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Introduction

Dye-sensitized solar cells (DSSCs), a class of low-cost photo-
electrochemical cells with a facile manufacturing technology,
have become one of the most studied classes of photovoltaic
devices." The system consists of a wide bandgap semi-
conductor, a light absorber molecule (dye), and a redox
mediator all assembled between working and counter electro-
des. A sensitizing dye is immobilized onto the surface of the
semiconductor (TiO, or ZnO) via anchoring groups. Upon the
absorption of light, photoexcited electrons transfer from the
LUMO level of the dye to the conduction band of the semi-
conductor. Then, the redox couple (usually iodide/triiodide)
reduces the oxidized dye back to its neutral state and trans-
ports the positive charge to the counter electrode (Pt).

After the initial reports in the mid-2000s,>* the capability
of metal-organic frameworks (MOFs) in producing charge sep-
aration has been a matter of intense studies. The highly
ordered networked structures of MOFs are composed of
organic ligands (also called linkers) that link metal ions or
metal oxide clusters (Secondary Building Units: SBUs) to each
other. Although still controversial,’ the nanoporous and
modular character of MOFs paved the way for them to be con-
sidered, implemented and fix a number of traditional pro-
blems associated with classic dyes. For example, by utilizing
the organized and open framework of a MOF, a higher density
of dye molecules can be incorporated, preventing dye aggrega-
tion, poor electrolyte access, and reduced charge transfer.”® In
addition, higher efficiencies in photon capturing are possible
when using MOFs as cosensitizers.” To this end, MOF
implementation has shown promising results; yet, there
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achieved via MOF implementation.

has received increasing attention over the past decade. Much effort has been devoted to improving the
performance of these cells by optimizing the photosensitizer, photoanode, and counter electrode. This
Frontier Article provides a snapshot of the recent advances in each of these three major directions

remain challenges that need to be addressed before these
functional materials become fully applicable in DSSCs.

Due to the infinite number of combinations between metal
ions and ligands as well as ordered porous structures and
diverse topologies, MOF-related studies have formed a highly
dynamic multidisciplinary research field. They are traditionally
used for catalysis,®’ gas storage,'® and drug delivery,'" where
their high surface area and permanent porosity play important
roles.”> A survey of the literature shows that there has been
growing interest among the scientific community for utilizing
MOFs as an integral part of photovoltaic cells during the past
decade and abbreviated terms “MOFSC”"® and “MSSC”"*
were appeared in the literatures published in 2016 and 2017,
respectively.">'® MOFs could be used as various components
in a DSSC device (Fig. 1). This can be achieved either by repla-
cing the existing components with a suitable MOF or using a
MOF-derived material. The former case includes using MOFs
as the light-harvesting sensitizer or as host for other materials
(guest@MOF concept). The idea of using MOFs for passing or
controlling the current in a cell is the most challenging part of
work, as MOFs exhibit insulating behavior.'® In the latter case,
MOFs are used as precursors for the synthesis of functional
elements with specific properties. This Frontier Article tries to
highlight the most recent advances in each direction presented
in Fig. 1 through a systematic approach, but the reader can be
informed of other studies with more general approaches
elsewhere.>’

MOFs as sensitizer

In general, the photoconversion efficiencies observed with MOF-
sensitized solar cells are still low (Table 1). Nevertheless, the poss-
ible diversity in size, functionality, etc. of both the metal nodes
and linkers gives hope for future progress in this area.
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Fig. 1 A schematic representation of the different roles of metal—organic frameworks in a dye-sensitized solar cell.

The prerequisite for utilizing a material as a dye in a DSSC
is its ability to capture photons within the entire visible spec-
trum. When it comes to MOFs, this could be achieved through
their ability to encapsulate multiple light absorbers and
locking them into a stable crystalline structure. Porphyrin-con-
taining linkers were among the first-studied photosensitizers
for MOF-based cells due to their intense absorption bands in
the red part of the visible region.'**? The energy and charge
transfer mechanisms are also well studied in porphyrin-based
MOFs.”>”” Liu et al. utilized porphyrin-containing linkers in
combination with closed-shell zinc ions to minimize exciton
quenching. The work also suggested that introduction of Zn or
Pd centres increases the bandgap from 1.58 eV for free-base
porphyrins to 1.88 and 1.94 eV for zinc- and palladium-metal-
lated linkers, respectively.”® Tuning the optical and electronic
properties of MOFs has been a subject of intensive research
thus far and several studies have demonstrated that band
structure adjustment could be achieved by varying the compo-
sition of the building blocks.””””® One strategy for increasing
the light-harvesting efficiency is to increase the conjugation
length of the ligand.” It was shown that the introduction of
long alkyl chains into MIL-125-NHR (R: methyl to n-heptyl) led
to a gradual decrease in the optical bandgap. Remarkably, sub-
stituents with stronger electron-donating ability exhibited
higher stability and longer lifetime of the charge separated
state (Fig. 2).*° Woll et al. pointed out the importance of intro-
ducing electron-donating DPA groups onto the meso positions
in a Zn porphyrin SURMOF to improve the solar light absorp-
tion and photocurrent generation characteristics of the cell.®!
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Another approach to bandgap engineering is through
changing the composition of the metallic node. DFT calcu-
lations and experimental observations revealed a reduction
in bandgap with an increase in the exchange of Zr ions with
Ti in Ui0-66.%> Very recently, Eddaoudi, Gascon, and co-
workers used a similar approach to synthesize a highly
visible-light-responsive MOF. During photocatalytic experi-
ments (HER), it was found that the combination of H,TBAPy,
as a photon antenna, with Ti-oxo clusters produces a system
in which electrons are highly mobile along the Ti-O-Ti-O
chains and holes are localized on the linker.®*> Another prom-
ising solution is to introduce sensitizers as chromophoric
sites into the MOF scaffold. A beautiful example is the work
of Morris et al., who doped Ru"(bpy),L (L = 2,2"-bipyridine-
5,5'-dicarboxylic acid) into UiO-67 through the coordination
of 2,2-bipyridine-5,5"-dicarboxylate with zirconium nodes
within the MOF scaffold."*** More recently, transition metal
ions (Co, Ni, and Cu) were incorporated into amine-functio-
nalized MIL-125 through coordination with the -NH, group.
This study showed a significant improvement in the solar
light absorption property of pristine MOF via the contri-
bution of d-d transitions. A metal-ion dependency was also
observed in the charge carrier separation rates.®> Another
method for inducing light harvesting in MOFs and boosting
photocurrents is through sensitization with QDs.*® Beside
photovoltaic characteristics,>*° it has been shown that the
confinement of QDs (perovskite) inside MOF pores has a
synergistic effect on the stability of the perovskite and MOF
film‘34,87,88

This journal is © The Royal Society of Chemistry 2020
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Table 1 Summary of the various applications of MOFs in DSSCs?

Photosensitizer Jse (MA cm™) Vo (V) FF (%) PCE (%) Anode Cathode  Ref.
NH,-UiO-66 0.00639 £ 0.0001 0.87516 + 0.005 53.16 £ 5 0.003 + 0.001 TiO, Au 23
NH,-UiO-66(Zr/Ti-35%) 0.06535 £ 0.0001 0.88562 + 0.005 59.52 £ 5 0.034 + 0.001 TiO, Au 23
Cu,(bdc),(bpy) 0.064 0.21 33.2 0.004 TiO, Pt 24
Cus(btc), 0.0285 = 0.0085 0.416 + 0.0275 47.5 13 0.005 = 0.0007 TiO, + DHBA Pt 25
Cug(btc), 0.05 0.37 1 0.008 TiO, Pt 26
Rug(btc), 0.33 0.48 39 0.06 TiO, Pt 27
Aly(bdc); 0.02335 0.266 33.84 — TiO, Au 28
PPF-4 0.0085 + 0.00099 0.515+.0065 52.1 + 0.66 0.0023 = 0.0003 TiO, Pt 14
[100]-PPF-11 4.20 £ 0.50 0.47 + 0.002 41+4 0.82 +0.05 ZnO Pt 29
[INK(0X),(H,0)4] 3.84 0.61 64 1.5 TiO, Pt 7
[Ino.5K(3-qlc),Cly 5(H20)0.5]2n 431 0.62 59 1.59 TiO, Pt 7
Eu-MOF 20 0.449 44 2.3 TiO, + graphene Pt 30
MOF-5 0.209 0.52 58 — TiO, Pt 3
Ru-DCBPY-UiO-67 0.446 + 0.097 0.480 + 0.019 55+4 0.123 + 0.021 TiO, Pt 13
RuDCBPY-ZrMOF 0.564 + 0.129 0.482 + 0.035 47 + 4 0.125 + 0.038 TiO, Pt 13
Co-DAPV 4.92 0.67 57 2.1 TiO, Au 31
Co-bdc 0.04 0.23 29 0.003 TiO, Pt 32
Co-ndc 0.04 0.24 29 0.003 TiO, Pt 32
L, @Cu,(bdc),(bpy) 0.323 0.54 40.7 0.071 TiO, Pt 24
L@Cu;(btc), 1.25 0.49 43 0.26 TiO, Pt 26
L@Cu;(btc), 1.95 0.48 51 0.46 TiO, + MWCNT Pt 33
L@Ru,(btc), 2.56 0.63 63 1.22 TiO, Pt 27
L,@Co-bdc 2.13 0.62 62 0.96 TiO, Pt 32
I,@Co-ndc 2.56 0.63 63 1.12 TiO, Pt 32
DMB@AL(bdc), 0.0362 0.361 40.46 — TiO, Au 28
Ceo@[100]-PPF-11 0.67 + 0.30 0.335 + 0.032 59+5 0.13 + 0.04 ZnO Pt 29
Perovskite@MOF-525 23.04 £ 1.0 0.93 + 0.02 60+ 3 12+ 0.5 TiO, Ag 34
CdTe@Eu-MOF 28.45 0.349 30.5 3.02 TiO, Pt 35
CdTe@NTU-9 23.19 486 28.5 3.20 TiO, Pt 36
MOF-derived photoanode  J. (mA cm™2) Voe (V) FF (%) PCE (%) Dye Morphology Ref.
MIL-125 13.99 0.768 67 7.2 N719 Octahedron 37
MIL-125 17.27 0.81 58.18 8.10 Cu,ZnSnS, + N719 Cube-like 38
MIL-125 19.1 0.66 55 7.1 N719 Bipyramid 39
MIL-125 17.72 0.60 77.88 8.96 MoS, Cylinder 40
MIL-125 16.5 0.74 61 7.45 N719 Mesoporous 41
ZIF-8 9.13 + 0.23 0.667 = 0.008 55.4+04 3.37 £0.06 N719 Rhombic dodecahedron 42
MOF-5 7.95+0.17 0.646 = 0.006 68+1 3.49 £ 0.04 N719 Parallelepipeds 43
Zn-MOF-1 — — — 0.15 N719 Elliptical microparticles 44
Zn-MOF-2 — — — 0.14 N719 Elliptical microparticles 44
MOF-derived cathode  Ji. (mA cm™?) Voe (V) FF (%) PCE (%) Electrolyte Composition Ref.
PIZA-1 17.26 + 0.10 0.76 + 0.01 69.42 + 1.05 9.11 + 0.09 1/1;” CoS;.99;@N-doped carbon 45
ZIF-67 14.7 0.784 71 8.1 /13~ CoS 46
ZIF-67 15.87 £ 0.10 0.72 + 0.01 71.1 +0.98 8.18 + 0.08 /13~ Co@N-doped CNT 47
ZIF-67 18.3 0.76 65 9.04 /13~ CoNi@CNT-carbon 48
ZIF-67 18.86 0.72 67 9.06 1/13~ CoSe,/N-doped carbon 49
ZIF-67 16 0.71 67 7.58 I7/13~ CoSe@N-doped carbon 50
ZIF-67 17.89 = 0.05 0.787 = 0.003 64 9.02 + 0.05 /13~ CoTe,@N-doped CNT 51
ZIF-67 16.27 £ 0.10 0.77 £ 0.03 59+2 7.38 +£0.08 /13~ Co30,-WC-N-doped rGO 52
ZIF-67 16.21 + 0.04 0.782 + 0.008 62+1 7.86 + 0.05 /13~ MoS,@Co3S, 53
ZIF-67 21.44 0.73 68 10.6 /13~ Co@Porous carbon 54
ZIF-67 18.4 + 0.4 0.789 = 0.005 64 +4 9.30 + 0.17 /13~ CoMoS,@Ni-CoMoS, 55
ZIF-67 16.9 0.73 66 8.2 /13~ CoS,@carbon nanocages 56
ZIF-7 16.40 + 0.45 0.77 69 +1 8.69 +0.13 /13~ ZnSe/N-doped carbon 57
ZIF-8 13.58 0.836 71.49 8.12 [Co(bpy)s]*"** ZnO-N-doped carbon 58
ZIF-8 18.88 + 0.03 0.76 + 0.01 69.79 + 0.54 10.01 £ 0.04 /13~ SiO,@N-doped carbon 59
ZIF-8 15.25 + 0.09 0.77 + 0.02 69.86 +1.03 8.20+.09 /13~ N-doped carbon sheet 60
ZIF-8 17.20 0.711 67 8.20 /13~ ZnS 61
Ni-Co-MOF 17.80 + 0.09 0.780 + 0.002 67 +1 9.30 + 0.06 /13~ NiCo,,@C 62
Cu-TCPP 13.12 + 0.10 0.89 + 0.01 65.44 +1.01  7.61+0.11  [Co(bpy);]*"*"  Cu,_,Se@N-doped carbon 63
C0;3[Co(CN)g1, 16.8 + 0.1 0.73 +0.01 70+1 8.48 + 0.04 /1, CoS, 64
Other Jse (MA cm™2) Voe (V) FF (%) PCE (%) Function Anode/Cathode Ref.
MOF-5 7.95+0.17 0.646 + 0.006 68+1 3.49 £ 0.04 Light scattering ZnO/Pt 43
MOF-525 16.14 + 0.13 0.8 70 8.91 + 0.02 Cathode modifier TiO,/CC 65
Ui0-66 18.6 0.678 60.8 7.67 Anode modifier TiO,/Graphene 6
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Other Jse (MA cm™) Voe (V) FF (%) PCE (%) Function Anode/Cathode Ref.
MIL-125 10.9 0.85 69 6.4 Anode modifier TiO,/C 66
Ni-MOF 27.32 0.624 51.6 8.846 Anode modifier TiO,/Pt 67
Cu-bte 20.2 0.681 61.5 8.46 Anode modifier TiO,/Pt 68
Al-btc 16.67 0.756 69 8.69 Electrolyte TiO,/Pt 69
Mg-btc 12.6 0.69 55 4.80 Electrolyte TiO,/Pt 70
[InK(0x),(H20)4] 16.54 0.73 62 7.42 Cosensitizer TiO,/Pt 7

[In, 5K(3-qlc),Cly 5(H,0)0.5)2x 17.79 0.74 61 8.07 Cosensitizer TiO,/Pt 7

ZIF-8 10.28 0.753 69 5.34 Sorbent TiO,/Pt 5

ZIF-8 11.88 0.766 73.4 6.68 Sorbent TiO,/Pt 71

“Definition of abbreviations is given in the abbreviation list.

Optical Bandgap (eV)

Fig. 2 Modification of bandgap in MIL-125-NHR by increasing side
chain length. Adapted from ref. 80 with permission from the Royal
Society of Chemistry.

To integrate MOFs in devices such as solar cells, it is
necessary to fabricate surface-supportive MOF films.?" The
method of deposition itself has an immense effect on the cell
performances. Charge transfer and guest loading are among
the factors that are greatly influenced in films with defects,
grain boundaries, or misoriented crystals.”>"** All the methods
utilized so far have their own advantages and drawbacks. For
example, the solvothermal route, which is the most straight-
forward method for MOF thin film growth, produces films
with rough surfaces and poor coverage mainly due to the lack
of good control over nucleation. This problem is avoided in
the stepwise (also known as layer-by-layer) deposition method.
This method also offers a good control over crystal orientation

Dalton Trans.

and film thickness. However, in solution-based methods, the
reactants must diffuse to the growth surface via a time-con-
suming process. In this regard, the vapor-based methods have
shown promising results;” yet, the epitaxially grown MOF
films (SURMOFs) are among the most widely used ones for
cell fabrication.”®*°° In practical applications, MOF films are
deposited on the surface of a metal oxide semiconductor film
or directly on the surface of a conducting glass (ITO/FTO)."**
As demonstrated by Stavila et al., Parsons et al, and others,
the quality of a MOF film is dependent on the properties of
the substrate (roughness, porosity, surface functionality,
eta].102—105

While much attention has been paid to achieve efficient
charge transport in MOFs,'°*"'" studies on band alignment
with other electronic materials are rather scarce. From a practi-
cal point of view, suitable alignment of the MOF LUMO and
HOMO levels with the CB of TiO, and the redox potential of
the electrolyte is critical for efficient photocurrent generation.
Walsh et al. performed DFT calculations to theoretically deter-
mine the binding values of electrons in six porous frameworks.
It was shown that in most cases (except for MIL-125), establish-
ing an effective TiO,/MOF electronic communication is
poor.'™” Recently, laser spectroscopy studies have shown that
the injection time constant of electrons at the TiO,-MOF inter-
face in a system consisting of iodine-doped Cuj;(btc), is around
850 ps. The injection efficiency for this film, which was de-
posited on the surface of TiO, nanotubes via a solution-based
stepwise method, was as low as 10%. However, when copper
was replaced with ruthenium, the injection efficiency reached
a maximum of 85%."" This is apparently due to the higher
differences in the energy levels between the LUMO of Ruj(btc),
and CB of Ti0,.2**” In addition to these, the thickness, mor-
phology, and orientation of the crystals in a MOF film play
dominant roles in the overall device performance.****''* For
example, it has been shown that an effective electron injection
can be established only by the very first MOF layers at inter-
facial contact with the underlying substrate (e.g., TiO,)."'*''?
For chromophores located away but still within the energy
hopping distance from the MOF-TiO, interface, electron injec-
tion can occur via RET models between neighboring sites
(Fig. 3).">'*® This highlights the importance of the structural
features as well as the preparation methods, which ultimately

govern the charge-transfer rates.'"”

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Processes contributing to resonance energy transfer (RET) between chromophoric centres and charge separation at MOF-TiO, interfaces in
a MOF-sensitized solar cell. Adapted from ref. 13 with permission from the Royal Society of Chemistry.

Crystal orientation can also affect charge transport. Recently,
Hupp et al. reported an anisotropic behavior in the conductivity
of NU-1000 thin films. In this case, the conductivity occurred
through linker-to-linker electronic couplings between pairs of
1,3,6,8-tetrakis(p-benzoate)pyrenes located in the a,b plane of
rod-shaped microcrystallites, when oriented almost perpendicu-
lar to the substrate surface. Under these conditions, redox
hopping occurred along the ¢ direction (Fig. 4). The authors

a 2

attributed the boost in the conductivity to the reduced symmetry
of NU-1000s’ net topology (csq).'*® By applying a similar strategy,
a 4.65 mA cm™? current density was achieved for a [100]-oriented
PPF-11 film grown on a ZnO substrate that is among the highest
short circuit photocurrents (J.) reported for a MOF-sensitized
solar cell, so far. The origin of such a high short-circuit current
was attributed to the more facile in-plane charge movement
through vertically aligned Zn'TCPP chromophores.*

Fig. 4 Charge transport through microcrystallites of NU-1000, oriented with a hexagonal face in contact with electrode (A) or end-on oriented (B);
illustration of the differences in siting the geometry for the various pairs of electronically coupled linkers based on O-Zr-0O angles (C). Adapted with

permission from ref. 118 copyright (2019) American Chemical Society.

This journal is © The Royal Society of Chemistry 2020
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Modification of the semiconductor surface/composition
can contribute to superior cell performances as well.>>%6676%71
For example, it has been reported that TiO, surface modifi-
cation with DHBA reduces surface roughness, induces oriented
growth, and inhibits charge recombination.>>'* In addition to
sensitization, it has been reported that MOFs can act as both
sensitizers and hole transporting materials (HTMs), simul-
taneously. By coordination between Co™ and DAPV as a ligand,
an output power conversion efficiency of 2.1% was achieved,
which is remarkable for a MOF-sensitized solid state solar
cell.

Guest@MOF

The guest@MOF approach utilizes the inherent porosity of
MOFs and host-guest interactions to induce conductivity by
loading electroactive guest molecules into the framework. In
this approach, the use of MOFs as sorbents can be explained
in two ways. In one approach, no significant interactions
between the guest molecules and the framework were
observed. In other words, in this approach, molecules such as
classical dyes are just physically encapsulated by the MOF. A
prime example is the work of Li et al, who utilized a 2 nm
thick ZIF-8 film as a scaffold for the uptake of a number of
dyes such as N719.>”" The authors concluded that the intro-
duction of ZIF-8 on TiO, film creates a barrier against charge
recombination and improves the V,. of the cell.”> The other
approach (also known as the guest-promoted approach)
involves a relatively strong bonding between the guest
and the MOF and ultimately provides the donor-acceptor
pathways for charge transport. These interactions range from
covalent bonding to weaker forces such as n-m stacking
interactions.*>"*" A survey of the literature shows that guest
molecules that have been recently employed for the construc-
tion of electroactive MOFs are 7,7,8,8-tetra-cyanoquinodi-
methane (TCNQ), Cqo fullerene, ferrocene, iodine, TTF, and
recently, cadmium.**'*>32 The ab initio calculations demon-
strated that binding TCNQ to two neighboring Cu sites in the
SBUs of Cuj(btc), inserts unoccupied molecular orbitals into
the MOF HOMO-LUMO gap and increases the conductivity via
a system which is best described by a through-bond model
(Fig. 5).">* However, the node cross-linking strategy is feasible
only when unsaturated metal sites are available. A challenge in
achieving higher conductivity in guest-loaded frameworks is
the trade-off between pore size and electron/ion diffusion
rates. Although it is generally accepted that pore diameter
should be smaller than exciton diffusion distance,"*® Morris’s
group has recently demonstrated that the overall charge-trans-
fer rate in a number of ferrocene-doped MOF thin films is
mainly dependent on the ion diffusion rate (rather than elec-
tron) and increases with an increase in the pore size.''” This
work highlighted the importance of ion-MOF interaction in
determining the charge transfer rate.

Heinke et al developed a Cgploaded Zn-porphyrin
SURMOF through a stepwise spin coating process, in which

Dalton Trans.
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Fig. 5 Structure of TCNQ@Cus(btc), with a covalent charge-transport
pathway via Cu-TCNQ linkages. Adapted with permission from ref. 123
copyright (2014) American Association for the Advancement of Science.

the photosensitive porphyrins acted as the electron donors
and the Cgo molecules as the electron acceptors. In this case, a
2-order of magnitude improvement was observed in the con-
ductivity of the Cgo-containing framework (~10""" S em™") due
to the efficient charge separation.'” As another promising
approach, a recent study showed that structural modifications
at the meso position can influence the degree of host-guest
interactions between porphyrin-based donors and Cgo-based
acceptors.'*! Similarly, Morsali et al. succeeded in increasing
the conductivity of an amine-containing MOF (TMU-60) from
5.3 x107° to 1.8 x 107> S em™ " via the sorption of electroactive
Cd" ions."”® Supramolecular interactions between cadmium
ions and the free electrons of nitrogen atoms of the ligand and
the electrostatic interactions between the cations and the
dipoles of nitrogen atoms of the ligand resulted in electron
hopping between the metal nodes and localized Cd ions.
Interestingly, the authors observed no significant increase in
the conductivity of UiO-66, MIL-100(Fe), and HKUST-1 under
similar conditions."® Allendorf et al. demonstrated the excit-
ing possibility of tuning the guest@MOF strategy by the simul-
taneous confinement of donor and acceptor pairs in
MOF-177."*® This study is an interesting example in which all
components functioned as active parts in the energy conver-
sion process. In this system, the framework material served as

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Band alignment and energy/charge transfer between MOF-177
(scaffold), DH6T (donor), and PCBM (acceptor). Definition of abbrevi-
ations is given in the abbreviation list. Reproduced from ref. 133 with
permission from the Royal Society of Chemistry.

an antenna and caused FRET to occur between the btc linkers
and DH6T molecules (Fig. 6).

It is worth mentioning that the compatibility of the redox
electrolyte and guest molecules has a crucial effect on the per-
formance of the cell. For guest-loaded MOFs, charge transport
can be affected by the choice of redox shuttle used in the cell.
For example, while it has been shown that the inclusion of
iodine molecules (in acetonitrile) in liquid cells (that consist
of I'/I;” in the mixture of acetonitrile and valeronitrile) is ben-
eficial for the cell performance,*®*”3%*% C¢-loaded PPF-11 dis-
played no measurable conductivity and much weaker photovol-
taic response in the presence of the same electrolyte.

MOF-derived electrodes

Over past years, MOFs have proven to be suitable templates/
precursors for the fabrication of carbon-/metal-based porous
materials and thus MOF-derived materials are being used both
in photoanodes and cathodes. The inherent properties of the
parent MOF (such as ordered porous structure and high
surface area) can be utilized to prepare functional materials
with new properties. The morphology, porosity, and size of the
obtained structures are highly dependent on the preparation

This journal is © The Royal Society of Chemistry 2020
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conditions like heating temperature, time, rate, and atmo-
sphere (air or inert gas).

To date, MOF-derived electrodes have been prepared by
pyrolysis or calcination of MOFs such as MIL-125(Ti),?”*%*%!
MOF-5,**13* 71p-7>" 7ZIF-8,°°"%" and ZIF-67.°"°*7"% Some
essential characteristics of metal oxides (TiO,, ZnO) in photo-
anodes, such as light absorption and scattering and charge
transport, can be tuned through precisely controlling the par-
ticle and pore size of MOF-derived structures.*®*? This could
be achieved by the addition of structure-directing agents.*>*!
For example, Park et al. used an amphiphilic graft copolymer
of poly(vinylchloride)-graft-poly(oxyethylene methacrylate) to
prepare mesoporous TiO, structures from MIL-125(Ti). With a
TiO, film thickness of 10 um, a 34% improvement in the
amount of adsorbed dyes was obtained (surface area 98.3 m?>
g7"), and when this film was used in solid state/liquid junction
solar cells, power conversion efficiencies of 7.45 and 8.43%
were reached, while standard films (made from commercial
metal oxide) with the same thickness gave 5.36 and 7.14%
under the same test conditions.*! Some authors also reported
a templating role for counter ions in enabling the aggregation
of smaller fragments to form diverse morphologies.** In
addition, controlling the heating conditions (rate/time) during
thermal treatment is another key factor for maintaining the
initial morphology of the parent MOF.*?

An ideal cathode material should be able to provide con-
ductivity, stability, and electrocatalytic reduction of the electro-
lyte (e.g., triiodide). To date, Pt, transition metal sulfides, as
well as carbon-based materials (e.g. carbon black, graphene,
and SWCNT) have been used as cathode materials in DSSCs.
Recently, Wang et al. developed a cathode material comprising
CoX,-N-doped carbon hybrids (X = S, Se) derived from the
pyrolysis of ZIF-67 polyhedra by the doctor blade method
(Fig. 7).*” In this hybrid, the role of nitrogen-doped carbon
was electronic conduction while the CoX, species provided
abundant catalytic centres. While the specific morphology of
the materials contributed to fast electrolyte access, cathodes
with softer atoms (selenium) achieved a higher photon to
current conversion efficiency (~9%). The deposition of MOF-
derived material can be carried out using in situ methods.
Recently, a cobalt-metalloporphyrin MOF thin film was pre-
pared on an FTO substrate via the LPE approach. When a
CoS; g9;@N-doped carbon cathode was fabricated into the
DSSC, a 9.11% efficiency was achieved.”® Doping heteroatoms
to improve the electrocatalytic activity has been demonstrated
by incorporating bimetallic/metalloid additives in the structure
of the cathode material.*®>:%>13> A charge transfer resistance
(Ree) as low as 0.192 Q was achieved for a ZIF-67-derived
cathode that was comprised of hollow polyhedrons of
CoMoS,@Ni-CoMoS, and the device showed 89% reduction in
R in comparison with a platinized reference.’® Particle size
influences R.; as well. It has been shown that in cathodes with
smaller CoS particles, the value of the roughness factor is
higher. This provides more catalytic sites for triiodide ions in
the electrolyte, thus improving FF and power conversion
efficiency.®
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Fig. 7 Illustration of the synthesis and structure of CoSe,/NC and CoS,/NC hybrids. Reproduced with permission from ref. 49 copyright 2019

American Chemical Society.

Conclusions and perspectives

The prospect of integrating MOFs in devices such as solar cells
has led researchers to the point where significant progress has
been made today. Nonetheless, there is still some way to go in
order to achieve high efficiencies. Tuning MOF composition
and structure are expected to improve DSSC device perform-
ances. For MOF-sensitized solar cells, as discussed, the first
step begins with the development of appropriately designed
MOFs with improved solar light harvesting and exciton-trans-
port features. In this regard, the use of natural mimicking
structures like porphyrinic MOFs has shown promising
results. On the one hand, by employing photosensitization
methods such as co-sensitization with QDs or by the introduc-
tion of appropriate functional groups, the photon capture
characteristics of porphyrin arrays could be improved. On the
other hand, the incorporation of suitable guest molecules can
increase the host-guest interactions and promote exciton
diffusion. A detailed understanding of the structure-property
correlation in view of exciton migration would be of great inter-
est. From a preparative perspective, the development of depo-
sition methods in which the distance and orientation between
chromophoric sites are precisely controlled also facilitates
exciton migration. Indeed, in this scope, thin layers of homo-
geneous SURMOFs with highly oriented crystals have advan-
tages over powder forms of MOFs or polycrystalline MOF films
and can provide conditions under which most photoactive
moieties within the MOF film can be excited. However, the
stability and adhesion of the film to the support (e.g. TiO, and
TCO) as well as the interface phenomena (e.g. band alignment
and charge injection) should also be taken into account.
Proper positions of the energy levels at the MOF oxide/electro-
lyte interfaces are important for efficient photocurrent
generation.

Long-range ordering, high surface area, porosity, and
specific pore size of MOFs have made MOF-derived materials
ideal electrode materials. However, developments of new strat-
egies in which synthetic conditions are carefully controlled are

Dalton Trans.

essential for obtaining materials with desired morphology,
size, and composition for efficient electrochemical processes.
In addition, understanding the electrochemical processes of
MOF-derived materials still needs further studies in order to
gain insights into the correlation between the structural
changes during catalyst preparation and the electrochemical
activities.
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