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Abstract: Metal-organic frameworks (MOFs) have shown
great promise for CO, capture and storage. However, the
operation of chemical redox functions of framework substan-
ces and organic CO,-trapping entities which are spatially
linked together to catalyze CO, conversion has had much less
attention. Reported herein is a cobalt-containing zeolitic
imidazolate framework (Co-ZIF-9) which serves as a robust
MOF cocatalyst to reduce CO, by cooperating with a ruthe-
nium-based photosensitizer. The catalytic turnover number of
Co-ZIF-9 was about 450 within 2.5 hours under mild reaction
conditions, while still keeping its original reactivity during
prolonged operation.

The conversion of CO, into chemical feedstocks has
attracted enormous attention owing to the increasing concern
with global energy and environmental problems.!'! The light-
stimulated CO, conversion promises the utilization of solar
energy to fulfill a vital mission of artificial photosynthesis,
which usually exploits dyes, semiconductors, electron medi-
ators, and desirable coupling to CO, activators.”! A great deal
of effort has therefore been devoted to developing light
harvesters, electron-transport carriers, CO, activators, and
their integration into a chemical system for CO, reduction.”!

Transition-metal ions of multiple redox states and organic
ligands are indispensable for creating electron-transport
chains, which cooperate with light harvesters and CO,
activators, to accelerate the multielectron reduction of CO,
coupled to a proton flux so as to avoid the formation of high-
energy intermediates. Cobalt, nickel, and copper ions/com-
plexes have been demonstrated to act as cocatalysts by
promoting the kinetics of both charge-separation and surface
reaction for CO, photoreduction.

The search for CO, activators has recently experienced an
intense exploration into organocatalysts as coordination
substrates for the capture and activation of CO, to facilitate
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CO, reduction with stoichiometic reductants.”! Among var-
ious organocatalysts, imidazolate-based ionic liquids® have
been shown to not only have high adsorptive capabilities for
CO, but also have a stabilizing effect on the CO, by
complexation.”! The stabilizing effect of the organic imida-
zolium motifs on CO,™ greatly reduces the overall barrier to
the CO, reduction reaction because the formation of the
CO, " intermediate is the first step of CO, conversion which
has a very high energy of activation, thus establishing a rate-
limiting step.®! Imidazolate-based ionic liquids are also
considered to be precursors for N-heterocyclic carbenes
(NHCs)™ through deprotonation at the C2 position, and the
NHCs thus formed have been employed to activate and
convert CO, into methanol by a deoxygenative transforma-
tion pathway.['”

The merging of organic CO, activators with transition-
metal catalysis for carbon fixation chemistry is therefore
desired, but it is still in its infancy. This new field motivated
the material design of transition-metal ions with imidazolate-
based linkers in a metal-organic framework. That way,
multifunctional porous scaffolds can be rationally designed
and developed for the capture, activation, and conversion of
CO, in a one-pot fashion. When carefully coupled to an
appropriate photocatalyst, an artificial photosynthesis system
might be realized.

MOFs'! are constructed by metal ions and organic
linkers, and are an intriguing class of microporous crystalline
materials with flexible tunability in composition, structure,
and functionality for gas storage,['”! separation,'¥! catalysis, 4!
chemical sensing,® ion exchange'® and drug delivery.'”!
Zeolitic imidazolate frameworks (ZIFs)!"8! are a subclass of
MOFs and possess high chemical and thermal stabilities!”!
with great potential for CO, capture.”” Metal imidazolate
MOFs have indeed been employed as precursors of solid
carbenelike catalysts for organosynthesis.”!! Nevertheless, to
the best of our knowledge, there is no report on the
applications of MOFs as cocatalysts for photochemical
reduction of CO,. Herein, we report a cobalt-containing
benzimidazolate MOF (termed as Co-ZIF-9) as a micropo-
rous cocatalyst to promote the capture, concentration, and
conversion of CO, into CO with light.

The Co-ZIF-9 was synthesized according to the reported
procedures.”” Both single-crystal X-ray diffraction (XRD)
(see Table S1 in the Supporting Information) and power XRD
(see Figure S1) analyses revealed that the crystal structure of
Co-ZIF-9 was successfully achieved, consistent with the
literature."”! As shown in Figure 1, Co-ZIF-9 adopts a micro-
porous crystalline structure composed of cobalt(I) ions
linked to benzimidazolate (bIm) ligands.
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Figure 1. Chemical structure of Co-ZIF-9. Ball-and-stick representation
of the second building units showing the coordination environment
around cobalt (left). Packing diagram of Co-ZIF-9 (right). Hydrogen
atoms are omitted for clarity. Co light blue, C gray, N blue.

Tetrahedral cobalt is solely coordinated by N atoms in the
1,3-positions of the bIm bridging ligands with a Co-bIm-Co
angle of 145°, thus creating a porous framework. Comparison
between the fourier transform infrared spectroscopy (FTIR)
spectra of Co-ZIF-9 and benzimidazole revealed a significant
difference (see Figure S2). A strong and broad band (2200-
3400 cm™") with the maximum at about 2800 cm™!, corre-
sponding to the N-H:N hydrogen bond, was observed for
benzimidazole, whereas for the Co-ZIF-9 the disappearance
of those absorption bands revealed that the benzimidazole
linkers were fully deprotonated during the formation of the
Co-ZIF-9 structure.”” The stability of the synthesized Co-
ZIF-9 was first examined by thermal analysis, thus showing
a high thermal stability of up to 500°C (see Figure S3).
Obviously, the Co-ZIF-9 features both cobalt(II) and imida-
zolate-based functionalities in a defined chemical environ-
ment.

The CO, reduction reactions were conducted in a visible-
light-driven catalytic system using [Ru(bpy);]Cl,-6H,0
(bpy =2'2-bipyridine) and Co-ZIF-9 as a photosensitizer
and a cocatalyst, respectively, along with triethanolamine
(TEOA) as an electron donor, under mild reaction conditions
(20°C and 1 atm CO,).

We first conducted a series of reference experiments. As
can be seen in Table 1, in the dark there was no gas detected in

Table 1: The research of reaction conditions.?

Entry CO [pmol] H, [umol] H,+CO [umol] TONP!
1 41.8 29.9 71.7 89.6
2l n.d.d n.d. - -
36 n.d. n.d. - -
41 n.d. n.d. - -
58l 1.2 1.8 3.0 3.8
g 28.1 17.6 45.7 57.1
710 3.7 2.4 6.1 7.6
8ll n.d. 1.0 1.0 1.2
9l n.d. n.d. - -

[a] Reaction conditions: [Ru(bpy);]Cl,:6 H,O (10.0 umol), Co-ZIF-9

(0.8 umol, activated), solvent (5 mL, acetonitrile/H,0=4:1), TEOA

(1 mL), CO, (1 atm), A>420 nm, 20°C, 30 min. [b] Turnover

number = mol (H,+CO)/mol(Co®"). [c] In the dark. [d] Not detectable.
[e] Without [Ru(bpy);]Cl,-6 H,O. [f] Without TEOA. [g] Without Co-ZIF-9.
See the detailed description in the text for [h]-[k].

Angew. Chem. Int. Ed. 2014, 53, 1034-1038

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
imemationalediion . CEIMIE

the system. Upon visible-light illumination, CO, was split into
CO at a reaction rate of 1.4 umolmin~', along with the
evolution of H, with a rate of 1.0 umolmin~' (entry 1). These
results underline the involvement of the dye-excited state in
the catalytic reaction, as further confirmed by the fact that no
reaction occurred when the dye was absent (entry 3). The
mixture of CO and H, is the main component of syngas, which
is chemical feedstock in the Fischer—Tropsch process to
produce liquid fuels.”!

When the system was operated in absence of Co-ZIF-9,
CO and H, production were hindered dramatically (Table 1,
entry 5). We also examined the promotional effect of the
ligand and Co** in a homogeneous system. Results revealed
that the physical mixture of them can cocatalyze CO and H,
evolution (entry 6), but with lower rates than those with Co-
ZIF-9. This data is a strong indication that the Co-ZIF-9 solid
remarkably promotes the photochemical reaction, even as
a heterogeneous cocatalyst.

To further validate the critical role of the formation of
metal-organic networks in supporting photocatalysis, the Co-
ZIF-9 was destroyed by calcination at 1200°C in He gas and
the residues were applied in the system (Table 1, entry 7): the
total generation of CO and H, was found to decrease sharply,
thus demonstrating the vital role of the framework of Co-ZIF-
9 in the CO, splitting by the promotion of carrier transfer and
substrate concentration.

The participation of CO, in the reaction was also
investigated by replacing CO, with N, (Table 1, entry 8).
After 30 minutes of reaction, only 1.0 umol H, was detected
under the same reaction conditions, without any CO gener-
ated. Evidently, in the absence of CO,, light-induced electrons
can promote H, generation only. However, in the presence of
CO,, the overall efficiency of the photochemical reduction
process for both CO (41.8 umol/30 min) and H, (29.9 umol/
30 min) production greatly increase. This result is a remark-
able observation in that the capture and activation of CO, by
the system also accelerates/activates the H, liberation: the
CO,-containing Co-ZIF-9 is a better hydrogen reduction
catalyst, potentially by the influence of CO, on the water/
TEOA structure on the zeolitic pores.

After the reaction, the Co-ZIF-9 was removed from the
reaction mixture. Inductively-coupled plasma analysis of the
resultant supernatant revealed that only 0.5% cobalt ions
leak from the Co-ZIF-9. Trace amounts of formic acid
(HCOOH) were produced in the supernatant as detected by
ion chromatograph. The supernatant was reused for the CO,
reduction reaction under identical reaction conditions.
Results show that the system is virtually inactive (Table 1,
entry 9), thus suggesting the heterogeneous nature of the
current system.

To further confirm the source of the produced CO, we
performed an isotopic experiment using *CO,. The evolution
of CO was analyzed by gas chromatography mass spectrom-
etry. After 30 minutes, the peak at 3.57 min with m/z 29 was
assigned to *CO (see Figure S4). This data provides a solid
proof that Co-ZIF-9 can indeed promote the deoxygenative
reduction of CO, into CO, thus precluding the degradation
effect of organics in the system.
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Figure 2. The effect of the amount of Co-ZIF-9 on the evolution of CO
and H, from the CO, photoreduction system.

Next, we studied the effect of the amount of Co-ZIF-9 on
the photochemical performance of the system (Figure 2).
Obviously, the production of CO and H, increases substan-
tially, even when only a tiny amount of Co-ZIF-9 (0.1 mg)
added. When 1 mg Co-ZIF-9 was added to the reaction
system, the activity reached a maximum value for the
production of CO and H,. Further increasing the amount of
Co-ZIF-9 leads to a slight increase in H, generation, while the
production of CO decreases slightly. Clearly, the reaction
pathways for CO and H, production are different, but it is
clear that in region I (Figure 2, cocatalyst<0.2 mg) the
reaction rate is mainly limited by the number of catalytic
centers which can be accessed by the sensitizer, while in
region II (cocatalyst >0.2 mg) the reaction rate is largely
determined by electron-transfer kinetics.”/! Note that the
total generation of CO and H, stays almost unaltered in this
region. Even with an excessive amount of Co-ZIF-9 added,
the total production of the products did not increase, thus
identifying electron transfer from the sensitizer as the rate-
determining step. All these results highlight the dual functions
of Co-ZIF-9 in assisting CO, fixation by acting as a CO,
absorber and a redox promoter, but combined in a micro-
porous MOF.

As described above, the as-prepared Co-ZIF-9 is already
active for CO, reduction, but generally restricted by the
blocking of micropores by guest molecules adsorbed on the
surface and within the channels of MOFs. To maximize the
catalytic function, the Co-ZIF-9 was activated by thermal
treatment under vacuum for 4 hours to eliminate water and
organic solvents trapped. The activity of Co-ZIF-9 as
a function of activation temperature is shown in Figure S5.
Obviously, as the activation temperature increased, the yield
of CO and H, improved gradually, thus achieving a maximum
value at 110°C. Further increase in the temperature, led to
a decrease in the yield presumably because of the damage of
the framework at higher temperature in the vacuum. The
apparent quantum yield of this optimized MOF-promoted
CO, photoreduction system was estimated to be 1.48% at
monochromatic irradiation of 1 =420 nm.
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The CO/H, generation from the activated Co-ZIF-9
catalytic system as a function of reaction time is shown in
Figure S6. For the initial reaction of 30 minutes, the total
amount of CO and H, increased dramatically, but thereafter
increased slightly. We attribute this decrease to photobleach-
ing of the dye after limited photocatalytic turnovers (TON =7
with respect to the dye).” To this end, the development of
a durable, cheap candidate as a light harvester is recom-
mended.

The effect of reaction temperature was also investigated.
As the reaction temperature increased, the yields of CO and
H, increased gradually, thus reaching a maximum value at 30
and 40°C, respectively. By additionally increasing the reac-
tion temperature, both the production of CO and H, were
reduced (see Figure S7).

To check the stability of Co-ZIF-9, two methods were
applied, namely, 1) recovery of the used Co-ZIF-9 and then
redispersion in a fresh dye solution for 0.5 hour of reaction,
and 2) addition of new dye into the system after 1 hour of
reaction. For both methods the material virtually kept its
intrinsic catalytic activity for five repetitions of the operation.
As shown in Figure 3 a, the activity of the reused catalysts has
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Figure 3. The stability test of Co-ZIF-9 in five repeats of photocatalytic
operations. a) Recovery of the used catalyst and then redispersion in
a fresh dye solution for 0.5 h reaction. b) Addition of the new dye into
the system after 1 h reaction.

no noticeable alteration. The total production of the reaction
products was calculated to be about 350 pmol, thus corre-
sponding to a catalytic TON of about 450 in 2.5 hours.
However, in another set of stability tests, wherein the new dye
was added into the system after 1 hour of reaction, the
evolution of H, gradually increased in the first 4 runs, but the
CO production decreased (Figure 3b). This decrease can be
explained by the formation of a ruthenium species as a H,-
evoltuion catalyst from the degradation of the ruthenium dye.
In the final run, both H, and CO production decreased after
adding an excessive amount of dye, because of the light-
shielding effect.

After the reaction, there is no noticeable change in the
chemical, crystal, and surface structures of the Co-ZIF-9

Angew. Chem. Int. Ed. 2014, 53, 1034-1038
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sample (see Figures S8-10). These results reflect the stable
characteristics of the MOF in the photoredox chemistry
system.

The wavelength dependence of the CO and H, production
revealed that the trend of CO and H, evolution matched well
with the optical absorption of the dye molecule (see Fig-
ure S11) instead of that of Co-ZIF-9. This research confirmed
that the reaction was indeed induced by light excitation of the
dye, thus ruling out the contribution of the metal-to-ligand
charge transfer in Co-ZIF-9.

Table 2: Comparison of cocatalytic functions of Co-ZIF-9% with other
MOFs and cobalt complex.”

MOFs CO [umol] H, [umol] TON
Co-MOF-74 11.7 7.3 23.8
Mn-MOF-74 1.5 2.9 5.5
Zn-ZIF-8 2.1 2.4 5.6
Zr-UiO-66-NH, 1.2 2.2 43
CyoH1Co 5.0 2.7 9.6

[a] The activity data of Co-ZIF-9 was provided in the entry 1 of Table 1.
[b] Reaction conditions are the same as those in Table 1.

Some other MOFs were also applied as cocatalysts in the
system to explore the uniqueness of Co-ZIF-9 in promoting
CO, reduction catalysis (Table2). Once Co-ZIF-9 was
replaced by Co-MOF-74 (ligand: 2,5-dihydroxyterephthalic
acid), the production of both CO and H, decreased greatly.
This result is a strong indication that the imidazolate-based
ligand plays a key role in capture of CO, because of the high
chemical affinity of benzimidazolate motifs to CO,. When
Mn-MOF-74 (ligand: 2,5-dihydroxyterephthalic acid) was
applied, the system catalyzes CO and H, production, but
only with a slight improvement over the cocatalyst-free
system (Table 1, entry 5). This observation however provides
vital proof that the electron-mediating functions of cobalt
species are indispensable for supporting CO, conversion. As
expected, when either Zn-ZIF-8 (ligand: 2-methylimidazole)
or Zr-UiO-66-NH, (ligand: NH,-1,4-benzenedicarboxylic
acid) was used, there is no obvious CO, reduction. Cobalto-
cene was also used as a homogeneous cocatalyst in the
reaction, and there was only a tiny enhancement in yield of
CO and H,, again underlining the synergetic effect of cobalt
and benzimidazolate entities for CO, conversion.

In conclusion, we have presented an example of MOFs
based on cobalt clusters and benzimidazolate motifs as stable
cocatalysts for supporting the photocatalytic splitting of CO,
into CO under mild reaction conditions by merging the
advantage of porous characteristic of the MOF, for CO,
capture, together with the catalytic function of imidazolate
entities and cobalt in CO, reduction catalysis. These findings
will open up new opportunities in artificial photosynthesis by
assembling various catalytically active metals, functional
organic ligands, and antenna complexes onto or into porous
MOF materials.
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