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ABSTRACT: Flexible perovskite solar cells (PSCs) have attracted
considerable attention due to their excellent performance, low-cost, and
great potential as an energy supplier for soft electronic devices. In
particular, the design of charge transporting layers (CTLs) is crucial to
the development of highly eﬃcient and ﬂexible PSCs. Herein, nanocrystalline Ti-based metal−organic framework (nTi-MOF) particles are
synthesized to have ca. 6 nm in diameter. These are then well-dispersed in
alcohol solvents in order to generate electron transporting layers (ETLs)
in PSCs under ambient temperatures using a spin-coating process. The
electronic structure of nTi-MOF ETL is found to be suitable for charge
injection and transfer from the perovskite to the electrodes. The
combination of a [6,6]-phenyl-C61-butyric acid (PCBM) into the nTiMOF ETL provides for eﬃcient electron transfer and also suppresses
direct contact between the perovskite and the electrode. This results in impressive power conversion eﬃciencies (PCEs) of
18.94% and 17.43% for rigid and ﬂexible devices, respectively. Moreover, outstanding mechanical stability is retained after
700 bending cycles at a bending radius (r) of 10 mm.
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Colloidal Zn2SnO4 also showed great potential for use in
ﬂexible PSCs, producing PCEs that exceeded 16%.20
In metal oxide-based PSCs, high PCEs occur in the devices
employing TiO2 electron transporting layers (ETLs). The
mesoporous TiO2 ETL provides a large contact area between
the TiO2 and perovskite. However, a high annealing temperature (>450 °C) is required to fabricate TiO2 ETLs, and this
has been a critical barrier for their application to ﬂexible
architecture. Even if chlorine-capped TiO2 nanocrystal was
recently introduced at a relatively low annealing temperature of
150 °C,21 the temperature is still too high to build-up ﬂexible
PSCs on plastic substrates. Therefore, a room-temperature
process has been sought-after technology. In a previous study,
TiOx ETLs fabricated via atomic layer deposition led to
excellent PCEs (12−15%) and device ﬂexibility.12,13 However,

n recent years, remarkable developments in metal halide
perovskite solar cells (PSCs) have been presented in the
ﬁeld of photovoltaics.1−3 Solution-processable perovskite
materials, with excellent optoelectronic properties, have
boosted the power conversion eﬃciency (PCE) of the devices
to 22.7%.4 The outstanding mechanical ﬂexibility of perovskites
makes them a feasible energy supplier for both wearable devices
and building integrated photovoltaic (BIPV) systems.5−7 For
highly eﬃcient and ﬂexible devices, the electrical and optical
properties of charge transporting layers (CTLs) are crucial as
they determine charge injection and transfer behavior in the
device.8−14 In particular, metal oxides are a promising material,
since they have excellent carrier mobility and environmental
stability.15−17 Synthetic metal oxide nanostructure protocols
have been suggested for preparing eﬃcient CTL for use in
ﬂexible PSCs. For example, NiOx hole transporting layers have
been prepared using simple sol−gel and combustion methods.
This produced rigid and ﬂexible devices, which exhibited
impressive PCEs of 17.6% and 14.53%, respectively.18,19
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Figure 1. (a) Schematic of the synthetic protocol for nanocrystalline Ti-MOF (nTi-MOF). The successive linked TiO2 clusters with BDC
molecules create small nanocrystals. (b) Device structure of a ﬂexible perovskite solar cell incorporating nTi-MOF/PCBM ETL. The
magniﬁed image indicates electron and hole transfer from the perovskite toward interlayers, nTi-MOF/PCBM, and spiro-MeOTAD,
respectively.

Figure 2. (a) TEM image of a synthesized nTi-MOF. (b) The selected area electron diﬀraction (SAED) corresponding to the inset TEM
image. (c) Converted XRD patterns of the nTi-MOFs from SAED. (d) Photograph of a bare ITO/glass (left) and a nTi-MOF/ITO/glass
(right). (e, f) SEM image of the nTi-MOF ETL deposited onto an ITO/glass substrate obtained by (e) the top view and (f) the cross-section
view.

conditions. In this context, Ti-based metal−organic frameworks
(Ti-MOFs) are an ideal candidate, as they are well-ordered
materials, constructed by stitching Ti oxo-cluster and organic
linkers together (Figure 1a).24,25 In this report, we choose MIL125(Ti) composed of a titanium oxocarboxo cluster
[Ti8O8(OH)4(-COO)6] cross-linked with a 1,4-benzenedicarboxylate (BDC) linker.26−28 Their nanocrystalline form can
enhance the ﬁlm uniformity in the ETL of a ﬂexible PSC, and
the solution processability is compatible with perovskite
materials. Therefore, the Ti-MOF in this research was
synthesized in nanocrystalline form so that the diameter is ca.
6 nm (hereafter, this nanocrystalline MIL-125(Ti) is termed
nTi-MOF). The ultrathin and uniform nTi-MOF ETLs are
fabricated onto an indium tin oxide (ITO)/polyethylene
naphthalate (PEN) substrate, using spin coating from the

this method requires a vacuum. Intense pulsed light sintering
was used for ultrafast processing time of both compact and
mesoporous TiO2 ETLs to give PCEs of 11.2%22 and 12%.23 In
other studies, chlorine-capped TiO2 nanocrystal was introduced
to fabricate PSCs. Recently, a photosintering method, using
ultraviolet (UV) radiation to produce TiO2 nanocrystal ﬁlms
created ultrathin, highly crystalline, and pinhole-free TiO2
ETLs. These exhibited an improved PCE (16.01%) and were
easier to process (processing temperature of ETLs <50 °C).14
However, the long UV exposure times (>4 h) posed a
challenge.
The design of TiO2 nanostructures can be derived from the
smallest titanium oxide units that are spatially linked together.
This is expected to allow ﬂexible and high-performance PSCs to
be made using a fast process, and under room-temperature
B
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which thermal conductivity is 273 W m−1 k−1. In conventional
MOF synthesis, a convection oven is commonly used, and the
thermal conductivity of the air in it is only 0.024 W m−1 k−1.
We have synthesized the Ti-MOF in the convection oven under
identical temperature and got large crystals over a few hundred
nanometers (Figure S4). The small-sized nanocrystals are
advantageous for the solution-based ﬁlm fabrication process
described in the next step. This is because they can be used to
make colloidal dispersions in most organic and alcohol solvents
without aggregation (Figure S5).
The nTi-MOF ETLs were fabricated using a spin coating of
the colloidal solution. Figure 2d shows photographs of an ITO/
glass and a nTi-MOF/ITO/glass. A pale milky color was
observed after formation of the nTi-MOF ﬁlm, and this
exhibited a high optical transparency of 97.7% at 550 nm
(Figure S6). Figure 2e,f shows scanning electron microscope
(SEM) images of the nTi-MOF ETL (top and side views,
respectively). From Figure 2f, the ﬁlm thickness is found to be
around 20 nm, which indicates that a triple-layered nTi-MOF
was formed. Because microcracks were observed in the nTiMOF ETLs (Figure 2e), the PCBM was covered during the
PSC fabrication process to avoid direct contact between the
perovskite and ITO (as shown in Figure S7).
X-ray photoelectron spectroscopy (XPS), ultraviolet−visible
(UV−vis) spectra, and ultraviolet photoelectron spectroscopy
(UPS) were thoroughly investigated in order to elucidate the
chemical state and electronic structure of the nTi-MOFs. These
were compared with those of anatase TiO2 nanoparticles
(diameter = 20 nm). Figure 3a shows the XPS spectra of the

nTi-MOF colloidal dispersion. The operation of the device
follows the conventional n−i−p planar heterojunction structure
employing a lead triiodide perovskite, comprising mixed cations
of methylammonium and formamidinium, (MAPbI3)0.95(FAPbI3)0.05 (Figure 1b). The nTi-MOF/PCBM hybrid
ETL (PCBM = [6,6]-phenyl-C61-butyric acid) provides an
excellent PCE of 18.94% and 17.43% for rigid and ﬂexible
devices, respectively. To the best of our knowledge, our devices
show the best performance among all TiO2-based ﬂexible PSCs.
There are two other studies using MOFs in PSCs. In the ﬁrst,
Zr-based porphyrin MOF (MOF-525) nanocrystals were
incorporated into a perovskite layer as an additive (5 v/v %).
This gave an average PCE of 12.0%.29 In the second, TiO2
nanoparticles are composited with 3% of MIL-125, to produce
a depleted perovskite/TiO2−MOF heterojunction solar cell,
with a PCE of 6.4%.30 The present study is the ﬁrst case to
replace TiO2 nanoparticles using nanocrystalline MOFs in
ETLs, which produces the highest PCE of 18.94%. This PCE is
signiﬁcantly higher than all other studies using MOFs for all
classes of solar cells including PSCs (3−13%).31

RESULTS AND DISCUSSION
Samples of nTi-MOF particles were prepared by solvothermal
synthesis. The 1,4-benzenedicarboxylic acid (H2BDC) was
dissolved in a mixture of anhydrous DMF and methanol using
ultrasonication, in a 20 mL Teﬂon-lined vial. Then, titanium(IV) butoxide was added to this solution and fully dissolved by
stirring vigorously for 30 min at room temperature. The
solution was sealed and heated at 150 °C for 15 h using an
aluminum heating block. The white suspensions thus produced
were collected and washed three times with DMF, using a
centrifuge. They were then sequentially immersed in methanol
for three 24 h periods. The nTi-MOF particles were separated
using a centrifuge and then dried in vacuo overnight for further
characterization. Transmission electron microscopy (TEM) of
the product showed angular-shaped crystals with an average
size of 6 nm (Figure 2a). Diﬀraction rings in Figure 2b show
the result of Bragg scattering as the electron beam passes
through the particles shown in the inset of Figure 2b, which
indicates that the nTi-MOFs particles are crystalline. The
intensity proﬁle of the diﬀraction rings was converted into 2-θ
scale and compared with that of a simulated pattern obtained
using experimental X-ray single-crystal diﬀraction data (Figure
2c).26 The coincidence of the diﬀraction lines between nTiMOF and simulated Ti-MOF indicates preservation of the bulk
Ti-MOF structure arrangement for nTi-MOF particles. The IR
spectroscopy of the nTi-MOF particles shows Ti−O stretching
vibrations similar to the bulk Ti-MOF, which indicates that the
organic and inorganic parts and their bonding in both samples
are similar (Figure S1). However, the stronger conjugated C
O stretch in nTi-MOF than that in bulk Ti-MOF indicates the
existence of the coordinated-free carboxylic groups as dangling
bond on the surface of nTi-MOF particles. The XPS data show
that both nTi-MOF and bulk Ti-MOF samples have identical
binding energies of Ti 2p (458.2 and 464.0 eV), C 1s (284.4,
285.9, and 288.5 eV), and O 1s (529.9, 531.5, and 533.1 eV)
and similar elemental ratios (Figure S2). The permanent
porosity was conﬁrmed by measuring the nitrogen gas sorption
isotherm (Figure S3). It shows microporous sorption at low
pressures (0 < P/P0 < 0.05) and additional sorption in higher
pressure areas due to the interparticle space. We speculate that
the most important factor to give such small-sized nanocrystals
is high rates of heat transfer from aluminum heating block

Figure 3. (a) XPS spectra of the nTi-MOF ETL and mesoporous
TiO2 ETL. (b) Tauc plots of the nTi-MOF ETL and mesoporous
TiO2 ETL. These were obtained from UV−vis spectra. (c) UPS
spectra of the nTi-MOF ETL and mesoporous TiO2 ETL. (d)
Energy diagrams of the nTi-MOF (left) and the TiO2 nanoparticle
(right) obtained from the calculation of energy levels and Eg.

nTi-MOFs and TiO2 nanoparticles. The spectra were calibrated
by centering the C 1s peak at 284.8 eV. The Ti 2p3/2 and Ti
2p1/2 peaks of the nTi-MOFs were found to be 458.2 and 464.0
eV, respectively. These correspond to those of the TiO2
nanoparticles. This suggests that the chemical state of Ti in
the Ti-MOFs is almost similar to that of Ti in TiO2
nanoparticles. The electronic structures of the nTi-MOFs,
however, were slightly diﬀerent from that found in TiO2
C
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Figure 4. Characterization of the rigid nTi-MOF/PCBM PSCs. (a) Cross-section SEM image of the device. The sample for SEM analysis was
prepared using a focused ion beam (FIB). (b) Energy diagram of the deposited layers, indicating the electron and hole transfer from the
perovskite to the respective layers. (c) J−V curves of nTi-MOF device and nTi-MOF/PCBM device. The arrows indicate the directions of
voltage sweeps. (d) Time-resolved PL spectra of the three samples: glass/perov, glass/nTi-MOF/perov, and glass/nTi-MOF/PCBM/perov.
(e) EQE spectra of the nTi-MOF device and the nTi-MOF/PCBM device. (f) Histogram of the PCEs for 20 devices.

conductivity and suppresses direct contact between the
perovskite and ITO.
The next stage was to employ the nTi-MOF/PCBM ETLs in
the PSCs, in order to make an nTi-MOF/PCBM device. Figure
4a shows a cross-sectional SEM of the device architecture. A
450 nm-thick, and pinhole-free, perovskite layer was deposited
onto the 50 nm-thick nTi-MOF/PCBM ETL using the Lewis
base adduct method (Figure S9).32 A small amount of
formamidinium iodide (FAI) was added, and UV−vis spectra
of the perovskites showed that the cutoﬀ wavelength underwent
a redshift from 780 to 800 nm, as a result (Figure S10). A 200
nm-thick spiro-MeOTAD was deposited onto the perovskite,
and then Au contacts were deposited using a thermal
evaporator. The energy diagram of the device in Figure 4b
shows the charge transfer from the perovskite to the respective
layer. The nTi-MOF ETLs without a PCBM layer were also
used to make PSCs (nTi-MOF devices), and these were
compared with the nTi-MOF/PCBM devices. Figure 4c shows
the photocurrent density−voltage (J−V) curves of the devices.
At a scan delay time of 200 ms, the PCEs of the nTi-MOF
device were found to be 16.41% and 15.52% for backward and
forward sweeps, respectively. This indicates that the pristine
nTi-MOF ETLs work eﬃciently to transfer electrons from the
perovskite. It should be noted that the PCE of nTi-MOF device
even without PCBM is signiﬁcantly higher than that of all solar
cell devices as developed using MOFs (3−13%).31 As the nTiMOF ETLs become thicker, the device performance is
gradually degraded by the reduction of their conductivity. For

nanoparticles. The Tauc plot in Figure 3b clearly shows that the
band gap (Eg) of the nTi-MOFs is 3.7 eV. This is broader than
that found in the TiO2 nanoparticles (Eg = 3.55 eV). The UPS
spectra of the nTi-MOFs and TiO2 nanoparticles exhibit
diﬀerent binding energies for both low- and high-energy
regimes (Figure 3c). Using the values of the cutoﬀ binding
energy (Ecutoff), Fermi edge (EF,edge), and Fermi level (EF) in
the UPS spectra, the conduction band minimum (CBM) and
valence band maximum (VBM) of the nTi-MOFs were
calculated to be −4.12 eV and −7.82 eV, respectively (Figure
3d). Those of the TiO2 nanoparticles were calculated to be
−3.98 eV and −7.53 eV, respectively (Figure 3d). Considering
that CBM of perovskite layer is −3.80 eV, the electronic
structures of the nTi-MOFs are suitable for charge injection
and transfer from the perovskite to the electrodes. The
electrical conductivity of the nTi-MOF ETL (4.46 × 10−5 S
cm−1) was slightly lower than that of the TiO2 ETL (6.38 ×
10−5 S cm−1) and depended on the ﬁlm thickness. The
conductivity of nTi-MOF ETLs signiﬁcantly decreased from
4.46 × 10−5 S cm−1 to 2.32 × 10−5 S cm−1 as the ﬁlm thickness
increased from 20 to 60 nm, which was attributed to the
increasing contact resistance between the nTi-MOFs (Figure
S8). However, it should be noted that the conductivity of the
nTi-MOF ETLs was signiﬁcantly enhanced up to 1.09 × 10−4 S
cm−1 after deposition of PCBM (Figure S8). This is because
PCBM provides electrical pathways by ﬁlling the microcracks
within the nTi-MOF ETL. In this regard, the incorporation of
PCBM into the nTi-MOF ETL is beneﬁcial, as it improves its
D
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perovskite to the nTi-MOF/PCBM became dominant. Thereby, the faster electron transfer suppresses the charge
recombination, which improved the device parameters and
the hysteresis behavior.38,39 Figure 4e presents the external
quantum eﬃciency (EQE) spectra of the nTi-MOF and nTiMOF/PCBM device. The slightly higher EQE values of the
nTi-MOF/PCBM device than those of the nTi-MOF device
were observed at wavelengths from 400 to 750 nm, since the
PCBM layer eﬃciently suppressed the charge recombination by
avoiding the direct contact between the perovskite and ITO.40
The integrated Jsc from the EQE spectra exhibited an excellent
agreement with the Jsc obtained from the J−V curves. These
were found to be 21.88 mA cm−2 and 22.43 mA cm−2 for the
nTi-MOF and nTi-MOF/PCBM devices, respectively. Figure
4f shows the high reproducibility of the device performance
across 20 devices. The average PCE was found to be 18.37%
(with minimum and maximum values of 17.75% and 18.94%,
respectively). The device parameters for the nTi-MOF and nTiMOF/PCBM devices are summarized in Table 1.

the 20, 40, and 60 nm-thick nTi-MOF ETLs, the PCEs were
found to be 16.41%, 13.82%, and 12.35%, respectively (Table
S1). For the extremely thin nTi-MOF ETL (∼10 nm), a
number of pinholes were generated, and the perovskite was
directly contacted to ITO. This led to the signiﬁcant
degradation of the device performance, exhibiting a PCE of
9.98% (Figure S11).
The nTi-MOF/PCBM ETL signiﬁcantly improved these
PCEs up to 18.94% and 18.58% for backward and forward
sweeps, respectively. For the backward sweeps, the open-circuit
voltage (Voc) increased from 1.066 to 1.082 V, short-circuit
current density (Jsc) increased from 22.57 mA cm−2 to 23.18
mA cm−2, and ﬁll factor (FF) increased from 0.682 to 0.755.
The steady-state photocurrent densities of both devices were
obtained at the maximum power voltage (Vmax, 0.829 and 0.874
V for the nTi-MOF and nTi-MOF/PCBM device, respectively)
(Figure S12). The obtained PCEs of the devices (16.22% and
18.63%) corresponded to those obtained from J−V curves,
which corroborated the excellent stability and performance
under actual working conditions. This suggests that the
combination of nTi-MOF and PCBM in ETLs has a synergetic
eﬀect on device performance and suppresses J−V hysteresis.
Further, the incorporation of PCBM into the nTi-MOF ETLs
leads to better band alignment and reduces the contact
resistance at the interfaces accompanying the facilitation of
electron transfer, as shown in Figure 4b. Considering the
highest PCE using bare PCBM ever reported was 15.30%,33
nTi-MOF played a critical role with the help of PCBM to give
the excellent device performance. We also prepared 50 nmthick TiO2 ETLs treated at 500 °C (HT-TiO2) and then
fabricated HT-TiO2 and HT-TiO2/PCBM devices under the
same conditions of nTi-MOF and nTi-MOF/PCBM devices.
The PCEs for HT-TiO2 and HT-TiO2/PCBM devices were
14.15% and 15.82%, respectively (Figure S13). Further, the
photostability of the HT-TiO2/PCBM and nTi-MOF/PCBM
devices was investigated for 24 h under 1 sun illumination. At a
relative humidity of 60%, the normalized PCEs of the HTTiO2/PCBM and nTi-MOF/PCBM devices decreased to 0.72
and 0.87 after 24 h, respectively (Figure S14). The enhanced
photostability of the nTi-MOF/PCBM device was mainly
attributed to the suppressed photocatalytic eﬀect of the nTiMOF on PCBM and pervoskite.34 The wider band gap of nTiMOF (3.70 eV) than that of HT-TiO2 (3.55 eV) led to the less
absorbance of UV as shown in Figure S6, which contributed to
the enhanced photostability of the surrounding layers. The
signiﬁcantly higher PCEs and photostability for nTi-MOF and
nTi-MOF/PCBM devices clearly show the advantage of nTiMOF ETL for high-performance PSCs.
The eﬀects of nTi-MOF and PCBM layers were observed by
the time-resolved photoluminescence (TRPL) spectroscopy
results. Figure 4d exhibits the PL decay transients and the
corresponding PL lifetimes in three samples of the glass/
perovskite, glass/nTi-MOF/perovskite, and glass/nTi-MOF/
PCBM/perovskite. These were obtained by ﬁtting a biexponential decay function. The ﬁtted parameters for the samples
are summarized in Table S2. The fast decay corresponds to the
quenching of charge carriers between the perovskite and the
ETLs, while the slow decay is due to radiative decay within the
perovskite ﬁlm.35−37 The average PL lifetimes (τ) were found
to be 24.63, 3.09, and 1.72 ns for the glass/perovskite, glass/
nTi-MOF/perovskite, and glass/nTi-MOF/PCBM/perovskite,
respectively. The shorter PL lifetimes for the glass/nTi-MOF/
PCBM/perovskite suggest that the charge injection from the

Table 1. Photovoltaic Parameters of Rigid PSCs Measured
under Standard AM 1.5 G Illumination of 100 mW cm−2
ETL
nTi-MOF
nTi-MOF/
PCBM

scan
direction

Voc
(V)

Jsc
(mA cm−2)

FF

PCE
(%)

backward
forward
backward
forward

1.066
1.052
1.082
1.081

22.47
22.32
23.18
23.16

0.682
0.661
0.755
0.742

16.41
15.52
18.94
18.58

The deposition process of nTi-MOF does not require
thermal annealing. Therefore, nTi-MOF ETLs are highly
suitable for use on plastic substrates. Figure 5a exhibits J−V
curves for ﬂexible devices employing the nTi-MOF/PCBM
ETL. The inset shows a bending image of the real device.
Before bending, an excellent PCE of 17.43% was found (Voc =
1.05 V, Jsc = 22.61 mA cm−2, and FF = 0.734). In case of the
PCBM device (i.e., absence of nTi-MOFs in the ETL), a PCE
was found to be 14.14% when ITO was treated with
polyethylenimine-ethoxylated (PEIE). This was achieved by
an increase in the work function of ITO from −4.7 eV to −4.0
eV. The resulting band alignment between the PCBM and ITO
lowered the electron injection barrier, and charge transfer was
facilitated at the interface.10 Without surface treatment of ITO,
the PCE signiﬁcantly dropped to 6.38% due to the high
electron injection barrier (Figure S15). Therefore, the nTiMOFs are of a highly eﬃcient ETL of ﬂexible PSCs.
This value was approximately retained up to a bending radius
(r) of 10 mm (PCE = 16.96%). At r = 6 mm, the slight plastic
deformation of the ITO/PEN substrate was observed. This led
to a reduction of the initial PCE to 14.85%. The signiﬁcant
mechanical stress at r = 3 mm broke the ITO layer and caused a
breakdown or severe degradation of the device performance
(PCE = 4.31%). This durability test was performed on two
devices at r = 10 mm and 6 mm, for up to 700 bending cycles
(Figure 5b). The initial PCEs of 17.37% and 17.28% decreased
to 15.43% and 11.73% after 700 bending cycles, respectively. As
shown in Figure 5b, after the device was deformed once, the
device performance decreased linearly at the same bending
radius. Figure 5c presents the EQE spectra of the bestperforming device. High EQE values were observed in the
visible range, and the integrated Jsc was found to be 21.53 mA
cm −2 . The histogram in Figure 5d shows the high
E
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Figure 5. Characterization of the ﬂexible nTi-MOF/PCBM PSCs. (a) J−V curves of the ﬂexible devices measured from r = ∞ to r = 3 mm. (b)
Bending test of the devices for r = 10 mm and r = 6 mm up to 700 bending cycles. (c) EQE spectra of the best-performing device. (d)
Histogram of the PCEs for 20 devices.
>99.5%), polyethylenimine-ethoxylated solution (PEIE, 35−40 wt %
in H2O), and anhydrous 2-methoxyethanol (99.8%). TiO2 paste
(particle size = 20 nm) was purchased from NanoPac. PbI 2
(99.9985%) was purchased from Alfa Aesar. Methylammonium iodide
(MAI) and formamidinium iodide (FAI) were purchased from Dyesol.
Spiro-MeOTAD was purchased from Merck. The CH3NH3PbI3
precursor solution was prepared via the Lewis base adduct approach
according to a previous report; 1 M of PbI2, 0.95 M of MAI, 0.05 M of
FAI, and 78 mg of DMSO were mixed with 600 mg of DMF.
Synthesis of nTi-MOF. 1,4-Benzenedicarboxylic acid (H2BDC,
0.25 g, 1.5 mmol) was dissolved in anhydrous dimethylformamide
(DMF, 9 mL) and methanol (1 mL), in a 20 mL glass vial.
Titanium(IV) butoxide (0.13 mL, 0.37 mmol) was then added into the
well-dissolved solution. The mixture was stirred at room temperature
until the solution turned transparent. Then, the sealed vial was placed
in a 150 °C aluminum heating block for 15 h. After the reaction, it was
cooled to room temperature, and the solid was separated with a
centrifuge (9000 rpm for 10 min), followed by washing with DMF and
methanol. The resulting product was ﬁltered using a GF/A glass ﬁber
ﬁlter papers (Whatman) to give size-uniformity and then dispersed in
2-butanol to make an nTi-MOF colloidal solution (8 mg/mL).
Fabrication of Perovskite Solar Cells. The nTi-MOF solution
(8 mg/mL in 2-butanol) was treated with UV/O3 for 15 min. It was
then spin-coated onto the patterned ITO/glass or ITO/PEN
substrates (dimension = 2.5 cm × 2.5 cm) at 3000 rpm for 30 s.
For surface treatment of ITO with PEIE, 0.2 wt % of PEIE solution
diluted with 2-methoxyethanol was spin-coated onto the substrates at
6000 rpm for 60 s. The perovskite precursor solution was spin-coated
onto the nTi-MOF ETL at 4000 rpm for 25 s and 0.5 mL of diethyl
ether was dripped, for 10 s, on the rotating sample. This sample was
then heated at 65 °C for 1 min and at 135 °C for a further 1 min. The
spiro-MeOTAD solution, consisting of 56 mg of spiro-MeOTAD, 5.6
mg of Li-TFSI, and 30 mg of tBP in 1 mL CB, was spin-coated onto
the perovskite layer at 2500 rpm for 20 s. Finally, an Au electrode was
deposited at a constant rate of 0.5 Å using a thermal evaporator.
Characterization. The powder X-ray diﬀraction spectra were
obtained using a RIGAKU XRD (Smartlab, Cu−Kα radiation) at 1200
W (40 kV, 30 mA). The scanning condition was set to a 4°/min scan
rate from 5° to 40°, using a silicon holder. The morphology and
surface of the MOFs were veriﬁed using a ﬁeld emission scanning
electron microscope (FE-SEM, JEM-7600F, JEOL). Focused ion beam

reproducibility of device performance. Twenty devices have an
average PCE of 16.57% (with minimum and maximum values
of 15.68% and 17.43%, respectively). The device parameters for
the ﬂexible device at diﬀerent bending radius are summarized in
Table S3.

CONCLUSIONS
In conclusion, we successfully synthesized the nanocrystalline
nTi-MOF (ca. 6 nm) and used it to produce an eﬃcient ETL in
PSCs. The nTi-MOFs were highly dispersed in organic
solvents, which led to the simple fabrication of uniform and
ultrathin ﬁlms. The electronic structure of nTi-MOFs was
suitable for the transportation of electrons generated in the
perovskite layer of the PSCs. The incorporation of PCBM into
the nTi-MOF ETLs improved the ﬁlm conductivity as well as
suppressed the direct contact between the perovskite and
substrates. These thus provide excellent device performance for
both rigid (PCE = 18.94%) and ﬂexible (PCE = 17.43%) PSC
architectures. Further, the outstanding durability of the device
was retained in up to 700 bending cycles, exhibiting a PCE of
15.43%. These results suggest that the nTi-MOF has great
potential for use in the design of highly ﬂexible architecture in
PSCs and will result in excellent device performance. Solutionbased printing techniques, such as roll-to-roll printing, spray
printing, and bar-coating processes, would provide a highly
eﬃcient means of fabricating large-area, ﬂexible devices using
nTi-MOF.
MATERIALS AND METHODS
Materials. The following materials were purchased from SigmaAldrich: 1,4-benzenedicarboxylic acid (H2BDC, 98%), titanium(IV)
butoxide (97%), anhydrous dimethylformamide (DMF, 99.8%),
anhydrous methanol (99.8%), bis(triﬂuoromethane) sulfonamide
lithium salt (Li-TFSI, 99.95%), anhydrous acetonitrile (ACN,
99.8%), anhydrous dimethyl sulfoxide (DMSO, 99.9%), anhydrous
dimethylformamide (DMF, 99.8%), anhydrous diethyl ether (99.9%),
4-tert-butylpyridine (tBP, 96%), anhydrous chlorobenzene (CB,
99.8%), [6,6]-phenyl C 61 butyric acid methyl ester (PCBM,
F
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(FIB) was performed with a Quanta3D FEG (FEI Company).
Transmission electron microscopy (TEM) was carried out at 200 kV
using a JEOL JEM-2100F. The X-ray photoelectron spectroscopy
(XPS, AXIS SUPRA, Kratos) was conducted using Al−Kα radiation
with a 15 kV, 375 W X-ray source, and a 400 μm beam size. The
ultraviolet photoelectron spectroscopy (UPS, AXIS SUPRA, Kratos)
was performed under a He I source with a 21.22 eV photoemission
energy and a −9.0 V sample bias. Gas adsorption analysis was
performed using a BELSOPR-max (MicrotracBEL Corp.) gas
adsorption analyzer. Samples were prepared and measured after
evacuating at 120 °C for 24 h. Time-resolved PL measurements were
performed at the PL maxima of the perovskite (770 nm), using a timecorrelated single photon counting module (TCSPC, MPD-PDM
Series DET-40 photon counting detector and Pendulum CNT-91
frequency counter). This module was combined with a monochromator and a second-harmonic-generated 400 nm laser, derived
from an 800 nm Ti:sapphire laser (Mai Tai, Spectra-Physics). These
served as a detector and an excitation source, respectively. The I−V
curves were obtained using an Agilent E5270A parametric measurement mainframe. The J−V curves were obtained using a Keithley
model 2400 source meter unit. A 150 W xenon lamp in a solar
simulator was used as the light source. The light intensity was adjusted
to AM 1.5 G using a NREL-calibrated Si solar cell. The active area of
0.12 cm2 was deﬁned using a metal mask. The external quantum
eﬃciency (EQE) spectra were generated using incident photon-tocurrent eﬃciency (IPCE) equipment (PV Measurement, Inc.).

1603-2037) and the Global Ph.D. Fellowship Program through
NRF (2017H1A2A1044712), respectively.
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