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A B S T R A C T

Heterogeneous catalytic ozonation (HCO) is a promising technology for the deep removal of refractory organic 
pollutants; however, its performance remains constrained by a limited density of active sites, sluggish interfacial 
electron transfer, and poor stability of active metal species. In this study, a defect–engineered Cu2O/g–C3N4 
composite catalyst (denoted as Cu–CN) was fabricated using a supramolecular preassembly–thermal poly
condensation strategy. This Cu–CN catalyst featuring highly dispersed Cu2O nanoclusters anchored within a 
nitrogen–vacancy–guided interfacial structure was applied to oxalate catalytic ozonation. The optimised Cu–CN/ 
O3 system achieved over 99% oxalate removal within 15 min, with an apparent rate constant (kobs) of 0.253 
min− 1, approximately 39 times that of ozonation alone, and an ozone utilization efficiency of approximately 
62.1%. Structural characterisation, structure–activity relationships, in situ spectroscopic analyses, and DFT 
calculations collectively provided evidence for a defect–regulated interfacial activation pathway involving two 
cooperative processes: surface –OH enrichment promoted the dynamic evolution of hydroxylated interfacial 
species favourable for O3 activation, while Nv–mediated anchoring stabilised low–valence Cu2O nanoclusters and 
strengthened interfacial electronic coupling with the g–C3N4 matrix. Collectively, these features facilitated 
electron–transfer–driven O3 activation and sustained generation of reactive oxygen species, thereby enabling 
efficient oxalate degradation. This study provides a defect–guided interfacial construction strategy for devel
oping efficient and stable carbon–nitride–based catalysts for ozone–driven degradation of refractory organic 
pollutants.

1. Introduction

Advanced oxidation processes (AOPs) are widely adopted for the 
treatment of refractory organic pollutants owing to their powerful 
oxidative capacity and broad applicability [1–3]. However, under 
practical operating conditions, complex organic compounds are often 
progressively transformed into low–molecular–weight carboxylic acids, 
which are difficult to oxidise further. Among these, oxalic acid/oxalate 
tends to persist in the late stages of oxidation because of its inherently 
low reactivity toward O3; it is therefore commonly employed as a model 
pollutant to evaluate the deep–oxidation capability of catalytic 

ozonation systems [4,5].
In the treatment of refractory organic pollutants, heterogeneous 

catalytic ozonation (HCO) has attracted considerable attention as it 
enhances pollutant degradation while minimising the risk of secondary 
pollution [6–8]. Supported composite catalysts are widely used in HCO 
because of their high catalytic activity and key role in determining 
ozonation efficiency [9–11]. Nevertheless, most existing materials face 
several persistent challenges, including leaching of active components, 
insufficient density of intrinsic active sites, and sluggish interfacial 
electron transfer [12–15]. Accordingly, the development of catalysts 
that combine high activity with robust stability, together with a clear 
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mechanistic understanding, remains a central challenge in this field.
To address these challenges, the development of metal–support 

composites with strong interfacial interactions has emerged as an 
effective strategy [16,17]. Graphitic carbon nitride (g–C3N4), owing to 
its unique tri–s–triazine framework and abundant nitrogen lone–pair 
electrons, represents an attractive support platform for anchoring metal 
species [18–21]. Copper, with its excellent electron–transfer capability 
and reversible Cu+/Cu2+ redox cycling, has shown considerable po
tential for O3 activation [22,23]. Although CuO/g–C3N4 or Cu2O/ 
g–C3N4 heterojunctions have been studied in photocatalysis, their 
application in heterogeneous catalytic ozonation remains largely unex
plored [24]. In contrast, previous catalytic ozonation studies have 
mainly focused on CuO/g–C3N4 and CuMn2O4/g–C3N4 composites, 
which involve conventional CuO or mixed–metal–oxide interfaces 
rather than low–valence Cu2O [25,26]. Thus, constructing a stable 
low–valence Cu2O/g–C3N4 interface and clarifying its role in O3 acti
vation remain important unresolved issues. Previous studies have 
highlighted that catalytic activity strongly depends on interfacial elec
tronic coupling [27,28]. However, conventional metal–loading strate
gies remain inadequate for simultaneously promoting interfacial 
electron transfer and stabilizing active Cu species. Therefore, achieving 
simultaneous stabilisation of low-valence Cu species and promotion of 
interfacial electron transfer requires rational regulation of the local 
defect environment.

Recent studies have increasingly shifted catalyst design from con
ventional metal loading toward interface engineering, in which local 
coordination environments, interfacial electronic coupling, and 
defect–regulated active sites are recognized as key determinants of 
ozone activation efficiency [29–31]. In particular, nitrogen–vacancy 
engineering in g–C3N4 can modulate the local electronic structure, 
create preferential metal–anchoring sites, and strengthen metal–support 
interactions [32–34]. Earlier studies on defective heterostructures have 
shown that nitrogen vacancies may form vacancy complexes or defect 
clusters rather than isolated sites, and their catalytic effects are strongly 
influenced by local lattice arrangement and coordination environment 
[35]. In this context, Nv engineering may provide a feasible route to 
stabilize low–valence Cu2O species on g–C3N4 and construct electroni
cally coupled Cu2O/defective g–C3N4 interfaces. Such interfaces may 
also favour surface –OH enrichment, thereby facilitating O3 adsorption 
and activation. Nevertheless, it remains unclear how nitrogen vacancies, 
low-valence Cu2O nanoclusters, and dynamically evolving hydroxylated 
interfacial species cooperatively regulate interfacial electron transfer 
and ROS generation during catalytic ozonation. This knowledge gap 
hinders the rational design of defect-engineered catalysts that simulta
neously achieve high activity and long-term stability. Consequently, 
coupling highly dispersed metal anchoring with defect regulation offers 
a promising route to simultaneously improve catalytic activity and 
structural stability in HCO catalysts.

Unlike previous studies that separately explored Cu2O/g–C3N4 
photocatalysts, CuO/g–C3N4 and CuMn2O4/g–C3N4 catalytic ozonation 
systems, or metal–nitrogen–carbon coordination structures for ozone 
activation [9,25,36,37], this work integrates nitrogen–vacancy engi
neering with the construction of a low–valence Cu2O/g–C3N4 interface 
to simultaneously stabilize active Cu species, strengthen interfacial 
electronic coupling, and enhance ozone activation [9,26,37,38]. 
Accordingly, an Nv–guided Cu2O/defective g–C3N4 interface was ratio
nally designed to couple Cu2O stabilisation, surface –OH enrichment, 
and accelerated interfacial electron transfer for sustained reactive oxy
gen species (ROS) generation. A Cu–CN composite catalyst with highly 
dispersed Cu2O nanoclusters anchored by nitrogen vacancies was syn
thesised via a supramolecular preassembly–thermal polycondensation 
strategy and applied to heterogeneous catalytic ozonation of oxalate. 
The effects of the calcination temperature on nitrogen–vacancy forma
tion, Cu2O evolution, catalytic activity, and structure–activity relation
ships were systematically investigated. Furthermore, the respective 
contributions of nitrogen–vacancy–related defect structures and 

hydroxyl–related surface species to ozone activation, together with the 
dominant ROS involved in oxalate degradation, were investigated 
through complementary experimental analyses. Finally, by integrating 
multidimensional characterisation, radical identification, in situ diffuse 
reflectance Fourier–transform infrared spectroscopy (DRIFTS), and DFT 
calculations, a cooperative interfacial activation mechanism involving 
Nv–mediated Cu2O stabilisation, hydroxyl–related surface species, and 
interfacial electron transfer was proposed and supported. These findings 
provide mechanistic insights into the rational design of 
defect–engineered Cu2O/g–C3N4 interfaces for efficient catalytic ozon
ation and offer guidance for the development of advanced heteroge
neous catalytic ozonation catalysts for water treatment.

2. Materials and methods

2.1. Chemicals

All chemicals, including melamine (C3H6N6), cyanuric acid 
(C3H3N3O3), copper(II) nitrate trihydrate (Cu(NO3)2⋅3H2O), ethylene 
glycol (C2H6O2), ethanol (C2H5OH), tert–butanol (TBA), catalase (CAT), 
p–benzoquinone (BQ), anhydrous trisodium phosphate (Na3PO4), 
5,5–dimethyl–1–pyrroline N–oxide (DMPO), sodium oxalate (Na2C2O4), 
sodium hydroxide (NaOH), and nitric acid (HNO3), were purchased 
from Shanghai Macklin Biochemical Co., Ltd. (China). NaOH and HNO3 
were used for pH adjustment. All reagents were of analytical grade and 
were used without further purification. Ultrapure water (resistivity 
≥18.2 MΩ⋅cm) was used throughout the experiments.

2.2. Materials preparation

The g–C3N4 precursor was synthesised via a supramolecular pre
assembly method. Equimolar amounts of melamine (1.05 g) and cya
nuric acid (1.05 g) were dissolved separately in ethylene glycol. The 
melamine solution was then added dropwise to the cyanuric acid solu
tion in an oil bath at 105 ◦C, followed by vigorous stirring for 20 min. 
After cooling to room temperature, the resulting white precipitate was 
collected by centrifugation, washed with deionised water and ethanol, 
and dried at 60 ◦C for 12 h to yield the supramolecular precursor [38].

Cu–CN composites were synthesised by thermal polycondensation. 
The as–prepared precursor was ground thoroughly with Cu 
(NO3)2⋅3H2O, transferred to a tube furnace, heated to the target tem
perature at 5 ◦C min− 1 under an N2 atmosphere, and calcined for 2 h. To 
optimise the Cu–CN preparation conditions, the calcination temperature 
was varied from 400 to 550 ◦C at a fixed Cu dosage of 0.15 × 10− 3 mol, 
followed by varying the Cu dosage from 0.05 to 0.20 × 10− 3 mol at 
500 ◦C. The resulting samples were denoted Cu–CN–T and Cu–CN–x, 
respectively. Cu–CN–500 and Cu–CN–0.15 refer to the same optimised 
catalyst, hereafter denoted as Cu–CN.

2.3. Materials characterisation

The morphology and elemental distribution of the materials were 
examined by scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), and energy–dispersive X–ray spectroscopy (EDS). 
The crystal structure, surface functional groups, and chemical states 
were characterized by X–ray diffraction (XRD), Fourier–transform 
infrared spectroscopy (FTIR), and X–ray photoelectron spectroscopy 
(XPS), respectively. The specific surface area and pore structure were 
determined from N2 adsorption–desorption measurements. The surface 
charge properties were evaluated by zeta–potential analysis, while the 
interfacial electron–transfer behaviour was investigated using electro
chemical impedance spectroscopy (EIS). Nv–related signals and ROS 
were detected by electron paramagnetic resonance (EPR) spectroscopy. 
The bulk Cu contents of the Cu–CN–T catalysts were quantified by X–ray 
fluorescence (XRF) spectroscopy. Detailed information on the instru
ment models and testing parameters is provided in the Supporting 
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Information (Table S1).

2.4. Catalytic ozonation performance evaluation

Catalytic ozonation experiments were conducted in a glass reactor 
using sodium oxalate as the target pollutant. Typical conditions were as 
follows: initial sodium oxalate concentration, 100 mg L− 1; reaction 
volume, 250 mL; catalyst dosage, 0.1 g L− 1; and reaction temperature, 
25 ◦C. Gaseous O3 was continuously introduced at an O3 feed rate of 
0.58 mg min− 1 with a gas flow rate of 100 mL min− 1. Unless otherwise 
stated, the initial solution pH was not adjusted. For pH–dependent ex
periments, the initial pH was adjusted with dilute HNO3 or NaOH prior 
to reaction. Samples were collected at predetermined time intervals, and 
the sodium oxalate concentration was quantified by HPLC. The dis
solved Cu concentration in the reaction solution was determined using 
ICP–MS to assess catalyst stability. ROS generation was identified by 
EPR coupled with DMPO spin–trapping. Detailed HPLC, ICP–MS, EPR, 
and gas–phase O3 determination procedures are provided in the Sup
porting Information (Table S1 and Text S2).

2.5. Density functional theory (DFT) calculations

All density functional theory (DFT) calculations were performed 
using a first–principles approach. Detailed computational methods and 
parameter settings are provided in the Supporting Information (Text 
S1).

3. Results and discussion

3.1. Structural and morphological characterisation

Cu–CN composites were prepared using a facile supramolecular 
preassembly–thermal polycondensation strategy, as shown in Fig. 1a. To 
examine the influence of calcination temperature on crystal structure, 
XRD analysis was performed for samples calcined at different temper
atures (Fig. 1b). All Cu–CN samples exhibited characteristic diffraction 
peaks at 12.9◦ and 27.4◦, assigned to the (100) in–plane structural units 
and (002) interlayer stacking planes of g–C3N4, respectively [39]. These 
results indicate that Cu incorporation and thermal treatment preserved 
the typical layered framework of g–C3N4. Notably, no distinct Cu–re
lated diffraction peaks were observed, indicating that no well–crystal
lized bulk Cu–containing phase was detectable by conventional powder 
XRD.

To further determine whether the preserved crystalline framework is 
accompanied by local bonding and defect evolution, the structural 
evolution of the framework and surface functional groups of Cu–CN 
were examined by FTIR spectroscopy. The FTIR spectra in Fig. 1c show 
that all samples retained the characteristic heptazine–ring breathing 
vibration at 806.5 cm− 1 and C–N heterocyclic stretching vibrations at 
1240–1640 cm− 1 [40], confirming the preservation of the g–C3N4 
framework. With increasing calcination temperature, a distinct C–––N 
band emerged at 2180 cm− 1. This feature is commonly attributed to 
partial cleavage of C–N bonds in g–C3N4 and is widely regarded as a 

Fig. 1. Synthesis and structural characterisation of Cu–CN composites: (a) schematic illustration of the supramolecular preassembly–thermal polycondensation 
process; (b) XRD patterns; and (c) FTIR spectra of pristine g–C3N4 and Cu–CN samples calcined at different temperatures.
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structural signature of Nᵥ formation [41,42]. This observation should be 
interpreted together with the subsequent XPS and EPR analyses. Further, 
an enhanced broad band was observed at 3000–3700 cm− 1, which was 
assigned to O–H/N–H stretching vibrations, indicating an increased 
abundance of hydrogen–containing surface groups and/or contributions 
from adsorbed water [43,44]. Therefore, while XRD confirms the 
retention of the long–range g–C3N4 framework, FTIR reveals temper
ature–dependent local structural and surface chemical evolution. In 
addition, N2 adsorption–desorption measurements (Fig. S1) confirmed 
that the samples possess mesoporous structures [45]. Bru
nauer–Emmett–Teller (BET) analysis (Table S2) showed that the opti
mised Cu–CN exhibited a specific surface area of 52.45 m2 g− 1, 
approximately twice that of pristine g–C3N4 (27.48 m2 g− 1), which may 
facilitate mass transfer and expose more accessible interfacial sites. 
However, the increased surface area alone cannot fully explain the 
catalytic behaviour, because catalytic ozonation is also strongly influ
enced by surface chemistry, defect structures, metal active sites, and 
interfacial electron transfer [14], as examined in the following sections.

Guided by the XRD and FTIR results, which suggest preserved CN 
framework features and highly dispersed Cu species, the morphology 
and nanoscale distribution of Cu were further examined by electron 
microscopy. TEM images (Fig. 2a) and SEM images (Fig. S2) reveal that 
Cu–CN comprises interwoven, wrinkled two–dimensional nanosheets, 
forming an open porous architecture without apparent aggregation of 
large metal particles. The SAED pattern (inset of Fig. 2a) exhibits 
diffused diffraction rings, indicating the low crystallinity of the matrix, 
consistent with the XRD results. HRTEM analysis (Fig. 2b) reveals a 
well–ordered Cu–containing nanocrystalline domain with an interplanar 
spacing of approximately 0.246 nm, and the corresponding fast Fourier 
transform (FFT) pattern obtained from the marked region exhibited two 
non–collinear diffraction spots indexed to the (1–1–1) and (00–2) re
flections of cubic Cu2O. Together with the Cu 2p XPS and Cu LMM Auger 
electron spectroscopy (AES) analyses, the indexed FFT pattern provides 
further evidence for the formation of highly dispersed Cu2O nano
crystalline domains on the g–C3N4 matrix. High–angle annular dark–
field scanning transmission electron microscopy (HAADF–STEM) and 
EDS elemental mappings (Fig. 2c–f) show that C and N uniformly define 

the nanosheet framework, whereas Cu signals are sparse but homoge
neously distributed throughout, indicating that Cu species are well 
dispersed and anchored on the g–C3N4 substrate without detectable 
aggregation. These observations confirm the formation of a dispersed 
Cu2O/g–C3N4 interfacial structure rather than separated bulk Cu oxide 
particles.

After confirming the morphology and nanoscale dispersion of Cu 
species, XPS was subsequently employed to elucidate the surface 
elemental composition, chemical states, and defect characteristics of 
Cu–CN. The XPS survey spectrum (Fig. S3) confirmed the presence of C, 
N, O, and Cu. The high–resolution N 1 s spectrum (Fig. S4a) was 
deconvoluted into three components at 398.6, 400.5, and 404.4 eV, 
assigned to pyridinic N (N2C), pyrrolic/tertiary N (N3C), and amino N 
(–NHx), respectively [46,47]. With increasing calcination temperature, 
the N3C/N2C peak–area ratio decreased markedly (Table S3), indicating 
the loss of three–coordinated N sites during thermal treatment and 
providing indirect evidence for Nᵥ formation [48–50]. Consistently, the 
C 1 s spectra (Fig. 3a) show that, in addition to the typical peaks at 284.8 
eV (C–C/C=C) and 288.4 eV (N–C=N), Cu–CN exhibits an additional 
C–––N component at 286.2 eV [51,52]. This C–––N component is consis
tent with the FTIR band at 2180 cm− 1, thereby linking the spectroscopic 
signatures from FTIR and XPS and further supporting partial C–N bond 
cleavage within the g–C3N4 framework and the introduction of 
Nᵥ–related defects.

Following the identification of Cu2O nanocrystalline domains by 
HRTEM, Cu 2p XPS and Cu LMM AES were employed to determine the 
surface Cu valence states, while O 1 s XPS was used to examine the 
evolution of oxygen-containing surface species. In the Cu 2p spectra 
(Fig. S4b), the Cu 2p3/2 region of Cu–CN–400 and Cu–CN–450 was 
deconvoluted into Cu+ (~932.5 eV) and Cu2+ (~934.5 eV) contribu
tions, accompanied by Cu2+ satellite peaks [53,54], indicating the 
coexistence of Cu+ and Cu2+ species. Upon increasing the calcination 
temperature to 500 ◦C, the Cu2+ signal was markedly weakened, sug
gesting that Cu+ was the dominant surface species in Cu–CN–500. Cu 
LMM AES (Fig. S5b) was conducted to distinguish Cu+ from Cu0. 
Cu–CN–500 displayed the characteristic Cu+ signal of Cu2O at approx
imately 916.0 eV, whereas the metallic Cu0 signal (~918.6 eV) was 

Fig. 2. Morphological and structural characterisation of Cu–CN–500: (a) TEM image with the corresponding SAED pattern shown in the inset; (b) HRTEM image of a 
selected Cu2O nanocrystalline domain with the corresponding FFT pattern shown in the inset; (c) HAADF–STEM image and (d–f) the corresponding EDS elemental 
mappings of C, N, and Cu.
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absent [55,56]. These results indicate that Cu species in fresh Cu–CN 
predominantly exist as Cu2O. Therefore, the XPS and Cu LMM AES re
sults, together with HRTEM observations, confirm the formation of 
highly dispersed low–valence Cu2O nanoclusters on the defect–evolved 
CN matrix. Further, the O 1 s spectrum (Fig. 3b) was deconvoluted into 
Cu–O (528.8 eV), surface –OH (531.6 eV), and adsorbed H2O (532.8 
eV) components [57,58]. Within the Cu–CN series, the surface –OH 
contribution increased with the evolution of Cu2O–associated interfacial 
structures, suggesting the formation of hydroxylated interfacial sites 
favourable for O3 adsorption and activation.

Finally, EPR and EIS analyses were employed to connect these 
structural and chemical features with the electronic properties of 
Cu–CN. Solid–state EPR measurements further verified the formation of 
defect structures. As shown in Fig. 3c, all Cu–CN samples exhibited a 
characteristic signal at g ≈ 2.003, which is commonly attributed to 
delocalised unpaired electrons in the conjugated π system or 
defect–associated localised electrons. Compared with pristine CN, 
Cu–CN showed a markedly stronger EPR signal, indicating that Nᵥ 
introduction disrupted the local charge balance and promoted accu
mulation of unpaired electrons around defect sites [59,60]. Under 
identical measurement conditions, Cu–CN–500 exhibited a stronger EPR 
signal than Cu–CN–550 suggesting a relatively higher abundance of 
paramagnetic defect centres in the optimised sample (Fig. 3d). Together 
with the FTIR and XPS results, the EPR analysis provides complementary 

evidence for the formation and evolution of Nv-related defect structures 
(Table S7). The temperature–dependent Raman spectral changes 
(Fig. S7) further indicate structural evolution of the g–C3N4 framework, 
consistent with the defect evolution revealed by EPR and XPS. The 
Nyquist plots (Fig. S6) show that Cu–CN–500 exhibits a substantially 
lower interfacial charge–transfer resistance than Cu–CN–450, indicating 
facilitated interfacial electron transfer after appropriate defect engi
neering. This improved electron–transfer capability is expected to pro
mote ozone activation. Combined with the structural characterisation 
results, the superior catalytic performance of Cu–CN–500 is attributed to 
the synergistic optimisation of interfacial electron transfer, Cu2O stabi
lisation, nitrogen–vacancy construction, and surface hydroxyl enrich
ment, rather than electron–transfer resistance alone.

3.2. Catalytic performance

3.2.1. Evaluation of Cu–CN for the catalytic ozonation of sodium oxalate
Sodium oxalate (Na2C2O4), a refractory pollutant, was selected as a 

model compound to evaluate the O3 activation performance of the 
Cu–CN catalyst. As shown in Fig. S8, oxalate removal solely by physical 
adsorption was below 5% for all tested materials, indicating a limited 
adsorption capacity toward oxalate. As shown in Fig. 4a, the O3–alone 
system removed only 35% of oxalate within 30 min. The addition of 
pristine g–C3N4 did not produce a discernible improvement in 

Fig. 3. Surface chemical states and defect-related paramagnetic characteristics of Cu–CN catalysts: high–resolution XPS spectra of (a) C 1 s and (b) O 1 s; (c) sol
id–state EPR spectra; and (d) solid-state EPR spectra of g-C3N4, Cu-CN-500, and Cu-CN-550 recorded under identical conditions.
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degradation efficiency, suggesting that the CN support limited the 
intrinsic O3 activation capability. In contrast, the Cu–CN–500/O3 system 
achieved over 99% oxalate removal within 15 min, demonstrating 
markedly enhanced catalytic ozonation activity. To further benchmark 
the catalytic performance of Cu–CN–500, representative oxalic acid/ 
oxalate catalytic ozonation systems reported in the literature were 
compared (Table S4). Although differences in the oxalate source, cata
lyst dosage, O3 dosage, pH, and reaction time should be taken into ac
count, Cu–CN–500 achieved over 99% oxalate removal within only 15 
min, corresponding to a high apparent rate constant of 0.253 min− 1 at a 
low catalyst dosage of 0.10 g L− 1 and an O3 dosage of 0.58 mg min− 1. 
These results demonstrate that Cu–CN–500 exhibited competitive cat
alytic activity and mineralization performance under mild conditions 
[25,26,61–63].

To further evaluate the mineralization capability of the catalytic 
ozonation system, total organic carbon (TOC) removal was determined. 
As shown in Fig. S9, the TOC removal efficiency of the Cu–CN/O3 system 
gradually increased to approximately 84% after 200 min. Although 
oxalate was almost completely removed within 15 min, the substantially 
slower TOC removal suggests the presence of residual organic carbon or 
possible analytical and carbon-mass-balance effects; however, the na
ture of this residual carbon was not fully resolved. Compared with O3 
alone (≈35%) and pristine g–C3N4/O3 (≈42%), the Cu–CN/O3 system 
exhibited a higher TOC removal efficiency (≈84%), demonstrating its 
enhanced overall mineralization performance under the tested 
conditions.

3.2.2. Optimisation of Cu–CN catalyst preparation parameters
The calcination temperature and Cu dosage strongly influence the 

structure and catalytic performance of Cu–CN. To determine the optimal 
thermal treatment condition, Cu–CN–T samples were prepared at 
different calcination temperatures at a fixed Cu dosage of 0.15 × 10− 3 

mol. As shown in Fig. 4a, the time required to achieve near–complete 

oxalate degradation decreased markedly as the calcination temperature 
increased from 400 to 500 ◦C, suggesting that moderate thermal treat
ment favours the formation of effective Cu–CN interfacial active regions. 
However, a further increase to 550 ◦C led to a reduction in catalytic 
activity, indicating that a higher calcination temperature does not 
necessarily generate more catalytically effective sites. Specifically, 
excessive thermal treatment generates a less favourable structural and 
electronic environment at the Cu–CN interface, thereby reducing the 
efficiency of interfacial electron transfer and O3 activation. Pseu
do–first–order kinetic fitting (Fig. 4b, R2 > 0.98) yielded apparent rate 
constants (kobs) of 0.1542, 0.1787, 0.2534, and 0.2103 min− 1 for 
Cu–CN–400, Cu–CN–450, Cu–CN–500, and Cu–CN–550, respectively. 
Among these, Cu–CN–500 exhibited the highest kobs, approximately 
39–fold higher than that of the O3–alone system, indicating that calci
nation at 500 ◦C provides a more favourable structural balance for 
efficient catalytic ozonation. XRF analysis revealed comparable Cu 
loadings of 11.3–12.5 wt% across the Cu–CN–T series (Table S5), indi
cating that the activity differences primarily arose from calcina
tion–induced changes in interfacial structure and electronic properties 
rather than variations in Cu loading. Under identical O3-feed conditions, 
Cu–CN–500 exhibited the highest ozone utilization efficiency among the 
catalyst series (Fig. S10), consistent with its highest apparent reaction 
rate, indicating more efficient ozone activation rather than differences 
in Cu loading.

Similarly, to determine the optimal Cu dosage, Cu–CN–x samples 
were prepared by varying the Cu dosage from 0.05 to 0.20 × 10− 3 mol at 
500 ◦C. The influence of Cu precursor dosage on catalytic performance is 
shown in Fig. S11. At a Cu dosage of 0.15 × 10− 3 mol, Cu–CN–0.15 
achieved the maximum kobs, which was 9.0% higher than that of 
Cu–CN–0.05. However, when the Cu dosage was further increased to 
0.20 × 10− 3 mol, kobs decreased by 38.0% relative to the optimal sam
ple. These results indicate that an appropriate dosage of Cu promotes the 
formation of effective Cu–CN interfacial active regions and enhances O3 

Fig. 4. Catalytic performance, environmental adaptability, and operational stability of the Cu–CN/O3 system: (a) oxalate degradation over Cu–CN catalysts calcined 
at different temperatures; (b) corresponding pseudo–first–order kinetic fits; (c) effect of initial pH on the catalytic activity of the Cu–CN–500/O3 system; and (d) zeta 
potential of Cu–CN–500 as a function of pH. (e) degradation of IBP and DEET over the O3-alone and Cu–CN–500/O3 systems; and (f) long-term continuous-flow 
catalytic ozonation performance of Cu–CN: oxalate removal efficiency and Cu leaching during 120 h operation. Experimental conditions: [Na2C2O4] = 100 mg L− 1; 
[catalyst] = 0.1 g L− 1; O3 feed rate = 0.58 mg min− 1; T = 25 ◦C, unless otherwise specified.
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activation, whereas excessive Cu may lead to aggregation, shielding of 
active sites, or disruption of the interfacial structure, thereby impairing 
catalytic performance.

3.2.3. Environmental adaptability and operational stability of the Cu–CN/ 
O3 system

The influence of initial pH on the catalytic performance of the 
Cu–CN–500/O3 system was investigated (Fig. 4c). Oxalate degradation 
increased markedly with increasing initial pH. Although the reaction 
was inhibited under acidic conditions, high degradation efficiencies 
were achieved at the unadjusted initial pH (~7.6) and under alkaline 
conditions. Consistent with the zeta–potential results (Fig. 4d), 
Cu–CN–500 was negatively charged across the tested pH range, indi
cating electrostatic repulsion between the catalyst and anionic oxalate 
species, consistent with the weak adsorption observed.

Therefore, the enhanced degradation under alkaline conditions 
cannot be attributed to adsorption effects. Instead, OH− initiates the 
radical-chain decomposition of ozone, while the Cu–CN catalyst further 
promotes catalytic ozone activation, jointly enhancing ROS generation 
[64]. Nevertheless, excessively alkaline conditions may accelerate ozone 
decay before ozone can effectively participate in catalytic oxidation, 
thereby decreasing the effective utilization of ozone for pollutant 
degradation [2,64]. Consequently, the catalytic performance is gov
erned by the balance between ROS generation and ozone utilization. To 
further verify that this interpretation was not influenced by reaction- 
induced pH variation, the solution pH was continuously monitored 
throughout the reaction (Fig. S12). The pH increased only slightly from 
approximately 7.6 to 8.1 over 120 min, corresponding to a variation of 
approximately 0.5 pH units. Such a minor change indicates that the 
bulk-solution pH remained essentially stable during the reaction, con
firming that the observed catalytic behaviour was not significantly 
affected by reaction-induced pH variation.

To evaluate the applicability of the Cu–CN/O3 system under more 
realistic water conditions, the effects of typical inorganic anions (Cl− , 
SO4

2− , and HCO3
− ) on catalytic performance were examined (Fig. S13a). 

High concentrations of Cl− and SO4
2− caused only minor kinetic inhibi

tion of oxalate degradation, whereas the addition of HCO3
− reduced the 

degradation rate during the initial reaction stage. Nevertheless, the 
system still achieved over 90% oxalate removal after 25 min. These 
results demonstrate that the Cu–CN/O3 system maintains high catalytic 
efficiency in the presence of coexisting anions, indicating good tolerance 
to water–matrix interference and potential practical applicability. The 
applicability of the Cu–CN/O3 system was further assessed using 
ibuprofen (IBP) and N,N–diethyl–m–toluamide (DEET) as additional 
refractory micropollutants and surface water, tap water, and secondary 
effluent as realistic water matrices (Fig. 4e). Cu–CN/O3 achieved 
approximately 74% IBP removal and 69% DEET removal within 30 min, 
markedly exceeding the corresponding O3–alone removals of approxi
mately 37% and 28%, respectively. Cu–CN also consistently enhanced 
oxalate degradation in all tested water matrices, although partial inhi
bition was observed because of matrix competition. These results 
demonstrate that the O3–activation capability of Cu–CN extends beyond 
oxalate and remains effective in complex aqueous environments 
(Fig. S13b).

To further evaluate the long–term operational stability of the 
Cu–CN/O3 system under conditions more relevant to practical applica
tion, a continuous–flow catalytic ozonation experiment was conducted. 
As shown in Fig. 4f, after a short start–up period, the oxalate removal 
efficiency stabilised at approximately 100% and remained within this 
range throughout 120 h of continuous operation. Meanwhile, the inlet 
and outlet gas–phase ozone concentrations were monitored during 
continuous operation, giving an ozone utilization efficiency of 80.9%. 
Moreover, the dissolved Cu concentration was consistently maintained 
at only 10–20 μg L− 1, indicating negligible Cu leaching during contin
uous operation. These results demonstrate the robust operational sta
bility of the Cu–CN/O3 system under continuous ozonation conditions. 

Consistent with the continuous–flow results, Cu–CN also retained over 
90% oxalate removal after five consecutive batch cycles (Fig. S14), 
further confirming its good catalyst reusability.

To examine whether prolonged continuous ozonation altered the 
catalyst structure, the fresh and recovered Cu–CN catalysts were char
acterized by XRD, Cu LMM Auger spectroscopy, TEM, HAADF imaging, 
and Cu elemental mapping (Fig. S5). The nearly identical XRD patterns 
(Fig. S5a) indicate that no detectable bulk phase transformation 
occurred after prolonged operation. Meanwhile, the Cu LMM spectra 
(Fig. S5b) remained dominated by the characteristic Cu(I) feature at 
approximately 916 eV, confirming that Cu(I) was still the predominant 
Cu species. TEM, HAADF imaging, and elemental mapping (Fig. S5c) 
further revealed that the nanosheet morphology and homogeneous Cu 
distribution were well preserved without noticeable aggregation or 
migration. Although weak Cu(II) components were observed in the Cu 
2p spectra (Fig. S15), they only indicate limited surface oxidation and 
are consistent with the Cu LMM results. These post–reaction charac
terisation results indicate that Cu(I) remained the predominant Cu 
species, despite limited surface oxidation, and that the highly dispersed 
Cu–containing interfacial structure was largely preserved after pro
longed catalytic ozonation.

3.3. Catalytically active sites and mechanisms

3.3.1. Identification of catalytically active sites
Catalytic performance evaluation revealed that Cu–CN–500 exhibi

ted the highest activity among the temperature–varied samples, sug
gesting that calcination at 500 ◦C favours the formation of catalytically 
effective interfacial structures. Combined with the findings of HRTEM, 
XPS, and Cu LMM AES analyses, the enhanced catalytic performance of 
Cu–CN can be attributed to the formation of highly dispersed low
–valence Cu2O nanoclusters on the g–C3N4 matrix. However, the control 
experiment in Fig. S16 shows that pristine Cu2O exhibited only limited 
activity toward oxalate degradation, suggesting that Cu2O does not 
function as an efficient isolated active phase. These results suggest that 
the catalytic role of Cu2O is substantially enhanced when it is highly 
dispersed and electronically coupled with the defective g–C3N4 sub
strate, thereby promoting the formation of effective interfacial sites for 
O3 adsorption and activation. Therefore, Cu incorporation is essential 
for improving the catalytic performance of Cu–CN, but the enhanced 
activity mainly originates from the Cu2O/defective g–C3N4 interfacial 
structure rather than from isolated Cu2O species.

To further probe the potential active sites responsible for O3 acti
vation, the structure–activity relationship between the apparent rate 
constant (kobs) and surface oxygen–containing species was established 
(Fig. 5a). A strong positive correlation was observed between kobs and 
the surface –OH content, suggesting that surface hydroxylated species 
contribute to the enhanced catalytic activity and may serve as important 
interfacial sites for O3 activation. To validate the role of surface –OH 
sites, phosphate (PO4

3− ) was employed as a competitive site–blocking 
probe. As a strong Lewis base, PO4

3− can preferentially interact with 
surface Lewis–acidic metal sites and hydroxylated interfacial sites, 
thereby blocking –OH–dependent interfacial reaction pathways. Mean
while, its relatively low rate constant for reaction with •OH (k < 1 × 107 

M− 1 s− 1) compared with typical •OH scavengers minimizes interference 
from the direct quenching of bulk–phase •OH [38]. As shown in 
Fig. S17, PO4

3− inhibited oxalate degradation in a pronounced, concen
tration–dependent manner, with significant suppression at 10 mM. This 
behaviour validates that surface hydrated hydroxyl groups serve as 
catalytically relevant interfacial sites in the Cu–CN/O3 reaction, rather 
than merely as spectator species. Moreover, the surface –OH content 
increased with calcination temperature and was consistent with the 
formation of Cu2O–related interfaces (Fig. 5b), implying that Cu2O 
containing interfacial structures favour the stabilisation and enrichment 
of surface hydroxyl species.

Further, DFT calculations (Fig. 5b) show that the OH–Cu2O–CN 
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configuration exhibits a lower calculated energy for –OH stabilisation 
than the OH–CuO–CN configuration (0.98 and 1.26 eV, respectively). 
This result suggests that the Cu+–rich Cu2O–related interface provides a 
more favourable interfacial environment for stabilizing surface –OH 
species. In addition, NH3–TPD profiles (Fig. S18a) show that Cu–CN–500 
exhibits intensified NH3 desorption extending into the high
–temperature region, with the total acidity increasing from 1.96 × 10− 3 

mol g− 1 for pristine g–C3N4 to 2.86 × 10− 3 mol g− 1 after Cu2O incor
poration. These results indicate that coupling Cu2O with defective 
g–C3N4 modifies the interfacial acid environment, thereby facilitating 
water adsorption and polarisation. To further probe the interfacial 
environment relevant to hydroxyl formation, H2O–TPD measurements 
were performed (Fig. S18b). Compared with pristine g–C3N4, Cu–CN 
exhibits significantly stronger H2O desorption in the 150–350 ◦C region, 
indicating enhanced water adsorption at the Cu2O/g–C3N4 interface. 
These results suggest that the interfacial structure provides favourable 
conditions for hydroxyl formation, which is further verified by the 
subsequent in situ DRIFTS analysis. Collectively, the correlation anal
ysis, phosphate inhibition experiments, DFT calculations, and TPD 
characterisation consistently indicate that hydrated hydroxyl species are 
preferentially stabilised at the Cu2O/defective g–C3N4 interface and are 
closely associated with the enhanced ozone activation performance.

The incomplete inhibition observed in the phosphate–blocking 
experiment further suggests that, in addition to phosphate–sensitive 
surface hydroxyl sites, other interfacial sites or synergistic pathways 
may also contribute to oxalate degradation in the Cu–CN/O3 system. 
Accordingly, the structure–activity relationship between the apparent 

rate constant kobs and nitrogen–containing species was established 
(Fig. 5c). The results showed that kobs exhibited a strong positive cor
relation with the C–––N content, whereas the content of N–(C)3 frame
work–bridging nitrogen was negatively correlated with kobs. These 
correlations were mainly established within the catalytically favourable 
calcination temperature range of 400–500 ◦C, while the over–calcined 
Cu–CN–550 sample deviated from this trend due to its less favourable 
interfacial electronic environment.

Given that C–––N species generally originate from partial C–N bond 
cleavage within the g–C3N4 framework and serve as structural indicators 
of Nv formation, the positive correlation between C–––N content and kobs 
indicates that C ≡ N–associated, Nv–related defect structures are closely 
linked to the enhanced catalytic activity of the Cu–CN/O3 system. The 
relative content of C–––N species exhibited a positive linear correlation 
with the relative content of Cu2O (Fig. 5d), suggesting the coupled 
formation/evolution of Nv–related defect structures and low–valence 
Cu2O species during thermal treatment. This correlation indicates that 
Nv–related defects are closely associated with the formation and stabi
lisation of Cu2O–containing interfacial structures. DFT calculations 
(Fig. 5d) further reveal that the Nv–Cu2O–CN configuration possesses a 
more negative binding energy than the Nv–CuO–CN configuration, with 
values of − 9.05 and − 7.57 eV, respectively. The stronger binding 
interaction indicates that Cu2O is more strongly stabilised than CuO on 
the Nv–defective CN substrate, supporting the preferential anchoring of 
Cu+–rich Cu2O species at Nv–related defect sites. This provides theo
retical evidence for the formation and stabilisation of low–valence Cu 
species at the CN–based reaction interface. Therefore, Nv sites may 

Fig. 5. Structure–activity relationships and theoretical analysis of active interfacial sites in the Cu–CN/O3 system: (a) correlations of kobs with surface –OH and Cu–O 
species; (b) temperature-dependent evolution of surface –OH and Cu2O, together with calculated energy profiles for –OH stabilisation at CuO–CN and Cu2O–CN 
interfaces; (c) correlations of kobs with surface N species; and (d) coupled evolution of C–––N and Cu2O, together with the calculated binding energies of the 
Nv–CuO–CN and Nv–Cu2O–CN configurations.
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contribute to the catalytic activity by serving as defect–associated 
interfacial sites and, more importantly, acting as anchoring/stabilisation 
centres for Cu2O nanoclusters on the g–C3N4 substrate, thereby con
structing a robust Nv–Cu2O coupled interface with enhanced interfacial 
electronic coupling. It should be noted that the Nv discussed here refers 
to Nv–related defect structures rather than a single isolated vacancy. 
Since vacancy activity depends on local defect arrangement, the 
enhanced performance of Cu–CN is attributed to favourable Nv–related 
interfacial configurations.

Overall, the catalytically relevant interfacial features in the Cu–CN/ 
O3 system comprise dynamically evolved hydroxylated surface species 
together with Nv–anchored low–valence Cu2O interfacial sites. Specif
ically, the in situ DRIFTS results (Section 3.3.2) suggest that hydrox
yl–related surface species dynamically participate in interfacial O3 
adsorption and activation rather than merely existing as spectator spe
cies. These hydroxylated interfacial sites are therefore considered to 
play a key role in facilitating ozone activation. Nv acts as a 
defect–anchoring centre, stabilizing low–valence Cu2O nanoclusters and 
contributing to the construction of a stable defective Cu2O–CN interfa
cial structure. As the dominant Cu active phase, Cu2O not only promotes 
surface –OH enrichment but also forms a stable coupled interface with 
Nv. Collectively, these findings support the interpretation that the 
enhanced catalytic activity of Cu–CN is associated with the cooperative 
contributions of dynamically evolving hydroxyl–related surface species, 
Nv–related defect structures, and low–valence Cu2O interfacial sites. 
These features favour interfacial electronic coupling, O3 adsorption, and 
subsequent activation.

3.3.2. In situ DRIFTS evidence for the dynamic evolution of hydroxylated 
surface species during ozone activation

To provide direct experimental evidence for the evolution of surface 
species during ozone activation, in situ DRIFTS measurements were 
performed on pristine g–C3N4 and Cu–CN under an identical dry N2/O3 
atmosphere. This experiment was designed to monitor the dynamic 
evolution of surface species during ozone exposure and to clarify 
whether the Cu2O/defective–g–C3N4 interface alters the surface reaction 
process beyond the static structural information obtained from XPS and 
FTIR. Particular attention was paid to the broad 3300–3700 cm− 1 re
gion, corresponding to the overlapping stretching vibrations of surface 
hydroxyl species in the carbon nitride framework.

As shown in Fig. S19, pristine g–C3N4 exhibits only slight spectral 
evolution throughout ozone exposure, indicating that the surface envi
ronment remains nearly unchanged under the experimental conditions. 
In contrast, Cu–CN displays a pronounced time–dependent enhance
ment and broadening of the O–H stretching envelope with increasing 
ozone exposure time. Since both catalysts were measured under iden
tical dry N2/O3 conditions, the much stronger spectral evolution 
observed for Cu–CN suggests that the defect-engineered Cu2O/g–C3N4 
interface facilitates the redistribution and transformation of pre-existing 
hydroxylated surface species during ozone activation, rather than sim
ply containing a higher abundance of these species. It should be noted 
that the narrow spectral features appearing in the 1500–1700 cm− 1 

region were not used as the primary basis for mechanistic interpretation. 
This spectral region overlaps with the C=N/C–N vibrations of the 
g–C3N4 framework and may also be affected by gas–phase or back
ground subtraction under flowing ozone. Therefore, the mechanistic 
discussion mainly relies on the evolution of the broad O–H stretching 
region, which provides more reliable evidence for the dynamic surface 
process.

The in situ DRIFTS results therefore provide direct experimental 
evidence that hydroxylated surface species are dynamically involved in 
interfacial ozone activation over Cu–CN. These time–resolved spectral 
changes reflect the redistribution and transformation of hydroxyl–re
lated surface species during O3 exposure, rather than merely confirming 
the static presence of surface hydroxyl groups. Although other interfa
cial processes associated with Cu2O species and nitrogen vacancies may 

contribute to ozone activation, the pronounced evolution of hydroxyl- 
related signals indicates that surface hydroxyl species serve as catalyti
cally relevant interfacial species during this process. When considered 
together with the O 1 s XPS results indicating an increased contribution 
from hydroxyl-related oxygen species, the EIS results indicating accel
erated interfacial electron transfer, the EPR analysis identifying 
enhanced ROS generation, and the DFT calculations demonstrating 
more favourable O3 adsorption and –OH stabilisation on the 
defect–engineered interface, the results consistently support a cooper
ative interfacial activation mechanism. In this mechanism, nitrogen 
vacancies regulate interfacial electronic redistribution and stabilize 
Cu2O nanoclusters, while the dynamically evolved hydroxylated surface 
species facilitate interfacial O3 adsorption and activation, thereby 
jointly promoting ROS generation and efficient oxalate degradation.

3.3.3. ROS generation mechanism
To identify the major ROS involved in oxalate degradation, system

atic radical–quenching experiments were conducted. Tert–butanol 
(TBA, •OH probe, k•OH = 5.2 × 1010 M− 1 s− 1), p–benzoquinone (BQ, O2

•- 

scavenger), and catalase (CAT, H2O2 probe, k H₂O₂ = 2.0 × 109 M− 1 s− 1) 
[65] were used as scavengers/probes. As shown in Fig. 6a, compared 
with the scavenger–free control, the addition of TBA, BQ, and CAT 
inhibited oxalate degradation to different extents. The relative roles of 
the ROS were inferred from the apparent inhibition efficiencies rather 
than assigned as exact quantitative contributions, because the scaven
gers differ in selectivity and may also perturb the interconnected ROS 
reaction network. The pronounced inhibition caused by BQ, together 
with the distinct DMPO–O2

•- signal, suggests that O2
•- plays an important 

role in O3 activation. Meanwhile, the inhibition caused by TBA, along 
with the DMPO–•OH signal, provides direct evidence for the involve
ment of •OH in oxalate oxidation. The comparatively weaker effect of 
CAT suggests that H2O2 mainly participates as an intermediate in ROS 
conversion rather than acting as the dominant oxidant.

EPR spin–trapping measurements further confirmed the in–situ 
generation of ROS. As shown in Fig. 6b, characteristic DMPO–•OH 
adduct signals are present in all Cu–CN/O3 systems, exhibiting the 
typical 1:2:2:1 quartet pattern with hyperfine coupling constants of αN 
= αHβ = 14.9 G. Conversely, much weaker signals were observed in the 
O3–alone and g–C3N4/O3 systems, indicating that Cu–CN substantially 
promoted •OH generation. As shown in Fig. 6c, the DMPO–•OH signal 
intensity increased with the catalytic activity of Cu–CN–400, 
Cu–CN–450, and Cu–CN–500, suggesting that •OH generation is closely 
associated with oxalate degradation efficiency and represents an 
important factor governing catalytic performance. In addition, Fig. S20 
reveals distinct DMPO–O2

•- adduct signals in the Cu–CN/O3 system and 
weak signals in the O3–alone and g–C3N4/O3 systems, indicating that 
Cu–CN facilitated single–electron reduction of O3 to generate O2

•- in
termediates. The good agreement between the EPR measurements and 
radical–quenching experiments provides complementary evidence for 
the participation of both •OH and O2

•- during catalytic ozonation.
Overall, the radical–quenching and EPR results consistently indicate 

that •OH is the predominant reactive species responsible for oxalate 
degradation in the Cu–CN/O3 system, whereas O2

•- primarily acts as a 
key intermediate during ozone activation. Based on the inhibition ex
periments, the apparent contributions of •OH–mediated oxidation, 
O2
•-–related processes, and residual/direct O3 oxidation were approxi

mately 64%, 16%, and 20%, respectively (Fig. 6d). These values should 
be regarded as apparent kinetic contributions rather than independent 
oxidation pathways, since O2

•- and •OH are generated sequentially 
through the ozone decomposition cascade and are intrinsically coupled. 
This interpretation is consistent with previous studies on catalytic 
ozonation [7]. Overall, the combined experimental evidence supports 
that ozone activation over the Cu–CN catalyst proceeds predominantly 
via a radical–mediated pathway, while minor contributions from sur
face–bound reactive species or interfacial non–radical electron–transfer 
processes cannot be completely excluded.
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3.3.4. DFT calculations and synergistic mechanisms
To clarify the initial adsorption and electronic interaction of O3 at the 

Cu–CN interface, DFT calculations were conducted to evaluate adsorp
tion energetics, interfacial charge transfer, and adsorption–induced 

Fig. 6. Identification and apparent kinetic assessment of reactive oxygen species in the Cu–CN/O3 system: (a) effects of different scavengers on oxalate degradation; 
(b) EPR spin-trapping spectra of DMPO–•OH adducts; (c) correlation between kobs and the DMPO–•OH signal intensity; and (d) estimated relative contributions of 
reactive oxygen species and direct O3 oxidation. Unless otherwise specified, the reaction conditions were the same as those described in Fig. 4; [TBA] = 2 mM, [BQ] 
= 1 mM, and [CAT] = 300 U mL− 1.

Fig. 7. DFT analysis of O3 adsorption, activation, and interfacial charge transfer on different Cu2O/g–C3N4 interfaces: (a) optimised O3 adsorption configurations and 
corresponding adsorption energies and overall energy changes on Cu2O–g–C3N4, OH–Cu2O–g–C3N4, Nv–Cu2O–g–C3N4, and Nv–OH–Cu2O–g–C3N4; and (b) corre
sponding charge-density-difference maps and Bader charge-transfer values.
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O–O bond perturbation. Based on the active–site analysis described in 
section 3.3.1, Cu2O–g–C3N4, OH–Cu2O–g–C3N4, Nv–Cu2O–g–C3N4, and 
Nᵥ–OH–Cu2O–g–C3N4 models were constructed, with the 
Nv–OH–Cu2O–g–C3N4 model representing the key active interfacial 
structure of Cu–CN, to evaluate the effects of Cu2O, surface –OH, and Nv 
on O3 activation. All adsorption configurations were fully optimised 
without geometric constraints on the O3 molecule, thereby allowing 
spontaneous structural evolution, including O–O bond elongation, 
molecular distortion, and possible dissociation, during geometry 
optimisation.

As shown in Fig. 7a, the adsorption energy of O3 on the Cu2O–g–C3N4 
surface was − 3.48 eV, indicating that the supported Cu2O interface can 
effectively adsorb O3. After introducing surface –OH, the adsorption 
energy for the OH–Cu2O–g–C3N4 configuration became more negative 
(− 3.64 eV), suggesting that surface –OH further stabilizes molecular O3 
adsorption at the Cu2O interface. In both configurations, O3 remained 
molecularly adsorbed after structural optimisation. It should be noted 
that the significantly higher negative adsorption energies obtained for 
the Nv–containing models should not be interpreted as conventional 
molecular O3 adsorption. During unconstrained geometry optimisation, 
O3 underwent pronounced structural distortion accompanied by O–O 
bond elongation at the Nv–Cu2O interfacial sites, indicating strongly 
activated chemisorption and an incipient partial–dissociation process. 
Accordingly, the calculated overall energy changes of − 11.48 and −
11.93 eV for the Nv–Cu2O–g–C3N4 and Nv–Cu2O–OH–g–C3N4 models, 
respectively, which were associated with O3 dissociative chemisorption 
and subsequent surface reconstruction rather than simple molecular 
adsorption. These highly negative values therefore reflect the strong 
thermodynamic driving force for electron–transfer–assisted O3 activa
tion at the defect–coupled interfaces [15].

To elucidate the electron–transfer characteristics during O3 activa
tion, interfacial charge redistribution was further investigated using 
charge density difference analysis combined with Bader charge analysis. 
As shown in Fig. 7b, O3 gained approximately 0.63, 0.66, 0.73, and 0.98 
e− on the Cu2O–g–C3N4, OH–Cu2O–g–C3N4, Nv–Cu2O–g–C3N4, and 
Nᵥ–OH–Cu2O–g–C3N4 models, respectively. The progressively increased 
electron gain indicates that both surface –OH and Nv enhance interfacial 
electron transfer to O3, with the Nv–OH–Cu2O–g–C3N4 interface exhib
iting the strongest electron–donating capability. This substantial charge 
transfer also explains the pronounced O3 structural distortion observed 
after geometry optimisation. In particular, the increase in electron gain 
from 0.73 e− on Nv–Cu2O–g–C3N4 to 0.98 e− on Nv–OH–Cu2O–g–C3N4 
suggests a cooperative effect between Nv and surface –OH in promoting 
interfacial charge injection. The charge density difference maps show 

pronounced electron accumulation around O3, accompanied by electron 
depletion at the Cu2O–g–C3N4 interface, suggesting that electrons are 
primarily transferred from the Cu2O–defective g–C3N4 interface to 
adsorbed O3. Given the strong electrophilicity of O3, interfacial electron 
injection is expected to weaken the O–O bonds, thereby facilitating O3 
activation and the formation of reduced oxygen intermediates. In 
conjunction with the experimental radical–identification results, these 
intermediates may include O2

•- and/or O3
•-, which can subsequently 

participate in •OH generation.
Based on the experimental results described above and the DFT 

calculations, a defect–regulated synergistic catalytic mechanism 
involving two cooperative interfacial contributions—surface hydroxyl 
enrichment and Nv–mediated Cu2O anchoring/electronic coupling—is 
proposed for the Cu–CN/O3 system (Fig. 8). For the surfa
ce–hydroxyl–mediated pathway, Cu2O–associated interfacial Cu sites 
facilitate water adsorption and polarisation, favouring the formation of 
Cu–OH species and surface hydrated hydroxyl groups. The enriched 
surface –OH groups are therefore considered to provide favourable local 
environments for O3 adsorption and interfacial activation, thereby 
facilitating the subsequent formation of reactive oxygen intermediates. 
For the defect–mediated interfacial pathway, Nv acts as a 
defect–anchoring/stabilisation centre for highly dispersed, low–valence 
Cu2O nanoclusters, thereby constructing a robust Nv–Cu2O coupled 
interface and strengthening interfacial electronic coupling with the CN 
matrix. This coupled interface further facilitates electron injection into 
adsorbed O3, weakening its O–O bonds and promoting the formation of 
reduced oxygen intermediates such as O2

•-/O3
•-. These intermediates may 

subsequently contribute to •OH formation through further interfacial 
reactions. Finally, •OH and related ROS drive the oxidative degradation 
of oxalate. Collectively, the cooperative Nv–Cu2O–OH interface enables 
efficient O3 activation by integrating surface hydroxyl–mediated O3 
adsorption/activation, Nv–guided Cu2O interfacial stabilisation and 
electronic coupling, and sustained ROS generation, thereby accounting 
for the high catalytic ozonation performance of the Cu–CN/O3 system.

4. Conclusions

In this study, a Cu–CN composite catalyst was fabricated through 
Nv–mediated anchoring of highly dispersed Cu2O nanoclusters via a 
supramolecular preassembly–thermal polycondensation strategy. The 
resulting defect–engineered Cu2O/defective g–C3N4 interface enhanced 
oxalate degradation during HCO. In addition to enhancing the HCO 
performance, this study elucidated a cooperative Nv–Cu2O–OH interfa
cial structure that governs efficient O3 activation. Structural 

Fig. 8. Proposed mechanism of O3 activation and oxalate degradation over the cooperative Nᵥ–Cu2O–OH interface in the Cu–CN/O3 system.
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characterisation, structure–activity correlations, and DFT calculations 
collectively revealed that the catalytic performance of Cu–CN originates 
from the coordinated roles of Nv–related defects, low–valence Cu2O 
nanoclusters, and surface –OH species. Specifically, surface –OH 
enrichment provides hydroxylated interfacial sites that participate 
cooperatively in O3 adsorption and activation, and Nv–related defects 
act as anchoring/stabilisation and electronic–regulation centres for 
low–valence Cu2O nanoclusters. These defects then guide the con
struction of a robust Nv–Cu2O coupled interface and strengthen inter
facial electronic coupling between Cu2O and the g–C3N4 matrix. As the 
dominant interfacial metal active phase, Cu2O provides Cu–associated 
sites favourable for water adsorption/polarisation and surface hydroxyl 
stabilisation. The resulting Nv–Cu2O–OH interface facilitates electron 
transfer to adsorbed O3 and sustains ROS generation involving O2

•-/O3
•- 

and •OH, thereby enabling efficient oxalate degradation. The 
Cu–CN–500/O3 system also enhanced the removal of IBP and DEET and 
retained appreciable activity in surface water, tap water, and secondary 
effluent, demonstrating pollutant versatility and water–matrix tolerance 
under laboratory conditions. In addition, Cu–CN retained good catalytic 
activity during repeated use and prolonged recirculating operation, with 
limited Cu leaching, supporting its operational stability under the tested 
laboratory conditions. Overall, this study clarifies the mechanistic 
Nv–Cu2O–OH interfacial relationship and proposes a defect–engineered 
interfacial regulation strategy that integrates surface hydroxyl enrich
ment with Nv –guided Cu2O interfacial stabilisation for designing effi
cient and stable carbon–nitride–based catalysts for HCO.
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