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ABSTRACT: We report a bifunctional metal—organic layer (MOL) as a
photocatalyst for CO, reduction to CO under visible light irradiation with
a turnover number of 6990 in 24 h and a CO selectivity of 99%. The fully
accessible and modifiable Hf;, secondary building units and the
coordinating porphyrin linkers of the MOL allow for the integration of
both Ru photosensitizers and catalytic Fe-porphyrin sites into one single
platform. The close distance (~11 A) between the Ru photosensitizer and
the catalytic center leads to enhanced electron transfer and promotes
photocatalytic CO, reduction. This strategy leads to an increase of the
CO,-to-CO turnover number for the bifunctional MOL catalyst over a
combination of a homogeneous Ru photosensitizer and an Fe-porphyrin
complex. The mechanism of MOL-catalyzed CO, photoreduction was
also studied by photophysical and electrochemical experiments.
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hotocatalytic carbon dioxide reduction (CO,RR) to value-

added products, such as carbon monoxide (CO), offers a
promising approach for converting light energy into chemical
energy and producing important chemical feedstocks.'™ In
homogeneous systems, a light-harvesting photosensitizer and
an active catalytic center are needed for photocatalytic CO,RR.
Upon light irradiation, the photosensitizer is excited and then
reduced by a sacrificial reagent to form a reduced photo-
sensitizer species, which transfers electron(s) to the catalytic
center in solution to reduce CO, into desired fuels or chemical
feedstocks.”™ The electron transfer process, a critical step in
the catalytic cycle, is often sluggish due to the relatively low
concentrations of both photosensitizers and catalytic centers,
which significantly limits the efficiency of photocatalytic
CO,RR. To address this issue, researchers have focused on
developing bifunctional homogeneous complexes by integrat-
ing both photosensitizing and catalytic components in the
same molecular systems.”' Despite their potential, these
complexes are challenging to synthesize and cannot prevent
multimolecular decomposition processes, which are accessible
for highly reduced metal complexes.

Metal—organic frameworks (MOFs) are a family of
crystalline porous molecular materials with periodic struc-
tures.'' ~'? Postsynthetic modifications (PSMs) of MOFs allow
for the introduction of various functional groups, making them
outstanding candidates as heterogeneous catalysts."*"*® For
example, transition metal centers can be coordinated to
functional linkers such as bipyridine (bpy) in the MOFs or
incorporated into the preinstalled coordinating ligands on the
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secondary building units (SBUs).”” However, the incorpo-
ration of multiple functional moieties into MOFs is often
challenging. Incorporating relatively large photosensitizing
species, such as Ru(bpy),**, into MOFs is also problematic
due to their steric hindrance relative to MOF channels. These
limitations have presented significant roadblocks to the
development of MOFs as bifunctional photocatalysts.
Recently, two-dimensional metal—organic layers have been
developed as highly efficient photocatalysts due to their
monolayered structures, which provide more accessible active
sites. ">

Here we report the rational design and construction of a
two-dimensional (2D) metal—organic layer (MOL), Hf-DBP-
Fe/Ru, as a bifunctional photocatalyst for CO,RR. The Hf-
DBP MOL, which was previously reported for nanomedicine
applications, has porphyrin linkers as potential catalytic
sites.”>>® It was also reported that the capping monocarbox-
ylate groups on the Hf;, SBUs can be replaced by other
carboxylic-acid-containing functional groups.”® Due to these
advantages, the Hf-DBP MOL was first metalated with Fe(III)
centers to form Hf-DBP-Fe by coordination of Fe(II) centers
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Figure 1. (a) Structural model of Hf-DBP-Fe/Ru MOL with photosensitizing Ru complexes and catalytic Fe sites; (b) PXRD patterns of Hf-DBP
(red), Hf-DBP-Fe (blue), and Hf-DBP-Fe/Ru (green), as well as the simulated pattern (gray); (c) TEM images of Hf-DBP-Fe/Ru, showing a
nanoplate morphology of ~200 nm in diameter; (d) AFM image of Hf-DBP-Fe/Ru, showing a thickness of ~3 nm; (e) scheme showing a Hf},
SBU with a Ru(bpy),**-type photosensitizer and a DBP-Fe catalytic center.

to the $§,15-di-p-benzoatoporphyrin (DBP) bridging ligands
followed by air oxidation. The Hf;, SBUs in the Hf-DBP-Fe
MOL were loaded with Ru(bpy),**-based monocarboxylate
moieties via carboxylate exchange to form a bifunctional Hf-
DBP-Fe/Ru MOL. Hf-DBP-Fe/Ru efliciently catalyzed
photoreduction of CO, to CO under visible light irradiation
with an outstanding turnover number of 6990 in 24 h and a
high selectivity of 99%. Photophysical and electrochemical
measurements revealed that DBP-Fe(II) catalytic sites readily
accepted electrons from photoreduced Ru photosensitizers to
generate DBP-Fe(I) centers for the CO, reduction. The
proximity of photosensitizing Ru(bpy),** moieties and
catalytic Fe sites in Hf-DBP-Fe/Ru significantly accelerates
their electron transfer, thereby enhancing the photoreduction
of CO,. The complete access to photosensitizing Ru(bpy),**
moieties and catalytic Fe sites in nonaggregating Hf-DBP-Fe/
Ru MOL by dihydro-1H-benzo[d]imidazole (BIH) and CO,,
respectively, overcomes mass transfer limitations in related
multifunctional MOF catalysts. As a result, H-DBP-Fe/Ru
significantly outperformed the homogeneous control.

16958

The Hf-DBP MOL was synthesized via a solvothermal
reaction between HfCl, and H,DBP in N,N-dimethylforma-
mide (DMF) at 80 °C, with propionic acid (PA) as
modulator.”® During MOL growth, the propionates serve as
capping groups to inhibit SBUs from connecting to each other
by ditopic DBP ligands along the vertical direction. These Hf),
SBUs are linked by DBP ligands along the equatorial direction
to generate a monolayered 2D network, with a chemical
formula of Hfy,(43-0)s(43-OH)s(1-OH)s(DBP)4(14,-PA).
The Hf-DBP MOL is well dispersed in various solvents,
such as acetonitrile, ethanol, DMF, and water, without any
precipitation or observable aggregation, which leads to
excellent accessibility of postsynthetically installed active sites
on the MOL. The Hf-DBP MOL was treated with
trimethylsilyl trifluoroacetate (TMS-TFA) to completely
replace capping propionates with trifluoroacetate (TFA)
groups, which have much weaker binding with Hf centers in
the SBUs compared to PA, allowing further modification of the
SBUs with monocarboxyl-based functional moieties via
carboxylate exchange.’® 'H NMR spectroscopy showed that
no PA capping groups remained after the treatment of H-DBP
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with TMS-TFA (Figure S11). AFM images showed that TFA-
capped Hf-DBP had a thickness of ~1.8 nm, which is
consistent with the expected thickness of a Hf}, SBU capped
with six TFA groups (Figure S10).

Fe'' centers were coordinated to the DBP ligands by treating
the TFA-capped H-DBP MOL with FeCl, in a mixture of
acetonitrile and chloroform (2:1 v/v) followed by air oxidation
to generate Hf-DBP-Fe. After this treatment, the purple
dispersion of Hf-DBP turned brown, suggesting Fe coordina-
tion to DBP ligands in Hf-DBP-Fe. Inductively coupled
plasma-mass spectrometry (ICP-MS) showed a Hf to Fe ratio
of 3:1 in Hf-DBP-Fe, indicating 66% Fe occupancy in the DBP
ligands. The TFA groups on the Hf;, SBUs of Hf-DBP-Fe
were exchanged with the carboxylate-containing Ru(bpy);**
species, (HMBA)Ru(bpy),Cl, (HMBA is (5’-methyl-[2,2'-
bipyridin]-5-yl)acetic acid), to construct the bifunctional MOL
Hf-DBP-Fe/Ru (Figure la). UV—vis spectroscopy of the
digested sample showed that 41% of TFA sites on Hf,—SBUs
were replaced by (HMBA)Ru(bpy),Cl, (Figure S21).

Powder X-ray diffraction (PXRD) experiments (Figure 1b)
revealed that the crystallinity of the Hf-DBP MOL was
retained after stepwise postsynthetic modifications. Trans-
mission electron microscopy (TEM) images (Figure 1c)
showed that the well dispersed MOLs exhibited a nanoplate
morphology with a diameter of approximately 200 nm, which
remained unchanged after Fe metalation and Ru-PS
installation. High resolution TEM showed the lattice fringes
of Hf-DBP-Fe/Ru to be around 3 nm, which is consistent with
its lattice parameter (a = b = 2.8 nm) (Figure S14). Atomic
force microscopy (AFM) showed a thickness of approximately
3 nm for Hf-DBP-Fe/Ru, which agrees well with the expected
value after the SBUs are loaded with Ru-PSs and supports the
monolayered structure of Hf-DBP-Fe/Ru (Figure 1d).

With both Ru-PSs and Fe catalytic sites on the MOL, the
performance of Hf-DBP-Fe/Ru as a bifunctional CO,RR
photocatalyst was then tested. After optimization of the
reaction conditions, N,N-dimethylacetamide (DMA) was
selected as the solvent for the CO,RR, and 1,3-dimethyl-2-
phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH) was used as
the sacrificial reductant. Irradiated by a xenon lamp with a 300
nm cutoff, Hf-DBP-Fe/Ru efficiently catalyzed CO, photo-
reduction, providing an excellent turnover number (TON) of
1567 in 5 h and a high CO selectivity of 99% (Figure 2a). After
the CO, reduction reaction, only trace amounts of H, (TON =
11) and CH, (TON = 7) were detected as byproducts by gas
chromatography (GC). While H, was produced by undesired
competing reaction pathways, CH, likely resulted from further
photoreduction of CO. Control experiments under a N,
atmosphere showed negligible CO generation, excluding the
possibility of CO generation from catalyst or solvent
decomposition. Isotope labeling experiments using *CO, as
the carbon source verified that CO was generated from CO,
reduction (Figure S18). Time-dependent CO,RR experiments
showed that the TON(CO) increased linearly during the
reaction, suggesting that no catalyst decomposition or
deactivation occurred under photocatalytic conditions. The
TON of CO,-to-CO conversion reached 6990 in 24 h (Figure
2b). Recycle tests demonstrated that the catalyst can be used in
three consecutive runs without any decrease in CO generation
and the crystallinity of the MOL was retained after the CO,RR.

We conducted a series of control experiments with a mixture
of homogeneous photosensitizers and Fe catalysts to assess the
synergy between the loaded Ru-PSs and Fe catalytic sites on
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Figure 2. (a) Photocatalytic CO,RR performance of Hf-DBP-Fe/Ru,
Me,DBP-Fe plus (MeMBA)Ru(bpy),Cl, ([Ru]), hemin plus [Ru],
and Hf-DBP-Fe plus [Ru]. (b) Time-dependent CO,RR experiments
showing an unchanged CO generation rate in 24 h.

Hf-DBP-Fe/Ru. Under the same conditions, a combination of
Me,DBP-Fe and (MeMBA),Ru(bpy),Cl, in solution produced
a negligible amount of CO (TON = 3 in S h), which suggests
ineffective electron transfer between (MeMBA),Ru(bpy),Cl,
and Me,DBP-Fe under photocatalytic conditions. We also
determined the catalytic performance of a combination of Hf-
DBP-Fe, and homogeneous (MeMBA),Ru(bpy),Cl, and
obtained a CO,-to-CO TON of 722 in 5 h. We propose that
the association between the homogeneous Ru-PS and
completely accessible Fe sites on nonaggregating Hf-DBP-Fe
may have facilitated the electron transfer process. Nonetheless,
this TON was still less than half of the TON for Hf-DBP-Fe/
Ru-catalyzed CO, photoreduction, which illustrates the
advantage of loading both photosensitizing and catalytic
moieties on a single material platform to construct a
bifunctional photocatalyst. Hf-DBP-Fe/Ru catalyzes the
CO,RR more efficiently than the homogeneous controls via
facilitating electron transfer between photosensitizing and
catalytic components.

We conducted photophysical and electrochemical experi-
ments to gain further insights into Hf-DBP-Fe/Ru-catalyzed
CO, photoreduction. Luminescence quenching studies showed
that the photoluminescence of [(MeMBA)Ru(bpy),]Cl, was
significantly quenched by BIH, with a Stern—Vo6lmer constant
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Figure 3. (a) Emission spectra of (MeMBA)Ru(bpy),Cl, (30 uM) after the addition of different amounts of BIH (from top to bottom: 0, 0.1, 0.2,
0.5, 1.0, 1.5 mM); (b) linear fitting of the photoluminescence quenching of (MeMBA)Ru(bpy),Cl, by BIH giving a Stern—Volmer quenching
constant of 1.23 + 0.03 mM™; (¢, d) CV of (MeMBA)Ru(bpy),Cl, (c) and Me,DBP-Fe (d); (e) proposed mechanism for the Hf-DBP-Fe/Ru-

catalyzed CO,RR with CO as the product.

of 123 + 0.03 mM™' (Figure 3ab). This shows that the
excited state of the Ru-PS ([Ru-PS]*) can be efficiently
reduced by BIH to generate the highly reducing [(bpy-~)Ru-
(bpy),]* ([Ru]*) species.”” Cyclic voltammetry (CV) of
[(MeMBA)Ru(bpy),]Cl, gave the redox potential of the
bpy”~ pair of —1.51 V vs Ag/AgCl (Figure 3c). The CV of
Me,DBP-Fe exhibited three redox peaks at —0.42 V, =127 V,
and —1.82 V for Fe™" Fe’! and Fe° pairs, respectively
(Figure 3d). Thus, [Ru]* can reduce the Fe'" center in Fe-
DBP to an Fe' center which can react with CO, (with the input
of another electron from [Ru]*) to form an Fe'(CO,)
intermediate. This is a key step in the CO,-to-CO trans-
formation. The Fe'(CO,”) intermediate reacts with protons to
form CO and H,O while regenerating the Fe'' center to restart
another catalytic cycle.”> The close distance between the Ru-
PS and Fe sites thus accelerates electron transfer to enhance
the photocatalytic CO,RR.

In summary, we developed a bifunctional MOL comprising
both photosensitizing Ru(bpy);** moieties and catalytic
porphyrin-Fe centers for the photocatalytic CO,RR. The 2D
structure of the MOL allows ready access to the photosensitiz-
ing and catalytic sites during photocatalytic reactions. The
proximity between photosensitizing Ru(bpy);** moieties and
catalytic Fe sites greatly facilitates electron transfer for CO,
photoreduction, resulting in a greatly enhanced TON over a
homogeneous control with a CO-selectivity of 99%. This work
demonstrates MOLs as a novel molecular material platform to
construct multifunctional catalysts for challenging trans-
formations.
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