Coordination Chemistry Reviews 434 (2021) 213780

Contents lists available at ScienceDirect
Coordination Chemistry Reviews

journal homepage: www.elsevier.com/locate/ccr

Review
Metal-organic frameworks and their derivatives-modified n
photoelectrodes for photoelectrochemical applications i

Meiying Jia *°, Weiping Xiong

a,b,*

, Zhaohui Yang *>*, Jiao Cao*®, Yanru Zhang *", Yinping Xiang *°,

Haiyin Xu ¢, Peipei Song ¢, Zhengyong Xu ©

2 College of Environmental Science and Engineering, Hunan University, Changsha 410082, PR China

bKey Laboratory of Environmental Biology and Pollution Control (Hunan University), Ministry of Education, Changsha 410082, PR China

€ College of Environmental Science and Engineering, Central South University of Forestry and Technology, Changsha 410004, PR China

d College of Resources and Environment, Key Laboratory of Agricultural Environment, Shandong Agricultural University, Taian 271000, PR China
€ Hunan Provincial Science and Technology Affairs Center, Changsha 410013, PR China

ARTICLE

INFO ABSTRACT

Article history:
Received 31 July 2020
Accepted 6 January 2021

Artificial photosynthesis based on photoelectrochemical (PEC) strategy is another solar-to-chemical
energy conversion method besides photocatalysis. Owing to the diversity of structure and the adjustabil-
ity of synthesis, the metal-organic frameworks (MOFs) can enrich this important research field in the
form of constructing a photoelectrode. In addition to solving the problems of difficult recovery for pow-
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Photo-electrochemical sensor modified photoelectrodes are elaborated. Subsequently, special attention has been paid to the application

der and the easy recombination for carriers in photocatalysis, MOFs and their derivatives-modified pho-
toelectrodes can reasonably adjust the PEC activity at the molecular level and increase the contact area
between the electrolyte and electrode, thereby facilitating the diffusion of electrolyte and reaction sub-
strate in the electrode. In this review, we comprehensively reviewed representative studies in this area.
Firstly, functions of MOFs in photoelectrodes are outlined, and the various synthesis strategies of MOFs-

and mechanism of MOFs-modified photoelectrodes (MIL, ZIF, UiO and PCN) in photo-electrochemistry.
And we discuss the stability, reproducibility and reusability of MOFs-modified photoelectrodes. Finally,
the challenges and improvements of MOFs-modified photoelectrodes in promoting practical application
are proposed. Overall, MOFs and their derivatives-modified photoelectrodes achieved the integration of
adsorption, photocatalysis and electrocatalysis. Notably, the research in this field is in infancy, many
improvements are required before practical applications.

© 2021 Elsevier B.V. All rights reserved.

Contents

B O o 10 o T L et m T ) PPt 2
2. Functions of MOFs in PROtOEIECIIOAES . . . . . .ottt ettt e ettt e e e e e et et e e e e e e ettt e e 3
2.1.  Improving light utilization efficiency. . . ... ... ot e e e e e e 3

2.2.  Accelerating carrier separation effiCieNCY . .. ... ... . it e e 3

2.3. Increasing charge injection effiCienCy . . ... .. ottt e e e e 5

2.4. Optimizing the photoelectrode SIIUCLUTE. . . . . ..ttt ettt e e et et ettt e e e ettt e et e e et e et ettt eenanenn 5

3. The construction strategy of the PEC deVIiCe . . ... ... .ttt et et e et ettt e e e ettt ettt ettt 5
3.1.  Coating materials to form photoelectrodes . . . ... ... .. ittt et e e e e e 5

3.2.  Grow materials to form PhotOEleCtIOdES. . . . . ..o\ttt ettt ettt et et e e et e e e e e e 6

3.3. Evolving materials to form photoelectrodes . . ... ... ... ittt et ettt e e s 7

4.  Common MOFs series in PhotoeleCtIOdeS. . . . . ..ottt e ettt e et e ettt e et et ettt ettt ettt e e, 8
4.1. MIL-modified PEC PhotOleCtrodes . . ... ... .ottt et ettt et ettt e e e e e ettt et ettt 8
4.1.1. Indium-based MOFES . . ..ottt e e e e e e e e e e e e e s 8

* Corresponding authors at: College of Environmental Science and Engineering, Hunan University, Changsha, Hunan 410082, PR China.
E-mail address: xiongweiping@hnu.edu.cn (W. Xiong).

https://doi.org/10.1016/j.ccr.2021.213780
0010-8545/© 2021 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccr.2021.213780&domain=pdf
https://doi.org/10.1016/j.ccr.2021.213780
mailto:xiongweiping@hnu.edu.cn
https://doi.org/10.1016/j.ccr.2021.213780
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr

M. Jia, W. Xiong, Z. Yang et al.

Coordination Chemistry Reviews 434 (2021) 213780

4.1.2.  Titanium-based MOFS . .. ...ttt et e e e e e e e e e s 8

4.1.3. Iron-based MOFSs. . . ..ottt e e e e e e e e e e e e 10

4.2. ZIF-modified PEC PhotOoelectrodes . . . . ..ottt ettt ettt e e e ettt e et e e e e 12

4.3. UiO-modified PEC PhotOeleCtIOdes . . ... ...ttt ettt ettt e et ettt ettt ettt et et et et et ettt 14

4.4,  PCN-modified PEC PROtOEIECtIOES . . . . .ottt ettt et et et e e e e e e et et e e e e e et ettt ettt 15

5.  Stability, reproducibility and reusability of MOFs-modified photoelectrodes .. ........... ...ttt 16
6. Conclusion and OULIOOKS . . . . .ottt e e e e e e e e e e e e 17
Declaration of COmMPEting INEEIESE . . . ...ttt ettt ettt et e et et e et e ettt et et e e e e et et et e e e ettt et et e 18
ACKNOWIBA GO . . . . oottt t ettt et e e e e e e e e e e e e e 18

0 () 1 0 Lol 1PN 18

1. Introduction

The shortage of energy supply and the increase of environmen-
tal pollution caused by the increase in energy consumption have
become major challenges for the world in the 21 st century [1-
3]. According to the World Energy Technology Outlook-2050 pre-
diction, world energy consumption is estimated to be approxi-
mately double from 10 Gtoe today to about 22 Gtoe in 2050 [4].
The green energy utilization method has been utilized to address
the energy crisis [5-7]. In nature, the photosynthesis of chloroplast
can convert solar energy photochemistry into chemical energy.
Similar to natural photosynthesis, energy conversion has attracted
more attention from the scientific community [8-10]. To develop
more ways to use sustainable energy, artificial photosynthesis,
which converts CO, and H,O into high-value-added carbon prod-
ucts or clean H; fuel by using sunlight, [11-13] is gradually being
used to respond to sustainable development strategies. For a long
time, the use of solar energy has been an indispensable research
topic [14-16]. As early as 1970 s, Fujishima and Honda first
explored the photoelectrochemical (PEC) water splitting technol-
ogy, which combined solar energy with electrical energy to output
chemical energy more efficiently [17]. The PEC water splitting pro-
cess effectively combined the renewable energy required by the
photocatalytic system with electrocatalysis, and thus obtaining
higher catalytic efficiency.

PEC systems are hybrids of PV and EC systems, and they are
generally composed of two electrodes immersed in the electrolyte
and an external power supply. Among them, at least one electrode
must be a semiconductor material or semiconductor-like material
to be used as a photoanode or photocathode [18]. And the elec-
trode should have the functions of light-harvesting and electro-
catalysis simultaneously. The high efficiency of PEC progress is
attributed to the directed migration and rapid conduction of pho-
togenerated electrons by the external circuit, which effectively
suppresses the recombination of electron-hole pairs (e”/h* pairs)
[19]. Since the photoelectrode is a key part of the entire energy
conversion process, the efficiency of the PEC system is strictly lim-

Table 1
The properties and modification strategies of common semiconductors.

ited by the structure of the photoelectrode. Generally, the
researches of the photoelectrodes are focused on the construction
of photoanode via n-type semiconductor for the oxidation reaction
and the construction of photocathode via the p-type semiconduc-
tor for the reduction reaction [20]. In the construction process of
photoelectrodes, inorganic semiconductor materials are often used
as the electrode substrate. It must be mentioned that most semi-
conductors such as TiO,, BiVO,, Cu,0, Fe,03, still suffer many chal-
lenges, such as poor light collection performance, low electron-
hole separation efficiency, inappropriate absorption band gap,
and low catalytic activity (Table 1). After more than a decade of
development, coordination polymers have obtained considerable
attention due to their novel functions and exquisite structural
units [21-23]. Among them, as a kind of coordination polymers
with permanent porosity, metal-organic frameworks (MOFs) have
developed rapidly and are developed to meet many challenges in
the field of biological, energy and environment, such as gas separa-
tion, [24-26] organic pollutants adsorption, [27,28] catalytic reac-
tions, [29-32] chemical sensing, [33,34]| biomedical, [35-38] and
gas storage [39-42]. In the construction of the novel photoelec-
trode, regular structured MOFs exhibit outstanding synthesis
adjustability due to the changeable organometallic ions or clusters
and flexible organic ligands, [43-47] which is beneficial to meet
the needs of traditional photo-electronic materials modification
and PEC performance improvement. In addition, after combined
with specific heat treatment, MOFs can further adjust their chem-
ical composition and their derived nanostructures can maintain
regular porosity and high surface area, [48-52] which accelerate
electrolyte into the electrode and form an increased contact area
between electrolyte and electrode. Therefore, MOFs and their
derivatives are considered as the ideal platform for solving the
challenges encountered in PEC systems.

As early as 2012, Hou et al. [53] had reported for the first
time that the MOFs thin film was deposited uniformly on the
glassy carbon electrode (GCE), and provided insights on the
application of the MOFs thin film as a PEC sensor. They used
4-carboxyphenyldiazonium salt to modify GCE and thus introduc-

Sample Band gap Advantage Disadvantage Modified strategy

TiO, 3.0-3.2 eV Wide chemical stability Low charge carrier mobility Doping-deposition
Large availability Narrow absorption range Doping-sensitization
Photocatalytic activity High electrical resistivity Deposition-coupling

BiVO4 24-25eV Crystal structure stability Low specific surface area Nanostructure modification
High light quantum Poor quantum utilization Surface engineering
e~ transmission efficiency Low e~ /h* separation efficiency Heterojunction

Cu,0 2.0-2.2 eV High hole-mobility Low stability Co-catalyst deposition
Non-tox Light corrosion Tuning crystal facets
Generally abundant Much grain boundary defect states Atomic layer deposition

Fe,05 2.1-22eV Recyclability Indirect band gap transitions Nanostructure design

Excellent earth-abundant
Harvesting of visible light

Short excited-state lifetime 10-12 s
Short hole diffusion length 2-4 nm

Z-scheme heterojunction
Heteroatoms doping
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ing carboxyl groups into the surface of GCE, which solved the prob-
lem of poor hetero-nucleation of MOFs crystals on supports. The
preparation method of the MOFs thin film gave important guidance
for expanding the application of other materials as supports. Simul-
taneously, due to the self-assembled monomolecular (SAM) could
interact specifically with metal-cluster secondary-building unit,
the research team used 3-aminopropyltriethoxysilane (APTES) as
the SAM and prepared a (110) oriented ZIF-8 thin film on the APTES
functionalized indium tin oxide (ITO) electrode [54]. The research
of this highly oriented ZIF-8 thin film on electrode was once again
laid the basis of MOFs thin film in PEC applications. Up to now,
although the researches on MOFs photoelectrodes is limited, it
has performed well in many PEC applications. For example, Zhang
et al. [44] used aminated titanium-based MOFs-sensitized TiO,
nanowire as a photoanode for solar water splitting in 2016, which
successfully increased the photocurrent to nearly 100% under visi-
ble light. At the same time, Sun et al. [55] used ZIF-8-derived car-
bonaceous material as the counter electrode in dye-sensitized
solar cells, and the results showed that the efficiency of the
obtained the solar cell based on carbonaceous materials was
7.32% under the illumination of Air-Mass (AM) 1.5G, which was
comparable to that based on Pt electrode under the same condi-
tions. In addition, in terms of PEC reduction of CO,, Deng et al.
[56] developed a new type of photocathode formed by coating
MOFs (Cuz(BTC),) on the surface of Cu,O photocathode in 2019.
The ideal interface formed on the Cu,O substrate promoted the
transfer of electrons from the Cu,0 substrate to the surface of MOFs
layer to achieve enhanced PEC-CO, release.

In recent years, the researches on the application of MOFs in
photo-electrochemistry has made many innovative achievements,
it is necessary to summarize the research progress of MOFs in
photo-electrochemistry and thus laying the research foundation
in this field. Unfortunately, there is little review on the use of MOFs
and their derivatives-modified photoelectrodes for PEC applica-
tions. According to our search, in 2019, Deng et al.’s review entitled
Metal-organic frameworks for artificial photosynthesis via photo-
electrochemical route” is the only review on the PEC applications
of MOFs, [20] but this review only summarized some research
results on the advancement of light collection performance, the
improvement of charge dynamics and the promotion of co-
catalyst for MOFs-modified photoelectrodes. In this review, the
state of the developments in this field will be more comprehen-
sively summarized. We begin by reviewing the MOFs-modified
photoelectrodes construction principles and forming method. Sub-
sequently, we compare the PEC applications of common MOFs ser-
ies in photoelectrodes, including Materials of institute Lavoisier
(MIL), Zeolitic imidazole frameworks (ZIF), University of Oslo
(UiO) and Porous coordination network (PCN). And we discusse
the stability, reproducibility and reusability of MOFs-modified
photoelectrodes. In the end, we propose the future prospect with
remaining challenges. Toward the future development of MOFs-
modified photoelectrodes in artificial photosynthesis, this review
is aimed to elaborate the essential features and basic concepts
involving constructing MOFs and their derivatives-modified photo-
electrodes and optimizing the relevant performance, thereby
expanding the application of MOFs in photo-electrochemistry.

2. Functions of MOFs in photoelectrodes

In the process of forming PEC devices, MOFs play significant
roles in improving the efficiency and practicability of photoelec-
trodes, which are mainly represented from the following aspects:
(i) enhancing light harvesting capability, the light absorption range
is expanded; (ii) accelerating carrier separation efficiency, the
circuit-assisted separation is improved; (iii) increasing charge
injection efficiency, the heterogeneous interface mass transporta-
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tion is enhanced; (iv) optimizing the photoelectrode structure,
the catalytic activity of heterojunction is improved.

2.1. Improving light utilization efficiency

In the research of PEC system, light utilization efficiency is the
primary factor affecting solar energy conversion -efficiency.
Improving light utilization efficiency as much as possible plays
an important role in improving the performance of photoelec-
trodes. Oxides have different light utilization efficiency due to dif-
ferent inherent band gaps. TiO, exhibits a wide band gap (3.0-
3.2 eV) and low light utilization efficiency, [57-65] but it occupies
an important position in the exploration of photoelectrode mecha-
nism due to its diverse morphology, good stability, and high chem-
ical activity. Considering the controllable band gap and light
absorption, MOFs are considered to be an effective photosensitizer
[44,66]. For example, Song et al. [67] used solvothermal method to
decorate NH,-MIL-125 (Ti) nanoparticles (NPs) into an ordered
channel array of TiO, nanotubes (NTs) and fabricated TiO,-
NTs@Ti-MOF composite electrode to apply as an anode in photo-
catalysis. The maximum absorption peak of pure TiO,-NTs
appeared at 392 nm, and after compounding with Ti-MOF, the
absorption peak extended to 481 nm. Correspondingly, the band
gap of the composite electrode was also shortened from 3.2 eV of
pure TiO,-NTs to 2.3 eV. The results indicated that the heteroge-
neous band structure constructed by MOFs and semiconductors
is accompanied by excellent light utilization efficiency. Also with
wide band gap is ZnO (3.37 eV), Zhou et al. [68] successfully used
MOFs derivatives as photosensitizers to improve the light utiliza-
tion efficiency. They first grown ZIFs in situ on semiconductor
ZnO. In order to obtain huge surface area shells and rich porosity,
they sulfurized ZnO@Zn-ZIF, ZnO@Co-ZIF, and ZnO@ZnCo-ZIF.
Finally, they obtained honeycomb ZnO@ZnS, ZnO@CoS and
Zn0@ZnS/CoS heterojunction  photoelectrodes, respectively
(Fig. 1a). The structural properties after vulcanization provided
long incident photon transmission pathways and abundant
exposed active sites to achieve effective light absorption. As shown
in the ultraviolet-visible spectrum (UV-vis) (Fig. 1b), compared
with the original ZnO photoelectrode, the sulfide MOFs promoted
the photoelectrode spectrum to red-shift in different degrees.
Under full-spectrum illumination, the PEC performance of
Zn0@ZnS/CoS was far superior to the previously reported ZnO-
based photoanode [69-71].

Different from TiO, and ZnO, BiVO, (2.4-2.5 eV) gradually play
an increasingly important role in the research of PEC systems due
to the appropriate band gaps. In order to further improving the
light utilization, MOFs are also used as photosensitizers to extend
the absorption of visible light. Liu et al. [72] prepared an ultra-thin
MIL-101 (Fe) layer on the surface of Mo: BiVO,4 by a hydrothermal
method to construct a core-shell structured photoanode. The UV-
vis spectrum (Fig. 1c) showed that the UV-vis spectra of the orig-
inal BiVO, and Mo: BiVO, little difference in the spectra edge.
However, after the introduction of MIL-101 (Fe), the light absorp-
tion of the photoanode in the visible light region was significantly
improved. This indicated that the visible light responses of the
organic ligands and Fe-O clusters in the MIL-101 (Fe) structure
effectively changed the band gap of BiVO4 and expanded the pho-
toelectrode’s absorption of visible light.

2.2. Accelerating carrier separation efficiency

Ensuring that the photogenerated e~ /h* pairs are separated and
transferred to the active site is an essential strategy to improve the
PEC efficiency of photoelectrodes. By changing the building blocks
of MOFs, the highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO) energy levels can be
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Fig. 1. (a) Schematic illustration for the fabrication and the formation process of cellular ZnO@ZnS/CoS. (b) The UV-vis diffuse reflectance of ZnO, ZnO@ZnS, ZnO@CoS, and
ZnO@ZnS/CoS. (a-b) are reproduced with permission from Ref. [68]. Copyright 2018 Elsevier. (c) UV-vis spectra of BiVO,4, MIL-101(Fe)/BiVO,4, Mo: BiVO4 and MIL-101(Fe)/Mo:
BiVO, photoanodes. Reproduced with permission from Ref. [72]. Copyright 2020 Elsevier. (d) Schematic illustration of CoNi-MOFs/BiVO,. (e) Charge separation efficiency of
BiVO4 and CoNi-MOFs/BiVO,. (f). Evolution of H, and O, gases compared with the evolution expected from the current generation and the faradaic efficiency. (d-f) are

reproduced with permission from Ref. [116]. Copyright 2020 Elsevier.

Fig. 2. (a) Charge separation efficiencies (nsyf) of Fe,O3 and Fe,ZrOs-Fe,05. Reproduced with permission from Ref. [74]. Copyright 2020 Elsevier. (b) Charge injection
efficiencies for the different samples. (c) TEM and HR-TEM images of Fe,0;@ZIF-67. (d) A proposed mechanism of PEC water oxidation for Fe,0;@ZIF-67 composite. (b-d) are
reproduced with permission from Ref. [81]. Copyright 2019 Elsevier. (f) Scheme for the synthesis of TiO,@MOF nanorod array photoanode through layer-by-layer method.
Reproduced with permission from Ref. [82]. Copyright 2019 Springer. (g) Schematic of the synthesis process of Fe,03/MIL-101(Fe) core/shell film on FTO substrate via
surfactant-assisted solvothermal method. Reproduced with permission from Ref. [66]. Copyright 2018 Elsevier.

adjusted to better match semiconductor energy level and transport
carriers [20]. In addition, proper selection of organic ligands and
metal centers can also increase the charge carrier mobility of
MOFs, and thus partially avoiding photo-corrosion and improving
incident photon-electron conversion efficiency (IPCE). Recently,
Zhou's group [73] proposed a strategy to improve the charge sep-
aration efficiency at the electrolyte/semiconductor interface by

using bimetallic MOFs with variable valence. They used hydrother-
mal deposition method to deposit CoNi-MOFs uniformly on the
surface of BiVO, (Fig. 1d), and obtained a binary photoanode com-
posed of 3D bimetallic MOFs and BiVO,4. When irradiated by visible
light, the holes generated by BiVO, after absorbing photons
migrated to CoNi-MOFs, and Co?* and Ni?* captured the holes in
time and were oxidized to higher valence states (Co>*/Co*" and
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Ni>*/Ni*"). The high-valent metal ions subsequently became active
sites to oxidize the interfacial H,0 to O,. While the electrons were
transferred to the counter electrode via the external circuit and
participate in the water reduction reaction to generate H,. There-
fore, the photo-generated charges were effectively separated
(Fig. 1e). As shown in Fig. 1f, the ratio of oxygen and hydrogen pre-
cipitated by CoNi-MOFs/BiVO, was close to the theoretical value,
and the Faraday efficiency was about 90%, which further proved
that in this PEC system, most of the photogenerated charges were
separated in time to produce O, and H,. Correspondingly, the IPCE
of CoNi-MOFs/BiVO,4 had been improved, which was three times
that of pure BiVO,. In addition, Jiao and his colleagues [74] pro-
posed a strategy for trapping defects in the passivation layer to
improve the separation efficiency of e~/h* pairs. Passivation layers
were originally applied to semiconductor photoelectrodes to
reduce corrosion and improve their chemical or photochemical
stability when immersed in an electrolyte [75]. They used Zr-
MOFs as a precursor to deposit a surface passivation layer-
Fe,ZrOs on hematite, which could passivate the surface defects
and effectively decrease the electron-hole recombination [76-
78]. The charge separation efficiency at the solid-liquid interface
could thus be significantly enhanced [79]. The effect could be
proved from the results of the surface charge separation efficiency
of Fe,ZrOs-Fe;03 (Fig. 2a). Compared with Fe,0s3, Fe,ZrOs-Fe,03
exhibited a higher surface charge separation efficiency. In addition
to improving the efficiency of electron and hole separation, the
effective surface passivation layer could further reduce the initial
potential, thereby obtaining better PEC performance. Meanwhile,
the Fe,ZrOs layer could also provide Zr-doping in hematite, which
would significantly increase the donor density and thus the electri-
cal conductivity.

2.3. Increasing charge injection efficiency

The charge injection efficiency can intuitively reflect the influ-
ence of the photoelectrode on the reaction kinetics, thereby affecting
the performance of photo-electrochemistry [80]. In 2019, Li and his
colleagues [81] reported that the Fe,0;@ZIF-67 photoelectrode
exhibited high charge injection efficiency. At 1.23 V vs reversible
hydrogen electrode (RHE), the efficiency could reach 85%, which
was 1.6 times that of Fe,05 (Fig. 2b). The increased charge injection
efficiency was attributed to unique electrode structure. Specifically,
the ZIF-67 overlayer was encapsulated on the surface of Fe,03
nanorod uniformly (Fig. 2c). When the excited photo-generated
holes migrated from the valence band of Fe,03 to ZIF-67, the ZIF-
67 covering layer can effectively use the surface porous structure
to guide the holes into the electrolyte (Fig. 2d), thereby improving
the mass transfer ability of the heterogeneous interface. This was
ultimately reflected in the enhancement of the charge injection effi-
ciency from the photoanode surface to the electrolyte. Also for Co-
MOF, Yang and others [82] also formed a TiO,@Co-MOF photoanode
by coating p-type porphyrin-based MOF on TiO, nanorod array
(Fig. 2e). The TiO,@Co-MOF photoanode was vertically arranged
on Fluorine-doped tin oxide (FTO) electrical contacts, maintaining
the long optical path-length of a few photo-generated carriers
(holes) along the vertical axis of the nanorod, while allowing the
short optical path-length of most photo-generated holes along the
nanorod radius (transverse direction) to the photoanode/electrolyte
interface. The enhancement of the charge injection efficiency owing
to the porous surface with multiple reactive centers provided by the
p-type MOF coating and the charge extraction rate of Co?*.

2.4. Optimizing the photoelectrode structure

MOFs exhibit semiconductor-like properties, they can form
heterojunctions with semiconductor substrates to enhance

Coordination Chemistry Reviews 434 (2021) 213780

catalytic activity. Due to the synthetic adjustability of MOFs, the
tightness, effective contact area and response sites of the elec-
trodes formed by MOFs and semiconductor substrate can be effec-
tively improved by controlling the thickness of the MOF layer and
the size of the crystallites [81,83,84]. Dong et al. [66] used
surfactant-polyvinylpyrrolidone (PVP) molecules as intermedia to
controllably form ultra-thin MIL-101(Fe) shell on the surface of
Fe,03; nanorods (Fig. 2f). The semiconductor/MOFs core/shell
heterostructure increased active sites and realized efficient water
oxidation. During the growth of MOFs, PVP could serve as an
end-capping agent to control the morphology of MOFs nanoparti-
cles. And a tight connection between the nano-scale uniform
MIL-101(Fe) shell and the Fe,O3 core was formed simultaneously.
Finally, the synergistic effect of MOFs and hematite together
resulted in superior PEC performance. The composite photoanode
delivered a photocurrent density of 2.27 mA.cm 2 at 1.23 V vs.
RHE, which was about 2.3 folds of that of pristine Fe,0s. Li et al.
[81] developed similar research work. The research team also used
PVP as intermedia to grow ZIF-67 on the surface of Fe,03 nanorods.
Through the polar groups (pyrrolidone ring) and non-polar groups,
PVP could easily adsorbed on the solid surface, and thus enhancing
the affinity between electrode and electrolyte by the coordination
of the pyrrolidone ring and Co?*. Finally, Fe,0;@ZIF-67 photoelec-
trode with excellent water oxidation performance was prepared,
the evolution amount of H, was 12.5 pmol-cm~2h~!, and 0, was
5 umol-cm™2h~".

3. The construction strategy of the PEC device

According to the way that the conductive substrate participates
in the photoelectrode, we divide the construction strategy of the
PEC device during photo-electrochemistry into the following three
categories: (1) coating materials to form photoelectrodes; (2)
growing materials to form photoelectrodes; (3) evolving materials
to form photoelectrodes.

3.1. Coating materials to form photoelectrodes

The photoelectrode formed by coating material is constructed
by dispersing the synthesized material into the solution, then coat-
ing and fixing it on the conductive substrate with adhesive, and the
whole process is usually repeated 3-5 times, or even more. In this
method, Nafion is used as adhesive and ITO is widely used as a con-
ductive substrate due to the excellent optical and electrical proper-
ties [85]. As described in the method of Wang et al. [86] black
titanium dioxide (B-TiO;) dispersion, Bi,O3 dispersion and AuNPs
was dropped onto the ITO to obtain the AuNPs/Bi,03/B-TiO, photo-
electrode. Bi,03/B-TiO, nanocomposites were used as photoactive
material, and the AuNPs could anchored the m®A antibody. The
[Zrs04(0OH)4] clusters in UiO-66 could strongly bind with phos-
phate groups. After capturing m®A, Ui0-66 specifically attached
to the phosphate group of m®A. In addition, the high porosity of
Ui0-66 facilitated the enrichment of [Ru(bpy)s]**, and the excited
state electrons generated by [Ru(bpy);]** under visible light irradi-
ation could be transferred to the Bi,O3/B-TiO,/ITO photoelectrode
to boost the photocurrent response. In the final PEC sensor
(Fig. 3a), Ru@UiO-66 took the advantages of improving light collec-
tion efficiency and photoelectric conversion efficiency as the phos-
phate identification unit and signal amplification unit for detecting
mPA. Similarly, Gao et al. [87] coated CdS/Eu-MOF suspension on
the ITO conductive glass surface to produce CdS/Eu-MOF compos-
ite electrode. Yang et al. [88] prepared a NPC-ZnO electrode by
dropping NPC-ZnO nano-polyhedron suspension on the surface of
the ITO conductive glass and drying it in air. Cao et al. [89] used
Nafion to fix CuO on the surface of ITO and successfully prepared
CuO/Cu-BTC electrode. Liu et al. [90] also used the method of
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Fig. 3. (a) Schematic illustration of the fabrication procedure of the PEC immunosensor. Reproduced with permission from Ref. [86]. Copyright 2019 Elsevier. (b) Schematic
illustration of the preparation process of Fe-doped BiVO, modified with MIL-53(Fe). Reproduced with permission from Ref. [90]. Copyright 2018 Elsevier. (c) Schematic
illustrations of a) ZnO nanotubes, b) ZnO nanotubes with ZIF-8, and ¢) ZnO nanotubes with N-CD embedded ZIF-8. Reproduced with permission from Ref. [97]. Copyright 2019
Wiley. (d) Schematic of synthesis process of MIL-101(Fe)/BiVO4 and MIL-101/Mo: BiVO, shell-core films on FTO glass substrate via PVP-assisted solvothermal method.

Reproduced with permission from Ref. [72]. Copyright 2020 Elsevier.

dropping the precursor solution on the transparent conductive film
to prepare the photoelectrode. Differently, the conductive sub-
strate was lower cost FTO, and the electrode after coating and dry-
ing was further annealed at high temperature to obtain non-porous
iron-doped semiconductor/MOFs electrode (Fig. 3b).

In addition to the transparent conductive film as a conductive
substrate, sponge porous copper foam, nickel foam, etc., which also
exhibit excellent conductivity, can also participate in the construc-
tion of the photoelectrode as conductive substrate. In addition to
lower cost, the regularly spaced open-pore structures in the metal
foam could provide a high specific surface area for redox coupling
in the electrolyte and reduce the mass transfer limitations of the
electrolyte in the electrode [91]. Among them, nickel foam has a
unique three-dimensional porous structure, which is composed
of three-dimensional interconnected metal pillars with pores,
and exhibits electrical conductivity equivalent to that of metal foil.
It allows metal foam to serve as a good electron transport substrate
from the external circuit to the redox electrolyte when compared
with ITO and FTO. In addition, the nickel foam is beneficial to elec-
trodeposition, and allows the light to continuously refraction after
passing through so as to use the light more effectively when com-
pared with the mesh or plate structure [92]. Similarly, due to the
3D structure and high adsorption, copper foam is often used as a
collector electrode [93]. In related research, Cheng and his col-
leagues [94] mixed C-Zn/Co-ZIF catalyst, Nafion and Deionized
water (DI) together to coat on the foam copper. Copper foam was
used as a 3D conductive support, which could uniformly disperse
the C-Zn/Co-ZIF catalyst and effectively prevent the catalyst from
agglomeration. The photocathode showed specific selectivity to
high-end solar energy in PEC-CO, reduction.

3.2. Grow materials to form photoelectrodes

The photoelectrode formed by the coating method is simple and
fast to construct. However, it may fall off because the interface

between the material and the substrate has poor tightness, and
the mass transfer rate will be affected. Therefore, effectively
improving the mass transfer process has become a further research
direction for constructing photoelectrodes. Recently, materials
growing onto bare ITO/FTO surfaces have gradually become an area
of concern. Rouby’s research team [95] successfully obtained in-
situ grown Titanium dioxide nanorod (TDNR) on the FTO conduc-
tive glass by hydrothermal method. They put the solution mixed
with Titanium butoxide, HCI and DI together with FTO conductive
glass into a stainless-steel autoclave lined with Teflon to obtain
glass-FTO-TDNRs. Then, a dense and ultra-thin ZIF-8 film was
anchored on the surface of glass-FTO-TDNRs substrate to achieve
the in-situ modification of MOFs on the vertically oriented TiO,
surface. Jia et al. [96] also placed the FTO conductive glass in the
autoclave to obtain the FTO grown with ZnO@ZIF-8/67 nanorod
arrays. Han et al. [97] combined hydrothermal and selective etch-
ing methods to prepare ZnO-NTs on FTO glass, and calcined the
FTO substrate with ZnO-NTs in a 500 °C muffle furnace to remove
the surfactant. Then put it again in autoclave equipped with a mix-
ture of MOFs precursor and N-CD, with the conductive surface fac-
ing down. After layer-by-layer growth, ZnO/N-CD@ZIF-8
photoelectrode was obtained (Fig. 3c).

In addition to the traditional hydrothermal growth method,
Kaur et al. [98] used electrodeposition to help the material grow
on the FTO surface. They used TiO,/FTO glass as the work electrode.
Electrodeposited electrolyte was formed by single layer graphene
aqueous dispersion and Eu-MOF/DMF dispersion. The graphene-
MOF composite photoelectrode was obtained by immersing TiO,/
FTO in above solution and depositing it under constant applied
potential. Liu and others [72] have recently completed a similar
study. They used FTO as the working electrode and selected a KI
solution, Bi (NO3)3-5H,0, and anhydrous ethanol containing p-
benzoquinone as the electroplating solution of BiOI film. The
chemical conversion of BiOI to BiVO4 was then achieved by calcina-
tion (Fig. 3d) and the final MIL-101(Fe)/Mo: BiVO,4 photoanode was
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Fig. 4. SEM images of (a) TiO,-NTs and (b) Mn3(BTC),/g-C3N4/TiO,-NTs. Reproduced with permission from Ref. [ 108]. Copyright 2017 Elsevier. (c) Schematic diagram of ZIF-8/
NF-TiO, photoelectric catalytic removal of sulfamethazine. Reproduced with permission from Ref. [109]. Copyright 2020 Elsevier. (d) SEM image of 3D hollow-out TiO, NWc
electrode. (e) Preparation process of the 3D hollow-out TiO, NWc/GOx electrode, insets (a)-(c) are intended to show that the space utilization of the enzymatic reaction can be
extremely high. (d-e) are reproduced with permission from Ref. [101]. Copyright 2020 RSC.

obtained after doping with Mo and in-situ growing MOFs layer.
The target photoelectrode not only increased the hole diffusion
length but also improved the conductivity of photogenerated car-
riers. Ultimately, under simulated AM 1.5 G sunlight, the photocur-
rent density of the obtained photoanode in Na,SO, aqueous
solution could reach to 4.0 mA-cm~2 at 1.23 V vs RHE, which was
about 4 times that of the BiVO,4 photoanode.

3.3. Evolving materials to form photoelectrodes

The above electrodes form body electrode by combining addi-
tional conductive substrate with synthetic material. The PEC
behavior of the above electrodes is often limited by the perfor-
mance of the conductive substrate. Fortunately, the evolution of
the semiconductor itself to conductive substrate has solved the
problem well. At present, the common semiconductor substrates
in the research on constructing PEC devices are TiO,.

TiO, has the advantages of low toxicity, high stability, and
excellent catalytic activity. It participates in the construction of
PEC devices in the form of nanotubes, [67,99] nanorods, [100]
nanowires, [101] and nanoribbons [102,103]. The most popular
form is the nanotubes structure, which is mainly obtained by
anodizing. The researchers can prepare different nanotube mor-
phologies by controlling key factors such as electrolyte composi-
tion, [104,105] applied voltage, [106] and oxidation time [107].
Zhang et al. [108] used graphite plates as counter electrodes, and
immersed the titanium foil into electrolyte solution containing
ethylene glycol, NH4F, and ultrapure water. After being anodized

and heated, TiO,-NTs with an average inner diameter of about
46 + 11 nm were obtained as conductive substrate (Fig. 4a). Next,
graphite carbonitride (g-CsN4) and Mn3(BTC), was grown layer-by-
layer on the TiO,-NTs surface via liquid phase epitaxy method
(Fig. 4b). Similarly, Jia and others finished the anodization with
the electrolyte solution containing NaF and Na,;SO,4 [109]. In the
subsequent treatment, they obtained pyramid TiO, by adding
NH4F powder into the muffle furnace to change the calcination
atmosphere. Then ZIF-8/NF-TiO, photoelectrodes were prepared
by in-situ growth for photo-electrocatalysis degradation of sul-
famethazine (Fig. 4c).

However, the nanotubes obtained by anodized Ti foil generally
have a lower Ti foil utilization rate, lower diffusion efficiency and
conversion frequency due to the low permeability of the sheet
material. Recently, Yang and his colleagues [101] proposed a strat-
egy, they selected titanium metal mesh for anodization, and the 3D
hollow-out TiO, nanowire cluster (NWc) obtained was more con-
ducive to the exposure of the active site (Fig. 4d), the diffusion of
the matrix and products. They divided the net into blocks, and ano-
dized titanium mesh in an electrolyte composed of NH4F, water,
and ethylene glycol. The unique hollow nanocarbon structure of
3D hollow-out TiO,-NWc increased the exposed area of the active
site, and the network structure greatly improved the diffusion rate
between the substrate and the solution (Fig. 4e).

In addition to the anodizing method, Jiao’s team [110] devel-
oped another suitable TiO, matrix to host MOFs. Firstly, the team
put the clean Ti foil and HCl into a stainless-steel autoclave lined
with Teflon to prepare TiO,. Subsequently, the Ti>* doped TiO, sub-
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Table 2
MOFs and their derivatives-modified photoelectrodes for PEC applications.
Series Photoelectrode PF of MOFs Photo-electrocatalyst IPCE PEC application Ref.
MIL photoanode MOFs MIL-68(In)-NH,/MWCNT/CdS NA Sensor [111]
MIL photoanode MOFs NH,-MIL-125(Ti)/TiO, 84.4% Water splitting [112]
MIL photoanode derivatives M-TiO,/CdSe@CdS 42.0% Water splitting [113]
MIL photoanode derivatives TixFe,_4Oy/Fe;03 47.0% Water splitting [114]
MIL photoanode MOFs O-CNTs@MIL-88B(Fe) NA Sb (1) decontamination [115]
MIL photoanode MOFs MIL-100(Fe)/TiO, 47.0% Water splitting [116]
MIL photoanode MOFs MIL-101(Fe)/Mo: BiVO,4 46.8% Water splitting [72]
MIL photoanode MOFs MIL-53(Fe)/Fe: BiVO,4 NA Water splitting [90]
MIL photoanode MOFs Fe,03: Ti/NH,-MIL-101(Fe) 42.3% Water splitting [66]
MIL photoanode MOFs Fe,03/MIL-101(Fe) 26.6% Water splitting [117]
MIL photoanode MOFs Fe,03/MIL-53(Fe) NA PNP degradation [12]
ZIF photoanode MOFs Fe,0;@ZIF-67 23.3% Water splitting [81]
ZIF photoanode derivatives ZnCdS@MoS, NA Sensor [118]
ZIF photocathode MOFs C-Zn/Co-ZIF NA CO, reduction [94]
ZIF photoanode MOFs ZnO/N-CD@ZIF-8 7.2% Water splitting [97]
ZIF photoanode MOFs ZIF-67|CNTs-g-C3N4/TiO, NA Sensor [119]
uio photoanode MOFs [Ru(bpy)s]**@Ui0-66 8.0% Sensor [120]
uio photoanode MOFs Au/UiO-66(NH,)/CdS NA Sensor [121]
PCN photoanode MOFs Cgo@PCN-224 NA Sensor [122]
PCN photoanode MOFs PCN-224/rGO NA Sensor [123]

3 PF: participation forms.

5 [PCE: incident-photon-to-electron conversion efficiency.
) PNP: p-nitrophenol.

9 NA: Not available.

strate was obtained after TiO, being placed again in stainless-steel
autoclave lined with Teflon containing N,H4 aqueous solution. The
presence of Ti>" increased the surface defects and enhanced the
interaction between the ligand in the MOF precursor solution
and the TiO, surface, which was beneficial to the subsequent
one-pot synthesis method for heteroatom doping and oxide sur-
face modification. Applying the above strategies, they successfully
obtained In-Ni/N/TiO, photoelectrode.

4. Common MOFs series in photoelectrodes

MOFs commonly used in PEC applications include MIL series,
ZIFs series, UiO series, and PCN series. In addition, derivatives of
MOFs have also been reported to be used in PEC systems due to
their significantly improved photo-electrochemical performance
(Table 2). In the following section, the performance and mecha-
nism of these MOFs and their derivatives in PEC applications will
be discussed in detail.

4.1. MIL-modified PEC photoelectrodes

The study of MOFs-modified PEC photoelectrodes is still in the
preliminary stage, and the research basis is relatively weak. Among
various MOFs series, the research work of MIL series of MOFs-
based photoelectrodes is relatively rich and mature. MIL is mostly
synthesized by the interaction of iron, aluminum, chromium and
other metal ions with organic ligands [124]. And common MIL-
modified PEC photoelectrodes include indium-based MOFs,
titanium-based, and iron-based.

4.1.1. Indium-based MOFs

At present, the research on indium-based MOFs modified pho-
toelectrodes for photo-electrocatalysis is very limited. For exam-
ple, Zhang’'s team [111] studied indium-based MOFs
photoelectrodes by in-situ deposition. The transmission electron
microscopy (TEM) image showed that pure CdS was aggregated
nanospheres (Fig. 5a). After adding MIL-68(In)-NH,/MWCNT, the
growth and aggregation of CdS nanoparticles could be effectively
inhibited (Fig. 5b). It could be seen from the HRTEM image
(Fig. 5¢) that CdS nanoparticles form a tight contact with MIL-68

(In)-NH,, and together with the functionalized MWCNTs, adjusted
the electron transport path and further promoted the transfer and
separation of carriers. The obtained MIL-68(In)-NH,/MWCNT/CdS
composite electrode could react with tetracycline (TC) molecules
to form a PEC sensor through specific interaction, and the fluctua-
tion of the photocurrent signal successfully respond to the concen-
tration range of 0.1 nmol-L™! to 1 umol-L~! TC content.

4.1.2. Titanium-based MOFs

Due to the abundant optical research foundation of TiO,,
titanium-based MOFs are also being considered for the construc-
tion of photoelectrodes. In the research of photoelectrodes, the
common Ti-based MOFs is MIL-125 (Ti), which is composed of
quasi-cubic tetragonal system and octameric TigOg(OH)4 oxo clus-
ters connected with amino-dicarboxylate linkers. The key features
are high porosity, presence of tetragonal (6.1 A) or octahedral cav-
ity (12.5 A), accessible micropores (5-7 A), and good chemical sta-
bility in organic solvents. Sharma et al. [99] reported that a
composite electrode of MIL-125 (Ti) and single-walled carbon nan-
otubes (CNT) was used as the active photoelectric layer in dye-
sensitized solar cells (DSSC). The CNTs provided excellent electrical
conductivity, and MIL-125 (Ti) enhanced the light absorption
capacity and used the porous nature to minimize charge recombi-
nation. Finally, the power conversion efficiency of MIL-125/SWCNT
DSSC increased from 2.68% of MIL-125(Ti) to 5.26%. NH,-MIL-125
(Ti) is an excellent photocatalyst with 2.6 eV band gap, and its tita-
nium oxide cluster is coordinated with an organic linker (i.e. 2-
aminoterephthalic acid) [125]. It exhibits higher water stability
than MIL-125(Ti), enabling semiconductor applications under visi-
ble light. Yoon et al. [112] designed the structure of the TiO, nanor-
ods coated with the photosensitive NH,-MIL-125(Ti) to study the
performance of MOF/semiconductor heterojunction photoelec-
trode in PEC water splitting. The (II) band arrangement (Fig. 5d)
was beneficial to the electrons transfer from the conduction band
(CB) of NH,-MIL-125(Ti) to the CB of TiO,. Under the light of AM
1.5G, the photocurrent density of NH,-MIL-125(Ti)/TiO, could
reach to 1.63 mA-cm~2 at 1.23 V vs RHE, which was 2.7 times that
of the original TiO, nanocrystals.

In addition to directly forming heterojunctions with semicon-
ductors, MOFs can also combine with semiconductors in the form
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Fig. 5. (a) TEM images of CdS and (b) MIL-68(In)-NH,/MWCNT/CdS. HRTEM image of (c) MIL-68(In)-NH,/MWCNT/CdS. (a-c) are reproduced with permission from Ref. [111].
Copyright 2019 Elsevier. (d) Schematic energy band diagram of the MIL (125)-NH,/TiO, NR heterojunction photoanode. Reproduced with permission from Ref. [112].
Copyright 2019 Elsevier. (e) Photocurrent density potential dependence of M-TiO, and C-TiO, sensitized by CdSe and CdSe@CdS. (f) Stability measurements (photocurrent
density as a function of time) of M-TiO, and C-TiO, sensitized by CdSe and CdSe@CdS photoanodes at 0.4 V versus RHE under AM 1.5 G illumination (100 mW-cm™2). (g)
Transient PL spectra of ZrO,/CdSe, C-TiO,/CdSe, M-TiO,/CdSe, C-TiO,/CdSe@CdS and M-TiO,/CdSe@CdS. (e-g) are reproduced with permission from Ref. [113]. Copyright 2020
Elsevier. (h) Photo-current density vs. applied potential curves for TisFe; 4Oy/Fe,05 electrodes fabricated at six different Ti precursor additions and pristine Fe,03 nanorod

array electrode. Reproduced with permission from Ref. [114]. Copyright 2019 Elsevier.

of derivatives to exert more advantages. Shi et al. [113] explored
the work of colloidal quantum dots sensitizing MOFs-derived
TiO,. Specifically, they used NH,-MIL-125(Ti) as sacrificial tem-
plate to synthesize anatase-rutile mixed-phase TiO,, and used
core-shell CdSe@CdS quantum dots to sensitize TiO,, thereby
obtaining M-TiO,/CdSe@CdS. With the existence of a mixed phase
TiO,, the spatial separation of e~ and h* increased, further reducing
recombination effects. The favorable electronic band alignment of
the M-TiO,/QDs could extract a large number of e~ and h* from
QDs into M-TiO,, thereby contributing to the improvement of cur-
rent density. At 0.9 V vs RHE, the saturation photocurrent density
of M-TiO,/CdSe@CdS reached to 10.72 mA-cm 2, which increased
more than 47.6% than industrial pure anatase TiO, C-TiO,/
CdSe@CdS (7.24 mA-cm2) (Fig. 5e). Meanwhile, the shell-core
structure effectively isolated the core material from the QDs

surface chemistry and the surrounding chemical environment,
thereby reducing surface defects and improving the PEC stability
[126] (Fig. 5f). The tunable band gap and good energy band
arrangement of quantum dots, and the formation of controlled
mixed phases (anatase and rutile) were conducive to good electron
band orientation and fast charge transfer (Fig. 5g). Li et al. [114]
also did an excellent job in titanium-based MOFs derivatives.
They heat-treated in situ NH,-MIL-125(Ti) to form TisFe; 4Oy/
Fe,03 shell-core photoelectrode. When calcined at high tempera-
ture, uniform and ordered Ti ions in MOF enter Fe,03 to replace
part of Fe ions. The resulting structural defects could be used as
photogenerated holes trapping points, and promoted carrier sepa-
ration. The PEC performance of the composite electrode was signif-
icantly higher than that of the original Fe,O3 electrode, under
simulated illumination AM 1.5 G, the photocurrent density was
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Fig. 6. (a) SEM images of as-prepared CM hybrids. Reproduced with permission from Ref. [115]. Copyright 2020 Elsevier. SEM images for (b) TiO, and (c) MIL-100(Fe)/TiO,.
(d-h) Corresponding EDS elemental mappings for MIL-100(Fe)/TiO,. (i) Mott-Schottky plots at a specific frequency of 1 kHz. (j) IPCE spectra of TiO,, FFOOH/TiO, and MOI-100

(Fe)/TiO,. (b-j) are reproduced with permission from Ref. [116]. Copyright 2019 Wiley.

26.7 times that of Fe;03 nanorod array electrode (at 1.23 V vs. RHE)
(Fig. 5h).

4.1.3. Iron-based MOFs

Indium-based MOFs and titanium-based MOFs have played a
role in PEC applications, while iron-based MOFs have more appli-
cation advantages due to their low cost-effectiveness, wide distri-
bution range, high soil abundance and non-toxicity [127]. For
example, Li et al. [115] developed a PEC filter composed of CNTs
and iron-based MOF (MIL-88B(Fe)). The highly toxic Sb (III) was
simultaneously oxidized and adsorbed by Fe-based MOF, which
exhibited high affinity for Sb (V). As shown in the Fig. 6a, MIL-
88B(Fe) NPs were uniformly coated on the sidewalls of CNTs. CNTs
were used as conductive supports, and MIL-88B(Fe) was used as an
adsorbent and catalyst. The resulting hybrid filter has high specific
surface area and abundant carriers. Under the optimal synthesis
conditions, the Sb (Ill) transformation rate of the three-
dimensional network structure could reach 97.7 * 1.5%, and the
total removal rate of Sb (IlIl) was 92.9 + 2.3%. However, it must
be mentioned that due to the compatibility of the matrix, the for-
mation of the heterogeneous interface was always accompanied by
the introduction of defects, which reduced the carrier density in
some extent.

In response to this problem, Cui et al. [116] successfully modi-
fied MIL-100(Fe) prepared by the FeOOH sacrificial template
method on TiO, for PEC water oxidation, and the dense ultra-thin
MIL-100(Fe) film was tightly anchored on vertically oriented TiO,
nanorods surface. The Scanning electron microscopy (SEM) image
showed that the morphology of MIL-100(Fe)/TiO, was almost the
same as that of TiO, (Fig. 6b-c), which indirectly indicated that
MIL-100(Fe) existed in the form of ultrathin film. The Energy-
dispersive X-ray spectroscopy (EDS) (Fig. 6d-h) element mapping
more intuitively showed the uniform distribution of Fe and C ele-
ments around TiO, nanorods. When MIL-100(Fe) was modified
on the TiO, surface, rich unsaturated Fe-site active centers rapidly
consumed the captured photogenerated holes, and maintained a
high carrier density. This could be confirmed from the Fig. 6i,
MIL-100(Fe)/TiO, not only had a distinct positive shift of flat band
potential, but also had the gentlest slope. The in-situ modification
could produce strong graft bonds between heterogeneous inter-
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faces, effectively suppressing interface defects and reducing carrier
recombination. While the red shift of the IPCE curve of MIL-100
(Fe)/TiO, was not obvious (Fig. 6j), implying that the ultra-thin film
of the MIL-100(Fe) matrix bright new problems of limited light
absorption.

Liu et al. [72] utilized MIL-101(Fe) with good visible light
response as the shell layer and coated it on the Mo-doped BiVO,4
surface to obtain MIL-101(Fe)/Mo: BiVO, photoanode with high
light absorption capacity and high PEC activity. Due to the good
visible light response of MIL-101(Fe) shell layer, the photocurrent
density for the MIL-101(Fe)/BiVO, increased from 1.53 mA.cm 2
of BiVO, to 2.59 mA.cm~2. Under the synergistic effects of Mo-
doping and MIL-101 (Fe) coating, the photocurrent density of
MIL-101(Fe)/Mo: BiVO, continued to increase to 4.01 mA.cm 2,
which was 1.55, 2.52, and 3.64 times higher than that of MIL-101
(Fe)/BiVO4, Mo: BiVO,4 and BiVO, photoanodes, respectively
(Fig. 7a). In addition, the surface injection efficiency and charge
separation efficiency of MIL-101(Fe)/Mo: BiVO, were significantly
improved (Fig. 7b-c), and the separation efficiency was improved
to a greater extent than the injection efficiency, further indicating
that Mo doping and MOF coating promoted holes enter the water
through the electrode/electrolyte interface more quickly and were
utilized in time. Similar work has been carried out for efficient
water oxidation (Fig. 7d) [90]. The difference was that Fe was
doped into BiVO,4 to improve the stability of BiVO,4 and thus main-
taining the photocurrent of photoelectrode at a constant value
(Fig. 7e). During the doping process, iron ions replaced few of Bi
ions, improving the crystal structure of BiVO, and eliminating crys-
tal defects. Fe doping was not only beneficial to the stability and
light conversion efficiency, but also could cooperate with the co-
catalyst (MIL-53(Fe)) to further improve the light absorption
capacity and carrier separation efficiency (Fig. 7f).

The above work has confirmed that the formation of ultra-thin
films was conducive to ameliorate the performance of PEC, but the
quality of the film was not always satisfactory. Therefore, fine con-
trol of the MOFs coating was the key to achieving high PEC perfor-
mance. Dong et al. [66] used surfactant to controllably construct a
semiconductor/MOFs core/shell heterostructure for PEC water
splitting. They selected PVP molecules as mediators to controllably
grow ultra-thin MOF shells of a few nanometers thick on the sur-
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Fig. 7. (a) LSV curves of pristine BiVO,4, MIL-101(Fe)/BiVO,4, Mo: BiVO, and MIL-101(Fe)/Mo: BiVO, photoanodes. (b) and (c) the injection and separation efficiency for the
BiVO,4 photoanodes. (a-c) are reproduced with permission from Ref. [72]. Copyright 2020 Elsevier. (d) UV/Vis absorption spectra of Fe-doped BiVO4 with and without MIL-53
(Fe). (e) Current-time stability test and (f) Nyquist plots of the electrochemical impedance spectra of Fe-doped BiVO, with and without MIL-53(Fe). (d-f) are reproduced with
permission from Ref.[90]. Copyright 2019 Springer. (g) without PVP and (h) with PVP at 1.23 V vs. RHE, under chopped under AM 1.5G simulated sunlight of 100 mW-.cm~2, (i)
Transient absorption decay curves at 570 nm of different photoanodes upon 355 nm (200 pj-cm~2, 1000 Hz). (g-i) are reproduced with permission from Ref. [66]. Copyright

2018 Elsevier.

face of Fe,03; nanorods. Although the samples prepared without
PVP also exhibited enhanced visible light absorption (Fig. 7g), the
photocurrent shown by the composite electrode was similar to
the Fe,03: Ti electrode, which indicated that the Fe,O; nanorods
might have poor contact with the MOF nanoparticles. Notably,
when the thickness of the film increased, the conductivity would
decrease. (Fig. 7h). In addition, the author used ultrafast transient
absorption spectroscopy to report the dynamics of photogenerated
carriers (Fig. 7i). The Fe;03: Ti/MOF sample showed the fastest
decay on the picosecond time scale, with lifetime t, of 7.43 ps
for Fe,03: Ti/NH,-MIL-101(Fe) and 17.8 ps for Fe,03: Ti/MIL-101
(Fe). The rapid attenuation of the absorption signal meant that
holes were extracted by the MOF shell in time, and thus avoiding
being trapped by surface traps, which was beneficial to the separa-
tion of charge and the suppression of electron/hole recombination.
Similarly, Wang et al. [117] adjusted the photoelectric response
capability of the film by controlling the thickness of the MIL-101
layer. In order to avoid the problems of rapid nucleation and
agglomeration in the traditional solvent process, Wang et al.
improved to the construction method of heterojunctions. They
used chemical vapor deposition to prepare Fe,Os;/Fe-MOF nano-
hetero junction, and explored the influence of deposition time on
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the PEC performance. As we can see from the Fig. 8a, the continu-
ous dense film of Fe,03/MIL-101(Fe) was successfully formed. The
morphological identification results of TEM (Fig. 8b) showed that
there was no obvious interface boundary between Fe,03 NAs and
MIL-101(Fe) layer. The dense interfacial contact was be conductive
to the rapid carrier transmission between Fe,03 and MOF. Mean-
while, the effective suppression of carrier recombination was con-
firmed by linear voltammetry scan (LSV) results (Fig. 8c), and the
initial potential of Fe,03/MIL-101(Fe) was significantly negatively
shifted, which further proved more holes to participate in surface
water oxidation reaction.

Currently, the research on the construction of MOFs photoelec-
trodes for PEC application is relatively limited. Most of the research
is mainly focused on the water oxidation, and the function of pho-
toelectrode is relatively single. Zhang et al. [12] prepared a multi-
functional MOF-modified photoelectrode, which was composed of
magnetic Fes04 nanospheres decorated with MIL-53(Fe) micro-
rods. As shown in Fig. 8d and e, Fe;04 nanospheres were dispers-
edly anchored to the MIL-53(Fe) microrods surface. After adding
Fe,03, multifunctional hybrid magnetic composites (MHMCs) had
excellent magnetic sensitivity. And it exhibited near-zero coercive
force and remanence at room temperature, the saturation magne-
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Fig. 8. (a) SEM images of the F/M-60. (b) The magnified TEM image of the F/M-60. (c) LSV curves of Fe,O3, MIL-101 and Fe,05/MIL-101 photoanodes. (a-c) are reproduced
with permission from Ref. [117]. Copyright 2019 RSC. (d) and (e) SEM images of MHMCs. (f) Magnetization hysteresis curve of the MHMCs. (e-f) are reproduced with

permission from Ref. [12]. Copyright 2014 The Royal Society of Chemistry.

Fig. 9. (a) IMPS plot of Fe,03 and Fe,0;@ZIF-67 photoanodes. Reproduced with permission from Ref. [81]. Copyright 2020 Elsevier. (b) Schematic illustration of fabrication of
hierarchical hollow ZnCdS@MoS; hetero-structured cages. (¢) ZnCdS@MoS; hetero-structured cages. (b-c) are reproduced with permission from Ref. [118]. Copyright 2020

Elsevier.

tization of MHMCs could reach 11.47 emu-g~!' (Fig. 8f). Under vis-
ible light irradiation, MIL-53(Fe) could be excited and generate
photocurrent via the d-d transition spin-allowed by the iron-oxo
cluster of Fe**. The formed MHMCs film could be used as a photo-
electrode to promote PEC water oxidation, and used as a photocat-
alyst in the visible light catalysis process mediated by H,0,.

4.2. ZIF-modified PEC photoelectrodes

ZIF are a subclass of MOFs with the same topologies and water
stability as aluminosilicate zeolites [128]. In addition to N~ moi-
eties and OH groups, unsaturated cations (acidic centers) located
on the external surface are served as the basic active centers of ZIFs
[129]. The synthesis conditions of ZIFs are relatively mild, and can
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be synthesized even at room temperature. Therefore, ZIFs are not
be limited by the synthesis conditions in the construction of PEC
devices, and they also perform well in the construction of PEC
devices. In the latest research, Li et al. [81] completed the work
of growing ZIFs coating on semiconductors. Due to the high-
efficiency electrocatalytic water oxidation activity of ZIF-67 in
alkaline electrolyte system, Li and his colleagues grew ZIF-67 on
o-Fe;03 nano array for PEC water splitting via a simple surface-
assisted controlled synthesis method. The abundant cobalt and 2-
methylimidazole ligands of ZIF-67 acting as redox mediators and
proton transfer centers, could lead to charge separation capacity.
The results of the intensity modulation photocurrent spectroscopy
(IMPS) (Fig. 9a) on the charge transport characteristics displayed
that the introduction of ZIF-67 increased the hole-to-surface flux,
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Fig. 10. N 1s XPS spectra of (a) 1 h-C-Zn/Co ZIF, (b) 2 h-C-Zn/Co ZIF and (c) 3 h-C-Zn/Co ZIF. Co 2p XPS spectra of (d) 1 h-C-Zn/Co ZIF, (e) 2 h-C-Zn/Co ZIF and (f) 3 h-C-Zn/Co
ZIF. (g) Four possible geometries of the Co-N sites (grey atom: carbon atom, blue atom: nitrogen atom, yellow atom: cobalt atom). (h) Free energy pathways of ethanol
producing process on four possible Co-N sites. (i) Carbon atom conversion rate and H, generation rate with various catalysts applied of CO, photoelectrochemical reduction
over various catalysts of Zn/Co ZIF and C-Zn/Co ZIF catalysts. (a-i) are reproduced with permission from Ref. [94]. Copyright 2019 Elsevier.

thereby reducing the surface charge recombination, and acceler-
ated water oxidation reaction kinetics.

Apart from being grown on the semiconductor surface and used
directly in the construction of PEC devices, ZIFs also excel in the
preparation of functional materials with specific morphologies as
precursors. For example, Zhang et al. [118] first constructed a
C@ZnCdS polyhedron cage by the simple sintering method. To fur-
ther promote the separation of photogenerated carriers,
ZnCdS@MoS, heterostructure cage was constructed to obtain a
more intimate contact between the heterojunction interface
(Fig. 9b). The new heterostructure cage exhibited higher charge
separation efficiency through the customized morphology and inti-
mate contact between the heterojunction interface. And the simul-
taneously formed multi-layer hollow heterostructure (Fig. 9c)
could promote more photo-harvesting by multilight scattering/re-
flection, and thus improving the ability to capture visible light.
Meanwhile, the aggregation of MoS, was also greatly weakened
by the layered hollow heterostructure. Finally, compared with
ZnCdS and MoS,, the PEC response of ZnCdS@MoS, was improved
by 3.1 times and 47.3 times, respectively. And the detection limit of
the obtained PEC sensor for Lincomycin was 7.6 x 10~!! mol-L™!
and the linear response range was 1 x 1071°-3 x 1077 mol-L™".
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Considered that higher charge transfer capacity and adsorption
capacity of the carbon-based catalyst obtained after pyrolysis,
Cheng et al. [94] also had done research on ZIF-derivatives. The
team directly pyrolyzed Zn/Co-ZIF, which could act the source of
nitrogen-carbon. They used N doping to change the electronic
and geometric properties of the catalyst, and simultaneously stud-
ied the catalytic effect of Co-N sites. X-ray photoelectron spec-
troscopy (XPS) results showed that the proportion of metal-N in
1h-C-Zn/Co-ZIF, 2h-C-Zn/Co-ZIF and 3h-C-Zn/Co-ZIF compounds
decreased (Fig. 10a-c), while the proportion of Co species increased
(Fig. 10d-f). In line with the Co-N coordination principle, the team
defined several possible Co-Ny (x > 4) geometries (Fig. 10g). To
study the CO, photoelectrochemical reduction reaction (CO, PRR)
and its catalytic activity on possible structures, they calculated
the free energy of intermediates involved in producing ethanol
reaction pathways on each Co-Ny geometry. In general, the free
energy of the intermediate product G*COH*CO can best reflect
the selectivity of CO, PRR to higher-order liquid fuels. According
to the Density functional theory (DFT) calculation results
(Fig. 10h and i), CoN3V had the lowest free energy at G*COH*CO,
indicating that the unsaturated CoN3V site in C-Zn/Co-ZIF had
the most excellent catalytic activity. Correspondingly, the CO,
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Fig. 11. (a-e) HAADF images and (f) HRTEM image of ZnO nanotubes with N-CD embedded ZIF-8. (g) UV-vis absorption spectra of ZnO nanotubes, ZnO nanotubes with ZIF-8,
and ZnO nanotubes with N-CD embedded ZIF-8. (h) Density of electronic states and (i) optical absorption spectra for ZnO (10-10) surface, ZnO (10-10) with adsorbed
coronene (Cor), and ZnO (10-10) with adsorbed N-coronene. (a-i) are reproduced with permission from Ref. [97]. Copyright 2019 Wiley.

PRR experiment showed the 1h-C-Zn/Co-ZIF catalyst had the high-
est selectivity for high-order liquid fuels (Fig. 10j), and the total
carbon atom conversion rate reached to 5459 nmol-cm~2h~!. Com-
bining XPS and CO, PRR experimental results, the author believed
that 1h-C-Zn/Co-ZIF catalyst contained most CoNsV sites. The
above characteristics of the catalyst are conducive to the binding
of intermediate products on the surface, making it easier to pro-
duce higher-order products.

Han and his colleagues [97] had also done research on N doping.
Interestingly, this was a work on nitrogen-doped carbon dots (N-
CDs). They used ZIF-8-derivative ZnO as the host and N-CDs as
the guest. The obtained photoelectrode exhibited enhanced light
absorption and improved photocurrent density. TEM images and
corresponding EDX showed that ZIF-8 and N-CDs were homoge-
neously distributed on ZnO surface (Fig. 11a-f). The N-CD embed-
ded ZIF-8 on ZnO-NTs not only provided facile electron pathway
because of their ordered structure (Fig. 11g), but also increased
the light harvest range and promoted the separation of e /h* pairs.
The author further examined the light absorption capacity through
DFT calculation (Fig. 11h and i). The density of electronic states
indicated that when coronene or N-doped coronene (CorN2pyr)
were added to ZnO, the band gap value was reduced: 2.93 eV for
Zn0, 1.96 eV for ZnO + CorN2pyr, confirming that N-CDs would
change Fermi energy level arrangement to form red shift.
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The above work on ZIFs had focused on the research of a single
photoelectrode, while Dou et al. [119] had grown ZIF-67 and ZIF-8
on the CNTs-g-C3N4/TiO,-NTs, respectively. And they constructed
the PEC-H,0, sensor with the obtained photoelectrode. The same
pore size of ZIF-67 and ZIF-8 could effectively avoid the diffusion
of substances in the coating and allow the diffusion of H,O, mole-
cules, and thus obtaining a coating with catalytic effect and mole-
cule filtering effect. Since ZIF-67 has good catalytic effect on H,0-,
and ZIF-8 has no catalytic effect on H,0,, ZIF-67/CNTs-g-C3N,4/
TiO,-NTs was used as a sensitive photoelectrode, while ZIF-8/
CNTs-g-C3N4/TiO,-NTs was used as the reference photoelectrode.
The sensitivity of the sensing photoelectrode to H,0, was higher
than that of the reference photoelectrode, and the difference strat-
egy was used to effectively eliminate the interference of the larger
size molecules on the photoelectrode surface. Finally, a high sensi-
tivity and anti-interference ability PEC sensor was obtained with
1.5 nmol L~! detection limit for H,0.

4.3. UiO-modified PEC photoelectrodes

Up to now, the MiLs-modified PEC photoelectrodes and ZIFs-
modified PEC photoelectrodes have excellent performance in water
oxidation, CO, reduction, etc. Compared with the first two, the UiO
series with good biocompatibility has also achieved new progress
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Fig. 12. (a) The electron-transfer mechanism of the PEC immunosensor. Reproduced with permission from Ref. [121]. Copyright 2018 Elsevier. (b) Brief procedure for
C60@PCN-224 assembly. (c) Proposed charge transfer mechanism of photocurrent generation of C60@PCN-224. (b-c) are reproduced with permission from Ref. [122].
Copyright 2020 American Chemical Society. (d) The design illustration of preparing PCN-224/rGO nanocomposite. (e) Illustration of the mechanism of photocurrent
enhancement through adsorption of p-ASA on the PCN/rGO electrode. (d-e) are reproduced with permission from Ref. [123]. Copyright 2019 The Royal Society of Chemistry.

in PEC biosensors. UiO is an important branch of MOFs and they are
synthesized with metal zirconium ions as the metal center [130].
This series of MOFs materials have broken through the limitations
of relatively small pore sizes like zeolites. Take UiO-66 as an exam-
ple, it is composed of [ZrgO4(OH)4] cluster compound and 1,4-
phthalic acid, has chemical stability, non-toxicity and good bio-
compatibility, and has high porosity to accommodate a variety of
photosensitive molecules [131]. Inspired by known oxides with
strong affinity for phosphate groups, Wang et al. [120] made the
assumption that the [ZrgO4(OH),] cluster in UiO-66 might have
strong binding ability to phosphate groups. In order to verify the
idea, they first prepared a phosphorylated kemptide-modified
TiO,/ITO electrode, and combined with UiO-66, which pores was
introduced [Ru (bpy)s]?*. Finally, a PEC biosensor for the detection
of ultrasensitive protein kinase A activity determination was suc-
cessfully obtained. This report confirmed the high affinity of the
Zr-0 clusters for phosphate groups, and the Zr-O-P bonds could
be used as anchorages to identify phosphate groups. Therefore,
the high affinity for phosphate groups made UiO more useful for
the enrichment of phosphates and phosphonates. Subsequently,
Wu et al. [121] also used UiO-66 as the anchorage of phosphate
group, and designed a novel PEC sensor via using multiple pho-
tocurrent signal amplification technology. They reduced Au NPs
in situ and modified the CdS NPs on the UiO-66(NH,) substrate,
thereby preparing a new PEC sensor-Au/UiO-66(NH;)/CdS for
diethylstilbestrol detection. During the detection process, the con-
centration of diethylstilbestrol could be directly reflected by the
photocurrent. As shown in Fig. 12a, the photogenerated e~ in the
CB of CdS could be injected into the CB of UiO-66(NH), and further
transferred to the ITO electrode. Au NPs could inject hot electrons
into the CB of CdS and UiO-66(NH,) while accelerating electron
transfer. Similarly, the e- in CdTe would be quickly injected into
CdS due to the matching energy levels. The holes (h*) generated
in Melem and UiO-66(NH,) would be transferred to the VB of
CdS and react with H,O to generate O,. The designed PEC
immunosensor linear range was from 0.1 pg-mL~! to 20 ng-mL!,
and the detection limit was 0.06 pg-mL~".
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4.4. PCN-modified PEC photoelectrodes

The PCN are composed of multiple cubic octahedral cages and
forms a cage-channel topology in space [132]. Due to the excellent
photoelectric activity and environmental stability, the research on
the application of PCN series materials in photoelectrodes focuses
on PCN-224. It is a porphyrin MOF with carboxyl-group terminals,
composed of ZrgO4(OH)4 cluster and organic porphyrin ligand.
[133]. Inspired by the work of Hu et al., Zhou et al. [122] success-
fully coupled C60 with PCN-224 under the driven by m-r interac-
tion and physical adsorption via the strong binding
characteristics (Fig. 12b). After coupling, the cubic shape of PCN-
224 was basically maintained, and some nanoclusters C60 were
observed on the cubic outer surface, Cgg and PCN-224 could both
absorb photons to generate excited e™. Due to the relatively nega-
tive lowest unoccupied molecular orbital of PCN-224, the photo-
generated e~ were transferred from PCN-224 to C60, and further
entered into electrolyte to produce O,-~. Simultaneously, the pho-
togenerated h* of C60 were transferred to PCN-224 and were fur-
ther removed by ITO electrons. Therefore, the donor-acceptor
system constructed in PCN-224 and Cg facilitated the photogener-
ated electron transformation and suppressed carrier recombina-
tion (Fig. 12c). In the end, the team took advantage of the
carboxyl terminus of PCN-224 as an efficient binding site for bio-
molecules to obtain a highly selective and sensitive PEC sensor
Cso@PCN-224. They used nano-hybrids as probes and nano-
bodies as recognition unit to detect ST00B and obtained consider-
able sensing performance.

Peng et al. [123] also did a research on the use of PCN-224 in
PEC sensors for p-arsanilic acid (p-ASA). They used solvothermal
method to in-situ grow PCN-224 on the surface of graphene oxide
(GO), and used the formation of Zr-O-As from the coordination
between PCN/rGO and p-ASA to construct the PEC sensor
(Fig. 12d). Differently, the PCN-224/rGO nanocomposite photoelec-
trode served as the photocathode. The organic porphyrin ligands in
PCN-224 were considered as light-harvesting elements. Under the
light excitation, e~ was pumped from the valence band (HOMO) of
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PCN-224 to the conduction band (LUMO). During this process, the
dissolved O, might be reduced to superoxide radicals (0,-7) by
photogenerated e, thereby promoting the cathodic photocurrent.
As can be seen from the mechanism diagram (Fig. 12e), as an
adsorbate, p-ASA adjusted the energy band position of the PCN/
rGO, weaken the electric field strength, and short the distance of
the depletion layer. Of course, the photo-generated e~ could more
easily cross the weaker interfacial electric field over a shorter
depletion layer to reduce O,, which generated increased photocur-
rent. Therefore, the composite achieved high PEC signal.

5. Stability, reproducibility and reusability of MOFs-modified
photoelectrodes

Considering the practical application, the stability, reproducibil-
ity and reusability of MOFs and their derivatives-modified photo-
electrodes are essential. At present, many studies have evaluated
the stability, reproducibility and reusability (Table 3). Generally,
stability can be evaluated from two aspects: structural stability
and performance stability. Firstly, it is important to know whether
the photoelectrodes can maintain their initial structures during the
photo-electrocatalysis process. Li et al. [115] studied the X-ray
diffraction pattens (XRD) and XPS of the photoelectrodes before
and after the reactions, and found that the crystal phase and com-
position hardly changed after 3 cycles. In another study, Dong et al.
[66] evaluated the structural stability of the photoelectrode more
comprehensively by testing the SEM, TEM, and XRD after the reac-
tion. They observed no obvious morphology and phase structure
changes, which indicated that the MOFs-based core/shell
nanocomposites had excellent stability. The enhanced stability is
believed to be derived from the ultra-thin MOFs film and the tight
connection between MOFs and inorganic semiconductors. It can be
seen that the irradiation and bias in the photoelectric catalytic pro-
cess have little effect on the main structure of MOFs and their
derivatives-modified photoelectrodes. Secondly, the leaching con-
centration of metal ions in MOFs photoelectrodes can also reflect
the difference in structural stability. For example, Cui et al. [116]
found that the Fe element leached from the electrolyte only
accounted for 1.33% after 180 min of constant working through
inductively coupled plasma optical emission spectrometry (ICP-
OES). The results indicated that MIL-100(Fe) exhibited low corro-
sion or etching after reactions, further indicating that MIL-100
(Fe) possesses a good stability during the photo-electrocatalysis
process.
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On the other hand, performance stability is a key issue in eval-
uating the further application of photoelectrodes. Photoelectrodes
avoid the inconvenient recovery and declining recovery rate of the
powder catalyst. And the performance stability is usually reflected
by the long-term photocurrent curve, the cyclic switching experi-
ment curve and the cyclic voltammetry curve. The photoelectrode
developed by Zhang et al. [118] maintained 95.6% of the photocur-
rent signal after being stored at 4 °C for 3 weeks. The C60@PCN-
224 photoelectrode constructed by Zhou et al. [122] maintained
89.82% of the initial photocurrent signal even after 1 month, which
both showed satisfactory stability. Similar results have been pub-
lished in many other works [81,112,134]. In addition, Feng's
research team [135] carried a cycle switch experiment of MOF-
derived In,03@g-C3N,4 photoelectrodes. Under ten on/off irradia-
tion cycles, no noticeable signal changes were observed in the pho-
tocurrent response, and the reading was stable. The stability of the
working electrode prepared by Fiaz et al. [136] was evaluated by
repeating 50 cycles of cyclic voltammetry (CV) test. The CV curves
of the 1st to 50th cycle overlapped with each other, with only neg-
ligible slight changes. In addition to stability, the evaluation of
reproducibility often appears in the research of PEC sensors. To
study this, Cao et al. [89] prepared ten identical photoelectrodes
by using the same batch of MOF-derived CuO materials, and eval-
uated the reproducibility of PEC sensors through ten parallel
experiments. The relative standard deviation (RSD) of the response
photocurrent was 4.5%, indicating that the PEC sensor had good
reproducibility. And the RSD in other similar studies are all less
than 5% [86,119,121].

From the perspective of long-term industrial applications, the
reusability of MOFs and their derivatives-modified photoelec-
trodes is another prominent issue to be considered. As mentioned
above, in most cases, the prepared photoelectrodes are very stable
and can be used to repeatedly treat organic pollutants. For exam-
ple, in the study of Jia et al. [109] after completing 8 cycles degra-
dation experiments, the degradation rate of the ZIF-8/NF-TiO,
photoelectrode on sulfamethazine remained 90.4% of the initial
degradation rate, and the RSD is 3.61%. Notably, it has also been
observed that the catalytic activity of MOFs and their
derivatives-modified photoelectrodes decrease with the increase
of catalytic cycles, which is mainly due to the blockage of degrada-
tion intermediates to the active sites on the photoelectrode. There-
fore, in the future exploration of photoelectrodes, cleaning and
activation of the active sites on the photoelectrodes are the impor-
tant direction.

Table 3

The stability, reproducibility, and reusability of MOFs and their derivatives-modified photoelectrodes.
Photoelectrode Stability Reproducibility/RSD RS DDD Reusability/P-IP Photocurrent signal Refs.

RSD

ZnCdS@MoS, NA 7 parallel/5.20% 3 weeks/95.60% [118]
Cgo@PCN-224 NA 6 parallel/2.54% 4 weeks/89.82% [122]
In;05@g-C3Ny 10 cycles 5 parallel/3.10% 1 weeks/92.20% [135]
MIL-68(In)-NH,/MWCNT/CdS 20 cycles 5 parallel/1.40% NA [111]
Cu-BTC NA 10 parallel/4.50% 4 weeks[93.60% [89]
CdS/Eu-MOF NA 6 parallel/2.10% 1 weeks/97.80% [87]
Ti-MOF/Fe,05 NA NA 5 h/98.9% [114]
Fe,03:Ti/NH,-MIL-101(Fe) 10 cycles NA NA [66]
MOF-5 3 cycles NA NA [53]
NH,-MIL-125(Ti)/TiO, NA 6 parallel/4.70% 1 weeks/94.10% [137]
CoNi-MOFs/BiVO, NA NA 3 h/90.0% [73]
Au/UiO-66(NH,)/CdS 10 cycles 5 parallel/2.20% 1 weeks/93.00% [121]
[Ru(bpy)s]**@Ui0-66 NA 10 parallel/4.33% NA [120]
ZIF-67/TiO,-NTs NA 5 parallel/2.90% NA [138]

3 RSD: the relative standard deviation.
b) P-IP proportion of initial photocurrent.
<) NA: Not available.



M. Jia, W. Xiong, Z. Yang et al.

Coordination Chemistry Reviews 434 (2021) 213780

Table 4

Other samples published in previous papers or commercial products.
Photoelectrode PEC application/n Highlights Refs.
TNTs-Ag/SnO,-Sb Degradation/68%-60 min Three dimensions structure [139]
TiO,-BiVO4-BP/RP Degradation/96.5%-240 min Multi-heterojunction [140]
NI TiO,, (111) NRs Degradation/88.3%-120 min Improve the adsorption capacity [141]
a-Fe,0;@Ce0, Degradation/88.6%-60 min Core-shell heterojunction [142]
BiOBr/ITO Degradation/91.4%-180 min Nanosheet arrays structure [143]
Sn NP/GaN NW/Si CO, reduction/201 pmol-cm2h~! Covalent Ga-C and Sn-O bonding [144]
ZnPc/C5N, CO, reduction/1.625 pmol-cm~2h~! Band matching [145]
M-Ti0,@Zn0O CO, reduction/62.4 pmol-cm~2h~! p-n heterojunction [146]
Ti/ZnO-Fe,03 CO, reduction/258 pmol-cm 2h~! layered double hydroxides derivative [147]
Pt-TNT/Pt-RGO CO, reduction/935 nmol-cm~2h™! Deposit of precious metals [148]
FepaL:GaN NWs Water splitting/306 ymol-cm~2h~! Spatial confinement of GaN [149]
TiO,@Au,s/TiO, Water splitting/7.973 pmol-cm~2h~" Core-shell structure [150]
Cu.Sn-ZnFe,04 Water splitting/NA Cu-Sn dual ions gradient doping [151]
Aux/GQDs/NP-TNTA Water splitting/NA Electrostatic self-assembly strategy [152]
B-In,Ss3 Water splitting/NA Surface-defective [153]

2 NA: Not available.
6. Conclusion and outlooks

In recent years, the vigorous development in the field of MOFs
has led to important progress in MOFs and their derivatives-
modified photoelectrodes in host-guest structural engineering,
electrode system design, and PEC applications. As shown in Table 4,
the photo-electrocatalysis of other conventional semiconductors is
often attributed to some unique structural characteristics, such as
heterojunctions, shell-core structures, three-dimensional struc-
ture, energy band matching, metal doping and extended applica-
tion of derivatives, etc., while MOFs and their derivatives can
intensively achieve the above structural requirements. Therefore,
MOFs and their derivatives-modified photoelectrodes have the
potential to become a promising alternative to conventional photo-
electrodes in photo-electrochemistry. The conclusions derived
from the various literature sources can be stated as follows: (1)
Due to the structural diversity and semiconductor-like characteris-
tics of MOFs, MOFs-modified photoelectrodes have rich develop-
ment strategies and exact feasibility. In addition, based on the
controlled porosity and high surface area of MOFs or MOFs deriva-
tives, MOFs-modified photoelectrodes can increase the elec-
trolyte/electrode contact area. (2) Among the various photo-
electrode forming methods, the method of coating materials to
form photoelectrodes is relatively common, while the materials
are likely to fall off from photo-electrode. On the contrary, the
method of evolving materials to form photoelectrodes is more
stable, but research results are relatively few because of the com-
plex synthesis process. (3) Among various MOFs, MILs-modified
photoelectrodes are more widely used in photo-electrochemistry,
including indium-based, titanium-based, and iron-based. Among
them, iron-based materials of MIL have gained particular attention,
and they have performed well in sensor, water splitting, heavy
metals decontamination and organic pollutants degradation. Note
that, researches in MOFs-modified photoelectrodes are still in
infancy, many efforts are required to construct MOFs-modified
photoelectrode with excellent and stable PEC properties. Here are
some key points:

1. From the perspective of the conductive substrate and the active
catalytic site, it is necessary to continuously explore novel
MOFs-based photoelectrodes. Apart from commonly conductive
substrates such as TiO, and BiVQO,, other new semiconductors
should also be considered to obtain highly photoelectric active
MOFs photo-electrocatalyst with various nanostructure.

2. From the perspective of the construction of the electrode sys-
tem, it is urgent to develop a more effective bonding method
between host and guest, thereby boosting electron transfer,
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reducing the barrier characteristics, and improving quantum
efficiency. Material modification techniques, surface interac-
tions, and structural matching can all be considered as effective
strategies for obtaining photo-electrodes with lower overpoten-
tial and higher photoelectric conversion efficiency. In addition,
exploring photocathode can further enrich the construction of
the electrode system.

. From the perspective of cost and environmental sustainability,

developing high-efficiency, non-toxic and rich in earth ele-
ments photoelectrodes is more in line with the needs of green
development. Furthermore, adding the evaluation mechanism
of intermediate products ecotoxicity and human toxicity is also
more conducive to the practical significance of study.

. From the perspective of mechanism discussion, the theoretical

analysis of DFT, kinetic Monte Carlo simulation and microscopic
dynamic model should be mastered. Among them, simulation
predictions and kinetic models can help us to better understand
the interface properties of photoelectrodes and the charge
transport in multi-component structures, especially the gener-
ation, separation, and migration of carriers at the nanometer
scale. DFT theoretical calculations can be used to define the pos-
sible photoelectrode structure, simulate the adsorption of elec-
trolyte on the photoelectrode surface, and calculate the
electronic and optical characteristics of the photoelectrode.

. From the perspective and direction of future development,

machine learning and big data seem to be well used in research
of this direction. In the current field of photo-electrochemistry,
MOFs exhibit good application prospects for PEC materials
because of wide variety and outstanding characteristics. How-
ever, the application of MOFs and their derivatives-modified
photoelectrodes are at the preliminary stage, so it is necessary
to develop photoelectrodes efficiently. The use of machine
learning to combine calculations and experiments seems to be
a potential method. It avoids complex algorithms and unpre-
dictable errors based on the first- principle algorithm. And it
uses basic data such as element electronic structure as a prior
knowledge to combine data with computer algorithms for pre-
dicting the photocatalyst activity. Specifically, the key factors
that affect the apparent rate constant of photo-electrocatalysis
are selected as feature selection, then the basic data of MOFs
and common semiconductors are used to predict the regression
problem, linear regression, Gaussian process regression, etc., are
further used to analyze the properties of MOFs and their
derivatives-modified photoelectrodes. Finally, experiments are
conducted to preliminary verify the effectiveness of key factors
based on regression analysis and the advantages of regression
models.
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