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Photovoltaic-electrochemical (PV-EC) fuel production is a promising technology that combines solar
energy conversion and electrochemical catalysis to produce sustainable hydrogen and hydrocarbon from
renewable sources. Halide perovskite solar cells with adjustable band gaps are attractive for PV-EC devices
since their tailored photovoltages in tandem structures with other photovoltaic materials can boost electro-
chemical reactions without an external power supply. Herein, we mainly focus on halide perovskite photo-
voltaic-electrochemical fuel generation. The principles and design classification of PV-EC devices, as well as
the band gap engineering of halide perovskites for solar cells, are presented. We explicate the mechanism of

the oxygen evolution reaction, hydrogen evolution reaction, and CO, reduction reaction, suggesting adequate
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material candidates of electrocatalysts for each reaction. Recent advances in electrocatalysts for water splitting
and CO, conversion, halide perovskite solar cells, and PV-EC devices for improving solar-to-fuel conversion
efficiency are summarized. This review presents significant advances in PV-EC fuel production from a

rsc.li/frontiers-inorganic materials point of view, providing a groundwork for its component design.
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1. Introduction

The production of renewable fuels from abundant sources such
as water and carbon dioxide is an essential step towards achieving
a sustainable energy future. Photovoltaic-electrochemical (PV-EC)
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fuel generation is a promising technology that utilizes solar
energy to drive the production of hydrogen and hydrocarbon
through electrochemical reactions. The process involves using
photovoltaic cells to convert solar energy into electrical energy,
which is then used to drive the electrochemical reactions for fuel
production.’ PV-EC fuel generation has gained significant inter-
est in recent years due to its potential to provide a carbon-neutral
source of renewable fuels. Using solar power to drive fuel pro-
duction offers a sustainable and environmentally friendly alterna-
tive to traditional fossil fuel-based approaches.

In recent years, halide perovskites have emerged as a promis-
ing class of materials for photovoltaic and electrochemical
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applications.*” 1In particular, their high-power conversion
efficiency (PCE) and tunable band gap have made them attractive
for use in solar cells. One particularly interesting application of
halide perovskites is PV-EC fuel generation since it is possible to
provide customized photovoltage for the electrochemical reaction
depending on the configuration of the tandem solar cell.>*°

This review aims to provide a comprehensive overview of
the state-of-the-art halide perovskite photovoltaic-electro-
chemical fuel generation. First, we introduce fundamental
principles and design classification of PV-EC devices. Then, we
deal with the mechanisms of halide perovskite solar cells and
electrocatalysts, which are key components of PV-EC devices.
We introduce the reaction steps of oxygen evolution reaction
(OER), hydrogen evolution reaction (HER), and CO, reduction
reaction (CRR), which constitute water splitting and CO, con-
version, and present promise materials candidates for each
reaction based on density functional theory (DFT) calculations.
Additionally, the review will discuss the recent advances in
electrocatalysts focused on each reaction, halide perovskite
solar cells, and PV-EC devices for improving the solar-to-fuel
(STF) conversion efficiency for fuel production. Finally, we will
provide an outlook on future research directions and potential
opportunities for developing PV-EC fuel generation
technology.

2. PV-EC fuel generation
2.1. Principles of PV-EC devices

A PV-EC device consists of electrocatalysts where redox reac-
tions occur and solar cells that generate photovoltage by receiv-
ing sunlight. Fig. 1a shows a general PV-EC cell, which is a
2-electrode system comprising an anode for the oxidation reac-
tion and a cathode for the reduction reaction. This review
deals with representative solar fuel generation reactions, water
splitting, and CO, conversion. For these reactions, the follow-
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Fig. 1 The principles of photovoltaic-electrochemical (PV-EC) device.
(a) Schematic of PV-EC cell. (b) The generalized current density-voltage
(J-V) diagram (2-electrode measurement) of a directly coupled PV-EC
device. Reproduced from ref. 13. Copyright 2013 PNAS. (c) The general-
ized J-V diagrams (3-electrode measurement) of anode and cathode
for electrochemical reactions (water splitting and CO, conversion).

ing OER by the water oxidation occurs at the anode to generate
protons for fuel (hydrogen, carbon monoxide (CO), and
formate (HCCO™)) generation.™*

OER : 2H,0 + 4h" — O, + 4H", E, =1.23 Vyue

At the cathode, protons that have received electrons are
reduced, inducing HER or CRR according to the following
equations.

HER:2H' +2e” — H,, E,q = 0.00 Vyug
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CRR(CO) : CO, +2H" +2e~ — CO + H,0,

o

Eq = —0.11 Vyig

T

CRR(HCOO™) : CO, + 2H' +2¢~ — HCOO™ + H™,
Erq = —0.31 Vypg

To proceed with actual reactions, overpotentials to over-
come the Kkinetic barriers are required in addition to the
thermodynamic redox potential differences. Therefore, in the
PV-EC device, the photovoltage of the solar cell and the electro-
lyzer’s cell voltage, including the overpotential, should be
matched without external bias. As shown in the generalized
current density-voltage (J-V) diagram of a PV-EC device
measured in a 2-electrode system (Fig. 1b), the operating
voltage (Vop) is determined at the intersection of the curves for
the PV cell and the electrolyzer. At the operating point, the STF
conversion efficiency (nsr) is calculated as below:

_ Jor[mAcm™?] x AE°[V] X g
Tsme = Ps[mW cm~2]

)

where Jop is the operating current density (Jop), AE® is the
thermodynamic potential difference between redox reactions,
ny is the faradaic efficiency, and P; is the solar power density.">
The solar-to-hydrogen (STH) conversion efficiency (ysry) in
water splitting system requiring a voltage of 1.23 V is expressed
as below:

Jop[mAcm™2] x 1.23V X 7y
NstH = ) :
Py[mW cm~2]

The product of thermodynamic reaction potential (uy,) and
Jop is stored as fuel production power.'> And the product of
the overpotential (difference between Vop and pg,) and Jop is
the kinetic loss derived from reaction kinetic barriers. Also,
coupling loss is defined as the difference between the
maximum output of the solar cell and the power dissipated in
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the electrolyzer. The characteristics of components in the elec-
trolyzer are evaluated by the polarization curves of a 3-elec-
trode system composed of working, counter, and reference
electrodes. Fig. 1c shows the generalized J-V diagrams of the
anode and cathode in the 3-electrode system. Generally, an
overpotential is defined as the additional bias required to
generate a current density of 10 mA ecm™ in each reaction.
Also, for PV-EC devices, the potential differences at which the
OER of the anode and the HER of the cathode generate Jop
correspond to the Vop of the overall water splitting. This is con-
sistent with the J-V curves in Fig. 1b and also applies to the
overall CO, conversion configured with OER and CRR.

In summary, several parameters can significantly impact
the STF conversion efficiency of photovoltaic-electrocatalysis.
The PCE of the solar cell directly affects the amount of electri-
city generated from solar energy. Higher PCE values result in
increased energy availability for fuel production. Also, mini-
mizing the overpotential of electrocatalysts is crucial for
improving overall efficiency by reducing energy losses.
Comprehensively, it is crucial that the photocurrent generated
by the PV cell matches the electrocatalytic current
requirements.

2.2. Design classification of PV-EC devices

PV-EC devices are classified into three types according to the
position of the PV cell and the coupling configuration between
the solar cell and electrodes."® Fig. 2 illustrates the design
classification of different PV-EC devices, including open and
flow cells. For type I, the PV cell is combined with the catalyst
electrodes on both sides and completely immersed in the elec-
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Fig. 2 Design classification of different PV-EC devices including both
open cell and flow cell. For type | (a), the PV cell is completely immersed
in the electrolyte with the catalyst electrodes on both sides. For type Il
(b), only one side of the PV cell is exposed to the electrolyte. For type Il
(c), PV and EC elements are separated. Reproduced from ref. 14.
Copyright 2016 Nature Publishing Group.
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trolyte (Fig. 2a). It is similar to the photocatalyst in that there
are no external wires and properties are evaluated by pro-
duction yield. This type must be accompanied by the perfect
capping of the solar cell and transparent catalyst layer and has
been reported in various research.'>'® Reece et al. fabricated a
wireless type I PV-EC cell by attaching a Co-based OER catalyst
and NiMoZn HER catalyst to a triple junction Si solar cell."”
For type II, one side of the PV cell is covered with the catalyst
and exposed to the electrolyte (Fig. 2b). This structure is
similar to the form of a photoelectrode in which solar cell
materials are used as the light absorber by coating cocatalyst
layers.’®?° It has the advantage of independently optimizing
the optical and electrochemical properties while simplifying
the entire system by monolithic structures.>** Appleby et al.
implemented a type II PV-EC cell by coating the RuO, catalyst
on the surface of the Si tandem solar cell.*' Finally, for type
111, the solar cell is connected to both anode and cathode with
external wires and is located outside the electrolyte (Fig. 2c).
Although this type is structurally complicated, it has the
advantage of freely arranging solar cells. Especially, it is advan-
tageous for PV-EC systems using halide perovskite-based solar
cells that are vulnerable to moisture. Most PV-EC systems
correspond to type III with electrical wires.>>®> Luo et al.
designed an open PV-EC cell by combining a perovskite/Si
tandem solar cell with bifunctional NiFe catalyst electrodes.
The type III water splitting generated a STH conversion
efficiency of 12.3%.%° Also, Cheng et al. reported a solar-driven
CO, conversion flow cell directly powered by GaInP/GaInAs/Ge
triple-junction solar cell. The type III PV-EC cell recorded a
high STF conversion efficiency of 19.1%.%”

2.3. Halide perovskite photovoltaics

Solar cells that produce photovoltage via sunlight work as a
voltage supplier in the PV-EC device. The overall water splitting
of a general electrolyzer consisting of the anode and cathode is
driven electrically, but the PV-EC devices are distinguished
from it as a type of solar water splitting. Many PV-EC studies
have been conducted using various photovoltaic cells such as
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$i,2%?° GaAs,*>?! CZTSSe,**?? GIGS,***® organic,**?” and dye-
sensitized solar cells.*®*° This review covers halide perovskite
solar cell-based PV-EC devices as the main content. Perovskite
is a generic term for minerals that have the crystal structure of
CaTiO;, which was first discovered in 1839. Among them,
halide perovskites are a class of materials that have received
much attention in recent years for their potential applications
in photovoltaic cells, light-emitting devices, and other opto-
electronic devices. As illustrated in Fig. 3a, the halide perovs-
kites have a general formula AMX;, where A is monovalent or
non-coordinating cations (Cs, methylammonium (MA), form-
amidinium (FA)), M is a bivalent p-block metal (Pb, Sn), and X
is halogens (I, Br, Cl).

Halide perovskites have shown promise for use in solar
cells, light-emitting diodes, and other optoelectronic appli-
cations due to their high efficiency and low-cost
production.*®*" Especially, halide perovskites have unique pro-
perties that make them attractive for solar cells, including a high
absorption coefficient, long charge carrier diffusion length, and
tunable band gap. Indeed, the band gap of halide perovskites
can be tuned from 1 to 5 eV depending on the constituent ions
and composition, enabling light harvesting from UV to near IR
spectral range.®*> When halide perovskites become a solid state,
molecular orbitals form the valence band (VB) and conduction
band (CB), and their band gaps are controlled as the density of
state varies greatly depending on the constituent ions.” As shown
in Fig. 3b, Castelli et al. calculated 240 band gaps of halide per-
ovskites composed of Cs, MA, and FA as A-cation, Sn and Pb as
M-ion, and a combination of Cl, Br, and I as X anions.*® Here, it
can be seen that the band gap varies according to cation, anion,
and phase, and the band gap generally tends to increase in the
direction of the red arrow.

When the halide perovskite with various band gaps is used
as the light absorber, the photovoltage and photocurrent
density of the solar cell can be easily controlled. As the band
gap increases, the photovoltage increases, but the photo-
current density decreases because of the reduction of absorp-
tion spectra. This appears as a trade-off between photovoltage
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Fig. 3 Halide perovskite-based solar cells. (a) General crystal structure (AMX3) of the halide perovskite. (b) Calculated band gaps of halide perovs-
kites with different composition and phase. Reproduced from ref. 43. Copyright 2014 AIP Publishing. (c) J-V curves of various halide perovskite
tandem solar cells with benchmarked power conversion efficiencies (PCE). Benchmark list: (1) ref. 55, (2) ref. 46, (3) ref. 54, (4) ref. 53, (5) ref. 52, (6)

ref. 56
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and photocurrent density within the fixed power of the solar
cell. To solve this trade-off and increase the PCE of the solar
cell, the tandem solar cell composed of two or more light
absorbers has been proposed. Short wavelength light is
absorbed by the large band gap material, and transmitted long
wavelength light is absorbed by the small band gap material.
Halide perovskites also compose tandem solar cells with other
photovoltaic materials such as Si (1.12 eV),*** CIGS
(1.01-1.68 eV),*** CZTS (1.0-1.4 eV),*®*° and organic
materials.’®”" In Fig. 3¢, J-V curves of various halide perovs-
kite tandem solar cells with benchmarked power conversion
efficiencies were compared.*®*>7*° Through more sophisticated
band gap control of subcell materials and multilayer interface
engineering, the PCE for each type of halide perovskite
tandem solar cell has been continuously increased. As the
number of subcells constituting the tandem solar cell
increases, the open circuit voltage (V,.) increases, and the
short circuit current density (Js.) decreases since the photovol-
tage is merged and the current density converges to the lower
value. In order to produce high STF conversion efficiencies
while meeting the required voltages (thermodynamic potential
differences + overpotentials) for the overall water splitting or
CO, conversion, solar cells with V,. and J,. suitable for each
reaction should be customized. More details are covered in
chapter 3.

2.4. Electrocatalysis

Prior to the design of the electrocatalyst, a key component of
the PV-EC system, it is necessary to understand the reaction
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mechanism by the DFT calculation since the number of
involved electrons and reaction steps is different for each
electrochemical reaction. OER at the anode is a 4-electron
transfer reaction comprising the following 4 sub-steps in alka-
line media:

x+OH (aq) —» *OH + e~ AG;
*OH + OH (aq) — *O + e~ + H,O AG,
*O 4+ OH (aq) — *OOH + e~ AG;

*OOH + OH (aq) — O, (g) + e~ + H,O+ % AG,

Since the Gibbs free energy difference between the second
and third sub-step (AGous — AGoou+) is generally 3.2 eV,
AGon+ — AGo~ as an OER descriptor determines the rate-deter-
mining step for OER according to its value.”” Fig. 4a indicates
a volcano plot in which the OER overpotential as a function of
the descriptor has a vertex.® Based on DFT calculations,
various metal oxides are plotted along with the lines, and
among them, Co;0, and RuO, show the highest OER activity.
Since the OER, 4 electron-proton coupling reaction, has very
sluggish kinetics, the oxygen evolution electrocatalyst with
high activity is essential to reduce the overall overpotential of
the electrolyzer. As the engineering for the OER catalyst,
various materials such as oxide,’”®® hydroxide,®"**
sulfide,**** and phosphide®®® based on multi-component
metal alloys have been studied. Also, research has recently
attempted to introduce single-atom catalysts on the existing
catalyst materials.®”®® Atomically dispersed catalysts are
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Fig. 4 Volcano plots and catalytic activity of electrocatalysts for different electrochemical reactions. (a) Volcano plot for the oxygen evolution reac-
tion (OER) as a function of the standard free energy. Reproduced from ref. 58. Copyright 2011 Wiley. (b) Volcano plot for the hydrogen evolution
reaction (HER) as a function of M-H bonding energy. Reproduced from ref. 71. Copyright 2010 American Chemical Society. Volcano plots for the
CO, reduction reaction (CRR) to (c) CO using *COOH binding energy and (d) HCOO™ using *OCHO binding energy. Reproduced from ref. 78.
Copyright 2017 American Chemical Society. (e) Overpotentials of OER catalysts on Ni foam (NF) in 1 M KOH. Reproduced from ref. 70. Copyright
2021 Cell Press. (f) Tafel slopes of HER catalysts in PBS solution. Reproduced from ref. 72. Copyright 2020 Wiley. (g) Major product classification of
metal catalysts for CRR from experiments by Hori. Reproduced from ref. 80. Copyright 2017 Wiley.
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characterized by high catalytic activity while reducing the
amount of noble metals. In addition, in order to overpotential
by increasing the specific surface area, various catalysts were
formed on porous supports such as Ni foam (NF), carbon
paper (CP), carbon cloth (CC), and Carbon nanotube (CNT), as
shown in Fig. 4e.”°

HER at the cathode is a 2-electron transfer reaction, consist-
ing of the following 2 sub-steps involving a hydrogen inter-
mediate in acidic media:

x+H' (aq) +e” —+xH AG
*H+H™ (aq) +e” —H, (g) +* AG,

Since HER activity is related to the adsorbed hydrogen
intermediate (H*), the Gibbs free energy of hydrogen adsorp-
tion (AGy-) becomes HER descriptor in acidic media.
Therefore, an ideal catalyst should bind to the reactant at an
intermediate strength that is neither too weak nor too strong.
In other words, a volcano plot with a maximum point of
current density is also drawn according to hydrogen binding
energy (AGy-) in HER, as shown in Fig. 4b.”' Catalytic
elements with high HER activity are mostly rare earth metals
such as Pt, Rh, Ir, and Re. Therefore, in order to lower the unit
cost of the overall water splitting electrolyzer, the cost-effective-
ness of the HER catalyst materials is required. Transition
metal-based multi-component alloy catalysts and single-atom
catalysts through atomic layer deposition (ALD) and electrode-
position have been studied, as shown in Fig. 4f.”>"7>

Unlike water splitting, the CRR, additionally including CO,
molecules, has various pathways to reach the product. Even in
the simplest CRR, in which 2 electrons are involved to produce
C" products, a CO, molecule is divided into two product path-
ways according to the atomic bonding. The following
equations express a representative CRR for generating CO:

x4+ CO, () + H" (aq) + e~ — *COOH AG;
*COOH + H' (aq) + e~ — xCO + H,0 AG,

*CO — CO (g) +* AG;

When carbon atoms bind on the electrode surface in the
initial electrochemical step, CO is evolved by forming a
*COOH intermediate.”® The second pathway is the process of
generating HCOO™ through the following equations:

x4+ CO, () + H" (aq) + e~ — *OCHO AG;
*OCHO + H' (aq) + e~ — sHCOO™ AG,

+*HCOO~™ — HCOO™ +x AG;

The *OCHO intermediate is produced when oxygen atoms
bind to the electrode surface, concerning the HCOO™ gene-
ration.”” As with HER, the Sabatier principle, where the
binding to key intermediates that is neither too strong nor too
weak leads to maximum activity, is also applied to CRR. That
is, *COOH and *OCHO binding energies are the main descrip-
tors expressing CO and HCOO- production activity, respect-
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ively.”® Fig. 4c shows a volcano plot of CO partial current
density at —0.9 Vgygp versus *COOH binding energy as a
descriptor. Au was calculated to have moderate *COOH
binding energy and high activity for CO production. Similarly,
for the formate production, the partial current density of
HCOO™ showed a volcano plot for the *OCHO binding energy
as a descriptor, as shown in Fig. 4d. Sn near the top of the
volcano plot has an optimal binding energy of the key inter-
mediate *OCHO, showing high selectivity toward HCOO™.

The prediction of the elemental candidate through these
DFT calculations of the CO, reduction reaction well corres-
ponds to the experimental results. In 1989, Hori et al. experi-
mentally proved the faradaic efficiency of metal elements for
H,, CO, HCOOH, and C* products produced in the electrore-
duction process of CO,.”° Based on Hori’s experiment, Bagger
et al. classified the elements advantageous to each product
and summarized them in a periodic table, as shown in
Fig. 42.%° As in volcano plots, Au and Sn showed high selecti-
vity for CO and HCOO™ production, respectively. Based on
Hori’s table, various CRR studies have been conducted with
elemental combinations.

3. Advances in halide perovskite solar
cells
3.1. Halide perovskite solar cells

Halide perovskite solar cells (PSCs) have emerged as next-gene-
ration solar cells owing to their outstanding optoelectronic
properties,®" bandgap tunability,®*®* and scalable manufac-
turing capability.>>®® The PCE of metal halide PSCs has
abruptly increased from 3.8% to 25.7% in the past
decade.>®”®® Wide-bandgap (WBG) single junction PSCs with
a Vo of over 1.3 V applicable to a PV-EC system have also been
recently reported.®® To improve the overall efficiency and stabi-
lity of the PV-EC system and achieve higher efficiency beyond
the Shockley-Queisser limits of single junction solar cells,”
remarkable advances have been made in perovskite-based
tandem solar cells (TSCs) such as perovskite/Si, perovskite/per-
ovskite, and perovskite/CIGS.”" These tandem devices can
stably satisfy the operating potential required for the PV-EC
system with a high current value.” The tandem device consists
of two or more complementary subcells that can utilize a wide
range of the solar spectrum by effectively mitigating photon
loss due to thermalization and transmission in a single-junc-
tion device.

The two typical configurations of TSCs are monolithically
integrated two-terminal (2-T) and mechanically stacked four-
terminal (4-T) configurations, as shown in Fig. 5.°> The 4-T
TSCs structurally require more transparent conducting oxide
(TCO) layers than 2-T TSCs, leading to higher parasitic absorp-
tion and manufacturing costs. In the 2-T configuration, each
subcell is monolithically connected in series through an inter-
connection layer (ICL). The ICL forms an electrical contact
with the adjacent layers for the recombination of electrons and
holes from the individual subcells. Thus, ICLs with high
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optical transparency and conductivity are required to obtain
high-performance tandem devices.”® Particularly in all-perovs-
kite TSCs, ICL should also act as a protection layer to prevent
the deterioration of the pre-deposited subcell from the solu-
tion process of subsequent perovskite layer fabrication.”
Because two or more cells in 2-T tandem devices are connected
in series, the Ji. of the tandem devices is limited by the lower
one. The precise matching of J,. by controlling the thickness
and bandgap of perovskite films is important to improve the
overall current of the tandem devices. The ideal top cell
bandgap of the perovskite/Si TSC is constrained to a narrow
range of 1.7-1.8 eV, and the ideal bandgap combination of the
all-perovskite TSC is 1.2-1.25 eV for the narrow-band gap
(NBG) subcell and 1.7-1.8 eV for the WBG subcell.> Despite
the complexity and difficulty of the fabrication process, perovs-
kite-based 2-T tandem devices have been actively studied due
to their enormous potential and cost-effectiveness.”> %’
Therefore, here, we cover the recent progress and challenges of
the 2-T monolithic perovskite/Si and all-perovskite TSCs,
which are rapidly obtaining notable achievements.

3.2. Perovskite/Si tandem solar cells

Perovskite/Si TSCs receive huge attention to realize industrial
applications first due to the crystalline silicon (c-Si) solar cells
technology market share of more than 95% and their mature
scale production.*>*® Perovskite/Si tandem technology has
reached over 31% PCE with the rapid progress in PSCs.”" The
monolithic tandem Perovskite/Si TSC includes a front-side-
polished, rear-side-textured, and double-side-textured c-Si as a
bottom cell.”® The c-Si has an indirect bandgap, so they show
weak light absorption near their absorption edge. To minimize
the light reflection and harvest the maximum amount of light,
a double-sided texturing silicon wafer has been employed in a
bottom cell of the Perovskite/Si TSC. Werner et al. have demon-
strated increased light trapping of an infrared region in a
bottom cell by texturing the rear side of the silicon wafer.'®°
The first fully textured Perovskite/Si tandem cells conformally
deposited the WBG perovskite on the micrometer-sized pyra-
mids of textured monocrystalline silicon by a combination of
evaporation and solution coating.'®" Using single-step solu-
tion-based blade-coating or spin-coating methods, a fully-tex-
tured Perovskite/Si tandem device with comparable anti-reflec-
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tion properties was also fabricated.'”” They deposited WBG
perovskite top cells on the front surface of silicon has a texture
of less than 2 pm, and achieved certified PCE of 25.7% and
stabilized PCE of 26.1%, respectively. However, it is still techni-
cally hard to fabricate the WBG perovskite subcell on textured
silicon surfaces applying the solution process. The WBG top
cell needs to satisfy the thickness over 1 pm to avoid shunting
and offer manufacturing capability. At the same time, high-
quality WBG perovskite film with long carrier diffusion
lengths and reduced non-radiative recombination is required
to facilitate charge extraction for efficient tandem devices on
fully-textured c-Si. Furthermore, to broaden the bandgap of
perovskite to the optimum value for Perovskite/Si TSCs, it is
needed to increase the Br content in the perovskite film.'*?
However, a high ratio of Br causes light-induced halide segre-
gation and adversely affects the V,. deficits and film degra-
dation under illumination.' Yang et al. identified that posi-
tive iodide interstitials (I;'), generated by the small bromide
incorporation, act as the dominant deep charge-trapping
defects in WBG perovskites.'” They added trimethyl-
phenylammonium tribromide (TPABr;) into the WBG perovs-
kites to reduce the I, concentration. Br*~ from TPABr; can
occupy halide vacancies and leave two terminal bromine
atoms, which can hinder the formation of iodide vacancies
and thus reduce the I;" concentration. To demonstrate this,
they changed the cation and anion of additives to trimethyl-
phenylammonium chloride (TPACI) and tetrabutylammonium
tribromide (TBABr;). As a result, the devices with TBABr; and
TPABr; showed relatively high V,., concluding that Br;~ has
more relevance to the V,. enhancement. The reduced bulk trap
density in TPABr;-WBG perovskite enables ~1 pm thickness
PSCs without a decrease of fill factor (FF) and J.. Besides, The
WBG perovskite films with TPABr; exhibit no obvious photo-
luminescence peak shifting or splitting under continuous 10
sun illumination after 120 min in ambient air. The best-per-
forming WBG perovskite cell with 0.2 mol% TPABr; delivers a
Voe Of 1.23 V, a J. of 21.2 mA em™2, and a FF of 83.8%, result-
ing in a PCE of 21.9%. They fabricated Perovskite/Si TSCs
using blade-coating-optimized 1.65 eV WBG perovskites with
TPABr; on double-side-textured silicon bottom cells with a
mean texture size of 0.43 pm, as shown in Fig. 6a. The best-
performing tandem device showed a PCE of 28.6%, with a V.
of 1.92 V, a J,. of 19 mA cm ™2, and a FF of 78.5% (Fig. 6b and
c). Luo et al. developed an anion-engineered additive strategy
to improve the inferior crystal quality of WBG perovskite films
on fully-textured silicon.’®® To conformally deposit WBG per-
ovskite films on industrially feasible silicon, a hybrid two-step
deposition method consisting of sequential co-evaporation
and the spin-coating process is deployed. First, Pbl, and CsBr
were co-evaporated on the pyramid-shaped textured silicon
surface to form an inorganic framework. FAI and FABr solu-
tion was sequentially spin-coated onto the inorganic frame-
work, followed by the annealing process. Simultaneously
adding a MACl and MASCN in the organic salt solution
enlarged the grain size and enabled an excellent conformal
deposition of WBG perovskites on the textured silicon surface.
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Fig. 6 Perovskite/Si tandem solar cells. (a) Device structures of perovskite/Se tandem cells and with cross-sectional SEM images of blade-coated
WBG perovskite films on textured c-Si. (b) J-V curves of champion monolithic perovskite/Si tandem solar cell. (c) Operational stability of encapsu-
lated tandem device in air at 25 °C. Reproduced from ref. 105. Copyright 2022 Nature Publishing Group. (d) Schematic of the perovskite/Si TSC layer
stack with standard reflector with an RDBL at the rear side. The numbered black frames mark the standard rear side (1) and the SiO, (2) and grid
finger (3) regions of the RDBL. () EQE spectra (dashed lines, perovskite EQE; solid lines, silicon EQE) of a planar perovskite/Si TSC with a standard
rear side (black) and a nanotextured (n.t.) perovskite/Si TSC with an RDBL (red). The integrated photogenerated current densities of perovskite
(Jph,pero) @nd silicon (Jyp si) are shown. (f) J-V characteristics of a nanotextured perovskite/Si TSC with an RDBL certified by CallLab at Fraunhofer

ISE. Reproduced from ref. 107. Copyright 2022 Nature publishing group.

MASCN promoted the crystallization of the a-phase perovskite
phase, while MACI retard the whole procedure by forming the
intermediate phase until the thermal annealing in the air
during the film formation. All photovoltaic parameters were
improved for the WBG PSCs, adding both MACI and MASCN,
resulting in a PCE of 18.9%. They employed 4-trifluoromethyl-
phenylammonium chloride (CF3-PACl) as a passivator in WBG
perovskite with MA(Cl, 5SCN, 5) additive. The V. of the device
was dramatically promoted from 1.09 V to 1.19 V, reducing
interfacial recombination. The fully textured monolithic
Perovskite/Si tandem device with an aperture area of 1.05 cm”
achieved a champion PCE of 28.9% with a V,. of 1.85V, a J,. of
19.8 mA cm™2, and a FF of 78.9% and certified PCE of 27.87%.
A large area tandem device with an aperture area of 16 cm?,
replacing the spin-coating process with blade-coating to intro-
duce organic salts, reached an efficiency of 25.1% with a V. of
1.79 V, a Js. of 18.5 mA cm™2, and a FF of 75.7%.

Tockhorn et al. present periodic nanotextures on the front
surface of the silicon bottom cell that reduce the reflection
losses and improve the fabrication yield enabled by the solu-
tion-processed film formation.'®”” The sinusoidal nano-
structure has a hexagonal lattice with a period of 750 nm and
a peak-to-valley height of 300 nm, making it possible to the
WBG perovskite film to be completely covered by a typical
thickness of 500-600 nm on a planar surface. Moreover, the
nanotextured silicon surface has improved the ability of per-
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ovskite solution to retain compared to planar one, enhancing
the process of the yield of WBG PSCs. The nanotexturing
surface reduces the reflectance considerably from 3.30 to
2.82 mA cm ™~ current-density-equivalent and shows statistical
improvement of the V,. by around 15 mV compared to the
planar surface. A dielectric buffer layer (RDBL) is implemented
at the rear side of the silicon bottom cell to reduce parasitic
absorption losses in the rear reflector. As a result of the simu-
lation of the photogenerated current density in the silicon
with TCO and SiO, thickness, RDBL is determined to consist
of 20 nm TCO and 180 nm SiO, buffer layer, as shown in
Fig. 6d (region 2). The external quantum efficiency (EQE)
spectra of experimentally realized Perovskite/Si TSCs with and
without RDBL feature an increased absorption at the silicon
band edge, as shown in Fig. 6e. The best tandem devices with
nanostructure interface between Si and perovskite and RDBL
reached a PCE of 29.75%, with a V,. of 1.92 V, a J,. of 19.56 mA
em~?, and a FF of 79.4% (Fig. 6f).

Zheng et al. reported an ultra-thin 1.7 nm ITO interlayer to
provide the interfacing between the silicon and perovskite sub-
cells with minimum parasitic resistance.'”® They found that
the Js. remained constant as the ITO thickness varied, while
the V,. and especially FF were the highest when the ITO was
1.7 nm thick. Because of the improved lateral conductivity in
the ITO layer failing to localize shunting effects, shunt resis-
tance (Ryy) decreases with ITO thickness. They also found that
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the function of localizing shunts in ultra-thin ITO layers is
effective in cells with an area over 1 cm?, which is less effective
in thicker ITO with improved lateral conductivity. The 1.7 nm
ultra-thin discontinuous ITO films afford sufficient trap states
for the interface between the ITO layer and the a-Si:H layer via
trap-assisted tunneling. After the application of the anti-reflec-
tion layer, a 1 ecm” tandem device with a V.. of 1.82 V, Js. of
18.1 mA cm 2, and a FF of 82.4% under reverse scan and a
steady-state PCE of 27.0% is achieved, which is the highest
PCE for an n-i-p based Perovskite/Si TSCs. Large area
Perovskite/Si TSCs with 11.8 cm?® and 65.1 cm? cells, including
ultra-thin ITO interlayer, were also fabricated and showed PCE
of 24.2% and 21.1%, respectively. The stability of an encapsu-
lated tandem cell was tested under 1-sun illumination with
MPP tracking, resulting in maintenance of 98% of its initial
performance after 600 hours.

To improve the long-term stability of PSCs, research on 2D
layered perovskites and inorganic perovskites has also been
actively conducted.'® "' The hydrophobic bulky organic
spacer in 2D perovskite enhances the device stability by pre-
venting the decomposition of perovskites and chain reactions
that form irreversible PbX,."'* Inorganic perovskites with the
composition of CsPbX; have improved thermal and phase
stability compared to the perovskites with organic cations."*®
Both perovskites can have bandgaps around 1.7 eV and thus
can be applied to the top cell of the perovskite-based tandem
device to enhance long-term operational stability. Wang et al.
introduced a 2-Amino-5-Bromobenzamide (ABA) to passivate
the defective top surface of inorganic perovskite films. The car-
bonyl (C=0) and amino (NH,) groups of this multifunctional
molecule simultaneously coordinate with uncoordinated Pb*",
while Br fills the halide vacancies and inhibits the formation
of Pb’. An ABA-treated inorganic PSC exhibits suppressed
interface non-radiative recombination and ion migration,
resulting in a high efficiency of 20.38%. Furthermore, the
device retains 80.33% of its initial efficiency after 270 h of con-
tinuous illumination in ambient air with a relative humidity of
25%. A Si/perovskite TSC with the ABA-treated inorganic per-
ovskite subcell achieved a 25.31% efficiency and maintained
92.59% of initial efficiency after 200 h under continuous illu-
mination in ambient air without encapsulation."**

With the rapid progress of perovskite-based double-junc-
tion solar cells, a multi-junction solar cell including a perovs-
kite absorption layer is emerging owing to the cost-effective-
ness and bandgap-tuning characteristics.’®''*'*> The theore-
tical efficiency limit for a triple-junction tandem is higher than
that of a double-junction, so there is more room for a signifi-
cant leap in solar cell efficiency.'*® A Si-based multi-junction
solar cell is one of the main candidates to achieve the goal.
Zheng et al. reported a 2-T Perovskite/Perovskite/Si tandem
solar cell with a V. of 2.74 V, Js. of 8.5 mA cm™>, and a FF of
86% on 1.03 cm>.>* For the middle- and high-bandgap perovs-
kite solar cell, 1.55 eV Cs, 1FA( oPbl; and 1.90 eV Cs, ,FA, sPb
(Ip.45Bro.s5); perovskite are used, respectively. The external
quantum efficiency (EQE) and integrated J;. of the triple
tandem devices show that the mid-gap cell limits the tandem
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Table 1 Performance comparison of perovskite/Si tandem solar cells

Jsc[MA  PCE

Year Materials Voe [V] em™? [%] Ref.

2016 CH3;NH;PbI;/c-Si 1.716 16.4 20.5 100

2018 CsxFA;_,Pb(I,Br);/c-Si 1.786 19.5 25.2 101

2020 Csg1MA, oPb(I oBry 1)s/c-Si 1.82  19.2 25.7 102

2022 Csg1FAq,MA, ,Pb 1.92  18.94 28.52 105
(To.85Bro.15)3/c-Si

2023 MA(Cly 5SCNy 5)/c-Si 1.85 19.8 28.6 106

2022 (CSg.05(FA.77MAg 23)0.05Pb 1.9 19.45 29.83 107
(To.77BTq.23)s/c-Si

2023  (FAPbL;), g3(MAPDbBr3)17/c-Si 18.19  18.1 27.2 108

cell current output to 8.9 mA cm 2. J, can be increased to
11.9 mA cm™> by optimizing the bandgap of the middle per-
ovskite absorber to achieve better current matching. Results
from current single-junction opaque solar cells show room for
Voe improvement for the high-bandgap cell that suffers from
light-induced halide segregation. We summarized the
materials and power conversion efficiencies of the perovskite/
Si tandem solar cells in Table 1.

3.3. All-perovskite tandem solar cells

Perovskite can satisfy the bandgap range of the top cell
(1.7-1.9 eV) and bottom cell (1.1-1.2 eV) of the TSCs due to its
bandgap tunability.>®* All-perovskite TSCs are cost-effective
compared to Si or CIGS-based tandem devices because both
subcells can be fabricated with a solution process. To fabricate
high-performance 2-T monolithic all-perovskite TSCs, it is
essential to improve the efficiency and operational stability of
each subcell. Similar to the WBG perovskite used in
Perovskite/Si TSCs, a top subcell in all-perovskite TSCs also
increases Br content to broaden the bandgap. However, a high
ratio of Br brings about light-induced halide segregation,
which causes large V,. deficits and degradation under
illumination.'®**'” Wen et al. report a steric engineering strat-
egy that enables photostable 1.8 eV WBG perovskites with Br
content down to 25 mol%."'® They simultaneously incorporate
larger A-site cation dimethylammonium and smaller halide
chloride into the mixed-cation mixed-halide perovskites. The
resulting perovskite film exhibited considerably suppressed
light-induced halide segregation and trap densities due to
strain relaxation. The best-performing single-junction WBG
device delivered a PCE of 17.7% with a V,. of 1.263 V, a J,. of
17.4 mA cm™>, and a FF of 79.7%. The encapsulated devices
under 1 sun illumination retained 90% of their initial per-
formance after continuous operation over 1000 h. All-perovs-
kite TSCs that deployed the WBG perovskite achieved a high
PCE of 26.2% with a V,. of 2.046 V, a J,. of 16 mA cm™2, and a
FF of 80.1%. Wang et al. doped Rb into the Cs-based inorganic
WBG perovskite lattice to reduce the light-induced phase seg-
regation by increasing lattice distortion. The doping of Rb with
a smaller cation radius than Cs reduces the average intera-
tomic distance between the A-site cation and I, which
enhances the ion migration energy barrier and suppresses ion

migration. Time-dependent photoluminescence measure-
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ments under 1-sun illumination demonstrate that Rb/Cs
mixed-cation perovskites show improved light stability. A
single PSC device based on ~2.0 eV Rby 15Cs¢ gsPb; 75BI 55 per-
ovskite shows a PCE of 13.41% with a V. of 1.312 V. All-perovs-
kite triple-junction solar cells employing the Rb/Cs mixed
cation inorganic perovskite as a top cell achieved a PCE of
24.3% with a V. of 3.21 V.'*°

Another subcell comprising the all-perovskite TSCs, NBG
perovskite with a bandgap around 1.2 eV, is obtained by alloy-
ing the tin and lead from the B-site. The main factor that
adversely affects the stability and device efficiency of NBG per-
ovskite is the oxidation of Sn** to Sn*". The formation of Sn**
vacancy caused by oxidation breaks the charge neutrality of the
perovskite films by self-p-doping and increases the recombina-
tion centers.*® To suppress tin oxidation and improve the
device performance, additives such as SnF,, guanidinium thio-
cyanate (GuaSCN),"*! metallic tin,'** and zwitterionic antioxi-
dants'*® were used in the perovskite precursor solution. Lin
et al. introduced 4-trifluoromethyl-phenyl ammonium (CF3-
PA) into the NBG perovskite through molecular dynamic simu-
lations to enhance the passivator adsorption that occurs at the
defect sites on the surface.'>* CF3-PA has a highly electronega-
tive fluorine atom that withdraws electron density from the
neighboring atoms. Then the NH*" side of CF3-PA becomes
highly electropositive and strongly binds with the negatively
charged defects, which means the effective passivation of the
grain surface. The best CF3-PA mixed NBG device showed a
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PCE of 22.2% (stabilized 22.0%) with a V,. of 0.841 V, a J,. of
33 mA cm™?, and a FF of 80% under reverse scan. With the
1.2-um-thick NBG subcell using CF3-PA additive, the cham-
pion tandem cell achieved 26.7% with a V,. of 2.03 V, a J,. of
16.5 mA cm 2, and a FF of 79.9%, and certified stabilized PCE
of 26.4%. The encapsulated devices in ambient air maintained
90% of their initial PCE after 600 h of MPP operation under
simulated 1 sun illumination. A combination of phenethyl-
ammonium iodide (PEAI) and GuaSCN additives in Pb-Sn
mixed perovskite improves the film quality and optoelectronic
properties by forming quasi-2D (PEA),GaPb,l,, as shown in
Fig. 7a."® An increase in carrier lifetime and remarkably
reduced dark carrier density of the perovskite using the mixed
additive was confirmed through the TRPL and Hall-effect
measurement. The V,. values of the NBG devices show an
increase from 0.747 V (control) to 0.820 V (GuaSCN) to 0.883 V
(GuaSCN + PEAI) from the reverse scan. The improvement of
Voc when using mixed additives is due to the reduced recombi-
nation associated with the low dark carrier density. The
reverse scan of the champion NBG PSC yielded a PCE of
22.2%, with a V.. of 0.916 V, a J. of 30.62 mA cm™>, and a FF
of 79%. The PCE of the best all-perovskite tandem device is
25.5% with a high V,. of 2.121 V, which is attributed to the
high V,. of the NBG subcell (Fig. 7b and c). The unencapsu-
lated 2-T tandem cell at 30-35 °C retained 80% of its
maximum efficiency after 1500 h under continuous light illu-
mination at ~0.8 sun. Luo et al. report a carrier management
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Schematic diagram of the structure of the series-connected all-perovskite tandem module with CDB to prevent ion diffusion and hole transport
layer (HTL). (e) J-V curves of the champion all-perovskite tandem module (aperture area of 20.25 cm?, four subcells in series). The inset shows
photos of the front side (left) and back side (right) of the module. Reproduced from ref. 135. Copyright 2022 Science.
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strategy for using cysteine hydrochloride (CysHCI) to improve
carrier management, which can suppress trap-assisted non-
radiative recombination and promote -carrier transfer.'*®
CysHCI simultaneously acts as a bulky passivator and a surface
anchoring agent for Sn-Pb perovskite. They introduced trace
amounts of CysHCI into the NBG perovskite precursor solution
and coated the CysHCI solution on top of the perovskite layer.
-NH?" and the O/S atoms at COOH™, which make up CysH",
are tend to fill FA'/MA'/Cs" vacancies and passivate undercoor-
dinated Sn**/Pb** and iodine vacancies.'?”**® The CysHCl-pro-
cessed perovskite film exhibit reduced trap density and Sn**
content, leading to a significantly increased carrier lifetime of
2.88 us and diffusion length of 8.67 pm. Besides, CysHCI post-
treatment promotes the formation of surface dipoles and
energy band bending downwards at the perovskite/Cg, inter-
face, which facilitates electron extraction. The PCE of 22.15%
with a V,. over 0.87 V and a FF over 81% is obtained in NBG
PSCs with doping and post-treatment of CysHCl. Combining
the CysHCl-processed NBG with a WBG (1.77 eV) perovskite
top subcell, a certified PCE of 2-T all-perovskite TSC reached
25.7%. The encapsulated TSC maintained 80% of its original
PCE for about 327 h of MPP tracking. Wang et al. developed a
universal close-space annealing (CSA) strategy by placing the
intermediate-phase perovskite films with their faces towards
solvent-permeable covers during the annealing process.'*® The
CSA process prevents the internal solvent from quick escape to
slow the crystallization and enables the remaining solvents to
dissolve the grain boundaries to enlarge grain size. CSA-pro-
cessed NBG and WBG films showed enhanced crystallinity and
prolonged carrier lifetimes, indicating that trap density is
reduced. The CSA-based PSCs have a V,. of 0.856 V, a J,. of
31.29 mA cm ™2, and a FF of 80.1%, yielding a PCE of 21.51%
under reverse scan. The best-performing CSA-based 2-T all-per-
ovskite TSC obtains the PCE of 25.5% under reverse scan, with
a V. of 1.956 V, a Js. of 15.41 mA cm™2, and a FF of 83.1%,
which are much higher than the normal annealing-based
tandem device with a PCE of 22.49%, a V,. of 1.926 V, a J,. of
14.54 mA cm ™2, and a FF of 80.3% under reverse scan.

As mentioned so far, the all-perovskite TSC show a high cer-
tified PCE of up to 28%, improving various problems they
have.” However, these results were obtained for small-area
devices of less than 1 cm® using the spin coating technique.
Methods such as blade coating,*>"*° slot-die coating,'*"'*
spray coating,”* and inkjet printing’** have been studied to
fabricate large-area perovskite films and further develop high-
efficiency perovskite-based tandem solar modules. In particu-
lar, large-area fabrication of 1.8 eV WBG perovskite films is
required for the modularization of all-perovskite TSCs. The
solvent system used for scalable coating of a state-of-the-art 1.5
eV perovskite film is not compatible with the fabrication of 1.8
eV perovskite film with high bromide content due to the low
solubility of lead and cesium bromide salts. To solve these pro-
blems, Xiao et al. controlled the crystal nucleation rate by
finely tuning the Cs content to improve the uniformity of
blade-coated perovskite films over large areas with a bandgap
of 1.8 eV."*® They fabricated the 1.8 eV perovskite film with a
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large grain size and flat surface with a blade coating by
increasing the Cs content to 35 mol%. Using this scalable
process technique, they obtained a PCE of 24.8% with a V. of
2.025 V, a J,. of 15.4 mA cm™%, and a FF of 82.6% for a
1.05 cm® area all-perovskite tandem device. In addition, to
increase the long-term stability of the device, they deposited a
conformal diffusion barrier (CDB) layer consisting of an
atomic layer deposited SnO, after P2 scribing in the all-perovs-
kite tandem solar module, as shown in Fig. 7d. CDB layer acts
as a lateral diffusion barrier that inhibits the reaction between
perovskite and metal electrode and serves as a vertical electron
extractor to connect each subcell in series in the all-perovskite
tandem solar module. A champion tandem module with the
CDB layer exhibited a certified PCE of 21.7% in a 20.25 cm?
aperture area, as shown in Fig. 7e. The tandem module also
retained 75% of its initial efficiency after 500 hours of continu-
ous operation under simulated 1-sun illumination in ambient
conditions. He et al. developed a novel self-assembled mono-
layer (SAM) with (4-(7H-dibenzo[c,g]carbazol-7-yl)butyl)phos-
phonic acid (4PADCB) as a hole-selective layer for high-quality
WBG PSCs over a large area.”*® They introduced two benzene
rings into the carbazole group of the commercial [4-(9H-carba-
zol-9-yl)butyl]phosphonic acid (4PACz) to improve the incom-
plete coverage and surface wettability of the SAM over TCO
that causes the relatively low FF in large-area devices. Photo-
induced force microscopy demonstrates that 4PADCB has a
more homogenous anchoring on TCO than 4PACz due to the
special steric hindrance of the 7H-dibenzocarbazole terminal
group. The 4PADCB also suppressed the interfacial non-radia-
tive recombination loss and enabled the fabrication of
1.05 cm” all-perovskite TSC of a certified PCE of 26.6% with a
Voe Of 2.12 V and a FF of 82.6%. We summarized the materials
and power conversion efficiencies of the all-perovskite tandem
solar cells in Table 2.

4. Electrocatalysts for halide
perovskite PV-EC fuel generation
4.1. Oxygen evolution catalysts

As mentioned earlier, the oxygen evolution reaction involving
4 electrons requires a higher overpotential than the hydrogen
evolution reaction, determining the overall water splitting rate.
Therefore, many studies have been conducted to reduce the
OER overpotential using various strategies such as mor-
phology, composition, and interface control.'*” Mainly, tran-
sition metals with partially filled d orbitals are used as con-
stituent elements because of fast electron transfer and high
catalytic activity for OER."*® In particular, through the compo-
sitional optimization of various non-noble metals, a higher
catalytic activity than that of rare earth metals such as Ir and
Ru was implemented."**'*°

First, high-entropy alloys (HEAs) based on transition metals
are representative materials for the oxygen evolution catalyst.
The HEAs with maximized configurational entropy by alloying
4 or more elements have extraordinary electrochemical pro-
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Table 2 Performance comparison of all-perovskite tandem solar cells
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Year Materials Voe [V] Jse [MA cm™?] PCE [%)] Ref.
2022 DMAg 1CS0 4B0.25Clo 05/MAg sFA -Pbg 55N 515 2.046 16 26.2 118
2019 C50.05FA¢.sMA.15PbI, 5B 45/(FASNI; o o(MAPbI)o 4 1.942 15.01 23.4 121
2019 CS0.2FAg sPbL; gBI; 5/CS0.0sMAg sFA¢ oPbl, g5BTo 15 1.965 15.6 24.8 122
2020 Co.5FAq sPbL, By 2/FAg s MAo sPbo sSno 515 2.013 16.0 25.6 123
2022 FAo.5CS0.2Pb(Io.65BT0 35)3/FAg sMAg 5Pbg 55N 515 2.03 16.5 26.7 124
2022 FAo.,CS0.5PbL, 1Bro.o/(FASNI;)o o(MAPbI,) 4 2.121 15.03 25.5 125
2023 FAo.5CS0.2Pb(Io.6BTo.4)3/FA¢ sMAo sCS0.1Pbo 55N 515 2.079 15.44 26.02 126
2022 FA.5CSo.2Pb(Ty;Br 3)3/(FASNI;) 6(MAPDI) 4 1.956 15.41 25.05 129
2022 CSo.35FAg 65PbI; By o/MAg sFA, -Pby 55N, 515 2.025 15.4 24.8 135
2023 FAo.5CS0.2Pb(Io.6Bro.4)3/FA¢ sMAo sCS0.1SN0.5Pbo 515 2.09 15.41 26.47 136

perties by enhanced active sites from strain effects or interpar-
ticle distances."*""*? Yet, HEAs, which require the same ratio
of elements to exceed the configurational entropy of 1.5 R,
have limitations in searching for the optimal composition for
OER. In this flow, Park et al. adopted medium-entropy alloys
(MEAs) to achieve high catalytic properties and stabilities."**
As shown in Fig. 8a, the optimized Fego(CoNi)z,Cr;o MEA was
found, and its catalytic activity was further improved through
anodizing and cyclic voltammetric (CV) activation. Anodizing
is an electrochemical method for fabricating nanostructures
with maximized surface area by oxidizing metal thin films.
The CV-activated MEA with the overpotential of 187 mV was
combined with a Pt cathode and a perovskite/Si tandem solar

cell and recorded a remarkable STH conversion efficiency of
20.7% (Fig. 8b).

Layered double hydroxides (LDHs) are one of the most
promising oxygen evolution catalyst materials because of their
high conductivity, multiple oxidation states, high redox
activity, and large surface areas.'*>'*® For the PV-EC cell, Li
et al. adopted NiFe LDHs on carbon nanotubes (CNTs) as an
anode with an overpotential of 220 mV."*” It is noteworthy that
the anode was combined with an efficient monolithic perovs-
kite/organic tandem solar cell (PCE of 15.13%, V,. of 1.85 V,
and J,. of 11.52 mA cm™?). The PV-EC device demonstrated a
STH conversion efficiency of 12.30% and 11.21% with rigid
and flexible perovskite/organic tandem solar cells, respectively.
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Fig. 8 Oydrogen evolution catalysts for PV-EC devices. (a) J-V curves of Fego(CoNi)30Crip medium-entropy alloys (MEAs) and (b) J-V curves for
the perovskite/Si tandem solar cell-MEA anode//Pt cathode. Reproduced from ref. 144. Copyright 2022 Wiley. (c) J-V curves of s-NiFeCrMo-OH
and (d) J-V curves for the perovskite/Si tandem solar cell-s-NiFeCrMo-OH anode//r-NiCrMo cathode. Reproduced from ref. 153. Copyright 2023
American Chemical Society. (e) J-V curves of NiFe/NiS, on NF and (f) J-V curves for the two tandem perovskite solar cell-NiFe/NiS,/NF anode//Ni-

NiO-Cr,0O3 cathode. Reproduced from ref. 164. Copyright 2019 PNAS.
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The introduction of trimetallic or multimetallic hydroxides
can further expedite the oxygen evolution reaction kinetics.
Also, metal-organic frameworks (MOFs) have been widely used
as precursors for multi-component catalysts due to their high
surface area, tailorable structure, and compositional
diversity."*®'*® Pan et al introduced the MOF nanosheets
through the hydrothermal reaction of metal thiophenedicar-
boxylic acid (TDC).">* Hydrothermal synthesis can promote
the formation of catalysts with high surface area and crystalli-
nity, which provides more active sites and promotes efficient
charge transfer."®""** NiCoFe-TDC-MOF was transformed into
amorphous NiCoFe hydroxide through the electrochemical CV
activation. This self-reconstruction process of changing active
sites of metal maximized catalytic performances. The opti-
mized NiCoFe hydroxide anode exhibited a remarkable OER
overpotential of 191 mV at 10 mA cm ™2, The anode was paired
with NiMo,/MnO;_, cathode and a monolithic perovskite/Si
tandem solar cell. This PV-EC device recorded a STH conver-
sion efficiency of 21.32%, which is the highest level in exist-
ence. Recently, Pan et al. also designed a quaternary metal
hydroxide catalyst."”® The hydrothermally synthesized quatern-
ary NiFeCrMo-OH on NF is activated into s-NiFeCrMo-OH
through in situ electrochemical treatment. As shown in Fig. 8c,
the Mo element leaching during CV activation resulted in
enhanced OER activity by the formation of a higher valence
state as well as morphology transition to nanosheet form. The
2D nanosheet catalyst required only a low overpotential of
300 mV to reach an industrial current density of 500 mA cm™>.
Also, overall water splitting was realized by combining the
s-NiFeCrMo-OH/NF anode with a ternary NiCrMo alloy
cathode. It is remarkable that the electrolyzer generated the
industrial current density of 500 mA cm™ for over 1000 h at a
low voltage of 1.82 V in practical seawater splitting. As shown
in Fig. 8d, a floating seawater splitting device was fabricated by
connecting the electrolyzer and the perovskite/Si tandem solar
cell. The floating device showed a STH conversion efficiency of
20.61%, which is the highest value in solar seawater splitting.

As presented in the OER volcano plot (Fig. 4a), Ni- and Co-
based oxides are promising candidates with catalytic perform-
ance comparable to IrO, or RuO,. There have been many
attempts to develop highly efficient noble metal-free oxide
catalysts."**'°> In particular, layered oxides containing alkaline
metal such as Li, Na, and K is characterized in that they can
achieve fast OER kinetics by adjusting valence states through
the extraction of alkaline metal.'*®'>” Weng et al. designed a
new layered Na,_,Ni,Fe;_,0, double oxide electrocatalyst. The
composition-controlled layered oxides were synthesized by the
calcination method of oxide powders with a stoichiometric
ratio.’®® The optimal NagosNigoFeo 0, catalyst exhibited a
stable overpotential of 270 mV for 40 h. The performance origi-
nated the partial extraction of Na cations, which caused
exposure of more MO, octahedra active sites to the electrolyte.
The anode was also combined with NiP cathode having an
overpotential of 150 mV at 10 mA cm ™2, and the PV-EC device
was fabricated by using a 2 series-connected perovskite solar
cell. This system delivered an operating current density of
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9.12 mA em~?, corresponding to a STH conversion efficiency of
11.21%.

Because of their rich composition, distinctive lattice struc-
tures, and effective electron transport, transition metal sul-
fides have good OER characteristics."**"*®" Through the fast
redox reaction, sulfur atoms can create S-S bonds, making a
flexible phase structure that is favorable for electron trans-
fer.'®> Wang et al. synthesized a heterostructured Co,Sg@Mo0S,
OER catalyst by sulfurization of PMo,,-embedded ZIF-67 pre-
cursors.'®® The synergistic interface between Co,Sg and MoS,
contributed to achieving a low overpotential of 242 mV at
10 mA cm™?, which surpassed that of the commercial RuO,
catalyst (320 mV). By employing the commercial Pt/C cathode,
the heterostructured Co,Ss@MoS, anode was used to construct
overall water splitting device. After the fabrication of the PV-EC
system with the monolithic series connected perovskite solar
cell, a high STH conversion efficiency of 13.6% was yielded
without external bias. Heterogeneous catalysts, which induced
synergistic effects by combining the aforementioned materials,
also had a high OER activity. Kuang et al. formed NiS, through
the surface sulfurization of NF and then synthesized NiFe/
NiS,/NF (N*) heterogeneous catalyst by electrodeposition of
NiFe.'®* Electrodeposition is a feasible method for fabricating
nanostructures using diverse materials due to its simplicity
and ease of reaction control. It also enables the dimension
control and 3D conformal coating of the catalysts to increase
the catalytic activity.'*®> As shown in Fig. 8e, it was confirmed
that NiS, and NiFe were uniformly formed on the NF surface.
After CV activation, only about 300 mV was required to reach
the industrial current density of 400 mA cm™>. It is noteworthy
that the N® anode showed higher OER characteristics in the
simulated seawater. Also, since it could be operated for 1000 h
without any degradation in real seawater, the heterogeneous
N°® anode was adopted for seawater splitting electrolyzer with a
Ni-NiO-Cr,0; cathode (overpotential of 370 mV at 500 mA
cm™?). The seawater electrolyzer recorded the industrial
current density under 2.1 V in real seawater. As shown in
Fig. 8f, the electrolyzer was connected with two perovskite
tandem solar cells, and the PV-EC devices generated a STH
conversion efficiency of 11.9% for seawater splitting.

Finally, some studies have simultaneously reduced the
loading amount of noble elements and improved the catalytic
properties. For example, Shi et al. designed an oligomeric
molecular anode consisting of RuPol molecular complex and
CNT.'® It is important that an extremely small amount of
16 nmol cm™ of Ru was loaded onto the CNT. The CV acti-
vation made the slope of the -V curve for the RuPol/CNT/FTO
anode sharper by maximizing the active sites, and a low over-
potential of 350 mV was exhibited. The PV-EC comprising
RuPol/CNT/FTO anode, Pt cathode, and perovskite solar cell
generated a STH conversion efficiency of 13.2%.

4.2. Hydrogen evolution catalysts

As shown in the volcano plot for hydrogen evolution reaction
(Fig. 4b), metallic elements with high catalytic activity, such as
Pt, Rh, Ir, and Re, have low earth abundance. In this respect,
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single-atom catalysts'®*"®” and metal alloying"®*'®® for HER
have been actively studied to reduce the amount of noble
metals. In water splitting using PV-EC devices, many studies
also have concentrated on engineering bi- or multimetallic
alloys to lower the noble metal contents and overpotentials.
Among the transition metals, the most promising hydrogen
evolution catalyst is the NiMo alloy. Park et al. synthesized the
Ni,Mo films onto the NiFe alloy films by using direct electro-
deposition, as shown in Fig. 9a."”% The optimized NizMo film
cathode recorded a small overpotential of 100 mV at 10 mA
em™? and a low Tafel slope of 22.2 mV dec™' in 1 M NaOH,
which is lower than those of a Pt plate (overpotential of
130 mV). The Ni;Mo cathode was combined with an anodized
NiFe anode and a perovskite/Si tandem solar cell to form a
PV-EC device. As shown in Fig. 9b, the PV-EC cell recorded an
operating current density of 14.24 mA cm™?, corresponding to
a STH conversion efficiency of 17.52%. Similarly, Wang et al.
fabricated Ni;Mo hydrogen evolution catalyst on NF using the
hydrothermal method."”* The NisMo/NF catalysts presented
extremely low overpotentials of 6 and 70 mV at 10 and 100 mV
cm 2. This performance improvement was caused by the maxi-
mized specific surface area of NF. Also, the Ni;Mo/NF cathode
constituted the overall water splitting cell with the electrode-
posited NiFe/NF anode. The integrated system of the NiFe/NF
anode and NiyMo/NF cathode with the perovskite/Si tandem
solar cell generated an operating current density of 16.27 mA
cm~? and a remarkable STH conversion efficiency of 20.01%.
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In general, in HER, sulfides and phosphides show higher
catalytic activity than hydroxides active in OER. Many studies
have reported transition metal sulfides and phosphides as
cathode materials."”” Asiri et al. hydrothermally synthesized
MoS, and NiS on CP.'”® MoS,/CP cathode had a higher HER
activity than NiS/CP cathode and showed an overpotential of
367 mV at 10 mA cm > in 1 M KOH. The cathode was con-
nected with an anode of NiFe nanoparticle on CP and recorded
a cell voltage of 1.9 V for 10 mA cm™>. The PV-EC device with a
2-series-connected perovskite solar cell delivered a STH conver-
sion efficiency of 12.67%. Also, Luo et al. fabricated CoP on Ti
foil by transforming the electrodeposited Co(OH),."”* The CoP/
Ti cathode showed a low overpotential of 130 mV, and the
PV-EC cell with NiFe LDH anode and 2-series perovskite solar
cell retained a STH conversion efficiency of 12.7%. Bimetallic
phosphides showed better HER properties. Rho et al. fabricated
ZnO nanowires on NF and transformed them into NiMO (M =
Mo, Fe, V, Co) nanowires through the cation exchange.'”> Even
after phosphorization, the nanowire morphology of NiMP was
maintained. In particular, it was confirmed that NiMoP had a
high density of nanowires, as shown in Fig. 9c. The NiMoP/NF
cathode showed a high performance with a low overpotential of
68 mV at 10 mA cm™2 and a Tafel slope of 87 mV dec™. Overall
water splitting with a PV-EC cell was tested by combining
NiFeP/NF anode and NiMoP/NF cathode with a 2 tandem per-
ovskite solar cell. As shown in Fig. 9d. The PV-EC device gener-
ates a high STH conversion efficiency of 14%.
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HER catalyst research has also been conducted in the direc-
tion of reducing the loading amount of Pt, a noble metal. Gao
et al. uniformly coated a small amount of Pt on the TiC nano-
wires using an atomic layer deposition."”® ALD enables the for-
mation of catalysts at the atomic layer level, allowing for inti-
mate contact with the matrix and enhancing charge transport.
Also, It can be used to design catalysts with high mass-normal-
ized efficiency by dramatically reducing the scale and amount
of the catalyst."”” As shown in the STEM EDS map (Fig. 9¢), Pt
nanoclusters were anchored at the surface of TiC nanowires on
CC. The Pt/TiC/CC cathode recorded remarkable overpoten-
tials of 35 and 37 mV at 10 mA cm™ in acidic and basic
media, respectively. Also, the mass-normalized current density
of Pt/TiC/CC (328 mA mg™ ') was 5 times higher than that of
the Pt/C (67 mA mg™"). The Pt/TiC/CC cathode was combined
with NiFe LDH anode and perovskite/Si tandem solar cell, as
shown in Fig. 9f. The PV-EC device delivered a high STH con-
version efficiency of 18.7%.

4.3. Bifunctional electrocatalysts for water splitting

In water splitting, bifunctional electrocatalysts in which one
material is used for both OER and HER have raised much
research interest. Bifunctional electrocatalysts can reduce the
cost of catalyst manufacturing and simplify the reaction
systems."”®"7® In general, OER and HER catalysts have high
activity in based and acids, respectively, but bifunctional elec-
trocatalysts have the advantage of ignoring this pH mismatch,
raising cell design efficiency. As with the aforementioned OER
and HER catalyst candidates, transition metals are the main
material in the bifunctional electrocatalyst for water splitting,
and their various derivatives, such as oxide,®**8!
hydroxide,'#*'8% sulfide,'®"'®> and phosphide,'***%® have
been actively studied.

Luo et al first implemented a PV-EC device using the
bifunctional electrocatalyst and halide perovskite solar cell.”®
Hydrothermally obtained NiFe LDH on NF exhibited high cata-
lytic activities for both OER and HER in alkaline electrolyte.
This electrode, composed of only earth-abundant elements,
recorded overpotentials of 240 mV and 210 mV at 10 mA cm™>
for OER and HER, respectively, which were much lower than
those of the Pt/NF electrode. In overall water splitting, it
required only 1.7 V to reach a current density of 10 mA cm™>
and durably operated for 10 h. Two series-connected perovskite
solar cell was connected to the bifunctional catalyst electrodes
for unbiased overall water splitting. The PV-EC device gener-
ated an operating current density of 10 mA cm ™2, which corres-
ponds to a STH conversion efficiency of 12.3%. Subsequently,
bifunctional electrocatalysts based on transition metal oxides
were presented. Sharifi et al. developed large surface-area
NiCo0,0, nanorods anchored in CP.'®® During the chemical
vapor deposition under the NH; atmosphere, nitrogen-doped
carbon nanotubes (N-CNT) were formed on the CP, and
NiCo,0,4 nanorods were synthesized on N-CNT/CP. This cata-
lyst exhibited bifunctional properties and achieved overpoten-
tials of 420 mV and 410 mV at 10 mA cm™~? for OER and HER,
respectively. The NiCo,0,/N-CNT/CP electrodes were combined
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with the multiple connected perovskite solar cell to construct
the PV-EC water splitting cell. Since V,. increases and Js.
decreases as the number of connected PV cells, the 3-serial PV
cell was the optimal structure when combined with electrodes.
In this study, although the wired artificial leaf device showed
not high STH conversion efficiency of 6.2%, a cost analysis was
well established.

With a simple phosphorization of transition metal alloy,
Baek et al. implemented bifunctional catalysts, which can over-
come pH problems, the restriction in overall water splitting."°
As shown in the fabrication process (Fig. 10a), Ternary NiMoFe
alloys electrodeposited on Ti foil were used as HER catalyst
and phosphorized to be used as OER catalyst. As noted in the
HER catalyst chapter, the incorporation of Ni and Mo opti-
mized hydrogen adsorption energy for HER and led to the
NiMoFe cathode exhibiting a low overpotential of 68 mV at
10 mA cm>. Also, the incorporation of Ni and Fe expedited
OER kinetics and made the NiMoFeP anode have a low overpo-
tential of 286 mV at 10 mA cm>. An overall water splitting
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Fig. 10 Bifunctional electrocatalysts for PV-EC water splitting devices.
(a) Fabrication process of overall water splitting system with NiMoFeP
(NMFP) anode and NiMoFe (NMF) cathode. Reproduced from ref. 190.
Copyright 2019 Wiley. (b) J-V curves of NiFe nanoparticles on N,S-
doped carbon (NF-8) for the OER and HER. Reproduced from ref. 191.
Copyright 2018 Royal Society of Chemistry. (c) Schematic structure of
the integrated device with the two series-connected perovskite solar
cells—two CoP electrodes. Reproduced from ref. 195. Copyright 2020
American Chemical Society.
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system comprising NiMoFeP anode and NiMoFe cathode used
a low voltage of 1.58 V to generate 10 mA cm™>. In unbiased
overall water splitting, the PV-EC cell connected with a tandem
perovskite solar cell produced a STH conversion efficiency of
12.3%. In addition, various transition metal alloys were
applied to the bifunctional electrocatalyst. Kumar et al. syn-
thesized bimetallic NiFe nanoparticles by simple pyrolysis.'**
It is characteristic that the support for NiFe alloy (N, S-doped
carbon matrix) was derived from the carbonization of duck-
weed. As shown in Fig. 10b, the NiFe/CP catalysts were utilized as
both the anode for OER and the cathode for HER. Low overpoten-
tials of 267 mV and 106 mV for OER and HER, respectively, rea-
lized a low cell voltage of 1.603 V for 10 mA cm > when forming
an overall water splitting electrolyzer. After being connected with
the perovskite solar cell, the electrolyzer delivered a STH conver-
sion efficiency of 9.7%. Ekspong et al. introduced a trimetallic
NiFeMo electrocatalyst anchored to a nitrogen-doped CNT.'®?
When Fe and Mo are combined with Ni, the OER and HER are
improved, respectively, so the trimetallic system showed better
bifunctional electrocatalysis than the previous bimetallic system.
In particular, the NiFeMo/CNT showed improved characteristics
due to the increase in specific surface area by the nanostructures
and recorded a low total overvoltage of 450 mV at 10 mA cm™>.
Due to the trimetallic alloying, the PV-EC system recorded a high
STH conversion efficiency of 13.8% after combining it with a
2-series perovskite solar cell.

Transition metal phosphide is one of the most widely used
bifunctional catalyst materials. Ma et al. first applied a metal
phosphide-based bifunctional catalyst to the PV-EC system."*?
Hydrothermally synthesized NiCo-precursor on CP was trans-
formed into NiCoP/CP electrode. Since the phosphide nano-
wires offered abundant active sites, the NiCoP/CP electrode
recorded overpotentials of 260 mV and 43 mV at 10 mA cm >
for OER and HER, respectively, which is comparable to existing
noble metal catalysts. An electrolyzer consisting of NiCoP/CP
electrodes needed only 1.61 V to generate 10 mA cm™ >, The
PV-EC system delivered a STH conversion efficiency of 3.12%
when combined with an all-inorganic perovskite solar cell.
Xiao et al. implemented the bifunctional catalysis of NisP, by
introducing a hydrazine oxidation as an alternative reaction to
OER for hydrogen production.'®* The hydrazine oxidation with
—0.33 Vnue has attracted attention as an easy oxidation reac-
tion in anode compared to OER. NisP, showed a high hydra-
zine oxidation activity after the phosphorization from Ni(OH),
and recorded a low overpotential of 51 mV at 10 mA cm 2,
which is much smaller than that of the commercial Pt/C
(172 mv). Also, in HER, phosphide was more active than
hydroxide, showing an overpotential of 94 mV at 10 mA cm™>,
Moreover, at the matched operating point of the electrolyzer with
the maximum power point of the PV cell, a perovskite solar cell
could operate three reformed electrolyzers in series for hydrogen
evolution with a rate of 1.77 mg h™" production. Liang et al.
implemented a type II PV-EC cell using CoP bifunctional electro-
catalysts that can be synthesized with a simple solution process
(Fig. 10c)."® As mentioned in the previous chapter, the catalyst
monolithically combined with the solar cell has the advantage of
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simplifying the whole system. The CoP nanorods derived by
hydrothermal method require OER and HER overpotentials of
390 mV and 188 mV, respectively, to reach 10 mA cm™2, which is
lower than that of cobalt oxide. Overall water splitting was oper-
ated with the type II PV-EC cell composed of bifunctional CoP
catalyst electrodes and perovskite tandem solar cell, displaying a
STH conversion efficiency of 6.7%.

Finally, carbon-based materials were also applied to bifunc-
tional water splitting catalysts. Hu et al. synthesized N, S co-
doped 3D porous graphitic network (N, S-3DPG) through the
carbonization of the precursor with melamine and thiourea.'®
The N, S-3DPG was more advantageous to OER, showing a low
overpotential of 310 mV at 10 mA cm™2, which is comparable
to that of RuO, (300 mV). It resulted from enhanced electron
transfer due to N and S elements that create multiple active
sites on the carbon skeleton. The N, S-3DPG catalyst electrodes
were combined with a 3-series perovskite solar cell, generating
a high STH conversion efficiency of 11.7%.

We summarized the structures and STH conversion efficien-
cies of the perovskite PV-EC water splitting devices in Table 3.
In order to achieve sufficient photovoltage, most photovoltaic
cells are composed of perovskite-based tandem structures.
Additionally, it can be observed that transition metals domi-
nate for electrocatalysts. To achieve a higher STH conversion
efficiency of over 20%, the development of perovskite solar
cells with high PCE and electrocatalysts with low overpotential
is essential.

4.4. CO, reduction catalysts

The synthesis of hydrocarbons via the electroreduction of CO,
from solar energy is an attractive strategy for storing high-

Table 3 Performance comparison in the STH conversion efficiency of
PV-EC devices for water splitting

Solar NsTH
Year cell Anode Cathode [%] Ref.
2020 2PSC Ru(O)POl/CNTS/FTO Pt 13.2 165
2023 PSC/Si s-NiFeCrMo-OH/NF  r-NiCrMo/NF 20.6 153
2020 PSC/OPV NiFe/CNT Pt/C 12.3 147
2022 2PSC CoySg@MoS,/CC Pt/C 13.6 163
2017 2PSC Nag,osNig oFe10,/NF  NiP/NF 11.2 158
2021 PSC/Si NiCoFe-TDC-AC/NF NiMo,/MnO;_,/NF 21.3 150
2019 2PSC NiFe/NiS,/NF Ni-NiO-Cr,O3/NF 11.9 164
2022 PSC/Si Fego(CONi)30Cry0 Pt 20.6 144
2019 PSC/Si NiFe-OH/NiFe NiyMo/NiFe 17.5 170
2016 2PSC NiFe LDH/NF CoP/Ti 12.7 174
2021 PSC/Si NiFe/NF NiMo/NF 20.0 171
2021 2PSC NiFeP/NF NiMoP/NF 14.3 175
2022 2PSC NiFe/CP MoS,/CP 12.7 173
2019 PSC/Si NiFe LDH/NF Pt/TiC/CC 18.7 176
2020 2PSC CoP/FTO CoP/FTO 6.7 195
2021 2PSC NiFeMo/CP NiFeMo/CP 13.8 192
2016 3PSC NiCo0,0,4/N-CNT/CP NiCo,0,/N-CNT/CP 6.2 189
2019 PSC NisP,/CC NisP,/CC 5.4 194
2018 PSC NiFe/CP NiFe/CP 9.7 191
2018 PSC NiCoP/CP NiCoP/CP 3.1 193
2017 3PSC N,S-3DPG/CF N,S-3DPG/CF 11.7 196
2014 2PSC NiFe LDH/NF NiFe LDH/NF 12.3 26
2019 2PSC NiMoFeP NiMoFe 12.3 190
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density energy. However, light-driven CO, reduction is still
challenging to reach high STF conversion efficiency because
the operating voltage over 2.5 V is required due to the over-
potential. To produce enough V,, and J,p, the perovskite solar
cells are used as 3 or more series-connected and/or parallel-
connected modules. Schreier et al. first reported a solar-to-CO
conversion efficiency of 6.5%, connecting only series-con-
nected perovskite photovoltaic with high-efficiency Au and
IrO, electrodes under a real load condition (Fig. 11a).""’
Oxidized Au cathodes with a highly porous structure were pre-
pared by electrochemical anodization to enhance the catalytic
performance. The 3 series-connected perovskite solar cell
showed V,. of 3.1 V and J. of 6.15 mA cm™>. And the V,, is
5.93 mA cm™? was well matched with intersecting of the per-
ovskite J-V characteristic and electrochemical cell (Fig. 11b).
Moreover, the light-driven CO, reduction cell shows high stabi-
lity for 18 h with the faradaic efficiency varying of 80% and
90%. Esiner et al. reported a solar-to-CO conversion efficiency
of 8.3% by the Au and RuO, electrodes connected with 3
series-connected photovoltaic cells (Fig. 11c).'*® The Au wire as
the electrode for CO production had a diameter of 1 mm and
high purity of 99.9999%, and the hydrothermally synthesized
RuO, electrodes were deposited on Ti substrates for CH, pro-
duction. The 3-cell module has an PCE of 17.4% and FF of
0.81 (Ve of 3.05 V, Jg. of 7.0 mA cm™~2) under AM 1.5G illumi-
nation. The electrochemical cell required cell voltages of 2.5 V
and 3 V for efficient CO, reduction to CO and CH,, respect-
ively. (Fig. 11d). Appropriate balancing that controlled the
operating current (Ipp) to 2 mA was necessary since the
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Fig. 11 CO, reduction catalysts for PV-EC devices. (a) Schematic of the
device combining photovoltaics with and electrochemical cell. (d) J-V
curves of three series-connected perovskite solar cells overlaid with the
matched J-V characteristic of the CO,-reduction and oxygen-evolution
electrodes. Reproduced from ref. 197. Copyright 2015 Nature publishing
group. (c) Schematic of the light-driven electrochemical device for
reduction of CO, to CH,. (d) J-V curves of 4 series-connected perovs-
kite solar cells before, during, and after 510 nm light-driven CO,
reduction. Reproduced from ref. 198. Copyright 2019 Cell Press.

This journal is © the Partner Organisations 2023

View Article Online

Review

increased current introduced high resistive losses in the cell.
As a result, the solar-to-CH, conversion efficiency is estimated
to be 2% with a faradaic efficiency of 40%.

Zhang et al. reported high solar-to-CO conversion efficiency
of 12.5% by single-atom metals anchored Zr-cluster-porphyrin
framework hollow nanocapsules (M-SAs/Zr-CPF) connected
with a custom-built large area perovskite solar cell
(Fig. 12a)."®® Among various metals, the Co single atoms of
Co-SAs/Zr-CPF showed enhanced catalytic activity by the favor-
able formation step of the *COOH and desorption step of the
*CO intermediate. The large area perovskite solar cell has an
PCE of 21.3% with V. of 4.6 V and J,. of 8.96 mA cm™> under
AM 1.5G illumination. The Vgp of 3.2 V and Iop of 3.2 mA was
determined by the intersection point of the current-voltage
(I-V) curve of the perovskite solar cell and the polarization
curve of the electrochemical cell (Fig. 12b). Moreover, the
light-driven electrocatalysis system showed no obvious degra-
dation in long-term stability tests for 10 h. Huan et al. reported
a low-cost system with a solar-to-C> hydrocarbon (ethane and
ethylene) efficiency of 2.3% by dendritic nanostructured
copper oxide material catalyst (DN-CuO) as both the anode
and cathode connected with two series of three perovskite
solar cells module (Fig. 12¢).”°° In addition, to overcome mass
transfer of CO, to the cathode surface, a continuous-flow
electrochemical cell in which the 0.1 M CsHCO; anolyte and
catholyte with constant saturation in CO, was used at the
system. The perovskite solar cell minimodule shows an PCE of
17.6% at 2.45 V under AM 1.5G illumination (Fig. 12d). For the
optimal match between the I-V characteristic of the electroly-
zer cell and the minimodule, the geometric surface areas of
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Fig. 12 Halide perovskite PV-EC devices for solar hydrocarbon gene-
ration. (a) Schematic illustration of the integrated solar-driven CRR-OER
electrolysis system powered by a homemade large-area CsFAMA-based
perovskite solar cell. (b) J-V curves for large-area CsFAMA-based per-
ovskite solar cell-RuO,/C anode//Co-SAs/Zr-CPF cathode. Reproduced
from ref. 199. Copyright 2022 American Chemical Society. (c) Schematic
diagram of the perovskite module connected to the electrolyzer. (d) J-V
characteristic of the perovskite minimodule and measured operating
current of the electrolyzer. Reproduced from ref. 200. Copyright 2019
PNAS.
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Table 4 Performance comparison in the STF conversion efficiency of
PV-EC devices for CO, conversion

Year Solarcell Anode Cathode nstr [%] Ref.
2020 3PSC RuO,/Ti Au CO: 8 198
2022 4PSC RuO,/C Co-SAs/Zr-CPF  CO: 12.5 199
2015 4PSC IrO,/Ti Au CO: 6.5 197
2019 2PSC CuO CuO C,H,, CHg: 2.3 200

the cathode and the anode were adjusted to 0.35 and 0.85 cm?,
respectively. As a result, ethane and ethylene were obtained as
the main products with an average faradaic efficiency of
40.5%, together with CO and HCOOH of 4.8% and 6.4%,
respectively. We summarized the structures and STF conver-
sion efficiencies of the perovskite PV-EC CO, conversion
devices in Table 4. Light-driven CO, reduction research suffers
from high overpotential of the electrode, selective synthesis of
products, side reaction of dissolved products, and coupling
electrolyzer to solar cell module with high electrical loss.
Despite several problems, there is still room for improvement.
The use of more advanced electrodes and the rapid develop-
ment of perovskite solar cells will solve the problems for
industrial applicability with low cost and high efficiency.

5. Summary and outlooks

The demand for sustainable energy sources is growing rapidly
due to increasing concerns about climate change and the need
to reduce our reliance on fossil fuels. As the one promising
solution, solar fuel generation which produces hydrogen and
hydrocarbon using solar energy, has been studied in various
ways. In this review, we mainly dealt with the recent progress
of halide perovskite photovoltaic-electrochemical (PV-EC) fuel
production, which combines solar energy conversion and elec-
trocatalysis. Halide perovskite solar cells with adjustable band
gaps were presented with various tandem solar cell types. We
also explained the basic of electrocatalysis for the OER, HER,
and CRR. We highlighted the structural, compositional, and
interfacial engineering of OER, HER, bifunctional, CRR cata-
lysts, and halide perovskite solar cells in recent PV-EC water
splitting and CO, conversion to improve the STF conversion
efficiency. This review contributed to suggesting a comprehen-
sive overview of the state-of-the-art halide perovskite PV-EC
fuel generation. Also, this work offered discussions about sig-
nificant advances in PV-EC fuel production from a materials
point of view, providing a groundwork for its component
design.

Halide perovskite-based solar cells have made remarkable
progress in a few years and paved a promising path to solving
many problems. As a result, the certified highest efficiencies of
31.3% and 28% were achieved in perovskite/Si and all-perovs-
kite tandem solar cells, respectively.”® For the stable operation
of the PV-EC system, it is necessary to secure long-term stabi-
lity while improving the efficiency of the perovskite-based solar
cells. A typical problem that prevents the stable device oper-
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ation is a large V,, deficit caused by the light-induced phase
segregation in WBG perovskite. This phase separation reduces
the V,. of the WBG single junction devices and the tandem
devices, making them unable to produce sufficient voltage for
the PV-EC systems and adversely affecting the operational
stability. Methods such as reducing the Br content through
cation engineering and defect passivation of various additives
have been studied to solve the problem.'®''® Breakthroughs
such as the development of pure-iodide-based WBG perovs-
kites are essential for the dramatic enhancement of the
device’s stability.

In electrocatalysis, significant performance improvements
have also been made based on structural, compositional, and
interfacial engineering. For practical use of PV-EC fuel pro-
duction, advances in electrocatalysts are still required from the
material point of view, which is a revolutionary reduction of
the stagnant overpotential. The search for new electrocatalytic
materials is essential with a focus on finding more efficient
and cost-effective options. This includes the development of
new transition metal-based catalysts, as well as the investi-
gation of hybrid materials that combine the best properties of
multiple materials. Also, single-atom catalysts that increase
mass-normalized efficiency by controlling the content of noble
metals at the atomic level are promising. Furthermore, future
research should focus on developing materials that can with-
stand harsh operating conditions for longer periods, such as
in acidic or alkaline environments. The use of advanced
characterization methods and computational modeling can
help researchers gain a deeper understanding of the mecha-
nisms behind electrocatalysis and guide the design of new
materials with improved properties.
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