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nt in porous interface of ultrathin
CuO nanobelts realizes a novel CO2

photoreduction pathway†

Qiang Wang,a Yanan Zhou,b Kaifu Zhang,*ac Yu Yu,a Qiquan Luo, *d Shan Gao *a

and Yi Xie *b

Selective photocatalytic conversion of CO2 into liquid fuels via single component metal oxides represents

an attractive strategy to achieve carbon balance and mitigate global warming. Herein, we for the first time

propose that the integration of porous channel confinement and oxygen vacancy (VO) for synergistically

regulating the generation of key intermediates, enables highly selective CO2 reduction and the

controllable switches of specific CH3OH or CO reaction pathways. In situ photoelectric characterization

and theoretical calculations ensure that the versatile porous structure endows ultrathin CuO with an

enrichment of catalytic sites coverage, improved adsorption microenvironment, and a short charge

transport distance, assuring the excellent mass-transport and binding capability of reactants. This helps

to facilitate inert CO2 into a key reactive intermediate. Furthermore, the VO near the porous interface,

which is an actual catalytic site can regulate the formation energy of key intermediates for CO2

activation, so that the adsorbed *CO can selectively generate a thermodynamically favorable *CHO

intermediate with the corresponding Gibbs free energy change value being −0.09 eV (vs. 1.86 eV of

perfect CuO), thus triggering a distinctive CH3OH reaction pathway, rather than desorption, to release

CO. Benefiting from these merits, the optimal CuO with a precise design enables the effective CO2

photoreduction into value-added CH3OH at an evolution rate of 12.3 mmol g−1 h−1, a selectivity of 62.5%,

and more importantly, a robust durability is realized, which is superior to most of the previously reported

photocatalysts until now. This work sheds light on the fact that defect-enrichment in a porous interface

can customize the unique reaction pathway for the CO2 photoreduction to liquid fuels and offers

a novel insight for the design of cheap and effective CO2 photocatalysts.
1. Introduction

Photocatalytic reduction of CO2 is a highly straightforward and
appealing technology, for storing both inexhaustible light
energy and excess CO2 emissions in chemical bonds as value-
added chemicals and fuels under mild conditions, which
helps to achieve carbon neutralization and solve environmental
issues in daily life.1,2 However, among the key challenges in
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aiming for a massive application of articial photosynthesis
technology, is to control product selectivity due to the high
C]O dissociation energy of inert CO2 molecules, and the
diversication of reaction routes. Among many CO2 reduction
reaction (CO2RR) derivatives, methanol (CH3OH) has more
potential because of its high energy density, strong expand-
ability and atomic economic value.3 Specically, CH3OH, is
a liquid product which is easy to store and transport, and can be
widely used as a solvent and a raw material for basic chemical
syntheses, pesticides and automobile fuel. It is worth noting
that CH3OH generation at the solid–liquid–gas interface was
usually limited to the accessibility and mobility of surface
species, where CO2 and its rapid hydrogenation products are
easy to attach to the catalyst surface, and which block the active
sites, affecting the subsequent reaction.4 In addition, due to
uncontrollable changes in the adsorption energy and congu-
ration of intermediates generated by multi-step proton coupled
electron transfer during CO2 reduction, as well as the low
selectivity of CO2 activation, a variety of products with similar
reduction potential are competitively generated and dynami-
cally transformed on the catalyst surface, which undoubtedly
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Schematic illustration of the synthetic process of a CuO
nanobelt. (b) TEM image, (c) HAADF-STEM image (inset: intensity
profiles recorded from the grey rectangular area), (d) EDX elemental
mappings of air-10. (e) EELS spectra for the O-K and Cu-L edges (the
solid orange and green lines are from the corresponding scan lines in
(c)). (f) The pore-size distribution curves, (g) XRD patterns, (h) O 1s XPS
spectra, (i) EPR spectra, and (j) Raman spectra of air-1 and air-10.
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increases the cost of product separation. To enable the
improved activity and selectivity of CO2 conversion for CH3OH
production, developing cheap and efficient catalysts with
unique structures to regulate the energy and adsorption
conguration of active intermediate species on their surface is
of great signicance but it is still challenging.

To address the previous serious limitations, the objectives of
high-efficiency catalyst design, include but are not limited to:
(1) improve the mass transfer efficiency of obtained catalysts,5

(2) increase the catalytically essential sites, and precisely
manipulate the interaction between the active site and the
reaction intermediate to customize the unique reaction
pathway towards the desired CH3OH generation during
CO2RR.6,7 As such, many efforts have been made to construct
catalysts for CO2 photoreduction, with strategies such as
nanostructure engineering,8–10 heterostructures,11–13 surface
modication14 and defect engineering15–17 to tune their elec-
tronic structures and surface atomic arrangement for achieving
a better CH3OH yield and selectivity by improving the previous
objectives. Among the materials used so far, copper-based
materials are known as unique star series, which can convert
CO2 into liquid or value-added multicarbon (C2+) compounds
with impressive yield and efficiency.18–20 As a consequence, we
chose a popular copper oxide (CuO) semiconductor because of
its low-cost, good conductivity, high abundance and excellent
stability, which is expected to become a powerful substitute
catalyst for CH3OH photosynthesis to meet future energy
industry needs.21,22 More importantly, beneting from its low
valent Cud+ species (induced by the oxygen vacancies) with
a relatively appropriate electron donor capacity, which can be
used as an actual active site to combine with positively charged
C atoms to conne specic intermediates and minimize their
formation energy barrier of subsequent hydrides, to achieve
selective CO2 photoreduction matching the thermodynamic
reduction potential of a desirable product.23 A step further, the
theoretical calculation results predicted that CuO with an
optimized structure and intrinsic catalytic sites could better
adsorb and activate CO2.24,25 Nevertheless, because of the low
light utilization efficiency, improper energy band position, and
poor product selectivity of CuO, the related research progress is
rarely reported and remains unsatisfactory.

Inspired by the previous analysis and observations, it is
desirable to urgently solve the challenge of material design for
selective photocatalytic CO2RR. Herein, we developed a porous
CuO ultrathin nanobelt with a well-controlled oxygen vacancy
(VO) by using a wet chemical method combined with a fast
calcination strategy. The diverse porous structure endows
ultrathin CuO with an abundant coverage of catalytic sites,
improved adsorption microenvironment for the binding
capacity of CO2, and a short charge transfer distance, ensuring
excellent mass transfer and connement of key reaction inter-
mediates. More interestingly, the creation of VOs diversies the
active sites and changes the local charge distribution of CuO,
adjusting the interaction between reaction intermediates and
active sites, which is conducive to the realization of highly
selective CH3OH production. As a consequence, combining
these advantages, the catalysts obtained can selectively reduce
This journal is © The Royal Society of Chemistry 2023
CO2 to CH3OH with an evolution rate of 12.3 mmol g−1 h−1 aer
experiencing three cycles. Furthermore, the density functional
theory (DFT) calculation and operando spectrochemistry tech-
nology reveal that the VO near the porous interface as an actual
catalytic site can regulate the formation energy of the key
intermediates for CO2 activation, so that the adsorbed *CO can
selectively generate a thermodynamically favorable *CHO
intermediate, thus triggering a distinctive CH3OH reaction
pathway, rather than desorption, to release CO. This work
demonstrates the importance of defect-enrichment in a porous
interface, in customizing the desirable product of CO2 photo-
reduction, and this key catalyst design concept may be extended
to other single-component 2D functional materials for a future
CH3OH economy.
2. Results and discussions

As a proof of concept, the gram-scale preparation of a porous
CuO ultrathin series with controllable defects are developed
using a novel two-step method to determine the effect of defect-
enrichment in a porous interface in the photocatalytic activity of
CO2RR (Fig. S1, ESI†). As shown in Fig. 1a, the Cu(OH)2 nano-
belt was rst prepared by using copper(II) chloride hydrate and
sodium hydroxide as raw materials without any surfactant, and
the [Cu(OH)4]

2− precursor self-assembly process was regulated
by nely controlling the pH value of the mixture.26 The X-ray
diffraction (XRD) pattern of the product obtained showed that
all the peaks belong to the monoclinic Cu(OH)2 (PDF#80-0565),
and the corresponding scanning electron microscope image
J. Mater. Chem. A, 2023, 11, 8776–8782 | 8777
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Fig. 2 (a) Product yields, CH3OH selectivity and oxygen vacancy
content of different photocatalysts. (b) QE values of air-1 and air-10,
respectively. (c) GC-MS spectra of 13CH3OH and 13CH4 generated
from 13CO2 photoreduction of air-10. (d) Photocatalytic stability of air-
10.
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shows that it has a nanobelt-like structure, and a relatively
smooth surface with lengths of ∼2 mm and widths of ∼20 nm
(Fig. S2, ESI†). The ultrathin porous CuO nanobelts with an
average thickness of 1.21 nm were successfully fabricated by
fast-heating the precursors of the Cu(OH)2 layers (Fig. S3, ESI†).
The VO level is modulated by accurately adjusting the annealing
time in air. By calcining the precursor of ultrathin Cu(OH)2
nanobelts at 250 °C in air for 10 min (denoted as air-10), an
optimized porous CuO nanobelt rich in VOs was obtained, and
porous CuO with a different VO content was prepared as
a reference. To further reveal the ne structure of our con-
structed catalysts, the morphology and microstructure of air-10
and air-1 are characterized by transmission electronmicroscopy
(TEM) and atomic-resolution high-angle annular dark-eld
scanning TEM (HAADF-STEM) (Fig. 1b–d and S4, ESI†), and
the ultrathin belt-like structural features of them can be
observed. The interplanar distances of 0.232 correspond to the
(111) plane spacing of monoclinic CuO (PDF#80-1916) crystal.
When compared with the air-1, air-10 has a rougher and porous
surface, which is probably caused by volatile H2O gas evapora-
tion aer a longer heat treatment. We demonstrated that the
irregular black circles are actual nanopores because HAADF-
STEM is a highly mass-sensitive imaging technique. Together
with the micropores, a slight lattice disorder and dislocation
(Fig. 1c) can be observed locally in the nanobelts, manifesting
the existence of abundant point defects. Moreover, the low-loss
electron energy loss spectroscopy (EELS) shows that the peak
intensity of the O K-edge in air-10 is remarkably lower than that
from the air-1 sample, thus, corroborating the irreversible loss
of O during calcination, which contributes to formation of VOs
and nanopores (Fig. 1e).27–29 This is in accordance with the
corresponding energy-dispersive X-ray spectroscopy (EDS)
elemental mapping results, the molar fraction of uniformly
distributed Cu and O elements in air-10 is determined to be
∼0.959 : 1 (Fig. 1d and S5, ESI†), further conrming the exis-
tence of VOs. More importantly, the nanopores have a similar
composition as the surrounding material. Additional evidence
can be found in their pore size distribution curve shown in
Fig. 1f, andmicropores with a mean size of∼2 nm are displayed
for air-10 and air-1. It is well known that there are many coor-
dination unsaturated defect sites distributed around the pore,
which favor the selective adsorption and enrichment of gas
molecules and other reactive species on the surface of the
photocatalyst during CO2RR. Consequently, to conrm the
existence of defects and investigate their properties further,
a series of advanced analytical tools were employed to charac-
terize the defect-controlled nanobelts. From Fig. 1g, all the
diffraction peaks of air-1 and air-10 are well matched well with
the diffraction data of monoclinic CuO, which is consistent with
the TEM result. We further checked the results by X-ray
photoelectron spectroscopy (XPS) and electron paramagnetic
resonance (EPR) and so on. The tting peaks of O 1s at 529.4
and 531.1 eV correspond to the lattice oxygen and the surface
hydroxyl adsorbed at VO, respectively (Fig. 1h), which indicated
the existence of VO. This also affects the valence state of Cu,
leading to the formation of low-valent Cu+ species in the CuO
lattice conrmed by the Cu 2p XPS results (Fig. S6, ESI†).30 In
8778 | J. Mater. Chem. A, 2023, 11, 8776–8782
sharp contrast to air-1, the peak area of the oxygen atoms in the
vicinity of VO in air-10 at 531.1 eV is much stronger, indicating
the presence of more oxygen defects. The EPR spectra were
further recorded to identify the VO. The typical EPR signal at g=
2.003 for air-1 and air-10 is shown in Fig. 1i, which can be
identied as the electrons captured in the VOs.31,32 Notably, the
higher EPR signal of air-10 than that of air-1 conrms the richer
VO species formed, which also agrees well with the XPS results.
In addition, the Raman bands of air-10 with abundant defective
VO species present, peak broadening and a blueshi relative to
the air-1, which may be assigned to phonon soening or
improved electron–phonon coupling at the VO sites (Fig. 1j).33

All of the analyses verify that VOs and a porous structure have
been successfully introduced onto the surface of air-10.

The unique nanobelt structure provides high porosity and
enrichment of defective sites on the catalyst surface, which can
offer a promising platform to unveil the inuence of O defects
and porous structures on mass transfer in CO2RR. The photo-
catalytic CO2RR activities of the catalysts obtained without any
sacricial agents were evaluated and analyzed by gas chroma-
tography (GC) and 1H-nuclear magnetic resonance spectroscopy
(1H-NMR) (Fig. S7 and S8, ESI†). As shown in Fig. 2a, S9 and S10
(ESI†), the main products of air-1 are CO and H2, whereas the
predominant products of other catalysts are CH3OH accompa-
nied by a small amount of CH4. Notably, the air-10 achieved the
highest CH3OH evolution rate of 12.3 mmol g−1 h−1 and the
CH3OH selectivity reached nearly 62.5%, which was quite
competitive with some other Cu-based materials and many
previously reported state-of-the-art photocatalysts tested under
comparable reaction conditions (Table S1, ESI†). In addition,
the as-prepared air-10 sample could simultaneously realize H2O
oxidation into O2 and CO2RR with increasing irradiation time
(Fig. S10, ESI†). What is more interesting, is that the yield and
selectivity of CH3OH on air-10 exhibit a positive correlation with
the VO density, suggesting that the suitable VO are likely to be
the actual active sites for the CO2RR (Fig. S11 and Table S2,
This journal is © The Royal Society of Chemistry 2023
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ESI†). It is worth noting that the oxygen vacancies in air-15 can
signicantly improve the light utilization efficiency, whereas the
excessive defect sites can also act as photogenerated carrier
recombination centers to block the reaction, causing its
decreased catalytic activity.34,35 To further verify the photo-
catalytic activity, we conducted the quantum efficiency (QE)
measurement in the range of 334–675 nm (Fig. S12, ESI†). As
shown in Fig. 2b, the apparent QE of air-10 is determined to be
0.19% at 334 nm, which is consistent with the increased pho-
tocatalytic performance shown in Fig. 2a. In addition, a13CO2

isotopic labeling experiment was employed to track the carbon
source in the reaction (Fig. 2c), and the signicant peaks with
m/z of 33 and 17, corresponded to 13CH3OH and 13CH4,
respectively, when 13CO2 was used as the gas source, which
veried that the evolved products were indeed derived from CO2

photoreduction. As revealed by the control experiments, there
was no detectable product generation in the dark, under Ar or in
the absence of catalysts, which further supported the results of
the 13CO2-labelling experiments (Fig. S13, ESI†). More impor-
tantly, the air-10 did not show any obvious decline aer three
cycles up to a total of 15 h of photocatalysis (Fig. 2d). In this
regard, XPS, EPR, XRD and STEMmeasurements of the used air-
10 show no obvious structure and morphology variation relative
to the fresh one, which provides crucial evidence for their
excellent photostability (Fig. S14, ESI†).

To unravel the underlying reasons for the improved perfor-
mance of the CO2 photoreduction, several photo-
electrochemical characterizations were employed. As shown in
Fig. 3a, the air-10 shows a stronger absorption range from
visible light to infrared light, and a red-shied edge relative to
the air-1, demonstrating the superior light harvesting capability
for photocatalytic reactions, which may be the presence of the
VO resulting in the generation of several new intermediate
energy levels thereby optimizing the band gap structure. In
addition, the band structures of air-10 and air-1 were found to
be 1.35 and 1.50 eV, respectively, by using the Kubelka–Munk
function. The valence band (VB) positions of air-10 and air-1 are
0.87 and 0.90 V (vs. NHE), and the conduction band (CB)
potentials of air-10 and air-1 are −0.48 and −0.60 V, respec-
tively, suggesting that they are thermodynamically feasible for
Fig. 3 (a) The UV-vis absorption spectra (inset: Tauc plots), (b) the
Mott–Schottky plots, (c) the energy band structure alignments, (d) the
EIS spectra, (e) the transient photocurrent responses (0.33 V vs. Ag/
AgCl, pH= 7), (f) the TSPL decay (inset: steady-state PL spectra) of air-1
and air-10, respectively.

This journal is © The Royal Society of Chemistry 2023
simultaneous CO2 reduction and an H2O oxidation reaction
(Fig. 3b and c). Noticeably, the CB minimum of air-10 is slight
lower than the reduction potentials of the CO2/CO couples,
which corresponds to its excellent photocatalytic CH3OH yield
and selectivity during CO2 photoreduction. This is further
supported by the result of the transient photocurrent
measurement. The higher transient photocurrent response of
air-10 indicating an enhancement in charge generation and
separation in comparison to the other counterpart (Fig. 3e). The
carrier density was determined using the Mott–Schottky
measurements. Both samples exhibit similar negative slopes, as
expected for the p-type nature of the CuO semiconductor. Air-10
has a smaller slope in contrast to air-1, which suggests that
signicantly improved donor densities are estimated by the
following equations:

Nd = (2/e03r30)[d(1/C
2)/dE]−1 (1)

where e0 (1.602 × 10−19 C), 3r (25 for CuO), 30 (8.85 × 10−14

F cm−1) and Nd are the electron charge, dielectric constant,
vacuum permittivity, and carrier density of the photocatalysts,
respectively.36 Moreover, the Nd was calculated to be 7.8 × 1021

cm−3, approximately 1.23 times higher than the 6.32 × 1021

cm−3 for air-1, thus this facilitates charge transfer and migra-
tion at the VO sites. In the meantime, air-10 shows a smaller
electrochemical impedance spectroscopy (EIS) radius and
a weaker steady-state photoluminescence (PL) intensity than
those of air-1, reaffirming that the high overall conductivity
effectively realizes a faster interface charge transmission, and
lower charge recombination rate (Fig. 3d and f). In addition, the
transient-state PL (TSPL) spectroscopy is an effective tool and
was employed to investigate the charge dynamics of the photo-
generated charge carriers. The curves of both materials could be
tted by the tri-exponential decay model and the corresponding
data are listed in Table S3 (ESI†). The average PL lifetime (save)
of air-10 is obviously longer when compared to air-1. This
means that the localized polarization effect induced by richer
VO sites promotes the defect states in the band gap to trap
longer lived electrons, which is conducive to the subsequent
interfacial CO2RR process.37 Therefore, the previous experi-
mental results together show that the VO sites ameliorates the
light absorption and charge carrier separation of the air-10, and
achieves greatly enhanced photocatalytic activities in CO2RR.

The surface reactant and reaction intermediate adsorption is
generally considered as another prerequisite for the interfacial
photocatalysis process. Of note, the creation of a porous struc-
ture on the air-10 surface dramatically boosts its surface area
(109.13 m2 g−1), which will endow air-10 with an improved
adsorption microenvironment, and a short charge transport
distance, thus promoting the selective conversion of reactants
at active defect sites (Fig. S15, ESI†). As shown by the Bader
charge analysis in Fig. 4a and b, air-10 has more VOs than air-1,
and the spatial charge distribution nearby the VOs becomes
more delocalized, and negative charged due to the overlap of
their electronic orbitals, which is conducive to adsorbing more
CO2 on its surface. As expected, the CO2 adsorption isotherm
shown in Fig. 4c further veries this deduction, and air-10 has
J. Mater. Chem. A, 2023, 11, 8776–8782 | 8779
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Fig. 4 Distribution of charge density for (a) perfect-CuO, and (b) VO-
CuO plotted from 0 (blue) to 2.6 e− bohr−3 (red). (c) The CO2

adsorption isotherms, (d) the CO2-TPD spectra of air-1 and air-10.
Charge difference diagrams of *CO adsorption on (e) perfect-CuO
and (f) VO-CuO, yellow and blue spheres represent charge accumu-
lation and depletion, respectively.

Fig. 5 In situ FT-IR spectra of (a) air-10 and (b) air-1. The inside solid
orange and green lines were in situ FT-IR spectra of air-10 and air-1
under 20 min illumination, respectively. (c) Free energy diagrams for
reduction of CO2 over perfect-CuO and VO-CuO based on DFT
calculation as well as the corresponding structure models for each
reaction step. Key steps of CO2 photoreduction over (d) perfect-CuO
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a higher CO2 adsorption capacity. Furthermore, CO2

temperature-programmed desorption (TPD) measurements
were performed and the results are presented in Fig. 4d. In
sharp contrast to air-1, it can be clearly observed that the
chemisorption peak of air-10 shis to a higher temperature
(∼252.1 °C), which proves that the chemical affinity of CO2 on
the surface VO sites is remarkably strong.38 This signicant
enhancement of CO2 chemisorption may provide more oppor-
tunities to accelerate the activation of CO2 into highly active
intermediates to achieve efficient CH3OH synthesis. In general,
the engineered VO can adjust the surface atomic conguration
of the catalyst, thereby affecting the coordination mode and the
activation energy barrier of the intermediate at the actual
catalytic site on the catalyst surface, which is the key factor to
determining product selectivity. Interestingly, the evolution of
the *CO intermediate adsorbed on the VO tuning surface is
endothermic or exothermic, and controls the formation of
multi-electron CO2 reduction products. As such, the differential
charge density calculation was employed to track the electron
transfer between the CuO and *CO intermediates.39 In this case,
the formation and accumulation of the *CO intermediate on
two models including a CuO surface with one VO and a perfect
CuO surface have been constructed and taken into consider-
ation (Fig. 4e and f). As for a defective surface, the coordinately
unsaturated Cu atoms neighboring the VO sites inject their
workable d-orbital electrons into the s C–O antibonding orbital
(s*) and decrease the C–O bond strength. According to the
calculation, the C–O bond in the *CO intermediate is elongated
from 0.1146 to 0.1152 nm aer the introduction of the suitable
VO species. Because of their bond distance difference, the *CO
intermediate can easily generate the lower-energy *CHO inter-
mediate by its own rapid protonation during the CO2 photore-
duction. This is also in agreement with the observation of the
CO-TPD experiments over the CuO catalysts (Fig. S16, ESI†).
Compared with air-1, the obvious chemical desorption peak of
air-10 moving towards a higher temperature, indicating that air-
10 shows a higher chemical bonding ability for the CO mole-
cules. As predicted, this strong adsorption capacity can
undoubtedly promote the subsequent hydrogenation reaction
8780 | J. Mater. Chem. A, 2023, 11, 8776–8782
of the CO species. In addition, we also performed a CO photo-
catalytic performance test under similar conditions to support
the proposed mechanism (Fig. S17, ESI†). We found that air-10
shows an excellent catalytic activity and CH3OH selectivity,
whereas air-1 has no activity. Taken together, these results prove
that defect-enrichment in the porous interface of ultrathin CuO
nanobelts can accelerate the hydrogenation of *CO species to
form a *CHO intermediate, thereby altering the reaction
pathway to form CH3OH rather than desorbing it from its
surface to generate CO molecules.

To obtain solid evidence, the *CHO species was probed by in
situ Fourier-transform infrared spectroscopy (FT-IR) spectra
using the air-10 catalyst. In comparison to air-1 with a smaller
VO, the infrared peaks at 1092, 1216, 1368, and 1478 cm−1 can
be assigned to the *CHO, *OCH3, *CH3, and *OCH2 species
stretching mode of CH3OH adsorbed on the surface of ultrathin
air-10 nanobelts, of which the concentration of the active
species are stronger with increasing irradiation time, which is
consistent with the results from most of the previous reports
(Fig. 5a and b).40–43 While, it was found that no characteristic
intermediate was present except for *COOH the intermediate
generation on air-1 in the CO2RR process, of which the *COOH
intermediate is usually considered as a rate-determining step
for CO2 photoreduction, which is in good agreement with its
above superior CO2-to-CO photocatalytic activity.44 Both
and (e) VO-CuO.

This journal is © The Royal Society of Chemistry 2023
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experimental and computational results verify that the CO2 is
more conducive to photocatalytic conversion into *CHO species
on the surface of air-10. Recently, it has been reported that
*CHO is a crucial intermediate in typical CO2-to-CH3OH reac-
tions. Thus, we speculate that the most likely reaction pathways
for this CO2RR system are:

CO2ðgÞ / *
1CO2 (2)

H2O / H+ + OH− (3)

*
1CO2 þHþ þ e�/ *

1COOH (4)

*
1COOH þ Hþ þ e� / *

1CO þ H2O (5)

*
1COþHþ þ e� / *

1CHO (6)

*
1CHO þHþ þ e�/ *

1OCH2 (7)

*
1OCH2 þ Hþ þ e� / *

1OCH3 (8)

*
1OCH3 þ Hþ þ e� / *

1OHCH3 (9)

where * represents the surface adsorption state.
To test the deduction, further DFT calculations were adopted

to predict the CO2 conversion process based on two different
structural models, the perfect CuO and VO-CuO with a (111)
exposed surface, respectively. As displayed by the stepwise
Gibbs free energy proles and the corresponding reactive
intermediates' conguration (Fig. 5c), the formation of *COOH
on VO-CuO with a reaction free-energy difference of 0.55 eV by
the rst proton-coupled electron transfer step is much lower
than that on the perfect CuO (0.91 eV). This decreased energy
demonstrates that the introduction of the charge-enriched VO

sites can effectively stabilize the *COOH intermediate and
facilitate the dynamic electron-transfer for the subsequent
reaction, thereby leading to the improved photocatalytic
performance of VO-CuO compared with that of perfect CuO.
Most interestingly, the Gibbs free energy of VO-CuO for forming
*CHO is signicantly less than the CO desorption energy, and
the generation of the *CHO radical is exothermic, whereas the
desorption of *CO is endothermic and requires a greater energy
input (Fig. 5d and e), whichmeans that the introduction of Vo is
more conducive to *CO protonation to generate CHO* instead
of desorption to release CO. Conversely, the *CO desorption is
exothermic whereas *CO protonation is highly endothermic,
implying that the *CO molecules can be more easily desorbed
from perfect CuO to evolve free CO molecules rather than its
subsequent high-energy hydrogenation. In other words, the VO-
regulated porous surface effectively stabilizes and connes the
adsorbed *CHO intermediates by greatly changing the endo-
ergic protonation process of *CO, thereby realizing the
preferred lower-energy CH3OH reaction pathway, which is
consistent with the previously mentioned theoretical scenario
and experimental observations of the air-10 assign the
dramatically favored selective photocatalytic CO2 reduction to
CH3OH.
This journal is © The Royal Society of Chemistry 2023
3. Conclusions

In summary, we demonstrate that a porous CuO ultrathin
nanobelt catalyst prepared via a wet chemical method in
conjunction with rapid calcination strategy, selectively photo-
reduces the CO2 to CH3OH, and claries the source of its
excellent CO2RR activity. In particular, the abundant porous
structure on the surface of the nanobelts promotes the mass
transfer of reactants and shortens the migration distance of
photogenerated carriers. More importantly, numerous coor-
dinatively unsaturated sites around the pore are rich in delo-
calized electrons, which can accelerate the polarization of the
adsorbed reactants, thus producing active intermediates with
optimized energy, and achieving selective customization of the
target products. These synergistic merits endow the air-10
catalyst with a remarkably improved yield of CH3OH as well
as high stability, which is superior to the other counterparts
produced under comparable conditions. This work paves the
way for the design of high-performance catalysts, and provides
in-depth insights into the kinetics and mechanism of the
practical application of articial photosynthesis.
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