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ABSTRACT: Owing to their abilities to assemble and
organize a large number of redox and photoactive components
in highly ordered periodic fashion, crystalline porous metal—
organic frameworks (MOFs) have the potential to execute
myriad complex functions, including charge transport and light
to electrical energy conversion when the required conditions
are fulfilled. Herein, we demonstrate an unprecedented
spontaneous solvothermal growth of precisely [100]-oriented
pillared porphyrin framework-11 (PPF-11) films featuring
vertically aligned Zn-tetrakis(4-carboxyphenyl)porphyrin
(ZnTCPP) walls and horizontally aligned 2,2'-dimethyl-4,4'-
bipyridine beams attached to annealed ZnO—fluorine-doped tin oxide (FTO) surfaces and their remarkable photovoltaic
performance in liquidjunction solar cells. The [100]-oriented PPF-11/ZnO—FTO photoanodes displayed excellent
photovoltaic response (short-circuit current (Jgc): 4.65 mA/ cm?, open-circuit voltage (Voc): 470 mV, power conversion
efficiency: 0.86%) that easily outperformed all control devices as well as previously reported porphyrin and Ru(bpy),**-based
visible light-harvesting MOFs with 10—1000 times greater photocurrent density and 2—375 times higher efficiency. The
superior photovoltaic behavior of [100]-oriented PPF-11/ZnO films compared to epitaxially grown MOF thin films on
insulating self-assembled monolayers and drop-cast PPF films with different orientations can be attributed to several factors,
including better charge separation, transport, and injection capabilities of the former. The noncatenated PPF-11 was able to host
electron-deficient Cy, guests, filling in nearly half of its cavities and engage them in ZnTCPP/Cy, charge-transfer interaction.
However, the Cg-doped PPF-11/ZnO films displayed much weaker photovoltaic response than undoped [100]-oriented PPE-
11/ZnO films presumably due to exclusion of I"/I;~ electrolyte from the Cgy-occupied cavities and the inability of isolated Cg,
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B INTRODUCTION
The skyrocketing energy demand and intensifying global

initiatives to curb carbon emissions underscore the need for
easily manufacturable, low-cost photovoltaic (PV) devices that
can convert light into electrical energy. Composed of redox-
active organic and organometallic dyes attached to semi-
conducting metal-oxide nanoparticle films, dye-sensitized solar
cells (DSSCs)' ™ are among the simplest, cheapest, and most
easily tunable molecular PV devices that can perform this task
by mimicking the light-harvesting mechanism of natural
photosynthetic systems. Succinctly, the photogenerated
excitons produced by chromophores dissociate into mobile
electrons and holes, which traverse through oxide nano-
particles and electrolytes to opposite electrodes creating the
requisite potential gradient to drive electrical current in the
outer circuit. However, the limited dye-uptake capacity of
metal-oxide nanoparticles restricts photon absorption and
exciton population, which suppress short-circuit current (Jg),
whereas the random orientation and aggregation of dye
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molecules hinder charge separation and directional charge
movement, which diminish their open-circuit voltage (Voc).
Together, these factors suppress the power conversion
efficiency (PCE) of DSSCs and put them at a disadvantage
to inorganic semiconductor-based solar cells, which benefit
from superior light absorption and charge-transport capabilities
of highly ordered crystalline materials. Therefore, to enhance
the photovoltaic performance of molecular-based DSSCs, new
strategies are needed to assemble and align a large number of
electroactive chromophores on oxide surfaces that can absorb
photons throughout the visible—near-infrared (NIR) region,
produce adequate excitons and mobile charge carriers, support
charge separation, movement and injection processes, and
minimize charge recombination. To this end, we had
previously demonstrated that coordinatively linked Zn-
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porphyrin---perylene* and Zn-phthalocyanine--perylene’ dyads
attached to TiO,/fluorine-doped tin oxide (FTO) electrodes
exhibited significantly greater photovoltaic response than
individual chromophores owing to superior light absorption,
charge separation, and directional electron-transport capabil-
ities of the former.

Composed of metal cluster nodes linked by organic ligands,
crystalline porous metal—organic frameworks (MOFs) have a
unique capacity to amass and organize a large number of
redox- and photoactive components (either as structural units
or as encapsulated guests) in a highly ordered and periodic
fashion.®™® Therefore, if incorporated properly in DSSCs,
MOFs could not only prevent dye aggregation and charge
recombination but also facilitate charge separation, movement,
and injection processes in a way that transpires in crystalline
inorganic semiconductor-based solar cells but hard to emulate
in molecular PV devices. To realize these possibilities, in recent
years, the focus of the MOF field has gravitated toward
endowing them with electrical conductivity’ '® and light-
harvesting properties'’ ' by introducing redox- and photo-
active building blocks** > as well as guest molecules.'*~"**7*
At the same time, the emergence of various film-growth
techniques,”” particularly the liquid-phase epitaxy (LPE) or
layer-by-layer (LbL) method,**~® which yields oriented MOF
thin films on self-assembled monolayer (SAM)-functionalized
surfaces containing directing terminal groups, facilitated their
integration into various electronic and photonic devices and
vastly expanded their utility beyond traditional separation,
storage, catalysis, and delivery applications.’™*>"*"

Marking the advances of the MOF field in recent years, at
first, optically and redox-silent MOF thin films were employed
in DSSCs as simple dye-loading materials to enhance the dye-
loading capacity and prevent dye aggregation.””*’ Although
this strategy helped improve Vyc by impeding charge
recombination, the insulating MOFs also hindered long-
range charge movement and injection processes, diminishing
the photocurrent density and overall efficiency of devices
compared to those without MOFs.*' The thin films of several
traditional MOFs based on colorless aromatic ligands also
displayed photovoltaic response upon iodine infiltration (PCE
up to 1.2%),”~" but their inabilities to absorb visible—NIR
light and generate photocurrents without iodine doping left the
origin of photovoltaic behavior unclear and highlighted the
need for intrinsically light-harvesting frameworks based on
more powerful chromophores, such as porphyrin, perylene,
and Ru(bpy),®* dyes.”*"® Although the energy-transfer
capability and catalytic activities of such light-harvesting
MOFs have been widely explored,”' ™’ their photovoltaic
properties remained largely overlooked until lately®~*
possibly because the latter also required properly oriented
MOF films attached to electrode surfaces to support requisite
charge separation, movement, and injection processes.
Recently, Wol,>** Allendorf,®® and others® have demon-
strated that porphyrin-based MOFs could produce modest
photocurrents under visible light (PCE: 0.0026—0.45%),
whereas Morris et al.”> demonstrated that Ru(bpy),>*-based
MOFs experienced slightly greater PCE than corresponding
molecular Ru(bpy);** complexes (~0.12 vs 0.08%). Chief
among the factors that contributed to poor efficiencies of these
MOF-sensitized solar cells included (i) the lack of proper
electrical contact between the underlying electrodes and the
drop-cast®® and epitaxially grown MOF films on insulating
SAMs,”®*? which inhibited charge injection and (ii)
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inadequate exciton migration and charge-transport capabilities
of three-dimensional (3D) porous frameworks, which sup-
pressed the photocurrent density. The latter was explicitly
demonstrated by Hupp et al.”® using epitaxially grown [001]-
oriented pillared porphyrin framework (PPF) films containing
horizontally aligned porphyrin ligands, in which the photo-
generated excitons could migrate only across 6—8 porphyrin
layers separated by long pillars (~1S A) but up to 9—11 layers
when the interlayer gap was shrunk to ~7 A in a two-
dimensional (2D) framework via removal of the long pillar
ligands. Recent studies of electrically conducting MOFs”™ '
also demonstrated that in-plane charge diffusion in 2D planar
frameworks’™"" is more facile and effective than delicately
distance-dependent interplanar charge diffusion through -
stacked ligands'> and ligand/guest stacks'>~'® in porous
MOFs.

On the basis of these insights, we envisioned that properly
oriented PPF films containing vertically aligned porphyrin
layers that could support in-plane charge movement (electron
hopping) along the porphyrin planes and inject them into
underlying electrodes could be more effective for photovoltaic
application than horizontally aligned porphyrin layers in a
different film orientation that relied on a less effective
interlayer (out-of-plane) charge movement.”’ Furthermore,
although the LbL method reliably yields precisely oriented
MOF films, it also requires thermally unstable insulating SAMs
with directin% terminal groups to dictate the direction of the
film growth,” > which cut off the electrical contact between
MOFs and the underlying electrodes. Therefore, a new
bottom-up protocol is necessary to grow such films directly
on semiconducting oxide surfaces without any insulating
SAMs. To this end, we'* and others™ have demonstrated
that sintered ZnO films promote spontaneous solvothermal
growth of uniform MOF films by covalently capturing
carboxylate ligands on their surface. As described below, this
technique turned out to be extremely effective for growing
precisely [100]-oriented PPF-11 films featuring vertically
aligned ZnTCPP layers directly on ZnO surfaces.

Herein, we report (i) spontaneous solvothermal growth of
predominantly [100]-oriented PPF-11°° films (Figure 1)
featuring vertically aligned ZnTCPP struts and horizontal
2,2'-dimethyl-4,4’-bipyridine (DMBPY) pillars on ZnO—FTO
electrodes, (ii) encapsulation of electron-deficient Cg, guests
inside PPF-11 and manifestation of ZnTCPP/Cy, charge-
transfer (CT) interaction in Cgy-doped PPE-11 and (iii) an
outstanding photovoltaic response of PPF-11/ZnO—-FTO
films in liquid-junction solar cells. We specifically selected
noncatenated PPF-11 for this comprehensive study because its
AA stacking pattern and uniformly large cavities (~17 X 17 X
14 A%) are suitable for fast electrolyte diffusion and infiltration
of large Cq guests. Under simulated 1-sun illumination (AM
1.5), the devices made of [100]-oriented PPF-11/ZnO
photoanodes, Pt/indium tin oxide (ITO) counter electrodes,
and an I7/I;” redox-couple-based electrolyte displayed
excellent photovoltaic parameters (Jsc = 4.65 mA/cm?, Vo
= 470 mV, and PCE = 0.86%) that easily surpassed all
intrinsically light-harvesting 3D porous MOFs developed to
date®* ™ as well as control devices made of bare ZnO, TCPP-
coated ZnO, and drop-cast PPF-11 films by quite wide
margins, i.e., with 10—1000 times higher Jsc and 2—375 times
greater PCE. Furthermore, PPF-11 encapsulated electron-
deficient Cg, guests inside nearly half of their cavities and
engaged them in CT interaction with electron-rich ZnTCPP
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Figure 1. (a) Crystal structure of PPF-11 showing [100] and [001]
planes. (b) The powder X-ray diffraction (PXRD) profiles of PPF-11:
(i) simulated for bulk in random orientation, (ii) simulated for [001]
orientation, (iii) observed for as-synthesized crystals, (iv) simulated
for [100] orientation, (v) observed for solvothermally grown [100]-
oriented films on ZnO surface.

ligands, leading to the emergence of characteristic CT
absorption band and quenching of porphyrin photolumines-
cence. Although such host—guest CT interaction is known to
enhance the electrical conductivity of doped frameworks, ™'
the Cy-doped PPF-11/ZnO films displayed no measurable
conductivity surge and much weaker photovoltaic response
(PCE ~ 0.1%) compared to undoped PPF-11 films, possibly
due to occlusion of electrolytes from the Cqy-occupied cavities

and poor charge-transport and injection capabilities of isolated
Cgo guests.

B RESULTS AND DISCUSSION

Bulk PPF-11 [Zn,(ZnTCPP)(DMBPY)] Synthesis and
Characterization. Bulk PPF-11 (Figure 1a) was synthesized
solvothermally by heating a solution of Zn(NO;),-6H,0 (90
mg, 0.3 mmol), TCPP (80 mg, 0.1 mmol), DMBPY (38 mg,
0.2 mmol), and 1 M HNO,/EtOH (0.2 mL) in dimethgrlfor-
mamide (DMF)/EtOH (3:1, 20 mL) at 80 °C for 24 h.°° The
resulting reddish purple colored, rectangular plate-shaped
crystals were washed thoroughly with fresh DMF to remove
unreacted precursors before characterization. The powder X-
ray diffraction (PXRD) pattern of as-synthesized crystals
displayed (Figure 1b) low-angle diffraction peaks (20 = 6.3,
12.6, 18.9°) that matched perfectly with the simulated
diffraction pattern of PPF-11 along [001] direction, revealing
spontaneous growth of the bulk material along that direction.
This observation was consistent with other PPFs, which also
displayed preferred orientation along certain directions when
no special technique was used to average their orientations.*’
Like other PPFs, the PXRD profile of extensively ground PPE-
11 powder displayed diminished crystallinity instead of just
random orientation. In PPF-11,°° the ZnTCPP struts are
located in the crystallographic ab planes and form Zn, paddle-
wheel nodes, which are connected by axially coordinated
DMBPY pillars located along the c-axis. Unlike BPY, DMBPY
pillars coordinated exclusively with the Zn, nodes (not with
the ZnTCPP centers), creating an AA stacking pattern and
uniformly large cavities in PPF-11 that are suitable for
electrolyte diffusion and Cg, encapsulation.

Spontaneous Solvothermal Growth of [100]-Ori-
ented PPF-11 Films on ZnO—FTO Substrates. To grow
PPF-11 films directly on semiconducting metal-oxide-coated
electrodes without an insulating SAM that could impede
charge injection, we adopted a bottom-up protocol”
developed previously in our laboratory using annealed ZnO/
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Figure 2. (a) Schematic diagram outlining the solvothermal growth of PPF-11 film. (b) A photograph of solvothermally grown PPF-11/ZnO film.
(c) Scanning electron microscopy (SEM) images of PPF-11/ZnO film showing densely packed crystals aligned uniformly on the surface. Cross-
sectional-SEM images of (d) 2.5 um thick annealed ZnO film and (e) solvothermally grown 10 pm thick PPF-11 film on ZnO layer.
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Figure 3. (a) UV—vis spectrum of [100]-oriented PPF-11/ZnO films. Inset: diffuse reflectance spectra of PPF-11 (blue) and Cyy-doped PPF-11
(red). (b) The photoluminescence spectra of PPF-11 (blue), C4-doped PPF-11 (red), and free ZnTCPP (green) showing significant fluorescence

amplification in the MOF.

FTO substrates, which prompted spontaneous growth of
uniform MOF films on ZnO surfaces under solvothermal
conditions. Although TiO,-coated FTO electrodes are used
more commonly in DSSCs, in our experience, under
solvothermal conditions, MOF films did not grow as uniformly
and reliably on TiO, surfaces as they did on ZnO. From the
device performance and relative energy standpoints, the use of
ZnO instead of TiO, was not an issue at all because both are n-
type semiconductors with comparable conduction band
energies (ca. —4.4 eV) and electronic band gaps (3.4-3.7
eV) that are amenable to electron transfer from photo-
sensitized PPF-11 (lowest unoccupied molecular orbital
(LUMO): —3.1 eV) and subsequent electron injection into
FTO conduction band (—4.7 eV).**** The large overpotentials
(~1.3 eV) for photoinduced electron transfer from PPFs to
either metal-oxide could hinder charge injection and promote
charge recombination making devices less efficient. However,
on the basis of density functional theory (DFT) calculations,
Wall et al>® proposed that porphyrin-based MOFs have
indirect band gaps that could facilitate charge injection into
underlying electrodes despite large overpotentials.

Optically transparent ZnO-coated FTO electrodes were
prepared by spin-coating FTO substrates with ZnO/EtOH
suspension, followed by sintering at 350 °C for 30 min.'* To
grow PPF-11 films under solvothermal conditions, first the
nucleation of MOF crystals was initiated by heating DME/
EtOH (3:1 mL) solutions of Zn(NO,),-6H,0 (0.03 mmol),
TCPP (0.01 mmol), DMBPY (0.02 mmol), and 1 M HNO,/
EtOH (20 pL) in screw-capped vials at 80 °C for 2 h. Then,
annealed ZnO—FTO slides were immersed into these
precursor solutions at upright positions and stood at 80 °C
for 30 min, which led to spontaneous formation of bright
purple colored uniform crystalline films selectively on the
ZnO-coated areas (Figure 2). After washing these films
extensively with DMF (soaked for 3 days, solvent refreshed
twice a day), they were stored in various organic solvents, such
as DMF, acetonitrile, propylene carbonate, or toluene, where
they remained intact for months without any delamination or
dissolution. The PXRD analysis demonstrated that these films
were composed of PPF-11 crystals oriented along the [100]
plane, i.e., the ZnTCPP struts forming the Zn, nodes stood
vertically, whereas DMBPY pillars bridging the nodes lied
horizontally on the underlying ZnO surface, as the observed
peaks (20 = 7.5, 15, 22.5, and 30°) matched perfectly with
those simulated for PPF-11 along [100] direction (Figure 1b).
Furthermore, the '"H NMR spectra of digested (in DMSO-d

3199

(0.5 mL) containing a small drop of CF;CO,D) bulk PPF-11
crystals and crystalline MOFs scraped off from the films
displayed characteristic signals of TCPP and DMBPY ligands
at 1:1 ratio (Figure S1), unequivocally confirming that both
were indeed the same material [Zn,(ZnTCPP)(DMBPY)]
(note: different PPFs have distinct TCPP-to-pillar ratios and
only PPF-11 has a 1:1 ratio).

No PPF-11 film was formed on the ZnO-free areas of FTO
slides, and the [100] orientation of solvothermally grown PPF-
11/ZnO films was totally different from that of preferential
[001] orientation of bulk crystals formed under the same
conditions, indicating that ZnO surface not only facilitated the
film formation by first capturing the TCPP struts through
COOH groups but also guided the direction of film growth by
aligning them vertically on the surface. The ZnO-bound
vertical TCPP ligands then formed Zn,(COO), paddle-wheel
nodes, which were axially connected by DMBPY pillars leading
to layer-by-layer bottom-up growth of PPF-11 crystals along
the [100] plane. Although bare ZnO films consistently yielded
precisely [100] oriented PPF-11 films, to maximize the
directing effect of ZnO-bound TCPP ligands and also maintain
the proper stoichiometry of all precursors during solvothermal
film growth, the ZnO—FTO substrates were first soaked in
TCPP solutions at room temperature for 15 h. to allow these
ligands to first anchor on the surface and form a monolayer.
The resulting translucent pink TCPP-coated ZnO films were
washed thoroughly to remove any physisorbed ligands and
subsequently used to grow PPF-11 films under the same
solvothermal conditions described above. The PPF-11 films
grown on TCPP-precoated ZnO surface were even more
uniform and robust than those formed on unmodified ZnO
films via in situ anchoring of TCPP ligands during
solvothermal film growth. Nevertheless, the PPF-11 films
grown on TCPP-precoated and unmodified ZnO substrates
displayed identical PXRD patterns, confirming that they both
had the same [100] orientation. Interestingly, the preferred
[100] orientation of solvothermally grown noncatenated PPF-
11 films on unmodified and TCPP-precoated ZnO surfaces
differed from the preferred [001], [110], and [111]
orientations of solvothermally grown catenated PPE-S films
on dihydroxybenzioic acid-modified TiO, substrates,” sug-
gesting that the covalently anchored TCPP monolayers on
ZnO surface dictated the orientation of our PPF-11 films. We
envisioned that the vertically aligned ZnTCPP multilayers in
[100]-oriented PPF-11/ZnO films should foster in-plane
charge movement, whereas the covalently anchored TCPP
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ligands should facilitate charge injection into underlying ZnO/
FTO electrode, and their combined effects should lead to
superior photovoltaic behavior of these films than only TCPP-
coated ZnO and not covalently bound drop-cast PPF-11 films
with a different ([001]) orientation.

The scanning electron microscopy (SEM) images of PPF-11
films revealed (Figure 2c—e) densely packed rectangular
slablike crystals aligned vertically on the surface. The cross-
sectional SEM (cs-SEM) images revealed a ca. 10 ym thick
crystalline PPF-11 layer (grown solvothermally for 30 min) on
top of a 2.5 pm thick ZnO layer. No PPF-11 crystal was found
embedded within the annealed ZnO layer. Both PPF-11 and
ZnO layers were uniform across the films. These PPF-11/Zn0O
films were mechanically robust and exhibited the characteristic
PXRD pattern and SEM images even after prolonged exposure
to ambient conditions. After carefully removing the PPF-11
film from the ZnO surface (scraped off with the edge of a
weighing paper and washed with a steam of CH,CL,), the re-
exposed ZnO substrate displayed only the characteristic PXRD
signals of ZnO and FTO at 26 = 25—40° but no characteristic
PPE-11 signal at lower angles (Figure S2), confirming that
PPF-11 films grew only on top of the ZnO layer, not within.
Furthermore, the SEM images of bare ZnO films also revealed
that these substrates remained intact after being exposed to
solvothermal reaction conditions (Figure S3). Shorter film-
growth time (<15 min) yielded thinner, less uniform films,
whereas longer growth time and more concentrated precursor
solutions produced thicker films, which were prone to
delaminate from ZnO substrates yielding free-standing PPF-
11 membranes.

Optical Properties of PPF-11. The UV—vis spectrum of
PPF-11 films (Figure 3a) displayed characteristic Soret band
(430 nm) and Q-bands (566, 607, and 650 nm) of porphyrin
ligands. The presence of more than two Q-bands suggested
that some free-base porphyrins were also present since PPF-11
films were grown on TCPP-coated ZnO films. From the onset
of the longest wavelength absorption peak (670 nm), the
optical band gap (~1.9 eV) was calculated. The steady-state
emission studies (Figure 3b) showed that upon 432 nm
excitation (the Soret band of ZnTCPP), PPF-11 displayed two
strong emission peaks at 610 and 660 nm corresponding to
porphyrin emission, which were ca. 10° times higher in
intensity compared to those of free ZnTCPP ligands.”” The
fluorescence amplification of PPF-11 can be attributed to
rigidification and well-defined spacing of ZnTCPP ligands
inside the framework, which restricted their rotational and
vibrational motions and prevented self-quenching.'’

Electronic Properties of PPF-11. The cyclic voltammo-
gram of PPF-11/ZnO films displayed (Figure S4) a
quasireversible peak at +1.05 V (vs Ag/AgCl) corresponding
to ZnTCPP oxidation. From the onset of this oxidation peak
(0.6 V) and band gap (1.9 V), the highest occupied molecular
orbital (HOMO, —5.0 eV) and LUMO (—3.1 eV) levels of
PPF-11 were estimated.”> These experimental HOMO/
LUMO levels of PPF-11 were in good agreement with the
calculated values (DFT/HSE06) of an analogous PPF-4
containing the same ZnTCPP struts.”” The relative energies
of the LUMO of PPF-11 and the conduction band edge of
ZnO (—4.4 eV) are amenable to electron transfer from
photosensitized PPF-11 films to the underlying ZnO layer
(Figure 4). Similarly, the HOMO levels of PPF-11 films and
I"/1, redox couple (—4.8 eV) are suitable for hole transfer
from photo-oxidized ZnTCPP struts to the electrolyte. DFT
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Figure 4. (a) Device architecture of a MOF-sensitized solar cell based
on PPF-11/ZnO—FTO photoanode, Pt-FTO counter electrode, and
I" /1, electrolyte. (b) A simplified energy-level diagram depicting the
relative HOMO, LUMO, and conduction bands of different
components and the putative photoinduced electron-transfer path-
way. (c) The J—V plots of devices containing [100]-oriented PPF-11/
ZnO film (solid blue), drop-cast PPE-11 on TCPP-coated ZnO
(dashed blue), drop-cast PPF-11 on bare ZnO (cyan), Cg-doped
[100]-oriented PPF-11/ZnO film (red), TCPP-coated ZnO films
(green), and bare ZnO film (black) showing their photovoltaic
behavior under 1-sun illumination. (d) The external quantum
efficiency (EQE) spectra of [100]-oriented PPF-11/ZnO (blue),
TCPP/ZnO (green), and blank ZnO films showing the photovoltaic
response of each device as a function of irradiation wavelength. Inset:
photographs of corresponding films used as photoanodes.

calculations by Woll et al.>® predicted that porphyrin-based
MOFs have indirect band gaps, which could facilitate electron
injection from these frameworks to underlying electrode
despite having large overpotentials.

Doping PPF-11 with Electron-Accepting Cgq, Guests.
To explore electron-/energy-transfer capability of PPF-11, we
doped it with a strong electron-acceptor Cgy (LUMO: —4.2
eV) by soaking PPF-11 crystals and films in saturated Cq,
solutions in toluene at 60 °C for 7 days. The externally
adhered Cg4, molecules were removed by washing them with
fresh toluene (3 X 5 mL, ~10 s each time). After Cg,
infiltration, the bright purple colored PPF-11 crystals and
films turned dark violet. The amount of encapsulated C,
molecules in PPF-11 was determined by extracting them out
by soaking a known amount of Cgy-doped PPF-11 in hot
toluene (refreshed every 12 h) until the washing solution
became completely colorless and did not display any Cg,
absorption peak. The UV—vis analysis of the combined
washing solutions revealed that 2.9 mg of C4, was encapsulated
in 9.5 mg of Cg-doped PPF-11. Taking [Zn,(ZnTCPP)-
(DMBPY)] as the molecular formula of activated PPF-11, we
estimated that the ZnTCPP/Cy, ratio was 2:1, i.e., roughly half
of the PPF-11 cavities, presumably, the alternate ones, were
occupied by guest Cg, molecules. In other words, the
encapsulated Cg4, population inside the doped PPF-11 was
not enough to fill all of the cavities and form continuous 7-
stacks.
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Table 1. Photovoltaic Parameters of DSSCs Made of Undoped and Cgy-Doped [100]-Oriented PPF-11/ZnO Films and
Control Devices Made of TCPP-Coated and Bare ZnO Films under Simulated 1-sun Illumination

photoanode Jsc (mA/cm?)
[100]-oriented PPF-11/ZnO—FTO 4.20 + 0.50
drop-cast PPF-11 on TCPP/ZnO—FTO 1.17 + 0.16
TCPP/ZnO-FTO 1.22 + 0.32
drop-cast PPF-11 on ZnO—FTO 0.65 + 0.11
ZnO—-FTO 0.62 + 0.10
Cgo-doped PPE-11/ZnO—-FTO 0.67 + 0.30

Voc (mV) FF (%) PCE (%)

470 £ 2 41 +£ 4 0.82 + 0.05
403 + 22 S0+ 4 0.23 + 0.01
424 + 23 48 + 4 0.24 + 0.04
459 + 17 SI1t+6 0.1 + 0.03
530 = 20 S4+1 0.17 £ 0.02
335 £ 32 S9+5S 0.13 + 0.04

The Brunauer—Emmett—Teller surface area of PPF-11
measured from CO, sorption decreased from 7.3 to 6 m?*/g
upon Cg, infiltration (Figure SS). The relatively low surface
area of undoped PPF-11 could be attributed to collapse of
activated framework since we did not use the supercritical
CO,-based activation method.’® As observed with another C,-
doped MOF,' the PXRD pattern of PPF-11 remained mostly
unchanged upon Cg, infiltration (Figure S6), indicating that
the structure and crystallinity of the framework remained
largely intact. The appearance of a few new peaks in the Cgy-
doped PPF-11 could be attributed to partial disruption of the
original orientation of the framework. The thermogravimetric
analysis (TGA) revealed that (Figure S7) undoped PPF-11
gradually lost ca. 25% weight between 25 and 375 °C, whereas
Cgo-doped PPF-11 lost only 10% of initial weight in the same
temperature range, suggesting that the presence of spherical
Cgo guest molecules made them less prone to collapse and
gradual weight loss during rising temperature. The concom-
itant differential scanning calorimetry analysis revealed that
neither undoped nor Cgy-doped PPF-11 underwent any phase
transitions until ca. 400 °C, i.e., both materials were thermally
stable.

Optical and Electronic Properties of Cgs,-Doped PPF-
11. In addition to characteristic Soret and Q-bands of
porphyrin ligands, the diffuse reflectance spectrum of Cgy-
doped PPFE-11 also displayed a broad CT band at 650—930 nm
region (Figure 3a inset), revealing that the electron-rich
ZnTCPP ligands and the electron-deficient Cg, guests were
involved in significant CT interactions.'® The onset of the CT
band (930 nm) in Cg-doped PPF-11 corresponded to an
optical band gap of 1.3 eV, which was ~0.6 eV narrower than
that of undoped PPF-11 (vide supra). Furthermore, the
photoluminescence intensity of Cy-doped PPE-11 diminished
significantly from that of the undoped material (Figure 3b), as
the ZnTCPP/C¢, CT interaction quenched the porphyrin
emission.*®

Photovoltaic Performance of [100]-Oriented PPF-11/
ZnO Films. Finally, to investigate the light-harvesting
capability and photovoltaic performance of PPF-11, we
fabricated liquid-junction solar cells (Figure 4a) using [100]-
oriented PPF-11 films grown on TCPP-coated ZnO—FTO
slides (30 min growth, 10 um thick) as photoanode, Pt-FTO
counter electrode, and an I7/I;” redox-couple-based electro-
Iyte in propylene carbonate, a highly polar, nonvolatile, and
noncoordinating solvent. As described earlier, the HOMO and
LUMO energy levels of PPF-11 and I"/I;~ redox couple and
the conduction band energies of ZnO and FTO are amenable
to cascade photoinduced electron-transfer pathway depicted in
the simplified energy-level diagram (Figure 4b). To determine
the actual roles and benefits of covalently attached [100]-
oriented PPF-11/ZnO films, they were compared with control
devices made of bare ZnO- and TCPP-coated ZnO films as
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well as drop-cast films of PPF-11 crystals on bare ZnO- and
TCPP-coated ZnO—FTO slides, which displayed a preferential
[001] orientation in PXRD similar to as-synthesized PPE-11.
The Cgy-doped [100]-oriented PPF-11 films were used to
investigate how the ZnTCPP/C¢, CT interaction influenced
their light-harvesting behavior. In all these devices (three of
each type), the photoactive area was kept constant at 0.2 cm”
(0.5 X 0.4 cm?). The photoanodes and Pt-FTO cathodes were
separated by a thermally fused insulating surlyn film
sandwiched between the two electrodes surrounding the
photoactive areas at the center. The photovoltaic response
and photoconversion efficiencies of these devices were
determined from current—voltage (J—V) plots (Figure 4c)
and the charge-transfer resistance at electrode/electrolyte
interfaces from electrochemical impedance spectra (EIS)
recorded under simulated 1-sun illumination (AM 1.5, 100
mW/cm? light intensity).

Under AM 1.5 illumination, the solvothermally grown
[100]-oriented PPF-11/ZnO—FTO films displayed excellent
photovoltaic response (Jsc ~ 4.65 mA/cm? Voe ~ 470 mV,
fill-factor ~ 40%, and PCE =~ 0.86%), which surpassed the
photovoltaic parameters of all control devices made of bare
ZnO, TCPP-coated ZnO, and drop-cast PPF-11 films on bare
ZnO and TCPP-coated ZnO—FTO electrodes by wide
margins (Tables 1 and S1). For example, the [100]-oriented
PPF-11/ZnO films displayed ca. S times greater Jsc and 4
times higher PCE than just TCPP-coated ZnO films. The
superior photovoltaic performance of the former can be
attributed to the fact that it contained much greater number of
vertically aligned ZnTCPP chromophores, which could absorb
more photons than just TCPP monolayers present in the latter
and thereby generate more excitons and mobile charge carriers
(electrons and holes) giving rise to higher Jsc and PCE.
Furthermore, the [100]-oriented PPF-11/ZnO films also
displayed 3—4 times greater Jc and PCE than drop-cast
PPE-11 films with predominantly [001] orientation, revealing
that the proper orientation and covalent attachment of light-
harvesting MOFs to the underlying electrode surfaces play
important roles on their photovoltaic performances. The
superior photovoltaic response of [100]-oriented PPF-11/ZnO
could be attributed to a more facile in-plane charge movement
through the vertically oriented ZnTCPP planes since out-of-
plane interlayer exciton diffusion in [001]-oriented PPF films
was known to be limited to only a few horizontal porphyrin
layers.”® The diffusion of electrolyte could also be different in
differently oriented PPF films. Furthermore, the better charge-
injection capability of covalently attached [100]-oriented PPF-
11/ZnO films than drop-cast films was also evident from a
smaller interfacial charge-transport resistance measured by
electrochemical impedance spectroscopy (vide infra). The
drop-cast PPF-11 films on bare ZnO- and TCPP-coated ZnO
films displayed similar photovoltaic parameters as those of

~
~
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Table 2. Charge-Transfer Resistance (Ohm) of Different DSSCs at the Photoanode/Electrolyte Interfaces Obtained from EIS
Measurements Conducted under Simulated 1-sun Illumination

photoanode composition Rg
[100]-oriented PPF-11/ZnO film 46 + 1
drop-cast PPF-11 on TCPP/ZnO—FTO 39+6
TCPP/ZnO—-FTO 27 £2
ZnO-FTO 47+ 5
Cgo-doped PPF-11/ZnO—FTO 3942

R R,
159 +£2 224 + 34
178 + 1 509 + 26
220+ 9 431 + 11
116 + 13 754 £ 13
305 + 8 492 + 7

blank ZnO and TCPP/ZnO films, respectively, indicating that
the drop-cast PPF-11 films played little, if any, role in
photocurrent generation, as they lacked the requisite charge
separation, transport, and injection capabilities.

More importantly, the [100]-oriented PPF-11/ZnO films
also outperformed all existing visible light-harvesting 3D
porous MOF-sensitized solar cells, including a solid-state
device based on a Zn-porphyrin-based LbL MOF films on
FTO electrode (Jsc = 23.4 uA/cm?, Vo = 267 mV, and PCE =
0.017%),>* a Pd-porphyrin-based LbL. MOF film on SAMs-
coated FTO electrode (Jsc = 0.71 mA/cm? Vo = 700 mV,
and PCE = 0.45%),” drop-cast PPF-4 films on TiO,/ITO
electrode (Jsc = 8.5 pA/cm? Voo = 515 mV, and PCE =
0.0023%),”" and solvothermally grown Ru(bpy),**-based Zr-
MOF films on TiO,/FTO electrodes (Jsc = 0.45 mA/cm?, Ve
= 480 mV, and PCE = 0.125%)62 by quite wide margins, i.e.,
with 10—1000 times greater Jsc and 2—37S times higher PCE.
The superior photovoltaic performance of [100]-oriented PPF-
11 films covalently attached to ZnO/FTO surfaces could be
attributed to several putative factors, including their potentials
to (i) absorb more photons and generate more excitons and
mobile charge carriers than chromophore monolayers and
epitaxially grown MOF thin films containing much fewer
chromophores, (ii) facilitate charge separation, (iii) support in-
plane charge movement across the film through the vertically
aligned multilayers of ZnTCPP chromophores linked by Zn,
nodes, and (iv) inject photogenerated electrons into the
underlying ZnO layer through covalently anchored TCPP
ligands. Although it was difficult to pinpoint to any specific
reason, it is worth noting that all these factors are feasible in
[100]-oriented PPF-11/ZnO films and could potentially
contribute to their superior photovoltaic performance. In
particular, the facile charge-transport and injection capabilities
of [100]-oriented PPF-11/Zn0O photoanode was evident from
its lower interfacial charge-transfer resistance than other
devices (vide infra).

To demonstrate that the [100]-oriented PPF-11/ZnO films
were indeed responsible for photocurrent generation due to
photon absorption by porphyrin chromophores, we measured
the external quantum efficiency (EQE) of our devices as a
function of visible wavelength (Figure 4d). The EQE profiles
of both PPF-11/ZnO films and TCPP-coated ZnO films
essentially resembled the porphyrin absorption spectrum
(Figure 3a), i.e., the photocurrent was produced at porphyrin’s
Soret and Q-bands. Consistent with the J—V plots measured
under 1-sun illumination, the [100]-oriented PPF-11/ZnO
films registered a higher EQE than TCPP/ZnO films
throughout the visible region. In contrast, the EQE of bare
ZnO—FTO films was negligible, as it hardly absorbed any
visible light or produced any measurable photocurrent in this
region. These results unequivocally confirmed that the
ZnTCPP ligands in PPF-11 were indeed responsible for
photocurrent generation.
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Since Cgy-doped PPF-11 experienced significant ZnTCPP/
Cgo CT interaction and narrower optical band gap than
undoped PPF-11, we initially anticipated that it could
potentially display a stronger photovoltaic response. Surpris-
ingly though, the Cg-doped [100]-oriented PPF-11 films
displayed much weaker photovoltaic response (Jgc = 1.05 mA/
cm?, Vo = 298 mV, and PCE = 0.17%) than undoped films
(Table 1), indicating that the encapsulated Cg, molecules
failed to promote long-range electron movement in PPF-11
and may have actually hindered these processes. One potential
reason for such muted photovoltaic response of Cgy-doped
PPF-11 films could be the exclusion of hole-transporting I" /I~
redox couple from the Cgp-occupied PPE-11 cavities.
Furthermore, since only half of the PPF-11 cavities were filled
with Cg, (based on the amount of encapsulated Cg, in doped
PPF-11, vide supra), only isolated ZnTCPP/C¢, CT
complexes instead of continuous 7-stacks were formed. Since
Cgo is an excellent electron acceptor but a poor charge
conductor, the isolated CT complexes could not support long-
range charge movement and instead may have facilitated
charge recombination due to the proximity of electron-donor
and -acceptor units.

To further rationalize the distinct photovoltaic performances
of all these PV devices, the charge-transfer resistances (Rcr) at
each electrode/electrolyte interface was measured through
electrochemical impedance spectroscopy over a frequency
range of 10°—107" Hz under l-sun illumination and dark
immediately after PV measurements (Supporting Informa-
tion). The interfacial charge-transfer resistances (Table 2)
were obtained by fitting the Nyquist plots (Figures S and S8)
obtained from EIS analysis to an apropriate equivalent circuit
mode] *7#76067=69 (Figure Sa inset) consisting of two parallel
RC circuits (R;/Q; and R,/Q,) connected in series with a
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Figure S. Electrochemical impedance spectra (EIS) of [100]-oriented
PPF-11/ZnO—FTO (solid blue circle), drop-cast PPF-11 on TCPP/
ZnO (blue open circles), drop-cast PPF on ZnO (cyan), Cqy-doped
PPF-11/ZnO-FTO (red), TCPP/ZnO (green), and bare ZnO
(black) films measured (a) under simulated 1-sun illumination and
(b) dark at open-circuit condition. Inset (a): the equivalent circuit
model of our devices to which the EIS data were fit to derive the
interfacial charge-transfer resistances.
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series resistance (Rg), where R, and R, represented the charge-
transfer resistance at Pt/electrolyte and photoanode/electro-
Iyte interfaces, respectively, the constant phase elements Q,
and Q, corresponded to chemical capacitance of respective
electrode/electrolyte interface, and Ry denoted the combined
resistance of FTO substrate, ZnO, and electrolyte.68 Each
Nyquist plot displayed two prominent semicircles: (i) the high-
frequency (100—1000 Hz) small semicircle at lower Z' value
was assigned to R; at Pt/electrolyte interface and (ii) the
intermediate-frequency (10—100 Hz) large semicircle to R, at
the photoanode/electrolyte interface. The smaller the semi-
circle, the lower was the corresponding interfacial charge-
transfer resistance. Ry corresponded to the high-frequency «x-
axis intercept of the first (left) semicircle. While the first two
semicircles were clearly visible in the Nyquist plots of all our
devices, a third low-frequency (mHz to 10 Hz) semicircle
associated with electrolyte diffusion was typically indistinguish-
able in most MOF-based solar cells,**~*"%” including ours. A
low-frequency loop was observed in some of these devices
(Figures Sa and S8), which could be attributed to inductance
caused by adsorption of electrolyte at the electrode.””
Although the low-frequency inductance tail has been observed
occasionally in DSSCs,” its rather small contribution is often
ignored especially when the main focus of the work rests on
the photoanode materials (R,).

Among these parameters, there were little variations in Rg
values of different devices because they all contained the same
FTO, ZnO, and electrolyte. The R; values of different devices
varied to some extent possibly because of slightly different
morphologies of Pt/FTO electrodes used in each cell and
different regeneration rates of redox couples at the Pt/
electrolyte interface depending on the photoanodes.”” Similar
variations of R, values have also been observed in other MOF-
based solar cells."” The largest and most significant variations
were observed in R, values associated with charge-transfer
resistance at the all-important photoanode/electrolyte inter-
faces. Under 1-sun illumination, the [100]-oriented PPF-11/
TCPP-ZnO films displayed the smallest R, value (224 Q),
which was significantly lower than that of drop-cast PPF-11 on
TCPP-ZnO (509 Q), TCPP-ZnO (431 Q), and bare ZnO
films (754 ), indicating that the oriented PPF-11 film
covalently attached to the underlying ZnO substrate facilitated
the most efficient electron transport. The much larger R, value
of Cgy-doped PPF-11/ZnO films (492 Q) also indicated a less
facile charge movement through this photoanode possibly
because of exclusion of I7/I;” electrolyte from the Cg-
occupied cavities. Furthermore, the Nyquist plot of Cgy-doped
PPE-11/ZnO films also displayed a third low-frequency (mHz
to Hz) semicircle corresponding to electrolyte diffusion, which
was invisible/indistinguishable in other devices, suggesting that
the presence of Cg, guests inside PPF-11 cavities hindered
electrolyte diffusion. The involvement of this additional
resistance possibly diminished its photovoltaic performance.
Thus, the EIS results were fully consistent with the trend of
photovoltaic performances of different photoanodes (Table 1),
revealing how the charge-transfer resistance (R,) at different
photoanode/electrolyte interfaces influenced the photovoltaic
parameters of the devices.

In the absence of light, all these devices displayed (Figure
Sb) much larger interfacial charge-transfer resistances (>10*
Q) under open-circuit conditions. Among all these devices, the
[100]-oriented PPF-11/TCPP-ZnO films displayed the small-
est resistance, suggesting that they enjoyed the highest intrinsic
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electrical conductivity. However, upon simulated I1-sun
illumination, the R, values of these devices decreased (~10?
Q) commensurately with their respective photovoltaic
response reflected in J—V plots.

B CONCLUSIONS

In summary, this work demonstrated a rare, if not
unprecedented, spontaneous solvothermal growth and out-
standing photovoltaic performance of precisely [100]-oriented,
uniform PPF-11 films attached to annealed ZnO—-FTO
surfaces featuring vertically aligned ZnTCPP multilayers
connected by Zn,(COO), paddle-wheel nodes. The covalently
anchored TCPP ligands on ZnO surface dictated the direction
of PPF-11 film growth under solvothermal conditions,
eliminating the need for electrically insulating and thermally
unstable SAMs used in LbL or LPE methods to control the
orientation of MOF thin films. PPF-11 displayed significant
fluorescence amplification compared to free ZnTCPP due to
ligand rigidification inside the framework. The noncatenated
PPF-11 was able to encapsulate large electron-deficient Cq,
guests inside its cavities and engaged them in ZnTCPP/Cq,
CT interaction, which was evident from characteristic CT
absorption band and photoluminescence quenching of the
framework.

Acting as photoanodes in liquid-junction solar cells, the
[100]-oriented PPF-11/ZnO—FTO films displayed much
superior photovoltaic performances, i.e., 10—1000 times
greater Jgc and 2—375 times higher PCE than all control
devices made of bare ZnO, TCPP-coated ZnO, and drop-cast
PPF-11 films on bare and TCPP-coated ZnO—FTO slides as
well as all previously reported intrinsically light-harvestin
porphyrin and Ru(bpy);**-based MOF-based solar cells.”*~°
The stronger photovoltaic response of the former could be
attributed to a number of factors, including (i) more photon
absorption and exciton formation capabilities of ZnTCPP
multilayers, (ii) more facile in-plane charge movement through
vertically aligned ZnTCPP planes, and (iii) better interfacial
charge-transport and injection capabilities of covalently
anchored PPF-11 films. Although it was difficult to delineate
the contributions of these possibilities from experimental
results, the positive effects of [100] orientation and covalent
attachment of PPF-11 films were clearly evident from their
much higher Jsc and PCE and lower interfacial charge-
transport resistance than drop-cast PPF-11 films with a totally
different orientation (predominantly [001]) and without
covalent attachment to ZnO surface. Despite experiencing
significant ZnTCPP/Cy, charge-transfer interaction and
narrower optical band gap, the Cgy-doped PPF-11/ZnO films
showed much weaker photovoltaic response than undoped
PPF-11 films possibly because of the exclusion of I7/I;~
electrolyte from the Cgy-occupied cavities and the inability of
isolated Cqy molecules to support long-range electron transfer.
Although PCE of our [100]-oriented PPF-11/ZnO films fell
just short of 1%, to our knowledge, only a solid-state PV device
made of CoH—bridged viologen multilayers, ie., a linear
coordination polymer, not a 3D porous MOF, was known to
display a greater photovoltaic response.”” More importantly,
our comprehensive studies and foregoing discussions revealed
the key structural and functional criteria for light-harvesting
capability of MOFs and charted a new blueprint for improving
the efficiency of MOF-sensitized solar cells. For instance, a
second electroactive chromophore could be introduced in
PPFs as pillars and conducting polymer as guests to expand
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their light-absorption range and promote charge separation
and transport, respectively. Realizing these tantalizing
potentials is a focus of our ongoing investigations.
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