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The reaction kinetics of photocatalytic CO, reduction is highly dependent on the
transfer rate of electrons and protons to the CO, molecules adsorbed on catalytic centers.
Studies on uncovering the proton effect in catalysts on photocatalytic activity of CO,
reduction are significant but rarely reported. In this paper, we, from the molecular
level, revealed that the photocatalytic activity of CO, reduction is closely related to the
proton availability in catalysts. Specifically, four dinuclear Co(II) complexes based on
Robson-type ligands with different number of carboxylic groups (-2COOH; 7 = 0, 2,
4, 6) were designed and synthesized. All these complexes show photocatalytic activity
for CO, reduction to CO in a water-containing system upon visible-light illumination.
Interestingly, the CO yields increase positively with the increase of the carboxylic-group
number in dinuclear Co(II) complexes. The one containing —~6COOH shows the best
photocatalytic activity for CO, reduction to CO, with the TON value reaching as high
as 10,294. The value is 1.8, 3.4, and 7.8 times higher than those containing —4COOH,
—2COOH, and ~-0COOH, respectively. The high TON value also makes the dinuclear
Co(II) complex with -6COOH outstanding among reported homogeneous molecular
catalysts for photocatalytic CO, reduction. Control experiments and density functional
theory calculation indicated that more carboxylic groups in the catalyst endow the
catalyst with more proton relays, thus accelerating the proton transfer and boosting
the photocatalytic CO, reduction. This study, at a molecular level, elucidates that more
carboxylic groups in catalysts are beneficial for boosting the reaction kinetics of pho-
tocatalytic CO, reduction.

dinuclear metal complexes | photocatalytic CO, reduction | homogeneous molecular catalyst |
synergistic catalysis | proton effect

The overexploitation and utilization of fossil fuels have led to increasing severe energy
crisis and climate problems (1-3). The development of catalysts that can efliciently reduce
CO, to high-value-added carbon-based products is a good mean to solve the above two
problems (4-9). It has been reported that the CO, reduction reaction undergoing a
proton-coupled electron transfer (PCET) process is relatively favorable in thermodynamics
(10-12). Thus, the reaction kinetics of CO, reduction is highly dependent on the transfer
rate of protons and electrons to the CO, molecule adsorbed on catalytic centers (13-17).
The first step in the CO, reduction reaction is one electron transfer from the metal center
to CO,, forming an intermediate of *CO,” anion species (18-21). Thermodynamically,
the formation of *CO),” intermediate is unfavorable as the redox potential for this process
is very negative (22, 23); however, the potential can be significantly decreased if the *CO,”
absorbed on metal center is quickly protonated and further stabilized by the help of
supramolecular interactions (24-29). It has been found that tetraalkylammonium salts
and imidazolium-based ionic liquids could play such roles in electrocatalytic CO, reduc-
tion, where the imidazolium cations could serve as proton sources for the CO, reduction
(30-36). These results demonstrate that local proton around the metal center is significant
for CO, reduction. However, systematic studies on the effect of proton availability on
CO, reduction rates are scarce (37, 38). Especially, the studies on the effect of proton
concentration in catalysts on the photocatalytic activity of CO, reduction are scarcer.
Metal complexes, as a type of homogeneous molecular catalysts with well-defined crystal
structures, have provided a good platform for studying CO, reduction process (39-41).
Accessible modification to the structures of metal complexes facilitates to reveal the activ-
ity—structure relationship and catalytic mechanism. Among metal complexes, dinuclear
metal complexes with suitable metal---metal separations and spatial structures could greatly
boost the CO, reduction to CO by synergistic catalysis (42—44). Based on the above
consideration, we try to unveil the role of protons in the molecular catalyst by using
dinuclear metal complexes as models. Specifically, we designed and synthesized four dinu-
clear Co(II) complexes based on Robson-type ligands with different number of carboxylic
groups (-2COOH; =0, 2, 4, 6; Fig. 1). We found that all these complexes showed good
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Significance

Photochemical CO, reduction is a
meaningful topic for treating the
forthcoming issues of energy
depletion and global warming,
while the reaction kinetics is
sluggish. Thermodynamically, it is
difficult to directly convert CO, to
CO, "~ with one electron transfer,
as this process requires a very
negative redox potential (-1.90 V
vs. NHE). A relatively
thermodynamically favorable
route is to reduce CO, by a
proton-assisted multielectron
transfer process, which allows
CO, to be reduced at relatively
positive redox potentials. In this
case, the reaction kinetics of CO,
reduction is highly dependent on
the transfer rate of protons and
electrons. However, studies on
the effect of proton availability in
catalysts on the activity for CO,
reduction are scarce.
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Fig. 1. Chemical structures of Co,-0COOH, Co,-2COOH, Co,-4COOH, and Co,-6COOH.

photocatalytic activity for CO, reduction to CO in a water-
containing system upon visible-light illumination, with high
TON/TOF values and selectivity. More impressively, the CO
yields increase positively with the increase of the number of car-
boxylic groups in the dinuclear Co(II) complexes under the same
conditions. The dinuclear Co(II) complex containing —-6COOH
(Co,-6COOH) shows the best photocatalytic activity for CO,
reduction, 1.8, 3.4, and 7.8 times higher than those containing
—4COOH (Co,-4COOH), —2COOH (Co,-2COOH), and
—0COOH (Co,-0COOH), respectively. This study, from the
molecular level, elucidates that the proton availability in catalysts
is very important in boosting the reaction kinetics of photocata-
lytic CO, reduction.

Results

Synthesis, Structures, and Characterization. All these dinuclear
Co(Il) complexes were synthesized in solvothermal conditions,
where the ligands were in situ formed (see Materials and
Methods; Fig. 1 and SI Appendix, Figs. S1 and S2). ESI-TOF-MS
measurements suggested that all these dinuclear Co(II) complexes
are stable in CH;CN solution. All of them exist in dinuclear species
(SI Appendix, Flgs §3-S6). X-ray photoelectron spectroscopic
(XPS) measurements show that the binding energies for Co 2p,,,
and Co 2p;, appear at about 797.5 and 782.0 eV respectively,
indicating that the valence of cobalt in the four complexes is +2
(SI Appendix, Figs. S7 and S8). Besides, UV-Vis spectra show that
there is no change for all these dinuclear Co(Il) complexes after
illumination for 10 h (S/ Appendix, Figs. S9-S12), indicating that
these complexes are stable under light illumination. These features
are important for exploration of their photocatalytic performance
for CO, reduction.

Photocatalytic CO, Reduction. The photocatalytic CO, reduction
experiments were conducted in 5 mL CH;CN/H,O solution (v/v
=3:2) under the illumination ofa Xe lamp (A > 420 nm) The dinuclear
Co(II) complexes, [Ru(phen);](PF),, 1,2,3-trimethylbenzimidazoline
(BIH) and triethanolamine (TEOA) served as the catalysts,
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photosensitizer, and sacrificial reductant, respectively (S Appendix).
The possibly produced gas products in the reaction systems were
detected and quantified by gas chromatogra[l)hy, and the liquid
products were analyzed and quantified by 'H NMR and ion
chromatograph. The pH value of the photocatalytic system is about
8.0, indicating that most of the -COOH groups in the catalysts are
not deprotonated. The results in Fig. 24 show thatall these dinuclear
Co(II) complexes possess photocatalytic activity for CO, reduction,
producing a large amount of CO and a trace amount of H,. More
impressively, with the increase of the number of -COOH groups
in the dinuclear Co(II) complexes, the amount of CO generated
markedly increases, assuming a linear increase trend (Fig. 2B).
For Co,-6COOH with six —-COOH groups around the dinuclear
Co(Il) center, the generated CO reaches as high as 51.47 pmol,

with CO selectivity of 99.0%. The correspondmg TON and TOF
values for CO are 10,294 and 0.29 5™, respectively (SI Appendix,
Table S1, entry 4). These values are 7.8-fold, 3.4-fold, and 1.8-
fold higher than those of Co,-0COOH (1,316), Co,-2COOH
(2,989), and Co,-4COOH (5,687) under the same conditions
(Fig. 24 and SI Appendix, Table S1, entry 1 to 3). These results clearly
demonstrate that the photocatalytic activity of the dinuclear Co(II)
complexes is closely related to the number of ~-COOH groups in
the dinuclear complexes. This conclusion was further confirmed by
control experiments by using low concentration of CO, instead of
pure CO,. As shown in ST Appendix, Table S2, when using CO, and
Ar mixed gas (v/v = 10/90) to simulate the flue gas (5 to 15% CO,),
the photocatalytic activity of these complexes also enhances with the
increase of the number of ~-COOH groups. Co,-0COOH without
the -COOH group almost shows inactivity for the reduction of CO,
to CO, while Co,-6COOH with six -COOH groups could still
exhibit high activity for photocatalytic CO, reduction, witha TON
value of 120. These results further illustrate the important role of
—COOH groups in the catalysts for photocatalytic CO, reduction.
They may not only serve as proton relays, but also contribute to
the CO, capture and intermediate stability, which could increase
the local CO, concentration around the dinuclear Co(Il) catalytic
center, and benefit to the CO,-to-CO conversion. To well show
the activity of these complexes in photocatalytic CO, reduction,

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2318384121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318384121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318384121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318384121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318384121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318384121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318384121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318384121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318384121#supplementary-materials

Downloaded from https://www.pnas.org by 111.160.70.207 on December 8, 2024 from |P address 111.160.70.207.

0 Teaco 12000 € 60/ C0,-0C00H-CO —— Co,-2CO0H-CO
= EaH . - . - K K
50" | 10000 504 = |~ Coy0COOHH, —o= Co,2C00HH,
1S 5 Y =14.82X + 3.13 g 50 {—— Co0,-4COOH-CO
40/ 18000 E 40| R?=0.95 S | Co,4COOHH,
° a3 © 407—— Co,-6COOH-CO
301 16000 = E 30+ ;N 30 ] Co,6COOH-H,
I
2 201 L4000 § 201 2 2.
(@) Q
8 104 L2000 10 © 10+
00 0. H_| N o
OCOOH 2COOH 4COOH  B6COOH 0COOH 2COOH 4COOH  6COOH 0 2 4 & 8 10
t/h
60
150 £ co
= S
g 1204 m/z =29 E
e =
5 = 3 404
2 904 & °
> g > .30
T b T
z % 5 220
j ) c 4
: e .
o 30 8 104
0dfomo oo oo T T oL 0
0 5 10 15 20 25 30 35 10 15 20 25 30 35 (O BRSPS - S e 1
0 AT (P of (@O O
t/h m/z I T e

Fig. 2. (A) The amounts of products generated from the photocatalytic CO, reduction by Co,-0COOH, Co,-2COOH, Co,-4COOH, and Co,-6COOH. Conditions:
dinuclear Co(ll) complexes (1.0 pM), Ru(phen);(PF), (0.4 mM), BIH (0.025 M) and TEOA (0.3 M), CO,-saturated CH5;CN/H,0 solution (5 mL, v/v = 3/2), Xe lamp (A >
420 nm, 300 W, irradiation area, 0.8 cm?), 10 h, 25 °C. (B) Linear relationship between CO yield of four catalysts and the number of COOH groups in the catalysts.
(C) Time-dependent CO and H, evolution in photocatalytic CO, reduction by 1.0 pM Co,-0COOH, Co,-2COOH, Co,-4COOH, and Co,-6COOH. (D) Durability tests
for Co,-6COOH, where the nearly completed photocatalytic CO, reduction system was resumed by adding equal amounts of BIH (28 mg). (E) Mass spectrum
of the gas generated from photocatalytic *CO, reduction by Co,-6COOH. (F) The results of photocatalytic reduction of CO, to CO by dinuclear Co(ll) complexes

with different substitutes under the same conditions.

their apparent quantum efficiencies (AQE) were measured with a
LED light (450 nm, 100 mW cm ) at 25 °C for 10 h (S Appendix,
Table §3). The AQE of Co,-6COOH reaches as high as 0.89%,
much higher than those of Co,-0COOH (0.06%), Co,-2COOH
(0.14%), and Co,-4COOH (0.48%). Moreover, the high AQE of
Co,-6COOH is comparable to those of reported state-of-the-art
homogeneous catalysts in photocatalytic CO, reduction (45-47).

The time-dependent CO generation was investigated for these
complexes. As shown in Fig. 2C, the CO yields increase with the
time. Especially for Co,-6COOH, the CO yields sharply and
linearly increase within 6 h, then followed by a slow increase until
to 10 h. Considering that these complexes are stable under light
illumination (S/ Appendix, Figs. S9-S12), and there was a large
amount of [Ru(phen);] (PF), in the photocatalytic system, as well
as limited photodegradation of [Ru(phen);](PF), during the pho-
tocatalytic CO, reduction process (S Appendix, Fig. S13), we
speculated that the gradual inactivation of the system might be
related to the consumption of the sacrificial agent of BIH. To
confirm this speculation, consecutive photocatalytic experiments
of CO, reduction to CO were performed by adding an equal
amount of BIH to the nearly completed catalytic system (10 h).
The result shows that the addition of BIH can reactivate the
CO,-t0-CO conversion reaction nearly ceased (Fig. 2D). These
observations conversely demonstrated that Co,-6COOH possesses
good stability and could serve as a stable homogenous catalyst for
photochemical CO, reduction to CO.

A series of control experiments were performed to further
demonstrate the photocatalytic CO, reduction by Co,-6COOH.
As shown in ST Appendix, Table S4, the results show that there is
no CO generated in the absence of Co,-6COOH, [Ru(phen);]
(PF¢),, BIH, and light illumination, indicating that all these
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factors are indispensable for the photocatalytic CO, reduction to
CO. Furthermore, when using Ar or N, instead of CO,, there is
also no CO generated, which illustrates that the generated CO
originates from the CO, reduction. To further confirm this con-
clusion, the *CO, was used instead of CO,. The result clearly
exhibits that the generated gas in the photocatalytic system was
CO (Fig. 2F). The isotope trace experiment directly evidenced
that the generated CO originates from the reduction of CO,.

Performance and Structure Relationship. It is interesting to
find that the above dinuclear Co(II) complexes with the same
catalytic centers but show different photocatalytic activity for
CO, reduction. The only difference of these dinuclear Co(II)
complexes is the number of -COOH groups. The result illustrates
that the -COOH groups in the dinuclear Co(II) complexes play
an important role in photocatalytic CO, reduction. Combining
with the thermodynamically favorable PCET process in CO,
reduction, the role of -COOH in these dinuclear Co(II)
complexes could be to provide protons to the CO, adsorbed in
the Co(Il) catalytic center. The intramolecular proton transfer
will facilitate the fast proton transfer, thus more ~-COOH
groups around the dinuclear Co(I) center, higher activity of the
corresponding dinuclear Co(Il) complex in the photocatalytic
CO, reduction. To evidence this conclusion, we performed two
control experiments. One is that we tested the photocatalytic
activity of Co,-0COOH at different pH values. The results
show that by lowering the pH value of the catalytic system,
the photocatalytic activity of Co,-0COOH was not enhanced
(SI Appendix, Table S5), which indicates that increasing the
proton concentration in the catalytic system could not improve
the photocatalytic activity. This conclusion in turn highlights
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the important role of -COOH in dinuclear Co(II) catalysts
in enhancing the photocatalytic activity. The other is that we
designed and synthesized Co,-2COOCH; and Co,-4COOCH,
(ST Appendix, Figs. S14-S23), and tested their photocatalytic
activity for CO, reduction, respectively. The result shows that the
photocatalytic activity of Co,-2COOCH; and Co,-4COOCH,
are much lower than those of Co,-2COOH, and Co,-4COOH,
respectively (S Appendix, Table S6), which further highlights the
role of -COOH groups in the dinuclear cobalt(I) complexes
for photocatalytic CO, reduction.

In order to study the effect of substituent groups in the aro-
matic ring on the photocatalytic activity for CO, reduction,
another four dinuclear Co(Il) complexes with —2C(CHj);,
—20H, -2Br, and —2NO, were designed and synthesized
(SI Appendix, Figs. S24-S28). The results of the photocatalytic
CO, reduction experiments demonstrate that Co,-20H shows
similar photocatalytic activity to Co,-2COOH for CO, reduc-
tion, while the other three complexes exhibit obviously lower
activity than Co,-2COOH (Fig. 2F and SI Appendix, Table S7).
These observations highlight the role of proton-containing sub-
stitutes such as —COOH and ~OH on the photocatalytic activity,
and indirectly illustrate that the different photocatalytic activity
0f Co,-0COOH, Co,-2COOH, Co,-4COOH, and Co,-6COOH
should be ascribed to their different number of ~-COOH groups
around the dinuclear Co(II) centers.

Considering the energy levels may have influence on the pho-
tocatalytic activity of these dinuclear Co(II) complexes, their
energy levels were determined based on the UV-Vis spectra
(SI Appendix, Fig. S29). By the Tauc plots method, the LUMO-
HOMO gaps of Co,-0COOH, Co,-2COOH, Co,-4COOH,
and Co,-6COOH were calculated to be 4.21, 5.14, 4.15, and
3.83 eV, respectively (SI Appendix, Fig. $30). By Mott-Schottky
measurements, the flat band potentials (V) of Co,-0COOH,
Co0,-2COOH, Co,-4COOH, and Co,-6COOH were deter-
mined to be -0.90, -1.02, -1.12, and -1.00 V (vs. NHE), respec-
tively. Thus, the energy levels of LUMO for Co,-0COOH,
Co0,-2COOH, Co,-4COOH, and Co,-6COOH are -0.70,
-0.82,-0.92, and -0.80 V (vs. NHE), respectively (SI Appendix,
Fig. S31). Based on these LUMO energy levels and LUMO-
HOMO gaps, the energy levels of HOMO for Co,-0COOH,
Co,-2COOH, Co,-4COOH, and Co,-6COOH were calculated
to be +3.51, +4.32, +3.23, and +3.03 V (vs. NHE), respectively.
Thus, the corresponding energy level structure diagrams for
Co,-0COOH, Co,-2COOH, Co,-4COOH, and Co,-6COOH
can be schemed (87 Appendix, Fig. S31). Obviously, the LUMO
levels of all these dinuclear Co(II) complexes are more negative
than the redox potential of CO, to CO (-0.53 V vs. NHE),
indicating that thermodynamically, all of them could serve as cat-
alysts to reduce CO, to CO. However, the large LUMO-HOMO
gaps of these dinuclear Co(II) complexes induce them to show no
response to visible light (The wavelength of light used is >420
nm). As a result, the photosensitizer of [Ru(phen),](PFy), is indis-
pensable to drive the CO, reduction. Thus, the slightly different
energy levels may have limited influence on their photocatalytic
activity, which further evidences that the different photocatalytic
activity of Co,-#COOQOH should be ascribed to the different num-
ber of -COOH groups in Co,-#COOH.

Electrochemical Properties. To better understand the effect
of -COOH on the photocatalytic activity, the electrochemical
properties of Co,-0COOH, Co,-2COOH, Co,-4COOH, and
Co,-6COOH were studied by cyclic voltammetry (CV) using
a platinum wire as the counterelectrode, a glassy carbon as the
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working electrode, and an Ag/AgNO; (0.1 M) electrode as the
reference electrode (87 Appendix). As shown in Fig. 34, under Ar,
Co,-0COOH, Co,-2COOH, Co,-4COOH, and Co,-6COOH
present Co(II/) redox peaks at -1.17, -1.18, -0.97, and -0.85
V vs NHE, respectively. These observations show that with the
increase of ~-COOH groups in the dinuclear Co(II) complexes,
the positions of the Co(Il/I) reduction waves underwent a
positive shift, which indicates the increasingly easier Co(II/I)
reduction. The easier reduction of Co(II) to Co(I) could endow
the catalysts with higher activity for CO, reduction. In addition,
the positive shift of the reductive potential facilitates the CO,
reduction to CO via a concerted proton-coupled electron transfer
(PCET) process involving a protonation of the [COzz'] to form a
[COOH] intermediate, which lowers the reaction energy barrier
and expedites the cleavage of the C~-OH bond in the [COOH]
intermediate to produce CO. The electrochemical result well
supports the experimental one that Co,-6COOH possesses the
highest photocatalytic activity for CO, reduction among the four
tested Co,-2COOH complexes.

It is well known that redox potential of a metal center is closely
related to the electron structure of the metal center. To illustrate
the effect of electron structure of Co(Il) on the catalytic activity
for CO, reduction, the XPS and CV of Co,-2C(CHy;);, Co,-20H,
Co,-2Br, and Co,-2NO, mentioned above were measured. The
results show that the Co(Il) in these complexes exhibit slightly
different electron structures (S Appendix, Figs. S32 and S33).
Combined with the above-mentioned catalytic activity that
Co,-20H shows similar photocatalytic activity to Co,-2COOH,
while the other three complexes exhibit obviously lower activity
than Co,-2COOH (Fig. 2F and SI Appendix, Table S7), it clearly
indicates that the slightly different electron structures have limited
influence on photocatalytic activity, while the proton-containing
substitutes such as -COOH and —~OH have important effect on
the photocatalytic activity. These observations also indirectly illus-
trate that the different photocatalytic activity of Co,-»COOH
should be mainly ascribed to the different number of -COOH
groups in Co,-2COOH. The conclusion was further confirmed
by the different photocatalytic activity between Co,-2COOCH,
and Co,-2COOH, as well as between Co,-4COOCH; and
Co,-4COOH, as mentioned above. As the Co(I) electron struc-
tures in Co0,-2COOCH; and Co,-2COOH are similar
(SI Appendix, Figs. S34 and S35), and those in Co,-4COOCH;
and Co,-4COOH are also similar (S/ Appendix, Figs. S34 and
S$36), the different catalytic activity between Co,-2COOCH; and
Co0,-2COOH, as well as that between Co,-4COOCH; and
Co,-4COOH can be mainly ascribed to the -COOH groups in
the dinuclear cobalt(II) catalysts.

Electron Transfer Channel. The electron transfer between
[Ru(phen)3]2+ and Co,-6COOH/BIH during the process of
photocatalytic CO, reduction was illustrated by fluorescent titration.
As shown in SI Appendix, Fig. S37, the maximum fluorescence
emission peak of [Ru(phen)3]2+* locates at 594 nm, which was
obviously quenched along with the increased concentrations of
BIH from 0 to 0.4 mM. In addition, the fluorescent intensity of
[Ru(phen)3]2+* was also slightly decreased with the addition of
TEOA (81 Appendix, Fig. $38). However, negligible fluorescence
change was observed by addition of different concentrations of
Co,-6COOH (87 Appendix, Fig. S39). These observations suggest
that the excited [Ru(phen) 3]2+* is quenched by a reductive pathway.
That is, the excited [Ru(phen)3]2+* upon illumination is first
quenched by BIH and TEOA. Then, the resulted [Ru(phen),]*
transfers an electron to Co(II) of Co,-6COOH to generate Co(I),
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Fig. 3. (A) Cyclic voltammograms of Co,-0COOH, Co,-2COOH, Co,-4COOH, and Co,-6COOH in a 0.1 M Buy,NPF; CH3CN/H,O (v/v = 3:2) under an Ar atmosphere
using glassy carbon electrode at a scan rate of 100 mV-s™". (B) Catalytic cycle of dinuclear Co(ll) complexes for the visible-light-driven CO, reduction to CO.
(C) ESR spectra of Co species in Co,-6COOH under different conditions. (D) DRIFTS spectra of Co,-6COOH for the visible-light-driven CO, reduction.

which further reduces CO, to CO. Based on the above result, the
catalytic cycle of Co,-6COOH for photocatalytic CO, reduction
to CO could be deduced (Fig. 3B).

To further confirm the electron transfer process during the
photocatalytic CO, reduction by Co,-nCOOH, electron spin
resonance (ESR) measurements were conducted. As shown in
Fig. 3C, in the presence of [Ru(phen);](PF,), and BIH/TEOA,
Co,-6COOH in dark shows a ESR signal at g = 2.20, which can
be assigned to the Co(II). Upon light illumination, the intensity
of ESR signal displays an evident decrease, which indicates that
the electrons transfer from [Ru(phen);]” to Co(Il), leading to part
of Co(II) converting to Co(I). When CO, is introduced into the
system, the intensity of the ESR signal slightly increases, clearly
disclosing that the electron is injected from the Co(I) site to the
adsorbed CO,, leading to part of Co(I) converting to Co(Il). A
similar change was observed in the ESR signals of Co(I) in
Co,-0COOH, Co,-2COOH, and Co,-4COOH (8] Appendix,
Figs. $40-542). These observations also illustrate that the electron
first transfers from [Ru(phen);]” to the Co(II) to form Co(I), and
then, the Co(I) transfers the electron to the adsorbed *CO,,
through which the CO, molecule is reduced. This result is fully
consistent with that of the fluorescent titration.

Catalysis Mechanism. The surface species evolved during the
photocatalytic CO, reduction over Co,-6COOH were monitored
by diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS), to reveal the catalytic pathway and mechanism

PNAS 2024 Vol.121 No.20 e2318384121

(81 Appendix). As shown in Fig. 3D, new absorption peaks appear
and their intensities gradually increase with the illumination time
from 0 to 30 min. Particularly, two peaks at 1,636 and 2,077 cm ™,
corresponding to the featured DRIFTS signals of *COOH and
*CO intermediates appear and gradually increase (Fig. 3D). Both
species are regarded as two key intermediates in reduction of CO,
to CO. The result of the DRIFTS well deciphers the reaction
process of photocatalytic CO, reduction to CO.

We further conducted density functional theory (DFT) calcu-
lations to reveal the reaction pathway and mechanism of CO,
reduction by the dinuclear Co(II) complexes. Well-known that
the reduction of CO, to CO undergoes the reaction equation of
CO, +2¢ + 2H" — CO + H,O, where the bottleneck, determin-
ing the overall catalytic rate, is considered as either i) the CO,
binding to the catalytic center to afford a bent [CO,”] interme-
diate, or ii) the C-O cleavage of [O—C-OH] intermediate to
produce CO and H,O (87 Appendix, Fig. S43). If we consider the
proton transfer process to explore the entire process of CO, reduc-
tion to CO, the proton transfer may also be the bottleneck. As
the sacrificial reagent BIH can provide protons for CO, reduction
(44, 48-51), BIH was tentatively selected as the proton source for
the CO, reduction reaction. Based on these points, two reaction
pathways for CO, reduction were proposed for Co,-6COOH.
One is intramolecular proton transfer, that is, the protons required
in CO, reduction come from the —COOH groups in Co,-6COOH
(81 Appendix, Fig. S44). The other is intermolecular proton trans-
fer, that is, the protons required in CO, reduction are from BIH"
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in solution (S7 Appendix, Fig. $45). For pathway 1, the -COOH
group transfers the first proton to [CO,] intermediate through
two H,O-molecule bridges to generate [O—C—~OH] intermediate
(1d — TS1-2 — 1e), with a reaction energy barrier (AG”) of 8.09
kcal/mol. Then, the BIH" in solution transfers a proton to the —
COO™ and -COOH group is restored (1f = TS1-3 — 1g), with
the reaction energy barrier of 5.63 kcal/mol. Subsequently, the
cleavage of the C-O bond in [O—C-OH] intermediate occurs,
generating—OH and CO (1h — TS1-4 — 1i), where the reaction
energy barrier is 6.4 kcal/mol. Finally, the -COOH group trans-
fers the second proton to the -OH adsorbed on the Co(II) cata-
lytic center to form a coordinated aqua molecule and Co,-6COOH
returns to the initial state. For pathway 2, it is easy for BIH" in
solution to transfer the first proton to [COzzf] intermediate to
generate [O-C-OH] intermediate (2d — TS2-2 — 2e), as the
reaction energy barrier is only 4.86 kcal/mol. However, it is diffi-
cult for BIH" to transfer the second proton to the [O-C-OH] to
produce CO and H,O (2f — TS2-3 — 2g), as the reaction energy
barrier is as high as 16.99 kcal/mol.

Obviously, for pathway 1, the rate-determining step of CO,
reduction to CO is the intramolecular proton transfer from the
—COOH group to the [COZZ’] intermediate (AG™ = 8.09 kcal/
mol), and for pathway 2, the rate-determining step is the inter-
molecular proton transfer from BIH" to the [O-C-OH] inter-
mediate (AG™ = 16.99 kcal/mol). Based on these calculation
results, it is reasonably concluded that the intramolecular proton
transfer pathway is thermodynamically favorable for the CO,
reduction to CO, which highlights the important role of -COOH
groups in Co,-6COOH for CO, reduction. The result well sup-
ports the experimental results that more -COOH groups in the
dinuclear Co(II) catalysts is beneficial for boosting the reaction
kinetics of photocatalytic CO, reduction to CO.

Discussion

In this paper, we have uncovered the effect of proton concentration
in catalysts on the photocatalytic activity for reduction of CO, to
CO. This conclusion was elucidated by four dinuclear Co(II)
complexes based on Robson-type ligands with different number
of carboxylic groups. It was found that all these complexes show
photocatalytic activity for CO, reduction to CO, while the CO
yields increase positively with the increase of the number of car-
boxylic groups in the dinuclear Co(II) complexes under the same
conditions. The dinuclear Co(II) complex containing six carbox-
ylic groups shows the best photocatalytic activity, 1.8, 3.4, and
7.8 times higher than those containing four, two, and zero car-
boxylic groups, respectively. Systematic studies demonstrate that
more carboxylic groups in the catalysts will accelerate the catalytic
reaction kinetics, thus boosting the photocatalytic activity in CO,
reduction to CO.

Materials and Methods

All the chemicals were commercially available and used without further purification.
NMR data were collected on an AVANCE Il HD 400MHz Digital NMR Spectrometer.
Elemental analysis measurements (C, H, N) were carried out on a Vario EL Cube ele-
mental analyzer. ESI-MS spectra were obtained using a Thermo Finnigan LCQ DECA
XP ion trap mass spectrometer. Fourier transform IR (FT-IR) spectra were recorded
on a PerkinElmer Frontier (400 to 4,000 cm ™). X-ray photoelectron spectra (XPS)
were recorded on an X-ray spectrometer (ESCALAB 250 Xi spectrometer, Thermo
Scientific) with Al Kot as the excitation source. The UV-vis absorption spectra were
acquired on a UV-vis spectrophotometer (Lambda 750 UV/VIS/NIR, Perkin Elmer).
The electron paramagnetic resonance (EPR) spectroscopy was operated on an EPR
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spectrometer (EXMplus6-1, Bruker). The product in gaseous phase of the reaction
system was analyzed by gas chromatography (GC-2014+ATF, 230C, Shimadzu)
equipped with two automated gas sampling valves, which contain a thermal con-
ductivity detector (TCD) and a flame ionization detector (FID). The product in liquid
phase of the reaction system was analyzed by an ion chromatograph (DX-600,
Dionex). Photoluminescence (PL) spectra were screened on a fluorescence spec-
trophotometer (F-7000, Hitachi). The spectroscopy of diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) was obtained on Nicolet iS50 FT-IR appa-
ratus with in situ pool (CRCP-7070-CLT).

Synthesis of Co,-0COOH. Amixture of Co(Cl0,),-6H,0(0.25 mmol, 85 mg), 2-hydrox
y-5-methylisophthalaldehyde (0.20 mmol, 33 mg), 2,2-dimethyl-1,3-propanediamine
(0.20 mmol, 21 mg), CH;COOH (0.40 mmol, 23 pL), and C;HsOH (10 mL) was mixed
and heated at 65 °Cfor 72 hin a sealed 20 mLTeflon-lined stainless steel vessel. Wine
red crystals were obtained after cooling to the room temperature. Yield: 44 mg, 68.94%
[based on Co(ClO,),-6H,0]. Anal. Calcd for C30H4?C02N404: C56.43,H631N8.77.
Found: C57.51,H6.95 N 8.35. IR data (KBr, cm™"'): 3,432 (m), 1,643 (m), 1,542 (m),
1,402(s),1,142(s), 1,113 (s), 1,281(s), 1,088 (m), 778 (s), 722 (s), 627 (s).

Synthesis of Co,-2CO0H. A mixture of Co(ClO,),-6H,0 (0.25 mmol, 85 mg),
2,2-dimethyl-1,3-propanediamine(0.20mmol,21mg), CH,COOH (0.4 mmol, 23 uL),and
4 mLC,H;OHwasadded to 6 mLhot C,HsOH containing 3,5-diformyl-4-hydroxybenzoic
acid (0.2 mmol, 40 mg). After stirring for 5 min, the resulting solution was transferred to
a sealed 20 mLTeflon-lined stainless steel vessel, and heated to 65 °C for 72 h. Earth
brown microcrystals were obtained after cooling to room temperature. Yield: 49 mg,
70.20% [based on Co(ClO,),-6H,0]. Anal. Calcd for C3pH;,Co,N,0q: C51.59, H5.20 N
8.02. Found: €52.81,H 5.30 N 8.23. IR data (KBr, cm '): 3,423 (m), 1,642 (m), 1,595
(m), 1,389(m), 1,305(m), 1,113(s), 1,263 (s), 1,229 (m), 1,144 (s),1,113(s),1,090(s),
773(s),706(s), 627 (s).

Synthesis of Co,-4COOH. The gray microcrystals of Co,-4COOH were synthe-
sized with a similar method to that of Co,-2COOH by using DL-2,4-diaminobutyric
acid dihydrochloride (0.2 mmol, 38.2 mg) instead of 2,2-dimethyl-1,3-propa
nediamine. Yield: 51 mg, 69.86% [based on Co(ClO,),-6H,0]. Anal. Calcd for
C28H28C02N40112: C46.04,H 3.86 N 7.67. Found: C 44.81,H 415 N 7.45. IR
data (KBr,cm™): 3,428 (m), 1,654 (m), 1,595 (m), 1,386 (m), 1,333 (s), 1,259
(s), 1,214 (s), 1,142 (s), 1,030 (s), 794 (s), 722 (s), 670 (s), 619 (s).

Synthesis of Co0,-6CO0H. The brown microcrystals of Co,-6COOH were
synthesized with a similar method to that of Co,-2COOH by using (25,4S)-
diaminoglutaric acid dihydrochloride (0.2 mmol, 47 mg) instead of 2,2-dimeth
yl-1,3-propanediamine. Yield: 54 mg, 66.01% [based on Co(Cl0,),-6H,0]. Anal.
Calcd for CyyH,4Co,N,0,,: C44.03,H 3.45N 6.85. Found: C40.51,H 3.65 N 5.95.
IR data (KBr,cm™"): 3,400 (m), 1,699 (m), 1,651 (m), 1,534 (s), 1,406 (m), 1,225
(s), 1,144 (s),1,115(s), 1,088 (m), 774 (s), 731 (s), 628 (s).

Synthesis of C0,-2CO0CH,. The dark green microcrystals of Co,-2COOCH,
were synthesized with a similar method to that of Co,-2COOH by using
methyl 3,5-diformyl-4-hydroxybenzoate (0.20 mmol, 50 mg) instead of
3,5-diformyl-4-hydroxybenzoic acid. Yield: 36 mg, 49.57% [based on
Co(ClO,),-6H,0]. Anal. Calcd forCzZHAOCozN%OB: C52.90H5.55N7.71. Found:
C54.17,H 5.54 N 7.90. IR data (KBr, cm™'): 3,407 (m), 3,307 (s), 3,095 (s),
2,967 (s),2,075(s), 1,703 (m), 1,643 (m), 1,556 (m), 1,475 (s), 1,434 (s), 1,399
(s),1,329(m), 1,197 (s), 1,142 (s), 1,106 (s), 1,088 (m), 932 (s), 702 (s), 623 (s).

Synthesis of Co,-4COOCH;. The reddish-brown microcrystals of Co,-4CO0CH,
were synthesized with a similar method to that of Co,-2COOCH, by using methyl
2,4-diaminobutanoate (0.2 mmol, 26 mg) instead of 2,2-dimethyl-1,3-propa
nediamine. Yield: 28 mg, 35.62% [based on Co(Cl0,),-6H,0]. Anal. Calcd for
C32H36C0%N4012: C48.87,H4.61N7.12.Found: C49.53,H3.99N 7.29.IR data
(KBr,em™): 3,421(m), 2,979 (s),1,681(m), 1,637 (m), 1,474 (s), 1,442 s),1,399
(m), 1,306(s), 1,199 (s), 1,150 (s), 1,086 (m), 938 (s), 844 (s), 805 (s), 622 (s).

Synthesis of Co,-20H.The brown microcrystals of Co,-20H were synthesized with
a similar method to that of Co,-0COOH by using 2,5-dihydroxyisophthalaldehyde
(0.2 mmol, 34 mg) instead of 2-hydroxy-5-methylisophthalaldehyde. Yield: 38
mg, 59.18%[based on Co(ClO,),-6H,0].Anal. Calcd for C,gH,,Co,N,0,: C52.34,
H5.65N 8.72. Found: C 50.66, H 5.65 N 8.55. R data for (KBr, cm ™ '): 3,426 (m),
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2,923 (m), 2,845 (s), 1,632 (m), 1,570 (s), 1,321 (s), 1,146 (s), 1,117 (s), 1,088
(m), 1,081 (s), 939 (s), 825(s), 625 (s).

Synthesis of Co,-2C(CH;),. The brown microcrystals of Co,-2C(CH,); were syn-
thesized with a similar method to that of Co,-0COOH by using 5-(tert-butyl)-2-
hydroxyisophthalaldehyde (0.2 mmol, 41 mg) instead of 2-hydroxy-5-methylis
ophthalaldehyde. Yield: 55 mg, 76.15% [based on Co(CI0,),-6H,0]. Anal. Calcd
for C36H52C02N40%: €59.83,H7.25N 7.75. Found: C 59.02, H 7.65N 7.98. IR
data for (KBr,cm™'): 3,444 (m), 2,966 (s), 2,870 (s), 2,902 (s), 1,645 (m), 1,549
(s), 1,481 (s), 1,146 (m), 1,117 (s), 1,088 (m), 842(s), 771 (s), 728 (s), 624 (s).

Synthesis of Co,-2NO,. The brown microcrystals of Co,-2NO, were synthesized
with a similar method to that of Co,-0COOH by using 2-hydroxy-5-nitroisophtha
laldehyde (0.2 mmol, 40 mg) instead of 2-hydroxy-5-methylisophthalaldehyde.
Yield: 50 mg, 71.42%[based on Co(Cl0,),-6H,0]. Anal. Calcd for C,4H,,Co,N,Oy:
C48.01,H4.89 N 12.00. Found: C49.28,H4.83 N 12.38.IR data for (KBr, cm™"):
3,405 (m), 3,308 (s), 3,098 (s), 2,966 (s), 2,077 (s), 1,702 (m), 1,645 (m), 1,553
(m), 1,478 (s), 1,434 (5),1,399(s), 1,328 (m), 1,196 (s), 1,142 (s), 1,107 (s), 1,088
(m), 935(s), 703 (s), 624 ().
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