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Photocatalytic CO, reduction offers a promising pathway for achieving sustainable development. However,
the effectiveness of this method faces challenges related to imbalanced charge transfer/utilization. To
address these issues, this paper reports on cobalt-doped zinc oxide nanoparticles (Co-ZnO NPs). The
cobalt doping not only increases light absorption but also improves charge transfer/separation kinetics
and modulates the reduction reaction dynamics. Notably, photocatalytic tests show that cobalt-doped
zinc oxide (Co-ZnO) achieves a CO vyield of 143.90 pmol g~ h™2, which is 15.73 times higher than that of
undoped ZnO, and exhibits excellent stability. This study emphasizes the importance of polarization
states induced by doping for achieving efficient charge separation, providing a new approach to enhance
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Introduction

Climate change's vast and multifaceted impact on the earth's
delicate ecosystems and human societies, especially in devel-
oping countries, has become irrefutable in recent years."” Since
the mid-1800s, the temperatures of the land and ocean have
climbed by an average of 0.06 °C per decade*® with an even
sharper rise (0.2 °C) observed since the 1980s.*® An increase of
1.5 °C by 2050 and 2 °C to 4 °C by 2100 is estimated due to the
accumulation of greenhouse gases,” primarily carbon dioxide
(CO,), methane (CH,), nitrous oxide (N,O), and fluorinated
gases.”™ It is linked to burning fossil fuels and deforestation.
Recent studies reveal that CO, makes up a staggering 76% of
human-generated greenhouse gases and is a major contributor
to climate change.””® Unfortunately, the long atmospheric
lifetime and stable molecular structure of CO, make it less
reactive with a high standard Gibbs free energy of
—394.39 kJ mol ™ ".*** Capturing and utilizing existing CO, is
essential. Several strategies have emerged to address the chal-
lenge, including photocatalysis, electrochemical approaches,
thermal catalysis, biological approaches, and chemical
reduction.**?” Methane (CH,) or other hydrocarbons can be
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the efficiency of photoredox catalysis.

produced by reacting CO, with hydrogen gas (H,) in the pres-
ence of a suitable catalyst (hydrogenation), whilst in bio-
catalysis, specific enzymes act as catalysts to promote CO,
reduction.?®?® Every approach has some pros and cons.
Photocatalysis offers a sustainable, non-toxic, and environ-
mentally friendly approach, utilizing light energy to convert CO,
into value-added products,®*** such as carbon monoxide (CO),
CH,, methanol, or other hydrocarbons.>*** Extensive research
has been pursued to design efficient photocatalysts with unique
capabilities.**** Materials with sizes ranging from a few nano-
metres (nm) to 100 nm having a high surface-to-volume ratio
and size-dependent properties due to the quantum confine-
ment effect are classified as nanomaterials.*’~** Their properties
are much different than bulk, making them specific attention to
various fields, namely electronics, energy storage, medicine, the
food industry, catalysis, and agriculture.***> However, despite
their promise, several challenges remain, including low
quantum yield, bandgap limitation, surface poisoning, mass
transport limitations, and ensuring long-term stability.*® In the
early 1970s, Akira Fujishima and Kenichi Honda demonstrated
the potential of titanium dioxide (TiO,) NPs as photocatalysts,
capable of splitting water using ultraviolet (UV) light radiation.*
This discovery sparked a surge in research, leading to the
exploration of various semiconductor nanomaterials (ZnO, CdS,
MoS,) for their photocatalytic activities in the late 1990s.*”>*
Researcher use new methods to synthesize nanomaterials with
varied shapes, compositions, and surface properties. The sol-
gel route is notable for producing nanoparticles under 10 nm
with diverse shapes and morphologies.”>™* Such magic-size
particles are explored employing complementary characteriza-
tion techniques, such as X-ray diffraction (XRD), ultraviolet-
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visible (UV-vis) spectroscopy, infra-red Fourier transform (FT-
IR) spectroscopy and further details can be found in ref. 56.
The use of photocatalysts extends beyond CO, reduction and
employed for various environmental and energy applications
since the early 2000s. These applications include water purifi-
cation, air pollution remediation, and hydrogen production.>*°
Furthermore, pioneering research by Ola et al. explored TiO,
NPs as promising photocatalysts for CO, reduction.®* The CO,
reduction involves two key steps, adsorption of CO, on the
active sites of NPs surface (adsorb either as individual CO,
molecules or as surface carbonates) and photo-induced redox
reaction (oxidation and reduction).®>** These two steps can be
improved by tailoring the surface properties and band gap
engineering through incorporating transition metals. Adding
ligand molecules with functional groups like carboxylates or
hydroxyls improves CO, adsorption by forming strong chemical
bonds. These ligands also create smoother pathways for charge
carriers, speeding up reactions and reducing electron-hole
recombination.® The formation of faceted NPs is characteristic
of ligand-capping and hence enhances the durability of NPs.**%
Moreover, transition metal incorporation alters surface prop-
erties resulting in the formation of new active sites and
promoting the direct sticking of CO, molecules.®**

As the prominent features include simple composition, low
cost, high stability, easy synthesis, and nontoxicity, this study
focuses on the synthesis of ZnO NPs with tailored properties for
CO, reduction. We employed the sol-gel route to achieve the
desired size and shape control of the NPs. Two different aspects
of our study are to improve the CO, adsorption capabilities and
promoting efficient charge separation of photocatalysts by
introducing ligand molecules as capping agents and transition
metal as doping agents. Further, the bandgap is tailored by
incorporating transition metal, cobalt (Co). This modification
can potentially enhance light absorption by a photocatalyst,
leading to improved CO, conversion efficiency. The preliminary
confirmation of the structure of the metal incorporation was
revealed from XRD data of the synthesized photocatalysts. No
secondary phase segregation was seen. Optical and electronic
properties were investigated using UV-vis spectroscopy. The
elemental composition, chemical states, and surface chemistry
of the NPs were explored using XPS studies. The transient
photocurrent response under visible-light irradiation was
measured and indicates that cobalt doped ZnO NPs have
a stronger photogenerated carrier lifetime and outstanding
separation ability. The work here represents an important case
study for the development of photosensitive and higher pho-
togenerated charge transfer efficiency ZnOs for artificial
photoreduction of CO,.

Result and discussion

The sol-gel method (bottom-up approach) introduced by
Spanhel and Anderson with several modifications by Wood
et al., Chory et al., and Ullah et al. was used to obtain NPs of the
desired size in the present work.”””® The procedure involves
three steps: metal salt's dissolution in organic solvent (ethanol,
methanol etc.), the addition of base, and the addition of
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precipitator. The synthesis starts by dissolving 0.61043 g zinc
acetate dihydrate ((CH3;COO),-Zn-2H,0) in 100 mL absolute
ethanol (27 mM) at room temperature through magnetic stir-
ring at the speed of 300 revolutions per minute (rpm). An
optimized amount (0.52 mM) of ligand molecules (for capped
NPs) is added at the first stage with zinc precursor. The solution
is stirred till it becomes transparent. The adsorption of ligand
molecules on certain crystal faces disrupts or slows down the
growth Kkinetics. An organic base, tetra-methyl ammonium
hydroxide (25% in methanol) (TMAH), of 3 mL is added grad-
ually to achieve the desired pH (9-12). Upon base addition, the
solution becomes cloudy in most cases, while for dmlt
(dimethyl-i-tartrate) it takes 6-9 hours. Gel formation can be
observed directly as confirmation of the NPs growth. Precipi-
tator, a mixture of 12 mL Hexane and 8 mL acetone, is used to
promote the gel formation further. The gel is centrifuged at the
speed of 4000 rpm and washed with acetone three times. Every
time the supernatant is discarded. The sediment is put in
a desiccator overnight to dry at room temperature without
additional treatment.

For the synthesis of cobalt-doped zinc oxide nanoparticles
(Co-ZnO NPs), an optimized amount of corresponding
precursor (cobalt acetate tetrahydrate((CH3COO),-Co-4H,0))
was added alongside zinc acetate dihydrate at the beginning of
the process. Chemicals (analytical grade, Sigma-Aldrich and
Roth) were used without further purification. Glassware was
cleaned with DI water, followed by immersion in 1% HCI
(hydrochloric acid) and 1% NaOH (sodium hydroxide) solution,
and finally rinsed thoroughly with DI water and dried at 110 °C.

Among fascinating semiconductors, ZnO crystallizes in
a hexagonal Wurtzite crystal structure, where each zinc ion
(zn**) is surrounded by four oxygen ions (O*>"). The combina-
tion forms tetrahedral coordination and results in ZnO, corner-
sharing tetrahedra with three shorter and one longer Zn-O
bond length. Conversely, the O~ ion is bound to four Zn>" ions.
ZnO belonging to a space group P6zmc (No. 186) with lattice
parameters, a = b = 3.24920 and ¢ = 5.2700 A and « = § = 90°
and y = 120". The c/a ratio for ideal structure is =~1.66. The
structure is shown in Fig. 1b.

Fig. 1c illustrates the powder X-ray diffraction (PXRD) of all
synthesized samples. The diffraction peaks correspond to
specific crystallographic planes within the material, (100), (002),
(101), (102), (110), (103) and (112), consistent with the hexag-
onal space group P6;mc (No. 186). These results are in excellent
agreement with the card entry JCPDS No. 36-1451. The presence
of well-defined peaks indicates crystalline nature of all synthe-
sized samples, and their broadness (full width at half
maximum, FWHM) suggests the formation of ultra-small NPs.
The broader FWHM of the (102) reflection is not unusual and is
commonly observed in Wurtzite-type materials, typically
attributed to the presence of stacking faults.

The contents of elements in Co-doped ZnO NPs were
analyzed from the EDS images of the samples (Fig. 1e and S57),
it can be seen that there are characteristic peaks of Zn, Co, O,
and C elements in ZnO-5%Co-cit and ZnO-5%Co-dmlt. The
cobalt element content corresponds to the percentage content,
which once again proves that cobalt doped ZnO NPs have been

RSC Adv, 2025, 15, 1934-11941 | 11935
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Fig. 1 Synthesis and spectroscopic characterizations: (a) schematic illustrating the synthetic procedure of ZnO and ZnO-5%Co-cit; (b) crystal
Structure of ZnO; (c) XRD patterns (d) IR spectra of ZnO and ZnO-5%Co-cit; (e) EDS mapping images of ZnO-5%Co-cit; TEM images of (f) ZnO-

cit and (g) ZnO-5%Co-cit.

successfully prepared. Fig. 1f and g show the TEM images of the
synthesized ZnO and Co-ZnO NPs with sizes of approximately
3 nm.

Transition metal dopants introduce electron-deficient sites
on the catalyst surface. These sites polarize CO, molecules
through strong Lewis acid-base interactions, facilitating CO,
chemisorption. Dopant-induced oxygen vacancies serve as
preferential adsorption centers, lowering the energy barrier for
CO, activation. The stabilization of key intermediates is further
enhanced via M-O-C bonding motifs. The spatial separation of
photogenerated carriers near dopant sites creates localized

1936 | RSC Adv, 2025, 15, 1934-11941

electric fields, which synergistically strengthen CO, adsorption
through dipole interactions.”™

The photocatalytic CO, reduction activity of different
samples was tested under visible light irradiation, as shown in
Fig. 2a. The cobalt doped ZnO NPs exhibited excellent CO,
reduction activity. The yield of C;-compound in ZnO-5%Co-cit
reached 143.90 pmol g~ * h™* (much higher than other ZnO
complexes reported, see Table S2+), which is 15.73 times higher
than that of undoped ZnO-cit. During this process, a large
amount of CO was generated, and for ZnO-5%Co-cit, the
selectivity of CO, to CO conversion reached 53.5%. In addition,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Photocatalytic performance: (a) photocatalytic CO evolution (light source:300 W Xe lamp, A > 420 nm), (b) Cycling test of ZnO-5%Co-cit
for the photocatalytic CO evolution, (c) CH4 and CO evolution rates under different reaction conductions, (d) XRD patterns of ZnO-5%Co-cit

before and after photocatalytic tests.

cyclic testing was conducted on ZnO-5%Co-cit, and its photo-
catalytic CO, reduction performance remained almost
unchanged after four cycles (4 hours per cycle) (Fig. 2b), and
there was no significant change in XRD before and after the
reaction (Fig. 2d), indicating that ZnO-5%Co-cit has good
stability.

The photogenerated carrier dynamics of ZnO and Co-ZnO
NPs were comparatively investigated by a series of techniques.
(The electronic band structures of the two NPs were investigated
using UV-vis DRS and Mott-Schottky measurements.) As shown
in Fig. 3a, the UV-vis absorption spectra show that ZnO-5%Co-
cit exhibit higher light absorption capacity than ZnO-cit in the
range of >400 nm. The bandgap width of semiconductor
materials can be calculated based on the Tauc formula (ahv)*/"
= A(hv — E,). In this photocatalytic system, ZnO is a direct
bandgap semiconductor, so we take n = 1/2 and plot the (a/v)*~
hv variation relationship curve. The results are shown in Fig. 3b,
the optical band gaps of ZnO-5%Co-cit to be 2.45 eV.”” The
steady-state photoluminescence (PL) spectroscopy reveals that
the quenching intensity of the Co-ZnO NPs are significantly
lower than that the undoped ZnO NPs (Fig. 3d), manifesting
cobalt doping can improve the separation efficiency of electrons
and holes. Further investigation of the band structure of ZnO
NPs was conducted through the Mott-Schottky test. The posi-
tive slope curves can be seen in Fig. 3c, indicating the n-type

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

semiconductor for ZnO NPs. The Mott-Schottky plots were ob-
tained for three different frequencies (800 Hz, 1500 Hz, and
2000 Hz) to verify the CB of ZnO-5%Co-cit, resulting in values of
—0.72 Vvs. NHE. The EIS Nyquist plots of the samples reveal the
relationship between carrier transport and charge transfer
impedance on the catalyst surface. From the Fig. 3e, it can be
seen that the order of EIS Nyquist arc radius is: ZnO-cit > ZnO-
5%Co-cit. Among them, the sample of ZnO-5%Co-cit has better
conductivity, faster photo generated carrier transport efficiency,
and better charge separation ability. From the transient
photocurrent response diagram of the samples (Fig. 3f), it can
be seen that compared to undoped ZnO NPs, the cobalt doped
ZnO NPs exhibits stronger photocurrent response, indicating
that Co-ZnO NPs have stronger photogenerated carrier lifetime
and outstanding separation ability. It can efficiently transfer it
to the electrode and effectively suppress the recombination
behavior of photogenerated carriers, resulting in the best pho-
tocatalytic activity. This is consistent with the analysis results of
photoluminescence spectra and impedance spectra. The above
discussions collectively prove that cobalt doped ZnO NPs
contribute to the separation and transportation of photo-
generated carriers, suppress the recombination of electrons and
holes, extend electron lifetime, and further optimize the pho-
tocatalytic performance of the materials.

RSC Adv, 2025, 15, 11934-11941 | 11937
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Fig. 3 Charge transfer mechanism analysis: (a) UV-vis diffuse reflectance spectra (b) Tauc plots (c) Mott—Schottky plots and energy band
structures; (d) PL spectra; (e) Nyquist plots; (f) photocurrent responses of ZnO-cit and ZnO-5%Co-cit; in situ irradiated XPS spectra of ZnO-5%
Co-cit: (g) Zn 2p (h) Co 2p; (i) schematic illustrating the charge transfer mechanisms in ZnO and ZnO-5%Co-cit.

In order to determine the charge transfer pathway of the
doped samples, we conducted in situ XPS testing, as shown in
Fig. 3g and h. Compared with ZnO-5%Co-cit in the dark, the
binding energy of Zn 2p in the doped sample significantly
shifted to a higher binding energy level under illumination,
while Co 2p shifted towards a lower binding energy level, indi-
cating that under illumination, the photogenerated electrons in
ZnO NPs transfer to the doped cobalt ions. Enhancing interface
electron transfer through high-speed electronic transmission
channels can ensure timely consumption of photogenerated
holes in ZnO NPs, alleviate the process of photo corrosion, and
improve the stability of the photocatalytic system. And the hole
sacrificial agent TEOA (triethanolamine) was added in the
reaction system. Meanwhile, the consumption of more photo-
generated holes will lead to the production of more photo-
generated electrons, promoting the conversion of CO, to CO
and CH,.

The spin polarized (SP) band structures and density of states
of pristine ZnO and Co-doped ZnO system were calculated to
probe the effect of Co substitution and the origins of the

1938 | RSC Adv, 2025, 15, 11934-11941

electrical properties. As shown in Fig. S2,f compared with the
pristine ZnO, the significant feature of Co-doped ZnO is that the
impurity state (IS) appears between the conduction bands (CBs)
and valence bands (VBs). To further study the modifications in
the band structure of doped system, the total and partial density
of states are computed. Fig. S27 illustrates the total and partial
DOSs of Co-doped ZnO. It is notable that the impurity state is
derived from the Co-d state, which further attests the photo-
generated electrons in ZnO NPs will transfer to the doped cobalt
ions. We can also see that spin channels have similar ZnO-
derived bands, while the conduction and valence band edges
are slightly shifted due to p-d and s-d interactions. After the Co
dopping, the band gap of ZnO becomes narrower, which
testifies the better effectiveness related to the light absorption
and charge transfer/separation kinetics.

Based on the above data analysis, a reasonable mechanism
can be suggested to explain the photocatalytic CO, reduction
process of ZnO-5%Co-cit. (Fig. 3i) When visible light irradiates
on the system, many electron-hole pairs are generated. The
electrons on the VB orbitals of ZnO are excited to CB. Due to the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Co doping, the excited electrons can effectively transfer from
the CB of ZnO to a doping energy level of ZnO-5%Co-cit. After
obtaining photogenerated electrons, ZnO-5%Co-cit utilizes
these electrons for photocatalytic reduction of CO, to CO and
CH,. In this process, the doped cobalt ions play a crucial role in
optimizing the band structure, efficiently transferring and
utilizing these photogenerated electrons, which promotes the
progress of CO, reduction reactions. At the same time, the
photogenerated holes on the VB of ZnO-5%Co-cit undergo
oxidation reaction with the hole sacrificial agent TEOA. This
step not only effectively consumes the photogenerated holes,
preventing electron-hole recombination, but also ensures the
sustainability of the photocatalytic cycle through the oxidation
reaction of TEOA.

Conclusions

In conclusion, cobalt-doped zinc oxide nanoparticles (Co-ZnO
NPs) effectively address the challenges of imbalanced charge
transfer and utilization in photocatalytic CO, reduction. Cobalt
doping not only enhances light absorption but also significantly
improves charge transfer and separation kinetics, thereby
modulating the reduction reaction dynamics. Photocatalytic
tests reveal that Co-ZnO NPs achieve a CO yield of 143.90 pmol
g "h™', which is 15.73 times higher than that of undoped ZnO,
and maintains excellent stability. This work provides a new
approach to enhancing the efficiency of photoredox catalysis,
emphasizing the importance of doping-induced polarization
states in optimizing catalytic performance.
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