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Coordination-driven metallo-supramolecular polymers hold significant potential as highly efficient
catalysts for photocatalytic CO, reduction, owing to the covalent integration of the light harvesting unit,
catalytic center and intrinsic hierarchical nanostructures. In this study, we present the synthesis,
characterization, and gelation behaviour of a novel low molecular weight gelator (LMWG) integrating
a benzol[1,2-b:4,5-b'ldithiophene core with terpyridine (TPY) units via alkyl amide chains (TPY-BDT). The
two TPY ends of the TPY-BDT unit efficiently chelate with metal ions, enabling the formation of
a metallo-supramolecular polymer that brings together the catalytic center and a photosensitizer in
close proximity, maximizing catalytic efficiency for CO, reduction. The self-assembly of TPY-BDT with
Co" ions yields a Co-TPY-BDT coordination polymer gel (CPG) with a 3D interconnected fibrous
morphology, facilitating rapid electron transfer and efficient substrate diffusion. The Co-TPY-BDT CPG
achieves an outstanding CO, to CO conversion, producing 33.74 mmol g~ of CO in 18 hours with
~99% selectivity under visible light irradiation, using triethylamine (TEA) as a sacrificial electron donor.
Remarkably, the Co-TPY-BDT CPG demonstrates significant catalytic activity even under low-
concentration CO, atmospheres (5% CO,, 95% Ar), producing 1.9 mmol g‘1 of CO in 10 hours with
a selectivity of 94.6%. Moreover, In situ diffuse reflectance Fourier transform (DRIFT) study, femtosecond

Received 31st December 2024
Accepted 15th January 2025

DOI: 10.1039/d4sc08814j transient absorption spectroscopy, and DFT calculations were employed to elucidate the CO, to CO

rsc.li/chemical-science reaction mechanism.

in the pursuit of an energy-sustainable society. Recently, various
catalysts have been developed for the photocatalytic CO,
reduction reaction (CO,RR), including metal oxides,*"? g-C3N,-
based photocatalysts," metal-organic frameworks (MOFs),****¢

Introduction

The rapid advancement of industrialization and the continuous
rise in carbon emissions have intensified the conflict between

growing energy demands and sustainable development.’* One
promising solution to this issue is CO, conversion, which allows
for the reutilization of exhaust gases and the production of
valuable fuels.*” Inspired by nature's photosynthesis process,
researchers are exploring ways to use sunlight to convert CO,
into fuels or high-value-added chemicals.*® A central goal in
this field is to develop systems that are capable of efficiently and
selectively catalysing CO, reduction under visible light irradia-
tion, positioning photocatalysis as one of the key technologies
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and covalent organic frameworks (COFs)."”">* Moreover, signif-
icant progress has also been made in achieving high CO,
photoreduction activity using soft hybrid nanomaterials due to
their advantageous nanostructures.*>*

Coordination polymer gels (CPGs) represent a novel class of
‘soft’ hybrid nanomaterials formed through the self-assembly of
low molecular weight gelators (LMWGs) with metal ions.?*?>2%2>
These CPGs establish extensive networks where metal-LMWG
interactions guide the precise formation of diverse nano-
structures, including fibers, tubes, rings, ribbons, and vesi-
cles.**?*® Reinforced by m-m stacking and hydrogen bonding,
these structures exhibit exceptional stability and uniformity.>**”
The fibrous morphology offers a large surface area and the
interconnected network enhances reactant diffusion and elec-
tron transfer, which is particularly advantageous for boosting
efficiency in photocatalysis.”*° The presence of metal centers
in CPGs has attracted significant attention for diverse applica-
tions in optics, catalysis, redox reactions, and magnetism.***"**
In our approach, we have developed a novel LMWG-based linker
to harness solar energy for CO, reduction to produce solar fuel.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Achieving the integration and assembly of all essential func-
tional molecular components into a robust artificial system for
photocatalysis remains a pivotal long-term scientific goal. In
this work, we present a strategy for fabricating CPG-based soft
materials as highly efficient photocatalysts for CO, reduction,
achieved by integrating a compatible low molecular weight
gelator (LMWG) as a light-harvesting component with a redox-
active metal ion as the catalytic center.”»* In our LMWG
design, we have chosen a m-conjugated benzo[1,2-b:4,5-b']
dithiophene (BDT) chromophore as a light-harvesting unit for
its structural symmetry and rigid large aromatic m-backbone,
which enhances electron delocalization and charge
transport.>*** The BDT core was further modified by attaching
two terpyridine moieties via the alkyl amide chain.*® This
functionalization enables additional metal binding, thereby
creating catalytic sites for CO, reduction. Utilizing cobalt
bis(terpyridine)-based complexes as the catalytic center
provides the system with stable redox states and a high affinity
for CO, binding, making it highly effective for photocatalytic
applications.’”**

Herein, we developed a coordination polymer gel (CPG) by
self-assembling a bipodal terpyridyl-BDT-based LMWG (TPY-
BDT) with CoCl,-6H,0. The resulting Co-TPY-BDT CPG, with
interconnected fibrous morphology, showed exceptional pho-
tocatalytic CO, reduction capability using triethylamine (TEA)
as a sacrificial agent (Scheme 1). It achieved 33.74 mmol g~ of
CO in 18 h with an outstanding selectivity of ~99%. Further-
more, the Co-TPY-BDT CPG demonstrated excellent activity in
reducing low-concentration CO, (5% CO,, 95% Ar), yielding
1.9 mmol g~ ' of CO in 10 h with a very good selectivity of 94.6%.
To the best of our knowledge, this soft hybrid material shows
one of the best photocatalytic activities using both pure CO, and
low-concentration CO,. In this system, the BDT core functions
as the light-harvesting unit, while the [Co(TPY),]*" complex acts
as the catalytic center. Comprehensive investigations, including
in situ DRIFT studies, femtosecond transient absorption (fsTA)
spectroscopy, and DFT calculations, provide valuable insights
into the plausible mechanism underlying the CO, reduction
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process facilitated by this innovative CPG-based catalyst under
visible light.

Results and discussion

The TPY-BDT LMWG was synthesized via amide coupling of
2,2:6',2"-terpyridin-4’-yl-propane-1,3-diamine (TPY-NH,) and
benzo[1,2-b:4,5-b']dithiophene-2,6-dicarboxylic acid
(BDT(COOH),) and characterized using "H-NMR and MALDI
(Fig. S1-S31) spectrometry. UV-Vis analysis of TPY-BDT in
DMSO (10~* M) revealed a distinct absorption band at 280 nm,
corresponding to the mw—m* transition of the TPY unit.*»**
Additionally, the spectrum revealed distinct bands at 327 nm
and 376 nm, characteristic of the 7t— 7* transitions associated
with the BDT core.**** The photoluminescence spectrum of
TPY-BDT displayed emission ranging from 400 nm to 500 nm,
with a maximum at 412 nm when excited at 380 nm (Fig. S47).
Featuring 7 electron-rich BDT cores and amide groups, TPY-
BDT has the ability to self-assemble via m-m stacking and
hydrogen bonding interactions in an appropriate solvent envi-
ronment. Hence, we explored the gelation propensity of the
TPY-BDT LMWG in various solvent compositions (Table S11). A
mixture of TPY-BDT (0.006 mmol), dimethyl sulfoxide (DMSO)
(200 pl), and water (H,O) (100 pl) was heated to 60 °C for 20
minutes, yielding a viscous solution. Upon subsequent cooling
at room temperature for 1 h, an organogel formed (Fig. 1A),
verified through the inversion test method as well as the
rheology experiment. In the rheology experiment employing the
amplitude sweep method (strain range from 0.001% to 100%)
for the organogel (TPY-BDT OG), the storage modulus (G') sur-
passed the loss modulus (G”) within the lower strain range
(0.01% to 10%), indicating the stable viscoelastic nature of the
material and confirming gel formation (Fig. 1C). TPY-BDT OG
was dried under vacuum at 60 °C for 12 h to obtain the xerogel.
TPY-BDT OG was characterized by Fourier transform infrared
(FT-IR) spectroscopy, displaying a characteristic amide -C=0
vibration at 1610 cm ' and amide -N-H stretching bands at
3348 cm™ ', confirming the presence of the ~CONH, group
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Scheme 1 Schematic showing the self-assembly of the TPY-BDT LMWG with Co" to generate Co-TPY-BDT CPG with nanofiber morphology
towards photocatalytic CO, reduction using pure CO, and low concentration CO».
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Fig.1 (A) Schematic of the TPY-BDT LMWG towards the formation OG. (B) Schematic of the self-assembled nanotape morphology. (C) Strain

sweep rheology measurement of TPY-BDT OG. (D) Comparison of absorption spectra of the TPY-BDT LMWG in solution with TPY-BDT OG in
the xerogel state. (E and F) FESEM, (G) AFM, and (H) TEM images of TPY-BDT OG showing nanotape like morphology.

(Fig. S51).** The UV-Vis absorption analysis of TPY-BDT OG
revealed slightly red-shifted bands at 320 and 410 nm compared
to the monomeric form, which can be ascribed to the aggrega-
tion of the BDT core in the gel state (Fig. 1D). Additionally,
aweak broad absorption band with a maximum at ~556 nm was
also observed in the absorption spectrum of TPY-BDT OG.**
TDDFT calculations for TPY-BDT OG were performed consid-
ering the TPY-BDT unit, which revealed a theoretical absorption
band at 384.22 nm corresponding to an experimental band at
410 nm. The 410 nm band arises due to a transition from the
highest occupied molecular orbital (HOMO) on the BDT core to
the lowest unoccupied molecular orbital (LUMO) delocalized
through the BDT(CONH—), unit of TPY-BDT OG (Fig. S6 and
Table S2t). The optical bandgap was determined to be 2.80 eV
using the Tauc plot (Fig. S7at). The emission study of TPY-BDT
OG revealed a broad emission band with a maximum at
~470 nm (Aex = 380 nm) (Fig. 2E). Morphological analysis of
TPY-BDT OG using field emission scanning electron microscopy
(FE-SEM) (Fig. 1E and F), atomic force microscopy (AFM)
(Fig. 1G) and transmission electron microscopy (TEM) (Fig. 1H)

3648 | Chem. Sci, 2025, 16, 3646-3654

revealed a flower-like architecture formed by the assembly of 1D
nanotapes (Fig. 1B). From AFM analysis, the height of the
thinnest nanotape was found to be around 100 nm, while its
width and average length were determined to be approximately
400-500 nm and 1.0-1.3 pum, respectively (Fig. 1G).

Next, we aim to synthesize a coordination polymer gel (CPG)
by combining the TPY-BDT LMWG, which contains two metal-
binding terpyridine units, with appropriate metal ions. We
opted for Co™ as the metal node to coordinate with TPY, as it
facilitates easy electron-hole separation owing to its stable redox
states.*»** To obtain the stoichiometric ratio of the complexation,
UV-Vis titration of TPY-BDT (5 x 10> M in DMSO) with CoCl,-
6H,0 (5 x 107> M in H,0) was performed (Fig. 2A). A new
absorption band appeared during the titration at 303 nm and
313 nm with an increment in the intensity. This suggested Co"
binding to the TPY center, and the isosbestic point analysis
showed the complexation between TPY-BDT with the Co" ion
completed at a ratio of 1: 1 at the saturation point (Fig. S8at). The
association constant (K,) for the Co" ion binding with TPY-BDT

was determined from the Benesi-Hildebrand plot and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (A) UV-Visible titration of the TPY-BDT LMWG with Co'" ions. (B) Gelation of Co-TPY-BDT CPG. (C) Strain sweep rheology measurement of
Co-TPY-BDT CPG. (D) Absorption spectrum and (E) emission spectra (kex = 380 nm) of Co-TPY-BDT CPG and TPY-BDT OG. (F) AFM image of
Co-TPY-BDT CPG (inset: the height profile of fiber). (G) TEM image of Co-TPY-BDT CPG.

calculated to be 2.84 x 10* M~" (Fig. S8bt). Therefore, the CPG
was prepared with a 1:1 molar ratio of TPY-BDT and Co" metal
ions. A dropwise addition of an aqueous solution of CoCl,-6H,0
(0.006 mmol, 100 pl) into a TPY-BDT solution (0.006 mmol) in
DMSO (200 pl) was carried out under heating at 60 °C, followed by
cooling to room temperature for 1 h, yielding a dark brown gel
(Co-TPY-BDT CPG) (Fig. 2B). The gel formation was confirmed by
the inversion test as well as by rheology measurement like OG.
The storage modulus (G') exhibited values approximately 10 times
higher than the loss modulus (G”) within a lower strain range
(0.001 to 10%), suggesting the stable viscoelastic nature of the Co-
TPY-BDT CPG (Fig. 2C). Co-TPY-BDT CPG exhibited an approxi-
mately 5-fold higher G’ value compared to TPY-BDT OG, poten-
tially attributed to the coordination of the Co™ ion.** The CPG was
dried under vacuum at 60 °C for 12 h to obtain the xerogel. The
FT-IR spectrum of Co-TPY-BDT CPG exhibited a characteristic
amide ~-C=O0 vibration at 1620 cm " and amide -N-H stretching
band at 3245 cm ', confirming the presence of the ~CONH,
group in the Co-TPY-BDT CPG (Fig. S9t).>* The UV-Vis absorp-
tion spectrum of Co-TPY-BDT CPG in the xerogel state resembled
that of TPY-BDT OG. An additional broad absorption band was
observed between 450 and 600 nm, which is attributed to both the
d-d transition and MLCT of the low spin [Co(TPY),]*" unit in the
Co-TPY-BDT CPG (Fig. 2D and S107).***” The significant emission
quenching in Co-TPY-BDT CPG compared to TPY-BDT OG can be
attributed to self-absorption or excited state electron transfer
from the BDT core to the [Co"(TPY),]*" within the CPG (Fig. 2E).
The morphology of the Co-TPY-BDT CPG was investigated by AFM
(Fig. 2F), TEM (Fig. 2G) and FE-SEM (Fig. S117). These analyses
revealed interconnected fiber morphology of the CPG. The AFM
images of the CPG showed that the single fiber has a minimum
height of ~9 nm and a minimum width of around ~300 nm
(Fig. 2F). Additionally, the DRS spectrum of Co-TPY-BDT CPG

© 2025 The Author(s). Published by the Royal Society of Chemistry

revealed an optical band gap of 1.89 eV, which is smaller than the
band gap of TPY-BDT OG (Fig. S7bt). We measured the photo-
luminescence (PL) lifetime using the time-correlated single-
photon counting (TCSPC) method. The Co-TPY-BDT CPG
exhibited a notably lower lifetime of 1.06 ns in comparison to the
TPY-BDT OG, which showed a lifetime of 4.64 ns (Fig. S12 and
Table S37). This decrease in lifetime can be attributed to photo-
induced electron transfer from the BDT core to the [Co"(TPY),]**
unit. To assess the feasibility of photocatalytic CO, reduction
reactions, we performed Mott-Schottky analysis to examine the
band structure of TPY-BDT OG and Co-TPY-BDT CPG at
frequencies of 1000, 1500, and 2000 Hz in a 0.5 M Na,SO, elec-
trolyte at pH 7. The analysis showed that both catalysts displayed
n-type semiconducting behaviour with a positive slope.*® The flat
band potentials (Vg,) were found to be —0.59 Vand —0.76 V versus
NHE (at pH = 7) for Co-TPY-BDT CPG (Fig. S13at) and TPY-BDT
OG (Fig. S13b¥), respectively. Based on the bandgaps obtained
from UV-Vis absorption spectra, we have elucidated the band
diagram, which showed that both TPY-BDT OG and Co-TPY-BDT
CPG can be utilized for the photocatalytic CO,RR (Fig. 3A). Next,
DFT calculations were performed to investigate electron transfer
feasibility from the light-harvesting BDT unit to the catalytically
active site, [Co"(TPY),]*". The energetically low-lying LUMO of the
[CO™(TPY),”* moiety compared to the LUMO of the
BDT(CONH,), unit suggested thermodynamic feasibility of
photoinduced electron transfer from the BDT unit to the
[Co"™(TPY),]** catalytic site (Fig. 3B).

Visible-light-driven photocatalytic CO, reduction

We measured the CO, adsorption isotherm for Co-TPY-BDT
CPG at 298 K and found that the CPG exhibited an uptake of
approximately 25 cm® g~ (Fig. S147). This high uptake amount
might be attributed to the fibrous morphology of the CPG. This

Chem. Sci., 2025, 16, 3646-3654 | 3649
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Fig. 3 (A) Band diagrams for TPY-BDT OG and Co-TPY-BDT CPG. (B) HOMO-LUMO energy diagram demonstrating the possibility of electron

transfer from BDT(CONHS,), to the [Co(TPY),]?* moiety in Co-TPY-BDT CPG. (C) The amount profile of CO and CH,4 using the Co-TPY-BDT CPG
photocatalyst in the presence of TEA using pure CO,. (D) Apparent quantum efficiency (AQE) for Co-TPY BDT CPG at various wavelengths during
photocatalysis after 6 hours. (E) The amount of CO and CH,4 evolution by Co-TPY-BDT CPG using low-concentration CO,. (F) Transient
photocurrent measurement in 0.5 M Na,SO4 at +0.8 V, pH ~ 7 under visible-light irradiation with a 30-second time interval.

finding implies that the CPG has the potential to efficiently
assimilate CO,, functioning as a promising reservoir for cata-
lytic processes.* Photocatalytic CO, reduction experiments
were performed by exposing a CO, (99.99%) saturated acetoni-
trile (CH3CN)/water (H,O) solution to visible light (A > 400 nm)
from a 300 W xenon lamp (Fig. S157). The acetonitrile/H,O
combination has been selected due to acetonitrile's superior
solubility for CO, and the presence of water as a proton
source.*®* This solution contained 0.5 mg of the Co-TPY-BDT
CPG catalyst and 200 pl of TEA, which served as the sacrificial
electron donor. The photocatalytic activity was monitored
through gas chromatography-mass spectrometry (GC-MS)
analysis (Fig. S17t). The photocatalytic CO, reduction reac-
tions for Co-TPY-BDT CPG and TPY-BDT OG were both con-
ducted in the xerogel state. The use of the xerogel state of the
catalyst facilitated easier handling than the gel state.”* After
several solvent combinations, we identified that a mixture of
acetonitrile and water (4:1 v/v) with triethylamine (TEA) as
a sacrificial electron donor yielded the highest catalytic activity
for the Co-TPY-BDT CPG catalyst (Table S4T). Under these
conditions, the catalyst achieved a CO evolution of 33.74 mmol
g~ " with a remarkable selectivity of ~99% for CO over CH, after
18 hours of visible light irradiation (Fig. 3C). The rate of CO
production was determined to be 1.9 mmol g~* h™", with the
maximum apparent quantum efficiency recorded at 1.04% at
400 nm (Fig. 3D). The corresponding TON (CO) was calculated
to be 32 after 18 h (Fig. S187). To the best of our knowledge, this
catalytic performance is one of the most remarkable

3650 | Chem. Sci,, 2025, 16, 3646-3654

achievements in heterogeneous photocatalytic CO, reduction to
CO under visible light (Table S5). Furthermore, we explored the
visible-light driven photocatalytic CO, reduction using TPY-BDT
OG under the same conditions as those for Co-TPY-BDT CPG.
The TPY-BDT OG exhibited nearly ten times lower activity than
the CPG, producing 3.64 mmol g of CO over 22 hours with
~98% selectivity (rate = 165.65 pmol g * h™"). This highlights
the crucial role of the [Co(TPY),]*" unit as the predominant
active site for CO, photoreduction. Furthermore, catalytic
experiments with Co-TPY-BDT CPG in the absence of any
sacrificial electron donor yielded a negligible CO production
(0.073 mmol g ' in 12 h), emphasizing the critical role of
a sacrificial electron donor in achieving efficient CO, photore-
duction. The Co-TPY-BDT CPG photocatalyst demonstrated
stable recyclability over five cycles in the presence of TEA
(Fig. S191), maintaining consistent performance without
morphological (Fig. S20f) or spectroscopic alterations
(Fig. S217), highlighting its robust stability in the reaction
medium. We also conducted photocatalytic reduction of
labelled '*CO, (isotopic labelling) using Co-TPY-BDT CPG
xerogel to assess the origin of CO in the presence of TEA. GC-MS
analysis indicated the exclusive formation of the *C-labelled
product of **CO, confirming CO,'s role as a substrate in the
photocatalysis process (Fig. S221). The LC-MS analysis of the
post-catalytic reaction solution confirms that diethylamine
(DEA) and acetaldehyde are the oxidation products of TEA
(Fig. S231). Due to the excellent CO, uptake at room tempera-
ture and outstanding photoreduction efficiency under pure CO,

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08814j

Open Access Article. Published on 27 January 2025. Downloaded on 12/30/2025 6:08:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
A "
~ [ 5 o] B 2T
ER R Ty % e ﬁ'BV \e(TEA
ES/ 1S o e y~B0T BOT*
-CO
sh % é\ﬁ [COUTPY),J2* e
8 Z % — EGIEEsiel AG =+0.24 eV
S VNN —— e e —2+ .
N ——— ~——— 77N =
D MR —— =N 2 =N 2
Q / ) ———— R \ { "\t \ =
< [ A~ \ —— HN- /_ N_?QI!_N’_\ ’T HN- .;::'_-_N_(I;on_. &< pw
L —] \ 7 TR
1200 1400 1600 1800 2000 2200 1900 2100 /_'? \\-\\ = "\ >
-1 o)
c Wavenumber (cm™) [Co"(TPY)(n2-TPY)(CO)J?* [Co"(TPY-)(n2-TPY)]*
1r (*co) ’\(BDT‘
— AG =-0.18 eV h
% 000 *€ 026 e o [Etz"‘=c”c|‘|z]'y9 AG =-0.33 eV GBDT'+ “DT
~ f i —m— -H,0
51 5 § % g Num co et . €0 A
= o 3 ,g desorption _ - TEA TEA
2 3 2 N g \ LR
WA = g 113 3 HN—EZ N—C NS NH
e 3 H,O T AT — '\
8 ) .% 8 Ox- \\ ;-'_g / &\/
5 : T8Nk 4y .
o ot = 21 =/Ho' No
* = Adsorbed intermediate [Co™(TPY")(n>-TPY)(COOH)J* ,Q [Co"(TPY)(n>-TPY)(CO,)]

Reaction Coordinate

Fig. 4

(*COOH") [Et,;N=CHCH,]" TEA™ (*C0,?)
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of CO, to CO utilizing the Co-TPY-BDT CPG catalyst. (C) Relative Gibbs free energy plot.

conditions, combined with the advantageous fibrous
morphology of Co-TPY-BDT CPG, we next investigated its
performance in reducing low-concentration CO,.***>** The
fibrous network would likely enhance the efficient diffusion and
interaction of CO, with the active sites, even in the diluted CO,
environment. In a 4 : 1 CH;CN/H,O solvent with TEA, the cata-
lyst produced 1.9 mmol g~ * of CO over 10 h, achieving 94.6%
selectivity and a rate of 189.61 pmol g ' h™' (Fig. 3E). These
results establish Co-TPY-BDT CPG as one of the most effective
catalysts for photocatalytic CO, reduction under low-
concentration CO, conditions (Table S61). To understand the
significant difference in photocatalytic activities between TPY-
BDT OG and Co-TPY-BDT CPG, photocurrent measurements
were performed under both light and dark conditions. The
photocurrent for Co-TPY-BDT CPG in the presence of light was
found to be four times higher than that of TPY-BDT OG
(Fig. 3F). This result suggests facile charge separation in the
case of Co-TPY-BDT CPG under light irradiation due to the
presence of Co". Hence, it is expected to exhibit enhanced
photocatalytic activity compared to TPY-BDT OG. These results
were further validated through electrochemical impedance
spectroscopy (EIS) measurements, where it was found that the
charge transfer resistance in Co-TPY-BDT CPG was significantly
less than that of TPY-BDT OG under both dark and light-
irradiated conditions (Fig. S247).

Femtosecond transient absorption (fsTA) experiments have
been performed to understand the charge transfer dynamics in
real time. The early time fSTA data of the BDT ligand (Fig. S25at)
showed a broad absorption band in the range of 550-700 nm
and a strong negative signal in the 430-550 nm region.
Considering the spectral region of the negative signal which is
very similar to the emission spectra of the BDT ligand, it is

© 2025 The Author(s). Published by the Royal Society of Chemistry

assigned to stimulated emission (SE) from the photoexcited
BDT. The broad positive band is due to the excited state
absorption (ESA) of BDT. A similar broad absorption band in
the near NIR region is reported for different classes of benzo-
dithiophene molecules.>** Both ESA and SE follow similar
multiexponential decay kinetics (Fig. S25b¥) with a decay time
constant of 1.5 ps (18%), 61 ps (26%), and 425 ps (54%) with
a residual long decay of 2%. Unlike BDT, fsTA data of TPY-BDT
OG show an ESA band at 550 nm which extends beyond 700 nm
(Fig. 5a). The SE band observed in BDT could not be observed in
the TPY-BDT OG sample due to the strong fluorescence
quenching which is also supported by the steady state emission
measurements. The decay kinetics at 500 nm and 640 nm are
shown in Fig. 5b. It is evident that the decay of the ESA signal at
640 nm is significantly faster than that in the 500 nm region.
This clearly indicates the presence of multiple excited states in
these two spectral regions. Since BDT has an ESA band in the
600-700 nm region, we assigned the decay at 640 nm corre-
sponding to the S; state of BDT. Following literature reports, the
ESA band at 550 nm is assigned to TPY".>® The appearance of
TPY ™ within the instrument response of our setup (0.12 ps),
suggests electron transfer from the BDT moiety to the TPY unit
in the TPY-BDT OG sample. The fitting of the decay kinetics at
640 nm results in a time constant of 0.5 ps (20%), 23.9 ps (35%),
and 405 ps (23%) with a residual decay of ~23%. Two time
constants, 0.5 ps and 23.9 ps, are considerably shorter as
compared to the time constant observed for the BDT ligand.
Such a shorter time constant is a manifestation of the intra-
molecular electron transfer from the BDT unit to the TPY unit in
the TPY-BDT OG sample. Considering significant overlapping of
the ESA bands of BDT and TPY ", the decay time constants for
TPY"™ were estimated from the decay kinetics at the blue edge
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of its ESA band (500 nm). From the kinetic trace shown in
Fig. 5b, it is evident that TPY"™ has a lifetime much longer than
the temporal window of our setup (2.5 ns). The kinetic analysis
indicates the lifetime of TPY ™ is >3 ns. The transient absorp-
tion spectra of the Co-TPY-BDT CPG sample are qualitatively
very similar to that of the TPY-BDT OG sample as shown in
Fig. 5c. However, both the ESA bands due to BDT and TPY" ™
show some shift with respect to the TPY-BDT OG sample. This
small spectral shift might be due to the changes in the inter-
molecular interaction between coordinating polymer chains.
Unlike the TPY-BDT OG sample, the decay of the TPY ™~ is
extremely fast and more than 90% decays within 100 ps. The
kinetic analysis of TPY'~ decay trace provides time constants of
0.4 ps (74%), 5.7 ps (19%) and 210 ps (7%) with an average
lifetime of 16 ps which is more than two orders of magnitude
faster than the lifetime observed in the TPY-BDT OG sample (>3
ns). This drastic reduction in the lifetime of TPY ™ in the CPG
sample is purely due to the presence of cobalt and assigned to
the electron transfer from TPY"™ to the Co" in the CPG (Fig. 5d).
Thus, our fsTA data support efficient electron transfer from the
BDT unit to the redox active Co™ center of the Co-TPY-BDT CPG
catalyst.

We have performed in situ diffuse reflectance infrared
Fourier transform (DRIFT) spectroscopic study of Co-TPY-BDT
CPG to monitor the formation of reaction intermediates
during the CO, reduction to CO process (Fig. S161). For back-
ground subtraction, we selected FTIR spectra obtained prior to
the introduction of CO, and without light irradiation. We
recorded the spectra at three-minute intervals after introducing
CO, and water vapour in the presence of visible light. The peak
observed at 1248 cm ™" corresponds to the stretching frequency
of *CO, .¥” The peaks at 1456 cm ' can be attributed to the
symmetric stretching of *HCO; ™, while the peaks at 1301 and
1352 cm™ " correspond to CO;>~.2>%%%° The appearance of two
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Fig. 5 (A) Transient absorption spectra of TPY-BDT OG dispersed in

ethylene glycol at different time delays. (B) The decay kinetics at
500 nm and 640 nm. The line between the data points is the fitted
kinetic data. (C) Transient absorption spectra of Co-TPY-BDT CPG in
ethylene glycol at different time delays. (D) A comparison of the decay
kinetics for TPY-BDT OG and Co-TPY-BDT CPG at 500 nm. The
dashed lines are fitted kinetic data.

3652 | Chem. Sci,, 2025, 16, 3646-3654

View Article Online

Edge Article
peaks at 1559 and 1617 cm ' is attributed to the *COOH
intermediate.®>®* A substantial peak associated with *CO is
observed at 2030 cm™ ", with its intensity increasing over time,
suggesting the accumulation of *CO (Fig. 4a)."”

Furthermore, the mechanism of photocatalytic CO, to CO
reduction using the Co-TPY-BDT CPG catalyst was investigated
via DFT calculations based on the intermediates detected
during in situ DRIFT study.>**3%*766 The proposed catalytic
cycle and corresponding Gibbs free energy plot are shown in
Fig. 4. For mechanistic investigation, the [Co"(TPY),]** unit was
considered the initial catalyst (Fig. S27(iv)t). The BDT unit,
upon photoexcitation, would transfer an electron to the catalytic
site through an oxidative quenching pathway. The oxidized
BDT'" generated in this process would undergo reduction by
sacrificial agent TEA to recover BDT (Fig. 4b). During the
catalysis, the initial catalyst [Co™(TPY),]*" would undergo one-
electron reduction to generate [Co"(TPY")(n>TPY)]", which is
an uphill process (AG = +0.24 eV). In the next step, [Co"(T-
PY')(m*TPY)]" would engage in another electron reduction
followed by the oxidative addition of CO, to generate [Co"(T-
PY"")(n*TPY)(CO, )] or *CO,> (AG = —0.18 eV), which after
protonation would afford intermediate [Co™(TPY"~)(m>-TPY)(-
COOH)]" or *COOH™ (AG = —0.86 eV).** The two-electron
reduction of the catalyst prior to CO,-binding would facilitate
the CO, oxidative addition process, leading to stronger CO,-
binding as compared to the CO,-binding after one-electron
reduction.®>®® More electron-rich [Co'(L7)]*” (where, L =
ligand) species (two-electron reduced -catalyst) has higher
nucleophilicity for CO, activation than the one-electron reduced
[Co™(L7)]™ species.®™* Next, the protonation followed by water
elimination from [Co"(TPY ~)(n>TPY)(COOH)]" or *COOH~
would generate [Co"(TPY)(n>-TPY)(CO)]*" or *CO intermediate
in an exergonic process (AG = —0.33 eV). Lastly, [Co™(TPY)(n*-
TPY)(CO)J** or *CO intermediate would regenerate the initial
catalyst [Co"(TPY),]>" with rapid CO desorption, which is
a highly exergonic step (AG = —0.98 eV) (Fig. 4b and c). Notably,
the initial [Co"(TPY),** to [Co™(TPY 7)(n>-TPY)]" conversion
step was found to be the only uphill process (AG = +0.24 eV) of
the whole catalytic cycle, which suggests it as the rate-
determining step (rds) (Fig. 4c). In addition, the more exer-
gonic CO desorption step from [Co"(TPY)(n>-TPY)(CO)]*" or
*CO intermediate (AG = —0.98 eV), compared to its further
reduction to [Co™(TPY)(n>-TPY)(CHO)*" or *CHO (AG = —0.75
eV), justifies high CO product selectivity over CH, (Fig. S267).

Conclusions

We have introduced a successful design strategy and synthesis
of a metal-organic ‘soft’ coordination polymer gel, incorpo-
rating both light-absorbing chromophores and active catalytic
centers in the same units. This innovative approach enables
visible-light-driven CO, reduction to CO with an impressive
selectivity of ~99%. In the presence of TEA as a sacrificial
electron donor, the Co-TPY-BDT CPG photocatalyst achieved
a maximum CO yield of 33.74 mmol g~ " in 18 h, with an activity
rate of 1.9 mmol g~ ' h™'. Among the reported heterogeneous
photocatalytic CO,RR, these values stand out as remarkable,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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achieved under visible light conditions by the emerging class of
CPG-based materials. Furthermore, our study involved the low-
concentration CO,RR utilizing Co-TPY-BDT CPG and was
particularly intriguing from an energy-saving standpoint. This
indicates that the catalyst does not require a concentrated form
of gas mixtures and can be used directly to reduce CO, under
low partial pressures. In situ DRIFTS and DFT calculations
revealed mechanistic insights into the CO, reduction pathways.
Moreover, femtosecond transient absorption spectroscopy
confirmed the electron transfer pathway from the BDT core to
the [Co(TPY),]** complex within the Co-TPY-BDT CPG. These
findings open a completely unexplored frontier for the devel-
opment of a scalable and efficient ‘soft’ material-based photo-
catalyst and offer an achievable way of utilising solar energy for
the reduction of CO,.
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