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Integration of a photocathode, CoCpCp*, and a heterogenized
rhenium catalyst within PCN-777 provides stable photocurrent
and CO as the product of photo-driven CO, reduction. Control
experiments confirm the role of CoCpCp* as redox mediator. This
proof-of-concept study illustrates the feasibility of using MOF-
embedded molecular catalysts in DS-PEC systems.

Photoelectrochemical cells (PECs) can harness sunlight to drive
the formation of renewable fuels (solar fuels)." These PECs are
multicomponent systems, in the sense that they require light-
absorbing materials, electron-transporting materials and cata-
lytic materials bundled within one device. The first two aspects
could principally be covered using semiconductor materials.
However, most semiconductors are inefficient due to limited
light harvesting properties, particularly in the visible part of the
solar spectrum, which is linked to the large bandgap in these
materials.” Dye-sensitized solar cells (DSSC) are comprised of a
molecular photosensitizer onto a semiconductor, which
enables the efficient absorption of solar energy.’ DSSC’s con-
tain a redox couple for dye regeneration and circuit closure,
they exhibit good performance under diffuse light conditions
and are cheap to produce.” Combining a DSSC set-up with a
molecular catalyst instead of a redox couple creates a device
known as a dye-sensitized photoelectrochemical cell (DS-PEC),
sometimes referred to as an artificial photosynthesis device,
which may facilitate a chemical reaction. Over the past decades,
significant progress in the field of solar fuels has been made,
particularly in the context of molecular catalysts for the reac-
tions involved in artificial photosynthesis.> However, further
improvements are necessary to develop an applicable artificial
photosynthesis device based on molecular components.
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CoCpCp* as redox mediator for CO, reduction
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Creating a functional DS-PEC with a molecular catalyst involves
addressing various challenges: (i) efficiency, (ii) heterogeniza-
tion of catalytic material and (iii) engineering of an operational
device.®

Metal-organic frameworks (MOFs) with embedded, well-
defined molecular catalysts have been explored as electroche-
mical platforms for driving energy-relevant reactions, including
carbon dioxide reduction.” Additionally, their potential in
photocatalytic processes has been recognized, broadening their
utility in energy conversion technologies.® PECs incorporating
MOFs as semiconductor or light-harvesting material have
recently garnered increasing interest within the scientific
community.® However, currently, metal organic frameworks
functionalized with embedded molecular catalysts are not
broadly applicable in the context of designing efficient DS-
PEC devices.

The main challenge is that incorporating a heterogenized
molecular catalyst rooted within a MOF into a device with a
photoelectrode necessitates careful consideration of the effi-
cient transport of photogenerated electrons from the dye
immobilized on the semiconductor to the catalytic sites within
the MOF network. One potential solution involves introducing
an external redox-active molecule (a redox mediator) to trans-
port electrons from the photoelectrode to the catalytic sites
within the MOF. In this configuration, the redox mediator
facilitates electron transfer, which would otherwise depend
on direct collisional interactions between the dye and the
heterogenized catalyst. Consequently, electron transfer
between the dye and the catalyst anchored within a MOF is
limited by the diffusion of the redox mediator through the MOF
framework.'® Methyl viologen was recently used to mediate
electron transfer from an electrode to otherwise electrochemi-
cally isolated catalytic sites within NU-1000 MOF to drive
electrocatalytic hydrogen evolution, thereby showing that this
is a feasible approach."" Application of the same concept in the
photodriven reduction of CO, is not known yet. We herein
demonstrate that the new heteroleptic cobaltocene complex
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Fig. 1 Representation of a DS-MOF-PEC (cathodic part). (a) Charging of
redox mediator at p-type dye-functionalized semiconductor and diffusion
of former into ReCat@PCN-777; (b) energy levels of different components
required for functioning of the cell, and (c) structure of the components
within the cell.

[CoCpCp*] (1) is a competent redox mediator for CO, reduction
by a dye sensitized photoelectrochemical cell featuring the
metal-organic framework PCN-777 functionalized with an
embedded rhenium catalyst (ReCat - [Re(4,4’-bpydc)(CO);CI]).">
Hereafter referred to as DS-MOF-PEC, this system serves as an
operational device for CO, reduction (Fig. 1). The system repre-
sents a combination of a DSSC and a DS-PEC, as it integrates
both a redox mediator and a catalyst. Species 1 has a redox
potential above the potential of the photoexcited PS but below
the onset potential for CO, reduction with ReCat. Hence, it can
facilitate electron transfer between the surface-anchored PS
system and the catalytically active site embedded within the
MOF framework.

The first stage of designing a functional DS-PEC involves
determining and matching of the redox potentials of the cell’s
molecular components. The potential window for a redox
mediator is thus guided by the potential at which ReCat
catalyzes CO, under electrocatalytic conditions (in CO,-
saturated acetonitrile), at —1.59 V vs. Fc/Fc¢' (see Fig. S11, SI)
and the potential of coumarin-343 (C343) as the dye (acting as
electron donor after photoexcitation) at —1.77 V vs. Fc/Fc*."?
The molecular rhenium catalyst ReCat was incorporated in the
mesoporous PCN-777 MOF via the SALI method. The content of
rhenium within the MOF was evaluated by ICP-MS to be
1.80 weight percent. (see SI for details).Given the redox poten-
tials of the dye and the catalyst, a suitable redox mediator
should meet the following criteria: (1) be small enough to freely
diffuse through the MOF scaffold to reach the catalytic rhenium
sites buried within PCN-777, (2) possess a redox potential
between —1.77 V and —1.59 V (vs. Fc/Fc'), to effectively trans-
port electrons from the excited dye to ReCat, and (3) undergo
reversible electrochemistry in order to serve as an electron
shuttle between the photocathode and the catalyst. Based on
these prerequisites, cobaltocene and derivatives thereof were
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Fig. 2 Left: Cyclic voltammograms of cobaltocene derivatives (10 mM) in
dry acetonitrile, (0.1 M TBAPFg) under Ar atmosphere, glassy carbon
working electrode (& 3 mm), platinum wire/coil counter electrode
(& 0.5 mm), Ag/AgCl reference electrode (in 3 M KCl), scan rate
100 mV s~ Right: Redox potentials of molecular components used in
DS-MOF-PEC.

considered as potentially adequate redox mediators. Cobalto-
cene itself is not a potent enough reducing agent to effectively
transfer electrons to the rhenium catalyst, while bis(n’-
pentamethylcyclopentadienyl)cobalt(n) ([Co(Cp*),]) is unsuita-
ble as an electron acceptor for the photoexcited dye.'* Intro-
duction of methyl groups onto (one of) the Cp ligands
was shown to effect the overall redox potential in ferrocene
derivatives.”> Translating this to cobaltocene chemistry,
two new derivatives, ie. heteroleptic n’-cyclopentadienyl-
n’-pentamethylcyclopentadienyl cobalt(n) [CoCpCp*] (1)
and homoleptic bis(n>-tetramethylcyclopentadienyl)cobalt()
[Co(Me,Cp),] (2), were synthesized (see SI) and their redox
potentials compared with those of cobaltocene and Co(Cp*),
(Fig. 2, left). Fig. 2 (right) illustrates the relative differences in
redox potentials of the molecular components - photoexcited
C343, cobaltocene-derived redox mediator and onset potential
for ReCat - potentially to be used in the DS MOF-PEC (with the
scale preserved for accuracy). Based on the electrochemical
data, complex 1 is ideally suited as redox mediator for the
envisioned DS MOF-PEC system.

Next, two separate experiments were carried out to ensure
that the different components can indeed co-operate under CO,
reduction conditions. Firstly, sacrificial CO, reduction was
conducted using ReCat@PCN-777 and 1 in CO,-saturated acet-
onitrile and with trifluoroethanol (TFE) as proton donor. Post-
reaction analysis of the composition of the headspace in the
gas-tight reaction vessel using gas chromatography (GC)
revealed that this combination led to increased CO production
compared to ReCat and 1, while no CO was produced with only
ReCat@PCN-777 (Table S3, Experimental section, SI). This is
attributed to the suppression of inactive rhenium dimer for-
mation, which is mitigated by anchoring of the catalyst within
the MOF structure. The second is an evaluation of the photo-
electrochemical properties of a photocathode consisting of
FTO, NiO and a layer of C343 in presence with complex 1,
i.e. to verify whether the electron generated by dye photoactiva-
tion can be transported by the Co-based redox mediator to the
counter electrode, thereby generating photocurrent, using a
DSSC set-up (Fig. S1, SI). This experiment confirmed the ability
of the heteroleptic cobaltocene complex to act as electron
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acceptor from the photoexcited and reductively quenched
C343 dye.

Typically, both the reduced and oxidized form of a redox
mediator are required for efficient DSSC performance, as
oxidation and reduction processes occur simultaneously. For
the commonly employed I;7 /I redox couple, the presence of
just 10 wt% of oxidized species (I3~) was shown to effectively
initiate electron transfer in a photoelectrochemical cell with
mesoporous NiO electrode functionalized with C343 dye.'® In
this work, performance of the ‘full’ redox couple [CoCp,]’/
[CoCp,] was compared with a device containing only [CoCp,].
In the experiment with the ‘full’ redox couple, photocurrent was
observed immediately (Fig. 3). However, this enhanced photo-
current stopped abruptly after about 5 minutes, possibly due to
the poisoning of NiO by PF, anions, which was found to effect
the valence band energy of NiO.'” In contrast, with only CoCp.,
photocurrent rose after approx. 3 minutes, with the delay
attributed to insufficient quantity of oxidized species at the
start, limiting electron flow. Hence, these results indicate that
the cobaltocenium ion can be generated in situ, and that once a
sufficient concentration of this redox partner is reached, con-
tinuous photocurrent can be generated, although with a
delayed response to light exposure."® Photocurrent does not
increase with light intensity due to diffusion limitations of
[CoCp,] in the electrolyte."®

Thereafter, the chronoamperometry experiment was
repeated with complex 1. Photocurrent dropped rapidly during
the stabilization period in the dark (900 s) and then remained
stable for an extended period of time (Fig. S14, SI), indicating
that the directional movement of charges reached equilibrium
when an external voltage of 0 V was applied. When the light was
alternated between on and off (after 900 seconds), photocurrent
was generated instantaneously, increasing with light intensity
and reaching approximately 0.04 pA (Fig. 4).

This suggests that 1 is oxidized in situ, and that photocur-
rent is not constrained by the availability of cations, nor by the
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Fig. 3 Photocurrent generated in chopped light chronoamperometry
experiment in a two-electrode cell with 10 mM of [CoCp,l/[CoCp,l*
(red) or only [CoCp,] (green). Cell was illuminated for periods of
30 seconds (indicated by white bars) by white LED with 100 mW cm™2
intensity.
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Fig. 4 Chopped light amperometry experiment with 10 mM of 1, showing
generated photocurrent upon illumination (from 900 seconds onwards).
Control experiments in grey and blue. Cell was illuminated for periods of
30 seconds (indicated by white bars) by a white LED with 100 mW cm™2
intensity.

duration or intensity of illumination. Furthermore, as light
intensity increased, the current did not return to zero, implying
that the system does not revert to equilibrium and that net
charge accumulation occurs on one side of the cell. The control
experiment without €343 dye (Fig. 4, grey curve) confirmed that
1 is not photosensitive (and that the negligible photocurrent is
associated with energy absorption and electron flow within the
conduction band of NiO®°). Lastly, to evaluate whether the
proton source necessary for CO, reduction could affect the
performance of the whole system in the final device, a control
experiment was performed in the presence of trifluoroethanol
(TFE) (Fig. 4, blue curve). The results showed that TFE sup-
presses photocurrent. Attempts to analyze the mixture of 1 and
TFE using NMR spectroscopy were unsuccessful, but it is
reported that TFE can significantly alter the redox potential of
ferrocene derivatives.>' Therefore, separation of TFE from the
NiO|C343|1 components is critical.

The aforedescribed observations indicate that integrating
the FTO|NiO|C343 photocathode, complex 1, and ReCat@PCN-
777 into the final DS-MOF-PEC device should lead to a working
device. Hence, all components were combined in a custom-
designed DS-PEC reactor (Fig. S2, SI) and evaluated for photo-
electrochemical CO, reduction under continuous white LED
chronoamperometric
response. The oxidative compartment of the cell, separated
from the working compartment by a Nafion membrane, was
loaded with the I,/ redox couple and TFE as proton donor.
The headspace of the reactor was analyzed by gas chromato-
graphy (GC) to determine the composition of the formed
products. After a one-hour stabilization period, illumination
with white LED light led to immediate generation of photo-
current, which stabilized at approximately 15 pA cm™> and
persisted over 8 hours, until the light was turned off (Fig. 5, red
line). Analysis of the reactor headspace using gas chromato-
graphy revealed the presence of CO - 13.6 units or 0.55 umol).
The total electric current generated during the experiment was
451.2 mC, corresponding to 4.68 pmol of electrons (see Fig. S5
and eqn (S1), SI). Given that CO, reduction involves two

illumination while monitoring the
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Fig. 5 Photocurrent, under white LED illumination (100 mW cm™2) in

MeCN, generated by DS-MOF-PEC assembled with NiO|C343 photo-
cathode, CoCpCp* (30 pmol) and Re@PCN-777 (0.29 pmol) and control
experiments (without CoCpCp* — green line; without Re@PCN-777 —
purple line Light was turned on after 60 min. of stabilization in dark and
turned off after 15 hours (indicated by grey bars).

electrons, the amount of electrons used for this reaction was
1.10 pmol, resulting in a faradaic efficiency of 24%. Permeation
of I;” or I through the Nafion membrane (leading to (partial)
consumption of generated electrons was ruled out by UV-Vis
spectroscopy (see SI). A control experiment with no 1 present
did not lead to any CO in the headspace, which validates the
use of CoCpCp* as a redox mediator and strongly indicates that
this complex facilitates electron transfer between the photo-
cathode and the heterogenized rhenium catalyst within
the MOF.

This proof-of-concept research demonstrates the feasibility
of utilizing the heteroleptic cobaltocene CoCpCp* (1) as a redox
mediator with the Re@PNC-777 catalyst in a dye-sensitized
photoelectrochemical cell (DS-MOF-PEC) for CO, reduction.
The experiments confirm the effectiveness of 1 in facilitating
electron transfer between the photocathode, consisting of
FTO, NiO, and C343 dye, and the heterogenized rhenium
catalyst (ReCat) incorporated into the PCN-777 framework. This
configuration enables stable photocurrent generation under
white LED illumination and successful CO production, validat-
ing the operational potential of the DS-MOF-PEC device. Con-
trol experiments underscore the essential role of CoCpCp* as
redox mediator and the requirement of ReCat@PCN-777 for
effective catalytic activity. To the best of our knowledge, this
study provides the first example demonstrating the integration
of a heterogenized molecular catalyst embedded in a MOF
structure for DS-PEC systems, advancing the development of
efficient artificial photosynthesis devices for sustainable CO,
reduction.
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