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ABSTRACT: Solid-state photovoltaic cells based on robust metal-organic frameworks (MOFs), MIL-
125(Ti), MIL-125(Ti)-NHz, UiO-67, Ru(bpy).-UiO-67, as active components and spiro-MeOTAD as hole
transporting layer have been prepared, observing photovoltaic response that increases with the presence
of bathochromic —NH2 groups on the linker or the presence of Ru (I1) polypyridyl complex. These results
show that the strategies typically employed in photocatalysis to enhance the photocatalytic activity of

MOFs can also be applied in the field of photovoltaic devices.

Introduction

Depletion of fossil fuel reserves and actions to mitigate the climate change caused by the adverse impact
on the environment of atmospheric CO2 emissions have become a decisive driving force for the
development of alternative renewable energy sources. Among the various possible primary energy
resources, solar energy stands out as an ideal candidate owing to its clean, abundant, and inexhaustible
nature. Solar cells, which convert solar into electrical energy based on photo-generated charge
separation on a semiconductor, has become a mature technology, the target in this area being the
development of affordable materials based on abundant or renewable elements.! Therefore, the finding
of new semiconductor materials able to harvest the whole sunlight spectrum and exhibiting sufficient
stability is highly demanded. Research in this area has grown exponentially in recent years.”* Indeed,
long-term stability is one of the main challenges for the third-generation solar cell devices.” To improve
the power conversion efficiency (PCE) and stability of the third-generation solar cells, the development
of nanostructured materials holds a great potential.

MOFs, as a recent category of porous nanomaterials, appear as appealing for this application due to
their flexibility in design and preparation.>  MOFs are crystalline solids whose composition and
structure can be easily tuned by combining a large diversity of organic linkers and metal ions/clusters.”-
13 These highly porous materials possess many remarkable characteristics, including extremely high
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surface area values, as well as tunable pore volumes and pore size distributions.® * !> They have been
traditionally employed as porous materials for gas storage,'* !5 separations,'* !> catalysis and
photocatalysis,> '©2° optical sensing and even, more recently, for photovoltaic applications.
Functionality of organic linkers allows one to introduce response in the solid upon chemical,
electrochemical, or photochemical excitation of these units.> ®2!-2? Since Garcia et all?* first published
the semiconductor behaviour of MOF-5 and its performance as active phase in a photovoltaic cell, some
other MOFs containing photoactive ligands or guest molecules have been designed and employed for
photovoltaic applications.!* In some cases, MOF has been used as host of a dye'®?° to harvest most
of the visible light and/or a suitable electrolyte that matched their energy levels with the valence and
conduction band of the MOF is employed for efficient energy conversion. Reports in which only the
MOF is used as active phase for the construction of solid-state photovoltaic devices are few and far
between. Garcia?® published the use of commercial MIL-53 (ALBDC3), pristine and as host of electron
donor molecules, as active phase for photovoltaic devices. In this work, it was concluded that the
efficiency of the photovoltaic device increases with the incorporation of an organic guest. Recently,
Shrestha et al' have employed an intrinsically p-type conductive Co-based MOFs, formed by
coordination of Co (II) ions with di(3-diaminopropyl)-viologen dibromide (DAPV), to build a p-n type
heterojunction with thin mesoporous TiO: film that was used as active material in a solid-state solar
cell, measuring one of the highest efficiency for this type of solid-state devices.

The common limiting factor of the published examples for possible future application in solar cells is
the low MOF stability, undergoing performance decay upon operation. A more robust MOF, the UiO-
66-NHa, has recently been used ?* to build a solid state solar cell, without using a TiO, mesoporous
layer. Incorporation of Ti at the metallic cluster of the MOF increased the current density generated by
the device.

Continuing with this research line, and in order to build a MOF sensitized solid state solar cell with
long-term stability, it is reported herein the photovoltaic activity of two of the most stable known MOFs
whose behavior as semiconductor and photocatalyst has been widely reported, namely, MIL-125(Ti)
and UiO-67(Zr).2% 2" In the present study, these two MOFs have been evaluated as active phase for the
construction of solid-state solar cells, without TiO2 mesoporous layer and using a conductive polymer
as hole transporting layer. Since none of these parent MOFs absorbs visible light,?®:? the materials that
have been tested as active phase in the construction of MOF sensitized solid-state solar cells in the
present study are the amino functionalized MIL-125(Ti), having an absorption band at 420 nm, and the
UiO-67(Zr) having ruthenium(Il)-polypyridyl complexes appended at satellite positions of the
backbone. 4 28- 30

Experimental procedure
All chemicals were purchased from Sigma-Aldrich and used without further purification.

MIL-125(Ti) synthesis:

MIL-125(Ti) was prepared following the procedure described by Se-NaKim.?! Briefly, a mixture of
N,N-dimethylformamide (DMF) and methanol (9:1; 50 mL) was introduced in a Duran bottle of 150
mL. Then, titanium isopropoxide (9 mmol) and 1,4-benzene dicarboxylic acid (15 mmol) were added
and the system was sonicated for 30 min. After this time, the mixture was heated in an oven at 150 °C
for 16 h. Then, the system was cooled to room temperature. The resulting white powder was filtered and
washed twice with DMF and methanol. The final material was dried overnight at 150 °C under vacuum.

MIL-125(Ti)-NH? synthesis:

MIL-125(Ti)-NHz was prepared following a previously reported procedure.’! A suspension of 2-
aminoterephthalic acid (1.43 g, 7.9 mmol) in 20 mL of anhydrous DMF was introduced in a 30 mL vial.



Then, anhydrous methanol (5 mL) was added to the flask and the system was sonicated for 20 min. The
mixture was transferred to a 50 mL Teflon-lined autoclave and titanium isopropoxide (1.36 g, 4.8 mmol)
was added. The autoclave was sealed and heated up to 110°C for 72 h. After cooling to room
temperature, the suspension was filtered and washed by suspending the powder in DMF for 12 h.
Subsequently, the solid was washed with additional DMF at 120 °C for 12 h. This washing procedure
was repeated using methanol as solvent to remove the DMF. The material was collected by filtration
and dried overnight in an oven at 100 °C.

Preparation of Ru(II) Bis(2,2'-bipyridine)(2,2’-bipyridyl-5,5’-dicarboxylic acid) dichloride,
Rudcbp

Ru(Il) bis(2,2'-bipyridine) dichloride, Ru(bpy).Cl,, was synthesized according to the procedure
described by Sullivan et al.>? Ru(bpy).Cl, (0.160 g, 0.33 mmol) and 2,2'- bipyridyl-5,5'-dicarboxylic
acid (dcbpy, 0.101 g, 0.42 mmol) were introduced in a 500 mL flask and suspended in a 20 mL mixture
of EtOH-water and heated overnight at reflux under N,. The solvent was then removed under reduced
pressure and the product was crystallized from MeOH using diethyl ether.

UiO-67(Zr) and Rudcbpy-UiO-67(Zr) synthesis:

A solution of ZrCl4 (0.130 mg, 0.56 mmol) and benzoic acid (3.4 g, 28 mmol) in DMF (20 mL) was
introduced in a scintillation vial.?® ** The solution was sonicated for several minutes and, then, 140 mg
of biphenyl dicarboxylic acid, (BPDC, 0.58 mmol), and 50 mg of Rudcbpy in the case of Rudcbpy-
Ui0-67(Zr)-doped MOF, were added. The mixture was sonicated for 10 min. The vial was then heated

at 120 °C for 48 h. The obtained precipitate was separated by centrifugation and washed 3 times with
DMF and 3 times with ethanol. The crystalline solid was characterized by ICP, TGA, BET and PXRD.

Characterization techniques: Powder X-ray diffraction (PXRD) patterns were recorded on a Philips
XPert diffractometer equipped with a graphite monochromator (40 kV and 45 mA) employing Ni
filtered CuKa radiation. N, adsorption isotherms at 77 K were measured using a Micromeritics ASAP
2010 apparatus. Thermogravimetric analyses were performed on a TGA/SDTA85le METTLER
TOLEDO station. Diffuse reflectance UV—visible spectra were recorded using a Cary 5000 Varian
spectrophotometer having an integrating sphere and using BaSOs as reference; the sample as
compressed powder was placed on a sample holder. The morphology and composition attributed to each
MOF were characterized using a SEM instrument (Zeiss instrument, AURIGA Compact) coupled with
an EDX detector. ATR-FTIR spectra were measured with a Bruker Tensor 27 instrument. Prior to ATR-
FTIR measurements the solid samples were dried in an oven at 100 °C for 16 h to remove physiosorbed
water.

Solid state solar cell preparation: All samples were prepared on pre-patterned ITO substrates of 20 mm
x 15 mm size with pixel dimensions of 4.5 mm? area from Ossila Ltd. ITO substrates were first cleaned
by ultrasonic agitation in acetone and isopropanol. The cleaned substrate was then covered with a dense
TiO; layer of about 20-nm thickness using spin coating. Then, a porous layer of the corresponding MOF
sample (thickness 6 um) was deposited spreading a paste prepared previously by suspending the
corresponding MOF sample and terpineol (100 mgxmL™). The layer was thermally treated in vacuum
at 100 °C for 8 h in order to completely remove terpineol. Then, a layer of Spiro-OMeTAD (Merck, 135
mg/mL) in chlorobenzene (containing 38 mM Li(CF3SO,):N, Sigma-Aldrich, and 28 mM 4-tert-
butylpyridine) was infiltrated by spin coating at room temperature and left for 1 min, before being spin
coated at 2000 rpm for 45 s under nitrogen atmosphere. After spin coating, the film was dried overnight
at room temperature in the evaporation chamber. Finally, a gold layer was deposited by thermal
evaporation (100 nm). The thickness of the total layers was measured by a MicroXAM-100 3D surface
profilometer.



Photovoltaic Response Measurements. To determine the J-V plots, the cell was connected to a
sourcemeter (Keithley 2601). The voltage scan was controlled using ReRa Tracer software. The data
were automatically transferred to a PC that controlled the experiment and at the same time provided
data storage capability to the system. The solar simulator (Sun 2000, ABET Technologies) was equipped
with an AM 1.5G filter, and the nominal power for the measurements was 100 mW/cm?.

The same cells were used to record the photocurrent spectra. In these measurements, the cell was
illuminated with a 150 W xenon lamp through a Czerny—Turner monochromator. The current output at
short circuit was measured by a potentiostat (AMEL), which transferred the data through the A/D
converter card to the PC controlling the monochromator apparatus. Photocurrent curves were corrected
using a Newport (818-UV-L) calibrated photodiode.

Results and discussion

The two MOFs under study, namely MIL-125-(Ti)-NHz and Rudcbpy-UiO-67(Zr), were synthesized
following procedures previously reported in literature.?® 2% 33 The success of the synthesis was
ascertained by X-ray diffraction, thermogravimetry analysis, surface area (BET) measurements and
infrared spectroscopy, which showed that the results obtained are in agreement with what was previously
reported for these two MOFs. The diffractograms corresponding to the MIL-125(Ti) and MIL-125(Ti)-
NH2 MOFs as well as the pair of diffractograms attributed to the UiO-67(Zr) MOFs show that the parent
and substituted materials are isostructural crystalline solids. In fact, the patterns shown in Figure 1 do
not present significant differences in the positions of the peaks for the parent and the derivative MOFs.
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Figure 1. Powder XRD patterns of: a) UiO-67(Zr) and b) Rudcbpy-UiO-67 ¢) MIL-125(Ti) and d) MIL-125(Ti)-NHa.

Thermal stability of the MOFs under study was analyzed by thermogravimetry, comparing the parent
and derivative MOF. The results are presented in Figure 2. These measurements show that MIL-125(T1)
is thermally stable, the first weight loss being observed at 470 °C. In comparison, the MIL-125(Ti)-NH,

derivative was less stable and started to decompose at 300 °C. In the case of MOF UiO-67(Zr), the solid



exhibits thermal stability up to a temperature of 470 °C, and the incorporation of the Ru complex in
Rudcbpy-UiO-67(Zr) MOF determines again somewhat lower stability, observing the first weight loss
at a temperature of 400 °C. In any case, the thermogravimetric data show the notable stability of the
porous derivative MOFs under study.
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Figure 2. Thermogravimetric analysis of UiO-67 (a), Rudcbpy-UiO-67 (b), MIL-125(Ti) (c) and MIL-125(Ti)-NH: (d) MOFs.

The optical spectrum of MIL-125(Ti) reveals that this material absorbs light in the UV region; the
presence of —NH, substituent in MIL-125(Ti)-NH, expands its absorption towards the visible by
introducing a new electronic transition. A comparison between the two UV-Vis absorption spectra of
MIL-125(Ti) is presented in Figure 3. The intense band in the UV region with a maximum of 280 nm
present in both MIL-125(Ti) and MIL-125(Ti)-NH, is associated to the Ti-O ligand to metal charge
transfer electronic transition. In the case of the MIL-125(Ti)-NH,, another absorption band with
maximum around 380 nm is recorded due to the electronic transition of the lone electron pair on the N
atom to the [J* orbital of the aromatic ring.

Comparison of the diffuse reflectance absorption spectra of UiO-67 and Rudcbpy-UiO-67(Zr) MOFs
(Figure 3) shows the

presence of the absorption band at 460 nm attributable to the Ru polypyridyl complex attached to the
crystalline structure. The other band presents in both spectra, at about 275 nm, corresponds to the
absorption centered on the biphenyldicarboxylic ligand.



UF(R)

\il/////*\\\\\\\\
200 300 400 500 600
Wavelength (nm)

o ™
e
— \\R \
A\
\\‘\\\C)
\\
\\\ “
\‘1¥ - T
300 400 500 600

Wavelength (nm)

Figure 3. Diffuse reflectance spectra of UiO-67 (a), Rudcbpy-UiO-67 (b), MIL-125(Ti) (c) and MIL-125(Ti)-NH2 (d) MOFs.

The presence of the NH: substituent on the aromatic ring is reflected in the observation in the infrared
(IR) spectrum of MIL-125(Ti)-NH, of the characteristic vibration bands at 3300, 1610 and 760 cm™ due
to N-H vibration and 1255 cm™ for the C-N bond arising from the NH; substituent. These characteristic
infrared peaks do not appear in the MIL-125(Ti) sample. IR spectrum recorded for the Rudcbpy-UiO-
67(Zr) MOF is presented in Figure 4. The vibration band at 1409 cm™ is attributed to the asymmetric
stretching of carboxylate functional group. The typical vibrations of the aromatic ring are also recorded
at 1373 cm™.
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Figure 4. FT-IR spectra of UiO67-Zr (a), Rudcbpy-UiO-67 (b), MIL-125-Ti (c) and MIL-125-Ti-NH (d) MOFs.

It is interesting to note that the materials under study present a very large surface area, as it has been
reported in previous works. Table 1 summarizes the porosity values determined from isothermal gas
adsorption for our samples. Specifically, for MIL-125(Ti) MOFs the presence of -NH> substituent does
not substantially alter the specific surface area of this MOF. In contrast, in the case of UiO-67(Zr) MOFs
there is an increase of the surface area from UiO-67(Zr) to Rudcbpy-UiO-67(Zr).

Table 1. BET surface area values of the series of MOFs employed in this work.

MOF BET m?/g
MIL-125(Ti) 1253
MIL-125(Ti)-NH, 1200
Uio-67(zr) 1368
RuBipy-UiO-67(zZr) 1783

Photovoltaic response

To determine the photoactivity of the MOF derivatives of MIL-125(Ti) and UiO-67(Zr) with NH> and
Rudcbpy, respectively, and considering the long-lived (millisecond time scale) charge separated states
previously observed by photophysical studies,?®?® 3 a series of photovoltaic devices using the four
MOFs, namely, MIL-125, MIL-125-NH», UiO-67 and Rudcbpy-UiO-67 as photoactive material, was
prepared. Efficient dye sensitized solar cells (DSSCs) typically use a liquid electrolyte to regenerate the
neutrality of the dye anchored to the TiO> mesoporous structure after electron injection into the



semiconductor conduction band. Although, as commented earlier, there are some precedents in the
literature using MOFs in DSSCs, such as the case of Rudcbpy-UiO-67°° or MOF-5,** the use of liquid
electrolyte presents drawbacks associated with leakage of the electrolyte or low device stability.

An appropriate alternative is the use of a solid electrolyte or hole transporter material, for this reason,
complete solid-state photovoltaic solar cells were prepared. At the present, the only examples of this
configuration are the use of Co-DAPV! acting as sensitizer and as hole transporter over a mesoporous
TiO> layer and also the work reported by us using only Alo(BDC)3.% In the last precedent, the only
material responsible for the photocurrent was the MOF, since mesoporous TiO; scaffold layer was
absent.

In the present study, the configuration used in the photovoltaic cell was ITO/TiO>/MOF/Spiro/Au, where
a thin hole blocking layer was deposited between the transparent conducting electrode (ITO) and the
MOF material and a transparent hole transport layer of Spiro-MeOTAD is deposited on top of the MOF.
Scheme 1 illustrates the configuration of the devices tested. Finally, a gold metallic layer was deposited
on top of a polymer substrate as cathode electrode (see experimental section in the supporting
information for the preparation procedure).
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Scheme 1. Device configuration for MOF solar cells of the present study. HBL corresponds to the hole blocking layer.

The morphological features of the MOFs layers incorporated in the devices were studied by FESEM.
Figure 5 shows some representative images. We can see in this Figure 5 for both MOF series, a uniform
and porous films constituted by MOF particles with the characteristic spherical shape for MIL-125(T1)
and octahedral geometry in the case of UiO-67(Zr). The thickness of the MOF layers was determined
by optical profilometry, measuring 12 £+ 2 um for all samples.




Figure 5. Cross-section SEM images for the devices prepared with MIL-125(Ti)- NHz (a and a’) and Rubipy-UiO-67(Zr) (b, b’ and b’*).

Photovoltaic solar cells were characterized with a solar simulator adapted with the AM 1.5G filter and
using a nominal power of 100 mW/cm? equivalent to one Sun. The performance of these cells is
summarized in Table 2, while Figure 6 shows two representative photographs of the solar cells based
on MOFs. We were able to observe photovoltaic activity in all the materials studied, MIL-125(Ti)-NH>
exhibiting the highest current density in the series. The better performance of MIL-125(Ti)-NHz can be
attributed to a combination of factors, including the long-lived lifetime of the charge separated state and
more efficient photoinduced charge separation as previously reported based on transient absorption
spectroscopy studies.* Also notable is that UiO-67(Zr) containing Rudcbpy dye exhibits an increment
of about 40% in the Jsc with respect to the parent UiO-67(Zr). This can be explained considering the
visible light photoresponse introduced by the presence of Rudcbpy dye. Previous fundamental
photophysical studies by transient absorption spectroscopy has shown that selective photoexcitation of
Rudcbpy leads to an initial charge separation at the metal complex, followed by relocation of the charge
carriers through the MOF. Also, the voltage at open circuit condition (Voc) exhibits some increase from
381 to 413 mV, a fact that can be attributed to a modification of the quasi-Fermi level of the UiO-67(Zr)
associated to the influence of the Rudcbpy dye on the electronic states.

Figure 6. Photograph of the solid-state MIL-125(Ti) (left) and MIL-125(Ti)-NH2 (right) based solar cells.

Table 2. Photovoltaic performance of solar cells based on the four MOFs under evaluation.

Devices* Jsc (uA/cm?) Voc FF

(mv) (%)

MIL-125(Ti) 12.8 441 27




MIL-125(Ti)-NH 24 367 27

Uio-67(zr) 13.5 381 31

Rudcbpy-Ui0-67(zr) 19 413 45

*Measured under solar simulator (ABET Technologies) equipped with an AM 1.5G filter, and the nominal power for the
measurements was 100 mW/cm? and the temperature was 25°C.

In order to correlate the photovoltaic activity with the spectral irradiance, we also measured the
photocurrent spectrum of the samples of MIL-125(Ti), MIL-125(Ti)-NH», UiO-67(Zr) and Rudcbpy-
UiO-67(Zr). Figure 7 shows the photocurrent of the devices prepared with the MIL-125(Ti) and MIL-
125(Ti)-NHa. Although both materials showed response in the visible region, MIL-125(Ti)-NH> exhibits
a red-shift respect to the MIL-125(Ti). This red shift agrees with the influence of the —-NH; substituent
on the absorption spectrum of terephthalate MOFs, corresponding to changes in the energy bandgap.>®
On the other hand, the influence of Rudcbpy dye on UiO-67(Zr) derivative is reflected on a new
photocurrent band centered at 450 nm which is attributed to the ruthenium complex dye, confirming its
role as sensitizer of UiO-67(Zr) MOF. Therefore, although the efficiency values of solid-sate solar cells
based on MOFs are still limited, these results demonstrate that strategies generally used in the field of
MOFs, such as functionalization with new ligands or the incorporation of organic dyes that expand the
photoresponse in the visible spectrum, are also valid to enhance the photovoltaic response of these
porous material.
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Figure 7. Photocurrent spectra measured for solar cells prepared with: a) MIL-125(Ti) and MIL-125(Ti)-NH2 and b) UiO-67(Zr) and
Rudcbpy-UiO-67(Zr).



Conclusions

The present study has shown the possibility to construct solid-state solar cells based on MOFs, avoiding
the use of liquid electrolytes that can deteriorate the crystal structure of MOFs. In addition, it has been
shown that general strategies to modify the semiconducting properties of MOF structures are also valid
to enhance their photovoltaic response. Thus, functionalization of MIL-125(Ti) with NH> groups
increases the photovoltaic activity of the parent material due to the higher absorption in the visible
region. In addition, functionalization with Rudcbpy dyes acting as sensitizer for the UiO-67 structure
also results in an enhancement of the photovoltaic response as consequence of the more efficient light
harvesting. It has also been observed that complete solid-state solar cells show a broadening in the
photoresponse in the visible region, enhancing the extracted current and device efficiency. The
photovoltaic response is in agreement with previous photophysical studies. However, although the
results are promising, it is clear that further optimization of, both MOF structure design, particle size,
film deposition and cell engineering is necessary to increase the photovoltaic response two orders of
magnitude to bring these materials close to real commercial impact. Further work in this direction is
currently being carried out.
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