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Herein, we demonstrate the unique neighboring effect of single-
cobalt active sites anchored on BiOCl nanosheets with high CO,
photoreduction performances by combining in situ X-ray photo-
electron with in situ infrared spectroscopy. More specifically,
single-atom Co sites demonstrate an exceptional electron-
enriched feature from adjacent Bi atoms, which facilitates the
formation of *CO,—Co and *H,0-Bi species, respectively. Under
light irradiation, the photoinduced electron transfer from adjacent
Bi atoms to single Co active sites is favorable for the formation
*COOH and *CO intermediates, accompanied by the oxidation of
H,0 molecules into *OH and *OOH species on Bi sites. As a result,
these dynamic electronic interactions between single-atom Co and
adjacent Bi sites are responsible for a record CO evolution activity
of 172.6 pmol g~ h™! under sunlight illumination, which exceeds
that of pristine BiOCl by nearly one order of magnitude. These
findings provide a fundamental understanding of the intrinsic
neighboring effect between single-atom sites and adjacent atoms,
which should be crucial and essential for the development of high-
performance single-atom catalysts.

Large consumption of traditional fossil fuels (including coal,
oil, and natural gas) leads to a significant increase of carbon
dioxide (CO,) concentrations in Earth’s atmosphere, resulting
in seriously concerning global warming and climate change."?
Thereby, it is very urgent to explore and develop feasible
strategies for the direct conversion of CO, greenhouse gas into
renewable fuels and chemicals.> However, owing to the high
dissociation energy of dual C=0 bonds in the CO, molecule (ca.
750 kJ mol '), its activation is difficult in traditional thermo-
catalysis, which generally requires high temperature and pres-
sure conditions.*” Additionally, a sustainable supply of pure
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Broader context

Carbon dioxide (CO,) concentrations have increased substantially since
the beginning of the industrial revolution, rising to 420 ppm (0.04%) in
2022. Among various candidates, solar-driven photocatalytic carbon fixa-
tion has been recognized as a promising pathway for reducing CO,
emission and achieving solar-to-chemical energy storage. Recently,
single-atom catalysts have attracted significant attention in photocatalytic
CO, reduction, while the intrinsic roles of single-atom active sites and
adjacent atoms in the photocatalytic behaviors still remain ambiguous
until now. Herein, we demonstrate a facile hydrothermal strategy for one-
step anchoring of Co single atoms on BiOCl nanosheets, which exhibited a
record photocatalytic CO,-to-CO production activity of 172.6 pmol g~* h™*
under simulated sunlight, nearly one order of magnitude higher than that
of pristine BiOCI samples. More importantly, we have firstly established
an intrinsic correlation between photocatalytic activity and neighboring
effects of Co single atoms by combining in situ X-ray photoelectron with
infrared spectroscopy, which offers new insights for directing the devel-
opment of high-performance single-atom catalysts.

hydrogen would be necessary for various CO, hydrogenation
reactions, while industrial-scale hydrogen sources are mainly
obtained from reforming of natural gas.® Compared with
traditional thermocatalysis, photocatalytic CO, reduction into
valuable chemicals or fuels under ambient conditions, using
abundant sunlight as the only energy source and H,O as proton
source, represents a promising approach towards carbon neu-
trality and sustainable energy supply.”® Among various pro-
ducts of CO, reduction, carbon monoxide (CO) holds
significant importance as a fundamental building block for
industrial chemical manufacturing.”'® Despite tremendous
progress having been made in design and construction of
various semiconductor photocatalysts, the reduction efficiency
as well as selectivity for CO production are usually unsatisfac-
tory until now. Thereby, how to achieve highly efficient CO,
photoreduction to CO is still a great challenge.""*?

Recently, single metal atoms anchored on semiconductors
have been extensively reported to promote the photocatalytic
performances for CO,to-CO conversion. More specifically, a
single-atom metal could serve as specific active-sites for CO,
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adsorption/activation, benefiting from unsaturated coordination
environments and tunable electronic structures.”>* Moreover, a
significant advantage of single-atom photocatalysts is that they are
an ideal model platform for providing atomic-level insights into
surface active sites and corresponding catalytic mechanisms.">*®
To date, various characterization techniques, especially ex situ
electron microscopy and X-ray absorption spectroscopy, have been
successfully utilized to illustrate the atomic and electronic struc-
tures of single-atom photocatalysts."””'® However, it has been
recognized that the atomic and electronic properties of single-
atom photocatalysts would dynamically change under working
conditions, induced by several physical or chemical effects, such
as reaction conditions, photoexcitation, chemical adsorption, and
intermediates.”> " Although theoretical calculations extracted
from well-defined model structures have been widely employed
to illustrate the corresponding mechanisms, real single-atom
photocatalysts inevitably possess specific defects, surface species,
and diverse coordination under reaction conditions.>*** These
greatly hinder the atomic-level understanding and further rational
design of single-atom photocatalysts with tailored activities for
CO, reduction. Therefore, a direct insight into the dynamic evolu-
tions of their atomic and electronic structures under operation
conditions is necessary, which still faces a challenge.

Herein, we demonstrate a facile and efficient hydrothermal
strategy for one-step anchoring of Co single atoms on BiOCl
nanosheets, which exhibited a record photocatalytic CO,-to-CO
production activity of 172.6 umol g~' h™" under simulated
sunlight. More importantly, a fundamental understanding for
the neighboring effect between single-atom Co and adjacent Bi
sites during photocatalytic CO, reduction has been firstly
achieved by employing in situ XPS and in situ FTIR. More
specifically, the atomically dispersed cobalt sites with the
electron-attracting effects from adjacent Bi sites are favorable
for CO, adsorption and subsequent conversion to form *COOH
and *CO intermediates, while the electron-deficient Bi sites
facilitate H,O molecules into *OH and *OOH intermediates.
Owing to these synergistic effects, highly efficient conversion of
CO, to CO has been achieved. Thereby, dynamic electron
interactions of single atoms with adjacent sites should be
crucial for catalyst design towards CO, reduction.

Single-atom-cobalt-anchored BiOCl nanosheets (denoted as
Co-BiOCl) were synthesized via a facile one-step hydrothermal
strategy. Fig. 1A shows a typical transmission electron micro-
scopy (TEM) image, clearly indicating that the obtained Co-
BiOCl samples possess the well-defined nanosheet structure.
The high-resolution TEM (HR-TEM) image shown in Fig. S1A
(ESIt) reveals the well-defined single-crystalline structure, and a
lattice fringe with a spacing of 0.275 nm could be well indexed
to the (110) plane.** Fig. S1B (ESIf) shows the selected area
electron diffraction (SAED) pattern, and a dihedral angle of 45°
could be matched well with (110) and (200) planes of tetragonal
BiOCl nanosheets, indicating the [001] growth orientation of
these nanosheets.”> To further confirm the distribution of
single-atom cobalt in Co-BiOCl, high-angle annular dark-field
scanning TEM (HAADF-STEM) was performed, as shown in
Fig. 1B. Owing to the lower atomic number of Co (27) than Bi
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Fig.1 Characterizations of Co-BiOCl. (A) TEM image. (B) Aberration-
corrected HAADF-STEM image and corresponding (C) atom intensity line
scanning analysis. (D) Element mapping images. (E) Co K-edge XANES and
(F) EXAFS spectra of Co foil, CoO and Co-BiOCL

(83), a large number of individual dark spots could be evidently
detected, revealing the high distribution of Co species on BiOCl
nanosheet surfaces. Furthermore, the line scan profiles for
HAADF intensity analysis (Fig. 1C) demonstrate that the
single-atom Co substitutes Bi at tetrahedral sites, instead of
being located between the lattices of BiOCl (001) facets. More-
over, energy dispersive X-ray spectroscopy (EDS) mapping
further confirms the uniform distribution of Co element in
Co-BiOCl (Fig. 1D). The loading amount of single-atom cobalt
in the obtained Co-BiOCI samples is about 0.57 wt% (Table S1,
ESIT). In addition, the coordination environment of Co atoms
was further explored by X-ray absorption near-edge spectra
(XANES) and extended X-ray absorption fine structure (EXAFS).
As shown in Fig. 1E, compared with CoO samples, the absorp-
tion edge position shows a slight negative shift, indicating the
electron transfer from Bi to Co due to the higher electronegativity
of Bi (1.9) than Co (1.8). Furthermore, the Fourier transformed k-
weighted EXAFS spectrum of Co-BiOCl is quite different from
those of standard Co foil and CoO (Fig. 1F), suggesting that Co
should be atomically dispersed, instead of forming Co or CoO
clusters/particles (Fig. S2, ESIT).”**”

The photocatalytic performances of Co-BiOCl samples for
CO, reduction have been explored under simulated sunlight
irradiation, in which only CO, and H,O reactants have been
used. For comparison, pristine BiOCl samples have also been
prepared (Fig. S3-S7, ESIt), and their photocatalytic activity has
been explored under the same conditions. As shown in Fig. 24,
Co-BiOCl exhibits a much higher CO, reduction capability
for CO production than pristine BiOCl samples, and the CO
production rate was calculated to be 172.6 pmol g~* h™*
(Fig. S8, ESIY), nearly one order of magnitude more than that
of pristine BiOCI samples (19.1 umol g~ h™"). More impor-
tantly, Co-BiOCl shows an outstanding selectivity (>99%)
toward CO,-to-CO conversion (Fig. S9, ESIf). The apparent
quantum yield (AQY) of CO, to CO has also been determined,
as shown in Fig. S10 (ESIf), and an AQY value of 0.81% has
been obtained at a wavelength of 365 nm. Fig. 2B shows the
photocatalytic CO, reduction stability of Co-BiOCl. During
five cycling experiments, the CO production rates generally
remained constant, and no evident change could be detected
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Fig. 2 (A) Photocatalytic CO, activities of as-prepared photocatalysts.

(B) Cycling tests of Co—~BiOCI sample. (C) Mass spectrum of the *CO,
photoreduction products over Co-BiOCl (inset image: GC signal).
(D) Comparative presentation of CO evolution rates. (E) i-t curves and
(F) EIS curves of the as-obtained photocatalysts.

(Fig. S11-S13, ESIf). Meanwhile, the '*C-labeled isotope experi-
ment has been performed by using *CO, gas as feedstock to
validate the carbon source of CO product. As shown in Fig. 2C,
the dominant peaks of **CO, (m/z = 45.1) and **CO (m/z = 29.1)
could be evidently detected by gas chromatography-mass spec-
trometry (GC-MS). On the basis of the above results, it can be
concluded that the formation of CO product should result from
photocatalytic CO, reduction. In addition to cobalt, other
metals anchored on BiOCl nanosheets, including Ni, Cu, and
Zn, could also be achieved via this facile one-step method
(Fig. S14-518, ESIt). As shown in Fig. 2D, their photocatalytic
performances for CO, reduction have also been effectively
improved compared with pristine BiOCl, confirming the univer-
sal applicability for metal anchoring on BiOCl nanosheets and
significantly promoting the CO, reduction activity. Furthermore,
photoelectrochemical (PEC) measurements have been per-
formed on both pristine BiOCIl and Co-BiOCl to further evaluate
their photogenerated charge separation and migration ability. As
shown in Fig. 2E, compared with pristine BiOCl, the photocur-
rent density of Co-BiOCI has been drastically enhanced, indicat-
ing the anchoring of single-atom Co could effectively promote
charge separation and accelerate charge transfer. Moreover,
Fig. 2F shows the electrochemical impedance spectroscopy
(EIS) results, and Co-BiOCl demonstrates lower charge transport
resistances and higher electro-conductibility than pristine BiOCl
samples.”® On the basis of the above photocatalytic and PEC
results, it could be concluded that the rational anchoring of
single-atom metal active sites on semiconductors should be a
feasible strategy for significantly promoting the photocatalytic
activity for CO, reduction.

Furthermore, the charge separation capability has been
firstly explored by steady-state photoluminescence (PL) spectro-
scopy, as shown in Fig. S19 (ESIt). It could be clearly seen that
compared with pristine BiOCl samples, the PL peak intensity
of Co-BiOCl has been significantly reduced, indicating that
the anchoring of Co single atoms could effectively restrain the
recombination of photogenerated charge carriers in
BiOCI nanosheets. In addition to the steady-state PL spectra,
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time-resolved PL (TR-PL) spectra have also been measured to
probe interfacial charge carrier dynamics under excited state
(Fig. S20, ESIt). The average carrier lifetime over Co-BiOCI is
calculated to be 9.46 ns, which is much longer than that of
pristine BiOCl (7.78 ns).”**° Moreover, Kelvin probe force
microscopy (KPFM) has been performed to explore the photo-
induced surface potential changes. Fig. 3A and B show the
typical surface potential mapping of Co-BiOCI under darkness
and light irradiation, respectively. To quantitatively explore the
surface potential changes, the line-scanning surface potentials
of Co-BiOCl and BiOCl have been measured. As shown in
Fig. 3C, Co-BiOCl displays a dramatic surface potential change
of ~54 mV under darkness and light irradiation, clearly
revealing the efficient charge separation on the surfaces of
Co-BiOCL*'** In contrast, the pristine BiOCl samples only
exhibit a surface potential change of ~16 mV (Fig. S21, ESIT).
Subsequently, scanning photoelectrochemical microscopy
(SPECM) has also been conducted to further investigate the
surface photoactive properties of both Co-BiOCl and BiOCI. As
shown in Fig. 3D, a relatively high photocurrent is detected in
Co-BiOCl regions under light illumination, while the photocur-
rent is drastically reduced in the BiOCI regions, indicating that
the Co-BiOCI catalyst exhibits much higher charge separation
and transfer capability than BiOCI samples.**** Furthermore,
the crystal structure evolutions of Co single atoms have been
measured by using in situ X-ray diffraction. As shown in Fig. S22
(ESIt), the characteristic diffraction peaks of Co-BiOCI slightly
shifted toward the low-value direction under light illumination,
indicating the increases of the interlayer lattice spacing (Fig. 3F),
which should be attributed to the photoinduced electronic
redistribution and bond changes in the interior of Co-BiOC.>*
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Fig. 3 KPFM mappings of the surface potential distribution of Co-BiOCl
under darkness (A) and light irradiation (B). (C) The line-scanning surface
potential changes under darkness and light irradiation. (D) Top and (E) side
view of SPECM surface photocurrents under light irradiation. (F) The layer
spacing changes of Co-BiOCl before and after light irradiation. (G) CO,-
TPD curves of pristine BIOCl and Co-BiOCL In situ FTIR spectra of CO,
reduction on Co-BiOClI (H) and pristine BiOCI (1).
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In addition to the surface charge distribution and structure
evolutions, the CO, adsorption properties have been explored
by CO, temperature-programmed desorption (CO,-TPD).*®
As shown in Fig. 3G, the CO,-TPD curves clearly reveal that
pristine BiOCI exhibits a relatively poor capability for CO,
adsorption, primarily suffering from insufficient surface active
sites. Notably, the introduction of Co single atoms could
significantly enhance the chemisorption capability of CO,,
and a dominant adsorption peak at ~465 °C has been detected
for Co-BiOCI samples. Additionally, in situ Fourier transform
infrared reflection (IS-FTIR) has been conducted to further
explore the reactant adsorption and intermediate formations
during photocatalytic CO, reduction. Under darkness, Co-
BiOCI shows much higher CO, absorption peaks than pristine
BiOCl samples (Fig. S25 and S26, ESIt). Upon light irradiation
on Co-BiOCl, the new peaks at ~1560 and ~1703 cm '
assigned to *COOH intermediates, critical intermediates for
CO,, conversion to CO, are remarkably increased with increas-
ing irradiation time, and the infrared peaks of *CO intermedi-
ates at ~2125 cm™* could also be detected.?”*® Meanwhile, two
broad peaks at ~3535 cm ™" and ~1273 ecm™* could be indexed
to OH* and OOH* intermediates, respectively, resulting
from the activation and dissociation of H,O molecules at
~1640 cm™ ' (Fig. 3H and Fig. $27, ESI}).*>*° Compared with
Co-BiOCl, the FTIR peak changes of reaction intermediates for
pristine BiOCl are unobvious (Fig. 3I and Fig. S28, ESI}),
demonstrating its relatively poor activation and conversion
capability for both CO, and H,0 molecules. On the basis of
the above results, it could be concluded that the Co single
atoms anchored on BiOCI nanosheets could significantly pro-
mote the adsorption/activation of both CO, and H,O and
facilitate the formation *COOH and *OOH intermediates.

To further elucidate the underlying mechanisms responsible
for the high photocatalytic activity of Co-BiOCI towards CO,-to-
CO conversion, in situ X-ray photoelectron spectroscopy (IS-
XPS) has been employed to explore the dynamic evolutions of
electronic structures and chemical bonds during the CO,
photoreduction process.*"**> Note that before CO, and H,O
adsorption, the evident Bi shoulder peaks located at high
binding energy (BE) have been detected for Co-BiOCI samples
(Fig. 4), while pristine BiOCI only demonstrates the standard
Bi®* peaks (Fig. S30, ESI{). This phenomenon clearly reveals
that the Co single atoms anchored on BiOCI nanosheets could
attract electrons from the surrounding Bi atoms, leading to the
formation of surface Bi sites with high valences.*® After CO,
and H,O adsorption, two characteristic peaks at 288.3 eV and
286.4 eV could be obviously detected in the C 1s spectrum,
which could be well indexed to *CO, and *CO intermediates
due to CO, adsorption and dissociation. Interestingly, the
ratios of high-valence Bi species in Bi 4f spectra have been
evidently reduced, accompanied by increased Co**/Co*" ratios.
It was considered that the adsorption of H,O molecules should
be located on the electron-deficient Bi®*" sites, and their
electron injection effects lead to the decrease of high-valence
Bi sites. In contrast, the CO, molecules should be located on
the electron-enriched Co sites, and the electron-attracting
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effects result in the increase of high-valence Co species. Under
light irradiation, the intensity of *CO, peaks is significantly
decreased, while that of *CO peaks is obviously increased,
indicating the further activation of CO, molecules on Co-BiOCl
surfaces (Fig. 4A). Notably, the high-valence Bi®"™* peaks have
remarkably increased (Fig. 4B), attributed to the activation of
H,O molecules into *OH intermediates on surface Bi active
sites (Fig. S31, ESIt). Note that owing to the formation of *CO
intermediates on single-atom Co active sites, the ratio of Co®"/
Co*" has been correspondingly decreased (Fig. 4C). Related IS-
XPS studies of pristine BiOCl have also been carried out under the
same conditions, as shown in Fig. S30 (ESIt). The CO, adsorption
and dissociation are much less than for Co-BiOCI samples in the
C 1s spectrum, which is consistent with the poor adsorption and
activation of CO, shown in CO,-TPD and FTIR spectra. Addition-
ally, no evident changes of Bi 4f peaks under light irradiation
could be observed, further confirming the single-atom Co active
sites for promoting the photocatalytic CO, reduction activity by
adsorbing and activating CO, molecules.

Considering the above in situ characterization results, a
possible mechanism has been proposed to elucidate CO,
reduction to CO over Co-BiOCl during the photocatalytic
process (Scheme 1). Note that single-atom Co sites on BiOCl
nanosheets demonstrate an exceptional electron-enriched fea-
ture from adjacent Bi atoms, which could serve as efficient
active sites for facilitating the adsorption of CO, molecules.
Simultaneously, owing to the electron transfer to single-atom
Co sites (Fig. S32, ESIt), the adjacent Bi atoms with high-
valence states possess strong adsorption capability for H,O
molecules. Under light irradiation, the electron injection from
water molecules into the surface Bi active sites and single-atom
Co sites facilitates the absorbed *CO, interacting with the proton
to form COOH* intermediates. Furthermore, the *COOH located
on single-atom Co active sites could be further reduced via
combining with another proton and electron, and the *CO
desorption towards CO formation is finally achieved, accompa-
nied by the activation of H,O molecules into *OH and *OOH
intermediates on surface Bi active sites. Accordingly, owing to
the electron-enriched single-atom Co sites and electron-deficient
Bi sites for efficient adsorption/activation for H,O and CO,

EES Catal., 2025, 3,268-273 | 271
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Scheme 1 Schematic diagram of the neighboring effect for CO, photo-
reduction over the Co-BiOCl sample.

molecules, a significant improvement of photocatalytic reactivity
for CO, reduction to CO product has been achieved on the Co-
BiOCI surfaces. Thereby, the combination of in situ spectroscopy
techniques could be a powerful strategy to correlate electronic
structure of single-atom active sites with photocatalytic activity,
which should be a feasible pathway for directing the rational
design of CO, photoreduction catalysts.

In summary, we have successfully constructed Co single
atoms on BiOCl nanosheets by a one-step hydrothermal
method, which exhibited an excellent activity and selectivity
for CO, photoreduction to CO by utilizing H,O as the
proton source. The CO production rate could reach up to
172.6 pmol g~ " h™', a more than 9-times enhancement compared
with pristine BiOCl. More importantly, the atomic-level identifi-
cation of the neighboring effect of single-atom cobalt active sites
anchored on BiOCl nanosheets during photocatalytic CO,
reduction has been achieved by employing IS-XPS and IS-FTIR.
The single-atom Co demonstrates an exceptional electron-enriched
feature from adjacent Bi atoms, which could serve as efficient active
sites for facilitating the adsorption/activation of CO, molecules.
Additionally, electron-deficient Bi sites could effectively promote
H,0 adsorption and conversion into *OH and *OOH intermediates.
Thereby, Co single atoms anchored on BiOCIl nanosheets not only
significantly facilitate the local charge separation and adsorption/
activation of CO,, but also tailor the electronic structure of adjacent
Bi atoms for promoting H,O molecule dissociation.
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