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HIGHLIGHTS

e CB-50 achieves 80 % EA and 77 % O3
removal efficiency at room tempera-
ture , simultaneously.

e Acetic acid modulation introduces
structural defects in Cu-BTC.

e Dual-site mechanism: Cu(I) activates O3
and Cu(II)-OH adsorbs EA.
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GRAPHICAL ABSTRACT

The dual-site synergistic mechanism of O3 on Cu(I) sites and EA on Cu(Il) sites have been elucidated.
The low-valent metal sites of MOFs is the key point for O3 activation.
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ABSTRACT

In chip manufacturing facilities, high concentrations of ethyl acetate (EA) coexist with low concentrations of
ozone (O3), and achieving their simultaneous removal remains challenging. In this study, defect-engineered Cu-
BTC MOF was employed for the room-temperature removal of EA and O3 via synergistic catalysis. The CB-50
sample, synthesized with 50 pL acetic acid, achieved 80 % EA removal efficiency and 77 % O3 removal effi-
ciency, markedly higher than pristine Cu-BTC (60 % and 72 %). Meanwhile, EA mineralization reached 90.3 %,
which is 1.3 times that of pristine Cu-BTC (69.6 %). XPS and in-situ DRIFTS analyses revealed that Cu(l) sites
served as active sites for Og activation to yield «OH and O3 species, whereas Cu(II)-OH groups acted as the
adsorption sites for EA, facilitating its transformation into carboxylic intermediates. Using the same approach,
defects were introduced into a series of representative MOFs, confirming the feasibility of regulating the content
of low-valent metal sites via defect engineering. This dual-site mechanism facilitates the synergistic catalysis of
EA and Os. It demonstrates a promising strategy with potential for application of MOFs materials in room-
temperature catalytic treatment of mixed gaseous pollutants.

1. Introduction

EA is extensively employed in electronics and chip manufacturing as
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a photoresist solvent and cleaning agent. Meanwhile, processes such as
UV lithography [1,2], plasma treatment [3,4], and corona discharge [5,
6] frequently release Os. Consequently, the coexistence of EA and Oj is
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Fig. 1. (a) Synthesis process of CB-X (b) XRD patterns of CB-X. (c¢) FT-IR spectrum of CB-50 and CB; (d) Paddlewheel structure of Cu-BTC, SEM images of (e) CB, (f)

CB-15, (g) CB-25, (h) CB-50 and (i) CB-100.

common, and the activation of O3 into reactive oxygen species (ROS) has
been established as an effective route for the abatement of oxygenated
volatile organic compounds (OVOCs). [7-10] Higher Os concentrations
facilitate the generation of ROS, leading to enhanced OVOC degradation
efficiencies, particularly when the Os-to-VOCs ratio exceeds unity.
However, the Os-to-VOCs ratio is generally less than unity under prac-
tical operating conditions. [11-13] Therefore, achieving the removal of
high-concentration EA in the presence of low concentrations of O3 is
particularly difficult. In this process, efficient Os activation and utili-
zation are essential to maximize ROS formation and achieve effective
synergistic catalysis. [17]

The identification of active sites for O3 activation is still contentious,
with previous studies suggesting either oxygen vacancies (V,) [14] or
low-valent metal centers such as Cu™ as the dominant contributors. [15,
16] Such uncertainty obscures mechanistic understanding and limits the
rational design of catalysts. To date, most related studies have relied on

metal oxides as catalysts. However, their limited ability to activate and
utilize O3 required a high Os-to-pollutant ratio to achieve satisfactory
performance. [16,17] Therefore, clarifying the active sites of O3 acti-
vation and advancing catalyst design beyond conventional metal oxides
are crucial for achieving efficlent OVOCs removal at low Os
concentrations.

Metal-organic frameworks (MOFs), owing to their large surface
areas, well-defined porosity, and structural tunability, have emerged as
highly promising catalytic materials. In addition, Cu(I) sites can effi-
ciently activate Os, while Cu(II) sites adsorb EA through coordination
with its C=0 groups. [18-20] Consequently, Cu-BTC, a representative
Cu-based MOF, can be engineered with defects through chemical mod-
ulation [21] or thermal treatment [22]. This allows regulation of the Cu
(I)/Cu(1l) ratio and makes it a promising candidate for the synergistic
catalysis of EA and Os.

Inspired by the above ideas, for the first time, we employed defect-
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Scheme 1. Schematic diagram of mobile phase ozone degradation test system.

engineered Cu-BTC for the synergistic catalysis of EA and O3. The defect
amount was tuned by introducing different volumes of acetic acid
(15 pL, 25 pL, 50 pL and 100 pL) to adjust the ratio of the Cu(I)/Cu(Il).
The relative contents of Cu(I) and Cu(II) were determined through peak
deconvolution of XPS spectra. The experimental results revealed that an
increase in Cu(I) content improved both O3 and EA removal efficiencies.
The dual-site roles of Cu(I) and Cu(II) were confirmed by XPS analysis,
while the interactions between O3/Cu(l) sites and EA/Cu(ll) sites during
the catalytic process were elucidated by in-situ DRIFTS. When the Cu(I)/
Cu(II) ratio reached 1.88, the catalyst exhibited the highest EA removal
efficiency within 60 min, reaching 80 %. At the same time, the efficiency
of O3 activation to ROS was maximized at 77 %. Finally, PTR-TOF-MS
was employed to elucidate potential synergistic catalytic pathways in
the EA/O3 system by tracking real-time volatile intermediates and
products.

2. Experiment
2.1. Catalyst Preparation

2.1.1. Materials

Copper (II) nitrate trihydrate, trimesic acid (H3BTC), N, N-dime-
thylformamide (DMF) and ethanol were obtained from Shanghai Ada-
mas Reagent Co., Ltd. Acetic acid was purchased from Sinopharm
Chemical Reagent Co., Ltd. Deionized water was prepared using an ul-
trapure water system (Shanghai, Tondino Scientific Co., Ltd). All re-
agents were used without further purification.

2.1.2. Synthesis of Cu-BTC

Cu-BTC was prepared via a solvothermal method. First, 1.0 g
(4.8 mmol) of H3BTC was dissolved in a mixed solution of 15 mL DMF
and 15 mL ethanol. 2.07 g (8.6 mmol) of Cu (NO3),-3 HoO was dissolved
in 15 mL deionized water separately. The two solutions were mixed,
stirred and transferred to a 100 mL Teflon-lined stainless-steel auto-
clave. It was heated at 100 °C for 10 h. The resulted blue precipitate was
collected by centrifugation, washed three times with DMF and ethanol,
and dried under vacuum at 80 °C for 6 h to get Cu-BTC (denoted as CB).

2.1.3. Synthesis of CB-X

To introduce structural defects, varying volumes of acetic acid (15,
25, 50 and 100 pL) were added to the metal precursor solution while
maintaining all other synthesis parameters identical to those of Cu-BTC.
The resulting samples were denoted as CB-X, where X corresponds to the
volume of acetic acid added. All CB-X samples were vacuum dried at
120 °C for 12 h to remove residual solvent molecules from the pores.
(Fig. 1a)

2.2. Characterization

XRD profiles were carried out on the D8 ADVANCE (Germany Bruker
Corporation) with a Cu anode at 40 kV, 20 mA. The Cu Ko (A=1.5418 A)
was selected as the source of diffraction. The scanning range was 5-50°,
and scanning rate was 2° /min. XPS spectra studies were conducted on
Thermo Scientific K-Alpha. The Al Ka was selected as the incident
source, the energy step size was 1 eV and the scanning range was
0-1200 eV. All of XPS peaks were referenced to the C 1s signal at
284.8 eV. Nitrogen adsorption-desorption test was carried out by JW-
BK200 at 77 K (JWGB Sci & Tech Ltd). The samples were heat treat at
120 °C under vacuum to eradicate the residual gases before test. Fourier
Transform Infrared (FT-IR) spectra were measured on a Nicolet iS50
spectrometer with a 4000-400 em ! resolution of 4 cm™!. The test
conditions were same as the corresponding target gases degradation.
The PTR-TOF-MS was conducted on Ionicon PTR-TOF 6000 x 2. After
degradation for one hours, the reaction gas was collected, diluted 1000-
fold with Ny and flowed into the PTR-TOF- MS to detect the degradation
products. The ESR was measured by Bruker EMXNANO (Germany). The
powder samples were transferred into fine quartz tubes and subse-
quently placed in an electron paramagnetic resonance spectroscopy
spectrometer to test for oxygen vacancies in the materials. In-situ
Transform spectroscopy (in-situ DRIFTS) data were measured with an
IR Tracer-100 (Shimadzu, Japan). The dome of the reaction cell was
equipped with 2 KBr windows designed for IR transmission and a quartz
window for extra light illumination. The spectra were displayed in the
transmission mode and obtained with a resolution of 8 cm™! through 45
scans. The specific test steps of the in-situ DRIFTS measurement were as
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Fig. 2. (a) TG curves of CB and CB-50 under N, atmosphere. (b) N, adsorption-desorption isotherms at 77 K and (c) corresponding pore distribution curves of CB, CB-

15, CB-25, CB-50, CB-100.

follows: Firstly, the sample was placed in an in-situ reaction cell with a
quartz window, and the reaction cell was sealed. Then, the sample was
subjected to desorption under a N3 atmosphere at room temperature for
30 min. Thereafter, EA and O3 were simultaneously introduced into the
reaction cell. The DRIFTS spectra were recorded every 3 min to inves-
tigate the synergistic catalytic reaction. The inlet O3 concentration was
set at 10 ppm with a flow rate of 13 sccm. EA was introduced at 100 ppm
with a flow rate of 7 sccm.

2.3. Adsorption and catalytic ozonation performance

Adsorption and synergistic catalysis tests for ethyl acetate and ozone
were conducted in a gas-solid phase catalytic system (Scheme 1) [23]. A
suspension was prepared by dispersing 50 mg of catalyst in 3 mL ethanol
and sonicating for 5 min. The resulting mixture was uniformly coated
onto a glass pane (15 cm x 7 cm) and heated at 80 °C for 20 min to
completely evaporate the solvent. The coated substrate was then placed
in the reaction chamber. Ozone flow was precisely controlled by
adjusting the oxygen intake and the ozone generator, with concentra-
tions monitored by an ozone analyzer and four flowmeters. In this study,
the inlet ozone concentration was set at 10 ppm. Ethyl acetate was
introduced at 100 ppm with a flow rate of 140 sccm for both adsorption
and catalytic experiments. Total gas flow rate was 1.4 L/min. The cyclic
experiments were carried out under the same procedure.

The concentration of CO, produced by VOCs during ozonation
degradation was detected by GC-FID (GC-7920, Beijing China Education
Au-light Co., Ltd), equipped with nickel-based catalyst to convert low
concentration CO; to methane. The specific test method was as follows.
The gas of N2:O2 = 4:1 was applied to replace air to eliminate the in-
fluence of COs in the air on the test results. The whole gas path and the
reaction chamber were purged with Ny until no CO, peak was detected.
CO4 (200 ppm) gas was used as the standard gas to calibrate the peak
area of CO,. At the beginning, the catalyst was placed in the reaction
chamber and purged the reaction chamber with N5 until no CO, peak
was detected in the whole gas path.

The mineralization rate was calculated by the formula added in the
revised supporting information as follow. [24]

Cco,

—2 % 100%
Cvocs X n X n

@

Neo, =

Where Cco,(ppm) represents the amount of CO, generated in the pho-
tocatalytic process, and Cyocs (ppm) stands for the amount of EA total
inflow. 7 is the synergistic catalysis removal efficiency, and n represents
the carbon number in EA.

Table 1
The physical structural properties of CB-X.
Samples Sper”(m?/, 2) Viotal (cm®/ g) Viniero (cm®/ g) Vineso' (cm®/; 2)
CB 825.47 0.390 0.352 0.038
CB-15 937.59 0.481 0.372 0.109
CB-25 1255.74 0.580 0.546 0.034
CB-50 1321.86 0.661 0.539 0.122
CB-100 591.80 0.289 0.246 0.043

@ BET specific surface

b Total pore volume measured at P/Py = 0.99

¢ Micropore volume calculated using the t-plot method
4 Mesopore volume calculated using the t-plot method

3. Results and Discussion
3.1. Catalyst Characterization

Fig. la presented the synthesis process of the CB-X series catalysts.
The result of XRD was shown in Fig. 1b. All of samples showed similar
diffraction patterns, and conformed to simulated Cu-BTC diffraction
patterns. In the spectrum of the CB sample (Fig. 1b), two minor peaks at
14.6° and 15.0° were ascribed to the (331) and (420) planes of CB,
respectively. After the addition of 50 pL acetic acid, the CB-50 only
exhibited a solitary minor peak near 14.4°. The disappearance of the
peak signal at 15.0° implied that CB-50 only contained a negligible
amount of absorbed water, while CB was found in a hydrated state. [25]
The broader diffraction peaks observed in CB-50 indicated a decrease in
crystallite size [26]. This was attributed to acetic acid disrupting the
coordination of trimesic acid with Cu centers during synthesis, thus
inhibiting further crystal growth. Fig. 1c presented the FT-IR spectrum
of CB and CB-X catalysts, all of which were in agreement with literature
reports for Cu-BTC. [27] The two bands in the 1370-1460 cm ! region
and the pair of absorptions between 1580 and 1650 cm ' were assigned
to the symmetric and asymmetric stretching modes of carboxylate
groups [28], confirming the successful synthesis of Cu-BTC. SEM was
utilized to explore the morphology of CB-X. As demonstrated in Fig. le-i,
both CB-X exhibited octahedral morphologies. [29,30] These results
demonstrated that the addition of a small amount of acetic acid did not
alter the framework structure of Cu-BTC, with the morphology of the
CB-X series catalysts well preserved.

The thermogravimetric analyses (TG) were used to investigate the
thermal stability of CB and CB-50. As shown in Fig. 2a, the CB sample
began to decompose at around 220 °C, whereas the CB-50 exhibited
decomposition at 200 °C. This indicated that CB-50 possessed lower
thermal stability. BET measurements were conducted to investigate the
influence of acetic acid on physical structural properties. The Nj
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Fig. 3. X-ray photoelectron spectroscopy curves of (a) C, (b) O and (c¢) Cu elements of CB, CB-50 and CB-100; (d) CO in-situ DRIFTS of CB and CB-50.

adsorption isotherms of all samples displayed a type I with a rapid up-
take at P/Po < 0.1 and no discernible hysteresis loop was observed
(Fig. 2b). This indicated a predominance of micropores, with slight
meso-/macropores structure [31]. Table 1 showed that increasing the
amount of acetic acid led to higher specific surface area and pore vol-
ume, with GB-50 exhibiting the maximum surface area of 1321.86 m?/g.
Conversely, CB-100 demonstrated a minimal surface area of
591.80 mz/g, which was probably attributable to structural collapse
resulted from excessive acid. Consistent with this observation, the pore
distribution curves (Fig. 2c) revealed that CB-50 exhibited the largest
pore volume and average mesopore diameter due to the partial loss of
organic ligands, confirming the effectiveness of the defect-engineering
strategy. The introduction of defects lowered the coordination number
of the metal clusters, which in turn induced the formation of Cu(I)
species. This was further corroborated by XPS analysis of Cu(I) content
(Fig. 3c). Among the CB-X catalysts, CB-50 contained the highest per-
centage of Cu(I) species at 65.31 %, while CB exhibited the lowest at
57.87 %. These results indicated that Cu(I) content was closely corre-
lated with the structural properties, and its enhancement originated
from defect generation.

XPS analyses provided further insight into the elemental states and
compositional changes. The C 1 s spectra (Fig. 3a) displayed peaks at
284.8 eV, 286.48 eV, and 288.7 eV, corresponding to C-C, C-O, and
C=O0 bonds, respectively. [32] The O 1 s spectrum of CB (Fig. 3b)
revealed peaks at 531.34 eV, 531.93 eV, and 532.93 eV, which were
attributed to Cu-O, C=0, and -OH bonds. [31] Notably, the relative
content of the Cu-O bond in CB-50 decreased from 28.59 % to 26.49 %.
This reduction arose from the introduction of acetic acid, which initially
substituted for trimesic acid in coordination and was later removed at
100 °C, thereby creating coordination vacancies. This conclusion was

further supported by the Cu 2p spectra (Fig. 3c). For the CB catalyst, the
peaks at 933.10 eV and 934.89 eV were assigned to Cut and Cu®* with
relative abundances of 57.87 % and 42.13 %. In CB-50, the Cu™ peak
shifted to 932.88 eV, indicating ligand deficiency and alteration in the
copper coordination environment. [33] Moreover, as the amount of
acetic acid increased, the Cu*/Cu®" ratio rose from 1.37 to 1.88. This
trend highlighted that defect formation increased the proportion of Cu™
species, evidencing the abundance of defect sites in CB-X (Figure S3).
The increase in Cut was accompanied by a decrease in -OH content, as
observed in the O 1 s spectra. [34] For Cu(Il), the coordination mode
was Cu(ID)o(RCO0)4, with four carboxylic acid linkers coordinated to
the dinuclear cation cluster and a -OH hydroxyl group coordinated in the
axial position. The transition from Cu(Il) to Cu(l) led to an increase in
local electron density at Cu(I) sites [35], weakening their coordination
ability. This change in coordination mode led to the formation of Cu
(D2(RCOO0O),, which was unable to coordinate with the hydroxyl group.
Consequently, the content of -OH bonds in CB-50 was reduced by
13.62 % compared to the CB sample (Table 1), while CB-100 exhibited
the highest -OH content and the lowest Cu content. To gain further
insight into the abundance of Cu' sites, in-situ DRIFTS with CO as a
probe was conducted on both CB and CB-50. As illustrated in Fig. 3d,
both samples manifested prominent CO adsorption peaks at 2110 cm™?
and within the 2170-2220 cm™! range, which can be attributed to
Cut-CO and Cu?*-CO interactions, respectively. The CB-50 sample dis-
played a more evident peak at 2110 em ™}, indicating a higher concen-
tration of defective Cu™ sites. [36]

3.2. Catalytic Ozonation Performance

Synergistic catalysis experiments were carried out at room
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Table 2

The XPS analysis of CB-X.
Samples Cu(D) Cu(1) Cu(I)/Cu(I) -OH
CB 57.87 % 42.13 % 1.37 37.95%
CB-15 59.74 % 38.63 % 1.59 26.67 %
CB-25 61.06 % 34.79 % 1.87 33.16 %
CB-50 65.31 % 34.69 % 1.88 24.33 %
CB-100 59.60 % 45.32 % 1.21 46.03 %

temperature in a gas-solid flow reactor with inlet concentrations of
100 ppm EA and 10 O3 (EA: O3 = 10:1). As shown in Fig. 4a, among all
samples, CB-50 showed the best performance, with an EA removal ef-
ficiency of 86.0 % at 30 min and 45.1 % at 350 min. In contrast, CB-15,

CB-25, and CB-100 reached 81.4 %, 81.5 %, and 82.1 % at 30 min,
stabilizing at 37.1 %, 38.7 %, and 40.8 % at 350 min. The pristine CB
exhibited the lowest efficiency, decreasing from 71.7 % at 30 min to
32.2 % at 350 min. Such inferior performance was mainly ascribed to
the minimal specific surface area and the relatively low Cu(I) content
(Table 2). The continuous decline in removal efficiency was attributed to
the gradual oxidation of active Cu(I) sites in CB-X to Cu(II) during the
reaction. Compared with previous studies that focused on thermal
catalysis for EA abatement, this work achieved efficient EA removal
under ambient conditions. Meanwhile, the EA-to-O3 concentration ratio
was maintained below unity, demonstrating that effective EA oxidation
can be achieved with minimal O3z consumption in the catalytic system.
Fig. 4b compared the EA removal efficiencies over 180 min under
different conditions, CB-50 + O3, Os (oxidation) or CB-50 (physical
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adsorption). Control experiments indicated that both oxidation and
physical adsorption exerted negligible effects on EA removal due to the
efficiencies of 1.1 % and 6.1 % respectively. These results demonstrated
the necessity of the synergistic interaction between the catalyst and O3
for effective abatement. To exclude the influence of surface area on the
catalytic performance, the normalized initial reaction rates of CB-X
(Table S1) have been calculated. [37] The normalized rate of CB-50
was r=2.32 x 10 >mol-m~2.s71, which is higher than that of CB
(r = 2.15 x 10 3mol-m 2.s~1). This indicates that the superior syner-
gistic catalytic performance of CB-50 may result from the combined
effects of its larger surface area and the presence of dual active sites.

The mineralization of EA was determined by monitoring the COy
concentration produced during the in-situ synergistic catalytic rection at
room temperature (Fig. 4c). EA mineralization was significantly
enhanced by CB-50, reaching 26.4 % within 30 min, compared to
17.6 % over CB. Due to Cu-BTC possessed a large surface area and high
porosity, they easily adsorbed CO5 generated during EA mineralization.
CO,-TPD of CB-50 also proved CO; desorption occurred at 107 °C and
172 °C (Figure S1). Thus, CB and CB-50 after reaction was heated at
100 °C overnight in sealed chamber to release absorbed CO; (Figure S2).
According to the Eq. 1, the EA mineralization rate of CB-50 is 90.3 %
higher than that of CB (69.6 %). In addition, the O3 concentrations in the
effluent gases of CB and CB-50 were monitored to evaluate the Os
removal efficiency (Fig. 4d). Within 60 min, the O3 removal efficiency of
CB was only 72.0 %, whereas that of CB-50 reached 77.3 %. These re-
sults demonstrated that CB-50 possessed stronger oxidation capability
and superior synergistic catalytic performance compared with CB.

During the synergistic catalysis of EA and Os, the generation of ROS
was an important intermediate process. To explore the effect of various
ROS on the catalytic process, the trapping experiment were carried out.
P-benzoquinone (p-BQ) was used to trap eO,, TEMPO was used to trap
102 and tert-butanol (TBA) was used to trap-eOH radicals. As shown in
Fig. 4e, the addition of TBA decreased EA removal efficiency from
74.3 % to 62.3 % over 85 min, indicating that eOH radicals have a
minor role in the process. Under identical conditions, the addition of
TEMPO and p-BQ resulted in a significant decrease in EA removal effi-
ciency. Specifically, TEMPO reduced the efficiency from 74.3 % to
21.4 %, while p-BQ caused a decline from 74.3 % to 22.0 %. These
findings indicate that 10, and 03 were the predominant reactive oxy-
gen species in the catalytic process.

To verify the broader applicability of the defect-engineering strategy
developed in this study, 50 pL of acetic acid was introduced during the
synthesis of several representative MOFs, including Fe-BTC, UiO-66 and
MIL-125(Ti). The pristine MOF samples without acetic acid were
denoted as Fe-0, U-0 and Ti-0, whereas those synthesized with acetic
acid were designated as Fe-50, U-50 and Ti-50 for distinction (SI 1
Experimental details). XPS analysis revealed that Fe-50 and Ti-50
exhibited an increased proportion of low-valent metal species
compared with Fe-0 and Ti-O (Figure S4). In the U-50 sample, the
binding energy of the Zr 3ds,, orbital showed a blue shift of 0.32 eV
relative to U-0, indicating that the introduction of acetic acid induced
electron withdrawal from Zr sites, thereby confirming the presence of
defects in U-50. [33] As shown in Fig. 4f, all modified catalysts exhibited
enhanced Oz removal efficiency within 90 min, highlighting the
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generality and significance of constructing low-valent metal centers via
defect engineering in MOFs for synergistic catalysis of OVOCs and Os. In
addition, we also evaluated the synergistic catalytic performance toward
EA of series MOF materials (Table S2). The results revealed that
defect-engineered MOFs exhibited superior performance compared to
pristine MOFs (Figure S5). This enhancement was attributed to the
higher efficiency of O3 decomposition and activation in the defect-rich
structures, which strengthened the overall redox capability of the cat-
alytic system. Among the series of MOF materials, the CB and CB-50
samples showed the highest catalytic activity.

The cyclic experiments were performed to evaluate the catalytic
stability of CB-50 (Fig. 5a). The decrease in catalytic performance of CB-
50 over 350 min can be ascribed to the oxidation of Cu(I) sites to Cu(II)
during the reaction. To regenerate the Cu(l) species, the CB-50 after
cyclic experiment was subjected to UV irradiation for 1 h. After the light-
induced regeneration, the catalyst exhibited excellent stability over five
consecutive cycles, maintaining an EA removal efficiency of 85 %. The
XRD patterns revealed that the diffraction peaks of CB-50 remained
same after cyclic experiments, indicating that the crystalline structure
was well preserved (Fig. 5b).

Since water vapor is ubiquitous in industrial waste streams, it is
essential to evaluate the stability of the catalyst under humid conditions.
We conducted tests under different relative humidity levels (RH= 0,
5 %, 20 %, 80 %). As shown in Fig. 5c, the EA removal efficiency of CB-
50 within 100 min increased from 72.4 % to 91.2 % and 83.0 % under
low RH conditions (5 % and 20 %). This improvement may be attributed

to the introduction of a small amount of water vapor, which can
generate surface -OH groups and thereby strengthen EA adsorption. In
addition, limited humidity can facilitate O3 decomposition and promote
the formation of ROS. [19,38,39] At 80 % RH, the EA removal efficiency
of CB-50 decreased to 52.0 %, which may be resulted from the
competitive adsorption of excessive water vapor that occupied the active
sites of the catalyst.

To assess humidity stability, XRD patterns before and after the re-
action were compared (Fig. 5d). The diffraction peak positions and in-
tensities of all samples remained similar, indicating its good structural
stability under humid conditions. Notably, as the humidity increased to
80 %, there are a new distinct hydration peak at 14.0°, which was water
molecules occupied the active sites on the catalyst surface.

3.3. Mechanistic Insights

The in-situ EPR experiments have been conducted to validate the
formation and evolution of ROS during the synergistic catalytic reaction
(Fig. 6a-b). The results exhibited that the concentration of superoxide
radicals (#03) gradually increased as the reaction time between CB-50
and Og increases from O min to 2 and 4 min (Fig. 6a). After EA was
introduced into the reaction system, the eO3 reacted with EA, resulting
in a decrease in the 03 peak intensity (Fig. 6b). Furthermore, Cu
valence evolution in CB-50 was monitored to characterize Cu(I) acted as
the active site for O3 (Fig. 6¢). It showed that the characteristic Cu(II)
signals became more pronounced in the EPR spectra, indicating that Cu
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() was oxidized to Cu(Il). [40] To further confirm this, XPS analysis was
performed to investigate the changes in the oxidation states of Cu in
CB-50 before and after exposure to Os3. As shown in Fig. 6d, the Cu(l)
content decreased markedly from 65.31 % to 28.85 %, while the Cu(Il)
content increased from 42.13 % to 71.15 % after the reaction. This
significant shift in copper oxidation states indicated that Cu(l), serving
as the primary active site, facilitated the activation of O3 into various
reactive oxygen species via a Cu(I) — Cu(Ill) redox process. [15]
Meanwhile, the variation in -OH groups of CB-50 before and after EA
adsorption was monitored (Figure S6). The relative content of -OH
decreased upon exposure to EA, which demonstrated that Cu(II)-OH
groups served as the adsorption sites for EA. Since oxygen vacancies
in the material were considered potential active sites for O3 activation

[14,16,41], EPR analysis was conducted to examine the changes in their
concentration. As shown in Figure S7, no detectable EPR signals corre-
sponding to oxygen vacancies were observed in either CB or CB-50,
confirming their absence in the catalyst structure. Therefore, it can be
concluded that the synergistic catalytic activity of CB-50 originated
mainly from Cu(I) sites, rather than from oxygen vacancies.

In-situ DRIFTS measurements were carried out under Os/air and EA/
air atmospheres to investigate the adsorption of EA and O3 on the CB and
CB-50, aiming to elucidate the pathways of ROS generation and EA
transformation. The adsorption behavior for O3 exhibited significant
disparities between CB (Fig. 7a) and CB-50 (Fig. 7b). The CB sample
exhibited Os adsorption (1039 cm’l) and O; adsorption (1261 cm’l)
features, along with a weaker peroxide intermediates (O%’ at 937 cm 1)
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[42] In the contrast, on CB-50, distinct signals corresponding to O3
activation products were observed, including atomic oxygen (*O at
860 cm’l), peroxide intermediates (O%’ at 937 crn’l), and adsorbed
oxygen (*O at 1271 cm™1). No O3 adsorption peaks were detected on
CB-50, implying that O3 was activated into reactive oxygen species (O3
—*0 + 0%). These results indicated that CB-50 possessed superior Os
activation efficiency. Upon contact with O3, CB-50 can rapidly decom-
pose it into *O and 0% species, which subsequently participated in the
catalytic reaction. The enlarged in-situ DRIFTS spectra at 30 min in
Fig. 7a-b have been redrawn to observe the intensity of O species
(Fig. 7e). The intensity of CB-50 at 937 cm ™! peak was much higher than
those of CB, which means higher 0% concentration of CB-50. Meanwhile,
the EPR results showed that, under the same O3 exposure time, a much
stronger superoxide radical (eQ3) signal was observed for the CB-50
system. The in-situ DRIFTS and EPR measurements consistently
showed that CB-50 was more effective than CB in activating O3 and
generating ROS.

Through in-situ DRIFTS experiments under EA/air atmosphere
(Figs. 7¢, 7d), it was found that EA exhibited different adsorption pat-
terns on CB and CB-50 catalysts. The spectra of the CB sample exhibited
solely the characteristic peaks of EA at 1060 cm ™}, 1246 cm ™! (C-O-C
asymmetric and symmetric acetate stretching) and 1693 ecm™! (C=0
simplex stretching vibration). [43] This indicated that EA underwent
only adsorption on CB without being converted into other intermediate
species. For the spectra of CB-50, bands at 1091 and 1270 em ™! were
attributed to C-C and C-OH stretching vibrations of ethanol, respec-
tively. The bands at 1561, 1458, and 1345 cm ™! were assigned to COO
asymmetric stretching, C-H deformation, and COO™ symmetric stretch-
ing vibrations, respectively. These peaks corresponded to the interaction
of EA with hydroxyl groups in CB-50, leading to the formation of ethanol
and acetate. [44,45] In addition to the characteristic peaks of acetic acid
and ethanol species, a significant CO, desorption peak at 2360 cm ! was
also observed. [46] This may be attributed to a decrease in the cu?t
content, which led to a weakening of the binding capacity of the ma-
terial for CO,.
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To understand the reaction mechanism and the intermediates
generated during the synergistic catalysis, the in-situ DRIFTS technique
was employed to elucidate the catalytic process on CB and CB-50 cata-
lysts. CB exhibited the signals corresponding to carboxylic and alcoholic
intermediates, along with a clear adsorbed O3 (*Og3) peak, reflecting its
limited ability to activate O3 and degrade EA (Fig. 8a). Fig. 8b revealed
the presence of acetaldehyde species on the CB-50 surface, characterized
by the CH, scissoring vibration at 1457 cm ™' and the corresponding
C=O0 stretching band at 1675 cm™!. These results indicated that EA
adsorption generated ethanol intermediates, which were then oxidized
to acetaldehyde on the CB-50 surface upon O3 exposure. Additionally, at
1695 cm ™, carbonyl peak (C=0) belonging to the acetone species was
observed, which could be converted from acetic acid (2CH3COOH —
CH3COCH3 + CO2 + H0). [43,47] No characteristic peaks of alcohol
oxides or ROS were detected in CB-50. This indicated that the in-
termediates generated from O3 activation and EA adsorption were fully
involved in the synergistic catalysis and ultimately transformed into
acetic acid and CO; as the final products. Such behavior can be attrib-
uted to the large specific surface area and well-developed pore structure
of CB-50. These features facilitated the diffusion and transport of reac-
tant molecules, thereby enhancing the contact between ROS and
pollutant gases.

To characterize the gaseous products, the reaction gas was further
analyzed using PTR-TOF-MS. Consistent with the in-situ DRIFTS results,
signals at m/z = 45.03, 47.05, 59.05 and 61.03 were monitored, cor-
responding to acetaldehyde, ethanol, acetone, and acetic acid, respec-
tively [48]. In the CB system (Fig. 8e), substantial amounts of
acetaldehyde, ethanol, and trace acetone were detected in the reaction
gas, indicating incomplete oxidation of EA and the limited oxidative
activity of CB. In contrast, the CB-50 system (Fig. 8d) showed only a
strong acetic acid signal. This indicated that ethanol, formed after EA
adsorption, was rapidly oxidized to acetic acid. The latter was then
further mineralized to CO, through synergistic catalysis.

Based on the combined results of in-situ DRIFTS and PTR-TOF-MS, a
possible room-temperature synergistic catalytic pathway for EA and Os



X. Lietal

0,%,'0,

¢
(

CH4CH,OH

>

CH3;COOH

[N
7 0,%,'0; w 0,%,'0,
£, &

Journal of Hazardous Materials 501 (2026) 140882

0,%,'0, ‘o co,

L :
CH;CHO CH;COOH

0,%,'0,

® H,0

Scheme 2. Proposed synergistic catalytic mechanism for EA and Os.

was proposed. In CB-50, O3 was activated on Cu™ sites and decomposed
into *O and 0% species, accompanied by oxidation of Cu™ to cu?t.
Subsequently, O3 reacted with Cu?* to generate 03 and regenerate
Cu. During adsorption, EA reacted with surface -OH groups to generate
CH3COO™ and CH3CH,O™ intermediates. These intermediates were sub-
sequently oxidized by 03 and *O to acetic acid, which was finally
mineralized into CO, and HyO (Scheme 2).

2Cu* + 03— + 0 + 0,% +2Cu** (2
0, +Cu* > e 0, +Cu* 3
00, + x0—'0y+ % O~ “4)
CH3COOCH,CH; + — OH—CHsCOOH + * CH3CH,0 (5)
*CH3CH,0 + + O~ —»CH3CHO + OH~ (6)
2CH;CHO + '0,—2CH;COOH @
CH3COOH + 4 x 0—2C0, + H,0 (8

4. Conclusion

In summary, Cu-BTC MOFs were, for the first time, applied to the
synergistic catalysis of gaseous EA and Os. By applying defect engi-
neering, we introduced tunable Cu(l)/Cu(Il) dual sites into Cu-BTC,
which enabled the simultaneous removal of high-concentration EA
and low-concentration O3 at room temperature. Cu(I) species served as
primary active sites for Og activation to produce ROS such as *O and O3".
Cu(I)-OH groups acted as the dominant adsorption sites for EA. CB-50
showed the highest catalytic activity, reaching 80 % EA removal and
77 % O3 removal within 60 min, along with an EA mineralization rate of
90.3 %. Furthermore, universality experiments confirmed that defect
engineering introduced low-valent metal centers into representative
MOFs, validating their role in O3 activation. This study offers mecha-
nistic insights and guidance for the rational design of advanced catalysts
for OVOC-Os synergistic catalysis.

Environmental implication

This work demonstrates that defect-engineered Cu-BTC with tunable
Cu(I)/Cu(1l) dual sites enables efficient room-temperature synergistic
catalysis of coexisting EA and Os. The dual-site mechanism enhances
catalyst—pollutant interactions while reducing energy consumption,
providing practical guidance for OVOCs and Os pollution control in
complex environments.
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