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Artificial leaves could be the breakthrough technology to overcome the limitations of
storage and mobility through the synthesis of chemical fuels from sunlight, which will
be an essential component of a sustainable future energy system. However, the
realization of efficient solar-driven artificial leaf structures requires integrated spe-
cialized materials such as semiconductor absorbers, catalysts, interfacial passivation,
and contact layers. To date, no competitive system has emerged due to a lack of
scientific understanding, knowledge-based design rules, and scalable engineering
strategies. Herein, competitive artificial leaf devices for water splitting, focusing on
multiabsorber structures to achieve solar-to-hydrogen conversion efficiencies
exceeding 15%, are discussed. A key challenge is integrating photovoltaic and elec-
trochemical functionalities in a single device. Additionally, optimal electrocatalysts for
intermittent operation at photocurrent densities of 10-20 mA cm™ 2 must be immo-
bilized on the absorbers with specifically designed interfacial passivation and contact
layers, so-called buried junctions. This minimizes voltage and current losses and
prevents corrosive side reactions. Key challenges include understanding elementary
steps, identifying suitable materials, and developing synthesis and processing tech-
niques for all integrated components. This is crucial for efficient, robust, and scalable
devices. Herein, corresponding research efforts to produce green hydrogen with
unassisted solar-driven (photo-)electrochemical devices are discussed and reported.

1. Introduction: Artificial Leaf
Approaches Utilizing Efficient
Semiconductor Configurations as
Light Absorbers

Solar energy is one of the few CO,-free and
abundant energy sources that have the
potential to replace fossil fuels in the near
future. However, due to the intermittent
nature of solar irradiation, efficient technol-
ogy is required to stabilize the energy sup-
ply. One intriguing option is to store solar
energy in the form of chemical bonds by
“artificial photosynthesis,” that is, the
direct conversion of sunlight into chemical
fuels.'"™ The simplest chemical fuel with
the highest gravimetric energy density is
molecular hydrogen. The applications of
H, as an energy carrier are diverse because
it can be either directly combusted or con-
verted into electric power by a fuel cell.
Furthermore, a wide variety of gaseous
and liquid fuels with a higher volumetric
energy density, such as methane, metha-
nol, or even diesel and gasoline, can be syn-
thesized from H, and CO, by standard
chemical pathways. Hydrogen therefore
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serves as a base ingredient for any chemical fuel, as depicted in
Figure 1. However, more than 96% of all hydrogen” used
today is produced with fossil fuels. Our vision of solar-driven
hydrogen production, possibly combined with CO, capture
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Figure 1. Direct solar-driven water splitting is the least complicated yet
nontrivial (photo-) electrosynthetic reaction that provides a basis for all
“solar fuel” technologies.

and conversion, would enable a gradual transition toward a sus-
tainable and renewable energy economy.

The concept we will review is the production of “green” hydro-
gen using direct-unassisted photoelectrochemical (PEC) conver-
sion of water into hydrogen and oxygen with functionalized and
catalyst-modified semiconductor device structures. This is an
attractive, feasible, and adaptable approach without CO, emis-
sions during operation and use.*'® Compared to wire-
connected photovoltaic (PV)-powered electrolysis, this integrated
approach offers several advantages. First, for planar monolithi-
cally integrated device structures without using light concentra-
tor arrangements, typical current densities are 20-100 times
lower than for PV- or wind-powered electrolysis. This signifi-
cantly reduces the demand on the catalyst, allowing the use of
Earth-abundant catalyst materials, and offers an advantage over
polymer electrolyte membrane (PEM) electrolyzers, which so far
depend entirely on expensive Pt- and Ir-based catalysts for hydro-
gen and oxygen evolution, respectively. Clearly, there is a trade-
off to be made between operating at high current densities versus
being able to use abundant materials. Second, the direct
approach makes efficient use of solar heat, normally a “waste
product,” to further enhance the electrochemical (EC) reaction
kinetics.'"*# Moreover, the efficiency of a semiconducting light
absorber decreases with increasing temperature; direct contact
of the absorber with the liquid phase facilitates heat transfer,
cooling down the semiconductor and increasing its perfor-
mance.'>'* In addition, the integration of light absorption
and electrolysis into a single device may significantly reduce
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the total system costs (although this may be offset by the need to
collect gas-phase products over larger areas).

One of the main challenges in designing efficient PEC cells is
generating a voltage large enough to drive the EC reactions.
Under standard conditions, the thermodynamic voltage required
for water splitting is 1.23 V. An additional overpotential of
0.4-0.6 V is needed for sufficiently fast EC reactions, even when
facilitated by appropriate catalysts for the hydrogen and oxygen
evolution reactions (HER and OER, respectively). Thus, a total
photovoltage of at least 1.6 V is needed under operating condi-
tions, that is, at photocurrent densities exceeding 10 mA cm™2
This means that the open-circuit voltage (photovoltage without
current flow) needs to be at least 1.8 V. While there are semicon-
ductors that can deliver such high photovoltages, very few of
them are stable in water. Well-known exceptions are SrTiOs;
and KTaOs, both widegap (>3 eV) materials that absorb only
the small UV part of the solar spectrum.® In fact, after more
than 45 years of intense international research efforts, not a sin-
gle material has been found that can provide the required photo-
voltage, is stable in water, and absorbs an appreciable amount of
visible light.[**%

A solution for this scientific dilemma is the development and
application of PV structures that exceed the Shockley—Queisser
limit of single-absorber material, using so-called third-generation
concepts.'”*® The most advanced devices are based on multiab-
sorber structures, in which each subcell absorbs light of a differ-
ent spectral range of the incident sunlight, and the total
photovoltage is the sum of the individual photovoltages gener-
ated within each subcell (compare Figure 2). These so-called
“tandem” devices make optimal use of the solar spectrum and
can, theoretically, deliver energy conversion efficiencies well
above 25% for solar water splitting.!*'*"*") The need for multi-
layer absorbers in PEC water splitting devices has first been dis-
cussed in the early work of Nozik and Bockris.?>**! In 1998,
Khaselev and Turner demonstrated the first monolithic multi-
junction PEC device with a solar-to-hydrogen (STH) efficiency
exceeding 10% in their seminal paper in Science.*" Their device
was based on a surface-modified GalnP photocathode that was
connected via a tunnel junction to a GaAs solar cell to provide
sufficient photovoltage for water splitting. With a reported
STH conversion efficiency of 12.4%, it was considered the (unof-
ficial) efficiency benchmark in the field for more than 15 years.

This scientific benchmark by Khaselev and Turner also illus-
trated two of the main technological challenges for the develop-
ment of high-efficiency PEC devices: long-term stability and
competitive costs. The cells showed severe photocorrosion within
the first hours of operation, which was exacerbated by the highly
concentrated and UV-rich illumination that was used. Poor sta-
bility would be an issue for any PEC device but is especially det-
rimental for epitaxially grown III-V semiconductors due to the
high materials and processing costs. In the following years, fur-
ther work was presented on silicon-based multijunction thin-film
absorbers and on I11-V-based multijunction cells.”>~*) A break-
through in public awareness of this approach was achieved in
2011 with the use of a cobalt phosphate layer on a silicon-based
triple-junction solar cell that served simultaneously as a protec-
tion layer and as an efficient OER catalyst at near-neutral pH con-
ditions.” This “artificial leaf,” reported by Nocera et al. achieved
an STH efficiency of ~#5%.1%®] Further efforts using modified and
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Figure 2. Schematic diagram of a dual-junction tandem photoelectrode
for unassisted water splitting based on I11-V absorbers modified with inter-
facial films and electrocatalysts. Essential functional layers are labeled:
1) the subcells of the tandem absorber, GalnP, and GalnAs, see
Section 6.1, 2) two of the selective contacts for electrons and holes,
so-called window layer and BSF,[447] respectively, see Section 5.3, 3) the
passivation layer for chemical and electronic passivation, see Section
4.2, and 4) the catalyst layer, see Section 4.3. Reproduced with permis-
sion.B% Copyright 2018, American Chemical Society.

improved contact, passivation and protection layers, in particular
also by the groups of Jaegermann and Hannappel, resulted in
thin-film silicon-based and epitaxial I1I-V-based tandem devices
with STH efficiencies up to 10%1*! and 19%,°>*" respectively.
An alternative approach is to use a metal oxide as a top absorber
in a tandem device. Metal oxides show superior chemical stability
compared to other materials classes and offer a wide variety in
key materials parameters, such as bandgap and band positions.
Many oxides show bandgaps in the range of 1.6-2.1 eV, which
spans the range of optimal values for a top absorber in a tandem
device.!” The main challenge for oxides is their relatively poor
semiconducting properties. One of the best-performing oxides
is p-type cuprous oxide, Cu,0O, for which photocurrents up to
10 mA cm ™2 (at 0 V vs reversible hydrogen) have been reported.
The surface of bare Cu,0 photocathodes is reduced to metallic
Cu under hydrogen evolution conditions, but TiO, protection
layers have been successfully used to achieve >100h stability.(*?!
Also, BiVO, photoanodes have shown stable performance of up
to 1000 h**** and were used in several tandem-based water split-
ting devices with reported STH efficiencies up to 8.1%.%°7%%
There may be new compounds with beneficial properties among
the unexplored oxides or chalcogenides that will emerge in the
future.

In this review, we do not aim to provide a comprehensive and
exhaustive citation of all the work which has been published in
recent times on different artificial leaf approaches. We will focus
on our concept and discuss buried junction multiabsorber cells
as they promise to lead to competitive artificial leaf approaches in
their conversion efficiency, but also in their perspectives to
technologically applicable devices. For these reasons, we will spe-
cifically address the research needs and efforts that need to be
considered for such an approach. At first we will shortly

© 2024 Wiley-VCH GmbH
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introduce promising semiconductor devices (Section 2), before
presenting the key challenges in a schematic table comparing
traditional approaches with the innovations needed for more effi-
cient devices (Section 3). We used this table as a guide in struc-
turing our review: In Section 4 and its subsections, we will
present a general introduction into the most relevant research
fields. Afterward, in Section 5, selected key challenges, which
the authors have contributed to in their previous work and are
familiar with, will be presented in great detail to provide new
insights. Some specific case studies following the buried junction
multiabsorber approach will be given in Section 6, before we will
end with some thoughts about additional but not yet thoroughly
studied long-term approaches in Section 7. Finally, we will end
with our major conclusion (Section 8) on the future expectations
and perspectives of research on “artificial leaves”.

2. Promising Semiconductor Device
Configurations

Because of the long-term and still increasing scientific, techno-
logical, and societal interest in artificial leaf devices, which
address the direct conversion of solar light into high-energy
chemicals to be used as fuels, an extremely large number of
papers and reviews have been published on this topic. We cannot
summarize them here even if we limit ourselves to PEC systems
for water splitting. Therefore, we will preferentially cite only
those contributions relevant for systems based on buried junc-
tion multiabsorber cells and will not discuss the more classical
approaches based on wide-bandgap single-junction systems.

Many different semiconductor-based PEC configurations and
final technological implementations have been summarized in
literature.?*~*!"1 We will concentrate here on the central conver-
sion steps (light to H,) of the PEC devices which covers 1) the PV
action of light absorption, electron hole pair generation, and
charge carrier separation; 2) the charge carrier transfer at exter-
nal interfaces to contact/catalyst layers; and finally 3) the EC
water splitting reactions, that is, the oxygen and HER. Two main
configurations (see Figure 3) with different strengths and weak-
nesses will be considered: In one setup (right panel), two series-
connected absorbers are connected via a wire to a counter
electrode, with the HER occurring at the functionalized surface
of the bottom absorber and the OER occurring at the counter
electrode. This configuration is often used for fundamental stud-
ies but may be integrated into mechanically integrated systems in
the future (the shown arrangements use already tandem cells as
PV components). In the other setup (left panel), the cathode and
the anode are active surfaces of the same monolithic structure.
An important aspect of both designs shown in Figure 3 is exten-
sive engineering of the interface of the light absorber, which fea-
tures a contact layer (resulting in the formation of a buried
junction) and the functionalization of the buried junction with
passivation layer(s) and cocatalysts.

A much simpler junction can be made in the form of a
semiconductor—electrolyte contact, as shown in the left panel
of Figure 4. For such a junction, the idealized Schottky-type
behavior is usually assumed, and the contact potential difference,
that s, the difference between the Fermi level of the semiconduc-
tor and the EC potential of the electrolyte (which is often
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Figure 3. Schematic representation of two possible configurations of PEC
tandem cells for water splitting. The left configuration most closely resem-
bles a true “artificial leaf” and ensures easy separation of the reaction prod-
ucts, while the right configuration (wired configuration) is less likely to be
limited by mass transport in the electrolyte and light scattering by the
evolving gas bubbles. Both configurations are illuminated from the top;
other device configurations do exist and may also be considered depend-
ing on the choice and arrangement of the absorbers. Reproduced and
modified with permission.*®*! Copyright 2024, Elsevier.

H, 0 — >0,

determined by the presence of a redox couple), results in elec-
tronic charge displacement between the bulk and the surface
of the semiconductor. This leads to the formation of an internal
electric field and, therefore, a built-in voltage (for details see, e.g.,
refs. [42-44]). For nonequilibrium conditions induced by applied
potentials or illumination, the literature often considers only
changes in the relative positions of the Fermi level within the
semiconductor to the changing redox couple, for example, the
corresponding band bending. The change in band bending
under illumination is then considered to be equivalent to the
operative photovoltage. In fact, the splitting of the Fermi level
can exceed the pre-existing built-in voltage in the dark, that is,
the band bending in the dark, significantly, and the photovoltage
generated in the semiconductor by illumination is thus not lim-
ited by band bending or the built-in voltage in the absorber.*"!
For junctions with additional passivation and metallic cocatalyst
layers, similar conditions hold assuming idealized conditions.
How such idealized semiconductor electrodes behave in their
EC performance for nonequilibrium conditions has recently
been discussed, for example, by Peter.*® 1t should, however,
be noted that such idealized conditions are usually not observed
for most semiconductor electrodes either forming direct contacts
to the electrolyte or also after applying additional passivation/
contact/electrolyte layers. These changes are due to additional
electronic defect states formed at and across the phase boundary.
These will be involved in charge transfer and often lead to charge
carrier trapping during contact formation and under nonequilib-
rium conditions.***”*¥) These additional electron states (surface
and interface states) are responsible for many of the deviations
from the expected idealized behavior observed for most semicon-
ductor (photo)electrodes. As we will discuss in more detail, a
detailed understanding of such defect states, their passivation,
and charge transfer dynamics is a key to design efficient devices.
This is true for solid-state PV devices as well as for PEC devices.
We already emphasized that PEC devices and their performance
are more complex to understand and optimize than PV systems,
because their defect electronic states at the surfaces and

© 2024 Wiley-VCH GmbH

85UB017 SUOWILIOD BAIIID 3(ed|dde auy Ag pausenob a.e 3o 1e O ‘8sN JO S3INJ 10} AIg1T3UIIUO AB]IM UO (SUOIPUOD-PUR-SUIBYW0 A8 |1 AReq 1 U1 |UO//SHNY) SUORIPUOD PUe SWLB L 8U3 89S *[7202/50/22] Uo ArIgITaUlUO ABIM ‘HeUdS|RSSD-YoueId-Xe N Ba INiisul-.deH-Z)H Aq ZZ0TOEZ0Z 110S/200T 0T/I0p/Wod A8 M AReiq 1 puljuo//Sdny woiy papeo|umod ‘0 ‘X86TLIEZ


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

é ‘ RRL

www.advancedsciencenews.com

h* —>
-
g
V] 2e.,
T ECB;-— Hy
Y
' .
2 / H,0
g /
2 / nE¢ 0,
B I m
S s s =t
Evel] / E:
Heh* H,0 2
/ 7
. 4

www.solar-rrl.com

h' —>
1 7 5
, re.
T Ecsz‘-— G Hy
7 S E;
h* 2 =
7 4 H,0
- 2
; / nEf 0, \
/ +
ed 7 Ap <"
L S s - =L —
EvB? . / /EF
lh HOWV Y
v %
7 7
v %
7
%
A

Figure 4. |dealized PEC semiconductor cathodes (single-absorber layer) for H,O splitting under illumination (left: intimate semiconductor/electrolyte
contact, right: semiconductor/passivation layer/metallic cocatalyst/electrolyte contact). The photovoltage given by the difference of EC potential (Ap) of
the electron—hole pairs under illumination must be large enough to overcome the redox potentials including overpotential contributions of HER and OER.

Adapted and modified with permission.*®! Copyright 2016, Springer.

interfaces are usually modified during their application in con-
tact with the electrolyte. The complexity increases significantly
due to the catalyst adaption and the catalytic reactions, where
many of the passivation/cocatalyst material structures are also
semiconducting in nature, such as most oxides.

It should be noted already at this stage that defect states will
lead to losses of both photovoltage and photocurrent and that the
positions of the band edges in operation depend on surface ori-
entation (different for different crystallographic faces), surface
reconstruction, adsorbates, and charged defect states. Finally,
the EC double layers also affect the contact potential distributions
and modify the surface/interface dipoles already in the dark but
may additionally vary during operation under nonequilibrium
conditions. These modifications will shift the electron affinity
and thus the band-edge positions of the semiconducting
absorber layers. Also, the space—charge layers (band bending)
will be affected. Furthermore, such effects may also modify
the relative energetic positions of the passivation and contact
layers as well of the cocatalysts. A more detailed discussion of
such effects in PEC devices can be found in literature.****!
However, such deviations strongly influence solid-state devices,
such as alternations from idealized behavior observed in metal
semiconductor Schottky junctions or semiconductor heterojunc-
tions due to interfacial defects.**% High-performance devices
will only be obtained when proper engineering strategies have
been developed to fully control the nature and concentration
of these defect states. This has motivated us to follow buried
junction approaches in our own research as will be discussed
in more detail (in particular in Section 6) and to focus on these
in this review.

3. Key Challenges on the Way to Efficient Water
Splitting: State-of-the-Art and Beyond
Any efficient water-splitting device using PEC approaches, which

can compete in efficiency with nonintegrated PV-powered elec-
trolyzers, must use a PV component with a conversion efficiency
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similar to efficient solar cells and an electrolyzer component with
low overvoltages. In addition, the coupling of the two systems
must avoid additional losses due to unfavorable transfer of the
EC potential of the electron-hole pairs (photovoltage) and of
the photocurrent from the PV component to the cocatalysts.
To achieve these goals, a number of materials and device-related
challenges must be addressed and overcome: 1) designing and
developing optimized absorbers, especially to be used for multi-
junction absorber stacks; 2) passivating and protecting them with
thin electronic and chemical passivation layers using preferen-
tially solid surface layers; 3) functionalizing these intimate con-
tact layers with suitable HER and OER catalysts; 4) investigating
and optimizing the spatial structures of the used materials and
their combination; and 5) integrating all these components into
highly efficient and stable devices.

These challenges are schematically illustrated in the tandem
device structure presented in Figure 5, which we consider rep-
resenting the most promising prospective configuration for an
efficient PEC device. The presented arrangement is a general
scheme of an optimal tandem device structure for water splitting
with all the essential and critical functional layers, problems, and
challenges. Each part and issue is a matter of research and devel-
opment, thorough analysis, and optimization. It is inspired by
the record PEC devices applying IT1I-V multiabsorber cells.*'*%

As first condition to achieve high conversion efficiencies,
semiconducting absorber materials must be identified, which
have already proven solar cell conversion efficiencies close to
their expected theoretical maximum. Proven competitive solar
cell performances have been reached so far only with a rather
small number of semiconductor absorber materials including
Si, III-V semiconductors, halide perovskites (HaP), and a few
chalcogenides. Their properties as well as their advantages
and disadvantages for PEC applications will be discussed in
the next section and in Section 6 in more detail.

An inherent and major challenge for PEC devices with a semi-
conductor/liquid junction is the large loss of photovoltage that is
typically observed at semiconductor/liquid junctions. This
reduces the efficiency of the device and is one of the main factors

© 2024 Wiley-VCH GmbH
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Figure 5. Scheme of an artificial leaf in a tandem PEC device structure; the needed research challenges of absorbers/catalyst device integration (top row)
address crucial components and/or courses of action in the device structure, which must be investigated, understood, and optimized in order to develop
an efficient and stable direct solar-driven water photoelectrolysis device. The operational photovoltage must be available at the terminal contacts. The
figure does not necessarily reflect the architecture of the device structure, which can be very different such as Figure 3, right panel. Reproduced with

permission.[**®l Copyright 2023, Elsevier.

that currently limit the overall efficiency. Photovoltage losses are
generally attributed to the presence and formation of defect states
in the bulk of the absorber, such as lattice defects, or polaron
states in oxides,"”! or to the presence of surface and interfacial
bandgap states that are formed at critical interfaces either upon
immersion in water or under the conditions at which the OER/
HER reactions take place.***!! These defects lead to interfacial
recombination losses affecting the relevant key performance
indicators of any PV or PEC devices, such as photovoltage, pho-
tocurrent, fill factor (FF), and therefore, must be neutralized.
Various passivation strategies have been explored, ranging from
additives in the electrolyte to the deposition of thin passivation
layers. These efforts have thus far achieved only limited success,
which is partly due to a lack of detailed understanding of the
structure and electronic properties of solid-liquid interfaces. A
more successful approach can therefore be expected in the fab-
rication of suitable heterocontacts (buried junctions).*®! Charge
separation in such systems takes place at interfaces between the
semiconductor materials and the solid contact layer, and no lon-
ger at the solid-liquid interface, hence named “buried” junction.
Benefitting from many decades of research in solid-state PV,
there is now a limited number of semiconductors from which
substantial photovoltages can be extracted using solid-state con-
tacts.? However, such junctions have not been proven in metal
oxide semiconductors (MOS), which are appealing because of
their chemical stability.

Furthermore, the practical viability of any water-splitting tech-
nology ultimately depends on two main factors: the levelized cost
of hydrogen production (LCOH) and the net primary energy bal-
ance over the entire life cycle of the system.”**! Both aspects have
been studied in depth, and the overall conclusion of these studies
is that the STH efficiency is the most important factor that deter-
mines both the LCOH and the net primary energy balance.
Several studies have estimated and compared the maximum
STH efficiencies that can be achieved with optimized
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single-absorber systems and tandem systems.>*™* With a target
operational photovoltage of 1.8 V, the minimum needed to drive
the HER and OER at sufficient rates, maximum efficiencies well
over 25% seem possible.'! Such efficiencies will only be reached
with tandem junctions. Today, many demonstrations of bias-free
solar-driven hydrogen production consist of solar cells that are
electrically coupled to electrolyzers with external wires. In such
systems, the necessary photovoltage is generated either by a (con-
ceptually straight forward) series connection of several PV cells
or by use of an electronic DC-DC converter. Here and in the
following sections, we consider this a “nonintegrated” approach,
where the active surfaces of absorber and electrolyte contact are
not the same. While the nonintegrated approach may be viable, it
has several disadvantages. One is the high balance of systems
(BOS) costs that are associated with the packaging, sealing,
and wiring of three separate devices (PV cell, electrolyzer,
DC-DC converter). The second disadvantage is the high current
densities at which commercial electrolyzers operate. While their
compact design offers the possibility to produce hydrogen at ele-
vated pressures, the use of noble metals, such as platinum and
iridium, cannot be avoided in current PEM electrolyzer technol-
ogy. One could argue that alkaline electrolyzers can work at high
current densities and do not require noble metals, but they are
fundamentally incompatible with solar energy since they photo-
corrode under intermittent operation.**>®! The third disadvan-
tage is the unavoidable solar heating of the PV cell, which can
lead to operating temperatures of 60-80 °C and efficiency losses
upward of 10%.5"

The PEC (“integrated”) approach offers opportunities to avoid
these disadvantages. First and foremost, the 50-100 times lower
current densities in PEC devices (~20 mA cm™2) compared to
electrolyzers strongly reduce the demand on the HER and
OER catalysts and will enable the use of nonprecious materials
such as Fe and Ni. Having an integrated device may also reduce
the BOS costs (although the need to collect product gases
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over larger areas may present new challenges). Finally, the
unavoidable solar heating of the device has now turned into
an advantage since the solar heat is automatically transported
away from the absorber toward the solid-liquid interface where
it enhances the kinetics of the EC reactions.'” Thus, the inte-
grated approach is expected to offer advantages over the nonin-
tegrated technologies. Based on the considerations above, an
integrated multijunction tandem arrangement must be scruti-
nized as the feasible optimum solution for an efficient H,-gen-
erating PEC cell and we will therefore discuss such arrangements
as the central research direction of this review.**8:6061

The challenges outlined above are highly interdisciplinary in
nature and require breakthroughs in the development of novel
absorber materials, passivation and contact layers, electrocata-
lysts, device integration, and a deep fundamental understanding
of the physics and chemistry of solid-solid and solid-liquid inter-
faces and of the involved transport processes. Based on recent
developments in the field, a focused effort is needed to eliminate
the remaining bottlenecks and achieve the main objectives of

www.solar-rrl.com

complex challenges, which are summarized in Table 1 as a com-
parison of the state-of-the-art approaches to the major innova-
tions needed in future research activities.

The routes toward innovation presented in Table 1 will con-
tribute to the development of competitive PEC devices.
Although PEC generation of hydrogen has already been demon-
strated successfully on a lab scale, the large-scale production
poses significant extra challenges and is not yet economically
competitive with the production of hydrogen from fossil fuels.
While many of the challenges are technical in nature and require
clever engineering solutions, there are also a number of funda-
mental challenges that need to be addressed. Examples are lack-
ing insights into the elementary charge transfer and EC reaction
steps, incomplete understanding of the origin of efficiency
losses, poor control over the interfacial reactivity, and stability
of solid—solid and solid-liquid interfaces. These are exactly the
challenges where major breakthroughs are needed for practical
application of (P)EC water splitting systems, as summarized in
Table 1. In addition, the research efforts on these topics will also

Table 1. Comparison between the state-of-the-art and major innovations to be envisaged as essential research targets, as will be explained in more detail

in chapter 4.
Aspect State of the art Innovations needed
Photoabsorbers, « Single-junction photoelectrodes that deliver insufficient « Multiabsorber structures that enable operational photovoltages and

see Section 4.1

Interface energetics,
see Section 4.2

Electrocatalysts,
see Section 4.3

Charge transfer at PEC
interfaces, see
Section 4.4

EC transport issues,
see Section 4.5

Novel experimental
techniques,
see Section 4.6

photovoltage and/or photocurrent
+ Huge losses due to suboptimal use of the solar spectrum
« Only few multijunction devices with high STH efficiencies
(Ge/Il1-Vs), costly and rarely studied
« Few materials with photovoltages close to theoretical
maximum

« Semiconductor/electrolyte and semiconductor/catalyst
junctions suffering from Fermi-level pinning, interfacial
recombination, insufficient charge carrier separation
« No general interface engineering concepts for PEC available

» Dominant use of noble metal containing electrocatalysts
« No specific alignment of electronic states for efficient
multielectron charge transfer
« Device lifetime limited by detachment of catalysts

« Marcus—Gerischer model of electrochemical interfacial charge
transfer
« Charge transfer processes and involved electronic states
across the multilayer semiconductor/electrolyte junction not
well understood
« Surface states only characterized by their energy level

- Diffusion limitation in the concentration boundary layer
« Bubble adherence blocks active electrode surface
« Limited electrode surface area

« Analytical techniques mostly based on preuse, post operando
approaches
« Characterization mostly based on EC studies
« Need for chemical and molecular information about identity
and kinetics of intermediate species involved in HER and OER
« Understanding and design of transport processes of the
chemical reactants and products

sufficient photocurrents for unassisted PEC water splitting with
efficiencies >15%
« Overcoming present efficiency limitations based on improved
understanding of the fundamental effects involved
« Significantly enhanced photovoltages for several materials classes

- Novel buried junction concepts that enable breakthroughs in efficiency
« Advanced knowledge-based design of semiconductor/passivation/
catalyst layers
« Separation of functionalities in terms of bandgap engineering

« Electronically matching electrocatalysts with robust deposition
« Resource-optimized electrocatalysts operating at typical PEC currents

+ Chemical and electronic specificity aids the understanding of charge
transfer processes
« Control of charge carrier separation and charge transfer across
adjusted interface junctions
« Surface states identified by their chemical nature

« Active flow control for enhanced mass transport and fast bubble
removal
« Superaerophobic electrodes for passive fast bubble removal
« Increased surface area by nanostructuring
« Multiscale models for combined description of gas bubble dynamics
and ion diffusion in nanostructured interface

« Cutting-edge in situ and operando experiments with structural,

chemical, and electronic sensitivity including synchrotron studies

« TR experiments and theoretical studies on all relevant timescales
« Establishing link between electronic structure and chemical speciation

at solid-liquid interface
« Analysis of the two-phase fluid flow at the electrodes and
characterization of the mass transport at the gas—fluid interface and
near the electrode
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provide a deeper understanding of the interrelation between key
material properties, novel strategies to synthesize semiconduc-
tors with the desired properties, and concepts for the integration
of the promising components into highly efficient devices.

Gaining fundamental knowledge will also lead to benefits in
various related, topical research fields such as tandem PV cells,
water electrolysis, solar cell architectures, semiconductor devel-
opment, and fuel cells, particularly in understanding and tailor-
ing the materials and interfaces of functional devices that need to
be modified, for example, with protection layers, contact layers,
and/or electrocatalysts, as depicted in Figure 5.

4. Relevant Research Fields and Essential
Innovations Needed

In the following of this section, we will delve into four key
research areas that are relevant to the development of PEC devi-
ces. Within each field, we will identify critical research needs and
propose innovative approaches.

4.1. Advanced Photoabsorbers and Photovoltaic Structures

The choice of appropriate absorber materials is a key issue for the
realization of efficient water splitting PEC devices. In general, the
performance of the PV component of the used device structure is
also the key for the STH efficiency (as it may be deduced by the
possibly solar-to-electric (STE) power conversion efficiency,
which may be tested with reversible redox couples). In general,
the STH efficiency will be even smaller due to additional losses in
the coupling of the PV to electrolyzer component and the EC
overvoltage and transport losses. Selecting appropriate absorbers
becomes even more challenging when semiconductors are
required to be suitable for usage in tandem junctions due to,
for example, necessary matching or adaptation of lattice con-
stants. The material’s criticality aspects must be considered as
additional boundary condition when large-scale applications will
be within reach (addressed in Section 7.2). There is long-lasting
discussion on the most promising strategy in semiconductor
selection, reflecting a divergence of opinions among researchers:
Some emphasize material stability in the electrolyte as the most
relevant criterion, while others, like us, initially prioritize the
potential attainable PV conversion efficiencies. This preference
is based on the availability of chemical passivation layers that
can improve device stability.

As mentioned above, our approach aiming at excellent absorb-
ers with passivation has been substantiated by achieving STH
efficiencies of 10% and 19% with silicon and III-V-based mate-
rials, respectively.”*2% A summary of actual competitive STH
efficiencies is provided in the PEC H, conversion efficiency table
published by Ager et al.'*! Due to the inherent drawbacks of cur-
rent systems, including the limited STE efficiency of thin-film Si
and the cost associated with epitaxial II1I-V tandems, there is a
growing need to explore new materials and novel combina-
tions.[*] A recent exciting development in this field is the use
of a novel class of absorbers, the HaP, in PV tandem devices.
Currently, extensive research efforts are focused on silicon/
perovskite tandem solar cells, resulting in noteworthy progress
with reported STH efficiencies of 19.68% and 20.8% using
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architectures, where only the silicon interface is exposed to
the electrolyte,®? or the entire device is encapsulated in a quartz
glass/epoxy design.!®*! Impressively, the pace of advancement in
this area is exemplified by a recent recordbreaking STE efficiency
of 33.9% in solar cell devices.®* These results clearly underline
the fact that STH efficiencies are closely connected to PV efficien-
cies in STE. In a first estimate, the expected STH are given by the
realized STE efficiencies reduced by the unavoidable losses
due to overvoltage of the applied cocatalysts and additional
losses due to the involved coupling process and chemical
transport, #2-#:46.65]

The challenge of limited stability in highly efficient absorber
materials upon water exposure may be addressed with suitable
protection layers. Several wide-bandgap metal oxides, such as
Ti0,, SrTiOs, Ta,0s, and NiO, combine reasonable optical trans-
mission and good electronic conductivity with excellent chemical
stability. NiO and TiO,, in particular, have been used as chemi-
cally inert window layers for a variety of absorber materials,
including silicon,® 111-V semiconductors,’” and less stable
oxides and oxynitrides.!®® For an extensive overview of thin-film
protection layers for semiconducting photoelectrodes, the reader
is referred to several reviews.!*>~"

In conclusion, based on the results presented so far, we expect
that thin-film-based multijunction absorber structures, which
can be scaled up industrially, provide the most promising solu-
tions for PEC-based artificial leaves. Besides I1I-V-based com-
pounds, III-V-on-Si tandems, quantum structures, transition
metal-based multinary oxides, and chalcogenides should be
explored. Additionally, it is worth exploring new perovskite
absorbers with optimum bandgaps for integration with Si. As
an alternative, more stable novel wide-bandgap chalcogenide
absorbers for integration with Si, such as defect-tolerant (alloyed)
ZnTe and thio perovskite (e.g., BaZrS;) absorbers with nonbond-
ing band-edge states,””>”*) may be considered. In addition, new
materials must be screened for, and low-dimensional structures
such as nanowire absorbers should be tested, see Section 7.1.

The wide-range tunable direct bandgaps, band offsets, and lat-
tice constants of III-V semiconductor compounds and their
superior quality and properties such as minority charge carrier
lifetimes, mobilities, and doping capabilities are quite unique
among semiconductor materials.”* The Ill-nitrides have been
discussed to provide similar advantages as III-V-compounds
without nitrogen, in particular bandgaps covering a very wide
range. Moreover, most of them are stable at relatively high tem-
peratures and harsh environments.”>”® This has been demon-
strated by the successful accomplishment of IIl-nitrides on
silicon-based tandem solar cells””) and nitride-based solar cells
on free-standing GaN."®! Already small amounts of nitrogen
incorporation enable lattice-matched growth of GaPg9gNg o, on
Si(100) with suitable bandgaps for direct photoelectrolysis!”®’
and increased stability toward the electrolyte.®”) However, up
to now, the obtained efficiencies have been relatively low, primar-
ily attributed to various challenges and limitations. These include
issues such as low minority charge carrier lifetimes and limited
diffusion lengths, mainly arising from high and effective defect
densities in the GaIlnN material. Consequently, the IlI-nitrides
are currently not considered as suitable absorber materials,
although their good thermal stability has been reported.l””)
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Figure 6. The initial two mandatory steps toward an efficient multijunction device for direct and nonassisted water splitting are (1) maximizing absorption
and therefore exploitation of solar radiation and (2) its conversion into the adequate amount of free energy (equivalent to the photovoltage in operation
VonP). (Left panel) In a tandem structure with, for example, two absorbers, the different bandgaps allow each absorber to utilize complementary parts of
the solar spectrum. For optimized bandgaps E; and E,, this results in equal numbers of photons for current matching, ultimately leading to the maximi-
zation of photocurrent, as illustrated in the right panel. Since the absorbers are connected in series, the total photovoltage is given by the sum of the EC
potentials in each absorber, which in turn are determined by the difference between the quasi-Fermi levels of electrons in the conduction band (CB) and

holes in the valence band (VB) in each absorber.

Nevertheless, they still might be useful as selective contacts or
passivation layer due to their high stability (see Section 4.2).
For efficient devices, the exploration of suitable tandem
absorber structures that optimize the utilization of the entire
solar spectrum (see Figure 6 and 7) is essential. For this purpose,
the absorbers must provide optoelectronic properties equivalent
to good solar cells and supply a sufficient potential difference
(photovoltage) needed as the driving force for bias-free water
splitting. Thus, only multiabsorber cells are expected to split
H,0 efficiently. However, so far, only limited research effort
has been directed to identify and develop appropriate cost-
effective absorber structures, which are able to generate the
required (quasi-)Fermi-level splitting (photovoltages in
operation Vp,°P >~1.6eV near the maximum power point)
and prevent nonradiative recombination losses in order to obtain
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Figure 7. Theoretical STH efficiency limit for a two-junction tandem device
at an EC load of AG = 1.43 eV as a function of top and bottom cell bandg-
aps for AM1.5G. Reproduced with permission.!) Copyright 2017, Royal
Society of Chemistry.
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the maximum possible photocurrents. In an efficient absorber
material, the diffusion lengths Lp of charge carriers must be
large enough in relation to the thickness of the absorber d
and the absorption lengths 1/a (i.e., 1/a«d«Lp), with the
absorption coefficient a(w)). In a tandem, the currents of the dif-
ferent subcells and, thus, the exploitation of the solar spectrum
must be matched to each other. A more detailed discussion on
tandem configurations to be used in PV and PEC devices can be
found in related literature.®"! It should be noted at this point that
aworking PV or PEC device at optimized efficiency must be close
to flat-band condition, as shown, for example, in Figure 6, and
remaining band bending will hardly contribute to charge carrier
separation.*>5?

Besides efficiency, costs are the critical criterion for economic
success. The price depends on production costs and material
costs, see Section 7.3. For traditional III-V tandem cells as an
example, world-record efficiencies come with a substantial cost
factor due to the epitaxial growth process via metal-organic
vapor-phase epitaxy (MOVPE) systems. These cells are typically
prepared on III-V or Ge(100) wafers, which are challenging to
scale up in a cost-effective manner. As alternatives, scientific
routes, novel materials, variations in their configuration, for
example, using p—i-n structures and simple and less cost-
intensive growth processes, should be considered. This is of
course also of interest for III-V systems but may be easier to
be realized with alternative promising absorber materials such
as perovskites, novel thin-film chalcogenides, and oxides.

An alternative to significantly reduce the costs is to use Si(100)
as a substrate and the active bottom cell. Such a combination of
ITI-V top absorbers with the Si(100) bottom absorber into a two-
junction device enables STH efficiencies close to the optimum of
over 25% (compare Figure 7).

Therefore, a lot of work focuses on surface preparation of
Si(100) surfaces as well as the involved heterointerface for
low-defect GaP/Si(100) epilayers. The main challenge during
the growth of the III-V materials on Si(100) is to avoid antiphase
domains (APDs) which originate at the substrate. In addition,
lattice mismatch between the epitaxially grown layer and the
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substrate generally introduces crystalline defects in the bulk. In
order to avoid APDs as well as other defects in the III-V layer, a
precise preparation of atomically well-ordered substrate surface
and the control of the IT1I-V/substrate heterointerface is required.
Specifically, double-layer atomic steps at the Si(100) surface are a
crucial prerequisite to avoid APDs in the ITI-V epilayers.®’!

In such an approach, the required thickness of the III-V
absorber could be reduced by applying multiple quantum wells
(MQWs)® or vertical III-V semiconductor nanowires.®! As
another alternative to reduce the costs, complex metal oxides,
metal-HaP, and chalcogenides are of interest for the top
absorber for thin-film tandem structures in order to reach scal-
ability. Initially, the envisaged materials can also be explored sep-
arately, as a separated but connected photoabsorber before they
are integrated into different tandem device structures, for exam-
ple, thin-film tandems, epitaxial layers, 2D quantum, or 3D nano-
structures. Of course, the development of novel materials can be
accelerated by high-throughput (HTP) density functional theory
(DFT) calculations.

From the theoretical point of view, in addition to the physical
processes at the interfaces, designing solar absorbers entails both
mechanistic understanding and quantitative evaluation of the
optical absorption, charge conduction, and carrier dynamics in
the bulk materials.®® For instance, the first challenge is the accu-
rate evaluation of the bandgaps, where different flavors of DFT-
based methods including specific functionals to account for
strongly correlated systems (DFT + U), self-energy effects
(DFT-GW), or exchange interaction (DFT Heyd-Scuseria—
Ernzerhof [HSE]-06) can be applied but should be benchmarked
in order to make reasonable predictions.®”) The optical absorp-
tion efficiency can then be evaluated based on the spectroscopic
limited maximum efficiency criterion.’®® However, it is challeng-
ing to quantitatively evaluate the charge transport and carrier
dynamics properties, which are mostly driven by electron—
phonon and electron—defect interactions. For instance, the
mobility of electrons and holes is usually estimated by the effec-
tive masses, whereas electron—phonon interaction and electron—
defect scattering have not been widely evaluated, though reliable
methods have been developed.® Moreover, the formation ener-
gies and charge transition levels of various possible defects
should be systematically evaluated.’” Correspondingly, various
dynamical processes, such as nonradiative recombination, can
significantly limit the number of free charge carriers available
to induce electrical current, which limits a solar cell’s power con-
version efficiency. Thus, a systematic consideration of the under-
lying radiative, nonradiative, and Auger processes based on the
electronic structure and defect states is indispensable,”" in par-
ticular a quantitative assessment of the relaxation and recombi-
nation processes in the ultrafast regime.?

From the materials point of view, although the industrial pro-
cesses on engineering Si and [I1I-V semiconductor-based absorb-
ers are pretty mature,® there is still a strong impetus to design
tandem solar absorbers which are nontoxic, only contain Earth-
abundant elements, and are easily integrable into developed

devices for optimal efficiency. For instance, hybrid HaP®* as
represented by CH3NH;PDbI; exhibit high absorption coefficients
and defect tolerance, as well as long carrier diffusion lengths,
leading to promising PV efficiency for single-junction®! and
tandem®**® STH applications.® Nevertheless, such materials
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suffer from poor stability and contain toxic Pb. Two strategies to
go beyond is either to study Ge- and Sn-based compounds with
various organic cations (which, however, usually have even lower
stability than lead HaP) or to search for double perovskites
A2BB’X6 (e.g., inorganic perovskite!'®” like Cs,AgBiBrg with a
bandgap around 2 eV!'®")). Nevertheless, there is still no consis-
tent designing principle for further improvement of their

efficiency by playing with the A-cations.'®? Interestingly,
the emergent low-dimensional perovskite compounds exhibit
improved stability with enhanced quantum confinement
effect.’®! Thus it seems worthwhile to systematically tackle
the relationship between the versatile structures’® of hybrid
HaP and their multifunctional properties in particular as PV
absorbers. For such 2D perovskites, it is found that the magni-
tude of the bandgaps is mostly determined by the thickness of the
inorganic layers,!"°! which offers a possibility to tailor their prop-
erties for tandem absorber applications. Last but not least, as
exemplified by CdTe and CIGS, chalcogenides are known to
be good PV/tandem absorbers, as there are many of known com-
pounds with nearly optimal bandgaps.['®! Therefore, there is a
strong impetus to implement an efficient screening methodology
and evaluate the performance of the known and possibly unre-
ported stable compounds as tandem absorbers. To date, however,
no efficient use of chalcogenides in STH PEC applications has
been demonstrated.

To design tandem absorbers with proper bandgaps and asso-
ciated properties, HTP DFT calculations have been extensively
performed.’®”! For instance, there are many predictions of pos-
sible candidates of Pb-free inorganic compounds with enhanced
stability.l"””) Those predictions already lead to the successful
experimental synthesis of Cs,InAgCls with a wide bandgap.!**®!
Nevertheless, there are still several essential challenges to be
addressed. First, most of the HTP calculations are done with cat-
ions of the s°/s* electronic configurations.’>”>1%=1**! The corre-
sponding optical transitions take place between the s—p orbitals
with weak absorption onset due to the large dispersions of the s/p
bands. The small effective masses of carriers in such bands can
lead to larger mobility, but whether this results in an enhanced
overall performance is still an open question.'">! Materials with
d-orbitals involved in the optical transitions have also been pro-
posed to be good absorbers, like CuTaS;''® and FeS,.1117]
Therefore, an interesting question is to systematically character-
ize such semiconducting materials with partially/fully filled
d-shells as optically active absorbers as well. Furthermore, the
current theoretical predictions either rely on the known com-
pounds or are constrained by limited characterization on the
thermodynamic stabilities of the target materials. For instance,
the formation energies of multinary chalcogenides with limited
structural variations are usually evaluated with respect to a few
typical binary compounds,!''*'? whereas systematic evaluation
of the phase diagrams is rare. Thus, the predicted candidates may
not be stable and more stable compounds might be overlooked.
For the future, it is interesting to go beyond the most common
crystal structure prototypes, as demonstrated for ABX;!'*®! and
ternary"'”) chalcogenides. Last but not the least, most of the the-
oretical calculations performed so far focus on characterizing the
bulk properties particularly for single-junction solar cells,
whereas two absorbers with bandgaps within (0.8 and 1.2) and
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(1.5 and 1.9) eV with proper band alignment at the interfaces are
needed for promising tandem adsorbers.*"!

HTP virtual screening can significantly accelerate materials
design. However, due to the inherent complexity (i.e., composi-
tion, crystal structure, and derived properties) of materials, it is
still challenging to perform exhaustive combinatorial calcula-
tions on a vast compositional chemical space and structural
phase space. In this regard, machine learning can not only be
applied to perform statistical forward inference to map out the
structure—property relationships!*?”! but can also be incorporated
with experimental knowledge!'*"! to guide materials develop-
ments and explorations even at the industrial scale.'*?
Importantly, machine learning often provides a decent solution
to implement a robust multiscale simulation platform, for exam-
ple, machine learning interatomic potential bridging accurate
DFT calculations and large-scale atomistic simulations,!"**
which can be used for efficient predictions of crystal structures
for hybrid organic—inorganic compounds.!**

4.2. Interface Band Structure and Chemical and Electronic
Passivation

For enhancing the stability and durability of PEC devices,
suitable passivation and protection layers for semiconducting
absorbers in artificial leaf devices must be developed.
Passivation layers are also required to mitigate the influence
of electronic defect states in the bandgap that can act as recom-
bination centers and reduce the photocurrent or “pin” the Fermi
level and limit the photovoltage. Strategies are needed that elec-
tronically neutralize these states and ensure proper energetic
alignment of the photoabsorber with the contact material. For
this purpose, strongly chemically interacting adsorbates, ultra-
thin reaction layers, and/or thin passivation layers can be applied
(compare Figure 8). Additionally, charge-selective contacts are
needed that maximize the quasi-Fermi-level splitting (photovolt-
age) by controlling the charge transport directions and the pre-
vention of charge carrier losses due to interfacial recombination
at the contacts. The passivation layers, which may possibly also
work as contact layers, must be adapted for an isoenergetic
charge transfer to the cocatalysts.

Surface passivation is specific for any applied semiconductor
and must be developed specifically, for example, for III-V semi-
conductors, HaP absorbers, novel chalcogenide semiconductors,
or metal oxide absorbers. To achieve effective passivation and

N
Passivation >
7

catalyst,
contact, or
279 absorber

catalyst,
by | cONtact, or
2 absorber

tr

Figure 8. A passivation layer (right) can neutralize recombination at sur-
face defects (left). Adapted with permission.?*®! Copyright 2017, Royal
Society of Chemistry.
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contact formation, an in-depth understanding of the chemical
and electronic structure of the interface between the absorber
and passivation/protection/contact/co-catalyst layers is essential.
As already mentioned above, the additional layers between the
absorber and the catalysts are needed to efficiently fulfill the fol-
lowing functions: 1) to passivate the absorber surface electroni-
cally and chemically; 2) to define the energy converting contact;
and 3) to transfer the charge carriers. For this purpose, one or
more layers may be needed to realize the desired properties.
For obtaining the desired properties of the interlayer and contact
phases, the exposure and deposition to reactants and surface
layers must be optimized, which turns out to be a complex chal-
lenge. Therefore, advanced surface science methods must be
applied to study the synthesis steps and the obtained properties
in detail (see also Section 5.5). For example, the exposure of inter-
faces to water and oxygen must be investigated in a controlled
fashion to study favored adsorption sites using atomic force
microscopy (AFM) or scanning tunneling microscopy (STM),
whereas structural changes can be deduced from low-energy
electron diffraction or reflection anisotropy spectroscopy.[*>>~1%"!
The influence on the electronic structure can be studied by X-ray
photoelectron spectroscopy (XPS), ultraviolet photoelectron
spectroscopy, and inverse photoelectron spectroscopy as well
as scanning tunneling spectroscopy.'?® Additionally, the
quasi-Fermi-level splitting in the material can be estimated from
photoluminescence (PL) spectroscopy.’?®! Guided by electronic
structure calculations (DFT), the formation versus passivation of
defect states at the surfaces and interfaces of the absorber mate-
rials, the modification of interfacial dipoles, as well as doping of
the intermediate layers must be adjusted to optimize the
energetic alignment. The structure and dynamics of the water
molecules at the interface to the passivation layer can be studied
by ab initio molecular dynamics. Candidate materials for the pas-
sivation layers are usually specifically adjusted metal oxides
(TiOz,[13°] HfO,, MY Ga,0,,13? BaSnO3[133]) and group III
binary, ternary, and doped nitrides,"** which can be deposited
in a highly controlled, layer-by-layer fashion using atomic layer
deposition or molecular beam epitaxy. For example, the interac-
tion of hydrogen, oxygen, and water (also in the presence of alkali
atoms) has been investigated (see, e.g.,'**7%%).

Ohmic loss is another issue to minimize. The electrical con-
ductivity of, for example, TiO, passivation layers can be enhanced
by surface defect engineering. In addition, the adhesion between
the passivation layer and catalyst can thereby be modified.!***!
These and other factors can have a positive or negative influence
on charge carrier transfer from the absorber to the reactive outer
interface between the catalyst and electrolyte.

In addition, the coordination state of the catalysts can be
tailored by the surface defect states of the passivation layer for
further improvements of the catalytic performance. To study
the effects of the solid-solid contact on the phase formation
of the electrocatalyst active surface, which is commonly observed
during application with the aim of minimizing interfacial perfor-
mance losses, the electronic and chemical interfaces between
protection layers and often semiconducting multinary oxide elec-
trocatalyst thin films must be investigated. Because changes of
the electronic structure of the interface can occur at various
stages of the growth process, in situ and in system studies might
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prove valuable tools to deduce the needed insights into the
passivation behavior.

Thicker passivation layers can also serve to protect the absorb-
ers against photocorrosion"*! and at the same time directly
provide the contact layer.?%13%14%-1%2 Chemical passivation (pro-
tection) layers need to be optically almost transparent, electroni-
cally conducting or allow tunneling for either electrons or holes,
and must show excellent chemical stability. Extended PEC stabil-
ity measurements need to be combined with charge transfer
studies by EC impedance spectroscopy (EIS),**** open circuit,
potential step, linear polarization measurements, as well as DFT
calculations. Finally, postmortem analysis should be applied
using transmission electron microscopy (TEM), scanning elec-
tron microscopy (SEM),"*! and AFM!™*®! to develop a better
understanding of degradation pathways and suitable passiv-
ation/protection strategies. In addition to processes in neat
water, also corrosion mechanisms at acidic conditions need to
be understood. Free energy profiles for the degradation mecha-
nism (with and without ions) can be calculated by a combination
of ab initio molecular dynamics simulations and enhanced sam-
pling techniques such as meta dynamics.

4.3. Novel Electrocatalysts and Electrochemical Structures

The chemical reactions at the solid/electrolyte interface are a
major kinetic bottleneck in the overall operation of water-
splitting devices. Some state-of-the art Earth-abundant catalysts
for HER and OER are promising candidates with regard to their
stability, kinetic overpotential, and current density.!'*-14®!
However, the integration of the catalysts into an artificial leaf
device faces additional challenges compared to conventional
EC devices, as illustrated in Figure 9. The catalysts must be cou-
pled in an effective way to reach high STH efficiencies and enable
practical fabrication procedures of PEC devices especially of tan-
dems with high durability."**! To realize efficient charge trans-
fer, the catalysts must be electronically and structurally coupled
to the underlying layer."*”! In doing so, the electronic levels of
the catalyst must be correctly aligned with the passivation layer
sandwiched between the multiabsorber and catalyst.[B2!>!!
Catalysts are needed to accelerate a reaction and lower the
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required overpotential. First insights into the interplay between
energetic alignment of catalysts and relevant support materials
are already available.!">*™** These need to be deepened to eluci-
date the interplay between catalyst, intermediate functional
layers, and semiconductor on a fundamental level, as schemati-
cally indicated for different arrangements in Figure 9. Relevant
parameters include, but are not limited to, the atomic and elec-
tronic structure, morphology, and the type of interaction (such as
chemical bonding type and charge redistribution) between cata-
lyst and support.

Besides good electrocatalytic properties, high active surface
areas and high stability under intermittent conditions and ele-
vated temperatures while minimizing or avoiding light absorp-
tion are required in the integrated device. To address these
unique challenges in artificial leaf catalysts, the development
of flexible catalyst platforms consisting of multinary oxides,
single-atom catalysts, subnanometric cluster catalysts,*>* and
organic-inorganic hybrids supported on nanostructured or
grafted contacts and passivation layers are needed.">”) Among
these approaches, organic-inorganic hybrids such as Ni-based
layered double hydroxides (LDHs) organomineral hybrids are
expected to be very promising as they might combine the high
catalytic activity of Ni(Fe)-based LDHs"*® with the structural tun-
ability offered by the organic ligand."*® As a precondition, the
electronic structure of the layer sequence across the interface,
which is often unknown in devices studied so far, must be elu-
cidated. While the valence and conduction states of the involved
materials are often well understood, much less is known about
surface, interface, and defect states in the bandgap. Catalyst plat-
forms like doped multinary oxides,!"**"'%” advanced materials
based on LDHs,'* or metal complexes with substituted
ligands("*>'**! enable the tuning of energy levels, catalytic prop-
erties, and stabilities. Correspondingly, new catalysts composed
of nonprecious, preferentially Earth-abundant elements, must be
developed for HER and OER, while optimizing their interaction
with the support and charge transfer properties. The long-term
goal is to effectively suppress nonradiative charge recombination,
minimize Ohmic potential drops across interfaces, and to
promote fast interfacial solid-liquid charge carrier transfer.
The key objective of an integrated catalyst design is to optimize
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Figure 9. Schematic overview of different catalyst classes and arrangements as well as related research topics.
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the electronic and structural interaction for different types of
catalyst-support combinations. In situ and operando characteri-
zation in well-defined model catalysts has to be complemented by
state-of-the-art computational methods, quantum chemistry, and
theoretical spectroscopy to achieve a mechanistic understanding
and to establish structure—function-stability relationships in
these integrated catalysts.

Both immobilized molecular and inorganic crystalline materi-
als depicted in Figure 9 have shown great potential as catalysts
coupled to a tandem PEC device. Moreover, organic—inorganic
hybrid materials joining molecular motifs with inorganic layers
have recently been reported as highly active and stable catalysts
for the dark OER!"%%19>71%8] highlighting another flexible, tunable
catalyst platform as a potential light-driven water-splitting cata-
lyst. Mechanistic studies of catalytic reactions can be accom-
plished by state-of-the art operando and insitu spectroscopic
experiments in model catalysts and interfaces. In situ and oper-
ando experiments addressing charge transfer kinetics at the
interfaces, electronic band alignment, and transient behavior
must be complemented with theory regarding catalyst and inter-
face design, as well as data analysis on the atomic level. In this
context, a hierarchical nanocomposite architecture is a relevant
strategy to overcome the limitations of 2D semiconductors
toward a 3D catalyst and to achieve high-performance stable
materials."**7% On selected passivation layers loaded with cat-
alysts, studies on the alignment of the electronic levels and pos-
sible structural changes of the catalyst can be carried out. By
manipulating the interface effect between different active mate-
rials (with the same catalytic function), one can design and fab-
ricate multicomponent catalysts (coupling a HER catalyst with
other HER catalysts or coupling an OER catalyst with other
OER catalysts) to achieve enhanced catalytic performance.!””!

4.4. Absorber—Catalyst Integration and Device Engineering

Once promising materials for the PV, catalyst, and electrolyzer
components have been identified, two further essential steps
toward the overall goal of realizing efficient and durable artificial
leaf devices will be taken: 1) the integration of the materials into
multijunction photoelectrodes; and 2) the integration of these
photoelectrodes with supporting components into working devi-
ces (the related general references have already been presented
above and detailed references will be cited in Section 5).

The first step, that is, the integration of absorber structures,
passivation layers, and electrocatalysts must lead to stable multi-
junction photoelectrodes. Incompatibilities of materials and in
the processing of materials for such composite photoelectrodes
have received little attention in the field so far, but must be con-
sidered at an early stage. Studies of interface formation need to
be performed following the development of the applied reaction
and processing conditions to find appropriate surface and inter-
face engineering strategies. Here, the characterization needs to
be carried out before and after preparing the interfacial layers
and preferably under in situ synthesis and operation conditions.
For an improved understanding and knowledge-based develop-
ment and adjustment of the interface formation, the processes
at the absorber/passivation/catalyst interfaces need to be studied
in their temporal development, at all timescales with TR
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spectroscopy (see Section 5.4). This includes photophysical
charge carrier dynamics from sub-ps to ns as well as slower
charge carrier transfer and mass transport processes involving
chemical reactions with and within the electrolyte at timescales
ranging from microseconds to seconds and even at slower time-
scales. A key aspect for further improvements must be the ability
to correlate the (ultra-)fast timescale of photophysical processes,
which involve the formation of specific localized electronic states
and the storage of minority charge carriers therein, to the much
slower reaction processes of electrochemistry. The design of
adjusted coupling schemes associated with chemical changes
at the surface during operation needs therefore to be studied with
recently developed ambient pressure hard- and soft X-ray spec-
troscopy capabilities at synchrotron facilities providing these
unique new capabilities such as BESSY II (see Section 5.5).
All these studies on system integration and device engineering
must be complemented with theoretical calculations and simu-
lations. These reach from the macroscopic level using, for exam-
ple, multiphysics codes for the coupled solution of Maxwell’s
equations and transport equations™’*'”* down to DFT-based
electronic structure calculations and ab initio molecular dynam-
ics on the atomic scale.

Microscopic theoretical modeling, typically based on DFT, is
essential for understanding the charge trapping and charge
transport across the various interfaces and inhomogeneities of
the devices and their respective optimization. It also helps to
understand the influence of most importantly defect formation
and dipolar double-layer potential drops on interfacial processes
and improve our understanding how catalyst/support interac-
tions and (photo)corrosion mechanisms affect electrocatalytic
activity and device durability.

As an example, we show in Figure 10 the orbital character of
an interface state that forms a GalnP/AInP(001) junction. Within
hybrid DFT, this state is a bound interface state at the (0.5,0.5,0)
point of the interface Brillouin zone (BZ), around 0.1-0.2eV
below the VB maximum.'”®! It corresponds to phosphorous
states with p character. The character and energy of this state

Figure 10. Orbital character of a bound GalnP/AlInP interface state, blue,
green, violet, and small balls indicate Al, Ga, In, and P atoms, respectively.
Reproduced under terms of the CC-BY license.'”®! Copyright 2021, The
Authors. Published by Wiley.
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and its impact on the charge transport depend sensitively on the
stoichiometry and atomic structure of the interface.'”>17¢l

Another example, where DFT yields detailed insight into a
microscopic process, is light-induced degradation, which is
well-known for boron-doped silicon PV cells.l'””! Light-induced
degradation is to be expected for PEC as well. In the silicon case,
the Bg;Si; defect with an interstitial Si close to a substitutional B
becomes instable when negatively charged, that is, at large
minority charge carrier concentrations under strong illumina-
tion. It converts spontaneously from a shallow defect to a deep
defect, leading to increased nonradiative recombination.

While ballistic transport calculation"”® provides often a good
starting point for a qualitative understanding of charge transport;
quantitative agreement with measured data can typically only be
achieved by taking the coupling between the charge carriers and
vibrations as well as polaronic effects into account. For example,
in the case of the organic semiconductor P3HT, it was found that
high-frequency molecular vibrations with strong coupling con-
stants are found to reduce the hole mobility considerably at room
temperature.['”?)

Excited-state potential surfaces, calculated, for example, with
constrained DFT,™®" allow to calculate the structural’®" and
electronic dynamics of excited interfaces!'®? and give access to
the dynamics of transport relevant phenomena like polaron for-
mation and polaron hopping.!'’>7¢178183 Again, information
such as this can be used directly in the materials design.

4.5. Transport Issues in EC Devices

When addressing real devices and their scale-up, the multijunc-
tion photoelectrodes must be integrated with supporting compo-
nents, such as membranes, into scalable, robust, and efficient
artificial leaf devices."®* For devices larger than ~1cm?, mass
transport limitations in the electrolyte become increasingly
important. Even in concentrated electrolytes, pH gradients are
difficult to avoid and can lead to efficiency losses and degrada-
tion. Absorbers made of microperforated membranes, perforated
solar absorbers, and/or forced electrolyte flow can mitigate the
effect of pH gradients and ensure efficient product separation.
For designs where light passes through the electrolyte, the opti-
mization strategy here also depends on the bottom photoab-
sorber: As this will be typically of a lower bandgap in the
order of 1.1 eV or below, it will suffer from infrared absorption
of the electrolyte. This implies that electrolyte layers on top of a
photoabsorber for a configuration as sketched in panel (a) of
Figure 12 need to be thin. This, however, increases losses from
mass transport and pH gradients. Numerical modeling that
includes solar spectrum, photoabsorber configuration, as well
as reactor geometry is therefore required to find suitable config-
urations.!"®! Bubble management may be needed to avoid optical
scattering losses, while reactor sealing and downstream product
purification become important at higher technology readiness
levels (TRLs).

As far as mass transfer is concerned, the efficiency in the final
PEC device is governed by three contributions: the boundary
layer, the bulk electrolyte, and the membrane. Herein, the most
critical part is the boundary layer between the electrode and elec-
trolyte. The transport processes within this region are dominated
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by diffusion of reactive or ionic species into and from the catalytic
surface. Mass transfer limitations caused by the boundary layer
are minimized if the PEC device is operated under strong acidic
or alkaline electrolytes because concentration gradients are sup-
pressed and the processes at the electrodes are enhanced due to
the high educt concentrations. However, the electrode and cata-
lyst materials are in general not stable under these harsh condi-
tions. Therefore, multiion buffered solutions are most likely to be
used as electrolyte at near-neutral pH.

Figure 11 shows a schematic representation of the electrode/
electrolyte surface for HER in the presence of gas bubbles. The
processes are nicely described by Angulo et al.*®¢ The HER on
the electrode results in concentration gradients that may limit the
mass transport to the surface and through the electrode. When
the gas molecules in the liquid electrolyte reach a high enough
saturation level, nanobubbles are formed spontaneously, typi-
cally at nanoscale surface defects. Eventually many of these nano-
bubbles coalesce and form a larger bubble that is fed by a carpet
of the nanobubbles. The evolving gas bubbles will additionally
block the active electrode area and cause local distortions in
the electric field and the concentration distribution. This concen-
tration and/or temperature gradients may further induce a
Marangoni flow at the gas interface depending on pH and
electrolyte."8”18% When the buoyancy force is larger than the
capillary forces, the bubbles will lift of and produce a flow in their
wake. This flow may enhance mixing at the electrode surface!**”
and thus largely influences the concentration gradient. The
knowledge of these processes is currently still limited, but the
large impact has been shown in several studies.['®¢**!!

In future PEC systems, strategies such as stirring or the gen-
eration of an external flow may prove necessary in order to mini-
mize concentration gradient/polarization. If the electrodes are
larger and vertically aligned, the rising bubbles will drive by
themselves a larger convection that can be further enhanced
using Lorentz forces by external magnetic fields.!"”*"*? This stir-
ring effect may also improve the efficiency of the whole system.

Figure 11. Schematic representation of the hydrogen evolution at the sur-
face. The reaction on the electrode results in concentration gradients that
may limit the mass transport to the surface. The evolving gas bubbles will
block the active electrode area and cause local distortions of the electric
field. Concentration and/or temperature gradients may further cause a
Marangoni flow at the gas interface.
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External convection, on the one hand, does reduce ionic concen-
tration gradients, but it also leads to the transport and mixing of
hydrogen and oxygen. Since gas separation is a fundamental
requirement in a PEC device, it is crucial to consider the addition
of ion-exchange membranes that possess excellent capabilities in
both ion conduction and gas separation. On the other hand,
external-induced flows or stirring facilitate the removal of gas
bubbles (see, e.g.,['**), which can also limit the overall mass
transport."¥ 7% Gas bubble removal can also be enhanced by
a careful design of the electrode morphology and functionaliza-
tion, for example, hydrophilic coatings to the electrode surface
can improve wetting properties, reduce bubble adhesion, and
enhance reactant transport.'”***Y Nanostructuring of the photo-
electrodes increases the catalytically accessible surface and is an
important design concept for the development of efficient PEC
devices. These advantages must be carefully balanced against the
possible limitations of mass transport imposed by hierarchical
nanostructures. Ion diffusion is significantly impeded when
the nanochannels are blocked by gas bubbles, and the desired
increase in the active surface area through nanostructuring also
increases the interactions of the ions with the electrode surface
and may reduce their mobility.

To avoid significant ionic resistance losses in the bulk electro-
lyte, the design of reactor architectures should minimize the
ionic path length, including, for example, the placement of
the catalysts and the ion-exchange membrane.!"®* The migration
length of the ions should be shortened to reduce the ionic resis-
tance losses in the bulk electrolytes. This is particularly important
for devices that operate at high current densities.

Membranes for efficient PEC device have to fulfill two differ-
ent properties: high ionic conductivity and low gas permeability.
Membranes with a balanced interplay between these two func-
tionalities are still under development.['®*l

For the conduction of hydroxide ions, polybenzimidazoles
(Aemion) or polymeric anion-exchange membranes (AEMs)
(Sustanion, Fumatech-FAA3) are commercially available
state-of-the-art materials."” The AEM generally consists of a
(positively charged) quaternary ammonium head group and a
polymeric (e.g., polyaryl or polyether) backbone. Also imidazo-
lium, pyridinium or quaternary phosphonium groups are possi-
ble positively charged head groups.'**'®® For proton
conduction, Nafion (and similar compounds such as Aciplex,
Fumasep) are the most important commercially available mate-
rials.'*?! These compounds are polymeric perfluorosulfonic
acids. Their nanostructure is composed by ion-conducting
domains embedded in a semicrystalline matrix.[2°0-20%
Alternative proton conductors are, for example, sulfonated
polystyrene membranes incorporating an aliphatic-backbone or
polyimide-based membranes.?>?°*) While Nafion was devel-
oped in the 1960s, efficient AEMs have only been the subject
of intensive research for a much shorter period of time. Both
polymeric proton and hydroxide ion conductors combine a
hydrophobic backbone with hydrophilic head groups (e.g., sul-
fonic acids or quaternary ammonium groups), resulting in
microphase separation and the formation of water-filled channels
in the single-digit nanometer range for ion transport. Proton and
AEMs were mainly developed for applications in fuel cells or
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electrolyzers. Despite significant similarities between the mem-
brane requirements of electrolyzers and PEC devices, there are
still important differences in the design of efficient membranes.
While electrolyzer systems operate in the A cm™ range, the cur-
rent densities of PEC devices can range from a few Acm™2 to
several 100 Acm™2 For low current densities of PEC devices,
the use of AEMs, with an order of magnitude lower conductivity
compared to Nafion, is much more feasible, as the ideal thick-
ness of the membrane is not only determined by its conductivity.
Gas permeability and current density must also be taken into
account. For a detailed discussion, see ref. [184]. The main dis-
advantage of the Nafion membrane for fuel cell applications is
the limitation of the operating temperature to below 200 °C
(as residual water in the nanopores is a prerequisite for proton
conductivity). AEMs for alkaline water electrolysis suffer mainly
from limited stability under alkaline operating conditions.
Membrane degradation is particularly enhanced when the mem-
brane nanochannels are not fully hydrated.”® For PEC applica-
tions, these drawbacks are less important since each part of
the membrane is in contact with the electrolyte and operating
temperatures are below 100°C. However, due to the slow
degradation of perfluorinated compounds in nature, PFAS-free
alternatives to Nafion are desired. Current materials under
investigation are, among others, quaternized poly(arylene
perfluoroalkylene)s (QPAFs)** or poly (m-triphenyl carbazolyl
piperidinium)®?®”-based AEMs for hydroxide conduction or
sulfonated polyphenylene-based polymers (e.g., SPP-TFP-4.0-
PVDF)?%® and aromatic graft polymers®®! for proton
conducting membranes. In general, promising candidates are
block-copolymer membranes with multifunctional domains,
polymer blends where conducting and gas-impermeable materi-
als are provided to achieve balanced transport. Future research
should also focus on semicrystalline ion-conducting polymers,
as the gas permeability of the membrane decreases significantly
with increasing crystallinity of the polymer matrix (as has been
shown for Nafion?!?)). This is achieved by two microscopic
phenomena: an increased tortuosity due to the increased volume
fraction of the crystallites and a reduced water uptake of the ionic
domains due to the stiffening of the surrounding matrix. In addi-
tion to the gas permeability, these changes also affect the ionic
conductivity, which must be taken into account in the targeted
development of membranes with balanced gas permeability
and ionic conductivity.

For PEC water splitting, many electrocatalysts, which are used
to drive the HER, show the lowest overpotentials in acidic media,
while nearly all Earth-abundant catalysts used to drive the OER at
low overpotential are only stable under alkaline conditions.
Therefore, it may be ideal to use in PEC devices membranes that
should separate two different regions with different pH values. A
bipolar membrane would allow the cathode to operate under
acidic conditions and the anode under alkaline conditions.*'*2!?
This is possible because a bipolar membrane is an ion-exchange
membrane. consisting of a cation-exchange layer and an anion-
exchange layer, allowing the generation of protons and hydroxide
ions via a water dissociation mechanism.

Addressing mass transfer limitations in the boundary
layer, the bulk electrolyte, and the membrane in a unified/
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holistic approach requires innovative device architectures and
multiscale, multiphysics modeling to guide the design pro-
cess.17+213214 1n addition, harmonized protocols for perfor-
mance and stability benchmarking will have to be established,
as these are not yet firmly established in the field.

4.6. Surface and Interface Characterization: In situ and
Operando Studies

An important research element for an improved understanding
and tailored engineering of device structures is the investigation
of fundamental properties of solid/solid and solid/liquid interfa-
ces with in situ/operando techniques. The ability to interrogate
these interfaces and investigate interfacial processes under real-
istic operating conditions represents an experimental challenge
in (photo-)electrochemistry. A summary of different techniques
to be applied for such studies may be found in the litera-
ture.""2117 118 A detailed atomistic analysis of working interfaces
is a necessary prerequisite to develop strategies for controlling
EC charge transfer reactions. Figure 22 highlights specific
opportunities in the utilization and advancement of insitu
and operando tools.

The application of different in situ spectroscopic techniques
enables the direct observation of interfacial processes of the reac-
tive electrode surface to the electrolyte in combination with the
standard EC characterization techniques. The relevant experi-
mental (in some cases very recently developed) techniques
include optical spectroscopy,*'® X-ray and UV-based spectros-
copy of core levels and VBs,?'*'® X.ray scattering??'®”! and
diffraction,*?% local probe imaging techniques such as in situ
EC liquid TEM, or STM.*22?2% These can be complemented
by TR experiments such as two-photon photoemission
(2TPPE),***! TR ellipsometry, and IR spectroscopy.”** Such
methods are targeted to understanding EC surface reactivity
starting from the atomic level, while a bridging of different
domain of characterization methods is currently rarely pursued.
Currently, there is no research on correlating electronic structure
features observed in interfacial X-ray spectroscopy with chemical,
particularly molecular, composition at the reactive interface ana-
lyzed by techniques like vibrational spectroscopies. Challenges
connected to this aspect are the spectroscopic discrimination
between reactive species and spectator species at the EC interface
and the low interface concentration of reactive intermediates,
calling in for signal enhancement strategies like resonance spec-
troscopies or surface enhancement via plasmonic approaches
such as surface-enhanced IR or Raman spectroscopies
(SEIRAS or SERS). The same holds true for a correlation of such
spectral or structural information in time and space over the mul-
tiple involved time and length scales ranging from fs-s and sub-
nm to mm. While EC surface science has focused in the past on
single-crystal surfaces, it is important to go beyond and broaden
investigations to more realistic complex EC interfaces, of course
realizing that some methods do require well-defined (single crys-
talline) starting structures in order to benchmark studies and to
assign the observed features. Generally, the interaction of the
semiconductor absorber interface with and without applying pas-
sivation layers and/or electrocatalyst as promotors/inhibitors
should be studied. Passivation layers, for instance, serve as

Sol. RRL 2024, 2301047

2301047 (16 of 49)

www.solar-rrl.com

inhibitors against semiconductor corrosion but may reduce con-
duction and change energy-level alignments. This necessitates a
comprehensive analysis of their impact. Designed in a smart
way, such passivation layers could bring functionality for catalyz-
ing the desired EC reactions at the solid-liquid interface. The
interplay of all experimental outcomes deduced from the differ-
ent characterization techniques shall be applied to study the
chemical bonding at EC interfaces as the basis for an understand-
ing of structure—reactivity relationships and mechanistic reaction
pathways.

For more specific details on advanced and novel approaches in
EC surface science, which has been applied by the authors of this
review, the reader may refer to Section 5.5.

5. Selected Scientific Key Challenges on Electronic
Structure and Reaction Dynamics of
Photoelectrodes

To achieve the ambitious goal of fabricating PEC cells for direct
and efficient STH conversion, we must develop device designs
that enable us to approach theoretically feasible performance
levels. We will therefore focus our discussion in this section
on the central components of the photoelectrode and the involved
scientific key challenges. These are: 1) EC surface reactivity and
interface formation; 2) electronic alignment of involved energy
states (to promote appropriate interfacial charge carrier trans-
port); 3) selectivity of contacts (promoting desired vs. undesired
electron reactions); 4) charge carrier dynamics (coupling the fast
semiconductor electron dynamics with slow EC reaction rates);
and 5) complexity of interfaces (as a consequence of loss-
minimized coupling processes). Research efforts must combine
complementary scientific disciplines as is described in more
detail in the following subsections.

5.1. Challenge No 1: EC Surface Reactivity and Interface/
interphase Formation

The performance reached in (P)EC energy conversion is deter-
mined by the controlled and kinetically optimized charge transfer
of electrons/holes to electrolyte species at the solid/electrolyte
interface. There are a number of factors, which need to be
considered for contact formation and the kinetics control of pre-
ferred versus unwanted side reactions depending on the solid-
state physical properties of the electrodes, the electrostatic
arrangements of reactants across the double layers, as well as
from mass and charge transfer. For PEC energy conversion
via light-driven splitting of H,O, the photovoltage provided by
the optimized PV component (a tandem cell) must be transferred
without severe voltage and current losses to the catalyzed HER
and OER reactions. As already mentioned in the introductory
part of our review, most of the theoretical concepts consider ide-
alized semiconductor/electrolyte contacts without considering
specific surface or interface electronic states (surface or interface
states). However, as is evident for most, if not all, investigations
of photoelectrodes in contact to H,O that are used in artificial
cells, there are always new electronic surface/interface
states formed at the solid/electrolyte or solid/cocatalyst or
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solid /passivation layer/cocatalyst interface. Those states must be
considered for describing contact formation and even more
charge carrier transfer under operation.®***=% As a conse-
quence, the overall contact potential distribution cannot simply
be described only in terms of Marcus—Gerischer theory or the
Butler-Volmer approach, but novel combined theoretical
approaches are needed depending on the number and position
of possibly formed surface/interface states (see e.g.,22%%*%),
These new states are specific for any system under investigation
and depend on the materials involved, their pretreatment, and
operational conditions affecting reactive sites and intermediates
of multielectron transfer reactions. When transition metal oxides
come into play either as photoelectrodes or as cocatalysts, the
occupation of defect states in the bandgap of the solid material,
for example, formed by localized d-states, can change during
operation, with consequences for the electronic structure, charge
recombination, and transfer reactions due to the formation and
involvement of the modified interphase arrangements. These
desired or undesired charge rearrangements might occur
between all of the possibly involved electronic states in all com-
ponents, including the VBs, CBs, defect states, and electrolyte
(compare Figure 12).

For this reason, emphasis must be put on an atomistic char-
acterization and understanding of surface reactivity. This
involves electrocatalytic activity which refers to the rate of conver-
sion of water to either hydrogen gas or oxygen gas. Additionally,
attention must be given to stability, examining potential corro-
sion phenomena at the interface. This interface encompasses
the semiconductor, the chemical passivation, electronic proper-
ties of formed or applied junction layers, and the electrolytes
(seel?25239-231) The complex interplay between the interrelated
compositional, structural, electronic, and electrostatic boundary
conditions required for the PEC reaction of H,0 to H, or O, is
for most cases still an unsolved scientific and technological
challenge.

To ensure optimal synergy between the light absorber and the
customized catalyst, it is essential to have precisely adjusted,
immobilized, and interface engineered absorber—catalyst
or absorber—passivation/contact layer(s)—catalyst, as well as

www.solar-rrl.com

catalyst/electrolyte junctions. A detailed analysis of the structure,
chemical composition, interfacial reactivity, and interfacial
energy alignment (Figure 12) depending on the applied deposi-
tion and processing steps, and EC reaction conditions can pro-
vide design rules for functional layers and electrocatalysts.

For a full understanding of the theoretical concepts of solid-
state device structures of buried junctions describing the contact
formation between possibly involved absorber/contact/catalyst
layers, knowledge of solid-state semiconductor contact formation
is needed in addition to EC concepts for the discussion of
absorber/electrolyte and catalyst/electrolyte interfaces.®*322%3
Additionally, it must be considered that depending on synthesis
conditions and surface/interface layer materials’ properties, reac-
tive components may interdiffuse crossing the layers during syn-
thesis and application of the converter structures, which will lead
to severe modifications of the properties.

Therefore, a specific problem but also a promising design per-
spective lies in the fact that under operation conditions the cata-
lyst layers as well the interface may adopt the nonequilibrium
conditions due to the trapping of charge carriers, leading to ener-
getic double-layer potential shifts across inner and outer interfa-
ces. Such surface layer charging or discharging processes may be
advantageous or detrimental depending on the induced potential
shifts of the trapped charge carriers and their energetic position
at the EC junction (see, e.g,,[22>230:234233]),

In summary, the scientific and technological aim must be to
transfer the achieved photovoltage and photocurrent of the PV
component to the electrocatalytically active surface layer(s)/elec-
trolyte interface without loss of voltage or current and with
proper adjustment across the outer EC double layer. We are con-
vinced that for most absorber materials, a buried junction struc-
ture must be considered, which either may be formed due to
surface reactions under operational conditions or which is due
to specifically designed and preprocessed contact layer arrange-
ments at least including cocatalysts. The overpotential for cata-
Iytic reactions should be reduced as much as possible, for
example, by increasing the catalytic surface area. Additionally,
side reactions such as corrosion must be hindered by optimized
interface energetic conditions to improve the long-term stability

(a) (b) (c)
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Figure 12. Energetics at the EC interfaces for a p-type semiconductor photoelectrode with a) directly deposited metallic HER electrocatalyst (with high
work function, e.g., Pt) leading to small photovoltage and low photocurrent at the maximum power point due to Fermi-level pinning and b) with electro-
catalyst deposited on a thin, insulating wide-bandgap passivation layer. c) Using adjusted MOS/metal-insulator-semiconductor (MIS) junctions. In the
case of (a,b), a loss of photovoltage is due to Fermi-level pinning or electron transfer to the high-work function catalyst, respectively. High conversion
efficiencies are expected for case (c) due to an optimized MOS/MIS layer with a degenerately doped charge carrier-selective contact layer (n+ oxide,
n + semiconductor layer) and Fermi-level alignment of the semiconductor and electrocatalyst close to the CB minimum. Reproduced under terms of the
CC-BY license.l'?® Copyright 2020, The Authors, Published by De Gruyter.
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of functionalized multijunction photoelectrodes. The impact of
small ions (such as H", OH™, K*, $O,%7) on the electrolyte/pho-
toelectrode interface must be studied in addition to gain insight
into 1) how the ions affect the water structure at the interface and
how they can significantly enhance corrosion mechanisms; and
2) how the mobility of the ions is affected due to interactions with
the interface.

5.2. Challenge No 2: Electronic Alignment of Involved
Electronic States

The formation of PEC interfaces in water-splitting cells and the
device performance are very often described in terms of a
simple and idealized semiconductor—electrolyte interface, in
analogy to the ideal Schottky model of semiconductor-metal
(Schottky) contacts.?#23¢) Under equilibrium conditions, the
Fermi level in the semiconductor is aligned with the equilib-
rium redox potential of the electrolyte at these interfaces.
Commonly, the photovoltage-induced shift of the quasi-
Fermi level is considered under illumination by keeping the
band-edge positions fixed, and the charge carrier transfer to
the electronic states of the electrolyte is described in terms
of the Marcus—Gerischer theory. Specific effects such as poten-
tial drops in the double layer, due to the charging of defect states
or modifications of surface dipolar structures, are usually
neglected and their values are widely unknown.**”*® Here,
the formation, involvement. and dynamic charging of surface
and interface states as well as changes of electron affinity
due to modifications of the surface dipolar layers may occur
and change the band-edge positions at the interface.
Naturally, these electronic states are involved in charge carrier
transfer reactions. However, the electronic density of states
(DOS) distribution of intermediate and single charge transfer
redox states of the electrolyte, when multielectron transfer reac-
tions are considered, are not known for most cases as they may
form additional (reoccupied) electronic trap states during oper-
ation!”****% The energetic alignment and the involved elemen-
tal transfer steps of charge carriers are even more complex in

Semiconductor
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cases, where metallic or oxidic cocatalysts are involved together
with possibly formed or intentionally included interfacial chem-
ical and/or electronic passivation layers (see Figure 13). This is
the case for most junctions either formed unintentionally or
designed in a controlled way using an engineering approach
and these must be optimized for artificial leaf PEC devices.
So far to the best of our knowledge high performance is only
reached in electrochemically modified or synthesized buried
junction device structures, including a number of often
empirically designed interface engineering steps.*!#8128!

For an improved knowledge-based engineering of the PEC
junctions, which possibly contain semiconductor—interlayers—
cocatalyst/electrolyte junctions, the electronic coupling of the
different layers must be understood and adjusted for efficient
artificial leaf devices. For equilibrium conditions, this comprises
1) the band-edge positions; 2) the position of the Fermi level
within the semiconductor; 3) the respective electronic levels of
passivation phases (intermediate layers); 4) the possible forma-
tion and influence of interfacial pinning levels; 5) the energetic
position of the Fermi level of the catalyst layer; and 6) the elec-
tronic states of the reactants (intermediates) in the electrolyte.
For the relevant nonequilibrium conditions, the energetic situa-
tion is very often significantly modified. The flow of minority
charge carriers may lead to a severe redistribution of the photo-
generated charge carriers across the junction affecting the quasi-
Fermi levels of electrons and holes in the semiconductor. In the
interfacial layers and at the phase boundaries, existing defect
states are reoccupied or new electronic states may form, which
can also be expected for the cocatalysts. Additionally, in multie-
lectron/proton transfer processes, the concentration and ener-
getic position of intermediate states formed with the
electrolyte must be considered, depending on possibly formed
chemical bond formation of reacting species from the electrolyte
with the solid surface. High conversion efficiency can only be
expected when the quasi-Fermi levels of the semiconductor
device are energetically aligned across the intermediate passiv-
ation layers to the active catalyst reaction sites. In operation,
the quasi-Fermi level of electrons (or holes) must be in electronic
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Figure 13. Schematic representation of contact formation at semiconductor—electrolyte junctions at equilibrium conditions and involved energy con-
tributions (®: work function, ey: surface dipole potential, eV,: band bending, A: reorganization energies, eAy*“: semiconductor dipole, eAgp: inner
Helmholtz, eApionp: outer Helmholtz, eAgg.c: Gouy-Chapman). Question marks highlight the unknown electronic properties with respect to band-edge
positions, interfacial defect states, and DOS of involved redox reactions. Left: Assuming only a semiconductor/electrolyte contact. Right: With involve-
ment of a passivation layer and catalyst. The electrolyte DOS as shown is only valid for fast one-electron transfer redox couples and does not apply to
multielectron transfer reactions involving bonding of intermediates to the electrode. Reproduced with permission.¢®] Copyright 2024, Elsevier.
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alignment to the energetic position of the HER (OER) catalyst
charge transfer states to enable low overpotentials (for metals
defined by the Fermi level, for metal oxides, e.g., defined by
the energetic position of charge transfer bandgap states).
Thus, the answer to the question, which materials must be
combined and which device structures and processing steps
have to be chosen for an optimized performance, depends
strongly on the electronic properties of all involved materials
and interfaces.

5.3. Challenge No 3: Selectivity of Contacts

Functionalized heterointerfaces are the enabling building blocks
in all kinds of modern semiconductor devices and play an
essential role with regard to charge carrier selectivity, too. A
big scientific challenge arises from the need to develop electron-
and hole-separating contacts at different spatial positions of the
envisaged device structure. Also for PEC cells, the contacts will
vary in their function and design involving different homo or
heterocontacts, from the one side containing the H, evolution
electrode, via different types of internal contacts, finally to the
interfacial contacts to the O, evolution electrode on the other side
(see Figure 14). Here, electronic alignment and band structure
engineering is mandatory to facilitate effective charge carrier sep-
aration and photovoltage sum-up at the internal selective contacts
as theoreticall*”! and experimental work®*!) has shown. 2D het-
erojunctions at planar layer structures, axial,**? and radial
heterocontacts!***! in nanowires as well as point contacts have
already been realized as charge-carrier-separating contacts.
Such contacts must have high selectivity, while also prohibiting
losses such as nonradiative electron-hole recombination or loss
of EC potential due to nonadjusted electron energy states. The
selective transport of electrons and holes to the two terminals
of a PV-driven cell is often attributed to band bending or to elec-
tric fields, but in fact they are driven by the gradient of their EC
potentials, that is, their gradients of quasi-Fermi levels®® as the
highest conversion efficiency are only reached close to the open-
circuit voltage. At charge-separating heterocontacts, selectivity is
rather achieved by the different conductivities of different charge
carrier species!** and/or different rates of reactivity arising from
the electronic alignment and/or the electronic coupling at the
heterocontact.”*"***] Models therefore describe, see Figure 14,
selectivity in a quantitative manner either by minority and major-
ity charge carrier currents that are driven by concentration

H*/H,
catalyst
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gradients at the interface or by contact resistances for the two
carrier types.**>2*! High selectivity for electrons and holes is
essential at the tunnel junction (Figure 21 below), at different
charge carrier-separating contacts (a-d, often referred to as
window and backsurface field, BSF) and for the catalytic reac-
tions at the solid-liquid interfaces (a, d). The balance between
selectivity and stability must be adjusted allowing both at the
same time, and it is not known whether both demands can be
easily decoupled. It seems evident that probably a sequence of
different interface layers either composed of molecular absorbers
or of solid-state contact layers must be designed and coupled
to each other for the optimization of every junction included.
The internal interface engineering but even more the interfacial
coupling (electronic alignment) between the catalysts and photo-
active components and/or supporting/passivation layers is not
yet well understood. An insight that is already emerging, how-
ever, is the finding that the selectivity of a solid-liquid junction
between a homogeneously doped semiconductor and the electro-
Iyte alone does typically not lead to efficient charge transfer.
This junction can be seen as a Schottky-like contact, and work
on PV Schottky solar cells has shown that increased charge car-
rier recombination rates at such a junction from in-gap electronic
states reduce the achievable photovoltage, as depicted in
Figure 15a.1247-%481

Selective contacts for PEC devices can be generated in a num-
ber of ways, using different material combinations. A prominent
example is cobalt phosphate (CoPi), which was initially consid-
ered a cocatalyst on the photoabsorber BiVO,, improving the
overall water-splitting performance. Yet later, it was found that
the improvement is largely due to a suppression of charge carrier
recombination, hence serving as a charge-selective con-
tact.?*>%% For a homogeneously doped InP photocathode,
PEC surface functionalization producing an n-doped oxide layer
on top of the bulk absorber served as a selective contact, creating
a selective p—n junction by intentional corrosion.”>" Recent work
on III-V tandems used AllnP-based window layers for creating
the selective contact toward the liquid junction, increasing the
stability of this highly reactive material either by an additional
epitaxial layer®®? or by dedicated corrosion.’” The latter
approach results in a phosphate-rich layer as contact between
the coelectrocatalyst nanoparticles and the top absorber. The
layer is n-doped, resulting in a low contact resistance for elec-
trons, but a high resistance for holes due to an offset in the
VB. A generalized band diagram for a PEC device with suitable

(d) passivation
layer

o

0,/H,0

catalyst
et OER

back surface field

Figure 14. Different heterocontacts (for the design, compare Figure 21) acting as charge carrier-selective contacts at a) the PEC reaction and the so-called
window layer, b) the tunnel junction and the surrounding charge carrier-selective contacts, c) the so-called BSF, and d) the EC catalytic reaction.
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Figure 15. Band diagrams of single-junction PEC devices under illumination: a) n-doped absorber layer with a metal back and a liquid front contact.

Surface recombination leads to voltage losses; therefore, the extractable energy per electron hole pair Ae

NOSC max

r is significantly smaller than Ae™¢. For

water splitting, an additional bias voltage would be necessary. b) Weakly doped absorber sandwiched between two additional contact layers added for

optimization. The voltage losses are significantly smaller; therefore, the extracted free energy AePSCL s closer to A

max

. Green bubbles represent the

electrocatalytic active sites of cocatalyst. In a multijunction device, the metal/back contacts have to be replaced by a tunnel junction to the bottom
absorber. Reproduced with permission.*”] Copyright 2022, Royal Society of Chemistry.

selective contacts is shown in Figure 15b, where an intrinsically
doped (high-bandgap) absorber is sandwiched between two selec-
tive contacts, further modified followed by the catalysts for HER
and OER, respectively. Yet it has to be noted that the selectivity of
a contact can also show a dynamic behavior, either because cor-
rosion (periodically) changes the charge neutrality level®?! or
illumination induces reactions that change the surface electronic
structure.”>* In principle an intimate semiconductor /electrolyte
contact may also provide a carrier-selective contact. However, for
such cases the surface of the semiconductor must provide effi-
cient charge carrier transfer competing with recombination cur-
rents, which probably is hard to achieve as the multi electron
transfer reactions lead to surface bond formation and thus to
trapping of charge carriers at the surface which easily recombine
before the next charge carriers will arrive.

Fundamental studies of the interfacial reactions at these
charge carrier-selective contacts under realistic operating condi-
tions are therefore the prerequisite for indispensable heterojunc-
tion engineering strategies and the design of the appropriate
coupling between highly selective and active catalysts to the light
harvesting device structure. The critical solid-liquid interface
and especially the related dynamics of charge transfer across
the EC contact must be thoroughly understood and properly
designed. From a systems perspective, so far, understanding
of how to build an assembly that will manage and balance the
rates of photon absorption, charge carrier separation, and cataly-
sis is limited. PEC device structures have already been theoreti-
cally modeled assuming idealized conditions and considering
optimized PV converters.”>>) However, strong deviations from
the assumed ideality are usually observed for not yet optimized
solar cell arrangements when using novel absorber materials.
The theoretical deduction of surface and contact engineering
is challenging because modeling the interfacial electronic struc-
ture and dynamics based on existing theoretical approaches
remains difficult. Therefore, the search for efficiently working
selective contact is still an open challenge, which needs
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strong improvements in understanding and knowledge-based
engineering.

In the long run, the geometric arrangement of the PEC cells
and the separation of the reaction products must also be taken
into account when designing artificial leaf solar H, generators.
Depending on the charge carrier dynamics in the PV component
versus charge separation and transport rates to and within the
electrolyte, differences in performance (recombination) and
stability (competing corrosion rates) may occur.
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Figure 16. Charge carrier within the

processes
absorber/immediate contact layer (icl): excitation, trapping, separation,
as well as recombination and thermalization occurring on timescales over
several orders of magnitude. Reproduced under terms of the CC-BY

and pathways

license.??!  Copyright 2019, The Authors.
Communications.
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5.4. Challenge No 4: Charge Carrier and Chemical Reaction
Dynamics

The dynamics of charge carriers strongly influence the efficiency
of any optoelectronic semiconductor devicel>?232°¢725% inyoly-
ing a variety of processes and pathways as illustrated in
Figure 16. For the absorber and its immediate contact layer, exci-
tation, trapping, separation, as well as recombination and ther-
malization of minority carriers occur on timescales, which vary
over several orders of magnitude (fs to ms). One of the most
demanding challenges is the understanding of the reaction
dynamics of charge carriers of PEC cells. In particular, the large
difference in the fast physical reaction dynamics of electrons and
holes within the PV device compared to the rather slow chemical
reaction rates in the PEC fuel formation and transport processes
in the electrolyte must be understood and designed in a proper
way to ensure the control of charge carrier reactions and to avoid
efficiency losses. As a promising perspective, advanced design
strategies of layered structures must be generated for the reduc-
tion of losses and the development of efficient devices. As already
discussed above, the buried junctions needed may either be
formed in contact with the electrolyte during operation or
may be synthesized before contacting the electrolyte applying
thin-film growth processes of overlayers. We will discuss first
the research challenges related to the electron dynamics of the
PV component before we address the challenges related to EC
reaction rates.

5.4.1. PV-Related Electron Dynamics

In particular, the electronic alignment at interfaces and the pres-
ence of interface states represents a challenge and, at the same
time, opportunities for suitable device designs (see discussion
earlier). Knowledge about existing electronic states and how they
are coupled to each other along with the timescale and prevalence
of their electronic transitions are a prerequisite for a detailed
understanding of the occurring processes. Subsequently, upon
identification of the dominating pathways, specific tuning of
the electronic structure by interfacial functionalization (forma-
tion of passivation and contact layers) may quench undesired
electronic states or introduce desired ones, which will allow to
stabilize the minority charge carriers to allow for slow charge
transfer reactions and avoid fast recombination.

In this context, TR measurements of charge carrier dynamics
and interfacial reactions are of utmost importance in the field of
solar energy conversion, where nonradiative recombination
needs to be suppressed, while carrier transport toward a selective
contact should be dominating, and subsequent injection into
acceptors or the contact layers should be efficient. Specifically
in PEC cells for solar water splitting, photoexcited electrons
not only need to reach the surface contact layer of the semicon-
ductor absorber but also need to be injected into the electrolyte at
a specific potential to drive the chemical reactions, while corro-
sion pathways should be suppressed. In addition, since there is a
large temporal mismatch between the final PEC reactions with
adsorbed H,0 or formed intermediates at the interface and the
photogeneration and recombination processes in the semicon-
ductor, strategies to bridge these time scales remain to be found.
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Hence, a detailed understanding of the electronic structure and
dynamics in the bulk and at semiconductor surface and interfa-
ces and surfaces is of essential interest for the development of
high-efficiency PEC cells. As a consequence, there is a need
to develop and to apply insitu and operando characterization
tools as well as theoretical simulation approaches, which are able
to follow also nonequilibrium processes in working devices.

In order to complement the thermodynamic and steady-state
insights, dynamic processes must be scrutinized including
charge carrier dynamics in artificial leaf device structures and
in particular at critical interfaces with different TR techniques
and experimental setups. Promising TR optical spectroscopies
are already available, which provide important information about
the reaction kinetics.[?*®?¢*2%3] However, they must be comple-
mented by structural-sensitive TR experiments such as X-ray
diffraction®* and chemical-sensitive vibrational studies in
chemically reactive environments such as wet chemical ambi-
ence to obtain information about the chemical speciation of reac-
tion intermediates.

In this review, we will only shortly describe specific advantages
and disadvantages of some of the applicable novel TR techniques.
Most promising for the study of TR electron dynamics in the VB
region are two-photon-photoemission (2PPE) experiments, as
shown in Figure 17, which can provide information on
energy-state occupation with time and energy resolu-
tion, 2632661 Distinct challenges arise from the involved elec-
tron dynamics and reactivity at critical interfaces, in particular,
near the solid-liquid and the internal solid-solid interfaces,
including near-surface functional layers. Well-designed and
defined contacts allow controlling photoinduced charge carrier
dynamics in a way that 1) suppresses and minimizes nonradia-
tive recombination; 2) enhances charge carrier transfer to occur
through energy levels close to the band edges in order to sustain
the generated photovoltage; and 3) avoids undesired side reac-
tions, such as photocorrosion.

For optimization of the desired reaction and avoiding unde-
sired losses, the energy-momentum-space carrier dynamics
can be studied from photoexcitation until their final recombina-
tion in the OER/HER processes on different time- and energy
scales, ranging from 10" to 10° s and from meV to eV. One
can employ a variety of both bulk and surface-sensitive
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Figure 17. Capture of photoexcited bulk electrons into the surface state C2
of InP measured with tr-2PPE. Carrier accumulation appears as a bright
yellow spot on the background of relaxing bulk electrons. Exposure to O,
(not shown) passivates the surface; no carrier accumulation is observed.
Reproduced with permission.?®® Copyright 2015, American Physical
Society.

© 2024 Wiley-VCH GmbH

85UB017 SUOWILIOD BAIIID 3(ed|dde auy Ag pausenob a.e 3o 1e O ‘8sN JO S3INJ 10} AIg1T3UIIUO AB]IM UO (SUOIPUOD-PUR-SUIBYW0 A8 |1 AReq 1 U1 |UO//SHNY) SUORIPUOD PUe SWLB L 8U3 89S *[7202/50/22] Uo ArIgITaUlUO ABIM ‘HeUdS|RSSD-YoueId-Xe N Ba INiisul-.deH-Z)H Aq ZZ0TOEZ0Z 110S/200T 0T/I0p/Wod A8 M AReiq 1 puljuo//Sdny woiy papeo|umod ‘0 ‘X86TLIEZ


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ‘ RRL

www.advancedsciencenews.com

techniques, combining experiment with theoretical calculations
to obtain a conclusive picture of the interplay of individual
dynamic processes in the photoabsorbers, the functional layers,
the electrocatalysts, the electrolyte, and, above all, their coupling.

TRPL is an excellent, contact-free method to characterize the
dynamic properties of minority charge carriers in semiconductor
absorber materials and its PV suitability directly.*>8267-268] [p its
application, the extraction of meaningful parameters involves dif-
ferent key ingredients: a suitable absorber structure such as a
semiconductor double heterostructure, a state-of-the-art mea-
surement setup, a kinetic model appropriate for the description
of the sample behavior, and a general analysis method to extract
the model parameters of interest from the measured TRPL tran-
sients.*>® Specifically, the lifetime of minority charge carriers
has already been studied in various semiconductor structures
using TRPL, such as in MQW top absorbers and semiconductor
nanowires,****’! or to determine recombination rates and
charge extraction processes in perovskite absorbers."*”) TRPL
measurements based on time-correlated single-photon counting
and its analysis have been advanced,® allowing for quantifica-
tion of charge carrier-trapping kinetics at defect states. Itis a fun-
damental approach to describe the intensity-dependent dynamics
of an absorber structure using a coupled set of rate equations,
which describe multiple TRPL transients all at once. While it
is still necessary to obtain suitable measurement data and to
choose a valid set of rate equations, state-of-the-art fitting proce-
dures allow the reliable extraction of the different parameters
governing the charge carrier recombination processes. The result
of the fitting also provides an indication of the validity of the cho-
sen set of rate equations. And in principle, TRPL can also be
applied for insitu measurements of charge carrier dynamics
in the PEC environment providing direct access to the crucial
minority charge carrier recombination rates depending on the
applied PEC conditions. Such measurements will ultimately
guide synthetic protocols to minimize nonradiative charge car-
rier recombination at solid/solid and solid/liquid interfaces
and develop a robust transfer method such that any laboratory
around the world can perform PEC-relevant science research
on well-defined samples. One can use TRPL to characterize
the minority charge carrier lifetime of the pristine material
and study, for instance, how the surface coatings modify the
charge carrier dynamics and recombination. Here, the key point
is to systematically tune the interfacial chemistry and energetics
to maximize charge carrier lifetime in the absorber materials.
Furthermore, the combination of transient photoconductivity
techniques using TR microwave and TR optical pump terahertz
probe spectroscopy”*”) complements the surface charge carrier
dynamics and energetics by continuous and rather complete
monitoring of the kinetics of thermalization, trapping, localiza-
tion, and recombination of charge carriers in a variety of materi-
als, such as metal oxides and perovskite photoabsorbers.[272~274!

To ensure a semiconductor’s suitability as an absorber mate-
rial in a PV or PEC cell, it must facilitate the efficient transport of
charge carriers toward the respective interfaces while minimiz-
ing resistive or recombination losses. Key parameters to assess
are conductivity, mobility, and carrier lifetime.

TR microwave conductivity (TRMC) is a widely employed tech-
nique for investigating material properties,*’*! distinguish-
ing itself from methods like Hall effect or time-of-flight
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measurements, by operating without electrical contacts. This
eliminates issues such as contact resistances, unintended dop-
ing, or unfavorable band offsets!*’®! and also allows the examina-
tion of nanostructured samples that are initially difficult to study
with contact-based methods.??””-*’®)

TRMC serves a dual purpose: probing the complex conductiv-
ity (dielectric function [DF]) of materials in the GHz regime and
conducting transient measurements to examine the propagation
of photoexcited charge carriers. The method utilizes microwaves
with relatively low energy, making them ideal for investigating
interactions with free charge carriers within the CB and VBs,
since band-to-band transitions do not generate additional charge
carriers. Instead, the interaction between photogenerated charge
carriers and the electric field of alternating standing microwaves
is influenced by both the number of charge carriers and their
mobility.

Extending into the THz regime enables the exploration of the
conductivity response using three common methodologies in
THz spectroscopy:*’?) Terahertz time-domain spectroscopy
(THz-TDS) investigates the direct interaction of THz radiation
with a material, finding various applications such as thickness
determination of semiconductor layers, substance studies, or
detection of drugs and explosives.®” The ability of THz radia-
tion to penetrate weakly interacting materials facilitates measure-
ments, where the pulse provides amplitude and phase data
through a medium and is analyzed via Fourier transformation
to assess the complex refractive index over its entire bandwidth.
Pump-probe measurements (optical pump terahertz probe,
OPTP) involve an additional pump pulse with a variable time
delay, allowing the investigation of transient physical phenom-
ena, including charge carrier trapping,”®" surface and bulk
recombination, etc.”’*?$2283] Analysis of the changing peak
amplitude of probing THz pulses over time provides insight into
the decay of photoconductivity within the sub-ps-to-ns regime.

TR terahertz spectroscopy and TR pump-probe spectroscopic
ellipsometry (TSE) combine aspects of both THz-TDS and OPTP,
analyzing frequency spectra for a photoexcited sample to deter-
mine (time-dependent [TD]) the complex refractive index of the
material, facilitating the extraction of the complex mobility
1P (hw).224?%] Those techniques provide valuable information
on charge carrier dynamics and material properties after optical
excitation. However, those techniques are limited, measuring
only the real or the imaginary part of the DF in a limited energy
range, requiring Kramers—Kronig transformation and assump-
tions for reconstructing the complex DF as done before.[28-2%7]
To circumvent these established methods, fs-TSE?*®! is a unique
tool that directly provides the transient complex optical response
of a system after optical excitation of charge carriers. TSE offers
resolution in the fs-to-ns timescales, allowing the probing of
band structure, joint DOS and transition matrix elements, as well
as dynamic phenomena such as charge carrier carrier and pho-
non scattering, excitation, and relaxation.

A TSE experiment consists of an ellipsometer component and
a classical pump-probe system.?®® It extends the well-established
method of ellipsometry, which measures the change in polariza-
tion state of light after interaction with a sample and, thus, pro-
vides access to properties of thin films and material optical
constants, which gives insights into the electronic structure of
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materials, by introducing time resolution due to pulsed excitation
of a sample and subsequent TR ellipsometric probing.

TSE can be also applied to study various properties of optoelec-
tronic materials like Si, Ge, InP, GaP, ZnO, GaN,and perovskite
oxides.[?8289293] After exciting a semiconductor with a high-
intense laser beam, electrons and holes will occupy CB and
VB band states, respectively. This will immediately, within some
fs, cause bandgap renormalization (BGR) as expressed in the red-
shift of transition energies between VB and CB. Concurrently,
transitions between now occupied states are Pauli blocked, caus-
ing reduction of absorption at the respective energies.
Furthermore, the excess electrons and holes can be excited
now by the probe light, allowing additional intra-VB and/or
intra-CB transitions, reflected in increase of absorption at the
respective energies.[?®”! Also, directly after excitation, charge car-
riers spread within the entire BZ to energetically matching
bands, causing also here Pauli blocking and/or new intraband
transitions. When the material exhibits excitons, they are
screened by the excited carriers, but may also form so-called
Mahan excitons.?®*2°* In the following, the excited carriers will
scatter among each other and with the lattice (phonons). This
causes energy dissipation in the form of heat, which manifests
in redshift of transition energies and also, relaxation of the car-
riers to band minima, observed as redshift of the Pauli-blocked
absorption features. Coherent hot-electron-hot-phonon states
can also occur and be stable over some ps.*®® The hot electrons
can propagate ballistically over several um®®”! and phonons can
oscillate coherently.”®” Finally, the system will relax back to
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equilibrium either due to radiative or nonradiative carrier recom-
bination within, depending on the material, some tens of ps (e.g.,
ZnO) or up to several ns (e.g., GaP).

Figure 18 illustrates the power of fs-TSE for bulk single
crystals of the prototypical III-V material GaP. The dominant
processes contributing to the transient DF difference
Ag(1) = ¢(1)—e(r = 0) after a short, strong excitation are 1) absorp-
tion bleaching primarily due to Pauli blocking of filled states
visible as negative Aey(r); 2) carrier density- and temperature-
dependent BGR; 3) carrier scattering in particular from the
CBM’s I minimum to the L point; and finally 4) carrier recombi-
nation on the ns timescale. Detailed information on this processes
is obtained by modeling the experimental A(z) data, for example, by
a combination of a Tauc-Lorentz (TL) oscillator centered at E,(z)
and with the bandgap energy Eg, Drude functions, and ¢, offset to
account for effects outside the measured spectrum range. The BGR
can be obtained from Eg gi—Eg(r = 0 ps) and the shift due to heat,
in this case, from Eg si—Eg(r = 4 ns). Time-dependent relaxation
of the carriers to the band extrema can be observed from the red-
shift of the main—negative—TL absorption peak at E,, which
approaches Eg gyiic at large delay times, and the decreasing ampli-
tude caused by the diminishing (oder fading) blocking of the tran-
sitions due to carrier recombination.

Scientifically interesting, but of little relevance for solar-driven
water splitting, are TSE studies on changes of the band structure
as a function of the excited carrier density. In contrast, theoretical
carrier relaxation rates and nonradiative recombination rates as
well as the study of nonequilibrium distribution via real-time
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Figure 18. a) Calculated band structure with direct gap atI" point. b) Change of the imaginary part Ae,(z) of the DF obtained via TSE as a function of delay
time showing blocked and enhanced transitions. c) Time evolution of the transition responsible for the strongest blocking seen in (b) as a violet feature is
shown: Energy difference between the lowest CB and topmost VBs around I (left) as well as the assigned TL amplitude (violet shading and fit of the profile
at =0 ps, right) as a function of time. The model-derived E¢ (7) and E, (1), the static bandgap energy E(g_static), as well as the excitation energy and

energy shifts due to heat and BGR are indicated.
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Boltzmann transport equation are important, as they are needed
for modeling the PEC efficiency.

A particular challenge is OER, as at least four photons need to
be absorbed before enough electrons for forming a single O,
molecule are generated. A numerical description needs ideas
from ab initio molecular dynamics, but possibly also from TD-
DFT. Obviously, a deep understanding of HER at semiconductor
or passivation layer surfaces is a good intermediate goal.

We mention that insitu spectroscopic ellipsometry has
become a well-established method.”*” In electrochemistry, it
was applied to study, among many others, charge transfer
processes at liquid—solid interfaces, chemical changes as well
as formation of surface layers, and surface band bending under
applied potentials (e.g.,*****7)). Recently it was applied in cyclic
voltammetry studies in the OER regime of a mesoporous IrO,
film, where the volume fraction of the produced gas was obtained
by ellipsometric modeling.?*®)

Whereas the preceding paragraphs addressed spatial homoge-
neous and mostly steady-state device operation, inhomogeneities
within the device, scattering, and feedback effects as well as var-
iations in the incoming light intensity will lead to additional
effects and transient changes in the charge carrier occupations.
Therefore, an effective dynamic modeling approach needs to go
beyond the steady-state solution of the drift diffusion equations,
in order to capture possible instabilities that decrease the
efficiency of carrier transport. One possible modeling
approach is the hydrodynamic Boltzmann equation, which
describes the evolution of the moments of the electron
distribution function as a function of space and time. For this
approach, the space-dependent carrier relaxation times within
every part of the tandem structure as well as the DF need to
be known. TR measurement techniques such as ellipsometry
or photoemission as well as TD DFT calculations can provide
those material details and are crucial to form a consistent model-
ing approach spanning all the timescales relevant for carrier gen-
eration and transport. A subsequent characterization of the
charge carrier dynamics as a function of device parameters
can identify instability regions and will yield guidelines for
optimization.
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5.4.2. Electrochemical Reaction Dynamics

In addition to the absorption of sunlight in a semiconductor
and the generation and transport of charge carriers (i.e., electrons
and holes), the processes at the catalytic centers or the
semiconductor/liquid interface and the bulk electrolyte are cru-
cial for the efficiency of the overall photoelectric device. The latter
includes the hydrogen and oxygen evolution process, the trans-
port of neutral species (water and products in liquid or gaseous
phase), and the transport of charged species. Multiphysics
models aim to take all these processes into account. They have
been and are used for modeling, simulation, and development
of design criteria for PEC water-splitting systems.!'”**!*l Using
these multidimensional continuum simulation approaches,
attainable device efficiencies could be predicted,**2?°=%% oper-
ating conditions were screened,**2%*3% cell dimensions
provided,’®! and material and operating trade-offs compared
and novel cell architectures and concepts evaluated.[*¢%7]

Although devices are being quantitatively designed and imple-
mented, various open questions remain for example regarding
the incorporation of complicated physics (e.g., thermal effects
and bubble formation). Very recent numerical studies start to
bridge this gap and incorporate the effect of the microstructure
of the electrode on the hydrogen gas evolution.’®® The different
electrode geometries investigated in this study are shown in
Figure 19. The impact of gas evolution on the EC characteristics
can mainly be broken into three phenomena: 1) a shift in the
local reversible hydrogen electrode potential; 2) hyperpolariza-
tion; and 3) an increase in the solution resistance of the electro-
lyte. Chen and Lewis?*°® state that compared to planar electrodes,
a microwire array structure reduces the impact of bubbles on the
solution conductance, but the shift in the local reversible hydro-
gen electrode potential varies with distance from the actual elec-
trode surface.

Figure 19 also illustrates that mass transfer and bubble forma-
tion are coupled at nanostructured interfaces. Efficient mass
transfer of reactants to the electrode surface is important for effi-
cient EC conversion rates, that is, bubble formation. However,
(large) bubbles can block nanochannels and reduce the
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\ surface tension and
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I
boundary layer
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Figure 19. Schematic of three different configurations of a cathodic gas-evolving chamber: a) a planar photoelectrode configuration, b) a micro- or
nanowire array electrode configuration where bubbles nucleate on the side of the wire, and c) a micro- or nanowire array electrode configuration where
bubbles nucleate on the top of the wire. Reproduced with permission.?°®) Copyright 2022, IOPScience.
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catalytically accessible surface area, which in turn limits conver-
sion rates and mass transfer.

The design of the water-splitting device also affects mass
transfer.["®" In wired two-electrode systems with at least one pho-
toelectrode, ionic resistance can be minimized by reducing the
distance between the electrodes. In monolithically integrated
wireless devices, the ionic charge carriers must migrate along
the surface of the semiconductor and through the ionic conduc-
tor, that is, the electrolyte. The long migration paths can lead to
higher Ohmic losses.**”

From an atomistic point of view, small ions such as H*, OH ™,
K, and SO, interfere with the interface between water and
photoelectrode (boundary layer) in two different ways: 1) the ions
affect the water structure at the interface and can significantly
enhance corrosion mechanisms; and 2) due to interactions with
the interface, the mobility of the ions is affected.

The individual techniques to study diffusion in the interface,
corrosion, and gas bubble evolution are already well established.
1) Ab initio molecular dynamics can be used for the simulation of
the atomistic structure and dynamics of the photoelectrode/
electrolyte interface.*’®='8) For example, the dissociative or
nondissocative water adsorption can be addressed. Free energy
profiles for the removal of atoms from the surface can be calcu-
lated via enhanced sampling techniques such as metadynamics
(see Figure 20). In Figure 20, free energy profiles of Ga dissolu-
tion under pH-neutral and acidic conditions are presented.
Under pH-neutral conditions, Ga dissolution starts with the sub-
sequent breaking of the two Ga—P bonds (with activation ener-
gies of 0.61 and 0.51 eV) and formation of a new bond with the
nearest H,O molecule (Figure 20a,b). In the last dissolution step,
Ga(OH); is desorbed from the surface into solution by breaking
the remaining Ga—O bond. This step takes about 0.56eV
(Figure 20c,d). Under acidic conditions, the protonation of
P atoms is likely, which weakens the structural Ga—P bonds lead-
ing to more stable intermediate states and considerably lower
activation barriers. In ref. [319], it is found that after a subsequent
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protonation of adjacent P atoms, the cumulative dissolution bar-
rier drops down to 0.48 eV, which should result in dissolution
kinetics that are several orders of magnitude enhanced relative
to pH-neutral conditions. Also, diffusion coefficients can be cal-
culated by molecular dynamics simulations and the impact of the
nanostructure on ion mobility can be characterized.?*”! To inves-
tigate the microscopic mechanism of gas bubble nucleation and
evolution, classical molecular dynamics is a suited tool.?2!-%2
The critical size and geometry of bubble nuclei leading to stable
bubbles can be determined®”?! and the importance of the
double-layer surface charge for bubble stability was shown by
this method.?*"! Also, the impact of flat versus grooved surfaced
and local heterogeneities on bubble formation was
studied;**132%325-328] 9y Optical measurement techniques (parti-
cle image velocimetry and particle tracking velocimetry) can be
utilized to evaluate the mass transfer around the bubbles close to
the surface**®*? and to generate and observe bubbles for char-
acterizing surface properties (wetting angle) as well as the bubble
formation and interaction. As different time and length scales are
involved in these processes, measurements are either limited to
the bulk or the close vicinity of the evolving gas bubbles. Due to
the large necessary magnification, micro- or nanoelectrodes are
employed to fix the position of the evolving bubbles.**!
However, this changes the electric field and the concentration
gradients significantly and also does not allow to study the inter-
action between multiple bubbles. Therefore, further develop-
ments of advanced techniques and optically transparent
electrodes are necessary in conjunction with simulations to com-
plete the understanding of the relevant processes; and 3) Insitu
liquid AFM serves as a valuable tool for gathering useful infor-
mation about the surface stability of the photoelectrode.!**®!
A area-wide or local dissolution of photoactive or passivation
layers can take place especially in the presence of hydrogen or
OER, resulting in the degradation of the photoelectrodes.?*"
Therefore, utilizing in situ AFM™*® to examine microscopic sur-
face changes is crucial for understanding the corrosion
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Figure 20. a—d) Scheme showing the mechanism of Ga dissolution from the GaP (100) surface in an aqueous solution (color scheme: Ga—green,
P—gray, O—red, and H—white): (a) Ga—P bond breaking, (b) Ga—H,O bond formation, (c) second Ga—P bond breaking and Ga release to the surface,
(d) Ga—O bond breaking and desorption of a Ga(OH); complex, €) corresponding free energy profiles for the pristine and protonated GaP (100) surfaces
in contact with water. Reproduced with permission.?'® Copyright 2021, American Chemical Society.
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mechanism and developing strategies to improve the durability
of the photoelectrode. In addition, employing EC methods such
as EC EIS, open circuit, potential step, and linear polarization
measurements enables further in-depth characterization for both
the stability of the photoelectrode and the efficiency of the HER
or OER.'*]

A future goal should be to obtain a unified picture for mass
transport in the boundary region close to the different interfaces
(solid-liquid, liquid—gas, gas—solid). This requires a combined
experimental/theoretical approach, which allows to study gas
bubble kinetics and ion diffusion across multiple time and length
scales, starting from the EC formation of H, and O, molecules
from H and O atoms adsorbed on the electrode surface after ion
oxidation or reduction to the removal of gas bubbles of millimet-
ric size from the electrodes.

5.5. Challenge No 5: Design and Characterization of Complex
Multifunctional Interfaces

The complexity of solid-liquid and solid-solid interfaces
represents a major challenge in PEC devices with respect to con-
trolling the rate- and stability-limiting processes for hydrogen
and oxygen formation. The structural and physicochemical inter-
play between the photoabsorber passivation, protection, and/or
contact layers and the catalyst layers strongly determines
the overall STH efficiency of the multijunction tandem
devices [18:32.53.331]

Ideally, the individual layers which have been optimized at
first independently with respect to their primary function can
be grown isostructurally and with retained properties on each
other forming applicable junctions. However, the usually given
structural diversity and their physicochemical interplay limit
their compatibility. Especially, structural misfits as well as atomic
intermixing at the various junctions can substantially change
their mechanical, electronic, or catalytic properties. In addition,
the specific processing and synthesis conditions needed and
developed for obtaining the desired properties of the individual
layers may not be compatible with each other.

For example, the semiconductor bandgap and the catalyst—
adsorbate binding energy can be significantly altered by strain
effects. Along this line, the charge transfer can be deteriorated
by the interfacial/surface electronic structure. Even more severe
are side reactions occurring during the synthesis of passivation
and cocatalyst layers or during operations which may modify
the interphase chemistry significantly and thus the electronic
properties.

These undesired interfacial modifications with changed
electronic properties can significantly limit the charge transfer
properties and dynamics causing charge recombination and effi-
ciency losses. Research aims to understand those processes
under working conditions in synthesis and operation on a fun-
damental atomistic level which is a decisive challenge for realiz-
ing efficient devices. The involved research efforts starts from the
bare semiconductor surface with the stepwise addition of the
different functional layers, thus enabling a subsequent knowl-
edge-driven optimization of the materials selection and used
deposition process. To decrease the parameter space, one needs
at first to find optimized combinations for a limited number of
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Figure 21. lllustration of the complexity of interfaces due to the combina-
tion of tandem absorbers functionalized with protection, contact, catalyst
layers under PEC reaction conditions, and the main physicochemical
interactions.

most promising tandem absorbers functionalized with protec-
tion/contact and catalyst layers, as displayed in Figure 21. In
the long run, however, it can be expected that design rules from
these studies for optimized interface engineering can also be
transferred to other material combinations.

Long-term stability is a very crucial issue for the practical
application of multijunction devices. In particular, the OER con-
ditions can induce metal ion dissolution, interdiffusion of reac-
tion intermediates as, for example, H atoms, and irreversible
structural changes altering the catalytic activity and thus, the
overall EC efficiency and stability.

Most of the experimental techniques to study the electronic
structure, surface chemistry, and composition of the different
layers and interfaces of multilayer PEC devices under working
conditions are based on soft X-ray radiation. However, only hard
X-ray radiation (>2 keV) provides enough kinetic energy for pho-
toelectrons to travel through the solid and liquid and thus will
preferentially be used to provide a precise characterization of
the interfacial properties, within the EC environment. To tackle
these challenges a variety of insitu and operando techniques
can be applied (Figure 22), including methods available
at synchrotron radiation facilities that allow obtaining compre-
hensive insights on the interfacial properties under working con-
ditions (see, e.g.,**?).

Near-ambient pressure hard X-ray photoelectron and absorp-
tion spectroscopy (NAP-HAXPES/AP-HAXAS) are representa-
tive examples of techniques that can be applied to investigate
electrified solid/liquid interfaces under working conditions.

In this context, the Berlin Joint Laboratory for Electrochemical
Interfaces (BEIChem) operating at the BESSY II synchrotron
facility has been set up to play a pivotal role: its primary focus
lies in providing a detailed molecular-level understanding of
PEC interfaces relevant to solar fuel production and renewable
energy storage.”'® BEIChem is a collaborative effort between
the Fritz-Haber-Institute of the Max-Planck society and the
Helmholtz-Zentrum Berlin.*'® In BEIChem, NAP-XPS and
ambient pressure, hard X-ray photoelectron and absorption spec-
troscopies are used for in situ and operando investigations of the
electronic structure and chemical composition of catalytically
active solid/gas and solid/liquid interfaces. This instrumentation
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Figure 22. Schematic view of the different in situ/operando characterization methods for studying electrified solid/liquid interfaces. The goal is to achieve
atomic-/molecular-level understanding of the key interfaces in (photo—)electrocatalytic systems.

has already provided fundamental insights on the chemical
and electronic structure of the oxygen-evolving near surface of
electrocatalysts. These studies highlight the importance of
understanding oxygen chemistry under (photo)electrocatalytic
conditions as the oxidative charge is apparently located at the oxy-
gen ligand of the metal oxide surface. Adaptations of the near-
surface oxygen chemistry have been shown for the most relevant
Ir-, Ni-, and Co-based catalysts using operando and in situ pho-
toelectron spectroscopy.®>**7* It is an ongoing challenge to
identify activity- and stability-determining properties of the
oxygen-evolving surfaces under PEC conditions and these recent
works are providing the basis for in-depth investigations of PEC
devices. Within BEIChem, the Institute for Solar Fuels of the
Helmholtz-Zentrum Berlin recently developed the spectroscopic
analysis using a tender X-rays (SpAnTeX) end-station.**®! This
end station is characterized by the capability to achieve high elec-
tron transmission and detection efficiency, even when operating
under gas pressures of up to 30 mbar and photon energies rang-
ing from 200 to 10 keV. By leveraging two specific features of the
electron spectrometer equipping the end station, namely a new
lateral resolution lens and a 3D delay line detector, a capability to
collect the spatial distribution of photoelectrons under realistic
working conditions (presence of liquid electrolytes and pressures
>20 mbar) with a lateral resolution finer than 30 pm was devel-
oped. Moreover, this setup allows performing TR studies utiliz-
ing a continuous tender X-ray source, enabling the insitu
characterization of interfacial processes potentially down to
the ns timescale.?*® At the SpAnTeX end-station, using
the “dip-and-pull” method,?***®! researchers are able to
generate liquid electrolyte layers with a thickness of tens of nano-
meters on various semiconducting surfaces relevant for photo-
electrochemistry. Hence, the surface chemistry and energetics
of these solid/liquid interfaces can be investigated with full
EC control.?*® With this set of technical capabilities, the 1
ight-induced formation of a 2nm bismuth phosphate (BiPO,)
film at the interface between a BiVO, photoanode and a
phosphate-containing electrolyte was recently observed.***

Sol. RRL 2024, 2301047

2301047 (27 of 49)

Furthermore, evidence was found for the presence of intra-
bandgap states, most likely associated with small polaron forma-
tion, at the surface of BiVO, using resonant photoemission.[3 39
In a recent follow-up study,?*?! it was found that the surface mor-
phology and composition of BiVO, photoanodes strongly influ-
ences the formation of such BiPO, layer under illumination
conditions, with potentially drastic consequences for the long-
term stability of the corresponding devices. In addition, at the
SpAnTeX end station, PEC device structures can be investigated
under realistic working conditions. In a recent study, ion-
exchange membranes were investigated in a hybrid liquid/gas
(photo)electrolyzer, utilizing a combination of insitu NAP-
HAXPES and finite-element analysis.**"! The obtained results
reveal that the preferential ion movement across the membrane
which separates the liquid and gas compartments is predomi-
nantly governed by diffusion driven by the ionized functional
groups embedded in the membranes, rather than electromigra-
tion. Moreover, the presence of undesired polarization fields at
the interface between the liquid electrolyte and the polymer
membrane was detected. The occurrence of these polarization
fields is contingent upon the polarity of the applied bias and
the electric charge of the ions rejected by the membranes.**"]
Consequently, these losses lead to an increase of the cell voltage,
thereby negatively influencing the overall efficiency and reaction
selectivity of hybrid liquid/gas (photo)electrolyzers. This compre-
hensive understanding aids in devising effective strategies to
mitigate the effect of these phenomena, ultimately maximizing
the device performance.

To study EC charge transfer at the solid-liquid interface, infor-
mation about the electronic DOS close to the Fermi level as well
as on the chemical speciation in the EC double layer is required.
For this purpose, a novel X-ray/IR beamline endstation at the
new enhanced liquid interface spectroscopy and analysis
X-ray/IR beamline at BESSY II is under consideration in order
to study the VB electronic structure of (photo)electrocatalytic sys-
tems. Key to this beamline end station and unique capability
complementing to the BelChem infrastructure will be the
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possibility of carrying out two-color experiments which couple
(NAP) soft X-ray photoelectron and near-edge X-ray absorption
fine structure spectroscopies with IR spectroscopy in order to
gain specificity to molecular speciation.**”] Relevant model sys-
tems which must be studied will be ultrathin, defined water adsor-
bate layers on photoelectrodes (bare, protected, catalytically
functionalized), with specifically designed potential control
schemes. Thus, the platform under consideration would dramati-
cally improve spectroscopic characterization of the different
absorber structures under controllable model conditions approach-
ing realistic (i.e., wet) solid-liquid and gas-liquid interfaces.

In addition to the sample-averaging operando methods dis-
cussed above, it is also crucial to obtain spatially resolved infor-
mation on the near-surface chemistry and electronic structure.
Thus, insitu and operando conditions are essential to correlate
parameters like local surface composition, local atomic structure,
and morphology of complex catalysts with reaction intermediates
and products. For this reason, a unique NAP-Low-energy elec-
tron microscopy (LEEM)/X-ray photoemission electron micros-
copy (XPEEM) spectromicroscope with operando capabilities is
currently being developed at BESSY II. Equipped with a reaction
chamber surrounding the sample stage and differential pumping
of the electron optics, this worldwide unique instrument
has already successfully shown chemical reactions on
surfaces in real time under NAP gaseous conditions, with a dem-
onstrated lateral resolution below 20 nm and an energy resolu-
tion better than 70 meV. The implementation of a versatile
gas dosing system and a quadrupole mass spectrometer will
allow to bridge the pressure gap in understanding surface pro-
cesses. At present, the system can already be used for electroca-
talysis in a quasi insitu mode thanks to an EC cell directly
attached to the UHV system, allowing sample transfer without
air exposure. Nonetheless, the development of a new EC cell
compatible with the current NAP-LEEM/XPEEM design is cur-
rently being conducted inspired by graphene-sealed cells®** that
are already used for EC XPS measurements. The latter will vastly
extend the capabilities of the setup to the operando study of EC
processes relevant in the field of (photo)electrocatalysis, provid-
ing simultaneous chemical and morphological information spa-
tially resolved.

Such unique facilities, coupled with standard PEC techniques
and product analysis capabilities, must be applied in the future to
establish quantitative correlations between the composition/
geometric/electronic structure and reactivity, selectivity, and deg-
radation processes at and across the electrified solid/interlayer/
electrolyte interfaces. These insitu/operando experimental
results need to be linked with findings from computational inves-
tigations. In situ/operando characterizations will play a pivotal
role in understanding the influence of the interactions between
catalyst—catalyst and support—catalyst systems on the observed
electrocatalytic properties. Hence, the synergistic cooperation
between insitu/operando experiments and theoretical
approaches will enable to achieve a detailed atomistic under-
standing of (photo-)electrocatalytic systems and will allow new
light on the reaction mechanisms occurring at such interfaces.
This knowledge can then be applied to the development/optimi-
zation of fabrication techniques and material research, thereby
leading to improved, highly efficient (photo-)electrocatalytic
systems with tailored properties.
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6. Case Studies Summarizing Own Work to
Achieve Efficient Device Structures

6.1. 11I-V Compounds

Efficient multijunction solar cells based on III-V compounds are
composed from the 3- and 5-valent elements In, Al, or Ga and P,
As, or Sb, with multiple options for reliably high n- and p-type
doping with dopants such as Sior S (Se, Te) and C or Zn, respec-
tively. To achieve desired electronic band structures and lattice
constants, the semiconducting materials may be fabricated from
multinary tunable III-V compositions, such as InP, GalnP,
AlGaP, GalnAsP, etc. Because of their model-like tunable prop-
erties, monolithic I1I-V multi junction solar cells and PEC cells
are the most efficient PV devices worldwide so far.*>?

These cells comprise a plurality of individual semiconducting
absorber layer structures connected in series and deposited on
substrates such as Si, Ge, GaAs, or InP.*****! They can be
grown in a bandgap range between =0.15 and 2.2eV, with
(direct) transitions at the I'-point of the band structure, low defect
densities with reproducible preparation on atomic scales, as well
as high minority charge carrier lifetimes and diffusion
lengths. 256282591 Also, the electronic alignment is tunable in
a wide energetic range via the famous “principle of bandgap
engineering” including tunable band discontinuities.*****’]
With this, high-quality thin films of only a few um are sufficient
for almost complete sunlight absorption fabricated from crystal-
line materials with high perfection, and lattice constants,
adjusted to the lattice constant of the substrate material.
Alternatively, lattice constants can be changed with metamor-
phic, so-called graded material growth®****) by a stepwise
change of the atomic distances in the conventional unit cells
in order to avoid severe crystalline defects detrimental with
regard to nonradiative impurity recombination.*”! To facilitate
photocurrent flow, a plurality of tunnel junctions of low-resistiv-
ity materials are typically inserted between each adjacent semi-
conductor cell.**” Functional layers such as charge carrier-
selective transport*® are available in order to control the direc-
tion of electron and hole photocurrents in the PV device structure
and prevent interfacial electron-hole recombination at the
contacts. A well-established heterocontact for efficient charge
separation is the heterointerface consisting of n-GalnP (top
absorber)/n-AlInP (electron-selective contact), which is an effec-
tive component of record cells for multijunction solar as well as
PEC cells.”!%°% Even at this model-like junction, characteriza-
tion of the band alignment, band offsets, the influence of defects,
interdiffusion, or the preparation of a well-defined, atomically
abrupt interface is nevertheless a challenge.l**")

Currently, monolithic solar cells with highest conversion
efficiencies (47.6% under light concentration) have been
achieved with a multijunction cell with four individual absorber
structures connected in series:'”**23>3 3 GaAs(100)-based tan-
dem solar cell (Gag sIng 4oP/GaAs with bandgaps of 1.88/1.42 eV)
on top bonded to a bottom InP(100)-based tandem
(Ga0_161n0_84Aso_31P0_69/Ga0_471n0_53As with 112/072 GV) This
configuration is close to the perfect bandgap combination for
a four-junction device.'”! Accordingly, also in PEC tandem cells,
absorber materials can be selected with appropriate bandgaps to
most efficiently generate the suitable operational photovoltages
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with a maximized utilization of the solar spectrum.”’ Record
tandems for water splitting are, presently, realized in two-
junction configurations (Gag.golng 11As/Gag 41Ing 5P with 1.26/
1.78 eV) close to idealized bandgaps of about 1.1 and 1.7eV
(see Figure 2).°% For their preparation, metal-organic vapor
phase epitaxy (MOVPE) is the method of choice due to reproduc-
ibility and opportunities for industrial upscaling.

Within the device structures, the heterointerfaces are the most
critical components.***3>* However, only limited information is
available on the interfacial atomic and electronic structure and
processes, in particular, on chemically delicate interfaces due
to, for example, dynamic interaction of different materials or
phase transitions at the interface as at the solid-liquid interface.

In search for optimum material combinations for light-
induced unassisted water splitting, both bulk and interface prop-
erties are crucial. In principle, ITII-V semiconductor compounds
are capable of providing Fermi-level splitting alias photovoltage
close to the theoretical limit,**>*>% sufficient absorption coeffi-
cients in relation to the diffusion lengths,>*”! and selective
charge carrier tramsport,[45 I whereas the interfaces need to exhibit
proper energy band alignments,[3 31 promote carrier transport to
the adjacent materials as the liquid electrolyte, prohibit nonradia-
tive recombination, and remain stable.”!

Challenges for a competitive application of I1I-V semiconduc-
tors are manifold: lowering production costs, deep understand-
ing of the elementary processes, integration of Si with III-V
epitaxy, new absorber structures such as MQW structures,®
stability of well-defined hetero-interfaces, etc. For the latter chal-
lenge, insitu control during the preparation and operation is
desired, for example, with benchmarking of insitu signals via
interfacial characterization.*>®**% New I1I-V compounds involv-
ing nitrogen or boron for high-efficiency multijunction solar cell
components may advance the portfolio of suitable
materials.***¢? To prepare I1I-V compounds, less hazardous,
nongaseous, and more efficient precursor molecules should be
employed such as tertiarybutylphosphine (TBP) instead of phos-
phine (PHj;), ditertiarybutylsilane (DTBSi) instead of silane
(SiH4), and tertiarybutylarsine (TBAs) instead of arsine
(AsHj;). Higher growth rates and new in-line processing proce-
dures and equipment must be developed for industrial scale-up
and competitiveness.

Equally important to the knowledge of the electronic and
atomic structure of absorber materials, surfaces, and interfaces
is the understanding of the behavior of electrons and holes on the
microscopic scale. Charge carrier dynamics in the absorber
materials and at interfaces in a wide range of timescales (see
Section 5.4 on dynamics) is of critical importance for their effi-
cient performance in solar energy conversion (but also for other
thin-film devices such as high-speed switches, surface emitting
lasers, or light-emitting diodes).

6.2. Silicon

Our results presented on silicon-based photoelectrodes have
already been published in detail in a number of review
articles!!#*8128383 and we will only refer to some fundamental
insights in relation to the conceptual ideas of this review on the
coupling of PV action to EC reactions. We will therefore also not
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provide an extensive report of the numerous studies published in
literature.

The application of Si as an absorber component for artificial
leaf approaches using PEC arrangements has intensively been
studied during the years (see some recent reviews and references
therein).***~*%¢l These studies are motivated by the fact that Si is
the standard PV material reaching high solar cell (solar-to-
electricity) efficiencies and a solid technology status.®*¢7-3¢]
Si can be considered as prototype semiconductor material which
is very well understood in its physical and materials bulk and
device properties due to extensive research efforts over an
extended period of time which also forms a solid basis for PV
applications. Different device structures have been investigated
over the years and conversion efficiencies of up to 25% have been
reached applying single-crystalline absorber materials with typi-
cal values of open circuit and maximum power point voltages of
Voc=0.75V and Vy,pp, < 0.65 'V, respectively, and of maximum
power point photocurrents of up to 42 mA cm ™2 (see, e.g.,[%]).
Please note that in PEC studies often the value of V,. and of
the short-circuit currents I at the reversible redox potential
of the HER or OER is presented which are not relevant values
for defining the conversion efficiency. Due to its small bandgap
of 1.12 eV, a single Si absorber cell will not provide a sufficient
operational photovoltage for bias-free H,O splitting. Therefore,
tandem or multiabsorber structures are needed. These may be
either realized using thin-film amorphous/multicrystalline tan-
dem or even multilayer cells or by combining Si with other
large-bandgap semiconductors in intimately or electrically
coupled device arrangement. Otherwise also parallel internally
connected Si cells can be applied for adding up the operational
voltage to the needed minimum value needed for H,O splitting
of more than 1.8 V.7%

In any case, detailed research efforts on Si-based PEC cells are
expected to provide benchmark results on how to couple a semi-
conducting absorber material to an electrolyte solution and
which design and engineering strategies need to be developed
for reaching efficient and stable devices. Research on single-
crystalline Si electrodes will provide a detailed understanding
which surface and interface engineering steps are needed to pro-
vide reasonable conversion efficiencies for light-driven HER and
OER.%*-3%6] These studies involve the application of optical sur-
face conditioning, formation of charge separating junctions, sur-
face passivation processing, and cocatalyst deposition steps. The
development, testing, and characterization of the involved
manufacturing steps will provide a detailed understanding of
defect formation, electronic and chemical passivation strategies,
as well as loss-free electronic coupling to the cocatalysts and the
desired EC reactions needed for an efficient control of minority
carriers. Thus, the obtained results will be of value for develop-
ment of specific device structures applying Si-based selective
half-cell photoelectrodes but also for developing general design
strategies of PEC devices with other materials. p- as well as
n-doped Si is available as material of high electronic quality, spe-
cifically the surface- and interface-related aspects of contact for-
mation to solids, adsorbates, and electrolytes as well as the
reactions within the electrolyte can be studied in very detail com-
bining EC as well as surface science characterization techniques
as suggested in this review. Comparing chemically passivated Si
photoelectrodes with high light-to-electric conversion efficiencies
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using reversible one-electron redox couples to Si photoelectrodes
used, for example, as photocathodes for HER or photoanodes for
OER, which do not provide high conversion efficiencies due to
low operational photovoltages, even when the photocurrents in
the saturation regime are high, show that the PV components
lose photovoltage to the outer electrolyzer component of the
PEC cell. Adding passivation and/or metal (e.g., Pt) cocatalyst
layers does not completely avoid the losses involved, due to
Fermi-level pinning and/or electronic states caused by dangling
bond defect states on the Si surfaces close to midgap, which per-
sist even after applying hydrogen, Si-Oxide, TiO,, or other pas-
sivation layers. As a consequence of the pinning states available
or possibly formed during operation and application of a bias
voltage, a double-layer potential step builds up between the pho-
toelectrode and the electrolyte, leading to the shift of Si band
edges and with that to a nearly complete loss of photovoltage.
Strongly improved results can be obtained when, for example,
p-n" or n—p* homojunctions or even better a heterojunction
between p- or n-doped crystalline Si and n™- or p*-doped amor-
phous Si-H is used, respectively.?**! Other heterojunctions, for
example, to strongly doped oxide layers usually do not provide
perfect charge-selecting contacts as also in these cases pinning
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effects usually will occur either in the Si absorber but also in
the semiconducting oxide layer.

We have concentrated on our PEC studies using Si as absorber
materials on the application of thin-film multijunction solar cells
using microcrystalline and amorphous Si because these systems
provide high photovoltages, which can be adjusted to the needs
of PEC photosplitting cells.**”) Some more information on the
structural arrangement and performance of thin-film Si solar
cells can also be obtained from literature.”*****! Summarizing
these results (see Figure 23),%* it could be shown that promis-
ing results for unbiased water splitting can only be expected for
device structures using multiabsorber cells, providing PV oper-
ating voltages of above 1.6 V or larger, which correspond to open-
circuit voltages of more than 1.9 eV. Tandem cells of pc-Si/a-SiH,
which will deliver only V. and V,, values of 1.6 and 1.2V,
respectively, will not provide sufficient driving force for the
light-driven HER and OER combined in one device. Of course,
the often observed losses in photovoltage from the open-circuit
conditions to the maximum power point in PV devices to the
PEC operational voltage in combined PEC devices are governed
by different types of loss processes in the layer sequence. The
coupling of the available photovoltage provided from the PV
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Figure 23. Different thin-film solar cell structures to be used as PV components for PEC devices (top left). Schematic energy diagrams of a buried triple-
junction thin-film solar cell consisting of p—i—n cells of uc-Si and a-Si and used as photocoathode (left bottom). Photocurrent voltage curves and efficiency
values of the different thin-film Si solar cells as indicated (top right).*® STH current voltage curves of different buried junction thin-film Si PEC cells used
for water splitting and best STH efficiency obtained (right bottom).1**?) Reproduced with permission.*® Copyright 2016, Royal Society of Chemistry, and
Adapted under terms of the CC-BY license.**?! Copyright 2016, The Authors. Published by Forschungszentrum |iilich.
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component and strongly defined by the absorber device proper-
ties to the electrolyzer components as represented by the coca-
talysts and, finally, the overvoltage losses of the HER and
OER play a dominant role. In contrast, the photocurrent will
often be of similar values as reached for the PV component in
many cases, when no light blocking layer is needed for the design
of the PEC cell. Therefore, one may deduce simple selection cri-
teria and design strategies from these results, which must be
considered for all PEC structures under consideration. At first,
a PV or PEC device for electric power generation must be devel-
oped and optimized in performance. Afterward, the needed engi-
neering and processing steps must be transferred to the design
of PEC cells for water splitting or other fuel formation processes.
In the second step, the deposition of chemical passivation layers
and cocatalysts must be realized in a way which will not degrade
the performance reached before in the manufacturing of the bur-
ied PV junction. This could be realized by separating the surface
exposed to solar light at a transparent back contact from the PEC
junction directly exposed to the electrolyte for the HER. The OER
was performed at a dark electrode electrically connected to the PV
hole contact. An arrangement like this is shown in Figure 23
using a glass/TCO solid back contact substrate for the hole
extraction and n-ZnO/Ag/HER catalyst as the photocathode in
contact to the electrolyte.

Applying thin-film Si solar in photoelectrode arrangements
for H,O splitting, some promising results have been already pub-
lished by Reece and Nocera et al. reaching 4.7%.%*! In our
approach, the maximum conversion efficiency of 9.5% STH effi-
ciency was reached with a triple solar cell consisting of one pc
and two a-Si n—i—p cells coupled in series to a photocathode
for HER.*! The overall performance is strongly influenced by
pH and the type of catalyst selected, since these factors substan-
tially affect the EC overvoltages required to get the desired photo-
currents. The variations of performance for different processing
steps and working conditions are described in detail in the given
studies.*>*®128 Overall it is evident that the performance is
strongly coupled to the PV performance of the multijunction cell
and reduced by the additional inherent PEC-related losses. As for
thin-film Si cells, a power conversion efficiency close to 14% is
also the maximum reached so far, no more improvements
beyond the 10% STH efficiency can be expected if no strong
reductions in EC overvoltages are possible. It is also evident that
higher voltages than needed for the operational voltage of the
integrated water-splitting PEC cell close to Vi, will not lead
to STH improvements as the increase of photovoltage in multi-
junction cells is inherently coupled to a decrease of photocurrent.

6.3. Oxides

Over the past decade, several dozens of standalone (i.e., bias-free)
multijunction water-splitting devices that feature at least one
metal oxide absorber have been reported.*”"! The first demon-
strations were based on nanostructured WO; or a-Fe,03 (hema-
tite) photoanodes placed in front of a dye-sensitized solar cell,
reaching STH efficiencies of 1-3%.%7%*3l WO, is limited by
its relatively large bandgap (~2.7 €V),'® while a-Fe,0; suffers
from a short minority carrier diffusion length and a large con-
tribution of localized d—d transitions that do not lead to mobile
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charge carriers.’’* Therefore, significant research efforts have
been dedicated to finding alternative oxide absorbers. One of
the more promising candidates is BiVO, (bandgap ~2.4eV),
which was identified by Kudo et al. as a good photocatalyst for
oxygen evolution as early as 1998.°7°! In 2012, Abdi et al.
reported the first BiVO,-based multijunction device for bias-free
water splitting. Using a double-junction amorphous silicon PV
cell as a bottom absorber, they were able to demonstrate STH
efficiency close to 5%.°” A collaboration with Lee et al. later
improved this to 7.7% using a Si/a-Fe,03/BiVO, triple-junction
device.*®! Other groups have reported combinations of BiVO,
with III-V and with HaP solar cells, reaching efficiencies up
to ~8%.7%8) Although photocurrents up to 10 mA cm ™2 have
been reported for nanostructured Cu,0O photocathodes,?”® 8%
remains, to the best of our knowledge, the highest STH efficiency
reported thus far for bias-free PEC water-splitting devices with at
least one metal oxide absorber.

One of the main challenges that has hampered the develop-
ment of efficient PEC devices based on metal oxide absorbers
is the incomplete understanding of how to make selective and
energetically well-aligned contacts. For example, the Gritzel
group developed ZnO/TiO, “overlayers” for Cu,O photocathodes
with the aim to offer protection against photocorrosion, but did
not yet explicitly refer to these layers as being electron selec-
tive.*””) This work inspired one of our first attempts to fabricate
an all-oxide multijunction device by combining a BiVO, photo-
anode with a Cu,O photocathode.*”® This device showed STH
efficiency of only 0.5% due to a combination of a modest photo-
voltage and poor FF. One reason for this was the poor band align-
ment of the Al-doped ZnO overlayer with the Cu,O, which
limited the Cu,O photovoltage to ~0.5V. Gritzel et al. later
improved on this by switching to a Ga,O3 overlayer, resulting
in an improved photovoltage of 1V and STH efficiency of 3%
for their Cu/Cu,0/Ga,03/TiO,/NiMo photocathode.*?

Back contacts also need to be charge selective. For n-type metal
oxide photoabsorbers, this can often be achieved by simply using
commercially available F-doped SnO,-coated glass (FTO). FTO
glass is, however, not a good back contact for p-type oxides, such
as CuBi,0y. Song et al. solved this by inserting a hole-selective
Cu-doped NiO layer in between FTO and CuBi,04.”°! Making
an electron-selective front contact for CuBi, O, photocathodes is
more challenging. Song et al. attempted this with a CdS/TiO,
layer, but the presence of defect states at the CuBi,0,/CdS inter-
face limited the photovoltage of ~0.65 V. As a result, their all-
oxide CuBi,0,/BiVO, water-splitting device required an external
bias of 0.4 V before any hydrogen could be detected.**® There
are a handful of examples of truly integrated oxide-based tandem
devices, in which the bottom absorber, typically silicon, serves as
the back contact for the metal oxide top absorber. Here, it is inter-
esting to note that obtaining a good silicon/a-Fe,O; junction
seems trivial,*®") whereas integration of silicon with BiVO,
requires a more complicated Si/SiO,/TiO,/WO;/BiVO, struc-
ture to avoid excessive photovoltage losses.**%

Another promising strategy to improve charge separation in
metal oxides is to use doping. Abdi and van de Krol used a doping
gradient to improve the charge separation efficiency in an n*n
homojunction of BiVO,, an approach that is analogous to the use
of a BSF in PV.P*! Their gradient doping strategy is especially
suited for improving charge separation in highly doped
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semiconductors, such as metal oxides. In contrast to conven-
tional PV materials, metal oxides typically require high dopant
concentrations to reach conductivities high enough to minimize
Ohmic losses during charge transport. This is a direct conse-
quence of the low charge carrier mobilities in most oxides.?®?
In some cases, doping can also be used to change a material from
n- to p-type or vice versa. Abdi et al. used this to form a gradual
p—n homojunction in BiVO, by calcium doping, resulting in a
buried junction with improved charge carrier separation
efficiency.’®’!

Although the STH efficiencies of multijunction oxide-based
PEC devices are well behind those demonstrated for state-of-
the-art III-V semiconductors, their low cost and relative ease
of preparation render them well suited for scale-up studies. In
their 50 cm? silicon/BiVO, multijunction PEC demonstrator,
Ahmet et al. showed that ionic transport losses in the electrolyte
can easily lead to a factor of 3 reduction in STH efficiency when
scaling up from 1 to 50 cm?,**¥ illustrating the urgent need for
creative PEC engineering solutions.>”!

Most efforts on metal oxide absorbers in the past decades have
focused on achieving high photocurrents. This has been invalu-
able for the initial selection of promising absorbers, the develop-
ment of passivation strategies for bulk and surface defects, and
the selection of suitable HER and OER cocatalysts. Further devel-
opment of oxide absorbers for efficient PEC devices requires a
shift in focus toward the photovoltage. This necessitates the
design of selective contacts and smart (gradient) doping
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strategies. Careful study of established design principles?®®’)
and close collaborations with colleagues from the field of PV will
strongly benefit these efforts.

6.4. Halide Perovskites (HaP)

In recent years, HaPs have gained prominence as cost-effective,
solution-processed semiconductor materials. Their high effi-
ciency, processability, and tunability make them ideal candidates
for constructing leaf-like structures. Nevertheless, their inherent
ionic nature poses the primary challenge when implementing
HaP in PEC devices, as they are prone to spontaneous dissolu-
tion in aqueous environments. In this section, we aim to high-
light the benefits of HaP through examples applied to PEC
devices that overcome the stability limitation. We recommend
that readers refer to recent reviews for an in-depth exploration
of developments in this field.*%¢-3%#]

HaPs are ideally suited for fabricating tandem solar cells due
to their ability to finely adjust bandgaps through compositional
engineering. This allows them to serve as both the top and bot-
tom cells in tandem solar cell architectures, leading to remark-
able efficiencies. Notably, Si/HaP tandems have achieved a
record-breaking efficiency of 33.9%,1*Y while all-perovskite tan-
dem structures have demonstrated an impressive 28% effi-
ciency.?®?) Fehr et al.?! uses the record Si/HaP from HZB as
integrated photoelectrode. Here, a conductive adhesive barrier
allows the integration of impermeable graphite sheets with

Electrolyte

Catalyst

Graphite

C particles
Adhesive

Figure 24. Different protection strategies for the integration of HaP in PEC devices. a) Silicon/Perovskite tandem structure utilizing a graphite/adhesive
protection layer, effectively preventing direct contact between the absorber and the electrolyte without compromising PV performance. This configuration
has achieved a noteworthy record STH efficiency of 20%. b) Interconnection scheme for HaP integration; through the sequential scribing process (P1, P2,
P3), the incorporation of HaP is achieved with minimal impact on the active area. Notably, this approach enables the attainment of cell potentials
exceeding 2V, sufficient for driving unassisted water splitting. Reproduced under terms of the CC-BY license.®¥ Copyright 2023, The Authors.
Published by Nature Communications, and Adapted with permission.?’! Copyright 2023, Wiley.
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minimum losses in the PV device, as shown in the panel (a) of
Figure 24. This approach demonstrates an integrated device with
STH of 13.4% for interconnected perovskite and 20.8% using
Si/HaP tandem device with decrease of 60% of their efficiency
in 100 h. This represents the first nonconcentrator PEC device to
exceed 20% STH. In a similar approach, Song et al.**” used a
conductive paste of carbon/silver to adhere a platinum foil to a
perovskite/perovskite tandem device achieving STH of 15.1%.
This design enables the continuous operation of the device for
more than 120 h with less than 5% efficiency loss.

The high absorption coefficient of HaP and their low-
temperature processability allow the fabrication of lightweight
and flexible substrates. Virgil et al.?*!] exploited this concept fabri-
cating a leaf structure using HaP and BiVO, to provide unassisted
CO, reduction and hydrogen generation. The barrier protection
was achieved using a mixture of epoxy adhesive and graphite pow-
der, serving as a conductive encapsulant. Here efficiencies of solar-
to-fuel of 0.58% (H,) and 0.053% (CO) were achieved.

HaP offer a wide range of scalable processability routes rang-
ing from inkjet printing and slot-die coating to coevaporation.
Large-scale designs are required to validate the implementation
of artificial leaf designs on practical applications. In an excellent
example of the potential of perovskites for large-area, Li and
Unger demonstrated a highly efficient and large-area HaP PV
device with efficiency over 22% using slot die.?*”! These designs
can be extrapolated into leaf architectures, as shown in the panel
(b) of Figure 24.%*! Here, a 16 cm?® module with efficient sub-
cells connection was used as monolithic PEC device and an epoxy
encapsulation allows perovskite immersion in the electrolyte.
STH efficiency of 11.56% was achieved with a stability of 85 h.

The interest toward halide-based semiconductors has greatly
increased due to rediscovery of the HaP. The interest in environ-
ment friendly substitutes of lead-based perovskites and
water-resistant materials has driven the research to a new set
of materials with a wider range of stoichiometries and super-
structures, for example, double perovskites, Ruddlesden—
Popper phases, Aurivillius, and Dion-Jacobson phases.*®® As
an example, Romani et al.?** showed a water-resistant perov-
skite-inspired structure DMASnBr3;, which in conjunction with
g-C3N composite achieved a photocatalytic hydrogen generation
of 1.7 mmol g~ "h™". Novel combinatorial research studies would
be critical to assess rapidly new perovskite-inspired materials and
their viability on PEC devices.

In summary, HaPs have emerged as a transformative force in
the landscape of artificial leaf applications. Their exceptional
properties, such as high efficiency, tunability, and ease
of fabrication, position them as game changers in the field of
PEC devices. While addressing the challenge of stability of
HaP in aqueous environments is an ongoing endeavor, innova-
tive solutions are actively being pursued.?*>%%

7. Long-Term Approaches and Their Perspectives
7.1. Nanostructuring, Patterning, and Improved Kinetics
For around two decades, nanowires have been considered as

alternative building blocks with increased versatility for (opto-)
electronic applications and, since recently, also for water
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splitting."*73%773%% Wires of almost any semiconductor material

can be grown as low-cost, nanoscale structures, largely indepen-
dent of the substrate used, and they can uniquely absorb, convert,
and emit light. Hence, structuring of light absorbers and cata-
lysts of a photoelectrode is an alternative approach to enhance
solar-driven water splitting performance. Structured light absorb-
ers with precisely controlled morphologies and micro-/nanoscale
dimensions enable the efficient coupling of sunlight into
the photoelectrode for maximizing solar energy harvesting
efficiency. 00401

Compound semiconductor nanowires offer a versatile range
of design options, including core-shell and/or axial multijunc-
tion heterostructures. Specifically, core-shell components of
solar cells or PEC cells possess short transport paths for electrons
and holes to reach interactive sites for performing electrocatalytic
water-splitting reactions.

To reduce overvoltage losses, micro- and nanostructured cata-
lysts can provide a much larger surface area compared to planar
catalysts. This increases the number of active sites per geometric
area at the catalyst/electrolyte interface. The geometries and
dimensions of structured light absorbers and catalysts can be
adjusted to optimize their interplay and improve performance.
To enable possible future industrial implementation of nanowire
applications, it is necessary to use the bottom-up layer growth
approach, since this could lead to more cost-effective and
efficient fabrication techniques in the future.

This section covers nanowire arrangements for solar energy
conversion as well as selected catalyst nanostructures for efficient
(photo-)electrochemistry.

Vertical semiconductor nanowires from materials such as
III-V, Si, or ZnO have been prepared and studied as light
absorber device structures to improve light-harvesting efficiency,
shorten carrier collection pathways, and promote charge carrier
transfer.*9~*% The current status of nanowire devices, such as
transistors,**® light-emitting diodes,**® solar cells,**" or PEC
cells!"*”) is reaching a high level of saturation for the most impor-
tant classes of benchmarking applications. However, in all these
cases, they have not yet outperformed their counterparts made of
planar semiconductor layer structures.

Although significant progress has been made, research on
nanowire devices is still in its early stages. It is at the intersection
of physics and engineering, rather than on the subsequent tran-
sition from superior engineered performance to the success of
commercial products. Even though theoretically superior to pla-
nar cell structures, in practice, the choice of suitable bandgaps,
band alignment, well-defined doping, and in particular comple-
mentarily modulated doping structures (n- and p-type) of
homo- and heterostructures to optimize the unique and the most
important properties of semiconductor nanowires is a compli-
cated endeavor. An important aspect of functionality is the
use of charge-separating contacts surrounding the absorber
materials with bandgap-engineered homo- and heterostructures.
In planar layer stacks, this paved already the way to the success of
(opto-)electronic devices such as transistors, light-emitting
diodes (LEDs), LASERs, and efficient solar cells. The possible
transfer of this success to nanowires requires well-defined, mod-
ulation-doped junctions with ultimate performance and proper-
ties not available in layered structures. Although there have been
impressive advancements in nanowire growth and designs, the
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Figure 25. Each individual nanowires shown in the SEM image (left) is acting as a nano-antenna for light collection and concentration!'” and can be
analyzed in detail with regard to doping profiles, local resistance, current pathways, and (opto-)electronic response utilizing a UHV-based multi-tip STM
(right). Here, the performance of a core-shell-shell p-i-n-structure for charge carrier separation is characterized. Adapted with permission.l*'"! Copyright

2022, Wiley.

efficiency of light-to-current and current-to-light transformation
in devices such as nanowire-based PEC and solar cells, light emit-
ters, and detectors remains limited, clearly not superior to the
planar counterparts, because of huge losses during electronic
transport due to current leakage pathways.[**”~*!% This can be
due to inadvertent conductivity channels in the nanowire
arrangement, as shown in Figure 25,1 when four-terminal
probing was applied on free-standing, p—i-n (core—shell-shell)
nanowires, or due to insufficient charge carrier separation due
to defect-assisted tunneling. A similar problem holds for the
bipolar heterojunction transistor that suffers from excessive leak-
age in the base-collector and base-emitter junction inhibiting a
net current gain of the transistor.*'?) One hypothesis for the
increased losses is that benchmarking nanowire devices with
embedded p-n junctions is limited by leakage currents.
Identifying leakage mechanisms and demonstrating low leakage
as well as sufficiently charge-selective contacts are major issues
in any case when benchmarking nanowire device components.

Even in the best available nanowire with III-V compound p—n
junction, the saturation current density J, is substantially higher
than in their layered counterparts. Possible reasons are manifold,
among others. First, the growth direction in nanowires is (111)
compared to (100) in layer growths. This results in complex
growth mechanisms!*'*! due to imperfect doping profile and
the evolution of defects and modified and anisotropic charge
transport. Second, doping during nanowire growth is physico-
chemically different from layer doping!*''****! and is taking place
at substantially different growth parameters. Third, the surface-
to-volume-ratio and contributions from surface transport in axial
junctions are much increased in nanowires compared to layer
structures.

The reverse saturation current density J, nw in III-V nano-
wires could be reduced by physicochemical treatment of axial
junction (passivation of surface states),*'” including wide-
bandgap shells for surface passivation of axial junctions,*’!
bandgap engineering of radial charge-selective junctions,?*>*12!
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top-down processing of semiconductor layers to nanowires,**%

or semiconductor layer growth for one of the contacts and nano-
wire growth for the other one.[*!%

Nanowire PV devices exhibit a significantly improved light
absorption coefficient,****?!l exceeding the absorptivity of analo-
gous layer structures and collecting light in a wide vicinity of the
individual nanowire, virtually operating as optical nanoanten-
nas.“*8 Hence, at a given photon current intensity Ipnotos
nanowire-based solar cells of the area A can be assumed to con-
centrate light into the sum of all nanowire footprints ZAyw with
afactor C smaller than A = C X ZAyw. Hence, the photocurrent
density Jonoto,nw Within each nanowire is enhanced by the factor C.

Lphot
Jphoto,NW =C-Jaq=C- _photo 0
Acell

The solar-generated splitting of quasi-Fermi levels in the
nanowires causes an open-circuit voltage, Voc, and the current
Iyhoto directed internally via charge carrier separation in suitable
hetero-(p—n)contacts. With the concentration factor C, at open-
circuit conditions, the open circuit voltage Vocnw amounts
approximately to

VOC,NW: n.kBTT.[n('M> :n’kBTT'In<C Jcell)

Jo,NW o, NW
2)

with the ideality factor » of the diode. Therefore, Vocnw should
increase in nanowire-based solar cells with increasing In C. So
far, nanowire-based solar cells suffer from an even lower
open-circuit voltage!*'” compared to standard layer cells.!**"!
The limited number of nanowire-based PV device demonstra-
tions with promising results have shown in general a reduced
material consumption,?*” reduced saturation current J, values
by wide-gap surface passivation,*° or used top-down processes
(e.g., for the record solar cell conversion efficiency of 17.6 %).1*°!
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The latter approach avoids both the (111) growth direction and
the low-temperature growth of nanowires, but does not provide
any advantage compared to the layered devices. Wide-bandgap
passivation of nanowires suppresses nonradiative minority
charge carrier recombination at the nanowire surface such as
AlGaAs reported by Aberg et al.*°!! Instead, the probability of
radiative recombination is increased by many orders of magni-
tude and, correspondingly, the saturation current density J, is
decreased. In core—shell nanowires, losses across the p—n junc-
tion can be reduced by inserting a well-designed radial charge
carrier-selective contact instead.[*"!

Finally, the excessive reverse junction current in nanowire p—n
junctions is attributed to a high defect density and a severely
increased probability of reverse charge carrier transfer through
a selective contact. The defect density originates from different
sources, such as the huge surface and the various imperfections
at the interfaces of crystal facets at the nanowire edges.

Ordered arrays of epitaxial nanowires can be grown by the
industrial scalable process of MOVPE after applying a surface
nanopatterning technique. Different surface nanopatterning
techniques can be used here. For example, Si wafers with disor-
dered nanograss structures have been used as templates for the
fabrication of Ni nanorods-based hierarchical structures as excel-
lent catalysts for both HER and OER.!"7%172#21] Moreover, a sur-
face nanopatterning technique using ultrathin aluminum anodic
oxide template (UTAM) as template is an efficient approach for
large-scale surface nanopatterns of functional materials.**?
These UTAM-prepared surface nanopatterns can be utilized as
catalysts or shadowing masks for fabricating regular arrays of
nanowires and nanotubes of different light absorber materials.
Additionally, this UTAM-based nanopatterning technique can
also be applied in order to fabricate HER/OER catalysts into reg-
ular nanopatterns on the surface of planar absorbers, aiming
1) to prepare well-defined catalyst adsorption sites for a con-
trolled site and size distribution of the catalyst materials; and
2) to reduce the influence of the surface coating of catalysts
on the light absorption of the absorber material. The interdepen-
dence between structural parameters, catalyst distribution, dop-
ing profiles, charge carrier dynamics, and HER/OER kinetics can
be investigated by applying advanced in system, insitu, and

Nanoporous metals as catalyst

support
_h*gf.’.

b M)
!
"

Nanostructured catalysts on planar
absorbers

In situ and operando
microscopic investigations

Time-Resolved ~ Multi-tip STM
Photo- .
luminescence R
s A, /
SERS/TERS

Nanowire-based light absorbers Nanostructured nanocomposites

Figure 26. Possible nanostructural tuning of light absorbers and catalysts

as well as the design and fabrication of nanostructured composites as
highly active catalysts for HER and OER.
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operando characterization techniques, as illustrated in
Figure 26 with some specific techniques, such as optical spec-
troscopy®® or advanced sample handling.***! Theoretical sup-
port regarding optical, structural, and electronic properties of
nanostructures must be considered*’® and nanostructured
nanocomposites must be designed and fabricated to integrate
absorbers and highly active catalysts in an adjusted composite
design for HER and OER. As one promising approach, compo-
sites consisting of defect-engineered metal oxides (as cocatalysts)
decorated with nanocluster catalysts may be considered.!***42°!

These hierarchical nanostructures can be fabricated in differ-
ent ways: 1) preparation of the metal oxide nanostructures on a
planar absorber substrate; and 2) conformal coating of the metal
oxide thin film on a nanostructured absorber substrate. The
structural features and the combination of the composites shall
be developed toward improved and efficient HER and OER,
respectively. Highly ordered nanowire/nanopore arrays of con-
ductive materials (e.g., metals and metal oxides/sulfides) can
be designed and fabricated to serve as robust support for immo-
bilizing HER/OER catalysts to increase the density of accessible
active centers and the long-term durability. Furthermore, the
HER and/or OER activity of catalysts can be optimized by manip-
ulating the strong electronic interaction between the conductive
materials and the supported catalysts. Moreover, the mass trans-
fer process during the water-splitting reaction in the electrode
can be tuned by optimizing the structural parameters of highly
ordered nanowire/ nanopore arrays to assure sufficient transport
of reactants (e.g., OH™, H,0), favorable accessibility of the cata-
lyst surface, and rapid release of gas bubbles (e.g., H,, O,), aim-
ing to promote HER and/or OER kinetics. Compared to the bulk
electrolyte, the mobility of the protons and hydroxide ions (i.e.,
the mass transport) is affected by the interaction with the photo-
electrodes and the gas bubbles. These phenomena are even more
significant at the nanostructured electrolyte/photoelectrode
interfaces. Ion diffusion is significantly impeded when the nano-
channels are blocked by gas bubbles, and the desired increase in
the active surface area through nanostructuring also increases
the interactions of the ions with the electrode surface. The joint
investigation of gas bubble dynamics and ion diffusion on differ-
ent time and length scales offers a perspective for improvements
to establish a comprehensive understanding of the mass trans-
port in the nanostructured PEC devices and on gas-evolving elec-
trodes in general. In particular, the information on the mobility
of ions or proton transfer rates is crucial to adapt a multiscale
approach for the simulation of ion conduction toward the
systems used.

State-of-the-art multiphysics simulations of PEC cells use a
single-diffusion coefficient to predict ion transport across the
device and incorporate bubble flow and bubble scattering into
a two-phase fluid flow model. This sophisticated model is
already capable of simulating water splitting under concentrated
irradiation.!"?!

However, the assumptions regarding mass transfer and bub-
ble evolution and dynamics are quite strong, and a more realistic
description, in particular the description of nanostructured elec-
trode surfaces, requires considering many more phenomena.
Nanostructuring is an important concept for the development
of new PEC devices because it increases the catalytically active
surface area. In these systems, the ion and bubble dynamics
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in the electrode/electrolyte region have to be explicitly studied
with microscopic resolution (much larger resolution compared
to multiphysics simulation).**®! The ion diffusion coefficient
depends on the spatial position within the interface and can
no longer be described by a uniform value for the bulk phase.

The gas bubble dynamics and evolution depend on the wetting
behavior and thus on the (nano)structure of the materials and the
operating conditions (current density, pressure, temperature,
pH, electrolyte, and concentration) and significantly affect the
efficiency.!**¥

Gas bubble dynamics in nanostructured interfaces is related to
ion diffusion because, for example, nanochannels can be blocked
by gas bubbles. Therefore, the description of mass transfer in
nanostructured interfaces must treat ion diffusion and gas bub-
ble dynamics on the same footing. The development of these
models is complicated because multiple time and length scales
must be bridged even for simple nanostructured systems and
reliable in situ in operando experimental techniques are neces-
sary to provide data for the model validation. The effects of
ion—electrode surface interactions on ion mobility and nucleation
of bubbles at the electrode surface due to the combination of H
and O atoms have to be modeled and studied with atomistic res-
olution, for example, using ab initio molecular dynamics simu-
lations. In contrast, the further growth of the gas bubbles, their
removal from the surface, and the influence of the topology of the
nanostructure on ion diffusion must be simulated and studied
on much larger time and length scales.

For the modeling of diffusion, Drefler et al. already developed
a model that can describe proton conduction in nanostructured
fuel cell membrane materials by a combination of ab initio
molecular dynamics and a Monte Carlo model.**”~**" In the ab
initio part, local proton transfer rates are sampled and in the
Monte Carlo part, the actual propagation of protons on a dynam-
ically evolving lattice is modeled. The development of a numeri-
cal model for the unified description of the dynamics of ions and
bubbles with near-atomic resolution is an open and important
task. Such a model could be coupled to the conventional multi-
physics models in a further bottom-up step to include the effects
of nanostructured electrodes.

7.2. Materials Selection and Criticality Issues

The innovations needed for efficient artificial leaf approaches
(see Table 1) will only be possible and successful with an appro-
priate selection of noncritical materials. Considering the critical-
ity aspects of materials, there are a number of criteria which
must be maintained for technological applications on large
scales. On a pure technological level, neglecting politically moti-
vated supply vulnerabilities, these criteria include availability and
related cost issues, stability and possible recycling perspectives,
as well as environmental impact and health risks. *? The mate-
rials issues are of severe impact for PEC devices for solar fuel
generation as different types and applications of materials must
be considered as semiconductors for the PV component, cata-
lysts for the EC reactions, and passivation layers for the contacts.
For preparing integrated devices, the materials must be adjust-
able to each other, processable on each other, must be cost com-
petitive, and durable at high-performance levels. As a mandatory
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requirement for high-performance device structures, the selected
materials must allow the transfer of the splitting of the EC poten-
tials of electrons and holes as defined by the photovoltage
induced in the light absorber (the PV component of the device)
to the catalysts for HER and OER without severe potential losses.
Also, the transfer of the light-induced minority charge carriers
(photocurrents) must occur from the PV component to the EC
reaction sites with minimized recombination losses approaching
100% quantum yields. For achieving these goals, the PV compo-
nents, the catalysts, as well as the interfacial coupling layers
required for the integration to devices must be selected to secure
the efficiency as well as the materials criticality criteria. As one of
the most relevant materials selection issues, we may consider at
first the performance of the used materials either to be needed as
PV absorbers, for example, considering the most efficient IT1I-V
semiconductors or the most efficient noble metal electrocatalysts
for the HER and OER, for example, Pt and IrO, or RuO,, or the
selection of passivation and contact layers, for example, using
In,03. However in these cases, the criticality aspects of materials
may fail in one or many different criticality aspects (Figure 27).
In all this cases, alternative materials allowing similar perfor-
mance would be welcome or minimized materials consumption
or recycling strategies must be developed. In the search for non-
critical elements used for PEC devices, the needed performance
levels cannot be neglected. Alternative materials must have high-
performance levels comparable to the best noncritical elements,
as materials with low efficiency will not be beneficial.

There has been an ongoing discussion on which approach
may be more promising in the selection of materials for the reali-
zation of competitive artificial leaf approaches: Concentrating on
PEC devices, there are a fraction of scientists who argue that the
most prominent perspective is to select stable and uncritical
materials first and try to optimize the performance in a second
step. Others like the authors of this conceptual review argue that
the efficiency perspectives must be the first selection criteria and
stability and recycling issues should be addressed in the second
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Figure 27. Abundance of different elements of the periodic table possibly
of interest for the manufacturing of PEC devices for water splitting. As is
evident from the presented data, many of the materials leading to
high-performant PECs are composed of critical elements.[**
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step. As already argued above within this review in very detail, the
most promising approach is to first select the materials’ proper-
ties which are relevant for achieving high performance. These
must be investigated, understood, and implemented in bench-
mark devices. Afterward, either materials’ criticality problems
may be addressed by the minimization of the content of critical
elements or by recycling strategies or using noncritical elements
for stabilizing nonstable device structures. Most preferentially, of
course, materials may be identified and chosen which provide
similar performance-related physical and chemical properties
or alternatively it must be clarified if and how these alternative
materials can be modified to allow similar performance. As
already mentioned earlier, there are also materials minimization
and recycling strategies which may be implemented to use criti-
cal elements also in technological applications.

The central part of any artificial leaf approach is the absorber
layer, where the conversion of solar radiation into free energy
occurs and which must produce and separate the minority
charge carriers efficiently, in order to approach the detailed bal-
ance limit.[***! For this reason, the selection of proven tandem
structures of using either III-V semiconductors and of Si/
perovskite combinations should be investigated starting from
efficient multiabsorber solar cells and using buried junction
structures to be used in PEC cells.®#?%234368] Additionally,
novel promising chalcogenide absorbers may be of interest such
as alloyed Zn(Cd)Te, Sb,S;, or BaZrS;, which may provide
cheaper and more stable thin-film wide-bandgap combinations
in tandem architectures in the long term.”%”3 Other chalcoge-
nides such as chalcopyrites or kesterites do not provide promis-
ing solutions so far as their wide-band materials deliver only
reduced photovoltages due the formation of inherent defects
within the bulk and at the interfaces of these materials.[****3]
For this reason, pc-Si/a-Si-H tandem cells may not be of interest
from a technological perspective as their maximum PV efficiency
is limited to about 13%, which limits their STH efficiency to
about 10%."*?! Low-bandgap MOS may also not be in the focus
as absorber layers; with reduced bandgaps related to the involve-
ment of localized d-electron states, these materials inherently
lead to limitation of photovoltage and photocurrent.[**¢=*3!
However, they are of interest, utilized, and investigated as sur-
face passivation, charge carrier-selective contacts, charge trans-
fer, and most importantly as alternative cocatalyst layers.

So far, no efficient artificial leaf device was realized without
the coupling of HER and OER (co-)catalyst materials to the
absorbers. Hence, also the addition of well-known but also of
novel (co—)catalyst materials should be investigated using differ-
ent, soft deposition technologies matched to the absorber and
passivation layers. In a first approach, established catalysts such
as Pt and Ni will be used for HER and, for example, IrO, or RuO,
for OER as a benchmark for the accessible efficiency values of the
investigated absorber layer structures. This already provides an
additional research area as the process- and preparation-
dependent morphology and compositional structure of the inter-
facial coupling of the cocatalysts will determine the PEC and
Faradaic efficiency.**~**1 Additionally, reducing the materials
consumption of the catalyst layers with 2D layer of reduced thick-
ness or with 3D nanostructures or nanoporous morphologies
may help to enhance the effective surface area with the amount
of material. In parallel, new multinary oxide catalysts without or
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with low noble metal content may be applied."*”! However, as
these oxides usually are electronic semiconductors, their doping
and changes of doping induced during their EC exposure must
be considered for their application on the PV components.
Furthermore, their composition and related electronic and cata-
Iytic properties will strongly depend on the applied deposition
technology. Successively, novel (co)catalysts arrangements and
components have to be integrated with the components of the
absorber layer structure toward working device structures.

Finally, the integration into complete artificial leaf structures/
PEC cells with high performance leading to above 15% STH
efficiency will only be possible if well-adapted chemical and
electronic passivation and transfer layers can be realized using
adapted soft processing and deposition recipes. The loss of bulk
translational symmetry of the absorber surfaces and interfaces
generally gives rise to unfavorable electronic defect states for
nearly all semiconductors. Additionally, most of the considered
absorber materials will not be stable in direct contact to the elec-
trolyte solutions. Even stable originally existing passivation layers
usually form new and detrimental electronic states on the
absorber surfaces after the adsorption of chemical intermediates
during multielectron transfer reactions. Thus, at first, contact
layers must be designed securing the desired electronic and
chemical passivation also during operational conditions. For this
purpose, wide-bandgap metal oxides such as TiO, are often
tested,™*” but may be substituted with oxides of lower or higher
work functions (e. g. ZrO,, In,O3 or Ga,03, NiO). The required
chemical and electronic passivation may be either reached by
chemical bond formation to the defect states at the surface or
interfaces or may be induced by high doping concentrations
within the passivation layers shifting the formation of the space
charge layers into the interior of the absorbers. Either nondoped
very thin passivation layers working as tunneling barriers or
highly doped thicker interface layers working as carrier transport-
ing contacts may be considered. In any case, these additional
layers must be free of unfavorable electronic defects states lead-
ing to Fermi-level pinning within or at the interface of these
(oxide) or passivation layers. These additional electronic defect
related effects within the passivation or contact layer must not
lead to a noticeable loss of photovoltage and photocurrent but
must allow for an efficient selective contact for charge carrier
transfer either of the electron for the HER or of holes for the
OER) to the (co-)catalysts without Ohmic losses or charge carrier
trapping. As it is immediately evident, these interfacial passiv-
ation, contact, and charge transfer layers may even be complex
compositions of different materials, which must be specifically
adjusted to the absorber in use. As a consequence, different
materials must be investigated to secure high performance.
Additionally, different soft deposition techniques must be tested
and optimized to avoid a growth-related deterioration of prede-
posited layers. This is also true for the final integration with the
catalyst layer by applying specific deposition techniques.

Summarizing the above presented considerations, it is evident
that the selection of appropriate materials plays a dominant role
for reaching high performance without running into materials
related constraints. First, a broad range of materials and process-
ing procedures need to be investigated which primarily should
fulfill performance considerations before materials criticality
aspects must also be considered.
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8. Conclusion

There have been, and still are, large research centers in the USA
that aim to produce chemical fuels from sunlight, such as
the Joint Center for Artificial Photosynthesis (JCAP), the
Liquid Sunlight Alliance (LISA), and the Center for Hybrid
Approaches in Solar Energy to Liquid Fuels (CHASE), all funded
by the US Department of Energy. With the exception of the initial
phase of JCAP (2010-2015), these centers all tend to focus their
actual research goals on solving fundamental research challenges
related to photodriven conversion of CO, into higher-value
hydrocarbon fuels, while also addressing the oxidation of H,O
to 0,.4*%1 Due to the higher overvoltages expected for the CO,
electroreduction, the demands for reaching higher photovoltages
from the PV component are even enlarged. Therefore it seems a
reasonable approach to solve the challenge of scalable, efficient,
and durable production of green hydrogen from sunlight and
water before addressing the more demanding photodriven
CO,-to-CH conversion. Considering the rather similar multidis-
ciplinary challenges directed to the design of multiabsorber PEC
cells, one needs to address, understand, and solve the open fun-
damental questions and challenges in solar water splitting at first
that currently hamper implementation. For reaching this goal,
the scientific community must identify and address the main
performance limitations in individual absorbers and electrocata-
lysts. Additionally, we must develop a comprehensive
understanding of how these materials interact with each other
and what occurs at and across their different interfaces.
Controlling both the bulk properties and the properties of
solid/solid and solid/liquid interfaces is a key challenge that
requires a holistic, interdisciplinary approach. Specific emphasis
must be put on the development of materials integration strate-
gies with regard to their respective functionality in the device,
their electronic alignment, and their structural compatibility.
Especially, the role and origin of possibly formed electronic
defects must be analyzed and controlled to reach targets for
the respective materials’ properties. For that, we require innova-
tive experimental techniques and a strong collaboration between
theory and experiments to deduce promising materials and mate-
rial structures. With the expected results on novel material com-
positions and their combinations, a scientific and industrial TRL
can be possibly reached, where the bias-free STH efficiencies and
the long-term stability of PEC water-splitting devices can be
pushed to new limits.

Aside from multiabsorber cells, understanding the limitations
of individual components under various conditions and opera-
tional environments poses a significant challenge for fundamen-
tal science that can be addressed only by systematic studies. This
should be done using the comprehensive set of established
experimental and theoretical methodology available today for
the fabrication and characterization of semiconductor structures,
PEC junctions, and electrocatalysis. Next to that, the challenge is
to shift the borders of the established experimental and theoreti-
cal methodologies to novel specifically adopted and/or still miss-
ing experimental techniques, which have not been applied yet or
are in development for the investigation of (P)EC interfaces. In
combination with detailed theoretical studies on the electronic
structure of involved materials and their interfaces, one needs
to create new scientific knowledge and insights, using machine
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learning approaches, DFT calculations, and data mining. The
coupling of novel absorbers to highly efficient tandems needs
to be guided by computational and experimental interface engi-
neering, high-resolution X-ray, mid infrared (MIR)-NUV, and
vibrational spectroscopy with high chemical specificity and sen-
sitivity. A specific and unique aspect is the construction and
application of novel spectroscopic liquid—solid interface studies
utilizing synchrotron radiation and the use of a complementary
tender X-ray spectroscopy allowing for comprehensive in situ
core level and VB spectroscopy on model systems as well as pho-
toelectrodes approaching technology readiness. The core-level
and VB methods should be extended with TR techniques such
as 2PPE2PPE) experiments and TR operando spectroscopy.
These techniques include absorption, emission (PL), and ellips-
ometry featuring highest temporal resolution to capture and
understand the complete chain of events from charge carrier
generation—separation—transport in the bulk and across interfa-
ces to recombination. Additionally, the influence of interfacial
chemical reactions at the photoelectrode, multielectron charge
transfer reactions for HER and OER in competition to degrada-
tion effects and stability determining processes must be studied
in PEC junctions. From this, design principles for improved PEC
cells and full devices can be derived and implemented. The
perspective to efficient artificial leaf devices can, therefore, be
divided into three different but strongly interrelated research
actions:

8.1. Research Action 1: Understanding

The main objective must address fundamental knowledge gaps
on contact selectivity, electronic band alignment, charge carrier
dynamics, and EC surface and interface reactivity. Charge-
selective contacts and electronic passivation layers must be pre-
pared and investigated for selected absorber materials, especially
wide-bandgap top absorbers, to study their influence on the
extractable photovoltage and photocurrent. A key challenge is
the identification and adjustment of electronic surface and inter-
facial states across the different junctions under operation con-
ditions. This must be complemented with experimental and
theoretical charge carrier dynamics studies on model absorber
materials for a wide range of timescales (fs—s). In parallel,
HTP computational screening studies must be initiated to iden-
tify promising new absorber materials. To gain insight on (P)EC
surface reactivity, the structure—property relationships of a first
series of many thin-film and 2D layered electrocatalysts with
their support need to be investigated and generally applicable
design rules must be identified if possible. To this goal, the ener-
getic alignment of selected absorber/passivation layer/catalyst
interfaces, as well as selected solid/liquid interfaces, must be
studied with a variety of (P)EC, photon-, and electron-based spec-
troscopy methods.

8.2. Research Action 2: Design

The novel insights and understanding generated in research
action 1 must be used in designing increasingly efficient and
robust photoelectrode assemblies and tandem devices. Here,
novel top absorbers must be identified and paired with optimized
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bottom absorbers and further improved with regard to the ener-
getic alignment. Selected nanostructured absorber/catalyst
assemblies need to be tuned to improve performance and stabil-
ity and enable optimal integration in tandem devices. These
efforts must be guided by (P)EC dynamics studies, which can
be extended to 2D and 3D systems. These studies can then form
the basis for more extended (P)EC engineering studies on charge
and mass transport in the liquid phase. Furthermore, there is the
need to expand the materials portfolio by synthesizing promising
new materials predicted by HTP computational screening
efforts. To address more complex device structures, the ultrafast
studies on charge carrier dynamics must be extended to more
complex absorber materials, such as ternary compounds, for
example, composed from metal oxides or chalcogenides.
Additionally, these studies, together with studies on electrocata-
lyst/support interactions, must be carried out in increasingly
realistic and harsh environments to further develop our under-
standing of materials and interfaces under operating conditions,
such as elevated temperature, prolonged solar irradiation, atmo-
spheric pressures, and liquid environment. The results gained
from the investigations or more complex materials artificial leaf
configurations will lay the scientific basis for a knowledge-based
design of improved and possibly competitive new generations of
materials for absorbers, catalysts, and functional layers such as
passivation layers.

8.3. Research Action 3: System and Technology Considerations
Based on the 12 Principles of Green Engineering.

Finally, system considerations come into play following the prin-
ciples of green engineering,**®! which are essential for any tech-
nological implementation of artificial leaf devices. For large-scale
systems, Ohmic losses as well as the formation of pH gradients
will play an increasingly important role and can easily lead to
large efficiency losses and materials degradation. (P)EC device
and engineering investigations and development efforts should
include multiscale modeling as early as possible to identify and
minimize transport-related losses and guide efforts to select and
further optimize the device and system design. In addition,
machine learning algorithms for inverse design strategies can
hopefully be developed to predict optimal device configurations
and new material combinations. We are convinced that opti-
mized tandem devices will provide the most promising systems
for an efficient and competitive artificial leaf device. These devi-
ces must be subjected to extensive performance benchmarking,
long-term stability testing, and industrial manufacturing studies.
For any new technology, materials criticality and circularity have
to be considered at an early stage. Here, integrated PEC systems,
while more difficult to design, offer a compelling advantage over
PV-powered electrolyzers, since their lower current densities
offer the possibility to substitute Pt- and Ir-based catalysts with
abundant, noncritical alternatives. The end of life of the device
will be investigated with the goal of recovering as much of the
raw materials as possible. Determining the technological appli-
cability of monolithically integrated artificial leaves for a future
sustainable energy economy, in comparison to electrically con-
nected PV-electrolyzer combinations, depends also on various
factors. These include system size and further environmental
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parameters such as temperature and illumination conditions
and understanding how these devices perform under realistic
operating conditions. At this time, PV electrolyzer systems have
the advantage due to their technological maturity. They benefit
from their much higher current densities, show superior effi-
ciencies and durability, and the components can be individually
optimized. Integrated PEC systems offer a path toward the next
generation of solar fuel technology that is more resource efficient
(abundant catalysts, fewer system components) and potentially
more efficient in terms of energy conversion due to the inher-
ently easy thermal coupling between absorber and catalyst.
Such systems are, however, more difficult to design and there-
fore still in a much earlier stage of development. Future areas of
application for both technologies will depend on both technoe-
conomic and sustainability considerations, and trade-offs will
have to be made. A full assessment requires concerted research
efforts that address the following knowledge gaps: 1) incomplete
understanding of fundamental aspects of contact selectivity, elec-
tronic band alignment, and charge dynamics in PEC systems;
2) lacking insights in materials compatibility and integration
challenges to enable the design of efficient photoelectrode assem-
blies; and 3) missing expertise on PEC systems engineering and
device fabrication technology for large-scale implementation of
artificial leaf devices. Here, the ultimate aim is the development
of optimized tandem devices with extensive performance testing
and consideration of materials criticality for a sustainable energy
economy.
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