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Herein, three transition metal-based coordination polymers (CoBpe, NiBpe, and CuBpe) were synthesized
via solvothermal reactions by combining the organic ligand 1,2-di(4-pyridyl) ethylene (Bpe) with cobalt(i),
nickel(), and copper() ions, respectively. Single crystal X-ray diffraction (SCXRD) characterization
revealed the isostructurality of the cobalt- and nickel-based compounds, which crystallize in
a monoclinic system and form a 1D ladder topology with interpenetrated square grids, while the copper
derivative forms a linear chain topology within a triclinic crystal system. These structural differences are
attributed to variations in synthesis conditions and counter anions. The materials presented herein

exhibit optical and photoelectrochemical properties highlighting their semiconductor characteristics.

Received 8th February 2025 . . . .
Accepted 23rd April 2025 They were used as catalysts for CO, reduction to CO, in photocatalytic systems with [Ru(bpy):]ICl, as
photosensitizer (PS) and triethanolamine (TEOA) as sacrificial electron donor (SED), under simulated solar

DOI: 10.1035/d55e00195a irradiation. CoBpe achieved a CO production rate of 287 umol g™t h™ (4-hour experiment) and 410
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Introduction

In recent years, the rapid growth in population and the exces-
sive consumption of fossil fuels have led to a significant
increase in anthropogenic CO, emission, triggering alarming
consequences (e.g., energy crisis, catastrophic weather patterns,
ecosystem destruction).”” In response, numerous measures
have been implemented to tackle the problem and reduce the
reliance on fossil fuels, such as shifting to renewable energy
sources (e.g., solar, wind, biomass) and introducing new poli-
cies to curb carbon footprints.® In addition, proactive technol-
ogies such as carbon capture and storage (CCS)* have been
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pmol g’1 h~! (8-hour experiment), placing itself as a competitive candidate among similar systems.

deployed to capture CO, from industrial fumes. However, this
promising pathway remains challenging due to the high
stability of CO, molecules (C=0 bond energy: 750 k] mol™").>®

Furthermore, over the last decades, significant efforts have
been devoted to converting CO, into feedstock fuels and value-
added products (e.g., formic acid,”® methanol,>'* methane,"
carbon monoxide) using photochemical processes. However,
significant challenges remain, particularly in terms of effi-
ciency, selectivity, and stability."**® Mimicking natural photo-
synthesis, artificial sunlight-driven systems have evolved as an
efficient way to remediate environmental issues.””** The basis
for developing artificial photosynthetic systems were set in 1972
by Fujishima and Honda, who utilized titanium dioxide (TiO,)
as a photocatalyst for water splitting under sunlight irradia-
tion.?® This innovation paved the way for numerous advanced
photocatalytic applications, including dye degradation (methyl
violet (MV),** rhodamine B (RhB)*?), hazardous waste removal,*
air and water purification,**** and CO, photoreduction.”® This
light-driven process occurs when light strikes the photo-
catalyst's surface, usually semiconductor materials,” creating
photogenerated charge carriers (electron-hole pairs), leading to
a sequence of redox reactions. Moreover, due to their optical
and redox properties, as well as thermal and solvent stability,
various semiconductor materials have been used as photo-
catalysts for CO, reduction, such as metal oxides (e.g., TiO,,
ZnO, Si0,, WO03),?® metal sulfides (CdS, ZnS),?® metal nitrides
(GaN, TiN),* perovskites, (BaTiOs, CaTiO),*" Z-scheme hetero-
junctions,* Covalent-Organic Frameworks (COFs),** Metal-
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Fig.1 Composition of the photocatalytic system used in this work for CO, reduction to CO — exemplified for CoBpe.

Organic Frameworks (MOFs),*® and coordination polymers
(CPs).*** Most of these photocatalysts are involved in hetero-
geneous systems.*” Additionally, homogeneous photocatalysis®®
(also known as a single-phase system, where all components are
soluble in a one reaction medium) typically uses transition-
metal complexes owing to their high solubility and metal
center accessibility.*®

Since the development of the square grid interpenetrated
structure [[Zn(bpy),(H,0),].SiFs] by Robson and Hoskins in
1990 *° and Yaghi's creation of a 3D porous coordination poly-
mer [Cu(4,4"-bpy); sNO3(H,0); 55] in 1995,*" coordination poly-
mers (CPs) have been regarded as milestones in coordination
chemistry. CPs are constructed by metal nodes connected
through multidentate organic ligands forming infinite
networks. They present remarkable properties and are
employed in various fields (e.g., drug delivery,*> gas adsorp-
tion,* energy storage and separation,* photocatalysis®*). The
organic ligands used in CPs (e.g., carboxylic acids,* oxalates,*®
pyridyls,” pyrazines*®) exhibit diverse topologies, offering
awide range of coordination options. In addition, specific metal
ions, including transition metals** and lanthanides,” are
regarded as key components in the development and optimi-
zation of CP-based advanced materials due to their diverse
chemical properties. Possessing suitable features (e.g., semi-
conducting properties, metal cluster's availability,> structural
tunability and adjustability, topological diversity, abundance of
their electron-rich Lewis basic cores),*** CPs have also attracted
the scientific community's attention in the field of photo-
catalytic CO, reduction.

In this work, we successfully synthesized three coordination
polymers (CoBpe, NiBpe, and CuBpe) based on the N-donor
bridging ligand (1,2-di(4-pyridyl) ethylene, Bpe) and cobalt(u),
nickel(n), and copper(n) transition metal ions, respectively. A
similar structure has been published with cobalt(u),”* while
NiBpe and CuBpe are new compounds. The Bpe ligand®® exists
under two configurational isomers (cis and trans)®® with the
trans-configuration being more stable. This ligand is charac-
terized by an electron-rich 7-system,*” a strong connectivity, and
a high affinity for various metal cations including transition
metals®® and lanthanides.> These attributes offer a wide range
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of architectures and topologies for the resulting materials (e.g.,
one-dimensional chains and ladders,*®*® two-dimensional
grids,* three-dimensional frameworks®). Thus, Bpe has been
extensively employed in the development of 1D, 2D & 3D coor-
dination polymers and Metal-Organic Frameworks exhibiting
photoluminescence,*” photocatalytic,*** and gas adsorption
properties.®®*” Of note, a series of six CPs based on Bpe ligand
and Co(u) metal cation have been developed by Peedikakkal and
coworkers,* featuring interesting magnetic properties. The CPs
reported herein (CoBpe, NiBpe, and CuBpe) were characterized
using various techniques including CHN elemental analysis
(EA), single crystal X-ray diffraction (SCXRD), powder X-ray
diffraction (PXRD), infrared (IR) spectroscopy, and thermogra-
vimetric analysis (TGA). In addition, solid-state UV-vis spec-
troscopy, linear sweep voltammetry (LSV), electrochemical
impedance spectroscopy (EIS), and Mott-Schottky analysis were
used to elucidate their photoelectrochemical properties.
Furthermore, they were tested as catalysts for CO, photore-
duction under simulated solar irradiation, in presence of
[Ru(bpy)s]** as photosensitizer (PS) and triethanolamine (TEOA)
as sacrificial electron donor (SED), proving their efficiency for
CO production in such systems (Fig. 1).

Experimental
Chemicals

All chemical reagents and solvents employed were used without
further purification. Details are provided in the ESL.}

Materials and methods

Single-crystal X-ray diffraction (SCXRD) data were collected for
CoBpe at 100 K using a Rigaku Gemini diffractometer®® equip-
ped with a Rotating Anode source (Mo Ka radiation), a Rigaku
Saturn 724+ CCD detector, and a kappa goniometer. For NiBpe
and CuBpe, SCXRD data were collected at 150 K, using a Bruker
Venture diffractometer equipped with a MetalJet source (Ga Ko.
radiation), a Helios MX optics, a Photon 100 CMOS detector,
and a kappa goniometer. Crystal structure data collection,
resolution and refinement were carried out using CrysA-
lisPro,**”® APEX,””> OLEX2,”*”* and SHELXL” crystallographic

This journal is © The Royal Society of Chemistry 2025
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software packages. All non-hydrogen atoms were refined
anisotropically with Least Squares minimization,”® while
hydrogen atoms were located and refined geometrically. Crys-
tallographic data for CoBpe, NiBpe, and CuBpe have been
deposited in the Cambridge Crystallographic Data Centre
(CCDC) database under CCDC reference numbers 2401287,
2401032, and 2401036, respectively. Powder X-ray diffraction
(PXRD) patterns were recorded from 5° to 50° using mono-
chromatic CuKa radiation at room temperature. Calculated
powder X-ray diffraction patterns were generated from the cor-
responding CIF files obtained from single-crystal analyses using
Mercury software.”” CHN analyses were performed on a Thermo
Scientific FlashSmart instrument by the Elemental Analysis
Service at Université de Montréal. FTIR spectra were measured
using a Nicolet iS 10 Smart FT-IR spectrometer in the range
from 4000 to 400 cm ™', Thermogravimetric analysis (TGA) was
performed using a PerkinElmer STA 6000 TGA/DTA apparatus
in a range beginning from room temperature to 800 °C, under
a N, gas flow, and using a heating rate of 10 °C min~". UV-
visible absorption spectra were recorded in solid state using
a UV-Visible Agilent Cary 60 spectrophotometer in the wave-
length range of 200-800 nm. Photoelectrochemical character-
ization (linear sweep voltammetry (LSV), electrochemical
impedance spectroscopy (EIS) and Mott-Schottky analysis) were
performed using a three-electrode system (Autolab PGSTAT204)
composed of a platinum net counter electrode, an Ag/AgCl
reference electrode, and a sample-based working electrode
fabricated by coating the coordination polymer samples
(CoBpe, NiBpe, and CuBpe) on fluorine-doped tin-oxide (FTO)
cells (2.5 cm x 5.0 cm), immersed in Na,SO, electrolyte solu-
tion (0.1 M), pH 7. Photocatalytic CO, reduction experiments
were performed in a 40 mL vial serving as a reactor vessel, using
pre-dried coordination polymers (CoBpe, NiBpe and CuBpe) as
catalysts and ([Ru(bpy);]Cl,-6H,O (bpy = 2'2-bipyridine)) as

13.657(1) A

13.540(1) A

P
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a photosensitizer. The reaction system was exposed to simu-
lated sunlight with a power of 100 mW cm™> (ABET SN103
Model 11.002 SunLite™ Solar Simulators equipped with
a 150 W Xenon lamp). Further details are provided in the solar-
light-driven CO, reduction section and the ESL{

Synthetic procedures

CoBpe [Co,(Bpe);(NO;),-MeOH]. Trans-1,2-bis(4-pyridyl)
ethylene (0.01 g, 0.054 mmol) and Co(NO3),-6H,O (0.1 g,
0.346 mmol) were dissolved in 7 mL of MeOH. A clear purple
solution was obtained and placed in a 20 mL glass vial, which
was sealed and kept undisturbed in an oven at 55 °C for 2 days.
The solution was slowly cooled at room temperature. Pink
crystals were extracted from the mother solution and washed
with anhydrous MeOH. Yield: 70%. The crystals were suitable
for X-ray diffraction. Anal. (%) caled for C3;H3,C0,N;40;43: C,
47.05; H, 3.63; N, 14.83. Found: C, 46.52; H, 3.28; N, 14.77. FTIR
(ATR, ecm™): 3071(w), 2558(w), 1661(s), 1609(s), 1503(m),
1453(s), 1292(s), 1067(m), 806(m). UV-vis (solid-state) Aax, NM:
267 (m-m*), 360 (shifted w-*/MLCT), 507 (d-d).

NiBpe [Niy(Bpe);(NO;3),-MeOH].  Trans-1,2-bis(4-pyridyl)
ethylene (0.01 g, 0.054 mmol) and Ni(NO3),-6H,O (0.1 g, 0.346
mmol) were dissolved in 7 mL of MeOH. A clear green solution
was obtained and placed in a 20 mL glass vial, which was sealed
and kept undisturbed in an oven at 65 °C for 2 days. The
solution was slowly cooled at room temperature. Green crystals
were extracted from the mother solution and washed with
anhydrous MeOH. Yield: 65%. The crystals were suitable for X-
ray diffraction. Anal. (%) caled for (Cs,H3,Ni,N;0043)(H,0): C,
46.19; H, 3.77; N, 14.56. Found: C, 46.07; H, 3.48; N, 14.62. FTIR
(ATR, cm™): 3288(w), 2980(w), 1657(s), 1605(s), 1506(m),
1420(s), 1263(s), 1075(m), 835(m). UV-vis (solid-state) Apay, NM:
268 (mt-1*), 355 (shifted w-7t*/MLCT), 612 (d-d).

mﬁ%}”ﬂf@l oy

07
13.426(1) A @4
\’ 13.559(1) & ,Q

= ﬂ‘{}«/fz-{{/-

Fig.2 The solid-state structures of CoBpe (a) and NiBpe (b), featuring a square grid coordination mode, and CuBpe (c), highlighting a 1D linear
chain topology with the classic paddle-wheel coordination mode of copper centers.

This journal is © The Royal Society of Chemistry 2025
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CuBpe [Cu(CH3COO),(Bpe)os].  Trans-1,2-bis(4-pyridyl)
ethylene (0.01 g, 0.054 mmol) and Cu(CH3COO), (0.062 g,
0.346 mmol) were dissolved in a mixture of solvents DMF/
MeOH (7 mL, 5:2 v/v) in a 20 mL glass vial, which was sealed
and kept undisturbed in an oven at 85 °C for 2 days. The
solution was slowly cooled at room temperature. Blue crystals
were obtained, extracted from the mother solution and washed
with anhydrous MeOH. Yield: 100%. The crystals were suitable
for X-ray diffraction. Anal. (%) calcd for (C;0H11CuNO,4)(H,0)o 5
C, 42.63; H, 4.29; N, 4.97. Found: C, 42.80; H, 4.21; N, 5.17. FTIR
(ATR, cm™Y): 3288(w), 3058(w), 2155(s), 1630(s), 1349(m),
1263(s), 1225(s), 1014(m), 678(m). Amax, NM: 252 (T-70¥), 388
(shifted -m*/MLCT), 700 (d-d).

Results and discussion

CoBpe, NiBpe, and CuBpe were synthesized in good yields, as
air-stable crystals, by reacting the metal salt of corresponding
cation (Co(u), Ni(u), and Cu(u), respectively), with the organic
ligand 1,2-di(4-pyridyl) ethylene (Bpe), under solvothermal
conditions. CHN elemental analysis and powder X-ray diffrac-
tion analysis (PXRD) were used to confirm their purity (in bulk).
Full details on these syntheses and characterization are given in
the Experimental section and ESL}

XRD-single crystal solid-state structures were determined for
each of the three CPs (Fig. 2 and S1-S3, ESIf). Crystal data and
structure refinement details are given in Table S17 and the
values for bond lengths, angles, and the H-bonding geometry
are provided in Tables S2-S9.1 The isostructurality of CoBpe
and NiBpe was confirmed by SCXRD analysis. Both compounds
crystallize in a monoclinic system and a P2,/c space group,
showing a 1D ladder structure with interpenetrated square grids
(Fig. 2). The asymmetric unit contains two independent metal
centers (Fig. S1-S3t), each hexacoordinated and adopting
a distorted octahedral geometry with an “MN;0;” coordination
sphere. The first metal center is coordinated to three nitrogen
atoms from three Bpe ligands (two axial, one equatorial) form-
ing a T-shape geometry. Additionally, the metal center is

View Article Online

Paper

coordinated by one oxygen atom from the solvent molecule
(methanol) and two oxygen atoms from nitrate anions in
a bidentate manner. Similarly, the second metal center is
coordinated to three Bpe ligands in a T-shape topology, neigh-
bored by two nitrate molecules coordinated in bidentate and
monodentate manners. These arrangements repeat infinitely,
resulting in a square-grid structure that creates 1D ladder
networks. Each square is formed by four parallel Bpe ligands
and four metal centers occupying the square grid vertices. The
distances between metal centers are 13.657(1) A and 13.540(1) A
for CoBpe, and 13.426(1) A and 13.559(1) A for NiBpe. These
grids intersect with those from neighboring ladders; each
square grid is interpenetrated with two ladders, creating a 3D
interpenetrated network (Fig. S47). Furthermore, the ethene
link (-CH = CH-) in the Bpe ligand structure disrupts the
coplanarity of pyridine rings, as C-H moieties of the adjacent
Bpe ligands sterically clash.” The non-planarity is essential to
accommodate the three pyridyl donors at the T-shaped metal
centers, reducing steric repulsion and promoting efficient
packing in the overall structure.

CuBpe crystallizes in a triclinic system and a P-1 space group.
Its asymmetric unit consists of a paddlewheel copper acetate
dimer [Cu,(OAC),] axially coordinated to coplanar Bpe ligands
(Fig. S37). Thus, each Cu(u) center in the dimer is coordinated to
four oxygen atoms belonging to four bridging acetate ligands
and one nitrogen atom from the Bpe ligands (Fig. 2c and S57).
The extended structure results in 1D channels defined by the
paddlewheel copper cluster [Cu,(OAC),(Bpe),].” This arrange-
ment repeats infinitely, forming alternating 2D layers (Fig. S57).
The Co-O and Co-N coordination bond lengths in CoBpe are as
following: [2.0380(15)-2.2314(14)] A and [2.1531(15)-2.1026(15)]
A, respectively, while for NiBpe, the Ni-O and Ni-N bond
lengths are [2.0262(14)-2.1704(13)] A and [2.0639(13)-
2.0999(14)] A. These measurements align with those previously
reported.®® The intermetallic distance in the dinuclear copper
cluster is 2.6182(5) A, while Cu-O and Cu-N bond lengths are
[1.964(10)-1.985(9)] A and [2.16(2)-2.18(3)] A, respectively.
These results are in good agreement with those found for the

Fig. 3 View of Hirshfeld surfaces of CoBpe, NiBpe, and CuBpe with their normalized contact distances dnorm, di, and de.
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dinuclear cupric acetate Cu,(CH3COO)4(H,0),, as determined
by Hull in 1938.2“* The bulk purity of ‘as-synthesized’
compounds was verified by powder X-ray diffraction analysis
(PXRD). Collected patterns match well with simulated ones,
particularly for the major peak positions, confirming the purity
of the compounds and the presence of a single crystalline phase
(Fig. S67).

Hirshfeld surface analysis (HS) was conducted using Crys-
talExplorer software® in order to further explore the intermo-
lecular and surface interactions between neighboring
molecules within the crystal lattice. The normalized contact
distance (dorm) is presented using a color code: white, blue and
red. These colors highlight the interactions between neigh-
boring atoms. Red spots indicate closer atomic contacts, blue
spots represent longer contacts and white areas correspond to
the van der Waals interactions. In this analysis, d. denotes the
distance measured from the surface to the nearest external
nucleus, while d; is the distance from the surface to the nearest
internal nucleus. The red spots observed on the d,m surface
(Fig. 3) are predominantly located around the metal center,
showing regions of strong contact interactions. The 2D finger-
print plots (Fig. S7 and S87) reveal the contribution of hydrogen
interactions, highlighting the predominance of hydrogen
bonding within the structures.

FTIR spectra (Fig. 4a) of these materials exhibited a weak
signal around 3000-3100 cm™" attributed to »(C-H) stretching
vibration from the aromatic pyridine ring, a strong signal within
1400-1600 cm ' range corresponding to the characteristic
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stretching vibration »(C=C) of the pyridine, and a medium
signal positioned in the interval 1350-1000 cm ™" belonging to
the »(C-N) stretching vibration. In addition, the characteristic
signal related to the »(C=C) stretching vibration of the ethylene
bridging spacer is observed in the 1680-1600 cm™ ' range.
Notable similarity of the CPs FTIR spectra is found when
compared to that of the free ligand (Bpe), with changes in the
fingerprint region below 1500 cm™". These changes are due to
the coordination bond formed between the N-donor atom of
Bpe and the transition metal centers, typically observed around
400-600 cm ™" (Fig. 4a).

Thermal stability of the CPs reported herein was evaluated by
thermogravimetric analysis (TGA) in a temperature range of 30 °
C to 800 °C (Fig. 4b). CoBpe showed a first weight loss at 78 °C,
corresponding to the release of methanol solvent, followed by
a second significant weight loss near 275 °C, which marked the
decomposition of the coordination polymer lattice. NiBpe also
exhibited two weight loss phenomena, the first one at 88 °C
related to the departure of methanol according to the crystalline
structure, and the second one at 350 °C corresponding to the
degradation of the polymer. CuBpe is stable up to 265 °C,
showing no solvent loss, in line with its XRD structure. The
decomposition temperature at 95% (T4 (95%)) was evaluated to
be 304 °C for CoBpe, 354 °C for NiBpe and 291 °C for CuBpe,
confirming their excellent thermal stability (Fig. 4b).

Solid-state UV/vis absorption spectroscopy was conducted in
the region 200-800 nm (Fig. 4c). All compounds (Bpe ligand and
CPs) display an absorption band in the UV region between 250

a) b)
CuB; — Bee
ubpe CuBpe
CoBpe
s
=
50
)
CoBpe . z
— - \ ) 1 v i _ |
\ o 7 o
Wr
T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 100 200 300 400 500 600 700 800
Wavenumber (cm™) Temperature (°C)
c) — Bpe CoBpe NiBpe CuBpe
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200 800
Wavelength (nm)
Fig.4 (a) FTIR-ATR spectra, (b) TGA curves, and (c) UV-vis absorption spectra in solid state of Bpe (black), CoBpe (pink), NiBpe (green) and CuBpe
(blue).

This journal is © The Royal Society of Chemistry 2025

Sustainable Energy Fuels, 2025, 9, 2951-2960 | 2955


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5se00195a

Open Access Article. Published on 30 Dzivamisoko 2025. Downloaded on 2025-10-31 18:36:50.

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

(cc)

Sustainable Energy & Fuels

and 350 nm, corresponding to w-m* transitions within the Bpe
aromatic and conjugated system.** The CPs exhibit a broad
absorption band in the near UV, centered around 360-380 nm
assigned to shifted —m* transitions, due to complexation and/
or metal to ligand charge transfer (MLCT) transitions (electron
transfer from a d-orbital of the metal center to ligand orbitals).
The large band in the visible region (450-800 nm: 507 nm for
CoBpe, 612 nm for NiBpe, and 700 nm for CuBpe) is assigned to
d-d (metal-centered) transitions. As a general feature, the
absorption bands are significantly red-shifted in the CPs vs. the
Bpe ligand due to the coordination of the transition metal ions
(Co(m), Ni(u), Cu(u)) to the latter.

To better assess the electronic properties of the CPs, their
bandgap energy was calculated using Tauc plot method®
(Fig. S107). CuBpe shows the lowest bandgap energy of 1.10 eV,
while CoBpe and NiBpe exhibit 1.86 eV and 1.60 eV, respectively,
highlighting their semiconducting characteristics. Bardeen,
Shockley, and Brattain initiated the discovery of semi-
conductors in 1948.%¢ Their contributions shifted the scientific
community's interest toward the electronic properties of the
materials, including optical and photochemical aspects, and
have paved the way for the development of modern electronic
devices.*”

Photoelectrochemical properties of the compounds were
also investigated using various techniques: linear sweep vol-
tammetry (LSV), electrochemical impedance spectroscopy (EIS),
and Mott-Schottky analysis. Prior to LSV measurements, an
anodic scan (Fig. S111) was performed by linearly varying the
applied potential from negative to positive values (—0.1 V to 1.1
V) and measuring the resulting current. CoBpe exhibited a high
onset potential of 0.44 V and it also showed a resulting current
of 4.98 pA at 1.0 V. This value is significantly lower compared to
those obtained for Bpe and NiBpe, which displayed onset
potentials of 0.08 V and 0.41 V, respectively, and a resulting
current of 94.66 pA and 57.61 pA at 1.0 V. Moreover, CuBpe had
an onset potential value of 0.34 V with a high current response
of 178.08 pA at 1.0 V. The high onset potential observed for
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CoBpe suggests efficient separation of electron-hole pairs
before recombination and facile promotion of electronic
conduction in the system. These observations support its better
performance for CO, reduction reactions (vide infra). Both the
onset potential and current response suggest that CuBpe is the
most responsive compared to the other CPs herein and are
indicative of its high conductivity.*® These properties can be
attributed to the availability of electrons on its surface, in line
with its structure (metallic dimers in CuBpe versus mono-
nuclear coordination moieties in CoBpe and NiBpe). These
results confirmed that the materials herein are typical n-type
semiconductors, displaying interesting properties toward elec-
trochemical separation and transfer of charge carriers (elec-
trons) from the valence band (VB) to the conduction band (CB).
EIS measurements delve into the phenomena of charge transfer
resistance occurring on the surface of materials. Nyquist plots
(Fig. S12%) can appear as semi-circle arcs or linear lines called
Warburg tails, giving information about the impedance
behavior of the system.* The Nyquist plots exhibit the largest
semi-arc for Bpe, followed by NiBpe, and CuBpe. In contrast,
CoBpe shows the smallest semi-arc, indicating the presence of
an ohmic interface with low electrical resistance. This behavior
confirms its high conductivity and facile charge transfer. Mott-
Schottky (MS) analysis was also performed to estimate the
conduction band (CB) positions by determining the flat-band
potential (Eg,) of the CPs.*” The measurements were taken at
2500 Hz, and the MS plots showed positive slopes, characteristic
of n-type semiconductors.”® Thus, the conduction band poten-
tial is estimated to be more negative by approximately 0.1 V than
the flat-band potential.®>** From Fig. S13,T the Eq, values were
estimated to be —1.29 V for CoBpe, —0.87 V for NiBpe, and
—1.00 V for CuBpe (vs. Ag/AgCl) or —1.09 V, —0.67 V, and
—0.80 V vs. the Normal Hydrogen Electrode (NHE). The corre-
sponding conduction band potentials (LUMO levels) are calcu-
lated to be —1.19V, —0.77 V, and —0.90 V (vs. NHE), respectively
(Fig. 5 and S14t). Furthermore, the energy bandgap values
(calculated by Tauc plot method) were used to determine the

/|
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Production of CO / H, for CoBpe
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(a) Electron-transfer diagram for CoBpe.** (b) Photocatalytic CO and H, production using CoBpe as catalyst (10 mg) under simulated solar

irradiation for 4 hours and 8 hours; [Ru(bpy)s]1Cl,-6H,O (7.4 mg) added as photosensitizer; MeCN/H,O/TEOA (3/1/1, 10 mL). Experiments were
performed at least in duplicate, and the error (1-15%) represents the standard deviation for repeated measurements.
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HOMO levels of the CPs, employing the formula: Eyg = E; + Ecg,
where Eyg is the potential of the valence band, Ecp is the
potential of the conduction band, and E, is the energy gap.”
Thus, valence band potentials (HOMO levels) of 0.67 V, 0.83 V,
and 0.20 V were obtained for CoBpe, NiBpe and CuBpe,
respectively.

The LUMO level values of the three CPs are more negative
than the reduction potential of CO,/CO (—0.53 V vs. NHE),
suggesting that these materials can be used as catalysts for CO,
reduction into CO. In addition, the CB/LUMO potentials of all
three CPs are less negative than that of the classical photosen-
sitizer [Ru(bpy);]** ((E1/2[Ru(bpy);]*"/[Ru(bpy)s]") = —1.26 V vs.
NHE),” indicating favorable photoinduced electron transfer
(from the reduced photosensitizer to the CB of the CPs), a key
step in photocatalytic processes. Charge transfer diagrams are
illustrated in Fig. 5a and S14.1

Based on the absorption features observed in the visible
region and the previously elucidated optical and photo-
electrochemical properties, the solar-light-driven CO, reduction
photocatalytic activity was studied for the CPs reported herein.
To determine optimal experimental conditions and gain
insights into the photocatalytic mechanism, various control
experiments were performed (Table S107). First, the mass of the
catalyst was varied (2.5, 5, and 10 mg) under identical reaction
conditions (4 hours of continuous simulated solar irradiation).
The results revealed that when using 5 mg and 10 mg of catalyst,
high CO production rates, and good selectivity of CO vs. H,
generation are obtained (Fig. S16 and S171). At a catalyst mass
of 10 mg, the CO production is slightly lower than that obtained
using 5 mg of catalyst, while selectivity toward CO is enhanced
(Table S1071). The lower activity at higher catalyst loadings could
be explained by the fact that charge recombination is more
significant, leading to a less efficient reaction. In the same time,
a higher catalyst concentration increases the number of active
sites, which can modify the adsorption and binding of reactants
and intermediates, with impact on selectivity, in this case
favoring CO, over proton reduction. The higher catalyst amount
also helps stabilize reactive intermediates and minimizes the
formation of undesirable species that can impact selectivity.
These considerations could explain the observed shift in CO/H,
selectivity when wusing different catalyst loadings. Taken
together, these factors make 10 mg the optimal catalyst mass for
maximizing CO production while minimizing unwanted side
reactions, justifying its selection for further studies. As a result,
the catalyst mass was fixed at 10 mg for the subsequent exper-
iments (Table S107).

CoBpe produced 287 pmol g~ " h™" of CO with a selectivity of
74%, whereas NiBpe produced only 33 pmol g* h™" of CO
under the same conditions, and CuBpe showed no activity. The
free Bpe ligand and metal salts were also evaluated. Using Bpe
as a catalyst showed a CO production rate of 91 pmol ¢~* h™"
(Table S107). However, this performance remains much lower
than that obtained using CoBpe. The use of cobalt salt showed
a low CO production rate of 45 umol g~ h™*. H, (110 pmol g *
h™") was also produced in the latter experiment. Furthermore,
none of the nickel and copper salts exhibited photocatalytic
activity under the same conditions. These tests confirmed the

This journal is © The Royal Society of Chemistry 2025
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efficiency of Co(u) as an active site for CO, photoreduction.*
Moreover, running the reaction in the absence of catalyst results
in no activity for CO, reduction. The same response (no activity)
is obtained while excluding the photosensitizer or conducting
the reaction in the absence of light irradiation. Based on these
results, CoBpe, NiBpe, and CuBpe cannot be classified as
independent photocatalysts, since they are unable to initiate
CO, photoreduction in the absence of photosensitizer. There-
fore, these materials are considered to function only as catalysts
in the type of photocatalytic system under study here. The
reaction medium (MeCN/H,O mixture) and sacrificial electron
donor (SED) type (triethanolamine (TEOA)) and their ratio
(MeCN/H,O/TEOA (3/1/1)) were selected based on similar pho-
tocatalytic systems for CO, reduction already published.** It was
found that this choice of solvents/SED has a synergy impact
when combined with the photosensitizer, the catalyst, and the
CO, gas, as removing one of the solvents/SED components
significantly affected the CO production rate. It is also impor-
tant to note that purging the reaction with Ar gas instead of CO,
gas revealed no photocatalytic activity for CO, reduction, while
177 pmol g~ h™' of H, were produced, under the same
conditions, proving that CoBpe can serve as an active catalyst
for proton reduction (Table S12%). In addition, the same
experiment confirms the evolution of CO from CO, gas and not
from any other sources, such as solvents or degradation of
organic compounds. Furthermore, the influence of the reaction
time was also assessed (Fig. 5b): after 8 hours of irradiation,
despite a loss in selectivity, the CO production rate for CoBpe
reached 410 umol g * h™', an increase by 1.4 times vs. that
obtained for the 4-hour experiment. These results are in line
with the published data for similar reaction conditions (Table
S11%).%*

The better performance of CoBpe for CO, photoreduction
among the three CPs studied herein (Fig. S16 and S177) can be
explained by its photoelectrochemical properties (vide supra).
Charge-separation efficiency is crucial for effective CO, photo-
reduction. According to LSV measurements, CoBpe exhibits the
highest onset potential, suggesting its capacity for more effi-
cient separation of electron-hole pairs compared to NiBpe and
CuBpe. This observation is further supported by EIS measure-
ments, where CoBpe exhibits the smallest semi-arc, corre-
sponding to the lowest charge transportation resistance. Thus,
these properties of CoBpe translate into its highest CO, reduc-
tion activity within the studied CPs series.

Based on the electron-transfer diagrams of the compounds
under study (Fig. 5a and S14t), the control experiments per-
formed in this work, and previous published results on similar
research projects,®?***%7 the following mechanism is proposed
for the light driven photoreduction of CO, to CO in the systems
investigated herein. Upon simulated solar irradiation, the
photosensitizer (PS) [Ru(bpy)s]”" reaches its excited state ((Ey,
»[Ru(bpy);]*""/[Ru(bpy);]") = 0.84 V vs. NHE),** and can receive
an electron from the sacrificial electron donor (TEOA; Eox =
+0.89 V vs. NHE in MeCN and +1.10 V vs. NHE in water).>**°
Subsequently, the reduced PS, [Ru(bpy)s]” ((Eiz[Ru(bpy)s]**/
[Ru(bpy);]) = —1.26 V vs. NHE),”® will reform the initial
[Ru(bpy)s;]** species, by transferring an electron to the
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conduction band/LUMO level of the CP acting as catalyst. The
CB/LUMO potentials of the three CPs are less negative than ((Ey,
o[Ru(bpy)s]**/[Ru(bpy)s]) = —1.26 V vs. NHE).”® Furthermore, at
the CP/catalyst level, the CB/LUMO potentials for all CPs in this
study are more negative than the CO,/CO reduction potential
(—0.53 V vs. NHE), enabling their activity for CO, reduction.
Thus, the electrons photoinjected on the surface of the catalyst
will reduce the metallic sites to their active catalytic forms,
which bind CO,. For CoBpe, the Co(u) centers (d’, with a dis-
torted octahedral geometry) are reduced to low-valent Co(1) d®
species. These species act as the active catalytic sites for CO,
binding. They display a tetra-coordinated square planar geom-
etry, favored on electronic grounds; the existence of penta-
coordinated trigonal bipyramidal or square pyramidal inter-
mediates is also possible.’® To achieve these geometries, the
labile ligands coordinated to the metal center, such as solvent
molecules and coordinated nitrate ions dissociate. A detailed
proposal of these structural changes, based on the information
highlighted by the solid-state structure of CoBpe is given in
Fig. S18.1 The metal ion - CO, adducts will further undergo the
following subsequent steps: proton transfer, proton-coupled
electron transfer (PCET)'"* and loss of a water molecule, to
form CO, which is released as gas.t“*%%°71%" The detailed
proposed catalytic cycle, exemplified for CoBpe, is presented in
Fig. S18.1

Conclusion

To sum up, three coordination polymers (CoBpe, NiBpe, and
CuBpe) based on transition metal ions (Co(u), Ni(u), Cu(u)) and
a bis(pyridyl) ligand (Bpe, 1,2-di(4-pyridyl)ethylene) were
successfully synthesized and characterized. Single-crystal X-ray
diffraction revealed that CoBpe and NiBpe, are isostructural,
crystallizing in a monoclinic system and a P2,/c space group,
while CuBpe crystallizes in a triclinic system and a P-1 space
group. CoBpe and NiBpe adopted a 1D ladder structure with
interpenetrated square grids forming a 3D network, whereas
CuBpe formed a 1D channel packed on 2D alternating layers.
These structural differences are attributed to variations in
counter anions and experimental conditions. These functional
materials exhibit interesting optical and photoelectrochemical
properties and present notable photocatalytic activity toward
CO, reduction into CO, a promising new-generation feedstock
fuel. CoBpe demonstrated a high CO production rate of 287
umol ¢~ h™" (4-hour experiment) and 410 umol g~ * h™* (8-hour
experiment) under continuous simulated sunlight. These
results are competitive when compared to those currently
published, obtained under similar conditions. Beyond the
quantified performance of CPs used as catalysts for CO,
photoreduction, this study offers further insights into the
structure-properties-reactivity relation in photocatalytic
systems based on CPs. Due to their chemical and thermal
stability, along with semiconducting and photoelectrochemical
properties, the materials herein demonstrate the great potential
that CPs have as catalysts for CO, photoreduction, paving the
way toward sustainable green energy development. Moreover,
their photoelectrochemical properties suggest them as possible
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candidates for application in various other areas (e.g., dye
degradation, photoredox chemistry, optoelectronic devices).

Data availability

The data supporting this article have been included in the main
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2401287, 2401032 and 2401036, respectively.
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