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This study explores how the strategic material design introduced synergetic coupling of strong metal-
support interaction (SMSI) between copper (Cu) nanoparticles and titanium dioxide (TiO;) loaded on
dendritic fibrous nanosilica (DFNS), defects within TiO,, and localized surface plasmon resonance (LSPR)
of Cu. Mechanistic insights were gained using in situ high-energy radiation fluorescence detection X-ray
absorption near edge structure (HERFD-XANES) spectroscopy, electron microscopy, and finite-
difference time-domain (FDTD) simulations. The introduction of copper nanoparticles onto the TiO,
surface induces a change in the electronic structure and surface chemistry of TiO,, due to the electronic
interactions between Cu sites and TiO, at the interface, inducing SMSI. This resulted in enhancing light
absorption, efficient charge transfer, reducing electron—hole recombination and enhancing the overall
catalytic efficiency. The activation energy for CO, reduction was significantly reduced in light as
compared to dark. Control experiments revealed a dominant role of photoexcited hot carriers, alongside
photothermal effects, in driving CO, reduction, supported by super-linear light intensity dependence and
reduced activation energies. The unique interplay of O-vacancy defects, electron—hole separation in
TiO, and LSPR effects in Cu led to the excellent performance of the DFNS/TiO,—CulO catalyst. The
catalyst outperformed the reported photocatalytic systems with a CO production rate of ~3600 mmol
geu T h71 (360 mmol gear ! h™Y) with nearly 100% selectivity. A reaction mechanism was proposed based
on the intermediates observed using the in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) and co-related to the electron transfer pathways to different reactants using
HERFD-XANES. The study concluded that the synergistic coupling of Cu LSPR, charge carrier separation
via SMSI at the Cu-TiO; interface, and O-vacancy defects stabilized by SMSI enhance the photocatalytic
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serving as a major step.” Many photocatalytic systems have
been developed to resolve this issue, including the semi-

Introduction

The rising amounts of carbon dioxide (CO,) in the Earth's
atmosphere have become a major worldwide problem, neces-
sitating the development of novel climate-change mitigation
techniques. Among the several options, photocatalytic CO,
reduction has emerged as a viable pathway for converting
carbon dioxide into useful fuels, with carbon monoxide (CO)

“Department of Chemical Sciences, Tata Institute of Fundamental Research, Mumbai,
40005, India. E-mail: vivekpol@tifr.res.in

*ID26, European Synchrotron Radiation Facility, Grenoble, France

‘Department of Chemistry, Graduate School of Science, Tokyo Metropolitan University,
Tokyo 192-0397, Japan

“National Centre for Nanoscience and Nanotechnology, Department of Physics,
University of Mumbai, Mumbai 400098, India

T Electronic supplementary information (ESI) available: Experimental details,
Scheme S1, Fig. S1 to S15, and Table S1-S4 is available for this paper. See DOI:
https://doi.org/10.1039/d55c01166¢

1 Shared first authors.

9766 | Chem. Sci, 2025, 16, 9766-9784

conductor and plasmon-based catalysts.** While photo-
catalytic CO, reduction to CO is a promising approach, it is
essential to recognize that other reduction products, such as
methane (CH,) and methanol (CH;OH), are also commonly
produced in CO, reduction reactions. The selectivity of the
process, whether it favors the formation of CO, CH,, or CH;0H,
depends on various factors, including the catalyst, reaction
conditions, and the reaction pathway. The development of
catalysts with high selectivity for CO production remains
a significant challenge, as the competition between different
reduction pathways can reduce efficiency. Among semi-
conductors, titanium dioxide has been extensively used as
a photocatalyst.”™** To tackle the problems of limited visible
light response and high charge carrier recombination rate of
these photocatalysts, different strategies were employed like
defect creation,™” use of metal nanoparticles (NPs) as cocata-
lysts, etc.'®?* Yet their practical utility is still limited due to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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limited efficiency and CO production rate. Thus, a novel
approach to developing sustainable catalysts represents
a fundamental pursuit in catalytic materials research.

In this study, we propose an innovative strategy that utilizes
synergistic coupling of defects, strong metal-support interac-
tion (SMSI) and localized surface plasmon resonance (LSPR).
This study hypothesizes that manipulating plasmonic reso-
nance, defects, and SMSI can provide a novel way of tuning the
photocatalytic performance (production rate, selectivity and
stability) of the catalyst.

LSPR exhibited by various metal nanoparticles allows the
concentration of light energy and can pave new ways for
chemical transformations with better activities and
selectivities.”>** Defects have long been employed as a means to
fine-tune the catalytic behaviour of materials,”*™* yet their
potential for precisely modulating photocatalytic behaviours of
plasmonic catalysts remained relatively unexplored. Building
upon our ongoing research into defect-tuned catalysis,**">*
using dendritic fibrous nanosilica (DFNS)-based catalysts,>**
and plasmonic catalysis,>'>***” this work aims to develop
hybrid plasmonic-defected photocatalysts for CO, to CO
conversion. The hypothesis was that the activation energy could
be significantly reduced in light owing to the synergistic inter-
play of SMSI-stabilized oxygen vacancies, and enhanced charge
carrier separation.

Leveraging the electronic tuning of Ti conduction bands of
TiO, upon incorporation of Cu atoms and defect creation, the
electron transfers between the TiO, and Cu were enhanced.*®*°
Owing to this enhancement in charge transfer, the electron-
hole pair recombination was inhibited due to spatial separa-
tion. The electron transfer between the semiconductor TiO, and
plasmonic Cu under illumination was deduced by employing in
situ high-energy radiation fluorescence detection X-ray absorp-
tion near edge structure (HERFD-XANES), which also helped in
elucidating the charge transfer processes to the reactants.

Detailed spectroscopic analysis (HERFD-XANES, UV-Vis, IR),
as well as finite-difference time-domain (FDTD) simulations,
were performed to understand this synergy and the enhanced
electron transfer rate between active site and reactants was
understood, and a molecular reaction mechanism was deduced
using in situ DRIFTS studies. The synergistic interplay of defect
creation and efficient charge separation effect signifies this
remarkable improvement in catalytic performance, which is
discussed in the subsequent sections.

Results and discussions
Photocatalytic CO, reduction

The catalysts were synthesized by TiO, coating on each fibre of
DFNS, followed by loading different amounts of Cu NPs
(0.05 wt%, 4 wt%, 10 wt% and 20 wt%) (Table S17), via depo-
sition—-precipitation of Cu salt directly on TiO, surface followed
by calcination in air and thermal reduction in H, environment
(refer ESIt for detailed protocol). The photocatalytic CO,
reduction was carried out in a flow reactor, utilizing a xenon
lamp as the light source (5.1 W em 2, 230-1100 nm) and
a quartz window to facilitate the light irradiation (Scheme S17).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The catalyst powder was loaded in a porous alumina crucible of
a flow reactor. Carbon dioxide and hydrogen were introduced at
flow rates of 80 mL min~"' and 1 mL min ', respectively, with
a total flow rate of 101 mL min~", balanced with argon. The
products were monitored through online micro-gas chroma-
tography (micro-GC). Under the influence of light, the catalytic
reaction proceeded without the need for additional external
heating.

Among the various Cu-loaded catalysts studied, the DFNS/
TiO,~-Cul0 catalyst exhibited the highest activity, achieving
nearly 100% selectivity for the production of CO (Fig. 1a).
Subsequently, we optimized the total flow rate for the best
DFNS/TiO,-Cul0 catalyst under the light conditions (wave-
length range of 230-1100 nm and intensity of 5.1 W cm™?),
operating at 1 bar pressure. The optimization process identified
a total flow rate of 101 mL min ™' as the most effective flow,
resulting in a CO productivity of 3601 mmol g, ' h™’
(360 mmol g.,. " h™") (Fig. 1b). Notably, increasing the flow rate
beyond this optimal flow reduced catalytic activity due to the
reduced residence time of reactant gases on the active sites,
attributed to the high space velocity of the reactant gases. We
further investigated the impact of different CO, : H, ratios while
maintaining the total flow rate at 101 mL min ', balanced with
argon. Argon was used as the inert gas to maintain the optimal
gas hourly space velocity (GHSV) and thus the residence time of
the reactant gases on the active sites. It was observed that the
CO productivity was maximized at a CO,:H, ratio of 80:1
(Fig. 1c). It is worth noting that a very less H,:CO, ratio is
required to achieve this high productivity along with high
selectivity towards CO, which makes this system even more
sustainable. Also, this finding suggests that the CO, activation
is the challenging step of the process, therefore requiring a high
concentration of CO, in the feed.

The long-term stability of DFNS/TiO,-Cul0 for photo-
catalytic CO, reduction was assessed for ~100 hours. Initially,
there was a decrease in catalyst activity, with the CO production
rate falling from 3601 to 1700 mmol g¢, ' h™* during the first
30 hours of the reaction.

However, after this initial decline, the catalyst exhibited
consistent stability throughout the entire 100 hour period
(Fig. 1d). The initial loss could be due to some agglomeration of
the Cu NPs which was observed in the STEM EDS mapping of
the spent catalyst after 30 h (Fig. S17). After this initial loss, the
extended stability was attributed to the interaction established
between the TiO, support and the active Cu sites within the
catalyst. This allowed a controlled degree of agglomeration
while ensuring a high dispersion of Cu nanoparticles (due to
SMSI), a key factor contributing to this sustained stability. The
high dispersion of stable Cu active sites on TiO, as a result of
defect-tuned SMSI was confirmed by the high-angle annular
dark-field scanning transmission electron microscopy (HAADF
STEM) imaging and STEM EDS mapping of the spent catalyst
(Fig. S1t).

The control experiments were carried out using only
hydrogen or carbon dioxide and different catalyst components
singularly. These experiments revealed no observable catalytic
activity (Fig. 1e). Importantly, without Cu loading, DFNS/TiO,
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Fig. 1 Catalytic performance of DFNS/TiO,—-Cu for photocatalytic CO, reduction, (a) CO productivity using various Cu-loaded DFNS/TiO,
catalysts (x denotes the Cu wt¥%) at 1 bar pressure, 80 : 1 CO, : H; ratio with a total flow rate of 101 mL min~%; Impact of (b) total flow (with 80: 1
CO, : Hj, ratio), (c) influence of CO; : H, ratio (at 101 mL min~* total flow) on CO production rate using DFNS/TiO,—Cul0 catalyst; (d) long-term
stability of DFNS/TiO,—Cul0 catalyst; (e) control experiments using different catalysts under various reaction conditions; (f) mass spectra of
13CO, when labelled **CO, was used as the feed gas (inset: gas chromatogram of CO).

showed no CO production. This underlines the crucial role of
Cu in activating the DFNS/TiO, catalyst, reaffirming its signifi-
cance in the CO, reduction process. To unequivocally confirm
that the supplied CO, was the exclusive carbon source for CO
production, we conducted an isotope experiment, replacing the
standard '>CO, feed gas with isotopically labelled **CO, gas.
The resulting gas chromatography-mass spectrometry (GC-MS)
analysis showed a distinctive signal corresponding to *CO

9768 | Chem. Sci., 2025, 16, 9766-9784

(m/z = 29) in the mass spectrum (Fig. 1f). This analysis provided
evidence that the product CO indeed originated from the *CO,
feed gas.

Structural characterization of the DFNS/TiO,-Cul0 catalyst

To understand the structure-activity relationship, it is of high
importance to investigate the crystalline nature of the catalyst

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and further understand the catalytic performance and mecha-
nism. The transmission electron microscopy (TEM) images of
the fresh DFNS/TiO,-Cu10 catalyst after H, treatment displayed
uniform loading of Cu nanoparticles on the DFNS/TiO, sphere
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(Fig. 2a—f). Scanning transmission electron microscopy coupled
with energy dispersive X-ray spectroscopy (STEM-EDS)
elemental mapping indicated the high dispersion of Cu active
sites on the TiO, support, with Cu and Ti signals appearing
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Fig.2 DFNS/TiO,—-Cul0 catalyst characterisation, (a) and (b) HRTEM images; (c) HAADF-STEM images; (d)—(f) STEM-EDS elemental mapping; (g)
HRTEM image showing anatase phase of TiO,; XPS spectra for (h) Cu 2p and (i) Ti 2p; (j) TPR profile of DFNS/TiO,—Cul0 as prepared (ASP)
catalyst; (k) UV-Vis DRS (diffuse reflectance spectra) for DFNS/TiO, and DFNS/TiO,—Cul0 (reduced) catalyst; (1) N, sorption isotherms for DFNS/

TiO,, DFNS/TiO,—Cul0 (ASP) and reduced catalyst.
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uniformly on the catalyst's surface (Fig. 2d-f). HAADF STEM
images showed Cu NPs with varying particle size distribution
with variable loading, with a mean particle size of 6.5 nm for
DFNS/TiO,-Cu10 (Fig. S2t). The high-resolution (HR) TEM
images showed the lattice fringes of the anatase phase of TiO,
(Fig. 2g) and (111) planes of Cu and Cu,O (Fig. S31).** Powder X-
ray diffraction (PXRD) patterns of DFNS/TiO,-Cul0 did not
show patterns for anatase TiO, or Cu (Fig. S471), which may be
due to small crystallite size or the amorphous nature of the
deposited sites.”>*> X-ray photoelectron spectroscopy (XPS)
indicated the presence of Cu® and Cu" species (Fig. 2h). Two
sets of 2p peaks were seen in the Cu XPS 2p core level spectra;
the first set included Cu 2p;/, and Cu 2p,,, peaks at 932.6 and
952.89 eV, respectively, which indicate the presence of copper
with low valences, such as Cu® and Cu" (Fig. 2h).®* The weak
peaks of Cu 2p;z, at 934.5 eV and Cu 2p,,, at 953.8 eV in
combination with the satellite peaks at 942 eV are typical
characteristics of Cu®>*, which could occur due to oxidation
during the XPS sample preparation.®>® In the high-resolution
XPS spectrum of Cu-loaded DFNS/TiO,, spin-orbit splitting
results in the doublets, Ti 2p;/, at binding energy 458.6 €V and
Ti 2p;, at binding energy 464.4 eV (Fig. 2i). These peaks
correspond to TiO, with Ti*" sites.®® Also, the shoulder at
binding energy 459.7 eV corresponds to Ti** in TiO,. The pres-
ence of Ti** state could be directly linked to the formation of
oxygen vacancies, which was also confirmed by the
temperature-programmed reduction (TPR) analysis of DFNS/
TiO,-Cu10 (Fig. 2j). It showed three distinct peaks corre-
sponding to the reduction of Cu®*" to Cu’, Cu” to Cu® and
creation of oxygen vacancies. The resulting Cu® in contact with
TiO, would interact with the oxygen from the network and form
Cu'{0,]-Ti**, which exhibited a reduction signal at ~337 °C
and finally, this oxygen was lost, creating vacancies at ~520 °©
C.**% These partially positive Cu sites are attributed to Cu
undergoing SMSI with the TiO, support.

To probe the changes in the absorption profile of the catalyst
after the incorporation of Cu, UV-Vis diffuse reflectance spec-
troscopy (DRS) data was recorded (Fig. 2k), which showed
a broad band absorption profile for DFNS/TiO,-Cu10, unlike
DFNS/TiO, which showed a typical TiO, absorption profile lying
entirely in the UV region. DFNS/TiO,-Cu10 catalyst has highly
dispersed Cu sites, which assisted in the formation of oxygen
vacancies. The incorporation of defects as well as Cu helped to
absorb a wide range of wavelengths by virtue of its LSPR effect.*”
The N, sorption isotherm analysis BET surface area calculations
and the pore-size distribution analysis showed that the pores
were occupied by loading the Cu salt on DFNS/TiO, and were
then partially recovered by reduction due to the formation of
highly dispersed Cu NPs (Fig. 21, S5 and Table S27).

In situ HERFD-XANES studies for insights into defects & SMSI

The variations in the Ti K-edge with reduction at various
temperatures were investigated by measuring the Ti 1s core
level HERFD-XANES spectra of TiO, (Fig. 3a-g and S67). The
spectral profiles conformed to the anatase phase of TiO, as also
affirmed by HRTEM analysis (Fig. 2g).°*7° The highest energy,

9770 | Chem. Sci,, 2025, 16, 9766-9784
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most intense dipolar region of the spectrum (main edge ~ 4.98
keV) primarily arises from the dipolar excitation of Ti 1s elec-
trons to unoccupied Ti 4p states (Fig. S67).°® A decrease in
energy and intensity of this edge, with increasing reduction
temperature, was observed, resulting from poorer core hole
screening and a reduced number of metal-ligand states (Ti
4p-0 2p hybrid orbitals in this system) available for 1s electron
excitation.®® The peak position energy difference is about 1.5 eV,
compared to 0.9 eV between six- and five-coordinate Ti in
glasses as reported by Farges et al.®® This suggests an increase in
five-coordinated Ti sites due to the formation of oxygen vacan-
cies and the reduction of Ti*" sites to Ti** with increasing
temperatures.

In addition to the changes in the main-edge portion of the
spectrum, significant variations in the energy and intensity of
the Ti K-pre-edge peaks were observed, depending on the
charge, bonding environment, and coordination number
(CN).**> As the CN decreases from 6, the loss of inversion
symmetry allows the Ti 3d states to partially overlap with 4p
states, introducing a dipolar component to the excitation and
causing the peak intensity to increase. The reduction in the pre-
edge energy with decreasing CN is likely due to alterations in
final-state core-hole screening.”””® The splitting of the Ti 3d
band of DFNS/TiO,-Cu10 into t,, and e, states due to the crystal
field effect is sensitive to the degree of hybridization and the
number of ligand coordination.” This splitting results in four
distinct peaks in the pre-edge region of Ti-K edge spectra,
labelled A1-A4. The A1 peak is attributed to the quadrupolar 1s
— 3d (ty) transition, while the A3 peak is attributed to the
dipolar transition of 1s — 3d (t,g)-4p hybridized states, with
a minor quadrupolar 1s — 3d (e,) component. The A2 peak is
linked to the quadrupole transitions of 1s to 3d (e,)-4p
hybridized states and A4 corresponds to the pure dipolar tran-
sitions of 1s — 3d (ey)-4p hybridized states.”** Although the
peak assignments have been widely debated, it is generally
accepted that A1 and A3 primarily probe the t,; band, while A2
and A4 probe the e, band. The absorption intensity of t,; and e,
increases with rising catalyst reduction temperature, indicating
the reconstruction of these bands through induced disorder/
distortion in the structural matrix.** The separation of pre-
edge peaks reflects the effect of the core-hole potential, which
depends on the localization of the final states reached. Thus, A1
and A2 are associated with transitions to states strongly local-
ized on the Ti atoms in the DFNS/TiO,-Cul0 system.

On the other hand, studies on nanosized TiO, have shown
that A2 is particularly sensitive to crystallinity and nanoparticle
size, with its intensity correlating to low-coordinated Ti sites on
the surface.®*® The intensity ratio of the two peaks (A2/A3)
exhibited a linear increase with the reduction temperature up
to 550 °C. However, at 650 °C, there was a sudden and marked
increase in the A2 peak intensity. This abrupt change can be
correlated to the enhanced oxygen vacancy formation at
a higher reduction temperature. Such an increase in oxygen
vacancies indicates significant lattice distortion within the TiOg
octahedra, leading to a decrease in the coordination number of
Ti sites. These findings are consistent with the spectral analysis
conducted by Yogi et al.”* At the surface, a five-coordinated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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~1 (a) Ti K-edge pre-edge region spectra;

Gaussian curve fittings of anatase TiO, in the pre-peak region at different temperatures (b) 50 °C, (c) 140 °C, (d) 350 °C, (e) 550 °C, and (f) 650 °C;
(g) A2/A3 ratio from the pre-edge of Ti K-edge versus temperature plot, (h) Cu-K edge XANES spectra.

geometry predominates, accounting for the observed distorted
environments. This correlation suggests that the formation of
oxygen vacancies plays a critical role in altering the local coor-
dination and structural arrangement of Ti sites within the
lattice.

A series of Cu K-edge XANES spectra recorded under in situ
conditions (Fig. 3h) consisted of three major features labelled as
A-C. The pre-edge feature at 8.980 keV (feature A) arises from
transitions to spatially localized 3d states.®**” The shape of this
pre-edge is influenced by the number of d-shell electrons, with
its intensity proportional to the 3d-4p hybridization with its
energy indicating the oxidation state. The presence of this
feature, which is prominent in as-prepared catalysts, signifies
Cu*" since Cu and Cu" have filled 3d orbitals.** Upon exposure

© 2025 The Author(s). Published by the Royal Society of Chemistry

to a reducing environment, Cu®" is readily reduced at 140 °C.
Feature B, at 8.993 keV, corresponds to the 1s — 4s dipole
transitions, with intensity directly proportional to the partial
positive charge on Cu sites due to increased empty states in the
4s orbitals.*”"® Feature C, the most intense white line at 8.996
keV, is attributed to 1s — 4p dipole transitions.*>*® As the
catalyst reduction temperature increases, the spectra shift to
lower energies, indicating the reduction of Cu®" and Cu" to
metallic Cu. Even at 650 °C, the XANES pre-edge positions lie
between those of Cu foil and Cu,O, suggesting an oxidation
state between 0 and +1.* This further supported the conclu-
sions from H,-TPR analysis that Cu sites in contact with TiO,
exist in the Cu'’ state. In situ XANES analysis elucidated the
interaction dynamics between TiO,, its defects and the Cu NPs
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within the DFNS/TiO,-CulO catalyst, revealing significant
oxidation states and electron density distribution shifts among
the Cu sites and TiO,. It indicated the creation of oxygen
vacancies or reduced Ti*" species in TiO,, which are associated
with enhanced catalytic activity due to improved charge carrier
dynamics. This reduction was accompanied by the oxidation of
Cu sites at the interface from Cu® to Cu'. This change is crucial
for stabilizing the reduced Ti’" sites and oxygen vacancies
formed as well as for catalytic processes as it impacts the acti-
vation and transformation of reactants. These interactions
between Cu and TiO, thereby alter the electronic states and
band gap which result in enhanced photocatalytic performance
because of better electron transfer rates, which is discussed in
later sections. These investigations emphasise the crucial role
of electronic structure adjustments, facilitated through SMSI, in
optimising the catalyst's performance.

Comparison with best-reported photocatalytic systems

In the quest for superior photocatalytic systems for the
conversion of CO, to CO, DFNS/TiO,-Cul0, owing to the SMSI
and plasmonic effects discussed above, the catalyst can surpass
other photocatalysts in terms of CO productivity and selectivity.
Thus the catalyst was evaluated against some of the most
reported for

prominent photocatalysts that have been
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photocatalytic CO, reduction.'®'>¢****>* Notably, DFNS/TiO,—
Cul0 exhibited good performance in terms of both CO
production rate and CO selectivity (Fig. 4 and Table S3+1). This
indicates that our catalyst achieved the highest CO production
rate, surpassing previously reported values, although this
comparison is not perfect due to variations in reactor setup,
reaction conditions and light intensities used by various
reports. We chose to normalize the activity based on the active
metal sites, as DFNS was used solely as a support to maximize
metal dispersion. This approach did not apply to previously
reported catalysts, such as Ni;N and In,O;3_,, as they lacked
a support structure. The synergistic interplay of defect creation,
plasmonic effects and efficient charge separation due to tuning
of its band structure signifies this remarkable improvement in
catalytic performance, which is discussed in the subsequent
sections.

Insights into inhibitions of electron-hole recombination by
coupling of defects & SMSI

The intricate mechanisms governing this photocatalytic CO,
reduction process using DFNS/TiO,-Cul0 were then studied.
We explored the dependency of CO production rates on varying
light intensities (Fig. 5a) while monitoring the catalyst bed
temperature by inserting a thin thermocouple directly onto the

Y DFNS/TiO2-Cu10 (This Work)
@ DPC-C4-Ni (57)
@ Ni3N (9)

@ Ni12P5/Si02 (90)

@ Nb2C/Ni (91)

¢ In203-x (92)

¢ AuU/TiO2 (93)

Au/TiO2 (94)

