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Dinuclear metal synergistic catalysis (DMSC) has been evidenced to be effective in enhancing the catalytic activity for CO,
reduction. However, the reaction kinetics of CO, reduction is still limited by the local CO, concentration around the dinuclear
catalytic centers. Inspired by the structure of carbonic anhydrase, we have designed and synthesized a dinuclear cobalt(Il)
complex with an —OH group. This complex not only exhibits DMSC for CO, reduction but also possesses excellent capture
capacity for CO, molecules. Consequently, the complex demonstrates high efficiency for the photocatalytic reduction of CO, to
CO, with turnover number reaching as high as 43,400 and a selectivity of 97%. Even in 10% CO,, the complex still shows state-
of-the-art catalytic activity. The results of experiments and theoretical calculations reveal that besides the DMSC contributing to
the enhanced catalytic activity, the —OH group in the dinuclear cobalt(Il) complex facilitates the capture of CO, by the formation
of HCO; intermediates, thereby enhancing the affinity towards CO, and boosting the catalytic activity for CO,-to-CO con-

version.
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1 Introduction

Utilization of solar energy to drive the reduction of carbon
dioxide (CO,) into fuels or valuable chemicals is an auspi-
cious approach to tackle the prevailing energy crisis and
environmental challenges [1-8]. Recent research has evi-
denced that the dinuclear metal synergistic catalysis (DMSC)
effect between two metal sites in dinuclear metal complexes
is effective in enhancing the photocatalytic activity of CO,
reduction [9-11]. Consequently, designing and synthesizing
dinuclear metal complexes with the DMSC effect offers a
promising strategy to develop high-efficiency catalysts for
photocatalytic CO, reduction. To further enhance the reac-
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tion kinetics of photocatalytic CO, reduction by dinuclear
metal complexes, enhancing the affinity of the dinuclear
catalytic center with CO, molecules would be effective. The
chemisorption of CO, molecules [12—-15] is generally con-
sidered an important prerequisite for the occurrence of
photocatalytic CO, reduction [16-20].

In nature, carbonic anhydrase (CA) is an ancient me-
talloenzyme that catalyzes the hydration of CO, to form bi-
carbonate, showing exceptional CO, absorption capability
[21-24]. This is attributed to the core structure of N;ZnOH,
where the Zn(Il) in a tetrahedral geometry coordinates with
three histidine groups and a —OH group (Figure 1a). The
—OH group acts as a nucleophile reacting with CO, to form
bicarbonate, thus facilitating the CO, capture [25]. Inspired
by the scaffold of CA, we tried to design and synthesize
dinuclear metal complexes with —OH groups around the

chem.scichina.com link.springer.com


https://doi.org/10.1007/s11426-024-2280-8
https://doi.org/10.1007/s11426-024-2280-8
chem.scichina.com
link.springer.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s11426-024-2280-8&amp;domain=pdf&amp;date_stamp=2024-11-08

Wang et al.  Sci China Chem
(a) His
| OH
—N{ / S
Zn i Co/N
A\ ! = NS \CH3CN
His J V2
His [Co,(u-OH)(BPMAN)](CIO,);  [Co(TPA)CH,CN](CIO,),
Carbonic anhydrase
(c)

@cdo I

Figure 1 (Color online) Structures of (a) carbonic anhydrase and (b) [Co,-
(u-OH)(BPMAN)](CIOy4); (1), [Co(TPA)CH;CN](ClO,), (2). (c) The pro-
posed CO, adsorption pathway for 1 in the CO, reduction process.

dinuclear metal center for photocatalytic CO, reduction.
Herein, we report a Co(Il) complex of [Co,(u-OH)-
(BPMAN)](ClO,); (1; BPMAN = 2,7-[bis(2-pyridylme-thyl)-
aminomethyl]-1,8-naphthyridine) with the above-mentioned
structural features (Figure 1b) [26,27]. That is, firstly, the N
atoms in BPMAN are capable of coordinating two Co(Il)
ions with an M---M distance of 3.3 A, which aligns with the
ideal range for generating DMSC effect for CO, reduction
(Figure S1, Supporting Information online) [28-30]. Sec-
ondly, a —OH group positioned between the dinuclear Co(II)
centers in BPMAN offers a potential bicarbonate (HCO; )
pathway for CO, adsorption (Figure 1c), mimicking the
function of the —OH group in CA for capturing CO, mole-
cules. As expected, 1 shows remarkable efficiency in the
photocatalytic reduction of CO, to CO, achieving a max-
imum turnover number (TON) as high as 43,400 and a se-
lectivity of 97%, which surpasses its monometallic
counterpart by a significant margin. Furthermore, 1 also
demonstrates state-of-the-art photocatalytic activity in 10%
CO,. The results of experiments and density functional the-
ory (DFT) calculation reveal that the —OH groups in 1 sig-
nificantly promote the CO, adsorption process via an HCO;
pathway, which works together with the DMSC, greatly
enhancing the photocatalytic activity for CO, reduction.
These findings not only highlight the efficacy of the DMSC
in boosting CO, reduction but also underscore the utility of
strengthening CO, adsorption for promoting the reaction
kinetics of CO, reduction, thereby giving new insights for
developing efficient catalysts for CO, reduction.

2 Experimental

2.1 Materials

All chemicals and materials were commercially obtained
from Energy Chemical, Aladdin and Adamas-beta, and used
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without further purification. All gases were purchased from
Tianjin Huanyu Gas and the purity of argon and carbon di-
oxide was 99.999%. The ultraviolet-visible spectra (UV-vis)
were obtained by a UV-vis spectrophotometer (UV-3600,
Shimadzu, Japan). The photoluminescence (PL) spectra were
conducted on a fluorescence spectrophotometer (F-7000,
Hitachi, Japan). In situ Fourier transform infrared (FTIR)
spectra in the 650—4,000 cm’! region were collected on a
Nicolet iS50 FTIR spectrometer using KBr pellets. The
isotopic labeling experiments were conducted under a Pco,
atmosphere and the gas products were analyzed by a quan-
titative mass spectrometer (HPR-20 Q/C Benchtop Gas
Analysis System). The products in the gaseous phase of the
reaction system were analyzed by a gas chromatograph (GC-
2014+ATF, 230C, Shimadzu, Japan) equipped with two au-
tomated gas sampling valves, which contain a thermal con-
ductivity detector (TCD) and a flame ionization detector
(FID). The products in the liquid phase of the reaction system
were analyzed by an ion chromatograph (DX-600, Dionex,
USA) and a nuclear magnetic resonance spectrometer
(AVANCE III HD 400 MHz).

2.2 Syntheses

Synthesis of 1. Under an Ar atmosphere, an CH;OH solution
(5 mL) of BPMAN (27.60 mg, 0.05 mmol) was added to an
CH;OH solution of Co(ClO,),"6H,0 (45.80 mg,
0.13 mmol). The mixture was stirred at room temperature
overnight. The resultant solution was concentrated to 2 mL
under reduced pressure, washed with ethyl ether and dried
under vacuum to give a brown powder (0.063 g, 87%).
Synthesis of 2. TPA (0.42 g, 1.43 mmol) and Co(CIOy),
6H,0 (0.52 g, 1.42 mmol) were dissolved in 30 mL de-aer-
ated CH;CN. Then the resulting mixture was stirred for
30 min. Later, 100 mL deaerated ether was slowly added into
the above solution and stood overnight. The resulting purple
microcrystalline product was filtered, washed with ether
(10 mL) and dried in a vacuum oven for 48 h (0.74 g, 79%).

3 Results and discussion

The ligands of 2,7-[bis(2-pyridylme-thyl)aminomethyl]-1,8-
naphthyridine) (BPMAN) and tris(2-pyridylmethyl)amine
(TPA) were synthesized according to literatures (Figures S2
and S3) [31-34]. The complex of [Co,(u-OH)(BPMAN)]-
(ClO,); (1) was synthesized through the combination of
Co(Cl0O,),-6H,0 with BPMAN ligand in CH;OH solution.
The liquid chromatography mass spectrometry (LC-MS)
analysis revealed an ion peak at m/z 229.047, which corre-
sponds to the presence of [Coz(,u-OH)(BPMAN)]3+ (Figure
S4). The infrared (IR) spectroscopy of 1 in attenuated total
reflection (ATR) mode showed remarkable peaks in the
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range of 3,000-3,600 cmfl, whereas they are absent in that of
BPMAN (Figure S5), further confirming the existence of the
—OH groups in 1 [35,36]. The UV-vis spectrum of 1 ex-
hibited visible-light adsorption centered around 506 nm, at-
tributed to the d-d transition of Co’ (Figure S6).
Additionally, the analysis of inductively coupled plasma
mass spectrometry (ICP-MS) determined the Co content in 1
to be 11.65 wt%, closely aligning with the theoretical value
of 12.07 wt%. These results confirm that 1 has been suc-
cessfully synthesized. Analogously, the mononuclear Co(II)
complex of [Co(TPA)CH;CN](ClO,), (2), as the counterpart
of 1, was prepared by mixing Co(CIO,), 6H,0 with TPA
ligand in CH;CN solution. LC-MS of 2 in CH;CN revealed
an ion peak at m/z 174.542, corresponding to [CO(TPA)]2+
(Figure S7). This result illustrates that the mononuclear
Co(II) complex of 2 has also been successfully synthesized.

Photocatalytic CO, reduction experiments were performed
in 17.5 mL glass tubes at room temperature, containing 1 or 2
(catalyst), [Ru(phen);](PFy), (photosensitizer, 0.4 mM, Fig-
ure S8), 1,3-dimethyl-2-phenylbenzimidazoline (BIH, elec-
tron donors, 0.025 M) and triethanolamine (TEOA, electron
donors, 0.3 M) in a mixture of 5 mL CO,-saturated CH;CN/
H,O0 solution. The solution was bubbled with CO, for 30 min
and then irradiated under visible light (300 W Xenon lamp
with 420 nm cutoff). As expected, 1 shows good photo-
catalytic activity for CO, reduction. When the ratio of CH;CN
and H,0 was 3:2, the concentration of BIH was 0.025 M,
and 1 achieved optimal performance (Figures S9 and S10).
In this case, 66.24 pmol CO and 4.96 pmol H, were detected
when 1 uM 1 was used (Figure 2a; Table 1, Entry 1), cor-
responding to the TON of 13,248, and the selectivity of
93% to CO. There is no liquid product generated in the re-
action system (Figure S11). Under the same conditions, the
mononuclear Co(II) complex of 2 also shows photocatalytic
activity for CO, reduction, where 7.47 umol of CO was de-
tected when 2 uM 2 was used, corresponding to the TONq

Table 1 Results of photocatalytic reduction of CO, to CO by 1
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Figure 2 (Color online) (a) The photocatalytic CO, reduction activity of
1 and 2 (The data were repeated three times, with error bars shown). (b)
Time profiles of CO and H, generation from the photocatalytic CO, re-
duction with 1 (1 uM) and 2 (2 pM).

of 747 (Figure 2a, b). Remarkably, the photocatalytic activity
of 1 is much higher than that of 2, which illustrates there is a
synergistic catalysis effect between two Co(Il) centers in 1.
The DMSC endows 1 with outstanding photocatalytic ac-
tivity for CO, reduction to CO. The quantum yield of 1 for
photocatalytic CO, reduction was determined to be 0.47% at
450 nm.

To further explore the activity of 1, the photocatalytic CO,
reduction experiment by 1 at low concentrations was per-
formed. It was found that even at 0.1 uM, a large amount of
CO could still be detected (21.70 umol), corresponding to
the TON¢o of 43,400 (Table 1, Entries 2—4). The photo-
catalytic activity of 1 is comparable to those of reported
dinuclear molecular catalysts (Table S1, Figure S12). The
excellent photocatalytic activity of 1 was further evaluated
under low CO, concentration. A mixed gas containing 10%
CO, and 90% Ar to simulate the flue gas (5%—15% CO,) was
used in the photocatalytic system. The results show that
12.80 pmol of CO was produced after illumination for 10 h,
corresponding to a TONg value of 2,560. Although the
TON value of 1 in 10% CO, is lower than that in 100% CO,,
the value is still higher than that of most photocatalysts that
perform in 100% CO, (Table S1) [37].

Entry Cat (uM) CO (umol) H, (umol) CO (%) TONco
19 1.0 66.24 4.96 93 13,248
2 0.5 50.60 2.83 95 20,240
3 0.25 36.80 1.57 9 29,440
4 0.1 21.70 0.72 97 43,400
5 0 1.46 0.25 84 291
6 1.0 0.06 0 100 12
79 1.0 0 0 0 100
8 1.0 22.50 9.02 71 4,500
9" 1.0 0.89 0 100 178

10¢ 1.0 0 0 0 100

a) Reaction conditions: CH;CN/H,O (v/v = 3:2; 5.0 mL), [Ru(phen);](PFy), (0.4 mM), TEOA (0.3 M), BIH (0.025 M), 300 W Xe lamp (1 > 420 nm),
irradiation time = 10 h. b) Without catalyst. ¢) Without photosensitizer. d) Without irradiation. ¢) Without TEOA. f) Without BIH. g) In Ar.
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A series of control experiments of CO, reduction by 1 were
conducted to identify the role of each component in the
photocatalytic system. The results indicate that only a trace
amount of CO was detected without 1 (Table 1, Entry 5), and
neither CO nor H, can be detected in the lack of [Ru(phen);]-
(PF), or illumination, demonstrating that the catalyst, pho-
tosensitizer, and light are all indispensable for the CO gen-
eration (Table 1, Entries 6-7). When cost-effective organic
photosensitizers such as eosin, rhodamine B and pyrin were
used instead of [Ru(phen);](PFy),, no gaseous and liquid-
reduced product was detected. Additionally, when only
TEOA or BIH was used, the generated CO was significantly
reduced, which illustrates the importance of dual sacrificial
agents for CO, reduction in this photocatalytic system (Table
1, Entries 8-9). To determine the source of the generated CO,
Ar was used instead of CO,. The result shows that no CO was
detected in this case (Table 1, Entry 10). This observation
illustrates that the generated CO originates from the CO,
reduction. This conclusion was further evidenced by the
isotope trace experiment. As shown in Figure S13, when
13C02 was used instead of CO,, PCO was generated in the
photocatalytic system. All these results solidly support that
the generated CO comes from CO, rather than other com-
ponents in the system.

The stability of 1 during the process of photocatalytic CO,
reduction was investigated. It was observed that the rate of
CO production almost stops after 10 h, and the addition of
[Ru(phen);](PF¢), and BIH can reactivate the CO,-to-CO
reaction (Figure S14), indicating that the cease of CO, re-
duction reaction is mainly attributed to the degradation of the
photosensitizer (Figure S15) and/or the consumption of sa-
crificial agent. The UV-vis spectra of 1 in CH;CN/H,0 so-
lution remain basically unchanged after irradiation for 10 h
(Figure S16), further confirming the durability of 1.

To well elucidate the different catalytic activity of 1 and 2
for CO, reduction, their electrochemical behavior was
comprehensively analyzed. As illustrated in Figure S17, the
cyclic voltammograms (CV) diagram of 1 in Ar shows one
reduction wave at —0.74 V vs. NHE, which can be attributed
to the reduction of Co,(ILII) to Co,(LII). In addition, the
catalytic current density for CO, reduction at —0.74 V vs.
NHE increases linearly with the concentration of 1 (Figures
S18 and S19), indicating a single site cobalt catalysis in 1
[9,38]. In contrast, the CV of 2 exhibits a primary reduction
peak at —0.93 V vs. NHE, corresponding to the reduction of
Co(Il) to Co(I) (Figure S20). When the atmosphere was
changed from Ar to CO,, both 1 and 2 exhibited an increase
in catalytic current density at their respective reduction
waves, indicating their ability to catalyze CO, reduction.
Moreover, the current density increase in 1 is obviously
stronger than that of 2 at an identical Co(I) concentration.
This finding underscores the superior catalytic activity of 1
over 2, well supports the experimental results of photo-
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catalytic CO, reduction. In addition, to well understand the
catalytic mechanism of 1 during the photochemical reduction
of CO, to CO, quenching experiments of the excited
[Ru(phen)3]2+* by 1 and by the electron donor (BIH and
TEOA) were carried out. As shown in Figures S21 and S22,
the [Ru(phen):;]2+ in the CH;CN/H,O exhibits a lumines-
cence peak at 595 nm when excited at 450 nm. The excited
[Ru(phen)3]2+* was dramatically quenched by BIH, and was
not by 1 (Figures S23 and S24), indicating the excited
[Ru(phen)ﬂw was quenched via a reductive quenching
mode. This result suggests that the BIH firstly donates an
electron to excited [Ru(phen)3]2+* to form [Ru(phen)3]+.
Then the formed [Ru(phen);]” transfers the electron to the
Co(II) center to generate Co(I). Finally, the Co(I) injects the
electron into the adsorbed CO, molecule to make CO, re-
duction (Figure S25).

The process of photocatalytic CO, reduction by 1 was
further monitored by using in situ FTIR spectroscopy. As
shown in Figure 3a, four distinct peaks corresponding to the
intermediates of HCO, (1,392 and 1,219 cm™'), *COOH
(1,642 cm ), and *CO (2,078 cm ) are clearly identifiable,
demonstrating that the adsorption of CO, onto the surface of
1 follows a *CO;H pathway [39,40]. In addition, the for-
mation of *CO occurs through the transformation of
*COOH, by the process of *COOH + H' + e — *CO + H,0
[41-43].

Based on the above observations and results, a reasonable
reaction pathway for the photocatalytic reduction of CO, to
CO by 1 was proposed (Figure 3b), and further investigated
by the density functional theory (DFT) calculation. Initially,
the Lewis base —OH group in 1 facilitates the adsorption of
CO,, releasing a proton to form *COj; intermediate (Int-1).
Later, the Int-1 undergoes a proton-coupled electron transfer
(PCET) process to form *CO;H intermediate (Int-2), with
the free energy change (AG) of 0.39 eV. Next, Int-2 under-
goes protonated and dehydration to yield *CO, intermediate
(Int-3). Then, the synergistic catalysis effect between two
Co(II) sites promotes the conversion of Int-3 to undergo
another PCET process, forming *CO-OH intermediate
(Int-4). This process accelerates the C—O bond breaking and
is exothermic, releasing 0.26 eV of energy. Following the
release of CO (AG = —0.26¢V), 1 is regenerated and
initiates the next catalytic cycle. While 2 follows the con-
ventional CO, adsorption pathway in the process of
photocatalytic CO, reduction to CO (Figure S26). Notably,
the above-calculated results show that for 1, the
protonation of *CO;H to form *CO, constitutes the rate-
determining step (RDS), with a lower AG of 1.16 eV com-
pared to the RDS in 2, which involves the formation of a Co-
CO, adduct with a AG of 1.44 eV (Figure 3c). The presence
of the —OH group in 1 significantly strengthens the CO,
adsorption and greatly boosts the photocatalytic CO, re-
duction to CO.
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Figure 3 (Color online) (a) /n-situ FTIR spectra of 1 during the process of photocatalytic CO, reduction. (b) Proposed catalytic mechanism of 1 for the
reduction of CO,-to-CO. (c) Energy diagram for CO, reduction catalyzed by 1 and 2.

4 Conclusions

In conclusion, inspired by the structure of carbonic anhy-
drase in nature, we have designed and synthesized a biomi-
metic dinuclear cobalt(Il) complex incorporating an —OH
group. Because of the synergistic catalysis of two Co(II), as
well as the —OH groups facilitating the CO, adsorption, the
dinuclear cobalt(IT) complex possesses excellent activity for
photocatalytic CO,-to-CO conversion, showing impressively
high TON( value 0f 43,400 and a selectivity of 97%, greatly
outperforming its monometallic counterpart by a substantial
margin. In this research, not only the design of dinuclear
metal complexes with efficient catalytic activity for CO,
reduction has been achieved according to the DMSC con-
cept, but also the strategy of introducing —OH groups to
strengthen the CO, binding via forming an HCO; inter-
mediate has been developed. These results give new insights
for researchers in developing high efficiency catalysts for
photocatalytic CO, reduction.
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