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This study develops Co-doped and surface Bi’ nanocrystal-modified BMO photocatalysts through a facile one-step solvothermal method,

achieving the synergistic integration of multiple factors (including Co doping induced spin polarization, Bi’/Co-BMO interfacial charge
transfer and LSPR of Bi® nanocrystals) to boost CO> photoreduction performance.
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Abstract: Photocatalytic CO> reduction utilizing solar energy to convert CO: into value-added
fuels and chemicals is regarded as a promising strategy for alleviating energy crises and
achieving carbon cycling. However, this process remains limited by rapid recombination of

photogenerated carriers and sluggish CO» activation kinetics. In this work, Bi2MoOs
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(BMO)-based photocatalysts with Co doping and in-situ formation of Bi’ nanocrystals were
developed through a facile one-step solvothermal method. X-ray absorption spectroscopy
analysis reveals that Co species are atomically dispersed within the BMO lattice in a CoO4
coordination configuration. The weak crystal-field environment of CoOs preserves unpaired 3d
electrons and induces spin-polarized electronic states, thereby decreasing the photocarrier
recombination. Meanwhile, the Co doping leads to in-situ formation of Bi’ nanocystals on the
catalyst surface, which promotes photocarrier transfer between Bi’ and Co-BMO and facilitates
the photocarrier separation. The Co doping increases the CO» adsorption energy on the Bi active
sites and decreases the energy barrier for the formation of the key *COOH intermediate.
Moreover, the Co doping generates extra Co and Bi° active sites for CO, photoreduction reactions.
The cascade synergistic mechanism significantly boosts the photocatalytic CO»-to-CO conversion,
where the optimal Co,-BMO sample delivers a CO production rate of 158.47 umol g ' h™! that is
3.8 times higher than that of pristine BMO. This work provides an intriguing strategy for
designing efficient solar-driven CO; conversion photocatalysts from the perspectives of

electronic spin manipulation and interfacial charge transfer.

Keywords: cobalt-doped Bi-MoOgs; spin polarization; Bi® nanocrystal decoration; photocatalytic

CO; reduction; cascade synergistic mechanism

1. Introduction

Sustained excessive consumption of fossil fuels has caused severe energy crises and global
climate challenges. The photocatalytic CO, reduction reaction, which utilizes solar energy to
convert CO; into high-value-added chemicals and fuels, is regarded as a green and sustainable
strategy for carbon neutrality [1-4]. Nevertheless, there are multiple factors impeding the reaction

efficiency, such as sluggish kinetics of photogenerated charge carriers, rapid photocarrier
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recombination, and weak CO; adsorption and activation capability on catalyst surfaces [5-7].
Overcoming these barriers is crucial for achieving highly efficient photocatalytic CO; reduction.

Aurivillius-phase oxide BixMoOs (BMO) has attracted extensive attention in photocatalytic
CO; reduction due to its unique layered crystal structure, suitable band-edge positions and
excellent chemical stability [8,9]. However, pristine BMO still suffers from inherent drawbacks,
including severe photocarrier recombination, sluggish photocarrier migration kinetics and
insufficient CO, adsorption and activation capability, which severely restrict its practical
photocatalytic applications [10]. To overcome these limitations, various strategies, such as
morphology engineering, heterojunction construction, elemental doping, defect engineering and
cocatalyst loading, have been developed to regulate the structural and electronic properties of
BMO [11-14]. These approaches have made progress in enhancing photocatalytic CO reduction.
Among them, constructing heterojunctions is an important method for promoting photocarrier
separation [15,16]. However, the heterojunction formation depends highly on the energy band
alignment as well as the interfacial interaction, increasing the difficulty of precisely regulating the
photocarrier transfer and separation.

In recent years, electron spin has emerged as an important additional degree of freedom in
modifying photocatalytic systems [17-20]. Unlike heterojunction regulation approach, which
relies on energy band alignment and interfacial interaction, spin polarization can regulate carrier
migration and recombination kinetics by modifying the electronic spin-state distribution [21].
Previous studies have demonstrated that introducing magnetic ions with unpaired electrons (such
as Fe, Co, Ni and Mn) can induce spin-asymmetric electronic structures in nonmagnetic
semiconductors, thereby modulating the spin-state distribution of photocarriers to promote their
separation and optimize reaction dynamics [22-27]. For instance, Co-doped BiOCI system has
been reported to utilize spin-polarized electronic states to enhance photocarrier separation and

promote CO» reduction processes [26]. Similarly, the incorporation of Ni?* into BaTiOs3 thin films
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was also shown to be capable of enhancing photocarrier separation through spin-related effects
[27]. These studies demonstrate that spin regulation provides a new avenue for overcoming
photocarrier kinetic limitations in photocatalytic systems. However, current spin polarization
strategies mainly focus on modulating bulk electronic structures, while the synergistic regulation
of spin polarization and surface/interface charge behavior remains insufficiently explored.

Metal nanoparticles have demonstrated to be important cocatalysts for boosting the
photocatalytic conversion of CO; into renewable carbonaceous fuels [28—30]. Notably, metal
nanoparticles are highlighted due to their plentiful surface active sites and remarkable local
surface plasmon resonance (LSPR) effect [31-33]. The LSPR effect of metal nanoparticles can
not only promote the photocarrier generation and separation, but also promote the excitation of
electrons into surface plasmon (SP) states with higher reduction potential [33]. Moreover, the
decoration of metal nanoparticles onto photocatalysts can establish an interfacial electric field
(IEF) through interfacial charge redistribution, promoting the transfer of photoelectrons and
decreasing their recombination with photoholes. For example, Zhao et al. reported a
Bi@Bi2MoOs photocatalyst in which metallic Bi nanoparticles were deposited on Bi2MoOs
nanosheets. The introduction of Bi nanoparticles enhanced photocatalytic CO> reduction
performance, which was attributed to improved charge separation and the LSPR effect of metallic
Bi [34]. It is noted that compared with external loading of metal cocatalysts, in-situ generation of
cocatalysts onto photocatalysts can establish a strong interfacial interaction that is beneficial to
interfacial charge migration. For example, Li et al. employed a nonequilibrium solvothermal
strategy to induce the in-situ exsolution of Bi® nanoparticles from the BisTizO2 lattice,
constructing a tightly coupled Bi%/BisTi3O12 heterointerface that efficiently drives interfacial
charge migration/separation and optimizes CO; adsorption and activation processes [35]. It is
expected that the simultaneous adoption of electron spin regulation and metal nanoparticle

modification will afford a great potential to synergistically manipulate the electronic structures of
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photocatalysts and charge dynamics, thus achieving highly efficient CO» photoreduction
performance.

Based on the above considerations, herein we introduce cobalt element in BMO through a
facile one-step solvothermal process to achieve partial substitution of Bi** species by Co species
and simultaneously in-situ formation of Bi® nanocrystals on the catalyst surface. Experimental
characterizations and theoretical calculations reveal that Co species are atomically dispersed
within the BMO lattice in a CoOs local coordination configuration, inducing spin-polarized
electronic states. Meanwhile, the displaced Bi** species are reduced into Bi® nanocrystals on the
catalyst surface to form Bi’%/Co-BMO heterojunctions. The Co doping induced spin polarization,
Bi%Co-BMO interfacial electric field and LSPR effect of Bi’ nanocrystals synergistically
promote photogenerated carrier separation and migration as well as enhance CO; adsorption and
activation. As a result, the Co-doped BMO systems exhibit enhanced photocatalytic CO,-to-CO
conversion compared with pristine BMO. The optimal Co.-BMO photocatalyst achieves a CO
production rate of 158.47 umol g™! h™!, which is 3.8 times higher than that of pristine BMO. This
work provides an important strategy for designing highly efficient photocatalytic systems in CO,
photoreduction application through the coordinated manipulation of electronic spin states and
interfacial charge transfer.

2. Experimental
2.1. Preparation of BMO

Hierarchical flower-like BMO microspheres were synthesized using a solvothermal method.
Typically, 2 mmol of Bi(NO3)3-5H20 and 1 mmol of Na2Mo0O4-2H,O were separately dissolved
in 10 mL of ethylene glycol (EG). After magnetic stirring for 30 min, both solutions were slowly
added dropwise into 40 mL of ethanol. Following continuous stirring for 60 min, the mixture was
transferred into an autoclave with a capacity of 100 mL, sealed and reacted at 160 °C for 24 h.

The precipitate generated through the solvothermal reaction was collected by centrifugation,
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washed several times with deionized water and ethanol to remove residual impurities, and finally
dried at 60 °C for 8 h. The product was obtained as hierarchical flower-like BMO microspheres.
2.2. Preparation of Co-BMO

Co-doped BMO samples were prepared using the same solvothermal method. Specifically, 2
mmol of Bi(NO3)3-5H>0 and a stoichiometric amount of Co(NO3)2-6H>0 (0.02, 0.1 or 0.2 mmol)
were dissolved in 10 mL of EG. Separately, 1 mmol of NaxM0O4-2H>O was dissolved in another
10 mL of EG. After magnetic stirring for 30 min, both solutions were slowly added dropwise into
40 mL of ethanol. Following continuous stirring for 60 min, the mixture was reacted in a 100 mL
autoclave at 160 °C for 24 h. After completion of the reaction, the precipitate was washed and
dried to obtain Co-doped BMO samples. The samples synthesized by introducing 0.02, 0.1 and
0.2 mmol of Co(NO3),-6H>0 were denoted as Co;-BMO, Co.-BMO and Co3-BMO, respectively.
2.3. Characterization and DF'T calculation methods

The prepared photocatalysts were systematically characterized using various techniques to
investigate their structures, morphologies, chemical environments and electronic properties,
including X-ray powder diffraction (XRD), scanning/transmission electron microscopy
(SEM/TEM), X-ray photoelectron spectroscopy (XPS), Fourier transform infrared (FT-IR)
spectroscopy, synchrotron X-ray absorption spectroscopy (XAS), ultraviolet—visible diffuse
reflectance spectroscopy (UV-vis DRS), steady-state photoluminescence (PL) spectroscopy,
vibrating sample magnetometry (VSM), and femtosecond transient absorption (fs-TA)
spectroscopy. Electrochemical measurements were performed using a three-electrode
configuration. First-principles density functional theory (DFT) calculations were carried out
using the Vienna Ab initio Simulation Package (VASP) [36]. Detailed characterization procedures,
electrochemical measurement protocols, DFT computational parameters and related instruments
information are provided in the Supplementary Material.

2.4. Photocatalytic CO: reduction measurements
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The photocatalytic activities of as-fabricated photocatalysts for CO> reduction were
measured using a Labsolar-6A fully automatic all-glass online trace gas analysis system (Beijing
Perfectlight Technology Co., Ltd., China). The generated intermediates during the CO; reduction
reactions were probed by in-situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) on a Nicolet iS50 FTIR spectrometer with an MCT detector. Further details on the CO»
photoreduction and in-situ DRIFTS testing procedures and parameters can be found in the
Supplementary Material.

3. Results and discussion
3.1. Basic characterization of photocatalysts

Fig. 1(a) illustrates the synthesis process of BMO and Co-BMO hierarchical microspheres,
together with their corresponding crystal structure schematics. The crystal structures of the
as-prepared samples were characterized by means of XRD. As shown in Fig. 1(b), all the
diffraction peaks of the pristine BMO sample can be perfectly indexed according to the
orthorhombic BMO phase (PDF#84-0787, space group Pca2;). The lattice parameters of pristine
BMO are determined to be a = 5.5312 A, b = 16.2266 A and ¢ = 5.5142 A according to the
Rietveld refinement (Fig. S1). With the introducing Co element, extra diffraction peaks
assignable to metallic Bi® (PDF#05-0519) are detectable, and the intensity of the Bi’ peaks
increases with increasing Co content. The diffraction peak widths and positions of BMO show no
noticeable changes upon Co doping, as seen from the enlarged XRD patterns in Fig. 1(c). The
XRD results manifest that Co species partially substitute Bi sites in the BMO lattice, and the Co
substitution induces local charge compensation and electronic structure reconstruction, which
promotes the reduction of partial Bi** species into Bi’ nanocrystals that are distributed on the
material surface [37].

The preferential occupation behavior of Co in the BMO lattice was investigated by

calculating the substitution formation energy within the DFT framework. The formation energies
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for Co substitution at the Bil, Bi2 and Mo sites were calculated, according to the following
equation: Eformation = E(defect) — E(perfect) + E(Bi/Mo) — E(Co) [38], to be 2.80, 2.74 and 8.29 eV,
respectively, as demonstrated in Fig. S2 and Table S1. Compared with Mo-site substitution, Co
incorporation at Bi sites requires much lower formation energy, indicating that Co preferentially
occupies Bi sites in the BMO lattice from a thermodynamic perspective. The comparable
formation energies between the Bil and Bi2 sites suggest that both Bi sites are favorable for Co
substitution. It is noted that Co species has a smaller ionic radius than the Bi species, indicating
that the Co substitution for Bi could induce the lattice shrinkage. However, the XRD result shows
almost no lattice change upon the Co doping. This is because oxygen vacancies are
simultaneously introduced into the lattice upon Co doping as evidenced by the next XPS analysis,
and the introduction of oxygen vacancies is expected to cause the lattice expansion [39] and
offset the lattice shrinkage induced by the Co substitution. To verify the existence and distribution
of Bi’ the Co,-BMO sample was treated with 0.05 M dilute nitric acid. It is found that after acid
treatment, the Bi® diffraction peaks completely disappear, while the characteristic diffraction
peaks of Codopea-BMO remain unchanged (Fig. S3). The easy dissolution and elimination of Bi’
by dilute nitric acid suggest that the generated Bi° nanocrystals are mainly distributed on the
Codoped-BMO surface or near-surface regions.

The FT-IR spectra of BMO and Co02-BMO were measured to further reveal the structural
information of the samples, as displayed in Fig. S4. The characteristic peaks located at 448 and
571 cm™! are respectively assigned to the stretching and bending vibrations of Bi—O bonds, while
the absorption bands at 734 and 841 cm™! correspond to the asymmetric and symmetric stretching
vibrations of Mo—O bonds in the MoOs octahedra [40,41]. Notably, the shapes of the
characteristic absorption peaks of the Co,-BMO sample are very similar to those of pristine BMO,
but their intensities decrease noticeably. This phenomenon indicates that the Co doping does not

disrupt the intrinsic BMO lattice structure, while the local coordination environment within the
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lattice framework could be modified [42]. In addition, extra absorption peaks are observed for the
samples, among which the peaks at 1050/1084/1115 cm™! are associated with C—O vibrations, the
peak at 1384 cm™! is related to COs*" vibration, and the peak at 1632 cm™! is attributed to O-H
vibration of water molecules [43,44]. The CO3* group and water molecules are generally
observed on the FT-IR spectra and could stem from airborne contaminants during the
measurement process.

XPS measurements were performed on BMO and Co;-BMO to elucidate the binding
energies and chemical states of the elements, and the acquired high-resolution Co 2p, O 1s, Bi 4f
and Mo 3d core-level XPS spectra are presented in Fig. 1(d)—(g), respectively. The Co 2p
spectrum of Co2-BMO (Fig. 1(d)) presents the characteristic signals of Co 2p3» (781.5 eV) and
Co 2pi (796.9 eV) although their intensity are very weak, indicating the doping of Co species in
the BMO lattice [45]. The O 1s spectra (Fig. 1(e)) can be deconvoluted into lattice oxygen (Ov),
chemisorbed oxygen (O.¢s) and surface hydroxyl species (—OH)/water molecules [46—48].
Generally, chemisorbed oxygen is associated with the formation of oxygen vacancies. Compared
with pristine BMO, the Oags component in Co-BMO is significantly enhanced, suggesting the
generation of oxygen vacancies induced by the Co doping, which may originate from the local
charge compensation process associated with the Co incorporation [49]. In the Bi 4f spectra in
Fig. 1(f), the two strong peaks are assigned to the Bi 4f7, and 4fs), signals of Bi** species [46,47].
Besides the strong peaks related to Bi** species, the Co.-BMO sample displays an additional pair
of weak peaks at 157.6 and 163.1 eV, which can be assigned to Bi® species [50]. This result is
consistent with the XRD analysis, further suggesting that the Co doping replaces partial lattice
Bi** species and results in the formation of Bi® nanocrystals on the catalyst surface. The Mo 3d
spectra of both BMO and Co,-BMO samples (Fig. 1(g)) show two characteristic peaks separately
corresponding to the Mo 3ds», and 3ds» binding energies of Mo®" species [46,47]. No extra

oxidation states of Mo are detectable upon the Co doping. Additionally, the Bi 4f and Mo 3d
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peaks of Co2-BMO exhibit a slight positive shift in binding energy, indicating that the Co doping

and Bi’ nanocrystal construction jointly regulate the local electronic environment of BMO [51].
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Fig. 1. (a) Schematic diagram illustrating the preparation of flower-like BMO and Co-BMO hierarchical

XPS spectra of (d) Co 2p, (e) O 1s, (f) Bi 4f and (g) Mo 3d.

SEM and TEM techniques were combined to examine the morphology and microstructure of

BMO and Co2-BMO. The SEM images of BMO (Fig. 2(a)) and Co2-BMO (Fig. 2(b)) show that

both samples are composed of flower-like hierarchical microspheres with a diameter of 1-2 pm,

and the hierarchical microspheres are self-assembled from small-sized nanoflakes. The Co doping

does not cause changes in the morphology and microstructure of the photocatalysts. The TEM

image of Co2-BMO (Fig. 2(c)) more clearly depicts the morphological feature of flower-like
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hierarchical architectures assembled from nanoflakes. Small-sized nanoparticles of several
nanometers in diameter, determined to be Bi’ nanocrystals, are seen to be decorated on the
surface of Co-BMO nanoflakes. The acquired selected area electron diffraction (SAED) pattern in
Fig. 2(d) presents several concentric polycrystalline diffraction rings, among which the brightest
and relatively wide ring can be attributed to the overlapping of Co-BMO (131) and Bi° (012)
diffraction rings. The SAED pattern confirms the formation of a well-definite orthorhombic phase
of Co-BMO with decoration of Bi® nanocrystals. The high-resolution TEM (HRTEM) image in
Fig. 2(e) clearly shows two types of lattice structures, which are separately assigned to Co-BMO
(dinn = 0.378 nm) and Bi° (dio1 = 0.374 nm) through precise lattice spacing measurement (Fig.
2(f)). The elemental mapping analysis, as shown in Fig. 2(g—k), reveals that besides the Bi, Mo
and O elements, Co signal is also uniformly detected throughout the entire hierarchical
microsphere, supporting the successful incorporation of Co into BMO from a chemical
composition perspective. The element contents of the Co-BMO samples were measured through
inductively coupled plasma-mass spectrometry (ICP-MS) and are presented in Table S2,

revealing that the Co contents in the samples are close to the stoichiometric values.
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Bi0 (012)---*
Co-BMO (131)«
Co-BMO (002
Co-BMO (202)

/
%

Co-BMO (133)

Fig. 2. SEM images of (a) BMO and (b) Co.-BMO; (c) TEM image, (d) SAED pattern, (¢) HRTEM image, (f)
lattice spacing profile image of the select area in e, (g) high-angle annular dark-field TEM image and (h—k)

elemental mapping images of Co.-BMO.

The aforementioned analysis indicates that Co is preferentially doped at the Bi sites of BMO.
To further elucidate the doping mechanism and local coordination environment of Co, X-ray
absorption fine structure (XAFS) analyses were carried out. Co K-edge XAFS measurements
were performed on Co2-BMO and the reference samples. Among them, Co foil, CoO and Co304
were used as references for Co species with different oxidation states, while CoPc served as a
model of a typical four-coordinated Co center to assist in identifying the local coordination
structure of Co. As shown in Fig. 3(a), the absorption edge position and white-line intensity of
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C02-BMO are higher than those of Co foil and are very close to those of CoO, indicating that Co
mainly exists in an oxidized state with an average valence state close to +2. In addition, a distinct
pre-edge peak is observed at approximately 7710 eV, which can be attributed to the Co 1s — 3d
electronic transition. Its characteristics are closely related to the hybridization between the Co 3d
orbitals and the O 2p orbitals of the coordinating oxygen atoms, suggesting strong electronic
interactions between the Co center and the surrounding oxygen coordination environment
[52,53].

To further elucidate the local coordination structure of Co, k*>-weighted extended X-ray
absorption fine structure (EXAFS) spectra were Fourier transformed into R space for analysis. As
shown in Fig. 3(b), Co.-BMO exhibits only a distinct Co—O scattering feature at approximately
1.46 A, while no typical Co—Co or Co—O—Co scattering peaks associated with Co foil and cobalt
oxide references are observed. This result suggests that Co species do not form metallic particles
or cobalt oxide clusters, but instead exist in an atomically dispersed state within the BMO
framework. Further analysis of the k*-weighted EXAFS oscillation curves (Fig. 3(c)) reveals that
Co02-BMO exhibits distinct oscillation characteristics compared with those other reference
samples, further confirming its unique local coordination environment.

Co K-edge wavelet transform analysis was further performed to verify the local coordination
environment of Co species. As shown in Fig. 3(d), Co-BMO exhibits only an intensity
distribution corresponding to Co—O scattering, without any high-k region signals associated with
Co—Co or Co—O—Co scattering pathways. In contrast, Co foil shows a distinct Co—Co scattering
feature, while CoO or Co0304 exhibits distinct Co—-O—Co scattering features. This result further
excludes the formation of metallic cobalt or cobalt oxide clusters. Combined with the EXAFS
fitting results (Fig. 3(e—g), Fig. S5 and Table S3), the average coordination number of the central
Co atom is determined to be approximately 4.12, which is close to the typical four-coordinated

Co-Ny structure in CoPc, indicating that Co exists in a four-coordinated configuration within the
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BMO lattice [54]. Considering that only the Co—O scattering pathway is identified from the
EXAFS analysis, this four-coordinated structure can be assigned to a CoO4 local coordination
configuration. All fitting parameters are within reasonable ranges, confirming the reliability of the
fitting model. Notably, Co*" possesses partially occupied 3d orbitals and can retain unpaired
electrons in a four-coordinated oxygen environment, providing a structural basis for the

formation of localized spin-polarized electronic states [55].

(31) Co50, (b) Co-0 Co-O-Co (C) Co,0, Co foil
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Fig. 3. Co K-edge XAFS analyses of Co,-BMO and reference samples (Co foil, CoO, C0304 and CoPc): (a) Co

K-edge XAFS spectra; (b) k2-weighted Fourier-transformed EXAFS spectra in R-space; (¢) k2-weighted
EXAFS oscillation curves in k-space; (d) wavelet transformed EXAFS images; (e—g) EXAFS fitting curves at

R-space and k-space.
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3.2. Photocatalytic CO: reduction performances

The photocatalytic CO; reduction performance of pristine BMO and Co-doped BMO
samples was evaluated under simulated solar irradiation using a 300 W Xe lamp. CO was found
to be the dominant reduction product for all tested samples and only a minor amount of CH4 was
detected as a byproduct. The average yield rates of CO and CHs within a reaction period of 4 h
over the photocatalysts are presented in Fig. 4(a) for comparison. Obviously, the Co doping
dramatically accelerates CO> photoreduction, and the CO evolution rate follows a volcano-type
trend with increasing Co dosage. The Co>-BMO delivers the optimal photocatalytic activity with
a CO production rate of 158.47 umol g' h™!, approximately 3.8 times that of pristine BMO
(41.67 umol g! h™!). Such a prominent improvement in photocatalytic activity suggests that
appropriate Co doping effectively modulates the electronic configuration of BMO and elevates
the utilization efficiency of photogenerated charge carriers. The selectivity of CO formation
includes product selectivity and electron selectivity, which can be calculated according to Eq. (1)

and (2), respectively [56].

n(CO)

Product selectivity (CO)=( m )*x100% (1)
4
Electron selectivity (CO)=( CH T)licsc-);-)rj(zcmxz )x100% (2)
4

Where n(CO) and n(CH4) represent the molar yields of CO and CH4 in a certain period,
respectively. The calculated product and electron selectivities for CO formation over the
photocatalysts are presented in Fig. 4(b) and (c), respectively, revealing that all samples exhibit a
high selective generation of CO. In particular, the product selectivity and electron selectivity
toward CO over Co2-BMO reach 98.2% and 93.3%, respectively.

To examine the effect of Bi’ nanocrystals formed on the photocatalyst surface on
photocatalytic performance, the CO; photoreduction performance of the Co.-BMO after the
removal of surface Bi® nanocrystals by nitric acid treatment was investigated for comparison (Fig.

4(d)). It is observed that the Bi° elimination delivers a CO evolution rate of 115.43 umol g™!' h,
15 /54



which is obviously lower than that of untreated Co-BMO. This result indicates that the in-situ
formed Bi’ nanocrystals on the photocatalyst surface are not a merely byproducts but important
cocatalyst species that can enhance photocatalytic activity. On the other hand, although the
removal of Bi’ elimination results in a decline in the CO evolution rate, the rate remains much
higher than that of pristine BMO, suggesting that Co doping in the BMO lattice plays a crucial
role in boosting the CO; photoreduction performance.

To identify the carbon origin of produced CO and exclude possible interference from
experimental impurities, a series of control experiments were carried out (Fig. 4(e)). Negligible
CO and CHy4 signals were detected in the absence of photocatalyst, light, H O or CO, (CO> is
replaced by Ar gas). Such outcomes indicate that the CO generation strictly relies on four
indispensable prerequisites, i.e., the presence of photocatalyst, light irradiation, H.O proton
source and CO» reactant. Specifically, CO, functions as the exclusive carbon source for CO
generation, while H>O serves as the proton donor to facilitate the proton-coupled electron transfer
of CO; activation and reduction reactions [57]. 13C isotope-labeled '*CO, was further used as the
carbon source to investigate the photoreduction of *CO, over Co,-BMO, and the reduction
products were probed via mass spectrometry. The derived mass spectrum in Fig. 4(f) shows a
strong signal at m/z = 29 and a weak signal at m/z = 17, which correspond to *CO and '*CHa,
respectively. The detection of these signals provides convincing evidence for the photoreduction
of 3COz into *CO with minor 3CHa.

Cyclic photocatalysis tests (Fig. 4(g)) reveal that Co.-BMO retains a high CO production
rate of 152.91 umol g™! h™! after five successive reaction cycles, corresponding to 96.5% activity
retention relative to the initial cycle. Further analyses by XRD and SEM (Fig. S6) demonstrate
that the photocatalytic cycling does not cause any detectable changes in the structure and
morphology of Co-BMO. These results manifest that the presently developed photocatalysts

exhibit satisfactory reusability and excellent stability in photocatalytic CO, reduction. The
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photocatalytic performance of Co02-BMO and other typical bismuth-based semiconductor
photocatalysts reported recently are compared in Fig. 4(h); more detailed photocatalytic test
conditions and parameters are presented in Table S4. It is seen that the Co,-BMO photocatalyst
developed in this work stands out over other typical Bi-based photocatalytic systems,
corroborating that the synergistic modulation strategy integrating the Co doping and in-situ

generation of Bi’ nanocrystals is particularly effective in boosting the CO, photoreduction

activity of BMO.
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Fig. 4. (a) Average yield rates of CO and CH4 within a reaction period of 4 h over BMO and Cogoped-BMO
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influence of nitric acid treatment on the photocatalytic performance of Co>-BMO; (e) control experiments for

CO; photoreduction under different reaction conditions; (f) mass spectral analysis for isotope-labeled *CO»
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photoreduction over Co2-BMO; (g) reusability of Co2-BMO for CO2 photoreduction; (h) CO; photoreduction

performance comparison between Co2-BMO in this work and various reported Bi-based photocatalysts.

3.3. Photocatalytic mechanism analyses

The aforementioned XAFS results demonstrate that Co species are stabilized in the BMO
lattice with an atomically dispersed CoO4 coordination structure. Owing to the relatively weak
crystal field effect in the four-coordinated oxygen environment, Co*" (3d”) centers tend to retain
unpaired 3d electrons, providing a local electronic basis for the formation of a spin-polarized
electronic structure [58]. To further elucidate the influence of Co doping on the electronic
structure and spin behavior of BMO, DFT calculations were performed to analyze the electronic
density of states (DOS) of BMO and Co-BMO systems. The chemical composition analysis
shows that the optimal Co2-BMO has a chemical formula close to the stoichiometric composition
Bi1.9C00.1M0QOs. Therefore, a 2x1x1 supercell with one Bi atom substituted by one Co atom, i.e.
Bi1.875C00.12sM00s (Bi15C0o1Mo0sOa4g), was used to model the Co-doped BMO system for the DFT
calculation (Fig. S7). The Co concentration in this computational model is close to the
experimentally optimized composition and was selected as a practical approximation within the
finite supercell.

As shown in Fig. 5(a) and (b), the electronic states of pristine BMO exhibit nearly
symmetric distributions between spin-up and spin-down channels, indicating a typical
spin-degenerate electronic structure. In contrast, after Co incorporation, the Co-BMO system
exhibits an obvious asymmetric distribution between spin-up and spin-down states, particularly
with the emergence of spin-splitting electronic states near the Fermi level. This result indicates
that the Co 3d orbitals strongly interact with neighboring O 2p orbitals, breaking the intrinsic spin
balance of BMO and inducing a spin-asymmetric electronic configuration. Further analysis of the
local electronic structure around Co reveals that the unpaired 3d electrons of Co?* centers

generate spin polarization within the lattice environment, resulting in the redistribution of
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electronic states in both energy and spin orientation [58,59].

To experimentally verify the spin-polarized behavior predicted by theoretical calculations,
the room-temperature magnetic properties of BMO and Co,-BMO were investigated using a
VSM under an applied magnetic field ranging from —20,000 to 20,000 Oe. As shown in Fig. 5(c),
the M—H curve of BMO exhibits an approximately linear negative slope, characteristic of
diamagnetic behavior, which is consistent with its spin-paired electronic configuration. In
comparison, the magnetization curve of Co.-BMO exhibits a positive response and a hysteresis
loop with a detectable coercive field and remanent magnetization, indicating weak ferromagnetic
behavior. This transition can be attributed to the unpaired 3d electrons introduced by Co doping,
which endows the material with distinct magnetic properties. This phenomenon is consistent with
the tendency of Co?" ions to retain partially unpaired 3d electrons in a weak crystal-field Co-O
coordination environment, further supporting the formation of a spin-polarized electronic
structure [23]. These results suggest that Co incorporation not only regulates the local electronic
structure of BMO but also induces spin-asymmetric electronic states, providing an electronic
foundation for subsequent interfacial charge regulation and optimization of carrier dynamics
during photocatalytic reactions.

To further investigate the interfacial electronic regulation mechanism between Bi’
nanocrystals and Co-BMO, the Fermi levels and CB/VB band potentials of the photocatalysts
need to be determined. The work functions of BMO (010), Co-BMO (010) and Bi° (001) were
calculated by using DFT to be 5.37, 4.71 and 4.17 eV, respectively, as shown in Fig. 5(d—f). The
corresponding structural models used for the work function calculations are shown in Fig. S8. It
is noted that the Co doping in BMO results in a decrease in the work function, indicating that less
energy is required for photoelectron transfer at the photocatalyst surface. According to the
relationship between work function (@) and Fermi level (E¥), i.e. Er = @ — 4.5 — 0.059 x pH (vs.

NHE, pH = 7) [60], the Fermi levels of Co-BMO and Bi® are obtained to be —0.20, and —0.44 eV
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vs. NHE, respectively. The difference between the Fermi levels of Co-BMO and Bi° provides the
driving force for interfacial free electron redistribution. The band-edge potentials of BMO and
C02-BMO are estimated by measuring the Mott—Schottky plots. As shown in Fig. S9, the
negative slopes of the Mott-Schottky plots suggests that the generated flat-band potentials for
both samples can approximately represent their CB-edge positions [61], i.e., —0.55 V for BMO
and —0.61 V for Co.-BMO with reference to NHE at pH = 7. The slight negative shift of the
conduction band induced by the Co doping provides more favorable reduction capability for CO»
conversion. The optical properties and bandgaps of BMO and Co.-BMO were investigated by
UV-vis DRS (Fig. 5(g)). Compared with pristine BMO, the Co-doped sample exhibits enhanced
visible-light absorption; particularly, a LSPR absorption band originating from Bi® nanocrystals is
detected around 550 nm [62]. The band gaps (E;) are obtained from the Tauc plots (Fig. S10) to
be 2.90 eV for BMO and 2.83 eV for Co,-BMO. The slightly narrowed bandgap and enhanced
optical absorption contribute to an improvement in light-harvesting capability.

The above-analyzed band positions reveal that Bi® has a higher Fermi level than Co,-BMO.
The different Fermi level positions indicate that the in-situ growth of Bi’ nanocrystals on the
C02-BMO surface will result in interfacial charge redistribution, i.e., the thermally-generated
electrons (free electrons) spontaneously migrate from Bi’ to Co0,-BMO until Fermi-level
equilibration is achieved. The interfacial charge redistribution generates an interfacial electric
field (IEF) directed from Bi® toward Co,-BMO and simultaneously induces energy band bending
at the interface, as schematically depicted in Fig. 5(h). The charge redistribution at the
Bi%Co-BMO interface is further clarified through differential charge density calculation. As
shown in Fig. S11(a), the formation of the Bi’/Co-BMO heterojunction results in the electron
depletion at the Bi’ interfacial region and electron accumulation at the Co-BMO interfacial region,
indicating that free electrons spontaneously migrate from Bi’ to Co-BMO due to their work

function difference [63]. The calculated electrostatic potential (Fig. S11(b)) shows that the charge
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redistribution at the Bi%Co-BMO interface generates a potential difference of 3.67 eV between
Bi? and Co-BMO. The formed IEF and resulting energy band bending provide a driving force for

the interfacial migration of photogenerated carriers.
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and the formed Bi/Co2-BMO heterojunction.

The photocarrier separation behavior was elucidated by photoelectrochemical and PL
measurements. The acquired electrochemical impedance spectroscopy (EIS) Nyquist plots (Fig.

6(a)) demonstrate that the Co,-BMO delivers a smaller arc radius in the EIS Nyquist plot as
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compared with pristine BMO. When the Co2-BMO is treated with nitric acid to eliminate the
decorated Bi’ nanocrystals, the arc radius in the EIS Nyquist plot increases but remains
significantly smaller than that of pristine BMO. The EIS result manifests that the Co
doping-induced spin polarization is capable of promoting the dissociation and separation of
photoinduced electron-hole pairs, and the photocarrier separation efficiency can be further
improved by the decoration of Bi® nanocrystals in combination with the Co doping-induced spin
polarization. The measured transient photocurrent response plots (Fig. 6(b)) show that the
photocurrent magnitude of the photocatalysts follows the order: BMO < Co0,-BMO (nitric
acid-treated) < Co02-BMO (untreated); while the probed PL intensity of the photocatalysts (Fig.
6(c)) follows the order: BMO > Co0,-BMO (nitric acid-treated) > Co0-BMO (untreated). The
photocurrent and PL analyses further verify that the Co doping-induced spin polarization
efficiently promotes the photocarrier separation, which is further enhanced by simultaneous
decoration of Bi” nanocrystals on the photocatalyst surface.

Previous studies have demonstrated that the photocatalytic reduction reactions of CO;
necessitate the efficient adsorption of CO> molecules on the photocatalyst surface active sites
[64,65]. For bismuth-based oxide photocatalysts, Bi sites are generally regarded as the primary
sites for the CO, photoreduction reactions [66]. The adsorption behaviors of CO; on different
sites of BMO (Bi site), Co-BMO (Bi site), Co-BMO (Co site) and Bi’@Co-BMO (Bi site) were
elucidated by calculating the adsorption energies using the DFT method. The calculated CO;
adsorption energies along with differential charge density distributions are presented in Fig. 6(d).
For pristine BMO, the CO; adsorption energy at the Bi sites is obtained to be —0.92 eV; when Co
is doped into the BMO lattice, the CO, adsorption energy at the Bi sites of Co-BMO increases to
—1.96 eV. This result suggests that the electronic structure modulation by Co doping enhances the
CO; capture and activation capability of neighboring Bi sites. Meanwhile, the Co sites exhibit a

stronger CO> capture capability with adsorption energy of —2.36 eV, indicating that the isolated
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Co centers can serve as effective CO; photoreduction sites. For the Bi%Co-BMO system with Bi®
nanocrystals decorated on the Co-BMO surface, the CO, adsorption energy at the Bi® sites
reaches —2.96 eV, the high adsorption energy manifests that the Bi® nanocrystals are expected to
be an important cocatalyst capable of providing active sites for the CO> photoreduction reactions.
Therefore, the cobalt-doping generated Bi’%Co-BMO system not only enhances the CO»
adsorption on the active sites, but also provides more active sites including Bi**, Co?" and Bi’
sites for CO» photoreduction reactions.

The Gibbs free energies for the CO,-to-CO conversion process on different active sites were
further calculated, as shown in Fig. 6(e). The results show that the initial CO, adsorption process
exhibits a decrease in the Gibbs free energy at all mentioned active sites, indicating that the CO»
adsorption is thermodynamically favorable. The next proton-coupled electron transfer process
from *CO; to *COOH requires overcoming a high energy barrier and is identified as the
rate-determining step for the CO; reduction into CO [67]. The calculated energy barriers for the
*COOH formation on BMO (Bi site), Co-BMO (Bi site), Co-BMO (Co site) and Bi’@Co-BMO
(Bi° site) are 1.266, 1.193, 1.135 and 1.004 eV, respectively. Compared with pristine BMO, the
Co doping decreases the energy requirement for the *COOH formation on the Bi active sites,
suggesting that the constructed CoO4 local coordination regulates the electronic environment of
neighboring Bi sites and is thereby thermodynamically conducive to the reduction of CO; into
CO. Meanwhile, relatively lower energy barriers for the *COOH formation are also observed on
the Co sites in Co-BMO and Bi sites in Bi%@Co-BMO as compared with the Bi sites in pristine
BMO, indicating that the Co sites and Bi® sites are also beneficial to the CO,-to-CO
photoreduction reactions. Additionally, the desorption process of *CO is exothermic, suggesting
the easy desorption of *CO from the photocatalyst surface to produce CO molecules.

To elucidate the CO, photoreduction pathway, time-resolved in-situ DRIFTS was employed

to monitor the evolution of CO» reduction intermediates during the photocatalytic process over
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Co2-BMO. As shown in Fig. 6(f), various vibrational features attributable to adsorbed
intermediates are observed during photocatalysis, including those associated with *CHO
(1051/1071 em™), *CH30 (1159 cm™), b-COs*" (1340/1459 cm™'), HCO;™ (1419/1472/1699
cm 1), m-COs?™ (1394/1522/1539 cm™!), *COOH (1558/1620/1651 cm™!), *CH2O (1713 cm™)
and *CO (2075 cm™"), based on their characteristic vibrational frequencies and comparison with
previous reports [68,69]. Under dark conditions, no obvious reduction intermediates are detected,
demonstrating that light irradiation is essential for CO; activation and subsequent reduction.
Under light irradiation, the formation of carbonate species (b-CO3?", m-CO3*>" and HCOs")
suggests that the reactions of CO> with OH™ species are involved in the CO, adsorption and
activation processes [70]. The characteristic signals of *COOH species, a crucial intermediate for
the *CO»-to-*CO conversion, are clearly detected and their intensity remains relatively stable
with increasing reaction time. This reflects the continuous generation and subsequent conversion
of *COOH intermediates into *CO via proton-coupled electron transfer processes. Further, the
characteristic signal of *CO at 2075 cm™!' appears to be stable without continuous intensity
accumulation, suggesting rapid desorption of *CO from the catalyst surface thereby maintaining
a low surface *CO coverage. This dynamic equilibrium prevents active-site blockage by product
accumulation, thereby sustaining continuous CO formation and explaining the high CO
selectivity and stability of the Co,-BMO photocatalyst. Additionally, the signals of *CHO and
*CH30 intermediates exhibit a transient increase followed by attenuation, suggesting that some
*CO species may undergo further proton-coupled electron-transfer processes toward CHs
formation. However, these intermediates are not continuously produced, indicating that the
present photocatalyst exhibits preferential selectivity toward the CO pathway while suppressing

excessive hydrogenation.
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Fig. 6. (a) EIS Nyquist plots, (b) transient photocurrent responses and (c) PL spectra of pristine BMO,

Co02-BMO (untreated) and Co2-BMO (nitric acid-treated); (d) CO» adsorption energies at different active sites;

(e) Gibbs free energies for CO»-to-CO reduction process at different active sites; (f) time-resolved in-situ

DRIFTS spectra for CO, photoreduction on Co2-BMO.

The ultrafast photocarrier dynamics in the Co.-BMO sample were further elucidated by

means of fs-TA spectroscopy. The acquired fs-TA contour map (Fig. 7(a)) and corresponding

spectra at different delay times (Fig. 7(b)), upon excitation with a 350 nm pump pulse,

demonstrate that the Co>-BMO exhibits pronounced negative AA signals in the wavelength

regions of approximately 500-600 and 680750 nm. The negative AA signals at around 500—-600

nm may be assigned to ground-state bleaching (GSB) induced by photoexcitation, reflecting the
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depletion of the ground-state population; while the negative AA signals at around 680—750 nm
may be assigned to stimulated emission (SE), reflecting the continuous relaxation and
redistribution of photoexcited carriers [71]. To reveal the distinct kinetic processes underlying the
observed spectral evolution, global analysis was performed on the entire transient absorption
dataset. The derived evolution-associated spectra (EAS, Fig. 7(c)), decay-associated spectra
(DAS, Fig. 7(d)) and corresponding kinetic population profiles (Fig. 7(e)) reveal four
characteristic dynamic components with time constants of 0.78 ps, 9.24 ps, 260.34 ps and > 7 ns.
The ultrafast component of 0.78 ps can be attributed to the initial relaxation and cooling of the
photoexcited carriers. The subsequent 9.24 ps component may involve the dissociation of
photogenerated excitons. With increasing delay time, a slower decay component of 260.34 ps is
observed, suggesting that a fraction of the photogenerated charges evolves into relatively stable
charge states, i.e., spin-polarized states induced by Co doping. Notably, a long-lived component
of > 7 ns is also parsed out, indicating that a fraction of the photoinduced charges can be retained
on a timescale exceeding several nanoseconds due to the synergistic mechanism of Co
doping-induced spin polarization and Bi%Co-BMO interfacial charge transfer. The kinetic trace
extracted at a representative wavelength 590 nm (Fig. 7(f)) further indicates that the photoexcited
carriers in the Co-BMO undergo multistage dynamics, particularly including a long-lived
component of > 7 ns. The presence of long-lived photocarriers can extend the temporal window
for photocarrier migration toward surface-active sites, thereby providing greater opportunity for

their participation in subsequent CO; adsorption, activation and reduction reactions.
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Fig. 7. (a) fs-TA contour map of Co-BMO; (b) transient absorption spectra at different probe delay times; (c)
evolution-associated spectra, (d) decay-associated spectra and (e) population dynamics obtained by global
fitting based on a four-stage dynamics model; (f) kinetic trace along with fitted curve at a representative probe

wavelength 590 nm.

3.4. Further discussion and summary of the enhanced photocatalytic mechanism

Based on the experimental characterizations and theoretical calculations, the mechanisms
underlying the enhanced photocatalytic performance of the Co-doped BMO photocatalysts for
photoreduction of CO, were further discussed and schematically depicted in Fig. 8. The main
mechanisms are elucidated from the following aspects. (1) When Co atoms partially substitute Bi
atoms in the BMO lattice, the introduction of unpaired 3d electrons from Co** disrupts the
intrinsic spin-degenerate state of BMO and induces a spin-asymmetric electronic structure (i.e.,
spin polarization). During photoexcitation, electrons with specific spin orientations are excited
from the VB to the CB, leaving holes with opposite spin orientations in the VB. Spin—orbit
coupling (SOC) and hyperfine interactions (HFI) may induce partial spin flipping during electron

transport, thereby modifying the relative populations of spin-up and spin-down carriers. In
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non-spin-polarized BMO, the electronic states remain spin-degenerate, and photogenerated
carriers exhibit approximately equal spin occupation probabilities. Therefore, even after spin
changes occur, the carriers still possess a high probability of satisfying the spin-allowed
recombination requirement [25], as depicted in Fig. S12. However, in the Codopec-BMO system,
spin polarization leads to spin-selective occupation of photogenerated electrons. When electron
spin flipping occurs, the resulting spin configuration may no longer satisfy the spin conservation
requirement for electron-hole recombination, potentially suppressing partial spin-allowed
recombination pathways and prolonging photocarrier lifetimes for photocatalytic reactions [72],
as shown in Fig. 8(a). (2) The Co doping simultaneously results in the formation of Bi®
nanocrystals on the catalyst surface. The interfacial charge redistribution creates an interfacial
electric field directed from Bi® toward Co,-BMO at the Bi%Co-BMO interface. During the
photocatalytic process, the photogenerated electrons in the CB of Co-BMO are driven to the
Fermi level of Bi’ nanocrystals by the created interfacial field. Owing to the LSPR effect of Bi’
nanocrystals, which is identified by the UV—vis DRS analysis as well as reported in the literature
[73], the accumulated photoelectrons in the CB of Bi® nanocrystals will be excited to the SP states
under visible-light irradiation. Simultaneously, the photoelectrons in the Bi® SP states may flow
back to the CB of Co-BMO. The cyclic transfer of the photoelectrons between Co-BMO and Bi’
decreases the recombination of the photoelectrons with the photoholes in the VB of Co-BMO
(Fig. 8(b)). Moreover, the remarkable LSPR effect of Bi’ nanocrystals will induce local
electromagnetic fields, further promoting the photocarrier generation and separation. (3) The Co
incorporation regulates the electronic environment of neighboring Bi sites, thereby enhancing the
CO; adsorption on the Bi active sites and decreasing the energy barrier for the formation of the
crucial *COOH intermediate. This is beneficial to the CO; capture, activation and subsequent
reduction. Moreover, compared with pristine BMO with single type of Bi active sites, the

Co-doping generated Bi%Co-BMO system provides extra Co and Bi’ active sites besides the
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intrinsic Bi active sites for CO2 photoreduction reactions. The cascade synergistic mechanism
involving Co doping facilitates the photocarrier generation, separation, migration and surface

reactions, consequently boosting the CO; photoreduction performance.
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Fig. 8. Schematic diagram depicting the enhanced CO; photoreduction mechanism of Co-doped BMO
photocatalysts: (a) structural model of Bi%Co-BMO; (b) spin flipping induced suppression of photocarrier
recombination in spin-polarized Co-BMO; (c) photocarrier transfer and separation mechanism; (d)

photoreduction pathways of CO; into CO (major) and CH4 (minor).

4. Conclusion

In summary, Co-doped and surface Bi’ nanocrystal-modified BMO photocatalysts were
prepared through a facile one-step solvothermal method, achieving the synergistic integration of
multiple factors to boost CO: photoreduction performance. Experimental characterizations and
theoretical calculations demonstrate that the Co doping generates CoOs local coordination
configuration, breaking the intrinsic spin degeneracy of BMO and generating spin-polarized
electronic states. The spin polarization induced by the Co doping efficiently suppresses the

recombination of photogenerated carriers. The Co doping simultaneously generates Bi’
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nanocrystals on the Co-BMO surface, further facilitating the photocarrier separation by the
Bi?%/Co-BMO interfacial electric field and LSPR effect of Bi’ nanocrystals. Moreover, the Co
doping not only increases the CO; adsorption energy on the Bi active sites, but also decreases the
energy barrier for the key *COOH intermediate formation, which is beneficial to CO. capture,
activation and reduction. In addition to the intrinsic lattice Bi active sites, the Co-doping induced
Bi%Co-BMO system generates extra Co and Bi® active sites for the CO» photoreduction reactions.
Benefiting from the synergistic effect of these factors, the Co-doped BMO photocatalysts exhibit
much enhanced performance for photocatalytically converting CO; into CO. Particularly, the
optimal Co-BMO photocatalyst achieves a CO yield rate of 158.47 pmol g! h™!, which is 3.8
times higher than that of pristine BMO, and the CO product selectivity (or electron selectivity)
reaches as high as 98.2% (or 93.3%). This work provides insights into the rational design of
photocatalysts through the synergistic effects of spin polarization and interfacial charge transfer
for enhanced photocatalytic CO; reduction.
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® Raw materials

The main raw materials and reagents used in the present study include bismuth nitrate
pentahydrate (Bi(NOs);-5H>O, analytical grade > 99.0%), sodium molybdate dihydrate
(NaxMoO4-2H20, analytical grade > 99.0%), cobalt nitrate hexahydrate (Co(NO3)2:6H20,

analytical grade > 99.0%), ethylene glycol ((CH20H)., EG, analytical grade > 98.0%), ethanol
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(CH3CH20H, analytical grade > 98.0%), nitric acid (HNO3, 70.0% > analytical grade > 68.0%).
All the raw materials and reagents were purchased from Sinopharm Group Chemical Reagent Co.,
Ltd for direct use in the experiments.

® Characterization methodologies

The crystal structures of the prepared samples were characterized by X-ray powder
diffraction (XRD) using a Bruker D8 Advance diffractometer with Cu Ka radiation (A = 0.15406
nm) at a scanning rate of 4 °/min. The morphologies of the samples were characterized by
scanning electron microscopy (SEM) on a JSM-6701F field-emission scanning electron
microscope (JEOL Ltd.). Transmission electron microscopy (TEM) coupled with
energy-dispersive X-ray spectroscopy (EDS) was employed to investigate the microstructure and
elemental distribution of the samples on a JEM-1200EX field-emission transmission electron
microscope (JEOL Ltd.). The surface chemical states and elemental compositions were analyzed
by X-ray photoelectron spectroscopy (XPS) using an AXIS Supra spectrometer. Fourier transform
infrared (FT-IR) spectroscopy analysis was carried out on a Spectrum Two FT-IR
spectrophotometer (PerkinElmer) in the range of 500-4000 ¢cm™! using KBr powder. The local
coordination environment of Co species was investigated by synchrotron X-ray absorption
spectroscopy (XAS) on the wiggler beamline BL14W1 of the Shanghai Synchrotron Radiation
Facility (SSRF, China). The XAS spectra were collected in transmission mode, and the acquired
data were processed using standard X-ray absorption data analysis procedures. Ultraviolet-visible
diffuse reflectance spectroscopy (UV-vis DRS) measurement was done on a TU-1901 double
beam spectrophotometer (Beijing Purkinje General Instrument Co. Ltd.). Photoluminescence (PL)
spectra were recorded on an RF-6000 fluorescence spectrophotometer with an excitation
wavelength of approximately 300 nm. The magnetic properties of the samples were measured
using a vibrating sample magnetometer (VSM, LakeShore, USA, model 7404/8604). A

femto-TA100 spectrometer (Time-Tech Spectra) was used for the femtosecond transient
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absorption (fs-TA) spectroscopy measurements, powered by a regenerative amplified Ti laser
system (Coherent) operating at 800 nm, 70 fs, 6 mJ/pulse, and a 1 kHz repetition rate.

® Electrochemical measurements

The transient photocurrents and electrochemical impedance spectroscopy (EIS) spectra of
the samples were measured on a CHI660E electrochemical workstation using a three-electrode
cell configuration. A platinum foil electrode and a standard calomel electrode (SCE) were used as
the counter electrode and reference electrode, respectively. To prepare the working electrode, 15
mg of the photocatalyst, 0.75 mg of poly-vinylidene fluoride (PVDF) and 0.75 mg of carbon
black were uniformly mixed using 1-methyl-2-pyrrolidione (NMP) as the solvent. The formed
slurry mixture was uniformly coated onto a fluorine-doped tin oxide (FTO) glass substrate with
an effective area 1 cm % 1 cm. 0.1 M NaxSO4 aqueous solution was used as the electrolyte. A
300W PLS-SXE300BF xenon lamp was employed as the light source to generate simulated
sunlight. The photocurrent response was measured at a bias potential of 0.2 V. EIS measurements
were conducted by applying a sinusoidal voltage pulse with amplitude of 5 mV over a frequency
range of 1072 to 10° Hz.

® Photocatalytic CO; reduction testing

The photocatalytic CO> reduction over the photocatalysts was tested using a Labsolar-6A
fully automatic all-glass online trace gas analysis system (PerfectLight Technology Co., Ltd.,
China). The entire reaction setup consists of a fully enclosed quartz reactor, a vacuum system,
and a gas chromatograph (FL GC9790II), operating in a gas—solid reaction mode. The detailed
procedure was as follows: 20 mg of the photocatalyst was uniformly dispersed in 2 mL of
deionized water and drop-cast on a glass fiber filter paper. The quartz membrane loaded with the
photocatalyst was then placed at the bottom of the reactor and vacuum-dried for 1 h.
Subsequently, 5 mL of degassed deionized water was injected into the reaction chamber. The

system was evacuated and then filled with high-purity CO, gas (99.999%). This
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evacuation—refilling process was repeated three times to ensure complete removal of air from the
reactor and achieve adsorption—desorption equilibrium. After that, the photoreduction of CO, was
initiated under irradiation from a 300 W xenon lamp (Microsolar300, Beijing PerfectLight
Technology Co., Ltd.). The light source was positioned directly above the reactor, with a distance
of 5 cm between the lamp and the photocatalyst film. The gaseous products from CO;
photoreduction were analyzed using an Agilent GC-7890B gas chromatograph equipped with a
flame ionization detector (FID), a thermal conductivity detector (TCD) and a TDX-01 carbon
molecular sieve column. The cycling photoreduction experiment was conducted as follows: after
each run of the photoreduction experiment was completed, the gas in the reaction chamber was
evacuated, followed by the injection of high-purity CO,. After repeating this process three times,
5 mL of deionized water was injected into the chamber to initiate the next photoreduction
experiment.

® In-situ DRIFTS analyses for CO; photoreduction

In-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was performed
using a Nicolet iS50 FT-IR spectrometer (Thermo Fisher, USA), equipped with a
custom-designed reaction cell and a liquid nitrogen-cooled HgCdTe (MCT) detector. A thin layer
of the sample film was pre-deposited on the substrate located at the center of the cell. Each
sample was then purged with argon gas (50 mL/min) for 1 h at 120 °C to remove all gases from
the cell and those adsorbed onto the samples. After cooling the reaction cell to 30 °C, a mixture
of CO2 (5 mL/min), Ar (25 mL/min), and trace amounts of H>O vapor was introduced into the
reactor for approximately 30 min to achieve sorption equilibrium prior to irradiation. The IR
signals were collected in situ via the MCT detector throughout the reaction process. (1) Sample
pre-treatment: In a dark environment, the sample was placed in the in situ reaction cell. Each
sample was purged with Ar gas (50 mL/min) at 120 °C for 1 h and then cooled to room

temperature. Background and reference IR spectra were collected. (2) Gas introduction: Still in
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the dark, after the reactor cooled to 30 °C, a mixture of CO> (5 mL/min) and trace amounts of
H>O vapor was introduced into the reactor for approximately 30 min. IR spectra were recorded
every 4 min. (3) llumination: The reactor was sealed and illuminated using a 300 W xenon lamp.
The sample was irradiated for 60 min, and data were collected every 4 min.

® DFT calculation

First-principles density functional theory (DFT) calculations were performed using the Vienna
Ab initio Simulation Package (VASP)!'2l. The projector augmented-wave (PAW) method was
employed to describe the interaction between ions and electrons. The exchange—correlation
interactions were initially treated using the Perdew—Burke—Ernzerhof (PBE) functional within the
generalized gradient approximation (GGA). To accurately describe the electronic structures of
pristine and Co-doped BMO systems, spin-polarized calculations were considered throughout the
calculations. The HSEO06 hybrid functional was further employed for electronic structure
calculations, density of states (DOS) analysis. The plane-wave cutoff energy was set to 500 eV.
The convergence criteria for electronic self-consistency and structural relaxation were set to 107
eV and 0.03 eV/A, respectively. (1) DOS calculations. A 2x1x1 supercell with one Bi atom
substituted by one Co atom, i.e. Bii.g75C00.12sM00Q0s (Bi1sCo1MogO4g), was used to model the
Codoped-BMO system for the DFT calculation. The electronic structures and density of states
(DOS) of pristine BMO and Co-BMO were calculated using their corresponding bulk crystal
structures. (2) Work function calculations. The BMO (010), Co-BMO (010), and Bi® (001)
surfaces were constructed based on their respective CIF files. A vacuum layer of 10 A was
introduced on both sides of each slab along the surface normal to eliminate spurious interactions

between periodically repeated slabs. The work functions were calculated as the difference
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between the vacuum level and the Fermi level. (3) Heterostructure construction and
interfacial charge analysis. To investigate the interfacial electronic interactions, The contact
model between Co-BMO (010) and Bi® (001) was constructed using the Vaspkit package. The
interfacial charge redistribution and electrostatic potential were analyzed using the differential
charge density, planar-averaged differential charge density and electrostatic potential,
respectively, to elucidate the interfacial electronic coupling and charge-transfer behavior in the
Bi%/Co-BMO heterojunction. (4) Adsorption energy calculations. The adsorption energy is
defined as Eags = Eoral(catalyst/CO2) — Eioai(catalyst) — Eiowl(CO2), where Eroi(catalyst/COz) is the
total energy of the optimized configuration of the catalyst (001) substrate with the COz;
Eiai(catalyst) and Eia1(CO2) are total energies of individual catalyst substrate and CO, molecule,
respectively. (5) Gibbs free energy calculations. The Gibbs free energy of adsorbates or
gas-phase molecules was calculated using the following formula:

AG:AE+AEZPE+ J-298.15K

0 C,d7T-TAS, where AE is the change of total energies, A Ezpg is the

change of zero-point energy, 7 is the temperature in kelvin (298.15 K is set here), Cy is heat
capacity and AS is the change in entropy. The harmonic approximation was used for adsorbates.
The ideal gas approximation was used after DFT geometry optimization. The harmonic

approximation was used for adsorbates.
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Fig. S1. Rietveld refinement of the XRD pattern of BMO.
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Fig. S2. Structure models of Co-BMO with Co substitution for Bil, Bi2 or Mo along with the DFT-calculated

formation energies.
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Fig. S3. XRD patterns
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Fig. S7. Structural model of 2x1x1 BMO supercell with one Bi atom substituted by one Co atom.
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Fig. S8. Structural models of (a) BMO (010), (b) Co-BMO (010), and (c) Bi® (001) surfaces used for work

function calculations.
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Table S1. Calculated total binding energies (eV) of various structures and elements.

Category Structure 1 Structure 2 Structure 3 Structure 4 Bi Mo Co
(pristine BMO) (Co — Bil) (Co — Bi2) (Co — Mo)

Total binding -252.83 -253.57 -253.63 -241.28 -3.30  -10.10 -6.84

energy

Table S2. Content of elements (wt%) in the photocatalysts obtained by ICP-MS measurement.

Samples Bi Mo Co

Co1-BMO 70.51 16.16 0.21
Co-BMO 68.91 16.06 1.01
Co3;-BMO 69.57 16.08 1.82

Table S3. EXAFS fitting parameters at the Co K-edge for various samples.

Samples shell “CN bR (A) o (A?) INEy (eV) R-factor

Co-foil Co-Co 12%* 2.48+0.01 0.0062 6.3+0.5 0.0018

CoPc Co-N 4% 1.97+0.02 0.0079 7.0+1.3 0.011

CoO Co-O 6* 2.09+0.04 0.0137 -2.9+0.7 0.006
Co-0-Co 12* 3.00+0.02 0.0102

Co304 Co-O 4% 1.994+0.04 0.0056 7.9+1.9 0.017
Co-0-Co 12* 3.47+0.01 0.0069

Co-sample Co-O 4.12+0.2 2.00+0.05 0.0047 -5.8+0.6 0.004

Note*: EXAFS fitting parameters at the Co K-edge for various samples (So?>=0.90). “CN: coordination numbers;

bR: bond distance; ‘6>: Debye-Waller factors; “AEy: the inner potential correction. R factor: goodness of fit.
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Error bounds that characterize the structural parameters obtained by EXAFS spectroscopy were estimated as

CN£20%, R £ 1%, 62 £ 20%.

Table S4. Formation rates of CO and CH4 products from CO; photoreduction over typical Bi-based

semiconductor photocatalysts.

Photocatalysts Irradiation sources CO (umolh™'  CH4 (umolh™'  Refs.
gh g
BixM00Oe/C0304 Xenon lamp (300W) 0 28.5 [3]
Bi:M00Os-OVs Xenon lamp (300W: A >420 nm) 0.27 2.04 [4]
Au/HMS-Bi:MoOs Xenon lamp (300W: A >420nm) 2.3 37.6 [5]
Bi:MoOg ultrathin Xenon lamp (300W) 3.62 - [6]
nanosheets
BixM00s/Zn3V,0g visible light 7.67 0.46 [7]
Bi:Mo0O¢/BiOl Xenon lamp (300W) 8.34 3.31 [8]
Bi:M00Oe6/BiO2—« Xenon lamp (300W) 16.36 - [9]
BixMoOs@Znln,S4 visible light 23.11 2.26 [10]
BixMo0O¢/In2S3 Xenon lamp (300W: A > 420 nm) 28.54 - [11]
TiO@Bi2Mo0Os Xenon lamp (300W: A >420 nm) 30.66 - [12]
3D Bi2MoOs Xenon lamp (300W) 41.5 - [13]
microspheres
BixMoO¢/ACSs Xenon lamp (300W) 58.03 - [14]
CD/VoR-BixMoOgs Xenon lamp (300W) 60.00 - [15]
VOs-BizMo0oOs/MoSxSey  Xenon lamp (300W) 60.58 8.65 [16]
Bi-a-MnS-Bi2MoOs visible light (A > 420 nm) 61.11 - [17]
Ce02/Bi2Mo00Os Xenon lamp (300W: A > 420 nm) 65.3 2.46 [18]
Ni-MOF/Bi2Mo0Ogs Xenon lamp (300W) 66.34 10.27 [19]
Znln,;S4/BizWOs Xenon lamp (300W) 0.5 5.12 [20]
CdS-BixWOe-S Xenon lamp (300W:A > 420 nm) 13.7 1.2 [21]
Cs2AgBiBrs/BiaWOs Xenon lamp (300W: A =400 nm) 42.19 0.41 [22]
Ce02/BiVO4 Xenon lamp (300W) 53 36 [23]
BiOB1/Bi2WOs Xenon lamp (300W) 55.17 - [24]
Co-BiuWOs@Ce-MOF Xenon lamp (300W) 77.1 11.4 [25]
NiO/BiOCl Xenon lamp (300W) 78.11 2.31 [26]
Bi,0;-x/NiAl-LDH Xenon lamp (300W) 83.55 - [27]
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5%Co-Bi2Mo00Os Xenon lamp (300W) 158.47 2.86 This work
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