Chapter 7
Multijunction Approaches
to Photoelectrochemical Water Splitting

Eric L. Miller, Alex DeAngelis, and Stewart Mallory

7.1 Introduction

Hydrogen is an extremely valuable chemical commodity, not only in today’s
industrial marketplace, but even more so in the emerging Green Economies so vital
to the future of our planet and its people. Green futures will need to rely less-and-less
on fossil fuels, and more-and-more on solar, wind, biomass, geothermal, and other
renewable energy resources. Hydrogen is envisioned as one of the primary media for
the storage and distribution of energy derived from this renewable portfolio. To
achieve the vision, much work is needed in the development of new more practical
technologies and infrastructures for hydrogen production, storage, delivery, and
utilization. Nonpolluting technologies for large-scale hydrogen-production utilizing
renewable energy are of particular importance.

Among the viable renewable hydrogen-production approaches, solar options,
particularly solar-powered water-splitting, offer the best hope for large-scale renew-
able production with low carbon emissions. Several solar-to-hydrogen (STH)
pathways are possible, including solar electrolysis, where electricity generated
by photovoltaic (PV) or concentrated solar thermal (CST) power plants is used
to drive electrolyzer systems, for example, commercial “alkaline” or “PEM”
electrolyzers. Among a number of alternative, more direct conversion pathways,
photoelectrochemical (PEC) water-splitting using semiconductor photoelectrodes or
photocatalysts remains one of the most promising, though still elusive based on
challenges in developing stable and efficient PEC materials, devices, and systems.
Broadly speaking, a PEC system combines the harnessing of solar energy and the
electrolysis of water into a single conversion system. As illustrated in Fig. 7.1,
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Water Solution

Fig. 7.1 A PEC photosensitive electrode uses sunlight to split water, evolving hydrogen and
oxygen gases from solution

sunlight shining on a suitable PEC semiconductor device immersed in a water-based
solution can simultaneously drive water oxidation and hydrogen reduction electro-
chemical reactions to split water. This process evolves hydrogen and oxygen gases,
effectively converting the solar energy in to stored chemical energy.

The PEC approach is simple and elegant in concept, but is challenging to
implement in practice since it relies on complex interactions involving sunlight,
semiconductors, and liquid solutions. In a practical system, the semiconductor
material must efficiently absorb sunlight and generate sufficient photovoltage to
split water, while the semiconductor interface must be favorable to sustaining the
hydrogen- and oxygen-gas evolution reactions. In addition, the PEC system needs
to remain stable in solution, and must be inexpensive for compatibility with large-
scale deployment. To date, no known semiconductor system achieves all of the above
criteria — though some have come close. PEC devices based on multijunction III-V
semiconductor technology have been demonstrated at the National Renewable
Energy Laboratory (NREL) with impressive STH conversion efficiencies (i.e., the
ratio of the chemical energy available in the generated hydrogen to the incident solar
energy) exceeding 12% [1-4]. Unfortunately, these I1I-V devices have lacked long-
term stability, and moreover, they utilize a number of prohibitively expensive
materials as seen in the multilayered device structure illustrated in Fig. 7.2. Lower
cost PEC devices based on thin-film semiconductors, also in multijunction
configurations, have demonstrated stable hydrogen conversion efficiencies ranging
from 3 to 8% [5-8], but progress toward higher performance in such devices has been
slow. Before practical PEC hydrogen production can become a reality, key scientific
advancements in the development of new PEC materials and devices are still needed.

Toward this end, the most advanced scientific techniques in materials theory,
synthesis, and characterization are being brought to the table on an international
scale, and powerful synergies among researchers in the PEC, photovoltaics, and
nanotechnology fields are emerging in collaborative pursuit of the PEC quest [9].
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Fig. 7.2 Tllustration of multilayered III-V semiconductor device structure that has demonstrated
high solar-to-hydrogen conversion efficiencies for limited durations

In fact, PEC researchers often stake claim to PEC as the Holy Grail of hydrogen
production [10, 11]. This may seem somewhat overly dramatic, though PEC is
unique in offering an efficient low-cost approach for harnessing solar energy to
produce high-purity hydrogen from water, at low operating temperatures, with no
carbon emissions. The key to successful deployment will be in the identification
and development of innovative materials systems, likely involving multijunction
semiconductor configurations similar to that seen in Fig. 7.2.

Multijunction approaches offer some of the best hope for achieving practical
PEC hydrogen production in the near term, but complicated materials and interface
issues need to be addressed by the scientific community. This chapter explores the
challenges and benefits of large-scale solar water splitting for renewable hydrogen
production, with specific focus on the multijunction PEC production pathways. The
technical motivation and approach in the R&D of multijunction PEC devices are
considered, and examples of progress in laboratory scale prototypes are presented.

7.2 Solar-to-Hydrogen Conversion

Hydrogen is a valuable chemical commodity. Today, it is a vital component in
the industrial processing of important chemical commodities, such as fuels
and fertilizers. In the near future, it could take on new significance as a viable
alternative to gasoline or electricity as an energy carrier for stationary power and
transportation applications. On a commercial scale, STH conversion, specifically in
the form of solar water-splitting, offers the best hope for renewable production with
low carbon emissions. This approach for large-scale industrial deployment is truly
renewable and sustainable considering the enormity of the solar resource and
the abundance of water as a low-cost feedstock for hydrogen production. The
“re-cycling” of water as a by-product of hydrogen fuel cell and combustion
utilization schemes also factors into the sustainability of solar water splitting.
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7.2.1 Value of Hydrogen

Hydrogen has become a hot topic in recent years, both in political and scientific
circles. A national spotlight was cast on hydrogen in Former President George W.
Bush’s State of the Union Speech in 2004, which featured such memorable quotes
as: “America can lead the world in developing clean, hydrogen powered
automobiles” and “With a new national commitment, our scientists and engineers
will overcome obstacles to taking these cars from laboratory to showroom™ [12].
Similar optimism has been expressed across the board by politicians, economists,
and scientists, as exemplified in Jeremy Rifkin’s canonical work “The Hydrogen
Economy” [13]. Still, there is by no means universal acceptance. From the opposing
perspective, energy expert Joseph J. Romm in his book The Hype About Hydrogen
asserts: “Neither government policy nor business investment should be based on the
belief that hydrogen cars will have meaningful commercial success in the near- or
medium-term” [14].

Whatever view you take on the future importance of hydrogen in our society,
the world’s most abundant element is in fact an extremely valuable chemical
commodity today. In the contemporary industrial marketplace, hydrogen is a high
volume chemical with US production exceeding 20 billion kg annually [15]. Impor-
tant industry uses include the production of chemicals, processing of materials,
semiconductor manufacturing, generator cooling, and fertilizer production. In fact,
the demand for hydrogen has been expanding significantly in recent years, especially
in the fuels processing sector. As petroleum crude becomes dirtier, and as biomass
feedstocks enter the fuels mix, growing amounts of hydrogen are being required for
“hydrocracking” in the refining processes [16].

Hydrogen’s low density, high thermal conductivity, and strong chemical reduc-
ing properties make it ideal for the broad ranging industrial applications discussed
above. To satisfy the expanding demand, current hydrogen production continues to
rely primarily on established fossil-fuel technologies. Worldwide, over 95% of
hydrogen is produced from natural gas, oil, or coal, with production relying largely
on steam-methane reforming (SMR) with downstream purification processes such as
pressure swing absorption (PSA) [17]. Of course, fossil fuels are vulnerable to
dwindling availability and rising cost, and result in carbon emissions and other
forms of environmental contamination. The current fossil-based industries for
hydrogen production and utilization still suffer the risks and disadvantages of our
current Fossil Fuel Economy. New, cleaner, and long-term approaches to hydrogen
production and utilization are essential, not only to sustain current levels of demand,
but also to accommodate future expanded Hydrogen Economy markets [13, 18-20].

In visions of a future Hydrogen Economy, hydrogen is an ideal energy carrier for
the storage and distribution of renewable energy resources such as solar, wind,
geothermal, and hydroelectric. Using fuel-cell or combustion engine technologies,
hydrogen can be converted simply and cleanly to power or heat with no carbon
emissions, and with water as the primary by-product. Unfortunately, although
hydrogen is nature’s most abundant element, it exists primarily in strongly bonded
chemical compounds, and extracting it involves difficult and energy-intensive
processes. With current technologies, production, storage, and utilization of this
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ideal energy carrier are all challenging. An enormous amount of technology and
infrastructure development would be needed to attain a pure Hydrogen Economy.
More realistically, a Green Economy will emerge comprising a broad portfolio of
alternative energy sources and carriers, including hydrogen. As our present reliance
on petroleum-based fossil fuels become increasingly difficult to sustain, both
economically and environmentally, this will become inevitable. As a result, new,
more distributed approaches to national and world energy management will take
hold. Different locations rich in their own renewable resources will manufacture
energy currencies such as electricity or hydrogen for large-scale distribution to the
broader energy marketplace. Electricity is a key energy carrier today, and will
remain so long into the future. Hydrogen, however, will also emerge in an important
complementary role, providing important benefits in large-scale energy storage and
long-distance distribution.

Hydrogen is indisputably valuable today, and will become increasingly valuable
as an energy carrier with the future development of new renewable energy produc-
tion and distribution infrastructures. In the process, new and improved technologies
will emerge for the economical and environmentally friendly production, storage,
delivery, and utilization of hydrogen. Production technologies using solar energy to
split water are enormously attractive, motivating accelerated PEC research and
development. Current research in multijunction PEC devices will be particularly
important to near-term deployment of large-scale solar hydrogen production,
as discussed in the following sections.

7.2.2 The Solar Resource

The true value of the solar resource as a renewable energy commodity becomes
painfully apparent considering the current situation of oil. According to the US
Energy Information Administration (EIA), the current worldwide oil in reserves
totals approximately 213 trillion liters [21]. The amount of oil consumed globally as
of 2008 was determined to be 5 trillion liters [22]. The projected oil consumption
growth rate between 2004 and 2030 is expected to be approximately 1.6% [23].
Figure 7.3 shows projected oil consumption in relation to known oil reserves, both
at current consumption levels and for a projected growth of 1.6% per year. As can
be seen, even if the current consumption does not increase, the current oil reserves
will become significantly depleted over the next 50 years.

New oil reserves will be found, yet the fact remains that this is a shell game of
diminishing returns. Oil is a finite commodity, and before it runs out entirely, it will
become increasingly energy-intensive and costly to extract from the earth and
process into fuels. Creating a renewable alternative to satisfy our world’s energy
appetite is likely to be the challenge of our Age. As Dr. Carl Safina aptly noted:
“Whoever owns the new sources of energy will own the future economy” [24].

Our best hope for the future is the sun, the ultimate renewable energy resource,
continuously bombarding Earth with about 180,000 TW of radiant power. This
is enough to power about 10 quadrillion compact fluorescent light bulbs; over
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Fig. 7.3 Projected exponential growth of oil consumption plotted for 0.0 and 1.6% growth rates
given current global oil reserves

10 million bulbs for every person on the planet! [25, 26]. Approximately 36,000 TW
of the incident solar power strikes earth’s land masses where terrestrial-based
solar-energy conversion plants could be constructed. To put this in perspective,
our society on average consumes 13—15 TW, with projected increases up to 30 TW
over the next 50 years, consistent with trend shown in Fig. 7.3 [27]. These energy
consumption numbers are enormous, but still represent a small fraction of the sun’s
influx of radiant power. Of course, the planet relies on the sun for many things,
including sustaining plant-life and driving its weather patterns, so not all of the
incident solar energy is available for mankind’s energy hunger. Still there is
significant solar energy to spare. Using 10% solar energy conversion systems,
30 TW could be produced using only 0.25% of the land.

Unfortunately, it is not that easy. The large-scale conversion of solar energy to
mechanical work or electricity is currently quite challenging and costly. At peak
times of daylight, the solar intensity available for terrestrial conversion scales to
approximately 1,000 W/m?>. Large collection areas and significant landmass would
therefore be needed for commercial scale power production. Such expansive
commercial deployment requires an enormous capital investment. For example,
commercial photovoltaic technologies today can convert sunlight to electricity at
efficiencies between 10 and 20%, at $2-5 per installed Watt [28]. A single Gigawatt
plant would cost billions of dollars and span over 2,500 acres. As an added
disadvantage, these expensive behemoths would be inoperative at nighttime and
ineffectual under any significant cloud coverage.

There are practical difficulties and challenges, but the sun is still the most
promising of renewable resources, and the most underutilized in modern society.
Currently, less than 0.1% of the world energy production is from solar energy
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plants, though this number is starting to increase [29]. Encouragingly, improved
technologies for solar energy conversion, storage, and utilization are emerging to
make their impact on the world energy scene. New and improved solar-to-electric
and STH conversion technologies are all poised to be part of the new energy mix.
Developing the most practical and efficient technologies to convert sunlight to
useable energy carriers such as electricity or hydrogen is a critical priority. With its
potential benefits, PEC hydrogen production remains an attractive conversion route
for large-scale solar hydrogen production.

7.2.3 Solar Conversion Pathways

In converting sunlight, whether to electricity or to hydrogen, fundamental thermo-
dynamic principles govern the energy conversion process. The sun radiates energy
at a black body temperature of 5,780 K, while the Earth’s black body temperature
is 300 K. The Carnot limit between these source and sink temperatures is readily
calculated as 95%, representing the amount of radiant energy can be converted into
other more useable energy forms [30]. Though this is encouraging, actual conver-
sion of sunlight to practical end-uses is always further limited by unavoidable losses
associated with the available energy conversion routes. Every added conversion
step in the process adds losses and reduces overall conversion efficiency.

A primary mechanism for converting solar energy on earth is the photoexcitation
of electrons in terrestrial matter. With this electronic excitation as an initial step, the
two basic routes for further energy conversion of the photoexcited electrons are
solar—thermal and solar-potential. In the solar—thermal routes, the energized
electrons thermalize to their surroundings, converting the energy to heat, which
can be converted further, for example, using heat engines to produce work. Such
routes are further restricted by lower Carnot limits based on the intermediate source
temperatures driving the heat engines. In the alternative solar-potential routes,
the elevated electrochemical potential of the energized electrons can directly
drive further conversion processes, for example, producing electricity or chemical
products. Thermal energy is not being converted to heat, so additional Carnot limits
are not imposed.

Based on these photoexcitation models for energy exchange, solar water-
splitting for hydrogen production can follow several different conversion routes,
as shown in Fig. 7.4. The solar—thermal route shown as process (A) in the figure is a
two-step process, with a photon-to-thermal energy conversion step followed by a
thermal-to-chemical (TC) conversion step. The other two-step process shown as
process (B) represents PV-electrolysis, where a photon-to-electric conversion step
is followed by an electric-to-chemical conversion process. The three-step process
(C) represents a concentrated-solar—thermal—electricity/electrolysis route, involv-
ing photon-to-heat, heat-to-electricity, and electricity-to-chemical conversion
steps. The final pathway depicted as process (D), representing a single-step direct
conversion from photon-to-chemical energy, is the PEC water-splitting process.
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Fig. 7.4 Four viable single and multistep solar-to-hydrogen conversion pathways

Although a direct route in theory, practical implementation, for example,
with multijunction semiconductor devices, will entail thermal losses which need
to be minimized for high-efficiency conversion. Other STH pathways are also
possible, including photobiological routes [31, 32] and the ultrahigh temperature
thermolysis route [33], all with their own sets of challenges.

A number of different pathways can contribute to the renewable production
of hydrogen for future “Green Economies,” but economics will determine which
ones will play the most important roles. In general, the most direct conversion
processes, such as PEC water-splitting, could have some inherent economic
advantages. In fact, PEC hydrogen production as a low-temperature single-stage
process could be one of the front-running alternatives, contingent on development
of sufficiently efficient, stable, and inexpensive material systems. Under the general
umbrella of PEC solar hydrogen production, there are several possible plant strategies
and configurations that could be practically feasible. These are described below.

7.2.4 Photoelectrochemical Hydrogen Plants

There are numerous hydrogen-production approaches utilizing solar energy for the
PEC water splitting. With these different approaches, there are several possible
commercial scale plant configurations [34, 35]. Ultimately, the practicality of any
plant will be measured by the cost of the produced hydrogen. This will be deter-
mined by the efficiency, cost, and lifetime of the active PEC materials used, in
addition to associated plant capital costs and operating expenses. As discussed in
the following section, initial techno-economic analyses have been performed to
compare and contrast economic advantages and disadvantages of different PEC
plant concepts [35], but more comprehensive follow-on analyses will be needed,
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especially as PEC conversion processes evolve and become more refined. Broadly
speaking, PEC plant configurations fall into three categories: (1) combined
PV-electrolysis systems; (2) photoelectrode-based systems; and (3) photocatalyst-
based slurry systems. Many of the different single- and multijunction PEC materials
and devices discussed in the following sections can be integrated into one or more
of these plant types. Hydrogen production scales ranging from small-scale
1,500 kg/day for distributed production up to large-scale 50,000 kg/day central-
plant production are being envisioned for all three categories. Some of the likely
reactor schemes are illustrated in the following figures.

Figure 7.5a, for example, illustrates the most direct implementation of
the “Combined PV-electrolysis” configuration. Commercially available photo-
voltaic (PV) panels are coupled with separate commercial electrolyzer units, such
as alkaline or PEM electrolyzers; and appropriate power-conditioning equipment is
utilized to load-match the processes. This is the clear path to near-term renewable
solar hydrogen, but it is by no means inexpensive. Based on recent cost studies from
the NREL, hydrogen production cost would exceed $10/kg for PV electricity cost at
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Fig. 7.6 (a) Two-electrode PEC system; (b) monolithically integrated single-electrode PEC
system; (c¢) two-electrode PEC system with external voltage biasing; (d) two-electrode PEC
system with chemical biasing

15-25¢/kW h [36, 37]. The need for power conditioning equipment contributes to
this high cost. Additional factors include the electrolyzer capital costs as well as the
losses from lateral collection and transmission of electricity.

A variation of the PV-electrolysis approach is the integrated PV-electrolyzer
unit shown in Fig. 7.5b. In such systems, the solid-state PV panels and large
area electrolysis components are designed to be better matched in terms of
both operational voltage and current density. Power conditioning is eliminated and
transmission losses would be reduced. Based on the direct coupling to the solar flux
rage, the electrolysis process would run at low current densities, for example, below
50 mA/cm?, compared with rates over 1,000 mA/cm? in commercial electrolyzers.
This relaxes the need for precious metal catalysts in the electrolysis process, and
therefore reduces capital cost. Added complexity and cost of the dual-function panels
for large-scale deployment is a significant tradeoff.

Unlike the systems in the “PV-electrolysis” category, the photoactive
components in the “photoelectrode based systems” configuration are immersed in
solution, and typically include one or more PEC solid/liquid rectifying junctions.

Figure 7.6a shows a classic two-electrode configuration with a photoelectrode
immersed in aqueous solution and electrically interconnected to a metallic counter
electrode. Sunlight incident on the photoelectrode energizes the water-splitting
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process, promoting hydrogen evolution at the “cathode” surface and oxygen
evolution at the “anode” surface. The PEC process entails both electron exchange
in the external wire and ion exchange in solution. To minimize electronic and ionic
conductivity losses, the counter electrode is placed in close proximity to the
photoelectrode surface. In some cases, the counter electrode is a small catalyst
wire placed right in front of the photoelectrode. This, however, introduces some
optical shading loss; and it also requires a front-surface gas-separation membrane,
adding further loss.

Figure 7.6b illustrates a single-electrode variation of the photoelectrode system
comprising anode and cathode surfaces at opposite faces of a single monolithically
integrated device. In this configuration, electron transfer is readily achieved through
the body of the electrode, but pathways for ionic transfer in the electrolyte need to
be provided around the electrode body to minimize solution conductivity losses.
Electron transmission loss is reduced, as is system part count. This offers potential
cost reduction.

The photoelectrode schemes in Fig. 7.6a, b require photoactive electrode
materials and devices capable of spontaneously splitting water with solar illumi-
nation. As discussed at length in the following sections, this will most likely require
the use of multijunction structures to generate sufficient voltage to sustain
the process. Alternative external-voltage and chemical biasing strategies are possi-
ble in photoelectrode-based systems as illustrated in Fig. 7.6c, d. External biasing
is specifically useful for single-junction photoelectrodes incapable of efficient
unassisted solar water splitting. The added costs associated with the supplemental
electricity needed in Fig. 7.6c or chemical feedstocks needed to maintain the
pH gradient in Fig. 7.6d generally makes these approaches unattractive from a
practical perspective.

In the photoelectrode-based systems, active semiconductor layers or thin-films
are coated on fixed electrode structures which are immersed in solution. In contrast,
the “photocatalyst”-based reactors utilize photoactive semiconductor particles free-
floating as slurry in a solution bed. Figure 7.7a represents a conceptual single-bed
photocatalyst reactor, comprising concentrations of one or more functionalized
photocatalyst particles suspended in solution. In the example shown in Fig. 7.7a,
the semiconductor particle would need to be capable of internally generating
enough photovoltage to split water. In addition, specific surface sites on the particle
would need to be functionalized, for example, with catalyst nanoparticles,
to promote hydrogen and oxygen evolution and facilitate charge separation. An
interesting variation of the single-bed photocatalyst system is the “Z-scheme,”
which is somewhat analogous to the multijunction approach in the photoelectrode
case. As described in more detail in later sections, the Z-scheme utilizes different
photocatalysts for hydrogen and oxygen evolution, but the two particle types are
mixed together in the same reactor bed with an ion mediator in solution to couple
the reactions. Single-bed photocatalyst reactors are extremely simple, with perhaps
the best potential for low cost at large scales. The obvious drawback is that
potentially explosive mixtures of hydrogen and oxygen gas are generated in
the same solution, necessitating safe and reliable gas separation mechanisms.
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Fig. 7.7 (a) Single-bed photocatalyst particle suspension system, co-generating oxygen and
hydrogen in the same reactor; (b) two-bed photocatalyst particle suspension system, with
separated oxygen-evolution and hydrogen-evolution beds

Separation technologies, such as pressure swing absorption, are commercially
available, but would add complexity and cost.

Figure 7.7b illustrates a two-bed photocatalyst reactor. Similar to the Z-scheme,
two separate photocatalyst particles are used, one for hydrogen evolution and the
other for oxygen evolution. In the two-bed case, however, the different particle types
are suspended in separate reactors which are connected by an ionic bridge-way to
allow for mediator coupling. In the two-bed reactors, the hydrogen and oxygen gases
are generated separately and safely, eliminating the cost of separations equipment.
The drawback is the reduced hydrogen production efficiency inherent in this config-
uration. The ion bridge introduces conductivity loss; but more importantly, a larger
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solar collection area is necessary for water splitting when hydrogen and oxygen
reactions are stacked side-by-side, reducing conversion efficiency and increasing
overall cost.

7.2.5 Techno-economic Analyses

The US Department of Energy (DOE) recently commissioned Directed Technologies
Inc. (DTI) of Arlington, Virginia, to conduct a techno-economic evaluation of
conceptual PEC hydrogen production systems [35] incorporating performance and
processing cost feedback from the broader materials R&D efforts at DOE. The
objective was to provide a basis for evaluating the long-term feasibility of large-
scale PEC production technologies in comparison with other renewable approaches.
The DTI study, which was completed in 2009, comparatively evaluated two
photocatalyst particle bed configurations (compatible with the reactor
configurations illustrated in Fig. 7.7) as well as two photoelectrode-based systems
(compatible with the reactor configurations illustrated in Fig. 7.6). The four concep-
tual systems in the study were designated “Type-1" through “Type-4" as follows:

o Type-1: Single-Bed Photocatalyst System: A single electrolyte-filled reactor
bed containing a colloidal suspension of PEC photocatalyst particles which
produce a mixture of H, and O, product gases.

o Type-2: Dual-Bed Photocatalyst System: Two electrolyte-filled reactor
beds containing colloidal suspensions of PEC photocatalyst particles, with one
bed carrying out the oxygen evolution half-reaction, the other bed carrying out
the hydrogen evolution half-reaction, and including a mechanism for circulating
the ions between beds.

e Type-3: Photoelectrode System: A fixed array of planar PEC photoelectrodes
immersed in an electrolyte reservoir, tilted toward the sun at local latitude angle,
producing hydrogen at atmospheric pressure.

e Type-4: Photoelectrode System with Moderate Concentration: A PEC solar
concentrator system, using reflectors to focus the solar flux at a 10:1 intensity
ratio onto planar PEC photoelectrodes immersed in an electrolyte reservoir and
pressurized to 300 psi.

In the DTT analyses, each of the modeled system types included a PEC reactor
generating H, and O,: photocatalyst-based on Types 1 and 2, and photoelectrode-
based on Types 3 and 4. Each also included a gas processing system for
compressing and purifying the output gas stream, in addition to ancillary balance
of plant equipment. For each system type, the total cost of hydrogen production was
projected for a 10-metric ton per day plant assuming technology-readiness of the
PEC reactor. The baseline for readiness included targeted values of 10% for STH
conversion efficiency and 5 years for PEC cell lifetimes. Sensitivity analyses
around the baseline assumptions were performed to assess the effects on production
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Fig. 7.8 Hydrogen cost
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costs of variations in the PEC performance and cost parameters. A summary of the
sensitivity analyses for the four system types is shown in Fig. 7.8.

As concluded in the DTI report, the hydrogen production costs are lowest for the
Type 1 and Type 2 photocatalyst systems, ranging from $1.50 to $5.25/kg H..
These are encouraging results, consistent with the US DOE cost targets of $2-4/kg
H, [38] for future central hydrogen production pathways. The report recognized,
though, that significant research and development work is still needed to demon-
strate particle-based PEC reactors operating at the baseline performance levels
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assumed in the study. In contrast, the Type 3 photoelectrode system is currently the
most mature of the concepts, with numerous prototypes demonstrated to date on the
laboratory scale. The report concluded, however, that hydrogen production costs
were the highest using this route, ranging from $6.14 to 18.75/kg H,. The high costs
in this case were dominated by substantial material and capital costs, similar to
those plaguing the PV industry. The Type 4 photoelectrode system is a modification
of Type 3 system with the addition of modest solar concentration (up to 10x) and
moderate internal hydrogen compression (to 300 psi). Interestingly, these added
features resulted in substantial cost reductions, specifically due to the reduction in
PEC-electrode area, reduced amount of PEC materials needed, and fewer
postprocessing compression stages. The resulting hydrogen production costs were
reduced to $2.85-5.55/kg H,, falling within the DOE targeted range.

Although preliminary, this study has shown that hydrogen production by
PEC systems can be economically viable in both photocatalyst and photo-
electrode configurations. However, key research challenge remains for attaining
PEC material systems compatible with the baseline levels of 10% STH conversion
efficiency and 5-year lifetime. As discussed in the following sections, multijunction
approaches are likely to be critical for near-term realization of such performance
levels. As research and development of PEC materials and devices progresses, more
techno-economic analyses will be needed to further evaluate the tradeoffs between
different large-scale PEC reactor approaches. Two of the most promising avenues
appear to be photoelectrode systems using low-cost thin-film materials [39] and
large-scale slurry bed reactors utilizing low-cost functionalized semiconductor
particles [40]. The path forward for practical PEC solar hydrogen production
needs to navigate all the economic as well as the scientific obstacles that remain.

7.3 Photoelectrochemical Water Splitting

In general, standard chemical processes involve interactions between chemical and
ionic species. Electrochemical processes also involve interfacial interactions between
ionic conductors, such as electrolytes, and solid-state electronic conductors, such as
semiconductors. Involving even more complexity, PEC processes are exposed to
light, so that optical photons can also interact with the electrochemical reactions.
In semiconductor photoelectrochemistry, energetic photons of light typically create
electron—hole pairs within the semiconductor that can participate in redox reactions at
the semiconductor/electrolyte interfaces. The complicated set of fundamental elec-
trochemical and solid-state optoelectronic principles that govern the behavior of such
systems are well-documented in the literature [41-46]. Within the realm of
photoelectrochemistry, the PEC water-splitting process itself presents a unique set
of energetic and kinetic challenges [47-50]. Some useful simplifications to the
problem, presented in the following sections, can provide a broad overview of PEC
water-splitting, and help to highlight the loss mechanisms and conversion efficiency
limitations inherent in PEC hydrogen production.
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7.3.1 PEC Water-Splitting Reactions

Any light-driven water splitting process can be expressed as a generalized chemical
reaction representing the addition of photonic energy to liquid water to split the
H,O molecule, evolving gaseous hydrogen and oxygen:

H,0 + 2y — Hy(g) + 1/20,(g) Net water-splitting reaction (7.1a)
AG® = + 237.18 kJ/mol  Standard Gibbs free energy. (7.1b)

Here, y is the photon energy and AG® is the standard Gibbs free energy. As indicated in
(7.1), energetic photons, such as those in sunlight, can supply the energy to drive the
uphill reaction converting the feedstock H,O into hydrogen and oxygen gases.
Specifically, the standard Gibbs free energy change of +237.18 kJ/mol is a quantifi-
cation of the thermodynamic minimum energy needed for splitting water into the
constituent gases at standard conditions of 25°C and 1 bar.

PEC implementations of light-driven water splitting utilize one or more
photoactive semiconductor electrodes to convert the photon energy. In a PEC
system, absorbed photons induce electron—hole pairs in the semiconductor bulk
which can be separated and extracted to promote two “half reactions” in solution.
Specifically, photogenerated electrons drive the hydrogen evolution half-reaction
(HER) at the cathode interface, while photogenerated holes drive the oxygen
evolution half-reaction (OER) at the anode interface. Both half reactions must be
sustained simultaneously, coupled by their exchange of electrons in the solid state,
and ions in solution. In real systems, multiple reaction pathways and reaction steps
are possible at both anode and cathode, and physical conditions shape if and how
the process will proceed. As one example, the half-reactions for water splitting can
be written explicitly in terms of the H ionic exchange between anode and cathode:

2y — 2e~ +2h" Photon-induced electron-hole pair generation (7.2a)

H,0 + 2h* — 2H" +1/20,(g) OER: anodic water-oxidation half-reaction
(7.2b)

2H' +2e~ — 2H,(g) HER: cathodic Hfreduction half-reaction (7.2¢)
H,O +2y — Hy(g) + 1/20,(g) Net water-splitting reaction (7.2d)
AG® = + 237.18 kJ/mol Standard Gibbs free energy (7.2¢)

AV? = AG"/nF =1.23 V Standard reversible potential (7.2f)

rev

Vop = AV?eV + 1, + 1 + 1q + Ny, Operating voltage with overpotential loss.
(7.2g)
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Here, e~ is an electron, 4™ is a hole, F is Faraday’s constant, and n (=2)
is the number of electrons exchanged. V,, is the operational voltage, 1., 7., Mo,
and 7, are overpotentials associated with anode, cathode, ionic-conductivity,
and system losses, respectively.

Alternatively, the half-reaction set can also be written in terms of OH™ ionic
exchange:

2y — 2e~ +2h"T Photon-induced electron-hole pair generation (7.3a)
20H™ +2h" — H,0 + 1/20,(g) OER: half-reaction (7.3b)

2H,0 + 2e~ — 20H™ + H(g) HER: half-reaction (7.3¢)

H,O +2y — Hy(g) + 1/20,(g) Net PEC water-splitting . (7.3d)

The corresponding expressions for the Gibbs free energy, the standard reversible
potential and the operating voltage are equivalent to those given by (7.2e—g).

The reaction pathways depend on the nature of the electrodes, the electrolyte,
and the light-induced energy levels. For example, the half-reaction formulations
expressed in terms of H" tend to dominate in acidic electrolyte solutions, while
the OH™ formulations can dominate in basic solutions, specifically due to the
predominance of one ionic species over the other under the different conditions
[51]. In either case, it is important to emphasize that each of the half-reactions
described in (7.2) and (7.3) is simplifications of more complex multistep electro-
chemical reaction pathways, and that competing or parasitic reactions are also
possible [52, 53]. Without parasitic reactions and losses, the Gibbs free energy of
photo-driven water splitting is +237.18 kJ/mol, and the standard reversible potential
of PEC water splitting is 1.23 V, as indicated in (7.2) and (7.3). This is independent
of the dominant pathways involved in achieving the net reaction. All practical
systems will involve losses, such as those represented in the various overpotential
terms in the equations; and these losses can be significantly different for different
reaction pathways. Including overpotential losses, the energy/voltage needed to
split water will inevitably exceed 1.23 V.

7.3.2 PEC Water Splitting Losses

Losses incurred during PEC water splitting include the overpotential losses at the
anode and cathode interfaces, the ionic conductivity overpotential loss associated
with ion transport in the electrolyte, as well as other solid state and balance of
system losses. The anode and cathode overpotential losses include the effects of
activation energy, kinetics, and mass-transport of the multistage half reactions.
These can be substantial, commonly several tenths of volts, with more severe loss



222 E.L. Miller et al.

for oxygen evolution, which is the more complex and less facile reaction [54].
In addition to the electrode overpotential losses, the electrochemical losses due to
ionic conductivity in the solution can also be severe, depending on electrode
geometry and spacing, in addition to solution properties. The splitting of pure
water, for example, is particularly difficult, since the ionic conductivity, typically
less than 0.05 S/m range is prohibitively low. Weak acid or alkaline solutions with
conductivities exceeding 10 S/m are typically used to compensate, although this
creates a more corrosive environment for the electrodes.

On top of the losses at the interfaces and in solution, there are also significant
losses in the solid state of any PEC system. While the ions in solution are migrating
through the aqueous media and reacting at the interfaces, the solid-state
electrons—holes need to be exchanged between the anode and cathode through a
conductive pathway (such as an interconnecting wire in two electrode schemes
and the conducting substrate in monolithic single electrode configurations), and
therefore some ohmic loss is inevitable. Additionally, there can be severe losses in
the bulk semiconductor and solid-state interfaces of the electrodes. These include
optical absorption losses, electron—hole pair recombination losses, and interface
recombination losses, among others, which also degrade system performance.

The PEC water splitting process is a delicate balancing act, where photon-
energized electron—hole pairs under the right conditions can simultaneously drive
the electrochemical half-reactions. In steady state, the anodic and cathodic half-
reactions need to be sustained at the same reaction rate, or a charge build-up will
occur, impeding and eventually stopping the entire process. A similar situation
exists with the charge carriers in the solid state. The anodic half-reaction generates
two electrons (i.e., “consumes” two holes), while the cathode half-reaction
consumes two electrons. These electrons must be shuttled from anode to the
cathode via electrical current and steady state cannot be maintained if anode and
cathode reaction rates are not the same.

As a result of all the electrochemical, solid-state losses and any balance of
system losses occurring at steady state, water splitting cannot occur at the bulk
reversible potential of 1.23 V. The operating voltage for water-splitting must
exceed this value to compensate for all the losses. In practice, water electrolysis
systems typically require operating voltages of 1.6-1.9 V, depending on gas
production rates [55, 56]. In other words, to drive the water-splitting process
including all solution and electrode losses, the absorbed photons must induce
sufficient electrochemical potential to the electron—hole pairs to generate
photopotentials in excess of approximately 1.6 eV. The photoelectrolysis balancing
act can be set into motion ONLY if this photopotential requirement is met.
As discussed in the following sections, it is the photopotential requirement that
may necessitate the use of multijunction approaches for efficient PEC water
splitting. If and only if the conditions are right to sustain the water splitting process,
the hydrogen evolution will then be proportional to electron consumption rate at the
cathode, which represents a photocurrent. This is critical to the understanding
of STH conversion efficiency.
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7.3.3 PEC Solar-to-Hydrogen Conversion Efficiency

During steady-state operations, the solid-state shuttling of charges between anode
and cathode represents a photon-induced current, or photocurrent. This photocur-
rent is integrally tied to the hydrogen-producing performance of the PEC system.
Specifically, the PEC half reactions from the previous section illustrated that two
electrons are consumed in the evolution of one H, molecule. This results in a
hydrogen production rate that is half the rate of electron flow, in other words, half
the photocurrent:

Ion (J ph X A)
Ry, = e e (7.4)
where Ry, is the hydrogen production rate (s_l), I,;, is the photocurrent (A), e is the
charge of an electron (C), A is the area of the illuminated photoelectrode (mz), and
Jn is photocurrent density (A/mz).

The chemical STH conversion efficiency of a solar-based hydrogen production
system is defined as the ratio of the useable chemical energy in the generated
hydrogen gas to the total solar energy delivered to the system [57-61]. For steady-
state operations, this is equivalent to the ratio of the power output to the power input
of the system. This power ratio can be expressed as:

Pou  (hydrogen production rate)x (hydrogen energy density) 75)
P solar flux integrated over illuminated area ’ ’

Using the hydrogen production rate from (7.4) and the Gibbs energy as the
useful energy density of the hydrogen, the STH efficiency for a PEC system can be
written as:

AG AG ("P“ XA) AG

X Ry, Na 2e 3eN
STH(%) = Z—— = = 2Ny 7.6
( 0) Pso]ar X A Psolar x A Psolar ot ( )

where N, is Avogadro’s number and Py, is the solar flux of energy in W/m?>.
The first ratio in (7.6) is generic for any STH production system, while the second
term is derived specifically for PEC hydrogen processes using the production rate
from (7.4).

The solar flux of radiant energy is comprised of a broad spectrum of energetic
photons, which are quantized particles of light, each with discrete energy content.
Figure 7.9a shows the standard atmosphere-filtered global solar spectrum
(AM1.5G) indicating the range of photon energies and the distribution of energy
transmitted by these photons [62]. This AM1.5G spectrum is also frequently
presented as a function of photon wavelength, as shown in Fig. 7.9b.
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Fig. 7.9 AMI.5 global solar irradiance spectrum: (a) as a function of photon energy and (b) as a
function of photon wavelength, indicating the ultra-violet, visible, and infra-red regions of sunlight

Integrating the AM1.5G solar flux yields a total power density of ~1,000 W/m?
for sunlight. Using this value for Py, in (7.6), the STH conversion efficiency can
be related directly to the photocurrent density of a PEC system:

STHAM1_5 (%) ~ 0.123 x Jph = 123 x Jph .
—— ——

for J in(A/m?)

for J in(mA/m?)

(7.7)
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Equation (7.7) explicitly states the linear relationship between conversion
efficiency and photocurrent density calculated under AM1.5G solar illumination.
The use of the Gibbs free energy in these equations reflects chemical energy in the
hydrogen that can be retrieved using an ideal fuel cell. This in effect, calculates the
lower heating value (LHV), which is standard in practical comparisons between
different fuels [63].

It is clear from (7.7) that the PEC photocurrent density is the key determining
factor for STH efficiency. This is in contrast to solid-state photovoltaic cells, which
need to be operated at the maximum power point (i.e., maximum product of photo-
current and photovoltage) for the best solar-to-electric conversion efficiency [64]. It is
a subtle but important distinction that PEC cells should be operated at maximum
photocurrent for best hydrogen-production performance. It is the bandgap-limited
saturated photocurrent density of a semiconductor that ultimately constrains the
hydrogen production rate. For peak STH efficiency, sufficient useable photopotential
must be generated in the device to drive the photocurrent as close as possible to the
saturation limit. With all the built-in losses in the solid state, in solution, at the
interfaces, and in the balance of system, this can be a challenge. In fact, due to limits
of useable photopotential generation in a single junction, it may be necessary to resort
to multijunction schemes to drive the PEC system into the maximum photocurrent
region. There are inherent trade-offs and limitations as well as benefits to this
approach. These are explored in detail in the following sections.

7.4 Single Junction PEC Semiconductor Devices

In a semiconductor-based PEC system, photons are absorbed in the semiconductor
and the photogenerated charge carriers are separated, and then extracted by
the interfacial HER and OER reactions. In photoelectrode-based systems, the charge
separation is largely due to the rectifying nature of the semiconductor/electrolyte
junction. The charge separation details are somewhat different in the photocatalyst
systems [65], but the basic absorption and extraction mechanisms at the solid/liquid
interface are the same. In either case, hydrogen production performance is strongly
influenced by both semiconductor material properties and interfacial characteristics.
An examination of junction formation and operation in the case of photoelectrode
configurations reveals much about the key performance parameters and conversion
efficiency limitations.

7.4.1 Photoelectrode Junction Formation

In PEC photoelectrode systems, the semiconductor/electrolyte interface can form a
rectifying junction, similar to the solid-state pn junctions or Schottky diode
junctions used in solar cells. Such rectifying junctions exhibit built-in electric fields
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capable of separating photogenerated charge carriers (i.e., electron—hole pairs)
created by absorption of photons in the semiconductor bulk. In PV cells, this charge
separation mechanism drives photocurrents to produce electricity, while in the PEC
case, the charge separation can drive the HER and OER half-reactions for water
splitting. In both cases, illumination creates extra photoexcited electron—hole pairs
which need to be separated and extracted before they recombine in order to be
effective in the energy conversion process. Extraction of the photogenerated charge
carriers with elevated electrochemical potentials in effect converts the solar energy
to electricity or hydrogen in PV or PEC systems, respectively. Excellent sources of
information are available detailing semiconductor material properties, solid-state
junctions and solar cells, and treating the fundamentals of rectifying junction
formation and behavior [26, 50, 66-70].

Formation of a rectifying PEC junction at a semiconductor/electrolyte interface
follows similar principles, but key concepts from both solid-state physics and
electrochemistry need to be combined for a complete description of the process.
For reference, there is a wealth of literature on fundamental electrochemical
principles [41-46, 50], which are useful, especially in conjunction with the previous
citations covering semiconductor physics. Of particular interest to PEC studies are
the models developed by Gerischer, which establish important connections between
the in-solution electrochemical potentials of electrons and solid-state Fermi levels
[47—-49]. Using the Gerischer models, descriptions of semiconductor/electrolyte
junctions follow closely the solid-state junction analogies. Photoanodes using
n-type semiconductors form PEC junctions similar to a Schottky barrier or an np*
junction, and internal electric fields are set up to drive photogenerated holes toward
the electrolyte interface promoting oxygen evolution. In contrast, p-type photo-
cathode junction formation is analogous to a solid-state pn* device, and the internal
fields promote the injection of photogenerated electrons at the interface to drive the
HER [50]. The field directions for both n-type and p-type junctions are shown
explicitly in the following illustrations of junction formation.

Specific steps in semiconductor/electrolyte junction formation are illustrated in
Fig. 7.10 for both the photoanode (7.10a) and photocathode (7.10b) cases.
In Fig. 7.10a (i), the n-type semiconductor and electrolyte are shown in thermal
equilibrium prior to contact for the photoanode case. At equilibrium, the Fermi level
in the semiconductor (F,)) is close to the conduction band (CB), and the Fermi level in
solution (F) falls between the redox (reduction/oxidation) levels for hydrogen
reduction (H*/H,) and water oxidation (H,O/O,). After contact, the electrode and
electrolyte Fermi levels align to reach thermal equilibrium, as shown in Fig. 7.10a
(ii). Since the initial electrode Fermi level is higher than the electrolyte Fermi level,
free electrons in the n-type semiconductor will migrate to the solid-liquid interface
exposing positively charge fixed donor sites. The electrons form a surface charge
layer at the interface which induces a thin Helmholtz double layer in the electrolyte.
A depletion-region, also known as a space-charge region (SCR), forms where free
charge carrier diffusion is counter-balanced by the built-in electric field generated
by the fixed charges flanking the junction. The charge distributions including the
fixed space charges in the solid-state electrode and the Helmholtz layer charges
in solution are shown in Fig. 7.10a (iii). Typically, Helmholtz layers are on the
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Fig. 7.10 Semiconductor/electrolyte junction formation for (a) n-type semiconductor and (b)
p-type semiconductor junction. Subheadings (i), (ii), and (iii) represent the energy diagrams before
contact, the energy diagrams after contact, and the charge distributions, respectively

order of a few nanometers, compared with several micrometers for the semiconductor
space-charge region.

For the p-type photocathode case, the equilibrium charge distribution process is
the same, but as shown in Fig. 7.10b the charges and band bending are reversed.
As illustrated in Fig. 7.10b (i) and (ii), the initial migration of holes toward
the interface during contact equilibration creates a space charge region of fixed
negative acceptor charges, reversing the direction of the built in electric field
compared with the photoanode cases. In both cases, the thermal equilibrium is
disturbed upon exposure to light, and illuminated operations need to be described in
terms of “quasi-equilibrium” statistics, which generally remain valid for AM1.5G
insolation as well as moderate levels of concentrated sunlight [66, 67, 70].

7.4.2 Illuminated Response

Under illumination, the electron—hole pairs generated by photon absorption in
the vicinity of the space-charge regions can be separated by the built-in electric
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fields. Some of the photocharges will be successfully extracted in the water splitting
process, while the remainder will recombine, losing energy as radiation or heat. In the
photoanode case, the photogenerated holes will be driven by the built-in field toward
the electrolyte interface, where, with the appropriate energetics and kinetics, they
can drive the OER oxidation reaction. At the same time, photoexcited electrons
are driven toward the electrode’s back contact, where they can be extracted to
solution at counter-electrode surfaces appropriately conditioned to promote the
HER. For photocathodes, the charge separation supplies photogenerated electrons
to the hydrogen evolution process at the electrolyte interface, and drives
photogenerated holes to an OER counter electrode surface. Under these operating
conditions, the initial thermal equilibrium has been disturbed by the energy influx of
the light, and the band descriptions with Fermi levels are no longer valid. Under
conditions of quasi-equilibrium, a useful alternative description can be developed in
terms of “quasi-Fermi” levels.

Figure 7.11 illustrates PEC junction response to solar illumination for both
photoanodes (Fig. 7.11a) and photocathodes (Fig. 7.11b) using the quasi-Fermi
level descriptions. For both configurations in Fig. 7.11, the photoelectrode is
immersed in solution, and the back contact is connected by external wiring to a
counter electrode also in solution. In addition, the n, and 7. overpotentials for the
OER and the HER in solution have been added to the reversible potential of the
redox system to stress the minimum voltage requirement to sustain water splitting.

With the absorption of sunlight in the semiconductor bulk, the original Fermi
levels split into separate quasi-Fermi levels for electrons (F.) and holes (Fy,) [47, 66,
67, 70] resulting from the excess concentration of photogenerated electron—hole
pairs over the equilibrium populations. For the photoanode case in Fig. 7.11a,
the excess hole population significantly alters the minority carrier distribution
with respect to the equilibrium populations, while the excess electrons barely
affect the majority carrier numbers. As a result, the hole quasi-Fermi level shifts
substantially in contrast to insignificant change in the electron quasi-Fermi level.
Conversely, in the photocathode case in Fig. 7.11b, there is a significant shift in the
electron quasi-Fermi level, but little hole quasi-Fermi level shift. In both cases, near
the back contact away from the effects of illumination, the two quasi-Fermi levels
converge back to a bulk equilibrium Fermi level.

The back contact potential is tied to the counter electrode potential, which under
operating conditions is coupled to the back half reaction. As an important result, the
quasi-Fermi separation in the semiconductor determines the useable energy for
driving the front half reaction. For the illuminated photoanode device shown in
Fig. 7.11a, the electron potential at the counter electrode is sufficiently high to drive
the hydrogen-reduction half-reaction, including the 7. loss. Simultaneously,
the quasi-Fermi hole energy at the solution interface is sufficiently low to drive
water-oxidation, including the 7, loss. This configuration, in consequence, is
capable of sustaining the net PEC water-splitting process, driven by useable energy
in the quasi-Fermi split.
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Fig. 7.11 Operational
illuminated PEC junctions a
(a) n-type junction with
correct hole energy alignment
for oxygen evolution and
electron energy alignment
for hydrogen production,

(b) p-type junction with
correct electron energy
alignment for hydrogen
production and electron
energy alignment for
hydrogen evolution
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7.4.3 Useable Photopotential

The concept of the quasi-Fermi level split is extremely important to how much
useable photopotential a semiconductor device can generate, specifically in relation
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to the bandgap energy. In crystalline silicon photovoltaic cells, for example,
the bandgap energy is 1.1 eV, while single-junction open-circuit voltages typically
range between 0.6 and 0.7 V [26]. Thermodynamically, semiconductor band dia-
gram representations reflect the internal energy of electrons and holes, not the
useable energy. Electricity can be extracted from a PV cell only at potentials below
the open-circuit voltage, which is typically 50-70% of the semiconductor bandgap
energy. The output voltage limit can be increased using higher bandgap cells, but as
a tradeoff, fewer solar-spectrum photons would be absorbed, limiting the saturated
photocurrent.

The concept of useable potential is even more important in the case of
PEC water-splitting devices. The useable potential of a PEC device must be
sufficiently high to drive both half reactions in addition to the overpotential losses.
This can typically require over 1.6-1.9 V. To achieve this in a single junction
device, semiconductor bandgaps over 3.0 eV are typically necessary, which
severely restricts optical absorption, saturated photocurrent, and therefore, STH
conversion efficiency.

The bandgap position relative to the redox potentials of the electrolyte must also
be considered. It is often reported that semiconductors with bandgaps “straddling” the
redox potentials will be able to photosplit water in single junction configurations.
While this is a “necessary” condition, it is by no means a “sufficient” condition.
The band positions of semiconductor interfaces in aqueous solutions have been
reported [5]. Figure 7.12, for example, shows the band edge positions with respect
to the redox levels for hydrogen reduction and water oxidation for several commonly
studied PEC semiconductor materials. Of these materials, titanium dioxide, zinc
oxide, and gallium nitride all have bandgaps greater than 3 eV, and band edges
straddling the redox levels. None of these, however, have demonstrated spontaneous
PEC water splitting. This further drives home the point that the real energetics and
useable photopotential under illumination are dictated by the quasi-Fermi levels, and
not by the band edges. In addition, it is important to stress that all the overpotential
losses directly subtract form useable potential. As a result, there are many situations
where a bandgap straddling the redox potentials will fail to split water.
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Fig. 7.13 Nonoperational
illuminated PEC junctions (a)
n-type junction with correct
hole energy alignment for
oxygen evolution but
improper electron energy
alignment for hydrogen
production, (b) p-type
junction with correct electron
energy alignment for
hydrogen production but
improper electron energy
alignment for hydrogen
evolution
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To illustrate this further, two additional hypothetical devices are illustrated in
Fig. 7.13a, b representing photoanode and photocathode junctions, respectively,
that are incapable of solar water splitting. In both cases, the conduction and valence
band-edges clearly straddle the redox levels, even including the overpotential
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Fig. 7.14 Functional PEC-PEC tandem arrangement combining the nonoperational n-type and
p-type electrodes from Fig. 7.13. There is Fermi level alignment at the interconnected back
contacts, and the combined photopotentials developed in the two illuminated electrodes is suffi-
cient to split water

losses. In Fig. 7.13a, however, the hole quasi-Fermi level at the PEC interface is too
high, while in Fig. 7.13b, the electron potential in the counter electrode is too low
and thus in either case PEC water-splitting is not sustainable.

Interestingly, these “dysfunctional” photoelectrodes could, in theory, be com-
bined in tandem to achieve sufficient useable potential for water splitting. This is
illustrated in the combined band-diagram representation seen in Fig. 7.14, where
the two electrodes have been interconnected to each other, instead of to counter
electrodes. This utilization of multiple junctions to enhance useable photopotential
is a powerful tool for PEC water-splitting. As discussed in the following sections,
multijunction stacking can offer important benefits, but can also introduce new
system losses that limit overall STH conversion efficiency. In all single- and
multijunction configurations, loss minimization in the device and system designs
becomes critical to hydrogen production performance and efficiency.

7.4.4 Loss Minimization

There are numerous losses in PEC devices and systems that can limit STH conver-
sion efficiency, and which need to be minimized. These include losses in solution,
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at interfaces, and in the semiconductor bulk. The optoelectronic losses in the
semiconductor photoelectrode, for example, need to be as low as possible. In
single-junction absorbers, photons with energies below the semiconductor bandgap
cannot be absorbed or converted. Photons with energies exceeding the bandgap are
absorbed, but at rates dependent on the allowed transitions in the semiconductor.
Direct bandgap materials, for example, absorb more efficiently than indirect
bandgap materials. In all semiconductors, photogenerated electron—hole pairs rap-
idly thermalize to band-edge energy levels within picoseconds, losing energy to
heat. Large bandgap semiconductors generate little photocurrent due to poor
absorption, while small bandgap semiconductors can suffer from low conversion
efficiencies due to high thermalization losses. At the band-edge energy states, the
electron-hole pairs can often survive for several microseconds before recombining,
and they must be separated and transported to electrochemical interfaces for
extraction during this time for effective energy conversion. This separation is
assisted by the electric fields set up by charge distributions in the semiconductor
and at the solid/liquid interface. Defects in the bulk and at the interface can
adversely affect the separation fields, and also result in poor mobility for charge
transport. If wide absorption widths are needed, for example, in indirect
semiconductors (i.e., the absorber needs to be relatively “thick”), the charge
transport losses can be severe. Thinner devices with back-surface optical reflection
may reduce the loss.

To minimize overpotential loss due to interfacial charge extraction and electro-
chemical product formation, the interface conditions need to be optimized. Ideally,
charge is extracted via the water-splitting half-reaction at the solid/liquid interface.
The extraction process can be slowed or completely inhibited by poor energetic
alignment or poor surface kinetics at the photoelectrode or counter electrode
surfaces. Parasitic or corrosion reactions competing with the water-splitting
reactions can also result in substantial loss; though surface treatments can be
employed to kinetically and/or energetically favor water-splitting over the parasitic
processes. Surface incorporation of nanoparticle catalysts is one approach, though
light blockage due to such particles must be avoided. Since PEC water-splitting is a
low-current density process, typically operating below 20 mA/cm?, nonprecious
metal catalysts can be used. Additionally, nanostructuring of electrode surfaces can
increase effective surface area for enhanced charge extraction, although this can
also lead to higher surface recombination loss.

The electrolyte is an important factor determining stability, efficiency of the
charge-extracting reactions, and the electrochemical byproducts. Splitting sea-
water, for example, is a challenge since it is difficult to electrochemically suppress
the production of chlorine gas from the C1™ ions [71]. During PEC water-splitting,
the evolved hydrogen or oxygen gas must be efficiently removed from the
photoelectrode surface to avoid mass-transport losses in the surface reactions, and
to minimize adverse optical effects. Surfactants added to the electrolyte have been
successful in promoting rapid bubble formation and dissipation. In solution, ionic
conductivity losses tend to be a larger problem. High electrolyte concentrations
can be used to minimize this loss, but the tradeoff is in higher corrosivity.
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Photoelectrode geometry and counter-electrode proximity are critical parameters to
the redistribution of ions. In some geometries, gas separating membranes are
needed, introducing further ionic transport loss.

Overall, the key condition for PEC hydrogen production is that the quasi-Fermi
levels under solar illumination generate sufficient useable photopotential to drive
the redox reactions for water splitting after all the solid-state, interfacial and
solution overpotential losses have been taken into account. This challenge has
severely limited efficiency in all single-junction PEC devices to date.

7.4.5 Single Junction Efficiency Limits

It is difficult to achieve high STH conversion efficiencies in single-junction
PEC photoelectrode systems with inherent electrochemical and solid-state losses.
Large bandgap semiconductor materials would be needed to generate sufficient
useable photopotential. This, however, can severely limit photon absorption, there-
fore reducing photocurrent and STH conversion efficiency. The bandgap tradeoff
between photopotential and photocurrent is particularly detrimental for single
junctions. For example, if the minimum water-splitting potential, including the
redox separation and overpotentials, amounts to 1.6 V, then the required quasi-Fermi
level separation is also 1.6 eV. Even for high-quality semiconductor materials,
the quasi-Fermi level separation can only achieve 50-70% of the bandgap level
[72]. In this case, the minimum bandgap for the onset of photoelectrolysis would be
2.7-3.2 eV. For increasing levels of hydrogen production, the system losses will also
increase, including the current-dependent surface overpotentials as well as electrical
and ionic conductivity losses. Even higher bandgaps would then be required.

An upper bound for STH conversion efficiency can be established as a function
of semiconductor bandgap based on fundamental optical absorption limits [50, 73].
Figure 7.15 plots the maximum attainable AM1.5G photocurrent densities in a semi
conductor as a function of bandgap based on optimal light absorption and carrier
extraction. The derivation assumes that every photon in the solar spectrum with an
energy exceeding the bandgap will create an electron—hole pair, and that all of these
electron—hole pairs are converted to photocurrent. For bandgaps greater than
3.2 eV, the photocurrent density is limited to approximately 1 mA/cm?. This places
an upper limit of 1.23% on the STH efficiency, as calculated using (7.4). The
STH values corresponding to the maximum achievable photocurrents are listed in
parentheses on the right vertical axis of Fig. 7.15, but these only apply to junctions
capable of spontaneous water-splitting. Strictly speaking, any photoelectrode
system incapable of sustaining photoelectrolysis will not produce photocurrent
and thus have 0% STH efficiency.

Fundamental thermodynamic limits for the conversion efficiency of single- and
multijunction semiconductor PEC devices have also been established in numerous
studies [74—81]. The thermodynamic single-junction limit under ideal conditions,
i.e., including thermalization losses but with no overpotential losses, has been
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Fig. 7.15 Maximum achievable photocurrent density levels and potential solar-to-hydrogen
conversion efficiencies for single-junctions as a function of bandgap based on optical absorption
limits. Highlighted are the high-bandgap materials that have demonstrated spontaneous PEC water
splitting but at correspondingly low efficiencies

calculated to be approximately 30% STH. With recovery of some thermalization
losses through advanced multi-exciton device schemes, this limit is modestly
increased to 32% STH [74]. More thorough analyses have been reported which
include overpotential losses in addition to the optical and thermalization losses.
These have indicated that the best single junction PEC cells for AM1.5G water-
splitting will likely to be limited to STH efficiencies below 12%, even using the
highest quality semiconductor and catalyst materials currently available [82].

7.4.6 Single Junction Examples

To date, the only demonstrations of single-junction water-splitting have utilized
very high bandgap materials such as SrTiO; and KTaO, [83, 84]. Based on poor
photon absorption, the demonstrated STH values have been well below 1%, con-
sistent with the values in Fig. 7.15. Commonly studied semiconductor PEC
materials have included iron oxide (Fe,0s), tungsten trioxide (WO3), and titanium
dioxide (TiO,). The theoretically achievable photocurrent densities highlighted in
Fig. 7.15 look encouraging, especially those for iron oxide. However, none of these
materials can develop enough useable photopotential under sunlight to split water,
not even the TiO, with a bandgap over 3.0 eV. To enhance the photopotential, these
and other promising semiconductors can be incorporated in multijunction PEC
schemes. This is consistent with the multijunction device enhancements that are
well known in the PV community. For PEC devices, the same approach can be
taken to enhance the photopotential and also to increase the absorption efficiency,
as described in the following sections.
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7.5 Multijunctions

Multiple-junction semiconductor devices for solar energy conversion are
well-known, especially to the PV research community. The use of multijunction
approaches for high photovoltaic conversion efficiency is the basis of current
technologies for space applications, and one of the major cornerstones for future
Third Generation PV devices [85]. In theory and practice, integration of multiple
junctions in stacked solar cells enhances the absorption of photons in the solar
spectrum [64, 85, 86]. In fact, multijunction III-V solar cells with efficiencies
greater than 40% are commercially available [87, 88]. Efficiencies in PEC solar
conversion devices can also be enhanced by improved spectral absorption in
multijunction configurations. More importantly, multijunction PEC devices can
develop increased photopotentials, better meeting the voltage demands of water
splitting. The tradeoffs are reduced photocurrent, which adversely affects hydrogen
production rates, and added device complexity. Overall, a PEC multijunction
device design must strike the right balance to maximize STH conversion efficiency
without adding too much cost. The multijunction approach, with its benefits,
limitations, and tradeoffs are further discussed in the following sections.

7.5.1 Multijunction Stacks

The concept of stacking multiple photorectifying cells is illustrated in Fig. 7.16.
Though the figure specifically depicts a triple cell stack, the illustration can be
generally extended to represent any number of stacked cells. Each cell in the stack
represents an independent photoconverting junction, such as a semiconductor pn
junction, or a semiconductor/electrolyte PEC junction. Electrically and optically
the cells are stacked together in a series-connected fashion. Incident sunlight on the
“top” cell is partially absorbed, generating a photovoltage and photocurrent in the
process. The remaining filtered light reaches the “middle” cell, where further
absorption and photoconversion takes place. Any remaining sunlight can be
absorbed and converted in the “bottom” cell. Since the cells are series-connected,
the individual photovoltages will add, but the net current will be the minimum of
the individual cell photocurrents. This is because the net current through the device
must be continuous, and will be bottlenecked by the minimum component cell
current. Any excess carrier generation in the other cells will be lost internally to
recombination. Since the individual cells are all powered by some fraction of the
incident solar photons, particularly the buried cells, they operate at reduced
photocurrents compared with full-sun levels. As a result, overall device current is
reduced by the bottleneck effect. Typically, then, a multijunction device based on a
given semiconductor material system will generate lower photocurrent compared
with a single-cell device of the same material. In general, multijunction devices
offer higher voltage with lower current. As illustrated in later sections, over-all
conversion efficiencies can be enhanced due to the extended range of photons
effectively absorbed using multiple bandgaps in an integrated device.
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7.5.2 Optical Considerations

Semiconductor photorectifying cells absorb photons in the solar spectrum, and can
convert some of the absorbed photon energy into electricity or chemical products,
such as hydrogen. Different semiconductors are specifically sensitized to different
parts of the solar spectrum dependent on optoelectronic properties related to
bandgap and absorptivity. In general, the macroscopic light absorption process in
a material follows the Beer—Lambert Law [89], here expressed as a function of
photon wavelength, /:

[g(x) =1y, e %, (7.8)

For each photon wavelength 4 in (7.8), Iy ; is the intensity of the incident flux
(e.g., in W/m?), o is the absorption coefficient (in m™ '), and x is the length of the
optical pathway through the material (in m). /, is the unabsorbed flux intensity
emerging out the back of the material, as illustrated in Fig. 7.17.
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Fig. 7.18 Absorption coefficient spectra of GalnP,GaAs, Ge, and Si

Important information about the spectral-sensitivity of a given semiconductor
material is incorporated in the absorption coefficient o, which is strongly dependent
on material bandgap and allowable energy transitions. Figure 7.18, for example,
depicts typical absorption coefficient curves for four different crystalline
semiconductors: (1) gallium indium phosphide (GalnP,), a direct band transition
semiconductor with bandgap 1.86 eV (corresponding to a photon wavelength of
667 nm); (2) gallium arsenide (GaAs), a direct band transition semiconductor with
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bandgap 1.43 eV (868 nm); (3) germanium (Ge), an indirect transition material
with bandgap 0.66 eV (1,880 nm); and (4) silicon (Si), an indirect transition
material with bandgap 1.12 eV (1,110 nm). For all four cases, the absorption
coefficient vanishes at the gap energy, consistent with nonabsorption of photons
with energies below the bandgap.

For photons with energies above the bandgap, the direct transition materials
absorb more efficiently. This is reflected in the steeper slopes and correspondingly
higher values for o in GalnP, and GaAs near their band energies, specifically
compared with Ge and Si. Solar energy conversion devices based on direct-transition
materials such as GaAs can be made as thin as a few micrometers and still absorb
most of the available photons. In contrast, silicon solar cells need to be made much
thicker, typically 100 um or more to absorb most of the sunlight. A key point relevant
to multijunction device design is that photon absorption and photocurrent generation
in the individual component cells can be tailored by the selection of semiconductor
bandgap and absorption properties. They can also be adjusted by varying cell
thickness, as indicated in the Beer—Lambert law.

Another important parameter describing the optoelectronic response in a
photoactive semiconductor device is the quantum efficiency (QE) (more precisely,
the external quantum efficiency or EQE), which is critical to both single- and
multijunction device designs. For each wavelength of light, the “external” QE
expresses the percentage of photons incident on the device surface that results in
an extracted electron—hole pair. This parameter is therefore an accurate measure of
the device’s ability to generate photocurrent, and convert solar energy. The QE
ratio and the corresponding relationship to photocurrent generation in a given
semiconductor device can be expressed as:

_ #fcharges/s I/e
#photons/s  Protal(4)/Ephoton(4)

QE (7.9)

where e is the elementary charge, I is the current, P,y (1) is the total power of
incident light at a wavelength A, and Ephoion(4) is the energy of a single photon at
wavelength A.

The quantum efficiency is closely related to the absorption coefficient,
but incorporates additional information regarding the efficiency of extracting photo-
charges created in the absorption process. Figure 7.19 shows representative QE spectra
for GalnP,, GaAs, and Ge devices, with sensitized regions of the AM1.5G included
above. It is evident that the different semiconductors are sensitized to specific portions
of the solar spectrum. Ge exhibits a broad bandwidth in its spectral sensitivity, but
there is a relatively low level of solar photon flux across this bandwidth. In contrast,
both GalnP, and GaAs have more narrow bandwidths, but each is efficient at
converting photons in high-flux portions of sunlight. It is important to emphasize
that QE is dependent not only on absorption and charge separation properties of
device, but also on device operating conditions, such as voltage biasing, which alter
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Fig. 7.19 Normalized QE curves of GalnP,, GaAs, and Ge shown with the regions of spectral
absorption for each material highlighted in the AM1.5G spectrum above

charge distributions and electric fields. These operating conditions need to be specified
in reported QE curves to be useful in device design.

The solar energy conversion in a single bandgap semiconductor device is
ultimately limited by the spectral width of the quantum efficiency curve. Also,
since photogenerated electron—hole pairs rapidly thermalize to near band-edge
energy states, energy conversion is most efficient for near-bandgap wavelengths.
Absorbed photons with energies in excess of the bandgap will lose this excess to
thermalization, reducing the conversion efficiency of light at the corresponding
photon wavelength. Referring to the QE curves in Fig. 7.19, individual GalnP,,
GaAs, and Ge devices, for example, can convert photons in the 300-700, 700-900,
900-1,800 nm ranges, respectively, with optimal conversion near the 667, 868,
and 1,800 nm bandgaps, respectively. By extension, a triple-junction stacked device
using all three materials could absorb over a broader range of wavelengths from 300
to 1,800 nm, with optimal conversion efficiency at all the component cell bandgaps of
667, 868, and 1,800 nm. This illustrates an important avenue for enhanced
efficiencies in multicell device schemes, relevant to both PV and PEC systems. The
strategy has been studied extensively in the PV research and development commu-
nity, and “full spectrum” absorber devices based on stacked multiple junctions are
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envisioned as a future pathway to ultrahigh solar-to-electric conversion efficiencies
[90]. As discussed in following sections, photovoltaic efficiencies in triple-junction
III-V devices have already exceeded 40%.

7.5.3 Current and Voltage Relationships

The external quantum efficiency spectrum indicates the efficiency of photogenerated
charge extraction and current generation as a function of photon wavelength. The QE
specified at the device operating condition coupled with the incident photon flux
provide sufficient information for determining the photocurrent of the device. Specifi-
cally, the theoretical carrier extraction rate is determined by integrating the product of
QE and flux over the light spectrum. The photocurrent density is then equal to the
extraction rate scaled by the ratio of electron charge/photon energy. The photocurrent
equation can be explicitly written as an integral over photon wavelengths in the
incident irradiation:

Jon = J D, (ﬂ QEA) di. (7.10)
irradiance hc

In (7.10), Jpy is the photocurrent density (e.g., in A/m? or mA/cm?) at device
operating conditions, / is Planck’s constant, and c is the speed of light. Wavelength-
dependent parameters include the incident irradiance flux, @, and the quantum
efficiency, QE;, which is specified at the operating conditions.

As an example of J,;, determination from QE and solar flux, Fig. 7.20 illustrates
the QE response at short-circuit conditions for a typical monocrystalline silicon
PV single-junction cell along with the corresponding responsive regions of the
AM1.5G spectrum. Integrating QE according to (7.10) using AM1.5G as the input
irradiance yields 35 mA/cm?, consistent with the short-circuit photocurrent levels
of commercial single-junction silicon PV devices [64]. As seen in Fig. 7.20, silicon,
with a bandgap of 1.12 eV, has a broad spectral response for absorbing sunlight.
Efficient energy conversion with low thermalization loss in this single-junction
device, however, is limited to absorbed photons with energies near the bandgap
energy (wavelengths near 1,100 nm). As a result, compared with the PV efficiencies
exceeding 40% in multijunction III-V devices, efficiencies are limited to about
20% using single-junction silicon.

The useable photovoltage (equivalently, the photopotential) generated in a
semiconductor device under illumination can be represented by the split in the
quasi-Fermi levels as described in Sect. 7.4. This voltage is a function of semicon-
ductor bandgap, but it is always less than the internal energy separation between
conduction and valence bands represented by the bandgap. In PV cells, the maxi-
mum useable potential, expressed by the open-circuit voltage, is typically 50-70%
of the bandgap energy [64, 91]. For example, silicon has a bandgap of 1.1 eV, and
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typical open circuit voltages of single junction crystalline silicon cells are around
0.6 V. Similarly, high-quality GaAs has a bandgap of 1.4 eV, and device open
circuit voltages of approximately 1.0 V. As the photoconversion device is asked to
deliver current to an external load, the operating voltage will start to decrease below
the maximum potential. The photovoltage and photocurrent levels are integrally
related. Specifically, the maximum photovoltage is logarithmically related to
the current-generating capability of the device, as derived from junction analysis
[64, 92]. For photovoltaic cells, this is expressed as a relationship between the
open-circuit voltage, V., and the short-circuit current-density, J:

Voo = Vi 1n<%+ 1), (7.11)

where V1 is the temperature-dependent thermal voltage of the device, and J is the
device’s saturation current density.

The current and voltage relationships coupled with the optical parameters
described in the previous section for single material systems provide powerful
insights into the voltage, current, and conversion efficiency properties of single
junctions, and also of stacked semiconductor device configurations. Another impor-
tant performance parameter representing the quality of photorectifying junctions is
the “fill factor,” or FF. The FF expresses how severely voltage will drop below the
maximum useable potential under current loading. This is illustrated in Fig. 7.21,
showing photoconversion device performance curves with “good” and “poor” fill
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factors. In PV cells, the maximum power point, found at the “knee” of the
performance curve, is greatest for high fill factors. For PEC hydrogen production
cells, it is necessary to maintain a high photopotential to drive the water splitting
reactions while maintaining high photocurrent to maximize production rates. In
other wordes, it is desirable to operate a PEC cell at maximum possible current with
minimum voltage drop below the device’s maximum useable potential. A good fill
factor is also critical in this situation. A high solar conversion efficiency in PV and
PEC devices requires material systems and devices with maximum-photovoltage,
maximum-photocurrent and fill factor all optimized.

The current and voltage relationships for individual single-junction cells can be
combined to model of multijunction devices. The generic triple-junction scheme
shown in Fig. 7.16, for example, can be modeled by the set of equations
summarized in Table 7.1. These equations specifically highlight the dependencies
of device photovoltage and photocurrent on the individual cell absorption
coefficients and quantum efficiencies. This multijunction equation set is explicit
to a three-cell device, but readily generalized to devices with any number of stacked
cells. Additionally, the relationships expressed are applicable whether the individ-
ual cell junctions are photovoltaic, PEC, or a combination. If the device stack
is designed to generate electricity, the PV conversion efficiency is determined
at the “maximum power point,” as illustrated in the response curves of Fig. 7.21.
Conversely, if the stack is designed to utilize solar energy for purposes of
splitting water, the PEC conversion efficiency depends on the maximum achievable
electrochemical photocurrent. In either case, optimizing voltage, and even more
importantly, maximizing current is desirable for achieving high efficiency. Some
key take-away points from the relationships in Table 7.1 relating to multijunction
device design and optimization include the following:

e Photocurrents are decreased in multijunctions

— Photocurrent in a component cell is dependent on the physical and
optoelectronic properties of that cell, such as thickness, bandgap, and QE,
but also on the available photon flux.



244 E.L. Miller et al.

Table 7.1 System of equations relating voltage, current, and spectral responses in
photoconversion cells and stacks

Cell 1 Cell 2 Cell 3
Absorber bandgap Eg; Ey E,3
(Ey) (eV)
Thickness (7) (um) t, t3
Absorption o (A) or(4) o3(A)
coefficient (a)
(um ™)
Photon irradiance  ®; = 1 sun D) = P e Dy = Pye 22
(®) (mW/cm?/
nm)
Spectral response  SR; = %QEl SR, = %QEZ SR; = %Q&
(CR) (C/)
Short-circuit Joht = ff;l @SR, d/ Jon2 = f;"gzl ®,SRyd% Jpns = f/f"g; ®3SR; dA
current (Jpn) & 8
(mA/cm?)
Open-circuit Vor =Vemn(i 1) Voo =Vrin(42+1) Voo =Vrin(fo+1)
voltage (Vo) oct T Jor oc2 T Joa oc3 T Jos
(mV)

Total device V. Voe = Vot + Voer + Voes
Total device J,, Minimum (Jon1, Jph2, Jph3)

— Photon flux available to a component cell is filtered, therefore reduced, by
absorption in preceding cells in the stack. This optically couples photocurrent
generation in all the cells.

— The output current of the stack is limited to the smallest of the photocurrents
produced by any of the constituent cells, and optical coupling effects between
cells become important in device design.

» Photovoltages are enhanced in multijunctions

— Photovoltages of the components cells are additive in the stacked device,
providing higher useable photopotential.

— Photovoltage in a component cell is logarithmically dependent on the photo-
current, so current reduction due to filtering will decrease voltage, but not
significantly.

* Optics are important

— Available flux in a component cell is determined by light absorption in
previous cells, but light reflection is also important. Minimizing reflection
at the front surface and at each interface while maximizing back-surface
reflections to redirect light back through the device can significantly enhance
efficiency.

e Fill factor is important

— Although fill factor is not represented explicitly in the equation set, optimal
fill factor is important in each cell to ensure maximum output photocurrents
with minimal loss in photovoltage.
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Using these general points as guidelines, it is possible to develop practical
designs for highly efficient multijunction devices. There are still a number of
general design challenges for practical implementations that need to be considered.

7.5.4 General Design Challenges

In effective designs, maximum current in a multijunction photoconversion device
is achieved by “current-matching” the individual cells in the stack [93]. For current-
matching, the component cell materials and thicknesses can be tailored to ensure all
component cell photocurrents are approximately the same. The goal is to minimize
internal current losses. Since current must be continuous across the entire device,
the lowest component cell photocurrent will bottleneck the output. If current excess
is generated in any of the other component cells, it will be lost through internal
recombination. If all junction currents are the same, this recombination loss is
minimized, and net current is maximized. As an alternative viewpoint of current
matching, the cells in the stack are essentially “splitting” all of the incident solar
energy photons that can be used for photocurrent generation. Again, since the cell
with the lowest current dictates the device current, an equal split will be optimal.
Since photocurrent generation is sensitive to the incident flux of photons as well as
physical and optoelectronic properties of all the cells, the process of designing an
optimal current-matched device is complex. A general approach involves stacking
semiconductors with decreasing bandgaps. Top layers absorb higher energy
photons while transmitting lower energy photons that are subsequently absorbed
by following layers of the device. After a component cell’s bandgap and quantum
efficiency have been established, cell thickness can be adjusted to alter the number
of absorbed photons, and tune the photocurrent.

An important challenge in the design of multijunction devices is the limited
selection of availability of semiconductor materials with appropriate bandgaps
that offer high efficiency through low defect densities. Examples of PV material
systems that have been successful or have shown promise for multijunction
configurations include the III-V crystalline materials, amorphous hydrogenated
silicon films, and copper chalcopyrite thin-films [86, 94, 95]. In each case, bandgap
tuning is available through modification of alloy composition. A broader class of
low-cost thin-film PEC material systems for multijunction water-splitting
applications is under investigation, including novel metal oxides and oxi-nitride
compounds covering a broad range of bandgaps [96-99]. In the PEC junction case,
there are additional material challenges associated with the potential and band-edge
requirements for water splitting, as well as stability in solution.

In addition to the material selection challenge, interface design for low optical
and defect recombination losses in stacked cells is complicated, and highly depen-
dent on the materials being interfaced. In crystalline semiconductor multijunction
devices, lattice-matching between adjacent layers is critical for avoiding defects
and significant interfacial recombination losses [100, 101]. In polycrystalline and
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amorphous thin film material systems, stress and strain at the various film interfaces
must be minimized to avoid defects and even possible delamination of the device.
In semiconductor material systems where heavy doping can be readily achieved,
thin “tunnel junctions” are the preferred method of forming low-loss connection
between adjacent cells [101]. Precise process control is essential in successful
tunnel junction implementations. In other material systems where tunnel junction
formation is not possible, the use of conductive transparent oxides can be used to
interface adjacent cells, but optical and contact resistance losses can be introduced.
To retain the efficiency advantages of multijunctions, all interface losses need to
be minimized.

Broader challenges exist in the processing and manufacture of monolithic
multijunction designs. In crystalline, polycrystalline, and amorphous semiconductor
processing, precisely controlled process conditions are essential to the formation
of device quality materials; and these conditions are highly material specific. Devel-
oping a process sequence to successfully stack numerous semiconductor layers can
be extremely difficult. During the process, fabrication conditions at later stages,
particularly high-temperature processes, can adversely affect the quality of all
preceding layers. Low temperatures are advantageous for process compatibility and
for lower manufacture cost, but it is often difficult to obtain the necessary material
quality. The trade-offs boil down to enhanced performance vs. added complexity and
manufacture cost. In PEC water-splitting applications, the increased photopotentials
developed in multijunction devices is an added benefit to the mix. In the PV industry,
the multijunction approach has been a clear winner in applications when the highest
conversion efficiencies are absolutely required, despite higher cost.

7.5.5 Photovoltaic Multijunctions

The multijunction approach for achieving enhanced conversion efficiencies in
PV devices have been studied for several decades. Since the early 1980s, solar-
to-electric conversion efficiencies in production scale multijunction PV cells have
been increased from just over 15% to over 40% today [86, 102]. The most efficient
present-day multijunction photovoltaic cells are based on high-quality, and high
cost, crystalline III-V material systems. For example, commercial cells have been
on the market for several years, primarily for space applications, utilizing the
GalnP,, GaAs, and Ge materials discussed in Sect. 7.5.2. These specific materials
were selected based on their collective ability to absorb photons over a broad range
of the solar spectrum, as was seen in Fig. 7.19. GalnP,, with a bandgap energy of
1.85 eV, absorbs short wavelength ultraviolet and visible photons in the solar
spectrum; GaAs, with a bandgap of 1.42 eV, absorbs near-infrared light; and Ge,
with a bandgap of 0.67 eV absorbs the lower energy photon energies in the infrared.
In the device fabrication process, layers of crystalline GalnP, GaAs, and Ge
layers are monolithically grown on a Ge substrate using epitaxial methods [103].
The completed triple-junction device scheme, containing over 20 layers, is
illustrated in Fig. 7.22.
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Fig. 7.22 Device structure of a high efficiency GalnP,/GaAs/Ge triple-junction solar cell devel-
oped at NREL and commercialized by Spectrolab

Several critical design features were necessary to enable high performance in
these devices. For example, current matching among all three component cells was
essential for maximizing photocurrent output. To avoid losses due to interface
defects, the semiconductor layers in this configuration had to be lattice matched.
Additionally, low-loss electrical contact between adjacent cells was achieved using
optimized tunnel junctions, comprised of a ministack of highly doped layers
producing an effective potential barrier for both minority carriers. Furthermore, a
broadband dual-layer dielectric stack antireflection coating was employed.
The resulting multijunction device achieves PV efficiencies over 34% under
concentrated sunlight [104]. More recent variations on the device scheme utilizing
a Gag 44Ing 56P/Gag 92Ing 0gAs/Ge stack have achieved over 40% PV efficiency
under concentrated sunlight with open-circuit voltages over 3.0 V and operating
voltages near 2.75 V [87]. These efficiencies represent world records in the field
of photovoltaic solar energy conversion, but this comes at a price. The
crystalline III-V material systems are prohibitively expensive, especially for any
large-scale deployment.

As a lower cost alternative, multijunction devices incorporating thin-film
semiconductors have also been developed. As an example, triple junction thin
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film solar cells based on amorphous silicon/germanium alloys have been developed
with photovoltaic efficiencies over 10% and with open-circuit voltages up to 2.3 V
[54]. The fundamental design strategies for optimizing efficiency in these lower
cost devices are similar to those in the III-V designs, including current matching,
tunnel junction optimization, and minimization of optical losses. In a typical
device, the thin-film silicon—germanium alloy bandgaps are adjusted to approxi-
mately 1.8, 1.55, and 1.4 eV in the top, middle, and bottom cells, respectively, to
achieve current matching and broad spectral response. Also in the design, front-
surface antireflection coatings are incorporated, while back surface reflector layers
are used to reflect photons back into the device. Compared with single-junction
devices using amorphous silicon—germanium material systems, the multijunction
approach fully utilizes more of the solar spectrum. Higher conversion efficiencies
are therefore achieved, but again at the expense of added device complexity and
cost. Rigorous efforts in loss minimization are critical to ensure that the enhanced
performance in the PV multijunctions offer worthwhile advantages over simpler
single-junction devices. Efforts to achieve even higher efficiencies in economical
thin-film multijunction technologies are on-going; not only in amorphous silicon
devices, but also in alternative, enhanced absorbers based on bandgap-adjustable
copper chalcopyrite alloys. Similar efforts are also underway to develop efficient
multijunction water-splitting PEC schemes incorporating a broader class of low-
cost semiconductor materials, such as metallic oxide alloys. Additional design
considerations apply in the PEC case.

7.5.6 PEC Multijunction Design Considerations

Multijunction device designs can combine PV cells to improve solar-to-electricity
conversion efficiency, or they can incorporate a combination of PV and PEC cells to
enhance solar hydrogen production via water splitting. In both cases, the stacked
junctions can be beneficial, providing photovoltage enhancement, as well as the
broadened solar absorption width. The primary tradeoff is added device complexity
and cost. In the PEC case, an additional tradeoff is reduced photocurrent, which
limits hydrogen production rates. To make multijunctions worthwhile, the PEC
device design must strike the right balance to maximize conversion efficiency and
minimize expense. The general design considerations discussed in preceding
sections still apply, including current matching and interface loss minimization.
There are, moreover, additional considerations specifically applicable to a PEC
component cell, which could be incorporated into a multijunction stack as
photoanode (OER electrode) or a photocathode (HER electrode). These
considerations include the following:

1. Low loss semiconductor PEC electrode materials with appropriate bandgap,
absorption properties, and device quantum efficiency are needed for efficient
photon absorption and charge extraction.

2. Sufficient useable potential must be developed (i.e., overall split in quasi-Fermi
levels for holes and electrons) across the stack under illuminated operating
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conditions to overcome overpotential losses and drive the OER and HER
reactions.

3. Suitable band-edge position at the semiconductor/electrolyte interface need to
be established to facilitate the proper alignment of the quasi-Fermi levels under
illumination.

4. High surface activities for the OER/HER reactions need to be established to
minimize the interface overpotential losses.

5. High surface passivation, based on energetics and/or kinetics, needs to be
established to mitigate corrosion and all other parasitic reactions.

6. There needs to be enough flexibility in selection of semiconductor bandgap,
absorption properties and thickness to allow for current-matching in the stack
design.

7. Losses associated with electrolyte conductivity and oxygen/hydrogen product
gas management (related to relative electrode placement, ionic pathways
between electrodes, possible membrane separators, and other related design
features) need to be minimized.

Design optimizations, for all the component cells and for the integrated stack,
are essential for realizing enhanced efficiency in multijunction devices. Decades of
research and development in PV multijunctions has resulted in solar-to-electric
conversion efficiencies exceeding 40% in triple junctions, approaching theoretical
limits. In contrast, PEC multijunction research is at a far less mature level. Though
STH conversion efficiencies exceeding 10% have been demonstrated in best PEC
tandem devices based on high-quality III-V crystalline semiconductor materials,
these “First Generation” devices lack long-term stability and affordability. More
stable and affordable “Second Generation” thin-film PEC multijunction devices
have been demonstrated, but only in the 3-5% STH range of performance levels.
The following section examines the theoretical limits for any “First-,” “Second-,”
or even “Third-” Generation multijunction systems, with specific emphasis on
attainable STH efficiency.

7.5.7 Multijunction Efficiency Limits

As with the single-junction PV or PEC devices, efficiency bounds can be placed on
multijunction configurations based on optical absorption limits. Figure 7.23 is a
two-dimensional extension of Fig. 7.15 for tandem devices, where maximum
photocurrent, and the corresponding STH levels for PEC devices, are calculated
as a function of both top- and bottom-junction bandgaps. The assumptions included
in the derivation of this graph are as follows:

1. The top cell absorbs all photons with energies exceeding the top-cell bandgap.
2. The bottom cell is illuminated with the top-cell-filtered light, and absorbs all of
the remaining photons with energies exceeding its bandgap.
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Fig. 7.23 Maximum achievable photocurrent densities in tandem semiconductor devices as a
function of top and bottom cell bandgaps based on theoretical optical absorption limits. Included in
brackets are the corresponding PEC STH efficiencies achievable in devices capable of water
splitting

3. For every photon absorbed, an electron-hole pair is generated and extracted as
photocurrent.

4. The total photocurrent of the stack is then simply the smaller of the two
photocurrents produced by each individual cell.

5. For the case of PEC cells, the STH efficiencies, indicated in brackets in the plot,
are calculated using (7.7), These ONLY apply to systems with sufficient
photopotentials to split water.

The results from Fig. 7.23 are definitely encouraging for the viability of tandem
photovoltaic electricity production as well as PEC hydrogen production. Despite
the reduced photocurrents inherent in the tandem arrangement, a wide range of
bandgap combinations yield high enough photocurrents for STH conversion
efficiencies over 10%. An important key is to identify the possible bandgap
combinations capable of the necessary photopotential levels for water splitting.
The useable potential of a single cell ranges from 50 to 70% of the semiconductor
bandgap, with 70% achievable only in the highest quality materials. In addition, the
tandem device photopotential needs to exceed the water-splitting potential in
addition to overpotentials, typically requiring around 1.6 V. The combined bandgap
of the two component semiconductor materials would then need to be somewhere
between 2.3 and 3.2 eV, with the high end of the range for most materials, and the
low end only for the highest quality materials. There are many pitfalls and extra
losses in real-world multijunction implementations, so the general rule is no
guarantee of successful water splitting.
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It is important to emphasize that even if the tandem device develops sufficient
potential to split water, the STH efficiency will always be restricted based on the
lowest photocurrent in the stack, usually in the highest bandgap cell. As an
illustration, TiO, with bandgaps of 3.1 eV could be combined with a low bandgap
semiconductor such as silicon (1.1 eV) in a hybrid tandem to meet the
photopotential requirement for PEC water splitting. As seen in Fig. 7.17, however,
independent of the bottom junction, the device performance will never exceed
approximately 2.5% STH. In this example, and in any series-connected tandem
configuration, the performance is bound by the photocurrent limits of the highest
bandgap PEC semiconductor. As an alternative hypothetical example for achieving
STH efficiencies above 10%, a high-quality top cell semiconductor with a bandgap
of 2.0 eV can be coupled with a 1.0 eV semiconductor for the bottom cell. This
combination satisfies the combined bandgap requirement, and is within the 12—19%
STH range, in fact, approaching 19% as seen in Fig. 7.23.

As discussed in Sect. 7.3.1, fundamental thermodynamics limits conversion
efficiency for both single- and multijunction semiconductor PEC devices have
also been established in numerous studies. The thermodynamic tandem limit
under ideal conditions, i.e., including thermalization loss, but with no overpotential
loss, has been calculated at approximately 40% STH. This is consistent with the
optical limits shown in Fig. 7.23. It is also substantially higher than the 30% STH
limit established for the single-junction case. Moreover, employing advanced
multi-exciton device schemes which eliminate part of the thermalization loss, the
theoretical tandem limit is further increased to 46% STH [58].

As also discussed in Sect. 7.3.1, more detailed analyses of multijunction PEC
devices including optical, thermalization, and overpotential losses have been
reported. Figure 7.24 shows the maximum achievable photocurrent density and
possible associated STH conversion efficiency results from the Rocheleau and
Miller analysis [82] for tandem devices of high-quality III-V semiconductors.
This analysis, which focuses on devices operating in the high-efficiency region
seen in the optical limits plot of Fig. 7.23, includes estimates for solid-state and
electrochemical losses. As expected, the STH efficiency limits are somewhat lower
than the optical limits, though they still do exceed 25% over a limited range of top
and bottom cell bandgaps. The high-quality factor of the modeled semiconductors
clearly plays a large role in maintaining high levels of performance. For lower
quality thin-film materials, larger efficiency hits would be expected. Nevertheless,
there should be adequate margins for achieving over 10% in thin film tandem
devices under some circumstances [82].

As an illustration of this, the analysis of efficiency limits for triple junctions
based on lower quality amorphous silicon materials were also reported by
Rocheleau and Miller. In that analysis, a bottom cell, with a bandgap of 1.45 eV
was assumed, and the middle and top cells were modeled based on the available
range of bandgaps in thin-film silicon materials. The resulting current density and
STH efficiency limits are shown in Fig. 7.25. Interestingly, even with the lower
quality thin film materials, and despite the further photocurrent limits in the triple
junction case, STH efficiencies in the 10-13% STH range appear readily attainable.
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Unfortunately, achieving high STH efficiency levels in laboratory prototypes of
thin-film multijunction devices has been elusive to date. Challenges in identifying
the most appropriate semiconductor materials to incorporate into a stack, and in
developing sufficient solid—solid and solid—liquid interfaces have limited progress.
Still, some encouraging research pathways using different device scheme
approaches are ongoing.

7.6 PEC Multijunction Device Schemes

A number of different multijunction device schemes incorporating a combination of
PEC cells, or a combination of PEC and PV cells have been explored in attempts to
enhance solar hydrogen production via water splitting [9, 39, 105]. Some of the
device approaches which have demonstrated varying levels of success to date
include the following:

1. PV-electrolysis devices with multijunction solid-state PV cells coupled to
eletrolyzer systems.

2. Photoelectrode-based PEC-PEC tandem devices incorporating a coupled
photoanode and photocathode.

3. Hybrid photoelectrode PV-PEC tandem devices comprising a PEC photoanode
or photocathode integrated with a “buried” single-junction PV cell.

4. Hybrid photoelectrode PV-PV-PEC triple-junction devices comprising a PEC
photoanode or photocathode integrated with a “buried” double junction PV cell.

5. Photocatalyst Z-scheme systems incorporating hydrogen-evolution and oxygen-
evolution photocatalysts in single or dual bed configurations.

In the discussions of these approaches below, schematics of representative
device configurations are included, accompanied by the basic device band
structures to indicate the energetic driving forces behind the photolytic water
splitting. Some examples of implementation in laboratory-scale prototypes are
also presented.

7.6.1 Multijunction PV-Electrolysis

Establishing an interesting reference case for multijunction solar water splitting,
multijunction PV cells with adequate useable photopotential to directly drive
electrolysis have been coupled with electrolyzer systems, which can be separate
or fully integrated. This approach is compatible with the “PV-electrolysis” reactor
types described in Sect. 7.2.4. However, since the PV output of the multijunction
cell is designed to have direct compatibility with electrolysis, no power conditioning
units are required. A device level schematic is shown in Fig. 7.26 for the case of a
triple-junction PV cell driving the electrolyzer reactions. The useable potential
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Fig. 7.26 Multijunction PV cell coupled to an electrolyzer system with band diagram showing
photogenerated electrons (black circles) and holes (white circles)

developed by the triple-junction is capable of simultaneously driving photoholes at
the electrolyzer anode surface and photoelectrons at the electrolyzer cathode surface.
A unique set of design considerations apply in this case. The standard design
strategies of current and lattice matching are necessary in the PV semiconductor
stack. Additionally, the PV output voltage and current need to be sized to match
the optimal operating conditions of the electrolyzer system. The electrolysis process
can be independently optimized with appropriate electrodes and catalysts. Since there
are no PEC cells in the device stack, any issues of semiconductor durability in
solution are avoided. Auxiliary system losses including the lateral collection of
current from the PV system and transmission of electrons through external wiring
are inevitable, but can be minimized. Also inevitable, cost remains an issue in
this approach. As discussed in Sect. 7.2.5, using commercialized PV and electrolyzer
technologies, the hydrogen production cost would be greater than $10/kg, far exceed-
ing the US DOE targets of $2—4/kg.

As a potentially lower cost implementation of the PV-electrolysis approach,
triple junction amorphous silicon solar cells have been fully integrated with
on-board electrolysis units. The amorphous silicon cells generate photovoltages
over 2 V, and can convert sunlight to electricity with a stabilize PV efficiency of
approximately 8-10%. At the same time, the electrolysis system has been
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optimized to convert electricity to hydrogen at efficiencies near 70%. Net STH
efficiencies from 5 to 7% are then achievable, as reported by Kelly and Gibson.
[106]. The approach is viable, but cost estimates have not been fully developed to
evaluate how pragmatic it could be.

Higher efficiency, higher cost multijunction solar cells, such as the III-V
materials systems capable of 20-40% PV conversion efficiency are also commer-
cially available. Using these materials, 14-28% STH would be achievable using
PV-electrolysis. In today’s market, however, such systems would be prohibitively
expensive for any large-scale deployment. The 5-7% mark for lower cost amor-
phous silicon technology is a more appropriate near-term benchmark for practical
solar hydrogen production. Alternative PEC-based schemes need to meet or exceed
this benchmark to be viable.

7.6.2 PEC-PEC Tandem Photoelectrodes

PEC-PEC tandem photoelectrode systems for solar water splitting have been
investigated as one alternative. These comprise separate photoanodes and
photocathodes that are optically stacked in series and electrically interconnected,
for example, using external wires. The two-photoelectrode approach is compatible
with the photoelectrode-based reactor schemes, and subject to the associated
reactor-level considerations described in Sect. 7.2.4. A device level schematic of
the photoelectrodes is shown in Fig. 7.27, depicting a photoanode stacked in front
of a photocathode. The electrode order can be reversed, however, if required by
design consideration. For example if a higher bandgap photocathode material is
available, this should be the top junction for optical reasons. As seen in the band
diagram of Fig. 7.27, the back contacts of two electrodes are directly
interconnected, and therefore their electronic levels align. Under illumination, the
level of photoelectrons is driven “up” in the photocathode, and the level of
photoholes is driven “down” in the photoanode, resulting in sufficient separation
to split water.

There are a number of significant design challenges in this approach.
The PEC-PEC arrangement requires two different stable PEC semiconductors,
one n- and p-type, with added demands of optical compatibility for current
matching, and band alignment compatibility for efficient photovoltage generation.
As an extra consideration, the front junction must be fabricated on a transparent
substrate coated with a transparent conductive layer to enable both light transmis-
sion and electron transfer through to the back junction. This adds complication,
optical losses, electrical losses, as well as material cost in the photoelectrode
fabrication. Additional conductivity losses can be associated with electrode spacing
and gas separation. Due to these challenges, efficient PEC/PEC tandem systems
have not been demonstrated to date. Proof of concept experiments have been
reported, though. For example, a zinc-doped p-type Fe,O; thin film photocathode
has been used with a n-type Fe,O3 photoanode with reported efficiencies of 0.11%
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STH in 0.1 M H,SO, electrolyte [107]. An interesting recent innovation in this
area has been the exploration of novel, futuristic tandem nanorod electrode
structures using silicon and metal oxides [105].

7.6.3 PV-PEC Tandem Hybrid Photoelectrodes

An alternative tandem device being developed for solar water splitting is the
PV/PEC hybrid photoelectrode. In this approach, a PEC top cell is monolithically
stacked with a solid-state single-junction PV back cell. Such a photoelectrode
device is compatible with both the one- and two-electrode reactor configurations
described in Sect. 7.2.4, and the reactor-level considerations described in that
section apply. Figure 7.28 shows a device level schematic for a specific
two-electrode implementation incorporating a hybrid photocathode and a separate
counter electrode. Possible alternative variations include the use of a hybrid
photoanode instead of the photocathode, and the integration of the counter and
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photoelectrodes into a single monolithic device. As seen in the band diagram of
Fig. 7.28, the back contact of the PEC cell and the front contact of the PV cell are
electronically interconnected via a tunnel junction. In addition, the back contact of
the PV cell is wired to the counter electrode, and therefore electronically aligned.
As illustrated in the band diagram, under illumination the photoelectron levels at
the electrolyte interface and the photohole levels at the counter electrode are
separated sufficiently to split water.

In contrast to the PEC-PEC tandem, the two junctions are stacked onto the
same substrate, so no transparent substrate is needed. Also, in single-electrode
implementations of this approach, electron transmission through wires is eliminated,
reducing ohmic losses. There are some clear benefits, but also some specific design
challenges associated with the PV-PEC tandem. Appropriately matched PV and
PEC semiconductor materials systems are needed, which is challenging enough.
In addition, process compatibility in fabricating the PEC cell directly onto the PV
cell can be problematic; for example, the necessary restrictions on processing
temperature can adversely affect device quality and efficiency. As an alternative
strategy for avoiding the process compatibility issues, the PV and PEC cells can be
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Fig. 7.29 Device schematic of the NREL GaAs/GalnP, hybrid tandem device submersed in the
electrolyte. Light enters through the top GalnP, PEC electrode then filters down to the GaAs solar
cell. This device has demonstrated spontaneous water splitting under illumination with over 12
STH%

separately fabricated and mechanically stacked. This, however, adds manufacturing
complexity and new losses. Similar to the tandem PEC-PEC case, stability of the
PEC interface is a primary concern in the PV-PEC tandem. There are also similar
conductivity losses associated with electrode spacing and gas separation. Overall,
it is felt by many that the benefits can outweigh the challenges.

In evidence, the hybrid tandem approach has been under investigation for more
than a decade [1, 73, 108, 109]. The best laboratory-scale demonstration to date is
unquestionably the NREL’s III-V tandem hybrid photoelectrode structure, which
still holds the world-record STH efficiency for PEC water-splitting [1, 2]. This
hybrid device, shown in Fig. 7.29, consists of a p-type GalnP, PEC electrode
interconnected by a tunnel junction to a buried GaAs p/n PV cell grown on a GaAs
wafer substrate. The basic band structure is equivalent to the one shown in Fig. 7.28.
In the NREL device, the top junction GalnP, bandgap is 1.83 eV and the back
junction GaAs bandgap is 1.44 eV. Under illumination, hydrogen is evolved at the
front photocathode surface and oxygen is evolved at the counter electrode. Under
concentrated 11 sun illumination, and in 3 M sulfuric acid electrolyte, prototypes of
this device have demonstrated over 12% STH efficiencies for up to 20 h. Subsequent
drops in photocurrent and efficiency were reported due to corrosion of the GalnP,.
Circumventing the stability limitation, the basic PV structure of this device has also
been integrated in tandem-PV-electrolysis prototypes, demonstrating STH
efficiencies exceeding 16%. In attempts to enhance the tandem PV-PEC implemen-
tation, fundamental research to stabilize the GalnP, PEC interface is ongoing [97].
Though lacking long-term stability, and reliant on high-cost III-V materials, the
results of the NREL demonstrations affirm the potential for high efficiency
in multijunction PEC systems. As a “sanity check” for the high-performance levels
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achieved, it is interesting to note that, according to Fig. 7.23, the STH efficiency limit
for a III-V 1.83 eV/1.44 eV tandem stack, is about 18% STH, consistent with the
experimental results.

7.6.4 PV-PV-PEC Triple Junction Hybrid Photoelectrodes

A further extension of the PV-PEC hybrid photoelectrode device approach is the
PV-PV-PEC triple-junction hybrid photoelectrode. The triple-junction variation is
capable of developing higher photopotential, but at the cost of reduced photocurrent
and added device complexity. In this configuration, a PEC top cell is monolithically
stacked on a solid-state double-junction PV cell. Again, the resulting device is
compatible with both the one- and two-photoelectrode configurations in reactor
types described in Sect. 7.2.4. A specific two-electrode implementation with a
PV-PV-PEC hybrid photoanode and a separate counter electrode is schematically
illustrated in Fig. 7.30. Of course, alternative variations include the use of a hybrid
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photocathode instead of the photoanode, and the integration of the counter
electrode into a single electrode device. Similar to the PV—PEC tandem case, the
back contact of the PEC cell and the front contact of the PV-PV double cell are
electronically interconnected. Also, the back contact of the PV-PV cell is electron-
ically aligned with the counter electrode. As seen in the band diagram, under
illumination the photoelectron levels at the electrolyte interface and the photohole
levels at the counter electrode are separated sufficiently to split water. Compared
with the PV-PEC tandem, additional photopotential is generated in the PV-PV
buried cell of this triple-junction device, offering compatibility with a broader
range of lower performing PEC materials. The same design considerations
described for the PV-PEC tandem hold, though the extra PV cell adds further
complexity and cost in terms of both materials and manufacturing.

The triple-junction hybrid approach has also been well studied, particularly in
applications utilizing thin-film metal oxide photoanodes, which frequently require
high levels of internal biasing to compensate for unfavorable band positioning at the
electrolyte interface. Tungsten trioxide (WO;), for example, has a proven track
record in the stable photo-oxidation of water. However, due to its band structure,
biasing in excess of 1.0 V has been needed to achieve water splitting [110]. This has
necessitated using a double-junction PV buried cell in triple-junction hybrid
photoelectrode applications. At the University of Hawaii (UH) at Manoa, n-type
WO; thin-film electrodes have been mechanically stacked on top of amorphous
silicon (a-Si) tandem PV cells into a PV-PV-PEC hybrid device, as illustrated in
Fig. 7.31a [7]. The “load-line” analysis of this device [54] is shown in Fig. 7.31b,
superimposing the independently measured two-electrode response curves of both
the WO; PEC (in 0.33 M H3PQO,) cell and the a-Si tandem PV cell under AM1.5G
illumination [57]. Consistent with the operating point indicated by the intersection
in the load-line plot, the device successfully split water, with a stabilized photocur-
rent of 2.5 mA/cm?, corresponding to a STH conversion efficiency of approxi-
mately 3.1%. An interesting and important insight from the load-line plot is that the
limiting factors to high efficiency in this specific device are the WOj; onset
potential, saturation photocurrent, and fill factor. If these could be adequately
addressed, such a triple-junction approach using low cost thin film semiconductor
materials has clear potential for exceeding 5% STH. Based on the optical limits,
as seen in Fig. 7.25, successful bandgap reduction in the WO3 would be needed to
exceed the 5% mark. Alternatively, new lower bandgap thin-film materials may
emerge through research for this application.

In addition to the amorphous silicon implementation, several interesting
variations of the PV-PV-PEC hybrid device based on WO; photo-oxidation cells
have been demonstrated focusing on low-cost material components. Most notably
is the impressive work using tungsten oxide PEC cells in conjunction with
dye-sensitized solar cells. The Gratzel-Augustynski “Tandem Cell” is the best
example of this [5], though some more recent work has been reported by the
Arakawa group in Japan [111]. Efficiencies in these all-PEC configurations are
reported in the 2.5-4.5% STH range. Moreover, there has been commercial interest
in this approach.
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Fig.7.31 (a) Device schematic of the UH WO3/a-Si/a-Si hybrid triple junction device submerged
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tandem solar cell. This device has demonstrated spontaneous water splitting under illumination
with over 3.0 STH%. (b) Load-line analysis of the device, showing operating point of 2.5 mA/cm?
based on superposition of the PV and PEC responses

Another interesting example has been the development of an all thin-film silicon
triple-junction hybrid device by MVSystems, Incorporated [109, 112—114]. In this
device, hydrogenated amorphous silicon-carbide alloy thin-films are used for all
three junctions, including the PEC junction and both buried PV cells. Bandgap
tuning through alloy composition variations is used for current matching. Com-
patible with the triple-junction efficiency analysis shown in Fig. 7.25, such a device
has theoretical potential for exceeding 10% STH. Laboratory prototypes, though,
have been limited by high-loss potential barriers formed at the PEC interface, and
demonstrations to date of spontaneous solar water splitting have performed closer
to 1% STH. Ongoing work to reduce the interfacial barrier issues offers much
promise for achieving commercialized PEC hydrogen production based on
thin-film silicon alloys.
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Fig. 7.32 Energy band diagram of the Z-scheme showing OER and HER photocatalyst particles
with functionalized surface sites for the oxygen- and hydrogen-evolution reactions, respectively.
Concentrations of both particle types are suspended together in solution with an ion-shuttling
mediator, such as the Fe**/Fe?* couple, effectively coupling the gas evolution reactions in tandem
to photosplit water

7.6.5 Photocatalyst Z-Schemes

The “Z-scheme” approach, which is receiving much recent attention, particularly
in the Japanese research community, is essentially a photocatalyst version of
the tandem PEC-PEC photoelectrode system. As shown in the schematic represen-
tation in Fig. 7.32, n-type photocatalyst particles drive the hydrogen evolution
reaction (HER) and p-type photocatalyst particles drive the oxygen evolution
reaction (OER), achieving water splitting in a tandem fashion. In the Z-scheme,
electrons are exchanged between the photoanode and photocathode particles via an
ion mediator in solution (such as the Fe®*/Fe** couple), rather than through wires,
as in the PEC-PEC photoelectrode case. Slurries of the two photocatalysts can be
mixed together in single-bed reactors, or alternatively, slurries of the HER and OER
photocatalysts can be separated into two beds, connected with an ionic bridge,
consistent with the one- and two-bed reactors discussed in Sect. 7.2.4.

As indicated in the DTI techno-economic analysis report, the particle-based
systems offer some of the best hope for low-cost hydrogen production on a large
scale, but there are a number of unique design challenges posed by this approach.
For example, charge separation within each catalyst particle needs to be enhanced.
The photocathode particle has to simultaneously reduce hydrogen and oxidize the
mediator at separate surface sites. Similarly, the photoanode particle must both
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oxidize water and reduce the mediator. Functionalization of surface sites,
for example, with reaction-specific nanoparticle catalysts, is necessary to draw
apart photogenerated electrons and holes, and to enable the simultaneous reactions.

As a particular challenge in the single bed reactor system using Z-scheme
photocatalysts, both hydrogen and oxygen are evolved in the same reactor bed,
with associated safety hazards. Safe gas separations techniques could be employed,
but at substantial additional cost. The dual bed system avoids any possible explosive
hydrogen/oxygen gas mixtures, but the greater land area requirements and conduc-
tivity losses in the ion bridge reduce the STH performance. Both the single- and
dual-bed systems have their advantages and disadvantages, but either way, new HER
and OER photocatalysts need to be identified with sufficient efficiency and stability
for practical hydrogen production.

The search for effective HER and OER photocatalyst materials for Z-scheme
systems is ongoing. Extensive libraries of multicomponent metal oxides and
oxinitrides are being developed and screened [9, 96-99]. Specific material systems
have demonstrated spontaneous water-splitting under visible light, for example,
SrTiO5:Rh combined with BiVOy, in the presence of an Fe**/Fe** redox couple
[115], but STH efficiencies remain extremely low. Visible light water splitting
has also been accomplished using a RuO,-TaON and Pt-TaON mixture with
I;I" redox couple, but again with low STH efficiency [116]. A recurring theme
in PEC research is that new materials continue to offer new hope.

7.6.6 Many Options

Compared with the photovoltaics industry, the field of multijunction PEC hydrogen
production is relatively new, but there has been substantial exploratory research in
recent years. In addition to the above examples in PV-electrolysis, multijunction
photoelectrolysis, and Z-scheme photocatalysis, numerous variations which mix
and match concepts and components of all three are conceivable. In the final
analysis, commercialization will depend on balances between performance, com-
plexity, and cost. The simpler the system, the better. Single-junction photocatalyst
or photoelectrode systems offer the greatest simplicity, but the significant
difficulties in achieving high efficiencies in these systems necessitate a serious
look at the multijunction alternatives. Efficient tandem systems are the next best
hope. Analysis has validated the potential for high STH conversion efficiencies in
tandem double- and triple-junction schemes and there has been experimental
verification, though still limited, on the laboratory scale. Real challenges remain
in the identification of low-cost material systems capable of reproducing the
laboratory performance levels on a commercial scale. As the research community
advances in its ability to engineer high-efficiency absorber materials and
functionalized interfaces, and as it learns to integrate these in optimal multijunction
designs, the opportunities for success will continue to grow.
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7.7 In Summary

There have been significant R&D efforts over the past several decades advancing
multijunction device technologies, particularly in the PV field. These have resulted
in the highest solar-to-electric conversion efficiencies to date, exceeding 40%
in high quality III-V cells being commercialized for space applications. These
ultrahighly efficient cells are, however, expensive, and not practical for large-scale
deployment in solar power production plants. The multijunction approach continues
to make strides in improving performance in lower cost thin-film solar cells, includ-
ing, for example, amorphous silicon and copper chalcopyrite devices, though the
commercial benefits have not yet been fully realized. It is nevertheless clear that low
cost and high performance are the keys to the success of transformative scale solar
electricity. Multijunction thin film devices offer hope in this area, and this hope
extends to PEC hydrogen production.

There are more recent efforts to develop multijunction devices and systems for
solar hydrogen production, though this field is still in its infancy in comparison with
PV technologies. STH conversion efficiencies of 12—16% have been demonstrated
on the laboratory scale in tandem devices using high-quality III-V materials, but
with limited durability. Multijunction PEC and PV-electrolysis systems using lower
cost thin-film materials have demonstrated better stability, but at conversion
efficiencies limited in the 3—8% range. Ultimately, durable, low cost systems with
STH conversion efficiencies over 10% are needed for commercial deployment of
solar hydrogen technologies. Fortunately, continued development of multijunction
schemes offers great promise, specifically in terms of enhanced photopotentials and
broadened spectral bandwidth. Analyses of tandem and triple-junction PEC
schemes indicate that efficiencies exceeding 10% STH and in special cases up to
25% STH, are in fact possible. Technical barriers have stood in the way of
achieving such performance levels, but these are solvable if the fundamental
problems are broken down and appropriately addressed.

7.7.1 What Is Needed?

Based on PEC research efforts to date, it has become increasingly clear that new,
innovative material systems, interfaces, and devices are needed to achieve
high-performance, low-cost solar water splitting. Breaking this down into specifics
relative to the multijunction approach:

¢ Low-cost semiconductor materials with appropriate bandgap and sufficient
opto-electronic quality need to be identified and optimized to enable efficient
solar energy absorption and charge extraction.

» Effective PEC interfaces activated for the gas evolution reactions and passivated
for corrosion and other parasitic reactions need to be engineered, using, for
example, heterojunction and/or catalytic coating and/or dispersions.
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» Low loss solid-state interfaces need to be engineered for bridging component
cells in a multijunction device structure, for example, using tunnel junctions or
intermediate transparent conductive oxides layers.

« Innovative multijunction designs combining the best materials and interfacing
schemes into efficient photoelectrode or photocatalyst device structures will be
the key.

» Innovative synthesis and fabrication techniques will be needed to enable
cost-effective large-scale manufacture of multijunction photoelectrodes or
photocatalysts.

Leveraging the knowledge gained from the PV community in the successful
development of high-efficiency multijunction device designs will be integral to
success. Key advances, however, are needed specifically in the development of the
PEC material components and interfaces, since these remain the greatest technical
barriers.

7.7.2 What Is Happening

In efforts to address the technical barriers, the PEC research community over the
past several years has been developing new theoretical, synthesis and characterization
tools using improved state-of-the-art methodologies [57]. These tools are being
employed in several parallel strategies for developing the innovative materials and
interfaces necessary to the success of PEC hydrogen production systems.

One specific approach is the further development of the traditional PEC
semiconductor materials in thin-film and nanostructured forms for higher
efficiencies. There have been significant scientific efforts in this approach, includ-
ing continued development of the following materials classes:

» Tungsten-oxide and related bandgap-reduced compounds [6, 117-121].

e Iron-oxide and related enhanced mobility compounds [122-126].

* Vanadates, including bismuth vanadate and related compounds [127-129].
» Titanium dioxide and related bandgap-reduced compounds [61, 130].

This list is by no means comprehensive, but does represent a large part of the
research endeavors to advance well-established PEC semiconductors.

Another important strategy is the adaptation of efficient PV semiconductor
thin-films and nanostructures for effective use in PEC applications. Recent research
in this area has focused on material classes with inherent bandgap tuning
capabilities such as the amorphous silicon compounds (including silicon carbides
and nitrides) [109, 112-114, 131, 132], and polycrystalline copper chalcopyrite
compounds [133-137].

Some of the most recent innovative approaches have included the development
of entirely new materials classes and structures for use in photoelectrode or
photocatalyst devices. Examples include quantum-confined WS, and MoS,
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nanoparticle photocatalysts embedded in a conductive scaffolding [138] and silicon
nanorods embedded in membrane structures [105, 139]. Also cutting-edge
are efforts in the development of breakthrough synthesis technologies to reduce
the cost and enhance the stability of the high-performance III-V multijunction
structures that have demonstrated the best efficiencies to date, both in PV and PEC
[4, 87]. Future progress in all these approaches, which will be integral to the
ultimate success of PEC hydrogen production, will depend on the best use of
the most advanced research tools.

7.7.3 The Path Forward

For all PEC systems, and for multijunction water-splitting systems in particular, the
fundamental solutions reside in MATERIALS and INTERFACES. Good solid-state
light absorber materials with efficient charge transport properties that can be
synthesized inexpensively are the cornerstone. Low loss interfaces are the next
major step. For example, low-defect and low-recombination solid-state interfaces
are essential between cells in a multijunction stack, and at back contacts. These are
achievable, as demonstrated through years of R&D in the PV research community.
More challenging are the solid-liquid electrochemical interfaces in PEC
multijunction schemes. Functionalizing surfaces to produce the right energetic
and kinetics for promoting the water-splitting half reactions while inhibiting
parasitic reactions and recombination loss will be the key to unlock the full
potential of PEC hydrogen production.

The lessons learned to date in the PEC research and development community,
coupled with of PV knowledge and experience amassed over decades could be
extremely fruitful, both for solar hydrogen and solar electricity production. Some
questions to consider for the pathways forward include the following:

e Can functions of light absorption, charge extraction, reaction catalysis, and
production management be effectively separated, and independently optimized
in PEC devices? If so, it opens up the design space considerably. For example,
a good absorber material would not need to be catalytic, but could be coupled
with a good catalyst material with the design of an efficient interface.

e Can cost-effective thin film PV materials (e.g., amorphous silicon or more
efficient copper chalcopyrites) and multijunction devices be adapted through
surface modifications to split water? If so, a wealth of PV manufacturing
experience would be available for enabling commercial scale deployment.

¢ Can new low-cost synthesis routes be devised for ultrahigh efficiency III-V
materials and devices? If so, the barriers to large-scale deployment of solar
electricity are largely gone. Moreover, if appropriate surface modifying
materials and interfaces are also developed, then the commercial viability of
PEC hydrogen production would be assured.
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¢ Can new forms of earth-abundant materials, including oxides, nitrides, and
sulfides, be discovered and developed with sufficiently good light absorbing
and charge transport properties for solar energy conversion? This, with the
development of efficient solid-state and electrochemical interfaces, and with
the design of effective multijunction photoelectrode or photocatalyst systems,
could revolutionize both PV and PEC technologies!

These questions encompass a broad vision and provide a coarse roadmap for
paths forward. The pathways to success of PEC hydrogen production are along the
road of technical collaboration; and the trail will be blazed by the new generation of
scientists and engineers.
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