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Advances and challenges of metal organic
frameworks (MOFs) and derivatives in
photoelectrocatalytic water splitting

Xin-Jie Tian,? Si-Jia Guo,® Zheng-Yi Wu,® Na Xu,® Guanqun Han,*"
Yong-Ming Chai® and Bin Dong () *?

Photoelectrocatalytic (PEC) hydrogen production technology combines the advantages of photocatalysis
and electrocatalysis and utilizes solar energy to drive water splitting, which is a technology for
sustainable energy systems. However, its low photocatalytic water splitting efficiency results in relatively
small hydrogen production. And the cost-effectiveness of PEC water splitting technology and the overall
solar energy conversion efficiency to hydrogen remains a great challenge. Metal-organic frameworks
(MOFs) are porous materials created through the coordination of metal ions or clusters with organic
bridging ligands via ligand bonds. They offer high specific surface areas, abundant metal active sites,
large pore volumes, and customizable structures and compositions, making them highly favorable for
applications in photoelectrocatalysis. This review discusses the advancements in photoelectrocatalytic
hydrogen production technology using metal—-organic frameworks (MOFs) and derivatives. It covers the
principles of photoelectrocatalysis, preparation methods for MOF catalysts and strategies for perfor-
mance enhancement. These strategies include improving light absorption, enhancing carrier separation
efficiency, and ensuring stability. The paper also discusses the current challenges and future directions
of photoelectrocatalytic water splitting technology. Overall, this review offers a thorough theoretical fra-
mework and practical insights for researchers in this field.

Photoelectrocatalytic hydrogen production technology combines the advantages of photocatalysis and electrocatalysis and utilizes solar energy to drive water
splitting, which is a technology for sustainable energy systems. However, its low photocatalytic water splitting efficiency results in relatively small hydrogen
production. And the cost-effectiveness of PEC water splitting technology and the overall solar energy conversion efficiency to hydrogen remains a great

challenge. Metal-organic frameworks (MOFs) are porous materials created through the coordination of metal ions or clusters with organic bridging ligands via
ligand bonds, which can promote the development of photoelectrocatalytic hydrogen production technology.

1. Introduction

as one of the key ways to realize a green hydrogen energy
economy by solar-driven splitting of water into hydrogen and

Against the backdrop of surging global energy demand and
intensifying environmental problems, the development of effi-
cient and sustainable clean energy technologies has become an
important issue in the scientific community. Among them,
photoelectrocatalytic water splitting technology is considered
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oxygen. Electrocatalysis has high efficiency and controllability
with high energy conversion rates," ™ but it requires continuous
supply of electrical energy, low hydrogen production efficiency,
high cost, and complex devices.>® As a green technology
for energy production and environmental remediation that
directly harnesses solar energy, photocatalysis exhibits signifi-
cant advantages.”'> However, the rapid recombination of
charge carriers during the photocatalytic process leads to low
catalytic activity.”*™> In contrast, photoelectrocatalysis inte-
grates the merits of both photocatalysis and electrocatalysis,
emerging as a key technology for achieving solar-to-hydrogen
energy conversion. It has been successfully applied in hydrogen
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production, oxygen generation, carbon dioxide reduction, organic
compound oxidation, and wastewater treatment.®™® This
approach involves irradiating a semiconductor to generate
electron-hole pairs, while simultaneously applying a gradient
potential bias to minimize charge carrier recombination. The
specific steps and basic principles are systematically described
in Part 2. However, photoelectrocatalytic hydrogen production
still faces low light absorption efficiency, low charge separation
efficiency, and poor catalyst stability in practical applications.”*>*
In order to solve these problems, researchers have extensively
studied the synthesis, modification and reaction mechanism of
photoelectrocatalysts, and significant progress has been achieved.

The most commonly used photocatalysts include metal
oxides, sulfides, and nitrides.>*>® The limited light-absorbing
capacity of metal oxides, the tendency of reaction kinetics to be
slow, the ease of photocorrosion and chemical corrosion, and
the high cost of preparation have hindered their widespread
adoption.***° The sensitivity of sulfide catalysts to photodegra-
dation and oxidation leads to instability and rapid deactivation
during operation, lower visible light absorption efficiency, and
performance can be significantly affected by pH conditions.*'~*?
Although nitride catalysts have narrow bandgaps, a narrower
bandgap is often accompanied by an upward shift in the
conduction band (CB) potential (reduced reducing ability) or
a downward shift in the valence band (VB) potential (insuffi-
cient oxidizing ability);*® narrow bandgaps are more prone to
carrier recombination;** furthermore, the valence band of
many narrow bandgap nitrides is primarily composed of N 2p
orbitals. Under illumination, the strongly oxidizing holes gen-
erated can attack the material’s own N°~ ions or metal-nitrogen
bonds, leading to structural damage (e.g., g-CsN, + 6h" —
3C,N, + N,1), ie., the material itself becomes a sacrificial
agent for photocatalytic oxidation, resulting in photodegrada-
tion and poor stability.>> Synthesis and processing are techni-
cally challenging and costly, and nitrides tend to show limited
selectivity for hydrogen production, often favoring other by-
products, further hampering their efficiency.>*° Carbon-based
materials catalysts tend to have low electrical conductivity and
electron transfer efficiency, limiting the overall photocatalytic
efficiency. They have short lifetimes under harsh reaction condi-
tions such as high pH or high temperature. The drawbacks of
these catalysts limit their wide application.*®*>

Metal-organic framework (MOF) materials and their deriva-
tives show great potential in photoelectrocatalysis due to their
tunable pore structures, high specific surface areas and abun-
dant active sites, and they are classified as novel materials with
excellent photocatalytic functions.***° MOFs are formed by
the self-assembly of metal nodes with organic ligands via
coordination bonds, and their structural flexibility and
chemical designability provide unique advantages for optimiz-
ing light absorption, charge separation, and surface catalytic
activity.>*>°

Currently, research on MOF materials is showing two signi-
ficant trends. On the one hand, efforts are being made to synthe-
size MOF materials with more complex structures. By precisely
designing the combination of ligands and metal nodes,
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introducing multifunctional groups, or constructing hierarch-
ical pore structures, it is possible to finely tune the crystal
structure, electronic structure, and transport properties of MOF
materials, thereby endowing them with richer physicochemical
properties. For example, certain MOF materials with complex
topological structures can provide unique microenvironments
that promote the adsorption and activation of reactant mole-
cules, thereby enhancing the selectivity and activity of catalytic
reactions.’® On the other hand, research efforts are focused
on developing MOF materials with enhanced functionality
and improved stability. In terms of functional enhancement,
methods such as doping with heteroatoms, loading co-
catalysts, or constructing heterojunctions are employed to
optimize the electronic structure of MOF materials, thereby
enhancing their light absorption capacity, charge separation,
and transport efficiency, and ultimately improving their photo-
catalytic performance. In terms of stability enhancement,
appropriate synthesis methods and post-processing techniques
are employed to enhance the skeletal rigidity of MOF materials,
improving their resistance to factors such as light, heat, and
chemical environments. This ensures that they maintain stable
structure and performance during long-term photocatalytic
reactions, laying the foundation for practical applications.””

This paper reviews the research progress of MOFs and their
derivatives in photoelectrocatalytic water splitting in recent
years, focusing on their preparation methods, performance
optimization mechanisms such as electronic structure modula-
tion and interfacial effects, as well as challenges such as
insufficient stability and mechanism studies. The research
and development of photoelectrocatalytic hydrogen production
is a form of solar energy utilization, which can promote the
progress of renewable energy technologies. Understanding the
principles and mechanisms of photoelectrocatalysis provides
references and insights for other renewable energy technolo-
gies, and by integrating experimental and theoretical research
results, we aim to provide theoretical basis and technological
references for the development of the next generation of high-
efficiency and low-cost catalysts.

2. PEC water splitting fundamentals

During the photocatalytic process, upon irradiation of a photo-
catalyst (semiconductor) with photons whose energy exceeds its
bandgap, electrons in the VB are excited to the CB. This
excitation results in the formation of negative charge carriers
(ecg”) in the CB, while leaving behind positive holes (hyg") in
the VB. The loss of photocatalytic efficiency is mainly due to the
direct binding of ecg~ to hyg" or *OH as shown in the following
equations:>*

ecg + hyg" — photocatalyst + heat )
ecg +°OH — OH™ 2)

Photoelectrocatalytic technology enhances photocatalytic
efficiency by integrating electrochemical techniques into the
photocatalytic process.”®*® The photoelectrocatalytic mechanism
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Fig. 1 Photoelectrochemical water splitting cell.

is similar to the traditional photocatalytic mechanism, based on
the energy band structure theory, the light-trapping materials such
as semiconductors and their co-catalysts act as photoelectrodes,
and the process of HER and OER occurs on the two photoelec-
trodes through the reaction of photogenerated electrons and holes
with water under the effect of light and applied bias voltage, as
shown in Fig. 1, respectively. The difference of the principle is that
the introduction of an applied electric field promotes the separa-
tion of carriers to a certain extent, which in turn improves the
efficiency of the reaction. Therefore, photoelectrocatalysis is con-
cerned with the electrochemical properties of the photoelectrodes
under light conditions, where the photogenerated carriers catalyze
the electrochemical reaction process at the photoelectrode-solution
interface. The technology has great potential for application in
various fields. The photoelectrocatalytic hydrogen production pro-
cess consists of three main stages: light absorption, charge separa-
tion and reaction.®! In the photocatalytic process, when the energy
of photons (from solar energy) is larger than the semiconductor
band gap, intrinsic ionization is induced at the photoelectroanode,
and the absorption of photons excites electrons residing in the VB
to the CB, yielding mobile electrons (ecg~) in the CB and leaving
behind positively charged holes (hyg') in the VB, which triggers the
charge separation and these electron or hole pairs act as charge
carriers. In photoelectrocatalytic reactions, the charge separation
process is a key step in the photoelectrocatalytic reaction, which
drives the subsequent chemical reactions.®®

The steps of the photoelectrocatalytic reaction are roughly
divided into three steps, as shown in Fig. 2. When light is
irradiated on the photocatalyst semiconductor, the reaction of
eqn (3) occurs.®

2hv — 2 +2h" 3)
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Fig. 2 Schematic diagram of each step of photoelectrocatalytic water
splitting.

When the electrolyte is in contact with the photoelectrode,
the Fermi energy levels of the two need to be aligned, leading to
a redistribution of charge at the interface, creating a space
charge region and generating a built-in electric field. This
electric field drives electrons and holes to migrate in opposite
directions: holes are pushed towards the surface and OER
occurs, while electrons move towards the bulk phase.®> Water
is decomposed by cavities at the photoelectrode anode, releas-
ing gaseous oxygen (eqn (4)).*

Anode: 2h" + H,0(l) — 1/20,(g) + 2H"(aq) 4)

Electrons are transferred under bias through an external
circuit to the photocathode, where a HER occurs, where H' ions
produced due to the splitting of water then move across the
electrolyte towards the cathode to be reduced and produce H,

(eqn (5)).*
Cathode: 2e” + 2H'(aq) — H,(g) (5)

The total net reaction in a PEC cell is shown in eqn (6)*°

2hv + H0(l) — 1/20,(g) + Ha(g) (6)

Therefore, it is known that the factors affecting photoelec-
trocatalytic water splitting are (1) the light absorption range,
(2) the separation of electron-hole pairs and (3) the surface
electrochemical reaction. To optimize the performance of
photoelectrocatalytic hydrogen production, it is necessary to
improve the photo-absorption capacity, carrier separation effi-
ciency and reactivity of the photocatalyst.®”

3. PEC water splitting performance
evaluation parameters

In the assessment of the hydrogen evolution reaction (HER)
efficiency during photoelectrochemical (PEC) water splitting, it

is essential to put forward efficiency criteria and develop
suitable comparative metrics for evaluating the performance

This journal is © The Royal Society of Chemistry 2025
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of PEC systems. It is worth noting that among the many
indicators used to evaluate the performance of advanced photo-
electrode materials, solar-to-hydrogen (STH) conversion effi-
ciency is widely regarded as one of the most important,
comprehensive, and practically meaningful core calibration
efficiencies:

e (Am™2) x 1.23V x g

Pyolar AMLSG (W m,z)

~ mol Hy (m=%s7') x 237kJ mol ™!

STH
PsolarAMl.SG (W m,z)

Among these, j. is the current density of the photoelectrode
at 0 Vin a two-electrode setup, Psqar is the incident power on
the active photoelectrode, and AM 1.5G is the standard repre-
sentation of 1 sun, equivalent to an irradiance of 100 mW cm 2.
A is the illuminated electrode area, and uy is the Faraday
efficiency for hydrogen evolution.

In photocatalytic experiments, parameters such as photo-
current density are frequently used as performance evaluation
criteria. The photocurrent density j, refers to the ratio of the
photocurrent produced by a photoelectrode to its illuminated
area under one-sun irradiation. As a key indicator, it directly
mirrors the performance of the photoelectrode and is affected
by multiple factors. Specifically, it is generally determined by
the light absorption rate, the separation efficiency of electron-
hole pairs in the bulk phase, and the surface charge injection
efficiency, while also varying with the applied bias voltage.
The photocurrent density can be expressed via the formula
below:*%%

.jp :jmax X (nabs X nsep X ninj)

Jp: experimentally measured photocurrent density; jmax: maxi-
mum theoretical photocurrent density attainable by the semi-
conductor photocathode; #,,s: Optical absorption efficiency of
the semiconductor photocathode; #,.p: charge carrier separa-
tion efficiency within the semiconductor photocathode; 7y
surface charge injection efficiency at the semiconductor/elec-
trolyte interface of the photocathode.

Additionally, the photoconversion efficiency formula:**~"3
i x(123-7)
= o

Py: incident light intensity on the photoelectrode surface.
As can be seen from the formula, the photoelectric conversion
efficiency # is directly proportional to the photocurrent density
Jp» which is not only related to the absorption and utilization
efficiency of the photoelectrode, but also to the internal and
interface separation efficiency of the photo-generated carriers.

Another evaluation parameter is the applied bias photon
current efficiency (ABPE). ABPE primarily reflects the overall
energy conversion efficiency of a photocatalytic system under
applied bias. In most cases, ABPE is reported as an efficiency
value for the performance of a photocathode. ABPE measures
the overall conversion efficiency of light energy to hydrogen
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energy, integrating light absorption, charge separation, interfacial
reaction kinetics, and bias-assisted energy utilization efficiency.
However, the applied bias photon-to-current efficiency (ABPE) is
computed based on the voltage applied across the photoelectrode.
As a modified form of STH efficiency under a specific applied
voltage, ABPE requires measurements to be performed in a two-
electrode setup for accurate determination.”* The calculation of
ABPE can be expressed by the following equation:

ABPE /o (Am™2) x (1.23V - Ezapp) X g
Polar AM1.5G (W m- )

where jp,, denotes the photocurrent density achieved under a bias
voltage V4, np represents the Faraday efficiency, and P, is the
incident solar power on the active photoelectrode area.

Subsequently, the performance metrics of PEC water split-
ting are briefly elaborated with respect to light absorption
efficiency, charge carrier separation efficiency, and catalytic
activity.

3.1. Light absorption efficiency

In the field of photocatalysis, the formula J,ps = Jmax X Habs 1S
used to quantify the upper limit of a photocathode’s light-
capturing capacity under ideal charge separation and injection
conditions, serving as the foundation for evaluating a materi-
al’s intrinsic photoresponse performance. J,s: the maximum
achievable photogenerated current density (unit: mA cm™?),
representing the current density when all carriers generated by
the material absorbing photons theoretically participate in the
reaction; Jmax: the theoretical maximum photocurrent density
(unit: mA em™?), referring to the limiting current value under
specific wavelength sunlight irradiation at 100% quantum
efficiency (i.e., each photon generates one electron-hole pair
and all are utilized); n.ps: the light absorption efficiency of a
semiconductor photovoltaic electrode reflects the material’s
ability to absorb incident light, with values ranging from 0-
100%. The calculation formula is 7,5 = 1-10C4) (where A is the
absorbance). The absorbance of semiconductors is measured
using UV-vis diffuse reflectance spectroscopy. J.ps can be
obtained by multiplying the Jina.x and n.ps values for each
wavelength using the trapezoidal integration method.

In the photoexcitation process of semiconductor materials,
the transition of valence band electrons to the conduction band
follows the basic quantum model of the photoelectric effect.
Within this model, the photoelectric effect can be delineated by
the equation Ey = hv — W, where Ej represents the maximum
kinetic energy of the excited electron after it breaks free from its
confinement; £ is Planck’s constant; v is the frequency of the
incident photon; W is the work function of the material, which
represents the minimum energy required to excite an electron
from near the Fermi level to the material’s outer layer (vacuum
level). To excite an electron from the valence band top to the
conduction band bottom, it must obtain sufficient energy to
overcome the bandgap E,. At this point, W is conceptually
equivalent to E,. This is because the excitation of electrons
across the bandgap is the physical prerequisite for the genera-
tion of free carriers. Therefore, the minimum “escape work”

Mater. Horiz., 2025, 12, 10498-10528 | 10501
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required for the generation of photo-generated carriers (electron-
hole pairs) is the bandgap E, of the semiconductor. When Ey = 0,
this is the minimum frequency required for light to excite carriers.
Based on the formula and existing bandgap values, the minimum
required frequency of light can be determined. Using the relation-
ship between the speed of light c, frequency v, and wavelength 4,
¢ = v/, the threshold frequency can be converted to the corres-
ponding maximum wavelength.”®

By characterizing light absorption efficiency, it is possible to
more specifically identify key factors contributing to the excel-
lent catalytic performance and enhanced light absorption
properties achieved by photoconductive electrode materials.

3.2. Carrier separation efficiency

In photocatalytic water splitting systems, even if the photo-
anode material exhibits excellent light absorption properties,
the efficiency with which the photoexcited electron-hole pairs
are spatially separated and transported to the reaction interface
(charge separation efficiency, denoted as #sep,) often becomes a
bottleneck limiting the overall performance of the catalyst.
Hence, the measurement of #,., is equally crucial. In the
presence of electron scavengers, photocurrent peaks associated
with recombination or reverse reactions in the material can be
minimized. Under such circumstances, the correlation between
the photocurrent density in the electron scavenger system (Jgs)
and #,ep can be expressed as fsep X Jeslfabs- Here, Japs denotes
the absorbed photon flux density, while jgs refers to the
extracted/collected charge carrier flux density. 4., allows for
an intuitive assessment of the photoelectrode material’s cap-
ability to generate and separate photoexcited carriers. However,
the exact value of J,, is sometimes inaccessible,”® making it
impossible to accurately determine #ep.

In such cases, we introduce several other efficiency mea-
surement methods to assess carrier separation efficiency. The
incident photon current efficiency (IPCE) is commonly used
to calibrate the performance of such photoelectrodes’”””®
(compared to RHE). IPCE can be calculated based on different
wavelengths in the spectrum, describing the wavelength-
dependent photocurrent response, and can be calculated
(in simplified form) as:

Jph (A m™?) x 1239.8 (V nm)

mono AM1.5G (W miz) X A (nm)

IPCE () =

where Jpn denotes the photocurrent density, Ppono represents
the monochromatic irradiance at a specific wavelength, and
A is the wavelength of the incident light.

IPCE = Nabs X Nsep X Minj

Therefore, from the IPCE spectrum, 1, can be derived.

IPCE quantifies the overall efficiency as a function of incident
wavelength, incorporating losses from reflected or transmitted
photons. To evaluate the intrinsic performance of a PEC device,
these optical losses must be accounted for to determine the
actual efficiency. This corrected metric, known as the absorbed
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View Article Online

Review

photon-to-current efficiency (APCE), is calculated via:

Jjph (A m™?) x 1239.8 (V nm)

APCE =
CE@ Pronoami s (W m=2) x 2 (nm) x (1 —10-4)
IPCE
APCE=——= Nsep X Minj
Nabs

Through APCE analysis, #sep can be accurately determined.

For investigating the electronic properties of the photoelec-
trode, the flat-band potential (VF) and charge carrier density
(ND) can be extracted using the following expressions:”®

1 2 kgT
C? ™ eegeNg (E ~En - e )

In the equation, C represents the space charge capacitance, ¢
and ¢, denote the dielectric constant of the semiconductor and
the dielectric constant of vacuum, respectively, e is the electron
charge, and ND is the carrier density. The further derivation of
the carrier density ND can be obtained using the following
equation:**~%
2 dE 2 1
D e d_l "~ ggge slope

C2

Transient photocurrent is a key technology for evaluating
the photoelectron-hole separation efficiency in photoelec-
trodes. By analyzing the response kinetics of photocurrent to
pulsed light irradiation, the charge separation, recombination,
and transport efficiencies can be quantitatively analyzed. The
larger the photocurrent, the higher the separation efficiency.

_ Jph,steady
’/Isep - 7

ph, max

Jphy steady: Steady-state photocurrent (effective separation and
participation of carriers in the reaction); Jyn, max: initial peak
current under illumination (total photo-generated carriers).

In cases where the carrier separation efficiency of the
fabricated photoelectrode is observed to be excessively low,
targeted strategies can be employed to enhance the internal
charge separation efficiency.

3.3. Catalytic efficiency

In the process of photocatalytic water splitting, after photo-
generated charge carriers are successfully spatially separated
within the material, they ultimately need to migrate to the
electrode/electrolyte interface and participate in the target
redox reaction on the catalyst surface. However, the accumula-
tion of charge carriers on the surface and reaction efficiency are
not spontaneously efficient but are strictly limited by the
kinetics of the interface reaction. The efficiency of this critical
step is typically quantified using the carrier injection efficiency
(ninj), which is also referred to as surface catalytic efficiency
or interfacial charge transfer efficiency. #;,; can be calculated
by comparing the photocurrent density with or without an

This journal is © The Royal Society of Chemistry 2025
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electron scavenger (1in; = Jpec//rs)- By studying #;n;, one can gain
further insight into the performance of the prepared photo-
electrode and accurately improve its defects.

While catalytic efficiency serves as a critical parameter for
assessing the overall performance of a photocathode, it fails
to capture the material’s stability and selectivity. Faradaic
efficiency (FE) is a key indicator for evaluating the reaction
selectivity, stability, and charge utilization efficiency of a photo-
cathode, directly reflecting how much of the transferred charge
is effectively used for the target reaction (rather than side
reactions or energy loss). FE < 100% indicates the presence
of competitive side reactions, photocorrosion, and interface
recombination. Given that not all photogenerated electrons
participate in water splitting reactions, photocorrosion of the
photoelectrode results in a Faraday efficiency (FE) significantly
lower than 100%, as calculated by the equation below:

_ Actualamount of charge consumed to generate the target product
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eliminating the interference of non-intrinsic factors such as
catalyst dosage, surface area, and dispersion, directly reflecting
the inherent catalytic ability of the active sites. In electrocata-
Iytic reactions, the TOF value directly indicates the catalytic
efficiency of active sites: a higher TOF value means that each
active site completes more catalytic cycles per unit time,
indicating stronger intrinsic catalytic activity of the catalyst.
The formula for TOF is:

Product yield per unit time

TOF = - -
Total number of active sites

For example, in the hydrogen evolution reaction (HER):

jx A

TOFy, = ———
H 2F x HNsite

FE

x 100%

Total charge passing through the reaction system

— meduct % 100%
Qtotal

Qproduct: theoretical charge required to generate the target
product (calculated according to Faraday’s law); Qo total
charge passing through the system during electrolysis

(Qlolal = J‘Idt)

For gaseous products, the formula is converted to:

_n- F - Nproduct

Qtotal

n: number of electrons required to generate 1 mol of product;
FF: Faraday constant (96485 C mol™'); Nproduet: €Xperimental
measurement of the amount of product (mol).

Since photocatalysis is a combination of photocatalysis and
electrocatalysis, the commonly used evaluation parameters for
electrocatalysis are also applicable to photocatalysis. The Tafel
slope is an important parameter for determining catalyst
activity. It is the graphical representation of the current gener-
ated in an electrochemical cell versus the electrode potential of
a specific metal. In simple terms, the Tafel plot describes the
electrode’s ability to generate current in response to changes in
applied potential. It correlates reaction rate with overpotential.
The smaller the Tafel slope, the faster the electron transfer.®
Overpotential is a parameter used to assess catalyst activity. The
potential applied above the equilibrium potential to initiate the
reaction and release the product at the electrode is referred to
as overpotential. At least 1.23 V is required to decompose water
into its components, however, a substantial overpotential is
generally required due to the complexity of reaction kinetics.**
For water splitting reactions, an optimal catalyst should pos-
sess a small Tafel slope and minimal overpotential.®®

The turnover frequency (TOF) is defined as the number of
substrate molecules converted per unit time by each active site
on the catalyst surface (unit: s~'). Its core significance lies in

FE x 100%

This journal is © The Royal Society of Chemistry 2025

J: current density, A: electrode area, F: Faraday constant, 7g;.:
number of active sites. Electrochemical active surface area
(ECSA) reflects the number of effective active sites. It refers to
the effective area on the catalyst surface that can participate in
electrochemical reactions, and its size is directly related to the
number of active sites that can be contacted on the catalyst
surface. Double-layer capacitance (Cgq) is related to the area
of the electrode surface capable of storing charge and is often
used to estimate ECSA, indirectly reflecting the number of
active sites. A larger ECSA indicates a greater number of
exposed active sites. Electrochemical impedance spectroscopy
(EIS) is an evaluation parameter for analyzing the kinetic
processes of electrocatalytic reactions. EIS measures the impe-
dance response of the electrode at different AC frequencies
(typically presented as a Nyquist plot), decomposing the
complex electrode process into parameters such as charge
transfer resistance (R.), solution resistance (R;), and diffusion
resistance (Z,,). Its core significance lies in revealing the kinetic
bottlenecks in electrocatalytic reactions, including charge
transfer rates, interfacial adsorption/desorption behavior, and
mass transport limitations. Charge transfer resistance (Rc):
reflects the ease of electron transfer at the electrode/electrolyte
interface. A smaller R, indicates faster charge transfer rates
and superior reaction kinetics. Diffusion resistance (Z,): this
parameter reflects the diffusion rate of reactants/products in
the electrolyte. If Z, accounts for too high a proportion, it
indicates that the reaction is limited by mass transport (e.g.,
insufficient substrate concentration), and improvements can be
made by optimizing the electrolyte system or catalyst structure
(e.g., increasing hydrophilicity). Through EIS analysis, researchers
can identify the rate-limiting step of the reaction (e.g., charge
transfer limitation or diffusion limitation) and then optimize the
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catalyst’s interface structure (e.g;, constructing a heterojunction to
promote charge transfer) or microstructure (e.g., shortening the
diffusion path) to enhance overall catalytic efficiency.

Additionally, the stability of photoelectrode materials con-
stitutes another crucial parameter that demands consideration.
As photoelectrode materials exposed to electrolytes for
extended periods can be severely hindered by photochemical
and electrochemical corrosion, which impede surface reac-
tions. An excellent photoelectrode should maintain its perfor-
mance over extended periods.’® An important factor in the
practical application of materials is their stability during elec-
trochemical studies, which primarily depends on the properties
of the electrolyte and electrode. Typically, directly preparing
catalytic materials is a better strategy than coating them onto
electrodes to extend the stability of test materials even in
alkaline media. Material stability can be assessed using chron-
oamperometry, cyclic stability testing, in situ FTIR, XRD, and
SEM analysis.?” %!

4. Preparation of MOF and its
derivative photoanodes

Fujita et al.®® discovered the application of MOFs in catalysis in

1994. Subsequently, Alvaro et al.®®* demonstrated that MOFs
have semiconducting properties. Yu and Mahata et al®“®
conducted a preliminary study on the preparation of MOFs
with photocatalytic properties. In 2009, Mori’s group reported
the use of MOFs as photocatalysts for water splitting,”®°” and
found that MOFs could significantly improve the performance
of the photoelectrocatalytic oxygen evolution reaction, and this
discovery contributed to the rapid development of MOF-based
materials for use as photocatalysts for water splitting. The
structure of MOFs usually consists of organic ligands and metal
centers, where the organic ligands act as supports and the
metal centers have in a connections role. In the synthesis of
MOFs, different organic ligands and metal centers are used to
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form a desirable flexible molecular structure that can be easily
modified in terms of physical and chemical properties. So far,
various physical and chemical synthesis methods have been
investigated, highlighting the following commonly used ones.’®

4.1. Sedimentation

Deposition is a technique to transfer substances from the gas or
liquid phase to a solid surface. In the preparation of MOF
photocatalytic materials, MOF components, precursors or func-
tional additives (such as semiconductor quantum dots®® and
nanoparticles'®®) are deposited onto conductive substrates
using techniques such as electrochemical deposition,*** atomic
layer deposition,'®* chemical vapor deposition (CVD),'** and
sol-gel deposition.'®* This process results in the formation of a
composite material exhibiting enhanced photoelectrocatalytic
performance. This method is highly controllable. By adjusting
parameters such as temperature,'®> sedimentation time'®® and
precursor concentration,'®” the thickness, morphology and
composition of MOF films can be precisely controlled. The
deposition method can directly grow MOF films on complex
shapes or flexible substrates (such as conductive glass,'*®
carbon cloth'® and metal oxides''?), facilitating their integra-
tion into photocatalytic devices (such as photoelectrodes'').
Through layer-by-layer deposition or co-deposition methods,
heterojunction structures comprising MOFs and other func-
tional materials like semiconductors® and conductive
polymers'™® can be engineered to improve light absorption
and enhance carrier separation efficiency. The n-n heterojunc-
tion composite CeBTC@FeBTC/NIF, developed by Dong et al.***
was created using a two-step electrodeposition technique. This
composite demonstrated a notable improvement in photocata-
Iytic efficiency by optimizing light absorption through a dis-
tinctive structural configuration and modulation of energy
bands, as shown in Fig. 3. Cardenas-Morcoso et al.''® synthe-
sized cobalt-based ZIF-67 MOF modified BiVO,-based photo-
anodes. Heat treatment of the deposited MOF in air converted
ZIF-67 into highly porous CoO, co-catalysts, which resulted in
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substantial improvement in catalytic performance compared to
bare BiVO, electrodes. Tang et al.''® prepared MOF-derived
Co;C/TiO, nanocages by electrostatic adsorption deposition of
nanosheets of ZIF on TiO,/Cu,0 annealed in pure argon for 6 h.
The MOF was used as an electrostatic deposition method for
the deposition of ZIF-67 on TiO,/Cu,O. The MOF was then used
as a catalyst in a cobalt-based photoanode. The synergistic
effect of the heterostructure-optimized microstructure and
components significantly improved the photocurrent density
and carrier separation efficiency of PEC and enhanced the
water oxidation performance of PEC. Zhou et al''” utilized
imidazolium-based cobalt (Co) complexes (Co-MIm) to cover
rod-shaped BiVO, electrodes for photoelectrochemical (PEC)
water splitting via a simple in situ deposition method. With the
help of Co-MIm, the charge separation and injection efficiency
of BiVO, photoanodes were improved. The method somewhat
requires specialized equipment and is costly. Compared with
traditional methods such as the solvothermal method, the
deposition method (especially electrochemical deposition)
may generate amorphous or low-crystallinity MOF, which
reduces the porosity and exposure of catalytically active sites
and affects the photovoltaic performance and low efficiency of
scale-up production. Certain deposition methods have specific
requirements for substrate conductivity or surface functional
groups such as electrochemical deposition requires a conduc-
tive substrate,"'® limiting the binding of MOF to certain func-
tional substrates. Post-deposition annealing or activation
treatments may be required to enhance crystallinity or remove
impurities, increasing process complexity.*

4.2. In situ growth method

The in situ growth method is a method to grow MOF materials
with photoelectrocatalytic activity directly on the surface of a
conductive substrate by chemical reaction. This method offers
structural controllability. By adjusting the type and proportion
of metal ions and organic ligands, as well as reaction condi-
tions such as temperature, pH, and solvent,'**™*** the crystal
structure, porosity and surface chemistry of MOFs can be
precisely controlled, thereby optimizing their photocatalytic
performance. The in situ-grown MOF materials are tightly
bonded to the substrate surface through chemical bonding,
which is not easy to come off and improves the stability and

BiOI BiVO,

Spin coating-Calcination
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lifetime of the materials. The preparation process is simple and
usually carried out at room temperature and pressure without
complex equipment, which makes it easy to operate and realize
large-scale preparation. Liu'®* et al. reported the use of inter-
facial engineering to aid energy level modulation to improve
the PEC water splitting performance of BiVO, photoanodes.
An integrated photoanode NiCo-MOF-CuCrO,-BiVO, was pre-
pared by coupling a CuCrO, hole transport layer (HTL) and
in situ growth of NiCo-MOF, as shown in Fig. 4. This integrated
photoanode exhibits excellent PEC water oxidation perfor-
mance and very high stability. It was shown that coupling a
CuCrO, HTL and in situ growth of NiCo-MOF had a synergistic
effect in improving the PEC water oxidation performance of
BiVO, photoanodes. He et al.*** reported the synthesis of TiO,/
Ti-MOF heterojunctions by in situ self-growth, with selective
anchoring of dense Pt monoatoms, for high-efficiency photo-
degradation of water to produce hydrogen. The TiO,/Ti-MOF
heterojunction follows a Z-type electron transfer mechanism,
and the MOF phase, which serves as a selective anchoring site
for the co-catalyst Pt, is demonstrated to be an electron-rich
region of the heterojunction, which facilitates the further parti-
cipation of the photogenerated electrons separated through the
heterojunction in the hydrogen precipitation reaction. The
catalyst exhibited significantly enhanced visible light hydroge-
nolysis activity (12.4 mmol g~ * h™"). However, the in situ growth
method is very sensitive to reaction conditions such as tem-
perature, concentration, pH and so on,"*> "*® which need to be
precisely controlled to ensure the uniform growth and high
quality of MOF materials. Limited material selectivity and the
limited variety of substrate materials and functional additives
currently available for the in situ growth method may limit its
application in some specific areas. The yield of the in situ
growth method may be lower compared to hydrothermal and
solvothermal methods, etc., and further optimization is needed
to improve the preparation efficiency.

4.3. Solvothermal

Solvothermal synthesis is the predominant approach for prepar-
ing MOFs. In this technique, metal salts and organic linkers are
dissolved in a mixed solvent of organic and aqueous phases,
followed by a reaction conducted within a sealed vessel at elevated
temperatures (100-500 °C) for 12-48 hours. During this process,

In-situ growth

CuCr0,-BiVO,

NiCo-MOF-CuCr0,-BivVO,

Fig. 4 Schematic synthesis route of the NiCo-MOF-CuCrO,-BiVO, photoanode.*?®* Copyright 2025, Wiley.
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@ Q (b)

Fig. 5 (a) Structure of the hexagon-shaped unit {[TigOg[PrOg[INAGIII}. (b)
Coordination environment of the Cul, dimer. (c) View of the cage. (d)
Crystal photograph of MTM-1.12° Copyright 2017, RSC.

metal cations and organic linkers undergo self-assembly to form a
crystalline metal-organic scaffold. The advantage of the solvent
thermal method for preparing MOFs is that the high-temperature,
high-pressure environment greatly promotes the solubility and
diffusion rate of the reactants, which is conducive to the orderly
arrangement of atoms/molecules and crystal growth. Typically,
MOF crystals with very high crystallinity and highly ordered
structures can be obtained. The products have high specific
surface area and porosity. The structure and morphology can be
adjusted by controlling the reaction parameters.'**'** Wang
et al'® used a solvothermal method to synthesize a three-
dimensional (3D) highly crystalline cluster-type Ti-MOF by syner-
gistically assembling hexagonal prismatic {[TiO¢[PrOe][}*" clus-
ters and rhombic Cu,I, dimers using isonicotinic acid, as shown
in Fig. 5. This demonstrates the high crystallinity of MOFs
synthesized via the solvothermal method. Liu et al.*** synthesized
a highly crystalline MOF-808 with uniform size and regular
structure via the solvent method at 130 °C for 5 hours. The
resulting MOF material exhibits a specific surface area exceeding
1000 m> ¢~ and a pore volume exceeding 0.50 cm® g™, along
with high thermal stability, as shown in Table 1. Kouser et al.'*'
synthesized Zn(INA) microcrystalline MOFs. The structure of the
MOFs was confirmed via XRD, SEM, and TEM imaging, and their
purity was verified through EDS analysis. BET studies indicated
that it has a large surface area and pore volume, suggesting
potential for various industrial applications. This demonstrates

Table 1 Specific surface area and pore volume of MOF-808-130 °C
synthesized at different times.**® Copyright 2021

Sample BET surface area/(m* g~ ') Pore volume/(cm® g™ ")
MOF-808-130 °C-1 h 504 0.29
MOF-808-130 °C-5 h 1004 0.53
MOF-808-130 °C-10 h 1171 0.61
MOF-808-130 °C-15 h 1083 0.59
MOF-808-130 °C-20 h 1232 0.68
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that MOFs synthesized by the solvothermal method have high
surface area and high porosity. Hu et al.’®* used hexahydrate
nickel chloride (NiCl,-6H,0) as the metal salt and terephthalic
acid (PTA) as the organic ligand. By altering the type of solvent,
they employed a one-step solvothermal method to self-assemble
high-loading nickel-based MOF materials (Ni-MOF/NF) on the
surface of foam nickel. The better the solvent’s solubility for
PTA or the higher the pH value, the faster the deprotonation rate
of PTA in the solution, and the faster the nucleation rate of the
material. The self-grown nickel-based MOF materials exhibit three
distinct morphologies—spherical clusters, plate-like, and bulk-
under different solvent systems, with corresponding changes in
loading capacity. This demonstrates the strong controllability of
the solvothermal method.

However, the reaction conditions are harsh, requiring high
temperatures (120-200 °C) and high-pressure environments,
with equipment dependent on pressure-resistant reactors, pos-
ing high operational risks. It is energy-intensive and time-
consuming. Reaction times typically range from 6 to 24 hours,
and energy consumption does not meet green chemistry
requirements. The extensive use of toxic solvents such as DMF
not only increases costs and environmental impact but also
risks residual solvents blocking pores, necessitating complex
post-processing (e.g., ethanol exchange, vacuum drying). Issues
such as high temperatures and pressures, prolonged reaction
times, extensive solvent use, and potential batch-to-batch varia-
bility pose significant challenges when scaling up from labora-
tory to industrial production.’**™'*> As an important method
for synthesizing MOF materials, researchers have identified
some approaches to address some of these drawbacks, but
further exploration of solutions or alternative preparation
methods is still needed. For example:

1. The mother liquor-induced synthesis method not only
reduces the thermodynamic barriers to crystal nucleation but
also induces crystal nucleation and growth, significantly reducing
crystallization time while increasing material crystallinity and
purity. Professor Jiang Haolong’s team successfully induced the
synthesis of 100% pure MOFs by pre-synthesizing a small amount
of pure-phase zirconium-based MOFs as seeds and adding
them to the reaction system, while reducing the reaction time
to 1-10 hours."®

2. Poor sample reproducibility is primarily due to the failure
to accurately control reaction parameters, including reaction
time, temperature, pressure, reactant concentration, flow rate,
and surface area to volume ratio. Effective control of these
parameters ensures catalyst reproducibility.’**

3. Establishing databases, sharing of open data and the
adoption of transparent research practices are capable of sub-
stantially improving the reproducibility of studies focused on
porous materials."**

4. Seeking non-toxic and inexpensive organic solvents or
utilizing hydrothermal synthesis instead of solvent thermal
synthesis. HKUST-1 was synthesized via hydrothermal
and solvent thermal methods,"” with hydrothermal synthesis

capable of producing particles with high specific surface
areq,134138,139
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5. Replacing high temperatures with room temperature (RT).
The RT synthesis of HKUST-1 (MOF-199) has also been
demonstrated by researchers to be scalable. RT synthesis
involves mixing the copper acetate metal precursor with a
pre-homogenized aqueous suspension of H;BTC for one hour
to achieve a space-time yield (STY) of 2035 kg m® day '
Typically, RT synthesis requires pre-activating ligands using
salt-like ligands or by adding a base to deprotonate the ligands,
as this promotes faster nucleation during synthesis. In terms of
surface area and crystallinity, the properties of MOFs synthe-
sized by this method are comparable to those of traditional
and industrial syntheses. Although RT synthesis can be easily
scaled up for production and offers higher yields and lower
energy consumption compared to current industrial produc-
tion of HKUST-1, the limitations of using deprotonated ligands
for MOF synthesis significantly restrict the flexibility of RT
synthesis.'*7'*?

4.4. Calcination

Calcination for the preparation of MOF photoelectrocatalytic
materials is a method of treating MOF materials at high
temperatures in order to change their physical and chemical
properties and thus improve their photoelectrocatalytic proper-
ties. The calcination process removes impurities and volatiles
from the MOF materials and improves their thermal and
chemical stability. The calcined MOF materials have higher
stability and catalytic activity, and can be applied in a wider
range of fields, such as environmental pollution control, energy
conversion, and organic synthesis, etc. Pan et al."** employed a
two-step calcination process to convert ZIF-8 for the prepara-
tion of porous carbon (C). As illustrated in Fig. 6, the resulting
modified structure successfully incorporates C doping into the
ZnO lattice while preserving its cubic morphology. Li et al.**?

were the first to demonstrate that core-shell heterojunctions
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Fig. 6 Schematic illustration of the fabrication of the ZnO@M@-ZIF-67
photoanode for PEC water splitting.*** Copyright 2016, Elsevier.
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derived from MOFs exhibit enhanced photoelectrochemical
(PEC) water splitting efficiency. The photovoltaic electrodes
were prepared by coating MOF NH,-MIL-125 (Ti) onto Fe,O3
nanorods using a solvothermal procedure and subsequent two-
step calcination to form Ti.Fe;_,O, shell/Fe,O; core nanorod
arrays. However, the calcination method may lead to structural
damage, which may collapse the structure of the MOF material
or decompose the organic ligands, affecting its catalytic perfor-
mance. The calcination process consumes a lot of energy and
time, which increases the preparation cost. In addition, the use
and maintenance of the calcination equipment also require
a certain cost investment. Limited material selectivity and the
limited variety of MOF materials currently available for
the calcination method may limit their application in some
specific areas.

4.5. Mechanochemical method

Mechanochemical synthesis involves grinding metal salts and
organic ligands to prepare MOFs. Molecular bonds are dis-
rupted by mechanical forces during milling, leading to the
formation of new products through re-coordination. The first
study of mechanochemical synthesis of MOFs was reported by
Pichon et al.**® in 2006. The process involves no solvent and the
target product can be synthesized within 10 minutes under
mild conditions, offering time efficiency but yielding products
with low purity and poor crystallinity. To address these limita-
tions, researchers have modified the protocol by introducing a
liquid-assisted grinding (LAG) approach. Specifically, Fris¢ic¢’s
group'”’ incorporated a minimal amount of solvent during the
milling stage, leveraging the liquid’s structural-directing effects
to enhance reaction kinetics and crystal quality (Fig. 7). Despite
the advantages of high synthesis efficiency and reduced solvent
usage in mechanochemical methods, the resulting MOFs often
exhibit suboptimal crystallinity and impurity inclusion.™*®

4.6. Ultrasonic method

Sonochemical synthesis, in simple terms, is a synthetic process
that harnesses ultrasound-generated energy to regulate
chemical reactions. Among the various methods for the synth-
esis of MOFs, the ultrasonic method is an economical and eco-
friendly method, which can provide high yields under mild
operating conditions. Yang et al.**® used an ultrasound-assisted
method to uniformly coat an ultrathin CoFe MOF layer on the
surface of a BiVO, photoanode to construct a type II hetero-
junction and to promote charge separation and transfer. The
optimized photoanode achieved a photocurrent density of 3.92
mA cm 2 at 1.23 V vs. RHE and a photonic current efficiency
(IPCE) of 89% at 400 nm, as shown in Fig. 8. However, the
reactivity of this method exhibits limited controllability, often
leading to the emergence of parasitic reactions and the incor-
poration of impurities within the synthesized products.

4.7. Microwave method

150-152 AS an

The microwave method was first reported in 2005.
emerging material synthesis technique, it has been widely

used for the preparation of MOFs in recent years. Its main
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Fig. 8 Schematic illustration of the synthesis process of BVO/CoFe MOF(NA) and BVO@CoFe MOF(NA) photoanodes.**® Copyright 2023, Wiley.

working principle is based on the unique mechanism of
microwave-matter interaction, which promotes intermolecular
coordination reactions of reactants through rapid and uniform
heating, thus realizing efficient synthesis. MIL-125(Cr) repre-
sents the initial MOF synthesized through microwave-assisted
methods, exhibiting a 44% yield after 4 hours at 220 °C.
In contrast, conventional heating methods required 4 days to
attain a comparable yield.">® Wu et al.’® used a microwave-
assisted synthesis method to prepare soluble porphyrin MOFs
(AI-PMOF), as shown in Fig. 9. Since Al-PMOF itself does not
possess active sites for water splitting to produce hydrogen,
(Pd(CH3CN),Cl,) was introduced as a precursor for Pd. Pd
nanoparticles were deposited onto AI-PMOF via photodeposi-
tion, enabling the use of Pd nanoparticles as co-catalysts in
photocatalytic water splitting experiments. The microwave
method significantly reduced reaction time (30 minutes at
140 °C, compared to 16 hours at 180 °C using traditional
methods). Compared to bulk MOF (Bulk-Al-PMOF), the photo-
catalytic water splitting activity for hydrogen production was
enhanced by 14 times. The synthesis of MOFs using micro-
wave irradiation can effectively decrease reaction times and
enhance the crystal quality of MOFs. Moreover, this method

10508 | Mater. Horiz., 2025, 12,10498-10528
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Fig. 9 Schematic illustration of the synthesis process of S-Al-PMOF 1%

embodies environmentally friendly practices, energy effi-
ciency, and operational simplicity. Nonetheless, it is essential
to acknowledge that this approach necessitates precise instru-
mentation for regulating microwave energy and mandates that
metal ions possess strong electromagnetic wave absorption
capabilities, thereby somewhat constraining its applicability.

This journal is © The Royal Society of Chemistry 2025
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Table 2 Synthesis methods of MOFs and their derivatives as photocatalysts
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Synthesis method Advantages

Disadvantages

Sedimentation 1. High controllability

In situ growth method 1. High controllability

2. High stability

3. Simple preparation process

4. No complex equipment required
5. Easy to operate

Solvothermal 1. No special equipment required
2. Crystals can be grown

Calcination 1. Improve thermal stability and chemical
stability
2. Enhance catalytic activity

3. Applicable to a wider range of fields
Mechanochemical 1. No solvents involved

method . Mild reaction
3. Time-saving

&)

Ultrasonic method 1. Low cost
. Environmentally friendly
3. Mild operating conditions

\S)

Microwave method 1. Highly efficient synthesis

Table 2 summarizes the advantages and disadvantages of
various methods.

5. Performance optimization
strategies

Since the photoelectrocatalytic water splitting mechanism was
mentioned earlier, the steps of photoelectrocatalysis are divided
into light absorption to produce carriers, carrier separation, and
surface chemical reaction. Therefore, the performance of photo-
electrode materials is limited by several energy loss mechanisms
as follows: (1) when the incident photon energy exceeds the
semiconductor band gap, the excess energy is dissipated as heat
or photoluminescence, resulting in a low utilization of light
energy. (2) Energy band structure mismatch and poor conductivity
can hinder carrier separation, leading to lower catalytic efficiency.
(3) Photogenerated carriers may be complexed in the bulk phase
or on the surface, resulting in fewer carriers effectively participat-
ing in the reaction. (4) HER/OER at high energy barriers may
result in carrier depletion while simultaneously inducing elec-
trode polarization or material corrosion. To optimize their perfor-
mance, ideal photoelectrode materials should be developed
through three key strategies: enhancing light absorption, modu-
lating carrier dynamics, and engineering surface reactions. These
approaches are essential for achieving efficient conversion of solar
energy into hydrogen.

The bandgap (E;) of MOFs directly determines their light
absorption range, and narrow bandgap MOF materials can

This journal is © The Royal Society of Chemistry 2025
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. May have substrate requirements
2. May increase process complexity

[y

. Reaction conditions must be precisely controlled
. Material selection is limited
3. Yields may be low

[\°)

1. Long synthesis time
2. Low yield; difficult to produce on a large scale

1. Requires a significant amount of energy and time

2. The use and maintenance of calcination
equipment incurs costs
3. Material selection is limited

1. The product has low purity and poor crystal form

1. The reaction is difficult to control
2. May be accompanied by side effects

1. Microwave energy is difficult to control

2. Metal ions must have good electromagnetic wave absorption
capacity

3. Weak universality

utilize visible light or even near-infrared light. Therefore, it is
feasible to reduce the bandgap of MOFs by modifying them and
developing new MOFs. Moreover, the efficiency of photogener-
ated charge carrier (electrons and holes) migration is a critical
determinant of photoelectrode performance. The construction
of rational heterostructures of MOFs together with other semi-
conductor materials is the key to promote charge separation.
Surface electrochemical reactions constitute the final and rate-
determining step in photoelectrochemical water splitting. The
surface properties of photoelectrode materials critically govern
the efficiency of charge carrier utilization. Specifically, surface
defects, dislocations, and active sites act as reaction centers
where photogenerated electrons and holes participate in redox
reactions. However, these defects can either enhance or impede
catalytic performance depending on their type, density, and
distribution.®”"* The direct contact of electrolytes with the
photoelectrode and the attachment of H,/O, bubbles are the
two key factors leading to the deterioration of the surface
electrochemical reaction. The former destroys the material
structure through chemical/photocorrosion mechanisms, and
the latter exacerbates the reaction inhomogeneity through
physical hindrance and local potential fluctuations. Moreover,
for long-term photoelectrocatalytic reactions, the stability of
the photoelectrode material must be high, as shown in Fig. 10.
Therefore, further improving the stability of MOFs is also an
important research direction. Future research will focus on
designing and optimizing the photoelectrocatalytic materials,
investigating the energy band structure, surface state and
carrier transport mechanism of the photoelectrocatalytic
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Fig. 10 Performance optimization strategies for photoelectrocatalytic water splitting materials.

materials, and improving the photoelectrocatalytic activity,
light absorption performance, carrier mobility and stability of
the photoelectrocatalytic materials through structural design of the
materials, component modulation and doping modification.

5.1. Light absorption extension and energy level structure

Light absorption in photoelectrocatalysts refers to the process
of photon interaction with the material, which determines the
onset of light excitation, affects charge separation and migra-
tion, and is a key step in applications such as hydrogen
production by photoelectrocatalysis. The light absorption effi-
ciency is a measure of the photocatalyst’s ability to absorb light.
In photoelectrocatalysis, carrier production is directly related
to the material’s bandgap width and absorption coefficient,
and increasing the light absorption efficiency is essential to
increase the production of electron-hole pairs.'>® The bandgap
width determines the light absorption capacity of the photo-
electrode material throughout the solar spectrum, thereby
establishing the material’s maximum potential efficiency for
solar-to-hydrogen (STH) conversion. Heterojunction materials
featuring a narrow bandgap structure exhibit enhanced light
absorption within the solar spectrum. However, the bandgap
cannot be excessively narrow as it must still supply an ample
driving force for both the oxygen and hydrogen precipitation
reactions."” The energy band structure of a photoelectrocatalytic
material is an important property that determines the energy state

of the photoexcited carriers. Photoelectrodes for PEC water split-
ting devices must meet specific criteria regarding their energy
band positions, including appropriate band gap, valence band,
and conduction band levels. It is essential for the conduction
band edge of these materials to be positioned lower than the
water reduction potential E (H'/H,), while the valence band edge
should be situated above the oxygen reduction potential E
(0,/H,0). Semiconductor materials are ideal for PEC photoelec-
trodes because of their tunable energy band edge positions and
bandgap widths. To achieve optimal performance, these semi-
conductors must efficiently utilize most of the visible light
spectrum and maintain stability under dim light conditions in
order to use sunlight to decompose water into commercially
viable hydrogen. Optimizing the energy band structure is key to
improving photoelectrocatalytic performance. Researchers have
explored various material modification methods such as elemen-
tal doping, composites and ligand functionalization to further
improve the performance. Table 3 briefly describes the extended
photoabsorption catalytic materials reported in recent years for
PEC water cracking.

5.1.1. Element doping. Doping impurity elements can
modify the band gap by introducing impurity energy
levels within the band gap or by creating solid solutions to
broaden the semiconductor’s width, thereby expanding its light
absorption spectrum. Therefore, the electronic structure of
MOFs can be altered by introducing heteroatoms to narrow

Table 3 Some of the recently reported materials with extended photoabsorption and their properties for PEC water cracking

Light absorption =~ Bandgap

Photoelectrode Modification method H, evolution rate range energies  Photocurrent density vs. RHE Ref.
CuSL-CuBr Heteroatom doping 50.28 mmol g~ h™'  250-600 nm 2.30eV  0.64 pA cm > 158
Mn-FeBTC/NIF Heteroatom doping — 380-800 nm 1.53 eV — 159
Cuz;HHAE, Composite material — up to 1600 nm 0.87 260 pA cm 2 (0.1 M Na,SO, 0 V) 160
Ag/Au HPNS- Composite material — 365-850 nm 1.7 eV 0.16 mA cm > (0.65 V) 161
Cdg.gZn, »S NSs

Co3C_,/TiO, Ligand functionalization —— 390-850 nm 1.42 eV 2.6 mA cm (1 M NaOH 1.23 V) 163
Tig((13-0),(0i-Pr)g)  Ligand functionalization — 200-510 nm 2.85 eV 2.12 pA cm ™2 (0.2 M Na,S0,) 165

(LA),--PrOH (S1)
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the band gap or introduce intermediate energy levels to extend
the light absorption range into the visible or even near-infrared
region. Lin et al."*® proposed an atomically precise heteroge-
neous cluster assembly strategy to construct two isostructured
three-dimensional MOF materials, CuSL-CuX (X = Cl, Br) with a
cds topological network. The CuSL-CuX material integrates
hexanuclear copper-sulfur clusters CuesSs and binuclear
copper-halogen clusters Cu,X,, which not only endows the
material with excellent stability over a wide pH range (1-14)
(Fig. 11a), but also achieves broad-spectrum visible light
absorption (Fig. 11c). The CBM positions of CuSL-CuBr and
CuSL-CuCl can be estimated to be —0.75 and —0.79 V, respec-
tively (Fig. 11f), both of which are more negative than that
of the potential for the reduction of H' to H,, satisfying the
thermodynamic requirements for photocatalytic water split-
ting. Thus, CuSL-CuBr and CuSL-CuCl show potential as
effective materials for efficient photocatalytic H, production
under visible light exposure, emphasizing the effectiveness of
the heterogeneous cluster self-assembly strategy in developing
highly stable MOFs.

Dong et al."* deposited the semiconductor Mn-FeBTC on a
well-conducting nickel iron foam and used a trace Mn doping
strategy to efficiently modulate the BIEF of the Mott Schottky
heterojunction formed by FeBTC and a metal substrate. The
Mn-FeBTC/NIF composite exhibited enhanced light absorption
across the 380-800 nm range, peaking at 68.5% at 738 nm.
Additionally, there was a 0.28% increase in maximum absorp-
tion intensity at 597 nm, which is due to the increase in
photosensitivity caused by the decrease in band gap due to
Mn doping.

5.1.2. Composite materials. Composite materials are com-
pounds composed of two or more materials. Through the

View Article Online
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synergistic action of multiple components, their energy band
structure can be adjusted and their light absorption range
expanded. In view of this, Dong et al®® reported a layered
conductive conjugated MOF material containing an aryl-
ethynylidene-type subethynylidene sp-coordinated macrocyclic
ligand structure bonded to CuO,4, which was named Cuz;HHAE,.
2D-MOFs with sp carbon atoms exhibit semiconducting beha-
viors and a wide optical absorption interval (the optical absorp-
tion interval up to 1600 nm in the near-infrared (NIR)), as
shown in Fig. 12c. Due to the presence of abundant acetylene
structures, this MOF was first used as a MOF photoelectrode for
the photoelectrocatalytic production of hydrogen, and a current
density of 260 uA cm 2 was achieved at an overpotential of 0 V
vs. RHE. Li et al.*® prepared a new type of MOF using a metal-
organic framework material (ZIF-8) as a template through a
multi-step derivatization and in situ embedded synthesis tech-
nique. Synthesis technique to prepare a novel plasma-enhanced
catalyst (Ag/Au HPNS-Cd, sZn,,S NSs). It was found that the
(Ag/Au HPNS-Cd, gZn,,S NSs) was able to extend the light
absorption range of intrinsic ZIF-8 from the ultraviolet region
to the near-infrared region due to the good light absorption
properties of CdysZn,,S and the photosensitization effect of
Ag/Au HPNS. However, there are many drawbacks to this
approach; first, the complexity of the composite structure of
the materials often leads to difficulties in controlling the
distribution and interactions of the active components, result-
ing in inconsistent performance; second, due to the use of
multiple components, the cost of preparation tends to be high;
in addition, the stability of these materials under long-term
photoelectrocatalytic operation remains a challenge. Finally,
optimization of composition and structure for specific applica-
tions requires significant research efforts.
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5.1.3. Regulating organic ligand/ligand functionalization.
By tuning the organic ligands, the electronic structures and
energy band gaps of MOF materials are altered to extend the
light absorption range. In addition, the light absorption proper-
ties and PEC water splitting performance of MOFs can be
further improved by introducing visible light responsive units
and functional features."®® Yi et al'® utilized MOF-derived
narrow bandgap Co;C nanosheets coupled with hollow TiO,
nanocages to form a heterojunction photoanode. The narrow

bandgap property of Co;C extends the light absorption range,
while the type-II heterojunction reduces carrier complexation,
and the photocurrent density reaches 2.6 mA cm > (1.23 V),
which is higher than that of pure TiO, by 201%, as shown in
Fig. 13a. Coupling TiO, with CosC, the optical absorption of
Co;C_,/TiO, was greatly enhanced in the visible range, and this
result confirms that coupling Co;C with TiO,, which has a
narrow bandgap energy, can effectively broaden the optical
trapping range of TiO,.
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Fig. 13 (a) UV-vis DRS spectra and (b) normalized photoluminescence spectroscopy of TiO,, CosC_,/TiO, (x = 1, 3, 6, 9) and CosC.1%® Copyright

2018, Wiley.

10512 | Mater. Horiz., 2025, 12, 10498-10528

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5mh01457c

Published on 22 August 2025. Downloaded on 4/9/2026 11:01:03 PM.

Review

View Article Online

Materials Horizons

F(R)

Absorption

FR)

291 eV
300 400 500 600 700 800 4.0 35 3.0 2.5 4.0 35 3.0 2.5
Wavelength/nm Energy/eV Energy/eV

(a) (b) ©
Fig. 14 Solid-state UV-vis spectra and band gap: (a) absorption spectra of S1, S2 and ligands; (b) and (c) Kubelka—Munk transformation of diffuse

reflectance data of S1 and $2.16°

Hu et al.'® first modified the -NH, group onto MIL-125
using a ligand functionalization strategy to obtain NH,-MIL-
125, and then successfully prepared Cu-NH,-MIL-125 by Cu
ion coordination. This dual modification strategy resulted in
a reduced band gap and a wider range of light absorption,
exhibiting excellent piezoelectric-photocatalytic activity
(2884.2 pmol ¢~' h™'). In addition, by introducing chromo-
phores or photosensitizers with strong light-absorbing ability,
the light-absorbing ability of the MOF materials can be
enhanced and their photoresponsive range can be extended
to the visible region. Yang et al'® utilized naphthalene
diimide (NDI) ligands, H,LA, as photo-active sensitizing mole-
cules, and designed and synthesized the cyclic titanium-
oxygen clusters Tig((}3-0),(Oi-Pr)g)(LA),-i-PrOH (S1). As shown
by ultraviolet-visible (UV-vis) spectroscopy and photocurrent
tests, the NDI ligand not only extended the absorption edge of
S1 to 500 nm, but also caused S1 to display a photocurrent
density as high as 2.12 pA cm™?, thus demonstrating the
importance of the photoreactive ligand in the modulation of
the photoresponse of TOCs, as shown in Fig. 14.

5.2. Photogenerated charge transport and utilization

The efficiency of photocatalytic reactions is directly dependent
on the effective separation of photogenerated electrons and
holes. During photocatalysis, electron-hole pairs are generated
by the absorption of light energy by the semiconductor mate-
rial, but if these carriers are compounded before migrating to
the surface to participate in the reaction, it will lead to energy
waste and reduce the overall efficiency. For example, studies of
Al-doped SrTiO; have shown'®® that by suppressing carrier
complexation and optimizing the charge separation mecha-
nism, the quantum efficiency can be close to 100%, and high
efficiency water splitting can be achieved even with extremely
short carrier lifetimes (sub-nanosecond). Optimizing charge
separation also enhances the photocurrent density. The carrier
separation efficiency directly affects the rate of redox reaction
on the surface of the photoelectrode. For example, atomic layer
mesoporous In,0;_,/In,S; heterojunction'®” shortens the car-
rier migration distance through interfacial strong coupling and
mesoporous structure, and achieves a photocurrent density of
1.28 mA cm™? (1.23 V vs. RHE), which is significantly higher
than that of a single material. Some materials are limited in

This journal is © The Royal Society of Chemistry 2025

their light absorption or charge transport ability due to band-
gap or defect issues, which need to be optimized by carrier
separation strategies. For example, Sn-doped SrTiO; suppresses
Ti** defects (carrier complex centers) by replacing Sr sites'®®
with Sn®" to improve the overall water splitting efficiency by a
factor of 10.4. Enhancing the carrier separation efficiency is
the key to the practicalization of photoelectrocatalytic water
splitting technology. Therefore, future studies of photoelectro-
catalytic MOF materials need to further explore the carrier
separation mechanism with low energy consumption and high
stability to promote the large-scale application of green hydro-
gen energy. Table 4 briefly describes the catalytic materials that
have been reported in recent years to enhance carrier separa-
tion efficiency for PEC water cracking.

5.2.1. Heterogeneous structure construction. Heterojunc-
tion structures represent a highly promising and efficient
catalytic strategy. Its core mechanism lies in the formation of
an intrinsic electric field at the interface, which can accelerate
the directional separation and migration of photogenerated
carriers, thereby laying a crucial foundation for enhancing
catalytic performance. Therefore, the design and construction
of heterojunction structures by combining metal-organic frame-
works (MOFs) with semiconductor materials through rational
design has emerged as an effective solution. This structural
design enhances charge separation efficiency by optimizing
charge separation and transport pathways, ultimately providing
robust support for the enhancement of photocatalytic hydrogen
production performance. Yang et al'*® designed and synthe-
sized a BiVO,/CoFe MOF heterojunction structure to promote
charge transfer for efficient photoelectrochemical splitting of
water. An ultrathin bimetallic CoFe MOF layer was modified on
the BVO photoanode to construct a high-quality charge-transfer
interface, which was used to realize efficient charge separation
and transfer. The optimized BVO/CoFe MOF(NA) photoanode
achieves a photocurrent density of 3.92 mA cm™? at 1.23 VRHE,
which is 6.03 times higher than that of the pristine BVO.
Femtosecond transient absorption (fs-TA) spectroscopy charac-
terizing the ultrafast charge transfer process of BVO/CoFe
MOF(NA) exhibits a positive PA signal with an initial accumula-
tion time of about 0.44 + 0.09 ps, which is much faster than that
of BVO (1.77 ps), as shown in Fig. 15. The reason for this
phenomenon may be that the introduction of CoFe MOF(NA)
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Table 4 Some recently reported materials for enhancing carrier separation efficiency and their performance for PEC water cracking

Photoelectrode Modification method Charge recombination

lifetime Faradaic efficiency Photocurrent density 1.23 V vs. RHE Ref.

BiVO,/CoFe MOF Heterojunction 89 ns 92% 3.92 mA em > (1 M KBi) 149
Co-agZIF-62/NiO/BiVO,  Interface engineering 22.12 ns — 5.34 MA cm > 169
NiCo-MOFCuCrO,-BiVO, Interface engineering — 95.3% 5.75 mA cm 2 170
Ov-BiVO,/MIL-101 Defective engineering 6.62 ns — 5.91 mA cm * (1 M KBi pH = 9) 171
Vw-WO; Defective engineering 13.61 Nearly 1 4.0 mA cm 2 (Na,SO, pH = 7) 172
Co030,/CoV-MOF/BiVO,  Defective engineering 10 ns 6.0 mA cm 2 173
(Co, Ni)-MOF/WO3/W Electronic control — 90.07% 2.96 mA cm > (0.5 M Na,SO,) 174
BiVO, @aNiFc-MOFs Electronic control 35.31 ns 92.1% 4.34 mA cm ™2 (0.5 M KBi) 175
B)5
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Fig. 15 Femtosecond transient absorption (fs-TA) spectra of (A) BVO and

(B) BVO/CoFe MOF(NA) excited at 375 nm. (C) Normalized fs-TA spectra

probed at 620 nm for the BVO and BVO/CoFe MOF(NA) under 375 nm excitation. (D) Electron transfer pathways involved in BVO and BVO/CoFe
MOF(NA) heterostructure systems. tre represents charge recombination lifetime.}*® Copyright 2023, Wiley.

effectively closes the hole-transfer channel in the valence band of
BVO to its surface trap state, revealing the transfer of photo-
generated holes in the valence band of BVO to the neighboring
MOF interface states, which significantly enhances the separa-
tion efficiency of the electron-hole pairs in the heterostructure
of the BVO/CoFe MOF(NA).

5.2.2.
to the optimization of interfacial structure, electronic state,
charge distribution and reaction kinetics by modulating the

Interface engineering. Interfacial engineering refers

10514 | Mater. Horiz., 2025, 12, 10498-10528

physicochemical properties of material interfaces, so as to
enhance the performance of materials in the fields of photo-
electrocatalysis, photovoltaic conversion and energy storage.
The core objective is to achieve efficient carrier separation and
transport, optimization of reactive active sites and stability
enhancement through interfacial modulation, and ultimately
to break through the bottleneck of the intrinsic performance
of materials. Song and colleagues'®® developed an integrated
Co-agZIF-62/NiO/MO (metal oxide: Fe,O;, WO; and BiVO,)

This journal is © The Royal Society of Chemistry 2025
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Fig. 16 A schematic illustration of the charge transfer process on MO and Co-agZIF-62/NiO/MO photoanodes.®® Copyright 2023, Wiley.

photoanode. The Co-agZIF-62/NiO/BiVO, photoanode demon-
strated a photocurrent density of 5.34 mA cm > at 1.23 VRHE,
exhibiting significantly improved photocurrent stability. This
enhancement can be attributed to the incorporation of a NiO
hole-transporting layer, which facilitates the establishment of a
charge transfer pathway between the BiVO, substrate and the
Co-agZIF-62 catalyst layer. This pathway enables rapid charge
transfer to the Co-agZIF-62 layer for the photoelectrochemical
(PEC) water oxidation reaction, effectively mitigating charge
recombination, as depicted in Fig. 16.

Tian et al."® used an interface engineering-assisted energy
level modulation strategy to effectively optimize the photocata-
lytic water oxidation performance of bismuth vanadate photo-
anodes. The coupling of the CuCrO, HTL (hole transport layer)
with the BiVO, photoanode generated an in-built electric field,
which efficiently facilitated the interfacial migration of carriers.
In addition, the in situ growth of NiCo-MOF exhibits a dual
effect. On the one hand, the specific functional groups present
in NiCo-MOF can effectively passivate the surface defect states
of the BiVO, photoanode, thus significantly reducing the sur-
face recombination of carriers. On the other hand, in NiCo-
MOF, the bimetallic elements Ni and Co as OER active sites can

Pre-coupling

recombination

significantly accelerate the kinetic process of the water oxida-
tion reaction. Under the synergistic effect of the CuCrO, HTL
and further in situ growth of NiCo-MOF, the photogenerated
holes can migrate to the semiconductor/electrolyte interface
rapidly and participate in the water oxidation reaction in time,
which greatly enhances the water oxidation performance of the
PEC of the BiVO, photoanode, as shown in Fig. 17.

5.2.3. Defective engineering

Defect engineering is also an effective method to enhance
carrier separation efficiency. Defect engineering significantly
enhances the carrier separation efficiency of MOF catalysts in
PEC water splitting through electronic structure modulation,
surface property optimization, and carrier dynamics enhance-
ment (the pores or interfaces formed by the defects promote
the reactant diffusion and electron transfer).'’® Xin et al.'”*
proposed a molecular epitaxial growth technique based on
oxygen vacancy (Ov)-driven molecular epitaxial growth on the
BiVO, surface to prepare a uniform MIL-101 layer (Ov-BiVO,/
MIL-101 composite structure). This technique generates a high
concentration of oxygen vacancies on the BiVO, surface by
electrochemical etching, which promotes the molecular-level

Post-coupling

recombination

Fig. 17 Working mechanism diagram of the BiVO, photoanode, CuCrO,-BiVO,4 photoanode and NiCo-MOF-CuCrO,-BiVO, photoanode 12 Copyright

2025, Wiley.
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binding of MIL-101 to BiVO, and significantly improves the
interfacial charge separation and transport efficiency. The
photocurrent density of the Ov-BiVO,/MIL-101 composite
photoelectrode reaches 5.91 mA cm ™2 at 1.23 VRHE potential,
which is 2.93 times higher than that of the conventional BiVO,,
and achieves a 4.33% in the unbiased solar-hydrogen conver-
sion system with a solar-hydrogen efficiency. Wang et al.'’
proposed an innovative strategy: reducing the effective mass of
holes and significantly enhancing their mobility by modulating
the metal vacancies (Vys) in semiconductor metal oxides. It is
shown that this strategy exhibits universality in all three
transition metal oxides (WOj3, TiO, and Bi,03), and ultimately
achieves a photocurrent enhancement by a factor of 4.4 and a
stability of more than 120 h in PEC water splitting applications.
Calculations show that the formation of Vy (tungsten vacancy)
in WO; results in a positive shift of the valence band maximum
(VBMm) and the creation of a “band-tailed state’”, as shown in
Fig. 18a and c. Energy band calculations show that the effective
mass m* of the hole decreases from 2.69 m, to 0.95 m, (65%
reduction) after the introduction of the metal vacancy, which
implies a significant increase in the hole mobility, as shown in
Fig. 18b and d. Therefore, it can be concluded that the tungsten
vacancy (Vyw) reduces the effective mass of the hole, which
enhances the hole mobility and makes the carrier separa-
tion more efficient. Xu et al'”® constructed CoV-MOFs with
ligand defects on the surface of BiVO, by photoelectrochemical
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treatment, which enhances the interfacial bonding and inhibits
the V*" dissolution. The optimized photoanode achieved a
photocurrent density of 6.0 mA cm™ > at 1.23 V and operated
stably at 0.6 V for 500 hours. The ligand defects modulated the
energy band structure to enhance the light absorption and
charge transfer efficiency.

5.2.4. Bandgap engineering

Strategies for bandgap engineering using semiconductor
photocatalysts can influence the transport paths of electrons
and holes, thereby improving carrier separation efficiency.
In addition, altering the bandgap position can enhance their
redox capabilities. Dong et al.’”* decorated the surface of coral-
like WO3/W films with hierarchical, flower-like arrays of stabi-
lized heterogeneous (Co, Ni)-metal-organic framework (MOF)
composites. The resulting (Co, Ni)-MOF/WO3/W photoanode
exhibited a high photocurrent density of 2.96 mA cm 2 at
1.23 V vs. RHE in a 0.5 M neutral Na,SO, electrolyte and
achieved a solar-to-hydrogen (STH) efficiency of 2.17% under
AM 1.5 G illumination. Light-assisted Kelvin probe force micro-
scopy (KPFM) revealed the spatial distribution and segregation
dynamics of photogenerated charges. The energy band align-
ment facilitated efficient charge separation: the conduction
band (CB) of (Co, Ni)-MOF lies above that of WO;, enabling
spontaneous electron transfer from (Co, Ni)}-MOF to WOs;.
These electrons then traverse the WO3/W Schottky junction to
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Fig. 18 Theoretical calculation of the energy band structures. (a) and (c), calculated density of states (DOS) of WO3 (a) and Vw-WOs (c). (b) and (d),
Energy band structures of WOj3 (b) and Vw-WOs3 (d).”2 Copyright 2025, Nature.
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reach the cathode under bias, while the photogenerated holes
accumulate in the valence band (VB) of (Co, Ni)}-MOF and
participate in the oxygen evolution reaction (OER), as illustrated
in Fig. 19. This mechanism effectively suppresses charge recom-
bination, enhancing solar-driven photoelectrochemical water
splitting.

Lieta proposed a strategy to enhance the quasi-Fermi
level of MIL-53 (Fe) by injecting high-energy electrons via EY,
thereby boosting photocatalytic activity. The integration of
characterization techniques and theoretical simulations
revealed that dye sensitization is capable of efficiently injecting
high-energy electrons into Fe-based metal-organic frameworks
(Fe-MOFs) and raising their quasi-Fermi level upon light irra-
diation, as shown in Fig. 20. After EY has sufficiently elevated
the quasi-Fermi level of Fe-MOFs under light irradiation,

l 175

o

HOMO

photosensitizer

depositing Pt nanoparticles on the Fe-MOF can reduce charge
transfer resistance and improve charge separation, thereby
lowering the overpotential for H, evolution.

5.3. Electrode reactions and generation of products

5.3.1. Electrode reaction. In the photoelectrocatalytic pro-
cess, the electrode reaction is a crucial link between light
absorption and product generation, which involves the migra-
tion and utilization of photogenerated charges and determines
the products and efficiency of photoelectrocatalysis. Ideal elec-
trode materials should have good electrical conductivity, suffi-
cient electrochemical activity and good stability to support the
charge transfer and reaction in the photoelectrocatalytic pro-
cess. Metal-based, carbon-based, and composite electrodes are
commonly used.'”®®¢ For example, Hu et al.'®” developed a

Fig. 20 (a) Energy diagrams of MIL-53(Fe) before and after EY sensitization. (b and c) Side views of the charge densities at the EY-MIL-53(Fe) interface
showing the electron unoccupied and occupied states. Color: white (H); grey (C); red (O); orange (Fe); brown (Br).Y”> Copyright 2022, Elsevier.
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Fig. 21 Structure of the LP-—MOF for overall photocatalytic water splitting
and the proposed 'Z-scheme' electron-transfer chain in the LP-MOF
system. The bilayer in the illustration represents a section of the liposome.
The HER-MOF for hydrogen evolution is incorporated between the
hydrophobic chains, and the WOR-MOF for water oxidation is in the
aqueous phase. The redox shuttles TCBQ/TCBQH and Fe**/Fe?* connect
the HER and WOR sides, functioning in the lipid phase and the aqueous
phase, respectively. Electron-transfer chains (shown by blue arrows) and
photons (represented by yellow lightning shapes) form the 'Z-scheme’.
Inset, schematic representation of the liposome with the two MOFs
embedded within the hydrophobic bilayer (HER-MOF) and the hydrophilic
interior (WOR-MOF).X®” Copyright 2021, Nature.

liposome-MOF assembly for integrated photocatalytic water
splitting. This structure spatially separates HER-MOF and
WOR-MOF nanosheets: the hydrophobic-modified HER-MOF
(containing light-harvesting Zn-porphyrin and catalytic Pt-
porphyrin) is embedded in the lipid bilayer; while WOR-MOF
(containing [Ru(bpy);]*" photosensitizers and Ir-bipyridine cat-
alysts) is positioned in the hydrophilic interior of the liposome,
as shown in Fig. 21. This spatial separation effectively promotes
photogenerated charge separation.

To gain a deeper understanding of the photoelectrocatalytic
process, it is helpful to study the electrode reaction kinetics.
For example, we can study the migration of photogenerated
charges on the electrodes and the reaction process measured
current-voltage curves and electrochemical impedance spectra,

View Article Online
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which can help to optimize the electrode structure and improve
the photoelectrocatalytic efficiency. For example, Yang et al.'*’
coated the surface of BiVO, nanoarrays with a CoFe MOF (NA)
nanolayer, resulting in the BiVO,/CoFe MOF (NA) catalyst. EIS
confirmed a significant reduction in interfacial resistance, as
shown in Fig. 22a; the current-voltage curve showed a photo-
current density of 3.92 mA cm > at 1.23 V, a 6.03-fold increase
compared to pure BiVO,, due to significantly improved charge
transfer and separation efficiency, as shown in Fig. 22b.
At 400 nm, the BVO/CoFe MOF(NA) photoanode exhibits the
highest IPCE, with an APCE as high as 96%, indicating that
almost all absorbed photons at this wavelength effectively drive
the water oxidation reaction, as shown in Fig. 22c.

Co-catalysts can improve the reactivity of photoelectro-
catalysts and promote the splitting of water molecules and
hydrogen generation on the surface of photoelectrocatalysts;
certain co-catalysts with specific functions, such as noble
metals and transition metal oxides, can improve the reactivity
and establish an effective electron transport pathway by provid-
ing active centers or promoting the adsorption of intermediate
species. For example, Wang et al.'®® investigated the effect of
MOF-derived co-catalysts on the photocatalytic performance of
BiVO, photoanodes. Porous BiVO,-based thin films were pre-
pared using electro-deposition and thermal annealing meth-
ods. The BiVO, electrodes were then immersed in a Co-MOF
(Z1F-67) precursor solution, and the porous BiVO, surface was
subjected to in situ modification at room temperature. The
resulting BiVO,-MOF photoanode was annealed at 450 °C for 2
hours in a N, atmosphere, converting the MOF into a carbon
matrix containing cobalt-based active reaction centers, ulti-
mately yielding the BiVO,-MOF-N,, catalyst. The MOF-derived
co-catalyst significantly enhanced the photocurrent density of
the BiVO,-MOF-N, photocathode to 2.32 mA cm > (1.23 V vs.
RHE), approximately 2.64 times that of the pristine BiVO,.
Compared to the pure MOF co-catalyst, the MOF-derived co-
catalyst exhibits higher charge transfer efficiency and lower
charge transfer resistivity during the charge transfer process
from BiVO, to the cobalt co-active center, due to the excellent
conductivity of the carbon matrix.

5.3.2. Generation of products. The formation of products
during photoelectrocatalysis depends on the mechanism and
conditions of the electrode reaction. Ideally, the generation of
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Fig. 22 (a) EIS Nyquist plots under light irradiation. (b) Chopped light i—t curves of BVO, BVO@CoFe MOF(NA), BVO/CoFe MOF(5-ana), and BVO/CoFe
MOF(NA). (c) IPCE spectra (inset shows the APCE spectra).*® Copyright 2023, Wiley.
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hydrogen and oxygen from the photoelectrocatalytic splitting of
water should be in accordance with Faraday’s law, but due to
various factors in the actual reaction process, such as surface
coverage, charge separation efficiency and so on, the actual
proportion of products may deviate from the theoretical value,
and it is recommended to optimize the reaction conditions and
electrode structure in order to improve the product selectivity.
Most single-phase photocatalysts designed for complete water
splitting primarily respond to the ultraviolet region of sunlight,
which constitutes a very small proportion of the spectrum.
In light of this, He et al."® proposed a universal strategy that
enables the internal ligands of MOFs to directly form ligand-
cluster charge transfer (LCCT), which plays a dominant role,
thereby achieving complete water splitting photocatalysis with
broad response to visible light. Most single-phase photocata-
lysts designed for complete water splitting primarily respond
to the small ultraviolet region of sunlight. In light of this,
Professor He Jun and Associate Professor Liao Weiming from
Guangdong University of Technology reported a universal
strategy that enables the internal ligands of MOFs to directly
form ligand-cluster charge transfer (LCCT) as the dominant
mechanism, and this novel photocatalyst exhibits broad-
spectrum response to visible light for complete water splitting
photocatalysis.

The formation of photocatalytic products is influenced by
various factors, including light conditions, temperature, pH,
and different coupling reactions.'®*™*” The formation of pro-
ducts in photoelectrocatalysis is significantly affected by light
intensity and spectral distribution. Intense light increases the
rate of photogenerated charge production, thus improving the
efficiency of photoelectrocatalysis. However, excessive light can
also cause problems such as photocorrosion and thermal
effects, which can negatively affect the photoelectrocatalytic
process. Therefore, it is crucial to select appropriate light
conditions to optimize product generation. Therefore, selecting
appropriate light conditions and designing suitable catalysts
are critical for optimizing product formation. For example,
metal sulfide photocatalysts are typically unsuitable as single-
particle photocatalysts for water splitting due to photodegrada-
tion. Therefore, Iwashina et al.'°® utilized various metal sul-
fides as hydrogen-evolving photocatalysts and RGO-TiO,
composites as oxygen-evolving photocatalysts for Z-diagram
water splitting. When unloaded CuGaS, was combined with
RGO-TiO, composites, H, and O, were not released in stoichio-
metric amounts, indicating that H, release was primarily due
to photocorrosion. Pt particles loaded via adsorption served
as effective hydrogen release sites, enabling H, and O, to be
released in stoichiometric amounts while mitigating photocor-
rosion. Temperature has an important effect on the efficiency
of PEC hydrolysis. The PEC efficiency of MOF materials can be
effectively optimized by adjusting the temperature. The effect
of temperature on the formation of photoelectrocatalytic pro-
ducts is mainly characterized by their influence on the adsorp-
tion properties of the reactants and the potential alteration
of the chemical reaction pathways. In some cases, lower tem-
peratures may lead to higher product selectivity, while higher

This journal is © The Royal Society of Chemistry 2025
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temperatures may promote chemical reactions. The pH of the
solution also has a significant effect on the photoelectrochem-
ical water splitting process. The normal operation of a PEC cell
requires the electrolyte to be in a specific pH environment, so
the equilibrium state of the PEC water splitting reaction will be
largely regulated by the pH of the electrolyte solution. When
the solution pH changes, the species adsorbed on the electrode
surface and their charge states also change, which in turn
affects the rate and efficiency of the PEC water splitting reac-
tion. Variations in pH also can cause corrosion of the photo-
electrode materials. So it is necessary to regulate the pH of the
electrolyte and to design catalysts that are stable over a wide
range of pH values.”® The coupling reactions of hydrogen
evolution reactions also affect the efficiency of water splitting.
Hydrogen production can be promoted by replacing the slow
OER with a thermodynamically more favorable reaction. For
example, Zhou et al.**° used the oxidation reaction of benzyl
alcohol to benzaldehyde to replace the OER reaction. On a
Bi,M0oOs@TiO, NTA photocathode, the selectivity of benzyl
alcohol conversion to benzaldehyde reaches 100%. The elec-
trons generated in this controlled and selective one-step oxida-
tion reaction are used as a source for synergistic hydrogen
production. The hydrogen production rate is 5.5 times higher
than when using the OER. The efficiency of this hydrogen
production process reaches up to 85%. Photoelectrocatalytic
electrode reactions and product generation processes are
complex and involve multiple factors and processes. An in-
depth understanding of the mechanism of photoelectrocataly-
tic electrode reactions and an in-depth study of the mechanism
of photoelectrocatalytic reactions can help to improve the
efficiency of photoelectrocatalysis.

5.4. Stability

In photocatalytic processes, catalyst stability is compromised
by photodegradation, dissolution of active sites, or structural
collapse. Therefore, catalyst stability is a key parameter for
evaluating the performance of photocatalysts and is also critical
to their reliability in practical applications. Research into stability
enhancement strategies (such as ligand engineering, controlling
the coordination environment, and adding co-catalysts) can lead to
the development of highly stable photocatalysts.

5.4.1. Ligand engineering. The primary limitation prevent-
ing the use of MOFs in photocatalysis stems from their poor
stability. In light of this, Dominik Eder et al’*®' prepared a
mixed ligand ZIF-67 (AE) using ligand engineering. The study
found that the single ligand ZIF (A) undergoes complete
reconstruction (CR) during visible-light photocatalysis, with
its framework gradually oxidizing and ultimately transforming
into CoOOH, causing its intrinsic photoluminescence (PL) peak
to shift significantly from 566 nm to 482 nm, and the bandgap
to increase from 1.75 eV to 2.75 eV (Fig. 23a and b). In contrast,
the mixed ligand AE-ZIF undergoes only surface reconstruction (SR),
forming a cobalt oxide hydroxide protective layer on the surface
in situ, effectively maintaining the stability of the main framework
(Fig. 23d and e). This structural difference significantly impacts
catalytic performance: A-ZIF exhibits a temporary increase in current
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Fig. 23 Photoelectrocatalytic OER activity, PL intensity and band gaps. (a) and (b) /n situ electrochemical photoluminescence spectroscopy (a) and band
potential diagram (b) of A-ZIF with 100 CV cycles at 0.85-1.55 V. (c) Amperometric plots and O, evolution rates of A-ZIF and AE-ZIF at certain potentials

of 1.65 V and visible light. (d) and (e) Band potential diagram (d) and in
0.85-1.55 V. Copyright 2024, Elsevier.201 Copyright 2024, Nature.

density and O, release rate during the initial illumination phase
(<2 hours), but its visible light absorption capability decreases
due to the widened bandgap, resulting in performance dropping
to near dark-state levels after 6 hours; in contrast, AE-ZIF
maintains highly stable performance under illumination during
a 12-hour chronoamperometry test, with initial efficiency rapidly
improving due to the formation of the protective layer (Fig. 23c).
The results indicate that the mixed ligand strategy significantly
enhances the photocatalytic stability of ZIF by suppressing
complete reconstruction. Subsequently, the efficiency decreased
by only 7.4% after 12 hours. The bandgap of AE-ZIF undergoes only
a small decrease from 1.35 to 1.21 eV, as only surface reconstruction
occurs. All results indicate that mixed ligands can induce surface
reconstruction to form an active protective layer, adapting to changes
in the reaction environment and enhancing catalyst stability.

10520 | Mater. Horiz., 2025,12,10498-10528

situ electrochemical PL spectroscopy (e) of AE-ZIF with 100 CV cycles at

BiVO, is considered a promising photoanode material due
to its suitable energy band structure. After years of develop-
ment, although the oxygen precipitation activity of BiVO,
photoanodes has been dramatically improved, the poor photo-
stability of BiVO, photoanodes due to the dissolution of V°*
ions during photoelectrocatalytic processes has become a bot-
tleneck challenge that restricts its transition from the labora-
tory to practical applications. The main challenge of BiVO,
photoanodes lies in their photocorrosion problems, especially
the V°* dissolution leading to decreased stability. Xu et al.'”
designed Co0;0,/CoV-MOF/BiVO photoanode catalysts, which,
due to the presence of ligand defects and the formation of
a large number of unpaired sites in CoV-MOF, are able to
enhance BiVO, surface V°" bonding between V' ions and
CoV-MOF, thus effectively inhibiting the dissolution of V*" in

This journal is © The Royal Society of Chemistry 2025
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Fig. 24 Understanding the mechanisms of improved stability through PEC treatment. (a) and (b) Schematic diagrams of the interaction between
different types of MOF molecules and BVO surface, where (a) is the CoV-MOF without ligand defects (PEC-0 h) and (b) is the CoV-MOF with ligand
defects (PEC-20 h). Schematic diagrams of the electron transfer and bond length on interfacial V-O coordinated bonds for (c) PEC-0 h and (d) PEC-20 h.
The interfacial V-O bond energy of (e) PEC-0 h and (f) PEC-20 h. Local DOS plots of (g) PEC-0 h and (h) PEC-20 h, and corresponding -pCOHP of V-O

bonds for (i) PEC-0 h and (j) PEC-20 h.1°® Copyright 2025, ACS.

BiVO, during the hydrolysis process, and significantly improv-
ing photostability, stable operation for 500 h at 0.6 VRHE. The
interfacial V-O coordination bonds of PEC-0 h without ligand
defects and PEC-20 h with ligand defects are shown in Fig. 24a
and b, respectively, where the carboxyl group in CoV-MOF
interacts with the oxygen vacancies in the vanadium-oxygen
tetrahedra of BVO to form a V-O coordination bond. As shown
in Fig. 24c and d, the interfacial V-O bond of PEC-20 h has a
shorter bond length of about 1.92 nm compared with that of
PEC-0 h. Bader charge analysis of the O atoms also indicates
that the electron transfer in PEC-20 h (0.48 e) is higher than
that in PEC-0 h (0.05 e). As shown in Fig. 21e and f, PEC-20 h
with ligand defects showed a larger V-O binding energy of
2.44 eV. In contrast, the V-O binding energy of PEC-0 h was
only 0.87 eV, which is consistent with the V-O bond length.
Fig. 24g-j show the localized density of states (DOS) and the

This journal is © The Royal Society of Chemistry 2025

corresponding pCOHP of the V-O bonds of PEC-0 and PEC-20
h. It is clear that the V-O bond of PEC-20 h exhibits a larger
overlap of the density of states, which implies that the inter-
action between V and O atoms is stronger. The pCOHP effec-
tively reflects the charge distribution and chemical bonding
properties. The more positive the pCOHP value is below the
Fermi energy level, the more bonding states there are and the
stronger the bonds are. In Fig. 24i and j, PEC-20 h shows
stronger bonding states. Thus, the PEC treatment leads to
ligand defects in CoV-MOF, effectively inhibits the dissolution
of V atoms from the BVO lattice and leads to ultra-stable
hydrolysis properties.

5.4.2. Introduction of a co-catalyst. Photocatalytic corro-
sion refers to the gradual decomposition of a material under
light exposure due to its own redox reactions. Essentially, the
photogenerated charges (electrons and holes) are not effectively
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Fig. 25 Schematic presentation of the reaction process of overall water
splitting with the PUM sample under visible light irradiation.?°?

utilized in the water splitting reaction but instead participate in
the chemical reactions of the catalyst’s own components. The
methods for enhancing charge separation mentioned in Sec-
tion 4.2 can effectively mitigate photocorrosion. Additionally,
co-catalysts can be introduced. Co-catalysts promote charge
separation, reduce the recombination of photo-generated car-
riers within the catalyst, thereby mitigating oxidation corrosion
caused by hole accumulation, and significantly enhancing the
chemical stability of MOF catalysts in PEC water splitting.
Zhang et al.>*> developed a Pt@NH,-UiO-66@MnO, (PUM) hetero-
junction photocatalyst with spatially separated co-catalysts (Pt and
MnO,) for efficient water splitting. Compared to pure NH,-UiO-66
(PU), PUM exhibited significantly enhanced photocatalytic activ-
ity. This catalyst combines high activity and excellent stability
among reported UiO-66-based materials, with only a 0.6% activity
decline after six cycles. In this system, the Pt co-catalyst captures
electrons, while MnO, collects holes (Fig. 25). Photogenerated
charge carriers (electrons and holes) migrate within and outside
the MOF and accumulate on the corresponding co-catalysts to
participate in redox reactions, effectively suppressing electron-
hole recombination and prolonging their lifetime. All these results
indicate that the presence of spatially separated co-catalysts

Development of MOFs with

higher activity and their
derivatives as photocatalysts

Fig. 26 Future development directions for MOF photocatalysts.
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enables more efficient separation of photogenerated carriers
and an increase in photoreactivity, while avoiding reverse reac-
tions and suppressing photocorrosion.

6. Conclusion and prospects

Recent advancements in the utilization of MOFs and derivatives
for the photoelectrocatalytic splitting of water are reviewed.
Studies have demonstrated the robust catalytic activity of MOFs
and their derivatives in this process. Various critical factors
influencing photoelectrocatalytic hydrogen production are
extensively analyzed, including light absorption and utilization,
charge separation and transport, surface activity and catalyst
stability. Despite the promising prospects of this technology, it
is confronted with certain challenges and constraints.

1. Although MOFs are a class of crystalline porous materials
with tunable pore sizes, they have been shown to be highly
suitable for integrating different catalytic active species into the
pore space to enhance catalytic activity. For example, MOFs can
be used to accommodate metal nanoclusters. However, con-
trolling the size of MOF pores is challenging.>*® Furthermore,
photocatalytic water splitting is a liquid-phase dynamic pro-
cess, and the accessibility of active sites is a critical parameter,
with the diffusion of reactants being limited by the inherent
small pore size. Therefore, it is essential to exploit the potential
of pore engineering to improve the performance of MOFs in
diverse liquid-phase applications.***

2. The bandgap of MOF is usually wide and only absorbs UV
light with low utilization of visible light, limiting the solar
energy conversion efficiency.

3. Certain MOFs are prone to decomposition in aqueous
solutions or when exposed to light, particularly becoming
significantly deactivated over prolonged reaction times, and
specific organic ligands being easily degraded by additional
oxidants. Consequently, there exists an urgent need for the
development of high-efficiency and stable MOF photocatalysts.

N
? Designing novel MOF catalysts

Development of novel
photocatalytic systems
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4. The high interfacial resistance between the organic
ligands and inorganic nodes of MOF makes the photogenerated
electron-hole pairs easy to be compounded, resulting in short
carrier lifetime.

5. Scaling up the synthesis of MOFs from laboratory scale to
industrial production poses significant challenges, primarily
due to their high production costs and poor reproducibility.
Therefore, corresponding measures need to be taken to pro-
mote the commercialization and industrialization of MOFs.

Future direction of development:

The key to photocatalytic hydrogen production technology is
to improve the efficiency of photocatalysis and hydrogen yield.
To meet this challenge, significant efforts are still needed. MOF
materials used for water splitting can be explored in the
following aspects, as shown in Fig. 26.

1. In situ characterization: characterizing photocatalytic and
photoelectrocatalytic mechanisms under in situ conditions is
intricate. Employing time-resolved spectroscopy and operando
techniques is essential to dynamically monitor the reaction
interface process. This approach allows for a comprehensive
and precise understanding of the role of MOF-based materials
in the photoelectrocatalytic mechanism. Investigating photo-
generated charge generation, transfer, and reaction processes,
is conducive to elucidating the kinetic mechanism of photo-
electrocatalytic hydrogen production reactions, offering a more
scientifically grounded foundation for optimizing reaction con-
ditions. These studies will serve as a theoretical roadmap for
designing highly efficient catalysts.

2. Develop next-generation MOFs/MOF-derived photocata-
lysts with higher activity. Design strategies: (1) precise control:
precisely control the coordination patterns of metal nodes
(coordination number, geometric configuration) and organic
ligands (conjugated nature, connectivity) to precisely coordi-
nate and regulate the charge transfer pathways of MOFs. (2)
Multilevel pore structure design. Pores of different sizes serve
distinct functions, e.g., micropores (<2 nm) provide active
sites, mesopores (2-50 nm) facilitate mass transfer, and macro-
pores (>50 nm) enhance light penetration.”®>>°” This can
enhance activity by adjusting the pore structure of MOFs. (3)
Heterostructure construction and interface engineering:
Improve carrier separation efficiency. (4) Interdisciplinary inte-
gration: drawing inspiration from artificial photosynthesis
systems (e.g., liposome-MOF) and energy materials (e.g., per-
ovskite solar cells) to advance the development of novel
photoanodes.>*®?% (5) Development of co-catalysts: some
high-performance co-catalysts can significantly enhance the
efficiency of photocatalytic hydrogen production. For example,
when metal oxides such as MnO, form heterojunction struc-
tures with MOF catalysts and their derivatives, electrons and
holes accumulate on the co-catalyst and participate in redox
reactions, prolonging the lifetime of photo-generated electrons
and holes, thereby facilitating electron-hole separation and
improving hydrogen production efficiency. Additionally, pre-
cious metals such as Pt and Pd are commonly used as co-
catalysts to provide active sites that promote water splitting. In
the future, the development of efficient and stable composite

This journal is © The Royal Society of Chemistry 2025
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co-catalysts could further enhance the performance and stabi-
lity of photocatalytic hydrogen production.

3. Design of novel MOFs; currently, commonly used MOF
templates include zeolitic imidazolate frameworks (ZIFs), Uni-
versity of Oslo (UiO), and Material Institute of Lavoisier (MIL).
It is necessary to explore novel MOFs with designed structures
and active sites. By precisely arranging the active sites and
synergistically combining them with multi-level structures,
their light absorption capacity, charge separation, and migra-
tion performance can be improved.

4. The transition of MOF materials from laboratory-scale
synthesis to commercial-scale production and application faces
several challenges. (1) Presently, standardized protocols for the
synthesis and characterization of porous materials are insuffi-
cient. The absence of standardized methods makes it challen-
ging to compare different research results and ensure
experimental reproducibility. For example, establishing data-
bases, promoting data sharing, and enhancing research trans-
parency can significantly improve the reproducibility of porous
material research. At the same time, strict control of synthesis
parameters (such as time, temperature, pressure, concentration,
flow rate, specific surface area, etc.) is key to ensuring technical
reproducibility and reducing costs.”*® (2) Process greening: pro-
mote atmospheric pressure aqueous phase synthesis and contin-
uous flow technology, and phase out high-energy-consuming high-
pressure reactions.”’®*'' Raw material recycling: Establish a waste
ligand/waste MOF recycling network to promote the high-value
utilization of industrial waste.*">

5. Development of novel photocatalytic systems: Future
research must prioritize the design of innovative system archi-
tectures, optimize the integration of photocatalytic devices and
systems, reduce costs, and enhance practicality. Additionally,
reaction conditions must be optimized, and stringent energy
efficiency metrics must be established.

Overall, metal-organic frameworks (MOFs) and derivatives
offer unique advantages not present in conventional materials,
making them a promising platform for advancing photocatalysis
and photoelectrocatalysis in energy and environmental contexts.
The continuous technological progress enabling a more com-
prehensive exploration of these materials underscores their
potential for future applications in energy and beyond.
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