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Metal-Organic Frameworks (MOFs) are a group of compounds with high porosity and diverse capabilities
in photoelectrochemistry. The use of these compounds as photocatalysts and photoelectrodes is still a
strong challenge due to bulk and surface recombination issues. To solve this problem, we applied a dual
strategy to simultaneously enhance charge separation and catalytic activity in MIL-125-NH, and UIO-66-
NH, MOF photocatalysts. Mesoporous TiO, was used as electron-selective contact on the MOF surface
Keywords: (MOF/TiO3) to minimize bulk recombination. On the other hand, to increase the MOF catalytic activity
MOF for water oxidation, a well-matched Co3(POy4), (CoPi) co-catalyst (CoPi/MOF/TiO,) was used. The obtained
CO‘CatalY?t ) ) results showed that CoPi and TiO, were introduced in the MOF structure. The (CoPi/MOF/TiO,) photoelec-
wsits;e?l)iﬂdhét\flr(e)rsl f:sci“o“ hotocatalvst trodes showed a photocurrent density 26 times higher compared to the reference MOF at 1.23 V vs. RHE

g ponsive photocatalys for PEC water oxidation of artificial seawater, validating the developed strategy for further photocatalytic

and photoelectrochemical applications.

© 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Photo-electrochemical water splitting with sunlight to produce
H, stands out as a promising and cost-effective technology to pro-
vide sustainable energy vectors and feedstocks for the chemical
industry.[1] In photoelectrochemical water splitting, the two half-
reactions involved are hydrogen evolution and oxygen evolution
occurring at the cathode, (HER) H*/H, (0 V vs. RHE) and anode,
(OER) O,/H,0 (1.23 V vs. RHE), respectively.[2, 3] The main chal-
lenges of this process relate to the slow kinetics of OER, where
four holes must be injected into the solution to produce one oxy-
gen molecule.[4, 5] For this reason, increasing the efficiency of the
OER reaction is mandatory to obtain more competitive photoan-
odes.

Fujishima and Honda were the first researchers reporting the
ability of TiO, to generate O, under UV irradiation, which is
around 4% of the total solar spectrum. The development of ef-
fective water oxidation catalysts (WOCs) from low-cost, earth-
abundant elements and high-performance to operate under visible
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light (almost half of the incoming solar energy) is one of the main
challenges in the field of solar energy conversion. [5, 6] Recently,
metal organic frameworks (MOFs) like MIL-125 and UiO-66 have
demonstrated to be promising candidates to split water under so-
lar irradiation, since both sensitizer and catalytic center can be in-
tegrated in a single structure and produce O, as a result of photo-
electrochemical reaction with water.[7, 8] MOFs are a bunch of 1, 2
or 3-dimensional structures composed of metal nodes and organic
linkers. These structures feature key advantages such as high crys-
tallinity, surface area, porosity, thermal and chemical stability, and
tunability to design them by changing the linkers or nods. These
interesting properties allow the application of these frameworks
in a plethora of applications including: selective drug delivery,[9]
CO, capture,[10] hydrogen storage,[11] catalysis,[12] organic syn-
thesis,[13] degradation of pollutants,[14] photoelectrochemical,[15]
and photocatalytic[16] water splitting. MIL-125-NH, and UIO-66-
NH, with appropriate band gap (2.6 eV) are some of the success-
ful MOFs that were used as photocatalysts in OER under visible
light irradiation.[17, 18] In spite of all these advantages, MOFs have
two important drawbacks to operate as photocatalysts, which limit
their applicability: excessive electron-hole recombination,[19] and
poor catalytic activity, which lead to large overpotentials.
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Scheme 1. Estimated band diagram of the a) CoPi/ MNH /TiO,, and b) CoPi/ UNH /TiO, for water oxidation.[19, 28-30]

Among the different strategies to minimize recombination, the
introduction of a blocking layer to the MOF/FTO interface (FTO
as a charge collection substrate) is considered one of the most
promising approaches. Recent reports showed that TiO,, ZnO, and
Sn0, are suitable candidates as blocking layer.[20] Also, the cou-
pling of MOFs with co-catalysts like IrO, and RuO, can overcome
the poor photocatalytic activity of MOFs towards OER.[21-23] Rare
earth metal oxides of IrO, and RuO, operate under acidic condi-
tions. Thus, it will be very important to develop earth-abundant
alternatives under neutral pH conditions, which are more environ-
mentally friendly, and potentially with less corrosion problems. Co-
based catalysts such as CoPi have been considered as promising al-
ternatives to noble metal-based counterparts for driving OER, due
to their abundance, environmental friendliness, high catalytic ac-
tivity, good stability, low cost and operation under neutral condi-
tions.[24-27]

In this study, we show the dramatic improvement on OER ac-
tivity for two different MOFs, by integrating both strategies. The
MIL-125-NH, and UIO-66-NH, with 2-aminoterephthalic acid link-
ers (where the HOMO position is located), and the metal oxide
clusters (where the LUMO position is located) created metal or-
ganic frameworks featuring an adequate band gap for efficient vis-
ible light harvesting. To minimize charge recombination, anatase
TiO,, which has tunable conductivity and adequate band position
relative to MIL-125-NH, and UIO-66-NH,, was used to effectively
prevent the back recombination of collected electrons on the FTO
substrate with photogenerated holes within the MOFs. To improve
the water oxidation activity of both MIL-125-NH, and UIO-66-NH,,
Co3(POy4);, (CoPi) which is an earth-abundant co-catalyst and com-
patible with the HOMO position of these MOFs, was used. The es-
timated band diagrams of the heterostructured photoelectrodes are
shown as Scheme 1. To the best of our knowledge, simultaneous
implementation of these strategies for high efficiency water split-
ting with MOFs has not been reported so far. The obtained results
showed the promising performance of this new MOFs design.

2. Experimental method
2.1. Synthesis of mesoporous TiO, solution

In order to synthesize mesoporous TiO, solution, block copoly-
mer Pluronic P123 (Sigma-Aldrich, 1.0 g) was dissolved in 1-

butanol (9.07, Aldrich) by stirring. Individually, on a different baker,
HCl (2.42 g, Merck, 36 wt%) was added to tetraethyl orthotitanate
(3.17 g, Sigma-Aldrich) under vigorous stirring. After thirty minutes
of stirring, the copolymer solution was added to the HCI/Ti(OEt),4
solution and then, the solution was subjected to continuous and
intense stirring for three hours to prepare a clear TiO, solution.[20]

2.2. Synthesis of UiO-66

The UiO-66 was synthesized based on the procedure reported
by Cavka et. al. [31] In a typical procedure, terephthalic acid (123
mg, 0.75 mmol) as a linker was dissolved in N,N‘- dimethylfor-
mamide (7.5 ml). On the other hand, ZrCl; (125 mg, 0.54 mmol)
was also dissolved in DMF (7.5 ml). The ZrCl, solution was added
to the terephthalic solution gently and stirred to obtain a uni-
form solution. The resulting mixture was placed in a Teflon-lined
stainless-steel autoclave for 24 hours at 120 °C. The solid white
powder was separated with the appropriate sinter disc, stirred
with methanol overnight at 70°C and dried in a vacuum oven at
120 °C.

2.3. Synthesis of MIL-125

Titanium(IV) isopropoxide (0.3 mL) and BDC (250 mg) were
added to a mixture of methanol (0.5 mL) and DMF (4.5 mL) and
stirred at room temperature until a homogeneous solution was
obtained. Then, the mixed solution was placed in a Teflon-lined
stainless-steel autoclave and heated at 80 °C for 48 h. The reaction
was cooled down to room temperature and the obtained precipi-
tate was collected by filtration. The white precipitate was washed
three times with DMF to remove the remaining unreacted titanium
isopropoxide from the porous framework. The resulting solid was
rinsed several times with methanol and dried at 80 °C under vac-
uum for 5 h.[32]

2.4. Synthesis of MIL-125-NH, (MNH)

A solvothermal synthesis was used to prepare MIL-125-NH,.[33]
2-aminoterephthalic acid (0.95 g, 5.26 mmol, 99%, Aldrich) was
dissolved in DMF (13.3 mL, 99.9%, Aldrich). Then, Ti(O'Pr), (0.95
mL, 3.23 mmol, 99 %, Aldrich) was introduced drop by drop to
the mixture. Afterwards, the mixture was placed in a Teflon-lined
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stainless steel autoclave, which was heated at 110 °C for 72 h. Fi-
nally, MIL-125NH, was washed with DMF to remove of organic
linker and then with methanol to exchange the solvent. Activation
of MOF was made by drying at 200°C for 5h.

2.5. Synthesis of UIO-66-NH, (UNH)

UiO-66-NH, was synthesized by hydrothermal method via
adding zirconium chloride (7 mmol) to 2-amino terephthalic acid
(ATA). The solution was stirred in DMF (40 mL) for 30 min. Then,
the suspension was heated for 24 h at 120 °C. Afterwards, the sam-
ple was recovered by centrifugation and rinsed several times with
methanol to extract the remaining unreacted metal salts/organic
species. For activation, the solid was kept in DMF and methanol
for 72 h and was separated by centrifugation. MOF was activated
by heating at 200°C for 5h.[29]

2.6. Synthesis of CoPi /MNH and CoPi /UNH nanocomposite

The synthesis of the CoPi nanoparticles was carried out ac-
cording to a reported procedure.[34]| To synthesize CoPi/MNH or
CoPi/UNH nanocomposite, Cobalt(Il) chloride hexahydrate (0. 2
mol, Sigma-Aldrich) and CTAB (0.04 mol) was dissolved in water
(10 mL) and then, 6ml of NaOH (2molar, Sigma-Aldrich) was added
to the solution. Then, 500 mg of activated MNH or UNH was added
to the mixture and kept under stirring during 72 h at room tem-
perature. Ethanol (20 ml or 30 ml, Merck, 99.9%), was added into
CoPi /MNH or CoPi /[UNH to wash this nanocomposite twice, and
the final solutions were centrifuged at 4500 rpm for 10 min to ob-
tain nanoparticles. This nanocomposite was activated at 200°C for
5 h, twice.

2.7. Fabrication of MIL-125 and UIO-66 nanocomposite on FTO
substrate

MIL-125 and UIO-66 nanocomposites were coated on FTO
glasses (solaronix, ~7 €2/sq) by doctor blade method from suspen-
sions of MIL-125 and UIO-66 in water and acetylacetonate (50 mg
of MOF, 1000 puL H,0 and 50 pL of acetylacetonate), sonicated for 1
h. The coated layers were stabilized at 170 °C for 1 h (heating rate:
5 °C/min). These prepared films were named MIL-125 and UIO-66

2.8. Fabrication of mesoporous TiO, film

A dip coating system (Advanced Equipment Engineering Com-
pany, Iran) with a withdrawal rate of 30 mm/min was used to
deposit the mesoporous TiO, film on a Fluorine-doped tin oxide
(FTO) conducting glass (solaronix, 7€2/sq). The relative humidity
was set at 25% - 30% at 25 °C in an electronic dip-coating cham-
ber. The layer was deposited by directly transferring the deposited
layer on a hot plate for 15 min at 300 °C. The films were annealed
under air at 450 °C for 1 h (heating rate: 1 °C/min) for removing
the block copolymers as structure-directing agents. [20]

2.9. Fabrication of CoPi /MNH and CoPi /UNH nanocomposite on
mesoporous TiO, film

FTO (solaronix, ~7 €2/sq) coated by mesoporous TiO,, was cov-
ered with CoPi /MNH nanocomposite by doctor blade method from
the suspension of CoPi/MNH in water and acetylacetonate (50 mg
of MOF, 1000 pL H,0 and 50 pL of acetylacetonate) sonicated for
1 h. This suspension was then deposited onto FTO/TiO, and fixed
at 170 °C for 1 h (heating rate: 5 °C/min). This prepared sample is
named CoPi/MNH/TiO, nanocomposite. We used the same method
to fabricate MNH on mesoporous TiO, (MNH/TiO,) without using
MIL-125-NH,. CoPi /MNH was also coated on FTO without the TiO,
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layer to obtain CoPi /MNH electrode. This method was also used to
fabricate the CoPi on FTO without the layer of mesoporous TiO,
and named CoPi electrode. We used the same procedure to pre-
pare UIO samples by replacing MIL-125-NH, with UIO-66-NH, for
CoPi/UNH/TiO,, CoPi [UNH, UNH/TiO, electrodes.

2.10. Optical and photoelectrochemical characterization

UV-vis absorption spectra were carried out on solid samples us-
ing a JASCO V-670 spectrophotometer. To determine the surface
area, pore volume, and pore size distribution of the MOFs, BEL-
SORP mini II instrument according to adsorption-desorption of N,
gas at 350 °C was applied. Particle size was determined by high-
resolution transmission electron microscope (HRTEM, FEI Tecnai
G20) with an accelerating voltage of 200 kV. ICP analysis was car-
ried out with a Perkin-Elmer Optima 7300 DV spectrometer to de-
termine the amount of co-catalyst. Powder X-ray diffraction (XRD)
analyses were performed on a D8 Advanced Bruker instrument uti-
lizing Cu Ko radiation (A = 15406 A). Energy dispersive X-ray
analysis (EDX) and field emission scanning electron microscopy
(FE-SEM, S4160 Hitachi Japan) was used to study the MOF texture
and the thickness of the deposited films.

PEC measurements were carried out using an IM6x electro-
chemical station (Zahner, Germany). A solar simulator (Sharif) was
used to illuminate the photoelectrodes at 1 sun (AM15G, 100
mW/cm?) illumination. Electrochemical impedance spectroscopy
(EIS) was carried out in the dark, at an applied potential of 0.6
V (vs. Ag/AgCl/saturated KCl, equal to 1.23 V vs. RHE), with a 10
mV AC amplitude and a frequency range of 102 Hz to 10° Hz.
Transient photocurrent densities were obtained by chopped illu-
mination (1 sun) under application of a constant potential of 1.23
V vs. RHE. In order to investigate the activity of the working elec-
trode, we used a three-electrode configuration using CoPi /MNH
[TiO, films of 1 cm? size on FTO as the working electrode (WE), Pt
mesh as counter electrode (CE) and a Ag/AgCl electrode as refer-
ence electrode (RE) in artificial seawater electrolyte solution: 0.029
mol L1 Na,SOy4, 0.055 mol L~ MgCl, and 0.42 mol L' NacCl
[35] To compare between CoPi /MNH [TiO,, MIL-125-NH,/TiO, and
CoPi /MNH, and also UIO samples, the same method was used.
In the Pyrex photoelectrochemical cell containing the three elec-
trodes, N, gas was bubbled to remove dissolved O,, after this, the
light was switched on under stirring at room temperature. The
charge-injection efficiency 1¢ and charge-separation efficiency 7¢g
were calculated by the following equations:

Ner = jH20/ Jns (1)

Ncs = jhs/jabs (2)

Where jy50 is the photocurrent density in water, jy, is the pho-
tocurrent density in the presence of a hole scavenger, and jgs is
the maximum absorbed photocurrent that can be obtained from:

Jabs = €e/hc [ 1, (1= 107")d;.. 3)

where [, is the light intensity at a certain wavelength A, and A
is the absorption coefficient, e the elemental charge, h the Planck
constant, and c the speed of light.[36]

3. Results and discussion

The CoPi/MNH/TiO,, MNH/TiO,, and CoPi/MNH materials and
also the same UIO-66-NH, (UNH) based photocatalysts were char-
acterized using Powder XRD (PXRD) (Fig. 1a and b) after scratching
the samples from the glass substrates. The recorded PXRD patterns
of MOF samples evidence the tetragonal structure of MIL-125-NH,
(group I 4/m m m) and the cubic structure of UIO-66-NH, (group F
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Fig. 2. BET surface area analysis: Adsorption-desorption isotherms of the a) MNH and b) UNH based photocatalysts.

m -3 m). In all cases, the MOF structure was not altered after syn-
thesis of CoPi/MOF/TiO,, MOF/TiO, and CoPi/MOF[37, 38] On the
other hand, the low volume fraction of CoPi explains the absence
of the related diffraction peaks (see Supplementary Material for a
more detailed justification). Additionally, the results show that af-
ter synthesis of CoPi in the presence of MOFs, the crystallinity of
pristine MOFs was maintained. The relatively low thickness of the
TiO, layer (260 nm) (Supplementary Material, Fig. S1) also explains
the absence of any diffraction peaks for mesoporous TiO,.[39] UIO-
66 and MIL-125 without NH2 groups were also synthesized to in-
vestigate catalytic activity in the dark and under illumination. The
related XRD patterns were shown in Supplementary Material, Fig
S2).

N, adsorption-desorption isotherms on Ui0-66, MIL-125 ( Fig.
S3) and UNH, CoPi/ UNH, MNH, CoPi/ MNH (Fig. 2) showed an
overall type I isotherm behavior for all four samples, as expected

for microporous materials.[33] The Sggr for UNH, CoPi/UNH, MNH,
CoPi/MNH was 934.72, 552.77, 1183.6, and 908.1 m? g-!, respec-
tively. These results are in good agreement with the presence of
CoPi in the MOF composite. Also, the Sger for UiO-66, MIL-125
was 1100 and 1380 m2 g~1, respectively. The pore size distribu-
tions insulated from the micropores range (MP) are shown as Sup-
plementary Material, Fig. S4. The size of the micropores decreases
as a result of CoPi incorporation and consequently CoPi/UNH and
CoPi/MNH possessed the lowest micropore size. This is probably
due to the partial occupation of some pores by CoPi.[40]

FE-SEM characterization of UNH, CoPi/UNH, MNH, CoPi/MNH
(Fig. 3a, b, d, and e) show octahedral cubic morphology for UNH
and CoPi/UNH samples with average size of 90-120 nm, and trun-
cated bipyramids with an average size of about 350 nm for MNH
and CoPi/MNH in good agreement with previous reports. [33, 41,
42] The samples containing CoPi, reveal CoPi agglomerates with
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Fig. 3. FE-SEM images of a) UNH, b) CoPi/UNH. d) MNH, e) CoPi/MNH. TEM images of ¢) CoPi/UNH, and f) CoPi/MNH (Scale bar 200 nm in all micrographs).
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sizes ranging from 10 to 40 nm on the surface of the MOFs. Cross-
section images of CoPi/ MNH [TiO,, and CoPi/UNH/TiO, (Supple-
mentary Material, Fig S1) reveal that the thickness of the coated
TiO, was around 260 nm and the thickness of CoPi/MOFs for
CoPi/MNH/TiO, and CoPi/UNH/TiO, was 560 nm and 580 nm, re-
spectively. Similar Co content (about 7%) was quantified through
Energy Dispersive X-ray spectroscopy (EDX) on these samples,
(Supplementary Material, Table S1). Furthermore, elemental map-
ping for CoPi/MNH and CoPi/UNH (Supplementary Material, Fig S5a
and b) clearly shows that CoPi is homogeneously decorated on the
MIL-125-NH; and UIO-66-NH, samples. ICP-OES analysis on CoPi/
MNH and CoPi/ UNH revealed 6.5 and 7.8 wt-% Co, respectively, in
line with EDX results. Tiny nanoparticles of CoPi with 10-40 nm
diameter were identified by TEM on the surface of the MOF mate-
rials (Figs 3c and f).

XPS analysis was performed to confirm the presence of cobalt
and the electronic interactions between MOFs in the photocata-
lysts. Supplementary Material, Fig S6 (a-b) show the XPS survey
spectrum for MNH and CoPi/MNH (S6 a), and UNH and CoPi/UNH
(S6 b).

The high-resolution N 1s spectrum was monitored to obtain
further information about the interaction between MOFs and CoPi.

The two bands at 399.5 and 401.9 eV matching with the N of —NH,
stretching group in MNH are shown in fig 4a and b, while the band
at 399.2 eV attributed to —NH, group in UNH is shown in fig 4c
and d. There are no differences between these groups in MNH,
and CoPi/MNH and also in UNH, and CoPi/UNH. This clearly in-
dicates that there is no electronic interaction between CoPi, and
—NH, group of MOFs -NH, linkers.[29, 43] The typical peaks lo-
cated at about 782 and 787 eV in the Co 2p3/2 region, show that
cobalt is present in the Co?* state (Fig 5a and b). Also, two shake-
up satellites and two spin-orbit doublets in the Co 2p spectrum
were observed (the peaks around 787 eV in Co 2p3/2 and 803 eV
in Co 2p1/2 are assigned to Co®*, and the peaks around 782 eV
in Co 2p3/2 and 798 eV in Co 2p1/2 are ascribed to Co3*).[44] On
the other hand, the binding energy of P 2p was about 135.4 eV,
(Fig 5¢ and d) which is characteristic of P in the form of PO43~ in
phosphate group of CoPi co-catalysts.[30]

Supplementary Material, Fig S5a shows the UV-visible ab-
sorbance (A) spectra of the different samples. The maximum theo-
retical photocurrent could be extracted after integration of the cal-
culated absorptance (a=1—10"4), as showed in Supplementary
Material, Fig S7. Furthermore, the bandgaps of UNH/TiO,, UNH,
MNH and MNH/TiO, were identified from Tauc plots for indirect
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Fig. 7. Wavelength-dependent IPCE spectra of a) MNH and b) UNH based composites at 1.23 V vs RHE.

transitions, as shown in Supplementary Material, Fig S7 b and d.
The obtained bandgaps are in good agreement with the energy di-
agrams showed in Scheme 1.[29, 33, 45]

Linear sweep voltammograms in artificial seawater were car-
ried out in the dark and under illumination. The j-V curves did not
show significant current density under illumination for both UIO-
66 and MIL-125 samples (Supplementary Material, Fig S9). This
agrees well with the large bandgap and the low optical absorption
for MIL-125, as well as the low surface area and limited access to
active sites for UIO-66.

At potentials below 1 V vs. RHE, dark current density was neg-
ligible (Fig. 6). Under visible light irradiation, the MOF, MOF/ TiO,,
CoPi/MOF, and CoPi/MOF/TiO, showed photocurrent densities up
to 1.8 mAecm2 for the optimized heterojunctions. Concomitantly,
the onset potentials for photocurrent can be ranked as MOF >
MOF/TiO; > CoPi/MOF > CoPi/MOF/|TiO,. Simultaneously, under

visible light illumination at 1.23 V vs. RHE, the current density was
increased, accordingly. The photocurrent density is higher for MNH
compared to UNH, probably due to the higher specific surface area
of MNH, which facilitates charge transfer to the solution.[45] This
is consistent with the calculated charge injection efficiency showed
in Supplementary Material, Fig. S10. The photocurrent densities
also increase with the presence CoPi, and TiO, compared to the
reference materials. This can be attributed to the lower charge re-
combination and higher charge separation and injection efficiency
in the presence of TiO, and CoPi co-catalyst. Chronoamperomet-
ric measurements with chopped illumination (Supplementary Ma-
terial, Fig S11) are fully consistent with the results showed in Fig 6.
Blank measurements on TiO, and TiO,/CoPi samples did not show
any meaningful current density (Supplementary Material, Fig S9).
IPCE measurements at 1.23 V vs RHE have been carried out
and are included as Fig. 7. The main information relates to the
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enhanced charge collection efficiency at the wavelengths < 450
nm. The optimized heterojunctions with both MOF photosensitiz-
ers (MNH and UNH), after introduction of the electron selective
(TiO,) and hole selective and catalytic (CoPi) layer exhibit wider
spectral activity (photocurrent up to 430 nm) compared to the
original MOF sensitizers, although the main improvement is re-
lated to the conversion efficiency at the peak wavelengths, which
increases from around 30% to 60-70% in both materials, highlight-
ing the enhanced charge injection efficiency after heterostructur-
ing.

The highest photocurrent over CoPi/MOFs/TiO, demonstrate the
enhanced lifetime and charge separation efficiency of the photo-
generated charge carriers via the interaction among CoPi, MOFs
and TiO,. This is consistent with the photoluminescence (PL) mea-
surements (Fig. 8) obtained over CoPi/MOFs/TiO,, which is much
weaker compared to MOF and MOFs/ TiO,, and CoPi/MOFs.[46-49]

Further mechanistic information was obtained by impedance
spectroscopy measurements. Nyquist plots obtained at 1.23 V vs
RHE in the dark (Fig 9), systematically showed a single semicir-
cle for all samples. The arc diameter (attributed to the charge-
transfer resistance at the photoelectrode/electrolyte interface)[50,
51] was decreasing as the photoelectrode performance improves,
consistently with the higher slope of the j-V curve (Fig 6).

Complementarily, charge-separation efficiency and the charge-
injection efficiency were determined by additional photoelectro-
chemical characterization in the presence of a sacrificial hole scav-
enger (Na,SOs3) by eqs 1-3 (dashed line in Supplementary Mate-
rial, Fig S10 and S12). Fig S10 clearly illustrates that CoPi is respon-

sible for a remarkable increase of the charge injection efficiency
and confirms the improvement in PEC performance by enhancing
this charge transfer step, either by the suppression of surface re-
combination or by promoting surface catalysis. On the other hand,
the charge separation efficiencies of pure MOFs are enhanced by
heterojunction with TiO, (see Supplementary Material, Fig. S12)
reinforcing the hypothesis that TiO, provides an efficient electron
selective contact responsible for increasing charge separation ef-
ficiency and subsequently photocurrent density. Enhanced charge
separation efficiencies in CoPi/MOFs/TiO, are consistent with the
decreased photoluminescence of MOFs in the presence of CoPi
and TiO,. As expected, the charge injection efficiency (Fig S10.) is
significantly enhanced, after coupling MOFs with CoPi and TiO,,
reaching 71% by CoPi/MNH/ TiO, at 1.23 V vs RHE. The overall en-
hancement can be related to the fact that the photogenerated car-
riers undergo decreased bulk recombination (enhanced charge sep-
aration efficiency) with the incorporation of TiO, and accelerated
surface catalysis (or suppressed surface recombination) with the
incorporation of CoPi. Overall, the synergistic effect of the devel-
oped heterojunction and co-catalyst modification, CoPi /MOFs/TiO,
photoelectrode heterostructures leads to promising water oxidation
kinetics.

The stability of the CoPi/MOFs/TiO, was assessed by cronoam-
perometry at 1.23 V vs RHE for 5000 seconds, and the photocur-
rent density was approximately constant during this time (Fig 10 b
and d). Interestingly, the photocurrent density decreased less than
10% during the recorded time, offering promising stability for fur-
ther upscaling studies. Finally, a remarkable > 93 % Faradaic effi-
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ment of a CoPi/MOFs/ TiO, photoelectrodes at 1.23 V vs. RHE under constant illumination (100 mW cm~2).

ciency for OER was estimated by coupling a gas chromatograph to
the photoelectrochemical cell, highlighting the excellent selectiv-
ity of the developed systems towards oxygen evolution. After elec-
trochemical testing (3 runs), the photoelectrodes were scratched
from the FTO and XRD analysis was performed. The results showed
the preservation of the crystal structure in the photoelectrodes
confirming their promising stability (Supplementary Material, Fig.
S14).

4. Conclusions

A dual strategy has been presented to overcome both the ex-
tensive carrier recombination and the intrinsically poor catalytic
activity of MOFs for efficient OER. The two MOFs (MNH and UNH)
with a suitable bandgap were selected to receive visible radiation
from the sunlight, and were then interfaced with mesoporous TiO,
to reduce bulk charge recombination. To improve the catalytic ac-
tivity, CoPi as an earth abundance and low-cost water oxidation
co-catalyst was deposited on the MOF surface. Functional charac-
terization through linear sweep photovoltammetry, transient and
steady-state chronoamperometric measurements and faradaic ef-
ficiency of photocatalysts proved that CoPi/MOFs/TiO, photoelec-
trodes possess notably boosted performance: photocurrent densi-
ties of 1.3 and 1.8 mA/cm? at 1.23 V vs. RHE in artificial seawa-
ter for CoPi/UNH/TiO, and CoPi /MNH/TiO,, respectively, and dis-
play fast and reusable photocurrent. These photocurrent densities
were nearly 26-fold higher compared to pristine MOFs with 0.07
mA-cm~2 for MNH and 0.05 mA-cm~2 for UNH. This is attributed
to the presence of TiO, and CoPi co-catalyst, which enhanced the
charge-separation and charge-injection efficiency towards OER, re-
spectively. The PL intensities are consistent with the longer life-
time of photogenerated charge carriers in CoPi/MOF/TiO, compos-

ites. Our results showed that, MNH possesses higher OER activity
compared to UNH probably due to the higher specific surface area
of MNH. Finally, a remarkable Faradaic efficiency of > 93 % was
estimated for OER, highlighting the excellent selectivity of the de-
veloped systems towards oxygen evolution. These findings offer a
promising perspective to expand the photoelectrochemical applica-
bility of MOFs to more complex electrochemical transformations.

5. Associated content
5.1. Supplementary Material

Cross-section view of two photocatalyst, X-ray photoelectron
spectroscopy (XPS) analysis and Elemental ratios from XPS, Tran-
sient photoelectrochemical measurements of MOFs composite and
results of energy-dispersive X-ray spectroscopy were detailed in
SI. The UV-vis absorption spectra, Tauc plots and the maximum
theoretical photocurrent, calculated charge-injection efficiencies of
photoelectrodes (j-V curves of the samples in the presence of a
hole scavenger (0.5M Na,SO3)) and charge-separation efficiencies
of photoelectrodes are given in Fig S5-9 respectively.
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