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ABSTRACT

Inspired by nature, improving photosensitization represents a vital direction for the development of

artificial photosynthesis. The sensitization ability of photosensitizers (PSs) reflects in their electron-transfer

ability, which highly depends on their excited-state lifetime and redox potential. Herein, for the first time,

we put forward a facile strategy to improve sensitizing ability via finely tuning the excited state of Ru(II)-PSs
(Ru-1-Ru-4) for efficient CO, reduction. Remarkably, [Ru(Phen), (3-pyrenylPhen)]*" (Ru-3) exhibits
the best sensitizing ability among Ru-1-Ru-4, over 17 times higher than that of typical Ru(Phen);*". It can
efficiently sensitize a dinuclear cobalt catalyst for CO,-to-CO conversion with a maximum turnover

number of 66 480. Systematic investigations demonstrate that its long-lived excited state and suitable redox

driving force greatly contributed to this superior sensitizing ability. This work provides a new insight into

dramatically boosting photocatalytic CO, reduction via improving photosensitization.

Keywords: photosensitization, photocatalysis, CO, reduction, excited state, Ru(II) complexes

INTRODUCTION

Solar-driven reduction of CO, into energy-rich
fuels, such as CO, HCOOH and CH;OH, has been
conceived of as a highly promising approach to
solve the energy crisis and environmental pollution
[1-6]. In the past decades, great efforts have long
been devoted to improving the photocatalytic
activity and selectivity for efficient CO, conversion.
Throughout the molecular photocatalytic systems,
numerous catalysts, such as complexes of Re, Ru,
Fe, Co and Nij, have been developed [7-13] with
detailed study of their catalytic mechanism [14-17].
In light of their being relatively comprehensively
studied, more and more attention has begun to shift
to accelerate electron transfer between catalyst and
antenna molecules to promote CO, reduction. For
example, Ishitani and several groups have explored
efficient photocatalytic systems through combining
photosensitizers (PSs) with catalysts via cova-
lent bonds [8,9,18-20]. These systems exhibited
enhanced catalytic ability compared to that of sepa-
rated systems owing to their more efficient electron
transfer via intramolecular process. However, this

strategy was limited by the complex synthesis and
lack of flexibility in investigating different PSs and
catalysts. Very recently, Cheung et al. discovered
that the hydrogen-bonding interaction between PSs
and catalysts can improve the catalytic performance
[21]. Nevertheless, these H-bonds can be easily
disrupted by external factors, e.g. temperature and
the solvents of N,N-Dimethylformamide (DMF)
and H,0. Accordingly, it is highly necessary yet
remains greatly challenging to develop an alternative
strategy for dramatically boosting photocatalytic
CO, reduction (Fig. 1).

PSs, as the light-harvesting main body, have
been widely used as a key mediator for efficient
electron transfer between catalysts and electron
donors in both natural and artificial photosynthetic
systems [3,9,22-24]. Currently, improving the
photosensitization ability of PSs for enhancing
photocatalytic performance for CO, reduction is
stillin its infancy [24,25]. In this field, the frequently
used PSs were confined to prototypical metal-to-
ligand charge-transfer complexes [24,26-30], such
as Ru(bpy);>" [31-34] and Ru(Phen);2" (Phen
= 1,10-phenanthroline) [35-37], where their
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Figure 1. Evolution process of the photocatalytic system for CO, reduction. (A) The study was mainly focused on the de-
velopment of highly active catalysts (CATs) during this period. (B) Non-covalent/covalent supramolecular assembly has been
developed over the past decades. (C) In this work, we open a new way to boost photocatalytic CO, reduction by improving

the photosensitization ability of photosensitizers (PSs).

excited-state lifetime was usually <1 us (T = 600 ns
for Ru(bpy);>" and 360 ns for Ru(Phen);** in
CH;CN) [36,38,39]. It will be a promising way to
boost CO, reduction via adjusting the excited-state
population and lifetime of these PSs to improve their
sensitizing ability. In the past decades, decreasing
the energy level of organic ligands by implanting
a conjugated group has been used as a common
strategy for achieving a long-lived excited state,
which can realize a transition from >MLCT state to
3IL state (intraligand triplet excited state) [40-45].
In this field, we have first introduced 3IL-type PSs
with a long-lived excited state into photocatalytic
systems for efficient H, production [43,45]. Un-
fortunately, the excited oxidation potentials of PSs
usually become more positive in this process. This
will greatly weaken the driving force for electron
transfer from excited PSs to catalysts in thermody-
namic catalytic processes [44,45]. As a result, how
to substantially improve the sensitizing ability of
molecular antenna whilst balancing its excited-state
lifetime and redox driving force represents a key role
in enhancing photoconversion efficiency, although
it still remains a great challenge.

In this contribution, we put forward a new strat-
egy to greatly boost photocatalytic CO, reduc-
tion by improving the photosensitization ability of
PSs. A family of Ru(1l)-based PSs Ru-2, Ru-3 and
Ru-4 were prepared by the selective addition of
pyrene/pyrenyl ethynylene to the 3- and 5-positions

of Phen in Ru(Phen);** (Ru-1) (Supplementary
Figs 1-18). The triplet lifetimes of these com-
plexes were gradually prolonged and their excited-
state oxidation potentials became less negative with
fine-tuning the excited state from Ru-1 with the
SMLCT state to Ru-4 with the 3IL state, which
provided a platform to compare the effect of PSs
with different sensitizing abilities on photocatalytic
CO, reduction. Remarkably, the most efficient PS
Ru-3 simultaneously possesses a long triplet life-
time (68.2 us), ~189 times longer than that of
Ru(Phen);?", and a suitable excited-state oxida-
tion potential (—0.92 V vs Saturated Calomel Elec-
trode (SCE)). Impressively, the sensitizing ability of
Ru-3 is >17 times higher than that of typical Ru-1
and it can efficiently sensitize the dinuclear cobalt
catalyst (C-1) for photochemical CO,-to-CO con-
version with an extremely high TON of 66 480.

RESULTS
Molecular design and optical properties

In order to achieve a more rational molecular de-
sign, Gaussian calculations were carefully performed
to predict the energy level of the triplet states and
molecular geometries of the pyrene-phen ligands
L-2-L-4 and Ru-1-Ru-4 (Fig. 2, Supplementary Figs
19 and 20, and Supplementary Table 1). As shown
in Fig. 2A, the triplet energy levels of these ligands
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Figure 2. Fine-tuning the excited state of PSs to improve photosensitization for photochemical CO,-to-CO  conversion.
(A) Molecular structure of Ru-1-Ru-4 (up). Energy diagram of ftriplet states of Ru-1 and L-2-L-4, calculated at the

B3LYP/6-31 G/genecp/LanL2DZ level with Gaussian 09 W (down). (B) UV-vis absorption and emission spectra of Ru-1-Ru-4 under the same
condition, Aex = 450 nm, ¢ = 5.0 «M in deaerated CH3CN. (C) Emission spectra of Ru(ll) complexes at RT and 77 K: Ru-1, A¢, = 450 nm; Ru-2, Ao =
450 nm; Ru-3, A¢, = 450 nm; Ru-4, A¢, = 450 nm.

were in the order of L-2 > L-3 > L-4, which was
proportional to the dihedral angle between phen and
pyrene (71° for L-2 > 55° for L-3 > 0° for L-4)
(Supplementary Figs 19 and 20, and Supplemen-
tary Table 1). Meanwhile, the energy level of the
3IL states of these ligands was lower than that of
the SMLCT state of Ru(Phen);*", indicating that
the triplet states of pyrene-functionalized Ru(II)
complexes will be mainly localized on the pyrene—
phen ligands (’IL states). Hence, fine-tuning the
excited states is promising to be achieved by ad-
justing the position of pyrenyl on Phen of Ru(II)
complexes.

According to Density Functional Theory
(DFT) calculations, Ru-2-Ru-4 were predicted
as ideal models to determine the effect of the
excited states on their sensitizing ability due to
their energy-level gradient.
All these complexes were synthesized according
to the modified literature methods described in
Supplementary Scheme 1 [42,46]. In this synthetic
process, the precursors L-2, L-3 and L-4 were
prepared by selective bromination of phen and

well-proportioned

subsequent coupling with pyrenylboronic acid and
ethynyl pyrene, which were used to coordinate with
Ru*T to generate corresponding Ru-2-Ru-4 via a
one-pot reaction, respectively. These complexes and
intermediates were fully characterized by 'H NMR,
13C NMR and MS spectroscopy (Supplementary
Figs 1-18).

The UV-vis absorption spectra of Ru-1-Ru-4 are
presented in Fig. 2B. Ru-1 exhibits an absorption
band of between 400 and 500 nm, corresponding
to S,—>'MLCT transition. For pyrene, a dual peak
was observed at 319 and 334 nm, respectively,
arising from w—7* transition (Supplementary
Fig. 21). The absorption spectrum of Ru-2 is al-
most a superposition of that of Ru-1 and pyrene,
indicating a weak electron communication between
Ru(Phen);*" and pyrenyl at the ground state [45].
In contrast to the absorption of Ru-1 and Ru-2, a
new peak at around 380 and 400 nm emerged in
the absorption spectra of Ru-3 and Ru-4, respec-
tively, which resulted from the strong electronic
interaction between the Ru center and pyrenyl.
Interestingly, Ru-3 and Ru-4 exhibit a stronger



visible-light-absorption ability than that of Ru-1 and
Ru-2. As a result, molecular regulation can gradually
enhance the electron communication between
Ru(Phen);*" and pyrenyl from Ru-2 to Ru-4.
Moreover, the absorption spectra of Ru-1-Ru-4 in
the presence of C-1 or TEOA were almost similar
to that of PSs alone (Supplementary Fig. 22). These
results reveal that there is no intermolecular elec-
tronic interaction between the PSs under ground
state and C-1 (or TEOA) [45,47].

The photoluminescence (PL) spectra of Ru-
1-Ru-4 were carried out to investigate their
excited-state properties (Fig. 2B and Supplemen-
tary Fig. 23). As shown in Supplementary Fig. 23,
all the peaks in the PL spectra of Ru-1-Ru-4 that
emerged under the Ar atmosphere were significantly
quenched as exposed to air, indicating the phospho-
rescence emission process, which mainly derived
from the triplet state [48,49]. The PL spectrum of
Ru-1 showed a typical MLCT emission at 595 nm
and a similar emission peak at 595 nm was also ob-
served in the PL spectrum of Ru-2, manifesting that
its MLCT characteristic in Ru-2 partially remained
after molecular regulation. In the PL spectra of Ru-3
and Ru-4, a redshift and much broader phosphores-
cence emission at around 632 and 668 nm was pre-
sented in comparison with that of Ru-1. Especially
for Ru-4, its emission reveals a fine structure and
an obvious shoulder peak at 735 nm, indicating the
existence of an °IL emissive state. The emissive state
of Ru-3 should stand between those of Ru-2 and
Ru-4. All the above results were further illumi-
nated by 77 K emission and nanosecond transient
absorption spectra.

The emission spectra of Ru-1-Ru-4 at 77 and
298 K were compared for clarifying their emissive
state (Fig. 2C). A large hypochromic shift between
77 and 298 K spectra was observed for Ru-1 (AEj,
665.7 cm™ "), indicating a typical >MLCT emissive
state [48,50]. By contrast, Ru-4 showed a small
hypochromic shift at 670 nm (148.7 cm™'), sug-
gesting an 3IL emissive state. For Ru-2, an emission
band between 600 and 800 nm was observed at 77 K,
which matched well with the phosphorescence of
pyrene [S1]. Thus, this indicated a pyrenyl localized
emissive state. Interestingly, the PL spectrum of Ru-
3 exhibits multiple emission peaks at 77 K. Two weak
peaks at around 600 and 660 nm close to the pyrenyl
localized emissive state of Ru-2 were detected in the
PL spectrum of Ru-3 and a strong dual emission
around 750 nm that corresponded to the *IL emis-
sive state was also observed. This dual emission also
emerged in the PL spectrum of Ru-4. As a result, it
can be proposed that the emissive state of Ru-3 was
between those of Ru-2 and Ru-4, but was dominated
by the *IL emissive state.

To further decipher their excited-state prop-
erties, nanosecond transient absorption spectra
were performed on these four PSs, Ru-1-Ru-4
(Fig. 3A-D). The transient spectrum of Ru-1
showed a bleaching band at around 450 nm cor-
responding to the depletion of the ground state,
which was a typical characteristic of the SMLCT
state. In the transient spectra of Ru-2-Ru-4, there
was some superposition between the bleaching
band and the excited-state absorption band [48].
Ru-2 only afforded a transient absorption band
between 380 and 700 nm, along with its SMLCT
emission at 595 nm; thus, its excited state could
be ascribed to a mix of >MLCT and the pyrenyl
localized excited state. The transient spectrum of
Ru-3 shows a positive absorption above 400 nm and
a bleaching peak at 371 nm, manifesting a feature of
the 3IL state. For Ru-4, a strong bleaching band at
around 400 nm was observed, which matched well
with its steady absorption to re-affirm its >IL state.

Spin-density surfaces of these Ru(II) complexes
(Ru-1-Ru-4) were calculated at B3LYP/6-
31 G/genecp/LanL2DZ level with Gaussian 09,
which can rationalize the population of their
triplet states. As shown in Fig. 3, the spin density
of Ru-1 was primarily localized on the Ru-Phen
coordination center, indicative of a SMLCT state.
For Ru-2-Ru-4, their spin densities were mainly
distributed on the Phen and pyrene owing to the
lower triplet energy level of pyrenyl-Phen than
that of the SMLCT state. These results supported
that the excited states of Ru-2-Ru-4 were largely
populated on the ligands, which matched well with
the experimental results. Therefore, we proposed
that the redox center should be localized at pyrenyl
functionalized ligands. All the photophysical data
are summarized in Table 1 and the combination of
these data with these calculated results can illustrate
that fine-tuning of the excited state of these PSs
from 3MLCT state to the *IL state was realized.
This provided a platform on which to compare the
effect of PSs with different sensitizing abilities on
photocatalytic CO, reduction.

Photocatalytic CO; reduction

Further, to reveal the influence of different sensitiz-
ing abilities on CO, reduction, photocatalytic activ-
ities of these Ru(Il) complexes (Ru-1-Ru-4) were
investigated in 5 mL CO,-saturated CH;CN/H,0
(v/v=9/1) solution containing C-1 as the catalyst
and TEOA as the electron sacrificial agent under the
illumination of a 450 nm LED (Fig. 4 and Supple-
mentary Tables 2-4). As shown in Fig. 4A, the TON
of C-1 with Ru-3 was up to 1120, 17 times higher
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Figure 3. The triplet excited-state population of PSs. Nanosecond time-resolved transient difference absorption spectra of (A) Ru-1, (B) Ru-2, (C) Ru-3
and (D) Ru-4. After pulsed excitation at 450 nm for Ru-1 and Ru-4, 355 nm for Ru-2 and Ru-3 (cps = 5 1«M in deaerated CH3CN). Spin-density surface
of (E) Ru-1, (F) Ru-2, (G) Ru-3 and (H) Ru-4. Calculated at the B3LYP/6-31 G/genecp/LanL2DZ level with Gaussian 09 W.

than that with Ru-1. In the Ru-3-containing photo-
catalyic system, the TON towards C-1 can reach as
high as 66 480 under the optimized condition, which
substantially exceeds our previously reported results
with Ru-1 as the PS (TON = 16 896, Supplemen-
tary Table 3) [35]. In addition, no or a trace amount
of CO was detected in the absence of PS, TEOA,
C-1, light or CO,, manifesting that all the above
factors are indispensable for efficient photocatalytic
CO, reduction (Supplementary Table 4).

The photocatalytic mechanism was studied
by steady and transient quenching experiments
(Fig. 4). Phosphorescence quenching experiments
of Ru-1-Ru-4 reveal that their excited states can be
efficiently quenched by C-1; nevertheless, no change
on their photoluminescence spectra was observed in
the presence of TEOA (Supplementary Figs 24 and
25). We therefore proposed that the photocatalytic
process was dominated by the oxidation mechanism

Table 1. Summary of photophysical data of Ru-1-Ru-4.2

for Ru-1-Ru-4-containing systems [35,36], which
was further confirmed by nanosecond transient ab-
sorption. The triplet lifetimes of Ru-1-Ru-4 re-
mained before and after adding to TEOA, but be-
came shorter in the presence of C-1, confirming
that the initial step for electron transfer should be
from excited PSs to C-1 (Fig. 4B and Supplemen-
tary Fig. 26). As a result, all these photocatalytic sys-
tems could be determined as oxidation mechanisms
(Fig. 4C).

With the above results in mind, both triplet
excited-state lifetimes and the excited-state oxi-
dation potentials of PSs are key factors affecting
electron-transfer efficiency in photocatalytic sys-
tems. From the view of kinetics, the long-lived triplet
state of PSs greatly contributed to intermolecu-
lar electron transfer/energy transfer. Thus, Stern—
Volmer-quenching constants of PSs by C-1 were
in the order of 4.4 x 10> M~ for Ru-4 > 3.2 X

Aabs/nM Aem/NM e/(M Tem™!) 7/us? Ky /(M~1)e
Ru-1 447 59§ 20914 0.4 375
Ru-2 447 595 19 824 32.0 957
Ru-3 391 632 33318 68.2 3239
Ru-4 415 668 49 808 118.7 4419

5.0 tM Ru-1-Ru-4 in CH3CN. P Triplet excited-state lifetime measured by transient absorption. “Stern-Volmer-quenching constants with C-1 as the

quenchers.
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Figure 4. Photocatalytic CO, reduction and photocatalytic mechanism. (A) Photocatalytic CO, reduction with Ru-1-Ru-4 under irradiation of a LED light
(450 nm, 100 mW cm~2, irradiation area, 0.8 cm?) in the presence of PS (20 +M), €-1(1.0 M) and TEOA (0.3 M) in 5 mL CO,-saturated CH;CN/H,0
(v/v=9/1) solution. Each photocatalytic reaction was repeated at least three times. (B) Nanosecond transient absorption spectra of kinetic decay trace
of Ru-3 (black), Ru-3 with 0.4 mM TEOA (green), and Ru-3 with 0.5 M C-1 (blue). (C) Photocatalytic process with Ru-3 as PS. ET, electron transfer;
ISC, intersystem crossing. (D) Kinetic traces of Ru-1-Ru-4 followed at 450 nm. (E) Stern—Volmer plot of Ru-1—Ru-4. A¢, = 450 nm, cps = 5.0 M.
(F) Energy diagram depicting the excited-state oxidation potential (x0x) of Ru-1-Ru-4 and the onset reduction potential of C-1 in the catalytic system.

10° M~ for Ru-3 > 9.6 x 10> M~ for Ru-2 >
3.8 x 10> M ! for Ru-1, which was proportional to
their excited-state lifetimes (Fig. 4D and E). From
the thermodynamics viewpoint, the excited-state ox-
idation potentials of PSs determine the driven force
of electron transfer from excited PSs to C-1 (Sup-
plementary Table 5). As shown in Fig. 4F, the ab-
solute value of the excited-state oxidation potential
was in the order of Ru-4 < C-1 < Ru-3 < Ru-2 <
Ru-1, indicating that excited Ru-1-Ru-3 can provide
a sufficient driven force for delivering the electron to
C-1 but the driven force from excited Ru-4 to C-1
was humble. Notably, the triple bond in Ru-4 makes
greater delocalization than Ru-2 and Ru-3, indicat-
ing a lower excited-state energy level of the ligand in
Ru-4. This delocalization can contribute to obtain-
ing along-lived excited state. However, the oxidizing
ability of excited Ru-4 becomes weaker, which is dis-
advantageous for electron transfer from excited Ru-
4 to C-1 and will further decrease the photocatalytic

activity. As a result, Ru-3, as a trade-oft PS, possesses
a long-lived triplet state and a suitable excited-state
oxidation potential simultaneously, highlighting its
great potential for efficient CO, reduction.

CONCLUSION

In summary, we have developed a novel strategy to
boost photocatalytic CO, reduction via improving
photosensitization. In this work, four Ru-based com-
plexes (Ru-1-Ru-4) were prepared and they pre-
sented a gradual variable excited state from Ru-1
with the SMLCT state to Ru-4 with the °IL state,
which provides a platform on which to compare the
effect of PSs with different sensitizing abilities on
photocatalytic CO, reduction. Remarkably, the cat-
alytic activity of Ru-3 was >17 times higher than
that of Ru-1 and the TON towards C-1 can reach
66 480. The outstanding photocatalytic activity of
Ru-3 was chiefly ascribed to its long-lived excited



state and suitable excited-state oxidation potential.
This work provides a new insight into substan-
tially improving visible-light-driven CO,-reduction
performance through fine-tuning the excited states
of PSs on a molecular level.

METHODS
Materials and instrumentation

All the reactions were performed in argon un-
less otherwise mentioned. All the solvents were
of analytical grade and distilled before use. The
dichloro(p-cymene)ruthenium(11)
1,10-Phenanthroline were purchased from Sigma-
Aldrich. The 1-pyrenylboronic acid, NH4PFq4
and K,CO; were purchased from HEOWNS.
The

and Cul were purchased from Adamas-beta.

dimer and

Tetrakis(triphenylphosphine)palladium(0)

Chromatographic-grade acetonitrile was purchased
from Adamas Reagent. The synthetic scheme of
Ru-1-Ru-4 is presented in Supplementary Scheme
1. The synthetic intermediates and target complexes
were evidenced by 'H NMR, *C NMR and mass
spectroscopy. Elemental analysis was performed as
C/H/N analyses on the Vario EL Cube (Elementar,
Germany).

Electrochemical measurements were carried out
on a CHI 760E electrochemical workstation at
room temperature. The amount of CO product was
analysed by gas chromatography (Shimadzu GC-
20144AT 230C, TDX-01 column, TCD, argon car-
rier). UV-vis absorption spectra were recorded on a
LAMBDA?750 UV-vis spectrophotometer. Fluores-
cence spectra were taken on a Hitachi F4600 spec-
trofluorometer. Transient absorption spectra were
measured on the LP980 laser flash photolysis instru-
ment (Edinburgh, UK).

Photocatalytic CO; reduction

Photocatalytic CO, reduction was conducted under
1 atm of CO; at 25°C in 5 mL reactor containing
PS (20.0 uM), catalyst (1.0 M), TEOA (0.3 M),
0.5 mL H,0 and 4.5 mL CH;CN. The photocat-
alytic system was bubbled with CO, for 30 min.
The mixture was continuously stirred and irradiated
under a LED (A = 450 nm, 100 mW cm™2).

DFT calculation

The geometries and the spin-density surfaces of
the complexes (Ru-1-Ru-4) were performed at the
B3LYP/6-31 G/LanL2DZ level. There are no imag-
inary frequencies for all optimized structures of
L-1-L-4 and Ru-1-Ru-4. The triplet-state energy lev-
els were carried out with the time-dependent DFT

(TDDFT) method. All these calculations were per-
formed with Gaussian 09 W.
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per are present in the paper and/or the Supplemen-
tary Materials. Additional data related to this paper
may be requested from the authors.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.

FUNDING

This work was supported by the National Key R&D Program
of China (2017YFA0700104), the National Natural Science
Foundation of China (217031585, 21722104, 21671032) and the
Natural Science Foundation of Tianjin City of China (18]JC-
QNJC76500, 18JCJQJC47700, 17JCQNJC05100).

AUTHOR CONTRIBUTIONS

S.G.and Z.M.Z. conceived of and designed this project, P.W. and
R.D. performed the experiments, S.G. and J.Z. carried out the
DFT calculation, P.W., S.G. and Z.M.Z. analysed the data, and
PW, S.G,J.Z.,Z.M.Z. and T.B.L. wrote and revised the article.

Conflict of interest statement. None declared.

REFERENCES

1. Concepcion JJ, House RL and Papanikolas JM et al. Chemi-
cal approaches to artificial photosynthesis. Proc Nat/ Acad Sci
USA 2012; 109: 15560-4.

2. Aresta M, Dibenedetto A and Angelini A. Catalysis for the val-
orization of exhaust carbon: from CO; to chemicals, materials,
and fuels. technological use of COy. Chem Rev2014; 114: 1709—
42.

3. Morris AJ, Meyer GJ and Fujita E. Molecular approaches to the
photocatalytic reduction of carbon dioxide for solar fuels. Acc
Chem Res 2009; 42: 1983-94.

4. Rosas-Hernandez A, Steinlechner C and Junge H et al. Photo-
and electrochemical valorization of carbon dioxide using earth-
abundant molecular catalysts. Top Curr Chem 2018; 376: 229—
53.

. Corma A and Garcia H. Photocatalytic reduction of CO; for fuel
production: possibilities and challenges. J Catal/2013; 308: 168—
75.

6. Li X, Yu J and Jaroniec M et al. Cocatalysts for selective pho-
toreduction of CO; into solar fuels. Chem Rev2019; 119: 3962—
4179.

7.Qiao X, Li Q and Schaugaard RN et al. Well-defined
nanographene—rhenium complex as an efficient electrocatalyst

ol

and photocatalyst for selective CO; reduction. J Am Chem Soc
2017; 139: 3934—7.


https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaa112#supplementary-data

1466

8.

©

20.

2

—

22.

23.

24.

25.

26.

Natl Sci Rev, 2020, Vol. 7, No. 9

Kuriki R, Yamamoto M and Higuchi K et al. Robust binding between carbon
nitride nanosheets and a binuclear Rufll) complex enabling durable, selective
€O, reduction under visible light in aqueous solution. Angew Chem Int Ed2017;
56: 4867—71.

Takeda H, Cometto C and Ishitani O et al. Electrons, photons, protons and earth-
abundant metal complexes for molecular catalysis of CO; reduction. ACS Catal
2016; 7: 70-88.

. Guo Z, Chen G and Cometto C et al. Selectivity control of CO versus HCOO™

production in the visible-light-driven catalytic reduction of CO, with two coop-
erative metal sites. Nat Catal 2019; 2: 801-8.

. Bonin J, Maurin A and Robert M. Molecular catalysis of the electrochemical

and photochemical reduction of CO; with Fe and Co metal based complexes:
recent advances. Coord Chem Rev2017; 334: 184-98.

. Wang JW, Liu WJ and Zhong DC et al. Nickel complexes as molecular catalysts

for water splitting and CO; reduction. Coord Chem Rev 2019; 378: 237-61.

. Kuramochi Y, Ishitani O and Ishida H. Reaction mechanisms of catalytic pho-

tochemical CO; reduction using Re(l) and Ru(ll) complexes. Coord Chem Rev
2018; 373: 333-56.

. Clark ML, Cheung PL and Lessio M et al. Kinetic and mechanistic effects of

bipyridine (bpy) substituent, labile ligand, and bransted acid on electrocatalytic
CO, reduction by Re(bpy) complexes. ACS Catal 2018; 8: 2021-9.

. Chen L, Guo Z and Wei XG et al. Molecular catalysis of the electrochemical

and photochemical reduction of CO, with earth-abundant metal complexes.
Selective production of CO vs HCOOH by switching of the metal center. J Am
Chem Soc 2015; 137: 10918-21.

. Azcarate |, Costentin C and Robert M et al. Through-space charge interaction

substituent effects in molecular catalysis leading to the design of the most
efficient catalyst of CO,-to-CO electrochemical conversion. J Am Chem Soc
2016; 138: 16639-44.

. Sheng H and Frei H. Direct observation by rapid-scan FT-IR spectroscopy of

two-electron-reduced intermediate of tetraaza catalyst [Co(ll)N;H(MeCN)JZ+
converting CO7 to CO. J Am Chem Soc 2016; 138: 9959-67.

. Nakajima T, Tamaki Y and Ueno K et al. Photocatalytic reduction of low con-

centration of CO,. J Am Chem Soc 2016; 138: 13818-21.

. Windle CD, George MW and Perutz RN et al. Comparison of rhenium—porphyrin

dyads for CO, photoreduction: photocatalytic studies and charge separation
dynamics studied by time-resolved IR spectroscopy. Chem Sci 2015; 6: 6847—
64.

Tamaki Y, Koike K'and Morimato T et al. Red-light-driven photocatalytic reduc-
tion of CO, using Os(l1)—Re(l) supramolecular complexes. /Inorg Chem 2013; 52:
11902-9.

. Cheung PL, Kapper SC and Zeng T et al. Improving photocatalysis for the re-

duction of CO; through non-covalent supramolecular assembly. J Am Chem
Soc 2019; 141: 14961-5.

Windle CD and Perutz RN. Advances in molecular photocatalytic and electro-
catalytic CO; reduction. Coord Chem Rev 2012; 256: 2562—70.

Luo YH, Dong LZ and Liu J et al. From molecular metal complex to metal-organic
framework: the CO, reduction photocatalysts with clear and tunable structure.
Coord Chem Rev 2019; 390: 86—126.

Yamazaki Y, Takeda H and Ishitani 0. Photocatalytic reduction of CO; using
metal complexes. J Photochem Photobiol C 2015; 25: 106-37.

Takeda H, Ohashi K and Sekine A et al. Photocatalytic CO, reduction using Cu(l)
photosensitizers with a Fe(ll) catalyst. J Am Chem Soc 2016; 138: 4354—7.
Rao H, Schmidt LC and Bonin J et al. Visible-light-driven methane formation
from CO, with a molecular iron catalyst. Nature 2017; 548: 74—7.

27.

28.

29.

30.

31.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

RESEARCH ARTICLE

Thai VS, Kornienko N and Margarit CG et al. Visible-light photoredox catal-
ysis: selective reduction of carbon dioxide to carbon monoxide by a nickel
n-heterocyclic carbene—isoquinoline complex. J Am Chem Soc 2013; 135:
14413-24.

Shirley H, Su X and Sanjanwala H et al. Durable solar-powered systems with
Ni-catalysts for conversion of CO; or CO to CHy. J Am Chem Soc 2019; 141:
6617-22.

Bonin J, Robert M and Routier M. Selective and efficient photocatalytic CO,
reduction to CO using visible light and an iron-based homogeneous catalyst.
JAm Chem Soc 2014; 136: 16768—71.

Liu M, Mu YF and Yao S et al. Photosensitizing single-site metal—organic
framework enabling visible-light-driven CO, reduction for syngas production.
Appl Catal B2019; 245: 496-501.

Guo Z, Cheng S and Cometto C et al. Highly efficient and selective photocat-
alytic CO; reduction by iron and cobalt quaterpyridine complexes. J Am Chem
Soc 2016; 138: 9413-6.

. Zhang HX, Hong QL and Li J et al. Isolated square-planar copper center in boron

imidazolate nanocages for photocatalytic reduction of CO, to CO. Angew Chem
Int Ed2019; 58: 11752-6.

Niu K, Xu Y and Wang H et al. A spongy nickel-organic CO, reduction
photocatalyst for nearly 100% selective CO production. Sei Adv 2017; 3:
e1700921.

Hong D, Tsukakoshi Y and Kotani H et al. Visible-light-driven photocatalytic
€O, reduction by a Nifll) complex bearing a bicinspired tetradentate ligand for
selective CO production. J Am Chem Soc 2017; 139: 6538—41.

Ouyang T, Huang HH and Wang JW et al. A dinuclear cobalt cryptate as a ho-
mogeneous photocatalyst for highly selective and efficient visible-light driven
€O, reduction to CO in CH3CN/H20Q solution. Angew Chem Int Ed 2017; 56:
738-43.

Ouyang T, Wang HJ and Huang HH et al. Dinuclear metal synergistic catalysis
boosts photochemical CO,-to-CO conversion. Angew Chem Int Ed 2018; 57:
16480-5.

Boston DJ, Xu C and Armstrong DW et al. Photochemical reduction of carbon
dioxide to methanol and formate in a homogeneous system with pyridinium
catalysts. J Am Chem Soc 2013; 135: 16252-5.

Zhao J, Wu W and Sun J et al. Triplet photosensitizers: from molecular design
to applications. Chem Soc Rev 2013; 42: 5323-51.

Zhao J, Ji Sand Wu W et al. Transition metal complexes with strong absorption
of visible light and long-lived triplet excited states: from molecular design to
applications. RSC Adv2012; 2: 1712-28.

Harriman A, Hissler M and Khatyr A et al. A Ru(ll) tris(2,2"-bipyridine)
derivative possessing a triplet lifetime of 42 ws. Chem Commun 1999;
735-6.

Ji'S, Wu W and Wu W et al. Ruthenium(ll) polyimine complexes with a long-
lived 3IL excited state or a 3SMLCT/3IL equilibrium: efficient triplet sensitizers
for low-power upconversion. Angew Chem Int £d 2011; 50: 1626-9.

Tyson DS, Henbest KB and Bialecki J et al. Excited state processes in ruthe-
nium(I1)/pyrenyl complexes displaying extended lifetimes. J Phys Chem A2001;
105: 8154-61.

Guo S, Chen KK and Dong R et al. Robust and long-lived excited state Ru(ll) poly-
imine photosensitizers boost hydrogen production. ACS Catal 2018; 8: 8659—
70.

Tsuji'Y, Yamamoto K and Yamauchi K et al. Near-infrared light-driven hydrogen
evolution from water using a polypyridy! triruthenium photosensitizer. Angew
Chem Int Ed 2018; 57: 208—12.



RESEARCH ARTICLE

45.

46.

47.

48.

Wang P, Guo S and Wang HJ et al. A broadband and strong visible-light-
absorbing photosensitizer boosts hydrogen evolution. Nat Commun 2019; 10:
3155.

Ji'S, WuW and Wu W et al. Tuning the luminescence lifetimes of ruthenium(ll)
polypyridine complexes and its application in luminescent oxygen sensing.
J Mater Chem 2010; 20: 1953.

Zhang N, Chen KK and Guo S et al. Sensitizing Ru(ll) polyimine redox center with
strong light-harvesting coumarin antennas to mimic energy flow of biological
model for efficient hydrogen evolution. App/ Catal B2019; 253: 105-10.

Lu'Y, Wang J and McGoldrick N et al. Iridium(lll) complexes bearing pyrene-
functionalized 1,10-phenanthroline ligands as highly efficient sensitizers for
triplet-triplet annihilation upconversion. Angew Chem Int Ed 2016; 55: 14688—
92.

Wang etal. | 1467

49. Guo S, Wu W and Guo H et al. Room-temperature long-lived triplet excited

50.

5

states of naphthalenediimides and their applications as organic triplet pho-
tosensitizers for photooxidation and triplet-triplet annihilation upconversions.
J Org Chem 2012; 77: 3933-43.

Guo H, Muro-Small ML and Ji S et al. Naphthalimide phosphorescence
finally exposed in a platinum(ll) diimine complex. /norg Chem 2010; 49:
6802—4.

. Indelli MT, Ghirotti M and Prodi A et al. Solvent switching of intramolec-

ular energy transfer in bichromophoric systems: photophysics of (2,2'-
bipyridine) tetracyanoruthenate(ll) / pyrenyl complexes. /norg Chem 2003; 42:
5489-97.



