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ABSTRACT: Constructing photocatalysts decorated with atomically dispersed ‘3
metal species (ADMs) represents a pivotal strategy to maximize atom

utilization and tailor active sites for efficient carbon dioxide (CO,) reduction. 7N (
However, conventional synthesis strategies, typically relying on tedious wet- A, '

chemistry or prolonged thermal calcination, often suffer from slow kinetics that Requction |\ o
inevitably drive the thermodynamic aggregation of metastable single atoms or Y (Y - © - — s b
nanoclusters into less active nanoparticles. Herein, we bypassed these E Y y \‘\.\
limitations by developing a facile flash Joule heating (FJH) strategy to y £ \

engineer stable Cu ADMs on TiO, via an ultrafast and millisecond-scale | |
heating-quenching process. This non-equilibrium thermal shock effectively a |
stabilizes the metal species before thermal diffusion can occur, ensuring a \ /
robust metal-support interaction, as unambiguously confirmed by aberration- VB A 4
corrected high-angle annular dark-field scanning transmission electron = smmmmesmeoo—--e- e
microscopy (HAADF-STEM) and X-ray absorption fine structure (XAFS) - O
analyses. Consequently, the optimized Cu, ,/TiO, delivers an approximately 10- ddation 4
fold enhancement in CO evolution compared to pristine TiO, under simulated

solar irradiation. Comprehensive in-situ diffuse reflectance Fourier transform ya’
spectroscopy (DRIFTS) and photoelectrochemical measurements reveal that

these isolated Cu sites function as superior electron-trapping centers, which

significantly accelerate interfacial charge transfer kinetics and promote the activation of critical reaction mtermedlates This
work establishes FJH as a versatile and scalable platform for overcoming the stability-dispersion trade-off in the rational
design of high-performance photocatalysts.

KEYWORDS: Cu/TiO, atomically dispersed metal species (ADMs), flash Joule heating (FJH), Cu,(/TiO,, photocatalytic
CO, reduction

1 Introduction carbon dioxide (CO,) concentrations to critical levels, necessitating

the development of sustainable technologies to close the
The growing consumption of fossil fuels has driven atmospheric anthropogenic carbon cycle. Artificial photosynthesis, which utilizes
semiconductor materials to harvest solar energy for the reduction of

Received: April 21, 2026; Revised: May 16, 2026 CO, into value-added chemicals, offers a promising green pathway
Accepted: May 19, 2026 to simultaneously alleviate energy shortages and environmental

crises [1-4]. An ideal photocatalyst requires a synergistic
®IAddress correspondence to Chao Zhang, zcl992@ustc.edu.cn; combination of broad light absorption, efficient charge separation,
Yujie Xiong, yjxiong@ustc.edu.cn and abundant surface active sites. However, most single-component
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semiconductors intrinsically suffer from sluggish charge transfer
kinetics and rapid electron-hole recombination, creating a
fundamental bottleneck that necessitates surface engineering with
co-catalysts to unlock their full catalytic potential [5-7].

Decorating semiconductors with metal species is a proven
strategy to modulate surface electronic states and accelerate reaction
kinetics. While decorating with noble metals has traditionally
dominated this field, the high cost and scarcity have catalyzed a
shift toward earth-abundant alternatives, particularly transition
metals, such as copper (Cu) [8-11]. To maximize the atomic
utilization efficiency of these non-noble metals, the field is rapidly
evolving from nanoscale particles toward the ultimate limit of
atomically dispersed metal species (ADMs). These isolated sites not
only minimize material usage but also offer unique coordination
environments that can dramatically enhance selectivity [12—-15].
Nevertheless, the practical realization of such high-density ADMs is
severely hindered by the stability—dispersion trade-off, as the high
surface free energy of isolated metal species inevitably drives them
to aggregate into thermodynamically stable clusters during the
prolonged high-temperature treatments inherent to conventional
synthesis [16-20].

Overcoming this thermodynamic barrier requires a paradigm
shift from equilibrium-based synthesis to non-equilibrium kinetic
control. Flash Joule heating (FJH), an emerging electro-thermal
technique, provides a powerful solution by generating ultrahigh
temperatures (> 1500 °C) within milliseconds, followed by rapid
quenching rates exceeding 10* K-s™. This heat shock mechanism
effectively decomposes precursors while kinetically stabilizing the
metal species in their dispersed state before thermal diffusion and
agglomeration can occur [21-24]. Unlike traditional wet-chemistry
or calcination methods that are often time-consuming and energy-
intensive, FJH offers several advantages, including ultrafast
processing, operational simplicity, solvent-free synthesis, high
energy efficiency, and scalability. These features make FJH a
promising strategy for the large-scale synthesis of advanced
atomically dispersed catalytic materials. While FJH has
demonstrated remarkable success in carbon material processing,
its potential as a universal platform for constructing robust
atomically dispersed metal-oxide interfaces toward solar-to-fuel
conversion remains largely underexplored and merits systematic
investigation [25-29].

Herein, employing TiO, as a model semiconductor support, we
demonstrated a facile FJH strategy to achieve the controlled
synthesis of atomically dispersed Cu species via this ultrafast
heating-cooling process. By systematically regulating the pulse
parameters, we successfully anchored isolated Cu species with a well-
defined local coordination environment, as unambiguously
confirmed by aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and
X-ray absorption fine structure (XAFS) analyses. The resulting
Cu,/TiO, catalyst exhibits an approximately 10-fold enhancement
in photocatalytic CO evolution under simulated solar irradiation,
attributed to the formation of efficient electron-trapping centers
that boost interfacial charge separation. This work not only
provides fundamental insights into the structure-activity
relationship of FJH-derived catalysts but also establishes a universal
and scalable methodology for designing high-performance ADMs
for diverse energy conversion applications.
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2 Results and discussion

2.1 Formation and structural characterization of Cu,/TiO,
ADMs

In this work, the carbon-supported Cu,/TiO, ADMs (x = 0.5, 1, 2,
and 3 corresponding to wt.% Cu), where were synthesized via a
FJH strategy (Fig. S1 in the Electronic Supplementary Material
(ESM)), where the precursor-loaded substrate undergoes an
ultrafast thermal shock (ca. 1000 °C within ms). This non-
equilibrium process utilizes rapid Joule heating to decompose metal
precursors, followed immediately by an ultrafast quenching rate
that kinetically stabilizes the Cu species before diffusion can occur.
Consequently, the thermodynamically driven aggregation of
atomically dispersed Cu species is effectively suppressed, securing
the stabilization of isolated Cu sites on the TiO, support [30-32].
To verify the successful synthesis of carbon-supported Cu,/TiO,
ADMs, the morphology and atomic structure were
comprehensively analyzed. Field emission scanning electron
microscopy (FESEM) (Figs. S2(a)-S2(e) in the ESM) and
transmission electron microscopy (TEM) images (Fig. 1(a) and
Figs. S2(a')-S2(¢') in the ESM) reveal that the Cu,/TiO, ADMs
retain the particulate morphology of the TiO, support. Despite the
thermal shock, the TiO, nanoparticles maintain a uniform size
distribution without severe sintering, highlighting the structural
preservation capability of the FJH method. High-resolution TEM
(HRTEM) further elucidates the crystallinity of the support
(Fig. 1(b)). Specifically, clear lattice fringes with a d-spacing of
0.35 nm can be observed, corresponding to the (101) plane of
anatase TiO,.

To provide direct visual evidence of the atomic dispersion of Cu,
aberration-corrected HAADF-STEM was employed. As shown in
Figs. 1(c) and 1(d), and Fig. S3 in the ESM, the TiO, support
exhibits a highly crystalline structure with lattice fringes of 0.24 nm,
assigned to the (004) plane. In addition, owing to the Z-contrast
mechanism, where intensity is proportional to Z?, the heavier Cu
atoms (Z = 29) appear as distinct and bright regions dispersed
against the lighter Ti (Z = 22) background. These bright features are
isolated and uniformly distributed without forming larger clusters,
unambiguously confirming the formation of ADMs [33]. This
atomic-level dispersion is further corroborated by STEM-energy
dispersive  X-ray spectroscopy (EDS) elemental mapping
(Figs. 1(e)-1(h) and Fig. $4 in the ESM), which demonstrates a
homogeneous overlap of Cu, Ti, and O signals throughout the
nanoparticle architecture, ruling out significant phase segregation
(Table S1 in the ESM). The actual content of the copper on the
Cu,/Ti is determined to be ca. 0.8%, using inductively coupled
plasma-optical emission spectroscopy (ICP-OES) (Table S2 in the
ESM).

The crystalline phase and chemical state of the catalysts were
further investigated. The X-ray diffraction (XRD) patterns for all
Cu,/TiO, samples are identical to TiO, (Fig. 1(i) and Fig. S5 in the
ESM), indexing to the anatase phase (JCPDS No. 21-1272).
The absence of characteristic copper oxide peaks, even at relatively
high loadings, supports the STEM findings that Cu species are
highly dispersed, below the detection limit of XRD. Raman
spectroscopy (Fig. 1(j)) reinforces this finding, where all samples
exhibit the Raman peaks attributed to the anatase TiO, (E, at ca.
149 cm™, B, at ca. 400 cm™, and A, at ca. 641 cm™). The lack of
peak shifting or broadening upon Cu introduction suggests that the
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Figure1 Characterization of TiO, and Cu,/TiO, ADMs. (a) TEM image of Cu,/TiO, ADMs. (b) HRTEM image of Cu,,/TiO, ADMs. (c) HAADF-STEM raw image of
Cu,/TiO, ADMs. (d) Magnified HAADF-STEM image of Cu,/TiO, ADMs. ((e)-(h)) Elemental mappings of Cu,,/TiO, ADMs. ((i)-(1)) XRD, Raman, FTIR, and EPR

results of TiO, and Cu,/TiO, ADMs, respectively.

bulk lattice structure of TiO, remains intact and Cu species are
primarily anchored at the surface or subsurface defects rather than
altering the bulk crystal symmetry [34, 35].

To probe the local coordination environment and defect sites,
Fourier transform infrared (FTIR) and electron paramagnetic
resonance (EPR) spectroscopies were utilized. FTIR spectra
(Fig. 1(k)) display characteristic bands for adsorbed water (ca.
3430 cm™) and surface hydroxyl groups (ca. 1615 and 1396 cm™).
The preservation of these surface hydroxyls is vital, as they often
serve as adsorption sites for CO, reactants [36]. Furthermore, EPR
provides compelling evidence for the electronic state of the copper
species (Fig. 1(1)). While pristine TiO, is EPR silent in this region,
the Cu,y/TiO, exhibit a distinct and strong paramagnetic signal
centered at a g value of ca. 2.00. This signal is characteristic of
isolated Cu* species with unpaired electrons, which can be
coordinated in a distorted geometry on the TiO, surface. The
presence of this signal confirms that the Cu species are not metallic
Cu’, which is diamagnetic and EPR silent, but are electronically
coupled to the support, creating active sites favorable for charge
separation and photocatalytic redox reactions.

The optical properties of pristine TiO, and Cu/TiO, were
investigated  using  ultraviolet-visible  diffuse  reflectance
spectroscopy (UV-Vis DRS), and the results are shown in Fig. 2(a).
Pristine TiO, exhibits strong intrinsic absorption solely in the
ultraviolet region with an absorption edge at ca. 380 nm. In distinct
contrast, all Cu-modified samples display a bathochromic shift and
enhanced light absorption extending into the visible range of
400-700 nm. With increasing Cu loading, the absorption intensity
progressively rises, suggesting that the incorporation of Cu species
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introduces new energy levels within the bandgap, due to d-d
internal transitions of Cu™ or charge transfer transitions between
Cu ions and the TiO,. Based on the UV-Vis DRS spectra, Tauc
plots were generated to determine the optical bandgaps (Fig. 2(b)).
The intrinsic bandgap (E,) of pristine TiO, is calculated to be ca.
3.24 eV. Upon Cu incorporation, the bandgap narrows, reaching
3.08 eV for Cu,/TiO, and decreasing further to 2.80 eV for
Cu,/TiO,. This narrowing is attributed to the hybridization of Cu
3d orbitals with O 2p orbitals, which creates impurity energy levels
and effectively reduces the energy required for electron excitation
[10, 34, 37]. To elucidate the band edge alignment, valence band X-
ray photoelectron spectroscopy (VB-XPS) was employed (Fig. 2(c)).
The valence band maximum (VBM) of pristine TiO, is located at
ca. 2.50 eV, whereas the VBM of Cu,/TiO, shifts upward to ca.
2.10 eV. These mid-gap electronic transitions leading to enhanced
light absorption range into the longer wavelength region, thereby
promoting solar light harnessing capacity. To further understand
the electronic structure evolution upon Cu anchoring, density of
states (DOS) calculations were carried out (Figs. 2(d) and 2(e)). By
combining the E, from the Tauc plots with the VBM positions, the
conduction band minimum (CBM) potentials were calculated using
the equation E, = Ey; — Eq; (Fig. 2(f)). Consequently, the CBM of
pristine TiO, is determined to be —0.74 eV vs. normal hydrogen
electrode (NHE), pH = 7, while the Cu,/TiO, exhibits a
significantly more negative CBM at —0.98 eV. This upward shift in
the conduction band position is critical for photocatalysis. A CBM
of —0.98 eV provides a stronger thermodynamic driving force
(overpotential) for the reduction of CO, compared to pristine TiO,.
Therefore, the optimized band structure of Cu,,/TiO, not only

Nano Research, 2026, 19, 94908854
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Figure2 (a) UV-Vis DRS spectra of the TiO, and Cu,/TiO,. (b) Bandgaps for TiO, and Cu,/TiO,. (c) Valence band XPS spectra for TiO, and Cu,y/TiO,. ((d) and (e))
Density of state spectra of (d) TiO, and (e) Cu,/TiO,. (f) Schematic energy level diagram of TiO, and Cu, /TiO,.

broadens visible light utilization but also energetically favors the
electron transfer required for efficient CO, reduction [36, 38]. The
consistent trends observed in both experimental characterization
and theoretical calculations corroborate the formation of Cu-
induced mid gap electronic states, which shift the electronic
structure closer to the fermi level. These defect-related states
facilitate more efficient charge separation under visible light
irradiation.

X-ray absorption fine structure (XAFS) spectroscopy was utilized
to rigorously probe the electronic structure and local coordination
environment of the Cu species. The Cu K-edge X-ray absorption
near-edge structure (XANES) spectra reveal that the absorption
edge position of the Cu,/TiO, is situated significantly higher than
that of Cu foil and aligns closely with the CuO reference (Fig. 3(a)).
This positive energy shift indicates that the anchored Cu species
exist in an oxidized state (Cu®), rather than a metallic state (Cu’).
To decipher the atomic-level dispersion, Fourier-transformed
extended X-ray absorption fine structure (FT-EXAFS) analysis was
performed (Fig. 3(b)) [19, 39-41]. The spectrum of Cu,,/TiO,
exhibits a dominant main peak at ca. 1.5 A, corresponding to the
first coordination shell of Cu-O scattering. In addition, no
characteristic peaks for Cu-Cu (metallic Cu) or Cu-O-Cu (bulk
copper oxides) scattering are observed in the higher distance range
(2-3 A). This absence provides robust evidence that the Cu atoms
are isolated on the support without aggregation. Quantitative
EXAFS fitting further reveals a coordination number (CN) of
approximately 2.60 for the Cu-O shell with a bond length of 1.90 A
(Table S3 in the ESM). This CN is markedly lower than that of bulk
CuO (CN = 4), suggesting that the Cu ADMs possess a
coordinatively unsaturated environment, which is highly favorable
for the adsorption and activation of CO, molecules [42].

To further elucidate the surface chemical composition and the
strong metal-support interactions (SMSI), XPS was employed
(Figs. 3(c)-3(f) and Table S4 in the ESM). The survey spectrum
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confirms the coexistence of Ti, O, C, and Cu elements (Fig. 3(c)). In
the high-resolution O 1s spectra (Fig. 3(d)), the peaks at 529.95,
530.82, and 532.35 eV are assigned to lattice oxygen (O*), surface
hydroxyls (OH"), and adsorbed oxygen species (O,4), respectively.
Notably, compared to pristine TiO,, the Cu,/TiO, exhibits a higher
ratio of surface hydroxyl/adsorbed oxygen species and a positive
shift in binding energy is mainly attributed to the strong electronic
interaction and charge transfer between the atomically dispersed Cu
species and the TiO, support, which alters the local electronic
environment of Ti and O atoms [41, 42]. This suggests that the
introduction of Cu induces the formation of surface oxygen
vacancies and modifies the surface electron density, facilitating
reactant adsorption. Evidence of electronic coupling is further
highlighted in the Ti 2p spectra (Fig. 3(e)). The Ti 2p,, and 2p,,
peaks for Cu,,/TiO, shift to higher binding energies (458.79 and
464.45 €V) relative to pristine TiO, (458.60 and 464.30 eV). This
positive shift indicates a decrease in electron density on the Ti sites,
implying an electron transfer from the TiO, toward the anchored
Cu species due to the strong interfacial electronic interaction.
Finally, the Cu 2p high-resolution spectrum displays a main peak at
933.28 eV (Fig. 3(f)), accompanied by distinct shake-up satellite
peaks (ca. 940-945 eV). These satellite features are the fingerprint of
paramagnetic Cu* (d’) species, ruling out the presence of Cu* (d")
or metallic Cu which does not exhibit such satellites. This confirms
that the atomically dispersed Cu sites are stabilized in a positive
oxidation state (predominantly Cu*) on the TiO, [43]. Collectively,
the XAFS and XPS results confirm that the FJH strategy
successfully constructs isolated and positively charged Cu sites that
interact strongly with the support, creating efficient centers for
charge trapping and catalytic turnover.

2.2 Photocatalytic CO,reduction performance

After establishing the structural integrity, surface chemistry, and
optical response of the Cu,/TiO,, their photocatalytic performance

B) 72w | Sci@pen
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towards CO, reduction was systematically evaluated under visible
light irradiation. As shown in Fig. 4(a), the Cu,,/TiO, exhibits a
dramatically enhanced CO evolution rate compared to pristine
TiO,, achieving a ca. 10-fold increase in yield under ambient
conditions at room temperature (25 °C), and no external thermal
heating system was applied during the reaction. In contrast, pristine
TiO, produces only trace amounts of CO and CH,, highlighting the
pivotal role of atomically dispersed Cu species in activating CO,
molecules and facilitating interfacial charge transfer [44, 45].
Notably, CO is the dominant product for both catalysts, while CH,
is generated in much smaller quantities, indicating a high selectivity
towards the two-electron reduction pathway (CO, + 2H' + 2¢” >
CO + H,0). The time-dependent photocatalytic activity of
Cu,/TiO, is presented in Fig. 4(b). The CO production increases
monotonically with irradiation time, reaching a maximum
cumulative yield after 6 h, while CH, formation remains relatively
low throughout the reaction. The linear increase in CO yield
suggests sustained catalytic activity without noticeable deactivation
or saturation of active sites during the reaction period. This
behavior confirms the efficient separation and continuous
utilization of photogenerated charge carriers enabled by the Cu and
TiO, interface. The effect of Cu loading on photocatalytic efficiency
was further investigated (Fig. 4(c)). The catalytic activity follows a
volcano-type trend, where Cu, /TiO, shows the highest CO yield of
102.51 pmol-g™ with a maximal CO selectivity of 94%. Lower Cu
content (0.5 wt.%) results in insufficient active sites for effective CO,
adsorption and activation, showing a low CO yield. Furthermore,
excessive Cu loading (2.0 wt.%) leads to a decline in both activity
and selectivity. This deterioration at higher loadings can be
attributed to the aggregation of Cu species into clusters or
nanoparticles, which can act as recombination centers for
photogenerated carriers rather than catalytic active sites, and alter
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the reaction pathway to favor competing side reactions (e.g, H,
evolution). Thus, 1.0 wt.% Cu represents the optimal balance
between active site density and charge-transfer efficiency [45].

To assess the durability of the photocatalyst, consecutive cycling
experiments were conducted (Fig. 4(d)). The Cu,/TiO, maintains a
consistent CO vyield over three successive reaction runs, with no
observable decay in activity or selectivity. This sustained
performance attests to the robust stability of the catalyst, consistent
with the SMSI revealed by the XPS and XAFS analyses,
which prevents the leaching or agglomeration of atomically
dispersed Cu species during photocatalysis. Moreover, the CO yield
(102.51 umol-g™) and selectivity (94%) of Cu,/TiO, are comparable
with the recently reported TiO,-based photocatalysts (Table S5 in
the ESM). To rigorously verify that the generated products originate
from the photocatalytic CO, reduction rather than organic
contaminants or instrument artifacts, a series of control
experiments were performed (Fig. 4(e)). No detectable carbon
products can be observed in the absence of the photocatalyst, light
irradiation, or CO, (replaced by Ar), confirming that all three
components are indispensable for the reaction. Absence of liquid
products is further confirmed by nuclear magnetic resonance
(NMR) spectroscopic analysis (Fig. S6 in the ESM). Furthermore,
isotopic labeling experiments using “CO, provided direct evidence
of the carbon source (Fig. 3(f)). The mass spectra clearly display a
dominant signal at m/z = 29, corresponding to *CO, alongside the
“CO, signal at m/z = 45. The explicit detection of *CO, matching
the retention time in the gas chromatogram (inset of Fig. 4(f)),
unambiguously confirms that the generated CO is derived from the
reduction of the CO, feedstock [46].

2.3 Photoelectrochemical analysis

To gain comprehensive insights into the separation efficiency of
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photogenerated electron-hole pairs, photoluminescence (PL)
spectroscopy was employed (Fig. 5(a)). Upon excitation at 375 nm,
pristine TiO, exhibits a broad emission peak centered ca. 430-
450 nm, which originates from the radiative recombination of
photogenerated carriers. In contrast, the PL intensity of the
Cu,/TiO, is significantly suppressed [47, 48]. This significant
quenching effect indicates that the atomically dispersed Cu sites
function as effective electron traps, thereby inhibiting the radiative
recombination of electron-hole pairs and promoting interfacial
charge transfer. The textural properties of the catalysts were
investigated using N, adsorption-desorption isotherms (Fig. 5(b))
[41]. The Cu,,/TiO, samples display a Type IV isotherm with a
distinct hysteresis loop, characteristic of a mesoporous structure.
The pore size distribution curve further confirms the presence of
mesopores (inset of Fig. 5(b)). This hierarchical porous architecture
is highly beneficial for photocatalysis, as it not only provides
abundant surface active sites for CO, adsorption but also facilitates
the mass transport of reactants and products, enhancing the overall
reaction kinetics. In addition, specific surface area data are
summarized in Table S6 and Fig. S7 in the ESM.

To further verify the separation and migration behavior of
photogenerated charge carriers, transient photocurrent responses
over the prepared samples were recorded (Fig. 5(c)). Under
intermittent light irradiation, both samples show rapid and
reversible photocurrent responses. Notably, Cu,,/TiO, generates a
significantly higher and more stable photocurrent density (ca.
3.1 pA-cm™) compared to pristine TiO, (ca. 24 pA-cm™). This
enhancement demonstrates that Cu incorporation effectively
improves the photogenerated charge carrier utilization efficiency. In
addition, electrochemical impedance spectroscopy (EIS) was
performed to analyze the charge transfer resistance (Fig. 5(d)). The
Nyquist plots reveal that the arc radius of Cu,/TiO, is substantially
smaller than that of pure TiO,. Since the arc radius is directly
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proportional to the interfacial charge-transfer resistance (R,), this
result signifies that Cu species dramatically reduce the resistance for
electron transfer. Additionally, linear sweep voltammetry (LSV)
measurements shown in Fig. S8 in the ESM indicate that Cu, /TiO,
exhibits a higher current density than TiO, under the same applied
potential. Collectively, the suppressed PL intensity, enhanced
photocurrent, and reduced charge-transfer resistance provide
robust evidence that the Cu,/TiO, possesses superior
photogenerated charge separation efficiency and faster surface
reaction kinetics, which are the key drivers for the observed
enhancement in photocatalytic CO, reduction performance [49].

24 In-situ diffuse reflectance Fourier transform infrared
spectroscopy (DRIFTS) and DFT analysis

To strictly delineate the molecular trajectory of the photocatalytic
CO, reduction and identify the rate-determining intermediates, in-
situ DRIFTS was employed to monitor the surface reaction
dynamics on both pristine TiO, and Cu,/TiO,. Under the
continuous flow of CO, and visible light irradiation, the Cu,,/TiO,
exhibits a rich and evolving landscape of surface species (Fig. 6(a)),
offering a stark contrast to the chemically inert surface of pristine
TiO, (Fig. 6(b)). Detailed spectral analysis of the Cu,,/TiO, reveals
the emergence of several critical vibrational bands that intensify
monotonically with irradiation time. Most notably, the distinct
absorption band centered at approximately 1680 cm™ is assigned to
the carboxyl radical (COOH*). The detection of this species is of
paramount importance, as the protonation of adsorbed CO, to
form COOH* (CO, + H" + e > COOHY) is widely regarded as the
rate-determining step in the conversion of CO, to CO. Additionally,
the spectra display a band at 1630 cm™, corresponding to adsorbed
water or surface hydroxyls, which serve as the essential proton
source for the reduction process. The appearance of band near
1590 cm™ corresponds to formyl intermediate (CHO*). Other
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prominent peaks in the 1530-1580 and 1300-1480 cm™ regions are
attributed to bicarbonate (HCO;) and various carbonate species
(such as m-CO;* and b-CO,"), respectively, indicating that the
basic surface hydroxyl groups actively facilitate the initial capture of
CO, molecules [43]. Conversely, the spectra for pristine TiO,
display negligible signal evolution under identical conditions. The
absence of the characteristic COOH* peak on TiO, suggests a high
activation energy barrier for the initial hydrogenation step, resulting
in its poor photocatalytic activity.

The dramatic enhancement in signal intensity and the clear time-
dependent accumulation of intermediates on Cu,,/TiO, confirm
that the atomically dispersed Cu sites act as highly efficient electron
collectors  [50, 51]. These sites not only stabilize the
thermodynamically unstable COOH* intermediate but also
effectively lower the activation barrier for the C-O bond cleavage.
Consequently, the spectroscopic evidence strongly supports an
associative reaction pathway where the Cu-TiO, interface drives
the selective reduction of CO, through a stable carboxyl
intermediate, preventing the desorption of unreacted species and
suppressing competing side reactions [52]. The optimised
geometries (Figs. 6(c)—6(f)) reveal that CO, adsorbs weakly on
pristine TiO,, whereas the presence of Cu significantly enhances
CO, interaction with the surface. The corresponding charge density
difference models show pronounced electron accumulation around
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the adsorbed CO, and the charge depletion near the Cu-TiO,
interface, indicating effective charge transfer from the catalyst to
CO,. This electron redistribution highlights the role of Cu
anchoring in promoting CO, activation.

3 Conclusions

In summary, a facile and scalable Joule heating strategy was
successfully established to fabricate robust and atomically dispersed
Cu species on TiO,. The ultrafast thermal shock process effectively
suppresses metal aggregation and ensures the formation of strongly
anchored Cu atomically dispersed metal species via enhanced
metal-support interactions. The optimized Cu,/TiO, exhibits
markedly enhanced photocatalytic CO, reduction performance,
achieving high CO vyield and selectivity. Comprehensive
experimental and spectroscopic investigations reveal that this
superior activity originates from a synergistic mechanism, where
the incorporation of Cu not only modulates the band structure to
increase the thermodynamic driving force but also serves as an
efficient electron trap to suppress charge recombination and
accelerate interfacial charge transfer. Crucially, in-situ DRIFTS
analysis provides molecular-level evidence that these atomically
dispersed Cu sites effectively stabilize the key COOH* intermediate,
thereby significantly lowering the activation energy barrier for CO
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evolution. Overall, this work demonstrates an atomic-level
photocatalyst design enabled by a rapid and energy-efficient
synthesis route. It highlights the universality of Joule heating for
preparing stable atomically dispersed metal atom catalysts and
provides a promising platform for the development of advanced
materials for sustainable solar-to-chemical energy conversion
applications.

Electronic Supplementary Material: Supplementary material
(experimental section, DFT studies catalyst characterization images,
and test results) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908854.
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