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1.1 Introduction

Photoelectrochemical (PEC)water splitting, using sunlight to break apart water molecules into

constituent hydrogen and oxygen gases, remains one of the “holy grail” technologies for clean

and renewable hydrogen production. 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, geothermal and other renewable energy

resources. Hydrogen is envisioned as a primarymedia 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. Non-polluting technologies for large-scale hydrogen produc-

tion utilizing renewable energy are of particular importance.

Among the viable renewable hydrogen-production approaches, PECwater splitting remains

one of the most intriguing, yet one of the most elusive. A PEC system combines the harnessing

of solar energy and the electrolysis ofwater into a single semiconductor-based device. Sunlight

pluswater gives us clean hydrogen plus oxygen. It sounds good, but it’s not all that easy.When a

PEC semiconductor device is immersed in a water-based solution, solar energy can be
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converted directly to electrochemical energy for splitting the water. This will only happen,

however, if key criteria are allmet. The semiconductormaterialmust 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 cheap for any large-scale deployment.

This sounds like a very tall, complicated order, which in fact it is! No known semiconductor

system achieves all of the above criteria, though some have come close. Multijunction PEC

devices based on III–V semiconductor technology have been demonstrated at National

Renewable Energy Laboratory (NREL) with impressive solar-to-hydrogen conversion effi-

ciencies exceeding 16% [1]. Unfortunately, these devices lack long-term stability, and

moreover III–V semiconductors are very expensive [2]! Lower-cost PEC devices based on

thin-film semiconductors have been demonstrated, with stable hydrogen conversion efficien-

cies in the 3–5% range [3,4], but progress has plateaued at this efficiency level for quite some

time. Important breakthroughs are needed in the development of new PEC materials and

devices before practical PEC hydrogen production becomes a reality. Fortunately, the scientific

community seems unable to resist the daunting challenge. Across the United States and around

the world, the newest scientific techniques in materials theory, synthesis and characterization

are being brought to the table, and powerful synergies among researchers in the PEC,

photovoltaics and nanotechnology fields are emerging in collaborative pursuit of the needed

breakthroughs.

Is this really a “holy grail?” PECoffers the potential for efficiently harnessing solar energy to

produce high-purity hydrogen from water, at low operating temperatures, with no carbon

emissions and using low-cost materials – definitely worth the quest! This chapter presents a

brief overview of the PEC hydrogen-production research goals, progress and ongoing hurdles.

A broad palette of topics, including hydrogen, solar-energy conversion, semiconductor

materials and electrochemistry, are brought together to illustrate the promise and the challenge

of PEC.

1.2 Hydrogen or Hype?

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 suchmemorable quotes as: “America can lead theworld

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” [5]. From a completely different 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” [6].

Whatever spin you take on the future importance of hydrogen, 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

5 000 000 kg annually. Important industry uses include the production of chemicals, processing

of materials, semiconductor manufacturing, generator cooling and fertilizer production,

among others. Hydrogen’s low density, high thermal conductivity and strong chemical

reducing properties make it ideal for such applications. To satisfy the industrial demand,
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current hydrogen production relies primarily on fossil-fuel technologies. Worldwide, over

95% of hydrogen is produced from natural gas, oil or coal. US production relies mainly on

steam–methane reforming.

Of course, fossil fuels are vulnerable to dwindling availability and rising cost, and result in

carbon emissions and other forms of environmental contamination. All current industries,

including those utilizing hydrogen, suffer the risks and disadvantages of our current fossil-fuel

economy. In any event, new, cleaner and long-term approaches to hydrogen production will

need to be considered. The motivation increases exponentially if hydrogen economy propo-

nents have their way [7–10]!

In a future hydrogen economy, hydrogen is envisioned as the ideal energy-carrier for the

storage and distribution of renewable energy resources such solar, wind, geothermal, hydro-

electric and others. 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. As an added bonus, hydrogen is nature’s most abundant element.

Unfortunately, it exists primarily in strongly bonded chemical compounds, and extracting it

is a difficult and energy-intensive process. With current technologies, it would be difficult to

economically produce, store or utilize this ideal energy carrier. An enormous amount of

technology and infrastructure development would be needed to attain a pure hydrogen

economy.

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 andworld

energy management will take hold. Different locations rich in their own renewable resources

can 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.

Bottom line, without hype: hydrogen is valuable today, and will become increasingly

valuable as an energy carrier with the future development of new renewable-energy production

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, for example, accelerated PEC research and development.

1.3 Solar Pathways to Hydrogen

1.3.1 The Solar Resource

In discussing theworld energy situation of the early twentieth century, ThomasEdison once said:

“I’d put mymoney on the sun and solar energy.What a source of power! I hopewe don’t have to

wait ’til oil and coal run out before we tackle that” [11]. It’s almost 100 years later, and we are

still hoping, perhaps now with a little more urgency. The sun is, in fact, the ultimate renewable

energy resource, continuously bombarding earth with about 180 000 000 000 000 000W

(or 180 000 TW) of radiant power, enough to power 3 quadrillion 60W light bulbs [12,13]!

About 50 000 TWof this is directly reflected back to space, and 82 000 TW is absorbed by earth
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and re-emitted as heat. Of this, 36 000 TW is absorbed at the earth’s land masses, where

terrestrial-based solar-energy conversion plants could be installed practically.

To put this in perspective, our society on average consumes 13–15 TW, with some

predictions doubling this consumption rate by the year 2060 [14]. Although these numbers

are staggering, they still represent a small fraction of the sun’s influx of radiant power. It might

seem that solar energy alone could satisfy our insatiable hunger for energy. Of course, it is not

that simple. The planet relies on the sun for many things, including sustaining plant-life and

driving its weather patterns, and our voracious energy demands are relatively low on nature’s

priority list. Still, despite the abundance of spare solar energy at our disposal, large-scale

conversion is currently quite costly and somewhat problematic. At peak times of daylight, the

solar intensity available for terrestrial conversion scales to approximately 1000Wm�2. 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 installedwatt [15]; a singleGigawatt

plant would cost billions of dollars and span over 2500 acres! Even worse, this gargantuan

installation would be a sleeping giant at night and under severe cloud cover.

There are certainly practical difficulties and challenges, yet our sun is still themost generous

renewable resource, and the most underutilized in modern society. Currently, less than 0.05%

of theworld energy production is from solar-energy plants, though this number is on the rise of

late [16]. 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 solar-to-hydrogen conversion technologies are all poised to be part of the

new energy mix.

1.3.2 Converting Sunlight

In converting sunlight, whether to electricity or to hydrogen, fundamental thermodynamic

principles govern the energy-conversion process. As illustrated in Figure 1.1, the sun can be

viewed as a black body radiating at a temperature of 5780K, while the earth, as a black body,

radiates at 300K. The Carnot limit between these source and sink temperatures is readily

calculated to 95%, representing the amount of radiant energy that can be converted into other

more useable energy forms. This is very encouraging! A lot of solar energy available, and in

theory most of it can be converted for practical end-uses. Unfortunately, however, actually

converting sunlight is always further limited by unavoidable losses associated with available

energy-conversion routes. Thermodynamically, efficiency is lost with every added conversion

step in the process.

The sun transmits energy radiatively via photons, quantum particles of light with discrete

energy content. Figure 1.2 shows the standard AM1.5global atmosphere-filtered solar spec-

trum [17] indicating the range of photon energies comprising sunlight, and the distribution of

energy transmitted by these photons. The solar photons (g) reaching earth readily interact with
electrons, energizing them to excited states (e�), as illustrated in Figure 1.1. Two basic routes
for energy conversion of the photoexcited electrons are also depicted. In the solar-thermal

route, the energized electrons thermalize to their surroundings, converting the energy to heat (n).
This thermal energy can be converted further, for example, using heat-engines to producework,

though now restricted by a lower Carnot limit based on an intermediate source temperature.
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Alternatively, in the solar-potential route, 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, so no additional Carnot

limits are imposed.

1.3.3 Solar-Thermal Conversion

In solar-thermal conversion systems, concentrated sunlight produces high temperatures to

drive heat-engines for generating mechanical work, electrical energy, or chemical products.

Figure 1.1 Black-body representation of the sun and earth showing solar-energy conversion routes.
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Figure 1.2 The AM1.5global spectrum shown as a function of photon energy. The range of photons in

visible light is highlighted.
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A good example of this route is the solar-thermal production of electricity. Concentrating solar

thermal (CST) systems employ mirrored troughs, dishes or heliostats for focusing sunlight to

heat working fluids of a gas- or liquid-phase turbine cycle. Solar concentration up to 1000� and

working-fluid temperatures in the 250–1100 �C range are common. Conversion efficiencies,

governed by the Carnot limit, can be quite high for the highest operational temperatures, but

significant materials issues arise. Exotic refractory materials are needed, adding significant

cost to plant production, operations and maintenance. One important advantage of solar-

thermal production of electricity is that conventional generators and infrastructure can be used,

facilitating plant design and implementation. Thermal storage of the energy via storage of the

heated fluid can also be an advantage, especially in the higher-temperature systems. Recently,

an experimental CST 25 kW system installed at Sandia National Laboratories has reported

solar-to-electric efficiencies as high as 31% [18]. Larger-scale installations, such as the 50MW

AndaSol plant in Spain operate at gross efficiencies closer to 3% [19].

Another example of solar-thermal energy conversion is the production of hydrogen as a

chemical by-product of solar-thermochemical cycles (STC). Concentrated sunlight provides

the net heat for driving amultistep thermochemical process involving the splitting of water into

hydrogen and oxygen gases. Many STC chemical cycles are known, including the sulfur–

iodine [20,21] and copper–chlorine [22] cycles with reaction temperatures ranging up to

1200K. High solar-to-hydrogen conversion efficiencies are possible, reported between

42–57% in the sulfur–iodine cycles, with a high-temperature step at 1123K. The high-

temperature, corrosive operating environment of all STC reactors, however, can be problem-

atic, requiring specialized, and usually expensive materials, components and maintenance.

1.3.4 Solar-Potential Conversion

In the solar-potential route, photons in the incident solar light energize electrons, which can be

converted directly to electrical or electrochemical energy. The primary example of the solar-

potential conversion process is the photovoltaic (PV) production of electricity. Photons are

absorbed in semiconductor materials where they excite electrons from the valence into the

conduction band. These excited electrons, at elevated electrochemical potentials, can be

extracted into an external circuit, directly converting the photon energy into electric energy.

Though direct, the conversion is not without loss. Some of the excited electrons thermalize to

their surroundings, causing waste heat. In efficient PV cells, however, this waste is minimal,

resulting in moderate temperature rises. Operating temperatures in PV installations without

concentration can be quite low, typically ranging from 30 to 80 �C. This is a particularly

attractive feature, since low-temperature plants do not require specialized materials, and are

easy to operate and maintain. Another attractive feature of PV-generated electricity is the

absence of mechanical “moving parts” common to the turbine systems in CST generation.

Large-scale power electronics such as power inverters are needed, but these systems have

become more efficient and robust in recent years. On the down side, PV semiconductor

materials and systems are still relatively expensive.Although cumulative global installations of

PVgeneration has reached over 1500MW[15], the per-installed-watt price still exceeding $3 is

somewhat prohibitive in may economic sectors.

Other examples of solar-potential conversion include photoelectrochemical processes such

as waste-water remediation, and the industrial synthesis of chemicals and synthetic fuels.
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Hydrogen production by PEC water splitting, an attractive low-temperature alternative to

solar-to-hydrogen water splitting, falls into this category.

1.3.5 Pathways to Hydrogen

Using sunlight to split water for hydrogen production can follow several different conversion

routes, as shown in Figure 1.3. The solar-thermal route is essentially a two-step process, with

a photon-to-thermal energy-conversion step followed by a thermal-to-chemical conversion

step. The other two-step process shown in the figure represents PV-electrolysis, where a

photon-to-electric conversion step is followed by an electric-to-chemical conversion process.

The three-step process represents a CST-electrolysis route, involving photon-to-heat, heat-to-

electricity and electricity-to-chemical conversion steps. The final pathway depicted, repre-

senting a single-step direct conversion from photon-to-chemical energy, is the PEC water-

splitting process. Other solar-to-hydrogen pathways are possible, including photobiological

routes [23,24] and the ultra-high-temperature thermolysis route [25]. All pathways can

contribute to renewable hydrogen production for future “green economies,” but economics

will determine which will predominate.

From an economic viewpoint, it is important to remember that both hydrogen and electricity

will be valuable as renewable-energy carriers in the future. Processes capable of producing

both, such as PV-electrolysis and CST-electrolysis, could be advantageous. In fact, PV- and

CST-electrolysis systems can be assembled today using off-the-shelf components. The

electricity and the hydrogen produced would not be inexpensive, but this will change with

further maturing of the technologies. It will remain vital to keep an eye on the alternative, even

less-mature approaches. The solar-electrolysis routes comprisemultiple conversion steps, with

efficiency loss at each step. In terms of hydrogen production, the most direct conversion

processes, such as PEC water splitting, could have some inherent performance advantages.

PEC hydrogen production as a low-temperature single-stage process remains one of the front-

running alternatives.

Figure 1.3 Solar-to-hydrogen conversion pathways. (STC stands for solar-thermochemical, CST for

concentrating solar-thermal, and PEC for photoelectrochemcial).
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1.4 Photoelectrochemical Water-Splitting

1.4.1 Photoelectrochemistry

Photoelectrochemistry is a complex, and extremely rich scientific field drawing together

fundamental concepts from chemistry, physics, optics, electronics and thermodynamics. In

contrast with standard chemical processes involving interactions between chemical and ionic

species, electrochemical processes can also involve interfacial interactions between ionic

conductors, such as electrolyte solutions, and solid-state electronic conductors, such as

semiconductors. Photoelectrochemical (PEC) processes comprise electrochemical systems

exposed to light, where optical photons interact with the electrochemical reactions. In

semiconductor photoelectrochemistry, photons typically create electron–hole pairs within

the semiconductor that can react with redox chemistry at semiconductor/electrolyte interfaces.

Although a complicated set of fundamental electrochemical and solid-state optoelectronic

principles govern the behavior of such systems, some useful simplifications can be helpful in

providing a broad overview of the PEC water-splitting process.

1.4.2 PEC Water-Splitting Reactions

Most texts on PEC water splitting will start with the simple two-electrode setup shown in

Figure 1.4. In this canonicalmodel, a light-sensitive semiconductor photoelectrode is immersed

in an aqueous solution, with electrical wiring connected to a metallic counter-electrode. With

exposure to sunlight, photogenerated electron–hole pairs in the semiconductor interact elec-

trochemically with ionic species in solution at the solid/liquid interfaces. Photoexcited holes

drive the oxygen-evolution reaction (OER) at the anode surface, while photoexcited electrons

drive the hydrogen-evolution reaction (HER) at the cathode surface. Figure 1.4 depicts a

photoanode system where holes are injected into solution at the semiconductor surface for

evolving oxygen, while photoexcited electrons are shuttled to the counter-electrode where

hydrogen is evolved. Conversely, in photocathode systems, electrons are injected into solution

and hydrogen is evolved at the semiconductor surface, while oxygen is evolved at the counter-

electrode. Similar to solid-state pn-junction solar cells, PEC photoelectrodes typically act as

minority carrier devices [26,27]. The semiconductor/liquid junction, like the pn junction,

allows the flow of minority carriers, while blocking majority-carrier flow. For this reason,

Figure 1.4 Standard two-electrode setup for PEC water splitting, shown in the photoanode configura-

tion with a separated counter-electrode.
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n-type semiconductors allowingminority-carrier hole injection are better suited as photoanodes,

while p-type semiconductors are used as photocathodes.

In the PECwater-splitting process, oxygen evolution at the anode and hydrogen evolution at

the cathode can be modeled as two electrochemical “half-reactions.” Both must be sustained

simultaneously, coupled by their exchange of electrons in the solid state, and ions in solution. A

simplified equation set describing the half-reactions in addition to the net conversion process

can be written:

2g! 2e� þ 2hþ Photon-induced eletron-hole pair generation ð1:1aÞ

H2Oþ 2hþ ! 2Hþ þ 1=2O2ðgasÞ OER : anodic water-oxidation half-reaction ð1:1bÞ

2Hþ þ 2e� !H2ðgasÞ HER : cathodic Hþ reduction half-reaction ð1:1cÞ

H2Oþ 2g!H2ðgasÞþ 1=2O2ðgasÞ Net PEC water splitting reaction ð1:1dÞ

DG� ¼ þ 237:18 kJ mol�1 Standard Gibbs free energy ð1:1eÞ

V
�
rev ¼ DG�=nF ¼ 1:23 V Standard reversible potential ð1:1fÞ

Vop ¼ V
�
rev þ Za þ Zc þ ZO þ Zsys Operating voltage with overpotential losses ð1:1gÞ

where g is photon energy, e� is an electron, hþ is a hole,DGo is the standard Gibbs free energy,

V
�
rev is the standard reversible potential, n (¼2) is the number of electrons exchanged, F is the

Faraday constant, Vop is the operational voltage, Za, Zc, ZO, and Zsys, are overpotentials

associated with anode, cathode, ionic-conductivity and system losses, respectively.

Implicit in Equation Set 1.1, solid-state electrons/holes are exchanged between the anode

and cathode through a conductive pathway (such as a wire), while Hþ ion migration from

anode to cathode is through the aqueous media. It is clear from the equation set that PEC water

splitting 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

reactions inEquations 1.1b and 1.1c,must be sustained at the same reaction rate. SinceHþ ions

are generated at the anode surface and consumed at the cathode surface, unless these events are

proceeding concurrently at identical rates, charge build-up will impede or even stop the entire

process. A similar situation exists with the charge carriers in the solid state. The anodic half-

reaction consumes two holes (i.e., supplies two electrons) while the cathode half-reaction

consumes two electrons. These electrons must be shuttled from anode to the cathode via

electrical current (e.g., through the interconnecting wire shown in Figure 1.4), and steady state

cannot be maintained if anode and cathode reaction rates are not the same.

There are several additional key points that should be emphasized regarding the thermody-

namic parameters included in Equation Set 1.1:

. DG� ¼ þ 237.18 kJmol�1 is the standard Gibbs free energy change, representing a thermo-

dynamicminimum for splittingwater into the constituent gases at standard conditions of 25 �C
and 1 bar. Since DG� is positive, energy needs to be supplied to the drive electrolysis process.
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. V
�
rev ¼ 1.23 eV is the corresponding reversible potential, indicating the minimum electrical

potential needed to sustain reversible photoelectrolysis.
. Water splitting will not occur at a bulk potential of 1.23 V. This value does not take into

account unavoidable process losses, including overpotential loss at the anode (Za), over-
potential loss at the cathode (Zc) or ionic conductivity losses in solution (ZO), in addition to
other balance-of-system losses (Zsys).

. The half-reactions described in Equations 1.1b and 1.1c are simplifications of more complex

multistep electrochemical reaction pathways [28,29]. The electrode overpotential losses of

these multistage reactions, including the effects of activation energy, kinetics and mass-

transport can be substantial, commonly several tenths of volts. The water-oxidation reaction

at the anode is the more complex and less facile reaction, so the anodic overpotential losses

are more severe.
. Overpotential losses due to ionic conductivity in the solution can also be severe. These losses

depend on solution properties, as well as electrode geometry and spacing. The splitting

of pure water is particularly difficult, since the ionic conductivity, typically less than

0.05 Sm�1, is prohibitively low. Weak acid or alkaline solutions with conductivities

exceeding 10 Sm�1 are typically used to compensate, although this creates a more corrosive

environment for the electrodes.
. Vop, the operating voltage for water splitting, must exceed V

�
rev to compensate for all the

losses, as indicated in Equation 1.1g. In practice, water electrolysis systems typically require

operating voltages of 1.6–1.9 V, depending on gas-production rates [30,31].

The focus of Equation Set 1.1 is on electrochemical behavior and the losses in solution.

Losses in the solid-state electrodes, including electron–hole-pair recombination losses and

electronic conductivity losses, among others, also degrade system performance. 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. The photoelectrolysis

balancing act can be set into motion only if the photopotential requirement is met. Once in

operation, the hydrogen evolution will be proportional to electron consumption, as per

Equation 1.1c.

During steady-state operations, the solid-state shuttling of charges between anode and

cathode represents a photon-induced current, or photocurrent, that is integrally tied to the

hydrogen-producing performance of the PEC system. Explicitly from Equation 1.1c, two

electrons are consumed in the evolution of oneH2molecule. The rate of hydrogen production is

therefore half the rate of electron flow, in other words, half the photocurrent. This is technically

written:

RH2
¼ Iph

2e
¼ ðJph � AreaÞ

2e
) Jph ¼ RH2

Area

� �
� 2e ð1:2Þ

where RH2
is the hydrogen production rate (s�1), Iph is the photocurrent (A), e is the electronic

charge (C), Area is the illuminated photoelectrode area, Jph is photocurrent density (Am�2).

In Equation 1.2, the photocurrent density Jph is normalized to the illuminated area of the

photoelectrode, and is therefore inversely proportional to the incident photon flux. Upon closer

look, Jph is proportional to the ratio between the hydrogen production rate and the solar energy

input. As a result, this parameter becomes particularly important when evaluating the solar-to-

hydrogen conversion performance of a PEC system.
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1.4.3 Solar-to-Hydrogen Conversion Efficiency

The chemical solar-to-hydrogen (STH) conversion efficiency of any 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. For steady-state operations, this

is equivalent to the ratio of the power output to the power input. Inwords, this can be expressed:

Pout

Pin

¼ ðhydrogen production rateÞ � ðhydrogen energy densityÞ
solar flux integrated over illuminated area

ð1:3Þ

Using the hydrogen-production rate from Equation 1.2, the Gibbs energy as the useful

energy density of the hydrogen and an integrated solar flux of 1000Wm�2 for AM1.5global
solar irradiation, the STH efficiency for a PEC system can be expressed:

STHð%Þ ¼ DGRH2

Psolar �Area
¼

DG Jph�Area

2e

� �
Psolar �Area

� 0:123� JphðAm�2Þ ¼ 1:23� JphðmA cm�2Þ
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

for AM1:5g solar irradiation

ð1:4Þ
The first ratio in Equation 1.4 is generic for any solar-to-hydrogen production system, while the

second is derived specifically for PEC hydrogen processes. The third term, explicitly relating

conversion efficiency to the photocurrent density, is calculated for a PEC systemunderAM1.5global
solar illumination. In Equation 1.4, the use of the Gibbs free energy 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.

On the subject of standard efficiency terminology, numerous types of efficiency have been

defined and employed throughout PEC literature [32–35], but extreme care needs to be taken in

the appropriate application and interpretation of each. For valid side-by-side comparisons with

other solar-to-hydrogen conversion technologies, the STH definitions in Equation 1.4 must be

used. To be strictly correct, the hydrogen gas evolved should be collected and certified in any

efficiency determination, since parasitic effects cannot be quantified in volume or photocurrent

measurements alone. Alternative efficiency definitions have included three-terminal efficien-

cies, efficiencies specific to a limited range of photon wavelengths, and energy-saving

efficiencies for externally biased systems. These can be extremely useful in characterization

of PEC materials and interfaces, but cannot be equated with a system STH efficiency. STH

calculations using the higher heating value (HHV) for hydrogen have been reported, founded

on novel utilization schemes recovering the water’s heat of condensation. These, however, do

not conform to industry-standard reporting practices based on the LHV.

Independent of the heating value used, it is clear from Equation 1.4 that the PEC STH

efficiency is all about the photocurrent. In contrast to solid-state solar cells, operated at the

maximum power point (i.e., maximum product of photocurrent and photovoltage) for the best

solar-to-electric conversion efficiency [36], the PEC cell should be operated at maximum

photocurrent for best hydrogen-production performance. This becomes extremely important in

the design and optimization of PEC semiconductor materials and devices. It is the saturated

photocurrent density limit of a semiconductor that ultimately constrains the hydrogen produc-

tion rate. For peak efficiency, sufficient photopotential must be generated in the device to drive

the photocurrent into saturation. With all the built-in losses, this can be a difficult challenge.
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1.4.4 Fundamental Process Steps

Losses affecting STH conversion efficiency are inherent in all processes occurring in the solid

state, in solution and, often most importantly, at the interface. To help keep track of the loss

mechanisms, it is useful to break down the PEC water-splitting dynamics into fundamental

process steps, tracking events all along the way from the photon collection in the photoelec-

trode to the hydrogen release in solution. These basic steps can be summarized as follows:

1. Photon Absorption/Charge Generation (solid-state): Solar photons are absorbed in the

semiconductor, creating excited charge carriers in the form of electron–hole pairs.

Absorption losses are related to semiconductor bulk properties.

2. Charge Separation and Transport (solid-state/interface): Photoexcited electron–hole

pairs must be separated spatially, and before recombining to lower energy states, must be

transported to opposite contact surfaces for extraction. The separation mechanisms are tied

to charge distributions in the solid state and at the interface. Transport losses are related to

semiconductor defects and other mobility-limiting effects.

3. Charge Extraction/Electrochemical Product Formation (interface): Charge carriers

transported to anode/cathode surfaces can be extracted into the water-oxidation/hydrogen-

reduction half-reactions, respectively. Oxygen/hydrogen gas is produced, while hydrogen

ions are consumed/formed. Interface losses are many, including poorly aligned energetics,

reaction overpotentials and slow reaction kinetics.

4. Electrochemical ProductManagement (solution): Hydrogen and oxygen gas need to be

removed from solution, while the hydrogen ion concentrations need to redistribute. Ionic

conductivity losses as well as “bubble” losses (e.g., related to disruption ofmass transport in

solution and to possible light blockage) are present.

In a semiconductor photoelectrode system, photons are absorbed in the semiconductor bulk,

and the photogenerated charge carriers (in the form of electron–hole pairs) are separated,

transported and extracted due to the rectifying nature of the semiconductor/electrolyte

junction. Not surprisingly, hydrogen production performance is strongly influenced both by

semiconductor material properties and by junction characteristics.

1.5 The Semiconductor/Electrolyte Interface

1.5.1 Rectifying Junctions

In semiconductor-based PEC water-splitting 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 capable of

separating excited charge carriers (i.e., electron–hole pairs) created by absorbed solar photons.

In solid-state solar 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.

Extraction of the photogenerated charge carriers with elevated electrochemical potentials in

effect converts the solar energy to electricity or hydrogen. Many good sources of information
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are available, detailing semiconductor material properties, solid-state junctions and solar

cells [13,26,27,37–39], and these provide an excellent background for understanding funda-

mentals of rectifying junction formation and behavior.

1.5.2 A Solid-State Analogy: The npþ Junction

Before tackling the semiconductor/electrolyte junction, it is interesting to consider the

analogous solid-state npþ junction represented in Figure 1.5. In this device, the n-region is

doped with donor atoms to provide an excess of free electrons, and the pþ -region is more

heavily doped with acceptor atoms for a high concentration of holes. Carrier densities at

equilibrium typically would be, for example, 1015 cm�3 for the n-region and 1016 cm�3 for the

pþ -region. Figure 1.5 includes the classic band-diagram representation of the npþ device,

with Figure 1.5a showing the separated semiconductors in thermal equilibrium. Consistent

with the relative level of doping, Fermi levels (F) are close to the conduction band (CB) in the

n-region, and very close to valence band (VB) on the pþ side.

Figure 1.5b depicts the npþ junction formation as the two doped materials are brought

together. At equilibrium, the Fermi levels align across the device, resulting in the band-bending

Figure 1.5 Formation of the npþ solid-state rectifying junction showing: (a) materials before contact;

(b) band diagram of junction formation and equilibration and (c) charge distributions and built-in electric

field. (Fn, Fpþ and Feq represent Fermi levels in the isolated n and pþ regions, and in equilibrium after

contact, respectively).
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observed in the figure. Near the junction, free electrons from the n-side diffuse into the pþ -side,
leaving behind the fixed positive charges of ionized donor atoms. Conversely, holes from the

pþ -side diffuse into the n-region, exposing fixed negatively charged acceptor atoms. A

depletion region, also known as a space-charge region (SCR), forms where free carrier

diffusion is counter-balanced by the built-in electric field generated by the fixed charges

flanking the junction. As seen in the fixed-charge distribution shown in Figure 1.5c, the space-

charge region extends further into the less-conductive n-region, to the point where the net space

charges in the n- and pþ -sides balance. Typical space-charge widths for such a device would

extend 1micron into the n-region, but only 0.1 micron into the pþ -region. The built-in electric
field established by the fixed charge distribution is also indicated in Figure 1.5c. This built-in

field is the critical mechanism for separating electron–hole pairs generated under illumination.

When sunlight shines in the vicinity of the npþ junction, some of the solar photons are

absorbed, creating elevated concentrations of electron–hole pairs. Electron–hole pairs gener-

atedwithin or near the space-charge region are separated by the built-in field, with the electrons

and holes pushed toward opposite sides of the device. The photocharges successfully extracted

are converted to electricity, while the remainder will recombine, losing energy to radiation or

heat. Under solar illumination, thermal equilibrium at the junction is disturbed, and a single

Fermi level cannot be defined. Instead, quasi-Fermi analysis can be applied, where the

original Fermi level splits into separate quasi-Fermi levels for electrons (Fe) and holes

(Fh) [26,27,39,40]. The resulting band diagram for the npþ junction under illumination at

open-circuit conditions is shown in Figure 1.6. Of note, the electron and hole quasi-Fermi

levels are continuous across the junction, and converge back to the bulk n-region and p-region

levels away from the space-charge region. As a result, the open-circuit potential, represented

by the Fermi level offset between the two bulk regions, is determined by the quasi-Fermi level

separation in the device.

Figure 1.6 Band diagram of the npþ junction under solar illumination, illustrating the development of

usable photopotential through quasi-Fermi level separation. (SCR stands for space-charge region,Fph for

photopotential, Voc for open-circuit voltage, and Fe and Fh for electron and hole quasi-Fermi levels,

respectively).
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The effect of this quasi-Fermi level split is extremely important to how much useable

photopotential the device can generate, specifically in relation to the bandgap energy. In

crystalline silicon, for example, the bandgap energy is 1.1 eV, while single-junction silicon

solar cells have open-circuit voltages typically between 0.6 and 0.7V. Thermodynamically,

semiconductor band-diagram representations reflect the internal energy of electrons and holes,

not the useable energy. Electricity can be extracted from a solar cell at potentials below the

open-circuit voltage, which is typically 50–75% of the semiconductor bandgap energy. The

output voltage can be increased using higher-bandgap cells, but as a tradeoff, fewer solar-

spectrum photons (refer to Figure 1.2) would be absorbed, limiting the saturated photocurrent.

The effects of bandgap on photopotential and photocurrent are indicated in the generic solar-

cell performance curve of Figure 1.7. These effects remain extremely relevant to the

performance of PEC rectifying junctions under sunlight.

1.5.3 PEC Junction Formation

To describe rectifying PEC junctions formed at semiconductor/electrolyte interfaces, key

principles from solid-state physics and electrochemistry need to be combined. For reference,

there is a wealth of literature on fundamental electrochemical principles [41–46], in addition to

the previous citations covering semiconductor physics. Of particular interest to PEC studies are

the models developed by Gerischer, which make the important connections between the in-

solution electrochemical potentials of electrons and solid-state Fermi levels [40,47,48].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 an npþ junction, as depicted in Figure 1.8, while p-type photocathode junction formation,

illustrated in Figure 1.9, would be more analogous to a solid-state pnþ device. Since there are

clear symmetries in the development of photoanode versus photocathode junctions, as a starting

point it is instructional to focus initially on one, for example the photoanode from Figure 1.8.

Figure 1.8a depicts the photoanode and electrolyte solution before contact. The Fermi level

in the n-type semiconductor (Fn) is close to the CB, and the Fermi level in solution (Fs) falls

between the redox (reduction/oxidation) levels for hydrogen reduction (Hþ /H) and water
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Figure 1.7 Current–voltage performance curve of solid-state solar cell showing open-circuit potential,

the saturated photocurrent level and the maximum power point.
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oxidation (H2O/O2). After immersion, the electrode and electrolyte Fermi levels must align to

reach thermal equilibrium, as shown in Figure 1.8b. 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 charged fixed donor sites, similar to the npþ

example. In the PEC case, however, the electrons form a surface charge layer at the interface,

which induces a thin Helmholtz double layer in the electrolyte. The charge distributions

including the fixed space charges in the solid-state and the Helmholtz layer charges in solution

are shown in Figure 1.8c. Typically, Helmholtz layers are on the order of a few nm, compared

with several microns for the semiconductor space-charge region.

As in the npþ case, electron–hole pairs generated by photon absorption in the space-charge

region can be separated by the built-in electric field. Photoexcited electrons are driven toward

the electrode’s back contact, where they can be extracted, for example to a counter-electrode in

solution. On the other hand, photogenerated holes will be driven toward the interface, where

Figure 1.8 Formation of a semiconductor/electrolyte PEC junction based on an n-type photoanode,

showing: (a) semiconductor and electrolyte before contact; (b) band diagram of junction formation and

equilibration; and (c) charge distributions in the space-charge region and Helmholtz double layer, and the

built-in electric field. (Fs represents solution Fermi level, Vrev¼ 1.23 eV is the reversible potential for

water splitting, and Za is the anodic overpotential).
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(with the appropriate energetics and kinetics) they can drive oxidation reactions in the

electrolyte. Before focusing on the dynamics of the illuminated photoanode, it is worth noting

that the equilibrium charge-distribution process is the same for p-type photocathodes, but as

shown in Figure 1.9 the charges and band-bending are reversed.

1.5.4 Illuminated Characteristics

Coming back to the photoanode, the PEC junction response to solar illumination is detailed in

Figure 1.10. In the figure, the back contact of the photoelectrode is connected by external

wiring to a counter-electrode also in solution; and added in the band diagram are Za and Zc, the
overpotentials for water oxidation and hydrogen reduction associated with photoanode

and counter-electrode interfaces, respectively. With the addition of sunlight, there is again

Figure 1.9 Formation of a semiconductor/electrolyte PEC junction based on a p-type photocathode,

showing: (a) semiconductor and electrolyte before contact; (b) band diagram of junction formation and

equilibration; and (c) charge distributions in the space-charge region and Helmholtz double layer, and the

built-in electric field. (Here, Zc is the cathodic overpotential).
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a quasi-Fermi-level split resulting from the excess concentration of photogenerated electron–-

hole pairs. With respect to the thermal equilibrium populations of carriers, the excess hole

population significantly alters the minority-carrier distribution, 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.

As in the solid-state case, the quasi-Fermi separation determines the useable energy in the

device. In Figure 1.10, the electron potential at the counter-electrode, tied to the photoanode’s

back contact potential, is sufficiently high to drive the hydrogen-reduction half-reaction

(including Zc). Simultaneously, the quasi-Fermi hole energy at the solution interface is

sufficiently low to drive water-oxidation (including Za). In consequence, this configuration

is capable of sustaining the net PEC water-splitting process, driven by useable energy in the

quasi-Fermi split (not by the internal energy in the bandgap.). It is often misreported that

semiconductors with bandgaps “straddling” the redox potentials can photosplit water. Counter

examples are illustrated in Figures 1.11 and 1.12. In both cases the conduction and valence-

band edges clearly straddle the redox levels, including the overpotentials. In Figure 1.11,

however, the hole quasi-Fermi level at the PEC interface is too high, while in Figure 1.12, the

electron potential in the counter-electrode is too low. In either case PEC water splitting is not

sustainable. An interesting variation to Figure 1.12 is seen in Figure 1.13: an external voltage

source has been added between the photoanode and counter-electrode, boosting electron

energies enough to support the hydrogen reduction. This can split water, but no longer qualifies

as a simple solar-to-hydrogen conversion process.

1.5.5 Fundamental Process Steps

From the previous examples, it becomes evident that high-bandgap semiconductors

are needed just to meet the energetic requirements for single-junction PEC water splitting.

Figure 1.10 Band diagram of the photoanode PEC junction under solar illumination, illustrating the

development of sufficient photopotential (i.e., quasi-Fermi-level split) to overcome the reversible

potential plus the anodic and cathodic overpotentials for water splitting.

20 On Solar Hydrogen & Nanotechnology



As in the solid-state case, a large bandgap increases the photopotential, but also reduces

the photocurrent. This is particularly unfortunate, since hydrogen production rates and

STH conversion efficiencies, as shown in Equations 1.2 and 1.3, are directly proportional

to the photocurrent. Quantitative effects of this current–voltage tug-of-war will be evident

in some real-world examples of single-junction PEC water splitting. Beforehand, to

focus on the important performance-limiting loss mechanisms, it’s worth reviewing the

Figure 1.11 Non-operational photoanode junction with insufficient Fh for driving the water oxidation

half-reaction.

Figure 1.12 Non-operational photoanode junction with insufficient Fe for driving the hydrogen

reduction half-reaction.
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fundamental solar-to-hydrogen process steps specifically applied to single-junction photo-

electrode systems:

1. Photon-Absorption and Charge Generation: In single-junction absorbers, photons with

energies below the semiconductor bandgap cannot be absorbed or converted. Photons with

energies exceeding the bandgap are absorbed at rates dependent on the allowed transitions

in the semiconductor. Direct bandgap materials absorb more efficiently than indirect

bandgap materials. Photogenerated electron–hole pairs rapidly thermalize (usually within

picoseconds) to band-edge energy levels, losing energy to heat. High-bandgap semicon-

ductors generate little photocurrent due to poor absorption, while low bandgap semicon-

ductors can suffer from low conversion efficiency due to high thermalization losses.

2. Charge Separation and Transport: While at band-edge energy states, the electron–hole

pairs can often survive for several microseconds before recombining. During this time, they

must be separated and transported to electrochemical interfaces for extraction.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 separationfields,

and also result in poor mobility for charge transport. If wide absorption widths are needed (for

example, in indirect semiconductors) the charge transport losses can be severe.

3. Charge Extraction/Electrochemical Product Formation: 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.Moreover, parasitic or corrosion reactions

competing with the water-splitting reactions can result in substantial loss. Surface treat-

ments can be employed to kinetically and/or energetically favor water splitting over the

parasitic processes, but such treatments could also block sunlight. Surface incorporation of

nanoparticle catalysts is one approach. Since PEC water splitting is a low-current-density

Figure 1.13 Addition of an external bias to the photoanode configuration shown in Figure 1.12, in effect

raising the counter-electrode electron energy to enable PEC water-splitting.
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process (typically operating below 20mA cm�2), non-precious-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. On the solution side, the electrolyte is an important factor determining stability,

efficiency of the charge-extracting reactions, and the electrochemical byproducts. Splitting

seawater, for example, is a challenge, since it is difficult to electrochemically suppress the

production of chlorine gas from the Cl� ions [49].

4. Electrochemical ProductManagement: During PECwater splitting, the evolved hydro-

gen 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 bigger problem.

High electrolyte concentrations can be used to minimize this loss, but the tradeoff is in

higher corrosivity. 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.

1.6 Photoelectrode Implementations

1.6.1 Single-Junction Performance Limits

With inherent electrochemical and solid-state losses, it is difficult to achieve high STH

conversion efficiencies in single-junction PEC photoelectrode systems. The bandgap tradeoff

between photopotential and photocurrent is particularly detrimental for single junctions. For

example, if the minimum water-splitting potential (based on redox separation with over-

potentials) amounts to 1.6 eV, and the quasi-Fermi-level separation in the semiconductor can

achieve 50%of the bandgap level, then theminimumbandgap for the onset of photoelectrolysis

would be 3.2 eV. For any appreciable level of hydrogen production, overpotential and other

system losses increase, requiring even higher bandgaps.

How efficient would such high-bandgap single junctions be? It is easy to establish an

upper bound based on optical absorption limits. Figure 1.14 plots the maximum attainable

AM1.5global photocurrent densities in a semiconductor as a function of bandgap. 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, photocurrent density is limited to approxi-

mately 1mA cm�2. This, according to Equation 1.3, places an upper STH efficiency limit of

1.23%. STH values based on Equation 1.3 are listed in parentheses on the right vertical axis of

the Figure 1.14, but these only apply to standalone configurations capable ofwater splitting. For

any bandgap, if the photoelectrode system cannot sustain photoelectrolysis, there is no

photocurrent density, and the conversion efficiency is 0% STH.

To date, the only demonstrations of single-junction water splitting have utilized very-high-

bandgap materials, such as SrTiO3 and KTaO4 [50,51]. Based on poor photon absorption, the

demonstrated STH values have been very small, consistent with the predictions in Figure 1.14.

Also indicated in this figure are the bandgap positions for polycrystalline Fe2O3, WO3 and

TiO2, three commonly studied in PEC materials. The potential photocurrent densities look

encouraging, especially for iron oxide, but none of these materials develop enough
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photopotential under sunlight to split water, not even TiO2, with a bandgap over 3.0 eV. To

enhance the photopotential, these and other promising semiconductors can be incorporated in

multijunction PEC schemes.

1.6.2 Multijunction Performance Limits

Multijunction devices are well-known in the PV community. In fact, the use of multiple

junctions to improve the solar-to-electricity conversion efficiency is one of the cornerstones of

third generation research [52]. For PEC devices, a similar approach can be taken to enhance

photopotential and increase absorption efficiency in a PEC. The concept is illustrated in

Figure 1.15 for a two-junction (tandem) system. Sunlight is partly absorbed in the higher-

bandgap top junction, while the remaining filtered light is absorbed in the lower-bandgap

bottom junction. Both junctions generate photovoltage and photocurrent. Since they are

stacked in a series-connected configuration, the photovoltages V1 and V2 will add, but the

photocurrents will not. In fact, the net photocurrent will be the minimum of J1 and J2, which is

the bottle-neck for current flow across the device. For optimal performance, it is therefore

critically important to current-match J1 and J2 by optical tuning of the two junctions.

In PEC water-splitting applications, multiple junctions can be stacked to take advantage of

the photopotential enhancement. The tradeoff is reduced photocurrent, which directly limits

hydrogen production rates. The device design must strike the right balance to maximize

conversion efficiency. Two different design approaches using tandem junctions to photosplit

water are shown in Figure 1.16. Figure 1.16a depicts a PEC/PEC tandem [53], where a

photoanode and photocathode, both deposited onto transparent substrates, are stacked one in

front of the other, and electrically connected by a wire. The configuration in Figure 1.16b

represents a PEC/PV hybrid electrode [1,54–56], with a PEC top junction monolithically

stacked with a solid-state PV bottom junction, and connected to a counter-electrode. Both

designs have their ownmerits and disadvantages. The PEC/PV tandem entails extra fabrication

complexity, but takes advantage of synergies with PV technology. Many good device-quality

thin-film PV materials are available for the bottom cell, so the challenge is to develop a
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PEC devices shown as a function of semiconductor bandgap. Also shown are the corresponding STH
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Figure 1.15 Block diagram of a stacked, series-connected tandem device under solar illumination.

Photocurrents, J, and photovoltages, V, are shown for the top cell, the bottom cell and the combined

tandem device.

compatible PEC material for the top junction. The PEC/PEC tandem has better potential for

low-cost electrode synthesis, but involves external interconnections and requires development

of two PEC materials (as if one wasn’t enough!). The real bottom line will rest with actual

relative device performance in the different tandem configurations.

Aswith the single-junctioncases, efficiencyboundscanbeplacedonsuch tandemconfigurations

based on optical absorption limits. Figure 1.17 is essentially a two-dimensional extension of

Figure 1.15 for tandem devices, where maximum photocurrent and the corresponding STH levels

are calculated as a function of both top- and bottom-junction bandgaps. The assumptions 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; (3) photocurrent density (inmAcm�2) is calculated based on

the minimum electron–hole pair count from the two junctions, assuming all of these pairs are

converted to current; and (4) STH efficiencies, shown in parentheses, are calculated using

Equation 1.3, and only apply to systems with sufficient photopotentials to split water.

The numbers from Figure 1.17 are definitely encouraging for the viability of tandem PEC

hydrogen production. Despite the split spectrum and reduced photocurrents, a wide range of

bandgap combinations yield high enough photocurrents for >10% STH conversion. An

important key is to identify the possible combinations capable of the necessary photo-

potential levels. A quick-and-dirty rule of thumb can be derived based on typical quasi-Fermi

level splits, for example about 50% of the bandgap for many semiconductors under solar

illumination: the average of the top- and bottom-cell bandgaps needs to exceed the water-

splitting potential, including the overpotentials, for example around 1.6 eV in typical
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Figure 1.16 Design configurations for PEC water-splitting tandem devices showing: (a) a PEC/PEC

photoanode/photocathode tandem with the two electrically connected photoelectrodes fabricated on

transparent substrates for light transmission; and (b) a hybrid PEC/PV monolithically stacked device

connected to a counter-electrodes.

photoelectrode configurations. There are many pitfalls and extra losses in real-world

multijunction implementations, so this rule is by no means a guarantee of success. It is,

however, quite useful in brainstorming sessions about device design.

As an illustration, TiO2 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 Figure 1.17, however, independent of the

bottom junction, the device performance will never exceed 5% STH. In this, and any series-

connected tandem configuration, the performance is bound by the photocurrent limits of the

PEC semiconductor. To achieve STH efficiencies above 10%, we can start back at Figure 1.14

and select semiconductors with bandgaps less than 2.2 eV for a top cell. For an average

exceeding 1.6 eV, the bottom cell must be at least 1.0 eV. Using Figure 1.17, STH just straddles

the 10% mark for bottom-cell bandgaps ranging from the 1.0 eV minimum up to 1.7 eV. The

bandgaps should be somewhat lower than 2.2 eV for the top cell, and correspondingly higher

than 1.0 eV in the bottom cell for more robust hydrogen production rates. In fact, such a device

has already been designed, fabricated and successfully demonstrated in the laboratory.

26 On Solar Hydrogen & Nanotechnology



1.6.3 A Shining Example

The NREL, using a multijunction hybrid photoelectrode, holds the STH efficiency world

record for PEC water splitting [1]. The hybrid tandem device incorporates high-quality III–V

crystalline semiconductor materials, with a 1.44 eVGaAs PV junction as the bottom cell, and a

1.83 eV Ga-InP PEC junction as the PEC top cell. As seen in Figure 1.18, this is a tandem

photocathode configuration, where hydrogen is evolved at the PEC interface and oxygen is

evolved at the separated counter-electrode. As seen in the device band diagram representation

in Figure 1.19, there is a characteristic downward band-bending at the solid/liquid interface,

consistent with the photocathode formulation in Figure 1.9. Tracking the combined quasi-

Fermi level splits across the tandem, it can be seen that sufficient photopotential is developed to

Figure 1.17 Maximum attainable AM1.5global photocurrent densities (in mA cm�2) for tandem PEC

devices shown as a function of top-cell and bottom-cell bandgaps. Also shown are the corresponding STH

efficiencies applicable only to operational water-splitting devices.

Figure 1.18 Two-electrode setup for the NREL hybrid PEC/PV photocathode demonstrating a 16%

world-record STH efficiency.
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drive both the hydrogen-reduction and water-oxidation reactions. Cross-referencing the top-

and bottom-cell bandgaps in Figure 1.17, we would expect a solar-to-hydrogen conversion

efficiency in the 10–20% range. In fact, this tandem device has demonstrated an astounding

16% STH efficiency! This laboratory-scale device is fabricated using extremely expensive

III–V materials (the kind only NASA can afford!) and suffers from limited durability, it’s not

quite the grail. Still, the NREL hybrid tandem remains the best shining example of what PEC

can achieve.

1.7 The PEC Challenge

1.7.1 What’s Needed, Really?

In a nutshell, can the PEC performance levels of the NREL tandem device be reproduced using

low-cost, high-durability devices and systems? The usual suspects under investigation for

decades, including particulate and thin-film forms of metal oxides such as TiO2, WO3 and

Fe2O3, haven’t been able to cut it in the performance category. In fact, the best-demonstrated

STH efficiencies in these materials, achieved usingWO3 in multijunction photoanode devices,

has plateaued in the 3–5% range for quite some time [3,4].

Breakthroughs are needed, on several fronts: new particulate or thin-film semiconductor

materialswith good absorption and carrier-transport properties need to be developed; and novel

interfaces need to be designedwith energetic and kinetic properties favoring thewater-splitting

reactions, and inhibiting corrosion reactions. Even with these breakthrough materials and

interfaces, very clever integrated devices need to be devised and manufactured using low-cost,

commercial-scale processes. Many stars must align before mastering that delicate balancing

act of PEC hydrogen production. In summary, the holy grail PEC system will be held to the

following decrees:

. Thou shall generate sufficient photopotential to split water. In otherwords, the net quasi-

Fermi level split must be large enough to overcome the reversible potential plus the

overpotentials for water-splitting, typically over 1.6 eV in practical systems.

Figure 1.19 Band diagram of the PEC water-splitting process in the NREL tandem photocathode

implemented in a two-electrode configuration.
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. Thou shall generate sufficient photocurrent for efficient hydrogen production. In other

words, semiconductor and solution properties, in addition to the interface energetics and

kinetics, must support the efficient generation, separation, transport and collection of

photogenerated charges to drive the water-splitting reactions. Photocurrents exceeding

10mA cm�2, for example, are needed for STH conversion efficiencies over 12.3%.
. Thou shall not corrode. High hydrogen production rates must be sustained over long

durations with minimal corrosion and degradation. Interface energetics/kinetics must favor

water-splitting reactions over corrosion reactions.
. In the long term, Thou shall cost next to nothing!

1.7.2 Tradeoffs and Compromises

Again, this is not an easy task. In efforts to achieve practical PEC hydrogen production,

tradeoffs abound and compromises are many. Cost versus performance will remain the central

tradeoff in PEC research pending major breakthroughs in materials and interfaces. In the

meantime, researchers remain preoccupied searching for pathways forward, based on the right

compromises along numerous avenues. The fundamental photocurrent/photovoltage tradeoff

will not go away, but pathways around this are available, including multijunctions and further

down the road, hot-carrier collection [52,57,58]. The basic implementation of PEC semi-

conductors in commercial hydrogen production plants has not been settled. What are the

tradeoffs between large-scale photoelectrode reactors (e.g., panel- or tubular- types) using low-

cost thin-film materials and large-scale slurry-bed reactors utilizing functionalized semicon-

ductor particles [59]. Assuming the right thin-film or particulate materials can be found, more

techno-economics analyses will be needed to resolve this debate. The path forward needs to

navigate all the economic, as well as the scientific obstacles.

1.7.3 The Race with PV-Electrolysis

If the PEC holy grail is found, how would it stack up against, for example, PV-electrolysis

systems for hydrogen production? At first glance, PEC might look pretty good next to PV-

electrolysis. Take for examplewhat a low-cost PV-electrolysis systemmight look like today. A

relatively cheap 10% amorphous silicon PV system coupled with a 60% PEM electrolyzer

gives us only 6% STH. Higher-cost more-efficient components are available, but in the low-

cost/high-performance race, much R&D is needed here as well. Interestingly, the semicon-

ductor materials research efforts in PV and PEC are highly synergistic, and breakthroughs in

either can greatly benefit both. The real race is toward the practical solar production of

hydrogen from water, no matter how we get there, everyone wins!

1.8 Facing the Challenge: Current PEC Materials Research

Across the United States and around the world, the latest and greatest scientific advances are

being brought to the table to face the PEC challenge. Key patrons in the quest include the US

Department of Energy’s (DOE) Working Group on PEC Hydrogen Production [60], and the

International Energy Agency’s Hydrogen Implementation Agreement (IEA-HIA) [61]. In

recent years, powerful synergies developed in the PEC community have become infectious,

drawing together researchers from diverse fields, including photovoltaics, nanotechnology and
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the other solar-hydrogen routes. Globally, renewable hydrogen research is getting some new

life, as evidenced in numerous recent publications, including several informative

books [62,63]. There is an important unifying theme linking all renewable-energy research

fields, including PEC hydrogen, and that theme is materials, materials, materials!

Fundamental materials and materials-interface properties hold the keys to successful PEC

research and development. In response, the worldwide PEC network is constructing a

specialized “tool-chest”, including state-of-the art techniques in materials theory, synthesis

and characterization, to facilitate research progress, and to help inspire fundamental break-

throughs. This tool-chest is already proving invaluable in the investigation of promising PEC

semiconductors and interfaces. As collaborative activities expand, it is expected to become an

even more powerful asset.

To foster collaboration, the DOE PECWorking Group and the IEA-HIA PECAnnex-26, are

encouraging the formation of informal international “task forces” to coordinate important PEC

research activities. While some of the collaborative task forces center on the R&D of specific

PECmaterials classes, others focus on critical activities to advance the supporting science and

technologies in the PEC tool-chest. These include:

. Development of standardized testing and reporting protocols for evaluating candidate PEC

materials systems on a level playing field. In the past, the lack of standardized conditions and

procedures for reporting PEC results has greatly hampered research progress across the

board [64].
. Development of advanced characterization techniques to enhance understanding of PEC

materials and interfaces, and promote breakthrough discoveries [65]. The most advanced

methods in evaluating optoelectronic properties of semiconductor materials and interfaces,

in situ as well as ex situ, are being deployed.
. Development of new theoretical models of PECmaterials and interfaces critical to the design

and engineering of brand new semiconductor systems [66,67]. Sophisticated models of band

states and bandgaps are needed, including effects of surface, interfaces and grain boundaries.
. Development and implementation of innovative synthesis techniques, including combi-

natorial synthesis methods, to facilitate the PEC materials discovery process [68,69].

Innovative synthesis routes can make or break the viability of a semiconductor system, a

fact well-appreciated by the PV community.
. Development and refinement of techno-economics analyses of PEC hydrogen-production

systems incorporating performance and processing-cost feedback from the broadermaterials

R&D efforts. This will provide a basis for evaluating the long-term feasibility of large-scale

PEC production technologies in comparison with other renewable approaches.

On an impressive scale, the PEC research community is applying its tool-chest to investigate

a broad spectrum of promising materials classes. Some of the materials task forces are

concentrating on modification of traditional materials, others are focusing on more practical

synthesis approaches for expensive, high-performancematerials, and yet others are attempting

to discover completely new material systems. For all of the different materials, task-force

researchers must carefully consider the benefits, barriers and approaches for addressing the

barriers; all in close coordination with the ongoing advances in theory, synthesis and

characterization. Some of the important PEC materials classes under current investigation

worldwide include:
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. Tungsten-oxide and related modified compounds: Tungsten oxide, particularly in thin-

film and nanoparticle forms, has been a workhorse in photoelectrochemical [70–73] and

electrochromic [74] applications for years. It is inexpensive and stable, but its high bandgap

(�2.6 eV) is limiting to PEC performance. Photocurrent densities around 3mAcm�2 have

beenachieved [4,75,76],withSTHefficienciesover3%in tandemconfigurations.Tobreak the

performance barrier, current research is focused on reducing bandgap through ion incorpo-

ration into the WO3 structure [66,67,77], and further integration in multijunction devices.
. Iron-oxide and related modified compounds: Iron-oxide is abundant, stable, inexpensive

and has a near-ideal bandgap (�2.1 eV) for PEC applications. Unfortunately, its poor

absorption, photocarrier lifetime and transport properties have been prohibitive to practical

water splitting. Current research to overcome these barriers has been encouraging, with

recent progress in thin films [78–81] and nanostructuredmaterials [82]. Iron oxide in tandem

configurations may also be of interest.
. Amorphous silicon compounds, including silicon carbides and nitrides: Amorphous

silicon compounds have recently demonstrated interesting performances in PEC applica-

tions [56,83–87]. The progress of this material class in photoelectrochemical applications

has benefited from decades of research in the PV community. Technical barriers remain in

PEC stability and interface properties, but electrolyte and surface modification studies could

help overcome these barriers. With material and interface improvements, monolithically

fabricatedmultijunction devices using amorphous silicon compound films can have practical

appeal for PEC water-splitting.
. Copper chalcopyrite compounds: Copper chalcopyrite thin films are among the best

absorbers of solar energy. As a result, chalcopyrite alloys formed with copper and gallium,

indium, sulfur and selenium have beenwidely characterized in the PVworld [88,89]. A great

advantage of this material class for PEC applications is the bandgap tailoring based on

composition, with bandgaps ranging from 1.0 eV in CuInSe2 to 1.6 eV in CuGaSe2, and up to

2.43 eV in CuGaS2 [90]. The CuGaSe2 bandgap is attractive for PEC applications, and

photocurrent density exceeding 13mAcm�2 have been demonstrated with this material [91]

in biased PEC cells. Stability, surface kinetics and surface energetics remain as current

barriers, but if current research can successfully address these, high STH efficiency could be

achievable in low-cost thin-film copper chalcopyrite systems.
. Tungsten and molybdenum sulfide nanostructures: As bulk materials, tungsten and

molybdenum sulfides are excellent hydrogen catalysts, but their bandgaps (below 1.2 eV) are

too low for PEC water splitting. Quantum confinement using nanostructuring, however, can

increase the bandgap up to 2.5 eV. Current studies on nanostructured MoS2 are focused on

stabilized synthesis routes and integration of the nanostructures into practical bulk PEC

devices [92].
. III–V semiconductor classes: High-quality crystalline semiconductor compounds of

gallium, indium, phosphorous and arsenic have been studied for decades [93]. In PEC

experiments to date, STH efficiencies between 12–16% have been demonstrated in GaInP2/

GaAs hybrid tandem photocathodes [1,94]. High cost and limited durability are the barriers

to practical PEC hydrogen production, and breakthroughs in synthesis and in surface

stabilization are being pursued.

Although there is still much work ahead, research in these promising candidate materials,

among others, has seen significant recent progress. Fortunately, in today’s broad-based
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network of PEC collaborators, progress in any one area can greatly benefit all. The needed

scientific breakthroughs are still on theway, but once they get here,watch out! The implications

of new low-cost, high-efficiency semiconductors will be enormous, not only to PEC solarwater

splitting for hydrogen production, but also to PVand other solar-energy conversion pathways.

The challenge is great, but the promise even greater.
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