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ARTICLE INFO ABSTRACT

Keywords: Photocatalytic CO, reduction to value-added chemicals is limited by inefficient charge transfer and sluggish
Photocatalysis multielectron kinetics. Here, we develop a TiOy (P25) based ternary system incorporating Pt NPs and 1T-domi-
902 reduction nant MoSe, NSs as dual cocatalysts (i.e., Pt/TiO2-MoSes) to direct charge flow and reaction pathways. This Pt/
Egsz e TM architecture accelerates charge separation and provides highly active sites for CO; activation. The optimized

Pty 50,-TiOo-MoSey exhibits a CH4 evolution rate of 17.81 pmol g~! under 5-sun illumination with ~ 98%
selectivity in the gas phase, achieving a 65-fold enhancement over TiOy (P25). Under multi-sun irradiation,
increased photon flux boosts activity, indicating the critical role of charge carrier density, and facilitates rapid
CH4 desorption, thereby overcoming the activity-selectivity trade-off. The coexistence of static interfacial charge
redistribution and dynamic photoinduced electron transfer, validated by experiment (XPS, XAS) and Density
Functional Theory (DFT) quantum mechanics (QM) calculations, ensures the retention of the active 1T-MoSey
phase and establishes an efficient TiO; — MoSez — Pt charge-funneling highway. In situ DRIFTS, combined with
simulated infrared spectra (DFT), identifies a *CHO-dominated pathway for the conversion (*CO— *CHO —
*CHOH — *CH30H — *CHy; — *CH3 — CHy), and isotopic labeling confirms the CO-to-CH4 formation. DFT
results further support the cascade charge transfer and reduced energy barriers enabled by the dual cocatalyst
system.

Multi-sun illumination

1. Introduction non-metal cocatalysts [8]. Most work highlights the role of metal NPs in

enhancing charge separation and catalytic activity.

Solar-driven conversion of low-concentration CO, into useful
chemicals and fuels offers a way to turn even dilute carbon sources into
renewable energy carriers [1-3]. Yet, this remains challenging due to
limited CO5 availability and slow reaction kinetics [4-6]. TiO, stands
out as one of the best photocatalysts due to its cost-effectiveness, sus-
tainability, and photostability; however, its usefulness in CO2 reduction
is curtailed by a wide bandgap, rapid charge recombination, and limited
understanding of its surface catalytic activity [7]. Extensive research has
explored different cocatalysts to improve the performance of TiOj,
focusing on metal nanoparticles (NPs) such as Pt, Ag, Au, Pd, and Cu, as
well as their bimetallic combinations. Fewer studies have investigated
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Two-dimensional transition metal dichalcogenides (TMDs) such as
MoS; and MoSe,; have emerged as promising nonprecious materials
owing to their unique optical and electronic properties [9]. MoSes has
gained attention for energy applications due to its high electrical con-
ductivity, and its easy-to-form Se-Mo-Se layered structure [10]. MoSes
has been explored as a cocatalyst for photocatalytic Hy production,
showing potential to replace Pt because of its favorable Se-H,4qs bond
energy (273 kJ/mol) compared to Pt-H (251 kJ/mol) [11,12]. DFT
studies by Ngrskov et al. also indicate its capability for CO5 reduction
[13]. With a narrow band gap (1.1-1.8 eV), MoSe; enhances
visible-light absorption and facilitates CO, photoreduction. Previous
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studies employed MoSe; in a heterostructure formation with another
semiconductor for photocatalytic CO2 reduction in a liquid phase using
triethanolamine (TEOA) as a sacrificial agent [14,15]. Similarly, MoSe,
with 1T-phase dominance can also be used as a cocatalyst for photo-
catalytic CO5 reduction [16], depending on the synthesis approach of
the catalyst. The quantum-confinement effect enables an
indirect-to-direct band-gap transition in bulk-to-nanolayered MoSes.
Therefore, exfoliation of bulk MoSe; into multi-layered structures can be
possible, in which the weakly bonded two-dimensional (2D) atomic
layers (i.e., nanosheets) can be separated [17]. These multilayers can be
combined with other semiconductors to make them useful materials for
photocatalytic COy reduction reactions. Most MoSes-based photo-
catalysts reported to date are binary composites but still fall short of
fully exploiting this material's synergistic potential. Thus, further
exploration of their properties and CO; reduction performance is highly
desirable. Constructing a ternary hybrid architecture by integrating
additional active components offers a promising route to enhanced ef-
ficiency. Anchoring Pt NPs as co-catalysts can significantly boost activity
through their localized surface plasmon resonance (LSPR) effect, which
broadens visible-light absorption and improves charge separation [18].
In addition, they provide highly active adsorption sites, which are
crucial for gas-phase CO, reduction, where efficient CO, activation is
essential [19].

Based on these insights, we designed a Pt/TiOz-MoSey (Pt/TM)
ternary photocatalyst to improve low-concentration CO» photoreduc-
tion. Although MoSe;, alone shows limited activity, integrating Pt NPs
and MoSe; nanosheets on TiO, creates a dual co-catalyst system that
enhances charge separation and CO; activation. Pt acts as an electron
trap and multi-electron transfer center, while MoSe; edge sites and Se
vacancies provide Lewis basic sites for strong COy adsorption and acti-
vation, enabling efficient and selective CO5 reduction. The Pt; 50,-TM
catalyst exhibited superior CO,-to-CHy4 conversion activity under 5-sun
illumination, with ~ 98% CH4 selectivity with a trace of CyHg, and
24-hour stability. This enhanced performance under multi-sun irradia-
tion stems from increased photon flux, which generates more reactive
electrons and holes, thereby accelerating charge utilization, CO; acti-
vation, and CHy4 desorption. In situ EXAFS, TRPL, operando spectros-
copies, isotopic labeling, and DFT calculations revealed the charge-
transfer dynamics and the COs reduction pathway responsible for
enhanced performance.

2. Experimental section
2.1. Exfoliation of MoSe,

50 mg MoSe;, was dispersed in a MeOH + DI Hy0 mixture (15 +
35 mL) and sonicated for 2 h at ambient temperature. Then, the solution
was collected through centrifugation at 3000 rpm for 7 min. The exfo-
liated solution was stored in a refrigerator to synthesize the TiO2-MoSe;
samples.

2.2. Synthesis of TiO2-MoSez (TM)

200 mg of P25 (Degussa) was mixed with X mL of exfoliated MoSe;
solution and 15 mL of DI water, and sonicated for 20 min. Then the
mixture was stirred for 4 h at ambient conditions, centrifuged at
15000 rpm for 10 min, and dried at 90 °C in a vacuum oven for 12 h. The
solid powder was vacuum annealed in a furnace connected to a vacuum
pump at 200 °C for 2 h. After the furnace had cooled naturally, the TM
was collected. TMyo, with varying MoSe; amounts (X =5, 10, 15, 20, and
30 mL) compared to P25 were synthesized. The mass loadings of MoSe;
were determined to be 0.113, 0.235, 0.443, 0.562, and 0.755% for TM5,
TM10, TM15, TM20, and TM30, respectively (detailed elemental pro-
files are provided in Table S1).
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2.3. Synthesis of Pt/TiO2-MoSey (Pt-TM)

100 mg TM was dispersed in a certain amount of DI-H;0, methanol
(5 mL), and different amounts (y%) of Pt precursor solutions (i.e.,
H,PtClg). The reaction mixture was stirred in the dark for 1 h, followed
by irradiation under a 300 W Xe lamp for 2 h with mild stirring. The Pt-
deposited TM composite was recovered by centrifugation and copiously
washed with DI water, diluted HoO», and again with DI water. Finally,
the sample was dried at 90 °C in a vacuum oven for 12 h. The varied
amount of Pt content in TM was prepared and named Ptyo,-TM, where ‘y’
is the wt% of Pt (y% = 0.5, 1.0, 1.5, 2.0, and 2.5%).

3. Results and discussion
3.1. Morphology and surface coordination chemistry

The optimized TiO2-MoSe, (TM) was first prepared, followed by Pt
deposition (Fig. 1a). Among these, Pt; 50,-TM exhibited the highest CO4
reduction activity; therefore, P25, TM, and Pt; 50,-TM were selected for
further characterization. Morphological features were analyzed by field
emission scanning electron microscopy (FE-SEM) and high-resolution
transmission electron microscopy (HR-TEM) (Figs. 1b-j and S1-S4).
Bulk MoSe; (before exfoliation) exhibited a sandwich-like morphology
with stacked and closely packed sheets extending to several micrometers
(Fig. S1). After exfoliation, MoSe; nanosheets (NSs) were integrated
with P25 (Fig. S2). A similar morphology was observed for Pt; 50,-TM
(Fig. S3). Energy-dispersive spectroscopy (EDS) confirmed the presence
of Ti, O, Mo, and Se, which was further supported by elemental mapping
(Figs. S3c-h). In the Pt; 50,-TM composite, HR-TEM images reveal MoSes
NSs entangled with TiO, edges, while finely distributed Pt NPs with
spherical morphology are anchored on both TiO, and MoSe; surfaces
(Figs. 1b, ¢, and S4). The lattice fringes with interplanar spacings of
0.35 nm and 0.23 nm correspond to the (101) plane of anatase TiO3 and
the (111) plane of metallic Pt, respectively. Statistical analysis based on
HR-TEM images shows that the Pt NPs possess an average particle size of
5.6 nm (Fig. S4f). High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images (Fig. 1d) further confirmed
the presence of Pt on the TiOz-MoSe; heterostructure, indicating close
interfacial contact. EDS elemental mapping revealed the distribution of
Ti, O, Mo, Se, and Pt throughout the nanostructure (Fig. le-j). The
measured elemental contents from inductively coupled plasma optical
emission spectroscopy (ICP-OES) in the Pt; 50,-TM composite are 1.21 wt
% Pt, 0.15 wt% Mo, and 0.28 wt% Se.

X-ray diffraction (XRD) patterns of exfoliated MoSe, nanosheets
show the characteristic features of a mixed 2H/1T phase transition
(Fig. S5). The exfoliation of MoSe; was confirmed by the dominance of
the (002) basal plane reflection and the emergence of characteristic 1T-
phase peaks at 32.9° and 61.7° [20,21]. This 1T feature of MoSe; pro-
vides the increased conductivity for CO, photoreduction. In the XRD of
composites, all the peaks correspond to TiOy (Fig. 2a). MoSey or Pt
introduction did not change the diffraction pattern of TiOy due to their
low concentration and low diffraction intensity. Raman was analyzed to
confirm the sample's chemical composition and surface changes after
composite formation (Fig. 2b, ¢). The Raman spectra display charac-
teristic anatase TiO, vibrational modes, with five Raman bands (i.e., 2Eg
+ Blg + Alg + Eg) (Fig. 2b). The strongest E; band was observed at
149.2 cm ™. In the case of the TM, a slight shift of the Eg band towards
lower wavenumbers, from 149.2 to 146.07 cm ™, was observed. Such a
shift might be caused by charge transfer between TiO, and MoSey,
implying that the two are nearby [22,23]. However, when the Pt NPs
were deposited on TM, the Eg peak was blue-shifted from 146.07 to
153.81 ecm ™}, ascribed to the surface-enhanced Raman scattering effect
due to the successful deposition of Pt NPs on TM [24]. These results
indicate that MoSe; and Pt are deposited on the P25 to form the Pt-TM
composite.

X-ray photoelectron spectroscopy (XPS) was recorded to examine the
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Fig. 1. (@) Schematic of synthesis of Pt-TM photocatalyst, (b-c) HR-TEM, (d) HAADF, and (e) elemental mapping of Pt; 5¢,-TM for (f) Ti, (g) O, (h) Mo, (i) Se, and (j)

Pt elements.

surface information of the MoSe,, exfoliated MoSe;, P25, TM, and
Pt1.50-TM (Figs. S6-S9 and 2d-i). All spectra were calibrated using the
adventitious C 1 s peak. XPS analysis of the initial bulk powder and the
liquid-phase exfoliated nanosheets reveals the electronic impact of the
exfoliation process (Fig. S7). The bulk MoSe, exhibits characteristic Mo
3ds,/2 and Mo 3d3/» doublets at 229.36 eV and 232.46 eV, respectively,
corresponding to the stable 2H phase. Following exfoliation, these peaks
shift to 229.00 eV and 232.14 eV. A similar shift in Se 3d was observed
in MoSe; and exfoliated MoSe,. While deconvolution shows a minor
contribution from the metallic 1T phase induced by high-energy soni-
cation, the 2H phase remains dominant [20,21]. This is attributed to the
metastable nature of the 1T configuration; without a stabilizing elec-
tronic donor (e.g., TiOs) or high-energy surface, the nanosheets undergo
structural relaxation and restacking back into the thermodynamically
stable 2H state during solvent evaporation [25]. While in the TM, the Mo

3d and Se 3d peaks undergo a downshift to ~227.98/231.14 eV and
~53.55/54.33, representing a complete 1T-dominant state (Figs. S8d,
e). This stabilization is driven by the strong metal-support interaction
(SMSI) at the heterojunction. The TiO support acts as a persistent
electron reservoir, injecting charge into the MoSe; lattice via interfacial
Ti-O-Mo linkages (Figs. S8b, ¢). This continuous electronic enrichment
effectively locks the MoSe; in the metallic 1T phase, preventing the
structural reversion observed on inert substrates. Consequently, the
TiO5 does not merely serve as a physical scaffold but functions as a
critical electronic stabilizer, ensuring the retention of the high conduc-
tivity 1T phase for enhanced catalytic performance.

In Pt; 50,-TM, the Ti 2p core-level spectrum showed two peaks at
458.63 and 464.30 eV, assigned to Ti 2p3,2 and Ti 2p; 2, respectively
(Fig. 2e)[26,27]. The distance between the 2p3 /5 and 2ps,, core levels is
5.8 eV, suggesting Ti*" in TiO2[28,29]. For the O 1's spectrum, peaks at
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Fig. 2. (a) XRD patterns and (b-c) Raman spectra of P25, TM, and Pt; s¢,-TM. High-resolution XPS spectra of Pt; 50,-TM: (d) C 1 s, (e) Ti 2p, (f) O 1 s, (g) Mo 3d, (h)

Se 3d, and (a) Pt 4 f.

529.76, 529.98, and 531.75 eV are assigned to Ti-O-Ti, Ti-O-Mo, and
Ti-O-H, respectively (Fig. 2f)[30]. The Mo 3d spectrum confirms the
successful retention of the metallic 1T phase despite the addition of the
Pt co-catalyst (Fig. 2g)[31]. The dominant doublet at 227.96 eV and
231.09 eV is assigned to the 1T-MoSe; phase, while the lower intensity
peaks at 228.62 eV and 232.43 eV corresponds to the residual 2H phase
[32,33]. The presence of Mo™ species is also noted at 233.89 eV and
235.25 eV, alongside the Se 3 s peak at 231.92 eV [26,34]. The oxidized
Mo component becomes more pronounced in TM compared to the
exfoliated sample. This can be attributed to the strong interfacial
interaction between MoSe, and TiO, which can induce partial charge
redistribution at the interface to stabilize oxidized Mo species. The Se 3d
spectrum mirrors this trend, showing a significant downshift consistent
with the metallic 1T character (Fig. 2h)[31]. The Pt 4 f spectrum pro-
vides evidence for the successful deposition of Pt NPs. The doublet
observed at 70.35 and 73.64 eV confirms that Pt exists in its metallic
(Pto) state (Fig. 2i), which is ideal for facilitating charge transfer. The
interfacial interaction between TiO; and MoSe,/Pt was confirmed by Ti
2p and O 1 s XPS spectra (Fig. S9). The Ti 2p spectra showed a slight
negative shift and peak broadening after MoSe, and Pt deposition,
which can be attributed to interfacial charge redistribution and the
partial formation of surface Ti®* species near the heterojunction, rather
than bulk reduction of TiO3[11]. The O 1 s binding energy shift indicates
interfacial electronic coupling and charge redistribution at equilibrium,
rather than the dynamic transport direction of photoexcited carriers.

This is consistent with Mott—Schottky results showing a built-in electric
field and improved charge separation, as discussed in the mechanism
section.

X-ray absorption spectroscopy (XAS) was conducted to observe the
local electronic and geometrical structures around a selected element of
TM and Pt; 50,-TM (Figs. 3 and S10-S14). Ti K-edge XANES (X-ray ab-
sorption near edge structure) and EXAFS (Extended X-ray absorption
fine structure) provide insights into the interfacial modification of P25
(TiO2) upon formation of the TM and Pt; 50,-TM heterostructures. Ti K-
edge XANES spectra show a slight shift of the absorption edge toward
higher energy, along with subtle changes in the pre-edge features for TM
and Pt; 59,-TM compared with pristine P25 (Fig. 3a). This shift indicates
a decrease in electron density at Ti, suggesting electron transfer from
TiO5 to the MoSe; and Pt components. The modification of pre-edge
features further reflects changes in Ti 3d-O 2p hybridization induced
by interfacial interactions. Ti k-edge EXAFS analysis reveals a slight
change in both the first-shell and higher-shell scattering features after
MoSe; coupling and Pt deposition, indicating changes in the local co-
ordination environment of Ti (Fig. 3b). The EXAFS fittings suggests that
the Ti-O bond distance remains nearly unchanged, varying slightly from
1.96 A for P25-1.95 A for TM and 1.96 A for Pty 50-TM (Fig. S10 and
Table S2). In contrast, the coordination number decreases from 3.71 in
P25-3.25 and 3.27 for TM and Pt; 5¢,-TM, respectively, accompanied by
an increase in the Debye-Waller factor, suggesting a modest increase in
local structural disorder upon MoSey incorporation and Pt loading.
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These observations indicate that the TiO, lattice framework is largely
preserved while the local Ti coordination environment is subtly modi-
fied through interfacial interactions. The corresponding k3-weighted
EXAFS spectra show discernible amplitude differences between P25,
TM, and Pt; 50,-TM, further supporting changes in the local atomic
environment surrounding Ti (Fig. S11). WT-EXAFS analysis exhibits
dominant Ti-O coordination features without the appearance of high-R
contributions associated with Ti-Ti or Ti-Se coordination. This indicates
the absence of new bulk Ti-Se or Ti-Pt phases and suggests that MoSey
and Pt interact with TiO5 (Figs. 3¢ and $12).

Mo K-edge XANES spectra reveal that TM and Pt; 50,-TM exhibit
nearly identical features to pure MoSe,, indicating that the electronic
state of Mo remains largely unaffected by heterostructure formation
(Fig. 3d). In the Mo K-edge FT-EXAFS spectra, two dominant peaks at
~2.14 A and 2.94 A correspond to Mo-Se and Mo-Mo coordination,
respectively, characteristic of MoSey (Fig. 3e). For Pt; 50,-TM, a weak
feature around ~ 1 A was observed, which can be attributed to slight
Mo-O coordination, consistent with the oxidation signal also detected in
XPS. Importantly, the overall spectral profiles of TM and Pt; 50,-TM
closely resemble those reported for the 1T phase of MoSes, suggesting
that the layered MoSey phase is preserved within the heterostructure.
The k3-weighted EXAFS oscillations further support this conclusion, as
Mo atoms retain their local bonding configuration with only minor
perturbations (Fig. S13a). Cao et. al. reported the difference between the
1T and 2H phases for K-edge Mo, where the peaks of TM and Pt-TM
closely resemble those of the 1 T phase of MoSey[35]. The Se K-edge

displays clear signatures of interfacial perturbation. The Se XANES
near-edge intensity for TM and Pt; 5¢,-TM is decreased relative to pris-
tine MoSe,, indicating changes in the Se unoccupied states consistent
with interfacial electronic coupling or partial charge redistribution
(Fig. 3f). The principal Se-Mo coordination peak appears at the same
radial distance as in pristine MoSey, indicating that the Se-Mo bond
length is preserved (Fig. 3g). The k3-weighted Se EXAFS oscillations
show reduced oscillation amplitude (damping) for the heterostructure
samples compared with pristine MoSe; (Fig. S13b).

The Pt Lg-edge XANES spectra show a white line intensity and edge
position like the Pt foil, indicating a metallic Pt state, consistent with
XPS findings (Fig. 3h) [36]. Fourier-transformed EXAFS spectra reveal a
prominent Pt-Pt peak at ~2.7 A, matching the foil and suggesting
metallic NPs, with no significant Pt-O contribution (Fig. 3i). WT anal-
ysis of the Pt L3-edge EXAFS further supports the metallic nature of Pt in
the catalyst (Fig. S14). The Pt foil exhibits a well-defined intensity
maximum at R ~ 2.5-2.8 A and k ~ 8-10 f\‘l, characteristic of Pt-Pt
coordination in metallic Pt. A similar feature is observed for Pt; 50,-TM,
confirming the presence of metallic Pt NPs. However, compared to Pt
foil, the WT feature in Pt; 50,-TM is noticeably broader and extends to-
ward lower k values, which can be attributed to reduced coordination
number, structural disorder, and size effects of Pt NPs on the TiO5-MoSe,
support.
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3.2. Optical properties and band structure analysis

In the ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis-
DRS), P25 exhibits an optical absorption edge at around 390 nm due to
its broad bandgap. There was increased light absorption in the visible
region of 400-800 nm for the TM (Figs. 4a and S15). While MoSe,
loading on the surface of P25 does not significantly modify its inherent
absorption edge [11]. Further improvement was observed after Pt
deposition on TM, which can be attributed to the localized surface
plasmon resonance (LSPR) [37]. Tauc’s plot analysis was employed to
evaluate the optical absorption characteristics and apparent bandgap
evolution of P25, TM, and Pt; 5¢,-TM. For such multicomponent heter-
ostructures, the derived bandgap values represent effective optical
transitions of the composite system rather than intrinsic band edges of
single phases. Tauc plot analysis reveals a narrowing of the optical
bandgap from P25 (3.28 eV) to TM (3.14 eV) and further to Pt; 50,-TM
(2.99eV) (Fig. Sl6a). Beyond improved light harvesting, this
electronic-structure modulation plays a critical role in governing
COy-reduction selectivity. The bandgap narrowing and formation of
interfacial states facilitate more efficient charge excitation and accu-
mulation, thereby increasing the steady-state electron density at the
catalytic interface. This elevated electron population provides the
necessary thermodynamic driving force and kinetic feasibility for the
demanding multi-electron proton-coupled reduction of CO; beyond the

Applied Catalysis B: Environment and Energy 399 (2026) 127142

two-electron CO pathway toward deep hydrogenation to CH4. Conse-
quently, the optimized electronic structure of Pt; 50-TM favors CHy
formation [38].

The valence band XPS (VB-XPS) was employed to determine the
electronic band structures (Fig. S16b). It should be noted that VB-XPS
measurements are performed under ultra-high vacuum conditions,
whereas the photocatalytic reactions occur in the presence of H,O
vapor. Surface hydration and adsorption of water molecules may
slightly influence the band-edge positions of oxide photocatalysts [39].
Nevertheless, VB-XPS is widely used to estimate relative band alignment
and provide qualitative insight into interfacial charge-transfer behav-
iour in photocatalytic systems. For the P25 standard, the valence band
maximum (VBM) was determined to be 2.56 eV, which is consistent
with the characteristic band edge for mixed-phase TiO2[40,41]. Given
the optical band gap of 3.28 eV, the conduction band minimum (CBM)
of P25 is positioned at — 0.72 eV vs. NHE (Fig. S16¢). The VB-XPS of TM
shows a VBM at 2.30 eV; such a shift of the VBM towards the vacuum
level is attributed to the electronic interface formed between P25 and
MoSe;. Upon the deposition of Pt, a further upward shift in the VBM to
2.27 eV was observed for the Pty 50-TM (Eg = 2.99 eV), placing its CBM
at — 0.72 eV. These band positions are highly suitable for the photore-
duction of CO, into CHy, as the conduction bands remain significantly
more negative than the respective redox potentials of — 0.53 eV and —
0.24 eV vs. NHE.
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Fig. 4. (a) UV-Vis-DRS of P25, TM, and Pt; 50,-TM. Photocatalytic CO5 reduction to CH4 under 1- and 3-sun illumination: (b) TM with varying MoSe; contents, (c)
TM annealed at different temperatures, (d) Ptyy-TM, (e) time-dependent CO, reduction performance of P25, TM, and Pt 50,-TM, (f) GC-MS chromatogram con-
firming '*CH, formation for Pt 50,-TM, (g) solar spectral distribution used for multi-sun illumination, (h) photocatalytic performance of Pt; s0,-TM under different
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(1-Sun + 47 °C) and thermocatalysis at an equivalent temperature (47 °C) corresponding to the 5-Sun condition (dark reaction).
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3.3. Photocatalytic COz reduction

The photocatalytic CO, reduction experiments were conducted in the
gas phase of CO, (1000 ppm) and H30 vapor. Given that the atmo-
spheric CO5 level is currently ~420-470 ppm, developing catalysts
capable of operating efficiently under CO»-scarce environments is crit-
ically important. The photocatalytic system is presented in Fig. S17 and
Table S3, and the results are shown in Figs. 4b-i and S18. All the samples
were tested under 1-sun and 3-sun illumination to study the photonic
effect on catalysis. Pure P25 showed very low activity for CO5 reduction.
However, introducing varying amounts of MoSey (Fig. 4b, ¢), followed
by the deposition of Pt NPs (Fig. 4d), significantly increased CO,
reduction activity. In the TM, the production of CH4 increased with
higher MoSey concentration, reaching an optimal yield of 0.90 umol g_1
under 1-sun light. Under 3-sun light, the photocatalytic activity was
more than three times greater, achieving 2.8 pmol g~ compared to 1-
sun conditions. The annealing temperature during TM preparation was
optimized by evaluating catalysts treated at 150-250 °C. The catalyst
prepared at 200 °C has the highest activity, which is attributed to
improved interfacial contact between TiO5 and MoSe; that facilitates
charge transfer. A decrease in activity at higher temperatures was
observed, possibly due to partial restacking or structural modification of
MoSe, nanosheets, which reduces accessible active sites. The Pt-
deposited catalysts further enhanced CO, reduction activity, where
CH4 was observed as a major product, while trace of CoHg formation.
(Fig. 4d and S18). The optimal Pt; 50,-TM produced 5.84 umol g’1 under
1-sun and 7.81 pmol g~! under 3-sun illumination. Increasing the
amount of Pt beyond 1.5 wt% led to a decrease in CO3 reduction ac-
tivity, suggesting that excess Pt may form clusters that act as recombi-
nation centers, hindering performance. Compared to the TM, the Pt; s5o;-
TM showed 6.4 times higher activity under 1-sun and 2.7 times higher
under 3-sun light. Although CH,4 was identified as the dominant carbo-
naceous product, trace amounts of CyHg were also detected under light
irradiation conditions for the Pty,-TM samples (Figure S18a). Never-
theless, the selectivity toward CH4 remained ~ 98%. Because the reac-
tion takes place at the gas-solid interface in the absence of a bulk liquid
medium, the formation of soluble liquid-phase byproducts (e.g., CHsOH
and HCOOH) is bypassed.

The time-dependent formation of CH4 during CO5 reduction was
analyzed for P25, TM, and Pt; 5¢,-TM, where a significant increase in the
CH4 formation rate was observed for the TM and Pt; 50,-TM. Further, no
notable change was observed in P25 over time (Fig. 4e). Fig. S18b
provides a comparison of photocatalytic activity between P25, TM, and
Pty 50o-TM, along with several control experiments. No CH,4 was detected
in the dark or when CO, was absent (only He present), and tests without
photocatalysts confirmed that the reaction depended on both light and
COs. The gas chromatography results matched standard CH4 references
(Fig. S19a), confirming that CH4 was produced through photocatalytic
reduction of COs. To validate the carbon source for CH4 production
during photocatalysis, isotopic labeling was conducted (Fig. 4f). The
formation of CH4 at m/z = 17 was clearly detected over time, confirm-
ing the gradual generation of *CHy4 during the reaction under light
irradiation.

The CHy selectivity (=98%) arises from the synergistic integration of
catalyst composition and electronic structure. The Pt and MoSe; co-
catalysts provide active sites for CO, adsorption and activation, stabi-
lizing key reaction intermediates such as *CO and *CHO, as evidenced
by in-situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) and density functional theory (DFT) simulations. This sup-
presses the premature desorption of CO and promotes deep hydroge-
nation pathways. Pt NPs act as efficient hydrogenation cocatalysts,
accelerating proton-coupled electron transfer processes and facilitating
the stepwise conversion of *CO into CHy. The charge transfer enabled by
the TiOp,-MoSex-Pt tri-junction ensures accumulation of photo-
generated electrons at the reaction interface. Under concentrated irra-
diation, the mild increase in temperature enhances surface reaction
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kinetics and CH4 desorption, overcoming the activity-selectivity trade-
off. Furthermore, no CO was detected in the gaseous products
(Fig. S19b), although *CO is identified as a key reaction intermediate by
in situ DRIFTS. This suggests that surface-bound *CO is rapidly hydro-
genated to *CHO and subsequent intermediates, preventing its accu-
mulation and desorption. No CyHs was detected during the CO,
reduction tests (Fig. S19¢). A trace of CoHg was detected in the gas
chromatograph (Fig. S19d). Despite the presence of H,O vapor as the
proton source, no Hy evolution was detected (Fig. S19¢). This behavior
demonstrates that photogenerated electrons and surface H' drive CO,
hydrogenation by rapidly converting carbon intermediates, rather than
reducing protons. The hydrogenation ability of 1T-MoSey/Pt, together
with enhanced *CO adsorption, suppresses Hy evolution and CO for-
mation, leading to high CHj4 selectivity. To elucidate the underlying
mechanism governing this behavior, we carried out DFT calculations,
and the characteristics of the *CO and other intermediates were
analyzed via in situ FTIR spectroscopy under light irradiation.

The catalyst shows good stability over four cycles, maintaining CH4
production, but its activity decreases in the fifth cycle (Fig. S18c). The
catalyst largely maintains its crystal structure and chemical state after
CO4 reduction tests (Fig. S20. No significant changes in XRD and Raman
were observed before and after the CO5 reduction. XPS spectra of Ti 2p
and O 1 s show no changes in chemical states after reaction (Fig. S21),
while the intensities of Mo, Se, and Pt slightly decreased. To further
understand the structural evolution during photocatalysis, XAFS anal-
ysis was performed on the Pt; 54, TM catalyst before and after CO,
photoreduction. After reaction, a slight decrease in the Ti-O bond length
(from 1.96 to 1.94 A) and a moderate increase in coordination number
(from 3.27 to 3.74) were observed, indicating mild local surface
reconstruction (Table S2). To scrutinize morphological features, post-
reaction TEM/HR-TEM imaging was performed after the fifth cycle
(Fig. S22). The images reveal that the overall structural framework of
the ternary hybrid is sustained, and the Pt nanoparticles remain
anchored and dispersed across the matrix without undergoing severe
agglomeration. Consequently, the decline in CH4 evolution during the
fifth cycle is attributed to the combined effects of these minor cocatalyst
surface evolutions and accumulated local structural reconstructions
during long-term operational testing.

Light intensity plays a crucial role in CO, reduction by influencing
charge-carrier generation and surface reaction kinetics [42]. We exam-
ined the impact of multi-sun illumination on the CH4 formation effi-
ciency of Pt; 50,-TM (Fig. 4g). Under 1-sun illumination, CH4 production
was limited due to relatively low photon flux. Increasing the light in-
tensity significantly enhanced CH4 production, reaching a maximum of
17.81 pymol g~! at 5-sun illumination. This enhancement is primarily
attributed to the increased availability of photons, which promotes
higher rates of charge carrier generation and improves photocatalytic
activity. A decline in CH4 production beyond 5-sun illumination is
observed, which may be attributed to increased charge carrier recom-
bination at higher irradiation intensities [44,45]. During multi-sun
illumination, a moderate increase in reactor temperature was
observed (e.g., ~47 °C at 5 suns, Fig. 4h). To decouple the respective
contributions of the photonic effect and potential photothermal syner-
gistic acceleration, two control experiments were performed (Fig. 4i).
First, a pure thermocatalytic dark reaction at 47 °C yielded negligible
CH4. Second, a control experiment combining 1-Sun illumination with
external heating to 47 °C (1-Sun + 47 °C) was conducted. Only a slight
increase in CHy evolution was observed compared to the ambient 1-sun
test. This minor enhancement indicates that while the elevated tem-
perature provides a slight kinetic acceleration to the photogenerated
carriers, it cannot account for the drastic performance surge witnessed
under multi-sun conditions. Therefore, although localized heating ef-
fects under concentrated illumination cannot be completely excluded,
the prominent enhancement under 5-sun illumination is unequivocally
dominated by the increased photon flux, which drastically boosts charge
carrier generation rates [43]. To contextualize the solar-driven activity
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of the Pt; 50,-TM photocatalyst, a comprehensive quantitative compari-
son with recently reported state-of-the-art benchmarks evaluated under
simulated concentrated sunlight is summarized in Table S4.

3.4. Surface properties and charge transfer study

The N adsorption/desorption characteristics of P25, TM, and Pt; s5o;-
TM were used to establish their specific surface areas and pore size
distributions. All the catalysts show a type IV isotherm, indicating
typical mesoporous characteristics (Figs. 5a and $23). The Langmuir-
specific surface area and the total pore volume for the catalysts are
shown in the insets of Fig. 5a. The BET surface area of P25 was
38.874 m? g~ 1. TM showed a larger micropore surface area (47.341 m?
g_l) than P25, further increasing in Pty 50-TM (50.123 m? g_l). The
average pore size for P25, TM, and Pt; 5¢-TM was 0.256, 0.456, and
0.610 cm® g1, respectively. These findings suggest that Pt; 5o, TM could
offer a greater surface area and more active sites, thereby enhancing CO5
adsorption and increasing photocatalytic activity [46,47].

Charge transfer in the catalyst was studied by photoluminescence
(PL) spectroscopy (Figs. 5b and S24). PL quenching from P25 - TM —
Pt; 50-TM indicates enhanced charge separation and electron transfer
after MoSe, and Pt deposition. Time-resolved PL (TRPL) analysis shows
average decay lifetimes of 2.45, 2.31, and 1.71 ns for P25, TM, and
Pt1 50,-TM, respectively (Fig. 5¢ and Table S5). The Pt; 50,-TM exhibits
the lowest decay time, indicating fast charge transfer. This improved
mobility reflects more free electrons in Pty 50,-TM and suppressed
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electron-hole recombination via interfacial charge transfer [48]. This
pronounced acceleration of the non-radiative decay rate serves as ki-
netic evidence that photogenerated electrons are rapidly swept across
the cascading interfaces, successfully intercepting bulk radiative
recombination. The electrochemical analyses (cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS)) were performed for
P25, TM, and Pt; 50,-TM (Fig. S25). All catalysts exhibited typical redox
loops (Fig. S25a). Pty 59,-TM showed the largest redox peak separation,
indicating superior electronic and catalytic properties [26]. EIS revealed
that P25 had the highest charge-transfer resistance, while TM and
Pt; 50o-TM showed lower resistance due to improved interfacial con-
ductivity between MoSe,, Pt, and P25 (Fig. S25b). The enhanced con-
ductivity of TM arises from the 1T-metallic nature of MoSey[49].
Charge transfer and structural evolution in Pt; 50,.TM were further
analyzed using Ti K-edge XANES, FT-EXAFS (Fig. 5d-f and Table S2),
and wavelet transforms (Fig. 5g, h) before and after CO, reduction. The
post-reaction XANES spectrum shows a slight edge shift toward higher
energy. This suggests a minor decrease in electron density around Ti,
consistent with electron redistribution during photocatalysis. FT-EXAFS
analysis reveals a marginal change in the Ti—O bond distance (1.96 —
1.94 A) and an increase in coordination number (3.27 — 3.74), which
indicates a modest reduction in local disorder and partial structural
stabilization after reaction. WT analysis shows slightly more localized
intensity features after reaction, indicating a more uniform Ti-O coor-
dination environment and reduced local disorder, consistent with the
EXAFS fitting results. These results suggest that the TiOy framework
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remains structurally stable, with some local coordination and surface
changes occurring during the photocatalytic process. DFT calculations
on the MoSey-TiO, heterojunction and a Pt;3 cluster on MoSe; also
confirmed charge transfer, and the flow of electrons is TiO, — MoSey —
Pt;3 (discussed in detail in the section on DFT simulations of charge
transfer).

Surface reactions, such as reactant adsorption/desorption on the
catalyst surface, have critical steps in photocatalysis; therefore, CO2-
temperature-programmed desorption (TPD) analysis was utilized to
investigate the interaction of CO, reactant on the surface of P25, TM,
and Pt; 50,-TM (Fig. S26). All three catalysts showed different CO-TPD
patterns depending on the adsorption ability of the catalyst, i.e., weak,
moderate, and strong adsorption [50]. P25 showed a broad peak be-
tween ~80-410 °C centered at ~380 °C, ascribed to the strong
adsorption of COs. In the case of the TM, a comparatively sharp peak
(~80-250 °C) centered at approximately 200 °C can be observed, which
may be due to CO5 adsorption via a combination of weak and moderate
chemical bonds. The sharp peak and shift towards a lower temperature
in TM than P25 indicate that MoSe, plays a dominant role in COy
adsorption. However, the peak was further shifted towards a higher
temperature in the Pt; 50,-TM, appearing above 250 °C, ascribed to the
desorption of moderately adsorbed CO5 molecules. Thermodynamically,
the catalyst with moderately adsorbed CO- provides more active sites for
the adsorption/activation of CO; molecules [50,51]. Consequently,
adsorption of CO, molecules takes place through multiple C of CO5 to
the catalysts (probably Se and Pt), so that the activation is more domi-
nant in Pty 50,-TM. Although CO»-TPD is conducted under dark condi-
tions, it reflects the intrinsic adsorption properties of the catalyst. Under
illumination, adsorption behavior may vary. However, moderately
bound CO; species are expected to facilitate efficient adsorp-
tion-activation-desorption during photocatalysis.

Photocatalytic COy reduction requires multielectron transfer, as
single-electron pathways are energetically unfavorable (—1.9 eV vs.
NHE) [52]. A noticeable decrease in VB values for Pty 50,-TM compared
to P25 and TM indicates charge transfer from the P25 lattice to the
MoSe; and Pt cocatalysts. This shift is corroborated by Raman spectra,
where a considerable shift in the Eg signal at around 150 em™! s
observed following Pt deposition. A correlation between VB shifts and
Raman active modes has been previously reported in the literature [22].
To clarify the directionality of charge migration, Mott-Schottky analysis
was performed (Fig. S27). The flat-band potential of —0.60 V and
—0.43 V (vs. Ag/AgCl) for P25 and MoSey, respectively, reveals that the
CBM of TiO5 is positioned at a more negative potential than that of
MoSe,. This configuration yields an intrinsic 170 mV potential gradient
that naturally drives the directional migration of photogenerated elec-
trons from the more negative CB of TiO5 to the lower-lying CB of MoSe;.
This spatial routing is strongly supported by DFT Bader charge analysis,
which indicates that an additional photoelectron preferentially localizes
on the MoSe; domain (67.5%) compared to TiO; (32.5%), confirming a
highly directed interfacial electron flux under illumination. XPS analysis
of the O 1 s core level reveals a negative binding energy shift at equi-
librium (dark conditions), suggesting a minor static electron accumu-
lation on the TiOy surface. This implies the coexistence of static
interfacial charge redistribution at the heterojunction to equilibrate
Fermi levels and dynamic photoinduced electron transfer during catal-
ysis. The integration of MoSe; and Pt NPs further narrows the effective
bandgap and optimizes the energy band alignment. The
high-conductivity 1T-lattice functions as an efficient electronic bridge,
funneling the electrons downhill from TiO; to the Pt active sites. This
synergistic effect overcomes the thermodynamic barriers to CO;
reduction, leading to the improved photocatalytic efficiency observed in
Pt150-TM [38]. Furthermore, coumarin photoluminescence testing
(Fig. S28) demonstrates a substantial boost in *OH radical formation
over the Pt; 50,-TM catalyst compared to its binary and pristine coun-
terparts. This elevated oxidation-side activity confirms that photo-
generated holes are successfully localized and utilized on the TiO,
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surface, achieving a highly desirable spatial decoupling of the redox
sites.

3.5. In-situ DRIFT for CO, reduction mechanisms

Under solar irradiation, Pty 50,-TM generates electron-hole pairs as
electrons are excited from the VB to the CB of TiO,. Electrons transfer to
MoSe, (and Pt NPs in Pt 50,-TM) to reduce adsorbed CO,, while holes in
TiO4 oxidize Hy0. This distribution of charge facilitates efficient CO,
reduction and water oxidation. To confirm the oxidation half-reaction,
O, evolution during photocatalytic COy reduction over Pt; 5¢,-TM was
measured. The O, generation was observed (Fig. S19f), demonstrating
that water oxidation serves as a proton source for CH4 formation,
thereby establishing a closed photocatalytic redox cycle [53].

In situ FTIR spectra were recorded using a DRIFTS accessory
equipped with a controlled reaction chamber (Fig. S29). The catalyst
was pretreated under flowing gas and subsequently exposed to the COy/
H,0 reaction environment. Spectra were collected under dark condi-
tions followed by light illumination at different irradiation times to
monitor the evolution of surface intermediates during the photocatalytic
CO; reduction process. The results are compared with dark and light
illumination (Fig. 6a-d). The spectrum at O min corresponds to the
background after three cycles of CO2 + Hy0 purging and chamber
saturation before light irradiation. Therefore, adsorption peaks of CO4
and H,O are present. The peaks related to the CO, adsorption through
monodentate (m-CO%’ at 1326.08 cm 1) or bidentate carbonate (b-CO%’
at 1383 & 1580 cm’l) and -OH stretching (H20 at 1649.90 cm’l) can be
seen in the dark condition [54,55]. The reaction intermediate peaks
emerge progressively only after light irradiation. For example, the in-
tensity of the m—CO%’ peak (1326.08 cm ™) and b—CO%’ (1386.53 cm™H)
slightly decreased as the reaction proceeded, suggesting the consump-
tion of surface carbonate species during the reaction. The peaks at
1718.2 ecm™! (C=O stretch), ~2080 cm™* (CO stretch), and 2821.14,
2896.66, and 2944.81 cm ™! (C-H stretch) begin to appear after ~10 min
of illumination and become more pronounced with increasing irradia-
tion time (Fig. 6¢, d) [56,57]. The peak at 1718.2 cm ™! corresponds to
the carboxyl (*OCOH) intermediate (surface-bound *OCOH) [58],
accompanied by C-H stretches at 2896.66 and 2944.81 cm ™}, consistent
with its formation via COO~ protonation early in the reduction pathway.
The C-H stretch at 2821.14 cm ™! suggests contributions from the *CHO
intermediate  (e.g., formaldehyde), as its C-H stretch
(~2700-2800 cm™!) is lower than typical aliphatic C-H modes. The
higher C-H stretches (2896.66, 2944.81 cm™)) also support *CHy and
*CHj3 intermediates formed later via hydrogenation. The absence of CO
in gas chromatography tests (Fig. S19b) indicates rapid conversion of
*CO to downstream intermediates (*CHO, *CHp, *CHj), driving CH4
formation. The competitive branching between CO escape and deeper
reduction is fundamentally dictated by the binding energy of the inter-
mediate; highly active metal-cocatalyst and semiconductor configura-
tions excel at maintaining a robust binding affinity for photogenerated
*CO species, raising the thermodynamic barrier for desorption to drive
high CHy4 selectivity [59-61].

3.6. DFT simulations for the band alignment, charge transfer, and
reaction mechanism

To understand the theoretical band positions in the Pt-TM interface,
hybrid DFT calculations (using the HSE06 functional) were performed
for all individual components, TiO3, MoSes, Pt, and the most stable TiO,
(101, anatase)-2H-MoSe»(001) interface (Fig. S30). We computed den-
sities of states for four systems (to ascertain absolute band positions):
TiO, (anatase bulk), TiO5 (101, anatase), MoSe, (2H, 001), and TiO,
(101, anatase)-MoSe; (2H, 001) interface (Fig. S31). The local potential
for these four systems, and for Pt-(111) and 1T-MoSe3(001) surfaces, is
provided in Fig. S32. A vacuum-aligned band energy diagram (Fig. S33)
was constructed to clarify the relative band positions of TiO,, MoSe,,
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Fig. 6. In situ DRIFT spectra of Pty 5¢,-TM under (a, b) dark and (e, d) light illumination at different time intervals.

and Pt and their implications for interfacial charge transfer. For anatase
TiO5 (101), CBM and VBM (with respect to Ey,c = 0) are located at
—4.44 eV and —7.67 eV, respectively, corresponding to a band gap of
3.23 eV. 1T-MoSe, exhibits a work function of 4.63 eV, while Pt (111)
shows a deeper work function of 5.76 eV. For completeness, the
2H-MoSe; reference phase has CBM and VBM at —3.92eV and
—5.54 eV, respectively (Eg = 1.62 eV). TiOy has the deepest valence
band, consistent with its role as the hole-accumulating oxidation site,
whereas the Pt Fermi level lies significantly below the TiOy CBM,
providing a strong thermodynamic driving force (~1.3 eV) for downhill
electron transfer from photoexcited TiO,. Despite a higher CBM of
MoSe, (2H), compared to CBMrip2, the PDOS in Fig. S31 suggests a
significant narrowing of the gap upon interfacial contact.

The Bader charge analysis on the optimized structure of this TiO,-
MoSe; heterojunction shows the natural flow of electrons from MoSey
—TiO4 under dark conditions, by a transfer of 0.206 e”. However, delta-
SCF calculations with one additional electron in the system (an
approximation to mimic photoelectron localization on this hetero-
junction) showed that MoSe; localizes two-thirds of this additional
electron (Fig. 7a), which suggests that the direction of flow of electrons
indeed reverses under illuminated conditions (TiO5 —MoSe-).

A Pty3 NP interfaced on the MoSe; 001 structure was constructed as a
cocatalyst model to examine the COoRR mechanism (Fig. 7b, ¢). Bader
charge analysis of the Pt;3-MoSe; cocatalyst model showed that the Pt; 3
cluster receives 0.556 e~ charge from MoSe; (Fig. S34). The reaction
mechanism is further derived from the examination of a single COy
molecule on the Pt;3-MoSe; interface, followed by the determination of
all the possible intermediates during the several PCET reactions (Fig. 7d,
top view provided in Fig. S35). The *CO3 intermediate forms with a
binding energy of — 0.36 eV, with a Pt-C (1.98 A), Pt-O (2.04 A), and
with an O-C-O angle of 129°. This step is followed by a slightly uphill (+
0.19 eV) PCET to form *OCOH. Under the assumption that the CBM for
Pt1.50-TM = — 0.72 eV, the corrected relative energy for *CO, — *OCOH
would be =- 0.53 eV. The further reaction energy profile shown in
Fig. 7e thus has both U = 0 and CBMpy; 5.7 corrected reference and
relative values of energy. A subsequent PCET forms stable *OCOH —
*CO absorbed on Pt with Pt-C (1.82 ;\) at —3.27 eV. The reaction further
progresses via *CO — *CHO — *CHOH — *CH;0H — *CH20H — *CHy
— *CHsz — *CH4 with *CO — *CHO being the most uphill step
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with + 0.39 eV (CBMp¢.1y corrected, at U = 0, + 1.11 eV). From *CHa,
the reaction is downbhill to form *CHg with —1.08 eV and finally desorbs
CH4 via successive PCET. Other reactions, e.g., *CO — *COH and
*CH,0OH — CH30H, were at least 2.0 eV uphill at U = 0 and thus were
not analyzed further.

From the optimized geometries of all main intermediates, theoretical
IR spectra were derived by computing vibration frequencies and Born
effective charges with density functional perturbation theory. The
simulated spectra predict vibrational peaks at 1725 cm ™! (compared to
1718.2 experimental) and 2024 cm! (compared to 2080 experimental),
attributed to *OCOH and *CO, respectively [62] (Fig. 7f), with small
discrepancies likely due to surface adsorption effects. Additionally, DFT
predicts a C=O0 stretch at 1742 cm ! for the *CHO intermediate, which
aligns with the experimental peak at 1718.2 cm™! and support its role
after CO reduction. The theoretical pathway (*CO — *CHO — *CHOH —
*CH0H) with subsequent relative energies of + 0.39, — 0.32, and —
0.08 eV (at U = — 0.72 V) indicates low energy barriers for these steps,
facilitating progression to CHy via subsequent hydrogenation (*CH,OH
— *CHjy — *CH3). For intermediates, *CHOH, *CH,0OH, *CH>, and *CH3,
characteristic -CH stretching is seen between 2918 and 3038 cm ™},
comparable to in situ DRIFT values (2821.14, 2896.66, and
2944.81 cm™1). Together, the integration of experimental observations,
in situ DRIFTS, and DFT calculations provides a coherent and comple-
mentary picture of the multi-step CO5 reduction pathway, linking in-
termediates to their energetic and vibrational characteristics and
confirming the mechanistic rationale behind CH4 formation.

4. Conclusions

We provide a TiO2-based photocatalytic system with dual cocatalyst
engineering that allows for highly selective CO,-to-CH4 conversion
under multisun irradiation. A directional charge-transfer channel (TiO,
— MoSe; — Pt) that efficiently encourages electron migration and in-
hibits charge recombination is created by combining MoSe; and Pt as
cooperative cocatalysts. Direct experimental evidence for interfacial
charge redistribution and the creation of internal electric fields is pro-
vided by comprehensive spectroscopic and electrochemical in-
vestigations, including XPS, XANES/EXAFS, Mott-Schottky, and TRPL.
By showing preferential electron buildup at Pt sites and stabilization of
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Fig. 7. (a) Electronic charge localization in TiO2(101)-MoSe(001) heterostructure computed from the ASCF approximation to a photoelectron generation, (b) top
and (c) side view of Pt;3-MoSe; interface, (d) side view of optimized geometries for CO, to CH4 conversion on Pt-MoSe, surface from DFT (top view is provided as
Fig. S35), (e) mechanistic pathway for CO, to CH4 conversion, at 0 V, and also corrected for CBM for Pt; 50,-TM = — 0.72 eV, and (f) simulated vibrational spectra for
main path intermediate structures shown in (d) from density functional perturbation theory.

important chemical intermediates (*CO and *CHO), which are essential
for CHy4 selectivity, our DFT calculations support the experimental re-
sults. This combined experimental-theoretical approach establishes a
consistent reaction pathway. Furthermore, quantitative compositional
analysis, isotope labeling, and in situ DRIFTS measurements confirm the
origin of products and validate the proposed catalytic pathways,
including the associated oxidation half-reaction.

CRediT authorship contribution statement

Chaitanya B. Hiragond: Conceptualization, Methodology, Investi-
gation, Formal analysis, Writing — original draft, review & editing;

11

Prabhat Prakash: Formal analysis, Validation, Writing — original draft,
review & editing; Tridip Das: Formal analysis. Niket S. Powar: Formal
analysis; Eunhee Gong: Formal analysis; Jeonghyeon Lee: Formal
analysis; Jin-Woo Jung: Formal analysis; Chang-Hee Cho: Formal
analysis; William A. Goddard III: Writing — original draft, review &
editing, Supervision, Funding acquisition; and Su-Il In: Writing — orig-
inal draft, review & editing, Supervision, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence



C.B. Hiragond et al.
the work reported in this paper.
Acknowledgements

The authors acknowledge support from the InnoCore program of
hydro*studio (MSIT: 1.260005.01) at UNIST, dedicated to advanced
postdoctoral training. This research was also supported by the National
Research Foundation of Korea (NRF) funded by the Ministry of Science
and ICT (RS—2026-25543401). The EXAFS experiments were con-
ducted at the BL10C beamline in the Pohang Accelerator Laboratory.
This work was also supported by the Liquid Sunlight Alliance, which is
supported by the US Department of Energy, Office of Science. Office of
Basic Energy Sciences, Fuels from Sunlight Hub under award no. DE-
S$C0021266. This research also used resources of the National Energy
Research Scientific Computing Center, a DOE Office of Science User
Facility supported by the Office of Science of the U.S. Department of
Energy under Contract No. DE-AC02-05CH11231 using NERSC award
BES-ERCAP0024109 for some calculations. Some computations were
conducted at the Resnick High Performance Computing Center, a facility
supported by the Resnick Sustainability Institute at the California
Institute of Technology.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.apcatb.2026.127142.

Data availability
Data will be made available on request.

References

[1] T. Nakajima, Y. Tamaki, K. Ueno, E. Kato, T. Nishikawa, K. Ohkubo, Y. Yamazaki,
T. Morimoto, O. Ishitani, Photocatalytic reduction of low concentration of COq,
J. Am. Chem. Soc. 138 (2016) 13818-13821, https://doi.org/10.1021/
jacs.6b08824.

D. Long, J. Li, G. Qian, L. Tang, S. Ma, W. Li, X. Yu, Photocatalytic reduction of low-
concentration CO2: progress and challenges, Coord. Chem. Rev. 549 (2026)
217246, https://doi.org/10.1016/j.ccr.2025.217246.

K. Kamogawa, H. Koizumi, O. Ishitani, Efficient and selective photocatalytic
conversion of low-concentration CO;3 to CO using Mn-complex catalysts, J. Am.
Chem. Soc. 147 (2025) 39284-39297, https://doi.org/10.1021/jacs.5¢10694.

E. Gong, S. Ali, C.B. Hiragond, H.S. Kim, N.S. Powar, D. Kim, H. Kim, S.-1 In, Solar
fuels: research and development strategies to accelerate photocatalytic CO2
conversion into hydrocarbon fuels, Energy Environ. Sci. 15 (2021) 880-937,
https://doi.org/10.1039/d1ee02714;j.

S. Fang, M. Rahaman, J. Bharti, E. Reisner, M. Robert, G.A. Ozin, Y.H. Hu,
Photocatalytic CO; reduction, Nat. Rev. Methods Prim. 3 (2023), https://doi.org/
10.1038/s43586-023-00243-w.

L. Liu, J. Hu, Y. Sheng, H. Akhoundzadeh, W. Tu, W.J.S. Siow, J.H. Ong, H. Huang,
R. Xu, Ru Single Atom Dispersed Cu Nanoparticle with Dual Sites Enables
Outstanding Photocatalytic CO, Reduction, ACS Nano 18 (2024) 26271-26280,
https://doi.org/10.1021/acsnano.4c08303.

B.H. Lee, E. Gong, M. Kim, S. Park, H.R. Kim, J. Lee, E. Jung, C.W. Lee, J. Bok,
Y. Jung, Y.S. Kim, K.S. Lee, S.P. Cho, J.W. Jung, C.H. Cho, S. Lebegue, K.T. Nam,
H. Kim, S.-1 In, T. Hyeon, Electronic interaction between transition metal single-
atoms and anatase TiO3 boosts CO» photoreduction with H,O, Energy Environ. Sci.
15 (2022) 601-609, https://doi.org/10.1039/d1ee01574e.

C.B. Hiragond, N.S. Powar, J. Lee, S.-1 In, Single-Atom Catalysts (SACs) for
Photocatalytic CO2 Reduction with H2O: activity, product selectivity, stability, and
surface chemistry, Small 18 (2022) 2201428, https://doi.org/10.1002/
smll.202201428.

Y.H. Park, D. Kim, C.B. Hiragond, J. Lee, J.W. Jung, C.H. Cho, 1. In, S.-] In, Phase-
controlled 1T/2H-MoS; interaction with reduced TiO, for highly stable
photocatalytic CO5 reduction into CO, J. CO2 Util. 67 (2023) 102324, https://doi.
org/10.1016/j.jcou.2022.102324.

L. Huang, G. Wei, J. Wang, D. Li, S. Jia, S. Wu, T. Jiang, Y. Guo, Y. Liu, F. Ren, lon
Irradiation Activated Catalytic Activity of MoSe, nanosheet for high-efficiency
hydrogen evolution reaction, Adv. Energy Mater. 13 (2023) 2300651, https://doi.
org/10.1002/aenm.202300651.

D. Gao, J. Xu, F. Chen, P. Wang, H. Yu, Unsaturated selenium-enriched MoSes x
amorphous nanoclusters: One-step photoinduced co-reduction route and its
boosted photocatalytic Hy-evolution activity for TiOz, Appl. Catal. B 305 (2022)
121053, https://doi.org/10.1016/j.apcath.2021.121053.

[2

—

[3

=

[4

=

[5]

[6]

71

[8

[}

[91

[10]

[11]

12

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Applied Catalysis B: Environment and Energy 399 (2026) 127142

S. Zhang, N. Hu, Z. Fu, S. Suo, Q. Han, Z. Han, Z. Zhang, R. Zhang, B. Jin, Z. Zhang,
Z. Lu, P. Fang, Strain-engineered selenium vacancies in MoSe, cocatalysts to
redirect photocarrier trapping for efficient hydrogen evolution, Chem. Eng. J. 525
(2025) 170554, https://doi.org/10.1016/j.cej.2025.170554.

K. Chan, C. Tsai, H.A. Hansen, J.K. Ngrskov, Molybdenum sulfides and selenides as
possible electrocatalysts for CO, reduction, ChemCatChem 6 (2014) 1899-1905,
https://doi.org/10.1002/cctc.201402128.

S. Kang, H. Khan, C. Lee, K. Kwon, C.S. Lee, Investigation of hydrophobic MoSe,
grown at edge sites on TiO2 nanofibers for photocatalytic CO, reduction, Chem.
Eng. J. 420 (2021) 130496, https://doi.org/10.1016/j.cej.2021.130496.

L.-J. Chen, T.-T. Liu, S.-M. Liu, S. Cai, X.-X. Zou, J.-W. Jiang, Z.-Y. Mei, G.-F. Zhao,
X.-F. Yang, H. Guo, S vacant CulnsSg confined in a few-layer MoSe, with interlayer-
expanded hollow heterostructures boost photocatalytic CO, reduction, Rare Met.
41 (2022) 144-154, https://doi.org/10.1007/512598-021-01809.

W. Wang, L. Wang, L. Sun, H. Jiang, Y. Liu, Q. Liu, X. She, H. Tang, Se-Se bonds
induced highly metallic 1T" MoSe, 3 nanosheets cocatalysts towards boosted HyO5
photosynthesis over NHy-MIL-125 derived TiO; nanotablets, Chem. Eng. J. 477
(2023) 146945, https://doi.org/10.1016/].cej.2023.146945.

Y. Liu, L. Ren, Z. Zhang, X. Qi, H. Li, J. Zhong, 3D Binder-free MoSe; Nanosheets/
Carbon cloth electrodes for efficient and stable hydrogen evolution prepared by
simple electrophoresis deposition strategy, Sci. Rep. 6 (2016) 22516, https://doi.
org/10.1038/srep22516.

G. Kumari, X. Zhang, D. Devasia, J. Heo, P.K. Jain, Watching visible light-driven
CO3 reduction on a plasmonic nanoparticle catalyst, ACS Nano 12 (2018)
8330-8340, https://doi.org/10.1021/acsnano.8b03617.

C.B. Hiragond, N.S. Powar, H. Kim, S.-1 In, Unlocking solar energy: photocatalysts
design for tuning the CO2 conversion into high-value (Cy) solar fuels,
EnergyChem 6 (2024) 100130, https://doi.org/10.1016/j.enchem.2024.100130.
D. Liu, D. Wang, X. Jing, X. Zhao, D. Xi, D. Dang, L. Meng, Continuous phase
regulation of MoSe; from 2H to 1T for the optimization of peroxidase-like catalysis,
J. Mater. Chem. B 8 (2020) 6451-6458, https://doi.org/10.1039/d0tb00115e.
1.S. Kwon, L.H. Kwak, G.M. Zewdie, S.J. Lee, J.Y. Kim, S.J. Yoo, J.G. Kim, J. Park,
H.S. Kang, MoSe,-VSep-NbSe; ternary alloy nanosheets to boost electrocatalytic
hydrogen evolution reaction, Adv. Mater. 34 (2022) 2205524, https://doi.org/
10.1002/adma.202205524.

K.M. Kamal, R. Narayan, N. Chandran, S. Popovi¢, M.A. Nazrulla, J. Kovac,

N. Vrtovec, M. Bele, N. Hodnik, M.M. Krzmanc, Synergistic enhancement of
photocatalytic CO, reduction by plasmonic Au nanoparticles on TiO, decorated N-
graphene heterostructure catalyst for high selectivity methane production, Appl.
Catal. B 307 (2022) 121181, https://doi.org/10.1016/j.apcatb.2022.121181.

X. Jiang, X. Li, X. Jia, G. Li, X. Wang, G. Wang, Z. Li, L. Yang, B. Zhao, Surface-
enhanced Raman scattering from synergistic contribution of metal and
semiconductor in TiO2/MBA/Ag (Au) and Ag (Au)/MBA/TiO assemblies, J. Phys.
Chem. C. 116 (2012) 14650-14655, https://doi.org/10.1021/jp30213%.

D. Tsukamoto, Y. Shiraishi, Y. Sugano, S. Ichikawa, S. Tanaka, T. Hirai, Gold
nanoparticles located at the interface of anatase/rutile TiO, particles as active
plasmonic photocatalysts for aerobic oxidation, J. Am. Chem. Soc. 134 (2012)
6309-6315, https://doi.org/10.1021/ja2120647.

K.C. Knirsch, N.C. Berner, H.C. Nerl, C.S. Cucinotta, Z. Gholamvand, N. McEvoy,
Z. Wang, I. Abramovic, P. Vecera, M. Halik, S. Sanvito, G.S. Duesberg, V. Nicolosi,
F. Hauke, A. Hirsch, J.N. Coleman, C. Backes, Basal-plane functionalization of
chemically exfoliated molybdenum disulfide by diazonium salts, ACS Nano 9
(2015) 6018-6030, https://doi.org/10.1021/acsnano.5b00965.

Y. Wang, Y. Wang, W. Kang, D. Cao, C. Li, D. Cao, Z. Kang, D. Sun, R. Wang, Y. Cao,
TiO»-Coated Interlayer-Expanded MoSey/phosphorus-doped carbon nanospheres
for ultrafast and ultralong cycling sodium storage, Adv. Sci. 6 (2019) 1801222,
https://doi.org/10.1002/advs.201801222.

S. Lei, X. Wang, B. Li, J. Kang, Y. He, A. George, L. Ge, Y. Gong, P. Dong, Z. Jin,
Surface functionalization of two-dimensional metal chalcogenides by Lewis
acid-base chemistry, Nat. Nanotechnol. 11 (2016) 465-471, https://doi.org/
10.1038/nnano.2015.323.

X. Wang, Q. Xiang, B. Liu, L. Wang, T. Luo, D. Chen, G. Shen, TiO, modified FeS
nanostructures with enhanced electrochemical performance for lithium-ion
batteries, Sci. Rep. 3 (2013) 1-8, https://doi.org/10.1038/srep02007.

Y. Luo, J. Luo, W. Zhou, X. Qi, H. Zhang, Y.W. Denis, C.M. Li, H.J. Fan, T. Yu,
Controlled synthesis of hierarchical graphene-wrapped TiO,@Co0304 coaxial
nanobelt arrays for high-performance lithium storage, J. Mater. Chem. A Mater. 1
(2013) 273-281, https://doi.org/1039/C2TA00064D.

C. Liu, L. Wang, Y. Tang, S. Luo, Y. Liu, S. Zhang, Y. Zeng, Y. Xu, Vertical single or
few-layer MoS; nanosheets rooting into TiO, nanofibers for highly efficient
photocatalytic hydrogen evolution, Appl. Catal. B 164 (2015) 1-9, https://doi.org/
10.1016/j.apcatb.2014.08.046.

K. Chen, R. Ghosh, X. Meng, A. Roy, J.S. Kim, F. He, S.C. Mason, X. Xu, J.F. Lin,
D. Akinwande, S.K. Banerjee, Y. Wang, Experimental evidence of exciton capture
by mid-gap defects in CVD-grown monolayer MoSez, NPJ 2D Mater. Appl. 1 (2017)
15, https://doi.org/10.1038/s41699-017-0019-1.

Y. Yin, Y. Zhang, T. Gao, T. Yao, X. Zhang, J. Han, X. Wang, Z. Zhang, P. Xu,

P. Zhang, Synergistic phase and disorder engineering in 1T-MoSe, nanosheets for
enhanced hydrogen-evolution reaction, Adv. Mater. 29 (2017) 1700311, https://
doi.org/10.1002/adma.201700311.

M. Jiang, J. Zhang, M. Wu, W. Jian, H. Xue, T.-W. Ng, C.-S. Lee, J. Xu, Synthesis of
1T-MoSe; ultrathin nanosheets with an expanded interlayer spacing of 1.17 nm for
efficient hydrogen evolution reaction, J. Mater. Chem. A Mater. 4 (2016)
14949-14953, https://doi.org/10.1039/C6TA07020E.

X. Wang, W. Kang, Y. Wang, B. Zhang, D. Sun, Tailored template engineering of
MoSey/N, P-doped carbon nanospheres with sandwiched carbon and few-layered


https://doi.org/10.1016/j.apcatb.2026.127142
https://doi.org/10.1021/jacs.6b08824
https://doi.org/10.1021/jacs.6b08824
https://doi.org/10.1016/j.ccr.2025.217246
https://doi.org/10.1021/jacs.5c10694
https://doi.org/10.1039/d1ee02714j
https://doi.org/10.1038/s43586-023-00243-w
https://doi.org/10.1038/s43586-023-00243-w
https://doi.org/10.1021/acsnano.4c08303
https://doi.org/10.1039/d1ee01574e
https://doi.org/10.1002/smll.202201428
https://doi.org/10.1002/smll.202201428
https://doi.org/10.1016/j.jcou.2022.102324
https://doi.org/10.1016/j.jcou.2022.102324
https://doi.org/10.1002/aenm.202300651
https://doi.org/10.1002/aenm.202300651
https://doi.org/10.1016/j.apcatb.2021.121053
https://doi.org/10.1016/j.cej.2025.170554
https://doi.org/10.1002/cctc.201402128
https://doi.org/10.1016/j.cej.2021.130496
https://doi.org/10.1007/s12598-021-01809
https://doi.org/10.1016/j.cej.2023.146945
https://doi.org/10.1038/srep22516
https://doi.org/10.1038/srep22516
https://doi.org/10.1021/acsnano.8b03617
https://doi.org/10.1016/j.enchem.2024.100130
https://doi.org/10.1039/d0tb00115e
https://doi.org/10.1002/adma.202205524
https://doi.org/10.1002/adma.202205524
https://doi.org/10.1016/j.apcatb.2022.121181
https://doi.org/10.1021/jp302139e
https://doi.org/10.1021/ja2120647
https://doi.org/10.1021/acsnano.5b00965
https://doi.org/10.1002/advs.201801222
https://doi.org/10.1038/nnano.2015.323
https://doi.org/10.1038/nnano.2015.323
https://doi.org/10.1038/srep02007
http://refhub.elsevier.com/S0926-3373(26)00762-9/sbref29
http://refhub.elsevier.com/S0926-3373(26)00762-9/sbref29
http://refhub.elsevier.com/S0926-3373(26)00762-9/sbref29
http://refhub.elsevier.com/S0926-3373(26)00762-9/sbref29
https://doi.org/10.1016/j.apcatb.2014.08.046
https://doi.org/10.1016/j.apcatb.2014.08.046
https://doi.org/10.1038/s41699-017-0019-1
https://doi.org/10.1002/adma.201700311
https://doi.org/10.1002/adma.201700311
https://doi.org/10.1039/C6TA07020E

C.B. Hiragond et al.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

MoSe; shells for stable and high-rate storage of Na*/K"-ions, J. Mater. Chem. A
Mater. 9 (2021) 17780-17789, https://doi.org/10.1039/D1TA05655G.

D. Cao, K. Ye, O.A. Moses, W. Xu, D. Liu, P. Song, C. Wu, C. Wang, S. Ding, S. Chen,
Engineering the in-plane structure of metallic phase molybdenum disulfide via Co
and O dopants toward efficient alkaline hydrogen evolution, ACS Nano 13 (2019)
11733-11740, https://doi.org/10.1021/acsnano.9b05714.

M. Ahmadi, J. Timoshenko, F. Behafarid, B. Roldan Cuenya, Tuning the structure
of Pt nanoparticles through support interactions: an in situ polarized X-ray
absorption study coupled with atomistic simulations, J. Phys. Chem. C. 123 (2019)
10666-10676, https://doi.org/10.1021/acs.jpcc.9b00945.

C.B. Hiragond, J. Lee, H. Kim, J.-W. Jung, C.-H. Cho, S.-I. In, A novel N-doped
graphene oxide enfolded reduced titania for highly stable and selective gas-phase
photocatalytic CO; reduction into CH4: An in-depth study on the interfacial charge
transfer mechanism, Chem. Eng. J. (2020) 127978, https://doi.org/10.1016/j.
cej.2020.127978.

L. Collado, A. Reynal, F. Fresno, M. Barawi, C. Escudero, V. Perez-Dieste, J.

M. Coronado, D.P. Serrano, J.R. Durrant, A. Victor, Unravelling the effect of charge
dynamics at the plasmonic metal/semiconductor interface for CO photoreduction,
Nat. Commun. 9 (2018) 1-10, https://doi.org/10.1038/s41467-018-07397-2.

M. Recio-Poo, A. Morales-Garcia, F. Illas, S.T. Bromley, Tuning electronic levels in
photoactive hydroxylated titania nanosystems: combining the ligand dipole effect
and quantum confinement, Nanoscale 16 (2024) 8975-8985, https://doi.org/
10.1039/d3nr06189b.

D.O. Scanlon, C.W. Dunnill, J. Buckeridge, S.A. Shevlin, A.J. Logsdail, S.

M. Woodley, C.R.A. Catlow, M.J. Powell, R.G. Palgrave, I.P. Parkin, G.W. Watson,
T.W. Keal, P. Sherwood, A. Walsh, A.A. Sokol, Band alignment of rutile and anatase
TiO,, Nat. Mater. 12 (2013) 798-801, https://doi.org/10.1038/nmat3697.

L. Wang, W. Chen, D. Zhang, Y. Du, R. Amal, S. Qiao, J. Wu, Z. Yin, Surface
strategies for catalytic CO; reduction: From two-dimensional materials to
nanoclusters to single atoms, Chem. Soc. Rev. 48 (2019) 5310-5349, https://doi.
org/10.1039/c9¢cs00163h.

N.S. Powar, S. Kim, J. Lee, E. Gong, C.B. Hiragond, D. Kim, T. Zhang, M. Kim, S.-
1 In, Unravelling the effect of Ti>*/Ti*" active sites dynamic on reaction pathways
in direct gas-solid-phase CO, photoreduction, Appl. Catal. B 352 (2024), https://
doi.org/10.1016/j.apcatb.2024.124006.

N.S. Powar, S. Kwon, C.B. Hiragond, J. Lee, E. Gong, H.S. Kim, D. Kim, W.

A. Goddard, S.-I. In, Defect-Driven Dynamics in Gas-Phase Photocatalytic CO2
conversion to solar fuels using Ti** /Ti** Containing TiO» and nonstoichiometric
Ag,S nanowires, ACS Catal. 15 (2025) 18474-18483, https://doi.org/10.1021/
acscatal.5c05258.

M.G. Kibria, F.A. Chowdhury, S. Zhao, B. AlOtaibi, M.L. Trudeau, H. Guo, Z. Mi,
Visible light-driven efficient overall water splitting using p-type metal-nitride
nanowire arrays, Nat. Commun. 6 (2015) 6797, https://doi.org/10.1038/
ncomms7797.

S. Han, Y. Chen, S. Abanades, Z. Zhang, Improving photoreduction of CO5 with
water to CH4 in a novel concentrated solar reactor, J. Energy Chem. 26 (2017)
743-749, https://doi.org/10.1016/j.jechem.2017.03.006.

A. Raza, H. Shen, A.A. Haidry, L. Sun, R. Liu, S. Cui, Studies of Z-scheme WO3-
TiOy/CuzZnSnS, ternary nanocomposite with enhanced CO, photoreduction under
visible light irradiation, J. CO, Util. 37 (2020) 260-271, https://doi.org/10.1016/
j-jcou.2019.12.020.

R. Wang, P. Yang, S. Wang, X. Wang, Distorted carbon nitride nanosheets with
activated n— n* transition and preferred textural properties for photocatalytic CO2
reduction, J. Catal. 402 (2021) 166-176, https://doi.org/10.1016/].
jcat.2021.08.025.

B. Liu, Y. Xue, J. Zhang, D. Wang, T. Xie, X. Suo, L. Mu, H. Shi, Study on photo-
induced charge transfer in the heterointerfaces of CulnSy/CdS co-sensitized

13

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Applied Catalysis B: Environment and Energy 399 (2026) 127142

mesoporous TiO photoelectrode, Electrochim. Acta 192 (2016) 370-376, https://
doi.org/10.1016/j.electacta.2016.01.224.

N.S. Powar, M. Jang, M. Gyu Kim, C.B. Hiragond, J. Lee, E. Gong, H. Kim, D. Kim,
J.W. Jung, C.H. Cho, T. Zhang, M. Kim, S.-1 In, Dynamic Ti>* and In®* dual active
sites on InyTiOs to enhance visible-light-driven gas-phase photocatalytic COy
reduction, Chem. Eng. J. 480 (2024) 147966, https://doi.org/10.1016/j.
cej.2023.147966.

Y. Py, Y. Luo, X. Wei, J. Sun, L. Li, W. Zou, L. Dong, Synergistic effects of Cu0-
decorated CeO; on photocatalytic CO2 reduction: surface Lewis acid/base and
oxygen defect, Appl. Catal. B 254 (2019) 580-586, https://doi.org/10.1016/j.
apcatb.2019.04.093.

Z.-W. Wang, Q. Wan, Y.-Z. Shi, H. Wang, Y.-Y. Kang, S.-Y. Zhu, S. Lin, L. Wu,
Selective photocatalytic reduction CO2 to CHy4 on ultrathin TiO2 nanosheet via
coordination activation, Appl. Catal. B 288 (2021) 120000, https://doi.org/
10.1016/j.apcatb.2021.120000.

S.N. Habisreutinger, L. Schmidt-Mende, J.K. Stolarczyk, Photocatalytic reduction
of CO, on TiO, and other semiconductors, Angew. Chem. Int. Ed. 52 (2013)
7372-7408, https://doi.org/10.1002/anie.201207199.

C.B. Hiragond, S. Biswas, N.S. Powar, J. Lee, E. Gong, H. Kim, H.S. Kim, J.W. Jung,
C.H. Cho, B.M. Wong, S.-1 In, Surface-modified Ag@Ru-P25 for photocatalytic CO5
conversion with high selectivity over CH,4 formation at the solid—gas interface,
Carbon Energy 6 (2024) €386, https://doi.org/10.1002/cey2.386.

Y. Yu, X. Dong, P. Chen, Q. Geng, H. Wang, J. Li, Y. Zhou, F. Dong, Synergistic
Effect of Cu single atoms and Au-Cu Alloy nanoparticles on TiO; for efficient CO2
photoreduction, ACS Nano 15 (2021) 14453-14464, https://doi.org/10.1021/
acsnano.1c03961.

S. Cai, M. Zhang, J. Li, J. Chen, H. Jia, Anchoring Single-Atom Ru on CdS with
Enhanced CO; capture and charge accumulation for high selectivity of
photothermocatalytic CO, reduction to solar fuels, Sol. RRL 5 (2021) 2000313,
https://doi.org/10.1002/s0lr.202000313.

Y. Bo, P. Du, H. Li, R. Liu, C. Wang, H. Liu, D. Liu, T. Kong, Z. Lu, C. Gao, Bridging
Au nanoclusters with ultrathin LDH nanosheets via ligands for enhanced charge
transfer in photocatalytic CO; reduction, Appl. Catal. B 330 (2023) 122667,
https://doi.org/10.1016/j.apcatb.2023.122667.

Y. Huang, P. Du, W.-X. Shi, Y. Wang, S. Yao, Z.-M. Zhang, T.-B. Lu, X. Lu, Filling
COFs with bimetallic nanoclusters for CO,-to-alcohols conversion with HyO
oxidation, Appl. Catal. B 288 (2021) 120001, https://doi.org/10.1016/j.
apcatb.2021.120001.

S. Biswas, S. Mondal, F.A. Rahimi, A. Dey, J. Chauhan, T.K. Maji, Photochemical
reduction of low concentration CO; to solar fuel in a metal-free 2D-covalent
organic framework, J. Mater. Chem. A Mater. 13 (2025) 38898-38907, https://
doi.org/10.1039/D5TA04672F.

W. Zhang, C. Deng, W. Wang, H. Sheng, J. Zhao, Achieving Almost 100%
selectivity in photocatalytic CO5 reduction to methane via in-situ atmosphere
regulation strategy, Adv. Mater. 36 (2024) 2405825, https://doi.org/10.1002/
adma.202405825.

S. Alj, J. Lee, H. Kim, Y. Hwang, A. Razzaq, J.W. Jung, C.H. Cho, S.-1 In, Sustained
photocatalytic CO2 reduction to CHy in a continuous flow reactor by earth-
abundant materials: Reduced titania-CuzO Z-scheme heterostructures, Appl. Catal.
B 279 (2020) 119344, https://doi.org/10.1016/j.apcath.2020.119344.

M. Arumugam, M. Tahir, P. Praserthdam, Effect of nonmetals (B, O, P, and S)
doped with porous g-C3N4 for improved electron transfer towards photocatalytic
CO3 reduction with water into CHy4, Chemosphere 286 (2022) 131765, https://doi.
org/10.1016/j.chemosphere.2021.131765.

R.K. Saravanan, S. Karmakar, F.A. Rahimi, A. Dey, R. Jena, D. Maity, T.K. Maji,
Metallo-porous organic polymer as a CO, reduction catalyst toward selective solar
fuel production, Chem. Mater. 36 (2024) 6410-6420, https://doi.org/10.1021/
acs.chemmater.4c00315.


https://doi.org/10.1039/D1TA05655G
https://doi.org/10.1021/acsnano.9b05714
https://doi.org/10.1021/acs.jpcc.9b00945
https://doi.org/10.1016/j.cej.2020.127978
https://doi.org/10.1016/j.cej.2020.127978
https://doi.org/10.1038/s41467-018-07397-2
https://doi.org/10.1039/d3nr06189b
https://doi.org/10.1039/d3nr06189b
https://doi.org/10.1038/nmat3697
https://doi.org/10.1039/c9cs00163h
https://doi.org/10.1039/c9cs00163h
https://doi.org/10.1016/j.apcatb.2024.124006
https://doi.org/10.1016/j.apcatb.2024.124006
https://doi.org/10.1021/acscatal.5c05258
https://doi.org/10.1021/acscatal.5c05258
https://doi.org/10.1038/ncomms7797
https://doi.org/10.1038/ncomms7797
https://doi.org/10.1016/j.jechem.2017.03.006
https://doi.org/10.1016/j.jcou.2019.12.020
https://doi.org/10.1016/j.jcou.2019.12.020
https://doi.org/10.1016/j.jcat.2021.08.025
https://doi.org/10.1016/j.jcat.2021.08.025
https://doi.org/10.1016/j.electacta.2016.01.224
https://doi.org/10.1016/j.electacta.2016.01.224
https://doi.org/10.1016/j.cej.2023.147966
https://doi.org/10.1016/j.cej.2023.147966
https://doi.org/10.1016/j.apcatb.2019.04.093
https://doi.org/10.1016/j.apcatb.2019.04.093
https://doi.org/10.1016/j.apcatb.2021.120000
https://doi.org/10.1016/j.apcatb.2021.120000
https://doi.org/10.1002/anie.201207199
https://doi.org/10.1002/cey2.386
https://doi.org/10.1021/acsnano.1c03961
https://doi.org/10.1021/acsnano.1c03961
https://doi.org/10.1002/solr.202000313
https://doi.org/10.1016/j.apcatb.2023.122667
https://doi.org/10.1016/j.apcatb.2021.120001
https://doi.org/10.1016/j.apcatb.2021.120001
https://doi.org/10.1039/D5TA04672F
https://doi.org/10.1039/D5TA04672F
https://doi.org/10.1002/adma.202405825
https://doi.org/10.1002/adma.202405825
https://doi.org/10.1016/j.apcatb.2020.119344
https://doi.org/10.1016/j.chemosphere.2021.131765
https://doi.org/10.1016/j.chemosphere.2021.131765
https://doi.org/10.1021/acs.chemmater.4c00315
https://doi.org/10.1021/acs.chemmater.4c00315

	Highly selective CO2-to-CH4 conversion via multisun-assisted photocatalysis enabled by dual cocatalyst interfaces
	1 Introduction
	2 Experimental section
	2.1 Exfoliation of MoSe2
	2.2 Synthesis of TiO2-MoSe2 (TM)
	2.3 Synthesis of Pt/TiO2-MoSe2 (Pt-TM)

	3 Results and discussion
	3.1 Morphology and surface coordination chemistry
	3.2 Optical properties and band structure analysis
	3.3 Photocatalytic CO2 reduction
	3.4 Surface properties and charge transfer study
	3.5 In-situ DRIFT for CO2 reduction mechanisms
	3.6 DFT simulations for the band alignment, charge transfer, and reaction mechanism

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	Data availability
	References


