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Based on Cu-Bi alloy sub-nanocluster and defect interface engineering, this study
builds unique interfacial states (IFS) via strong alloy-support dielectric coupling to
generate visible-light hot electrons and boost photogenerated charge separation. The
atomic electronic synergism within Cu-Bi sub-nanoclusters stabilizes metallic active
sites and reduces the energy barrier of CO; adsorption, enabling high-efficiency and
ultra-selective photocatalytic conversion of CO; to CHs over monometallic cocatalyst
modified blue TiO;.
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ABSTRACT: Photocatalytic CO, reduction to CH4 using H>O offers a sustainable route for solar fuel production
but remains challenged by the lack of non-noble-metal cocatalysts that are both efficient and selective. Herein, we
report a stepwise photodeposition strategy to anchor Cu-Bi alloy sub-nanoclusters (ASNCs, 0.84 + 0.12 nm) on
blue TiO, (BT) for CO; photoreduction. The optimal Bio4Cuos/BT catalyst achieves a CHs evolution rate of 94.4
pumol g! h'! with 96.9% selectivity under simulated solar irradiation, substantially outperforming monometallic
Cu/BT and Bi/BT. The synergistic interaction between Cu and Bi can inhibit the aerial oxidation of metallic Cu®
and Bi’, accelerate the separation of photogenerated electron-hole pairs, and facilitate the adsorption and activation
of CO,. Meanwhile, strong interfacial dielectric coupling between the ASNCs and BT support creates interface
states (IFS), which enables visible-light-driven hot electron injection, thereby significantly enhancing the charge
separation efficiency and overall photocatalytic activity. Furthermore, the Cu-Bi alloy substantially lowers the
Gibbs free energy barrier for CO> adsorption over Cu active sites and establishes a thermodynamically favorable
pathway for stepwise hydrogenation of CO; toward CH4. This work establishes a non-noble-metal alloy

sub-nanocluster strategy on defect-engineered TiO; for efficient and selective CO»-to-CHs photoreduction.

KEYWORDS: Cu-Bi alloy sub-nanoclusters, blue TiO», interface states, synergistic interaction, CHs selectivity

1/20


mailto:sunyj@uestc.edu.cn

1.Introduction

Photocatalytic conversion of carbon dioxide
(CO2) and water (H20) to value-added green
fuels is believed to be an effective strategy for
promoting sustainable development in society
because it can utilize sunlight and H>O to
reduce greenhouse gases and alleviate energy
shortages[1-4].  Excellent CO> reduction
photocatalysts require strong CO> adsorption
ability, high solar light utilization efficiency,
high charge separation efficiency, high redox
potential, and proper binding ability with
reaction intermediates[5]. However, it is
difficult for a single semiconductor catalyst to
meet all of the above requirements. Therefore,
metal cocatalysts are usually loaded on the
surface of semiconductors for photocatalytic
CO; reduction[6, 7].

Cu has been considered as one of the most
attractive cocatalysts for CO, photoreduction

as a result of its optimal binding energy with

reaction intermediates[8]. However, the
semiconductor catalyst loaded by
single-component Cu species still cannot

obtain excellent photocatalytic CO, reduction
performance [9-11]. Recently, some work has
focused on the binary combinations of
Cu-noble metal cocatalysts in photocatalytic
CO; reduction [12-16]. These successful cases
show that the photocatalytic CO. reduction
activities of Cu-noble metal composite
cocatalysts are much higher than those of
single metal cocatalysts. However, the low
abundance and high price of these precious
metals make it difficult to achieve large-scale
applications [17]. Recently, Bi as a cocatalyst
for photocatalytic CO; reduction has attracted
increasing attention [18, 19]. In addition, some
researchers have found that co-loading Bi and
Cu on a semiconductor can significantly
improve the photocatalytic CO, reduction

activity of the catalysts [20]. However, this
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separate co-loading makes it difficult to create
synergistic effects between Cu and Bi, and
therefore the enhancement of catalyst activity
is limited. We speculate that loading Cu and Bi
on the catalyst in the form of an alloy can
effectively enhance the photocatalytic activity
of the catalyst, because the interaction of the
two different metals in the alloy may be able to
promote the separation of photogenerated
electrons, enhance the adsorption of CO, and
lower the energy barrier of the CO» reduction
reaction.

It has been well demonstrated that the
catalytic activity of metal nanoparticles can be
significantly improved by reducing their size
[21, 22]. For example, the d-band center of Cu
clusters gradually shifts upward as their size
decreases, which enhances the adsorption
strength of CO* and H* intermediates, thus
inhibiting hydrogen evolution reaction and
boosting the production of CHy4 [23, 24]. When
the size of metal particles is reduced to
sub-nanoclusters (SNCs, < 1 nm), their
electronic properties are different from those of
nanoparticles (2—-100 nm) and nanoclusters
(1-2 nm), and more metal/carrier interfaces
can also be constructed, resulting in catalysts
with more excellent catalytic performance [25,
26]. Furthermore, studies have revealed that
strong interfacial dielectric coupling between
metal or alloy sub-nanoclusters (ASNCs) and
TiO; can lead to the formation of an interface
state (IFS), which enables the direct generation
of hot electrons in TiO> under visible-light
irradiation. These hot electrons subsequently
surface,

CO»
photoreduction activity of the catalyst [27-30].

Therefore, loading Cu-Bi ASNCs on TiO>

migrate to the metal or alloy

significantly enhancing the

catalysts for photocatalytic CO» reduction is a

feasible and innovative strategy. However, to



the best of our knowledge, no relevant studies
have been reported so far.

Herein we report a stepwise photodeposition
strategy for the synthesis of Cu-Bi ASNCs on
Blue TiO; (BT), denoted as BixCui«/BT (x=0,
0.2, 0.4, 0.6 and 1.0 corresponding to at% Bi),
for photocatalytic CO, reduction with H>O.
The optimized Bio4Cuos/BT catalyst delivers a
CH4 production rate of 94.4 umol g'! h'!' with
96.9% selectivity under simulated solar
irradiation. Mechanistic investigations reveal
that the synergistic interaction between Cu and
Bi can inhibit the aerial oxidation of metallic
Cu’ and Bi’ accelerate the separation of
photogenerated  electron-hole  pairs, and
facilitate the adsorption and activation of CO».
More importantly, the strong interfacial
dielectric coupling between the Cu-Bi ASNCs
and the BT support generates an interface state
(IFS) within the bandgap of BT, which enables
the direct generation of hot electrons under
visible-light excitation. Moreover, the Cu-Bi
alloy substantially lowers the Gibbs free energy
barrier for CO: adsorption over Cu active sites
and establishes a thermodynamically favorable
pathway for stepwise hydrogenation of CO»
toward CHs4. This work establishes a
non-noble-metal alloy sub-nanocluster strategy
on defect-engineered TiO, for efficient and

selective CO»-to-CH4 photoreduction.
2. Experimental

2.1. Synthesis of Blue TiO: (BT)

1.00 g of TiO; (P25, 1.0 g) was mixed with
0.15g of sodium borohydride (NaBH4, AR,
Sinopharm Chemical Reagent Co., Ltd.) by
grinding. Subsequently, the mixture was then
placed in a quartz tube furnace and heated at
350 °C for 0.5 h under an argon atmosphere.
The obtained samples were washed 6 times
with ethanol and deionized water, respectively,
and then dried under vacuum at 80 °C.

2.2. Synthesis of BixCux/BT
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BixCu,./BT was synthesized via a stepwise
photodeposition method. Typically, 1.00 g of
BT was dispersed in 150 mL of ethylene glycol
(AR, Aladdin Chemical Reagent Co., Ltd.) and
ultrasonicated for 10 min to promote the
dispersion of TiO.. The suspension was then
purged with argon for 30 min to eliminate
dissolved  O.  Variable
Bi(NOs3);-:5H>O solution (5.00 g/L, 99.99%

amounts of

metals basis, Aladdin Chemical Reagent Co.,
Ltd.) were added to the above suspension
under vigorous stirring. Subsequently, the
suspension was immediately illuminated under
a mercury lamp (300 W) for 1 h. Next, a
solution of copper nitrate trihydrate (5.00 g/L,
99.99% metal content, Aladdin Chemical
Reagent Co., Ltd.) with varying amounts was
added to the suspension, followed by another
hour of irradiation. Finally, the samples were
washed with deionized water and dried in a
vacuum oven at 80 °C. The resulting samples
were identified as BixCui«/BT, where x = 0,
0.2, 04, 0.6 and 1.0 corresponding to
theoretically calculated at% Bi.
2.3. Characterization

The high-angle annular darkfield scanning
transmission electron microscopy
(HAADF-STEM, FEI Titan Themis 60-30) was
used to observe morphology and structure of
the catalysts. The crystal phases of the catalysts
were characterized by X-ray diffraction (XRD)
patterns with CuK-a radiation (Model D/max
RA, Rigaku Co.). The X-ray photoelectron
spectroscopy (XPS, Thermo ESCALAB 250)
was used to investigate the surface properties
of the catalysts. The photoelectric properties of
catalysts were measured by UV-vis DRS
(UV-2450, Shimadzu, Japan). Electron spin
resonance (ESR) experiments were conducted

on a JES FA200
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)

spectrometer, with

used to trap electron  spins  and



5,5-dimethyl-1-pyrroline-N-oxide (DMPO)
used to trap radical spins.
2.4. In situ FT-IR measurement

In situ FT-IR test was performed using the
ConcentratlR 2TM (Harrick) in a Bruker
Vertex 70v spectrometer equipped with an
MCT detector. Firstly, the photocatalyst coated
on the diamond ATR crystal surface was
treated in a vacuum for 30 min to remove the
adsorbed water molecules. Then, H,O vapor
and CO, were introduced into the gas pipeline
until the atmospheric pressure. After 30 min in
the dark, the photocatalyst was irradiated for
30 min and IR spectra were recorded
simultaneously and repeatedly with a certain
time interval.
2.5. CO: photoreduction tests

The CO; reduction performance of the
photocatalyst was tested in a Labsolar-6A
closed-cycle system (Beijing Perfectlight
Technology Co., Ltd.). 10.0 mg of the
photocatalyst was uniformly dispersed in
deionized water via ultrasonication and then
loaded onto the surface of a microporous
membrane with a radius of 2.0 cm (geometric
area: 12.57 cm?, fully exposed to the incident
beam without shading). The microporous
membrane loaded with the catalyst was placed
on a tray inside the reactor. After sealing, the
reactor underwent three cycles of “vacuum
pumping-filling with CO,” to completely
displace the residual O, or other impurities.
Subsequently, 0.15 mL of water was injected
into the reactor under vacuum to allow the
CO,

introduced to adjust the system pressure to 90

water to fully vaporize. was then
kPa (slightly below atmospheric pressure) to
maintain reactor airtightness. Finally, the light
source (a 300 W Xe lamp equipped with an
AM1.5 filter) was turned on to conduct the
reaction at a light intensity of 500 mW cm

(measured using a CEL-NP2000 full-spectrum
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optical power meter (Beijing CEAULIGHT
Technology Co., Ltd.) equipped with a @10
mm photoelectric detection probe (sensitive
area: 0.75 c¢cm?); calibration wavelength range:
190-11000 nm with direct-read capability in
190-2500 nm (uniformity 2.7%); power range:
0-2000 mW cm?; resolution: 1 uW;
uncertainty: <t£5%; the probe was placed at the
reactor window position perpendicular to the
film surface, and light uniformity was
confirmed within +5% over a 2x2 cm? grid by
multi-point scanning). During illumination,
gaseous products were analyzed hourly using
gas chromatography. The selectivity of CHs (%)
is calculated according to the number of
electrons required for each product in the
photocatalytic CO: reduction process, using the
following formula: CHs selectivity (%) =
[8¢p (CH4)]/[89(CH4) + 129 (C2Hs) + 2 (H2)
+2¢p(CO)] x 100%. DFT details are provided in
the Supporting Information. Each
photocatalytic test was independently repeated
three times with freshly prepared catalyst films
under identical conditions, and the product
formation rates are reported as the average
values of the three parallel measurements. The
error bars represent the standard deviation of

the three independent measurements.
3. Results and discussion

3.1. The morphology, structure, and
composition of catalysts

The structure, composition, and distribution
of Cu, Bi monometallic species and Cu-Bi
alloy on the BT support were analyzed using
HAADF, HAADF-STEM, and TEM elemental
The HAADF results

indicate that small Bi and Cu SNCs are

mapping techniques.

uniformly dispersed on the surfaces of Bi/BT
and Cu/BT catalysts, respectively (Figure S1).
This is due to the relatively low reduction

potentials of Bi (Bi**/Bi, E® = +0.32 V) and Cu



(Cu?*/Cu, E° = +0.34 V), which prevent their

rapid growth under the action of
photogenerated electrons from BT [31, 32].
The HAADF-STEM images show that the
metal SNCs in Bio4Cuos/BT are uniformly
anchored on the surface of BT, with a very
small size and a narrow size distribution of
0.84 + 0.12 nm (Figures 1a, b). In addition, the
STEM elemental mapping (circled region in
Figure lc) further confirms the formation of
Cu-Bi ASNCs in Big4Cuos/BT, with a higher
Cu content than Bi in these ASNCs (Figure 1c¢).

Further evidence for alloying is provided by
the Z-contrast analysis of the
aberration-corrected HAADF-STEM images
(Figure la and Figure S2). In HAADF imaging,
the intensity scales approximately as Z1.7,
enabling direct discrimination of elements with

vastly different atomic numbers [33]. Given the

large atomic number difference between Bi (Z
=83) and Cu (Z = 29), phase-separated pure Bi
and pure Cu SNCs would manifest as
drastically contrasting brightness: Bi clusters
would appear as intensely bright white spots,
whereas Cu clusters would be markedly
dimmer. However, the SNCs in Bi0.4Cu0.6/BT
display relatively uniform contrast without the
distinct bimodal  brightness  distribution
expected for phase-separated species (Figure
la and Figure S2). This uniform Z-contrast is
consistent with atomic-scale mixing within
Cu-Bi  ASNCs than

rather adjacent

monometallic  particles. Such  Z-contrast

behavior has been previously employed to

distinguish alloyed structures from

phase-separated  mixtures in  bimetallic

sub-nanocluster systems[29].

0.84+0.12 nm

00 02 04 06 08 1.0 12 14
Diameter (nm)

Figure 1. HAADF-STEM images (a) of Big4Cuo.s/BT. Size distributions (b), and STEM elemental mapping
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images (c) of Cu-Bi ASNCs.

The crystalline phase structure of the
catalyst was further characterized by XRD. As
shown in Figure S3a, the diffraction peaks of
attributed to the

pristine TiO» can be

coexistence of anatase and rutile phases of

TiO2 (JCPDS 38-0741 and JCPDS 21-1276).

The diffraction peak positions of BT coincide
with those of TiO,, but the peak intensities are
significantly lower than those of TiO,. This
may be attributed to a high concentration of
oxygen vacancies in BT, which induce lattice
distortion and reduce crystalline integrity,
thereby diminishing the diffraction peak
intensity. No characteristic diffraction peaks of
metallic Cu or Bi are observed in the XRD
patterns of Cu/BT, Bi/BT and BixCui/BT,
confirming the high dispersion of Cu, Bi, and
Cu-Bi alloy on the BT support, consistent with
HAADF and HAADF-STEM results (Figure
S1 and Figure 1). Figure S3b shows the UV-vis
DRS of the catalyst. TiO> does not show an
absorption peak in the visible light region,
while the BT sample exhibits significant light
absorption in the visible light region. This is
mainly due to the presence of a large number
of disordered surface layers, Ti** and oxygen
vacancies in BT, which leads to a reduction in
the band gap [34]. The visible light absorption
of the catalysts slightly decreased after loading
Cu, Bi, and Cu-Bi alloy. This may be attributed
to the fact that sub-nanometer sized Cu, Bi, and
Cu-Bi alloy species possess no intrinsic
absorption capability in the visible light range,
while their presence on the BT surface slightly
modifies BT's original visible light absorption
properties. Notably, Cu nanoparticles are well
documented to exhibit localized surface
plasmon resonance (LSPR) in the visible light
region, which typically enhances visible-light

absorption[35]. However, in the present work,
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the visible-light absorption decreases rather
than increases after loading Cu, Bi, or Cu-Bi
alloy, suggesting that the conventional LSPR
effect of Cu is absent here. This can be
rationalized by the size-dependent nature of
LSPR: pronounced LSPR generally requires
Cu nanoparticles larger than ~5 nm, whereas
the Cu species in this work exist as Cu-Bi
ASNCs with an average size of only 0.84 +
0.12 nm (Figures la, b and S1), far below the
threshold for electron

critical collective

oscillations. At this sub-nanometer scale,
severe surface scattering effectively damps the
plasmonic oscillations, rendering the Cu LSPR
negligible.

XPS was used to study the chemical states
and interactions of Cu and Bi loaded on the
surface of the catalyst. The Bi4fs;, spectrum of
the Bi/BT sample exhibits two characteristic
peaks corresponding to Bi 4fs, and Bi 4fy,
with binding energies located at 164.2 eV and
159.0 eV, respectively, which are attributed to
the trivalent bismuth (Bi**) state (Figure 2a)
[36]. This observation results from the
complete oxidation of Bi SNCs deposited on
the BT surface into Bi>O; during prolonged air
exposure prior to XPS characterization [37]. In
contrast, for Bip4Cuos/BT, the Bi 4fs» and Bi
417, peaks show a negative shift of 0.5 eV to
163.7 eV and 158.4 eV, respectively (Figure
2a). This demonstrates that the Cu in Cu-Bi
ASNCs enhances the air stability of Bi
sub-nanoclusters, effectively preventing their
oxidation during extended air exposure. The
Cu 2p binding energy peaks at 952.0 eV and
932.3 eV for the Cu/BT are assigned to Cu
2p12 and Cu 2ps» of Cu' and/or Cu® species,
respectively (Figure 2b) [38]. However, for the
Bio.4Cuos/BT, the characteristic peaks of Cu

2p12 and Cu 2p3» exhibit negative shifts to



951.1 eV and 931.4 eV, respectively (Figure
2b). This observation indicates that the Cu-Bi
interaction within the ASNCs significantly
enhances the stability of Cu® species.

The enhanced air stability of Cu’ and Bi’ in
the ASNCs can be understood from the
electronic structure perspective. The work
function of Cu (~4.6 ¢V) is higher than that of
Bi (~4.2 eV), driving electron transfer from Bi
to Cu upon alloying and increasing the electron
density of the Cu sites[39]. Meanwhile, the
electronegativity of Cu (1.90 Pauling) is
slightly lower than that of Bi (2.02 Pauling),
and alloying induces a downshift of the d-band
center relative to the Fermi level[40]. This
electronic modification weakens the adsorption
of O on both Cu and Bi sites, thereby
suppressing surface oxidation under ambient
conditions[41]. Such anti-oxidation behavior is
consistent ~with reports on  bimetallic
sub-nanoclusters, where electronic coupling
between dissimilar metals stabilizes the
zero-valent state against aerial oxidation[13,
29].

Since

XPS cannot

and Cu’, Cu LMM

spectra effectively
distinguish between Cu*
X-ray Auger electron spectroscopy (Cu LMM
Auger) was employed to differentiate these
chemical states. As shown in Figure 2c, the two

overlapping peaks at 564.4 eV and 566.9 eV

peak area of Cu’ is significantly larger than that
of Cu" , demonstrating that the majority of Cu
exists in the metallic state (Cu®) within the

Cu-Bi nanoclusters.

The substantial mutual binding energy
shifts observed in the XPS spectra provide
additional compelling evidence for alloy
formation. For Bip4Cuo¢/BT, the Bi 4f7, peak
shifts negatively by ~0.5 eV relative to Bi/BT,
while the Cu 2ps/> peak shifts negatively by
~0.9 eV relative to Cu/BT. Such large
reciprocal shifts cannot be rationalized by
simple spatial proximity or a physical mixture
of separate Cu and Bi domains, instead, they
reflect substantial intermetallic electronic
coupling and charge redistribution within the
alloy cluster[29, 39]. According to the work
function difference (Cu ~4.6 eV vs. Bi ~4.2 eV)
and electronegativity considerations, alloying
induces electron transfer from Bi to Cu,
increasing the electron density of Cu sites and
concurrently  modifying the electronic
environment of Bi atoms through lattice-level
This

hybridization. magnitude of binding

energy reorganization is characteristic of true

) o ] alloy formation rather than adjacent
are assigned to the kinetic energies of Cu® and
Cu" , respectively [42]. For Big4Cuo.s/BT, the monometallic particles [41].
a
Bi 4f b Cu 2p| & - CuLMM
i ; ul
- Bj Altfszz Bi 4Ifm = Cu Fp1,2 Cu ?pa/z 7 !
= — — 2 o . =
s "o 1 = | | s
£ inCuna/B Il £ | Bio+Cuos/BT 'i 2
s I ! s 1 T T,
2> I i 2 | ; ” >
) /1Y I 7} \ B
g u . g i\ Cu/BT ;: g
\ £ 2
£ Bi/BT, ; b " £
168 166 164 162 160 158 156 956 952 948 944 940 936 932 928 570 568 566 564 562 560

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Figure 2. XPS spectra for Bi4f (a) and Cu 2p (b) of the catalysts. Cu LMM Auger spectra (c) of
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Bio4Cuo¢/BT.

3.2. The photocatalytic CO: reduction
performance of the catalysts

The photocatalytic CO, reduction
performance of the catalysts was evaluated
under AM 1.5G simulated solar irradiation, and
the results are shown in Figure 3. Figure 3a
displays the average formation rates of CHa,

CO, and H, over different catalysts under

simulated solar irradiation (AM 1.5G, 500 mW
c¢cm?). As shown in Figure 3a, TiO, exhibits
low CO> photoreduction activity, primarily due
to its wide bandgap that results in limited solar
spectrum absorption and insufficient active
effective  CO» and

sites  for adsorption

activation. In contrast, BT demonstrates
significantly enhanced photocatalytic CO;
reduction performance. This improvement is
achieved through the introduction of oxygen
vacancies and the formation of a disordered
surface structure, which collectively narrow the
bandgap to extend visible-light response range.
Simultaneously, the engineered defect sites not
only promote CO> molecule adsorption and
activation but also markedly enhance the
separation  and

transport  efficiency  of

photogenerated charge carriers, ultimately
leading to

When loaded with Cu or Bi SNCs, the CO»

superior catalytic performance.

photoreduction activity of BT catalysts is
significantly enhanced, which can be attributed
to the promoted separation of photogenerated
electrons and holes by Cu or Bi SNCs, as well
as their role as active sites facilitating CO;
activation. Notably, the CH4 formation rate of
Cu/BT catalysts is substantially higher than
that of Bi/BT catalysts, while its CO formation
rate is considerably lower. This indicates that
Cu SNCs are more conducive to promoting
CH4 generation compared SNCs.
BixCuix/BT (x = 0.2, 0.4, 0.6) exhibits

to Bi

8/20

significantly enhanced CO. photoreduction
activity compared to Bi/BT and Cu/BT. This
enhancement may be attributed to the Cu-Bi
interaction within the Cu-Bi ASNCs, which
stabilizes both Cu and Bi, effectively
promoting the separation of photogenerated
electrons and holes and facilitating CO»
adsorption and activation.

Among the BixCui./BT (x = 0.2, 0.4, 0.6 )
catalysts, Bio4Cuos/BT achieves the highest
photocatalytic activity with formation rates of
94.4, 4.3 and 7.7 pmol g h'! for CHs, CO and
H,, respectively. This CHs formation rate
substantially exceeds that of the Cu/BT (36.2
pumol g! h') and Bi/BT (18.8 pmol g'! h'l)
catalysts. To wverify that the enhanced
photocatalytic activity arises from a true Cu-Bi
alloying effect rather than the simple
combination of individual Cu and Bi species, a
physically mixed control sample (denoted as
Cu/BT + Bi/BT) was prepared and evaluated
under identical conditions. The total catalyst
loading was fixed at 10 mg, consisting of 6 mg
Cu/BT and 4 mg Bi/BT, consistent with the
Bi/Cu stoichiometry in Bigp4Cuo¢BT, and both
Cu/BT and Bi/BT contain identical metal
loadings. As shown in Figure S4, the physical
mixture exhibits a CH4 formation rate of 32.4
umol g! h'!, whereas Bip4Cuos/BT achieves
94.4 umol g h''. The CHs formation rate of
the alloy catalyst is 2.9 times that of the
physical mixture, confirming that the superior
CO; photoreduction performance is attributable
to the synergistic alloying effect within the
Cu-Bi ASNCs, rather than to the additive
contributions of separately deposited Cu and Bi
species. The selectivity of CHy reaches as high
as 96.9% (Figure 3b), indicating that the
electrons  are

surface  photogenerated

preferentially involved in the CH4 formation



reaction. Moreover, although the generation of
O, can be detected (which should be attributed
to the oxidation of H.O by photogenerated
holes), the formation rate of O, cannot be

accurately determined due to the inability of

the reaction system to achieve absolute
airtightness. This allows O. from the air to
infiltrate the reaction system, significantly

interfering with the O, detection results.

a b C 1200
< 160p EaH2 100} CHa —o— CHy4|
= 140l E lgg 1000 - co
k) I CHa4
5 120} Bio.4Cuos/BT . 8o} - sool s
: g > s
Z 1001 Bio2Cuo.s/BT EBiosCuoa/BT[ 3 gol S o0} _
e sof H 3 £ ~
s I & 5 400} o
S eof Cu/BT| B 8 40p 2 g
2 af BT m BT 3 Nl
g solTioz [ El el -
5 Hz co g
'S o 0 1 1 1 1 1 1 1 1 1 1 1
1012345678911
t(h)
d1zoo e f
—a— CH4 _3CH ‘|3(:H4 2 13co
1000 col « miz= 16 mz=ld = miz = 29
< 100t 3 100}
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S 600} 3 -G, 3 1
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T 400 S sof o 50t m/z =16
3 i ,“2’ ey i 3¢
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N W W W S ol— . . . y 0 ——+r——
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Figure 3. CH4, H> and CO formation rates of the catalysts under 5 h simulated solar (AM 1.5G) irradiation

(a). Data are presented as the average of three independent measurements, and the error bars represent the

standard deviation. The selectivity of CH4, CO and H> over Bio4Cuos/BT (b). Long-time photocatalytic
stability of Big4Cuo.¢/BT for 10 h (c). Time-dependent CHs and CO evolution over Bio4Cuos/BT in wet Ar
(d). GC-MS spectra of CHy (), and CO (f) from the photocatalytic reduction of 3CO; over Big4Cuo.s/BT.

To further investigate the stability of the
Bio4Cuo6/BT catalyst in the photocatalytic CO»
reduction reaction, a 10 h stability test was
conducted. As shown in Figure 3c, the target
product CHy increases linearly with irradiation
time, demonstrating that Bio4Cuoe¢/BT exhibits
excellent stability during a single continuous
run. Moreover, repeated cycling tests show that
the catalyst maintains stable CH4 production
over three consecutive 10 h cycles (30 h in
total, Figure S5), with negligible activity decay
between cycles. Post-reaction HAADF images
(Figure S6) reveal that the Cu-Bi ASNCs retain
a comparable sub-nanometer size and uniform
the BT with no

dispersion on surface,

discernible increase in cluster size, aggregation,
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or sintering after prolonged operation. ESR
analysis (Figure S7) further indicates that the
oxygen vacancy concentration is well
preserved after three cycles. These results
collectively substantiate the robust structural
and chemical durability of Bio4Cuos/BT. The
detection of only trace amounts of CH4 and CO
in the control experiments under a wet argon
atmosphere proves that CO, is the primary
carbon source for the generation of these
3d).

experiments with 3CO, were performed to

products  (Figure Isotopic  labeling
trace the carbon source. The mass spectra
(Figures 3e and 3f) revealed that the carbon in
CH4 and CO products is predominantly derived

from CO,, as evidenced by their agreement



with the spectra of the *C-labeled standards
(3CH4 and *CO).
3.3. Photoelectrochemical properties of
the catalysts

The COs

catalyst

critical ~ dependence  of

photoreduction activity on the
originates from the generation and migration
efficiency of photogenerated electrons.
Accordingly, the surface concentration of these
electrons was probed under simulated solar
irradiation using TEMPO as an electron
capture agent [43], as shown in Figure 4a. The
BT catalyst exhibits a greater TEMPO
consumption rate than TiO,, which can be
attributed to its abundant oxygen vacancies.
These vacancies enhance the absorption of
simulated solar light, leading to a higher yield
of photogenerated electrons. The deposition of
Cu or Bi SNCs onto the surface of the BT
catalyst resulted in a significant acceleration of
the TEMPO  consumption rate. This
enhancement is attributed to the fact that Cu
and Bi species act as electron acceptors, which
effectively  capture  electrons,  thereby
promoting the separation and migration of
The

consumption rate of TEMPO on Bio4Cuos/BT

photogenerated  electron-hole  pairs.
is significantly faster than that on Cu/BT and
Bi/BT, indicating that Big4Cuo.¢/BT possesses a
superior ability to generate and separate
photogenerated electrons. This enhancement
originates from two primary mechanisms: First,
the interaction between Cu and Bi in the Cu-Bi
ASNCs enhances the stability of the alloy,
allowing it to remain in the metallic state more
easily under ambient conditions. Since the
work function of the metallic Cu-Bi alloy
(4.2-4.5 eV) is higher than that of BT (4.2 eV)
[44, 45], the generated photogenerated
electrons rapidly migrate to the surface of the
Cu-Bi ASNCs, thereby significantly increasing

the surface electron density of the catalyst.

10/ 20

the
coupling between the Cu-Bi ASNCs and the

Second, strong interfacial dielectric
BT support facilitates the formation of an
interfacial field (IFS), enabling BT to directly
generate hot electrons under visible-light
irradiation, which consequently enhances the
overall yield of photogenerated electrons
[27-29]. In addition, under simulated solar
irradiation, Bip4Cuos/BT  produces
(0> )

radicals than other catalysts (Figure S8). This

more

superoxide and hydroxyl (*OH)

result further confirms that Bio4Cuos/BT can
generate and separate the largest number of
photogenerated electrons and holes, and that
these charge carriers possess sufficiently high
reduction and oxidation potentials to
participate in the subsequent redox reactions
[16].

To directly evaluate the separation and
migration efficiency of photogenerated charge
carriers,  transient

photocurrent  density

measurements ~ were  performed  under

intermittent simulated solar irradiation at a bias
voltage of 0 V vs. Ag/AgCl (Figure 4b). Under
each illumination, all of the samples exhibit
and  reproducible

prompt photocurrent

responses, indicating stable photoelectronic
properties of the catalysts. The photocurrent
density of Big4Cuo¢/BT is significantly higher
than those of Cu/BT and Bi/BT, implying that
the Cu-Bi ASNCs effectively promote the
separation of photogenerated electron-hole
pairs and accelerate the directional transfer of
electrons to the cluster surface. Moreover, the
photocurrent trends of the

samples are

consistent with their TEMPO consumption
rates and photocatalytic activities, confirming

that the synergistic Cu-Bi interaction

maximizes the surface electron density

available for CO; reduction.
The photoelectrochemical properties were
further

investigated by  electrochemical



impedance spectroscopy (EIS), and the Nyquist
plots were used to analyze the impedance
spectra (Figure 4c). In the Nyquist plots, the
imaginary component usually represents the
capacitive parameter, the real component
represents the ohmic parameter, and the radius
of the semicircle is related to the charge
transfer resistance [46]. The impedance data
were fitted to the equivalent circuit (inset of
Figure 4c), which included the solution
resistance (R1), charge-transfer resistance (R>),
and constant phase element (CPE;). The
charge-transfer resistance values (R2) were
determined to be 20002 Q for Bi/BT, 8989 Q
for Cu/BT, and 1151 Q for Bio4Cuoe/BT,
The

substantially  reduced

of Bio.4Cuos/BT

respectively.
charge-transfer resistance
relative to its monometallic counterparts
indicates that the Cu-Bi ASNCs significantly
reduce the interfacial charge-transfer barrier
and facilitate the rapid migration of
photogenerated electrons from BT to the alloy
active sites. This result provides solid evidence
for the enhanced charge separation efficiency
in the alloy-modified catalyst.

Oxygen vacancies function as crucial hubs
in photocatalysis, promoting charge separation
and activating reactant molecules [47]. To
probe the mechanism of Cu-Bi alloys in CO;
photoreduction, the concentration of oxygen
vacancies was directly benchmarked among the
catalysts by Electron Spin Resonance (ESR).
As depicted in Figure 4d, the oxygen vacancy
concentration in BT markedly exceeds that in
pristine TiO,. This enhancement stems from
the mechanochemical reduction of TiO, by
NaBHs during synthesis. Intensive grinding
facilitates the cleavage of B-H bonds, releasing
reactive hydrogen species (He) or BHs = ions
that directly reduce and extract lattice oxygen
atoms from TiO,, leading to the formation of

oxygen vacancies [34]. The deposition of Cu or
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Bi SNCs significantly boosts the oxygen
vacancy content of BT (Figure 4d). This
enhancement originates from the strong
metal-support interaction at the interface. The
electronegativity mismatch between the metal
atoms (Cu or Bi) and the TiO» support, coupled
with the demand for interfacial bonding,
induces additional local lattice distortion. To
maintain charge balance and structural stability,
this intense interfacial interaction drives the
further reduction of the adjacent TiO, surface
layer, thereby generating interfacial oxygen
vacancies and resulting in an overall oxygen
vacancy concentration higher than that of
pristine BT. However, the oxygen vacancy
reaches

loading Cu-Bi ASNCs.

concentration its maximum upon
This phenomenon is
electronic interaction
(and
oxophilic) Bi atoms and the Cu atoms within

This

due to the significant

between the more -electropositive

the alloy. interaction induces a
redistribution of electron density across the
entire alloy cluster, which in turn intensifies the
electron transfer at the interface with the BT
support. To compensate for and stabilize this
pronounced interfacial charge rearrangement,
the BT surface spontaneously generates a
greater number of oxygen vacancies, which
serve as charge compensation centers[48].
Oxygen vacancies serve as highly efficient
electron trapping centers that significantly
suppress the recombination of photogenerated
electron-hole pairs. In the Cu-Bi ASNCs, the
oxophilicity of Bi combined with the
electron-donating capability of Cu establishes
an internal electronic coupling effect. This
synergistic interaction drives the directional
migration of photogenerated electrons from the
TiO> bulk phase to the alloy active sites
through oxygen vacancy-mediated pathways,
thereby = maximizing

charge  separation

efficiency. Furthermore, oxygen vacancies



sites  for

The

function as preferential CO,

adsorption and activation. localized
electron enrichment at these vacancy sites
effectively polarizes the C=0 bonds, inducing
a bent configuration transformation of the
linear CO2 molecule and significantly reducing

the activation energy barrier. The high density
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of oxygen vacancies at the Cu-Bi alloy
interface provides abundant active sites for the
initial activation of CO;. This integrated
mechanism represents one of the primary
reasons for the superior photocatalytic CO;
reduction performance of the Bio4Cuos/BT

catalyst.
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Figure 4. ESR spectra of photogenerated electrons recorded in the dark and under simulated solar irradiation

for 10 minutes (a). Transient photocurrent densities under intermittent simulated solar irradiation (b).

Nyquist plots of EIS spectra and the equivalent circuit (inset) (c). ESR spectra of oxygen vacancies in the

dark (d).

3.4. Identification of the interface states

To elucidate the origin of the interfacial
electronic structure, DFT calculations were
performed to analyze the density of states for
the Cu-Bi/BT system. As shown in Figure 5a,
loading metal SNCs onto BT induces a positive
shift in the total density of states (TDOS),
signifying interfacial electron transfer and
downward band bending. This effect raises the
the
capability of the composite [49, 50]. The

Fermi level and enhances reducing
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projected density of states (PDOS) further

resolves the orbital contributions to the
interfacial states (IFS) within the BT bandgap.
For Cu/BT (Figure 5b), the IFS arises from
hybridization between Cu 3d electrons and
adjacent O 2p/Ti 3d orbitals. Similarly, the
Bi/BT system shows an IFS in the bandgap
(Figure 5c), originating from charge donation
by Bi 5d electrons to neighboring O 2p and Ti
3d orbitals. The projected density of states

(PDOS) of Cu-Bi/BT initially reveals only the



IFS generated by the interaction between Cu 3d
and BT (Figure 5d), likely because the IFS
intensity of Cu/BT is significantly stronger
than that of Bi/BT, overshadowing the IFS
signal from Bi. However, by amplifying the
PDOS signals of Cu 4s, Cu 3p, and Cu 3d
(Figure Se), as well as Bi 6s, Bi 6p, and Bi 5d

(Figure 5f), the IFS resulting from Bi-BT
a

interaction becomes observable, confirming its
presence in the Cu-Bi/BT. These results
demonstrate that the Cu-Bi alloy establishes
hybrid interfacial states with BT through
concurrent Cu 3d and Bi 5d orbital interactions,
thereby broadening the visible-light response

beyond the intrinsic bandgap of the support.
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Figure 5. The total density of states (TDOS) for BT, Cu/BT, Bi/BT, and Cu-Bi/BT (a). The projected density
of states (PDOS) for Cu/BT (b), Bi/BT (c¢) and Cu-Bi/BT (d). The PDOS for Cu 4s, Cu 3p and Cu 3d of
Cu-Bi/BT (e). The PDOS for Bi 6s, Bi 6p and Bi 5d of Cu-Bi/BT (f).

3.5. Adsorption properties of the catalysts
The efficacy of photocatalytic CO, reduction
is fundamentally governed by the catalyst's
CO; adsorption properties. Effective adsorption
initiates the process by concentrating reactant
molecules at active sites. This is critical not
only for enriching local CO; concentration but
also for activating the molecules by weakening
the C=0 bonds, which reduces the activation
energy for subsequent steps [51]. Moreover,
strong adsorption is essential for enabling
efficient charge transfer from the catalyst to the
CO; molecules, a step that dictates the reaction

pathway and final product distribution [52]. To
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elucidate these factors, the CO, adsorption

characteristics of metal cocatalysts were

systematically  investigated using DFT
calculations. As shown in Figure 6, for the
Cu-Bi/BT catalyst, the adsorption energy of
CO; on the Cu sites (-0.34 eV, Figure 6a) is
significantly more negative than that on the Bi
sites (-0.16 eV, Figure 6b), indicating stronger
adsorption stability of CO; on the Cu sites
within the Cu-Bi alloy. This is attributed to the
higher ~ d-band center and  superior
electron-donating capability of Cu compared to
Bi, which enables more stable binding and

effective activation of CO2 molecules.
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Figure 6. Optimized structures of CO, molecules absorbed on Cu in Cu-Bi alloy/BT (a), Bi in Cu-Bi
alloy/BT (b), Cu in Cu/BT (c), Bi in Bi/BT (d), and their adsorption energies and Gibbs free energies. Ti, O,

Cu, Bi, and C atoms are green, red, blue, pink, and brown spheres, respectively.

Notably, CO, adsorption on the Cu site of
the Cu-Bi alloy/BT exhibits a Gibbs free
energy change (AG) of 0.16 eV (Figure 6a),
which is substantially lower than that on the Bi
site (0.33 eV, Figure 6b). This energetic
difference indicates that CO, adsorption on Cu
sites is thermodynamically more favorable,
requiring less energy input to proceed
compared to adsorption on Bi sites. Adsorption
on a Cu site in the pure Cu/BT catalyst (Figure
6¢) yields an adsorption energy of -0.22 eV and
a Gibbs free energy change of 0.28 eV. The
notably enhanced adsorption energy and
reduced Gibbs free energy barrier on the Cu
site of the Cu-Bi alloy (-0.34 eV and 0.16 eV,
respectively, in Figure 6a) underscore the
synergistic effect of Cu and Bi within the alloy.
The presence of Bi electronically modifies the
Cu sites, making them thermodynamically
more favorable for CO, adsorption than pure
Cu. Meanwhile, CO; adsorption on a Bi site in

the pure Bi/BT catalyst (Figure 6d) shows the
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least favorable thermodynamics (E.q = -0.16 eV,
AG = 0.36 eV), confirming that Bi in isolation
is a poor adsorber of COs.
3.6. The reaction pathway of
photocatalytic CO; reduction

To gain deeper insight into the reaction
mechanism, in situ FT-IR spectroscopy was
employed to track the evolution of
intermediates during CO» reduction. Figure 7a
demonstrates the formation of multiple
adsorbed species on the Big4Cuos/BT surface
upon dark CO; and H>O co-adsorption. Upon
exposure of Bio4Cuo¢/BT to a mixture of CO;
and H>O in the absence of light, the catalyst
surface became populated with various
carbonaceous and hydrogenated species. These
included monodentate carbonate (characterized
by peak at 1284 cm'), bicarbonate (with
features at 1427 cm™), as well as water
molecules (showing a vibrational mode at 1639
cm™) [10, 14, 53-55]. Furthermore, under dark

conditions, no distinct characteristic peaks



corresponding to reaction intermediates were
observed on the surfaces of the Bio.4Cuos/BT
(Figure 7a), Cu/BT (Figure 7b), and Bi/BT
(Figure 7c¢) catalysts, suggesting that the
reaction between CO.and H>O scarcely
proceeds in the absence of light. Under
simulated solar irradiation, several
characteristic peaks corresponding to CO»
reduction intermediates emerged on the surface
of the Big4Cuos/BT catalyst (Figure 7a),
including those assignable to COOH* (1208
cm!'), HCOOH* (1552 cm™), CH, * (1361
and 1478 c¢cm™) and CHs* (1380 cm) [44,
56-62]. The variety and intensities of these
intermediates fully encompass the stepwise
hydrogenation pathway from CO, to CHa,
clearly delineating the evolution sequence of
COOH* — HCOOH* — CH,* — CH3* —
CHa. These findings confirm that Biop4Cuos/BT
possesses exceptional catalytic activity and
selectivity for the reduction of CO: to CHa.
Upon illumination, key intermediate peaks
corresponding to COOH* (1208 cm), CHy*
(1355, 1478 cm™), and CH3* (1382 cm’!') were
also detected on the Cu/BT catalyst (Figure 7b),
with peak positions closely matching those of
Bio.4Cuo.¢/BT, indicating that both follow the
CO2

compared with Bip4Cuo.s/BT,

same reduction pathway. However,

the overall
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intensities of the intermediate peaks on Cu/BT
were significantly lower, while the CO,™ peak
at 1249 cm! was more pronounced, suggesting
activation and

This

inferior efficiency in CO»

intermediate conversion. result

demonstrates that synergistic Bi doping
effectively enhances the stabilization and
enrichment of reaction intermediates at Cu
sites, thereby promoting efficient CO,-to-CHs4
conversion. For the Bi/BT catalyst (Figure 7c),
only a few weak intermediate peaks were
detected upon illumination, with intensities
substantially lower than those of Bio.4Cuos/BT
and Cu/BT, indicating poor CO; reduction
activity. This is likely due to insufficient CO,
adsorption or a limited number of active sites
on the Bi/BT surface, which hinders the
effective generation and accumulation of
intermediates, ultimately leading to inferior
photocatalytic performance. Collectively, the in
situ  FT-IR results demonstrate that the
synergistic Cu-Bi interaction in Bio4Cuos/BT
underpins its exceptional CO, photoreduction
performance by enabling full coverage of
intermediates along the CO,-to-CHs pathway,
whereas Cu/BT suffers from compromised
intermediate conversion in the absence of such
synergy, and Bi/BT exhibits insufficient CO;
activation owing to the lack of Cu-based active

sites.



0O

Y
o

Absorbance (a.u.)
Absorbance (a.u.)

Light on
0 ~ 30 min
"

3 12'34 Light on
0 ~ 30 min
L

Absorbance (a.u.)

co.- Light on G
0~ 30 min
L

1800 1700 1600 1500 1400 1300 1200

Wavenumber (cm'1)

d

solar light

QO
O=0

Blue TiO,

1800 1700 1600 1500 1400 1300 1200
Wavenumber (cm'1)

1800 1700 1600 1500 1400 1300 1200
Wavenumber (cm™)

& CH,

Visible light
illumination

Figure 7. In situ FT-IR spectra of CO, and H>O reaction on Big4Cuo.¢/BT (a), Cu/BT (b) and Bi/BT (c) under

dark and light conditions. The curves from bottom to top represent adsorption for 30 minutes, and

illumination for 2, 6, 16, and 30 minutes, respectively. Schematic illustration of CO; photoreduction process

on Cu-Bi alloy/BT. Ti, O, Cu, Bi, and C atoms are green, red, blue, pink, and brown spheres, respectively.

Based on the above results, the CO:
photoreduction mechanism of Cu-Bi ASNCs
modified BT is proposed in Figure 7d. CO,
molecules are preferentially adsorbed on the
Cu active sites of Cu-Bi ASNCs, and the
synergistic interaction between Cu and Bi can
effectively improve the CO, adsorption and
activation capability of the catalyst. The solar
light excites the BT substrate to generate
photogenerated electrons, while visible light
induces the interface states at the interface
between the BT support and Cu-Bi ASNCs to
produce abundant hot electrons. Both
photogenerated electrons and interfacial hot
electrons rapidly migrate to the Cu-Bi active
sites on the catalyst surface and provide
sufficient electrons for CO> reduction. The
Cu-Bi synergistic effect stabilizes the metallic
active sites, accelerates the separation of
photogenerated electron-hole pairs, promotes

the generation and migration of interfacial hot
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electrons, and facilitates the adsorption and
activation of CO;, which accounts for the
excellent photocatalytic performance of the

catalyst.
4. Conclusions

In summary, we have successfully
developed a facile stepwise photodeposition
strategy for the controlled synthesis of Cu-Bi
ASNCs with an average diameter of 0.84 +
0.12 nm uniformly anchored on BT support,
denoted as BixCu,.«/BT, for the photocatalytic
reduction of CO; with H>O. Under simulated
solar irradiation, the optimally formulated
Bio4Cuos/BT catalyst exhibits a CHs
evolution rate of 94.4 pmol g' h' with a
remarkable selectivity of 96.9%, substantially
surpassing the photocatalytic performance of
monometallic Cu/BT and Bi/BT counterparts.
A combination of systematic experimental

characterizations and density functional



theory (DFT) calculations reveals that the
synergistic interaction between Cu and Bi can
inhibit the aerial oxidation of metallic Cu®
and Bi°,

accelerate the separation of

photogenerated electron-hole  pairs, and

facilitate the adsorption and activation of COx.

Critically, the interfacial dielectric coupling
between Cu-Bi ASNCs and BT induces IFS
within the bandgap, which enables the direct
generation of hot electrons upon visible-light
excitation, thereby significantly enhancing the
charge separation efficiency and overall
photocatalytic activity. Moreover, the Cu-Bi
alloy substantially lowers the Gibbs free
energy barrier for CO, adsorption over Cu
active sites and establishes a
thermodynamically favorable pathway for
stepwise hydrogenation of CO, toward CHa.
Collectively, this work demonstrates a

non-noble-metal alloy sub-nanocluster

strategy  for  efficient and  selective
photocatalytic CO»-to-CH4 conversion. The
mechanistic insights into interfacial charge
dynamics, oxygen vacancy engineering, and
the synergistic effects within alloy-decorated
defective semiconductor systems may inform

the design of related photocatalyst systems.
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DFT calculation details

The spin-polarized density functional theory (DFT) calculations were performed using the Vienna Ab
initio Simulation Package (VASP 5.4.1) with the generalized gradient approximation (GGA) in the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional. Model construction: A 4 x 4 anatase TiO»
(101) supercell (3 atomic layers, bottom layer fixed) with a 15 A vacuum slab was constructed.
Monometallic Cuio and Bijo clusters, as well as Cu¢Bis alloy clusters (as depicted in Figure 6), were
anchored on the oxygen-vacancy site of BT. A 3x3x1 k-point mesh was employed for sampling the Brillouin
zone. Structural relaxation was considered converged when the forces on all ions were below 0.03 eV/A, and
the energy convergence criterion was set to 10 eV. The Bader method was used to calculate the electron
transfer quantity (Aq). The Gibbs free energy for CO: photoreduction was computed at 298.15 K, according
to the equation G = Eprr + Ezpe - TS, where Eprr, Ezpe, and TS are the electronic energy, zero-point energy,
and entropy contribution, respectively. Solvent and atmosphere approximation: The CO, adsorption
calculations were performed in the gas phase without explicit H>O vapor, as the primary objective was to
evaluate the intrinsic adsorption energy on metal active sites. The effect of HO was implicitly considered

via the Gibbs free energy correction at 298.15 K and 90 kPa.



Figure S1. HAADF images of Bi/BT (a) and Cu/BT (b).



Figure S2. HAADF-STEM images of Bio.4Cuo.s/BT.
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Figure S3. XRD pattern (a) and UV-vis DRS spectra (b) of the catalysts.
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Figure S4. CH4, H, and CO formation rates over Cu/BT + Bi/BT and Bio4Cuo.¢/BT under 5 h simulated solar
(AM 1.5@G) irradiation. Data are presented as the average of three independent measurements, and the error

bars represent the standard deviation.
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Figure S5. Three-cycle test of the photocatalytic CO, reduction activity of Big4Cuo¢/BT in the presence of
simulated solar (AM 1.5G) irradiation. Each cycle was tested for 10 h.
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Figure S6. HAADF images of fresh Big4Cuos/BT (a) and post-reaction Big4Cuo.s/BT (b) recovered after

three consecutive 10 h photocatalytic CO: reduction cycles under simulated solar irradiation.
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Figure S7. ESR spectra of oxygen vacancies in fresh and post-reaction Bio4Cuos/BT (recovered after three

consecutive 10 h cycles).
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Figure S8. DMPO ESR spectra in the dark and under simulated sunlight for 10 min for O (a) and *OH (b).
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