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ABSTRACT

For high reactivity but poor stability of homogeneous metal complexes in CO, photoreduction, develop-
ment of durable systems is still a big challenge. Herein, pentanuclear Co(Il) complex
[Cos(btz)s(NO3)4(H20)4] (1, btz = benzotriazolate) is explored for converting CO, to syngas which shows
high stability and reactivity in both pure and diluted CO,. Compared with mononuclear structure, mult-
inuclear complex exhibits 212-fold enhancement in reactivity, up to ~2748 TONs, with wide adjustability
of Hp/CO ratio from 16:1 to 2:1. This reactivity could be maintained over 200 h which is an order of mag-
nitude higher than the durability of mononuclear complex and exceeds most reported homogeneous
molecular catalysts. High reactivity is also achieved in extreme low CO, content (5%). Structural analysis
and density functional theory (DFT) calculations support that multinuclear structure and the low energy
barrier for photocatalytic intermediate may account for the durable and efficient performance of complex
1. The multinuclear strategy is also adopted to nickel complex. This work probes origin of metal-node-
dependent performance for CO, photoreduction, providing new insights in design of durable and efficient
metal complexes for photocatalysis and other applications.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

Solar-driven CO, reduction to chemical feedstocks or fuels, such
as syngas, has become a viable way to transform sustainable
energy and simultaneously cuts down the atmospheric CO, level
[1-6]. Direct use of CO, from gas mixtures without concentration
is of significance from energy-saving perspective [7,8]. In compar-
ison with one-electron or multi-electron reduction reactions under
visible light, two-electron reduction of CO, to CO is a kinetically
favorable pathway due to the lower reaction barrier [9,10]. Mean-
while, CO, together with H,, is important component of syngas
which is the feedstock for petrochemicals production [11-13]
and the H,/CO ratio is a pivotal factor in synthesizing downstream
chemicals: 1:1 ratio is for the yield of aldehyde by hydroformyla-
tion [13] and 2:1 ratio is for methanol production as well as
Fischer-Tropsch hydrocarbon synthesis [14]. Although the genera-
tion of H, and CO in CO, photoreduction is well-known, rare has
been investigated for modulating syngas composition under visible
light which accounts around a half of solar energy [15-18]. There-
fore, controllable H,/CO ratios eliminating the requirement of
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intermediate adjustments during syngas production is more
valuable.

Due to the pioneering researches by Lehn and Sauvage
[14,15,19,20], metal complexes serving as homogeneous molecular
catalysts for CO, photoreduction have attracted more and more
attention with the following reasons: (i) metal complex catalysts
generally exhibit high activity and selectivity; (ii) definite struc-
tures of them make the studies of catalytic mechanisms through
crystallography and theoretical simulation practical and feasible
[10,16,21,22]. In recent years, numerous metal complex catalysts,
particularly mononuclear catalysts have been applied to photocat-
alytic CO, reduction, including Mn, Fe, Co, and Ni, and tremendous
progresses have been made in efficiency and selectivity [23-36].
However, the poor durability of the reported mononuclear homo-
geneous catalysts greatly restricts their industrial applications
[11]. One reason might be the abscission of coordinated ligand dur-
ing illumination [27-40]. Moreover, the limited active sites sup-
plied by mononuclear metal complexes, extremely affect the
enhancement of reactivity [41]. Thus, exploiting metal complexes
with ultra-stable structures and multiple active sites is of great
significance.

Herein, the strategy of using multinuclear transition-metal
complex as homogeneous catalyst for CO, photo-reduction is put
forward based on the following considerations [42-45], (i) fas-
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tened structure might bring about the desirable stability; (ii)
multi-metal centers could provide sufficient catalytic sites; (iii)
multiple structure may reduce the energy barrier of reaction inter-
mediate. Given the admired activity of cobalt-based complex in
CO; reduction, pentanuclear complex, [Cos(btz)s(NO3)4(H20)4] (1,
btz = benzotriazolate), was employed as the homogeneous catalyst
for visible-light-induced CO, reduction by cooperating with photo-
sensitizer [Ru(bpy)s]Cl;, (bpy = 2,2’-bipyridine) and electron donors
TEOA. Under visible-light irradiation in pure CO,, ~219.8 pmol
(~2748 TONs) syngas was generated within 70 h which is 212-
fold than that of mononuclear cobalt complex with similar struc-
ture. This reactivity could be maintained up to 200 h which far sur-
passes the stability of most reported homogeneous molecular
catalysts. The H,/CO ratio can be wildly tuned, varying from 16:1
to 2:1. In diluted CO, of 20% content, the yield of syngas was 779
TONSs and it was kept even in 5% CO,. A clear understanding of
mechanism was revealed by the density functional theory (DFT)
calculations. Besides, this multinuclear strategy is also applied to
the nickel complex and similar enhancement in reactivity and sta-
bility is achieved by pentanuclear nickel complex.

2. Experimental section
2.1. Chemicals and instrumentation

Co(NO3),-6H,0, Ni(NO3),-6H,0 and btz were used for the syn-
thesis. All other chemicals of analytical grade were purchased from
Alfa and used as received. Single-crystal X-ray diffraction data for
complexes 1-4 were recorded by using a Bruker Apex-II CCD
diffractometer with graphite-monochromated Mo Ko radiation
(7. =0.71069 A) at 293 K. The C, H and N elemental analyses were
tested on a PerkinElmer 2400 CHN elemental analyzer. Powder X-
ray diffraction (PXRD) patterns were collected by using a Siemens
D5005 diffractometer with Cu Ko (/. = 1.5418 A) radiation in the
range of 5-30° at a rate of 5 °/min. X-ray photoelectron spec-
troscopy (XPS) was recorded through a Multilab 2000 (Thermo)
spectrometer. The UV-vis absorption spectrum was measured on
a Shimadzu UV-2550 spectrophotometer in the wavelength range
of 200-800 nm.

2.2. Synthesis

2.2.1. Synthesis of [Cos(btz)s(NO3)4(H20)4] (1)

Complex 1 was synthesized according to a reported study [46].
Co(NO3),-6H,0 (0.4 mmol, 0.117 g) and btz (0.2 mmol, 0.030 g)
were added into 8 mL acetone solution. Then, the mixture was stir-
red for 30 min under ambient condition. Sequentially, the solution
was filtered and the red filtrate was left for slow evaporation. Red
block crystals were collected after 12 h and dried in air. Yield:
25 mg (57% based on btz). Calcd for C36H3,N2,016C05 (found): C,
32.67 (32.69); H, 2.44 (2.46); N, 23.28 (23.25).

2.2.2. Synthesis of [Co(btz)>(H20)4]-6H50 (2)

Complex 2 was synthesized according to a reported study [47].
Co(NO3)2-6H,0 (0.5 mmol, 0.146 g), btz (1.0 mmol, 0.136 g) and
NaOH (1.0 mmol, 0.04 g) were added into 10 mL H,0. The resultant
solution was heated at 160 °C for ten days. The autoclave was then
allowed to cool naturally to room temperature and pale-yellow
crystals were obtained. Yield: 68% (based on Co). Calcd for CgHog-
NsO10Co (found): C, 22.49 (22.46); H, 6.61 (6.63); N, 19.67 (19.68).

2.3. Photocatalytic test

Photocatalytic CO, reduction was carried out in a quartz tube
(total volume of 50.0 mL) sealed with a cap containing metal com-

plex (0.08 pumol of complex 1 or 0.4 pmol of complex 2), [Ru(bpy)s]
Cl; (0.01 mmol), MeCN (5 mL) and TEOA (1 mL). After bubbling CO,
gas for 15 min in dark, the reaction tube was fixed in a water bath
at 20 °C and beamed by a 300 W xenon lamp at 7 > 420 nm under
continuous stirring. The detection of CO was used a GC with a FID
detector and the detection of H, was used a GC with a TCD detec-
tor, together with argon as the carrier gas and reference gas.

The isotopic labelling experiment was carried out under the
same experimental condition except using '3CO, (99% purity,
1 bar) to replace CO, as the carbon source. The CO product was
detected by Agilent 8860GC-5977BMSD gas chromatography-
mass spectrometer (GC-MS), equipped with DB-624 Columns.

3. Results and discussion
3.1. Crystal structure

Complex 1 was synthesized by btz and Co(NO3),-6H,0 in ace-
tone solution. In complex 1, four six-coordinate Co* ions together
with the fifth central one construct a pentanuclear cluster and six
btz ligands linking to five Co®* ions develop a tetrahedral structure
(Fig. 1a). Each vertex Co?* ion, which connects with the other three
Co?" ions via the 1,3-bridge pattern of the btz ligands, is coordi-
nated by the three nitrogen atoms of three btz ligands as well as
two oxygen atoms of the chelating nitrate group; the remaining
position is taken up by a water molecule. The central Co?* ion is
completely coordinated by six nitrogen atoms of six btz ligands.
Complex 1 possesses the advantage of excellent solubility in most
common organic solvents, such as acetonitrile, acetone, methanol
and ethanol. This property makes complex 1 be homogeneous cat-
alysts for CO, reduction. Moreover, the sites of water molecules in
the structure could be possible the centers for CO, adsorption.

3.2. Characterizations

The purity of complex 1 was investigated by powder X-ray
diffraction (PXRD) patterns. The experimental PXRD pattern is
extremely similar to the simulated one, demonstrating the satisfy-
ing purity of complex 1 (Fig. 1b). The UV-vis absorption of complex
1 displays absorption in the visible light region and the maximum
molar absorption coefficient (¢ = 1614 M~! cm™') at 420 nm
(Fig. 1c). XPS survey spectra suggest that there are C, N, O, Co ele-
ments in complex 1 (Fig. 1d). The C 1s spectrum (Fig. S2at) displays
two distinct peaks at 284.7 eV and 288.7 eV. The former peak can
be ascribed to the sp? hybridized C—C bonds in benzoic ring of btz.
The later peak is consistent with the C—NH species on the triazole
of btz. For N 1s (Fig. S2bt), the peak located at 399.6 eV is assigned
to Co—N and the peak located at 400.2 eV is corresponded to
pyrrolic-N. The third peak at 401.3 eV is attributed to the nitrogen
atoms from the triazole structure. The peak at 532.4 eV is ascribed
to an OH group which can be assigned to the absorbed H,O
(Fig. S2ct). The deconvolution of XPS spectrum gives two main
peaks at 796.9 eV and 781.4 eV with concomitant broad satellite
structures (Fig. S2dt), related to Co 2p;,, and Co 2ps),, respectively
[48-50]. Under CO,, the cyclic voltammogram (CV) of [Ru(bpy)s]
Cl, shows three reduction peaks at E; = -1.42, —1.61 and
—1.79 V vs. Fc*[Fc, respectively, all of which are more negative than
that of complex 1 (—1.14 V) (Fig. S31). Therefore, visible-light dri-
ven CO, reduction is thermodynamically feasible with complex 1
as the catalyst and Ru(bpy)sCl, as the photosensitizer [41,51-52].

3.3. Photochemical CO, reduction

CO and H, were detected as the main gas products in the system
containing complex 1, [Ru(bpy)s]Cl, and TEOA. Time-course curve
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Fig. 1. (a) The molecular structure of complex 1. Color code: C, gray; O, red; N, blue; Co, pink. (b) PXRD patterns of simulated and as-synthesized complex 1. (c¢) UV-vis
spectrum of complex 1 in MeCN (0.05 mM) from 200 nm to 800 nm at 25 °C. (d) XPS spectrum of complex 1.

of this system in pure CO, after visible-light irradiation showed
that in the first 10 h, more than 1000 and 300 TONs of H, and
CO were produced, corresponding to 103 and 32 h~! turnover fre-
quency (TOF) (Fig. 2a). Such reactivity outperforms most of com-
plexes based on metal-oxygen clusters under similar condition
[53]. The decrease of catalytic reactivity might be ascribed to the
photo-degradation of [Ru(bpy)s]Cl, [41]. Owing to the different
generation speed of H, and CO within 70 h catalysis, the H,/CO
ratio was changed from ~3:1 to ~1.5:1 (Fig. 2b). In addition, the

H,/CO ratio had close relationship with solvent component
(Fig. 2¢ and S41), the amount of TEOA (Fig. 2d and S51) but was
hardly affected by the amount of catalyst (Fig. S61). The apparent
quantum yields (AQY) at 480 nm for H, and CO are shown in
Table S1+. Control experiment without complex 1 exhibited negli-
gible CO and H, (entry 2, Table 1), which may come from the
decomposed species of [Ru(bpy)s]Cl, and also indicates the impor-
tant role of complex 1 [51,54]. Using Ar to replace CO,, only H, was
detected, implying the generated CO is not from any other organic
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Fig. 2. Time-dependent generation plots of (a) CO and H, (umol and TON), and (b) H»/CO ratio under the CO,-saturated MeCN solution (5 mL) containing complex 1
(0.08 pmol), [Ru(bpy)3]Cl, (0.01 mmol) and TEOA (1 mL) at 20 °C and irradiated by A > 420 nm. (c) Plots of H,/CO generation with the tuning of H,O/MeCN ratio under similar
condition for 70 h reaction. (d) Plots of H,/CO generation with different TEOA amounts under similar condition for 70 h reaction.
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Table 1
The control experiments of complex 1 for visible-driven CO, reduction.

Entry CO [umol] H, [pumol]

H,/CO’ TONps'

1° 79.2 140.6
2° 0.3 26
3¢ n.d. n.d.
44 n.d. n.d.
5¢ n.d. n.d.
6 0.3 0.4
7¢ nd. 62.3
8h 20 42
9j 17.5 424
9 17.5 424
9j 17.5 424

1.8 2748 22
8.7 = 0.3

1.3 7 0.1

- 779 6

2.1 779 6
749.1

24 749 6
749.1

Without complex 1.

Without [Ru(bpy)s3]Cl,.

Without TEOA.

In dark.

Using btz, and Co(NO3),-6H,0 to replace complex 1.

100% Ar.

20% CO, (CO,/Ar = 20/80).

5% CO, (CO,/Ar = 5/95).

The H,/CO ratio: (mol amount of H;)/(mol amount of CO).

— F e - T ® - 0 A A T o

species in this system (entry 7, Table 1). The isotope labelling
experiment using '>CO, was also confirmed the source of CO
(Fig. S7t). When conducting the experiment in dark, no gas product
was generated, suggesting the reaction is photo-induced (entry 3
and 5, Table 1). In the absence of TEOA, no product was recorded,
declaring TEOA is the important proton source and electron donors
(entry 4, Table 1).

Directly performing the conversion under low CO, content
without concentration from gas mixtures, such as flue gas from
coal-fired power stations (5-20% CO,), is significant from the
energy-saving viewpoint [7,8]. The reductive reactivity of complex
1 toward diluted CO, was investigated. In CO, content of 20%, the
TONs of H, and CO was 525 and 254, corresponding to 8 and 4 h™!
TOF (entry 8, Table 1, Fig. 3a). Compared with the yield in pure CO,,
this reactivity only declined 2.5 fold. More significantly, in extre-
mely low content of 5%, the catalytic activity is nearly the same
as that in the concentration of 20% (entry 9, Table 1 and Fig. 3b).
The attractive performance of complex 1 may result from its
multi-potential CO, adsorption sites. This reactivity of complex 1
in 5% CO, outperforms most of reported homogeneous systems
in similar condition (Table S2t). In order to demonstrate the cat-
alytic persistence of catalyst, recycling experiments were per-
formed. Owing to the instability of [Ru(bpy)s;]Cl,, during the
recycle, equal amount of Ru" complex was added. The nearly

Reaction conditions: [Ru(bpy)3]Cl, (0.01 mmol), complex 1 (0.08 umol), MeCN (5 mL), TEOA (1 mL), CO, (1 atm), 2 > 420 nm, 20 °C, 70 h.

Turnover number based on amount of catalyst: (mol amount of CO and H,)/(mol amount of complex 1).
Turnover number based on amount of photosensitizer: (mol amount of CO and H,)/(mol amount of [Ru(bpy)s]Cl5).
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Fig. 4. Generation of CO and H, for complex 1 with 4 cycles under the CO,-
saturated MeCN solution (5 mL) containing complex 1 (0.08 pumol), [Ru(bpy)s]Cl,
(0.01 mmol) and TEOA (1 mL) at 20 °C and irradiated by /4 > 420 nm.

200 h (Fig. 4), illustrates the super stability of complex 1. Such
durability is hard to

achieve by reported metal complexes (Table S31). To get a clear
understanding of the reason about the high activity and stability of
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Fig. 3. Time-dependent generation plots of CO and H, (imol and TON) under the CO,-saturated MeCN solution (5 mL) containing complex 1 (0.08 pmol), [Ru(bpy);]Cl,
(0.01 mmol) and TEOA (1 mL) at 20 °C and irradiated by 4 > 420 nm with (a) 20% CO, and 80% Ar, (b) 5% CO, and 95% Ar.
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this complex, control experiment was performed using a mononu-
clear isostructural Co-based complex, [Co(btz),(H,0)4]:6H,0 (2), to
replace complex 1. In complex 2, the only central Co®" ion is six-
coordinated by two nitrogen atoms of two disparate btz ligands
and four oxygen atoms of four water molecules, constructing a
bit distorted octahedral structure (Fig. S81). Under similar catalytic
condition in pure CO,, except the dosage, the photocatalytic effi-
ciency of complex 2 was rather lower than that of complex 1, with
total TONSs just of 9 (Fig. S91). Moreover, complex 2 could only be
active within 10 h (Fig.S10t), even with the addition of fresh [Ru
(bpy)s]Cl,, the reduction activity still cannot recover. We conjec-
ture the super stability of complex 1 may root in the fastened
structure of five Co®" ions linking to btz ligands, whereas the
enhanced reactivity may be relative to multiple catalytic sites.

3.4. Mechanism investigation

DFT calculations are perfermed to illuminate the mechanism.
Following the generally accepted viewpoint, CO generation princi-

pally occurs during the carboxyl process in the following steps: (i)
the activation of CO, (CO, + H + e~ — COOH*); (ii) the cleavage of

—OH (COOH* + H* + e~ - CO* + H,0) and (iii) the desorption of CO
(CO* — CO) [55-57], where * stands for the related adsorption
state on the catalyst, the catalytic route and energy barrier were
studied by DFT calculations (Fig. 5). To simulate a photo-catalysis
process, the catalyst models are firstly negatively charged with
one electron. For complex 1, the reduced Co centers do not incline
to form Co-C bond with CO, with adsorption energy of —0.50 eV
(Fig. 5a). The first proton-coupled electron transfer (PCET) that
forming COOH*, which consumes energy of 0.40 eV, serves as the
potential determining step for the whole CO, reduction reaction
process. The second protonation process requires a slight energy
barrier of 0.08 eV, leading to CO and H,0. For complex 2, the plan-
ner structure in a neutral state can be largely distorted by an elec-

tron injection, two coordinated water molecules deviate from the
Co center in the meantime (Fig. 5b and c), indicating the
instability of complex 2 during photocatalytic reactions. With a
decreased coordination number, the reduced Co center with large
spin density (Fig. S121) attract CO, molecule effectively forming a
carbonate-bridged structure. The strong interaction between Co
and CO, induces an energy decrease for the first protonation step,
while the second protonation process with energy barrier of
0.27 eV turns into the potential determining step (Fig. S131). In
addition, the competitive reaction, i.e. H, production, readily
occurs for both complex 1 and 2 with free energy of 0.28 eV and
0.17 eV, respectively (Fig. S147).
The universality of the preponderance in stability and activity of
multinuclear complex is further extended to Ni(Il) complex
(Fig. S15at). TONs of H, and CO are up to 1195 and 629 with [Nis(-
btz)s(NO3)4(H20)4] (3) as catalyst within 70 h visible-light irradia-
tion (Fig. S17at), corresponding to 17 and 9 h~! TOF. The ratio of
H,/CO could be tuned from ~2.5:1 to ~1.9:1 via regulating the reac-
tion time (Fig. S17bt). Control experiments, including without cat-
alyst, [Ru(bpy)s3]Cl, or CO,, light irradiation, demonstrated that the
produced CO originated from CO, reduction (Table S4+). Recycling
experiments demonstrated the catalytic activity could be main-
tained up to four cycles of 200 h (Fig. S201). Whereas the yield of
the mononuclear Ni** complex, [Ni(btz),(H>0)4]-6H,0 (4) is just
5 TONSs keeping only dozens of hours, which support the structural
advantages of multinuclear transition-metal complexes as cata-

lysts for CO, photo-reduction (Fig. S21t).

)08
(a) - ) :Cﬂ)
= &
E 0.4 -
5 15 ‘s { 087eVv
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K *CO
0.50 eV?, / 040eV ° o
-04 -1 \“‘*co /' Q%‘;f

4. Conclusions

In summary, a strategy of constructing multinuclear transition-
metal complex to promote the durability and activity in CO, reduc-
tion is put forward. Compared with the stability and reactivity of
the mononuclear cobalt complex (2), those of multinuclear com-
plex (1) shows 1 and 2 orders of magnitude improvement in pure
CO,. The yield of syngas generation achieved by complex 1 is up to
~219.8 pmol (~2748 TONs) with wide adjustability of H,/CO ratio

from 16:1 to 2:1. This reactivity could be maintained more than
200 h, outperforming the stability of most reported homogeneous
molecular catalysts. High reactivity is also achieved in diluted CO,
with 20% and 5% content, both up to ~60 pmol. Structural analysis
and DFT studies support that multinuclear structure and the low
energy barrier for photocatalytic intermediate may account for
the durable and efficient performance of complex 1. Moreover, this
strategy is also adopted to nickel complex. This work sheds light on
the rational construction of high efficient homogeneous metal
complexes catalysts for robust solar-driven CO, conversion

performances.
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