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interface engineering of PMo12/
BiOBr heterojunctions for enhanced artificial
photosynthesis of CO2 in water vapor†

Yan Shi,a Shiqin Liu,a Hui Chen,a Zaihui Fu, b Youji Lia and Senpei Tang *a

In this study, a heterojunction material composed of Keggin-type H3PMo12O40 and BiOBr (PM/BOB) was

synthesized by a hydrothermal-calcination method, and its photocatalytic CO2 reduction performance

and mechanism were investigated. Structural characterization through XRD, SEM, XPS, and UV-vis DRS

revealed that calcination at 200 °C facilitated tight interfacial bonding between PM and BiOBr. The BiOBr

sheets fragmented into nano-sized particles that uniformly integrated with PM, while partial reduction of

PM generated active species containing mixed Mo5+/Mo6+ valence states. Under optimal conditions, the

t200-PM/BOB0.5 composite demonstrated exceptional CO2 reduction performance without sacrificial

agents, achieving a CO production rate of 18.82 mmol g−1 h−1, representing 10.06-fold and 7.13-fold

enhancements over pristine BiOBr and PM, respectively. Mechanistic studies unveiled a Z-scheme

electron transfer pathway where the reduced-state intervalence charge transfer (IVCT) excited species in

PM act as electron mediators to drive CO2 reduction, while the BiOBr valence band holes participate in

water oxidation, achieving spatial separation of redox sites. This work provides a novel strategy for

designing efficient Keggin-type molybdenum-based photocatalysts and advances the development of

solar-driven CO2 utilization technologies.
Introduction

The accelerated industrialization process has led to excessive
consumption of fossil fuels, resulting in a sharp rise in atmo-
spheric CO2 concentration, which profoundly disrupts the
global carbon balance and exacerbates the climate crisis.1

Under this context, developing CO2 utilization technologies has
become a crucial pathway to achieve the “dual carbon” goals.2

Among existing conversion strategies, photocatalytic reduction
technology has attracted signicant attention due to its unique
advantage of directly utilizing solar energy to convert CO2 into
fuel molecules (CO, CH4, CH3OH, etc.).3 This process triggers
redox reactions through photogenerated electron–hole pairs,
theoretically enabling a fully cyclic carbon-neutral process.4

However, the inherent chemical inertness of CO2 molecules
(C]O bond dissociation energy reaching 750 kJ mol−1) and
multiple kinetic bottlenecks in photocatalytic systems
(including insufficient light absorption, charge separation, and
Cleaner Production and Green Functional
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18008
surface reaction synergy) severely restrict practical
applications.5

To overcome these limitations, researchers have focused on
developing efficient photocatalytic systems, with the core
strategy being the optimization of charge carrier dynamics and
reaction microenvironments. Heterojunction engineering has
emerged as an effective approach to enhance photocatalytic
performance by modulating band structures to promote inter-
facial charge separation.6 Most of the traditional hetero-
structures have been semiconductor–semiconductor
composites (e.g. BiOBr/TiO2, g-C3N4/CdS), while poly-
oxometalate (POM)-based heterostructures remain relatively
underexplored.7 POMs are nanoscale clusters composed of
high-valence transitionmetals (Mo6+, W6+, V5+, etc.) coordinated
with oxygen atoms, exhibiting semiconductor-like characteris-
tics that include:6d,7a,8 (i) well-dened HOMO–LUMO energy
gaps (2–4 eV), enabling broad-spectrum light absorption; (ii)
multi-electron storage capacity (e.g., Keggin-type structures can
accommodate 6–12 electrons), which is particularly suitable for
the multi-step reduction of CO2; and (iii) reversible redox
properties that help maintain catalytic cycle stability. These
unique attributes make POMs ideal building blocks for
designing novel photocatalysts for CO2 reduction.8b,9

A representative case was demonstrated by Li et al.,10 who
achieved spatially conned encapsulation of CoNi bimetallic
active sites within hollow dodecahedral K3PW12O40 frameworks
through a hydrothermal-annealing synergistic strategy. This
© 2025 The Author(s). Published by the Royal Society of Chemistry
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unique architecture effectively suppressed metal cluster aggre-
gation via steric hindrance effects, yielding a CO production
rate of 15.1 mmol g−1 h−1 aer 6 hours of illumination in
a [Ru(bpy)3]

2+ photosensitizer-containing liquid-phase system.
In another approach, Wang's group9a developed a diffusion-
driven self-assembly method to precisely incorporate silicomo-
lybdic acid into the mesoporous channels of sulfonic acid-
functionalized MIL-101-Cr, constructing a hierarchical SiMo12-
O40@SO3H-MIL-101-Cr composite. This design maintained the
parent material's high specic surface area and chemical
stability while signicantly improving active site accessibility,
achieving 93.2% CO selectivity with a production rate of 82.95
mmol g−1 h−1 in triethanolamine/acetonitrile mixed solution.
Such MOF pore-conned POM encapsulation strategies
systematically enhance photocatalytic CO2 reduction perfor-
mance by creating highly dispersed atomic-level contact inter-
faces, enabling efficient electron transport channels and
multicomponent coupling effects.11 However, these systems
represent the complex solid–liquid phase reaction mode.
Although dominant in photocatalytic CO2 reduction research,
such three-phase systems (comprising photocatalysts, solvents,
and photosensitizers/sacricial agents) face inherent limi-
tations:9d,10,12 (i) poor dispersion stability of catalyst particles in
liquid phase, leading to aggregation-induced deactivation; (ii)
severely limited mass transfer efficiency due to low CO2 solu-
bility (e.g., ∼33 mM in water) and weak adsorption capacity in
conventional solvents; (iii) difficult product separation, partic-
ularly for liquid organic compounds, which substantially
increases purication costs.

In contrast, the gas–solid reaction mode demonstrates
distinctive advantages:13 (i) direct utilization of CO2/H2O vapor
as reactants not only provides proton sources but also
suppresses the competitive hydrogen evolution reaction, while
circumventing solvent-induced mass transfer limitations; (ii)
precise control of reaction kinetics through adjustable CO2

concentration; (iii) dominant gaseous products (CO, CH4)
enabling real-time monitoring and facile collection. Represen-
tative studies include Zhang et al. on constructing Lewis basic
group-functionalized BiOBr heterojunctions through NH2-UiO-
66 modication. The optimized BiOBr/NH2-UiO-66 exhibited
a CO production rate of 9.19 mmol g−1 h−1, representing a 4-fold
enhancement over pristine BiOBr.14 In another approach, Liu
et al. developed Au@NENU-10 composite photocatalysts
utilizing the dual proton-electron storage capability of Keggin-
type [PTi2W10O40]

7− clusters, achieving 12.8 mmol per g per h
CO yield under visible light irradiation.15 Yang et al. engineered
1D/2D BiOBr/CdS heterostructures that delivered 13.6 mmol
per g per h CO output through band structure optimization.16

Nevertheless, the currently reported CO2 photoreduction effi-
ciencies in gas–solid systems remain substantially below
industrial requirements. This performance gap highlights the
urgent need for fundamental breakthroughs in interfacial
charge transfer efficiency, CO2 adsorption-activation synergy,
and long-term operational stability to address existing technical
bottlenecks.13

Notably, IVCT effects in reduced polyoxometalates provide
critical advantages for CO2 photoreduction.17 As Neumann
© 2025 The Author(s). Published by the Royal Society of Chemistry
demonstrated,18 these mixed-valence POMs exhibit visible-light-
responsive IVCT transitions (lmax z 725 nm) through W5+/W6+

electron hopping, enabling efficient directional electron trans-
fer to catalytic sites. Haviv's work19 conrmed this mechanism,
showing a 3.8-fold CO yield enhancement in POM-Re hybrids
via IVCT-mediated pathways. Crucially, IVCT effects simulta-
neously broaden light absorption to near-infrared and
synchronize multi-electron transfer kinetics, effectively
addressing Z-scheme recombination.

Herein, we developed a t200-PM/BOB0.5 heterojunction
composite through a hydrothermal-calcination approach.
Comprehensive characterization revealed that thermal treat-
ment facilitated intimate interfacial contact between PM and
BOB, while simultaneously inducing partial reduction of PM to
form mixed-valence active centers (Mo5+/Mo6+). This structural
optimization resulted in signicantly enhanced visible-light
absorption and charge separation efficiency. Remarkably, the
t200-PM/BOB0.5 system exhibits signicantly enhanced proper-
ties in CO2 photoreduction performance under sacricial agent-
free and photosensitizer-free gas–solid conditions, with CO as
the predominant product (selectivity ∼100%). This ndings
provide fundamental insights for developing sustainable solar
fuel generation systems with industrial viability.

Results and discussion
Microstructure and structure characterization

SEM characterization of the material reveals distinct morpho-
logical features (Fig. 1). BOB exhibits well-dened square
nanosheets with smooth surfaces and uniform thickness at
micro–nano scales (Fig. 1a). The PM lm deposited on glass
substrates displays pronounced surface undulations with
extensive crack networks (Fig. 1b), which surface cracks was
conducive to increasing the specic surface area and enhancing
the gas adsorption capacity. The uncalcined t25-PM/BOB0.5

composite material shows that BOB and PM form a physical
mixed system through mechanical grinding (Fig. 1c and d).
Although a small amount of irregular fragments were gener-
ated, the main body still maintains the ake shape of BOB,
indicating that the interface interaction between the compo-
nents was limited when only grinding was performed. Notably,
calcination at 200 °C induces signicant structural reorganiza-
tion in t200-PM/BOB0.5 (Fig. 1e and f), where BOB nanosheets
fragment into nanoscale irregular debris while forming inti-
mate heterointerfaces with PM, a critical microstructural
foundation for multicomponent synergistic catalytic effects.
EDS elemental mapping conrms homogeneous dispersion of
Bi, O, Br, P, and Mo across the t200-PM/BOB0.5 surface (Fig. 1g–
k).

To elucidate the surface functional groups, FT-IR spectros-
copy was employed to characterize BOB, PM, and the t200-PM/
BOB0.5 composite (Fig. 2a). The BOB spectrum exhibits
a prominent absorption band at 514 cm−1, attributed to the Bi–
O stretching vibration. The PM spectrum displays four charac-
teristic bands at 1064, 966, 867, and 719 cm−1, corresponding to
P–Oa (oxygen atoms in PO4 tetrahedra), Mo]Od (terminal
oxygen atoms), Mo–Ob–Mo (corner-sharing bridging oxygen),
RSC Adv., 2025, 15, 18000–18008 | 18001
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Fig. 1 SEM images of catalyst (a) BOB, (b) PM, (c and d) t25-PM/BOB0.5 and (e and f) t200-PM/BOB0.5; (g–k) elements mapping of Bi, O, Br, P, and
Mo in the corresponding region.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/4
/2

02
5 

2:
35

:2
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and Mo–Oc–Mo (edge-sharing bridging oxygen), respectively,
conrming the intact Keggin structure of PM.20 Notably, FT-IR
spectra (Fig. 2a) demonstrate that the characteristic vibration
peaks of PM in the composite of t200-PM/BOB0.5 remain largely
consistent with pure PM, conrming the intact preservation of
its fundamental structure during compounding. The signicant
shi of the Bi–O vibrational characteristic peak in the t200-PM/
BOB0.5 (501 cm−1) compared to pure BOB,providing direct
spectroscopic evidence for effective interfacial coupling
between the two components.

The crystal structure of the sample was analyzed by XRD. The
PM sample exhibits characteristic diffraction peaks matching
the standard card (JCPDS No. 01-0032), though with reduced
intensity and minor impurity peaks, indicative of its low crys-
tallinity (Fig. S3†), which is consistent with the characteristics of
this material reported in the literature.21 In contrast, BOB and
Fig. 2 (a) FT-IR spectra of BOB, PM, and t200-PM/BOB0.5; (b) the XRD p

18002 | RSC Adv., 2025, 15, 18000–18008
its composites (t25-PM/BOB0.5 and t200-PM/BOB0.5) display
sharp, high-intensity diffraction peaks in Fig. 2b, showing
excellent agreement with the BiOBr standard card (JCPDS No.
78-0348) and conrming their high crystallinity and well-
ordered atomic arrangement. The position and intensity of
BOB's diffraction peak did not change signicantly either by
mechanical grinding or calcination at 200 °C, indicating that its
crystal structure remained stable without phase change or
structural damage. However, due to the material fragmentation
caused by calcination process, the relative intensity of (001)
crystal plane diffraction peaks decreases, while the relative
intensity of (102) and (110) crystal plane diffraction peaks
increases, which should be a slight change in the crystal
orientation ratio due to the increase in cross section. Addi-
tionally, although PM exhibits low crystallinity and is highly
dispersed within the composite, leading to weak diffraction
attern of BOB, t25-PM/BOB0.5, and t200-PM/BOB0.5.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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signals, PM diffraction peaks could still be identied in the XRD
pattern of t200-PM/BOB0.5.

The surface chemical states of the samples were character-
ized by XPS as shown in Fig. 4. The XPS survey spectrum
(Fig. 3a) conrmed the coexistence of ve elements (Bi, O, Br, P,
and Mo) in the t200-PM/BOB0.5 composite, with all high-
resolution spectra calibrated using the C 1s reference peak at
284.8 eV. The high-resolution Bi 4f spectrum (Fig. 3b) of pristine
BOB exhibited characteristic doublet peaks at 159.6 eV (Bi 4f7/2)
and 164.9 eV (Bi 4f5/2), corresponding to Bi3+ species.22 Notably,
the composite material showed signicant positive shis of
approximately 0.4 eV in both Bi 4f7/2 (160.0 eV) and Bi 4f5/2
(165.3 eV) peaks, suggesting potential electron interaction
between PM and BOB components. Similar chemical shis were
observed in the Br 3d spectrum (Fig. 3c), where the character-
istic Br− peaks at 68.6 eV (Br 3d5/2) and 69.6 eV (Br 3d3/2) for
BOB23 shied to 69.0 eV and 69.9 eV in the composite, respec-
tively, indicating interfacial electronic redistribution. The high-
resolution P 2p spectrum (Fig. 3d) revealed stable phosphorus
chemical states in both PM and composite materials, showing
characteristic doublet peaks at 134.2 eV (P 2p3/2) and 135.1 eV (P
2p1/2) corresponding to P5+ in phosphate groups.24 For molyb-
denum species analysis (Fig. 3e), the PM component exhibited
Mo 3d peaks at 233.4 eV (Mo 3d5/2) and 236.6 eV (Mo 3d3/2),
characteristic of Mo6+ species.25 In the t200-PM/BOB0.5, these
peaks shi slightly to lower binding energies (233.3 eV and
236.5 eV), accompanied by additional peaks at 232.2 eV (3d5/2)
and 235.2 eV (3d3/2) assigned to Mo5+, indicating partial
reduction of Mo6+ at the interface. The Mo5+ content accounts
for 4.7% of total Mo species, as quantied by peak area inte-
gration.26 In the O 1s high-resolution spectrum analysis (Fig. 3f),
the peaks at 530.6 eV and 531.5 eV for BOB correspond to lattice
Fig. 3 (a) XPS survey spectrum and high-resolution XPS of (b) Bi 4f, (c) B
BOB0.5.

© 2025 The Author(s). Published by the Royal Society of Chemistry
oxygen in Bi–O bonds and surface hydroxyl groups (–OH) or
adsorbed water molecules, respectively.27 For the PM, the peaks
at 531.3 eV and 532.4 eV are attributed to bridging oxygen (Mo–
O–Mo) and terminal oxygen (Mo]O).28 Because PM covers the
surface of BOB, XPS detects more of the oxygen signals of the
surface PM. Therefore, in the t200-PM/BOB0.5, the O 1s peaks
shied to 531.2 eV and 532.3 eV, closely aligning with PM's
spectral features and exhibiting minor deviations (−0.1 eV).
These XPS characterization results strongly indicate that there
is an electron transfer between BOB and PM during the calci-
nation process, which may enhance the catalytic activity by
generating oxygen vacancies or exposing the active sites of
Mo5+.
Optical absorption and photoelectrochemical properties

The visible light absorption characteristics and the separation
efficiency of photogenerated electron hole pairs of catalysts are
the key factors determining their photocatalytic activity. UV-vis
DRS analysis revealed distinct absorption edges for pristine
BOB (450 nm) and PM (550 nm), corresponding to electron
transitions in Bi–O/Bi–Br and Mo–O bonds, respectively
(Fig. 4a). Remarkably, the t200-PM/BOB0.5 composite exhibited
an extended absorption edge (∼525 nm) with a broadened new
absorption band centered at 680 nm, attributable to the IVCT
effect induced by reduced Mo5+ species in PM. Kubelka–Munk
transformation analysis yielded bandgap values of 2.79 eV
(BOB), 2.28 eV (PM), and 2.34 eV (t200-PM/BOB0.5), conrming
their visible-light-responsive characteristics (insert of Fig. 4a).

PL spectroscopy under 320 nm excitation provided critical
verication of separation efficiency of electron–hole pairs
(Fig. 4b). PM exhibited a weak emission peak at 480 nm, while
BOB showed relatively intense uorescence at 440 nm,
r 3d, (d) P 2p, (e) Mo 3d and (f) O 1s in catalyst BOB, PM and t200-PM/

RSC Adv., 2025, 15, 18000–18008 | 18003
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Fig. 4 (a) UV-vis DRS spectra of catalysts BOB, PM and t200-PM/BOB0.5, with the band gap diagram of the corresponding catalyst illustrated; (b)
solid PL spectra of BOB, PM and t200-PM/BOB0.5, with amplified fluorescence spectra of PM and t200-PM/BOB0.5 shown in the embedded
spectrogram; (c) photocurrent response and (d) EIS of BOB, PM, t25-PM/BOB0.5, and t200-PM/BOB0.5.
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indicative of rapid electron–hole recombination. The t200-PM/
BOB0.5 demonstrated the lowest PL intensity, verify that the
interaction between BOB and PM can improve the separation
efficiency of electron–hole pairs (insert of Fig. 4b). The interfa-
cial charge transfer properties of catalysts were investigated
through electrochemical characterization. As shown in Fig. 4c,
the photocurrent response of t200-PM/BOB0.5 (0.46 mA cm−2)
signicantly exceeded that of t25-PM/BOB0.5 (0.41 mA cm−2),
pristine BOB (0.08 mA cm−2), and PM (0.03 mA cm−2), indicating
that the photoelectric conversion efficiency of the composite
material is improved aer calcination treatment. EIS analysis
further revealed the charge transfer resistance through Nyquist
plot comparison (Fig. 4d). The t200-PM/BOB0.5 composite
exhibited the smallest arc radius, indicating the lowest inter-
facial charge transfer resistance among the tested materials.
The quantitative correlation between the reduced semi-circular
size and the improved charge separation efficiency conrms
that, compared with individual components, the composite
material structure signicantly enhances photoinduced charge
separation and interface carrier transport, which is highly
consistent with the observed photocatalytic performance
enhancement.
Photocatalytic CO2 reduction activity

The photocatalytic CO2 reduction (PCR) performance of the
catalyst was investigated at gas–solid interface with water as
electron sacricial agent under simulated sunlight. As shown in
18004 | RSC Adv., 2025, 15, 18000–18008
Fig. 5a and b, pristine BOB and PM exhibited CO evolution rates
of 1.87 and 2.64 mmol g−1 h−1, respectively. The mechanically
mixed t25-PM/BOB0.5 showedmarginal improvement (3.55 mmol
g−1 h−1), whereas the calcined t200-PM/BOB0.5 achieved
a remarkable 18.82 mmol g−1 h−1, representing 10.06 and 7.13-
fold enhancement over individual components. Control exper-
iments demonstrate that individual components (uncom-
pounded PM or BOB, denoted as t200-PM and t200-BOB) calcined
at 200 °C for identical duration exhibited photocatalytic CO2

reduction only 6.29 and 3.55 mmol g−1 h−1 respectively, showing
little improvement compared with before calcination. The
signicant changes in catalytic performance under these
different conditions highlight the key role of calcination
induction interface engineering.

The calcination temperature optimization study (Fig. 5c)
revealed 200 °C as the optimal thermal treatment condition.
Below this threshold, insufficient heterointerface formation
limited charge separation efficiency. When the temperature
exceeds 200 °C, the thermal instability of PM components leads
to structural decomposition, resulting in a downward trend in
catalytic activity. The synchronized physical photos show that
with the increase of calcination temperature (25–300 °C), the
color of the material changes from light yellow to dark green
(Fig. S4†), which is consistent with the characteristic color
development of the reduced Mo5+ state of phosphomolybde-
num heteropolyacid. The UV-vis DRS (Fig. S5†) further
conrmed that the characteristic absorption peak intensity of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The PCR performance diagram of BOB, PM, t25-PM/BOB0.5, t200-PM/BOB0.5, t200-BOB, t200-PM and (b) their corresponding CO yields
over time; (c) PCR performance diagram of tn-PM/BOB0.5 synthesized at different temperatures; (d) PCR performance of t200-PM/BOBx with
different ratios of PM/BOB; (e) The PCR performance diagram of t200-PM/BOB0.5 synthesized under different calcination atmosphere; (f) the PCR
cycle test performance of t200-PM/BOB0.5.
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the material at 600–800 nm was signicantly enhanced with the
increase of the treatment temperature, indicating that the
concentration of Mo5+ reduced species was positively correlated
with the calcination temperature.

Compositional optimization studies at 200 °C identied a 1 :
1 PM/BOBmass ratio as the optimal conguration (Fig. 5d). PM-
rich composites (t200-PM/BOB0.8 and t200-PM/BOB0.75) exhibited
signicantly reduced activity (3.21–4.52 mmol g−1 h−1), while
BOB-dominant formulations (t200-PM/BOB0.25 and t200-PM/
BOB0.16) maintained moderate performance (13.5–15.5 mmol
g−1 h−1). At the same time, different atmosphere during calci-
nation will also affect the PCR efficiency of t200-PM/BOB0.5. As
shown in Fig. 5e, when the composite material was calcined in
N2, air, and O2 atmosphere, the CO conversion rates are 8.06,
18.82, and 5.16 mmol g−1 h−1, respectively. This atmosphere-
dependent behavior originates from dual modulation effects:
(i) oxygen partial pressure regulates Mo5+ enrichment in PM,
enhancing reducibility; (ii) calcination atmosphere tunes
oxygen vacancy concentration in BOB, which serves as oxidative
active sites and promotes the formation of heterojunction
interface through coordination with phosphomolybdenum
heteropoly acid.

The photocatalytic performance of t200-PM/BOB0.5 under
varying CO2 concentrations to evaluate the practical applica-
bility of the catalyst, as illustrated in Fig. S7.† The CO produc-
tion rate increased signicantly from 1.33 to 18.83 mmol g−1 h−1

as the CO2 concentration rose from 2 to 18 vol%. This
concentration-dependent behavior demonstrates the material's
direct applicability potential for medium-to-low concentration
© 2025 The Author(s). Published by the Royal Society of Chemistry
CO2 mitigation scenarios. Finally, durability tests conrmed
exceptional stability of t200-PM/BOB0.5, maintaining 18.8 ± 0.24
mmol g−1 h−1, CO production over 5 cycles with <3% activity
decay (Fig. 5f). In addition, XRD and FT-IR spectra were used to
conduct comparative analyses before and aer the photo-
catalytic reaction of the t200-PM/BOB0.5. The characteristic
diffraction peaks in the XRD pattern and the functional group
vibrations in the FT-IR pattern all maintained their positions
and intensities, and there was no obvious structural change
(Fig. S6†). These robust performance stems from the engineered
heterointerface's structural integrity and inherent anti-
photocorrosion properties. Finally, a comparative analysis of
the photocatalytic CO2 reduction performance at the gas–solid
interface with the recently reported POM/BiOBr-based
analogues indicates that our material outperforms many of
the reported similar materials, demonstrating its superior
activity.
Photocatalytic mechanism

Based on the aforementioned experimental results, it can be
speculated that the enhanced photocatalytic CO2 reduction
mechanism primarily originates from the construction of high-
quality heterojunction structures. To validate this hypothesis,
investigations into the band alignment and heterojunction type
of the catalysts were conducted. As shown in Fig. 6a, the positive
slope of the MS plot for BOB conrms its n-type semiconductor
characteristics. The at-band potential (E) of BOB was deter-
mined to be −0.57 V. For n-type semiconductors, the E is
approximately equivalent to the Fermi level (EF) under most
RSC Adv., 2025, 15, 18000–18008 | 18005
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Fig. 6 (a) The M–S curve of BOB, (b) the CV curve of PM; and (c) the mechanism diagram of photocatalytic CO2 reduction reaction based on
t200-PM/BOB0.5.
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conditions.29 Based on the Boltzmann distribution relationship
between EF and conduction band potential (ECB), along with the
intrinsic properties of n-type semiconductors, the ECB of BOB
was calculated to be −0.77 V. Furthermore, the UV-vis DRS
results revealed a Eg of 2.79 eV for BOB, representing the energy
difference between its valence band maximum (EVB) and ECB.
Using the equation Eg = EVB − ECB, the EVB of BOB was subse-
quently determined as 2.02 V.

To investigate the energy band structure of PM, CV curves
was employed to estimate the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels. As shown in Fig. 6b, the onset potential of
the rst reduction peak in the CV curve for oxidized PM (PMox)
was measured at 0.71 V, corresponding to its LUMO potential
(ELUMO). Combined with the Eg of PM (2.28 eV) determined from
UV-vis DRS, the HOMO potential (EHOMO) was calculated as
2.79 V. Notably, the LUMO level of PMox aligns with the HOMO
level of reduced PM (PMred).30 UV-vis DRS analysis of the
composite (Fig. S7†) revealed an IVCT absorption edge at
823 nm for the PMred component in t200-PM/BOB0.5. Using the
equation DEgap = 1239.8/ledge, the IVCT transition bandgap was
calculated as 1.51 eV. This indicates that photoexcitation
induces charge transfer between Mo5+ and Mo6+ in PMred,
generating an excited state with an IVCT band (EIVCT) electron
reduction potential of −0.80 V.31 Both the conduction band
potential of BOB (ECB = −0.77 V) and the EIVCT of PMred are
signicantly more negative than the CO2/CO reduction poten-
tial (−0.53 V vs. NHE),32 conrming their thermodynamic
18006 | RSC Adv., 2025, 15, 18000–18008
capability to drive CO2 reduction to CO. Incidentally, macro-
scopic color changes before and aer calcination of the catalyst
and IVCT characteristic absorption peaks (600–900 nm) in the
UV-vis DRS support the formation of reduced PMred (Fig. S4 and
S5†), indicating partial reduction of PM in t200-PM/BOB0.5 and
formation of mixed valence active centers.

Based on the aforementioned experimental results, the
photocatalytic CO2 reduction mechanism of the t200-PM/BOB0.5

composite can be summarized as follows (Fig. 6c). Under light
excitation, BOB semiconductor generates photogenerated elec-
tron–hole pairs, with electrons transitioning from the valence
band (VB) to the conduction band (CB). Due to the signicant
energy difference between the LUMO level of PM (0.71 V) and
the conduction band of BOB (−0.77 V), electrons spontaneously
transfer from the CB of BOB to the LUMO of PM, forming
reduced PMred containing mixed Mo5+/Mo6+ valence states.
Studies reveal that the IVCT excited state (EIVCT = −0.8 V) in
PMred exhibits semiconductor-like impurity level characteris-
tics, serving as an electron transfer mediator. Its reduction
potential is signicantly more negative than the standard CO2/
CO potential (−0.53 V), thereby efficiently driving CO2 reduc-
tion. Simultaneously, the VB holes in BOB are consumed
through water oxidation (H2O + h+/O2 + H

+), achieving charge
balance and supplying protons for CO2 reduction. This Z-
scheme electron transfer mechanism not only effectively
suppresses carrier recombination but also signicantly
enhances photocatalytic efficiency through spatial separation of
redox sites.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

In general, the t200-PM/BOB0.5 composite with heterojunction
structure was synthesized via hydrothermal-calcination
method. Systematic characterization revealed that calcination
at 200 °C facilitated intimate interfacial contact between PM
and BOB, inducing partial reduction of PM to form mixed-
valence active centers (Mo5+/Mo6+). The composite exhibited
signicantly enhanced visible-light absorption and charge
separation efficiency. Optimization studies conrmed that air-
calcination at 200 °C and a 1 : 1 PM/BOB mass ratio delivered
optimal performance, achieving a CO production rate of 18.82
mmol g−1 h−1 under gas–solid with simulated sunlight and
water vapor, which was 7.1–10.6 times higher than individual
components. Furthermore, the material demonstrated excep-
tional stability with <3% activity decay over ve consecutive
cycles. Mechanistic investigations attributed the superior
performance to synergistic Z-scheme electron transfer and
spatially separated redox sites, where the IVCT excited state in
reduced PMred acted as an electron relay to suppress carrier
recombination and accelerate CO2 reduction kinetics. This
work establishes novel design reference for developing high-
performance Keggin-type molybdenum-based photocatalysts.
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