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Nickel(II) driven activity enhancement of donor-acceptor porous 
organic polymer for selective photoreduction of carbon dioxide
A John David, a Nandini M Gotgi, b Gopika Udayakumar, a A Hameed Ibrahim, a Abhilash 
Pullanchiyodan, a* Debashis Ghosh c* and Anjan Das a*

We report the design and synthesis of porous organic 
polymers (Py-DPEN) as photocatalyst for the photoreduction 
of CO2 to carbon monoxide (CO). Incorporation of Ni(II) 
drastically enhanced the photocatalytic activity under visible 
light irradiation (70 W/m2, 470 nm), resulting in a significantly 
higher CO yield (38 μmol) with excellent selectivity. This 
pronounced improvement demonstrates the crucial role of 
Ni(II) in driving CO2 conversion using TEOA as a sacrificial 
electron donor in an acetonitrile-water medium. 
Comprehensive characterization, photocatalytic performance 
evaluation, product selectivity studies confirm the 
outstanding efficiency of the system and provides valuable 
insights for the rational design of sustainable energy 
conversion catalysts.

The increasing levels of atmospheric carbon dioxide (CO2) 
due to anthropogenic activities have led to severe 
environmental challenges, including global warming and 
climate change.1 To address this issue, it requires the 
development of innovative and sustainable technologies for 
CO2 capture, utilization, and conversion. Among various 
strategies, photocatalytic reduction of CO2 into value-added 
chemicals using solar energy has garnered significant interest as 
a promising approach to mitigate CO2 emissions and produce 
useful carbon-based fuels.2

Photocatalytic CO2 reduction mimics natural photosynthesis 
by harnessing solar energy to convert CO2 into valuable 
chemical feedstocks. However, the high bond dissociation 
energy of the C=O bond in CO2 makes this process energy-
intensive, especially when aiming to produce energy-rich 
products such as CO, HCOOH, HCHO, CH3OH, and CH4.3 
Moreover, CO2 reduction involves multiple proton-coupled 
electron transfer steps, which complicates the development of 
efficient photocatalysts.4 Among the various reduction 
pathways, the selective conversion of CO2 to CO is particularly 
appealing due to its relevance in syngas production-a two-

electron reduction process. Additionally, CO serves as an 
essential intermediate for synthesizing higher-order products 
such as CH3OH, C2H5OH, and other valuable hydrocarbons using 
the well-established Fischer-Tropsch process.5 

Among the various heterogeneous photocatalytic 
materials,6 porous organic polymers (POPs) 7 have emerged as 
a promising class of porous materials with tuneable structures, 
high surface areas, and excellent chemical stability. In the 
context of photocatalysis, POPs offer several advantages such 
as robust chemical frameworks, extended π-conjugated 
networks, and permanent porosity which are important for 
efficient heterogeneous photocatalytic CO2 reduction.8 The 
incorporation of transition metal atoms, such as Nickel, within 
the POP backbone can significantly enhance the catalytic 
activity by acting as redox-active centre as well as CO2 binding 
sites promoting selective CO2 reduction pathways.9

Fig 1. Selective photoreduction of carbon dioxide
In this study, we report the synthesis and characterization 

of a pyrene-based π-conjugated POP (Py-DPEN) and 
investigated how the incorporation of Ni(II) in the organic 
framework enhances the photocatalytic activity for selective 
photoreduction of carbon dioxide (Fig. 1). We presumed that 
the synergistic electron transfer between the light-harvesting 
pyrene based organic framework (donor) and the redox-active 
Ni centres (acceptor) effectively couples the catalytic cycles.10
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 Fig 2. (a) IR spectra of Py-DPEN and Ni@Py-DPEN; (b) Lifetime of Py-DPEN and Ni@Py-DPEN; (c) SEM image of Ni@PyDPEN; (d) TEM image of 
Ni@Py-DPEN; (e) UV-Vis (Tauc plot) of Py-DPEN; (f) UV-Vis (Tauc plot) of Ni@Py-DPEN; (g) comparative N(1s) XPS analysis of Py-DPEN and Ni@Py-
DPEN (390 eV to 414 eV region); (h) Ni(2p) XPS analysis of Ni@Py-DPEN (850 eV to 890 eV region); (i) EIS Nyquist plot of Py-DPEN and Ni@Py-DPEN 
in the presence and absence of light; (j) Transient photocurrent responses of Py-DPEN and Ni@Py-DPEN; (k) the light absorbing ability of Py-DPEN 
and Ni@Py-DPEN and arrangements of the valence band (VB) and conduction band (CB);  standard reduction potentials of Ni@Py-DPEN and CO2/CO 
vs Ag/AgNO3. 2b

The structural characteristics of Py-DPEN and Ni@Py-DPEN 
are explored using a combination of spectroscopic and 
microscopic techniques, while photocatalytic performance is 
assessed through controlled CO2 reduction experiments. 13C CP-

MAS NMR spectra confirmed the formation of the imine bonds 
in the materials. The signals corresponding to the (C=N) is at 
160.9 ppm (Fig.S2). The crystalline structure and ordered nature 
of Py-DPEN and Ni@Py-DPEN were confirmed by powder X-ray 
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diffraction (PXRD) analysis (Fig.S3). The incorporation of Ni(II) 
centres into Py-DPEN was confirmed by comparing the IR 
spectra of Py-DPEN and Ni@Py-DPEN. A significant red shift in 
the C=N stretching frequency was observed in the IR spectrum 
of Ni@Py-DPEN, appearing at 1574 cm⁻¹, compared to 1614 
cm⁻¹ for Py-DPEN (Fig.2a). Apart from this shift, the IR spectrum 
of Ni@Py-DPEN showed no major changes relative to Py-DPEN, 
indicating that the backbone structure was retained during the 
post-metalation process. The Brunauer–Emmett–Teller (BET) 
surface areas calculated for the Py-DPEN is 328 m2g-1 and for 
Ni@Py-DPEN is 164 m2g-1 (Fig.S5). Transmission electron 
microscopy (TEM) and scanning electron microscopy (SEM) 
images confirmed the presence of microrod and clustered 
structures in the Ni@Py-DPEN (Fig.2c,d). Moreover, these 
images indicated that no metal oxides or nanoparticles formed 
during the incorporation of NiCl2 into the POP framework. 
Energy-dispersive X-ray (EDX) mapping, based on both TEM and 
SEM, further demonstrated a uniform distribution of Ni 
throughout the Ni@Py-DPEN POP matrix (Fig.S9, 10). There is a 
large decrease in charge-transfer resistance (Rct) in Ni@Py-
DPEN (28 kohm) compared to Py-DPEN (45 kohm) confirming 
efficient electron transfer in Ni@Py-DPEN, and upon light 
excitation the Rct decreases further due to facile electron 
transfer in the excited state (Fig.2i). Additionally, we observed 
very high transient photocurrent for Ni@Py-DPEN (1.1 A) 
compared to Py-DPEN (0.3 A) (Fig.2j). 

X-ray photoelectron spectroscopy (XPS) analysis confirmed 
the successful incorporation of Ni(II) into the Py-DPEN 
framework. Ni@Py-DPEN exhibited characteristic Ni 2p3/2 and 
Ni 2p1/2 peaks at 856.8 and 874.4 eV, along with satellite peaks 
at 862.5 and 880.9 eV, consistent with the Ni(II) oxidation state 
and with no evidence of Ni(0) or NiO impurities (Fig.2h). 
Comparison of high-resolution N1s spectra showed a positive 
shift from 399.1 to 400.1 eV upon metalation (Fig.2g), indicating 
coordination of Ni(II) via imine nitrogen atoms, while spectral 
deconvolution supported the expected nitrogen environments 
(Fig.S8).11 These results confirm selective Ni(II) coordination 
without structural alteration or extraneous metal species. 
Inductively coupled plasma-optical emission spectrometry (ICP-
OES) analysis indicated that 2.64 wt% of Ni content was present 
in the Ni@Py-DPEN POP and only 0.08% leached after the 
photocatalytic run. TGA further demonstrated excellent 
thermal stability of both Py-DPEN and Ni@Py-DPEN up to ~300 
°C after NiCl2 incorporation (Fig.S4).

The UV-Vis spectrum of Ni@Py-DPEN POP showed a broad 
absorption from 370-500 nm, indicating strong visible-light 
harvesting (Fig.2f). The red shift relative to the solid-state UV-Vis 
spectra of TFPPy (donor) and Ni@DPEN (acceptor) (Fig. S7) confirms 
the formation of a donor-acceptor complex. The Tauc plot (Fig.2f 
inset) revealed a reduced band gap of 2.16 eV for Ni@Py-DPEN 
compared to 2.50 eV for Py-DPEN (Fig.2e), demonstrating that 
incorporating the Ni(II) centre enhances electron delocalization and 
lowers the band gap, improving photocatalytic efficiency. The 
photoluminescence spectrum reveals that, upon excitation at 390 

nm, Ni@Py-DPEN POP exhibits an emission peak at 440 nm (Fig.S6). 
Time-resolved emission measurements indicate an average excited-
state lifetime of 1.4 ns for Ni@Py-DPEN POP, compared to 1.5 ns for 
Py-DPEN POP (Fig. 2b). This slight reduction in lifetime from Py-DPEN 
POP to Ni@Py-DPEN POP provides clear evidence of efficient energy 
or electron transfer from the POP backbone to the Ni centre.
Table 1. Electrochemical data

Catalyst Reduction 
potential 

(Ered)

Conduction band 
energy [ECB = -
e(Ered+4.40)]

Band 
gap 

energy 
(Eg)

Valence 
band 

energy 
[EVB = ECB 

– Eg]
Ni@Py-
DPEN

-1.21, -1.81 -3.19 eV 2.16 eV -5.35 eV

Py-DPEN -1.15, -1.95 -3.25 eV 2.50 eV -5.75 eV
a E vs Ag/AgNO3 (10 mM) measured in CH3CN containing 0.1 M TBAPF6.

Fig.3 (a) Cyclic voltammogram of Ni@Py-DPEN POP (blue) and Py-DPEN (red) 
(drop-casted on glassy carbon electrode) in CH3CN under Ar, for all 
measurements, 0.1 M TBAPF6 was used as a supporting electrolyte, and 
Ag/AgNO3 (10 mM, in CH3CN) was taken as a reference electrode; Scan rate: 
100 mV s−1; (b) Cyclic voltammogram Ni@Py-DPEN POP (drop-casted on 
glassy carbon electrode) in CH3CN-H2O (9:1 v/v) under Ar (blue), CO2 (green) 
atmospheres, and background (black). For all measurements, 0.1 M TBAPF6 

was used as a supporting electrolyte, and Ag/AgNO3 (10 mM, in CH3CN) was 
taken as a reference electrode; Scan rate: 100 mV s−1

Table 2. Photocatalytic reaction results a

Entry Product Ni@Py-DPEN Py-DPEN Ni@Py-DPEN b

1 CO 38.0 mol 8.90 mol 8.19 mol
2 CH4 4.5 mol 1.66 mol 1.17 mol
3 CO c 0 mol - -

a Irradiated with blue LED at λex = 470 nm (light power = 70 W/m2). Formation 
of CO, CH4, during the photoirradiation of CO2-saturated solution containing 
3 mg of POP in CH3CN-H2O-TEOA (9:1:2 v/v, 4.0 mL); b Ni@Py-DPEN (3mg) in 
CH3CN-TEOA (4:1 v/v, 4.0 mL) at 298 K. HCOOH and H2 were not detected for 
all reactions; c in inert atmosphere (under N2).

The electrochemical behaviour of Ni@Py-DPEN was examined by 
cyclic voltammetry (CV) in CH3CN using a glassy carbon working 
electrode, a platinum counter, and an Ag/AgNO3 reference 
electrode. Two irreversible redox waves appeared at −1.21 V and 
−1.81 V vs Ag/AgNO3 under Ar (Fig.3a). In comparison, the Py-DPEN-
modified electrode showed similar irreversible waves at −1.15 V and 
−1.95 V, indicating that the cathodic redox processes originate from 
the ligand sites. In CH3CN/H2O (90/10, v/v), both electrodes exhibited 
broad irreversible waves near −1.05 V under Ar (Fig.S11). Upon CO2 
saturation (20 min sparging), Ni@Py-DPEN displayed a strong 
catalytic current starting at −1.25 V (Fig.3b), whereas Py-DPEN POP 
showed no catalytic response up to −2.0 V (Fig.S12). These results 

Page 3 of 6 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 8
:4

6:
35

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CC00397D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cc00397d


COMMUNICATION ChemComm

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

indicate that the Ni(II) centres in Ni@Py-DPEN POP are responsible 
for CO2 reduction.

As a typical run, a CH3CN-H2O-TEOA (9:1:2 v/v) solution 
containing Ni@Py-DPEN (or Py-DPEN) (3 mg) was irradiated at λex = 
470 nm (light power = 70 W/m2) under a CO2 atmosphere (Table 2). 
The main product was CO with CH4 formation to a lesser degree in 
either solution (selectivity of CO found to be 89.4% and 84.2%, 
respectively), and HCOOH and H2 were not detected (Table S1). The 
photochemical results clearly indicate the importance of Ni centre in 
POP material for CO2 reduction. Additionally, we have tested 
photochemical CO2 reduction using Ni@Py-DPEN catalyst (3 mg), in 
CH3CN-TEOA (4:1 v/v) solution under similar conditions with CO (8.19 
mol) an CH4 (1.17 mol) (Table 2; as well as Table S1). Interestingly, 
the yields of CO and CH4 were much less in CH3CN-TEOA (4:1 v/v) 
than that of CH3CN-H2O-TEOA (9:1:2 v/v). The availability of the 
proton source in CH3CN-H2O-TEOA solution might be the main 
reason for the high product formation.9 The apparent quantum yield 
of CO was found to be ΦCO = 1.98% and 0.426% with Ni@Py-DPEN 
POP in CH3CN-TEOA-H2O and CH3CN-TEOA respectively (see 
Supporting Information for details).

Based on above experimental evidences, a possible reaction 
mechanism has been proposed (Fig.S16). The reductive quenching of 
the excited state of the pyrene part of Ni@Py-DPEN pop by TEOA 
should (ETEOA/TEOA+. = +0.34 V)12 allow smooth transfer of electron 
from Pyrene-. to Ni(II) catalyst site, converting Ni(II) into Ni(I). The 
Ni(I) might   bind with CO2 and further one electron addition followed 
by one proton addition should induce CO2 reduction via proton 
coupled electron transfer pathway (PCET).13 After CO2 reduction 
occurs, the Ni(II) catalyst site returns to its Ni(II) state, completing the 
cycle. The binding and activation of CO2 by Ni is well studied by DFT 
calculation. 14

We report a donor-acceptor imine-based metallo-porous organic 
polymer (POP) for visible-light-driven CO2 reduction with good 
selectivity. The conjugated framework minimizes the band gap upon 
Ni(II) incorporation, enhancing charge separation and enabling 
efficient charge-transfer-driven catalysis. In this architecture, the 
pyrene derivative acts as the light-harvesting material, while 
Ni@DPEN functions as the redox-active acceptor; their spatial 
integration within the POP pores promotes rapid excited-state 
electron transfer to the Ni sites in the presence of triethanolamine 
as sacrificial electron donor. This synergistic design drives 
multielectron CO2 to CO conversion with 89.4% selectivity, delivering 
38 mol of CO in 6h using triethanolamine in an acetonitrile-water 
mixture as the electron donor. Electrochemical studies confirm redox 
behaviour of Ni@Py-DPEN POP as well as its effectiveness towards 
CO2 photoreduction. 
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