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ABSTRACT: Metal−organic frameworks are an excellent platform for photochemical
CO2 reduction into valuable chemicals. Herein, we report the synthesis and
photocatalytic behavior of Ru@MOF-808, a Zr-based MOF, modified with a Ru-
polypyridyl complex. The postsynthetic modification was achieved using solvent-assisted
incorporation of bipyridine−carboxylate ligands onto the nodes of the MOF-808,
followed by the coordination of Ru(II)-terpyridine moiety. A thorough characterization
including 1H NMR, diffuse reflectance UV/vis, X-ray absorption spectroscopy and gas
adsorption studies, combined with DFT calculations, provides strong support for
efficient incorporation of the molecular Ru-complex at the loading of one Ru center per
node. In the presence of a strong sacrificial reductant BIH, Ru@MOF-808 was found to
catalyze the photochemical reduction of CO2 into a mixture of CO and formate ion.
When compared to the homogeneous model catalyst Ru(tpy)(bpy)2+, Ru@MOF-808
was found to exhibit higher formate yields. To explain these formate enhancements, we
propose a mechanism that involves CO2 capture at the MOF nodes to form Zr-bicarbonate species, which further react in a hydride
transfer reaction with photogenerated Ru−H donor, thereby outperforming molecular catalysts in HCOO− production. Overall, the
results presented in this work indicate the potential of Zr-based MOFs in integrating CO2 capture with its photochemical conversion
to desired products.

1. INTRODUCTION
Artificial photosynthesis, a process in which carbon dioxide is
photochemically reduced to value-added products, represents
an important approach toward carbon dioxide upcycling using
renewable energy sources.1−3 Metal−organic frameworks
(MOFs), modified with molecular catalysts and chromophores,
are excellent “molecular photoreactors” for photochemical
CO2 reduction.

4 The molecular chromophores and catalysts
are usually introduced into MOFs using postsynthetic methods
that rely on the node functionalization with carboxylate-
functionalized molecules,5−7 metal coordination to bipyridine-
based ligands,8−10 or electrostatic interactions between the
oppositely charged MOF and the molecular catalyst.11,12 The
immobilization of the catalysts into MOFs often increases their
stability by preventing undesired decomposition path-
ways.11,13−15 Furthermore, the MOF cavity provides three-
dimensional scaffold for dynamic orientation of complex
bimetallic catalytic motifs for target transformation.6,16 The
MOF scaffold also enables the integration of chromophores
and catalysts in close proximity, greatly enhancing the
photocatalytic performance relative to the homogeneous
analogs.10 The chemical tunability of molecular catalysts
within the MOF enables efficient product selectivity enhance-
ments. For example, Cu-based catalysts have been shown to

selectively produce either carbon monoxide or formate ion,
depending on the hydrogen-bonding stabilization effects
provided by the ligand.9 The MOFs with different pore sizes
can affect photocatalytic performance via their different
abilities to host chromophores and catalysts of different
sizes.17,18 While C1 products, such as CO, formate or methane,
are usually formed, recent studies have shown that acetic acid
can be formed using a Ce-based MOF.8 Recent studies have
also shown that integrated CO2 capture and conversion can be
achieved using ionic liquids.19

Ru-polypyridyl complexes with one or more labile ligands
have been shown to catalyze electrochemical carbon dioxide
reduction.20 The reaction most often produces two-electron
reduced products, CO and formate.5,19,21−27 The electron
accumulation involves two ligand-centered reductions,21 and
the sequence of chemical and electron transfer steps can be
controlled using steric effects.23,24 The proposed mechanism
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for CO formation involves the reaction of two-electron-
reduced complex with CO2 to form the metal-bound CO2
adduct, which is further reduced, causing the loss of O2−
dianion and the formation of metal-bound carbon monoxide
(M-CO).21,26−28 The O2− dianion is transferred either to
protons to form water26,27 or to CO2 molecule to form the
CO32− dianion.

28,29 It was also found that O2− transfer in the
reduction of CO2 to CO and CO32− was facilitated by flexible
ligation of the methyl-substituted bipyridine ligand and the
formation of a 5-membered metallacycle.28 In the case of
formate production, two different mechanisms have been
proposed. One involves the reaction of OH− ions with M-CO
intermediate to yield M-COOH adduct from which the
formate ion is released.26,27 A more commonly accepted
mechanism involves the insertion of CO2 into the Ru−H
complex formed upon the protonation of the doubly reduced
molecular precursor,30 which is consistent with previous
findings involving reactions of CO2 with Ru-based hy-
drides.31−34 The reduction that goes beyond the two-electron
pathway, such as methanol has been demonstrated to occur
from M-CO adduct at low temperatures using either
electrochemical methods35 or the utilization of recyclable
organic hydrides.36

The photocatalytic carbon dioxide reduction by Ru-tpy
based complexes have been hampered by their short-lived
excited states.37,38 While many Ru-based compounds exhibit
long-lived triplet metal-to-ligand charge transfer (3MLCT)
states, the excited states of Ru-tpy complexes are short-lived
(few hundred nanoseconds) due to the presence of close-lying
triplet metal-centered (3MC) states which tend to undergo
rapid nonradiative decay to the ground state.37 For this reason,
Ru-tpy catalysts are often combined with light-harvesting
chromophores to enable photocatalytic CO2 reduction.

16,30

Despite their short-lived excited states, Ru-tpy complexes has
been applied in direct photochemical reactions involving either
photogeneration of a Ru−H complex39 or photochemical
reduction of CO2.

40,41

In this study, we report the synthesis of Ru@MOF-808, a
MOF with benzene-1,3,5-tricarboxylate ligands and Zr-based
nodes that are postsynthetically modified with Ru(tpy)(bpy)-
ACN2+ units (Scheme 1, tpy-terpyridine, bpy-5,5′-dimethyl-
2,2′-bipyridine). Characterization revealed that the Ru-
coordinated moieties in Ru@MOF-808 are structurally
analogous to the molecular complex Ru(bpy)(tpy)2+. Addi-
tionally, incorporating these moieties into MOF-808 at a
loading of one Ru center per Zr node reduces the material’s
surface area by half. We investigated the photocatalytic CO2
reduction activity of Ru@MOF-808 using different sacrificial
electron donors and found that, in the presence of a strong
reductant, conversion to C1 products�CO and formate�
occurs. Under photocatalytic conditions, Ru@MOF-808
generates more formate compared to the Ru(tpy)(bpy)ACN2+
model complex, which favors CO production. These results
suggest that the MOF scaffold plays a key role in steering
product distribution. Building on this study and our previous
findings that CO2 insertion into Zr nodes activates bound
bicarbonates toward formate formation, we propose a
mechanism involving photochemical reduction via hydride
transfer between Zr-bound bicarbonate and a photogenerated
Ru-hydride intermediate. This work highlights the ability of
MOF-based nodes to enable cooperative catalysis by
integrating substrate-binding sites with reduction-active

moieties (an early version of this manuscript has been
deposited in ChemRxiv42).

2. EXPERIMENTAL SECTION
2.1. Methods. 2.1.1. Synthesis. A detailed descriptions of material

synthesis, including molecular catalyst-Ru(tpy)(bpy)-ACN, MOF-
808, and bpy@MOF-808 used in this study, are provided in the
Supporting Information (Section S1).

2.1.2. Synthesis of Ru@MOF-808. The coordination of [RuII(tpy)-
(ACN)3][PF6]2 to bpy@MOF-808 (2 bpy/node) was achieved using
a previously reported method. bpy@MOF-808 (100 mg, 0.06 mmol)
and [RuII(tpy)(ACN)3][PF6]2 (44.8 mg, 0.06 mmol) were mixed in a
10 mL dry ethanol/toluene (1:1) solvent mixture. The suspension
was outgassed, sealed, and heated at 90 °C for 24 h. After the
reaction, the purple product was filtered and washed three times with
ethanol and five times with acetonitrile to remove excess [RuII(tpy)-
(ACN)3][PF6]2. Anal. Calcd for Ru@MOF-808 = Zr6O4(OH)4-
(C9H3O6)2(C13H11O2N2)1.5(RuC17H14N4)0.8(C2F3O2)4(OH)1·8H2O
Elemental analysis: Zr, 22.3%; Ru, 3.29%; C, 28.89%; N, 3.53%; H,
2.77%; F, 9.28%. Found: Zr, 22.9%; Ru, 3.33%; C, 27.7%; N, 3.63%;
H, 2.71%; F, 8.93%.

2.1.3. Material Characterization. Materials used in this study are
characterized using 1H NMR, pXRD, diffuse reflectance spectroscopy,
gas adsorption studies and X-ray absorption studies. Details regarding
these characterizations can be obtained from the Supporting
Information.

2.1.4. Photocatalytic CO2 Reduction Studies. A 50 mL photo-
reactor was equipped with a stir bar and was charged with ACN/H2O
(16 mL, 39:1), Ru@MOF-808 (3 mg, 0.73 μmol Ru-sites) and 0.05
M BIH (1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole).
The mixture was sparged with CO2 for 40 min, followed by an
additional 10 min for the headspace of the reactor. The photoreactor
was placed between two of the white light sources (120 W LED Flood
light). The illumination was performed for 48 h. At an interval of 4 h,
the gas products and liquid products were collected and analyzed
using gas and ion chromatography, respectively.

2.2. Computational Details. Detailed description of computa-
tional methods adopted for DFT simulation on surface area
calculations, close contact search, free energy calculations and
classical molecular dynamics are included in the Supporting
Information.

Scheme 1. Schematic Illustration of Photocatalytic CO2
Reduction into CO and HCOO− by Ru@MOF-808
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3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of Ru@MOF-808.

MOF-808 was selected for this study due to the high stability
of Zr-based MOFs.43 Furthermore, the modulator molecules
can be readily removed from the 6-connected Zr6 node,
resulting in open sites that can serve as anchoring points for a
variety of molecules. The MOF-808 cavity (∼16 Å) is
constructed by the connection of tetrahedrons formed by
four different Zr6 nodes, and this cavity can be accessed
through windows formed by six tetrahedrons (∼10 Å). The
synthesis of Ru@MOF-808 was achieved by a two-step
process, as shown in Scheme 2. First, the carboxylated ligand
bpy-COOH was grafted onto the modulator-free nodes of
MOF-808 using solvent-assisted ligand incorporation.7 Inter-
estingly, the reaction between the resulting bpy@MOF-808
and Ru(III)(tpy)Cl3 did not yield the desired Ru@MOF-808
adduct. This lack of reactivity contrasts with the model
compound, which readily forms the Ru(II)(tpy)(bpy)2+
complex under similar conditions. We hypothesize that this

difference in reactivity is due to the use of triethylamine (as a
reducing agent for RuIII to RuII conversion) which caused
MOF degradation at elevated temperatures. To overcome this
challenge, we synthesized Ru@MOF-808 using the [Ru(II)-
(tpy)(ACN)3][PF6]2 complex as a precursor (synthesis and
characterization of precursors are described in Supporting
Information, Section S1).
The crystallinity of the samples remained unperturbed by

the postsynthetic modifications, as confirmed using powder X-
ray diffraction shown in Figure 1a. Different loadings of bpy
ligands per node in MOF-808 were achieved by varying the
concentration of bpy-COOH (details in the Supporting
Information). The 1H NMR spectra of acid-digested bpy@
MOF-808 samples with different bpy loadings are shown in
Figure 1b. The MOF-808 ligand, benzene tricarboxylic acid,
exhibits a single peak in the aromatic region at 8.66 ppm,
which was used as a reference signal to evaluate the amount of
bpy-COOH loading (integration was set to a value of 6, since
there are two tricarboxylic acid ligands per Zr-node in MOF-

Scheme 2. Synthesis of Ru@MOF-808a

aThe post-synthetic modification of MOF-808 with carboxylated bpy precursor afforded bpy@MOF-808. While the synthesis of Ru@MOF-808
did not proceed when Ru(III) precursor and triethylamine were used, the reaction was successful when Ru(II) reagent was employed.

Figure 1. (a) pXRD of MOF-808, bpy@MOF-808 (2bpy/node) and Ru@MOF-808. The simulated pXRD was obtained from using the structure
obtained using single-crystal XRD.43 (b) 1H NMR spectra of D2O solutions after the MOF digestion (MOF-808 and bpy@MOF-808 were acid-
digested, while Ru@MOF-808 was base-digested).
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808). The integration of NMR peaks associated with bpy-
COOH in the 8.2−9 ppm range indicates that a loading of
either approximately two or four bpy units per Zr-node was
achieved. The bidentate geometry of bound bpy-COOH is
assumed based on previous studies supporting this binding
motif.44,45 The quantification of Ru@MOF-808 was also
achieved using 1H NMR of digested samples. In this case, the
samples were digested using basic conditions because the acid
digestion generated paramagnetic Ru(III) species that made
NMR measurements challenging. The 1H NMR of the base-
digested Ru@MOF-808 indicates that the bpy-COOH loading
decreases after the reaction of bpy@MOF-808 with Ru(II)-
(tpy)(ACN)32+ to a value of less than one bpy ligand per node
(Figure 1b). Thus, we conclude that Ru@MOF-808 contains
less than one Ru-complex per node, and this result is consistent
with the elemental analysis (ICP-OES analysis indicates 0.8 Ru
centers per node, Supporting Information, Section 1) and the
gas adsorption experiments discussed below.
The spectroscopic characterization of postsynthetically

modified MOF-808 was achieved using UV−vis reflectance
and X-ray absorption (XAS) (Figure 2). The solid-state UV/
vis reflectance data of bpy@MOF-808 and Ru@MOF-808 also
indicate that the postsynthetic modification was successful
(Figure 2a). The UV/vis diffuse reflectance of MOF-808
exhibits a feature at 270 nm that is associated with the node-
centered electronic transitions.46 This feature is red-shifted in
bpy@MOF-808, which is consistent with the presence of
additional π, π* electronic transitions associated with the bpy
unit. The UV/vis absorption spectrum of bpy-COOH in
acetonitrile exhibits a peak in a similar spectral region,
confirming the presence of bpy units in bpy@MOF-808. The
UV/vis reflectance of Ru@MOF-808 exhibits an additional
peak in the visible region at 462 nm. This feature is associated
with the 1MLCT transition from Ru-centered d-orbitals to π*
tpy or bpy-COOH ligand orbitals. The Ru → tpy 1MLCT
feature is expected to appear at 450 nm, based on the UV/vis

absorption spectra of Ru(tpy)(ACN)32+ and Ru(tpy)(bpy)-
ACN2+ in acetonitrile shown in Figure 2a (synthetic details on
Ru(tpy)(bpy)ACN2+ are provided in Supporting Information,
Section S1). Analogous complexes have been shown computa-
tionally to exhibit Ru → tpy 1MLCT transition in this spectral
region.37 The carboxylated bpy-COOH ligand in Ru@MOF-
808 is more electron-withdrawing than 5,5′-dimethyl-2,2′-
bipyridine present in the Ru(tpy)(bpy)ACN2+ model com-
pound. Thus, the lowest energy transition in Ru@MOF-808
may be associated with the Ru → bpy-COOH rather than Ru
→ tpy transition. This difference in lowest energy transitions
may explain the observed red-shift of the absorption spectrum
of Ru@MOF-808 relative to that of Ru(tpy)(bpy)ACN2+. To
further confirm that the Ru-complex coordinates to bpy-
COOH, we attempted to coordinate the Ru(tpy)(ACN)32+
precursor to MOF-808 and this sample showed no significant
changes in the UV/vis spectra, showcasing the need for the
bpy groups to attach the Ru complex Figure S5.
A comparison of Ru K-edge EXAFS data for Ru(tpy)-

(ACN)32+ and Ru@MOF-808 provides evidence for the
coordination of the Ru precursor to the bpy units inside
MOF-808 (Figure 2b). The first scattering shells of both
complexes, which dominate the intensity of the EXAFS spectra
up to R = 2 Å, are relatively similar. The signal consists of a
dominant peak at a radial distance of 1.5 pm and is consistent
with the presence of six coordinating nitrogen atoms in both
samples. The main difference between the two EXAFS patterns
is at a radial distance of 2.5 pm, where the Ru(tpy)(ACN)32+
precursor exhibits a much stronger signal. The second shell
scattering fit of the experimental data starting from a DFT-
calculated structure reveals that the 2.5 pm peak arises due to
the multiple scattering pathway (forward scattering) associated
with the carbon atoms in linear acetonitrile and polypyridyl
ligands (details in Supporting Information, Section S2.2).47,48

The presence or absence of forward scattering is therefore used
here as the distinguishing characteristic between the

Figure 2. (a) Normalized UV−vis absorption spectra of solid MOF samples (top) and Ru-model compounds in acetonitrile (bottom). (b) Ru K-
edge EXAFS data and associated fitting of [RuII (tpy)ACN3][PF6] (top) and Ru@MOF-808 (bottom).
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complexes. In Ru(tpy)(ACN)32+, the presence of three linear
acetonitrile groups results in a particularly strong second shell
signal. When two acetonitrile groups are displaced in favor of
the nonlinear bpy ligand to obtain Ru@MOF-808, we observe
a significant decrease in the second shell intensity. The
decreased scattering amplitude indicates the removal of two
ACN and the subsequent binding of the bpy cyclometallating
ligand.
The porosity of postsynthetically modified MOFs was

evaluated by measuring the nitrogen adsorption isotherms
for the four MOF samples (Figure 3a). All MOFs exhibited
type I isotherms with a steep increase in adsorbed gas at low
partial pressures, consistent with nanometer-sized pores. The
experimental data were fitted using the BET model to derive
the surface area of each material and the resulting values are
plotted in Figure 3b. As expected, the surface area of MOF-808
(1874 m2/g) is higher than that of bpy@MOF-808 (1228 m2/
g for the sample with 2bpy/node and 457 m2/g for 4bpy/
node). The surface area of Ru@MOF-808 (1323 m2/g) was
higher than that of the precursor bpy@MOF-808 with 2bpy/
node. This result is consistent with the NMR results shown in
Figure 1b that illustrate that half of the bpy units are removed

from the MOF during the reaction with Ru(tpy)(ACN)32+. It
is interesting that Ru@MOF-808 exhibits an adsorption/
desorption hysteresis, and this behavior is likely associated with
the presence of very small pores within Ru@MOF-808 where
nitrogen accessibility is restricted at 77 K and equilibrium is
not achieved within the equilibration time of the experiment.49

To further understand the changes observed in experimental
adsorption isotherms, we performed molecular dynamics
simulations for MOF-808 with a varying number of bpy-
COOH units per node (computational details described in
Section S4 of the Supporting Information). The optimized
structures of bpy@MOF-808 containing either two or four
bpy/node demonstrate our intuition that the kinetics of bpy
ligand attachment to the surface of the node may be sterically
hindered as the synthesis progresses (Figure 4). This implies
not all surface sites are converted from activated H2O/OH to
bpy-COOH. In addition, the simulation cell of MOF-808
possesses an open pore volume of ∼70%, which goes down to
40% for 2bpy@MOF-808 and 19% for 4bpy@MOF-808. This
result is consistent with experimentally obtained values for
surface area as shown in Figure 3b. In the case of Ru@MOF-
808, a linear drop in the percentage of the open pore volume is

Figure 3. (a) N2 adsorption−desorption isotherm at 77 K on MOF-808, Ru@MOF-808, 2bpy@MOF-808, and 4bpy@MOF-808. (b) Comparison
between experimental (▲) and calculated (○) surface area for MOF-808, 2bpy@MOF-808, 4bpy@MOF-808, and Ru@MOF-808 as a function of
bpy unit per node (bottom x-axis) and Ru(tpy)(bpy) unit (top x-axis).

Figure 4. Structures for MOF-808 modified with 2bpy, 4bpy and Ru(tpy)(bpy)ACN2+ simulated using Vienna ab initio simulation package
(VASP) using projected augmented wave (PAW) formalism.
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calculated with the addition of a Ru(tpy)(bpy) unit
terminating at 31% open pore volume for a simulation cell
with one unit loading on each node.
The optimized structures with different bpy and Ru loadings

were then used to calculate the surface area using the Monte
Carlo Widom N2 insertion technique. We find an exceptional
agreement between experimental (1874 m2/g) and calculated
(1754 m2/g) surface areas (see Figure 3b) for MOF-808, while
for bpy@MOF-808, the experimental and calculated values for
the 2bpy/node loading are 1228 m2/g and 1247 m2/g,
respectively. We also ran molecular dynamics simulations for
Ru@MOF-808 at varying loadings of Ru-complex. We find
that the amount of Ru-complex loading is greatly affected by
the sterics and that the loadings of more than one Ru cluster
per node lead to almost complete loss of accessible surface area
(Figure 3b). The calculated surface area as a function of Ru-
loading shows that the loading of 0.6 Ru clusters resulted in a
surface area value that is in good agreement with the observed
experimental value (1233 vs 1323 m2/g). Overall, our
combined experimental and computational work indicates
successful postsynthetic modification of MOF-808 at the
loading of 2bpy/node for bpy@MOF-808 and 0.6Ru/node for
Ru@MOF-808.

3.2. Photochemical CO2 Reduction by Ru@MOF-808.
The photocatalytic CO2 reduction by Ru@MOF-808 was
evaluated under several different experimental conditions
(Figure 5a and Supporting Information) and CO and
HCOO− were identified as products in all cases. MOF-808,
under photochemical conditions, failed to perform CO2
reduction, pointing to Ru(tpy)(bpy)ACN2+ as the source for
the observed activity (Figure S7). Although the lowest energy
excited-state of Ru(tpy)(bpy)2+ is short-lived (470 ps), excess
amount of sacrificial agent, BIH, facilitates rapid quenching of
the excited state in the reaction.50 Among the sacrificial
electron donors tested (TEOA, BNAH, BIH), BIH was found
to be crucial in initiating the catalytic cycle, likely by reductive
quenching the excited state of the Ru-complex (Ru(2+*/1+) =
1.01 V vs NHE).51 This result is consistent with the fact that
BIH is the strongest reductant (E1/20 (BIH•+/BIH) = 0.56 V;
E1/20 (BNAH•+/BNAH) = 0.89 V; E1/20 (TEOA•+/TEOA) =
1.07 V).52,53 In addition, a Stern−Volmer quenching constant

of KSV = 1.83 × 103 M−1 was determined from phosphor-
escence emission spectra of Ru(tpy)(bpy)ACN2+ in the
presence of BIH as quencher (Figure S9). The addition of
TEOA along with BIH resulted in an increase of the formate
yield, while little variation was found in CO production as
shown in Figure 5a. This finding is consistent with a previous
report by Fujita and coauthors, who showed that TEOA
captures CO2 into a zwitterionic alkyl carbonate adduct and
has a vital role in the catalytic generation of formate by
enhancing the hydride transfer kinetics by several orders of
magnitude.25 However, TEOA has a negative effect on our
framework and has led to the gradual disintegration of Ru@
MOF-808.
It is interesting that, even in the absence of TEOA, some

amount of formate was observed, indicating the possible role of
Ru@MOF-808 in exhibiting similar CO2 capture and hydride
transfer kinetics enhancements as TEOA. To evaluate this
effect, we performed comparative photocatalytic experiments
for Ru@MOF-808 and the corresponding model compound in
the absence of framework, Rutpybpy-ACN, by ensuring an
equal amount of Ru sites in both cases. These experiments
were conducted in CO2-saturated ACN/H2O solvent mixture
in the presence of BIH as the electron donor. Interestingly, this
study revealed that Rutpybpy-ACN generates more CO,
whereas Ru@MOF-808 outperformed the former in formate
production, as shown in Figure 5b,c. Control experiments were
conducted to reveal the role of each component involved in
photocatalysis (Supporting Information, Table S3, entries 8
and 10−12). Neither CO nor formate was detected in the
absence of light and Ru@MOF-808 indicating the process is
purely photon-mediated and that Ru centers are essential for
catalysis. In the absence of water, the formation of reduced
products is heavily suppressed, suggesting that water might be
acting as a proton relay or proton source. Similar effects of
water on catalytic CO2 reduction have been reported
previously.54,55 The photoirradiated mixture in the absence
of CO2 was incapable of producing CO and formate, justifying
the origin of obtained reduced chemicals is from the supplied
CO2. In addition, the structural integrity of Ru@MOF-808
after photocatalysis was found to be preserved with a minimal
extent of damage, as indicated by pXRD pattern (Figure S8).

Figure 5. (a) Photochemical CO2 reduction studies using Ru@MOF-808 under different experimental conditions. (b) CO formation (c) HCOO−

generation as a function of time during photocatalytic CO2 reduction by Ru@MOF-808 and Ru(tpy)(bpy)ACN2+ in the presence of BIH as
electron source (bar columns represent average product formation in μmol and error bar corresponds to standard deviation determined from 3 set
of experimental data. Scatters represent TON).
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The recyclability test was performed on the Ru@MOF-808
catalyst to investigate its stability (Figure S10). A severe loss of
activity toward CO and HCOO− formation is observed after
the first cycle, which may be a direct consequence of leaching
of Ru-sites from the Zr-nodes, catalyst fouling, and/or clogging
of MOF pores. To assess whether formate poisoning is
responsible for catalyst inactivation, we compared product
yields from cycling experiments using MOF samples that were
either used as recovered from the prior cycle or thermally
activated to remove the bound formate ligand (Figure S12).
The resulting formate and CO yields do not change
significantly across two sets of samples, indicating that formate
poisoning is not the leading cause of catalyst deactivation. Loss
of Ru-sites from the Zr-nodes has been confirmed from the
difference absorption spectra of reaction supernatants before
and after the first cycle of photoirradiation, as shown in Figure
S11. This finding supports the leaching of Ru-sites from the
MOF as the main cause for the loss of catalytic activity.
In any case, the difference observed in the CO/formate

ratios between Ru@MOF-808 and Rutpybpy-ACN suggests
that the framework somehow facilitates the formate
formation.56−59 This finding is particularly interesting in light
of our recent findings that the Zr-nodes play an important role
in capturing CO2 in the form of Zr-bicarbonate species, which
are photochemically reduced to formate in the presence of
appropriate sacrificial donors.60 The formation of CO likely
follows a mechanism involving a Ru−COOH intermediate
(Supporting Information, Scheme S1) as proposed previously
for similar catalysts.30,40 Here, we focus on the increased
formate selectivity and hypothesize a cooperative mechanism
involving CO2 capture by Zr-based nodes and a subsequent
hydride transfer from photochemically generated Ru-hydride
to the neighboring Zr-bicarbonate of the node. The photo-
chemical formation of Ru-hydride has been previously
reported in studies involving the molecular Ru(tpy)(bpy)2+
complex,39 and we hypothesize that a similar process occurs in
the MOF-bound Ru complex. To assess the feasibility of
hydride transfer from Ru-hydride to Zr-bicarbonate, we
conducted two sets of DFT calculations. First, we performed
a conformational search to identify spatial arrangements that

allow close interactions between the node-bound Ru-hydride
and node-bound bicarbonate (Figure 6a). This analysis
determines whether structural constraints permit sufficient
proximity between the hydride donor and acceptor moieties.
Second, we evaluated the thermodynamics of a plausible
hydride transfer mechanism, which involves: (i) CO2 reaction
with Zr−OH groups at the node; (ii) activation of Zr-
bicarbonate via water coordination; (iii) hydride transfer from
Ru−H to Zr-bicarbonate, and (iv) formate ion release (Figure
6b).
To provide insights into increased formate selectivity by

Ru@MOF-808, a computational search for close contact
between photogenerated Ru(tpy)(bpy)-hydride and Zr-bicar-
bonate moieties was performed (Section S4.2). The node-
anchored Ru-complex is relatively rigid and can change its
orientation only through the rotation of two C−C bonds of the
bpy-COOH moiety of Ru@MOF-808. Thus, we rotated the
two neighboring single C−C bonds at the one-degree sampling
resolution, yielding a total of 129,600 conformations. Then, we
evaluated the close-contact conformations in which the Ru−H
group is within several Angstroms from the node-bound CO2
in the form of a Zr-bicarbonate. This computational analysis
revealed three close contact conformations, two of which
involve interactions across two different Zr-nodes, one
containing Ru-complex and another containing Zr-bicarbonate,
as shown in Figure S12. One of the structures involves a single
node that contains both the Ru-hydride and the Zr-bicarbonate
moiety, as shown Figure 6A. This structure is particularly
appealing, as it resembles the commonly observed four-
membered transition-state structure for CO2 insertion into
metal-H bonds.61 The structure shown in Figure 6A exhibits an
interatomic H···C distance of only 3.1 Å (H from Ru−H and C
from Zr-bicarbonate). Such a proximal distance could enable
the hydride to react with the captured CO2 and produce a Ru-
formato complex (Ru−OCHO@MOF-808) within the MOF
framework.
Given that the hydride-bicarbonate close contacts have been

identified through the conformational search, we further
evaluated the Gibbs free energies for the key steps of the
proposed reduction mechanism (Figure 6b). To simplify the

Figure 6. (a) Optimized structure of bicarbonate-bound Ru−H@MOF-808 showing the proximal distance between the H atom of Ru−H(63) and
the carbon atom of C(114)(O)(OH)O−Zr. The dotted ellipsoid indicates the Ru−H unit is anchored on the same Zr-oxo node where Zr-
bicarbonate is generated. (b) Free energy profile in eV, computed using ORCA 6.0 for the conversion of captured CO2 into formate.
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calculation cost, these experiments were performed using Ru−
H that is not bound to the Zr node. The bidentate bicarbonate
geometry was chosen based on previous computational
findings showing that bidentate bicarbonate exhibits lower
Gibbs free energy than the bridging bicarbonate motif.60 The
addition of CO2 into the Zr−OH bond to form a bidentate
bicarbonate species was found to be thermodynamically
favorable with Gibs free energy of −0.06 eV. Similar CO2
insertion reactivity has been reported with Ni and Zn
complexes where the kinetics of the insertion reaction is
shown to be dependent on the nucleophilicity of the functional
group involved.62−65 Interestingly, our previous study involv-
ing CO2 insertion into the Zr−OH bond of a different MOF
yielded a Gibbs free energy of G = +0.18 eV.60 The differences
in calculated energies may be associated with different
computational methods used in the two studies or with the
small differences in the node structures of the two MOFs. Each
node of Ru@MOF-808 features five Zr−OH groups capable of
inserting CO2 to form Zr-bicarbonate adducts, offering
abundant sites for substrate binding near the metal catalyst.
The second step of the proposed reduction involves the
activation of Zr-bound bicarbonate through water coordination
and the formation of the monodentate adduct. This structural
change is energetically uphill with ΔG = +0.29 eV, as shown in
Figure 6b. While not spontaneous under standard conditions,
this reaction is likely spontaneous under our reaction
conditions, where excess water is present in the solution.
The third step of the proposed catalytic cycle involves the
transfer of hydride ion. The product of direct hydride transfer
step is a tetrahedral Ru−Zr adduct intermediate shown in
Figure S14. However, we postulate that this intermediate is not
likely to be formed, given the high energy penalty associated
with its formation (ΔG = +0.70 eV). Instead, we propose that

the hydride transfer proceeds in concert with the cleavage of
C−O bond to form Ru-formato complex and the recovery of
the Zr-hydroxo-aqua node. This step is calculated to be a
thermodynamically favorable product by ΔG = −0.471 eV.
The final step of the proposed reduction involves the
dissociation of the Ru-formato complex to release the formate
ion. We find this step to be uphill by 0.39 eV, which is
consistent with the results shown by Fujita et al. on a similar
Ru-polypyridyl complex.25

Overall, our experimental and computational analyses
indicate that the increased formate production may follow a
mechanism illustrated in Figure 7, which starts with the
capture of carbon dioxide by the MOF node to form the Zr-
bicarbonate intermediate Ru@MOF-808-bicarb1. The pro-
posed photochemical step involves reductive quenching of the
photoexcited Rutpybpy unit in Ru@MOF-808 using BIH as
the sacrificial donor to form the Ru-hydride intermediate Ru−
H@MOF-808-bicarb1. While this process involves an overall
transfer of the hydride ion, it likely occurs via a sequence of
electron and proton transfer steps, as was previously shown for
the molecular analog.39 Further activation of zirconium-bound
bidentate bicarbonate into monodentate bicarbonate Ru−H@
MOF-808-bicarb2, followed by transfer of hydride to form
Ru−OCHO@MOF-808 is proposed. The catalytic cycle is
finally closed with the release of formate ion and regeneration
of Ru@MOF-808. This mechanism illustrates the ability of Zr-
based MOFs to host the catalytic sites, as well as to immobilize
CO2 and promote target transformations.

4. CONCLUSION
In summary, we report the photocatalytic CO2 reduction by
Ru@MOF-808, a porous Zr-based MOF that has been
postsynthetically modified with a well-known Ru-based

Figure 7. Proposed mechanism of photocatalytic HCOO− formation by Ru@MOF-808. For clarity, the square boxed part in the top left corner
structure is used to depict the possible intermediates.
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catalyst, Ru(tpy)(bpy)2+. Our extensive experimental charac-
terization of Ru@MOF-808, supported by theoretical calcu-
lations, revealed that the Ru-moieties are incorporated at a
loading of almost one Ru per Zr node. The photochemical
CO2 reduction was evaluated in the presence of several
sacrificial electron donors, and we found that only BIH is
sufficiently reducing to enable the reductive quenching of the
Ru-based excited state. The CO2 was reduced to C1 products
CO and formate. Interestingly, the formate yield was found to
increase in Ru-modified MOF catalyst relative to the
performance of the homogeneous Ru-based model analog,
indicating that the MOF scaffold increases the formate
selectivity. Based on our results and previous literature reports,
we propose a mechanism that involves the capture of CO2 in
the form of node-bound Zr-bicarbonate, which is reduced via
hydride transfer from the photogenerated Ru−H intermediate.
While formate is a minor product in this reaction, we anticipate
that the formate selectivity can be further increased by a
further optimization of relative geometry of metal hydride
complex relative to the Zr-bound bicarbonate. This study
demonstrates that the Zr-based MOF nodes provide an ideal
platform that not only accommodates photocatalytic units, but
also captures CO2, enabling photoreactive CO2 capture
processes.
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