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ARTICLE INFO ABSTRACT

Keywords: The utilization of naturally existed energy is an indispensable solution to realise carbon neutral society in the
MOF future. Solar energy in the Sun is a tremendously abundant renewable and green energy resource which can
MOF derivative provide more than enough energy to meet the whole world’s demand. The biggest challenge is to develop cost-
Solar cel% ) effective and durable materials to achieve efficient transformation of solar energy to electricity. As the most
Dye-sensitized solar cell .. . . . .
Perovskite solar cell promising energy harvesting devices that based on the photovoltaic effect, solar cells can effectively transfer
Organic solar cell sunlight into electricity and the technologies have expanded rapidly over recent decades. Materials with optimal
properties are the key to achieving efficient solar energy-driven performance for a variety of solar cells. Metal-
organic frameworks (MOFs) and their derivatives, featured a great symbiosis of morphological, physicochemical
and semiconducting properties that are difficult to achieve through the conventional materials, were intensively
explored for energy storage and conversion applications in the past decade due to their intrinsic porous struc-
tures, tremendous inorganic-organic nature and fantastic diversity in functionalities. MOFs and derivatives based
photovoltaic devices, especially solar cells, have demonstrated exceptional potential to enhance solar-to-
electricity conversion performance with increased stability. In this review, the state-of-the-art progress on the
applications of MOFs and their derivatives in a diverse range of solar cell devices including dye-sensitized solar
cells, perovskite solar cells and organic solar cells is systematically documented. Important aspects on material
compositions and structures, material synthesis strategies, device processing techniques, and photovoltaic per-
formances of MOFs-based and MOF-derived materials used in solar cells are discussed and analyzed. The utili-
zations of MOFs and their derivatives as electrodes, photoactive materials, charge carriers and additives in
different solar cells are highlighted. In addition, current challenges and perspectives on further development of
MOF based materials for solar cell applications are also discussed.

1. Introduction

Energy crisis is one of the key challenges that mankind is currently
facing. Renewable energy, which mainly includes solar energy, tidal
energy and wind energy, has become an indispensable solution for
future energy demands. Among different types of renewable energies,
solar energy is the most important one because of its zero-pollution,
resource-free and economical characteristics [1-3]. Solar cell is one of
the most readily available energy conversion devices that can transfer
solar energy to practically useable electricity. However, currently solar
cells are not yet satisfactory due to their high cost, low efficiency and
limited scale [4].
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Nowadays, silicon-based solar cells are the most exploited and
commercialized photovoltaic devices for the conversion of solar energy
to electricity. The first silicon-based solar cell was developed by Bell
Laboratories in 1954 with an efficiency of 6% [5], and now the highest
efficiency reported is up to 27.6% [6]. Although silicon-based solar cells
work well in outdoor conditions, they become inefficient indoors mainly
because its bandgap does not match with the indoor illumination spectra
[71], and the light intensity of indoor illumination is 300-3000 times
weaker than that of outdoor sunlight [8]. Other emerging alternative
technologies including dye-sensitized solar cells (DSSC) [9-12], perov-
skite solar cells (PSC) [13-15] and organic solar cells (OSC) [16-18]
have drawn significant attention in the past years and are now
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considered as the new generation of solar cells.

Metal-organic frameworks (MOFs) are a class of fascinating porous
materials formed via chemical interactions between metal ions and
organic ligands [19,20]. MOFs can offer large specific surface area, high
porosity, adjustable pore channels, and tailorable functionality [21,22].
They have been widely studied in many typical applications of porous
materials, such as gas adsorption and storage [23,24], drug delivery [25,
26], catalysis [27-29], ion exchange and separation [30], and sensing
[31,32]. Moreover, MOFs can provide an excellent platform to generate
a variety of nanostructured MOF derivatives by thermal transformation.
MOF derivatives, such as porous carbon-based materials, metals, metal
oxides, metal chalcogenides (metal sulfides and selenides), metal
phosphides and metal carbides as well as diverse carbon-based com-
posite materials become attractive in many applications including
catalysis, environment remedy, photocatalysis, energy storage and
conversion [33-44]. However, the utilization of MOFs and their de-
rivatives in photovoltaic devices, has received comparatively less
attention than in their traditional applications, as a consequence the
development of this area is still in its infancy [45-47].

Since the first report on the utilization of MOFs as active material in a
fully devised solar cell in 2007 [48], much effort has been devoted to
improving the performance efficiency of DSSC by optimizing the
MOFs-based photoanodes and counter electrodes. The studies on
MOF-sensitized solar cell have shown rapid growth and the terms
“MOFSC” and “MSSC” were used in the papers published in 2016 and
2017, respectively [49-53]. Generally, MOFs can be utilized not only as
an active material, host, interfacial modifier, or precursor in the pho-
toanode, but also as an active site or conductive material in the counter
electrode [54-60]. Moreover, since the optoelectronic properties of
MOFs can be modulated through controlling the constituent metal ions
and organic linkers, more recently the application of MOFs with high
chemical and thermal stability in PSC has attracted considerable atten-
tion. MOFs and derivatives can generally be used in PSC as a support,
electron and hole transport materials in interfacial layer (interlayer),
electron transport layer, hole transport layer, and heterojunction per-
ovskite/MOF layer [54-56, 59, 60]. However, unlike the fast develop-
ment of use MOF-based and derived materials in DSSC and PSC,
utilization of MOFs in OSC has been rarely studied [54-56]. Overall, the
development of MOFs and their derivatives in solar cells is still in an
early stage, and it is highly desirable to overview the recent progress and
provide prospects for both MOFs and solar cells communities.

In recent years, several publications have partially reviewed the
applications of either MOFs or MOF derivatives in solar cells. For
instance, in 2016 Deep et al overviewed the advances in the photovoltaic
applications of coordination polymers and MOFs [59] work using MOF
as quasi-solid electrolytes and counter/working electrodes in DSSC, as
well as MOFs in perovskite solar cells were reviewed. Later in 2019, Wu
et al provided a summary of the progress in the applications of MOFs in
DSSC, PSC, and OSC [54]. Kim also reviewed MOFs in PSC [55]. In
addition, other papers partially reviewed the use of MOF derivatives in
solar cells [55-57, 60, 61], such as the review of MOF-derived materials
in solar cells by Verpoort et al [56]. However, to the best of our
knowledge, so far, no dedicated reports are available to provide critical
analysis and overview on the applications of both MOF-based and
MOF-derived nanomaterials for different solar cells, which is pivotal for
further design and development of novel nanomaterials for highly effi-
cient next-generation solar cells. Considering the rapid development in
this area, it is highly desirable to provide an updated comprehensive
overview of both MOFs and their derivatives in different types of solar
cell applications. In addition, providing the current challenges and
perspectives in this area would be beneficial to relevant researchers and
communities.

In this review, we analyze and discuss the recent progress of the
emerging applications of MOFs based materials and derivatives in
diverse solar cells. This review is divided into six parts: We first briefly
summarize the general aspects on the synthesis and process of MOFs and
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derivatives for solar cell utilizations, followed by the introduction of the
basic principle and main parts of different solar cells including DSSC,
PSC and OSC. Then we analyze and summarize the state-of-the-art
development on the utilization of MOFs and derivatives in these
different solar cells. In particular, we discuss the preparation strategies,
constituents and structure analysis as well as performance comparison of
MOFs and derivatives used as the photoanode, current electrode or
electrolyte in DSSC, as interfacial layer, electron transport layer, hole
transport layer or heterojunction in PSC, and OSC respectively in details.
Finally, we provide brief summaries with concluding remarks and
discuss the outlooks of future development of MOFs and derivatives for
solar cell applications.

2. General aspects on the synthesis and process of MOFs and
derivatives

2.1. Synthesis of MOFs

The synthesis and applications of MOFs have been developed rapidly
in recent decades [21,62,63], and it has become possible to control the
surface area, porosity, network topology of MOFs, making MOFs to be
adapted to the requirements of many specific applications. The synthesis
of MOFs is determined by many factors including the nature of metal
ions and organic ligands, as well as the types of synthesis methods used.
Transition metal ions, especially those transition metal elements in the
first row of the periodic table, lanthanides, and alkaline earth metal ions
have been widely used for the synthesis of MOFs. This is mainly due to
their wide variety of coordination numbers, oxidation states and ge-
ometries [64]. Typical organic ligand materials with carboxylate,
phosphonate, or sulfonate groups are considered as the three represen-
tative coordinating ligands [65-67].

Generally, MOFs can be prepared via hydrothermal or solvothermal
synthesis method. Usually, a mixture containing metal salt and organic
solvents reacts with organic ligands under controllable conditions (i.e.
synthesis temperature and time) to form targeted MOFs, with reaction
time varying from several hours to days. The types of solvents, synthesis
temperatures, synthesis time, concentrations of metal salts and organic
ligands, and pH of the solution could modulate the crystallinity, particle
size and particle morphology of the synthesized MOFs [68]. Moreover,
alternative synthesis methods such as microwave-assisted [69,70],
sonochemical [71,72], electrochemical [73,74], and mechanochemical
[75,76] methods were also developed to achieve the reduction of syn-
thesis time and to produce smaller and uniform MOF crystals. Main
parameters that effect the formation of MOFs and the synthesis methods
of MOFs are summarized in Table 1.

2.2. Synthesis of MOF derivatives

MOFs can be transferred into MOF derivatives such as porous car-
bons, metals, metal oxides, metal sulfides, metal selenides and metal
phosphides as well as their hybrid materials using different MOF pre-
cursors and synthesis methods. The MOF precursors normally include
two categories, which are self-templated MOFs and external-templated
MOFs [34]. The self-templated MOFs are MOFs-only precursors, while
external-templated MOFs are MOFs combined with external materials
such as graphene, silica and metal oxides. The morphologies of MOF
derivatives can be maintained from the self-templated MOFs. As
external-templated MOFs generally prepared by mechanical mixing or
in situ growth of MOFs on supporting external materials, the
morphology of MOF derivatives usually depends on the external mate-
rials [77]. The structure of MOF derivatives can be divided into 0D, 1D,
2D, and 3D (D means dimension). Polyhedra, core/shell and hollow
structures are considered as OD structure; nanowires, nanorods, nano-
shuttles, and nanotubes are 1D structure; nanoplatelets and nanosheets
are regarded as 2D structure; and nanocages, nanocubes and nano-
sponges are categorized as 3D structure [78,79].
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Table 1
Main parameters affecting the formation of MOFs or derivatives and their syn-
thesis methods.

Main parameters affecting the formation of MOFs and derivatives

MOFs MOF derivatives

Choice of metal ions Choice of self-templated precursors
Choice of organic linkers Choice of external-templated precursors
Choice of synthesis methods Choice of synthesis methods
Synthesis methods
Hydrothermal or solvothermal method
Types of solvents, synthesis temperatures,
synthesis time, concentrations of metal
salts and organic ligands, and pH
Microwave-assisted method Types of
solvents, synthesis temperatures, synthesis
time, concentrations of metal salts and
organic ligands, pH, and microwave
power outputs
Sonochemical method Types of solvents,
synthesis temperatures, synthesis time,
concentrations of metal salts and organic
ligands, pH, and sonication power outputs
Electrochemical method Types of solvents,
synthesis temperatures, synthesis time,
concentrations of metal salts and organic
ligands, electrolyte, and voltage-current
density
Mechanochemical method Grinding time,
and additional solvents

Thermal treatment method
Temperatures, ramp rates, pyrolysis time,
and gaseous atmosphere

Reflux synthesis method Temperatures,
time, and solvents

Electrochemical fabrication method
Scan rates and potential range

Thermal treatment is the most widely used method for the produc-
tion of MOF derivatives. It normally subjects MOF precursors to high
temperature under different gaseous atmospheres, including inert at-
mospheres such as Ar or Ny, oxidation atmospheres such as, air or water-
vapour, and reduction atmospheres such as HyS or NHs. The morphol-
ogies, chemical compositions, and crystallinities of the MOF derivatives
can be tuned by control over the thermal treatment conditions,
including temperature, ramp rate, pyrolysis time, and gaseous atmo-
sphere [80,81]. Moreover, other synthesis approaches were also devel-
oped to produce specific MOF derivatives. For instance, reflux synthesis
method is used to heat up a chemical reaction mixture in a specific
solvent, and reflux the solvent vapours at a constant temperature [81,
82]. MOF derivatives can also be produced by electrochemical fabrica-
tion methods via control of scan rate and potential range at low tem-
perature reaction conditions [81,83]. More synthesis details of MOF
derivatives are also summarized in Table 1, and will be further discussed
in later sessions.

2.3. Process of MOFs and derivatives for solar cell applications

As the applications of MOFs and derivatives in solar cells started in
the last 10 years, most of the studies are focused on the performance and
stability of the assembled solar cells. The process of MOFs and de-
rivatives in solar cell applications is generally still limited to the lab
scale. Spin coating is a widely used method for the preparation of MOFs
and derivatives for solar cell applications in the laboratory [61,84,85].
Other techniques including layer-by-layer (LBL) deposition [86], atomic
layer deposition (ALD) [53], and screen-printing [87,88] have also been
reported for the integration of MOFs and derivatives into solar cells.
With rapid development in the field, it is anticipated that more
large-scale production roll-to-roll (R2R) methods such as knife coating,
spray coating, inkjet printing and pad printing will be applied to achieve
cost-effective MOFs and derivatives based solar cells in the future [89].

3. Basic principle of solar cells
Solar cells are energy conversion devices based on the photovoltaic

effect that convert solar energy from the sun into electrical energy. The
photovoltaic effect takes place if the carriers, which are either electrons
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or holes, become excited and generate voltage or current when the
material is irradiated by sunlight. Generally, a solar cell contains a
semiconductor material where the nature of the bandgap determines the
performance. Different semiconductor materials with variable bandgaps
can absorb photons of the sunlight with different energies from UV to
deep infrared. If the bandgap of a semiconductor material matches the
wavelengths of light shining on the solar cell, the solar cell can then
efficiently make use of the available energy of sunlight [90]. Power
conversion efficiency (PCE) of solar cells is the most important indicator
to measure the solar-to-power efficiency of a solar cell, which is deter-
mined by three key parameters, open-circuit voltage (V,.), short-circuit
current (Js) and fill factor (FF). V. is the potential difference from both
ends of a solar cell upon light irradiation under open circuit. V. is
normally dictated by the bandgap of the semiconductor material, where
a large semiconductor bandgap results in a high value of V.. FF is
defined as the ratio of the maximum power from the solar cell (Pyax) to a
solar cell of V. and Jg., with the equation: FF = Py / (Voo ¥ Jso).
Graphically, FF is a measure of the "squareness" of the solar cell in the
current density—voltage (J-V) curve. It indicates how close the J-V curve
is to a rectangle under light irradiation [91]. PCE is defined as the ratio
of energy output from the solar cell to input energy from the Sun (Pjppuo)-
PCE can be calculated using the equation: PCE = Vi % Jsc % FF/Pinpur.

Three generations of solar cells have been developed so far. The first-
generation solar cells are crystal silicon based solar cells that can be
divided into monocrystalline and polycrystalline silicon solar cells
depending on the crystallinity of silicon. Among them, single-crystal
silicon solar cells exhibit the highest PCE, but the fabrication process
cost is high [92]. The development of the second-generation solar cell is
focused on thin-film construction, which can deliver comparable PCE
with less material consumption and reduced cost. As a typical semi-
conductor compound, copper indium gallium selenide (CIGS) has been
the mainly studied material [93]. A CIGS thin-film solar cell with a
thickness of 1-2 um could be manufactured at a relatively low cost in
comparison with those based on silicon [94]. The latest third-generation
solar cells are mainly based on novel semiconducting materials such as
organic macromolecules, inorganic nanoparticles and hybrids [95,96].
The third-generation solar cells are considered to have promising po-
tentials of high PCE, low-cost and large-scale development. The
emerging third-generation solar cells include not only DSSC, PSC, OSC,
but also quantum dot (QDSC) [97] and the copper zinc tin sulfide solar
cell (CZTS) [98]. In this review, we mainly focus on the utilization of
MOFs and their derivatives in third-generation solar cells DSSC, PSC and
OscC.

DSSC, also known as the "Gratzel cell", has attracted great attention
over the past 30 years due to its silicon-free nature [99]. A typical DSSC
contains four major parts — photoanode, counter electrode, dye and
electrolyte. The photoanode in a DSSC functions as the carrier of the dye
and plays an important role in transporting electrons. The most widely
studied photoanode material is TiOy, but other materials such as ZnO
and SnO, have also been explored [100]. The counter electrode (CE),
also called photocathode, plays the main function of collecting electrons
conducted by the photoanode from the external circuit and reducing the
ion oxidation state within the electrolyte. A platinum electrode is nor-
mally adopted as the CE. A dye, commonly based on ruthenium com-
plexes are used to absorb and convert sunlight so as to realize the flow of
electrons in the DSSC. An electrolyte, usually iodide/tri-iodide (I'/I3),
then fulfils the function of reducing the dye molecules from the oxidized
state to the ground state, enabling their continuous regeneration [11]. A
typical schematic diagram of a dye-sensitized solar cell is presented in
Fig. 1a. The state-of-the-art DSSCs have been reported to achieve PCE of
15% in lab scale [101]. A high PCE of 28.9% achieved using indoor
lighting in a DSSC can be realised by using Cu(Il/I)(tmby), (tmby, 4,4',6,
6’-tetramethyl-2,2’-bipyridine) as the redox mediator, and the two
judiciously designed XY1 and D35 as sensitizers [1].

DSSC devices transform solar energy to electricity via the following
reaction processes including light absorption, charge generation and
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Fig. 1. Schematic diagram of (a) a dye-sensitized solar cell, (b) perovskite solar cells with four structures. Reproduced with permission [114]. Copyright 2016,
Society of Photo-Optical Instrument Engineering (SPIE). (c) Schematic diagram of a single-junction OSC (left) and a tandem solar cell (right). Copyright 2021,

Wiley-VCH GmbH [89].
charge transfer [102]:

(1) The incident light is irradiated from the photoanode in the solar
cell, and the dye adsorbed on the photoanode captures the sun-
light and transitions from the ground state (S) to excited state
(S*), namely S + hy — S*;

(2) The dye in the excited state (S*) injects electrons into the con-
duction band of the semiconductor, and the dye molecule loses
electrons and is oxidized to state (S™), which can be expressed as
S* > ST+ e

(3) The injected electrons are transferred to a conductive substrate
through the conduction band, and then transferred to the external
circuit through a conductive substrate before flowing from the
external circuit to the counter electrode;

(4) The dye molecules in the oxidation state are reduced to the
ground state by I' in the electrolyte, and at the same time I is
oxidized to I3, described by the equation 25* + 3I" — 2S + Iz;

(5) Iz is reduced to I' by the electrons on the counter electrode, thus
realising a complete photoelectric conversion cycle, namely I3
+2e - 3I.

Apart from DSSC, PSC has recently attracted increasing attention
around the world because of its excellent photovoltaic performance.
Throughout the past two decades, continuous efforts have been made to
dramatically improve the PCE of PSC from 3.8% to 25.7% [103]. PSC
usually comprises a conductive substrate (fluorine-doped tin oxide
(FTO) or indium tin oxide (ITO)), an electron transport layer (ETL), a
hole transport layer (HTL), a light absorber (i.e. perovskite layer) and a

metal electrode. As shown in Fig. 1b, PSC is primarily divided into
mesoscopic and planar structures and can be further classified into
standard (n-i-p) and inverted (p-i-n) configurations. For mesoporous
structures, perovskite is loaded into a mesoporous skeleton, which is
helpful to form a uniform perovskite film and beneficial to the electron
transport. TiOz has been widely investigated as an ETL in PSC and
mesoporous TiOy with n-i-p structures is the most common configura-
tion for high efficiency PSCs. In terms of planar structures, the perov-
skite is surrounded by the HTL and ETL [61].

The power generation mechanism of PSC can be divided into two
steps: light absorption and generation of electron-hole pairs, followed by
the dissociation and transport of carriers. In the first step, after
absorbing light, excited electrons in the light adsorbed materials are
transferred from the valence band to the conduction band. An electron-
hole pair is then produced as the valence band contains positively
charged holes. Due to the indirect band of perovskite crystal structures,
in which the valence band and the conduction band correspond to
different wave vectors, indirect transition processes will occur accom-
panied by electron-photon interaction. Such indirect band-gap materials
have significantly lower light absorption coefficients than direct band-
gap materials [61]. However, organic-inorganic metal halide perov-
skites such as CH3NH3Pbl3 has a low binding excitation energy, enabling
the formation of electron-hole pairs [104]. In the second step, the
electron-hole pairs photogenerated from perovskite are then dissociated
and extracted into ETL and HTL, further generating photocurrent and
photovoltage. The photoelectric performance of a PSC is determined by
the carrier mobility of the perovskite. It is worth mentioning that the
recombination of holes and the recombination of electrons among the
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perovskite layer, HTL and ETL are non-ignorable, which can negatively
influence the photoelectric performance [61]. Therefore, improving the
yield of electron-hole pairs and preventing the recombination of holes or
electrons are hot topics in PSC research.

The development of PSC is extremely fast, and its world record ef-
ficiency was frequently broken in the last 10 years. A high PCE of 25.7%
for PSC was achieved by a group of Korean scientists [103], which was
also certified by the National Renewable Energy Laboratory, US.
Currently, the highest PCE record exceeds the 30% efficiency barrier
with a value of 31.3%, which was realised by a perovskite-on-silicon
tandem solar cell [105,106].

In terms of OSC (Fig. 1lc), organic materials are employed as a
semiconductor to produce electricity from the Sun. OSCs are made with
organic compounds that can be dissolved in ink and printed onto thin
plastics, enabling easy and cost-effective manufacture. Techniques such
as printing, spin coating, and spray deposition are applied to manufac-
ture OSCs. The PCE of OSCs has been boosted to over 18% recently
[107-112]. The state-of-the-art OSC can achieve a high PCE of 19.0%
[112]. This OSC has a rationally designed active layer comprising a new
wide-bandgap polymer donor (PBQx-TF) and a new low-bandgap
non-fullerene acceptor (eC9-2Cl) [112]. However, the value of PCE is
still relatively low compared with other types of solar cells. The effi-
ciency limitation and long-term stability of OSCs remain significant
barriers for their practical applications. To alleviate the intrinsic trans-
mission loss and thermalization loss in single-junction OSCs (left in
Fig. 1c), two different donor materials with complementary absorption
spectra can be combined in a single layer device or used as two indi-
vidual active blends of sub-cells connected in a multifunction tandem
OSCs (right in Fig. 1c).

In order to achieve the functions of charge collection and transport,
one electrode of the OSC must be transparent so that the solar photons
can be utilized by the active layers. Metals such as aluminium and silver
can be used as the other electrode, since they reflect unabsorbed light for
secondary utilization. The light-harvesting layer, which can be a blend
of donor and acceptor materials or two separated donor and acceptor
layers, is undoubtedly playing the most important role in OSCs. It can
absorb solar photons and convert them to free charge carriers [113].

4. Applications in dye-sensitized solar cells

In conventional dye-sensitized solar cells (DSSCs), metal oxide
semiconducting materials such as TiOj, NbyOs, and ZnO are usually
used as photoanodes, with only a small fraction of light in the UV region
absorbed, thus photosensitive molecular sensitizers are frequently
required to improve DSSC performance [115]. A desirable photoanode
material usually has (1) appropriate band positions; (2) large surface
area for dye loading; and (3) open pore structure for dye sensitization
and transport of redox couple [115]. Moreover, a photosensitizer or dye
material should possess properties including (1) luminescent property
that can emit light during the process of returning from the excited state
to the ground state after being excited by external light; (2) coverage of
ultraviolet-visible (UV-vis) and near-infrared region (NIR) regions in the
absorption spectra and (3) appropriate value of highest occupied mo-
lecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) to match the photoanode and redox. The LUMO should be close
to but higher than the conduction band of the photoanode, while the
HOMO level should be lower than that of redox [115]. In addition,
counter electrode (CE) materials in DSSC can catalyse the reduction of
I" /I3 liquid electrolyte or other redox couples.

To be used as photoactive materials in DSSCs, MOFs and derivatives
should exhibit proper light harvesting capability, ranging from visible
light to NIR. Since the light-harvesting window of photoactive materials
is generally determined by its bandgap, the choice of a MOF with a
suitable bandgap that can absorb light is essential to allow it to be
functioned as a photoactive material. Moreover, the porous structures,
together with the chemical and thermal stability of MOFs also play vital
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role for MOFs to be used as functional additives or interlayers to improve
the performance and stability of DSSCs.

MOF-based materials have been widely explored not only as active
materials, hosts or interfacial modifier in photoanode for DSSCs, but also
as active components or conductive materials in counter electrodes
[54-60]. Moreover, MOFs have also been explored to form
MOF-polymer or MOF-gel as electrolytes in DSSC. In addition,
MOF-derived materials have also attracted interest as both photoanode
and counter electrode materials in DSSCs. Recent advances in the ap-
plications of MOF-based and derived materials in DSSC are overviewed
in this part.

4.1. Utilization of MOFs as sensitizers in DSSCs

4.1.1. Pristine MOFs as sensitizers in DSSCs

Han’s group has been active in the research of MOFs as photosen-
sitizers in DSSCs. Initially, they fabricated thin layer Cu-BTC MOFs
(copper(Il) benzene-1,3,5-tricarboxylate) using a layer-by-layer (LBL)
deposition technique.[86] Through iodine-doping to Cu-BTC MOF, the
Cu-BTC was made electrically conductive, enabling the iodine-doped
Cu-BTC (I@Cu-BTC) to be used as a sensitizing layer in TiO-based
DSSCs. They then introduced multi-walled carbon nanotubes (MWCNT)
into the Cu-BTC sensitized DSSC [116]. The electron transfer of the
as-fabricated DSSC was improved, and the PCE of this DSSC was
enhanced by up to 60%. Similarly, they also investigated the feasibility
of ruthenium-based MOF (Ru-BTC) films and two cobalt-based MOF
(cobalt-naphthalenedicarboxylic acid, Co-NDC, and cobalt-benzene
dicarboxylic acid, Co-BDC) films as photosensitizers in DSSCs [117,
118]. The HOMO-LUMO energy states of the as-prepared MOF films
were estimated to be suitable to allow their use as sensitizers for TiO.
Since the HOMO level of Ru-MOFs film was estimated to be — 5.47 eV
vs. vacuum, while its LUMO level was calculated as — 3.21 eV vs. vac-
uum that is higher than the conduction band of TiO3 (—4.2 eV vs. vac-
uum), which makes Ru-MOFs films desirable sensitizers [117].
Moreover, the HOMO energy states of MOFs Co-BDC and Co-NDC were
estimated to be — 6.22 eV vs. vacuum, and the LUMO energy states were
calculated to be about — 3.95eV vs. vacuum. Therefore, the
HOMO-LUMO energy states of the MOFs Co-BDC and Co-NDC make
them suitable as sensitizers in a TiO5 based DSSC [118]. The iodine
doping was found to be important to facilitate the electron transfer be-
tween the interfaces of MOFs and TiO». In addition, Han et al. designed
another type of cobalt-based MOF (Co(II) di(3-diaminopropyl)-viologen,
Co-DAPV) as a photosensitizer, which is suitable for TiOj-based
solid-state DSSCs with a PCE value (1)) of 2.1% [119].

Apart from the MOFs as sensitizers reported by Han’s group, a range
of other MOFs have also been studied as sensitizers for photoanodes in
DSSCs. For example, porphyrin and its derivatives can be used as sen-
sitizers in solar cells due to their large photoabsorption coefficients
under visible light. Liu et al. prepared thin films consisting of different
types of porphyrinic MOFs grown on conducting substrates (SURMOFs),
which was used as the photoanodes in DSSCs [120-122]. Despite the
high values of Js and V,, their corresponding total efficiencies of
0.017% and 0.006% for DPA-Zn(II)porphyrin Zn-SURMOF 2 and Zn(II)
porphyrin Zn-SURMOF 2, respectively [121] are rather low. Similarly,
Morris et al. solvothermally prepared a series of zirconium based MOF
UiO-67 (Zr) (Universitetet i Oslo) films which incorporated various
ruthenium(II) polypyridyl ligands (RuDCBPY) as the photosensitizers in
DSSCs [51]. Fig. 2a-b show the schematic illustrations of the difference
between the conventional DSSC and the RuDCBPY@UiO-67 sensitized
DSSC. By using RuDCBPY@UiO-67 as a sensitizer, the dyes are expected
to be distributed spatially and uniformly over the surface of the TiOy
throughout the pore channels of the Ui0-67 matrix. It was claimed that
although the efficiency of DSSCs prepared by RuDCBPY@UiO-67 was
less than 1% (i.e. 0.123%), they’re still promising as performance
improved compared to a reference TiO, evaluated under the same
conditions [51]. Pillared porphyrin framework (PPF) is another MOF
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Fig. 2. Schematic diagram of (a) a conven-
tional DSSC, and (b) RuDCBPY@UiO-67/TiO,
sensitized DSSC. Reproduced with permission
[51]. Copyright 2016, Royal Society of Chem-
istry. (c) Schematic diagram of the sol-
vothermal growth of PPF-11 film on the surface
of ZnO film/FTO-Glass substrate; (d) Photo-
graph of PPF-11/ZnO film and (e)
Cross-sectional SEM image of PPF-11 film with
10 um thickness on ZnO layer. The inset image
is the top view showing the dense-packed
PPF-11 crystals aligned on the surface. Repro-

ZnO Film
FTO-Glass

Solvothermal
Film Growth

ZnO Film
FTO-Glass

sensitizer material, which was coated on the TiO, substrate via atomic
layer deposition (ALD) by Spoerke et al [53]. In addition, Gordillo et al.
also solvothermally grew the (100) -oriented PPF-11 films onto a
ZnO/FTO substrate (Fig. 2c-d) [123], and the SEM image (Fig. 2e)
clearly showed the 10 pm thick PPF-11 film formed on a 2.5 pm thick of
ZnO layer. This as-prepared (100) oriented PPF-11/ZnO—FTO photo-
anode exhibited good photovoltaic performance with a PCE value of
0.82%, which is higher than that previously reported for RuDCBPY--
based [51] (i.e. n is 0.123%) and porphyrin MOFs [53] based (i.e. 1 is
0.0023%) cells. In addition, other types of MOFs including chiral het-
erometallic In(III)-K(I) MOFs [124], MOF-199 [52], and
graphene-Eu-MOF [125] have also been reported to be used as photo-
sensitizer materials in DSSCs. It is worth noting that although the effi-
ciency of most DSSCs fabricated with MOF-based sensitizers is low
(normally < 1%), it is still higher than that of the DSSCs fabricated
without using MOFs under the same conditions, implying the potential
of using pristine MOFs as sensitizers for photoanodes to enhance the PCE
of DSSCs.

4.1.2. TiO-MOFs based nanocomposites as sensitizers in DSSCs

TiO2-MOFs nanocomposites have been investigated as sensitizers for
photoanodes in DSSCs. For example, Shajan et al. prepared TiO2-MOF
aerogel composite, TiO2-[Zn(N-(4-pyridylmethyl)-L-valine-HCI)(C])]
(H20), via a sol-gel method, and tested its feasibility as photoanode in a
quasi-solid dye-sensitized solar cell (QSDSSC) [126]. Later, by using the
same sol-gel method, they also prepared TiO2-Ni-BTC MOFs (nickel(II)
benzene-1,3,5-tricarboxylate) aerogel composite [127,128] and TiOs--
Cu-BTC MOFs aerogel composite [128]. When the TiO»-Ni-BTC was
applied in the photoanode, the fabricated QSDSSC could achieve a
promising PCE value of 8.846% [127]. Apart from using a chemical
synthesis method to prepare the composites, TiOy-Zn-BTC and
Zn0-UiO-66 composite powders were also prepared using a mechanical
mixing method [129,130] where various amounts of Zn-BTC or UiO-66
were added into TiO, particles to optimize the composite as the pho-
toanode in DSSCs.

T MW*W“’ ¢

duced with permission [123]. Copyright 2019,
American Chemical Society.

ZnO
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4.2. Utilization of MOFs and derivatives as photoanodes in DSSCs

4.2.1. MOFs as photoanodes in DSSCs

The first study on the application of MOFs as photoanodes in DSSCs
was reported by Garcia et al. in 2011. They investigated the intrinsic
photoresponse of four commercially available MOFs and found only one
MOF film composed of Aly(BDC)3 (BDC is p-benzenedicarboxylate) was
active in a photovoltaic device. It is therefore anticipated that Al;(BDC)3
could be potentially used as the photosensitizing material in DSSCs [49].
Ever since then, studies on MOF-based photoanodes for DSSCs have
increased. Garcia et al. also studied the photocatalytic performance of
NH;, —UiO-66(Zr/Ti) prepared with different contents of Ti, and found
the substituted Ti acted as mediator to facilitate electron transfer,
leading to a higher photon-to-current efficiency compared to NHjy
—Ui0-66(Zr) [131].

MOFs can also be utilized as interfacial modifiers for photoanode in
DSSCs, since MOFs usually have high specific surface area excessing
1000 m? g, as well as tuneable pore morphology, which enable a sig-
nificant amount of dyes to be loaded into MOFs for photoanode appli-
cations. In 2011, Wei et al. intended to enhance the V,. of DSSCs by
coating a thin layer of ZIF-8 (Zeolitic Imidazolate Framework) onto the
TiO4 [132], but found that the Jg. decreased following ZIF-8 coating. In
order to solve this problem, his group proposed a facile post-surface
treatment method (Fig. 3a) [133], which enabled the TiOy photo-
anode to adsorb dyes tightly and consequently both Jy. and V. increased
[133]. Zhao et al. demonstrated that ZIF-8 coated TiO, (Fig. 3b)
exhibited enhanced photovoltaic performance under the redox mediator
of tris(2,2’-bipyridine) cobalt(II)/(III), which resulted in a PCE of 9.42%
[134]. Moreover, He et al. reported the modification of ZIF-8/TiO4
photoanodes by the introduction of a three-dimensional graphene
network (3DGN) [135] and reduced graphene oxide (RGO) [136] into
the TiO,. 3DGN can not only bring a fast electron transport ability to
depress the loss of electrons, but also a high electronic conductivity
[135], while RGO can provide a better electron transport network and
improve the conductivity of the photoanode [136]. For example, as
shown in Fig. 3¢, the specific photocurrent value of ZIF-8 modified TiO»
photoanode is 5.74 times higher than that of pure TiO,, suggesting a fast
and uniform photocurrent response for DSSCs [136]. Such highly
conductive carbon-based additives are expected to enhance the
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Fig. 3. (a) Schematic diagram of the possible photoanode statuses after pre-treatment and post-treatment methods. Reproduced with permission [133]. Copyright
2014, Wiley-VCH GmbH. (b) HR-TEM image of TiO, nanoparticles coated with ZIF-8 layer. Reproduced with permission [134]. Copyright 2017, Elsevier B.V. (c)
Photocurrent signals of photoanodes with or without the modification of RGO and MOFs. Reproduced with permission [136]. Copyright 2020, Elsevier B.V.

photo-induced electron transport ability of ZIF-8/TiO, photoanodes,
resulting in significantly improved photovoltaic performance. The Jg,
Voc, PCE and other parameters of MOF-based DSSCs mentioned above
are summarized in Table 2.

4.2.2. MOF derivatives as photoanodes in DSSCs

4.2.2.1. MOF-derived TiOs-based photoanodes. Since MOFs are porous
materials constructed from metal ions and organic linkers, they can be
readily used as precursors for the preparation of numerous metal com-
pounds or metal compound/carbon-based composites as photoanode in
DSSCs. Wei et al. first reported the synthesis of hierarchical porous TiOy
powder by simple thermal heating MIL-125 (Ti) (Matériaux de l'Institut
Lavoisier) at 380 °C for 5 h in air [138]. The as-synthesized TiOy was
then applied as a photoanode in a test DSSC device that exhibited a PCE
of 7.20%. Kim et al. used a similar calcination method to convert
MIL-125 (Ti) into TiO with mesoporous structure [139,140]. They used
either poly(ethylene glycol) diglycidyl ether (PEGDGE) [139] or poly
(vinyl chloride)-graft-poly(oxyethylene methacrylate) (PVC-g-POEM)
[140] as the structure directing agent to precisely control the shape and
morphology of the precursor MIL-125(Ti), consequently realizing the
control over the morphology that results in the creation of hierarchical
TiOs. The hierarchical TiO, was fabricated as a photoanode in DSSC, and
the device showed a higher PCE value than that of those fabricated with
the benchmark TiO,. This enhanced efficiency was attributed to the high
surface area and high porosity of the hierarchical mesoporous TiOy
derived from Ti-MOF, which is beneficial to the dye loading and
photo-electron transfer.

To further improve the power conversion efficiency of DSSCs, re-
searchers attempted to couple active materials with MOFs to obtain
TiOg-based nanocomposites [141-143]. For instance, Yin et al.

synthesized CupZnSnS,4 (CZTS) nanoparticles (NPs) sensitized MIL-125
(Ti)-derived TiO, with mesoporous structure by a two-step hot injec-
tion and hydrothermal method (Fig. 4a) [141]. TEM images in Fig. 4b-c
show the homogenous dispersion of CZTS NPs in TiOg, and the
high-resolution TEM (HRTEM) image (Fig. 4d) revealed a particle size of
approximately 8 nm and lattice spacing of 0.33 and 0.24 nm indexed to
the (100) and (004) planes of CZTS and TiOs, respectively. The selected
area electron diffraction (SAED) pattern (Fig. 4e) shows a good match
with the planes of both CZTS and TiOy [141]. Due to the synergistic
effect between mesoporous TiO, and CZTS nanoparticles, the DSSC
based on CZTS/MIL-125 (Ti)-derived TiO2 photoanode achieved a high
PCE of 8.10%. A charge-transfer process for the CZTS/TiO»-based DSSC
was proposed (Fig. 4f) to explain the high suppression of the photoin-
duced exciton recombination and high ability to transport interfacial
carriers [141]. Yin et al. also used hydrothermally synthesized layered
MoS; coupled with MIL-125 (Ti)-derived dual-phase TiO5 as a photo-
anode for DSSCs [142]. The coupling of layered MoS, improved the
visible light response and therefore enhanced the photoelectric perfor-
mance. As a result, the MoS,/dual-phase TiO; displayed a very high PCE
of 8.96%. In addition, Wang et al. designed two polyoxometalate
(POM)-based  MOFs, [Ni(bpp)(H20)213[P2aW180621-24 HoO  and
He[Cus(H20)6(P2W15062)2-3-dpye)s]-28 HyO, where POM acted as the
secondary building units of MOFs to prepare TiO»-based photoanodes
[143]. After calcination of the as-synthesized MOFs together with the
TiO4 precursor at 500 °C in air, small-sized POM nanoparticles were
highly dispersed into the TiO2, enhancing the PCE of the DSSC up to
7.56%.

4.2.2.2. MOF-derived ZnO-based photoanodes. Apart from TiOj, ZnO is
also an excellent semiconductor that can be applied as a photoanode in
DSSCs, due to its wide band gap [144,145]. Banerjee et al. first
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Table 2
Summary of the performance of MOF-based materials as photoanodes in DSSCs.
MOFs MOF photoanode Cell type* ;‘;“ mAem™ v & FF OP;(;E o, PECres, (0, %) Ref.
(J

Al,(BDC)3 DMB@AI,(BDC)3 SS 0.0362 0.36134 0.4046 N/A N/A [49]
NH, —UiO-66 (Zr/Ti) NH, —UiO-66(Zr/Ti) SS 0.06535 0.88562 0.5952 0.034 N/A [131]
[Cux(BDC)2(BPY)], I, @ [Cuy(bdc)2(bpy)]l, /TiO2 LJ (I'/13) 0.323 0.54 0.407 0.071 N/A [137]
Porphyrin Zn-SURMOF 2 Pt@Porphyrin Zn-SURMOF 2 LJ (I'/I3) 0.71 0.7 0.65 0.45 N/A [120]
Porphyrin Zn-SURMOF 2 DPA@Porphyrin Zn-SURMOF 2 SS 0.0529 0.86 N/A 0.017 N/A [121]

Zn-perylene SURMOF -Bodipy/ LJ (Co**/ Nwithout MOF .
Zn-perylene SURMOF PMMA,/TiO, Co*) 0.0172 0.072 0.35 0.1185 — 0.0246 [122]
Ui0-67(Zr) RuDCBPY@Ui0-67/TiO, LJ (I/13) 0.446 0.480 0.55 0.123 iR‘aDg‘;‘;{*T‘OZ [51]
PPF-4 Porphyrin PPF-4 /TiO, LJ (I'/13) 0.0085 0.515 0.521 0.0023 Nrioz = 0.0011 [53]
[100]-oriented PPF-11 [100]-oriented PPF-11/ZnO LJ (I/13) 4.20 0.47 0.41 0.82 Nzno-= 0.17 [123]
[Ing 5K(3qlc)Cly 5(H20)0.5120 LIno.sK(3qle)Cl 5(H20)o.5120/ LJ (I/13) 17.79 0.74 0.61 8.07 Na71e/mi0 = 6.61 [124]

N719/TiO,
[InK(0x)2-(H20)41n [InK(0x)2-(H20)4], /N719/TiO5 LJ (I'/13) 16.54 0.73 0.62 7.42 Nn719,/Tio2 = 6.61 [124]
MOF-199 DHBA/MOF-199 /TiO, LJ (I'/13) 0.0285 0.416 0.475 0.005 Nref = 0.002 [52]
Eu-MOF Graphene-Eu-MOF /TiO, LJ (I'/13) 20 0.449 0.44 2.3 N/A [125]
Cu-BTC I, @Cu-BTC/TiO, LJ (I'/13) 1.25 0.49 0.43 0.26 Nno doping = 0.008 [86]
Cu-BTC I, @Cu-BTC /MWCNT/TiO, LJ (I'/I3) 1.95 0.48 0.51 0.46 Np2s = 0.20 [116]
Ru-BTC I, @Ru-BTC/TiO, LJ(I/13) 2.56 0.63 0.63 1.22 Nno doping = 0.06 [117]
Co-NDC I, @Co-NDC/TiOy LJ (I'/I3) 2.56 0.63 0.63 1.12 Nno doping = 0.003 [118]
Co-BDC I, @Co-BDC/TiO LJ (I'/I3) 2.13 0.62 0.62 0.96 Nno doping = 0.003 [118]
Co-DAPV Co-DAPV/TiO, SS 4.92 0.67 0.57 2.1 N/A [119]
[Zn(N-(4-pyridyl methyD-L-valine HCD) .0y v16k aerogel composite Qs 6.22 0.68 0553  2.34 Nrio2 = 3.08 [126]

(CDI(H20)2
Ni-BTC TiO,-Ni-BTC aerogel composite Qs 27.32 0.624 0.516 8.846 Nrio2 = 6.805 [127]
Ni-BTC TiO,-Ni-BTC aerogel composite Qs 8.88 0.60 0.439 2.34 Nrioz = 0.97 [128]
Cu-BTC TiO2-Cu-BTC aerogel composite QS 1.70 0.32 0.236 0.13 Nrioz = 0.97 [128]
Zn-BTC TiO,-Zn-BTC composite LJ (I/13) N/A N/A N/A 0.67 Nrio2 = 0.45 [129]
Ui0-66(Zr) Zn0-Ui066 composite LJ (I/13) 4.12 N/A N/A N/A N/A [130]
ZIF-8 ZIF-8/TiO, LJ (I'/13) 10.28 0.753 0.69 5.34 Np2s = 5.11 [132]
ZIF-8 ZIF-8/post-treated TiO, LJ (I'/I3) 10.89 0.789 0.739 6.35 Nuntreated = 5.84 [133]
24

ZIF-8 ZIF-8/TiO, ](“:‘(])EES; / 14.39 0.897 0.73 9.42 Nrio = 7.75 [134]
ZIF-8 ZIF-8/3DGN/TiO, LJ (I'/I3) 20.9 0.681 0.616 8.77 Nrio = 4.55 [135]
ZIF-8 ZIF-8-RGO/TiO, LJ (I'/13) 17.8 0.679 0.606 7.33 Nrio = 4.55 [136]
Ui0-66 Ui0-66-RGO/TiO, LJ (I'/13) 18.6 0.678 0.608 7.67 Nrio = 4.55 [136]

*Where SS, QS, and LJ are solid-state solar cell, quasi-solid solar cell and liquid-junction solar cell, respectively.

attempted to prepare rod-shaped and hexagonal-shaped ZnO micro-
particles by a simple one-step thermolysis of two Zn-based MOFs, [Zn
(I-Lg)(CD1(H20) and [Zn(l-Lg,)(Br)](H20), and the as-fabricated ZnO as
photoanode in DSSC showed a low PCE of 0.15% and 0.14%, respec-
tively [146]. Wei et al. printed a MOF-5 precursor onto a ZnO film, then
calcined the printed film to obtain a hierarchical ZnO parallelepiped
coupled ZnO film [147]. The as-calcined ZnO parallelepipeds were used
as an effective scattering layer to improve the DSSC performance.
Similarly, Wang et al. synthesized leaf-like-shaped MOF, ZIF-L hydro-
thermally, on the surface of a FTO substrate at room temperature
(Fig. 4g) [148]. After calcination at 550 °C, ZIF-L crystals were suc-
cessfully converted into ZnO nanosheets arched on the FTO substrate
(Fig. 4h). The TEM image in Fig. 4i clearly shows that the ZnO nano-
sheets consisting of interconnected small nanoparticles. The lattice
fringes are clearly identified indicating a lattice distance is approxi-
mately 2.60 A, which is attributed to the d-spacing of (002) plane of ZnO
crystals [148]. The ZnO film produced was applied as a photoanode in
an as-fabricated cell that achieved a PCE of 2.52%. In addition, ZnO
aggregates derived from ZIF-8 were also studied for the applications in
DSSCs by Fujihara et al. [149]. The photoanode exhibited a PCE value of
3.37% due to its favourable nano/microstructure. Although
MOF-derived ZnO-based materials as photoanodes in DSSCs show rela-
tive lower PCE performance values in comparison to TiOy-based ones, it
is believed their PCE performance can still be improved. This is because
different morphologies of ZnO could affect its bandgap energy and
flat-band energy. As a result, effective control of MOF derivative
morphology is an important area for future investigation. The power
conversion efficiency and other important parameters of MOF-derived
materials as photoanodes for DSSCs in the reported literature are

summarized in Table 3.

4.2.3. Summary

The applications of MOF materials as photoanodes in DSSCs have
been demonstrated in four different aspects: (1) MOFs can be used as
photosensitizers to sensitize, harvest and convert solar energy to elec-
tricity; (2) MOFs can be utilized as hosts for other active materials or
sensitizers, which is known as Guest@MOF; (3) MOFs may be func-
tioned as an interfacial photoanode modifier to improve the photovol-
taic performance and (4) MOFs are excellent precursors for the
production of metal oxides such as TiO2 and ZnO as photoanodes in
DSSCs. The first application (i.e. used as photosensitizer) could be the
most challenging among the four different applications since most MOFs
possess insulating characteristics due to the presence of redox-inactive
organic ligands and the poor electronic overlap between the n and
d orbitals of the metallic nodes. Although the PCE of DSSCs fabricated
with MOF-based or derived materials as the photoanodes is still rela-
tively low, it is expected that the PCE of DSSCs can be improved through
the development and use of electro-conductive MOFs and novel struc-
tured MOF photoanodes.

4.3. Utilization of MOFs and derivatives as counter electrodes in DSSCs

An important part of a DSSC is the counter electrode (CE), as it can
catalyze the redox reactions of ion pairs and conduct electrons from an
external circuit through the electrode into the electrolyte. Currently,
platinum (Pt) has been widely used as a CE due to its high electrical
conductivity and excellent electrocatalytic activity. However, the high
cost, high scarcity and unsatisfactory long-term operation stability of Pt
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Fig. 4. (a) Schematic illustration of the two-step synthesis process of CZTS/TiO5; (b-c) Low-magnification TEM image of CZTS/TiO, material; (d) HRTEM image of
CZTS/TiO, material. The marked d-spacing shown in (c) and (d) is 0.24 and 0.33 nm, corresponding to the (004) plane of anatase TiO, and the (100) plane of CZTS,
respectively. (e) Selected area electron diffraction pattern from the CZTS/TiO, heterostructure and (f) Schematic illustration of the energy band structure and
photogenerated charge-transfer mechanism using CZTS/TiO, as a photoanode. Reproduced with permission [141]. Copyright 2016, American Chemical Society. (g)
SEM image of top-view of the leaf-like-shaped ZIF-L crystals; (h) SEM image of top-view of ZnO nanosheet derived from ZIF-L and (i) TEM image of ZnO nanosheet.
The inset HRTEM image shows the lattice structure of ZnO. Reproduced with permission [148]. Copyright 2014, Elsevier B.V.

Table 3

Performance of MOF-derived materials as photoanodes for DSSCs.
MOFs MOF-derived photoanode Jse (MA cm™) Voe (V) FF PCE (1, %) PCE,¢f, (n, %) N/ MNref Ref.
MIL-125 (Ti) anatase TiOy 13.99 0.768 0.67 7.20 Np2s = 6.37 1.13 [138]
MIL-125 (Ti) hier-TiO2/nc-TiOy 19.1 0.66 0.55 7.1 Nne-Tio2 = 4.6 1.54 [139]
MIL-125 (Ti) mesoporous TiOp 16.51 0.74 0.61 7.45 Nrioz = 5.36 1.39 [140]
MIL-125 (Ti) CnyZnSny/TiOy 17.27 0.81 0.5818 8.10 Nrio2 = 3.67 2.21 [141]
MIL-125 (Ti) MoS,/dual-phase TiO, 17.72 0.60 0.7788 8.96 Nrio2 = 4.41 2.03 [142]
[Ni(bpp)(H20)2]3[P2W150621-24 H20 P,W;5-NiO@TiO, 17.68 0.747 0.572 7.56 Np2s = 5.98 1.26 [143]
He[Cu3(H20)6(P2W15062)2-3-dpye)s]-28 H,O P,W;5-:CuO@TiO, 17.51 0.746 0.564 7.37 Np2s = 5.98 1.23 [143]
[Zn(l-Lc)(CD1(H20) (MOF 1) ZnO microparticles N/A N/A N/A 0.15 N/A N/A [146]
[Zn(l-Lg,)(Br)]1(H,0) (MOF 2) ZnO microparticles N/A N/A N/A 0.14 N/A N/A [146]
MOF-5 ZnO parallelepipeds 8.13 0.663 0.68 3.67 Nref = 3.15 1.16 [147]
ZIF-L ZnO nanosheets 6.87 0.565 0.649 2.52 Nref = 1.27 1.98 [148]
ZIF-8 ZnO aggregates 9.13 0.667 0.554 3.37 N/A N/A [149]
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in the electrolyte severely limits its large-scale use in DSSCs for practical
applications. Therefore, it is highly desirable to develop CE without
using noble metals. Interestingly in recent years, there has been a
remarkable increase of reports focusing on the application of MOFs
materials, particularly MOFs-derived materials as CEs in DSSCs.

4.3.1. MOFs as CE in DSSCs

A zirconium-based MOF-525 was first reported as electrocatalyst for
the CE by Li et al. [150]. It was found that both its metal nodes, zirco-
nium oxide, and pyrrole-based linker, (meso-tetra(4-carboxyphenyl)
porphyrin), exhibited electrocatalytic activity for the reduction of I3
[150]. The counter electrode consisting of MOF-525 and sulfonated
polythiophene binder exhibited a much higher PCE value of 8.91%,
compared to that of 8.21% with a platinum CE. Further studies on an
electrically conductive Cu-based MOF (Cu-MOF) as an electrocatalyst
found its nature was due to the effective elevation of its heterogeneous
rate constant instead of the increase in active surface area [151]. The
Cu-MOF/poly(3,4-ethylenedioxythiophene) (Cu-MOF/PEDOT) com-
posite electrode exhibited a superior electrocatalytic activity in multiple
redox mediators, including 17 /I3, cobalt(Il/II)-complex, and copper
(I/ID)-complex. Such a high electrocatalytic performance could be due
to the heterogeneous structure of the composite, enabling it to increase
heterogeneous rate constant, increase the charge transfer and the
penetration of the redox mediators, in addition to the exposure of more
(—Cu—S-), active sites.

ZIF (zeolitic imidazolate framework) is a specific type of MOF, and
ZIF-8 has been studied as CE for DSSCs. It was mixed with the conductive
binder polystyrenesulfonate-doped poly(3,4-ethylenedioxythiophene)
(PEDOT:PSS) and applied as a CE in an iodine electrolyte and cobalt
electrolyte respectively [152]. It was reported that the ZIF-8/PEDOT:
PSS CE exhibited a superior electrocatalytic performance towards
Co>* reduction with PCE of 6.84%, but further investigation is required
to analyze the nature of ZIF-8 electrocatalytic sites.

Apart from being used as the electrocatalyst in CE for DSSC, MOFs
have also been investigated as a support or coordinator for the high
dispersion of active sites in CE. Zhang et al. used a 2D layered MOF
constructed from porphyrin ligand (5, 10, 15, 20)-tetra(4-carboxy-
phenyl)-porphyrin and zinc acetate (Zn-TCPP) as a support for electro-
catalytic active single atomic Pt. The porphyrin struts in Zn-TCPP
provide N-coordinating cavities to Pt ions and further disperse the metal
active sites at the atomic level [153]. When the resulting Zn-TCPP-Pt
was assembled as a CE in DSSC, it exhibited a competitive electro-
catalytic performance compared to the commercial Pt, with a higher
light transmission capacity under visible light. The important perfor-
mance results and relevant parameters of MOF based materials as CE for
DSSCs are summarized in Table 4.

4.3.2. MOF derivatives as CE in DSSCs

Compared to the pristine MOFs, MOF derivatives are more
commonly used as CE in DSSCs due to the nature of the derivatives.
Various types of electrocatalysts including metal carbides, metal ni-
trides, metal sulfides, metal selenides, and carbons have been widely
studied as the CE materials in DSSCs. MOF derivatives including
carbonaceous materials and transition metal compounds (TMCs) with
hierarchical structures usually possess good electrical conductivity due
to the in-situ formed carbons. They can be readily produced by using
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MOFs as a template/precursor [154-160]. However, pristine MOFs
frequently exhibit low or poor electrical conductivity as their organic
linkers are normally non-conductive. This results in MOF derivatives
being more commonly used as CEs in DSSCs rather than pristine MOFs.
Inspired by their intrinsic high surface areas, large pore volumes and
diverse structures, MOFs have been extensively studied as novel tem-
plates/precursors for the preparation of various hierarchically struc-
tured materials. These MOF-derived materials possess the following
unique advantages when used as a CE in DSSCs: (1) the chemical com-
positions are tuneable by choosing desired MOFs followed by specific
thermal treatment; (2) the synthesized structures with controllable
surface area and porosity can facilitate the access of electrolyte into the
electrode; (3) the active components are atomically, homogenously
dispersed onto high surface porous carbons formed in-situ.

4.3.2.1. ZIF-67 derivatives as CE. ZIF-67 is a sodalite-type porous
structure assembled via chemical interactions between cobalt cations (as
the metal source) and 2-methylimidazole (as the organic ligand), which
frequently displays rhombic dodecahedral morphology. The uniformly
distributed cobalt nodes in ZIF-67 ensures it can serve as an excellent
cobalt source to synthesize cobalt-based compounds. Moreover, the ni-
trogen containing 2-methylimidazole ligand in ZIF-67 can be readily
transformed into heteroatom-doped nanostructured carbon under high
temperature heat treatment, which is beneficial for DSSCs. As metallic
cobalt, cobalt oxides, cobalt sulfides, cobalt selenides and heteroatom-
doped carbon materials are well-known Pt-free electrocatalysts to
catalyze the reduction of triiodide ions. It is expected that these mate-
rials that are derived from ZIF-67 would be attractive materials as CE for
DSSCs. So far ZIF-67 has been the most intensively studied MOF as a
template/precursor for the construction of CE for DSSCs. ZIF-67 de-
rivatives including metallic cobalt-based composites, cobalt sulfides,
cobalt-molybdenum sulfides, cobalt selenides, and cobalt tellurides have
been explored as CE for DSSCs [155, 161-179].

Metallic cobalt-based carbon nanocomposites. There are a few studies
focused on the synthesis and CE performance of metallic cobalt-based
carbon nanocomposites derived from ZIF-67 [155, 161-164]. Among
them, three papers reported metallic cobalt nanoparticles embedded
carbons derived from ZIF-67 as a CE for DSSC applications [161-163].
ZIF-67 powders were heated/carbonized at high temperatures either in a
nitrogen atmosphere to obtain Co nanoparticles embedded N-doped
carbon [161,162], or in argon/hydrogen atmosphere to obtain Co
nanoparticles embedded N-doped carbon nanotubes (Co@NCNT) [163].
Fig. 5a shows the preparation process of CO@NCNT. The dodecahedral
ZIF-67 crystals (Fig. 5b) were first synthesized, then uniform carbon
nanotubes were grown on the surface of the remaining ZIF-67 skeleton
with highly dispersed Co nanoparticles after pyrolysis at 800 °C under
an argon/hydrogen atmosphere (Fig. 5c-d) [163]. Different ZIF-67
particle sizes and thermal pyrolysis temperatures were studied to opti-
mize the electrocatalytic performance of I3 reduction in DSSCs. In
addition, Hao et al. found that both Co and CoO could be formed during
the one-step pyrolysis, and the synergistic effect between the Co and
CoO is beneficial to the electrocatalytic performance in DSSCs [164]. In
another study a Ni source was introduced during the synthesis of ZIF-67,
to obtain CoNi alloy@carbon nanotubes embedded carbon nanocages
(CoNi@CNTs-C) after pyrolysis at 900 °C under an argon atmosphere
[155]. The CoNi alloy nanoparticles are the active components that

Table 4

Performance of MOF-based materials as CE for DSSCs.
MOF CE Materials Jse (MA cm?) Voe (V) FF (%) PCE (n, %) PECp;, (1, %) n/Mpt Electrolyte Ref.
MOF-525 MOF-525/s-PT 16.14 0.80 70 8.91 8.21 1.085 I/13 [150]
Cu-MOF Cu-MOF/PEDOT 16.36 0.777 65 8.26 7.67 1.077 I/13 [151]
ZIF-8 ZIF-8/PEDOT:PSS 8.85 0.858 65.71 7.02 7.24 0.970 I/ [152]
ZIF-8 ZIF-8/PEDOT:PSS 11.46 0.852 70.00 6.84 7.56 0.905 Co*"/Co>* [152]
Zn-TCPP Zn-TCPP-Pt 12.95 0.69 61.39 5.48 5.10 1.074 I/I3 [153]
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(a)

Co@NCNT

Photoanode
Counter electrode

Fig. 5. (a) Schematic illustration of the fabrication process of CO@NCNT as a CE for DSSCs. (b) SEM image of ZIF-67. (c) SEM image and (d) TEM image of
Co@NCNT-800. Reproduction with permission [163]. Copyright 2018, Elsevier B.V. (e) TEM and (f and g) HRTEM images of synthesized CoSe,/NC. The inset in (e) is
the SEM image of CoSe,/NC. (h) Elemental mapping of CoSe,/NC, C (red), N (purple), Co (yellow), and Se (blue). Reproduction with permission [167]. Copyright
2019, American Chemical Society.
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catalyze the redox reactions, and the CNTs serve as a conductive
network to prevent CoNi nanoparticles from aggregation and corrosion.
When used as CE in DSSCs, the optimal CoNi@CNTs-C showed an
impressive PCE of 9.04%, which is 15% higher than that of Pt-based cells
(7.88%).

Cobalt sulfide-based materials. Cobalt sulfide-based materials are
another important type of ZIF-67 derivatives used as CEs for DSSCs
[165-170]. In 2014, Wu et al. prepared CoS nanoparticles with different
sizes by oxidization and sulfurization of ZIF-67, and the resulting CoS
nanoparticles were then coated onto FTO and used as a CE in DSSCs
[165]. The CE with a small CoS nanoparticle size showed a PCE value of
8.1%, comparable to the Pt based DSSC (8.0%). In another example,
CoS; nanoparticles embedded carbon were synthesized by sulfurization
of ZIF-67 and showed a remarkable photoelectric conversion efficiency
of 8.74%, which was mainly attributed to the synergic effect between
CoS; and the in-situ formed carbon [167]. Moreover, a Co3S4 polyhedral
loaded MoS; nanosheet composite (MoS; @Co03S4) in which MoS, was
evenly distributed on the surface of hollow CosS4 polyhedrons, was
prepared by a hydrothermal method using ZIF-67 as a template/pre-
cursor/carrier [168]. When such a bimetallic sulfide structure is used as
a DSSC CE, it is expected to increase the surface area, expose more
catalytic active sites of MoS, and facilitate the diffusion and transfer of
redox couples with a power conversion efficiency of 7.86%. Another
example is CogFeSg/N-C dodecahedral nanocages (DNCs), which were
synthesized by a two-step sulfidation and cation exchange method using
ZIF-67 as a template [169]. The fabricated DSSC using CogFeSg/N-C as
CE could achieve a PCE of 8.06%, which was higher than those of Pt and
monometallic sulfide. This method may provide a new route to prepare
bimetallic sulfides as a CE for DSSCs. In addition, Liu et al. prepared a
complex W-N/C@CogSg @WS5-hollow carbon nanocage using ZIF-67 as
a template/precursor [170], attempting to create a multi-composition
material that can achieve multifunctional electrocatalytic perfor-
mance. The produced material exhibited a PCE of 7.38%, which was
higher than that of Pt.

Cobalt-molybdenum sulfide-based materials. Hou’s group extensively
investigated ZIF-67 derived cobalt-molybdenum sulfide based materials
as CEs for DSSCs [171-173]. They first prepared cobalt-incorporated
molybdenum sulfide hollow nanoboxes (Co-MoSy NBs) through a
one-step template-engaged synthesis of raw material cube-shaped
ZIF-67 and (NH4)sMoS4 [171]. Due to the advantageous morphology
of Co-MoSy NBs, the as-prepared Co-MoSx NBs as CE in DSSC showed a
PCE value of 9.64%, which was higher than that of Pt (8.39%). Later,
they designed a double-shelled hollow structured CoMoSx @Ni-CoMoSx
hollow polyhedron catalyst using ZIF-67 as an initial template and co-
balt source [172]. It was claimed that such a structure could not only
provide more active sites of the catalyst, but also have more contact
region for the reaction between the electrolyte and the catalyst. Another
example of a structure designed from ZIF-67 is yolk-shell structured
CoSy/N-doped C@Co-WSy (CoSa/NC@Co-WSy) [173]. The synthesis
process includes three stages: In Stage I, WS%’ from (NH4)2WS4 and Co?t
from ZIF-67 first combined to form a Co-WSy layer. In Stage II, the
Co-WSy consistently grew on the outer shell, forming the yolk-shell
ZIF-67 @Co-WSy. In Stage III, yolk-shell structured CoSz/NC@Co-WS;y
was finally formed after an annealing process. This core-shelled struc-
ture was believed to provide a larger surface area, and more efficient
active sites [180-182], thereby the CoSy/NC@Co-WS; exhibited a su-
perior PCE of 9.21%, which was much higher than that of Pt.

Cobalt selenide-based materials. Cobalt selenide-based materials
derived from ZIF-67 have also been reported for application as a CE in
DSSCs [167, 174-178]. CoSe; embedded in a N-doped carbon nanocage
on the support of carbon cloth (CoSey/N-C@CC) was synthesized via a
ZIF-67 growth-carbonization-selenization process [174] and applied as
a CE for DSSCs, which exhibited a PCE value of 8.40%, higher than that
of Pt based DSSCs (8.09%). Similarly, Wu et al. prepared hollow CoSe;
nanoparticles embedded nitrogen-doped porous carbon anchored on
nitrogen-doped carbon nanotubes (CoSe; @NPC/NCNTs). They used
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ZIF-67 combined with polypyrrole (PPy) as a template/precursor fol-
lowed by a carbonization-selenization processing method [175]. They
also prepared CoSe, particles confined in N-doped porous carbon
interconnected by carbon nanotubes with internally encapsulated CoSe;
(CoSey @NPC/CoSey; @CNTs) by an in situ pyrolysis and selenization
process. ZIF-67 was functioned as the template, precursor, and carbon
source for the formation of CNTs [176]. Fu et al. reported a direct
selenization of ZIF-67 process to prepare CoSey/N-doped carbon
(CoSea/NC) with a rhombic dodecahedral morphology (Fig. 5e) [167].
Its structure was identified by HRTEM (Fig. 5f-g) and elemental map-
pings (Fig. 5h). The CoSey/NC based DSSC exhibited a satisfactory
power conversion efficiency of 9.06%, which could be attributed to the
synergic effect between CoSe; and NC. Recently, yolk-shell and
core-shell structures have been proposed to design cobalt selenide-based
materials derived from ZIF-67 [177,178]. Such structures are believed
not only to increase the surface area, providing numerous active sites,
but also to increase the interaction between the active sites and elec-
trolyte, improving the absorbance and transfer of iodine ions. Conse-
quently, their use as CEs in DSSCs resulted in an enhanced power
conversion efficiency.

Cobalt telluride-based materials. Hou et al. synthesized CoTe; nano-
particles embedded in N-doped carbon nanotube-grafted polyhedrons
(CoTeo@NCNTs) using ZIF-67 as a template/precursor [179]. The
assembled CoTe,@NCNTs based DSSC exhibited an improved PCE of
9.02%, mainly due to the excellent electronical conductivity and high
surface area of the N-doped CNTs, as well as the synergistic effect be-
tween CoTe; and CNTs.

4.3.2.2. ZIF-8 derivatives as CE. Like ZIF-67, ZIF-8 consists of zinc cat-
ions as the metal source and 2-methylimidazole as organic ligands, and
it has also been studied as a precursor to generate derivatives for use as
CEs in DSSCs. Wei et al. obtained porous carbonaceous material by
direct carbonization of ZIF-8 under an inert atmosphere, followed by
acid washing [183]. The carbon material obtained was applied as a CE
and showed a performance (n=7.32%), comparable to that of Pt
(n = 7.53%). N-doped carbon sheet was later synthesized by carbon-
ization of ZIF-8 integrated in graphene oxide [184]. The as-prepared
N-doped carbon sheet was then assembled as a counter electrode into
DSSCs for evaluation of photovoltaic performance, and an illustration of
the assembled device is shown in Fig. 6a. The simulated solar irradiation
performance of the reference sample, as-prepared N-doped carbon sheet,
and the benchmark Pt was then carried out. A higher power conversion
efficiency of 8.2% was achieved for the as-prepared N-doped carbon
sheet, compared to the PCE of 7.6% for Pt, the corresponding parameters
were deduced from Fig. 6b [184]. The group of Sung et al. considered
the limitation of mass transfer resistance of I/I3 electrolytes in
ZIF-8-derived carbon materials, and tried to increase the pore size of
carbon by coating the surface of ZIF-8 with a layer of polydopamine
before carbonization [185]. Such a polydopamine layer was claimed to
promote an increase in the pore size (i.e. mesopore) of the resulting
carbon material, which further improved the electrocatalytic reduction
of triiodide on the surface of CE (shown in Fig. 6¢). As a result, the
as-prepared carbon material (ZIF-8-dopa-C) led to a PCE of 9.03%, su-
perior to that of Pt [185].

Zhao’s group prepared three different types of ZIF-8 derivatives:
ZnO-nitrogen doped carbon (ZnO-NC) [186], m-SiOy@nitrogen doped
carbon [187], and MoS, grown on the nitrogen-doped carbon [188].
These materials were then each blended with Poly(3, 4-ethylenedioxy-
thiophene poly styrene sulfonic acid (PEDOT: PSS) as CE. Electro-
chemical studies confirmed that when these as-prepared materials were
used as counter electrodes in DSSCs, they exhibited catalytic activities
superior to traditional Pt in both I/I3 based electrode and [Co
(bpy)s]*™/3* redox mediator [186-188]. As an example, 7%
ZnO-NC/PEDOT:PSS CE exhibited a higher electron transfer ability at
the CE/electrolyte interface, based on the Nyquist plots shown in
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Fig. 6. (a) Schematic illustration of a DSSC assembled with N-doped carbon sheet derived from ZIF-8 as the CEs, and (b) the corresponding photocurrent density (J)
vs. the photo voltage (V) curves of DSSC. Reproduced with permission [184]. Copyright 2018, Elsevier B.V. (c) Schematic illustration of the electrocatalytic reduction
of triiodide at the surface of a mesoporous ZIF-8-doped-C CE. Reproduced with permission [185]. Copyright 2018, Royal Society of Chemistry. (d) The Nyquist plots,
(e) Tafel polarization curves, and (f) J-V curves of the DSSCs using Pt, reference sample PEDOT:PSS, and ZnO-NC/PEDOT:PSS CE in I3/I" redox couple system. (g) J-V
curves of the DSSCs using reference sample Pt, PEDOT:PSS, and ZnO-NC/PEDOT:PSS CE in [Co(bpy)s]>*/3* redox couple system. Reproduced with permission [186].
Copyright 2019, American Chemical Society.
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Fig. 6d. Moreover, this 7% ZnO-NC/PEDOT:PSS CE also showed a su-
perior exchange current density (Jo), as its Tafel slope was greater than
that of the reference PEDOT:PSS CE, and even close to that of the Pt
(Fig. 6e). As a result, the 7% ZnO-NC/PEDOT:PSS CE based DSSC
reached a PCE of 8.05%, which is close to the Pt-based device (np; =
8.51%) in the I3/I" redox couple system (Fig. 6f). In addition, in the [Co
(bpy)3]>*/®* redox couple system, shown in Figs. 6g, 7%
ZnO-NC/PEDOT:PSS CE also exhibited a greater electrocatalytic per-
formance toward the [Co(bpy)s]>™/3" reduction reaction, with a high
PCE of 8.12% [186].

Rather than using ZIF-8 for the synthesis of carbon materials, Wang
et al. instead sulfurized ZIF-8 to obtain ZnS micropolyhedrons [189],
which showed excellent performance as CE in DSSCs for electrocatalytic
reduction of I'/I3 due to the ZIF-8 skeleton.

4.3.2.3. Other MOF derivatives as CE. Apart from ZIF-67 and ZIF-8,
other types of MOFs including Prussian blue analogue (Cos[Co
(CN)gl2) [190], Co-MOF [191], Ni-MOF (NiBDC) [192], ZIF-7 [193],
Ni-Co-MOF [194], cobalt—metalloporphyin MOF (PIZA-1) [195], and
Cu-TCPP MOF [196], have been studied as precursors to explore their
derivatives as counter electrodes in DSSCs. Their corresponding de-
rivatives including CoSy, CoSey, bimodal mesoporous carbon with
embedded Ni nanoparticles (BMCNi), ZnSe/N-doped carbon,
NiCop 2@C, CoS; o97@N-doped carbon, and Cup_xSe@N-doped carbon,
respectively, were applied as CEs for DSSCs, with all exhibiting elec-
trocatalytic performance comparable to that of Pt-based DSSCs. Details
of these results are presented in Table 5. The use of other types of MOFs
as a template/precursor provides a new approach for rational design of
electrocatalysts with desired compositions.

4.3.3. Summary

Although MOFs possess periodic intra-framework functionality that
enables them to form high density and well distributed catalytically
active sites, most pristine MOFs are electrically insulating, which limits
their electrocatalytic performance as CEs for DSSCs. Therefore, the
design of new types of electrically conductive MOFs or the formation of
MOF composites containing MOFs and conducting polymers is a prom-
ising route to improve the electrocatalytic performance [54,198].

 Z1L3:bis-C60 o
PCxBM
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Compared to pristine MOFs, their derivatives are more common as
CEs in DSSCs. The cell efficiency and other important parameters of
DSSCs assembled with MOF-derivatives as CEs in comparison with the
DSSCs fabricated with Pt are summarized in Table 5. So far, most of the
studies are focused on ZIF-67 and ZIF-8 based derivatives, and studies on
other types of MOF derivatives are rare. In general, as listed in Table 5,
the DSSCs fabricated with MOF-derivatives as CEs can achieve compa-
rable or even higher PCE values compared to those fabricated with Pt as
a CE. Recent studies have focused mainly on the design of multi-
component active sites with hierarchical complex structures, attempt-
ing to make use of the fact that two or more active sites may have a
synergistic effect to further enhance the electrocatalytic activity.
Moreover, the hierarchical complex structures such as hollow, core-
shell, and yolk-shell structures can provide more active sites and in-
crease the contact between electrode and electrolytes, as well as
improve the electrode stability. Given the diversity of MOFs, the emer-
gence of more studies on the design and preparation of hierarchical
complex structures for applications as CEs in DSSCs with high PCE is
expected.

4.4. Utilization of MOFs as electrolytes in DSSCs

The poor long-term durability of DSSCs is one of the main factors that
hamper their practical use. The risk of liquid electrolyte leaking, and the
volatilization of the organic solvents are factors that contribute to low
durability in DSSCs. Due to the inorganic-organic feature, high porosity
and rich functionality, MOFs show great potential to modify or replace
the traditional liquid organic solvents used in DSSCs.

MOFs can be used as an additive in the electrolytes of DSSCs. In
2013, Bella et al. [199] first reported a MOF-polymer electrolyte
membrane for quasi-solid DSSCs with solar energy conversion effi-
ciencies of 4.8% and high-stability. In this study a Mg-based MOF
(Mg-MOF) was dispersed in a UV-curable reactive polymer mixture
prepared by mixing poly(ethylene glycol) methyl ether methacrylate
(PEGMA) and polyethylene glycol diacrylate (PEGDA). After a rapid
UV-induced curing, the MOF-polymer membrane was prepared. It is
claimed that the interactions between the organic shell of the Mg-MOF
crystals and the surface groups of the TiO, layer were the main factors
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Fig. 7. (a) TEM image of 2D MOF ZrL3; (b) Device structure of inverted PSC with ZrL3:bis-C60 electron-extraction layer; (c) Long-term stability performance of ZrL3
based PSC under maximum power point of 1.03 V recorded at 85 °C under continuous light irradiation in a Na-filled glovebox for 1000 h. Reproduced with
permission [208]. Copyright 2020, Spring Nature. (d) Schematic illustration of the Eu-MOF layer on a perovskite film; and (e) Long-term stability performance of
Eu-MOF based PSC upon continuous heating at 85 °C in N5 for 1200 h. Reproduced with permission [209]. Copyright 2021, John Wiley & Sons. (f) SEM image of a
NiO@C particle derived from MOF Ni-BTC. Reproduced with permission [210]. Copyright 2020, Elsevier B.V.
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Table 5
Performance of MOF derivatives as CE for DSSCs.

MOFs MOF-derived counter electrode Jse (MA cm?) Voe (V) FF PCE (1, %) PECp, (0, %) n/Mpt Electrolyte Ref.

ZIF-67 CoS 14.7 0.784 0.71 8.1 8.0 1.013 I/13 [165]
ZIF-67 Co-MoSy 17.4 0.804 0.687 9.64 8.39 1.149 I/I5 [171]
ZIF-67 Co embedded carbon 21.44 0.730 0.680 10.6 9.8 1.082 I/13 [162]
ZIF-67 CoS, embedded carbon 16.9 0.73 0.66 8.20 7.88 1.041 I/15 [166]
ZIF-67 Co/N-doped carbon 16.86 0.75 0.62 7.84 7.40 1.059 I/I5 [161]
ZIF-67 CoSe,/N-doped carbon 18.86 0.72 0.67 9.06 8.03 1.128 I/13 [167]
ZIF-67 CoS2/N-doped carbon 18.51 0.724 0.65 8.74 8.03 1.088 I/15 [167]
ZIF-67 CogFeSg/ N-doped C 18.19 0.75 0.58 8.06 7.35 1.097 I/15 [169]
ZIF-67 Co304-WC-CN/1GO 16.27 0.77 0.59 7.38 6.85 1.077 I/I3 [197]
ZIF-67 CoTe;@NCNTs 17.89 0.787 0.64 9.02 8.03 1.123 I/13 [179]
ZIF-67 MoS,@Co3S4 16.21 0.782 0.62 7.86 6.99 1.124 I/13 [168]
ZIF-67 CoNi@CNTs-C 18.3 0.76 0.65 9.04 7.88 1.147 I/I5 [155]
ZIF-67 CoSy/NC@Co-WS, 16.5 0.815 0.670 9.21 8.18 1.126 I/I3 [173]
ZIF-67 Co/Co0-Co@NGC 13.29 0.80 0.74 7.92 8.18 0.968 I/15 [164]
ZIF-67 Co@N-doped CNT 15.87 0.72 0.711 8.18 7.54 1.085 I/13 [163]
ZIF-67 CoSe,/N-C@CC 16.39 0.730 0.702 8.40 8.09 1.038 I/13 [174]
ZIF-67 CoMoSy @Ni-CoMoSyx 18.4 0.789 0.641 9.30 8.01 1.161 I/13 [172]
ZIF-67 Ni-MoSey, @CoSe, CSNs 17.3 0.815 0.683 9.58 8.32 1.151 I/13 [178]
ZIF-67 CoSe,-NC@Co-FeSe, 17.9 0.806 0.667 9.61 8.15 1.179 I/I3 [177]
ZIF-67 CoS,-NC@Co-FeS, 17.2 0.805 0.663 9.18 8.15 1.126 I/13 [177]
ZIF-67 CoSe@NPC/NCNTs 16.00 0.710 0.67 7.58 7.27 1.043 I/15 [175]
ZIF-67 CoSe@NPC/CoSe@CNTs 15.90 0.701 0.66 7.36 7.16 1.028 I/I3 [176]
ZIF-67 W-N/C@CogSg@WS5 15.74 0.72 0.65 7.39 7.06 1.047 I/13 [170]
ZIF-8 ZnS 17.20 0.711 0.67 8.20 8.24 0.995 I/13 [189]
ZIF-8 ZnO-C 13.56 0.77 0.68 7.32 7.53 0.972 I/I5 [183]
ZIF-8 N-doped carbon 15.29 0.811 0.728 9.03 8.85 1.020 I/13 [185]
ZIF-8 N-doped carbon 15.25 0.77 0.6986 8.2 7.6 1.079 I/13 [184]
ZIF-8 m-SiO,@NC-PEDOT:PSS 18.88 0.76 0.6979 10.01 8.50 1.178 I/I5 [187]
ZIF-8 ZnO-NC/PEDOT:PSS 15.20 0.74 0.7088 8.05 8.51 0.946 I/13 [186]
ZIF-8 ZnO-NC/PEDOT:PSS 13.58 0.836 0.7149 8.12 7.49 1.084 Co**/Co®* [186]
ZIF-8 MoS,/NC-PEDOT:PSS 14.69 0.75 0.6932 7.67 7.86 0.976 I/13 [188]
ZIF-8 MoS,/NC-PEDOT:PSS 13.36 0.857 0.7121 7.87 7.49 1.051 Co%*/Co®* [188]
Co3[Co(CN)gl2 CoSx 16.8 0.73 0.70 8.48 8.01 1.059 I/13 [190]
Co-MOF CoSey 16.26 0.68 0.62 6.86 6.36 1.079 I/13 [191]
NiBDC BMCNi 16.73 0.739 0.694 8.6 8.4 1.024 I/I5 [192]
ZIF-7 ZnSe/N-doped carbon 16.40 0.77 0.69 8.69 8.26 1.052 I/13 [193]
Ni-Co-MOF NiCog..@C 17.80 0.780 0.67 9.30 8.04 1.157 I/13 [194]
PIZA-1 CoS1.097@N-doped C 17.26 0.76 69.42 9.11 8.04 1.133 I/15 [195]
Cu-TCPP Cuz_,Se@N-doped C 13.12 0.89 0.6544 7.61 8.46 0.900 Co?*/Co** [196]

responsible for the enhanced PCE of DSSCs.

Due to the highly porous and sponge-like characteristics, MOFs can
hold a large amount of liquid electrolyte, while still maintaining the
electrolyte system [21,200]. MOF gel-based electrolyte is another
attempt for the utilization of MOFs as an electrolyte for DSSCs. Recently,
Han et al. reported the gelation of Al-MOF as an electrolyte for DSSC
[200]. Al-MOF consisting of AI*t and 1,3,5-benzenetricarboxylate
(H3BTC), was first mixed with a conventional liquid electrolyte. This
MOF-containing electrolyte was then injected into the DSSC to introduce
gelation within the cells, so that the electrolyte could penetrate evenly
into the pores of TiOg, achieving a good interfacial contact. Like this
study, Su et al. used this gelation method to prepare two types of met-
al-organic gel (MOGs) based electrolyte for efficient quasi-solid-state
DSSCs [201,202]. One MOG was assembled by AI** and H3BTC [201],
and the other by AI’* and 4-tert-butylpyridine (TBP) [202].
As-assembled gel electrolytes can hold a considerable number of active
species of the electrolyte, thereby largely preserving the properties of
the liquid electrolyte.

In summary, the studies on the use of MOFs as electrolytes for DSSCs
are currently in the early stages. The formation of MOF-polymer and
MOF-based gels are two popular electrolyte materials for DSSCs re-
ported in the literature. Further work in this area focused on the design
and optimization of new MOF-polymers, and the functionality of the
MOF-based gels as electrolytes. This is directing research towards a
durable and efficient DSSC using an easy-preparation and cost-effective
approach which is highly desirable.
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5. Applications in perovskite solar cells

Perovskite materials with prominent optoelectronic properties
including a long exciton diffusion length, ambipolar charge-transporting
ability, intense and wide-range light absorption, low-cost, solution
processable are the main characteristics of photoactive materials in
perovskite solar cells (PSCs). MOF-based materials, including both
pristine MOFs and MOF derivatives, have been widely explored as
functional materials for use in PSCs not only as an interfacial layer,
electron transport layer (ETL) or hole transport layer (HEL), but also as
additives in the heterojunction perovskite layer.

The functional materials used in PSCs are required to simultaneously
possess: 1) optimal energy level alignment including HOMO and Fermi
levels (Ef) considered to minimise the energy lost [203]; 2) high charge
selectivity to promote charge extraction and to avoid charge accumu-
lation that blocks carriers; 3) sufficient conductivity to avoid resistive
losses; 4) optimal transparency to limit optical losses; 5) ease of pro-
cessing; and 6) stability under working conditions [89]. The recent
progress in the utilization of MOF-based and derived materials in PSCs is
discussed in this part.

5.1. Utilization of MOFs and derivatives as interfacial layer in PSCs

There are few reports which have demonstrated the utilization of
MOFs and their derivatives as interfacial layers (interlayer) in PSCs.
Three types of MOFs including ZIF-8 [204-207], a 2D conjugated MOF
(ZrL3) [208], and Eu-MOF [209] were studied, while only one MOF
derivative NiO@C was applied as an interfacial layer for PSC [210].
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These MOFs and derivatives are anticipated to enhance the perovskite
crystallinity and grain size, thus further improving the photovoltaic
performance of PSCs.

5.1.1. MOFs as interfacial layer in PSCs

Due to its chemical robustness, good thermal stability and ability to
grow on many types of substrate, ZIF-8 has drawn wide attention as an
interfacial layer for PSCs. In 2018, Wei et al. first applied a ZIF-8
interfacial layer between the mp-TiOy and perovskite layer in a PSC.
This ZIF-8 interfacial layer improved the perovskite layers crystallinity
and morphology. The photovoltaic performance of the ZIF-8 modified
conventional n-i-p PSC was enhanced to a PCE of 16.99%, due to the
suppression of photo-generated carrier recombination and the
improvement of charge extraction [204]. Similarly, Wang et al. and
Eslamian et al. independently introduced a ZIF-8 interfacial layer be-
tween the TiOy and perovskite layer in PSCs [205,206]. Wang et al.
demonstrated that the ZIF-8 interlayer could absorb additional light in
the short-wavelength range above 350 nm, and facilitate the speed of
excited electron transfer [205]; while Eslamian et al. synthesized a ZIF-8
interlayer at room temperature as a scaffold to improve the perovskite
grain crystallinity [206]. In addition, Zhang et al. synthesized ammo-
nium salt-trapped ZIF-8 capsules (ZIF-8 @FALI) as an interlayer between
the perovskite layer and the hole transport layer (HTL) [207]. This
ZIF-8 @FAI layer improved the conventional n-i-p PSC device effi-
ciency (i.e. PCE = 19.13%) and enhanced its stability which remained
over 93% of its initial efficiency after 150 h of operation.

As the stability of PSCs is currently still a challenge, Jen et al. re-
ported the use of a thiol-functionalized 2D conjugated MOF (ZrL3)
(shown in Fig. 7a) to address this issue [208]. The ZrL3 functioned as an
electron-extraction layer between the perovskite and the cathode
(shown in Fig. 7b). The ZrL3 integrated n—i—p PSC showed a high PCE
value of > 22%, with a certificated value of 21.3%. In terms of the
stability, the fabricated PSC could remain > 90% of its initial efficiency
under continuous light irradiation (maximum power point) for 1000 h at
85 °C (Fig. 7c). In addition, the ZrL3 layer could also capture lead ions
leaked from the PSC [208]. Recently, Chen’s group introduced an ul-
trathin Eu-MOF layer at the electron transport layer (ETL)/perovskite
absorber interface to improve the PCE and stability of the planar PSC
with a typical n-i-p configuration (Fig. 7d) [209]. The incorporation of
the Eu-MOF layer brings several benefits including: (1) the increase in
light adsorption; (2) the conversion of residual tensile strain into
compressive strain in the perovskite film and (3) the passivation of the
perovskite film to form high-quality crystals. Due to the synergetic ef-
fects described, the Eu-MOF incorporated PSC achieved a high PCE of
22.16%, as well as excellent stability, where the PSC could remain at
96% of its initial efficiency after 2000 h in a relative humidity of 30%
and 91% of the initial efficiency after 1200 h continuous aging in Ny at
85 °C (Fig. 7€) [209].

5.1.2. MOF derivatives as the interfacial layer in PSCs

The research on the use of MOF derivatives as an interfacial layer in
PSCs is at its infancy and only one report is currently available. Bark
et al. reported the synthesis of NIO@C nanoparticles by thermolysis of a
Ni-MOF, Ni-benzene-1,3,5-tricarboxylic acid (Ni-BTC), in air at 400 °C.
[210] As shown in Fig. 7f, the morphology of the NiO@C particle is
spherical with a rough surface. The as-prepared NiO@C thin film was
then applied as an interfacial layer inserted between the perovskite layer
and hole-transfer layer (HTL) (i.e. spiro-OMeTAD) in PSC. The NiO@C
thin film showed high porosity and improved electro-conductibility,
leading to fewer perovskite defects and a greater charge transfer effi-
ciency. As a result, the NiO@C integrated PSC with a regular n-i-p
configuration exhibited an enhanced PCE of 15.78%, which was higher
than that of the reference without using NiO@C (13.79%) [210].
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5.2. Utilization of MOFs and derivatives as electron transport layer in
PSCs

Two Ti-based MOFs MIL-125 (Ti) and NH,-MIL-125 (Ti), as well as
NH,-MIL-101 (Fe) have been synthesized and processed into films for
utilization as electron transport layers (ETL) in PSCs [211,212]. The
fabrication method of the MOF film plays an important role for the
quality of ETL, which largely determines whether an efficient and
low-cost PSC is achievable. In terms of MOF derivatives, TiO, derived
from MIL-125 (Ti), Co-doped Ti-BTC as well as NH»-MIL-125 (Ti), and
ZnO derived from ZIF-8 are the two main materials that have been
explored as ETL in PSC [87, 88, 213-216].

5.2.1. MOFs as ETL in PSCs

Ti-based MOFs are ideal candidates as ETL in PSCs, mainly due to
their well-ordered structures consisting of tailorable Ti oxo-clusters and
organic ligands [217]. Choi et al. designed and prepared a flexible PSC
using nanocrystalline MIL-125 (Ti) film at room temperature as an ETL
in combination with [6,6]-phenyl-Cg;-butyric acid (PCBM) [211].
Fig. 8a shows a schematic illustration of the synthesis process for
MIL-125 (Ti). The advantage of using MIL-125 (Ti) is that its nano-
crystalline form can enhance the film uniformity of the ETL, which in-
creases the compatibility of the Ti-MOF with the perovskite materials
due to its solution processability. The assembled PSC device follows the
conventional n —i— p planar heterojunction structure (shown in
Fig. 8b). The as-prepared ETL can not only provide efficient electron
transfer, but also suppress the contact between the perovskite layer and
electrode, resulting in a high PCE of 17.43% and excellent mechanical
stability [211]. Similarly, Perez et al. synthesized two types of MOFs
NH,-MIL-101 (Fe) and NH»-MIL-125 (Ti), and then applied them as ETLs
in PSCs with a n-i-p type structure using spin coating and liquid epitaxy
methods [212]. The thickness of the ETL was optimized to achieve
reasonable power conversion efficiencies. While NHy-MIL-101 (Fe)
based PSC exhibited a PCE of 4.1%, and NH,-MIL-125 (Ti) based PSC
showed a higher PCE of 5.9%. It was found that the morphology of the
MOF films, including porous nature and surface roughness, could greatly
affect the overall performance of the PSCs [212].

In summary, so far only very limited studies on MOFs as ETL in PSCs
have been reported. These studies show that the uniformity and surface
morphology of MOF-based ETL play important roles in the performance
of PSCs. Therefore, further studies on morphology control of MOFs for
enhanced performance of PSCs are in demand. In addition, spin coating
was applied in reported studies, and other potential solution-based thin
film fabrication technologies such as spray coating and roll-to-roll
coating, could be investigated in the future to achieve efficient and
flexible PSCs.

5.2.2. MOF derivatives as ETL in PSCs

TiOs is one of the main MOF derivatives that have been studied for
PSCs. In spite of that TiO, derived from MIL-125 (Ti) acts as a nano-
structure scaffold with scattered distribution, helping to improve the
quality of the perovskite film with increased crystallinity and reduced
pin-holes [213], most TiOy derived from MOFs are studied as ETL in
PSCs [87,88,214]. For example, Bark et al. prepared porous Co-doped
TiOy by thermal decomposition of Co-doped Ti-BTC at 400 °C in air
[214], which reduces the TiO, band gap and improves the electron
transfer. When applied as an ETL, 1 wt% Co-doped TiO3 integrated PSCs
with a n-i-p type structure exhibited an optimal PCE of 15.75%, which
was higher than that of the PSC using commercial TiO (14.42%) [214].
Liu et al. prepared porous anatase TiOy nanocrystals derived from
MIL-125 (Ti), and used them in the carbon-based n-i-p PSC by
screen-printing [87]. The as-prepared TiO» nanocrystals with cake-like
structure was beneficial to the crystallization of perovskite materials,
as well as the reduction of the recombination of photo-generated elec-
tron-hole pairs. Consequently, this TiO; based PSC exhibited a PCE of
13.42%, which was higher than that of the reference device using P25 as
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Fig. 8. Schematic illustration of (a) the synthesis process for MIL-125 (Ti) (nTi-MOF), which consists of linked TiO, clusters and BDC molecules, (b) the structure of
nTi-MOF/PCBM ETL integrated PSC device, in which the magnified image shows the electron and hole transfer from the perovskite toward nTi-MOF/PCBM and
spiro-MeOTAD, respectively. Reproduced with permission [211]. Copyright 2018, American Chemical Society. (c) The synthesis of ZIF-8 derived ZnO polyhedral as
well as its use as ETL to improve light harvesting and electron extraction. Reproduced with permission [216]. Copyright 2020, Elsevier B. V.

ETL (i.e. 9.88%). In addition, the same group also synthesized meso-
porous anatase TiOz nanocrystals from the pyrolysis of NHp-MIL-125
(Ti) [88]. When using the screen-printing as-synthesized TiO5 as an ETL,
it was found that the ETL matched well with the conduction band of
perovskite materials. It is worth noting that the screen-printing prepa-
ration method demonstrated by Liu et al. has a great potential to be a
convenient process for commercial large-scale fabrication of
carbon-based PSCs [87,88]. Fully printable PSC shows promise to ach-
ieve efficient and low-cost targets.

Moreover, there are also studies on the applications of ZIF-8 de-
rivatives as ETL in PSCs [215,216]. Zhang et al. carbonized ZIF-8 thin
films under a N, atmosphere to obtain porous carbon skeleton layers
with good electrical conductivity [215]. The as-made porous carbon
skeleton layer was deposited with TiO, nanoparticles and then used as
the ETL to improve the photogenerated electron transport rate of PSCs.
As a result, the PCE of the carbon-skeleton-based n-i-p PSC device was
enhanced from 14.25% to 17.32% [215]. On the other hand, Yin et al.
calcined ZIF-8 in air to obtain a ZnO electron extraction material [216].
The resulting polyhedral morphology and porous structure was used as
ETL in the PSC. It increased the light adsorption capability and improved
the interfacial contact with the perovskite layer, achieving a high PCE
value of 18.1% (shown in Fig. 8c).

5.3. Utilization of MOFs and derivatives in hole transport layer for PSCs

The hole transport layer (HTL) enables hole extraction and transport
in a PSC devices [218], as well as to prevent moisture or oxygen
permeating into the perovskite layer, thus improving the stability of
PSCs. Among the hole transport materials (HTM) for PSC, 2,2’,7,
7’-tetrakis-(N, N-dip-methoxyphenylamine) 9,9’-spirobifluorene (Spi-
ro-OMeTAD) is the most widely used, mainly because of its high solu-
bility and well-matched energy level [219,220]. However, it is still a
challenge to improve the performance of Spiro-OMeTAD, due to its low
conductivity, moderate hole mobility and low oxidation efficiency,
which hinders the development of PSCs [220]. Compared to the limited
number of studies on MOFs and derivatives in ETL, a greater amount of
research has been carried out on the use of MOFs and their derivatives in
HTLs for PSCs [221-228].
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5.3.1. MOFs as HTL in PSCs

MOFs have recently attracted increasing attention in PSC applica-
tions due to their designable structures and controllable functionalities.
However, the development of MOF-modified HTL for PSCs is still at an
early stage. Yang et al. are the main research group focusing on the
modification of HTL by the introduction of MOFs [221-224]. They first
incorporated [Ing sK(3.q)Cl1.5(H20)0.5]120 (In10) into the HTL of the
regular n-i-p PSC, to improve the oxidation capability of Spiro-OMeTAD
[221]. It was found the incorporation of In10 could also increase the
conductivity of HTL and improve the light response of PSCs, leading to
an enhanced PCE over 20%. They then synthesized a hybrid poly-
oxometalate@MOF, [Cux(BTC)4,3-(H20)2]6[H3PMo012040]2 or
POM@Cu-BTG, as a hybrid oxidant of HTL, using a simple self-assembly
method [222]. The as-prepared POM@Cu-BTC could not only speed up
the oxidation of Spiro-OMeTAD, but also improve the stability of the
PSC device (n-i-p type). As a result, the as-fabricated PSC with the HTL
containing POM@Cu-BTC achieved a high PCE value of 21.44%, with a
long-term stability (i.e. 90% of the initial efficiency) under an ambient
environment (Fig. 9a-d). Later, a highly stable MOF [Zn(Hcbob)]-(sol-
vent)n, (Zn-CBOB)], was also prepared and used as a dopant for HTL in
PSC [223]. Taking advantage of the conjugate frameworks and Lewis
basic sites, the Zn-CBOB dopant could control the oxidation of
Spiro-OMeTAD. Moreover, it could also coordinate with Pb?*, passiv-
ating surface traps of the perovskite film. The Zn-CBOB doped PSC could
achieve a PCE of 20.64%. Another study reported by Yang’s group
developed a thermally-stable In-based MOF [In(HPyia)Cl,]-CH3CN,
In-Pyia, to replace the volatile liquid-phase consisting of 4-tert-butylpyr-
idine (t-BP) in HTL [224]. In-Pyia containing active pyridyl sites func-
tioned as a morphological controller of HTL and a coordinator for Li* to
prevent the negative morphological changes of HTL. The In-Pyia-based
planar PSCs with a typical n-i-p configuration showed an improved PCE
0f 19.47 + 0.79% with a low performance fluctuation, and enhanced the
long-term stability under an ambient environment (i.e. maintaining
80.9% of the initial efficiency).

Moreover, Zeng et al. reported the synthesis of a 2D Pb-based MOF
(Pb-MOF) with a hexagon sheet structure and evaluated its application
as HTL when combined with Spiro-OMeTAD [225]. The oriented halo-
ing effect of Pb-MOF was identified in the composite HTL, which led to a
smooth and hydrophobic layer surface, as well as a good energy-level
match with a perovskite/Ag layer. The PCE of the PSC (n-i-p type)
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using composite HTL was 13.17%, which is 25% higher than that of the defect passivation and hole mobility improvement of the as-fabricated

PSC using pure Spiro-OMeTAD. n-i-p type PSC, which resulted in the average PCE improving by up to
In addition, Zhang et al. studied a MOF FJU-17 as an additive of the 19.50%. In addition, the as-fabricated PSC could maintain ~ 90% of the

PSC HTL to improve stability of the PSC [226], and the In-based anionic initial efficiency after running for 1000 h in air.

framework FJU-17 acted as a capsule to contain Me;NH3 counter ions.

Such a capsule incorporating the HTL could simultaneously provide
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5.3.2. MOF derivatives as HTL in PSCs

The studies on the MOF derivatives as HTL in PSCs are currently
limited. Yang et al. introduced a 2D graphitic N-rich porous carbon
(NPC) into the HTL as an auxiliary additive [227], which was obtained
from a direct carbonization of a 2D In-based MOF In-Aipa, [Inp(Hi-
pa-NHy)s (ipa-NHj)s]-5 Hy0O, where Hsipa-NH; is 5-aminoisophthalic
acid (Fig. 9e). Due to the micro-meso-porous and hydrophobic nature
of the NPC, the permeation of Li" and anode metals, as well as the
moisture could be prevented. Thus, the PSC (n-i-p type) with NPC
exhibited a high PCE of 18.51%, and a good long-term stability in air for
over 720 h. In another example, Hazeghi et al. prepared core-shell
CuO@NiO nanospheres by calcining bimetallic MOF Cu-Ni-BTC in air,
and employed them as a p-type HTL for PSC [228]. The as-fabricated
PSC PSC (n-i-p type) exhibited an enhanced PCE of 10.11%, which
was mainly due to the good energy-level match of perovskite and HTL,
and the decrease of defect density in the HTL. In addition, such an
inorganic HTL-based PSC exhibited a longer stability than that of the
PSC using Spiro-OMeTAD as the HTL.

5.4. Heterojunction perovskite/MOF layer in PSCs

The performance of PSCs can be severely affected by perovskite
degradation induced due to the increasing surface defects and the
imperfect grain boundaries of perovskite films. The incorporation of
MOF into perovskite can not only modify the morphology and crystal-
linity of perovskite, but also reduce the defects and grain boundaries in
the film obtained, further enhancing the performance of PSCs. In 2015,
Ho et al. first incorporated Zr-based porphyrin MOF (MOF-525) nano-
crystals as additives into the perovskite precursor solution, followed by a
one-step deposition [229]. Three different MOF-525/perovskite pre-
cursor solution blending ratios were selected to study the effect of
MOF-525 on the performance of PSCs. The PSC with planar n-i-p
configuration using a perovskite film with ratio of 5 v/v% exhibited the
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optimal performance with the PCE of 12.0%. Moreover, two other types
of stable Zr-based MOFs, UiO-66 and MOF-88, were investigated by
Chueh et al. [85]. Both UiO-66 and MOF-88 modified NiOy film could
improve the UV-filtering capacity and perovskite crystallinity, thus the
resulting modified p-i-n type PSCs exhibited a PCE of 17.01% and
16.55%, respectively. In addition, the perovskite/Zr-MOF hybrid
(UiO-66/MOF-88) heterojunction films were also explored. As shown in
Fig. 10a, both hybrid films exhibited a highly retarded degradation after
the stability test, compared with the pristine film. It was found that such
Zr-MOF hybrid showed a grain-locking effect. The Zr-MOF hybrid could
not only passivate defects within the perovskite crystals, but also
improve the film stability. This resulted in PCEs of 18.01% and 17.81%
for the UiO-66-hybrid and MOF-88-hybrid PSCs, respectively (Fig. 10b).
As shown in Fig. 10c, over 70% of the initial efficiency can remain
during the long-term stability test (i.e. at 25 °C and under humidity of
60% for 2 weeks) [85].

In addition to Zr-based MOFs, Yang et al. synthesized microporous
In-based MOF In-BTC nanocrystals by a facile method, which was
incorporated as an additive into the perovskite to form a heterojunction
light-harvesting layer [230]. They found that the microporous structure
and terminal oxygen sites of In-BTC could not only improve the mor-
phology/crystallinity, but also reduce the grain boundaries/defects of
perovskite film. The perovskite/In-BTC heterojunction-based PSC with a
typical n-i-p configuration exhibited an enhanced PCE of 19.63%, higher
than that of the pristine PSC (18.19%). Moreover, the perovskite/In-BTC
heterojunction-based PSC could retain over 80% of its initial efficiency
after a 12-day long-term stability test under a high-humidity environ-
ment [230]. In addition, Fan et al. prepared formic acid-functionalized
2D MOF Zn-cbpp ([Zn(cbpp)(HCOO)l,) as an agent for perovskite
grain termination [231]. Due to the rich under-coordinated nitrogen
atoms and functional carboxylate groups of Zn-cbpp, strong interactions
including coordination bonds and hydrogen bonds could form between
Zn-cbpp and perovskite (Fig. 10d), which resulted in the Zn-cbpp
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Fig. 10. (a) The real-time images of the Zr-MOF hybrid films and reference film stored under an ambient condition of 25 °C and relative humidity 60 + 5%; (b) the
J-V curves of the studied Zr-MOF-hybrid PSC and (c) the PCE of the fabricated devices stored in ambient condition of 25 °C and relative humidity 60 + 5%.
Reproduced with permission [85]. Copyright 2019, Wiley-VCH Verlag GmbH. (d) Schematic illustration of the perovskite/MOF heterojunction film modified with
Zn-cbpp. Reproduced with permission [231]. Copyright 2021, Wiley-VCH Verlag GmbH.
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modified perovskite films exhibiting enhanced optoelectronic properties
and regular morphology with fewer defects. Consequently, the optimal
Zn-cbpp-based PSC (n-i-p) exhibited a high PCE of 21.28%, with
excellent moisture and thermal stabilities [231].

To explore the effect of different MOFs as additives within the
perovskite layer on the PSC performance, four types of MOFs including
Fe-terephthalate MOF (MOF-235), and MOFs consisting of Zr (IV), In
(III) and Zn (II) with a LH; organic linker, were studied by Abedi et al.
[232,233]. The effect of MOF weight percentage on the performance of
its modified PSC was evaluated. It was found that the PCE of
Zn-MOF-modified PSC was enhanced by more than 90% after the
addition of 2 wt% of Zn-MOF into the perovskite layer. The stability of
MOF-modified PSCs was also improved.

6. Applications in organic solar cells

To fulfil the requirement of materials in organic solar cells (OSCs),
the photoactive organic semiconductive materials should simulta-
neously possess important requirements including: broad optical ab-
sorption (suitable bandgap), high absorption coefficient, good
environmental stability, high charge mobility, thermal/light stability,
proper solubility in different solvents and good film-forming capability
[83]. MOFs and derivatives can meet some of the requirement in OSCs.
Therefore, unlike the fast development of the applications of MOFs and
derivatives in DSSCs and PSCs, MOFs and their derivatives have not
been widely studied in OSCs. Only two relevant papers have been
published so far [234,235]. Huang et al. first prepared a 2D
tellurophene-based MOF for the inverted polymer OSC using
tellurophene-2,5-dicarboxylate and cadmium nitrate [234]. Tellur-
ophene is a unique constituent for organic semiconductors containing
strong Te-Te interactions, which benefits interchain stacking and charge
transport [236,237]. The as-synthesized MOF layers were then exfoli-
ated by the polymer surfactant polyethylenimine ethoxylate (PEIE) to
obtain nanosheet ink (MOF-PEIE ink) of single- or a few-layers (shown in
Fig. 11a). The SEM and AFM image confirmed the belt-like morphology
of MOF-PEIE with a nanosheet thickness of 1.3 nm (Fig. 11b-c). Such an
ink was directly employed as an electron extraction layer (EEL) for
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OSCs, where its PCE value was enhanced in comparison with the
PEIE-based OSC. However, the enhancement in the performance of the
two MOF-PEIE ink-fabricated OSC devices was still very limited, with
7.88% in fullerene-based OSC and 4.84% in non-fullerene-based OSC
devices [234].

Foster et al. explored the synthesis of ultrathin zinc-porphyrin-based
MOF nanosheets, [Zny(ZnTCPP)], and then incorporated them into an
active layer blend with polythiophene—fullerene (P3HT-PCBM) [235].
The optimized MOF-based OSC with hole only and electron only devices
exhibited the highest performing PCE value of 5.2%, which is nearly
double that of the reference OSC without using MOF (2.67%). A series of
measurements suggest that the enhanced performance of MOF-based
OSC devices is due to the presence of MOF nanosheets, which act as a
template for the formation of P3HT crystals and as a barrier to inhibit
the over-growth of PCBM (shown in Fig. 11d).

In summary, research indicates that 2D MOF nanosheets are prom-
ising potential nanomaterials for applications in OSCs, mainly because
of their tuneable electronic and optical properties. They have potential
to be blended with polymers such as non-fullerene acceptors to achieve
high-performance in fullerene-free OSCs. In addition, the mechanism of
the performance enhancement in MOF-based OSCs requires further
investigation in the future.

7. Conclusions and outlooks

The recent progress on the applications of MOFs and MOF de-
rivatives in different types of solar cells, namely DSSCs, PSCs and OSCs,
has been discussed and analyzed in this review. MOFs possess unique
structures with diverse tunability of their organic and inorganic com-
ponents, which provide incredible chemical versatility. Depending on
the photovoltaic and chemical properties of MOFs and MOF derivatives,
they could be effectively utilized in solar cells as electrodes, photoactive
materials and charge carriers.

Currently, the majority of studies are focused on the application of
MOFs and MOF derivatives in DSSCs. When applied as a photoanode,
MOFs can be used as either the active material, or the host for other
active materials or the sensitizer. MOFs can also be used as an interfacial

P3HT-Zn,(ZnTCPP)-PCBM
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Fig. 11. (a) Schematic illustration of the process to synthesize 2D tellurophene-based MOF nanosheets through exfoliating and functionalizing with PEIE simul-
taneously; (b) TEM image of 2D tellurophene-based MOF-PEIE nanosheets; (c) AFM image of 2D tellurophene-based MOF-PEIE nanosheets, showing a thickness of
1.3 nm. Reproduced with permission [234]. Copyright 2018, Elsevier B.V. (d) AFM images of OSC devices following solvent and thermal annealing processes with
(right) and without (left) Zn,(ZnTCPP) nanosheets. The corresponding schematic illustration highlights that the nanosheets can promote the crystallinity of P3HT and
prevent the over-growth of PCBM crystals. Reproduced with permission [235]. Copyright 2020, Royal Society of Chemistry.
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modifier of the photoanode to improve the photovoltaic performance.
Moreover, MOF derivatives in the form of metal oxides such as TiO5 and
ZnO are promising candidates as the photoanode. Generally, the direct
use of MOF materials as photoanodes in DSSCs led to a low cell effi-
ciency, this could be due to the sluggish charge transport in the elec-
trically insulating MOF frameworks. Similarly, the electrically insulating
characteristic of MOFs also limited their utilization as CE. It is more
common for MOF derivatives to be applied as CE when compared to the
pristine MOFs. It is worth noting that MOF derivatives including porous
carbons, metal, metal sulfides, metal selenides, and metal carbides with
various structures have been extensively studied. MOF derivative-based
CEs can achieve a comparable or even higher cell efficiency than that of
Pt, with great potential to replace the conventional Pt in DSSCs.

In terms of the applications of MOFs and MOF derivatives in PSCs,
only limited studies have been reported so far. MOFs and MOF de-
rivatives can be applied in various parts in PSC including interfacial
layer, ETL, HTL, and heterojunction perovskite/MOF layer. They have
been demonstrated to improve the quality/crystallinity of the perovskite
film, enhance charge transfer, and inhibit the charge recombination,
resulting in the enhancement of the power conversion efficiency and the
cell stability of PSCs. Overall, the PCE and long-term stability have been
improved due to the excellent thermal stability of MOFs. However, the
working mechanisms behind these improvements are still not fully un-
derstood, more investigations are required to gain insight into the
functions of relevant components, to build up the structure-performance
relationship and provide theoretical guidance to further develop cost-
effective MOF-based materials for PSC applications.

Although the emerging applications of MOFs and MOF derivatives in
different types of solar cells have been developed rapidly and made
encouraging advances in recent years, key challenges to improve the
performance of solar cells are as follows:

(1) The low electron-conductivity of MOFs is one of the biggest ob-
stacles for their application in solar cells. This could be improved
by rational design and preparation of new types of MOFs. Func-
tionalized MOFs with intrinsic electric conductive components or
formation of MOFs-based composites with conductive materials
could also provide solutions to increase the electronic conduc-
tivity of MOFs and their derivatives, enabling their applications
in solar cells.

The stability of solar cells, especially the stability of PSCs, is key
to practical applications. Applications of MOFs and MOF de-
rivatives in PSCs under conditions such as long term and high
humidity should be regularly evaluated in future studies. It is
important to develop PSCs with promising PCE and high stability
performance which will pave concrete way to their potential
practical applications.

An in-depth understanding of the relationships between the
structures, properties of MOFs/MOF derivatives and their
photovoltaic performance are critically important. Elucidating
the relationship between morphologies, topologies as well as
dimensionality of different MOFs and derivatives with their PCE
performance in solar cells will facilitate more promising MOF
materials for solar cell applications. Further exploration of the
applications of emerging 2-dimensional MOFs and their de-
rivatives in solar cells may also bring about different new
scenarios.

Theoretical studies including simulation work and even the fast
developed machine learning as well as Al technology are also
very important tools to analyze the relevant parameters and
properties of MOFs and MOF derivatives in solar cell applica-
tions. This will provide theoretical guidance on the further design
and development of novel MOF-based materials for application in
solar cells.

(2

3

(4

—

The increasing investigation of conductive MOF development, the
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further exploration of structures-performance relationships as well as
the increasing understanding of the working mechanism of MOFs and
MOF derivatives in solar cells, together with the effective support from
theoretic studies, will exclusively inspire further design and develop-
ment of novel MOFs and MOF derivatives for applications in different
solar cells with enhanced performance in the near future.
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