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ABSTRACT: The development of efficient near-infrared
(NIR) light-driven Cu,0O-based photocatalysts and a
deeper understanding of their underlying mechanisms for
pollutant degradation are urgently needed. Herein, we
report the rational design of oxygen vacancy-enriched
Cu/Cu,0 Schottky junctions via H,MoO,-template-assisted
liquid-phase reduction method. Under NIR irradiation, the
optimized Cu/Cu,0O composite exhibits remarkable
photothermal catalytic performance, achieving 85.1%
degradation of tetracycline within 120 min. The enhanced activity is attributed to the synergistic effect of the Schottky
junction, dual localized surface plasmon resonance (LSPR), and a unique “directional anchoring” mechanism for O,
activation. First, the Schottky junction formed at the Cu/Cu,O interface promotes efficient separation of photogenerated
charges. Second, a dual LSPR effect, combining the intrinsic LSPR of Cu nanoparticles with the defect-state LSPR induced
by oxygen vacancies, significantly enhances NIR light absorption and photothermal conversion efficiency. Most importantly,
in-situ spectroscopic and density functional theory analyses reveal a unique “directional anchoring” mechanism for O,
activation at the oxygen vacancy (OV)-Cu interface. In this process, O, is selectively captured at the OV-Cu dual sites,
where electron transfer from the interface weakens the O—O bond, thereby facilitating the generation of reactive oxygen
species. This work provides fundamental insights into the design of high-performance NIR-driven photothermal catalysts for
environmental remediation.
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1 Introduction

The escalating global crisis of aquatic pollution, primarily driven by
the excessive discharge of antibiotics from healthcare and
agricultural activities, underscores the urgent need for advanced
water remediation technologies [1-6]. Among various strategies,
photocatalytic oxidation has attracted significant interest due to its
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ability to harness solar energy for generating reactive oxygen species
(ROS), which can mineralize refractory organic pollutants into
harmless substances [7-12]. However, a major limitation of
conventional wide-bandgap semiconductors is their poor utilization
of near-infrared (NIR) light, which accounts for nearly half of the
solar spectrum [13-16]. This mismatch highlights the critical
importance of developing novel photocatalytic systems capable of
efficient NIR photon conversion.

Recently, research has increasingly focused on localized surface
plasmon resonance (LSPR), a phenomenon in which collective
oscillations of free electrons in metal nanostructures under light
illumination enhance local electromagnetic fields [16-18]. The
integration of LSPR-active nanomaterials with semiconductors has
shown promise in broadening the light absorption range and
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improving charge separation, thereby overcoming some limitations
of traditional ultraviolet (UV) and visible-light-driven
photocatalysis [19-22]. Nevertheless, this approach faces two major
bottlenecks. Firstly, the field heavily relies on noble metals like gold
and silver, whose cost and scarcity hinder practical application.
While non-noble Cu is an attractive alternative due to its Earth-
abundance and strong NIR LSPR, its integration into efficient and
stable photocatalytic architectures remains less explored. Secondly,
and more importantly, the mechanistic understanding of LSPR-
mediated enhancement remains superficial. The contribution is
frequently attributed to photothermal effects and extended light
absorption, while the specific role of LSPR-generated hot electrons
in critical redox processes, particularly the activation pathway of
molecular oxygen, is not fully elucidated. Parallel to developments
in plasmonic, defect engineering, particularly the introduction of
oxygen vacancies (OVs), has emerged as a powerful strategy for
tuning the electronic structure of metal oxides [23, 24]. At high
concentrations, OVs can generate enough free carriers to induce a
defect-state LSPR effect, endowing the semiconductor itself with
metal-like optical properties [25, 26]. This phenomenon is
particularly well-established in non-stoichiometric oxides such as
WO, ,, MoO, ,, and W,,O, [27-29], where high carrier densities
trigger collective oscillations in the NIR region. Cu,0O has been
regarded as a classic p-type semiconductor with visible light
absorption (~ 2.1 eV), recent breakthroughs on Cu,O,,
superlattices have successfully demonstrated that vacancy
engineering can induce a robust defect-state LSPR effect,
significantly extending the optical response of Cu,O into the NIR
range [26]. In particular, the localized photothermal effect has been
identified in recent studies as a crucial driver for accelerating
surface reaction kinetics and effectively lowering the activation
energy barriers in catalytic systems [30, 31]. Furthermore, the
positively charged environment around OVs facilitates electron
transfer to adsorbed O,, promoting its reduction to various ROS
[32-35]. However, the synergistic combination of metallic LSPR
(from Cu) and defect-state LSPR (from OVs) within a single
composite material, along with its precise effect on the molecular
oxygen activation mechanism, remains a significant research gap,
necessitating integrated experimental and theoretical investigation.
Herein, we successfully synthesized oxygen vacancy-enriched
Cu/Cu,0 using a H,MoO,-template-assisted method. The in-situ
formation of Cu within Cu,O establishes a Schottky junction that
promotes efficient charge separation. Moreover, the composite
exhibits a dual LSPR effect, arising from the intrinsic LSPR of Cu
and the defect-state LSPR induced by OVs, which together enhance
NIR light harvesting and produce a strong photothermal response.
Most importantly, this study offers deep insight into the O,
activation process through a combination of in-situ characterization
and density functional theory (DFT) calculations. Results uncover a
“directional anchoring” mechanism at the OV-Cu interface, where
one oxygen atom fills a vacancy site on Cu,0O while the other
interacts with an adjacent Cu atom. This configuration, coupled
with efficient electron transfer via the interfacial Schottky interface,
significantly weakens the O-O bond. Thus, this work not only
demonstrates an efficient NIR-driven photothermal catalyst but
also offers fundamental insights into the synergistic roles of
interface engineering and dual LSPR effects, advancing the design
principles for non-noble metal-based photocatalytic materials.
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2 Experimental section

Synthesis of catalysts: The Cu/Cu,0 composites were synthesized
by a H,MoO, template-assisted liquid-phase reduction method. As
part of the standard protocol for the synthesis of Cu/Cu,0
composites, 75 mg of H,MoO, powder and Cu(NO,),.3H,0 (0.6 M,
1 mL) were added into a round-bottomed flask that held 25 mL of
EG solution before being dispersed via sonication for a 10-minute
period. The flask was moved to an oil bath set at 90 °C and heated
for 10 min, and a mixture of EG (5 mL) and NaOH solution (3 M,
1 mL) was dropped into the mixed solution. Subsequently, 0.4 g of
D-isoascorbic acid Na (CH,ONa) was added to the
aforementioned solution, then held for 40 min. Finally, the
prepared Cu/Cu,0 composites were washed by ethanol
centrifugation (10,000 rmin”, 4 min) and dried at 60 °C. For
comparative purposes, the Cu,0O sample was similarly prepared
under identical conditions in the absence of H,M00O,.

Analytical methods and catalytic activity evaluation:
Microstructural characterizations, physicochemical measurements,
and photocatalytic performance tests and method of DFT
calculations were provided in the Electronic Supplementary
Material (ESM).

3 Results and discussion

3.1 Morphology and structural characterization

Figures 1(a) and 1(b) depict the schematic diagrams of the synthesis
of Cu,0 and Cu/Cu,0 products by the H,MoO,-assisted liquid-
phase reduction method. Before introducing the reductant,
Cu(NO;,), dissociates in EG solvent, yielding Cu* ions. Upon
adding NaOH, the increased alkalinity promoted the combination
of Cu* with OH" to form Cu(OH),. Finally, Cu,0 and Cu/Cu,0
were produced after adding reducer (C;H,O¢Na). The possible
growth mechanism is discussed in the ESM. As shown in Fig. 1(a),
the introduction of CH,ONa into the Cu(NO,),/NaOH/EG
mixture without H,MoO, results in the formation of light yellow
Cu,O precipitates with limited OVs. The formation of OVs is
determined by the solvent of EG, which might be similar to that
occurring in previous Refs. [36, 37]. In contrast, when H,MoO, was
present (Fig. 1(b)), the formed Cu,O is further reduced by
CH,ONa in EG solvent to yield metallic Cu, ultimately
transforming into Cu/Cu,0O composite as the reaction proceeds.
Figure 1(c) shows the transmission electron microscope (TEM)
image of Cu,0 samples synthesized without H,MoO, (the inset is
the  corresponding  high-magnification =~ TEM,  revealing
monodisperse nanospheres with an average size of 80 nm). The
lattice spacings marked by the white lines and arrows in Fig. 1(d)
are assigned to the (200) planes of Cu,O. Figure 1(e) displays the
TEM image of samples prepared with adding H,MoO, templates
(the inset is high-magnification TEM), where the original Cu,0
monodisperse nanospheres transform into a core—shell architecture
featuring a Cu core surrounded by dispersed Cu,O nanospheres as
the shell. The high-resolution TEM (HRTEM) image in Fig. 1(f)
reveals two distinct lattice spacings marked with white lines and
arrows, corresponding to the (200) planes of Cu crystals and (200)
planes of Cu,O.

The crystal phases of the as-synthesized Cu,0 and Cu/Cu,0
composites were characterized using X-ray diffraction (XRD).
According to the Fig. 2(a), the diffraction peaks of the sample
synthesized in the absence of H,MoO, (black pattern) are
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Figure1 The synthesis pathways of (a) Cu,O and (b) Cu/Cu,O composites. (c) TEM images (the inset is a high-magnification TEM) and (d) HRTEM image of Cu,O.
(e) TEM images (the inset is a high-magnification TEM) and (f) HRTEM image of Cu/Cu,O composites. (g)—(j) TEM images and corresponding schematic diagrams of
the different products obtained at 5, 10, 20, 30 min, respectively.
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exclusively indexed to pure cubic Cu,0O crystal (matching the
JCPDS No. 05-0667), with no evidence of extraneous phases. The
product obtained after adding H,MoO, is consistent with the cubic
Cu,O crystal (JCPDS No. 05-0667) and the Cu crystal (JCPDS No.
04-0836). No diffraction peaks related to H,MoOQ, are detected (see
the red pattern). Notably, the diffraction peak clearly observed at
42.3° corresponds to the (200) facets of the Cu,O crystal, and the
diffraction peak at 50.4° corresponds to the (200) facets of the Cu
crystal, respectively.

To identify the elemental species and valence states of Cu and O,
the as-prepared samples were analyzed by X-ray photoelectron
spectroscopy (XPS) and electron paramagnetic resonance (EPR).
For the Cu/Cu,O sample, the survey XPS spectra (Fig. S1(a) in the
ESM) show that only copper and oxygen elements are presented,
while the molybdenum element is not detected. The absence of
characteristic Mo peaks in the survey spectrum confirms the
complete consumption of H,MoO, sacrificial templates during the
synthesis process. In the high-resolution results of Cu 2p (Fig. 2(b)),
the characteristic peaks at 932.1 and 951.8 eV correspond to Cu
2py, and Cu 2p,, of Cu(0). The core-level peak-peak difference
between Cu 2p,, and Cu 2p,, regions is 19.7 eV, which confirms
the presence of Cu(0) [38]. The characteristic peaks at 932.7 and
952.6 eV correspond to Cu 2p;, and Cu 2p,, of Cu(l), the
characteristic peak at 941.0 eV is the satellite peak. Furthermore, the
characteristic peaks located at 934.3 and 954.1 eV, as well as the
satellite peaks located at 943.6 and 962.6 eV correspond to the Cu
2ps, and Cu 2p,, of Cu(Il) species, respectively, which may be due
to the surface oxidation of Cu(I) [39]. The high-resolution
spectrum of O 1s (Fig. 2(c)) displays peaks at 530.3, 531.3, and
531.9 eV for the Cu,O sample. These binding energies correspond
to lattice oxygen (Opu.), OVs, and surface-adsorbed oxygen
(OLuoea) species from the air, respectively. The high-resolution
results of O 1s of the Cu/Cu,0O sample reveal three characteristic
oxygen species peaks at 530.5, 531.6, and 5324 eV (Fig. 2(d)),

corresponding to Oy, OV, and O,y Species, respectively. This
confirms the formation of oxygen vacancies within the Cu/Cu,0
composites [40, 41]. Notably, the Cu,0 samples reduced by a weak
reducing agent in EG solvent all contain a certain amount of OVs,
which can be attributed to the reduction of EG. Moreover, due to
the introduction of H,Mo0O,, the formation energy of OVs was
reduced through charge compensation of MoO,”. During
continuous reduction, O,y in Cu,0 were further removed,
significantly increasing the density of OVs. Consequently, the
content of OVs in the Cu/Cu,O sample is higher than that in the
Cu,0 sample (Fig. 2(e)). The corresponding EPR results show that
the OV signal of the Cu/Cu,0O sample is significantly stronger than
the Cu,0O sample (Fig. 2(f)), which also indicates that a relatively
larger number of OVs are formed on the surface of Cu/Cu,0
sample.

To elucidate the formation mechanism of Cu,0O and Cu crystals
in the Cu/Cu,0 composites, TEM images and morphological
schematic diagrams of different products were captured at 5, 10, 20,
and 30 min. As shown in Fig. 1(g), the initial product consists of
spherical aggregates composed of numerous Cu,O nanospheres. As
the reaction time was 10 min (Fig. 1(h)), continued deposition of
Cu,0 nanospheres on the aggregate surfaces leads to size
enlargement. As the reaction time was 20 min (Fig. 1(i)),
morphological transformation occurs as Cu,O within the aggregates
is further reduced to Cu crystal. As the reaction time prolonged to
30 min (Fig. 1(j)), EG and C;H,O¢Na further reduce Cu,O, driving
outward growth of internal Cu crystals and gradual formation of
the core-shell structure. Ultimately, continued Cu expansion
reduces the Cu,O shell thickness, exposing Cu surfaces and
finalizing the evolution into a core-shell structure with Cu,O
nanospheres dispersed on Cu crystals. The XRD patterns of the
products obtained at different reaction times confirm the
generation of Cu crystal (Fig. S2(b) in the ESM). Characteristic
peaks belonging to Cu crystals can be clearly observed in the XRD

Figure2 (a) XRD patterns of Cu,0 and Cu/Cu,0O samples. (b) High-resolution XPS results of the Cu 2p for Cu/Cu,O. High-resolution O 1s spectrum: (c) Cu,O and (d)
Cu/Cu,O samples. (e) The concentration of OV of Cu/Cu,O and Cu,O samples. (f) EPR spectra of Cu,0 and Cu/Cu,O powders.
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pattern after 20 min. Notably, the prepare principle and pathway of
the Cu/Cu,0 composites with rich-OVs are described in the ESM.

3.2 Photophysical properties

UV-vis-NIR diffuse reflectance spectroscopy (UV-vis—NIR DRS)
was employed to evaluate the light absorption properties of the
catalysts. As shown in Fig. 3(a), Cu/Cu,O displayed typical light
absorption in both the visible and NIR regions, whereas Cu,0
showed a clear visible light response. The fabricated Cu/Cu,0
composites exhibit a broader NIR absorption range than the pure
Cuw,0 sample, suggesting an enhanced NIR response in the
Cu/Cu,0 composites. It is ascribed to the LSPR effect of Cu in the
coreshell structure under NIR light range. The Cu/Cu,0
composites can hold a great potential in forming strong plasmon
energy and extending the plasmon excitation range to the NIR
region. The release of strong plasmon energy in the form of heat
will significantly enhance the photothermal performance of the
Cu/Cu,0 composites. The Kubelka-Munk method vyields a
bandgap energy (E,) of 1.91 eV for Cu,O (Fig. 3(b)). In contrast, the
absence of a band gap in Cu/Cu,O sample is due to the presence of
OVs and Cu, which caused the catalyst as metalloid characteristics.
To confirm the photothermal effect driven by improved NIR
absorption, we measured the temperature profiles of Cu/Cu,O and

(a) (b)

Cuw,0O powders (Fig. S3 in the ESM) using an online thermal
camera. As shown in Fig. 3(c), under NIR light irradiation, the
temperature of the Cu/Cu,0O sample increased significantly,
reaching approximately 99.4 °C in 400 s. In contrast, under the
same conditions, the temperature of the Cu,0O sample only reached
77.4 °C. As the irradiation time extended, the temperatures of Cu,0
and Cu/Cu,0 powders could stabilize at 82.9 and 103.9 °C
(Fig. 3(d)), respectively. This indicates that the enhancement of the
photothermal effect is proportional to the NIR light absorption.
Cyclic photothermal stability tests of Cu/Cu,0O were carried out
using NIR light (Fig. 3(e)). The results demonstrate that after five
“on-off” cycles, Cu/Cu,O still maintained remarkable photothermal
efficiency, thus confirming its photothermal stability. To
quantitatively assess the NIR-to-thermal conversion capability, the
photothermal conversion efficiency (#) was calculated. The # value
for Cu/Cu,0 reached 45.1% in solution conditions (see Section 4.2
in the ESM) [42, 43]. This result further demonstrates the efficiency
of the prepared Cu/Cu,0 dual LSPR effect in capturing and
converting NIR photons.

Subsequently, the electric field enhancement characteristics of
different samples were simulated using the finite-difference time-
domain (FDTD) method. The particle model was established
through refined optimization based on TEM images (Fig. S5 in the
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Figure3 (a) UV-vis-NIR DRS spectra and (b) the corresponding Kubelka-Munk transformed reflectance spectra of the Cu,0 and Cu/Cu,0 samples. (c) The
photothermal curves of the Cu,0 and Cu/Cu,O powder. (d) Infrared thermography images of the Cu/Cu,O powder after NIR light irradiation. (e) Cyclic thermogenesis
of the Cu/Cu,O composites over 5 “On-Off” detection. The FDTD simulated electric-field spatial distribution on x-y plane of Cu/Cu,0 and Cu,O samples under ((f) and

(g)) 900 nm and ((h) and (i)) 1350 nm light irradiation.
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ESM). As shown in Fig. 3(f), under illumination at the NIR light
(900 nm), the Cu/Cu,0 sample comprising Cu nanoparticles
decorated with Cu,0 particles exhibited the most pronounced
electric field enhancement, amplifying the incident electric field by a
factor of 5.84. In contrast, pure Cu,0O particles achieved an
enhancement of only 2.29-fold (Fig. 3(g)). Additionally, an electric
field increase of approximately 2-3-fold was observed at the Cu-
Cu,O interface (Fig. 3(f)), suggesting that the LSPR properties of Cu
can optimize the electric field enhancement on the catalyst surface
under NIR light, thereby improving its photocatalytic performance.
Furthermore, within a higher wavelength range (1350 nm), the
catalyst maintained consistent electric field enhancement trends
(Figs. 3(h) and 3(i)). Notably, Cu nanoparticles decorated with
Cu,O particles sustained an enhancement factor of 4.79 (Fig. 3(h)),
indicating robust NIR electric field enhancement capabilities.

To further reveal the intrinsic electronic structure mechanism
underlying the improved charge separation and transport
properties, the work functions (@) of Cu,0 and Cu were
determined from the electrostatic potential of the Cu,0(100) plane
and Cu(100) plane. Calculation of the energy difference between
the Fermi level (E;) and the vacuum level yields work functions of
6.92 eV (Fig. S6(a) in the ESM) for Cu,0 and 4.34 eV for Cu (Fig.
S6(b) in the ESM). When a heterojunction interface was formed
between Cu,0 and Cu, due to the significant difference in their
work functions, a remarkable band bending phenomenon occurred
at the contact interface. According to the band alignment theory,
electrons will migrate directionally from Cu with a lower work
function (4.34 eV) to Cu,O with a higher work function (6.92 V)
until the system reaches a thermodynamic equilibrium state and the
Fermi level (E;) becomes consistent. Finally, a Schottky barrier was
formed at the interface, which can effectively promote the
separation of photocharge (Fig. 4(a)).

The carrier dynamics were elucidated by steady-state
photoluminescence (PL) and time-resolved photoluminescence
(TRPL) spectroscopy. As shown in Fig. 4(b), steady-state PL spectra
show that the Cu,0 sample exhibits significant luminescence
intensity, whereas the PL intensity of the Cu/Cu,0 Schottky
junction is quenched, indicating strong suppression of the carrier
recombination process. TRPL spectra (Fig. 4(c)) further
characterized the carrier lifetime, the shorter fluorescence lifetime of
Cu/Cu,0 (7, = 1.1 ns) compared to that of Cu,O (z, = 11.6 ns)
further demonstrates that the Schottky junction enables higher
photogenerated carrier separation efficiency. This reduction in
lifetime is attributed to the rapid extraction of charge carriers by the
strong built-in electric field at the Schottky interface, carriers are
rapidly extracted and separated by the Schottky junction before
radiative recombination can occur [44, 45]. Electrochemical test
results further confirm the higher carrier separation and transport
efficiency of Cu/Cu,0. The linear sweep voltammetry (LSV) curves
(Fig. S7(a) in the ESM) confirm that the lower overpotential of
Cu/Cu,0O indicates its enhanced electron-hole separation capability.
Meanwhile, the Cu/Cu,0 Schottky junction exhibits a decreased
impedance semicircle diameter (Fig. S7(b) in the ESM) and a
significantly enhanced photocurrent density (Fig. S7(c) in the
ESM). These results indicate that the Cu/Cu,0O Schottky junction is
conducive to charge carrier separation and transport.

Carrier dynamics were further analyzed on an ultrafast timescale
using femtosecond transient absorption spectroscopy (fs-TAS) to
investigate the influence of the Schottky junction. Fs-TAS results
are shown in Figs. 4(d)—4(i). A 360 nm pump laser was applied to
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excite both Cu,0 and Cu/Cu,O. Figures 4(d) and 4(e) show the fs-
TAS spectra of the Cu,0 sample. A strong negative AA signal was
observed near 360 nm, attributed to ground-state bleaching (GSB)
generated around this wavelength. Concurrently, a weak positive
AA signal in the 500-650 nm range was assigned to excited-state
absorption (ESA). The ESA signal intensity decayed rapidly with
increasing delay time, approaching the baseline. In contrast, the
GSB signal amplitude of the Cu/Cu,O sample (Figs. 4(g) and 4(h))
was smaller (approximately -6 mOD), significantly lower than that
of the Cu,0O sample (-15 mOD). The ESA signal reached its
maximum intensity at 5 ps and decayed slowly with prolonged
pump time. This slowed decay process can be attributed to the
strong built-in electric field established upon the formation of the
Schottky junction, which drives the transfer of holes to Cu, thereby
achieving spatial separation of electrons and holes and suppressing
carrier recombination [46].

Unlike TRPL, which probes the radiative recombination
pathway, fs-TAS tracks the evolution of the total excited-state
carrier population. The fs-TAS decay kinetics of Cu,0 and
Cu/Cu,0 were fitted using a tri-exponential function (fitting
parameters are provided in the ESM), with the fitting results shown
in Figs. 4(f) and 4(i). The fitting yielded an average lifetime (7, )
of 3692.69 ps for Cu,0. The decay component 7, = 5.01 ps can be
attributed to the trapping of excited electrons by shallow trap states.
The decay component 7, (398.31 ps) corresponds to the process of
electrons being captured by deep trap states and the decay
component 7, (3804.36 ps) corresponds to the recombination
process of electrons with holes in the valence band (Fig. 4(j)). For
Cu/Cu,0O, the built-in electric field generated by the Schottky
electrons being captured by deep trap states and the decay
component 7, (3804.36 ps) corresponds to the recombination
process of electrons with holes in the valence band. For Cu/Cu,O,
the built-in electric field generated by the Schottky junction
reconstructs the carrier transport process, leading to a significantly
extended average lifetime (7, = 5014.58 ps). The decay
component 7, (5.64 ps) corresponds to a shallow trapping process.
The decay component 7, for Cu/Cu,O (287.78 ps) is significantly
shorter compared to that of Cu,O, which is attributed to a higher
concentration of OVs accelerating electron capture by deep trap
states. The decay component 7, (5143.99 ps) is substantially longer
than that of Cu,0 (3692.69 ps), as the recombination of
photogenerated electrons and holes is suppressed by the Schottky
junction, enabling effective separation (Fig. 4(k)). The formation of
the Schottky junction not only enables rapid carrier extraction but
also effectively suppresses recombination through spatial charge
separation. This synergistic mechanism ensures efficient carrier
utilization, laying a solid kinetic foundation for the superior NIR-
driven photothermal catalytic performance of Cu/Cu,0.

3.3 Photocatalytic performances

To deeply understand the mechanism of NIR light-driven
photothermal catalysis in the purification of antibiotics, we selected
TC, which is difficult to degrade, as the evaluation object to
investigate the degradation performance of Cu/Cu,0 and Cu,0
samples. The TC adsorption experiments were carried out before
the photothermal catalytic experiment. It can be observed from
Fig. 5(a) that Cu/Cu,O sample achieves the adsorption—desorption
equilibrium after 1 h under dark conditions. The adsorption
amount of TC molecules is higher due to the existence of more
OVs on the surface of the Cu/Cu,0 sample. The photothermal
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Figure4 (a) Schematic diagram of charge transfer at the Cu,0-Cu interface in the Cu/Cu,O. (b) PL spectra and (c) TRPL decay spectra of Cu,O and Cu/Cu,O sample. fs-
TAS: (d) £s-TAS of Cu,O under 360 nm pump at different pump-probe delay time, (e) 2D pseudo-color of fs-TAS and (f) normalized fs-TA decay curves of Cu,O at 360
nm. (g) fs-TAS of Cu/Cu,O under 360 nm pump at different pump-probe delay time. (h) 2D pseudo-color of fs-TAS and (i) normalized fs-TA decay curves of Cu/Cu,O

at 360 nm. Photodynamic process of (j) Cu,O and (k) Cu/Cu,O concluded from fs-TAS.

degradation experiment was driven by a Xenon lamp (300 W) fitted
with an UV-vis light cut off filter (A > 700 nm). As shown in
Fig. 5(b), the Cu/Cu,0 composites achieved a higher tetracycline
(TC) degradation rate under 120 min of NIR irradiation
compared to the Cu,0O sample. As quantified by the first-order
pseudo-kinetics in Fig. 5(c), the Cu/Cu,0 composites exhibited a
rate constant of 0.0154 min”, surpassing the value for Cu,0
(0.0074 min™) by a factor of 2.1. Additionally, to exclude the
influence of the in-situ formation of Cu,O species, degradation
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experiments of Cu nanoparticles were tested (Fig. S8 in the ESM).
Under identical conditions, the degradation efficiency was only
31%, lower than that of the Cu/Cu,O (85.1%). This indicates that
the Schottky interface and OVs are indispensable for achieving high-
efficiency photothermal catalysis. Furthermore, the versatility of the
Cu/Cu,0O was evaluated under different spectral illuminations. As
shown in Fig. S9 in the ESM, the degradation efficiency is higher
than that under NIR light alone (A > 700 nm) under visible and
NIR light (A > 420 nm) and full spectrum illumination. These
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Figure5 (a) Adsorption curves, (b) photothermal degradation curves, and (c) the corresponding kinetic constants k for TC of the Cu,0 and Cu/Cu,0O composites under
NIR light irradiation. (d) Evaluation of recent NIR Light-responsive catalysts for TC degradation. (e) Recycle performances of the Cu/Cu,O composites. (f) Photocatalytic
purification performance for TC by using the continuous flow reactor (inset: photograph of catalyst on PVDF membrane). (g) Schematic diagram and (h) photograph of

the continuous flow reactor.

results demonstrate that the as-prepared Cu/Cu,0 possesses a
broad-spectrum response, enabling more efficient solar energy
harvesting and utilization. Compared with previous literature, the
prepared Cu/Cu,0 composites exhibit better degradation efficiency
and k values under NIR light-driven conditions than most similar
materials (Fig. 5(d) and Table S1 in the ESM). In addition, the
stability of Cu/Cu,0 was studied through three consecutive
photodegradation experiments. There is no obvious decrease in the
degradation rate in each round, and the degradation efficiency
decreases by approximately 2% (Fig. S10(d) in the ESM), indicating
an excellent recyclability (Fig. 5(e)). Compared with the sample
before degradation, there are no obvious changes in the XRD
patterns (Fig. S10(e) in the ESM) and TEM images (Fig. S10(f) in
the ESM) of the degraded sample, further indicating that Cu/Cu,0
has a relatively stable microstructure. Figure 5(f) showed that under
continuous-flow conditions (30 mLh™), 10 mg Cu/Cu,0
composites sustained approximately 70% degradation efficiency of
TC after 8 h under NIR illumination. The stability and secondary
pollution risks of the Cu/Cu,O catalyst were further evaluated by
quantifying the Cu leaching using inductively coupled plasma-mass
spectrometry (ICP-MS). The Cu concentration in the treated
effluent remained as low as 9.9034 pg-L™ (Table S2 in the ESM),
well within the safe limit of 1 mgL" stipulated by standards for
drinking water quality. This further confirms the catalytic stability
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and practical applicability in water treatment of the Cu/Cu,0O. To
evaluate the potential of the Cu/Cu,0 sample in practical
applications, the effects of different influencing factors such as
pollutant concentration, interferences from different anions and
cations, and pH values on the degradation of the TC solution are
further investigated under the NIR spectrum through batch
experiments. The corresponding results, detailed analysis, and
discussions are shown in Fig. S12 in the ESM. Based on the above
results, the prepared Cu/Cu,0 composite is a potential candidate
material for the removal of antibiotic wastewater.

The temperature changes and the photothermal conversion
performances of the catalysts were evaluated via an online thermal
camera. As shown in Fig. S13 in the ESM, temperature is indicated
by color intensity, with the scale showing a gradient from blue
(cooler) to orange (warmer). Control measurements show that NIR
irradiation for 1.5 h raises the temperature of the aqueous solution
only slightly from 29.9 to 41.3 °C (Fig. S13(a) in the ESM) in the
absence of a photocatalyst. The presence of a photocatalyst induces
a pronounced photothermal effect, with solution temperature
increasing substantially. Particularly, The Cu/Cu,0 demonstrated
rapid NIR-driven heating, attaining a final temperature of 49.3 °C
(Fig. S13(c) in the ESM) that exceeds the maximum temperature
reached by the Cu,O system (Fig. S13(b) in the ESM). The effect of
temperature changes on catalytic activity was elucidated by heating
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the TC solution with the Cu,0 sample to 49.3 °C (matching the
steady-state temperature of Cu/Cu,0O under NIR light). Under the
same thermal conditions, Cu/Cu,0O also exhibited higher
degradation efficiency than Cu,0 (Fig. S14 in the ESM). The
superior performance of Cu/Cu,O is attributed to the synergistic
effect of hot-electron-driven O, activation and the accelerated
charge separation at the pre-constructed Schottky interface. To
clarify the separate roles of photocatalysis and thermal catalysis in
the synergistic photothermal degradation, quantitative comparative
experiments were performed. As shown in Figs. S13(e) and S13(f)
in the ESM, the degradation rate of TC by the Cu/Cu,O sample under
only NIR light conditions (photocatalysis) at room temperature
(k = 0.0031 min™) is 33.4%. In contrast, when the steady-state
photothermal temperature (49.3 °C) was simulated under dark
conditions (thermal catalysis), the degradation rate increases to
79.3% (k = 0.0138 min™). Notably, the kinetic constant for the
thermal process is approximately 4.8 times that of pure
photocatalysis, underscoring that the NIR-induced thermal effect is
the primary driver for accelerating the reaction. To further
quantitatively evaluate the photothermal contribution, the kinetics
at different reaction temperatures were investigated. As shown in
Figs. S13(g) and S13(h) in the ESM, the TC degradation by
Cu/Cu,O at different controlled temperatures (20, 30, 40 and 50 °C)
with/without NIR irradiation were evaluated. The results indicate
that the k values follow the Arrhenius relationship with temperature
(Fig. S13(i) in the ESM). According to the slope of the Arrhenius
equation (Ink = —E/RT + InA), the apparent activation energy (E,)
of photothermal catalysis (5.16 kJ-mol™) is significantly lower than
that of thermal catalysis (8.43 kJ-mol™). The lower E, value indicates
that the superior degradation activity of Cu/Cu,O is the result of

(a)
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HO_ CHy HC OH
CLCn . ‘ P
ol on|
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photo-thermal synergy. The photothermal effect accelerates the
activation of molecular oxygen kinetically and significantly reduces
the reaction energy barrier of O, activation, further enhancing the
degradation performance of Cu/Cu,O.

To clarify the possible pathway of TC photodegradation, the
intermediate products were detected by a liquid chromatography
equipped with mass spectrometry (LC-MS). As shown in Fig. 6(a),
nine intermediates were produced with m/z values of 430, 388, 362,
340, 322, 300, 227, 218, 118, 114, 74, and 60, and three possible
photodegradation pathways were proposed (see the ESM). First, 4-
cyclodimethylamine dealkylation in pathway I TC molecule (m/z =
445) is easily attacked by active groups and degraded to P1 (m/z =
430). With the oxidation reaction of -NH,, CH,, and ~-OH groups
after being attacked, the fourth benzene ring is cracked to get P2
(m/z = 322), P2 continues to be oxidized by deamination and ring-
opening to yield P3 (m/z = 218) [47, 48]. In pathway II, carbon-
carbon double bonds in TC molecules can be continuously attacked
by ROS and converted into hydroxyl groups. Then, the
intermediates undergo the dealkylation and hydroxylation,
accompanied by the loss of an acetamide group, resulting in P4
(m/z = 362). And P4 is further converted to P5 (m/z = 340) through
continuous dehydrogenation reactions. P5 undergoes further
transformation to yield P6 (m/z = 227) through a continuous
attacking by reactive oxygen radicals [49]. In pathway III,
intermediate P7 (m/z = 388) was formed due to the further loss of
the hydroxyl group after the deletion of N-methyl from the TC
molecule; followed by the formation of intermediate P8 (1m/z = 340)
after deamidation and demethylation. And P8 is further converted
to P9 (m/z = 300) through dehydroxylation and ring-opening [50].
Subsequently, these intermediates are further attacked by reactive
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Figure 6 (a) Possible pathways of NIR light-driven TC degradation by using Cu/Cu,O. (b) Bioaccumulation factor. (c) Developmental toxicity and (d) mutagenicity of

TC and their degradation intermediates.
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radicals to form other small molecule intermediates such as P10,
P11, P12, and P13 (m/z = 118, 114, 74, and 60). To further validate
the mineralization capability of the Cu/Cu,0, TOC removal was
measured (Fig. S15 in the ESM). After 120 min of NIR irradiation,
the TOC removal efficiency reached 55.01% (from 32.30 to
14.53 mgL™). As the photodegradation process continued, the
above small molecules will ultimately be decomposed into CO, and
H,0.

The bioaccumulation factors, developmental toxicity, and
mutagenicity of TC and its corresponding intermediates were
evaluated through the toxicity estimation software (T.E.S.T.) based
on quantitative structure—activity relationships (QSAR) [51, 52]. It
is obvious that the bioaccumulation factor values of small molecular
intermediates such as P10, P12, and P13 are low (Fig. 6(b)). The
developmental toxicity of most of the photocatalytic degradation
intermediates is at the “low toxicity” level (Fig. 6(c)). Although the
toxicity of some intermediates shows an increasing trend during the
degradation process, with further decomposition, the toxicity of
small molecules will be greatly reduced and all will be at the “low
toxicity” level, and finally they will be transformed into small
molecules such as H,O and CO, with low toxicity within the
harmless range. Regarding the corresponding mutagenicity
(Fig. 6(d)), TC and the initial intermediates are mutagenic positive
(greater than 05), and as the degradation proceeds, the
mutagenicity of macromolecular intermediates decreases during the
degradation process. Small molecular intermediates such as P8, P5,
P10, P12, and P13 become mutagenic negative due to their low
mutagenic activity (less than 0.5). The above results indicate that
the photocatalytic process of Cu/Cu,0 can not only efficiently
degrade TC but also reduce its ecological toxicity. Therefore, the
constructed photocatalytic system can be regarded as a green
technology due to its toxicity attenuation characteristics, and it
shows great practical potential in eliminating TC in the water
environment.

3.4 Photocatalytic mechanism

ROS play a crucial role in the degradation of TC molecules. To
elucidate the degradation mechanism of the synthesized Cu/Cu,0
composite, the formation of ROS during the catalytic reaction was
systematically investigated. Scavenger experiments were first
conducted using p-benzoquinone (PBQ), 2,2,6,6-tetramethy-
Ipiperidine (TEMP), ethylene glycol (EG), and methanol (MeOH)
as quenchers for -O,, 'O,, h, and -OH, respectively. As illustrated in
Figs. 7(a) and 7(b), the degradation efficiency of TC by Cu/Cu,0
decreased from 85.1% to 41.5% upon the addition of MeOH, while
the introduction of TEMP, EG, and PBQ reduced the efficiency to
45.9%, 61.9%, and 37%, respectively. These results indicate that the
relative contribution of ROS follows the order: -O, > -OH > 'O, > h".

EPR spectroscopy further confirmed the generation of these
ROS. Using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin-
trapping agent for -OH and -O,, and TEMP and 22,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) for 'O, and h* respectively,
the presence of ROS was verified under NIR irradiation. As shown
in Figs. 7(c) and 7(d), the characteristic signals of DMPO--O,” and
TEMP-'O, were weak in the dark but intensified significantly under
NIR light. This enhancement results from the increased generation
of e driven by photothermal excitation, which facilitates the
reduction of dissolved oxygen to form -O,~. The more pronounced
TEMP-'O, signal may arise from electron-rich OVs in Cu/Cu,0
promoting the conversion of -O,” to 'O, through reaction with
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photogenerated h’, as supported by previous studies [53, 54]. The
characteristic DMPO--OH adduct signal was also observed under
irradiation (Fig. 7(e)). Over time, the intensities of DMPO--O,” and
DMPO--OH signals decreased, while that of TEMP-'O, increased,
suggesting possible conversion of -O,” and -OH to 'O,. Additionally,
the decay of the TEMPO signal under NIR light (Fig. 7(f)) indicated
the consumption of h*, confirming their involvement in the
photocatalytic process [55]. As shown in Fig. 7(g), under the N,
atmosphere, the signals of -O,, -OH, and 'O, all decrease
substantially. This indicated that the ROS generated in the system
mainly originates from O,

To further illustrate the O, activation mechanism, in-situ diffuse
reflectance infrared Fourier transform spectroscopy (in-situ
DRIFTS) was employed under an O, atmosphere with NIR
irradiation. As shown in Fig. 7(h), no significant absorption was
observed in the absence of O, and light. After introducing O, in the
dark, weak bands appeared at 1130 and 934 cm™, assigned to the
stretching vibrations of -O,” and surface-adsorbed O,, respectively
[56-58]. These findings align with the EPR and XPS results,
indicating initial O, adsorption even without illumination. Under
NIR illumination, the absorption intensities intensify significantly
and continue to grow with extended exposure time. This
enhancement is due to photoinduced and hot electrons generated
by the photothermal effect, which concurrently drive the reduction
of adsorbed O, to yield -O, radicals.

DFT calculations provided insight into the O, activation process
on different models: pristine Cu,O, Cu,O with an oxygen vacancy
(Cu,0,_,), and the Cu/Cu,0O,, interface (Fig. S17 in the ESM). An
evolutionary pathway of oxygen activation capability was clearly
revealed, ascending from the inert basal plane of pristine Cu,0O,
through the activated landscape of Cu,O, ,, to the highly synergistic
interface of Cu/Cu,0,,. At the culmination of this pathway, the
composite interface exhibits a remarkable “directional anchoring”
effect on the O, molecule. One oxygen atom is preferentially
captured by the oxygen vacancy, while the other forms a polar bond
with the adjacent low-coordination Cu’ site. This dual-site
cooperation triggers a substantial electron transfer of 0.97 e from
the interface to the O, molecule, directly resulting in a pronounced
elongation of the O-O bond from 1.208 A in its free state to
1.474 A. This critical weakening of the O-O bond effectively lowers
the energy barrier for its activation, providing a fundamental
electronic-level explanation for the dramatically enhanced catalytic
activity observed in experiments.

This evolutionary pathway is quantitatively substantiated by the
following calculations on each model. For pristine Cu,O (Fig. 7(j)),
the d-band center of Cu was located at -2.12 eV (Fig. S18(a) in the
ESM), far from the Fermi level, resulting in weak orbital
hybridization with O,. The corresponding O, adsorption energy
was positive of 0.37 eV, with a minimal electron transfer of 0.03 e
and a slight O-O bond elongation to 1.235 A (Fig. 7(i)), indicating
poor O, activation. Introducing OVs into Cu,0 (Fig. 7(k)) led to
unsaturated coordination of surface Cur, shifting the d-band center
to -1.42 eV (Fig. S18(b) in the ESM) and increasing electron
density around Cu sites. This enhanced the O, adsorption energy to
-1.95 eV, with 0.75 e transferred from Cu,0,_, to O,, elongating the
0-O bond to 1461 A. The positively charged OVs acted as
anchoring sites for O,, promoting electron transfer and facilitating
O, activation even without light [59]. At the Cu/Cu,O, , interface
(Fig. 7(1)), the synergistic effect of OVs and metallic Cu created an
ideal environment for O, activation. The work function difference

Tsinghua University Press


https://www.sciopen.com/article/10.26599/NR.2026.94908781
https://www.sciopen.com/article/10.26599/NR.2026.94908781
https://www.sciopen.com/article/10.26599/NR.2026.94908781
https://www.sciopen.com/article/10.26599/NR.2026.94908781
https://www.sciopen.com/article/10.26599/NR.2026.94908781
https://www.sciopen.com/article/10.26599/NR.2026.94908781
https://www.sciopen.com/article/10.26599/NR.2026.94908781
https://www.sciopen.com/article/10.26599/NR.2026.94908781

Nano Research | Vol. 19, No. 9

Wang et al.

(b)

(@

_
)
~—'

(a)

0.0154

DMPO--0,” TEMP-'0,

3460

—‘HI
~ I VW WA- H
iy = £
F0.6 £ B )
% 2 0.0083 £ -y
z 5
04 —8—Nune : 0.0053 ; §
—a— N0l LT e 0.0041 | E
0.2{ G | —AANAN——]
reMe
o0 ——rBQ
: 30 600 90 120 None McOH EG  TEMP  TRQ 3380 3400 3420 3440 3460 3380 3400 3420 3440
Time (min) Magnetic field (G) Magnetic field (G)
(e) ® (® _ (h)
DMPO-OH —Dark TEMPO-h* — e v 0,120 i

Smin

—— 10 min

DMPO--OH —— w0+ N,

4 Lot I e = & & |
= = T |[TEME-, o +
& £ & H

£ ] i
] & 2 ’; ik + 0, 30 i
= = = |omro-o; z

crn g A,
3380 3400 3420 3440 3460 3380 3400 3420 3440 3460 3380 3400 3420 3440 3460 2000 1800 1600 1400 1200 1000 800
Magnetic field (G) Magnetic field (G) Magnetic field (G) Wavenumber (cm™')

\)

.
=
ta

(k)

M

=
1:2 01 Iy o =1235A t r-)u.uae Iy o =1.461 A
g2 -1.95 R o, T
e R &
E —5.08 \) J.“\‘.\ @‘\‘
2 -6 > 7 O I
z NP Y B B
8 Cu,0 Cu0, Cu,0,_J/Cu (u20+01 Cu,0,_ +0,
(m) +
SO0 Tetracycline
O ‘T 1
NIR light *z:t;ﬂ ’(;;.‘ 0, o
] R h*
\ Sy kh‘“;\\ 1l
x X y
— # L .02— ‘OH

@ O,
(e
¢ ov
@ o

Schottky barrier

Figure7 (a) The effect of radical scavengers on the photodegradation performance of Cu/Cu,0O composites under NIR light irradiation and (b) corresponding k values.
EPR spectra of different radical species: (c) DMPO--O;, (d) TEMP-'O,, (e) DMPO--OH, and (f) TEMPO-h". (g) EPR spectra under different atmosphere conditions.
(h) In-situ DRIFT of Cu/Cu,O composite under O, atmosphere and NIR light irradiation. (i) Adsorption energy of O, on the different models. Charge transfer of different
models: (j) Cu,0O, (k) Cu,0, , (OVs-rich Cu,0), and (I) Cu,0,_,/Cu. (m) Schematic diagram of photocatalytic mechanism of Cu/Cu,O under NIR light.

between Cu (4.34 eV) and Cu,O (6.92 eV) directed electron transfer
from Cu,O to Cu. This interfacial charge enrichment shifted the d-
band center of Cu’ to -1.57 eV (Fig. S18(c) in the ESM),
significantly strengthening O, adsorption (E, = -5.06 eV). The
“directional anchoring” mechanism was evident: the incorporation
of one O atom into the OV site involved electron acceptance from
Cu, while the simultaneous binding of the other O atom to Cu’
also involved charge transfer. This synergistic electron donation
(totaling 0.97 e) from both Cu sites into the O, molecule populated
its antibonding orbitals, leading to the observed substantial
elongation of the O-O bond to 1.474 A and making its activation
highly favorable (Fig. S19 in the ESM) [60—-62].

Based on these findings, a comprehensive mechanism for NIR-
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driven photothermal catalysis over Cu/Cu,O is proposed (Fig. 7(m)).
Under NIR irradiation, Cu,0 generates photogenerated electrons
(e,) and holes (h*) (Eq. (1)), while the Schottky junction at the
Cu/Cu,O interface promotes charge separation. Concurrently, a
dual LSPR effect excites hot electrons (e7,.,), Which inject into the
conduction band of Cu,0. Molecular oxygen activation proceeds
via a “directional anchoring” mechanism at OV-Cu dual sites,
where interfacial electron transfer from both photoexcited and hot
electrons significantly weakens the O-O bond. This facilitates the
formation of -O,” (Eq. (2)), which further transform into -OH and
'O, through reactions with holes and other intermediates
(Egs. (3)-(5)). The photothermal effect generated by dual LSPR
elevates the local temperature, kinetically accelerating the step of O,
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activation. The synergy between Schottky junction-enabled charge
separation, dual LSPR-enhanced light absorption and hot electron
generation, and the unique interfacial activation pathway
collectively drives the efficient degradation of organic pollutants
(Eq. (6)

Cu/Cu,0+hv —h" +e,, (1)
0.+ €, 00m0 — 02" (2)

‘0, +2eg, oy +2H" — -OH+OH" (3)
‘0, +h" ='0, 4)
‘0,”+-OH —'0,+0OH" (5)

TC+°0; /h*/-OH/'O, — CO, + H,0 + small molecules (6)

4 Conclusion

In summary, oxygen vacancy-enriched Cu/Cu,O were successfully
synthesized via a H,MoO,-template-assisted liquid-phase reduction
method. The resulting material demonstrated significantly
enhanced photothermal degradation performance toward TC
under NIR light irradiation compared to pristine Cu,0O. Through a
combination of microstructural characterization, XPS, EPR, fs-TAS,
in-situ DRIFTS, and DFT calculations, the underlying mechanism
for the improved photocatalytic activity was elucidated. This
enhanced performance can be attributed to the synergistic interplay
of three key factors: The formation of Schottky junction at the
Cu/Cu,0O interface promotes charge separation, the dual LSPR
effect originating from intrinsic LSPR of Cu and the defect-state
LSPR induced by OVs enhances photothermal conversion, and the
unique “directional anchoring” mechanism facilitates O, activation
through interfacial electron transfer. This study provides valuable
insights for the rational design of efficient NIR-driven
photothermal catalysts for environmental remediation applications.

Electronic Supplementary Material: Supplementary material
(details of material characterization, experimental, and
supplementary figures) is available in the online version of this
article at https://doi.org/10.26599/NR.2026.94908781.
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