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Artificial photosynthesis is one of the most promising forms of renewable fuel production, due to the
abundance of water, carbon dioxide, and sunlight. However, the water oxidation reaction remains
a significant bottleneck due to the high thermodynamic and kinetic requirements of the four-electron
process. While significant work has been done on the development of catalysts for water splitting, many
of the catalysts reported to date operate at high overpotentials or with the use of sacrificial oxidants to
(MOF)/
semiconductor composite that performs photoelectrochemical oxidation of water at a formal
underpotential. Ru-UiO-67 (where Ru stands for the water oxidation catalyst [Ru(tpy)(dcbpy)OH,I%* (tpy
= 2,2".6',2"-terpyridine, dcbpy = 5,5-dicarboxy-2,2’-bipyridine)) has been previously shown to be active

drive the reaction. Here, we present a catalyst embedded metal-organic framework

for water oxidation under both chemical and electrochemical conditions, but here we demonstrate, for
the first time, incorporation of a light harvesting n-type semiconductor as a base photoelectrode. Ru-
UiO-67/WOs is active for photoelectrochemical water oxidation at a thermodynamic underpotential (n
= 200 mV; Egnset = 600 mV vs. NHE), and incorporation of a molecular catalyst onto the oxide layer
increases efficiency of charge transport and separation over bare WOs. The charge-separation process

was evaluated with ultrafast transient absorption spectroscopy (ufTA) and photocurrent density
Received 17th November 2022

Accepted 22nd March 2023 measurements. These studies suggest that a key contributor to the photocatalytic process involves

a hole transfer from excited WOZ to Ru-UiO-67. To our knowledge, this is the first report of a MOF-
based catalyst active for water oxidation at a thermodynamic underpotential, a key step towards light-
driven water oxidation.
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bottleneck in artificial photosynthesis approaches, and signifi-
cant attention has been given to the development of new water

Introduction

With increasing global energy demand, interest in developing
forms of alternative, and renewable, energy remains high. One
significant source of potential energy is through the absorption
of sunlight, which provides an average of ~120000 TW of
energy per hour, well over the current global energy demands."
When coupled with oxidation of water and reduction of carbon
dioxide this approach, known as artificial photosynthesis,
provides a method of storing solar energy in the form of
chemical bonds, which can be used when solar energy is not
available, or in applications where direct absorption of sunlight
would be difficult."* While plants have developed complex
pathways for absorption of light, oxidation of water and carbon
utilization, there remains a significant need to develop new
catalysts and photosensitizers to drive this chemistry in an
artificial approach. In particular, water oxidation is the

Department of Chemistry, Virginia Polytechnic Institute and State University, Virginia
24060, USA. E-mail: ajmorris@vt.edu; bgibbons@vt.eduw; dcairnie@vt.edu; bthom7@
vt.edu; xzyang@vt.edu; silic4@vt.edu

DOLIL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d2sc06361a

(ES)

4672 | Chem. Sci, 2023, 14, 4672-4680

oxidation catalysts.*® One of the most popular family of water
oxidation catalysts have been ruthenium polypyridyl based
catalysts, due to their simple structures, high activities, and
significant tunability to access multiple Ru oxidation states.”
These benefits are often offset by the high cost of Ru, need for
sacrificial oxidants, stability issues, and difficulty of recycling
molecular catalysts."**?

Recently, a new class of materials has been investigated to
address some of the drawbacks to homogeneous molecular
catalysts. Metal-organic frameworks (MOFs), which are
composed of metal nodes and organic linkers that form crys-
talline 2D or 3D structures with high porosity and surface area,
provide a unique platform for molecular catalyst immobiliza-
tion."™ MOF-based catalysis has been demonstrated by trapping
molecular catalysts into the pores, appending molecular cata-
lysts onto MOF nodes, or through substitution of molecular
catalysts for the organic linkers. These approaches successfully
transform homogeneous catalysts into a heterogenous
construct, often while maintaining or improving the catalytic
properties compared to solution. Incorporation of molecular

© 2023 The Author(s). Published by the Royal Society of Chemistry
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catalysts into MOFs also provides over 100 times the active site
coverage compared to monolayers on a heterogenous surface,
since MOFs provide another dimension for catalyst incorpora-
tion." In fact, MOF-based examples for water oxidation have
demonstrated significant improvements over the species in
solution with regards to catalyst loading, recyclability, and
stability."*>°

Ultimately, if the water oxidation reaction is going to be part
of a larger artificial photosynthetic assembly, it is important to
utilize photoenergy to drive the reaction, rather than applied
potential or sacrificial oxidants. Recently, a number MOF/
semiconductor composite films have been studied, with some
eye towards water oxidation.”*** However, the previously
studied approaches utilize MOFs as a doping agent, catalyst, or
host for an encapsulated species rather than an incorporated
molecular catalyst platform.>=** To our knowledge, the work
presented herein, is the first to explore MOF-incorporated
molecular-catalysts semiconductor composites, including
detailed work of the operative charge transfer pathways.

Here, we report the combination of the light harvesting WO,
with a ruthenium water oxidation catalyst ([Ru(tpy)(dcbpy)
OH,*" (tpy = 2,2":6',2"-terpyridine, dcbpy = 5,5-dicarboxy-2,2'-
bipyridine)) loaded into the Zr-based framework UiO-67. Previ-
ously, our group demonstrated the catalytic activity of Ru-UiO-
67 for water oxidation, driven both chemically and electro-
chemically.**** In this work, Ru-UiO-67 was grown on a WO;
layer for photoelectrochemical water oxidation. Through depo-
sition on WOj3, the potential required to drive water oxidation by
Ru-UiO-67 is reduced by over 1 V vs. NHE, and catalytic activity
was observed at potentials as low at 600 mV vs. NHE. While
catalysis at an underpotential should be the rule for photo-
electrocatalysis, this is not always the case. To the best or our
knowledge Ru-UiO-67/WOs is the first example of a MOF-based
water oxidation catalyst active for photoelectrochemical water
oxidation at a thermodynamic underpotential. Incorporation of
the Ru catalyst into the MOF structure provides significant
enhancement in catalytic performance compared to a mono-
layer adsorbed directly onto WO3, highlighting the advantages
of catalyst-loaded MOF films.

Experimental
General materials and methods

All chemicals used were purchased from commercial suppliers
and used without additional purification. WO; was prepared by
a spin coating method onto fluorine-doped tin oxide (FTO) glass
slides (Hartford Glass). A precursor solution was prepared by
adding WCl (Sigma Aldrich) (2.15 g, 5.4 mmol) and carbowax
(675 mg, MW = 600) to a Schlenk flask under an N, atmosphere.
Ethanol (54 mL) was added, and the reaction stirred under N,
overnight. The following day, the precursor solution was coated
on the FTO slide by applying 0.5 mL of the precursor solution to
FTO, followed by 30 s of spinning at 3000 rpm. This was
repeated 3 x, for a total of 2 mL of precursor solution added to
each FTO slide. The films were dried under ambient conditions
overnight and annealed at 450 °C for 1 h to produce WO; films
on FTO. Photoelectrochemical measurements were measured

© 2023 The Author(s). Published by the Royal Society of Chemistry
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using a Xe arc lamp with a 390 nm cut on filter at 1 sun
intensity.

[Ru(tpy)(dcbpy)CI|PF¢ synthesis

[Ru(tpy)(dcbpy)Cl|PFs (where tpy = 2,2';6',2"-terpyridine and
debpy = 2,2 -bipyridine-5,5"-dicarboxylic) acid was synthesized
from literature procedures."**® First, RuCl; (156.8 mg, 0.7 mol)
was mixed with 2,2';6’,2"-terpyridine (172.8 mg, 0.7 mmol) in
50 mL of ethanol. The mixture was refluxed for 4 h and a brown
solid was collected by filtration to give Ru(tpy)Cls. Ru(tpy)Cls
(1 g, 2.27 mmol) was then added to 2,2"-bipyridine-5,5-dicar-
boxylic acid (509 mg, 2.08 mmol), LiCl (100 mg, 2.35 mmol) and
triethylamine (1 mL, 7.12 mmol) in 3:1 ethanol:water (200
mL). The reaction was refluxed for 16 h and filtered hot. The
filtrate volume was reduced to 25 mL by rotary evaporation and
10 mL of a saturated aqueous NH,PF¢ was added. 1 M HCI was
added dropwise until [Ru(tpy)(dcbpy)Cl|PFs was precipitated.
The purple solid was dried overnight under vacuum at 60 °C
and characterized by "H NMR (ESI, Fig. S17).

Ru-Ui0-67/WOj; synthesis

Ru-UiO-67 synthesis was adapted from previous literature
procedures.** ZrCl, (58.25 mg, 0.25 mmol), biphenyl dicarbox-
ylic acid (50.8 mg, 0.21 mmol), and [Ru(tpy)(dcbpy)Cl]|PFs
(32.6 mg, 0.043 mmol) were added to a 6-dram vial along with
DMF (10 mL) and glacial acetic acid (465 pL). The vial was
sonicated briefly before the WO; films were added with the WO,
facing the bottom of the vial. The vials were heated at 120 °C for
48 h. After heating, the films were removed, rinsed with water,
and stored in fresh water for 24 h before use to remove the Cl
ligand and form the active catalyst [Ru(tpy)(dcbpy)(H,O)]PFs.

Results and discussion

Physical characterization

WO; films were characterized by PXRD, XPS and UV-VIS spec-
troscopy to confirm the identity and crystallinity of the metal
oxide layer (Fig. 1). Film X-ray diffraction shows a broad peak at
24.2° 26, which matches well with three predicted peaks at 23.3,
23.8 and 24.6° 20 for monoclinic WO; (Fig. 1A). Electronic
absorption spectroscopy (Fig. 1B) displays an onset of band-gap
excitation at ~600 nm. Analysis of the adsorption edge reveals
an approximate band gap of 2.8 eV, consistent with the litera-
ture.** XPS of the native WO; films show a doublet in the W 4f
region, with peaks at 37.7 and 35.6 eV, consistent with WO;
standards (Fig. S2t). No peak appears at 36 eV, indicating
complete conversion of WCl starting material.*> While many n-
type semiconductors have been studied for PEC water splitting,
we chose WO; for this approach for two main reasons. First, the
relatively small band gap of WO; compared to TiO, or ZnO
pushes the absorption of light into the visible region which
significantly increases the amount of absorbed solar light.*!
Second, the stability of WO; to the acidic conditions of Zr-based
MOF synthesis make it an ideal candidate for solvothermal
MOF growth conditions.

Chem. Sci., 2023, 14, 4672-4680 | 4673
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Fig.1 (A) PXRD patterns of simulated UiO-67 (black), monoclinic WOz
(red), WOs3 film (blue), and Ru-UiO-67/WOs (orange). (B) Ground-state
absorption spectra of WOs3 (black), and Ru-UiO-67/WO5 (red).

After the deposition of WO; was confirmed, the films were
used as a substrate for solvothermal MOF film growth.
Commonly reported on FTO, MOF film growth on metal oxides
has been well documented as a simple method for depositing
MOFs on conductive surfaces.'*** After synthesis, MOF film
crystallinity was confirmed by PXRD with primary peaks
occurring at 5.7° and 6.6° 26.* Ru-UiO-67/WO; still exhibits
characteristic peaks for WO;, indicating that WO; is stable
during the MOF synthesis process. Electronic absorption spec-
troscopy confirmed the retention of the broad band due to WO3,
with the addition of a new peak at 510 nm due to the metal-to-
ligand charge transfer (MLCT) band of the incorporated [Ru(t-
py)(debpy)OH,**.# Scanning electron microscopy shows the
native WO; film is characterized by small, spherical particles
approximately 214 + 112 nm in diameter (Fig. S31). After MOF
growth, WO; particles are completely covered by a thick layer of
intergrown MOF film (Fig. S4t), consistent with UiO-type
films.***** Film thickness and roughness was measured by
atomic force microscopy (Fig. S51). The WO; film is approxi-
mately 150 nm thick, and the thickness increases to 395 nm for
Ru-UiO-67/WO5.

Determination of Ru -catalyst loading via ICP

To measure the amount of ruthenium loaded into UiO-67,
inductively coupled plasma mass spectrometry (ICP-MS) was
used. Films were digested in concentrated nitric acid and
heated for 1 hour at 70 °C to ensure digestion of the MOF. The
digested sample was then diluted 1:10 in DI water prior to
analysis. Three films were digested by this method and averaged
to get 7.80 x 10 ® mol of Ru catalyst per film. Unfortunately,
analysis of Zr and W concentration is not as straightforward.
Tungsten oxide is particularly stable to acidic conditions and is
not digested in nitric acid, while zirconium requires stabiliza-
tion by HF for accurate analysis.
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Previous reports of Ru-UiO-67 demonstrated that the pore
size of UiO-67 does not allow for enough catalyst incorporation
to promote complete redox hopping oxidation of the frame-
work.***® To determine the amount of electrochemically active
ruthenium loaded in a MOF film, chronoamperometry is typi-
cally used. However, since the WO; layer provides additional
resistance for charge transfer to the ruthenium centers, this
experiment is not possible on Ru-UiO-67/WOj;. Instead, Ru-UiO-
67 was grown on FTO under the same conditions used to
prepare Ru-UiO-67/WOj;. Assuming that the same amount of
ruthenium is active in the MOF, regardless of the substrate it is
deposited on, ~50% of the ruthenium is active for water
oxidation in the MOF film.

Electrochemical behavior of Ru-UiO-67/WO;,

The electrochemical properties of Ru-UiO-67/WO; films were
examined by cyclic voltammetry (CV) and linear sweep voltam-
metry (LSV) under illumination and dark conditions (Fig. 2). A
small, reversible peak at E;,, = 0.875 V vs. NHE can be seen in
the dark CV, corresponding to Ru™™ oxidation of [Ru(t-
py)(debpy)OH,**, followed by takeoff of catalytic current at
1.7 V vs. NHE (Fig. 2A), as seen in previous studies for the
catalysts in solution and incorporated into UiO-67.'*** The
small Ru™™ peak compared to a sample of Ru-UiO-67 on FTO
(Fig. 24, inset) is likely due to deposition onto WOj; rather than
conductive FTO. In the dark, the wide band gap of WO; acts as
an insulating layer, and the valence band edge (1.82 V vs. NHE)
is resistive to oxidation at lower applied potentials, preventing
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Fig. 2 Electrochemical characterization of Ru-UiO-67/WOs3 films in
0.1 M LiClO4 at pH 6. (A) Cyclic voltammetry under dark (black) and
light (red) conditions, with a significant photocurrent enhancement
starting at around 0.55 V vs. NHE. Inset shows Ru'"" region with the
dark-condition CV of Ru-UiO-67 on FTO (blue) compared to Ru-UiO-
67/WOs3 (black). (B) Linear sweep voltammetry under chopped light
(black) and full illumination (red) showing the photocurrent is fully
reversible upon light addition or removal. (C) Steady state photocur-
rent enhancement of Ru-UiO-67/WOs in the dark (black) and light
(red). (D) Photocurrent enhancement, calculated by dividing the
photocurrent with the dark current to measure the potential of
greatest increase.
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electron removal from the ruthenium centers. The observed
peak for Ru™™ therefore is likely due to a small amount of Ru-
UiO-67 deposited directly onto FTO due to incomplete coverage
of the FTO slide by WO;. However, upon illumination, signifi-
cant photocurrent enhancement was observed starting at 0.55 V
vs. NHE. Ru-UiO-67/WO; displays a steady increase in photo-
current from 0.55-2 V vs. NHE. The photocurrent enhancement
is completely reversible after removal of light, indicating Ru-
UiO-67/WO; is stable to illumination and the current
enhancement observed in the CV is due to illumination of the
electrode (Fig. 2B). To better establish an onset for enhanced
photocurrent, the steady state current at various potentials was
measured for the Ru-UiO-67/WO; film in the light and dark
(Fig. 2C and D). Photocurrent enhancement starts at 400 mV
and reaches a maximum of 200x increase at 1 V vs. NHE.

Photoenergy to electrical energy conversion efficiency

To measure the efficiency of converting photoenergy to elec-
trical energy, the photo-response efficiency for Ru-UiO-67/WO,
compared to bare WO; was analyzed as a function of applied
bias (applied bias photo-to-current efficiency, or ABPE) and
plotted in Fig. 3A.*”** Ru-UiO-67/WO; shows a slight improve-
ment in the efficiency of photoenergy conversion at all
measured potentials. Similarly, a slight improvement the inci-
dent photon-to-current conversion efficiency (IPCE) was
observed for the Ru-UiO-67/WO; film compared to bare WO,
(Fig. 3B). In ideal systems, IPCE measurements are propor-
tionally equal to the absorption value of the photoanode,
however at high wavelengths (>400 nm), the IPCE of Ru-UiO-67/
WOj; is lower than expected when compared to the absorption
spectrum of WO; (Fig. 3B, dashed blue line). The discrepancy
between the IPCE and absorption spectrum is likely attributed
to slow charge transport to a relatively small concentration of
active ruthenium centers throughout the MOF, in turn causing
a reduction in the observed efficiency.'**>** Taken together, the
small changes in ABPE or IPCE suggest that the addition of Ru-
UiO-67 does not substantially change the light absorption
properties of the photoanode, consistent with previous reports
that show very short emission lifetimes (~37 ns) for photoex-
cited [Ru(tpy)(dcbpy)OH,]*", therefore making it a poor
photosensitizer.*

0.02 70
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A) Ru-UIO-67WO, 601", B)

< <500 a
£ Spo\ . —we .0
w0.01 w ‘. —Ruuioe7Wo, |g
% Q 30 N i WO, Absorbance ‘6
< & 20 4

0.00

0
0.6 0.8 1.0 1.2 350 400 450 500 550 600
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Fig. 3 (A) Photo-response efficiency of WOs (black) and Ru-UiO-67/
WOs3 (red) as a function of potential (ABPE). (B) Wavelength (IPCE) of
WOs3 (black), Ru-UiO-67/WOs (red) measured under monochromatic
light at 500 mV applied potential, overlaid WOz absorption spectrum
(blue dashed line).
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Photocurrent density measurements

While the absorption properties of Ru-UiO-67/WO; do not
substantially change compared to WO;, significant improve-
ment can be observed in other photoelectrochemical (PEC)
properties. In general, the photocurrent density observed
during water oxidation (fi,0) can be split into four components
and described by the equation:

JHZO = Jmax X Nabs X Nsep X Ntrans (1)

where Jiax is the maximum photocurrent density for the pho-
toelectrode, 7,5 is the absorption efficiency of the electrode,
7sep 18 the efficiency of charge separation within the bulk elec-
trode material and 7nans is the efficiency of charge transfer at
the surface of the electrode and into the electrolyte as depicted
in the schematic below (Fig. 4A).>* The energy diagram of the
WO3/Ru-UiO-67 electrode is shown in Fig. 4B. Given that the
absorption properties of Ru-UiO-67/WOj are nearly identical to
bare WOs;, Jmax and m,ps are treated as constants and any
improvements to the PEC properties of the film would be
a result of improved charge separation efficiency (nsp) and
transfer efficiency (9yans) after the addition of Ru-UiO-67.

To examine the efficiency of charge separation, j-V curves of
WO; and Ru-UiO-67/WO; were collected in 0.25 M Na,SO;,
which acts as a rapid hole scavenger.*®* With Na,SO3, the rate of
charge transfer to SO;>~ is very fast (fans = 100%), and the
photocurrent density (Jso,) can be described by the following
equation:

JSO3 = Jmax X Mabs X MNsep (2)

From eqn (1) and (2), both 7, and 7¢ans Were calculated for
both WO; and Ru-UiO-67/WOj3 and are plotted in Fig. 5 (see ESIT
for full equations and calculations).”

Starting at low applied potential (300 mV vs. NHE), Ru-UiO-
67/WO; exhibits a slight enhancement in charge separation
(nsep) (Fig. 5A, inset), with significant take off at higher poten-
tials, reaching 100% at 1.6 V vs. NHE. Enhancement in charge
separation at high applied bias has been observed spectro-
scopically in WO; films, due to band bending at the surface
interface.”® Introduction of [Ru(tpy)(dcbpy)OH,]*" sites at the
WO, surface amplify the effects of band bending by raising the

Photoelectrode Electrolyte oV ——

1e'_ _ _-r__wos cB
:nabs *+0.6 Vappied™ | L
: mvIE=T T Ru
I
A nsep_ d -
s .-
a— +2v <kika Wo,ve Ru
A) B) vs.NHE

Fig. 4 (A) Schematic of oxidation occurring at a photoelectrode
demonstrating the efficiencies that govern observed photocurrent. (B)
Energy diagram of Ru-UiO-67/WO3 at pH 6.
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Fig. 5 (A) Charge separation efficiency (nsep) of WOs3 (black) and Ru-
UiO-67/WOs3 (red) films; inset shows the same figure but magnified
from 0.2 to 0.8 V vs. NHE. (B) Charge transfer efficiency (nians) for WO3
(black) and Ru-UiO-67/WOx (red) films. Addition of Ru-UiO-67 to WO
improves charge separation and charge transfer within WOz at the
electrode surface over all applied potentials.

Fermi level of the surface state, resulting in greater 7., for Ru-
UiO-67/WO; at the same applied potential.>* A much larger
improvement is observed in 7¢ans, €ven at low applied potential,
nearly doubling the efficiency of bare WO; at the maximum
(800 mV vs. NHE) (Fig. 5B). One major limitation of WO; as
a catalyst for water oxidation is the slow charge transfer between
the surface and electrolyte, causing charge recombination
rather than oxidation of water.>>*

Addition of a Ru-UiO-67 to the surface of WO; provides
a more efficient pathway for photogenerated hole removal to
occur, greatly improving 7ans. Oxidation of Ru" by photoex-
cited WO; is thermodynamically favorable with nearly 1 V
difference in the valence band of WO; (1.82 V) and the oxidation
potential of Ru™™ (0.875 V) as shown in Fig. 4B. From these
results, it is likely that the observed photocurrent enhancement
is largely due to improved charge transfer from the electrode to
the electrolyte (Myans) through oxidation of [Ru(tpy)(dcbpy)
OH,]**, and band bending assisted by the deposition of Ru-UiO-
67 to promote longer lived charge separated states.

Probing photoinduced charge transfer processes in Ru-UiO-
67/WO,

If hole (h*) transfer from WO, to [Ru(tpy)(dcbpy)OH,]*" sites in
Ru-UiO-67/WO; occurs, as proposed by the mechanism in
Fig. 4, then a decrease in the excited-state lifetimes associated
with WO; holes should be observable in Ru-UiO-67/WO;
compared to WO; alone. To assess the above mechanism in the
Ru-UiO-67/WO; films, ultrafast transient absorption spectros-
copy (ufTA) was employed. Pump-probe techniques like tran-
sient absorption spectroscopy characterize the excited state
behaviors within a photoactive system. Typically, these behav-
iors are presented as a AOD (or AAbs) spectrum because the
changes in the excited state are quite minute:

AOD(#) = OD, — OD, (3)

where OD, is the ground-state absorption spectrum of a sample,
probed with a white light source, prior to excitation with
a monochromatic pump pulse, OD is the absorption spectrum
at a given time, ¢, after the pump pulse excites the sample, and
AOD(t) is the difference between the two spectra. A AOD

4676 | Chem. Sci, 2023, 14, 4672-4680
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spectrum has both positive and negative features; the positive
features are attributed to absorptions of the excited state (ESAs)
and negative features are attributed to a loss of the ground state
absorption spectrum (termed ground-state “bleach”, GSB) or
stimulated emission.

Shown in Fig. 6 below are the ufTA spectra of WO; and Ru-
UiO-67/WO; films deposited on a glass slide. An excitation
wavelength of 320 nm was chosen as it significantly excites both
WO; and Ru-UiO-67 as evidenced from their ground-state
absorption spectra (Fig. S8f). Upon light excitation, WO;
exhibits a strong positive absorption that shifts from long to
short wavelengths as a function of time (Fig. 6, top) and peaks
ca. 640 nm, similar to prior studies by Durrant>® and Kamat
et al.,”” indicative of free and trapped carriers. The spectral
broadening and hypsochromic shifts are typical for the relaxa-
tion of hot traps and carriers into deeper trap sites (O-My." ",
O-M®"-0"", M, = oxygen-vacant transition metal).>*** By the
end of the instrument time window (8 ns), there is a residual
positive absorption extending over the probe range that is
attributed to deeply trapped carriers, which recombine on or
beyond the nanosecond time scale.>

The ufTA spectrum of Ru-UiO-67/WO; (Fig. 6, bottom)
presents a broad absorption feature from 600-700 nm ascribed
to both absorptions from WO; and Ru-UiO-67 (Fig. S9t). Over
time, Ru-UiO-67/WO; exhibits typical characteristics of a triplet
metal-to-ligand charge transfer state (*MLCT*), with a GSB ca.
520 nm, and excited state absorptions on either side of the
bleach (500 nm and 650 nm), both similar to the features
observed in the TA spectrum of Ru-UiO-67 without WOs;.
Ruthenium complexes like the [Ru(tpy)(dcbpy)OH,]*" species
studied here are known for their MLCT transitions in the visible
wavelength region.®*® As the name suggests, when the MLCT
transition is photoexcited, an electron from the Ru metal center
is transferred to one of the coordinating ligands to generate an
"MLCT* excited state. Consequently, the overall TA spectrum
exhibits features from both oxidized ruthenium and reduced
ligand. From spectroelectrochemistry measurements, oxidized
Ru complexes show a loss in absorption at the 'MLCT

300 fs

wo,

0
5l 8ns
0

550 600 650 700 750
Wavelength (nm)

500

Fig. 6 Ultrafast transient absorption spectral mappings (purple to red)
of WO3 (top) and Ru-UiO-67/WOs3 (bottom) films on glass under an Ar
atmosphere. Aoy = 320 nm, ~200 pJ cm 2.
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transition, whereas reduced Ru complexes exhibit higher
absorptions on both sides of the "MLCT transition.*”*® Based on
prior literature, we attribute the negative GSB feature at
~520 nm to oxidized Ru™ and the positive ESA features on
either side of the GSB to dcbpy .*"*

Intriguingly, at early times, there is a strong absorption ca.
500 nm that hypsochromically shifts and decays with a lifetime
limited by the instrumental response function at this region
(~200 fs). As both Ru-UiO-67 and Ru-UiO-67/WO; exhibit this
initial short-lived excited state absorption, we attribute such
behavior to excited-state dynamics on [Ru(tpy)(dcbpy)OH,]*". In
the solution-state photochemistry of Ru"" complexes, when both
an excitation wavelength higher in energy than the "MILCT
transition is used and the Ru" is heteroleptic, as is the case
here, these factors give rise to excess vibrational energy and
excitations of interligand charge-transfer bands (among other
ligand- and metal-centered transitions), all of which have
similar lifetimes to the sub-ps component observed in this
work.””* Moreover, control experiments with Ru-UiO-67/WO;
using a 500 nm excitation wavelength (direct "MLCT excitation)
did not provide the early time (<5 ps) kinetic component that
320 nm excitation provided (Fig. S101). Therefore, the 200 fs
component is attributed to a mix of the aforementioned
processes (vibrational relaxation and interligand transfer) and
does not impact the key findings of these spectroscopic
measurements. Further assessment of such early-time behavior
is outside the scope of this paper.

Prior literature on metal-oxide photophysics dictates that
trapped holes show a typical absorption predominately between
400-550 nm.**¢1:637478 Therefore, to examine how hole relaxa-
tion times change in WO; films when Ru-UiO-67 is grown on
them, the kinetics in this window were probed (Fig. 7) and the
fits are provided in Table 1 below. We specifically analyzed
kinetics between 480-490 nm, because this region overlaps with
both the excited-state absorptions of [Ru(tpy)(dcbpy)OH,]** and

© WO,, 485+2.5nm
Ru-Ui0-67, 485 + 2.5 nm
Ru-Ui0-67/WO,, 485 +2.5 nm

Norm AOD @ 5 ps

0 30 60 90
Time (ps)

Fig. 7 Normalized kinetic traces of WOs3 (black), Ru-UiO-67 (gold),
and Ru-UiO-67/WOs3 (blue) at 485 nm. Kinetic fits are red traces. The
kinetics were normalized at 5 ps to exclude early-time excited state
dynamics occurring within [Ru(tpy)(dcbpy)OH.]?" (see main text).
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WO;. The decay kinetics of the films were adequately fit to
a multiexponential model convoluted with IRF:

RS :pto):z A(> @

AOD(r) =

IRF
»T 2@ )

where AOD(%) is the total absorption at a given time, ¢, IRF is the
full-width half maximum of the instrument response function,
to is time zero, 4; is the amplitude of an individual component,
7; is the lifetime of an individual component and * is the
convolution error function.

The lifetime components associated with hole-relaxation
and recombination in WO; at 485 nm were: 4 £ 2 ps, 40 £ 20
Ps, 1000 = 200 ps and >8 ns. The relaxation lifetimes are quite
similar to those observed in TiO, systems, with lifetimes <500
ps typical of traps cooling and lifetimes >500 ps generally due to
recombination.?®%%¢>7¢ The relaxation times of Ru-UiO-67/WQO;
at 485 nm, excluding the early time decays (<5 ps, see above),
were: 1.5 £ 0.4 ps, 30 &= 10 ps, and 600 * 30 ps. The shortening
of excited-state lifetimes in Ru-UiO-67/WO; compared to WO;
alone is generally reflective of a charge-transfer process occur-
ring within the MOF-semiconductor composite.*® Additionally,
the residual excited-state absorptions that are present in WO,
and Ru-UiO-67 alone are gone by 2 ns in the Ru-UiO-67/WO;
film. Together, the decrease in the hole lifetimes of WO; and the
loss of the *MLCT excited state absorption in the Ru-UiO-67/
WO; film are strong indicators that hole transfer is a valid step
in the mechanism for the photocatalysis occurring in these
MOF-semiconductor films.

Water oxidation at an underpotential

The catalytic properties of the Ru-UiO-67/WO; film were tested
for water oxidation in 0.1 M aqueous LiClO, solution, adjusted
to pH 6 prior to electrolysis. Since a significant photocurrent
enhancement was observed starting at very low potentials
(500 mV vs. NHE), the rate of oxygen production was tested at
different potentials from 600 mV-1000 mV vs. NHE (Fig. 8). At
each potential, the film was held in the dark for 5 minutes
before starting illumination of 1 sun at the given potential to
observe the initial rate. At potentials as low as 600 mV vs. NHE,
O, production was clearly observed upon illumination of the
Ru-UiO-67/WO; films. The initial rate of O, production
increased for Ru-UiO-67/WO; as the applied potential is
increased, likely driven by increased band-bending in the WO,
photoanode. The initial faradaic efficiency remained largely
unchanged at ~66% for 600-900 mV but jumps to 84% at 1 V
applied potential.

To probe prolonged catalytic activity, Ru-UiO-67/WO; was
held at 600 mV vs. NHE for 1 h and the production of O, was
measured. Ru-UiO-67/WO; demonstrated steady O, production
with a faradaic efficiency of 40 + 3% (Fig. 9). After 1 hour, no
peroxide formation was detected and O, production was
confirmed by GC (Fig. S111). At the same potential, WO;

Chem. Sci., 2023, 14, 4672-4680 | 4677
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Table 1 Excited-state lifetimes of WOs, Ru-UiO-67, and Ru-UiO-67/WOs films probed at 485 nm“

Sample 7, (ns), A; (%) 75 (ns), Az (%) 73 (ns), Az (%) 74 (ns), A4 (%) 75 (ns), As (%)
WO, — 442 ps (34 + 5%) 40 + 20 ps (35 & 6%) 1000 % 200 ps (20 + 1%) >8 ns (11 + 2%)
Ru-Ui0-67 0.22 + 0.2 ps” (61 +3%) 1.6 +0.2ps (17 +1%) 16+ 1ps (14 +2%) 690 £ 20 ps (5 + 1%) >8 ns (2.9 + 0.4%)

Ru-Ui0-67/WO;  0.17 =+ 0.03 ps® (81 & 2%) 1.5 & 0.4 ps (13 £ 1%)

30 4 10 ps (4 + 1%)

600 + 30 ps (2.0 + 0.5%) —

“ The kinetics at 485 nm were averaged over a 5 nm window and the associated errors are standard deviations in amplitude and lifetime. ” Lifetimes

are overlapped with IRF at the given wavelength (fjgp = 190 fs).

100 —wo, 2.0 s
§ 80 Ru-UiO-67/WO, 15 =2
1 3
- @)
e 0535
o o 2
5 o
3 i
é,

0 1000 2000 3000

Time (s)

Fig.8 Currentincrease (bottom) and O, production (top) for WOz and
Ru-UiO-67/WOs5 at different applied potentials. At each potential, the
photoelectrode was held in the dark for 5 minutes before illumination
for 5 minutes.

E g} —wo,
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Fig. 9 Oxygen production of Ru-UiO-67/WOsz over time, compared
to bare WOs. Ru-UiO-67/WOs activity was averaged across three
different films (Fig. S137).

produces very little oxygen, confirming [Ru(tpy)(dcbpy)OH,]**
as the active catalytic species (Fig. 9, black). The corresponding
TON as a function time plot is provided in Fig. S14.1 The work
demonstrates one of the first examples of photoelectrochemical
water oxidation at a thermodynamic underpotential (~200 mV)
and a significant decrease in required potential for the MOF-
based catalyst in a purely electrochemical approach. Even at
1 Vvs. NHE, the film is not active in the dark, and only produces
O, upon applied potential and illumination (Fig. S127).
Compared to directly depositing a monolayer of the ruthenium
catalyst onto WO;, Ru-UiO-67 should be more active, because
incorporation of the catalyst within the MOF will extend the

4678 | Chem. Sci, 2023, 14, 4672-4680

working electrode in a third dimension versus a 2D deposition
on a nonporous surface. A monolayer of [Ru(tpy)(dcbpy)OH,]**
was deposited onto WOj; by soaking the film ina 1 x 10™* M
ethanol solution overnight, followed by washing with water.
Similar to Ru-UiO-67, the electrochemical active site coverage
was calculated by chronoamperometry experiments of the same
monolayer deposited on FTO. An electroactive coverage of 1.5 x
107"° mol ecm ™ was measured for the catalyst monolayer,
consistent with previous literature on densely packed mono-
layers.” Based on the concentration of Ru in the MOF film and
the monolayer, the O, production for the monolayer of Ru
catalyst is expected to be below the limit of detection for the
probe (0.3 uM) and, indeed, no significant O, production was
observed at 600 mV applied potential for the [Ru(tpy)(dcbpy)
OH,]*" monolayer on WO; (Fig. 9 blue).

We then calculated the turn-over number (TON) and turn-
over frequency (TOF) based on the electrochemically active
ruthenium, rather than the total amount of ruthenium observed
by ICP-MS. A TON after 1 hour for the electrochemically active
ruthenium sites was calculated to be 16 and gives a TOF,
calculated by dividing the TON over the time of the reaction, of

0.004 s~ 1.

Post-catalysis stability characterization

Ru-UiO-67/WO; was analyzed post-catalysis to examine the
stability of the film to illumination and electrocatalysis (Fig. S13
and S141). PXRD and SEM of the film show no significant
changes from the as-synthesized film, suggesting the MOF
crystal structure remains intact during catalysis. However, these
experiments alone are not enough to determine total catalytic
stability because any changes in the Ru catalyst may not result
in crystallographic changes to the MOF particle. Changes in the
Ru catalyst were measured by XPS, which does not show any
indication of oxidation state change (Fig. S177). Additional ICP
leaching experiments shows only ~2% of the total ruthenium
concentration leached into solution. Catalysis from any leached
material was tested with a blank WO; electrode in previously
used electrolyte solution and found no production of O, over
the course of an hour, indicating all observed activity can be
attributed to the Ru-UiO-67/WO; film (Fig. S187). Finally, Ru-
UiO-67/WO; can be reused in fresh solution with no loss in
catalytic activity (Fig. S19%), strongly suggesting the film is
stable to the applied catalytic conditions. Together, these
results suggest that most of the ruthenium centers remain
bound to the MOF linkers and account for all the observed
catalytic activity for water oxidation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

A MOF-semiconductor composite film was synthesized to utilize
the light harvesting properties of WO, and the catalytic activity of
MOF-incorporated molecular Ru-based catalysts. Specifically,
[Ru(tpy)(dcbpy)OH,]** was incorporated into the backbone of UiO-
67 and solvothermally grown onto the WO; layer. The composite
film displayed significant photocurrent enhancement starting at
200 mV vs. NHE, with a 200% increase when 1 V was applied. Ru-
UiO-67/WO; was active for photoelectrochemical water oxidation
at 600 mV vs. NHE, over 1 V lower than previous reports of the
same catalyst loaded film on FTO. Ru-UiO-67 does not enhance
the light harvesting ability of WO;, but rather provides a more
efficient pathway for charge separation at the WO,;/MOF interface,
and consequently, more efficient water oxidation. To our knowl-
edge, this work is the first example of a MOF-based catalyst driving
water oxidation at a thermodynamic underpotential, a significant
step towards purely photo-driven reactivity.
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