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ABSTRACT: P,W,3C0o,@MOF-545 which contains the sandwich-type polyoxometalate (POM) [(PW;03,),C04(H,0),]**
(P,WsCo,) immobilized in the porphyrinic MOF-545 framework, is a “three-in-one” (porosity + light capture + catalysis) hetero-
geneous photosystem for the oxygen evolution reaction (OER). Thin films of this composite were synthesized on transparent and
conductive indium tin oxide (ITO) supports using electrophoretic (EP) or drop casting (DC) methods, thus providing easy-to-use
devices. Their electro- and photocatalytic activities for OER were investigated. Remarkably, both types of films exhibit higher
turnover numbers (TONS) than the original bulk material previously studied as suspension for the photocatalytic OER, with TONs
after 2 hours equal to 1600 and 403 for DC and EP films respectively compared to 70 for the suspension. This difference of catalyt-
ic activities is related to the proportion of efficiently illuminated crystallites, whereby a DC thin film offers the largest proportion of
POM@MOF crystallites exposed to light due to its lower thickness when compared to an EP film or crystals in suspension. Such
devices can be easily recycled by simply removing them from the reaction medium and washing them before reuse. The films were
fully characterized with EXAFS and XANES spectroscopies, Raman, Scanning Electron Microscopy and electrochemistry, before
and after catalysis. The combination of all these techniques shows the stability of both the POM and the MOF within the composite

upon water oxidation reaction.

INTRODUCTION

Metal-organic frameworks (MOF) have attracted immense re-
search interest in the design of heterogeneous catalysts* with
promising potential both in electro- and photocatalysis.**° Their
outstanding features, combining their crystalline structure, tunable
porosity and high specific surface areas with the versatile func-
tionalization of their organic linker, make them a unique platform
to target new functional materials. Owing to the strong incentive
to develop sustainable and clean energy sources in the context of
fossil fuels shortage and environmental pollution, water splitting
into O, and H, through the photo(electro)chemical oxygen evolu-
tion and the hydrogen evolution reactions, OER and HER, respec-
tively, still requires new, efficient and cheap, catalytic materials.
In that respect, recent research efforts have aimed at functionaliz-
ing MOFs towards OER and HER.****

While significant advances have been done on the use of
MOFs for HER, much fewer studies have been carried out
towards OER, probably as a result of their frequent lack of
stability under water oxidation reaction conditions.” The
emergence of MOF-based solids for OER has been particular-
ly driven by the motivation to handle catalysts containing
earth-abundant elements rather than costly noble metals. Vari-
ous strategies have been proposed to design MOF-based mate-

rials for electro- or photocatalytic OER. An early case was
provided in electrocatalysis with the chemically robust cobalt-
imidazolate, ZIF-9, where the Co nodes are the catalytically
active single-sites.'®'” Another efficient strategy consists in
immobilizing an OER catalyst into the pores of a MOF host,
as exemplified with cobalt-based polyoxometalates (POMs)
encapsulated in ZIF-8,"* MIL-101"" or MIL-101.* Other recent
heterogeneous MOF-based electrocatalysts for OER include
porphyrin-based MOFs, such as the free base porphyrin Pb-
MOF?" or the PCN-224-Ni containing nickel porphyrin link-
er.”>” While above recent developments opened new avenues
for using MOF materials for electrocatalytic OER purposes,
their use for photocatalytic OER is currently more limited.**”
A pioneer strategy for designing photocatalytically active
MOFs was reported by Lin et al. whereby the zirconium-based
Ui0-67, namely ZrsO4(OH),(bpdc)s (bpdc = biphenyl dicar-
boxylate) is used as a modular scaffold to perform OER. In
this case, the MOF is functionalized with Ir-based bipyridine
linkers capable of locally performing OER, whilst the rest of
the MOF scaffold stays catalytically inactive.”

Since then, the use of MOFs as photosensitizers to yield light-
harvesting frameworks has attracted ever-growing research
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Figure 1. P,W13Co,@MOF-545 photosystem for OER. (a) Schematic representation of the P,W;3Co,@MOF-545 composite with its three
components (porous channel, POM catalyst, porphyrinic photosensitizer). (b) Proposed mechanism for light-driven OER. Reprinted in part
with permission from reference 38. Copyright 2019 American Chemical Society. (c) Scheme for P,W;sCo,@MOF-545-DC and

P,W;C0,@MOF-545-EP thin films synthesis.

efforts,””>* making porphyrin-based MOFs an interesting sub-

class of solids for designing new biomimetic photosystems.
However, the use of such MOFs in photocatalytic applications
has been mostly reported for the reduction of CO,*® with only
scarce reports for visible light-driven photocatalytic OER so
far.’™** We recently reported the photosensitization of the
[(PW4054),C04(H;0),]'" (P,W,5Cos) POM catalyst by the
porphyrins of the MOF-545, within the P,W3Co,@MOF-545
solid,”® which occurs under visible light irradiation. This pro-
vided a rare example of an “all-in-one” (porosity + light cap-
ture + catalysis) fully noble metal-free heterogeneous photo-
catalyst for OER (Figures la and 1b). The unique activity of
the P,W3Co,@MOF-545 photosystem was shown to benefit
from key factors, such as the immobilization of the porphyrin
as a ligand within the MOF’s scaffold, whereby the MOF
plays the role of a solid-state photosensitizer. The porosity of
the MOF allows facile diffusion of reactants and products.
Finally, the confinement of catalytic POMs inside the MOF’s
pores allows their stabilization while the POM-MOF interface
provides key components (OH, labile water molecules) rele-
vant to the OER mechanism. Still, the re-use of such photosys-
tems as powders in suspension requires centrifugations with
potential loss of materials.

Further strategies to develop thin films of such catalytically active
MOFs are required in the perspective of novel forms of devices
and technologies. They currently attract a great deal of attention in
sub-fields ranging from optoelectronic devices, sensors to photo-
and electrocatalysis.***° As MOFs are mostly obtained as pow-
ders, there is a strong incentive to deposit them on transparent
conducting supports such as fluorine-doped tin oxide (FTO) or
indium tin oxide (ITO) and to formulate them so that not only

electronic transport can be improved but also easy-to-use and
recyclable setups can be developed. Two kinds of strategies in-
clude in situ approaches, whereby the MOF is synthesized in the
presence of the support (solvothermal synthesis, layer-by-layer or
liquid-phase epitaxy growth, electrodeposition), and ex situ ap-
proaches, whereby a pre-synthesized MOF is deposited on the
support (spin coating, drop casting, electrophoretic deposi-
tion).*:42

The development of MOF-based thin films for OER is a recent
developing subfield. An early example is that of Zhao et al.
whereby nickel-cobalt MOF sheets with coordinatively unsaturat-
ed metal sites were shown to function as robust and highly active
OER electrocatalysts.*® Also the porphyrinic PCN-224-Ni was
deposited on ITO by a solvothermal reaction and electrochemical-
ly investigated for OER in aqueous solution.?? While thin films of
porphyrinic MOFs have been the subject of very intense research
efforts,*2 reports of porphyrinic-MOF thin films for photocata-
Iytic OER are rather scarce.”* Here we thus considered investi-
gating the thin film deposition of our recently published
P,W,C0,@MOF-545 composite® using drop casting and elec-
trophoretic deposition methods on ITO and evaluating its poten-
tial for photocatalytic OER. At this stage, ex situ deposition meth-
ods were preferred to in situ ones as they were easier to imple-
ment for our POM@MOF system. We discuss the two thin film
deposition methods and characterize the films for their electro-
chemical properties. Finally, we show that they behave as excel-
lent photocatalysts for OER. The use of thin films is shown to be
particularly advantageous, allowing easy re-use and characteriza-
tions.
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Figure 2. Characterization of POM@MOF thin films. (&) SEM images of P,W;3Co,@MOF-545-EP. (b) Comparison of FT-EXAFS
spectra at the Co K-edge collected at 77 K of P,Wy3C04, P,W;3C0,@MOF-545, P,W3Co,@MOF-545-DC and P,W,;sCo,@MOF-545-
EP. Note that distances are reduced by 0.3-0.4 A relative to the real distance. Characteristic peaks are indexed to reference in Figure S5.
(c) LSV of bare ITO, MOF-545-EP, MOF-545-DC, P,W,sC0,@MOF-545-DC and P,W;sCo,@MOF-545-EP in 80 mM B(OH);
buffer at pH 8 at a scan rate of 5 mV s™. (d) Current density vs. time during CPE at 1.88 V vs. RHE in 80 mM B(OH); pH 8 buffer for

P,W;5C0,@MOF-545-EP and -DC.

RESULTS AND DISCUSSION

Microcrystalline MOF-545 and P,W;33Co,@MOF-545 particles
were synthesized via a solvothermal route according to a previ-
ously reported procedure (See Experimental Section).*® Commer-
cially available 1TO-coated PET (polyethylene terephthalate)
films were preferred to FTO-coated glass in order to facilitate
further characterizations using X-ray spectroscopy. As illustrated
in Figure 1c, thin films of P,W3Co,@MOF-545 on ITO elec-
trodes were prepared either in one-step by drop casting
P,W,;5C0,@MOF-545 directly on ITO (P,W;3C0o,@MOF-545-
DC) or using an electrophoretic deposition of the MOF (MOF-
545-EP) followed by the impregnation with the POM
(P,W15Co,@MOF-545-EP). For reference purposes (vide infra),
MOF-545-DC was also prepared. In the case of electrophoretic
deposition, MOF-545-EP films were obtained by dipping two
face-to-face ITO electrodes into a toluene suspension of micro-
crystalline MOF-545 powder. Due to free carboxylate ligands at
the MOF surface, particles bear a negatively charged surface.
Applying a 45 V cell voltage between electrodes thus allowed the
migration of MOF particles to the anode. The formed MOF-545-
EP thin films were subsequently impregnated with an aqueous
solution of the P,W;3C0,-POM to form the desired
P,W1Co,@MOF-545-EP (see Experimental Section). SEM
images (Figures 2a and S1) of MOF-545-EP, P,W;3Co,@MOF-
545-EP and P,W,;gCo,@MOF-545-DC show that both types of
films consist of rod-shape particles (1- 2 um length) characteristic
of the six-fold symmetry of the structure. It is apparent that EP
allows the formation of denser (~ 20 pm thickness measured by

profilometry) and more homogeneous films than the DC method
for which MOF particles are more sparsely distributed on the ITO
surface. Powder X-Ray Diffraction (PXRD) patterns collected on
bulk P,WCo,@MOF-545 and P,W13Co,@MOF-545-EP (Fig-
ure S2) confirm the good crystallinity with no additional peak
found although, due to the Ilimited thickness of
P,WCo,@MOF-545-EP films, higher-angle peaks were en-
larged and had smaller intensities, consistent with PXRD reported
on thin films.>*%

Before deposition on ITO, the integrity of the POM component
within the POM@MOF composite was checked on the bulk using
NMR techniques. Liquid-state !P NMR spectrum (Figure S3) of
digested P,W.sCo,@MOF-545 in a borate buffer at pH 10
showed a single thin peak at ~1828 ppm, characteristic of
P,W,5C0,,%® in agreement with those obtained from a solution of
P,W.sCo, in a borate buffer at pH 8 and 10. Solid-state Magic
Angle Spinning 3P NMR (MAS-NMR) conducted on bulk
P,W.sCo,@MOF-545 showed an enlarged peak at ~ 1700 ppm,
consistent with previous measurements, while the absence of peak
at around 0-10 ppm confirmed the absence of free phosphates and
Co-free POMs. In addition, X-Ray spectroscopy at the Co K-
edge energy revealed no significant difference between P,W,;gCo,
or P,W.;gCo,@MOF-545 bulk powders and P,W;sCo,@MOF-
545-DC and P,W5Co,@MOF-545-EP (Figures 2b and S4).

In agreement with the literature,*® prevalent Fourier-transformed
(FT) peaks of the P,W3Co4 POM and P,WsCo,@MOF-545 bulk
powders were assigned to Co-O (1.6 A), Co-P and Co-Co (2.9 A)
and Co-W (3.4 A) atom pairs (Figure S5, Table S1). FT EXAFS



data on thin films are broader and less-defined than on bulk pow-
der, due to the small amount of material exposed to the beam
combined with the relatively low concentration of cobalt atoms in
the P,W,5C0,@MOF-545 composite. Still, the main peak at 1.5 A
characteristic of the first coordination sphere (Co-O) is close to
that observed for the bulk material and the XANES spectra differ
from the one obtained for diverse cobalt oxides (Figure S6),
providing evidence of the POM’s integrity immobilized in MOF-
545,

The impregnation of P,WsCo, in MOF-545-EP thin films was
performed in identical conditions than those for preparing the
P,WCo,@MOF-545 bulk powder further deposited on DC thin
films, for which we determined the following formula,
[Zr6016H16]s[CasHa6N4O¢ls - [P2Wi15070C04H,]o6:78H,0,% lead-
ing to surface densities of 16 nmol cm™ and 1.5 nmol cm? on
P,W;sC0,@MOF-545-EP and  P,W;3Co,@MOF-545-DC,
respectively (see experimental section).

The electrochemical behavior of P,W,5Co,, P,WsC0,@ MOF-
545-EP and P,Wy3Co,@MOF-545-DC was studied. Cyclic
voltammograms (CVs) as well as Linear Sweep Voltammetry
measurements (LSVs) were conducted in a 80 mM borate buffer
at pH 8, at which both the MOF and POM components are stable.
CVs were measured between 0.65 and 1.85 V vs. RHE. The CVs
displayed a characteristic wave assigned to Co'/Co"" redox pro-
cesses of the Co centers of the POM (Figure S7). Half-wave
potential is similar for both the POM in solution over a bare ITO
electrode and the thin films, measured at 1.35 V. Furthermore,
Figure S8 displays CVs of P,W,;sCo,@MOF-545-DC as a func-
tion of the scan rate, whereby the linear dependence of the peak
current intensity with respect to the scan rate is consistent with a
surface-controlled redox process.

For both EP and DC deposition method, the LSVs show similar
electrochemical trends going from bare ITO to MOF-545 thin
films to P,W33Co,@MOF-545 (Figure 2c). On the bare ITO
electrode, water oxidation reaction starts at a potential of 1.88 V.
For both MOF-545-EP and MOF-545-DC, the MOF coating has
an insulator effect which lowers the current density and does not
show any catalytic effect. By contrast, thin films of the full
POM@MOF composite show a catalytic wave starting at +1.62
for both P,W;sCo,@MOF-545-EP and P,W;sCo,@MOF-545-
DC, in agreement with literature® and LSVs conducted on a 5
mM P,W,gCo, solution (Figure S9), thus showing an overpoten-
tial for OER of 390 mV. To confirm the electrocatalytic OER of
the thin films, controlled-potential electrolysis (CPE) experiments
were conducted at 1.88 V vs. RHE in a 80 mM borate buffer
solution at pH 8 (Figure 2d). A stable current density was ob-
tained for 2 h and reproduced after 2 more cycles (same charge
passed, see experimental section for details). Blank experiments
conducted on either bare ITO electrode or MOF-545 thin films
(Figure S10) led to negligible current intensities when compared
to those of POM@MOF thin films. The higher current densities
observed for P,W,;sCo,@MOF-545-EP (~ 350 pA cm?) with
respect to P,W;3C0,@MOF-545-DC (~ 200 uA cm?) may be
explained by the larger quantities of POM@MOF catalyst depos-
ited on EP films when compared to DC ones (one order of magni-
tude difference). The first evidence for the production of O, is the
formation of bubbles at the electrode surface triggered by the
application of the potential. O, production was measured over the
experiments by gas chromatography (Figures 3a and S11) and was
shown to occur linearly over time, consistent with the stable
current observed during catalysis. Faradic yields calculated after 2
h of reaction are close to 100 % for both P,W;3C0,@MOF-545-
EP and P,W,;3Co,@MOF-545-DC. The comparison of electro-
catalytic performances of P,W;3Co,@MOF-545-DC and
P,W15C0,@MOF-545-EP points toward the better activity of DC
thin films: turn over numbers (TONSs) and turn over frequencies

(TOFs) calculated over 2 h amount respectively to 527 and 73 102
s for P,W,;sC0,@MOF-545-EP and 2250 and 310 102 s? for
P,W1Co,@MOF-545-DC. The remarkably higher performances
of P,W,;3Co,@MOF-545-DC with respect to P,W5C0,@MOF-
545-EP may be attributed to the larger thickness of EP films (~ 20
um) when compared to that of DC films (crystallites size of ~ 1
um). Consequently an important proportion of POM@MOF
crystallites on top of the film, i.e. far from the conductive ITO
support, may not participate to the electrocatalysis as part of an
insulating layer of materials in P,W3Co,@MOF-545-EP. For
P,W1Co,@MOF-545-DC a higher amount of active sites of the
catalytic POM are available owed to a higher dispersion of the
sample.

As a reference, CPE conducted on MOF-545-EP and MOF-545-
DC soaked into a 5 uM Co(NOs), solution led to current densities
of only 50 pA cm? (Figure S10). The current densities were 4 to 7
(DC and EP, respectively) times lower than the POM@MOF thin
films, although the total amount of cobalt ions in solution exceed-
ed that in the POM@MOF (75 nmol vs. 23 nmol in EP films).
This hints that free cobalt ions are less catalytically active into
these conditions than the immobilized P,W;3Co, POM. This also
confirms that the observed catalytic activity may not be attributed
to leaching and to degradation of the POM into free cobalt ions in
solution.
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Figure 3. Catalytic activities. (a) O, TON over time during CPE
at 1.85 V vs. RHE in 80 mM B(OH); pH 8 buffer; (b) O, TON
during illumination (5 mM Na,S,0g in 2 mL of 80 mM borate
buffer solution, pH 8, A > 420 nm, 280 W) for P,W3Co,@MOF-
545-EP (triangles), P,WgCo4@MOF-545-DC (circles) and 0.5
mg P,WsCo,@MOF-545 powder in suspension (squares).

The photocatalytic OER activity of the two types of thin films
were studied under visible light irradiation in pH 8 borate buffer,
using sodium persulfate (Na,S,Og) as the electron acceptor and
the MOEF’s porphyrin ligand as the photosensitizer. As shown in
Figure 3b, O, was formed immediately upon exposure to light and
increased linearly with time

For P,W,;sCo,@MOF-545-EP a plateau is reached after 1 h
reaction. The addition of a fresh solution of Na,S,0g resulted in a
restart of O, production with the same initial TOF (Figure S12).
As evidenced previously,® these results show that the system’s
limitation originates from the depletion of the electron acceptor
and prove the stability of the catalytic material. For
P,WCo,@MOF-545-DC, oxygen production slows down but



still occurs within the 2 h of the experiment. As control experi-
ments we found that POM@MOF thin films did not show any
significant catalytic activity either in the absence of light (Table
S2, entries 1-2) or of sacrificial electron acceptor (Table S2, en-
tries 3-4). Similarly the absence of the POM catalyst in MOF-
545-DC or MOF-545-EP did not allow any significant O, pro-
duction (Table S2, entries 5-6). Finally, the activity of MOF-545-
DC or MOF-545-EP soaked in 5 uM Co" solution (Table S2,
entries 7-8) is far lower than that of the corresponding
P,W13C0,@MOF-545 films. This indicates that free Co' ions are
much less active than the immobilized P,W;3Co, POM.

The two types of thin films exhibit significantly different photo-
catalytic activities during OER, pointing towards a much higher
performance of DC-type thin films. For P,W3Co,@MOF-545-
EP, the TON after 2 h amounts to 403 and the TOF over the first
30 min to 134 10° s The corresponding values for
P,W1C0,@MOF-545-DC are much higher and amount to 1600
(TON) and 467 10 s’* (TOF). Here, we interpret such differences
as a result of the efficient illumination of the POM@MOF photo-
system in DC thin films whereby all particles deposited on ITO
are exposed to light, while in the thicker (multiple-layered) EP
films only the sub-layer of POM@MOF particles indeed exposed
to light is functional. Remarkably, both types of films exhibit
higher photocatalytic activities than P,W;3C0o,@MOF-545 illumi-
nated in suspension (Figure 3b). This may be again explained not
only by the lower quantities of catalyst deposited on films with
respect to that in suspension - which tends to increase the calcu-
lated TON - but also by a less efficient exposure of crystallites to
light when in suspension (random orientation of crystallites, light
diffusion by the suspension...). A schematic illustration of such
differences between the suspensions, DC and EP films upon light
illumination is proposed in Figure 4.

When comparing to existing related published photosystems, the
catalytic performances of the P,W,;3C0,@MOF-545 films outper-
form those reported for homogeneous P,W,gCo,-based photosys-
tems (TON of 75).%8 They are also much higher than those report-
ed for suspensions of other composites P,WsCo,@MIL-101(Cr)
(estimated TON of 13)* and P,W;5Co,@MIL-100(Fe) (estimated
TON of 16)% as well as those of POM-free MIL-101(Fe) MOFs
(TON of 27).% 1t is worth highlighting here that the use of the
external [Ru(bpy)s]®* photosensitizer is avoided in our
POM@MOF, in contrast with the systems cited above.

In order to investigate the stability of the immobilized P,W;3Co,
POM in the POM@MOF thin films during electrocatalysis or
photocatalysis, various characterizations were made on both types
of thin films.

a) Suspension of POM@MOF | b) POM@MOF-EC films
crystallites
\

e !

Figure 4. Schematic representation of P,W;3Co,@MOF-545
photosystem under various setups upon light illumination: a) in
suspension; light capture by the crystallites is not optimal (random
orientation of crystallites, light diffusion); b) as a thick layer on
ITO obtained using electrophoresis (EP); the absorption of light is
limited to the fraction of the crystallites in contact with ITO; c)
deposited on ITO by drop casting; DC allows depositing small
amounts of POM@MOF dispersed on ITO so that all crystallites
may be illuminated.

First, DLS measurements were done on bhoth the electrolyte solu-
tions after CPE and the photocatalytic reaction solution. They

c) POM@MOF-DC films

photocatalytically active
composite layer

photocatalytically active
composite layer

IT0 ‘l'l\ IT0
ll

——
inactive layer

(not illuminated)

showed no particles of size lower than 100 nm, allowing us to
exclude the formation of cobalt oxide nanoparticles during the
reaction.” These results confirm the absence of leaching of the
immobilized P,W,;5Co, POM which is indeed responsible for the
observed catalytic properties of the P,W3C0,@MOF-545 com-
posite. Second, CVs were measured on P,W5C0,@MOF-545-
EP and P,WsCo,@MOF-545-DC after CPE or photocatalysis,
and compared to the original ones, showing the persistence of the
reversible wave at 1.35 V vs RHE in all cases (Figure S13). Final-
ly, EXAFS-XANES spectra collected at the Co K-edge energy for
P,WsCo,@MOF-545-DC  (Figures 5 and S14) and
P,WC0,@MOF-545-EP (Figure S15) after 2h photocatalytic or
electrocatalytic experiments showed only a slight shift of the main
edge position towards higher energies (1 eV) with respect to the
initial material. Given that the pre-edge region does not present
any change in intensity or any new peak (Figure 5a), we exclude a
net change in the Co oxidation state. We rather attribute this shift
to changes in the Co local environment and exclude any drastic
modification in its structure. This is furthermore assessed by the
similarities between the FT-EXAFS before/after catalysis (Figure
5b) indicating that the POM’s integrity is maintained. Also, Ra-
man spectroscopy performed on P,W;3Cos@MOF-545-EP
shows that the MOF vibrational spectrum is marginally impacted
by the POM guest (Figure S16) and remains unchanged after
photocatalysis (Figure S17), thus corroborating the integrity of the
MOF host upon OER. Finally, SEM images of the electrodes’
surface after electro- or photocatalysis showed no difference with
the surfaces before catalysis (Figures S18 and S19). All the above
characterizations yield converging conclusions toward the
POM@MOF photosystem stability in thin films upon OER catal-

ysis.
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o post photocatalysis
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Figure 5. Co K-edge XANES (a) and FT-EXAFS (b) spectra
collected at 77 K of P,W,;3Co,@MOF-545-DC as-synthesized,
after electrocatalysis and after photocatalysis.
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Figure 6. Recyclability of POM@MOF thin films for photocata-
lytic OER. Kinetics of visible-light-driven O, production (5 mM
Na,S,0g in 2 mL of 80 mM borate buffer solution, pH 8, A > 420
nm, 280 W) for P,W;Co,@MOF-545-EP (a) and
P,WgCo4@MOF-545-DC (b) for the first cycle (squares) and
after renewing the catalytic solution on the same electrode (trian-
gles).

Recyclability was further investigated in photocatalysis. A signif-
icant advantage of thin films is the convenient and easy recollec-
tion for additional runs. Figure 6 shows that the POM@MOF may



be reused in another photocatalytic run, with only a small loss in
activity (5 % for P,W.;sCo,@MOF-545-EP and 16 % for
P,W13C0,@MOF-545-DC).

CONCLUSION

In this work, we have reported the optimization of the catalytic
performances of a thin film POM@MOF photosystem for
OER, comparing two different techniques of deposition on
ITO (dropcasting and electrophoresis). With the long-term
goal to develop robust and recyclable heterogeneous noble
metal-free photosystems in the field of energy, the present
work shows that POM@MOF composites deposited into thin
films offer an outstanding benefice in terms of photocatalytic
efficiency while allowing their integration into easy-to-use
devices. Indeed, the TONs for the photocatalytic O, produc-
tion obtained with the P,W;3Co,@MOF-545 composite are
greatly enhanced using thin films when compared to those
obtained with the POM@MOF bulk composite in suspension,
with estimated TONs of 1600 (DC) and 403 (EP) vs 70.*® The
relative performances of thin films and suspension
(DC>EP>suspension) may be rationalized by the optimal
illumination of the POM@MOF crystallites in DC-type thin
films.

Importantly, state of the art techniques provide for the first
time evidence for the integrity of the POM catalyst in
POM@MOF thin films after electrocatalysis and photocataly-
sis. Overall, the above results highlight the performances of
porphyrin-based MOFs as light-sensitive hosts for the hetero-
genization of molecular catalysts when coupled with their
shaping into thin films for developing heterogeneous photo-
systems performing key reactions of interest. It is hoped that
this work will also promote ongoing interest in the field to-
wards the in-depth characterization of catalysts, which is es-
sential for rationally designing efficient and selective catalysts
for OER.

EXPERIMENTAL SECTION

Materials. Nayo[ (PWoO34)2C04(H,0),] (P,W15Coy),%90
tetrakis(4-carboxyphenyl)porphyrin (TCPP-H,),** MOF-545,5262
and P,W;3,C0,@MOF-545% were synthesized according to re-
ported procedures. All other reagents were purchased from com-
mercial sources and used as received. ITO-plated glass electrodes
were purchased from SOLEMS and cut to reach a 6 x 20 mm size.

Thin films preparation. P,W;3Co,@MOF-545-EP was pre-
pared in two steps to avoid exposing the POM to high voltage. To
form MOF-545-EP, two ITO electrodes were immersed 3 mm
apart in a colloidal suspension containing 1 mg of MOF-545 in 4
mL of toluene. A 45 V cell voltage was then applied between the
two electrodes for 30 min, three times consecutively and with no
agitation, the MOF suspension being renewed between each
cycle. P,W,sCo,@MOF-545-EP was then obtained by immers-
ing the MOF-545-EP electrodes in a 5 mM solution of P,W,5Co,
in a 80 mM B(OH); pH 8 buffer solution for 5 hours. The EP thin
films were carefully washed with water to allow the release of
POMs adsorbed at the surface of MOF particles.
P,W15C0,@MOF-545-DC was drop casted (10 pL) from a sus-
pension of 1 mg of P,W3Co,@MOF-545 in 1 mL of ethanol on
an ITO electrode of area 36 mm2 and let drying at room tempera-
ture for 10 min. For P,W;3C0,@MOF-545-DC, the material
mass was calculated at 0.01 mg according to the concentration
and volume of the deposited drop. For P,WsCo,@MOF-545-
EP, the mass of deposited material was measured by weighting

the material over 20 electrodes prepared in identical conditions,
leading to an averaged deposited MOF amount of 0.11 mg. Using
the chemical formula ([ZrgO18H18]3[CagH2608N4]6
[PoW15070C04H4]0.6- 78H,0) determined for the
P,W;5C0,@MOF-545 powder,® P,W;3Co,@MOF-545-DC
contains 0.53 nmol and P,W;3C0,@MOF-545-EP 5.8 nmol of
P,W,5Co,, equivalent to 1.5 nmol cm™ and 16 nmol cm™ of POM
respectively.

Physical methods. Infrared (IR) spectra were recorded on a Ni-
colet 30 ATR 6700 FT spectrometer. Powder X-ray diffraction
(PXRD) data were obtained on a Bruker D5000 diffractometer
using Cu radiation (1.54059 A). Energy dispersive spectroscopy
(EDS) measurements were performed on a JEOL JSM 5800LV
apparatus. X-ray absorption spectra were recorded on the
SAMBA beamline of SOLEIL at a ring energy of 2.75 GeV and a
current of 500 mA. The incident energy was selected using a
Si(222) double-crystal monochromator and calibrated to the first
inflection point of a Co foil (E = 7709 eV). Measurements were
performed in fluorescence mode using a Bruker fluorescence
detector. The optical properties of P,WgCos@MOF-545 and
MOF-545 may be found in reference 38. Raman spectra were
measured on a home-made Raman spectrometer at 532 nm, the
spectrum being acquired with a fiber coupled spectrometer cou-
pled to a CCD camera (IsoPlane SCT 320 mounted with a PIXIS,
using a 1800 lines grating; Princeton Inst.). An interferential filter
was used to cut the elastic scattering. The spectral resolution was
set to 6 cm™. The laser power was adjusted to about 1-2 mW on
the sample to avoid laser damage. Solid-state 3P MAS NMR was
recorded on a Bruker Avance 500 MHz spectrometer (B, = 11.7
T). The sample was packed in a 2.5 mm zirconia rotor and spun at
30 kHz MAS rate. The spectrum was recorded using rotor-
synchronized Hahn-echo sequence 90°-t-180°-t. The 90° pulse
length was 2.3 ps, the t delay 33 ps, and the recycle delay 0.1 s.
The spectrum was an accumulation of ca. 105 000 transients.
Solution *'P NMR spectra were recorded on a Bruker Avance 400
apparatus at 162.3 MHz. Chemical shifts were referenced to 85%
H3PO,.

Photocatalytic activity measurements. Similar conditions than
those used for studying the OER catalytic performances of sus-
pensions of P,W,sCo,@MOF-545 were used to ensure the MOF
and POM’s stability.® Electrodes were fixed to a wall of a quartz
cuvette with a volume of 4.2 mL. The cuvette was then filled with
2 mL of a 5 mM Na,S,0g solution in 80 mM B(OH); pH 8 buffer,
sealed, thoroughly degassed using nitrogen and finally placed in a
temperature controlled block at 20 °C. The thin films were irradi-
ated with a 280 W Xenon light source equipped with a 420 nm
filter and a water infrared filter. Oxygen produced was measured
by analyzing 50 pL aliquots from the cuvette’s headspace by gas
chromatography on a Shimadzu GC-2014 equipped with a ther-
mal conductivity detector and a Quadrex column. O, quantifica-
tion was achieved accordingly to the corresponding calibration
curves.

Electrocatalytic characterization and activity measurements.
Electrochemical studies were conducted in similar conditions than
the photocatalytic experiments using an SP 300 potentiostat (Bio-
Logic Science Instruments SAS). All the electrochemical experi-
ments were performed at room temperature in a 15 mL, 80 mM
B(OH); pH 8 buffer using ultrapure water produced by a Milli-
pore system (18.2 MQ at 25 °C) and 1 M NaOH to adjust pH.
Solutions were deaerated using nitrogen gas. CVs and controlled
potential electrolysis were carried out at room temperature in a
gas-tight two-compartment electrochemical cell. Cathodic and
anodic compartments were separated via a glass-frit of fine poros-
ity. The counter electrode was a platinum wire, the reference



electrode was a saturated Ag/AgCI/KCI electrode separated from
the electrolyte by a salt bridge and the working electrode was the
relevant ITO-coated glass electrode. The electrochemical surface
area was underestimated by measuring the geometrical area of the
electrode. Electric contact between the 1TO surface and the poten-
tiostat was made through copper tape. Production of oxygen in the
anodic headspace gas was measured using the same methods as
for photocatalytic activity measurements. Recyclability experi-
ments (3 cycles) were performed obtaining the same current
densities and charge passed for 2 h. The electrode was removed,
rinsed with ethanol and immersed in a new deaerated buffer solu-
tion. All TONs and TOFs were estimated by normalizing the
production of O, with the number of nmol of POM.

XAFS analyses. X-Ray Absorption Fine Structure (XAFS) spec-
troscopy analyses were done at SAMBA beamline, Synchrotron
SOLEIL, France. The storage ring was operated with a 2.75 GeV
electron energy ring, 500 mA current, and multi-bunch mode.
Thin films or powders pressed into pellets of P,WsCo,,
P,W5Co,@MOF-545, P,W,;5C0,@MOF-545-DC, and
P,W;5C0o,@MOF-545-EP were analyzed at 77 K using a N,
cryostat. X-Ray Absorption Near Edge Structure (XANES) and
Extended X-Ray Absorption Fine Structure (EXAFS) spectrosco-
py spectra were collected at the Co K edge (7709 eV) between
7500 and 8335 eV. Acquisitions were done in fluorescence mode
using a Ge multi-pixel fluorescence detector (Canberra). All
spectra were processed using Athena featured in Demeter Soft-
ware Package.®*
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