in a STH efficiency of 17%. These results demonstrate that PEC systems based on all low-cost
materials can compete with recently demonstrated PEC systems based on perovskite/Si
tandems, employing high-cost noble metal catalysts [64], and are comparable to systems based

on I11-V semiconductors [42].

4.7. Conclusion

In this work we develop a high efficiency PEC system in PV-PEC configuration based on low-
cost materials, employing charge selective passivating contacts in Si photocathodes, and
incorporating earth abundant catalyst materials for DSHG. To achieve this, NiMo hydrogen
evolution reaction catalysts are developed using magnetron co-sputtering. We show that using
a Ni interlayer allows formation of non-conformal nanorod morphology on planer substrate,
supporting effective transport of reactants to the catalyst sites and improving performance. Si
photocathodes with state-of-the-art charge selective passivation layer are developed, improving

the photocathode performance by roughly 70%, and highlighting the performance limitations
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due to recombination losses at the Si/catalyst interface. Finally, we demonstrate unassisted
water splitting in a PEC system based on all low-cost materials, by combining our Si
photocathode with a high bandgap perovskite PV top cell and an NiFe OER anode to achieve
a STH efficiency of 17%. As well as demonstrating very high efficiencies, our system uses
industrially compatible processes for the fabrication of both the catalysts and Si photocathode,
which could enable an efficient transition to large-scale production in the near future by

leveraging existing PV manufacturing infrastructure.
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4.8. Supplementary Information

Figure S 4.1:
substrate

SEM image of (a) Ni (b) Mo (c) NiMo and (d) NiMo/Ni films on SiOx/Si
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Figure S 4.2: X-ray diffraction of NiMo catalyst on glass substrate.

Table S 4.1: Interplanar spacing (d-spacing) calculations for hkl planes from the XRD.

(hkl) 2 theta Theta d-spacing
121 43.5 21.75 2.07
310 51.2 25.6 1.79
312 74.96 37.48 1.26
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Table S 4.2: Flame ionisation detection (FID)-GC measurements for faradic efficiency (FE)

calculation of NiMo/Ni HER catalyst

Current density

H,peak area

FE H, (NiMo/Ni)

-10

-10

-10

3384

3460

3391

9378

9176

9036

0.97

0.99

0.97

1.02

1.00

0.98

0.988 = 98.8%

Pt (avg value) of H2 area for Pt
@ -10 mA — 3469
@ -20 mA - 9140
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Figure S 4.3: Solid state J-V characteristics of Si photocathode with selective contact

passivation layer and 400 nm e-beam deposited Ti rear
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Figure S 4.4: Chronopotentiometry measurements of NiFe nanocone array OER anode in

three electrode configuration, 1 M KOH
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Table S 4.3: Unassisted solar water splitting systems with at-least one semiconductor-

electrolyte junction and low-cost PV (text in red are all low-cost materials-based PEC systems)

PV/Photoelectrode Catalyst (HER/OER) STH % Year Ref
1 Perovskite PV/Si Pt 17.5 2020 [64]
photocathode IrRu (DSA)
2 3 IBC Si (series) Pt 15.6 2020 [109]
Ni
3 Si PV/Si photocathode/Si NiMo 9.8 2019 [157]
photoanode Ni
4 a-Si:H/pc-Si:H/c-Si Pt 9.5 2016 [158]
RuO2
5 a-Si:H/a-Si:H/uC-Si:H Pt 9.1 2016 [159]
Zn0:Co
6 2 ¢-Si PV/Fe203/BiVO4 Pt 7.7 2016 [160]
photoanode NiOOH/ FeOOH
7 DSSC PV/WO3/BiVO4 Pt 7.1 2016 [40]
photoanode NiOOH /FeOOH
8 2Perovskite CoP 6.7 2020 [161]
photoelectrode (series) Co304
9 Perovskite PV/ CulnGa IrRu-anode 6.3 2015 [162]
photocathode
10 2¢-Si PV/BiVO4/CoOx CoP 53 2018 [163]
photoanode Ni
11 DSSC/BiVo4/WO3 Pt cathode 5.7 2015 [39]
photoanode
12 Si photocathode/BiVO4 Pt 3.7 2021 [127]
photoanode FeOOH/NiOOH
13 Perovskite PV/Si NiMo/Ni 16.5 2021 Current
photocathode NiFe Work
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Chapter 5

Quantifying and Comparing Fundamental Loss Mechanisms to
enable Solar to Hydrogen Conversion Efficiencies above 20% for

Perovskite-Silicon Tandem Absorbers

5.1. Introduction

In this Chapter we introduce a new theoretical approach to quantify the losses in PEC system
for DSHG and assess the potential of loss mitigation techniques to improve the STH efficiency.
This Chapter is adapted from the paper [22] , published by author. In section 5.2 we give a
brief overview of different approaches discussed in literature to improve the STH efficiency.
We further demonstrate the need for a quantitative analysis of different loss mechanisms and
give a brief overview of the Chapter. In section 5.3 we develop a theoretical model to quantify
different losses in PEC systems for DSHG. Our analysis shows that the two largest losses in an
ideal solar hydrogen generation system are current and voltage mismatch due to sub-optimal
system configurations, and energy lost as heat in the photovoltaic component. In section 5.4
we analyse the effect of operating temperature on the performance of PV and EC components,
and the performance of thermally integrated solar hydrogen generation systems at varying PV
cell temperatures. We then develop a realistic temperature dependent model of PEC system
for DSHG in section 5.5, taking into account loss factors to account for non-ideal diode
characteristics in the photovoltaic components, and material-dependent reaction overpotential

losses in the catalytic components. In section 5.6 we evaluate the relative potential of two
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techniques to mitigate the key system losses: decoupling the PV component to remove current
and voltage matching requirements; and thermal integration to use the heat losses in the PV
cell to increase the electrolyte temperature and improve the reaction dynamics for water-
splitting. We show that optimal system configuration strategies provide more than three times
the increase in STH efficiency of thermal integration at high operating temperatures.
Combining both techniques result in predicted STH efficiencies approaching 20% for low-cost
perovskite-Si tandem-based systems with earth abundant catalysts at realistic working

temperatures.

5.2. The need for quantitative analysis of losses in photoelectrochemical systems for

direct solar hydrogen generation

Understanding theoretical STH efficiencies is important to identify performance limitations
and to conceptualise practical device designs for low-cost, high-efficiency solar hydrogen
generation. Several authors have developed frameworks to identify optimum bandgap
combinations for tandem systems [19, 23, 85, 86]. Other works have demonstrated the
importance of considering the effect of different electrical and optical configurations in tandem
based systems [32, 87-89]. In particular, it has previously been shown that significant
performance enhancements can be achieved by decoupling the PV components from the
electrochemical electrodes and incorporating a power management unit, allowing the system
to be operated at an optimum current and voltage to maximise the STH [21]. The operating
temperature of the system has also been shown to be an important parameter [90, 91].
Tembhurne et. al. have demonstrated an integrated photoelectrochemical system design to take

advantage of the higher PV operating temperatures and use thermal management as an effective
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tool to increase the device efficiency [164, 165]. In general, these studies have tended to focus
on a single aspect of the system design for example, choice of material, operating parameters,

or device configuration.

As discussed in Chapter 2 and restated here, despite the importance of the studies discussed
above, there is still a lack of understanding of the relative importance of different loss
mechanisms for solar hydrogen generation systems. Loss mitigation techniques can be
employed at different levels in the system to improve the STH efficiency, but generally add
complexity and cost to the system. It is necessary to ensure that the most effective loss
mitigation techniques are employed, however there have been no studies that systematically

compare their potential to increase performance.

In this Chapter, we quantify and compare the relative contribution of different losses in PEC
systems for DSHG and assess the potential of different loss mitigation techniques to improve
the STH efficiency. We focus on Si-based tandem systems considering the commercial

dominance of silicon for large-scale PV applications [46].

5.3. Fundamental losses in direct solar hydrogen generation system

We start by calculating the limiting efficiencies and fundamental loss processes in PEC system
for DSHG. As discussed in Chapter 2, PEC system can be divided into two main components
defined by their role in the hydrogen generation process: the PV component responsible for the
conversion of light to electrical energy; and the EC component which mediates the conversion

of electrical energy to chemical energy.
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The PV component in a water-splitting device absorbs the incoming solar irradiation and
generates photocurrent and photovoltage. The charge generation and separation phenomenon
are the same irrespective of its design as a solar cell or a photoelectrode. A detailed balance
approach is used to model the ideal efficiency of the individual PV components as well as the
different loss processes occurring in the system. Details of the model are discussed in section

2.3, Chapter 2.

To understand the processes limiting the PV cell efficiency it is instructive to quantify these
fundamental loss mechanisms separately [166] [167]. Firstly, energy is emitted from the cell
due to radiative recombination. This results in the recombination current, J,.,4, as defined in

equation 2.18 in Chapter 2, and can be converted into an energy loss,

Jra
Lyga = qd E, (5.1)

where Eg is the bandgap and g is the elementary charge. Secondly, not all the solar radiation

can be absorbed, and photons with energy lower than the PV cell bandgap are lost in the form

of below bandgap losses,

E
LEy<Eg = fog E- ¢(E, TS' Qabs)dE (52)

where, ¢(E) the incoming photon flux from a black body defined in equation (2.15), Chapter

2 and restated below
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The incoming photon flux is a function of photon energy, E, solid angle, £, and temperature,
T.Here ¢ = 3 x 108 ms™1, is the speed of light, h = 6.63 X 1073%/s, is the Planck’s constant
and k = 1.38 x 10723JK~1, is the Boltzmann constant. To calculate the incident solar flux we
take, Qgps = Rso1ar = 6 X 107° is the absorption angle from sun to the PV cell and T, =

6000K is the temperature of Sun.

Thirdly, the PV cell generates entropy in the process of converting optical radiation into
electrical/chemical work [167, 168]. The energy lost to the environment due to the creation of

entropy is known as Carnot loss[166],

- Trvy
Le = Eg (%) Jop (53)
where, J,,, is the operating current density and Tp, = 300K is the PV cell temperature.
Fourthly, mismatch in the angle of absorption and emission causes the expansion of photon
modes and entropy generation. This reduces the free energy that can be extracted per carrier in

the form of Boltzmann loss [17],

Remi
Ly = KTpyln (522) (5.4)

where, 2.,,;: = m, is the solid angle of emission.
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Finally, any energy above the bandgap energy is lost as heat as the electron relaxes to the

conduction band edge. This is known as thermalisation loss [169],
LTh = fEO;E ) ¢(Er TS!'Qabs)dE - Eg on; (nb(E! TS!'Qabs)dE (55)

The EC component of the water-splitting system consists of the series-connected HER and
OER electrocatalysts, separated by an ion-conducting electrolyte. For a standalone water-
splitting system, the voltage required to overcome the reaction potential and additional losses

is given by equation 2.5 in Chapter 2 and restated below [79]:

VIN(]' T) = ESTH (T) + VOER Ul T) + VHER Ur T) + Ve U' T) (56)

where Egry is the electrochemical reaction potential which defines the minimum potential
required to drive the water-splitting reaction (at a specific temperature, T, and pressure
condition) and is given by equation (2.6) in Chapter 2; Vyer(J,T) and Vygr(J,T) are the
temperature-dependent activation overpotential losses during the OER and HER respectively;

and V,(J, T) is the resistive voltage loss due to charge transport.

As discussed in Chapter 2, in a PV-tandem based PEC system, the potential requirement to
drive the electrochemical water-splitting reaction can be satisfied by using two PV cells with
complementary bandgaps connected in a variety of configurations [21, 88]. As demonstrated
by [21] systems can be fully coupled, with two PV cells connected in series with each other (2-
T tandem cell configuration) and with the EC components through wires or an interface, such

that the same operating current (/,,) is flowing through all the components (Figure 5.1 (b))
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[21]. Conversely, in a fully decoupled configuration, the two PV components are separately
connected independently to the power management unit (PMU) (known as a 4-T
configuration) (Figure 5.1 (d)) [21]. The PV cells can then be operated at their respective MPP
while the PMU optimises the current and voltage provided to the EC components [21]. Here
we recognise that it is also possible to partially decouple the EC and PV components by
connecting a 2-T tandem solar cell to a PMU, which in turn is wired to the EC components
(Figure 5.1 (c)). The 2-T tandem cell can then be operated at the matched current (/) that
maximises the output power of the solar cell, while the PMU provides the optimum operating
current at the voltage required to drive the water-splitting reaction. The resultant voltage for

different system configurations can be summarized as

Coupled: V;y (]op) = VPV,l(]op) + Vv 2(Jop) (5.7)
2-T PV decoupled: VIN(]op) _ (VPV1(]PV)+]VPV2(]PV)) Jpv (5.8)
op

MPP;+MPP,

4-T PV decoupled system: Viy(Jop) = (5.9)

Jop

where MPP; and MPP, are maximum power operating points of top and bottom PV cells. It is
important to note that monolithic photoelectrochemical systems represented by figure 2.2 (b)
in Chapter 2 (also known as ‘artificial leaf” systems) are always in the coupled configuration,

but any system that could be physically separated by wires can be decoupled.
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The STH efficiency is defined by the fixed thermodynamic potential requirements of the water-
splitting reaction ( Eqry = 1.23 V) and is then given as (equation (2.22), Chapter 2 and restated
below)

Jop E n
Nsrn ==t (5.10)

where, 15 is the Faradic efficiency and assumed to be unity.

To understand the cumulative effect of the system configuration and different loss processes
and their dependence on the PV cell bandgap, we plot the efficiency and intrinsic losses as a
function of top-cell bandgap (E,top), as a fraction of total input solar energy, with a fixed solid
angle of absorption and emission. We consider a series-connected solar hydrogen generation
system using the standard 2-T PV tandem configuration (coupled system) with variable

bandgap top-cell and Si bottom cell.
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Figure 5.1: (a) Fraction of the input solar energy that is converted to energy in the form of
hydrogen, and subsequent energy losses for an ideal solar hydrogen system as a function of top
cell bandgap, in series with a Si bottom cell. The black and dashed blue line represent solar to
hydrogen conversion efficiencies, with ideal and realistic catalysts, respectively. Equivalent

circuit diagrams for (b) coupled, (c) 2-T PV tandem decoupled, and (d) 4-T PV tandem

decoupled systems.

Figure 5.1 (a) shows the fraction of input solar energy that is converted to chemical energy in
the form of hydrogen (black line, STH efficiency) in an ideal solar hydrogen generator as a
function of the top cell bandgap, in series with a Si bottom cell. The different shaded areas of

the graph represent different energy loss mechanisms in the system. These losses can be
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characterised as reaction losses (due to realistic, high efficiency catalysts), losses due to system
integration (fixed voltage and current matching), and intrinsic losses in the PV component
(below bandgap, thermalisation, Boltzmann, Carnot, and emission). Figure 5.1 (b-d) show the
equivalent circuit diagrams for different system integration (coupled, 2-T PV tandem

decoupled, 4-T PV tandem decoupled).

The maximum STH efficiency for a coupled system with realistic catalysts is 27% (blue,
dashed line) and occurs at a bandgap combination generating just enough photovoltage to
overcome the reaction potential requirement (E top = 1.73 eV). Any additional voltage
supplied with a further increase in the top cell bandgap does not contribute towards the
chemical reaction and will lead to energy loss and reduction in the efficiency [21]. Reaction
losses are due to overpotential losses in the catalysts. If we neglect these losses and assume no
overpotential (i.e.,Vorr/mer = 0, black line), the maximum STH efficiency is still limited to
27%, but the efficiency increases at lower bandgaps. This is because at larger bandgaps the
system is not limited by voltage. Reducing the potential requirements by ignoring the
overpotential losses does not improve the efficiency as the cell is already working at the
maximum power point. However, at smaller bandgaps the system is limited by voltage, so
ignoring overpotential losses allows the cell to work at lower voltages, closer to the maximum
power point, increasing the current, and hence the efficiency slightly [21, 23]. Figure 5.1 (a)
shows total losses of up to 73% at the maximum STH efficiency for a coupled system,

represented by the equivalent circuit in figure 5.1 (b).

Introducing a PMU between the 2-T tandem PV and the EC component is equivalent to

removing the voltage matching requirement, represented by the equivalent circuit in figure 5.1
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(c). Assuming no overpotential losses, the STH efficiency is then equal to the PCE for a 2-T
PV cell, giving a maximum STH efficiency of 46% at E;top = 1.73eV (brown line). PV cells
in 2-T configuration require precise current matching of the top and bottom cells for maximum

output, restricting the bandgap combination choices[170, 171].

Fully decoupling the system by moving to a 4-T PV tandem removes these current matching
requirements, represented by the equivalent circuit in figure 5.1 (d). For an ideal catalyst system
with no overpotential losses, the STH efficiency is then equal to the PCE of corresponding 4-
T PV cell and has less stringent requirements for bandgap combinations to achieve high
efficiencies. In total, 19% of the total available solar energy is lost due to current and voltage

matching restriction losses for optimum bandgap combinations for 2-T coupled system.

The remaining losses are due to fundamental process in the PV components as discussed above.
These losses can be further grouped as the energy that leaves the system due to radiation or
reflection (i.e., emission, Carnot, and Boltzmann losses) and the energy that is converted into
heat in the PV component (i.e., thermalisation and below bandgap losses). At maximum STH
efficiency, 16% of the input energy is lost externally, while heat losses account for 38% of the

total solar irradiation. This fraction is even higher at non-ideal bandgap combinations.

In the simple conceptual model above, we assume that heat dissipates, but in a real system it
can cause the semiconductor to heat up, reducing the PV cell performance. However, it is also
possible to harness this heat to increase the electrolyte temperature, improving the reaction
kinetics and reducing the Gibbs free energy requirement [164]. In the next section, we

introduce the concept of thermal integration and quantify the limits of this approach.
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5.4. Thermal integration

Thermal integration allows heat losses from the PV component to be used to increase the
electrolyte temperature, improving the catalytic reaction efficiency and hence the overall STH
efficiency. Figure 5.2 shows two possible ways to thermally integrate the PV and EC
components in different types of solar hydrogen generation systems. Monolithic, coupled PEC
systems are immersed directly in the electrolyte and therefore already directly transfer heat to
the reactants, as shown in Figure 5.2 (a). To leverage all heat losses in the system — including
below bandgap absorption, it is necessary to include a black body absorber, shown in black in
Figure 5.2. Coupled or decoupled systems with PV-EC configuration - can also be thermally
integrated by flowing the electrolyte through a heat exchanger at the rear of the PV components,

as shown in Figure 5.2 (b).
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Figure 5.2: Schematics of the thermally integrated system in either (a) a monolithic, coupled

configuration, or (b) a physically separated, coupled, or decoupled configuration.

The potential of thermal integration as a loss mitigation technique depends upon the PV cell
operating temperature and heat transfer between PV and EC components. In the last section,

we predicted the heat losses in the PV component as L, + Lg, <k, using the detailed balance

limit. Here, we use the calculated heat loss to estimate the upper limit for the electrolyte
temperature, assuming perfect heat transfer (e = 1) . In this case, the maximum electrolyte
temperature, Tgc, is only limited by the PV component operating temperature, Tpy,, and there
will be a mass flux rate of the electrolyte, j,,, that will allow Tz, = Tpy. Figure 5.3 shows
electrolyte mass flux rate requirements to achieve Ty = Tpy, Calculated using the relation

below:

(Ltn+LEy<Eg)EH

Tec = Tin +

: (5.11)
where, T;, = 300 K, is the initial electrolyte temperature, and C, = 4.2 Jgm™*K~!, is the
specific heat capacity of the electrolyte (assumed to be equal to that of water). Hence, it is
important to estimate Tpy, in realistic operating conditions, as well as the temperature dependent

behaviour of the electrocatalytic system.

98



Log(jm)
370
360
¥ 350
v
£ 340
I
= 350
£
320
15
310
300

1.5 2 2.5 3 3.5
Eg top [eV]

Figure 5.3: Mass flux rate as a function of required electrolyte temperature and top cell
bandgap, for a PV cell operating at 373 K. The mass flux rate is given on a log scale. Bandgaps
associated with maximum/high STH efficiency require slower mass flow rate for maximum

heat transfer.

5.4.1. Estimation of practically achievable PV component operating

temperatures

As a first step, we consider a steady state thermal model to estimate the practically attainable
PV cell temperatures using energy balance equations [172]. The PV cell is in thermal
equilibrium with a black body such that its emissivity ep;, = 1. This means that the below
bandgap and thermalisation energy losses are absorbed and generate heat in the PV cell. To
simulate the conditions in a realistic solar module, the PV cell is separated by an air gap from
a glass plate cover with emissivity, €445 = 0.9, and is otherwise insulated. The incident solar

radiation is transmitted through the glass and absorbed by the PV cell, while radiation losses
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from the cell can leave the system. As the cell heats up, emission losses increase. The PV
component loses heat to the glass by radiation and convection across the air gap, Ax. In turn,
the temperature of the glass, T4, increases and loses heat by radiation and convection to the
environment (assumed to be at T,;, = 300 K). Figure 5.4 shows the schematic of PV

component for calculating practical PV operating temperatures (Tpy).

M solar irradiation
I Insulation

Il Semiconductor
B Glass

e

Figure 5.4: PV component schematic for estimated temperature calculations
Here, surface 1 is the Photovoltaic (PV) component, surface 2 is glass and, surface 3 is air.

The radiosity of a surface, J,., is defined as the sum of energy emitted and the energy reflected

when no energy is transmitted:

Jr = €E, + pG (5.12)
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where, € is emissivity, E;, is blackbody emissive power, pis reflectivity, and G is total
irradiation incident upon a surface per unit time per unit area. It is assumed that glass does not

transmit any of the thermal radiation, then the reflectivity can be defined as,

p=1l—-a=1—-¢ (5.13)

where, «a is the absorptivity or the fraction absorbed.

Replacing value of p from equation (5.13) in (5.12) we can rewrite J,. as

Jr=€E,+ (1 —€)G (5.14)

When many heat transfer surfaces are involved, the energy balance can be written using nodal
equations [172]. Net heat lost Q', is the difference of energy emitted and energy absorbed.

This can be written mathematically as,

Q' = €E, — aG (5.15)

Considering a system with many heat transfer surfaces, for the i‘" surface, the total irradiation

is the sum of all radiation G; from all the other j surfaces. Thus fore = «

Qi = €;(Ep, — X; Gp). (5.16)

The total irradiation, G, can be expressed in terms of radiosity and shape factor, Fj; as

101



GiA; = Ajy ;Fyi (5.17)
where, A; and A; are areas of j th and it" surface, respectively.
From reciprocity

AjFy = AF; (5.18)

Substituting the value from equation (5.18) in equation (5.17) and then value of G; in equation

(5.19) we get,

Q=€ (Ebi -2 Fij]rj) : (5.19)
Heat transfer can also be calculated as,

Qf =Jri = Gi = (Jry = Fr ) (5.20)
Combining equation (5.19) and (5.20) gives us the radiosity of the i®* surface as:

Jri — (U —€) XjFij]j = €Ep, . (5.21)

The heat transfer rate at each it" surface can then be calculated from

€i

Qi = —=(Ep, = Jry)- (5.22)

1—€;
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Solving the equation (5.22) for E,, gives us:

1—¢€;

Ebi = ]T‘l‘ +

Qi (5.23)

€i

Substituting equation (5.23) into (5.21) then gives us:

Jri = _(Zj;tiFij]rj + Q{) (5.24)

1
1-Fy;

We then use this derivation for a many surface system for our current system, and can rewrite

equation (5.24) for the PV surface as
] :;(Z..F.]__{_Q') (5.25)
rpy 1-Fyq JEIREY) rj PV '
Solving the equation above and substituting the value F;; = 0 for J,.,, we get

QI’DV = Epr - Flzjrglass_i (526)

For PV cells in thermal contact to a black body absorber, € = 1, and the total radiation emitted

by the PV cell is E},,, , following the Stefan- Boltzmann law, Ej,,, can be represented by:

Epy, = 0Ty (5.27)
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where, 6 = 5.67 X 107 8Wm™2K~* is the Stefan-Boltzmann constant. The heat Qpy,
transferred over to the PV component (surface 1), from the glass (surface 2), by convection

the, is then given by:
! ke !
Qpy = Ax (Tglass - TPV) + Qheat - (5-28)

where, k., = 0.059 Wm~1K~1 is the thermal conductivity of the air gap between the

semiconductor and the glass and Q... is heat transfer across the surface.

This, Equation (5.16) and (5.26) can be combined to get

ke 4
EbPV - FlZ]Tglass_i = Ax (Tglass - TPV) + Qheat (5-29)

Where J,. glass. i is the radiosity inside the glass and F;, is the shape factor (fraction of energy

leaving surface 1 and reaching surface 2) .

The overall energy balance for surface 2 (glass) can be defined by energy balance equation,

and written as:

€glass _ ke
rgm“ (ZEbglass _]Tglass_i _]rglass_o) ~ Ax (TPV - Tglass) + hc(Tair - Tglass) (530)
where, h, = 20 Wm™2K 1 is the convective heat transfer coefficient of air. For the overall
system, a fraction of solar energy absorbed will eventually be lost by convection and radiation

(Q1,ss) from the outside surface of glass (contributing to heat loss):
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Qilleat = hc(Tair - Tglass) + €glass (Ebglass - Ebair) . (5-31)

Radiation lost from outside of the glass can be written in two ways,

’ €glass
Qraa = €glass (Ebglass - Ebair) = (Ebglass _]Tglass_o) ” (5.32)

1-€giass

Solving above equations and rearranging them we get the energy balance equations for the

overall system as,
ke
€glass (Epr + Ebair - ZEbglass) + Ax (TPV - Tglass) + hc(Tair - Tglass) =0 (5-33)

ke 4
€glass (EbglaSS - Ebpv) + Ax (Tglass - TPV) + Qheat =0 (5-34)

We can then estimate Tpy, and T4, by solving the energy balance equations as a function of

top cell bandgap (through L., + LEY<Eg) for a 2-T PV configuration.

Qheat = Len + Lg <k, (5.35)
Also, From equation (5.27)
EbPV = O—TI;I'V

— 4
Ebglass - UTglaSS
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Subtracting equation (5.33) and (5.34) gives

_eglassEbglass - thlass + (EglassEbair + thair + (Lth + LEY<Eg) ) =0 (5-36)

PV temperature is calculated by solving (5.34), (5.35) and (5.36)

Figure 5.5 shows the calculated cell temperatures as a function of heat loss for single and 2-T

PV tandem PV systems with fixed bottom Si cell.
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Figure 5.5: Maximum cell temperatures as a function of heat loss and (a) solar cell bandgap

for single bandgap cell and (b) top cell bandgap for 2-T PV tandem with fixed bottom silicon

cell

5.4.2. PV cell performance at elevated temperatures

The practically attainable PV cell operating temperatures under one sun illumination (black

line); and the PCE of the PV component as a function of top cell bandgap and temperature are

106



given in Figure 5.6. Our calculations show that the PV cell temperatures can reach over 373 K
(100 °C) under one-sun operating conditions for all the top cell bandgaps investigated, in
agreement with measured, roof-mounted module temperatures reported in [173]. Operating the
PV cell at higher temperatures increases recombination and thermal losses, reducing the PCE
of the device. For example, the PCE of PV component with a top cell bandgap of 1.73 eV

reduces by 3% absolute at an operating temperature of 400 K compared to its performance at

room temperature.
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Figure 5.6: Surface plot of PV efficiency as a function of PV temperature and top cell bandgap
for 2-T tandem configuration with bottom Si cell. The black line on the plot represents the

maximum achievable cell temperature for given bandgap configurations.

The PV temperatures calculated here represent the upper limit of the electrolyte temperature
assuming perfect heat transfer. These results demonstrate that it would be possible to heat the
electrolyte to temperatures in the operating range of commercial PEM electrolysers, by

optimising the electrolyte mass flux rate (i.e., the mass flow per unit area). The mass flux rates
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required to attain these electrolyte temperatures are given in figures 5.3. These are consistent

with realistic mass flow rates reported in literature [174] .

5.4.3. Temperature dependence of the catalytic reaction

To develop a thermally integrated PEC system, it is important to understand the temperature
dependence of the water-splitting reaction and electrocatalytic system. Both, the Gibbs free
energy, G, and the activation overpotential in the electrochemical system are sensitive to the
operating temperature, T. The reaction potential required for water-splitting is defined by the
Nernst equation and also depends upon temperature [83]. The dependence can be expressed by

the Gibbs-Helmholtz thermodynamic relation between enthalpy, H, and G, given by [175]

The change in Gibbs free energy of the reaction is due to the change in enthalpy, AH?,.,,, and
entropy, AS?,,,, of the reaction[16, 80, 81] as given by equation 2.8 in Chapter 2. The enthalpy
of the reaction reduces by < 1% over the range of temperature considered here (300-400 K),
while TAS?,, increases significantly, by almost 20%. This reduces the Gibbs free energy
required for dissociation of the water molecule and hence reduces the reaction potential

required to drive the water-splitting reaction as the temperature increases.

An additional overpotential is needed to overcome the activation energy barrier for the reaction
to proceed, calculated using the temperature-dependent Butler VVolmer equation for redox

reactions [80, 82-84]. The pre-exponential and activation energy values depend on crystallinity
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and morphology of the catalyst and can result in different activation overpotential values [176].
The temperature dependence of the catalyst is also sensitive to the configuration and geometry
of the electrodes, as well as the catalyst material [176]. To estimate an upper limit on
performance, we assume a high-performance catalytic system based on the noble metals (Pt
and IrOx) and choose representative values based on previous work [90]. Details of the

electrochemical model are given in Chapter 2, section 2.2.
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Figure 5.7: (a) Exchange current density of the anode and cathode as a function of temperature
for Platinum and Iridium oxide catalyst (b) Reaction potential and activation overpotential as

a function of temperature for Pt and IrOx catalyst.

Figure 5.7 (a) shows the temperature dependence of exchange current densities for the cathode,
Jocathode, and anode, Joanode, for Pt and IrOx catalytic systems, respectively. Figure 5.7
(b) shows the temperature dependence of reaction potential and activation overpotential. It
should be noted that the anode exchange current density values are roughly 3 orders of

magnitude smaller than those of the cathode, which limits the reaction and determines the
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activation overpotential [16]. The data shows that increasing the operating temperature
increases the exchange current density of the anode and cathode, in agreement with literature
[176]. The high exchange current density at elevated temperatures facilitates the reaction,
reducing the activation overpotential, as shown in Figure 5.6 (b). Specifically, the reaction

potential for water-splitting reduces by 7% over the range of temperature considered here (300-

400 K).

5.4.4. Performance of the thermally integrated system

The final step is to integrate the temperature-dependent reaction properties into the ideal PEC
system model for DSHG described above. To analyse the potential of thermal integration, we

calculate the STH efficiencies as a function of operating temperature and top cell bandgap.
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Figure 5.8: (a) Ideal STH efficiency for a thermally integrated system as a function of top cell

bandgap (E,top) and operating temperature of the system (Tp, = Tg¢) (b) Absolute change in

ideal STH efﬁCienCy (STchermalintegration_STHno—thermalintegration) due to thermal
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integration as a function of top cell bandgap for three different operating temperatures. The
coloured circles in indicate the absolute Ideal STH efficiency without thermal integration in (a)

corresponding to the change in STH in (b).

Figure 5.8 (a) shows the overall ideal STH efficiency of thermally integrated PV-based solar
hydrogen generation systems, where Tp, = T, Over a range of temperatures from 298 K to
363 K. In all cases the ideal STH decreases with increasing operating temperature due to a
reduction in the PV efficiency. However, thermal integration does help to mitigate the
reduction in STH with increasing temperature compared to a non-thermally integrated system.
Figure 5.8 (b) shows the absolute difference in STH efficiency with and without thermal
integration, for three different PV operating temperatures. The coloured circles correspond to
absolute STH efficiency in figure 5.8 (a). The STH efficiency of the PV-based solar hydrogen
generation system increases significantly upon thermal integration for all three operating
temperatures compared to a non-thermally integrated system up to 8.5% for certain top cell
bandgaps. However, the maximum improvement for each temperature investigated, indicated
by a coloured circles in Figure 5.8 (b), occurs at relatively low absolute STH efficiencies,
corresponding to coloured circles shown in Figure 5.8 (a). For example, at a top-cell bandgap
of 1.6 eV, thermal integration only improves the STH efficiency by 2.3%. These results
demonstrate that the benefit of thermal integration can be significant but is sensitively

dependent on the tandem cell bandgap combination.

5.5. Modelling realistic solar hydrogen generation system

The thermodynamic efficiency and intrinsic loss calculations for ideal - systems, given above,

are useful for quantifying the relative contribution of different loss mechanisms. However,
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realistic solar hydrogen systems suffer from additional, unavoidable material dependent losses
which need to be taken into account when assessing the potential of different loss mitigation

techniques to increase practically achievable STH efficiency.

In this section, we model realistic systems by including loss factors to account for non-ideal
diode characteristics in the photovoltaic components, and material-dependent reaction
overpotential losses in the catalytic components. We model the realistic PV and catalyst
components under 1-sun conditions (using the AM1.5G spectra) using the temperature-
dependent transcendental solar cell equation and the temperature-dependent Butler-Volmer
and Nernst equations, where realistic losses in the system are introduced through loss

parameters fit to experimental data.

The total input solar irradiation is equal to AM1.5G solar spectrum, given by equation (2.16),

Chapter 2 and restated below

Py = |, AM1.5G(E)dE (5.39)

The photovoltage of a realistic PV component is given by solving the transcendental solar cell
equation and loss parameters are introduced to account for non-ideal absorption, non-ideal

recombination, and non-ideal diode behaviour.

Jrad

Ji- ]_<va(1>—st>
Ver(J) = "Tq"V ln( Rsh + 1) —JR,, (5.40)
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where, J, is the photocurrent, /.4 is the radiative recombination, Tpy, is the temperature of the

photovoltaic component, R, and Ry, are the series and shunt resistance, respectively.

To determine non-ideal photo-current we calculate realistic absorption spectra, A(E), and
define the collection efficiency, f, to account for any charge carrier collection losses [21]. The
absorption in the Si cell, Ag;(E), is calculated as described below, assuming Lambertian light
trapping and no reflection loss, following the work of Green [177], while a bandgap dependent
analytical approximation is used to reproduce the shape of the absorption spectra of the top
cells. An additional loss factor, fp,.q, IS defined for the top cells to account for parasitic

absorption that would reduce the light incident on the bottom cell.

The photocurrent for the top cell is then given by:

]L,top = qf;‘ fAMl.Sg Atop (E)¢(E)dE (541)

where, ¢ (E) the incoming photon flux from a black body defined by eqgn (2.15), Chapter 2

and for the bottom Si cell as,

Jusi = qfc fAM1_5g Asi(E)(l — Atop(E) — Apara(E))‘}b(E)dE (5.42)

For the bottom Si cell, resistive losses due to carrier transport in the semiconductor are

introduced through the series resistance term, Ry, and non-ideal diode characteristics are
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introduced through the shunt resistance, Ry;,. The series and shunt resistances are modelled

using the normalised resistance, 1, r;, for each cell, defined as
_ JL
Tssn = Rs/sh E (5-43)

The loss parameters are fitted to reproduce the reported experimental current-voltage curves

and solar cell.
5.5.1. Absorption in a single silicon cell

The absorption in the Si cell is calculated with Lambertian light trapping and no reflection loss,

following the work of Green [177],

1-exp(—2ag;W)

Ag; = (5.44)

1—(1—%) exp(—2ag;W)
nsi

Where, ag; and ng; are the wavelength dependent absorption coefficient and refractive index
of crystalline Si. To account for absorption in the top cell, Ag; is multiplied by the transmission

of the top cell, Tr,,, the calculation of which is described below. A collection efficiency, f,

defined as the fraction of photogenerated carriers that contribute to the current.

The temperature dependent bandgap of Si cell is calculated as [178]

E.(T) = E, (0) — —2T2v_ (5.45)
g g (Tpy+B)
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where E;(0) = Ej at Tpy = 0 K, and a and /5 are empirical parameters.

The light induced current is then calculated by integrating the product of these three terms with

the photon flux in the AM1.5G solar spectrum:

[00]

Jusi = Aq |, E fe,siAsiTrop®(E)dE (5.46)

g_bottom
5.5.2. Absorption in tandem configurations
Absorption in the silicon bottom cell

In tandem configuration, Si bottom cell receives the spectrum filtered by the top PV cell.
Hence, we modified the limits of the integral to calculate the photocurrent of the Si bottom cell,

considering the change in input spectrum.

Eg to
Jusi =Aq [, fosiAsiTrop$(E)AE (5.47)

Eg_bottom

Absorption in the top cell

The total, bandgap dependent recombination current can be calculated as [178, 179]

’ E
Jraa = K'T3y exp (— =) (5.48)

kTpV

where K’ is an empirical parameter and E; is the semiconductor bandgap.
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To determine the photocurrent we calculate the absorption, and define the collection efficiency

as before, .

Ju=Aq]; . feropArop®(E)AE (5.49)

A simple, bandgap dependent, analytical approximation is used to model the shape of the

absorption spectra of the top cells,

E-Eg4

Arop = 045 erf <—> + 0.05erf(E — E;) + 0.05 (5.50)

5kT py
q

An additional parameter is introduced to include parasitic (below bandgap) absorption in the

top cell, fpara:

E—-E
Apara = fpara erf (Tg) E< Eg (5.51)

q

The transmission through the top cell is then calculated as:
Trop =1 — Apara — Arop (5.52)

The bandgap dependent series and shunt resistances are modelled using a single normalised

resistance for each cell type

]SC
Ts/sh = Rs/sh E (5.53)
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5.5.3. Fitting procedure

The three loss parameters for the Si cell - collection efficiency, f..., series, Rg, and shunt

resistance, Ry, - are chosen to give the best fit to the solid state J-V measurements of the

photovoltaic device reported by Park [65]. Once the Si cell parameters are chosen, ferop

and fpqrq Were chosen to closely match the EQE profile of the perovskite cell. After fixing

these parameters, K', 15, and ry;, are chosen such that calculated 1VV-curves and the figures of

merit of the top perovskite solar cell matched as reported in reference. The reported and

calculated figures of merit are given in Table 5.1 below.

Table 5.1: Figures of merit for the reported and modelled photovoltaic components

Figures of Merit Reported Modelled
Bandgap (eV) top cell 1.6 1.6
Bandgap (eV) bottom cell 1.1 1.1
Voe (V) 1.7 1.7
Jsc(mAcm™2) 17.76 17.7
Tandem efficiency (%) 23.1 23.1
Solar to Hydrogen efficiency (%) 17.5 175
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Table 5.2: Parameters for modelling reported PV components

Parameters Filtered Silicon Top cell
Empirical parameter, K 5.5e+2 le+4
Normalized series resistance, 7y 6.2e-1 0.6e-1
Normalized Shunt resistance, 7y, Se+l le+l
Collection efficiency, f, 0.73
E,(0) 1.170 -
a(eVdeg™) 4.730e-4 -
B (deg) 636 -

The catalytic exchange current density and activation energy values are chosen to best fit to
the experimental data and obtain the reported solar to hydrogen conversion efficiency for the

reported work.

Table 5.3: Parameters for modelling reported catalyst components

Parameters Anode Cathode
Pre exponential factor 142e+4 46.2e+4
Activation energy 34.3e+3 12e+3
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5.6. Comparing different loss mitigation techniques in realistic systems

To compare the relative improvement in the STH efficiency for different loss mitigation
techniques, we model a low-cost, high efficiency system, consisting of perovskite-Si tandems
coupled with Earth-abundant catalysts. We base our model on the work of Park et.al, who have
reported STH = 17.5% for a coupled system under standard operating conditions [65]. For the
decoupled case, we also include the efficiency loss due to the PMU, taken to be 97%, which is

consistent with literature [180-184].

Figure 5.9 (a) shows the STH efficiency for a realistic Perovskite-Si tandem based system with
and without different loss mitigation techniques applied. Data is shown at three different
temperatures corresponding to the operating temperature range of a standard commercial
electrolyser: room temperature (300 K); an intermediate temperature (323 K); and a high

temperature (343 K).

At room temperature, the standard coupled system without any loss mitigation demonstrates
an STH efficiency of 17.5%, in agreement with the reported results [65]. As expected, the STH
efficiency reduces with increasing temperature to 10.9% at a high operating temperature (grey
circles). By implementing thermal integration (red squares), the STH efficiency of the coupled

system is improved to 13.4% at 343 K.

119



[} e — : : . : (b)

Both
) Decouping
204 ¢ | 30 Thermal Integration
* ke @ STH efficiency without any loss mitgation

3 v Ty () _Limiting STH efficiency
< s 254 -

18 4 ~ )
9 ® 4 3
S c
916 - 5201
5 ¢ | N
o

14 1 I 15
n ° = E15

12 1

10 +
]
10 T T
300 323 343 300 343
Temperature (K) Temperature (K)

Figure 5.9: (a) Solar to hydrogen conversion efficiency for perovskite-Si tandems without
(grey circles) and with different loss mitigation techniques: thermal integration (red squares),
decoupling (blue triangles), both thermal integration and decoupling (black stars). Results are
given at three different temperatures: room temperature (300 K); an intermediate temperature
(323 K); and a high temperature (343 K) (b) Solar to hydrogen conversion efficiency as a
function of different loss mitigation techniques at room temperature (300 K) and high
temperature (343 K). Grey circle represents the solar to hydrogen conversion efficiency without
any loss mitigation and white circle represents the theoretically limiting solar to hydrogen
conversion efficiency. Coloured blocks represent solar hydrogen generation system with
different loss mitigation techniques: thermal integration (red), decoupling (blue), and both

thermal integration and decoupling (black).

If we remove integration losses by decoupling the system (blue triangles) the STH efficiency
is increased to 20.3% at room temperature, reducing to 17.9% at high operating temperatures

without any thermal integration. Combining the two different loss mechanism techniques gives
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maximum improvement resulting in an STH efficiency of 19.4% at realistic operating

temperatures of 343 K for a thermally integrated decoupled system.

Figure 5.9 (b) compares the realistic case study directly with the ideal thermodynamic limits
calculated earlier, to show the effect of different loss mitigation techniques at room temperature
(300 K), and high temperature (343 K). White circles represent the theoretically limiting STH
efficiency, while grey circles represent the STH efficiency without any loss mitigation. The
coloured bars show the improvement in solar to hydrogen conversion efficiency due to different
loss mitigation techniques. These results demonstrate that the two loss mitigation techniques
provide significantly different performance enhancements. At high operating temperatures,
thermal integration improves the STH efficiency of the coupled system by 23% relative to a
coupled system without any thermal integration. By comparison, decoupling the system can
improve STH efficiency by 16% at room temperature, and by 64% at high operating
temperature (343 K). Combining the two loss mitigation techniques results in improvement of
78% for a thermally integrated decoupled system at higher temperature relative to non-

thermally integrated coupled system.

For thermal integration, we consider perfect heat transfer from the PV to EC components. We
assume the electrolyte temperature equal to the PV operating temperature for STH efficiency
calculations for thermally integrated system. However, perfect heat transfer is not possible in
practical conditions, and the system will always suffer losses during the heat transfer process.
This could result in electrocatalytic system operating at a lower temperature than the PV and

reduce the efficacy of thermal integration.

121



Both thermal integration and decoupling will add to the costs and complexity of the system.
Decoupling the system increases the cost of the PV component due to the need for a PMU,
while thermal integration will result in increased costs for balance of plant, particularly in the
case of monolithic systems where hydrogen gas collection systems will need to be
decentralised. We have avoided a detailed techno-economic comparison of the systems
considered here because of the difficulty in cost estimations for emerging technologies, and the
loss of generalisation. However, it will be important to understand the economics of different
loss mitigation techniques for commercial systems. In all cases it will be necessary to ensure
that the concurrent increase of system complexity and cost is justified by the improvement in

the STH efficiency.

5.7. Conclusion

The comprehensive system analysis in this Chapter allows us to quantify the losses in the solar
hydrogen generation and compare loss mitigation technigues that can be employed to improve

the STH efficiency.

We show that for an ideal Si-tandem based system, thermal and system integration losses
account for the majority of energy losses. In total, 19% of the input solar radiation is lost due
to system integration and 38% due to thermal losses. This suggests that the two-loss mitigation
techniques — thermal integration and optimal system integration strategies are most important

for optimising performance.

These loss mitigation techniques are a useful tool in targeting the major losses in solar hydrogen

systems, and we show that they can achieve STH efficiencies above 20% for realistic, low-cost
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solar hydrogen systems. Thermal integration can significantly improve the STH efficiency for
low-cost perovskite-Si tandem PV and earth abundant catalyst-based realistic systems.
However, the benefit of thermal integration is sensitive to the operating temperature and the
tandem PV bandgap combination. Decoupling the system improves the STH efficiency even
at low temperatures and provides more than three times the performance boost of thermal
integration at high operating temperatures. Our results show that optimal system integration

strategies provide a much larger improvement in performance than thermal integration.

Ultimately, the best design choice is the one that will give the lowest cost of hydrogen. To
achieve this, there will be a trade-off between high efficiency and reducing hydrogen
production costs. For this reason, it is critical to quantify the impact of different loss mitigation

techniques to ensure the best performance for the lowest additional costs.
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Chapter 6

Direct Solar Hydrogen Generation at 20% Efficiency Using Low-

Cost Materials

6.1. Introduction

In this Chapter, we demonstrate direct solar hydrogen generation using an all-low-cost
materials-based PEC system consisting of perovskite-Si PV tandem and Ni-based earth-
abundant catalysts in PV-EC configuration. We discuss the current PV tandem based system
architecture for unassisted solar hydrogen generation and its benefits in section 6.2. Section 6.3
covers the synthesis and electrochemical characterisation of NiMo-based HER catalysts with
an innovative ‘flower-stem’ morphology, with increased reaction sites and NiFe/NF oxygen
evolution reaction catalysts. In section 6.4 we describe the development of perovskite solar
cells with an unprecedentedly high open circuit voltage enabled by an optimised perovskite
composition and improved surface passivation and present the performance of 2-T perovskite-
Si PV tandem. When the NiMo hydrogen evolution catalyst is combined with an optimally
designed NiFe-based oxygen evolution catalyst and a high-performance perovskite-Si tandem
cell, the resulting integrated water splitting cell achieves a record STH efficiency of 20%, as
discussed in section 6.5. In section 6.6 we discuss potential ways to increase the STH
efficiency. Detailed analysis of the integrated system reveals that simply decoupling the system
could improve the STH efficiency to 23%, while efficiencies of 25% could be achieved with
realistic improvements in the perovskite cell in a coupled system. Decoupling this system

further can improve the STH to 32%. In section 6.7, we perform a technoeconomic analysis to
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assess the cost competitiveness of direct solar hydrogen generation systems compare to off-
grid electrolyser system powered by commercial Si PV module or perovskite-Si tandem
reported in this work. The calculated LCOH is estimated at $4.1/Kg for the current system,
which can reduce to below ~$3.0/Kg with projected cost reductions in PV modules and
membranes in future. We show that combining the predicted improvement in efficiency to 25%

and cost reductions in components can improve the STH efficiency to ~$2.3/Kg.

This work was done in collaboration with Dr Chuan’s group in the University of New South
Wales (UNSW) and Dr. The Duong from the perovskite PV research group at The Australian
National University (ANU). | designed the solar hydrogen generation system and evaluated the
requirements to achieve 20% STH efficiency. | worked closely with Dr Yuan Wang and her
team at UNSW who synthesised and characterised the HER and OER catalysts. We worked
towards designing catalytic system for optimum current and voltage matching with the PV
component to achieve 20% STH efficiency. Dr The Doung from ANU developed the high
semi-transparent perovskite solar cells and performed PL and stability measurements. | worked
closely with Dr The Duong in design requirements for perovskite cells, particularly the need
of voltage improvement to match with catalysts for achieving high efficiency. | performed solar
hydrogen generation system integration, characterisation, and analysis. | further analysed
different ways to further improve the system to increase the STH efficiency. | performed the
techno-economic analysis to assess the cost competitiveness of the current system and future
pathways to improve. The text in the Chapter is adapted from a paper which is under review
and is co-authored by Yuan Wang*, Astha Sharma* The Duong, Hamidreza Arandiyan,
Tingwen Zhao, Doudou Zhang, Zhen Su, Magnus Garbrecht, Fiona J. Beck, Siva Karuturi,

Chuan Zhao, and Kylie Catchpole. (*authors contributed equally to the paper).
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6.2. Tandem PV based photoelectrochemical system for high efficiency direct solar

hydrogen generation

In Chapter 4 we achieved an STH efficiency of 17% using perovskite PV cells and earth
abundant catalysts integrated Si photocathodes in 2-T tandem architecture. The NiMo/Ni
catalysts, developed using sputter deposition, show high performance and can be integrated
with current Si manufacturing processes, but its performance is low compared to catalysts
fabricated using wet chemical methods. To further improve the STH efficiency, we physically
separate the PV and catalyst system in a PV-EC configuration, as discussed in Chapter 2 figure
2.2(a). Removing the requirement of integrating catalysts directly on the Si photocathode
removes the restrictions for catalyst substrate and synthesis fabrication methods. Physically
separating the PV and EC also allows for better voltage and current matching, as we are not

restricted to size match the components.

As discussed in Chapter 4 section 4.3, earth abundant catalysts based on Ni alloys with other
transition metals have shown excellent HER/OER performance and stability under harsh
alkaline conditions[71-73, 75, 76]. Catalysts with larger numbers of reaction sites and good
stability can be fabricated using wet chemical synthesis methods on a variety of substrates,
resulting in high performance. Ni alloyed with Mo is a well-known non-noble metal-based
electrocatalyst for HER under alkaline conditions.[73, 140, 141] Among Ni-based OER
catalysts, NiFe (oxy)hydroxide presents a commendable performance for OER.[185-187]
Although Ni-based catalysts have shown promise, their performance and operational stability
need to be further improved, in order to match with PV cells, and construct robust, high-

efficiency direct water splitting systems.
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Achieving optimum voltage-current matching between PV and electrocatalytic components, in
addition to fulfilling the voltage requirements for the water splitting reaction, is crucial in
improving the STH efficiency. With Si solar cells already close to their practically achievable
limits, improvements in the perovskite solar cell voltage is required in order to further improve

the STH efficiency to attain the 20% benchmark.

As discussed in Chapter 5 and published in [22], PV-EC configuration also allows us to fully
decouple the PV and EC components by introducing a PMU (Chapter 5, figure 5.1(d)). This
eases the current and voltage matching requirements and the PV cells can be operated at its
maximum power point and PMU provides optimised current and voltage to the EC component.
This not only improves the STH efficiency but also the bandgap combinations to achieve high

efficiency.

Previous experimental demonstrations of physically separated perovskite-Si PV tandem and
catalyst systems have achieved STH efficiency of 18.7% using partially noble metal catalysts
[188]. High STH efficiency of 17.5% is achieved using earth abundant Ni based catalyst with

perovskite-Si tandem PV [65].

Despite promising results, reaching 20% STH efficiency is still elusive. In this Chapter we
work towards improving both the PV and EC components and the device architecture to

achieve the US DOE target of 2020 of 20% STH efficiency.
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6.3. Synthesis and characterisation of electrocatalysts

The catalyst synthesis and characterisation were performed by Yuan Wang and team at the
university of New South Wales. Details of catalyst fabrication and characterisation are given
in Appendix B. I worked closely with them in designing the HER and OER catalysts, for
optimum matching with the PV cells to achieve high STH efficiency. The section below

includes a brief summary of the catalyst characterisation and performance analysis.

NiMo catalysts for HER were prepared on nickel foam (NF) using a two-step method involving
hydrothermal synthesis and calcination in a reducing environment. As shown in the SEM
images (figure 6.1 a), high density flower-like nanosheets and stem-like nanowires resembling
a flower-stem morphology grow uniformly on the 3-D NF skeleton. Such a morphology can
improve electrolyte-catalyst interaction through capillary forces and reduce the adhesion of gas
phase products, thereby enhancing the reaction kinetics[189]. The flower-like nanosheets are
closely connected to the surface of the Ni foam through the stem-shaped nanowires, providing
significantly enhanced accessible surface area with good mass and electron transfer properties.
The unique “flower-stem” structure of the NiMo catalyst also provides a hierarchical
architecture for uniform dispersion of highly active NiMo alloy nanograins (figure 6.1 b,c),
thereby maximizing the catalytic performance. The performance of an electrocatalyst is highly
dependent on its morphology. As discussed above the flower-stem morphology of the NiMo
catalyst not only promotes increased number of accessible active sites, but also simultaneously
facilitate efficient mass/charge transfer and fast gas bubble dissipation, resulting in an overall

enhanced catalytic performance [190].
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Figure 6.1: Scanning electron microscopy (SEM) images of NiMo/NF (a) flower-stem

morphology (b) flower morphology (c) stem morphology

Electrochemical performance of the as-synthesised catalysts is tested in 1 M KOH in both

three-electrode and two-electrode configurations to evaluate the individual HER and OER

performances and the combined overall water splitting performance, respectively. Pt-C/NF and

Ir-C/NF electrodes were used as benchmarks.
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Figure 6.2: Electrochemical performance of HER and OER electrodes. (a) LSV curves of

NiMo/NF, Pt-C/NF and NF electrodes for HER (b) Comparison of overpotential of NiMo/NF
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at mAcm™2 with other reported HER electrocatalysts. (c) LSV curves of NiFe/NF||[NiMo/NF,

Ir-C/NF||Pt-C/NF, NF||NF for overall water splitting in a two-electrode system using 1 M KOH.

As shown in figure 6.2 (a), the as-synthesized NiMo/NF presents an HER onset potential close
to the thermodynamic potential, and low overpotentials of 6 and 70 mV to obtain the current
densities of 10 and 100 mAcm™2. In comparison, the benchmark Pt-C/NF and unmodified NF
show much higher overpotentials of 130 and 270 mV at 10 and 100 mAcm™2, respectively.
Moreover, the NiMo/NF electrode exhibits excellent longstanding stability, maintaining a
stable HER activity at a high current density of 100 mAcm~2 after 100 h of continuous
operation (Appendix B). Such a performance ranks NiMo/NF catalyst among the best non-

noble metal HER catalysts in alkaline media (figure 6.2 (b)).

The NiMo/NF HER electrode is combined with NiFe/NF OER electrode, in two electrode
configuration to achieve overall water splitting. The NiFe/NF OER electrode is fabricated by
electrodeposition and the details are given in Appendix B. Figure 6.2 (c) shows that the
NiFe/NF||[NiMo/NF delivers 10 mAcm™2 current at a voltage of 1.48 V, which is 80 and 230
mV better than Ir-C/NF||Pt-C/NF and NF||NF, respectively. Besides the excellent activity, the
NiFe/NF||NiMo/NF, shows high stability with no degradation at 20 mAcm™2 after 100 h
operation. In summary, the electrochemical performance tests confirm the as-developed
NiFe/NF||INiMo/NF electrodes form a highly active and robust catalytic system for overall

water splitting.
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6.4. Perovskite-Si PV tandem for water splitting

To achieve stand-alone solar hydrogen production in an integrated system using the Ni-based
electrodes, we fabricated perovskite and Si cells in 2-T tandem configuration. | performed the
solar cell characterisation and solar hydrogen system integration and analysis were performed.
Perovskite solar cell fabrication, PL and stability measurements were performed by The Duong

at ANU.

Figure 6.3 (a) illustrates the device structure of the tandem cell consisting of a semi-transparent
perovskite solar cell and a monocrystalline n-type Si solar cell. As discussed in Chapter 5 and
published in [22]the perovskite cell bandgap is optimized at 1.72 eV, which is close to the ideal
top-cell bandgap to achieve current matching with the Si bottom cell in the tandem

configuration and to obtain the maximum STH efficiency.

Semitransparent perovskite solar cells were fabricated using a 3D perovskite light absorber
(Rbo.05Cs0.00sMA0.1425F Ao 7125Pb12Br). To realise high photovoltage, the surface of the active
perovskite layer was passivated with a large organic cation n-dodecylammonium bromide
(C12H28BrN) consisiting of a long alkyl chain, which is known to form two-dimensional (2D)
perovskites.[191] The organic cation with long alkyl chain presents better surface passivation
compared to the previously reported n-butylammonium bromide (C4H12BrN) which has a much
shorter alkyl chain. Area matched bottom Si cells were fabricated with rear n-doped electron-
selective passivation layer. [192] Details of solar cell fabrication and additional

characersitation are given in Appendix C.
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The J-V characteristics of the semi-transparent perovskite top cell and the silicon bottom cell
were evaluated under continuous AM1.5G illumination (figure 6.3 (b)). The efficiency of the
semi-transparent perovskite cell is 15.3%, with a V. of 1.271 V, J,. of 17.8 mAcm™2, and a
FF of 68%. It is worth noting that the V. exhibited by the semi-transparent perovskite cell is
the highest open circuit voltage for large area (> 1cm?) semi-transparent perovskite solar cells
ever reported (Appendix C). This achivement can be ascribed to the excellent passivation
property of the two-dimensional perovskite formed by n-dodecylammonium bromide used in
this work. An Si cell with an initial PCE of 21.8%, J,. of 38.7 mAcm™2, and V. of 0.699 V,
presents a PCE of 10.1%, J,. of 18.8 mAcm™2, and V,. of 0.675 V when measured under the
perovskite cell. When the perovskite and Si cells were series-connected in 2-T tandem
configuration, the tandem cell achieves a V. of 1.92 V, a J,. of 17.6 mAcm™ and a FF of
72.5%, corresponding to a PCE of 24.3% , when measured through a 1 cm x 1 cm aperture

mask.
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Figure 6.3: Photovoltaic performance of perovskite and Si cells. (a) Schematic illustration of
the device architecture of series-connected perovskite-Si tandem cell. (b) J-V curves of the
individual perovskite and Si solar cells and the series-connected tandem cell under AM1.5G
illumination. (c) AM1.5G photon flux spectrum and electron flux at the top perovskite cell and
bottom Si cell calculated from the EQE measurements. (d) Long-term stability of perovskite
solar cell under continious AM 1.5G illumination at a fixed voltage close to the maximum

power point.
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The maximum obtainable electron flux values for the perovskite cell and Si cell under the
perovskite cell are calculated using their respective EQE data and incident photon flux as
shown in figure 6.3 (c). This translates to calculated photocurrents of 17.0 and 18.0
mAcm ™2 for the perovskite and Si cells, respectively, which match closely with the J. values
obtained from J-V curves. The electron flux data shows that the two subcells possess a close
current matching with little room to improve. Additionally, the perovskite cell tested in an N>
environment shows excellcent stability up to 100 h (figure 6.3 (d)). Suitably encapsulated
perovskite cells are expected to show similar stability under real world operating conditions.
This result, together with the stability results of the Ni-based electrodes, verifies that the low-

cost material system presented in this work can be made into a durable water splitting system.

6.5. Direct solar hydrogen generation system

We then integrate the PV and EC components in PV-EC configuration to achieve unassisted
solar hydrogen generation system. Figure 6.4 (a) illustrates the integrated water splitting
sytem. The operating performance of the integrated system can be calculated by overlaying the
J-V curve of the series connected perovskite-Si tandem cell with the LSV curve of the two-
electrode catalyst system as shown in figure 6.4 (b). The intersection point indicates an
operating current density (/,,) of 16.27 mAcm™2 for solar-driven water splitting. The STH
conversion efficiency of the integrated system is calculated using equation (2.22) Chapter 2.
The integrated system achieves a remarkable STH efficiency of 20% for unassisted solar water

splitting.
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Figure 6.4: Direct water splitting using perovskite-Si PV integrated electrocatalyst system. (a)
Schematic illustration of the direct solar water splitting system consisting of perovskite-Si
tandem cell integrated with NiFe/NF|[NiMo/NF electrodes. (b) Overlay of the J-V curve of
perovskite-Si tandem cell (1 cm x 1 cm) with the LSV curve of NiMo and NiFe electrodes (1
cm x 2 cm) in two-electrode configuration. (c) Unassisted water splitting current generated by
the integrated system under continuous AM1.5G illumination with the tandem PV placed in N2
environment. (d) The light response of the integrated system under chopped AM1.5G
illumination. (e) Faradic efficiency and H2:O> gas ratio measurements (f) Comparision of the
STH efficiency achieved in this work with the reported values for other solar-driven water
splitting systems under 1 sun illumination. The systems made of expesnive semiconductors
and/or noble-metal catalysts are categorized as high-cost systems as summarized in Table S6.1,

in section 6.9 supplementary information.
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Furthermore, the integrated system shows excellent stability with no noticeable degradation
after 15 h of continuous operation under AM1.5G illumination (figure 6.4 (c)). The current
fluctuation observed during the long operation is attributed to bubbles formation on the
electrode surfaces. The integrated system assessed under chopped illumination shows a rapid
photoresponse (inset of figure 6.4 (d)). Two electrode gas measurements are performed for
NiMo/NiFe catalysts at the operating current density calculated in figure 6.4 (b). As shown in
figure 6.4 (e) the gas measurements demonstrate more than 99% FE and H2:0- gas ratio of 2:1.
Within the experimental error, these results confirm that the two-electrode system is faradaic
with no parasitic reactions involved. It is estimated that the efficiency and the amount of gas
produced will be equal to the calculated values from the J-V curves (within the experimental

error).

A systematic comparison of the STH efficiencies reported in the literature confirms the present
work achieves the highest reported STH efficiency under 1 sun illumination (figure 6.4 (f) and
table S6.1, section 6.9). It is noteworthy that a number of previous demonstrations relied on
expensive IlI-V semiconductors and/or noble-metal catalysts for achieving higher STH
efficiencies, while this work leverages commercially relevant tandem solar cells and earth-
abundant catalyst materials. This record STH efficiency is achieved by realising significant
improvements in the performance of the Ni-based catalysts and the perovskite PV cell, as well

as optimising the integration of the system as a whole.
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6.6. Pathways to further improve the STH efficiency

Previous studies have identified the STH efficiency as a critical parameter for reducing the
levelized cost of hydrogen [17]. For this reason, potential pathways for efficiency

enhancements were investigated that could lead to cost reductions.

As discussed in Chapter 5, voltage and current mismatch is one of the major loss mechanisms
in a directly coupled system. We employ the loss mitigation technique of decoupling the PV
system to remove the current and voltage matching requirements, following the method

discussed in Chapter 5, and evaluate the improvement in the STH efficiency.

We model the solar hydrogen generation system following the method presented in Chapter 5.
The three loss parameters for the Si cell - collection efficiency, f.,, series resistance, R;, and
shunt resistance, Ry, - were chosen to give the best fit to the soli- state J-V measurements of

the photovoltaic device as in figure. 6.3 (b). Once the Si cell parameters were chosen, Jerop

and fpqrq Were chosen to closely match the EQE profile of the perovskite cell (figure 6.3 (c)).
After fixing these parameters, ERE, R;and R, were chosen such that calculated 1V-curves and
the figures of merit of the perovskite solar cell matched as reported in figure-6.3 (b). The

calculated figures of merit and loss parameters are given in Table 6.1 and 6.2 below.

Table 6.1: Calculated figures of merit for the modelled photovoltaic components

Figures of Merit Si Perovskite

Bandgap (eV) 1.1 1.72
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Jsc (mA/cm?) 18.8 17.6

Voc (V) 0.68 1.2

FF (%) 84 68

Single cell efficiency (%) 10.8 15
Tandem efficiency (%) 24.3

Table 6.2: Parameters for modelling reported PV and photocathode components

Parameters Si Perovskite
External Radiative efficiency factor (ERE) - 5.7e-4
Normalized series resistance 7, 0.8e-1 2.5e-1
Normalized Shunt resistance r, 6e3 2e4
Collection efficiency f 0.972 0.787
Parasitic absorption factor, f,4rq - 0.15
Recombination current, j, 7.2e-11 -

Catalytic exchange current density values were chosen to best fit to the experimental data and

obtain the reported solar to hydrogen conversion efficiency for perovskite-Si 2-T tandem PV

and NiMo/NiFe catalysts reported in the current work. Table 6.3 summarizes the parameters

used to model the catalyst system.
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Table 6.3: Parameters for modelling reported catalyst components

Parameters Ideal catalyst
Exchange current density of anode J, , (mAcm™2) 3e-1
Exchange current density of cathode J, . (mAcm™2) 2e-0
STH efficiency at Perovskite bandgap of 1.72 eV (%) 20

Figure 6.5 shows the STH (star) and PCE (circle) comparison for a coupled (blue) and a
decoupled (red) system. The coupled system represents the developed system with STH
efficiency of 20%, and 2-T PV efficiency of 24.3%. As discussed in Chapter 4, in a fully
decoupled configuration, the two PV components are separately connected independently to
the PMU (known as a four-terminal (4-T) configuration). Decoupling the PV and EC

components results in the predicted STH efficiency of 23% and PCE of 26% respectively,

without any material improvements.
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Figure 6.5: Comparison of STH (star) and PCE (circle) for a coupled (blue) and decoupled

(red) system.

Another approach was to investigate the improvement in the STH efficiency as a function of
improvement in the performance parameters. The current record for perovskite/Si tandem cell
PCE is 29.0%, which significantly surpasses the single junction Si solar cell record efficiency
of 26.7% [126, 193], yet it represents only 64% of the detailed balance efficiency limit for such
tandems[21]. With Si solar cell efficiencies nearing practically achievable efficiency limits,
there is a greater chance of improving the tandem PV and STH efficiencies by improving the
perovskite cell efficiency. Therefore, we examined realistic improvements in perovskite solar
cell performance, estimated from analysis of experimental demonstrations and theoretical
projections [194, 195]. Losses are included as a function of various loss parameters; parasitic

absorption (A,4rq), optical losses (collection efficiency, f.rop), Series resistance (Rg) and

external radiative efficiency (ERE).
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Figure 6.6: Efficiency and cost analysis of the integrated water splitting system. Realistically
achievable STH conversion efficiencies by improving the perovskite solar cell as a function of

parasitic absorption (4,.r4), collection efficiency (f.rop), series resistance (R,) and external

radiative efficiency (ERE).

Figure 6.6 shows the improvement in the PCE and STH efficiency for the direct solar hydrogen
system, with improvement in perovskite cell performance. Currently, the performance of
perovskite solar cells is limited by low fill factor due to high Rs [196]. Reducing the series
resistance strongly changes the slope of the current—voltage characteristic close to the open-
circuit voltage and MPP region, improving the STH efficiency of DSHG system. Series
resistance in perovskite solar cells can be optimised by better charge management [197].
Different approaches such as optimising the metal finger contacts [194], electron and hole
transport layers [198, 199] have been proposed in literature to improve the fill factor. Here we
show that reducing the Rs close to absolute 0 (here 0.07)-Q ¢m?[194] improves the FF to 85%

, leading to an absolute increase of 3.7% in the PCE and 1.7% in STH efficiency.

Improvement in the V. of perovskite cells with a given bandgap occurs primarily by reducing
recombination. Recent reports of large V,. for high bandgap perovskite cells suggests that
improvements in . of up to 1 V is realistically possible for semi-transparent cells [200-202].
Increasing the 1/, would result in considerable improvement in the PCE of 2.2% percentage
points, but it does not further improve the STH efficiency due to a fixed voltage requirement

for water splitting.
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Optical losses and A, in the perovskite cells are crucial factors influencing the 2-T tandem
PV efficiency[203]. Realistic improvement in the optical performance of the perovskite solar
cells is difficult to predict, but the learning curve of Si and GaAs cells [126, 204], and recent
improvements in perovskite solar cells suggest that absorption above 95% could be achieved,

while minimising 4,4, Targeted optical losses in the perovskite solar cell can be reduced by

better photon management [52], such as moth eye texturing, which can improve the absorption
to close to unity [205]. Our model indicts that improving the incoming irradiation f.rop to

95% increases the PCE by 2.2% and the STH by 1.5% absolute.

Absorption by contacts and material layers contribute to parasitic absorption in the top cell,
reducing the irradiation reaching the bottom Si cell. High transparency and low resistivity novel
contacting techniques such as silver nanowires, graphene, and wire-metal-oxide hybrids,
demonstrates that the A4, can be reduced to around 5% [52]. This results in improvement
of the current densities of the individual cells and hence the tandem PV, increasing the PCE by

1.9%, and thus further improving the STH efficiency by 1.6% percentage points.

Cumulatively, optimizing the top perovskite cell could realistically improve the 2-T perovskite
Si tandem solar cell efficiency to 35%, consistent with the previous reports [194]. This results
in a realistically achievable STH efficiency close to 25%, based on the Si cell and catalytic
system presented in this work. Employing loss mitigation technique of decoupling the system
can further improve the STH efficiency to 32% as shown by grey dot in figure 6.6. Given the
trajectory of perovskite cell PCE improvements over the past few years, our analysis suggests
that direct solar hydrogen systems based on perovskite-Si tandems have the potential to achieve

the US DOE target of 25% STH by 2025.
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6.7. Technoeconomic analysis of direct solar hydrogen generation system

The LCOH is calculated for a hydrogen plant consisting of a DSHG system or a solar module
plus electrolyser system, and including additional plant as needed, known as BoS. The systems
are designed for a production rate of 10 tons H,/day for a plant lifetime of 20 years and solar
capacity factor of 20%. The total costs of the systems were estimated using the methods and

assumptions for component costs from recent works on similar systems.[17, 206]

The LCOH of our DSHG is calculated and compared with an off-grid electrolyser (OGE)
systems powered by either commercial Si modules (c-Si) or the perovskite-Si tandem cells
presented in this work (P/Si). The DSHG system for hydrogen production is designed using a
perovskite-Si tandem module integrated with a Ni-based electrocatalytic cell, using a
polypropylene chassis at the rear to house the electrocatalysts. A semi-impermeable membrane

is considered to be in between the electrodes to separate the gases.

Hard BoS costs include the balance of physical system components. The costs for the water
delivery, gas collection and compressor systems are defined the same way as in ref [206]. For
the OGE system, an electrolyser efficiency of 61% is assumed. For both the systems, the
lifetime of the catalysts and membranes are assumed to be of 7 years and the reductions in
replacement costs were assumed to be 75% and 60% of the initial cost after 7 and 14 years,

respectively.[206] The tandem PV module is assumed to last 20 years.
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Soft BoS costs include system installation and engineering costs and are assumed to be 20%
and 5% of the module and hard BOS cost. Contingency cost is assumed to be 20% of the

module and hard BOS cost.

Baseline assumptions for the techno-economic analysis are summarized in the table Table 6.4

below and details of individual components considered for the three systems in section 6.9.

Table 6.4: Operating and financial parameters

Parameter Value
Hydrogen production rate ( H,/day) 10,000 Kg/day

Plant lifetime (n) 20 years
Solar capacity ( Scapacity ractor) 20%
Discount rate (r) 12%
$ basis year 2017

Average solar irradiation 1000 Wm ™2

Construction period 1 year
Catalyst and Membrane lifetime 7 years

Total plant area, A4, and levelized cost of hydrogen, LCOH are calculated using the
formulas below. For a given amount of hydrogen, area of the plant, A,;4,., can be calculated
as

Hy/day x U
1000 X MsTH X3600 X Scapacity factor

(6.1)

Aplant =
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where, U = 1.2x108 L , Is the energy density of hydrogen. As evident from the formula,
KgHz

Apiane depends upon the STH efficiency and plant area reduces with improvement in STH
efficiency, for a defined hydrogen production requirement. The capital, operations, and
maintenance cost of the plant (that includes modules, hard and soft BoS) depend upon the plant

area. Table 6.5 below summarises the STH efficiency, plant area and capital cost used for

LCOH calculation for all three systems.

Table 6.5: System specifications and STH efficiency calculation

DSHG OGE with 2-T OGE with commercial
PV tandem Si
PV efficiency 24.3% 24.3 % 18 %
Electrolyser efficiency NA 61 % 61 %
STH Efficiency 20 % 14.82 % 10.9 %
Plant area 3.7e+5m? 5.5e+5 m? 6.74e+5 m?

(for 10 t H,/day)

The levelized cost of hydrogen (LCOH) is the ratio of the sum of the discounted capital and
maintenance costs over the amount of total hydrogen produced over a lifetime and is given by

equation 1.1, Chapter 1, and restated below

n O&M

Yi=
LCOH = Capital cost + —an (6.2)

n Hp production
t=0

(1+nt
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where, n is the plant lifetime, O&M is the operations and maintenance cost, r is the discount

rate and t is the time in years.

Figure 6.7 (a) shows a comparison of the LCOH and cost breakdown for all the three cases.
The LCOH for the DSHG system is calculated to be $4.1/Kg. For the OGE system using
commercial Si module with 18% efficiency and electrolyser with 61% efficiency results in
LCOH of $7.4/Kg. Replacing the Si modules with high efficiency tandem PV reported in this
work with PCE = 24.3% and additional invertor/power management efficiency of 90%, the

LCOH can be reduced to $6.6/Kg.

Figure 6.7 (b) shows the LCOH as a function of the STH efficiency, assuming all component
costs remain the same, and demonstrates that increasing the STH efficiency of the current
system to 25% can reduce the LCOH to $3.3/Kg. This implies that realistic improvements in
the perovskite cell alone could provide a pathway to significantly reduce the LCOH in the

future.

Finally, we consider the effect of the cost of different components in the integrated system on
the estimated LCOH for STH efficiency 20% and 25%. The tandem PV panel and membrane
costs represent significant fractions of 23% and 17% of the overall costs, respectively.
Perovskite-Si tandems are not yet commercially available, and there is significant uncertainty
about the lower limit of tandem module costs once production moves down the learning curve
[54]. The lower limit of the cost of perovskite-Si tandems is taken to be equal to the cost of a
standard silicon module, while the upper limit is assumed to be 40% higher. Further, membrane

cost is estimated based on current production values. Following the learning curve of other
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technologies, membrane cost is expected to decrease significantly when produced on large-

scale.

Figure 6.7 (c) shows the impact of the costs of the tandem PV module and membrane on the
LCOH, assuming an STH efficiency of 20%. This shows that LCOH below $3/Kg can be
achieved for membrane cost of $15/m? and tandem PV module costs of $49.9/m?, equal to
current Si module cost. Combing the projected efficiency enhancements with the projected cost

reductions discussed above, the LCOH reduces to $2.3/Kg (figure 6.7(d)).
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Figure 6.7: Technoeconomic analysis (a) Comparison of LCOH for direct solar to hydrogen
(DSHG) and off-grid electrolyser (OGE) systems. Costs are broken down into module cost,
hard BOS (balance-of-system) and soft BOS. (b) LCOH as a function of STH efficiency for
the current DSHG system for the same component costs. Contour plot of the LCOH for the
DSHG system as a function of PV module and electrocatalyst costs for an STH efficiency of
(c) 20% (d) 25%. The red square shows the LCOH estimated for the DSHG system with current
costs, while the black square shows LCOH with reduced costs for the membrane and PV

tandem.

Direct solar water splitting is a developing technology and there is no data on long term costs
and operation of such systems, hence there will likely be variations from the current
assumptions. Nevertheless, our calculations show promising LCOH projections, assuming that
improvements in the performance of low-cost solar hydrogen systems continue to occur, and
realistic cost reductions in components are achieved as the manufacturing expands. In
summary, the current system achieves a substantial efficiency milestone based on low-cost
materials and demonstrates potential to accomplish an STH efficiency close to 25%, desired

operational stability, and competitive LCOH, thereby promising its large-scale application.

6.8. Conclusion

High efficiency direct solar water splitting systems made of low-cost light-absorbers and
catalysts are a promising pathway to enable commercialisation of solar hydrogen technologies.
We have demonstrated a direct solar water splitting system with 20% STH efficiency by

coupling earth abundant electrodes with high-performance perovskite-Si tandem cells,
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fulfilling the STH efficiency target set by the DOE for the year 2020. To achieve this, we have
developed NiMo electrodes with a high density of NiMo active sites in a flower-stem
morphology, exhibiting an exceptional HER performance, and an improved perovskite top cell
with a record open circuit voltage achieved using n-dodecylammonium bromide. In addition,
we have assessed the potential for further improvement in STH efficiency and cost
competitiveness of solar hydrogen production using the reported low-cost material system. Our
analysis shows that an LCOH of $4.1/Kg can be achieved with current cost estimates based on
an STH efficiency of 20%. Decoupling the current system can improve the STH efficiency to
23% without any material improvement. Improving solely the perovskite cell could enhance
the STH efficiency close to 25%. Combined with future reductions in the PV panel and
membrane costs, an LCOH of $2.3/Kg could be achieved, presenting a remarkable opportunity

to realise cheap renewable hydrogen.
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6.9. Supplementary Information

Table S 6.1: Comparison of STH efficiency of reported water splitting systems.

Year Semiconductor Catalyst STH Integration  Ref
Cathode/anode % type
2015 GaAs/GalnP Ni/Ni 9.5 PEC [207]
2016 GaAs/GalnP Ni/CoP 10 PEC [208]
2018 GaAs/GalnAs/GalnP Rh/RuOx 19.3 PEC [209]
2019 GaAs/QW/GalnP PtRu/IrOx 13.6 PEC [210]
2020 GaAs/GalnAsP/ MoS2/RuO> 6.1 PEC [211]
2014 4 Si PV NiMozZn/NiB 9.7 PV-E [212]
2016 a-Si:H/a-Si:H/uC-Si:H Pt/RuO. 9.5 PEC [158]
2016 a-Si:H/uc-Si:H/c-Si Pt/Zn0O:Co 9.1 PEC [159]
2016 3 Si IBC cells Pt/RuO. 8 PV-E [213]
2016 3 heterojunction Si Micro structured Ni 14.2 PV-E [214]
2017 4 heterojunction Si PV Inverse opal NiFe ~ 9.54 PV-E [215]
2019 2 SiPV +SiPC + Si PA NiMo/Ni 9.8 PV-PEC [157]
2020 3 IBC/Pt Pt/Ni 15.6 PEC [216]
2019 3SiIBC Pt/RuO. 14.5 PV-E [217]
2013 CulnGaSe Pt 10 PV-E [218]
2014 Perovskite NiFe LDH 12.3 PV-E [219]
2016  Triple junction polymer cell NiMoZn/RuO> 6 PV-E [220]
2020 Perovskite-Si tandem Pt/IrRu 17.5 PV-PEC [64]
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2019 Perovskite-Si tandem NiMo/NiFe 17.52 PV-E [221]

2019 Perovskite-Si tandem TiC-Pt/NiFe LDH  18.7 PV-E [222]
2020 Perovskite-Si tandem NiMo/NiFe 20 PV-E This
work

PC: Photoanode; PA: Photocathode; PEC: photoelectrochemical; PV-E: Photovoltaic-

electrolysis; PV-PEC: Photovoltaic-photoelectrochemical.

151



Technoeconomic Analysis

Table S 6.2: Detailed summary of overall costs for DSHG system.

Sub part Value ($m2)
PV module and hard PV panel- Si 49.95
BOS
Assumed 40% of Si PV panel- perovskite 19.98
Mounting material 15.27
(PV and catalyst electrodes)
Wiring (PV and EC components) 1.21
Electrocatalyst stack Cathode — NiMo 0.5
Anode — Ni 0.5
Membrane 50
Chassis (polypropylene)- for EC stack 25
Hard BOS for EC Water pump 0.003
Water piping 2.45
Gas compressor 17.73
Condenser 0.39
Intercoolers 0.85
Gas piping 2.45
Water level controllers 3.14
Hydrogen sensors 3.34
Other control equipment 0.34
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Soft BOS

DSHG installation

DSHG contingency

DSHG engineering

20 % of module and hard

BOS

20 % of direct costs

5 % of module and hard

BOS
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Table S 6.3: Detailed summary of overall costs for OGE system

Sub part Value ($m2)

PV module and hard BOS PV panel Si 49.95
PV panel Perovskite 19.98

Mounting material 13.32

Wiring 14.99

Electrolyser Electrolyzer stack 54.97
and hard BOS Hard BOS 54.64
Total 106.60

OGE soft BOS PV installation 15.65
PV contingency 15.65

PV engineering 3.91

Installation stacks electrolyser
Installation hard BOS electrolyser
Contingency electrolyser
Engineering and design
electrolyser

Other soft BOS

20% of electrolyser stack
20% of hard BOS
20% (elec + Hard BOS)

5% OF (elec + hard BOS)

5%
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Chapter 7

Summary and Future Work

This thesis aimed to develop low-cost and high-efficiency DSHG generation based on
perovskite-silicon PV tandems and earth abundant catalysts. Perovskite-Si tandems have
recently emerged as a potentially low-cost and high-efficiency alternative to IlI-V
semiconductors. With current PCE records of close to 30% for perovskite-Si tandems, and the

potential to reach up to 35%, they are promising candidates for solar hydrogen generation.

Firstly, we demonstrated a PEC system based on all-low-cost materials, with Si photocathodes
integrated with novel earth abundant catalysts, and a perovskite PV cell in 2-T tandem PV-
PEC configuration. High-performance Si photocathodes were developed by incorporating state
of the art charge selective passivation and earth abundant catalysts, demonstrating an ABPE of
over 10%. Binary metal NiMo HER catalysts with Ni interlayers were deposited using
magnetron co-sputtering, exhibiting non-conformal nanorod morphology. The nanorod
morphology of NiMo/Ni allows concentrated porosity in perpendicular direction to the
substrate, supporting effective transport of reactants to the catalyst sites. The HER catalysts

showed low overpotentials of 89 mV at 10 mAcm™2 on planer substrates.

We separate the requirements of protection and passivation, by employing a SiOx/n* poly-Si
state-of-the-art charge selective passivation layer, combined with a continuous thick metal
catalyst layer on the rear of the photocathode to provide protection against corrosion in the

electrolyte. The SiOx/n* poly-Si charge selective passivation layer improves the silicon
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photocathode ABPE to 10.5%, compared to 6.2% without any passivation. This translates to a
70% relative improvement in the performance due to passivation, highlighting importance of

the efficiency loss due to recombination at the Si/catalyst interface.

Unassisted water splitting with STH efficiency of 17% was achieved by combining the Si
photocathode with a high bandgap top perovskite cell, and a NiFe OER anode in PV-PEC
configuration. This efficiency is closely comparable to 17.6% achieved using noble metal
catalysts. Additionally, this work leverages the existing advances in Si technology in terms of
photocathode design and passivation. The hydrogen evolution reaction catalysts integrated on
Si photocathode are fabricated using industrially relevant methods and can be easily integrated

into current Si manufacturing.

Secondly, we developed a new theoretical framework to identify the performance limitations
and conceptualise practical device designs to improve the STH efficiency towards 20%. Such
models are invaluable to quantify and compare different loss mechanisms in PV-based solar
hydrogen generation systems and evaluate the potential of different loss mitigation techniques
to improve the solar to hydrogen generation efficiency. Our analysis showed that the two
largest losses in the system are due to energy being lost as heat in the PV component, and
current and voltage matching requirements between the PV components and the water-splitting
reaction imposed by sub-optimal connection strategies. We considered two different ways in
which these losses could be mitigated: decoupling the PV system from the reaction through a
power management unit, and thermal integration to use the heat losses to increase the

electrolyte temperature and improve the reaction dynamics for water-splitting.
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To assess the potential of different loss mitigation techniques to increase practically achievable
STH efficiencies, we developed a temperature dependent model of realistic solar hydrogen
generation systems, taking into account the non-ideal behaviour and unavoidable material
dependent losses. For series-connected perovskite-Si tandem PV systems coupled with nickel-
based earth-abundant catalysts, thermal integration can increase the STH efficiency from
10.9% to 13.4% at realistic operating temperatures, translating to a 23% relative improvement
in the efficiency upon thermal integration. However, decoupling the same system in the
absence of thermal integration increases the STH efficiency to 20.0% at room temperature and
17.9% at realistic operating temperatures, resulting in a relative improvement of 16% at room
temperature and 64% at higher operating temperature relative to the coupled system.
Combining the two loss mitigation techniques shows maximum improvement at realistic
operating temperatures, increasing the STH to 19.4% for a thermally integrated decoupled
system, translating to an improvement of 78% compared to non-thermally integrated coupled
system. These results show that optimal system configuration strategies provide more than
three times the STH efficiency increase of thermal integration at high operating temperatures.
These results demonstrate that the two loss mitigation techniques result in significantly
different performance enhancements. Is it possible to achieve close to 20% STH efficiency at
realistic operating temperatures with existing systems, without further improvement in the

separate components.

Finally, we report an unprecedented STH efficiency of 20% by DSHG using an all-low-cost
material system. We modified the solar hydrogen generation system design from our initial
work by physically separating the PV and EC components in a PV-EC configuration. This

design eases the catalyst fabrication requirements. Physically separating the PV and EC also
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allows for better voltage and current matching, as we are not restricted to size match both the
components. Unassisted water splitting is achieved by high performance perovskite-Si PV

tandem coupled with Ni based Earth abundant catalysts.

To achieve this, we developed NiMo HER electrodes with a ‘flower-stem” morphology. The
as synthesized HER catalysts exhibited a low overpotential of 6 mV @ 10 mAcm™2 with stable
performance of over 100 hours, outperforming noble metal catalysts. This is one of the best
performing earth abundant HER catalysts reported in literature in an alkaline medium. On
coupling with a NiFe OER electrode the system achieves high performance of 10 mAcm™2 @

1.48V and a remarkable stability of over 100 h for overall water splitting.

We develop an optimized bandgap (1.72 eV) quadruple perovskite solar cell with a high V,. of
1.271 V. This is the highest reported V,. for large area (> 1cm?), wide bandgap semi-
transparent perovskite cells ever reported. PCE of 24.3% is achieved when paired with a

monocrystalline n-Si cell in a series-connected 2-T tandem configuration.

Upon combining the tandem PV and electrocatalyst electrodes, the integrated system achieves
a record STH efficiency of 20% with low-cost materials. This is the highest reported STH
efficiency under 1 sun illumination, also achieving the US-DOE target for 2020 for

photoelectrochemical hydrogen generation.

Further analysis of realistic efficiency improvements reveals that employing the loss mitigation
technique of decoupling, proposed in Chapter 5, improves the STH efficiency of the DSHG

system to 23% without any improvements in the individual components. Further optimising
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the perovskite cell in the coupled system has the potential to improve the STH efficiency close
to 25%, and 35% when decoupled. Given the trajectory of improvements in the perovskite cell
performance over the past few years, DSHG system based on perovskite-Si tandem has the

potential to achieve the US DOE target of 25% STH efficiency by 2025.

We performed technoeconomic analysis (TEA) to assess the potential of developed DSHG
system for large scale implementation. Technoeconomic analysis calculations reveals LCOH
of $4.1/Kg can be achieved for the current system. We show that LCOH is sensitive to
efficiency and improving the STH efficiency of the current system to 25% alone can reduce
the LCOH to $3.3/Kg. This implies that realistic improvements in the perovskite cell alone
could provide a pathway to significantly reduce the LCOH in the future. Combing the projected
efficiency enhancements with the proposed cost reductions can reduce the LCOH to ~$2/Kg.
These results make it a cost-competitive approach to fossil fuel-based hydrogen production
with a current LCOH of ~$1.5/Kg. Our calculations show promising LCOH projections,
assuming that improvements in the performance of low-cost solar hydrogen systems continue
to occur, and realistic cost reductions in components are achieved as the manufacturing

expands.

These results show that perovskite-silicon tandem based photoelectrochemical systems have
the potential to make large scale direct solar hydrogen generation a reality by lowering the cost.
This work will encourage dedicated research with a clear awareness of the improvements in
components and system design that needs to be focused on, towards achieving the aim of low-

cost, large scale solar hydrogen generation.
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The future of perovskite-Si PV tandem systems for large scale solar hydrogen generation

Perovskite-Si tandems offer the opportunity to realise large-scale direct solar hydrogen
generation. The results presented in this thesis are promising and reflect the progress of direct
solar hydrogen generation technologies. Our analysis shows that an LCOH of $4.1/Kg can be
achieved with current system and has the potential to reduce to ~$2/Kg with future reductions
in component costs and realistic improvements in STH efficiency. Promising LCOH
predictions make DSHG a cost-competitive technology compared to fossil fuel-based hydrogen
generation. To realise commercial large-scale direct solar hydrogen generation, it is essential
to further improve the STH efficiency and simultaneously assess the feasibility and limitations

of the current system.

Improving the perovskite cell performance can increase the STH efficiency towards 25%,
simultaneously playing an important role in reducing the levelized cost of hydrogen. Our
analysis in Chapter 6, shows that it is important to optimise the tandem PV based on the

catalytic system water splitting potential requirements to achieve high STH efficiency.

Dedicated efforts to design PV tandems for direct solar hydrogen generation are required to
improve the STH efficiency. In Chapter 6 we show that the most critical factors to improve in
the perovskite solar cells for water splitting are fill factor and reduction in parasitic absorption
and optical losses. This will improve the tandem PV and STH efficiency towards 25%.
Learning from the improvements in the lower bandgap perovskite cells efforts are required in
reducing the series resistance of high bandgap semi-transparent perovskite cells. Targeted

optical losses can be reduced by better photon management, such as moth eye texturing which
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can improve the absorption close to unity. Parasitic absorption can be reduced by developing

high transparency and low resistivity contacting techniques.

Further efforts are required to evaluate the potential of the loss mitigation techniques discussed
in the thesis. This will include experimental validation of power management unit (PMUs)
using dc/dc convertors, and thermal integration techniques. It is important to verify the relative
improvements in the efficiency and corresponding complexity added to system configuration,
balance of plant and hydrogen production costs on addition of different loss mitigation

techniques.

For large scale implementation the overall system stability requires enormous improvements.
Catalytic systems are required to be stable for years to be economically viable and dedicated
efforts are required to improve the stability of catalytic systems without compromising on their
electrocatalytic performance. For PV-PEC and monolithic PEC configurations, robust
protection layers are required that can protect the photoelectrode from corrosion under the
electrolytic environment for long term operation. Long term stability of the perovskite cells is
another limitation. However, this is under active investigation by the PV community and any

advancements can be directly leveraged for solar hydrogen generation.

Apart from improving the STH efficiency and stability, it is important to focus the research on
the prototyping stage. Numerous practical challenges exist in scaling up the perovskite-Si
tandem based PEC systems for DSHG. STH efficiency reduces rapidly on increasing the device
area compared to equivalent smaller area devices [223]. This is due to added losses in the

system on increasing the area. For example, the electrocatalytic performance does not improve
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linearly with increase in the electrode area. Due to limited conductivity of the substrate,
increase in the electrode area substantially increases the voltage losses in the system. Similar
issues have been observed for perovskite cell performance as well, where increase in area

introduces additional losses resulting in the reduced device efficiency [224].

PEC systems will also require gas impermeable membranes over a large area resulting in
additional Ohmic overpotential losses and increased costs. These systems operate at much
lower current densities and pressures compared to conventional electrolyser systems and hence
the optimised membrane for PEC systems will be different to that of electrolysers. Dedicated
membrane design for PEC systems is required that will allow efficient ion transport under low
operating pressures, without additional ohmic overpotential losses and gas permeation across
the membranes. Robust and low-cost membranes with improved stability, easy handling and

maintenance are required.

In this thesis, PV-EC and PV-PEC configurations based on perovskite-Si tandem PVs are
developed. It is possible to further expand to monolithic PEC configuration by directly
integrating catalysts on a monolithic tandem PV. Scaling up a particular configuration for large
scale DSHG will also depend upon the ease of fabrication and handling apart from its
performance. Further system optimisation and modelling are required to design solar hydrogen
generation modules. It is essential to optimise integration of the membrane, design of electrode
dimensions, and connection strategies to minimise voltage loss in the system. Designing and
modelling the prototypes, followed by experimental validation of solar to hydrogen generation

performance will help in understanding the feasibility and limitations.
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Though previous techno-economic analysis, including the one in Chapter 6 in this thesis show
promising levelized costs of hydrogen for direct solar hydrogen generation, they are based on
general assumptions in the absence of an optimal system design. It is important to extend the
above-mentioned prototyping work towards detailed techno-economic analysis to assess the
potential of this technology to provide low-cost renewable hydrogen at scale. This will also
assist in identifying the areas for potential improvement and pathways towards further cost
reductions. Dedicated research on full integrated systems should be the focus to realise large

scale direct solar hydrogen generation.
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Appendix

Appendix A

Table A 1: List of constants and their values

Symbol Parameter Value
c Speed of light 3x 108 ms™?
h Planck’s constant 6.63 x 10734Js
k Boltzmann constant 1.38 x 10723JK 1
q Electric charge 1.6 X107 C
Dsotar angular diameter of sun as viewed from earth 6 x 1075
T Temperature of sun 6000 K
Tpy Temperature of PV cell 300 K
E, Semiconductor bandgap eV
Deomit solid angle of emission of the PV component T
Qabs Angle of absorption of PV from Sun 6 x107°
Egry Thermodynamic potential for water splitting 1.23V
ur Faradic efficiency 1
Cp Specific heat capacity of water 42 Jgm 1K1
o Stefan-Boltzmann constant 5.67 X 10" 8Wm 2K ~*
R Gas constant 8.314 Jmol~ 1K1
n Number of electrons exchanged 2
F Faraday’s constant 96485.3Cmol ™!
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Partial pressure, Hydrogen
Partial pressure, Oxygen
Partial pressure, Water

Reference pressure
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Table A 2: List of abbreviations and acronyms

Abbreviation/acronym Full form
2-T Two terminal (series connected)
4-T Four terminal
ABPE Applied bias to photon efficiency
ALD Atomic layer deposition
AM1.5G Standard solar spectrum
ARC Antireflection coating
BoP Balance of plant
CCS Carbon capture and storage
c-Si Crystalline Silicon
DSHG Direct solar hydrogen generation
EC Electrochemical
EIS Electrochemical impedance spectroscopy
ERE External radiative efficiency
EQE External quantum efficiency
FF Fill factor
FFT fast Fourier transform
GHG Green-house gas
HAADF-STEM High-angle annular dark-field scanning transmission
electron microscopy
HER

Hydrogen evolution reaction




HF Hydrogen fluoride

IRENA International renewable energy agency
J-t Chronoamperometry
J-v Current density-voltage
KOH Potassium hydroxide
LCOH Levelized cost of hydrogen
LPCVD Low pressure chemical vapour deposition
LSV Linear sweep voltammetry
MIS Metal insulator semiconductor
OER Oxygen evolution reaction
PC Photochemical
PCE Power conversion efficiency
PEC Photoelectrochemical
PECVD Plasma enhanced chemical vapour deposition
PERC Passivated emitter rear contact
PERL Passivated emitter rear locally diffused
PERT Passivated emitter rear totally diffused
PMU Power management unit
PV Photovoltaic
PL Photoluminescence
Poly-Si Polycrystalline Silicon
RCA Radio corporation of America
Rs Series resistance
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SAED

SEM

SMR

STH

TEM

TMAH

TRPL

V-t

XPS

XRD

Selective area electron diffraction
Scanning electron microscopy
Steam methane reforming
Solar to hydrogen conversion
Transmission electron microscopy
Tetramethylammonium hydroxide
time-resolved photoluminescence
Chronopotentiometry
X-ray photoelectron spectroscopy

X-ray diffraction
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Table A 3: Reagents and chemical processes

Task Reagent Company Composition specifications

TMaH etching | Tetramethylammonium JT baker 25% concentrated solution,
heated to 70-75 C.
Samples are cleaned in DI
water and followed by HF

dip and clean again

RCA- 1 Solution DI water: Ammonia (30%) :
Hydrogen peroxide (30%)
In 7:1:1 by volume.
Solution is heated to 50-60
°C and wafers are cleaned

for min 10 mins

Ammonia Chem supply 30% concentration w/w
Hydrogen peroxide Chem supply 30 % concentration
RCA-2 Solution RCA-2 cleaning is

performed after RCA-1
cleaning.
DI water: HCI (36%) :
Hydrogen peroxide (30%)

In 7:1:1 by volume.
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Solution is heated to 50-60

°C and wafers are cleaned

for min 10 mins

Hydrochloric acid

(HCI)

RCI labscan

32% concentration

HF dip

Hydrofluoric acid (HF)

After RCA-1 and RCA-2
cleaning
1% HF (v) + 1% HCI (v) +

98% DI water (V)

HF fuming

Hydrofluoric acid (HF)

Ensure

48% (w/v)

Surface texturing

TMaH:Monotex texturing
solution- 1200ml DI water +
230 ml TMaH (25% conc) +
150 ml monotex working sol.

Solution is heated to ~80 °C

Monotex

Technisol

Monotex working sol- 17 ml

monotex + 1000 ml DI water

Photo

electrochemical/

Measurements

KOH electrolyte

Alfa Aesar

85%

1M solution in DI water

Photolithography

AZ 4562 photoresist

Microchemicals

Ti prime

Microchemicals
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Thin SiOx by Nitric acid (HNO3) RCI labscan | 70% concentrated nitric acid
chemical method boiled to ~80 °C on
temperature gun.
External contacts | Silver paint/soldering RS pro RS 186-3593
Encapsulation Epoxy Hysol 9460
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Table A 4: Instrument specifications

antireflection

layer

chemical vapour

deposition (PECVD)

100

Task Instrument Company Process specification
Thin SiOx Furnace 666 °C, ramp up and down
masking
SiNx Low pressure CVD equipment Ammonia flow rate- 120
masking chemical vapour corporation DCS flow rate- 30
layer deposition (LPCVD) Temp- 775 °C
Diffusion Tempress 594 tempress Precursor for Boron doping —
systems Boron tribromide (BBr3)
Precursor for phosphorous
doping- Phosphoryl chloride
(PoCI3)
a-Si Plasma enhanced Roth and rau Temp- 500 °C
deposition chemical vapour
deposition PECVD
Al203 Atomic layer Beneq Thermal ALD
deposition (ALD) Temp- 200 °C
Dep rate~ 0.1 nm/cycle
SiNXx Plasma enhanced Oxford Plasmalab Temp- 400 °C
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Metal Metal evaporation Varian Pressure- 5x107 torr
fingers,
busbars
Ti e-beam evaporation Temescal BJD- Pressure- 1x107 torr
2000
Ti pellet purity
99.995%,size
3x3mm
Ni, NiMo Sputter AJA sputter Pressure- 1x10° torr
systems
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Appendix B

The catalyst synthesis and characterisation in Chapter 6 was performed by Yuan Wang and
team at the university of New South Wales. Appendix B discusses the details of catalyst

fabrication and characterisation.

B.1. NiMo/NF and NiFe/NF catalyst synthesis

Materials

Ammonium molybdate tetrahydrate ((NH4)sM07024 4H>O, >99.98%,), nickel nitrate
hexahydrate (Ni(NO3). 6H20, >98.5%), iron nitrate nonahydrate (Fe(NOs)3 9H.0, >98%) and
Nafion (5 wt% in lower aliphatic alcohols and water) were purchased from Sigma-Aldrich.
Formamidinium  iodide,  formamidinium  bromide, = methylammonium iodide,
methylammonium bromide, n-BABr, iso-BABTr, t-BABTr, and TiO; paste were procured from
GreatCell Solar Materials. Lead iodide was purchased from Alfa Aesar. Spiro-MeOTAD was
purchased from Lum-Tech. Refractive index matching layer (series AA, refractive index =
1.414) was obtained from SPI Supplies. Other materials were purchased from Sigma-Aldrich

and used as received.

Synthesis of electrocatalysts

Before use, NF substrates were cleaned sequentially in 3 M HCI solution, acetone and

deionized water in an ultrasonic water bath. NiMo/NF electrodes were fabricated by a modified
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hydrothermal and hydrogen reduction method. First, NF substrates (2 cm x 4 cm) were placed
in a mixed aqueous solution of 0.03 M ((NH4)sM07024 4H20 and 0.12 M (Ni(NOs)2 6H20 in
a 25 mL Teflon-stainless steel reactor, followed by a hydrothermal reaction at 150 °C for 15 h
in an oven. The obtained NF samples was cleaned by deionized water and ethanol, and dried
at 70 °C for 5 h, after which they were calcined in a vacuum furnace under the flow of 10 vol%

Hz in Ar (55 ml/min) for 3 h.

NiFe/NF electrodes were fabricated by electrodeposition in a mixed aqueous solution of 3 mM
Ni(NOz)2 6H20 and 3 mM Fe(NO3)s 9H.O using a three-electrode system, with saturated
calomel electrode (SCE), NF and Pt plate as the reference, working and counter electrodes,
respectively. The electrodeposition process was carried out at a constant potential of -1.0 V

(vs. SCE) for 300 s.

To prepare Pt-C/NF and Ir-C/NF electrodes, commercially available 20% platinum on carbon
(Pt/C) and 20% iridium on carbon (Ir/C) powders purchased from fuel cell store were prepared
into inks by sonicating 5 mg powder with 475 ul ethanol, 500 pl distilled water and 25 pl
Nafion. The uniformly mixed inks were drop casted on NF substrates and dried at room

temperature to obtain Pt-C/NF and Ir-C/NF electrodes.

B.2. Characterisation of electrocatalysts

Figure B1 (a-d) shows the SEM images of NiMo/NF electrode. B1 b,c and d have been
discussed in Chapter 6 figure 6.1 and have been repeated here for clarity. As discussed in

Chapter 6, the NiMo/NF catalyst forms high density flower-like nanosheets and stem-like
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nanowires resembling a flower-stem morphology grow uniformly on the 3D NF skeleton
(figure B1 a,b). Such morphology can improve electrolyte-catalyst interaction through
capillary forces and reduce the adhesion of gas phase products, thereby enhancing the reaction

Kinetics [189].

Figure B1: (a-d) Scanning electron microscopy (SEM) images of NiMo/NF. (e-f) TEM

images of NiMo/NF

The flower-like nanosheets are closely connected to the surface of the Ni foam through the
stem-shaped nanowires, providing significantly enhanced accessible surface area with good
mass and electron transfer properties. After H, treatment, homogeneous nano-grains are

observed on the surface of the nanosheets and nanowires (figure B1 c,d). Calcination in a
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reducing environment is expected to form NiMo particles on the catalyst surface, which serve
as active sites for HER [73, 141]. The transmission electron microscopy (TEM) (figure B1
(e,f) analysis confirms that both the flower-like and stem-like structures (rolled nano-sheet) are

composed of hollow nanosheets.
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Figure B2: (a) HAADF-STEM image, (b) FFT image, where crystal facets of MoNi,, MoO,
and NiMoO, are labelled in yellow, white and purple colours, respectively (c) XRD pattern of
NiMo/NF and references including MoNis (03-065-1533), M0oO> (01-078-1071) and MoNiO4

(00-033-0948).

The interplanar spacing of the lattice fringes determined from the high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) image (figure B2 (a)) are 2.0

and 2.4 A, which are assigned to the (211) plane of MoNi, and (200) plane of MoO,,
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respectively. The fast Fourier transform (FFT) pattern shown in figure B2 (b) indicates a mixed
chemical composition of MoNi, ((130) and (211)), MoO,, ((200) and (011)), and NiMoO, ((220)
and (110)), which is further confirmed by the X-ray diffraction (XRD) patterns (figure B2 (c)).
It can also be seen from the XRD patterns of the catalyst before and after H» calcination that

the MoNi, phase is formed only after the reduction treatment.

f Ni2* Ni 2p
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Figure B3: (a-d) EDS mapping, (e) Mo 3d XPS spectra, and (f) Ni 2p XPS spectra of

NiMo/NF.

The energy-dispersive (EDS) elemental mapping in figure B3 (a-d) confirms an even
distribution of Ni, Mo, O in NiMo/NF catalyst. The surface chemical composition of the
NiMo/NF was analysed by X-ray photoelectron spectroscopy (XPS). The deconvulated peaks

of the Mo 3d spectrum at 228.1 eV, 229.4/232.5 eV, 230.4/233.8 eV, and 232.3/235.4 eV can
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be fitted to the binding energies of Ma®, Mo*", Mo®* and Mo®*, respectively (figure B3 e).
Similarly, the Ni 2p spectrum of NiMo/NF deconvulated into four peaks at 852.7, 856.0, 859.5
and 862.7 eV are attributable to Ni®, Ni?*, Ni3* and satellite peak, respectively (figure B3 f).

These results confirm the co-existence of MoNis alloy with various Ni-Mo oxide compounds.
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Figure B4: (e) XRD pattern of NiFe/NF (f) Fe 2p XPS spectra, and (g) Ni 2p XPS spectra of

NiFe/NF.

To pair with NiMo/NF, we prepared NiFe/NF electrodes for OER using electrodeposition
method, producing vertically grown Ni-Fe nano-needles completely covering the Ni foam
surface (figure B4 (a,b)). The TEM (figure B4 (c,d)) and XRD analyses (figure. B4 (e)) of

NiFe/NF confirm that the NiFe catalyst consists of ultrathin amorphous nanosheets. From the

179



XPS analysis of NiFe/NF (figure B4 (f,9)), the Fe 2p and Ni 2p spectra show highly oxidized

states (Ni%*/ Ni3* and Fe3*), which are favourable for oxidation reactions.[186]

B.3. Evaluation of electrochemical performance for water splitting

After synthesising the electrocatalysts, we tested their electrochemical performance in 1M
KOH in both three-electrode and two-electrode configurations to evaluate the individual HER
and OER performances and the combined overall water splitting performance, respectively.
For benchmarking purposes, we also prepared Pt-C/NF and Ir-C/NF electrodes. The LSV plots
for NiMo HER, NiFe OER and NiFe/NF||NiMo/NF are already discussed in Chapter 6, figure

6.2 and are repeated here for clarity.

As discussed in Chapter 6 and shown in figure B5 (a), the as-synthesized NiMo/NF presents
an HER onset potential close to the thermodynamic potential, and low overpotentials of 6 and
70 mV to obtain the current densities of 10 and 100 mAcm™2. In comparison, the benchmark
Pt-C/NF and unmodified NF show much higher overpotentials of 130 and 270 mV at 10 and
100 mAcm™2, respectively. The Tafel slope obtained for NiMo/NF (78 mVdev™?) is
substantially lower than that of Pt-C/NF (86 mV dev~1) and NF (110 mV dev™~1), suggesting
rapid reaction kinetics. These results confirm the surface MoNi, nano-grains formed after the
reduction process supply abundant electrocatalytic active sites for HER. Moreover, the
NiMo/NF electrode exhibits excellent longstanding stability, maintaining a stable HER activity

at a high current density of 100 mAcm™2 after 100 h of continuous operation (figure B5 (b)).
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As shown in figure B5 (c), NiFe/NF electrode presents a low overpotential of 255 mV at 10

mAcm™2, and small Tafel slope (30 mV dec™?,) for OER, outperforming the benchmark Ir-

C/NF and pristine NF. To obtain a current density of 100 mAcm™2,, the NiFe/NF requires a

low overpotential of 299 mV, which is considerably lower than the overpotential needed by Ir-

C/NF and NF. The performance of NiFe/NF in the current study is comparable or superior to

many other recently developed transition metal OER electrocatalysts.[225, 226]
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Figure B5: Electrochemical performance of HER and OER electrodes. (a) Linear sweep

voltammetry (LSV) curves of NiMo/NF, Pt-C/NF and NF electrodes for HER with their
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respective Tafel plots shown as an inset. (b) Chronopotentiometry of NiMo/NF at 100 mAcm 2
in 1M KOH. (c) LSV curves of NiFe/NF, Ir-C/NF and NF for OER with their respective Tafel
plots shown as an inset. (d) Chronopotentiometry of NiFe/NF|[NiMo/NF and Ir-C/NF||Pt-C/NF
at 20 mAcm™2 in 1M KOH with LSV curves of NiFe/NF||NiMo/NF, in a two-electrode system

before and after chronopotentiometry test.

The overall water splitting was evaluated in a two-electrode configuration in 1M KOH by
employing NiFe/NF and NiMo/NF as anode and cathode, respectively. As discussed in Chapter
6, figure 6.2 (c), and shown in inset of figure B5 (d) the NiFe/NF||[NiMo/NF delivers 10
mAcm™?2 current at a voltage of 1.48 V, which is 80 and 230 mV better than Ir-C/NF||Pt-C/NF
and NF||NF, respectively. Besides the excellent activity, the stability of NiFe/NF||[NiMo/NF is
also superior to Ir-C/NF||Pt-C/NF, showing no degradation at 20 mAcm ™2 after 100 h operation
while significant activity loss is observed for Ir-C/NF||Pt-C/NF within 20 h. Compared with
the LSV curve for the as-prepared catalysts, the LSV curve taken after 100 h stability shows

negligible change in overpotentials.
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Figure B6: (a) Faraday efficiency of OER by rotating ring disk electrode (RRDE), (b) Faraday

efficiency of HER by flame ionisation detection- gas chromatography (FID-GC) method

The Faradaic efficiencies are calculated to be 99.7% for NiMo/NF electrode (figure B6 (b))
and 99.3% for NiFe/NF electrode (figure B6 (a)), respectively, suggesting there are no side
reactions other than the hydrogen evolution and oxygen evolution reactions at the respective
electrodes. In summary, the electrochemical performance tests confirm the as-developed
NiFe/NF||[NiMo/NF electrodes form a highly active and robust catalytic system for overall

water splitting.

Table B1. Comparison of HER performance of NiMo/NF with previously reported HER

electrocatalysts in 1 M KOH

Catalyst Overpotential Electrolyte Ref.

6 mV at 10 mA cm™
NiMo/NF 1M KOH This Study
70 mV at 100 mA cm™

Ni(Cu)VOx 21 mV at 10 mA c¢m™ 1M KOH [227]
C-MoS; 45 mV at 10 mA cm 1M KOH [228]

SA Co-D 1T MoS; 42 mV at 10 mA cm 1M KOH [229]
NiMo-65 17 mV at 10 mA cm™ 1M KOH [230]
Ni-Mo-N/ CFC 40 mV at 10 mA cm™ 1M KOH [231]
NiO at 1T-MoS; 46 mV at 10 mA cm™ 1M KOH [232]
NiMo/Ni foam 73 mV at 10 mA cm 1M KOH [233]
NiMoCo at NF 23 mV at 10 mA cm 1M KOH [234]
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NiCo2Mo/Cu
Ni-Fe-MoN NTs
MoNis/MoO: at Ni
MoNis/MoOs «
CosN at NC
CoFe-MOF TPAS/Ni

NiCoP/CC

125 mV at 10 mA cm
20 mV at 10 mA cm
15 mV at 10 mA cm
17 mV at 10 mA cm
62 mV at 10 mA cm
43 mV at 10 mA cm

62 mV at 10 mA cm™

1M KOH

1M KOH

1M KOH

1M KOH

1M KOH

1M KOH

1M KOH

[235]
[236]
[141]
[73]
[237]
[238]

[239]
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Appendix C

Perovskite solar cells fabrication used in Chapter 4 and 6, PL and stability measurements in
Chapter 6 were performed by The Duong, The Australian National University. Appendix C

covers the fabrication and additional characterisation details of perovskite cells.

C.1. Perovskite cell fabrication

ITO glass substrates were first cut into 2.0 cm x 1.8 cm rectangles and cleaned sequentially in
an ultrasonic bath with acetone, 2-propanol and ethanol. Compact TiO: films were deposited
on the substrates by spinning a solution of Titanium isopropoxide (TTIP) in 2-propanol at 5000
rpm for 15 s followed by annealing at 500 °C for 30 mins in air. Mesoporous TiO, was
deposited on the substrates by spinning a solution of TiO> paste in ethanol at 5000 rpm for 15
s followed by an annealing at 500 °C for 30 mins in air. Perovskite precursor (1 ml) was
prepared by mixing of FAPbI2Br (0.75 ml, 1.3 M in N,N-Dimethylformamide (DMF) /
Dimethyl sulfoxide (DMSO) 4:1 volume ratio), MAPbI2Br (0.15 ml, 1.3 M in DMF/DMSO
4:1 volume ratio), CsPbl2Br (0.1 ml, 1.3 M in DMSO) and Rbl (0.05 ml, 1.3 M in DMSO).
Perovskite was deposited on the substrates by spinning the solution (40 ul) at 2000 rpm for 10
s (acceleration rate 200 rpm/s) and 6000 rpm (acceleration rate 1000 rpm/s) for 20 s.
Chlorobenzene (150 ul) was dropped at the middle of the substrates 5 s before the spinning
program ends. This was then followed by annealing at 100 °C on a hotplate for 30 mins. n-
butylammonium bromide (90 ul) diluted in 2-propanol with a concentration of 1.1 mg/ml was
spun on the substrates at 5000 rpm for 30 s followed by a short annealing step at 100°C for 5

mins (for perovskite cells used in Chapter 4). N-dodecylammonium (90 ul) diluted in 2-
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propanol with a concentration of 3.1 mg/ml was spun on the substrates at 5000 rpm for 30 s
followed by a short annealing step at 100 °C for 5 mins (for perovskite cells used in Chapter
6). Spiro-MeOTAD layer was deposited on the perovskite films by spinning the solution of
Spiro-MeOTAD (40 pl, 72 mg/ml) in chlorobenzene with Li-TFSI (17.5 pl, 520 mg/ml in
acetonitrile) and 4-tBp (28.5 pl) at 4000 rpm for 30 mins. 5 nm of MoOs was deposited on the
substrate by thermal evaporation at very low vacuum (2xE-7 Torr). 30 nm of 1ZO was then
deposited on the substrates by radio frequency sputtering through a shadow mask. Finally,

metal grids were deposited on top of the 1ZO layers by electron-beam evaporation technique.

C.2. Perovskite cell additional characterisation

Semitransparent perovskite solar cells were fabricated using a 3D perovskite light absorber
(Rbo.0sCS0.00sMA0.1425F Ao 7125PbI2Br).  For perovskite cells used in Chapter 4, n-

butylammonium bromide (C4H12BrN) 2D perovskite layer is used for surface passivation.
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Figure C1: (a) Steady state photoluminescence (PL) spectra (left) and (b) time-resolved
photoluminescence (TRPL) (right) of bare perovskite film and perovskite films passivated
with n-butylammonium bromide and n-dodecylammonium bromide. (c,f) H20 contact angle
of bare perovskite film and perovskite films passivated with n-butylammonium bromide and

n-dodecylammonium bromide. (d) Top and (e) cross sectional SEM of perovskite solar cell.

To improve the STH efficiency, it is important to design the perovskite-Si tandem to match the
potential requirements of the catalysts to achieve unassisted water splitting. Perovksite cell
performance is further improved to improve the open circuit potential of perovskite cell and
hence the perovskite-Si tandem cell to match with the NiMo-NiFe catalysts. To realise high
photovoltage, the surface of the active perovskite layer was passivated with a large organic
cation n-dodecylammonium bromide (C12H28BrN) consisiting of a long alkyl chain, which is
known to form two-dimensional (2D) perovskites.[191] The organic cation with long alkyl
chain presents better surface passivation compared to the n-butylammonium bromide
(C4H12BrN) used in Chapter 4, which has a much shorter alkyl chain. This is evidenced by a
significantly higher photoluminescence (PL) intensity and carrier lifetime in the n-
dodecylammonium bromide passivated perovskite film as compared to the bare perovskite film
and perovskite film passivated by n-butylammonium bromide (figure C1 a,b). In addition, the
use of a long alkyl chain organic cation on the perovskite surface substantially increases the
hydrophobicity of the perovskite film. As shown in figure C1 (c,f), the contact angle of
perovskite film to water increases from 52° to 88° upon passivating the perovskite film with n-
dodecylammonium bromide, which could potentially lead to enhanced moisture stability of

perovskite solar cells. Figure C (d,e) shows the top-view and crosssectional SEM images of the
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perovskite cell, where the semi-transparent rear contact is comprised of a MoO5 buffer layer

and a indium doped zinc oxide (1ZO) contact with a thickness of 7 nm and 40 nm, respectively.

Table C.1. Summary of reported semi-transparent perovskite solar cells with respective

perovskite composition, optical bandgap and with a Voc higher than 1.1V.

Perovskite composition Optical Active area Voc Year Reference
bandgap (eV) (cm?)
Rbo.05sCs0.1MA0.15sFA0.75Pb12Br 1.72 1.32 1.271 2020  This work
RDbo0.0sCs0.1MA0.15FA0.75PbIxBrix 1.62 0.3 1.14 2020 [240]
1.75 1.22
FA0.75Cs0.25Pb(lo.sBro.2)s 1.67 0.34 1.214 2020 [241]
Cs0.0sFA0.8tMA0.14PbI2.55Br0.45 1.63 0.049 1.12 2020 [242]
1 11
FA0.83Cs0.17Pb(l1-yBry)3 1.65 0.105 1.16 2020 [243]
1.69 1.21
1.74 1.24
1.79 1.23
RDb0.05Cs0.1MA0.15FA0.75Pbl2Br 1.72 1 1.205 2020 [244]
Rbo.05Cs0.1MA0.15FAq.75PblI2Br 1.72 0.3 1.13 2017 [245]
Rbo.0sCs0.1MAg.15FAo.75PbIxBri« 1.62 0.3 1.14 2017 [246]
1.75 1.19
FA0.83Cs0.17Pb(lo.6Bro.4)3 1.73 0.715 1.1 2016 [247]
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Appendix D

Chapter 4: Silicon Photocathodes with Carrier Selective Passivated Contacts, and Earth

Abundant Catalyst for High Performance, Low-Cost, Direct Solar Hydrogen Generation

Relevant manuscript: Astha Sharma, The Doung, Peng Liu, Doudou Zhang, Di Yan,
Christian Samundsett, Heping Shen, Siva Karuturi, Kylie Catchpole and Fiona J. Beck.
“Silicon photocathodes with carrier selective passivated contacts, and earth abundant catalyst
for high performance, low-cost, direct solar hydrogen generation.” Under review in Sustainable

energy and fuels

Author contribution: A.S., S.K., K.C. and F.J.B. conceived the study. S.K., and F.J.B.
directed the project. A.S. designed the experiments and performed data analysis. A.S., D.Y.
and C.S. developed Si photocathode. A.S. developed NiMo catalyst. A.S. performed catalyst
characterisation and performance analysis. D.Z. advised on catalyst analysis. A.S. performed
Si photocathode and catalyst characterisation and performance analysis. A.S., J.S., AR.
performed gas chromatography measurements. T.D. fabricated the perovskite solar cells and
performed solid state perovskite solar cell measurements. P.L. fabricated the NiFe OER anode
and performed, the catalyst measurements. A.S. performed integrated system measurements
and performance analysis. D.J., H.S., C.Y., S.K., K.C., and F.J.B. advised. All the authors

reviewed and commented on the manuscript.
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Chapter 5: Quantifying and comparing fundamental loss mechanisms to enable solar to

hydrogen conversion efficiencies above 20% using perovskite-silicon tandem absorbers

Relevant manuscript: Astha Sharma, and Fiona J. Beck. “Quantifying and Comparing
Fundamental Loss Mechanisms to Enable Solar-to-Hydrogen Conversion Efficiencies above
20% Using Perovskite—Silicon Tandem Absorbers.” Advanced Energy and Sustainability

Research: 2000039.

Author contribution: A.S., and F.J.B, conceived the study. F.J.B. directed the project. A.S.

developed the model, performed the theoretical analysis and wrote the manuscript.

Chapter 6: Direct solar hydrogen generation at 20% efficiency using low-cost materials

Relevant manuscript: Yuan Wang*, Astha Sharma*, The Duong, Hamidreza Arandiyan,
Tingwen Zhao, Doudou Zhang, Zhen Su, Magnus Garbrecht, Fiona J. Beck, Siva Karuturi,
Chuan Zhao and Kylie Catchpole. “Direct Solar Hydrogen Generation at 20% Efficiency

Using Low-Cost Materials. ” Advanced Energy Materials, 2101053

Author contribution: A.S., Y.W., S.K., C.Z., K.C. conceived the study. S.K., C.Z., and K.C.
directed the project. A.S. and Y.W. designed the experiments and performed data analysis.
AS., and Y.W., wrote the manuscript. Y.W. synthesized electrocatalysts and performed
electrochemical analysis. T.D. developed high-efficiency semi-transparent perovskite solar
cells. AS. and T.D. performed tandem solar cell measurements. A.S. performed

photoelectrochemical measurements and analysis. A.S. developed the DSHG system model
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and performed the theoretical efficiency analysis. A.S. developed the model and performed
LOCH calculations. F.J.B. advised A.S. on theoretical calculations. H.A. and M.G. conducted
atomic-resolution TEM, HAADF-STEM and EDS mapping of catalysts. Z.S. performed XPS
analysis of catalysts. T.Z. and D.Z. contributed to electrochemical experiments. All the authors
reviewed and commented on the manuscript. A.S. and Y.W. contributed equally to the

manuscript.
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