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Francis Taulelle,a Gero Decher,b Silvia Bordigac and Johan A. Martens*a

Hybrid energy generation models based on a variety of alternative energy supply technologies are

considered the best way to cope with the depletion of fossil energy resources and to limit global

warming. One of the currently missing technologies is the mimic of natural photosynthesis to convert

carbon dioxide and water into chemical fuel using sunlight. This idea has been around for decades, but

artificial photosynthesis of organic molecules is still far away from providing real-world solutions. The

scientific challenge is to perform in an efficient way the multi-electron transfer reactions of water

oxidation and carbon dioxide reduction using holes and single electrons generated in an illuminated

semiconductor. In this tutorial review the design of photoelectrochemical (PEC) cells that combine solar

water oxidation and CO2 reduction is discussed. In such PEC cells simultaneous transport and efficient

use of light, electrons, protons and molecules has to be managed. It is explained how efficiency can be

gained by compartmentalisation of the water oxidation and CO2 reduction processes by proton

exchange membranes, and monolithic concepts of artificial leaves and solar membranes are presented.

Besides transferring protons from the anode to the cathode compartment the membrane serves as a

molecular barrier material to prevent cross-over of oxygen and fuel molecules. Innovative nano-

organized multimaterials will be needed to realise practical artificial photosynthesis devices. This review

provides an overview of synthesis techniques which could be used to realise monolithic multifunctional

membrane-electrode assemblies, such as Layer-by-Layer (LbL) deposition, Atomic Layer Deposition

(ALD), and porous silicon (porSi) engineering. Advances in modelling approaches, electrochemical

techniques and in situ spectroscopies to characterise overall PEC cell performance are discussed.

Key learning points
(1) The management of light, reagents, protons, electrons and reaction products in photoelectrochemical cells.

(2) The functions and interaction of semiconductors and co-catalysts.

(3) The most promising cell concepts existing today, and potential designs for the future.

(4) Methods to synthesise cell components.

(5) Methods to characterise photoelectrochemical cells and their components.

Introduction

The reduction of CO2 emissions and the quest for sustainable

energy are top priorities on the world’s strategic research agenda.

Sunlight is an abundant renewable energy source. About 105 TW

is delivered to the Earth’s surface and 1.2 hours of sunlight

correspond to the global energy consumption for a whole year.

Drawbacks of sunlight are its diffuse and discontinuous nature

necessitating its conversion into a more convenient form of

energy. Photovoltaics (PV) is an established method to convert

solar energy into electricity. Commercial PV with silicon single-

junction cells currently are operated at 12–20% efficiency. Theo-

retical efficiencies for multi-band gap PV exceed 40% and organic

PV shows great potential. For storage, however, electricity is a less

convenient energy carrier. Storing energy in chemical bonds of

fuel molecules is a more practical option and hydrogen is a

candidate. PV systems and water electrolysis have been coupled

to produce hydrogen and reach up to 18% efficiency,1 but the
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costly large platinum electrodes and peripherals together with

the competitive price of hydrogen from conventional sources are

obstacles to widespread use.2 The cost of renewable hydrogen in

principle can be reduced by integrating light-harvesting and

water splitting materials in a single system. The idea for such a

water photoelectrolysis device is inspired by Fujishima and

Honda’s discovery of the water splitting properties of titanium

dioxide (TiO2) in 1972.3 Incident photons on semiconductor

materials such as TiO2 generate electron–hole pairs. The holes

abstract electrons from water molecules and protons are reduced

to hydrogen using the photogenerated electrons. Subsequent

investigations led to several strategies for solar hydrogen for-

mation using semiconductors (Fig. 1). Distinction can be made

between photocatalytic and photoelectrochemical (PEC) systems. In

the former, multiple suspended semiconductor nanoparticles

each act as a reaction centre. In a photoelectrochemical cell

(PEC cell) a semiconductor photoelectrode is submerged in

aqueous solution and electrically connected to a second elec-

trode. Initial efforts have been focused both on photocatalytic

and photoelectrochemical approaches. Efficiency has been

enhanced by using set-ups that are internally biased by a PV

junction that is shielded from the solution, the so-called buried

PV. In some cases, PV is connected with a photoelectrode to

achieve a hybrid system (PV-PEC). While these PV-integrated

systems achieved record efficiencies, the materials they are made

of are prohibitively expensive. Therefore, in the last decade

attention shifted to the realisation of devices based on earth-

abundant materials that are both efficient and cost-effective.

Compared to solar hydrogen production, photoelectro-

chemical CO2 reduction is an even bigger challenge. Artificial

photosynthesis of carbon-based fuel has advantages such as

the ease of storage, especially when the products are liquid

and have high volumetric energy density. One of the earliest

reports of photocatalytic CO2 reduction was by Somorjai and
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co-workers in 1978.4 Production of methane was observed

when illuminating strontium titanate semiconductor coated

with platinum catalyst with UV light in the presence of water

and CO2. The same year, Halmann reported formation of

formic acid, formaldehyde and methanol on a p-type gallium

phosphide photoelectrode.5 While PEC systems for solar

hydrogen developed rapidly, the development of systems to

produce carbon-based solar fuel progresses more slowly

(Fig. 1). Solar-To-Fuel (STF) efficiencies are yet to exceed

0.2%, which is the solar conversion efficiency of switchgrass,

a crop often quoted for biomass production.6 PV reached the

market a few decades ago and water splitting PEC cells for

solar hydrogen production may soon be ready for commercial

development. If solar CO2 reduction is to become a viable

renewable energy technology, researchers will have to join

efforts in an interdisciplinary pursuit of smart reactor and

electrode design.

In part A of this review critical aspects of PEC cells for CO2

reduction are discussed, with emphasis on monolithic and

membrane-based designs as these are the most promising.

Given the parallel with solar hydrogen production, common

challenges are discussed, and illustrated with remarkable
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Fig. 1 Evolution of record solar-to-fuel efficiencies of different approaches, reported in the absence of chemical or electrical bias and under (simulated)
solar illumination (for additional details, see ESI†).
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examples from recent literature. Based on the elaborated PEC cell

requirements, in part B some upcoming technologies to conceive,

build and characterise future electrode assemblies and PEC cells

are presented. This review is restricted to semiconductor-based

systems. The reader is referred to other reviews specifically deal-

ing with homogeneous catalytic,7,8 electrochemical,8,9 biological10

and thermochemical11 strategies.

A. State-of-the-art of photoelectro-
chemical cells for artificial photosynthesis
1. Working principle of a PEC cell

In literature, the term PEC cell is not always consistently used. In

this review, to avoid confusion, PEC cell refers to the complete

reactor containing the electrode assembly and having in- and

outlets for feed and reaction products, respectively. Electrode

assembly refers to the heart of the PEC cell, which is the solid

assembly of (photo)electrodes, co-catalysts, membrane and pos-

sibly PV. PEC cells rely on the operation of a light-sensitive

material that converts incident photons into electron–hole pairs,

which are consumed in oxidation–reduction reactions for pro-

duction of chemical fuel. Inorganic semiconductors are currently

the most promising light harvesting materials because many of

them possess high stability and excellent quantum efficiency.

Other photosensitive materials include dyes,7 quantum dots12

and noble metal nanoparticles,12 which may be used on their

own or as sensitizers for a semiconductor. Photogenerated holes

reaching the semiconductor surface can abstract electrons from

water molecules that are oxidised to form molecular oxygen and

protons. At pH 7 in aqueous solution the standard Nernst

potential (E0) vs. Normal Hydrogen Electrode (NHE) at 25 1C

and 1 atm gas pressure corresponds to:13

2H2O- O2 + 4e� + 4H+ E0 = +0.82 V (1)

The photogenerated electrons and the protons generated

according to eqn (1) can serve the reduction of CO2 to C1

molecules, such as carbon monoxide (CO), formic acid, form-

aldehyde, methanol and methane proceeding all through

multielectron, multiproton reactions with the following stan-

dard potentials (vs. NHE, at pH 7 in aqueous solution, 25 1C,

1 atm gas pressure, 1 M for solutes):8,13

CO2 + 2H+ + 2e�- CO + H2O E0 = �0.53 V (2)

CO2 + 2H+ + 2e�- HCOOH E0 = �0.61 V (3)

CO2 + 4H+ + 4e�- H2CO + H2O E0 = �0.48 V (4)

CO2 + 6H+ + 6e�- CH3OH + H2O E0 = �0.38 V (5)

CO2 + 8H+ + 8e�- CH4 + 2H2O E0 = �0.24 V (6)

CO2 + e�- CO2
�� E0 = �1.90 V (7)

2H+ + 2e�- H2 E0 = �0.41 V (8)

Even though CO2 reduction and water oxidation could in theory

be achieved at a potential difference of 1.06 V (eqn (1) and (6)),

in practice the required potential difference is much higher due

to overpotentials. The overpotential of an electrochemical

reaction is defined as the difference between the potential

needed to perform the reaction at a certain rate and the

thermodynamically required minimum potential. In CO2

reduction reactions, overpotentials are mainly caused by the

activation energy needed for electron transfer to the CO2

molecule, ohmic (electrical) losses and mass transport losses.7

Among the solar fuels, formic acid and CO (eqn (2) and (3)) are

most easily formed since these reactions involve only two

electrons. The possibility of a methanol based economy has

been explored and artificial photosynthesis of synthetic

methane is an attractive route for CO2 mitigation as well. The

reduction of CO2 to each of these candidate fuel molecules

involves transfer of two or more electrons, making these reac-

tions mechanistically complex and slow. Advanced catalysts are

needed to accelerate and selectivate the CO2 reduction reaction.

Direct reduction of CO2 (eqn (7)) is no option as it requires a

very negative potential of �1.90 V vs. NHE because no protons

are involved in stabilising the carbon dioxide anion radical.

Hydrogen formation occurs at a potential similar to C1 organics

formation (eqn (8)) but generally is an unwanted side reaction.

As a consequence, CO2 reduction catalysts are sought that have

high overpotential for hydrogen formation.

The majority of scientific investigations of CO2 reduction are

conducted using homogeneous catalysts dissolved in aqueous

phase7 and using semiconductor particles in vapour phase.14

To reduce recombination losses and back reaction a more

sophisticated setup is needed with spatial separation of water

oxidation and CO2 reduction reactions on separate electrode

surfaces. The most productive solar CO2 reduction system to

date is such a PEC cell with separated electrodes.6 While PEC

cell performance has significantly increased over the last

decade especially by improvements at the electrode level,

reactor design itself received relatively little attention.

A PEC cell typically hosts two electrodes on which the water

oxidation and CO2 reduction reactions take place. In the example

of Fig. 2, both electrodes are photoactive and the PEC cell is

divided into two compartments connected by a proton exchange

membrane. PEC cells are multifunctional devices and need to

control simultaneous transport of several species:

(1) Electrons (electronic transport)

(2) Protons (ionic transport)

(3) Molecules (molecular transport & barrier function)

(4) Photons (optical transparency)

Electronic transport. Achieving efficient electrical conduc-

tion between the anode and the cathode is essential. Electron

transport can be achieved either externally, i.e. through a wire,

or internally, by direct contact of the electrodes. When the

electrodes are externally connected, current-collecting back

contacts are needed. Ideally, materials with metallic conduc-

tivity such as carbon14 are used, but transparent conducting

oxides (TCO)15 or conducting polymers such as poly(ethylene

dioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS)16 are often

chosen for their transparency.

The condition of electronic connection between the semi-

conductor and the catalytic sites responsible for oxidation and
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reduction reactions imposes high demands on the quality and

continuity of the electrode materials. Materials that are active

in photocatalysis may be less suited for application in a PEC

cell, due to insufficient electrical conduction. Semiconductor

nanostructures have to be synthesised with great care for crystal

quality as defects and grain boundaries have a great influence

on their performance. These can lead to excessive charge

recombination13 but when carefully controlled, defects may

be used as a doping strategy and increase light absorption.9,17

The electronic connection between the semiconductor and the

catalytic centre is another critical aspect.7 In this respect, the

use of insulating support materials such as mesoporous silica

developed by Frei and co-workers9,12 is not obvious.

Ionic transport. In photocatalytic systems comprising two

kinds of suspended semiconductor nanoparticles, negative and

positive charges are transported by ions. Electrons are carried

by an ionic redox mediator or redox shuttle, such as the IO3
�/I�

redox couple, which carries electrons from one semiconductor

to the other one, without being consumed in the overall

process.18

In PEC cells negative charge is conveyed by electrons, and

charge balance is maintained by transport of protons from the

anode to the cathode (or of hydroxide ions from the cathode to

the anode, in alkaline PEC cells). Proton conduction is often

more critical than electron conduction, since high ionic con-

ductivity is more difficult to achieve. Ion conducting media

have two to four orders of magnitude lower conductivity than

the electron conducting components used in a PEC cell.19 Low

proton and electron conductivities cause ohmic potential losses

which result in lower overall efficiency.

Proton transport can occur either in the liquid or in the solid

state. In a liquid electrolyte, operation at low or high pH is an

obvious way to increase conductivity. When changing the

acidity of the medium, the pH-dependency of energy levels of

redox couples, semiconductors and catalytic centres needs to

be kept in mind. The operation of a PEC cell under near-neutral

pH conditions enables the use of acid- or base-sensitive materials.

A buffered neutral solution is least aggressive, but poses greater

challenges with respect to ion transport, because proton and

hydroxide concentrations are very low (around 10�7 M).20 Here,

concentration gradients due to depletion of the buffer at one

electrode and accumulation at the other electrode cause a concen-

tration overpotential.

Proton transport distance is an important aspect of PEC cell

design. This can be appreciated by comparing monolithic and

wired variants (Fig. 3). Nocera and co-workers built a mono-

lithic device for solar hydrogen production with 2.5% STF

efficiency.20 In this design, protons generated at the front side

have to move around the electrode assembly to reach the back

side. A wired PEC with facing electrodes reached a higher

efficiency of 4.7% due to shorter proton transport distance

and lower associated ohmic losses. Arai et al. built monolithic

and wired devices for CO2 reduction, and observed efficiencies

of 0.08% and 0.14%, respectively.6 While a difference in proton

transport distance may contribute, those authors ascribed the

efficiency difference to a slight chemical bias due to a pH

gradient in their wired PEC cell. In any case, these comparative

studies revealed that monolithic assemblies could profit sub-

stantially from shortened proton transport paths to the cathode

side. Such shortcuts could be achieved by implementing por-

osity in the electrode monolith.19,20 Measures will have to be

taken to avoid product cross-over through these openings, as

will be discussed later on in this review.

The use of a solid electrolyte has significant advantages over

liquids. Solid electrolytes can have high ionic conductivity. The

proton conductivity of Nafions, a widely used sulfonated tetra-

fluoroethylene based copolymer, can reach up to 10 S m�1,15

comparable to diluted H2SO4 solution.
17 Since no liquid bases

or acids are involved, solid electrolytes pose no environmental

hazard in the event of a leak. In a solid electrolyte, the only

ionic species being transported is the one consumed in the

second half-reaction, which is most often the proton. The

negative counter charges in the membrane are fixed, so they

Fig. 3 Schematic representation of proton and electron transport in
wired and monolithic electrode assemblies. A = anode; C = cathode.

Fig. 2 Conceptual drawing of a liquid-phase, two-compartment PEC cell
with photoanode, photocathode and proton exchange membrane. The
pathways of light, reagents, protons, electrons and reaction products are
indicated.
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do not generate concentration gradients and related over-

potentials are avoided. Although Nafions is regarded to be the

standard in solid electrolytes, PEC cell research could benefit

from new and improved materials (including anion conducting

materials) with even higher conductivities while maintaining

sufficient molecular barrier function.

Molecular transport and molecular barrier function. Mole-

cular transport has been addressed mainly with respect to CO2

availability at the catalytic sites. Since the solubility of CO2 in

water is very low (B30 mM at standard conditions), alternative

solvents such as acetonitrile and dimethylformamide have

been used, with up to eight times higher CO2 solubility com-

pared to water. Up to 1% water can be added to these solvents

as a proton source without altering CO2 solubility.
7 Pressurised

and cooled PEC cells provide increased CO2 partial pressures
7,9

and PEC cells working under supercritical conditions have been

considered. Supercritical CO2 is obtained at relatively mild

conditions (TC = 31 1C and PC = 7.4 MPa) and the supercritical

state provides a high CO2 concentration (B20 M at 22 MPa,

35 1C).21 Under these conditions, catalysts display a fivefold

activity increase attributed both to enhanced catalyst stability

and high reactant concentration.21 To maximize these benefi-

cial effects, the supercritical CO2 should be used in a biphasic

system with an additional liquid solvent containing the

catalyst. Voyame et al. suggested the produced CO is then

efficiently extracted from the liquid phase containing the

catalyst due to its high solubility in the supercritical phase22

(Fig. 4). Grills and Fujita proposed ionic liquids to be suitable

for the liquid phase, as these have high CO2 solubility and

remain a separate phase even at high CO2 pressure of up to tens

of MPa.21 In a PEC cell operated under gas or supercritical

phase conditions, sufficient CO2 is provided but water supply

may become limiting. Also, achieving proton conductivity is

less evident in the absence of liquid electrolyte. These issues

may be addressed by working in a two-compartment PEC cell

with a solid electrolyte separating the electrodes.23

Reaction product evacuation at either electrode can be proble-

matic.24Water oxidation at the anode produces molecular oxygen.

When the liquid flow is insufficient for diffusional-convectional

transport of oxygen, gas bubble formation will introduce over-

potentials. At the cathode, reaction products may have low

solubility in liquid solvents and CO formation may cause gas

bubble formation as well. Operation of the PEC cell in the vapour

phase instead of the liquid phase can be considered. In order to

prevent cathode flooding in vapour phase PEC cells, the device

could be heated above the boiling point of the organic reaction

products. A temperature of 100 1C will be sufficient for most of the

light organic molecules formed. A cooler/condenser unit after the

PEC cell enables recovery of the liquid product and recycling of

unconverted CO2. In the design of a heated PEC cell, the reduced

solid electrolyte conductivity at high temperatures may be a

critical issue.

In single compartment PEC cells oxidation and reduction

reactions occur in the same medium. The concurrent produc-

tion of oxygen gas at the anode and of reduced products at the

cathode dilutes the solar fuel outlet stream of the PEC cell. This

entails product workup steps, and may be dangerous since

flammable and even explosive mixtures (oxygen and fuel) can

be formed. In addition, back reaction of the reduced products

will be catalysed, which lowers product yield. For example, the

popular TiO2 semiconductor is a highly effective photocatalyst

for oxidation of organic molecules.6 In PEC cells with electro-

des submerged in electrolyte solution oxygen bubbles produced

from water oxidation simply rise to the surface, similar to the

operation of a Hoffman apparatus or Fujishima and Honda’s

first PEC cell.3 Since solubility of oxygen in water is very low

(B1.3 mM at standard conditions), cross-over to the cathode is

said to be negligible. For the gaseous reduction products CO

and H2, the same strategy can be applied to avoid back reaction.

Nonetheless, cross-over may result in a significant product loss

of several percent in these cases.15 Products such as formic acid

readily dissolve and may reach the oxidation sites through

diffusion in the liquid electrolyte.6 The introduction of a

molecular barrier function such as an ion exchange membrane

is a convenient way to achieve product separation by restricting

transport between anode and cathode compartments to ionic

intermediates. Many membranes such as Nafions are perme-

able to cations and impermeable to most molecular species.

Similar to direct methanol fuel cells, there is a trade-off

between enhancing molecular barrier function and decreasing

proton conduction.15 The use of other, porous separators (e.g.

glass frit) has been investigated and these may be a low cost

solution to limit convective reaction product cross-over.15

Transparency. Photoelectrochemical reactors require the

input of light. As a consequence, every material located in the

path between the light source and the semiconductor should be

maximally transparent. This severely restricts the materials

choice for a PEC cell. When both electrodes contain semicon-

ductors, the top electrode should be transparent for longer

wavelengths (lower energies) which can be absorbed by the

bottom electrode (Fig. 2), i.e. the top electrode should always

have the largest band gap. Alternatively, the photoelectrodes

can be positioned side by side, but this is likely to reduce

overall efficiency since the illuminated PEC cell surface area

needs to be larger. The PEC cell could also be engineered to be

Fig. 4 Representation of a biphasic reaction medium with a supercritical
CO2 phase and liquid water-organic phase for homogeneous CO2

reduction. Reproduced with permission from ref. 22. Copyright 2013,
American Chemical Society.
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illuminated from both sides by sunlight using mirrors,6

although this complicates the design. Nanostructuring has

proven to be an efficient strategy to reduce specular reflection

and increase internal scattering for an optimal absorption of

the incident light.12 Co-catalysts based on e.g. cobalt or copper

often added to photoelectrode surfaces cause parasitic light

absorption. Gas bubble formation should be avoided on the

illuminated electrode, because this causes light scattering and

reflection losses as well.

Finally, the PEC cell casing should be transparent or contain

a window to allow solar illumination. High-grade optical windows

can bemade of fused silica or quartz. Poly(methyl methacrylate) is

a low cost alternative with good light transmission. Window

materials and anti-reflective coatings that were developed for

PV panels can be used. For PEC cells, there is the additional

prerequisite that these materials should be chemically stable in

contact with electrolyte.

2. PEC photosystems

Solar fuel production is initiated by the absorption of a photon

in a semiconductor. The photon excites an electron from the

Valence Band (VB) to the Conduction Band (CB) and a hole is

left behind in the VB. The energy difference between VB and CB

is called the band gap. Absorption of a photon only occurs

when its energy is at least the band gap energy of the semi-

conductor. A small band gap material will absorb a larger part

of the solar spectrum. For solar fuel production the minimum

band gap is dictated by the potential energy levels of the half

reactions of water oxidation and CO2 reduction (Fig. 5). The CB

electrons and VB holes created in the semiconductor must be at

an appropriate potential for effecting these reactions.17,25 Dif-

ferent strategies can be followed to cope with this trade-off

between light absorption and reaction potentials.

Semiconductors can be used either for creating PV junctions

or as photoelectrodes. A photoelectrode is a light-driven elec-

trode that interacts with the electrolyte. Photoanodes and

photocathodes perform oxidation or reduction reactions, respec-

tively. Buried PV junctions that are formed by contact of two solid

state materials and are completely shielded from the electrolyte

are to be distinguished from photoelectrodes.

Single photosystem. Semiconductor materials can be used

either as a photoanode or as a photocathode in combination

with a metal counter electrode, mostly platinum (Fig. 6A).

Performing both water oxidation and CO2 reduction on a single

photoelectrode can only be achieved provided the band gap is

wide enough. For most materials, the usable photopotential

amounts to only 50–70% of the band gap energy. Accounting

for overpotentials, in practice band gap energies of B3 eV are

required for single photosystems.17 This corresponds to a

photon energy in the UV part of the solar spectrum. Since

sunlight contains little UV light, the use of such wide band gap

materials entails a maximum theoretical solar energy conver-

sion of only a few percent, which makes this approach less

attractive for practical application.

Tandem photosystem. In order to make better use of the

solar spectrum, two or more semiconductors that absorb in the

visible range of the spectrum are needed. In Fig. 6B, the energy

levels of an assembly with two photoelectrodes are illustrated.

In this tandem photosystem absorption of two photons is

needed to transfer one electron. Such combination of two band

gaps creates a wide electrochemical window. This system is

often referred to as the Z scheme and mimics solar energy

Fig. 6 Energy levels of (A) single photosystem, (B) tandem photosystem
with Z scheme, (C) PV-PEC photosystem with PV junction and photoelec-
trode and (D) buried PV photosystem without photoelectrodes. Green:
photoelectrode (PE); blue: PV junction; grey: metal cathode.

Fig. 5 Band gap energies of selected semiconductor materials and redox
potentials of water oxidation and CO2 reduction reactions.
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conversion in natural photosystems. The letter Z refers to the

two band gaps and electron shuttling from the CB edge of the

photoanode to the more positive VB edge of the photocathode.

Based on arguments of band bending near semiconductor

surfaces (vide infra), the better options for the photoanode

and -cathode in Z schemes are n- and p-type, respectively. An

adequate Z scheme generates VB holes with strong enough

oxidation potential to extract electrons from H2O molecules,

and CB electrons with a reduction power sufficient for electro-

chemical CO2 reduction.

Integrated PV photosystem. A photoelectrode may receive

additional bias from a PV junction. In such PV-PEC cells, one or

multiple junctions are integrated (Fig. 6C). Since PV materials

are sensitive to liquid electrolyte, the PV is shielded (‘buried’)

from the reaction environment by a back contact with co-catalysts.

The PV junction may even be the sole supplier of the bias. An

assembly without photoelectrode containing only a shielded PV

junction is referred to as buried PV (Fig. 6D). The PV cell may be

single or multiple junction, based on Si or other elements, and

dye-sensitized solar cells (DSSCs) have been used. Even though

the photosystem in such buried PV cells does not contain photo-

electrodes, the complete reactor is still referred to as a PEC cell,

since light-driven electrochemical reactions occur in it.

PEC cells with integrated PV often have been used for solar

fuel production. The highest STF efficiencies to date have been

achieved by such systems. A drawback of PV based photo-

systems is the high material cost. A back-of-the-envelope calcu-

lation shows that a PEC cell installation producing formic acid

with 2% STF efficiency and with a lifetime of 12 years should

cost no more than 100 h m�2 to be competitive with fossil fuel.

3. Semiconductor–co-catalyst nano-assemblies

Co-catalysts are added to the semiconductor surface to accelerate

and selectivate the half-reactions (eqn (1)–(8)). Co-catalysts in

most instances are electrocatalysts, but may be photoactive as

well. The semiconductor–co-catalyst combination has to fulfil

several functions: (1) light absorption; (2) charge separation and

charge carrier transport, and (3) electrocatalysis. Since few single

materials score well on every one of these properties, these

functions are often distributed over several materials in a multi-

material assembly.

Charge separation and transport. An absorbed photon

creates an electron–hole pair in the semiconductor. In order

to avoid recombination these charge carriers must be spatially

separated. The key figure to consider is the charge carrier

lifetime. Interfacial reactions are relatively slow and require

lifetimes in the range of milliseconds, while recombination in

metal oxides occurs on timescales of picoseconds to micro-

seconds.13 To improve these lifetimes, holes should be driven

towards the oxidation sites and electrons to the reduction sites.

This charge separation can be facilitated by creating an internal

electric field in the semiconductor material.17,25 In conven-

tional PV, the electric field is realised by solid state junctions

formed when two semiconductors are brought into contact

(Fig. 6C and D). In PEC cells, semiconductor photoelectrodes form

a semiconductor–electrolyte junction. In an n-type semiconductor,

the VB will be bent upwards near the interface, creating a space

charge region (Fig. 6A). Electron–hole pairs generated in this

space charge region or within hole diffusion distance of it will

be efficiently separated.

In many metal oxides with a small absorption coefficient, a

large penetration depth is needed to absorb enough incident

light. On the other hand, these materials often suffer from a

short hole diffusion length, so charge carriers would be gener-

ated too far from the space charge region. To overcome this

problem, nanosizing is beneficial and several nanoscale

morphologies have been reported.2,12 One-dimensional nano-

structures such as nanotubular electrodes orthogonalise photon

and hole paths: photons penetrate the nanotubes in the long-

itudinal direction, while holes generated in the nanotube wall

are at nanometre distance from the nanotube surface (Fig. 7). A

drawback of nanostructured systems is that they often lack band

bending.12 In nanostructured single semiconductors, due to the

small dimensions generally no internal electric field can be

generated. Charge separation is solely driven by the chemical

processes at the semiconductor surface. Water oxidation con-

sumes holes and so drives electrons to the cathode. In this case

charge separation is dependent on reaction kinetics.13 The

integration of a second semiconductor material generates a

heterojunction which drives the separation of electrons and

holes because of a difference in band edge energies.13 Interest-

ingly, an electric field in nanosized semiconductor can also be

induced by adsorption of a surface layer of charged anions. An

electrostatic field generated by a phosphate layer on TiO2

nanocrystals was shown to drive away electrons from the surface

and enhance charge carrier lifetime.12

When electron transport is problematic, the material may be

doped with electron donors. Besides increasing the electron

density of the CB, these also reduce the width of the space

charge region.17 Grätzel and co-workers developed host–guest

structures in which a material with high electron conductivity

serves as a high surface area substrate for an ultrathin layer of

photoactive material.17 This approach improves both electron

and hole transport. WO3 semiconductor scaffolds can be used

Fig. 7 Representation of light absorption and charge transport in nano-
tubular electrode assemblies. The nanotubes can contain a (semi)conductor
core for enhanced electron conduction or light absorption, or can be
hollow for increased surface area.
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and carbon structures are also efficient in extracting electrons

from the photoactive material.14 A final and obvious strategy to

reduce recombination involves the use of a catalyst that accel-

erates reaction kinetics and allows shorter charge carrier

lifetimes.

Electrocatalysis. Water oxidation is the most demanding

half reaction in hydrogen producing PEC cells. In carbon fuel

producing PEC cells, achieving efficient CO2 reduction is the

most challenging task. Even when illuminated photosystems

provide electrons with sufficient thermodynamic driving force

for performing the reduction reactions, an inefficient electro-

catalyst for these reactions causes unacceptable reaction over-

potentials. CO2 is the oxidation product of combustion reactions

and is a very stable molecule.21 The kinetic barriers for CO2

activation can be relaxed by finding a catalyst that can break the

linear symmetry of the CO2molecule and by favouring C–H bond

formation.7 The latter is known as proton-coupled electron

transfer. Thus, to improve reaction kinetics, compounds that

catalyse the more favourable multi-electron, multiproton reac-

tions are needed.

The performance of a co-catalyst is commonly expressed

using the following parameters:7

Catalyst selectivity (CS). This figure is commonly used to

quantify the formation of side products.

CS ¼
moles of carbon atoms in intended reaction products

moles of carbon atoms in all reaction products formed

(9)

Turnover number (TON). The TON is often reported together

with the reaction time. When the TON is reported over the

whole lifetime of a catalyst, it is a measure of catalyst stability.

TON ¼
moles of intended reaction product formed

moles of catalytic sites
(10)

Turnover frequency (TOF). TOF is a measure of catalytic

activity. One must be careful when comparing TOFs, as most

catalysts have low stability and initial TOFs can be higher.

TOF ¼
TON

reaction time
(11)

Faradaic efficiency (FE). FE is useful to describe electro-

chemical selectivity and it is an elegant way to verify the

occurrence of side reactions or product cross-over.

FE ¼
moles of electrons consumed in reaction product formation

total moles of electrons transferred from anode to cathode

(12)

CO2 reduction catalysts can roughly be divided into three

groups: (i) all-inorganic metal catalysts, (ii) organic molecules,

(iii) metal–organic complexes. Enzymatic conversions,

although inspiring, will not be discussed here.2,8

Metal co-catalysts are usually loaded on a semiconductor

surface as nanoparticles. They are able to form reaction pro-

ducts beyond two-electron reduction, yielding sometimes even

longer alkanes (C2–C9) especially in vapour phase reactions.23,26

The main drawback of metal catalysts is their poor selectivity.

A single reaction product is seldom obtained.23 Many metals

are also prone to deactivation by poisoning.7,26 Copper, being

used for industrial-scale production of methanol from syngas,

is an all-time favourite for CO2 reduction studies.26 Besides

copper, noble metals (Au, Ag, Pd, Rh, Ru) are effective catalysts,

and also Fe, Pb and Ni have been used.7,23 Pt is less suitable for

CO2 reduction, as it favours H2 formation.14

All-organic catalysts are metal-free and eliminate the need of

expensive transition metals. A breakthrough was achieved

recently by Bocarsly and co-workers who reported homo-

geneous CO2 reduction using pyridinium compounds.27 Pyri-

dine was found to catalyse the 6-electron reduction of CO2 to

methanol, with formic acid and formaldehyde as intermediate

products. This is remarkable, since pyridine can only transfer

one electron at a time. Similar results had been obtained before

using tetraalkylammonium salts and aromatic nitriles and

esters.27 Organic catalysts generally have high product selectivity

and most of them can be operated at low overpotentials.

Metal–organic catalysts are versatile materials since both the

metal centre and the organic ligands can be tuned, which

results in high selectivities.7 These complexes can adopt multiple

redox states and can, in principle, perform multi-electron-transfer

reactions. However, in almost all cases CO or formic acid is

formed and products beyond 2-electron reductions are not

found.21 Distinction can be made between macrocyclic com-

plexes, phosphine complexes and polypyridyl complexes. Macro-

cyclic complexes can be divided into tetraazamacrocycles, the

most popular being Ni(cyclam), and metallomacrocyles, such as

porphyrin-like materials. They mostly include Ni, Co or Fe cen-

tres.8 Pd is typically used as the metal centre in phosphine

compounds.8 The most studied polypyridyl complex is

Re(bpy)(CO)3X (bpy = 2,20-bipyridine and X = Cl or Br). Most of

these are based on Re, Ru or Os.7 In general, complexes with

bipyridine ligands have better product selectivity and require

lower overpotentials. Currently their applicability is limited by

low stability and low TOF. These issues have been partially

addressed by changing the reaction medium (see Section A.1).

Improved performance can also be expected through engineering

of the ligands, but a deeper mechanistic understanding will be

required for such directed optimization.8

For application in PEC cells, the linkage between the

co-catalyst and the semiconductor surface is crucial. Catalyst

anchoring can be achieved by direct covalent bonding or as a

polymeric film.6,7 Besides improved electronic transport, immo-

bilisation of catalysts leads to enhanced stability and allows the

use of materials that are insoluble in the electrolyte phase.7

Covalent attachment is achieved by using ligands with reactive

groups, such as carboxylic acid or phosphonic acid (Fig. 8). The

nature of these linkers determines the quality of the electronic

connection. This aspect has been investigated by Ishitani and

co-workers for supramolecular homogeneous complexes.28

For the water oxidation half-reaction commonly noble

metal-based oxides such as RuO2 or IrOx were used with good

performance.25 Unfortunately, the high cost of these materials

may impede their practical application. Through better under-

standing of water oxidation reaction mechanisms and the

Chem Soc Rev Tutorial Review

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

4
 F

eb
ru

ar
y
 2

0
1
4
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
3
/2

0
2
2
 1

2
:3

8
:4

3
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C3CS60424A


7972 | Chem. Soc. Rev., 2014, 43, 7963--7981 This journal is©The Royal Society of Chemistry 2014

functioning of related natural enzymes, catalysts have been

developed based on Mn and Co which work at low overpoten-

tials and are less costly.2,12

Stability of semiconductor–co-catalyst assemblies. The solar-

to-fuel reaction chain comprises light absorption, charge separa-

tion and electrocatalytic processes. Ultimately, the applicability

of an assembly will be dependent on its stability. PEC cells are

operated under oxidative conditions at the anode and reductive

conditions at the cathode, and subjected to constant illumina-

tion. Often, corrosive liquid electrolytes will be used. Operation

in the gas phase or at neutral pH in the liquid phase is expected

to be less aggressive. Photocorrosion occurs when energetic

electrons reduce or when holes oxidise the semiconductor

material instead of the reagent, because of unfavourable band

edge positions and overpotentials.25 In general, small band gap

materials have less stable bonds and are more susceptible to

photocorrosion. Silicon, sulphide and phosphide photoanodes

are prone to photo-oxidation, while oxide photocathodes may

suffer from photoreduction. Photocorrosion has been prevented

by applying protective coatings or co-catalyst layers for rapid

charge carrier extraction.12 Co-catalyst stability can be a problem

too. During multi-electron reaction cycles, the ligand environ-

ment of catalyst complexes is significantly altered. This is often

associated with ligand exchanges, which makes the catalyst

susceptible to inactivation. For molecular catalysts, this is espe-

cially true when operating in solvents that tend to coordinate the

metal centre of the catalytic complex.21 Some water oxidation

catalysts such as cobalt phosphate and related compounds deal

with these issues in a unique way: they self-assemble and are

thus self-healing in the presence of appropriate electrolytes.20

4. Monolithic assembly concepts

The preceding sections have made clear that there is an

inextricable link between the development of photosystems

and the design of a PEC cell in which the electrode assemblies

are operated. Bearing the multitude of requirements in mind,

promising concepts from literature are discussed in this

section (Fig. 9).

Artificial leaf. The artificial leaf targets a wireless, mono-

lithic assembly for practical generation of solar fuels, similar to

the leaf of an energy crop. The appealing idea has been around

Fig. 9 Monolithic electrode assemblies and their advantages.

Fig. 8 Representation of CO2 reduction using a polypyridyl catalyst
anchored to a semiconductor surface. In this scheme, both carboxylic
and phosphonic acid linking groups are shown.
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for some years and received renewed interest since Nocera and

co-workers demonstrated an artificial leaf based on low-cost

silicon PV interfaced with self-healing catalysts based on earth-

abundant elements.20 Their device could be operated in a neutral

pH electrolyte. One of the first examples of such a stand-alone,

monolithic assembly was given by Rocheleau et al. in 1998. They

produced hydrogen at 7.8% STF efficiency using a buried triple

junction silicon PV, interfaced with co-catalysts.29 Morikawa and

co-workers demonstrated an artificial leaf that reduces CO2.
6

Today, the term artificial leaf is used for monolithic assemblies

carrying a wireless current, mostly operated under mild condi-

tions and containing self-assembling co-catalysts.

The artificial leaf benefits from reduced cost and easy

operation. Hydrogen production has been demonstrated by

simply depositing an artificial leaf in any recipient filled with

water. Even polluted water and sea water have been claimed

suitable. Unfortunately, the requirement of a liquid phase

reduces CO2 availability. Gaseous products could be kept

separated by collecting them on both sides of the planar

monolith assembly. Such a separation strategy is successful

when employing metre-scale panels.1 However, ionic transport

over such macroscopic distances imposes tremendous ohmic

losses, as discussed in Section A.1. The trade-off between

product separation and proton transport distance restricts the

size of an artificial leaf. A computational model has shown that

electrode widths of 30 mm already lead to several hundreds of

mV overpotential.15

Membrane-embedded artificial leaf array. The anode to

cathode proton transport distance can be shortened using a

proton exchange membrane. Such membrane allows protons to

cross but acts as a molecular barrier for reagents and reaction

products. Furthermore, by compartmentalisation one or both

electrodes could be operated in the gas phase. One could

imagine the use of flue gas or concentrated atmospheric CO2

as the input stream for the cathode side of membrane-

embedded artificial leaves. The concept of arrays of

membrane-embedded leaves was considered for modelling

purposes.15 Haussener et al. calculated that the size of these

individual small leaves should not exceed B10 mm to avoid

excessive overpotentials.15 Still, at this scale non-negligible

transport losses are calculated even using 1 M H2SO4 electro-

lyte.15 To enhance performance, the size of individual leaves

could be scaled down to the micrometre or even nanometre

scale. Proton transport distances around nanoleaves will be

short and a strong acid electrolyte will no longer be needed.

A disadvantage of membrane-embedded leaves is that the

membrane part of the assembly is not photoactive. Haussener

et al. considered 10% surface area loss for the membrane

function.15

Solar membrane. When photoactive components become

extremely small and an integral part of the interface, one could

speak of a solar membrane. This concept mimics the thylakoid

membranes performing photosynthesis in natural leaves. The

solar membrane concept could be elaborated along two lines of

research: membrane-embedded silicon microwires and fuel

cell-like PEC cells comprising porous gas diffusion electrodes,

coated with a photocatalyst. The Lewis group at Caltech is

exploring a multifunctional interface comprising silicon micro-

wires that are decorated with a co-catalyst.16 The polymer serves

a multitude of functions. It serves as a structural support for

the silicon microwires, allows ion transport while avoiding

product mixing, provides electronic contact between the anode

and the cathode and is transparent for long wavelength

photons. These demands were met by embedding silicon

microwires in a Nafions proton exchange polymer. Two such

electrodes were connected by a thin PEDOT-PSS layer. This

layer serves as an electrical interconnect while still providing

sufficient proton conductivity. The membrane-embedded

microwires illustrate that the combination of different materials

at appropriate dimensions is a successful strategy for obtaining

an assembly that fulfils multiple functions. Unfortunately, a

complete, working PEC cell built according to this principle

has not yet been demonstrated.

A second approach builds upon the experience with fuel

cells and imposes less stringent requirements on the interface

and the photoelectrode. In these PEC fuel cells, a membrane–

electrode assembly is prepared in a way similar to a fuel cell

assembly.23,24,30 In a typical assembly, carbon-based gas diffu-

sion electrodes are coated with semiconductor nanoparticles

or, alternatively, a titanium metal sheet is anodized to obtain a

porous TiO2 film. A counter electrode is operated in the dark

and typically consists of metal nanoparticles deposited on a

carbon substrate. These components are hot-pressed to obtain

a monolithic membrane–electrode assembly and inserted in a

two-compartment reactor. In 1996, Ichikawa and Doi produced

methane in a PEC fuel cell using TiO2 thin film as the photo-

anode and a ZnO/Cu co-catalyst as the cathode.30 Centi and

co-workers reported formation of long-chain alkanes by operat-

ing the cathode compartment in the gas phase.23 They employed

Fe co-catalyst on carbon nanotube supports in combination with

a TiO2 nanotube photoanode fabricated by anodisation. In these

PEC fuel cells only one side is illuminated, which allows non-

transparent electrode materials to be used. Electrical connection

is achieved by an external wire, so common proton exchange

membranes may serve for the interface. However, reported

efficiencies are still quite low. Product evacuation and proton

transport are suboptimal in the current embodiment.24 Current

PEC fuel cells contain a single photosystem. Performance is

expected to improve by integration of multiple small band gap

semiconductors, which will drive charge separation and enhance

visible light absorption.

In contrast to the artificial leaf, in a solar membrane, the

efficiency will not decrease when the PEC cell surface area is

increased. The porous electrodes allow short proton conduc-

tion pathways, which is important for operation at mild pH, or

in vapour phase. The solar membrane concept offers assem-

blies with good light harvesting capabilities and the possibility

to fine tune each side individually. At the same time, the

membrane is a weakness of these devices. Besides the high

cost, a proton exchange membrane is sensitive to poisoning by

alkali and alkaline earth cations present in most water sources.

When operated using water in the vapour phase, this problem
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is largely avoided. Care must be taken to avoid dehydration of

the membrane, however, because proton conductivity is criti-

cally dependent on hydration. Clearly, there is a strong need for

research on these multifunctional interfaces.

Even though promising concepts have already been demon-

strated, none of the current PEC cells fulfil all four require-

ments for practical application: (i) high STF efficiency, (ii) low

cost, (iii) high durability and (iv) suitability for scale-up. While

research focus in the past was mostly on the first three condi-

tions, suitability for scale-up should also be considered early on

in the design of assemblies and PEC cells. This implies that on

an industrial scale, the synthesis techniques should be acces-

sible at a reasonable cost and the reaction products should be

safely collected. The cost of industrial-scale solar fuel plants

has already been addressed by Pinaud et al.1 Through a cost

analysis, it has been suggested that integrated PEC devices

could possibly produce hydrogen at a lower cost than a PV-

coupled electrolyzer system.1 Finally, since the purpose of solar

fuel research is to provide a sustainable alternative to fossil

fuels, the environmental impact of PEC cell production and

operation is an essential factor when evaluating different

approaches. This was studied by Zhai et al. using life cycle

assessment.31

B. Emerging tools for artificial
photosynthesis
1. PEC cell component synthesis techniques

PEC cells are built for optimal transport of light, molecules,

protons and electrons. As such, composite multimaterials have

to be brought together in a compatible assembly with careful

attention for all functions. The synthesis method determines to

a large extent the quality and performance of an electrode

assembly. Such a multifunctional system puts strong demands

on the precision of the technique, yet the targeted broad

application of solar fuel production prescribes low-cost manu-

facturing. The ideal technique allows for large-scale production

yet nanoscale control over the final assembly. Instead of

attempting an exhaustive overview of electrode synthesis tech-

niques, here a selection of techniques is discussed that meets

these requirements.

Silicon engineering. Almost all of the high-efficiency set-ups

(Fig. 1) involve PV junctions to provide the thermodynamic

driving force, so it seems likely that any successful solar fuel

device will adopt the same strategy to benefit from the advance-

ments made in the field of PV. PV is based on internal junctions

and avoids the stringent requirements associated with direct

semiconductor–liquid junctions,29 so it effectively decouples

photovoltaic and electrochemical functions in a PEC cell. The

most realistic PV material is silicon because of its relatively low

cost. Silicon is the second most abundant element in the

Earth’s crust and its use in PV led to commercial success. It

has already attracted appreciable attention in PEC cell research,

both in buried PV devices and in hybrid PV-PEC cells. Since

water oxidation and CO2 reduction require a large potential

difference and silicon is a small band gap material, multiple

junctions are necessary. Each sub-cell should absorb a specific

part of the solar spectrum, and the characteristics (short circuit

current, open circuit voltage) should be optimized to coincide

with the J–V characteristics of the co-catalysts. The cross-section

of both curves yields the operating point of the PEC cell

(Fig. 10). A catalyst with low overpotential allows the use of a

PV stack that delivers a potential near the thermodynamic

potential for the reactions of interest. Such closely matched

PV minimizes potential energy losses but is very sensitive to an

increase in overpotential.32

Since dense silicon wafers impede proton transport in a PEC

cell, silicon microwires are under investigation that allow

through-plane transport16 (Fig. 7). Such microwires also increase

surface area and provide short charge carrier paths, similar to

nanotubular structures. As a consequence, less pure and less

costly silicon can be used.12 Microstructured silicon photoelec-

trodes can be put in contact with the electrolyte to generate a

semiconductor–liquid junction. To further increase charge car-

rier separation, an internal radial junction can be introduced.16

A great benefit of silicon microwires, when embedded in a

polymer membrane, is the flexibility. The introduction of micro-

wires on both sides potentially affords a flexible electrode

assembly with high efficiency. Silicon microwires have been

tested as a photocathode but are less suitable as a photoanode.

Metal oxides of similar morphology could take up this role.

Alternatively, silicon photoanodes can be fabricated that are

stabilised by a protective charge tunnelling layer.

The inverse morphology of silicon wires, i.e. porous silicon

(porSi) was developed in the early ’90s.33 PorSi can be obtained

by electrochemical etching of silicon in HF,33 or by a simple

electroless etching procedure in HF–H2O2 solution, catalysed

by metal particles.34 Combined with nanopatterning of surfaces

by means of nanosphere self-assembly, the latter offers new

possibilities to create ordered pores with controllable size.34

Fig. 10 J–V curves of a triple junction Si PV (solid black line) idealized PV
(dashed black line), and different water oxidation catalysts (colored lines).
The intersections indicate the working point of the assemblies. Catalysts
with lower activity (light blue curve) are more strongly affected by the
potential difference that can be generated by the PV (compare empty and
filled light blue circles). Reproduced with permission from ref. 32. Copy-
right 2012, National Academy of Sciences.
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PorSi is a highly tunable material. Pore morphology ranges

from unidirectional pores to dendritic structures or even nano-

pillars at very high porosities. The material is applied in PV

cells as an antireflection coating, and devices using porSi as the

sole light absorber have been reported.35 The application of

porSi membranes in fuel cells is of particular interest for PEC

cells. A silicon-based inorganic–organic membrane was fabri-

cated with higher proton conductivity than Nafions, no volu-

metric size change, and when used in a fuel cell at low

humidity, it produces a power density that is an order of

magnitude higher than other systems.36 These advantages were

obtained by creating pores with diameters of 5–7 nm, adding a

self-assembled molecular monolayer on the pore surface, and

capping the pores with a layer of porous silica. The limited

sensitivity to low humidity is an interesting feature for PEC cells

operating in the vapour phase and at ambient temperature. If

porSi would be used in a PEC cell, the functions of photo-

electrode and membrane would be combined in a single

material, seriously reducing PEC cell cost. The band gap of

porSi is widened compared with dense Si, and dependent on

porosity.33 This allows tuning of the band gap for optimal solar

absorption and band edge positions for the requested reac-

tions. If a porosity gradient is applied to the structure, it is

speculated that the resulting internal electric field could

enhance charge separation. After etching, electronic conductiv-

ity of porSi is decreased, caused by the discontinuous morphol-

ogy. Free charge carrier populations can be influenced however,

by interaction with adsorbed species on the large internal

surface area of porSi (up to 600 m2 cm�3). The adsorption of

NO2 or NH3 can turn porSi into a p-type or n-type semiconduc-

tor, respectively.37 Overall, porSi is a small band gap, high

surface area material that reduces PEC cell cost by using less Si

of lower purity and by replacing the membrane component.

Although it has not been investigated in PEC cells until now,

recent developments encourage the introduction of this versa-

tile material.

Layer-by-layer deposition. It is now a little over 20 years since

Layer-by-Layer (LbL) assembly was introduced as yet another

method to functionalize surfaces and to fabricate thin films.38

It is based on the consecutive adsorption of two or more

interacting components (polyelectrolytes, proteins, DNA, bio-

logical, inorganic or organic nanoparticles) from solution

which results in a multilayer structure (Fig. 11). Most LbL films

are assembled using electrostatic interactions between oppo-

sitely charged materials, but many other interactions have been

exploited as well. The deposition process is dependent on

control parameters such as solution pH, ionic strength, deposi-

tion time, nature of the adsorbing species and others. In each

adsorption step a monolayer is deposited, allowing for nano-

scale control over layer properties such as film thickness and

composition.

Fig. 11 shows the deposition of LbL films by dipping, but

methods such as spray-assisted39 or spin-assisted LbL assembly

or inkjet printing40 have been successfully employed as well

and scaled-up roll-to-roll processes are already used in indus-

trial production enabling the coating of millions of m2 per year.

Consequently LbL assembly has spread into a large number of

different areas of applications (PV, optoelectronic devices,

energy storage, coatings, microreactors, flexible electronics,

tissue engineering, biosensors, (bio)catalysis,. . .) over the last

years and led to substantial or even groundbreaking advances

in many cases.

LbL has not yet been applied in PEC cell research but was

found useful in related fields, including photocatalysis, fuel

cells and PV.38 The composite nature of PEC cells makes LbL

assembly an excellent method for the fabrication of cells. We

believe that multi-component LbL films could find their merits

in PEC cells with respect to electrode construction, band gap

engineering, dye sensitisation and light harvesting, barrier

properties, electrical and proton conduction, corrosion preven-

tion, pore design or catalyst layers. LbL films have already been

used in the past as examples for all of these functions so the

door to finding the right components and film deposition

conditions for matching PEC cell requirements is, in our

opinion, wide open.

Atomic layer deposition. Atomic Layer Deposition (ALD) is a

sequential process of self-limiting surface reactions that result

in the formation of ultrathin films on an atomic level. Each

cycle begins with a pulse of precursor in a reaction chamber

with chemisorption of the precursor to a functional substrate

until saturation of the surface (Fig. 12). Excess precursor is

removed after the chemisorption step and a pulse of hydrolys-

ing or oxidising agent is then introduced. Chemical reaction

with an adsorbed precursor ensures the formation of a func-

tional monolayer and, after evacuation of the gases, the cycle is

repeated. ALD differs from chemical vapour deposition, in

which the reactants are introduced simultaneously and layer

Fig. 11 Top: simplified molecular conception of the first two adsorption
steps in LbL deposition. The polyion conformation and layer interpenetra-
tion are an idealization of the surface charge reversal with each adsorption
step which is the base of the electrostatically driven multilayer build-up
depicted here. Counterions are omitted for clarity. Middle: schematic of
the film deposition process using glass slides and beakers. Steps 1 and 3
represent the adsorption of a polyanion and polycation respectively, and
steps 2 and 4 are washing steps. The four steps are the basic build-up
sequence for the simplest film architecture (A/B)n where n is the number of
deposition cycles. Bottom: general form of the chemical equation for
polyelectrolyte complexation.
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growth rate depends on the gas flow. By changing the number

of ALD cycles the thickness of the film is precisely controlled at

the subnanometre scale. By performing the deposition in gas

phase a conformal coating can be deposited even on complex

3D nanostructures, such as nanopores, -wires or -tubes.41

A wide choice of materials is accessible with ALD, many of

which bear promise as a photoanode or photocathode in a PEC

cell, especially when deposited on a nanostructured substrate

such as carbon or silicon nanomaterials. Even composite thin

films can be synthesised by the sequential deposition of

different precursors, in order to increase charge separation

and light absorption. Such nanoscale heterojunctions show

great potential if the composite layer size can be precisely

tuned.12,13 ALD can be combined with in situ doping to manip-

ulate band gap energetics and enhance conductivity. Co-catalysts

such as transition metals, metal oxides and even alloys can be

deposited with tuneable sizes. All these possibilities make this

technique ideally suited for PEC cell development. As discussed

in Section A.3 some photoelectrodes are prone to corrosion. ALD

may offer a way to protect the electrodes by applying a protective

thin film. This protective layer shields the material from the

electrolyte and passivates surface states. ALD has been success-

fully used by Grätzel and co-workers for protecting an unstable

p-Cu2O photocathode with several nanolaminate ZnO/Al2O3/

TiO2 layers.12 This approach is also applicable to co-catalysts

and could in general increase the PEC cell performance and

lifetime.42

So far ALD has been used mainly in microelectronics for the

deposition of highly insulating layers of only a few nm onto

small surfaces. As the scale of ALD is only limited by the size of

the reaction chamber, large scale production of photoelectrodes

for PEC cells seems feasible. When producing multimaterial

films with layers of several hundredths of nm on larger sub-

strates, the slow film growth (typically 0.1 nm s�1) could be

impractical. To overcome this limitation alternatives such as

spatial ALD have been investigated.43 Spatial ALD (Fig. 13) can

even be applied in roll-to-roll printing. The sequential and self-

limiting nature of ALD is perfectly compatible with LbL. One

could imagine a roll-to-roll printing process in which LbL

deposition steps are alternated with ALD treatments.

2. Elaboration of future PEC cell designs

The ALD, LbL and porSi material tools could be used to create a

next generation of monolithic assemblies. In this section we

describe two innovative approaches to illustrate where future

research could lead.

Inorganic semiconductor solar membrane. As described in

the previous section, porSi could serve as the interface in a solar

membrane assembly. In the proposed design shown in Fig. 14,

pore walls are coated by ALD with a wide band gap semi-

conductor which acts as a photoanode. The photoanode pro-

vides protection against photo-oxidation of the silicon semi-

conductor and is part of the tandem photosystem. If needed,

the photoanode itself can be protected from photocorrosion by

applying a passivation layer using ALD. By adopting asym-

metric pores, incident light will first encounter the wide band

Fig. 13 Schematic example of spatial ALD with separation of different
precursor reactions by an inert gas curtain. Horizontal movement of the
substrate leads to the sequential deposition of monolayers. Reproduced
with permission from ref. 43. Copyright 2012, American Vacuum Society.

Fig. 14 Solar membrane based on porSi. The pores are decorated with
photoanode material and filled with proton conducting material.

Fig. 12 The ALD process exemplified by TiCl4 chemisorption on a hydro-
xylated surface followed by hydrolysis.
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gap photoanode which absorbs short wavelengths of the solar

spectrum. The photoanode is transparent for red light that is

absorbed by the porSi. Secondly, the changing pore diameter

induces a larger porSi band gap near the illuminated side that

becomes smaller near the dark side of the assembly. This

gradient maximizes light absorption and drives photogener-

ated electrons to the dark side. There, carbon nanotube sup-

ported CO2 reduction catalysts are operated in the gas phase.

Inside the porSi, proton conducting material is required that is

permeable to gases to allow evacuation of the produced oxygen.

At the dark side of the assembly, the pores are capped with

gas-impermeable proton exchange material, in order to avoid

product cross-over.

Organic semiconductor solar membrane. The knowledge

gained from organic PV can be implemented in PEC cell

research. By employing polymeric components based on e.g.

PEDOT:PSS or P3HT:PCBM (poly(3-hexylthiophene): [6,6]-

phenyl-C61 butyric acid methyl ester), a mechanically flexible

assembly is obtained. This could be important for portable PEC

cells or to access a broader range of reactor designs. In Fig. 15,

concentric assemblies are arranged in a multitubular set-up

that could be submerged in aqueous solution. By feeding CO2

through the hollow tubes, the product is formed in a separate

compartment and the CO2 stream is easily recycled.

A layered polymeric structure is ideally assembled via

the LbL technique. LbL allows tuning the thickness of e.g. the

proton conducting membrane for optimal gas separation yet

minimal proton transport resistance. The anode and cathode

thicknesses are chosen according to their light absorption and

charge transport properties. An electrically conducting polymer

could be the ideal backbone to immobilise CO2 reduction

catalysts. By using a monomer with different functional groups,

it is possible to precisely immobilise two or more catalytic

complexes relative to each other (Fig. 16). Instead of a single

catalytic centre, catalytic pockets can then be created in an

‘artificial enzyme’. It has been shown that such simultaneous

interaction with multiple catalytic species can be an effective

strategy to activate the CO2 molecule.28

3. PEC characterisation methods

With PEC development still in its infancy, there is a lack of

in situ characterisation methods. Conventional techniques

often focus on individual cell components and consider only

one of the half-reactions. For a deeper understanding, PEC cells

should be monitored in real-time so both steady-state and

transient effects can be investigated.

Electrochemical techniques. Monitoring electrical photo-

currents and potentials in a wired PEC cell is straightforward.

Typically, photoelectrodes are characterised by linear sweep

and cyclic voltammetries in the dark or under illumination, in

the presence of CO2 or under an inert atmosphere. From these

data, information is obtained about e.g. charge recombination,

reaction overpotential and catalytic rate constants.8,17 These

measurements are performed in a three-electrode cell contain-

ing a reference electrode, to avoid interference of events occur-

ring at the counter electrode.17 While this requirement is

obvious for material scientists, it is not at all evident in PEC

cell research. In conventional measurements, the overpotential

of the working electrode is of interest. This overpotential may

include contributions from e.g. reaction kinetics or diffusion

limitations. The reference electrode serves as a reliable

potential indicator which does not carry current, in order to

avoid contributions from counter electrode overpotentials or

ohmic losses through the electrolyte. When one is studying a

complete cell, the use of a reference electrode interferes with

the operation of the system. In these measurements, anode and

cathode overpotentials and ohmic losses are in fact all of

interest to the researcher. This means (photo)electrochemical

measurements on a PEC cell should be carried out in a two-

electrode set-up, i.e. without reference electrode. Obviously the

influence of multiple components will complicate interpreta-

tion of the data. While electrochemical measurements on

photoelectrodes in three-electrode measurements are common,

two-electrode PEC cell voltammetry has not yet been investigated.

Such investigations have been carried out by some of the

present authors for (two-electrode) PEC cell chronoampero-

metry (Fig. 17).24 In PEC cell chronoamperometry, the current

Fig. 16 Representation of an ‘artificial enzyme’ active site, obtained by
selective immobilisation of Ru- and Re-polypyridyl complexes on specific
functional groups.

Fig. 15 Concentric multitubular assembly obtained by layered deposition
of organic polymers.
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is recorded as a function of time at a certain potential. Most

measurements are performed at short circuit (0 V), but a bias

may be applied. By shutting the illumination on and off, both

transient effects and steady-state photocurrents can be investi-

gated. The contributions of PEC cell components can be

deconvoluted from the photocurrent profiles by modulating

the reaction conditions or light source and comparing the

response. For example, the addition of hydrogen peroxide as

a hole scavenger will facilitate the anodic reaction and rule out

any problems associated with the oxidation half-reaction. By

introducing acid, the influence of proton transport on perfor-

mance is largely eliminated. Importantly, overall PEC cell

efficiencies are only realistic when obtained in a two-electrode

set-up at short circuit, to avoid extracting additional power

from the instrument. Chemical bias in two-compartment PEC

cells can be avoided by keeping the pH of both sides identical.

When using monochromatic light, the photon flux is known

and the incident-photon-to-current-efficiency (IPCE or external

quantum efficiency (EQE)) can be estimated:44

IPCE ¼
electron flux mol s�1

� �

incident photon flux mol s�1½ �
(13)

The STF efficiency is obtained when using simulated solar

light (typically Air Mass 1.5) at 1 sun intensity (100 mW cm�2),

or under concentrated solar illumination.44 In addition, claims

on STF efficiency should be based on quantification of for-

mation rates of solar fuel and molecular oxygen. Provided the

Faradaic Efficiency (FE) is known, STF efficiency can be calcu-

lated from the photocurrent:

STF ¼
E

0
H2O=O2

V½ � � E
0
prod V½ �

� �

� I mA cm�2
� �

� FE

P mA cm�2½ �
(14)

of organic polymers.

Virtually any electrochemical characterisation method could

be applicable to PEC cells and Electrochemical Impedance

Spectroscopy (EIS) is especially useful. EIS has multiple uses

for in situ PEC cell research. It makes use of a small modulated

voltage perturbation at different frequencies. The response of

the PEC cell can be modelled as an equivalent circuit contain-

ing resistive (e.g. charge transport) and capacitive (e.g. semi-

conductor space charge layer) elements with different time

constants. From the constructed model, information can be

gathered about various processes including charge trapping,

surface recombination and reaction kinetics.17 Besides the

properties of only one photoelectrode, overall PEC cell char-

acteristics can be obtained in a two-electrode measurement.

Information could be gathered about electrolyte and membrane

transport resistance, and kinetic processes at the second

electrode.45

Product analysis. Since the goal of CO2 reduction is to obtain

chemical energy vectors, direct analysis of the chemicals pro-

duced in a PEC cell is the ultimate way to characterise PEC

cell performance. Commonly, gas/ion chromatography and

(chromatography coupled) mass spectrometry are used to

quantify product formation. Since production rates are very low

(nmol s�1 to mmol s�1 range), highly sensitive instruments are

needed and control experiments have to show whether product

formation is really associated with CO2 reduction, or due to

impurities in the sample.9 Batch reactors allow the build-up of

product concentration, but the obtained data represent an

integrated signal. In continuous flow reactors, more direct

information is available. Since a mixture of products is often

formed, a separation step is needed prior to detection which

results in discrete data points.23,26 If the selectivity of the

reaction is sufficiently high, on-line mass spectrometry can be

used (Fig. 17). The low production rates imply that high-purity

media and well-sealed reaction chambers are to be used if one

wants to get reliable data. In many cases, non-quantitative

product formation is caused by practical problems rather than

more fundamental issues.

Product detection is a direct way to measure PEC cell

performance. If the electrical current is compared with produc-

tion rates, product selectivity and Faradaic efficiency can be

calculated, which are necessary to calculate STF efficiency.44

Since PEC cell photocurrents are seldom constant, Faradaic

efficiency is likely to be time-dependent as well.24 Real-time

product detection is required to determine whether features in

photocurrent transients are associated with product formation

or other, non-Faradaic processes. Moreover, in wireless PEC

cells no current can be measured so product formation rate is

the primary metric to characterise these systems.6,20

Mechanistic information can be obtained by modulating the

illumination source and reagents. For example, catalytic activity

can be investigated by cyclic voltammetry coupled to mass

spectrometry, under CO2 or under Ar atmosphere and in the

dark or under illumination.8 Isotope tracer experiments (using
13CO2, D2O or H2

18O) confirm the atom source and may exclude

photocorrosion or reaction with impurities.6,24

UV/Vis/NIR spectroscopy. The prevalence of light in PEC cell

research means spectroscopy is an often encountered character-

isation technique. UV-Vis spectroscopy is frequently used for

determining the semiconductor band gap.44 Since reaction

vessels are transparent, in situ spectroscopy can be implemented

Fig. 17 Monitoring of photocurrent and D2 formation out of deuterated
water in a fuel cell type solar membrane PEC cell with interrupted
illumination. Reproduced from ref. 24 with permission from the PCCP
owner societies.
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rather easily. Infrared spectroscopy has been used for studying

reaction intermediates on powdered samples.9 For complete

PEC cells, the combination of electrochemistry and spectroscopy

(spectroelectrochemistry) is an interesting option. Smieja and

Kubiak performed a spectroelectrochemical investigation of Re

complexes for CO2 reduction and observed dimerization of some

compounds during electrolysis.28 These experiments were per-

formed on rather long time scales and provide information

about the system at equilibrium at a certain bias potential. If

transient effects and intermediate species are of interest, more

advanced techniques can be used.

Transient Absorption Spectroscopy (TAS), also referred to as

pump–probe spectroscopy or flash photolysis, relies on the

instantaneous excitation of a system by an extremely short

laser pulse (pump), followed by absorption spectroscopy using

a second light source (probe). The probe can be a continuous

illumination source or a time-delayed laser pulse, if events are

to be studied on (sub-)nanosecond time scales. The decay of the

excited species can be followed by the changes in absorption

compared to the ground state of the system. By probing this

absorption at various times after the pump pulse, a two-

dimensional map is obtained as a function of wavelength and

time. This time-resolved technique allows observation of spe-

cies that are very short-lived. It has been used to look at charge

carrier dynamics, reaction kinetics and catalytic cycles.12,13 TAS

gives direct information about hole dynamics, in contrast with

electrochemical techniques which are based on the extraction

of electrons from the photoelectrode. Tang et al. observed free

and trapped hole populations in TiO2, and provided proof for a

4-hole water oxidation reaction.46 Sakai and co-workers used

TAS to investigate charge transfer within supramolecular com-

plexes for CO2 reduction.
28 While TAS on powder samples and

homogeneous catalysts provides important insights, in situ

measurements are needed that reliably reproduce the operating

conditions of a PEC cell. Cowan et al. built a complete three-

electrode PEC cell for TAS studies of nanocrystalline TiO2

photoelectrodes.47 They found that although slow water oxida-

tion kinetics cause charge carrier recombination, the applica-

tion of a positive bias leads to the removal of electrons and

enhances the lifetime of photogenerated holes, which are then

successfully used to oxidise water. In their system, separate

electrodes were used on a transparent conducting glass substrate.

Most monolithic PEC cells will be non-transparent, and will have

to be used in a reflection set-up rather than in transmissionmode.

The combination of light excitation, electrochemical control and

direct observation of charge carriers and intermediates makes

in situ TAS an ideal technique for both fundamental studies and

performance characterisation of PEC cells.

In situ nuclear magnetic resonance. Nuclear Magnetic Reso-

nance (NMR) is a spectroscopy based on nuclear spin transitions.

As these transitions are influenced by the multiple interactions

with the surroundings, NMR can probemany structural aspects of

complex materials and even devices under working conditions.

NMR has been used to determine the structure of organic CO2

reduction catalysts8 and to investigate the structural stability of

water oxidation catalysts.2,20 However, no in situ NMR studies on

working PEC cells have been performed yet. Scheler introduced

NMR electrophoresis of polyelectrolyte membranes.48 Grey and

co-workers are using in situ NMR of lithium batteries during

charge–discharge cycles.49 Since NMR is a non-destructive tech-

nique to obtain atomic level information from complex systems,

its in situ application is likely to provide fundamental insights into

a working PEC cell. Possibilities include the observation of CO2

conversions, proton transport in the catalyst structure or

membrane, reagent transport and hydration of the membrane.

Ex situ and in situ NMR studies can be usefully combined to gain

atomic scale insights of the different parts of a PEC cell to further

support and expand theoretical PEC cell models.

PEC cell modelling. Theoretical modelling is a relatively new

approach to gain understanding of the complex processes that

occur in the heart of a PEC cell. Simulation is an invaluable aid

to direct research efforts and to gain fundamental understand-

ing of the system. Modelling can assist in design, optimisation

and scale-up of PEC cells and contribute to the identification of

bottlenecks.

Models for hydrogen producing PEC cells have been devel-

oped, but so far models for the photoelectrochemical reduction

of CO2 are not available. Until recently, models for hydrogen

producing PEC cells were mostly based on equivalent circuit

models, introduced by Rocheleau and Miller.50 These represent

the PEC cell as an electrical circuit with an electrochemical load

to account for ohmic losses and kinetic overpotentials. This

theoretical approach has been widely used to model separate

components of a PEC cell, e.g. to estimate photopotential as a

function of semiconductor band gap in order to predict ideal

light absorber materials or co-catalysts.45 These models, how-

ever, are not detailed enough to grasp all features of a practical

PEC cell. Multidimensional and multiphysics numerical mod-

elling that includes charge and species conservation, accounts

for electrochemical reaction kinetics and incorporates electron

and ion transport phenomena are needed. An accurate model

should allow identification of rate-limiting steps and indicate

the improvements that can be expected with alternative materials,

whether existing or hypothetical. Models incorporating spatial

variables are useful to develop optimal reactor geometries.

Model-based device engineering is receiving more attention.

Haussener et al. developed an adequate model based on mass

and charge conservation, a Nernst–Planck description of spe-

cies transport and Butler–Volmer equations for describing

electrochemical kinetics.15 This way they were able to simulate

and compare different PEC cell geometries. They showed

improved photocurrent densities by reduced ohmic losses

when a transparent conducting oxide was added for current

collection. Cross-over between compartments was calculated to

be highest when the system was continuously flushed.

Conclusions

The development of monolithic cells for solar fuel production is

a lively research field, and solar hydrogen currently is the most

popular topic. Progress is being made on the grand scientific
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challenge of CO2 reduction catalysts to produce solar carbon

fuel, but the design of monolithic assemblies and PEC cells

dedicated to CO2 reduction is still in its infancy. PEC cell design

is a complex matter and involves simultaneous managing of a

multitude of processes related to illumination, charge separa-

tion, electrical conduction, molecular transport, catalytic chemi-

stry, feed supply and reaction product recovery. This review has

shown that these aspects should be an integral part of research

on solar fuels. Promising concepts are the artificial leaf and the

solar membrane. The sophistication of their design by imple-

menting porosity and adopting concentric layered multimater-

ial assemblies will initiate a gradual transition from planar

designs to truly three-dimensional structures. Atomic layer

deposition and layer-by-layer assembly are enabling technolo-

gies to build future assemblies. The guidance by in situ time

and space resolved spectroscopies and advanced modelling

will path the way forward. The strategies discussed in this

review are expected to lift the limited carbon-based solar-to-

fuel efficiency closer to the levels of current solar hydrogen

producing cells.
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