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Abstract: Nerve agents, a highly toxic class of chemical warfare agents, pose serious risks
to human health and social stability. Metal oxides are commonly used as catalysts to break
down these agents through thermocatalytic decomposition. In particular, bimetallic oxide
catalysts offer enhanced stability and catalytic efficiency due to their synergistic effects. In
this study, CuO/ZrO, composite catalysts with varying Cu/Zr ratios were synthesized
using a secondary hydrothermal method, resulting in a hollow microsphere morphology.
The catalytic efficiency of these composites in thermocatalytically decomposing dimethyl
methylphosphonate (DMMP), a sarin simulant, was systematically evaluated. The findings
revealed that the catalyst with a 10%Cu/Zr ratio exhibited the best performance, achieving
the longest protection duration of 272 min. The hollow microsphere structure facilitated
high dispersion of CuO on the ZrO, surface, promoting strong interactions and generation
of oxygen vacancies, which enhanced the catalytic activity. Furthermore, the catalytic
reaction mechanism was explored by analyzing the surface characteristics of the catalyst
and the resulting reaction products. This research addresses a gap in the application of
CuO/ZrO, catalysts for DMMP decomposition and provides valuable insights for the
future development of catalysts for chemical warfare agent degradation.

Keywords: dimethyl methylphosphonate; thermocatalytic decomposition; CuO/ZrO,

1. Introduction

Nerve agents are highly toxic anticholinesterase compounds that disrupt the central
and peripheral nervous systems by inhibiting acetylcholinesterase (AChE) through phos-
phorylation. This inhibition leads to the accumulation of acetylcholine at neural synapses,
resulting in severe neurotoxic effects. Even at low doses, exposure can cause acute intoxica-
tion or fatality, making these agents a significant threat to human health and security [1,2].
Certain organophosphorus compounds, such as sarin, are highly toxic neurotoxic agents
with significant lethality [3-6]. At present, chromium-free impregnated carbon adsorption
technology is the primary technique for removing vapors of toxic chemical species like sarin.
Nonetheless, challenges remain, including the complexity of the impregnation process,
limited adsorption capacity, and an insufficiently understood protection mechanism [7-9].

Thermocatalytic decomposition involves breaking down toxic compounds into smaller,
less harmful molecules through catalytic processes such as oxidation and hydrolysis. Stud-
ies have demonstrated that this method is an effective approach for degrading chemical
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warfare agents [10-13]. In lab-scale studies, dimethyl methylphosphonate (DMMP) is com-
monly employed as a simulant for sarin. Metal oxide catalysts have demonstrated strong
catalytic efficiency in facilitating its decomposition [14-17]. Cao et al. [18] reported that a
10% Cu/Al,Os catalyst protected against DMMP decomposition for up to 7.5 h at 400 °C,
significantly outperforming 10% Ni/Al,O3, which lasted only 1.5 h. The morphology
of metal oxide catalysts also plays a crucial role in catalytic performance. For instance,
Kong et al. [19] synthesized CeO, catalysts with the nanoparticle, nanorod, and nanocubic
morphologies using a hydrothermal method and found that catalyst morphology directly
influenced efficiency. Among them, 12M CeO; nanorods exhibited the longest protec-
tion time against the thermocatalytic decomposition of DMMP. In addition, bicomponent
metal oxide catalysts enhance catalytic activity by lowering activation energy through
intermetallic synergistic effects. Thus, bimetallic catalysts have emerged as a key focus in
the development of advanced materials for the degradation of toxic compounds [12,20].
Gao et al. [12] synthesized CuO-CeO,/y-Al,Oj catalysts with varying compositions using
the equal-volume impregnation method and evaluated their efficiency for thermocatalytic
decomposition of DMMP. Their findings indicated that the catalyst with a 5% CeO; loading
gave the highest catalytic performance. This enhancement was accredited to the strength of
the interaction between Cu and Ce, which facilitated the formation of surface-adsorbed
oxygen, thus improving the catalyst’s decomposition efficiency. Furthermore, studies on
the decomposition mechanism of DMMP by transition metal oxide catalysts suggest that
DMMP molecules interact with metal oxides via P=O groups or hydrogen bonding. At
elevated temperatures, the cleavage and delocalization of methoxyl and methyl groups
attached to phosphorus enable the catalytic breakdown of DMMP [14,15].

ZrO;, a transition metal oxide with acidic, basic, and redox properties, serves as an
efficient catalyst support. Its good thermal stability and tunable microscopic morphology
enable the uniform dispersion of active constituents while providing a large specific surface
area (SSA), thus enhancing catalytic performance [21-24]. In recent years, researchers
have extensively studied the catalytic performance of CuO/ZrO; catalysts, aiming to
improve their overall effectiveness [25-29]. Basahel et al. [30] synthesized mesoporous
CuO-ZrO; catalysts through a modified sol-gel method, utilizing tetrabutylammonium
bromide as a templating agent. When tested under identical reaction conditions, the
10-CuZr catalyst exhibited higher catalytic activity compared to the 20-CuZr catalyst in the
benzylation of benzene. This enhancement was primarily due to the 10-CuZr catalyst’s
higher concentration of easily reducible Cu?*-O-Zr** bonds and a greater number of active
sites, attributed to its larger SSA and pore volume (PV). Suh et al. [31] proposed that the
inclusion of ZrO, promoted the formation of Cu* ions, which modified the Cu*/Cu’ ratio
on the catalyst surface. This change enhanced the catalytic activity for methanol synthesis
through CO hydrogenation at low temperatures and pressure. Sliwa et al. [32] reported
that ethanol adsorbed on CuO undergoes oxidation to form acetaldehyde and water, with
acetaldehyde further oxidizing on Cu/Zr catalysts to generate hydrogen. As the reaction
temperature rises, acetaldehyde is converted into acetic acid, which transforms into acetone
at temperatures above 583 K. With a further increase in temperature, organic molecules
undergo complete oxidation to CO and CO,. While CuO/ZrO, composite catalysts have
been explored for thermocatalytic decomposition, their application in the decomposition
of DMMP remains unaddressed. Therefore, investigating CuO/ZrO; catalysts for DMMP
thermocatalytic decomposition is of significant importance.

In this study, CuO/ZrO, composite catalysts with varying loading ratios were synthe-
sized via a secondary hydrothermal method, with ZrO, featuring a hollow microsphere
morphology as the active component. For comparative analysis, CuO catalysts were syn-
thesized via a hydrothermal method. The structural, compositional, and surface chemical
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characteristics of the catalysts were comprehensively examined using various character-
ization methods. Furthermore, the protective performance of CuO/ZrO; catalysts with
different loading ratios against DMMP degradation was evaluated. ZrO,, CuO, and
CuO/ZrO, composite catalysts with the best performance in thermocatalytic decompo-
sition of DMMP were selected for the analysis of decomposition products, investigation
of reaction mechanisms, and inference of decomposition processes. This research offers
valuable insights for the development of high-performance catalysts for the thermocatalytic
decomposition of DMMP, with significant potential applications in the removal of chemical
warfare agents.

2. Materials and Methods
2.1. Materials

Zirconium oxychloride octahydrate (ZrOCl,-8H,0O, 99.9% purity), urea (C,H4N,O,
99.9% purity), copper nitrate trihydrate (Cu(NO3),-3H,0, 99.99% purity), and sodium
hydroxide (NaOH, >98% purity) were obtained Macklin, Shanghai, China. Absolute ethanol
(CoH50H, 99.7% purity) was sourced from InnoChem, Beijing, China, while hydrochloric
acid (HCI, 36.5% purity) was procured from TGREAG, Beijing, China. Analytical-grade
reagents were purchased and used without any further purification.

2.2. Preparation of ZrO, Hollow Microsphere Catalysts

To prepare ZrO, hollow microsphere catalysts, 1.5 g of zirconium oxychloride oc-
tahydrate (ZrOCl,-8H,0) was dissolved in 60 mL of anhydrous ethanol under continuous
stirring. Subsequently, 0.9 g of urea (CO(NH;);) was introduced, and the mixture was
stirred thoroughly. Concentrated hydrochloric acid (HCI) (36.5%, 15 mL) was then added
dropwise till the solution turned transparent. The obtained solution was shifted to a 100 mL
reactor and subjected to hydrothermal treatment in a drying chamber for 24 h at 160 °C.
The product of the reaction was subjected to washing and centrifugation repeatedly until
the supernatant no longer formed a white precipitate upon the addition of silver nitrate
(AgNO3) solution. The obtained material was dried for 6 h at 60 °C, followed by calcination
in an air atmosphere at 450 °C at a heating rate of 10 °C/min. The system was maintained
as such for 4 h to yield ZrO, hollow microspheres.

2.3. Preparation of Cu/Zr Catalysts with Different Loading Ratios (10%, 30%, 50%, 70%,
and 90%)

Copper nitrate trihydrate (Cu(NOs),-3H;0) in varying amounts (0.103 g, 0.397 g,
0.927 g, 6.568 g, and 25.332 g) was solubilized in 10 mL of deionized (DI) water and stirred
thoroughly for 20 min. ZrO; hollow microspheres (1 g) were introduced into the solution
and homogenized for an additional 30 min. A 2 mol/L NaOH solution was prepared to a
total volume of 50 mL and added dropwise to the mixture under continuous stirring over a
30 min duration. The suspension was transferred to a 100 mL reactor and hydrothermally
treated at 160 °C for 24 h. After natural cooling to room temperature, the precipitate was
washed and centrifuged three times, dried in an oven at 70 °C for 6 h, and further calcined
within a muffle furnace for 4 h at 400 °C. The final products, designated as 10%Cu/Zr,
30%Cu/ Zr, 50%Cu/Zr, 70%Cu/Zx, and 90%Cu/Zr, were successfully obtained.

2.4. Preparation of CuO Catalysts

Cu(NO3),-3H,0 (8.7 g) was dissolved in 10 mL of DI water and stirred thoroughly for
20 min. A 2 mol/L NaOH solution (50 mL) was then added dropwise to the mixture under
continuous stirring for 30 min. The resulting suspension was processed following the same
hydrothermal, washing, drying, and calcination steps as described above, yielding the final
CuO catalyst.



Processes 2025, 13, 779

40f22

2.5. Characterization

The crystalline structure of the synthesized materials was analyzed using X-ray diffrac-
tion (XRD) (Rigaku SmartLab SE, Saitama, Japan) over a scanning range of 5-90° and a
scanning speed of 2° /min. The SSA, pore size, and PV of the specimens were determined
using a fully automated specific surface and porosity analyzer (BET) (Quantachrome Au-
tosorb IQ, Boynton Beach, FL, USA) under liquid nitrogen at a constant temperature. The
microscopic morphological details and particle size of the specimens were observed using
transmission electron microscopy (TEM) (JEOL JEM F200, Tokyo, Japan) and scanning
electron microscopy (SEM) (TESCAN MIRA LM, Brno, Czech Republic). The elemental
composition and active component loading were assessed using energy-dispersive spec-
troscopy (EDS). Hydrogen temperature-programmed reduction (H,-TPR) analyses were
performed using a programmed-temperature chemisorption apparatus (Micromeritics Au-
toChem II 2920, Norcross, GA, USA). For the H,-TPR analysis, the samples were heated to
300 °C for 2 h under a helium (He) flow (50 mL/min), cooled to 50 °C, and then exposed to
a 10% Hjy / Ar mixture (50 mL/min) for 30 min. The specimens were subsequently desorbed
at 900 °C at a heating rate of 10 °C/min, maintaining a continuous 10% H;/Ar gas flow.
The elemental content of the catalysts was determined using an inductively coupled plasma
optical emission spectrometer (ICP-OES) (Agilent 725ES, Santa Clara, CA, USA). X-ray
photoelectron spectroscopy (XPS) (Thermo Scientific K-Alpha, Waltham, MA, USA) was
employed to analyze the elemental valence states of the catalysts. The binding energies
were calibrated using the C 1s peak at 284.8 eV, and data fitting was performed using
Avantage software. In situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was recorded using a Bruker Spectrum Instruments Fourier infrared spectrometer
(INVENIO S, Waltham, MA, USA) equipped with an OPERANDO-TETRA in situ diffuse
reflectance system. The test resolution was 8 cm !, a total of 64 scans were recorded, and

the scanning range was set from 800 to 4000 cm .

2.6. Evaluation Method of DMMP Thermal Catalytic Decomposition Performance

Figure 1 illustrates the thermal catalytic decomposition performance evaluation setup,
which comprises three primary parts: the DMMP generation system, the catalytic reaction
system, and the gas analysis system. In the DMMP generation system, air supplied by an
air compressor was regulated at a 50 mL/min flow rate via a mass flow controller (MFC)
and directed into two sequential generator bottles containing DMMP. The DMMP was
generated through bubbling, with the generator bottles maintained in a water bath at 20 °C,
yielding a DMMP concentration of 5.59 g/m3. The catalytic reaction system utilized a
fixed-bed reactor, comprising a vertical quartz tube (inner diameter: 4 mm; length: 37 cm)
housed within a tube-type resistance furnace with programmable temperature control.
After crushing and sieving the catalyst to a particle size range of 20—40 mesh, it was placed
into a quartz tube and firmly held in position at both ends using quartz wool. The reaction
temperature within the fixed-bed reactor was maintained at 400 °C. The filling height of
catalysts was 2.4 cm, and the gas hourly space velocity (GHSV) was maintained at 9952 h~!
throughout the catalytic evaluation. A gas chromatograph (Agilent 6890N, Santa Clara, CA,
USA) furnished with a flame ionization detector (FID) and a DB-1701 analytical column
comprised the gas analysis system, wherein data acquisition and processing is managed
through a computer console. The thermocatalytic decomposition performance of DMMP
was typically assessed based on protection time [18]. To minimize potential experimental
errors, DMMP decomposition was considered complete when the decomposition rate
reached or exceeded 99%. The duration for which DMMP remained fully decomposed was
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referred to as the protection time. The DMMP conversion rate (CVRpymmp) was determined
using Equation (1).
Cout

in

CVRDMMP = (1 - ) x 100% (1)
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Figure 1. Schematic diagram of the catalytic reaction evaluation device.

In Equation (1), Coyt and Cj, represent the DMMP concentration in the tail gas follow-
ing thermocatalytic decomposition and the initial DMMP concentration at which bubbling
occurs, respectively.

2.7. Thermocatalytic Decomposition Reaction Exhaust Gas Analysis

In this study, the catalytic reaction products were analyzed online employing a CAT-
LAB catalytic microreactor (Hiden Ltd., Warrington, UK), which includes a steam genera-
tion system, a temperature-programmed reactor, and an online mass spectrometer. Prior to
the experiment, helium gas (80 mL/min) was passed through the microreactor to purge
the catalyst sample at 300 °C for 2 h. The catalyst loading was 100 mg. Following the
experiment, the heating program was initiated, and the thermostatic water bath was main-
tained at 10 °C. An argon/oxygen mixture (20% O,/80% Ar) was continuously supplied
at 50 mL/min to generate DMMP vapor. The temperature was gradually increased from
30 °C to 400 °C at a rate of 10 °C/min, and the tail gas concentration was analyzed using
an HPR-20 online mass spectrometer (Hiden Ltd., Warrington, UK).

3. Results and Discussion

Figure 2 is a representation of the XRD patterns of CuO/ZrO, catalysts with five CuO
loading ratios, along with the patterns for pure ZrO, and CuO catalysts. The XRD patterns
reveal that the characteristic peaks for both ZrO, and CuO match those reported for pure
ZrO; (JCPDS No. 86-1449) and CuO (JCPDS No. 89-5899), confirming the presence of these
phases. As the CuO loading ratio increases, the ZrO, diffraction peaks diminish in intensity,
with some peaks eventually disappearing. In contrast, the CuO diffraction peaks at the
(110), (-111), (111), (-202), and (020) crystal planes (corresponding to 32.5°, 35.5°, 38.7°,
48.7°, and 53.5°) progressively increase in intensity, indicating a growth in the crystallinity
of the CuO phase within the CuO/ZrO, composite catalysts. The Scherrer equation was
employed to determine the particle size of the catalyst material, with the calculated values
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shown in Table 1. The grain size grows with increasing CuO loading at first but starts to
decline as the CuO content further increases.

CuO

" “ ! 90%Cu/Zr

70% Cu/Zr

I | . 50%Cu/Zr

A A 30%Cu/Zr
10%Cu/Zr

ZrO,

Intensity(a. u.)

(111D

CuO-PDF#89-5899

(110) (202)  (920)

(-111)

SR ZrO,-PDF#86-1449
(100)

10 20 30 50 60 70 80 90

40
20 (degree
Figure 2. XRD patterns of as-synthesized ZrO,, CuO/ZrO;, and CuO catalysts.

Table 1. SSA, pore structure parameters, crystallite size, and actual loading ratio of catalysts.

Catalyst SSA Average Pore PV Crystallites Actual Loading Ratio
(m?/g) Size (nm) (cm3/g) Size (nm) (wt.%)

ZrO, 100.1 6.40 0.16 52 /
10%Cu/Zr 69.9 7.45 0.13 10.4 13.20
30%Cu/Zr 60.8 7.30 0.11 12.8 33.40
50%Cu/Zr 43.6 8.09 0.09 48.3 59.31
70%Cu/Zr 28.6 9.26 0.07 17.5 71.03
90%Cu/Zr 11.2 17.88 0.05 15.8 90.01

CuO 10.3 15.15 0.04 16.2 /

The SSA and pore structure characteristics of Cu/Zr catalysts with varying loading
ratios were measured and are outlined in Table 1. It was observed that the actual loading
ratios exceeded the theoretical values, which can be attributed to the partial loss of ZrO,
support during the secondary hydrothermal treatment in NaOH solution, resulting in
higher actual loading ratios. Furthermore, the data (Table 1) indicate that both the SSA and
PV of the catalysts reduced as the Cu/Zr loading ratio increased. On the other hand, the
average pore size exhibited an increasing trend with higher Cu/Zr content.

The SEM and HRTEM images of ZrO,, CuO, and CuO/ZrO, catalysts with varying
loading ratios are presented in Figure 3. As depicted in Figure 3a, the ZrO; catalyst consists
of hollow microspheres composed of fine nanoparticles with rough surfaces. The size of the
hollow microspheres ranges from 0.5 pm to 2.5 um, with a wall thickness of approximately
200 nm. The CuO catalyst exhibits an irregular flake-like morphology (Figure 3g). From
Figure 3b—f and the mapping images in Figure 4, it is evident that the hollow microsphere
structure of ZrO; is preserved after CuO loading, with Cu being uniformly distributed on
the surface of the ZrO; hollow microspheres. When the Cu/Zr ratio reaches 50%, some
CuO flaky structures begin to appear (Figure 3d).
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S00nm

500nm
—

Figure 3. SEM and HRTEM images of catalysts
(e) 70%Cu/ Zr, (£f) 90% Cu/Zr, and (g) CuO.

Figure 4. Energy spectrum analysis of Cu, Zr, and O in CuO/ZrO, catalysts: (a) 10%Cu/Zr,
(b) 30%Cu/Zr, (c) 50%Cu/Zr, (d) 70%Cu/Zr, and (e) 90%Cu/Zr.

The lattice spacings observed in the illustrations of Figures 3a and 3g for ZrO, are
0.316 nm and 0.284 nm, respectively, while the lattice spacing of CuO is 0.275 nm. Addi-
tional lattice spacings of 0.262 nm, 0.252 nm, and 0.232 nm are also noted, which correlate
with the XRD patterns of ZrO; and CuO. Furthermore, the HRTEM images of CuO/ZrO,
catalysts with different Cu loading ratios (Figure 3b—f) reveal lattice fringes with a spacing
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of 0.279 nm. This change is attributed to the incorporation of CuO into the ZrO, lattice,
resulting in lattice distortion and a corresponding alteration in the lattice spacing.

XPS analysis was systematically employed to characterize the surface composition of
as-prepared ZrO,, CuO, and CuO/ZrO, catalysts with varying Cu/Zr ratios (10%, 30%,
50%, 70%, and 90%), as comprehensively illustrated in Figures 5-7. Figure 5 shows the
Zr 3d XPS spectra of ZrO; and CuO/ZrO, catalysts. The prepared pure ZrO, catalysts
exhibit two spin orbitals in the Zr 3d energy level, 3ds/, (182.0 eV) and 3d3,, (184.4 eV),
with a 2.4 eV difference in their binding energy difference, consistent with the data in
references [33-35]. According to reference [35], the characteristic peaks of the Zr 3d profile
can be ascribed to the existence of two Zr species, namely the relatively low-binding-energy
Zr1y species, and the relatively high-binding-energy Zryj species. A Gaussian—Lorentz func-
tion was used to fit them, and the percentage of Zrj species was computed using the fitting
results as shown in Table 2. Relative to ZrO,, the Zr 3d peaks in the CuO/ZrO; spectrum
shift to lower binding energies, suggesting a weakening of Zr-O-Zr interactions and a
progressive enhancement of Zr-Cu interactions [36]. It is noteworthy that the proportion of
Zry species is greater than that of Zryj species in all samples.

Zr 3d
ZrO, Zr 3d,, ""rZr, 512 Zr 3d
Ty
10%Cu/Zr Zr 3d,, Zr 3d,
Zry
<t Zr,
_ 30%Cu/Zr Zr 3d;;, {3‘15/2
= Zry Zr,
[ ]
<
N’
>
: L] L] L] L] L]
@ | 50%Cu/Zr Zr 3d,, = Zr 3d),
£ s,
~
=
s
L] L] L] L] L]
70%Cu/Zr Zr 3dy, Zr 3dg,
Zr" -— Zrl
x
L] L | L | L] L
90%Cu/Zr zr
Zr 3d,, > Zr 3dg,
=*Zr,

190 1;38 1;36 lé4 1;32 léO 178
Binding energy (eV)

Figure 5. Zr 3d XPS spectra of ZrO, and CuO/ZrO; catalysts with different Cu/Zr ratios.
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Figure 6. (a) Cu 2p XPS spectra and (b) Cu LMM spectra of CuO and CuO/ZrO, catalysts.
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Figure 7. O 1s XPS spectra of ZrO,, CuO/ZrO,, and CuO catalysts.
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Table 2. Surface atomic ratios of CuO/ZrO; composite catalysts.

Catalyst Or On Om Cu?*/
BE (eV) O1/O.n BE (eV) On/O.n BE (eV) Om/O.n (Cu’+ Cu'*+ Cu?*) ZyyZr,y

ZrO; 530.2 63.1% 531.8 24.0% 533.2 12.9% / 78.9%
10%Cu/Zr 529.8 46.8% 531.7 34.3% 533.3 18.9% 65.9% 51.6%
30%Cu/Zr 529.9 34.5% 531.7 37.1% 533.3 28.4% 52.8% 73.6%
50%Cu/Zr 529.4 13.0% 531.3 49.8% 533.2 37.2% 59.1% 54.2%
70%Cu/Zr 529.8 40.0% 531.4 39.2% 533.0 20.8% 66.8% 71.2%
90%Cu/Zr 529.8 69.4% 531.5 22.5% 532.7 8.1% 67.4% 60.9%

CuO 529.8 66.9% 531.6 26.7% 533.4 6.4% 66.4% /

Figure 6 presents the Cu 2p and Cu Auger spectra of CuO/ZrO; and pure CuO
catalysts. In Figure 6a, the Cu 2p spectrum shows a pair of distinct characteristic peaks
at 933.6 eV (2p3,2) and 953.4 eV (2p1,7), accompanied by strong satellite peaks in the
937-948 eV range. This confirms the presence of Cu?" in the catalysts; however, the
presence of Cu!* and Cu' cannot be definitively determined. Since the 2p3,, binding
energies of Cu!* and Cu’ are too proximate to be distinguished by XPS alone, further
analysis using Cu Auger spectra is required. Figure 6b displays the fitted Cu Auger spectra,
obtained via the nonlinear least squares method, to identify Cu'* or Cu’ in CuO/ZrO,
catalysts with varying Cu/Zr ratios. Importantly, the spectrum of the 10%Cu/Zr catalyst
could not be fitted, likely due to the low Cu content, resulting in a weak signal-to-noise
ratio. Compared to pure CuO, CuO/ZrO; catalysts exhibited an increasing trend in Cu
2p binding energies across different Cu/Zr ratios, indicating alterations in the charge
environment of Cu species during doping [34,37]. In addition, as CuO doping increased,
the Cu 2p binding energy displayed a decreasing trend, which may be associated with a
reduction in the oxidation state of Cu species [38].

Figure 7 shows the O 1s XPS spectra of ZrO,, CuO/ZrO,, and CuO catalysts. The
O 1s spectral peaks of the prepared catalysts can be fitted into three peaks [36,39—41]: the
lattice oxygen species with binding energies in the range of 529.4-530.1 eV (denoted as
Oy), the oxygen vacancies with binding energies in the range of 531.3-531.7 eV (denoted as
Oq), and surface-adsorbed or -bound oxygen species with binding energies in the range of
532.7-533.5 eV (denoted as Oyyy). The proportion of Oy, Oy, and Oy species to all O species
is calculated in Table 2. The data revealed that in CuO/ZrO, catalysts, lattice oxygen
species initially decreased and then increased with rising CuO doping levels, while oxygen
vacancies and surface-adsorbed /bonded oxygen species exhibited the opposite trend.

Figure 8 shows the Hy-TPR curves of the ZrO,, CuO/ZrO,, and CuO catalysts, with the
hydrogen consumption of the different catalysts given in Table 3. As depicted in Figure §,
ZrO, exhibited three relatively weak reduction peaks, with significantly lower hydrogen
consumption compared to CuO/ZrO; and CuO catalysts. The CuO catalyst displayed
a single broad reduction peak within the 185-302 °C range, whereas the H,-TPR profile
of the CuO/ZrO; catalyst revealed two distinct reduction peaks. According to the ref-
erence [30,36], the two reduction peaks observed in the H>-TPR profile of CuO/ZrO,
catalysts can be classified into low-temperature (117-197 °C) and high-temperature
(200-230 °C) regions. The low-temperature peak corresponds to a reduction in small-
sized CuO particles, while the high-temperature peak is associated with a reduction in
highly dispersed CuO species that strongly interact with ZrO,, as well as CuO species
with weaker interactions. Compared to pure CuO catalysts, CuO/ZrO, catalysts exhibit
lower reduction temperatures, suggesting enhanced low-temperature catalytic activity.
This improvement is attributed to ZrO; facilitating CuO dispersion, therefore enhancing
the reducibility of CuO species [42]. Among the CuO/ZrO; catalysts with varying Cu/Zr
ratios, the composite catalyst with 10%Cu/Zr exhibited the lowest reduction temperature.
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This can be attributed to the smaller CuO grains at this doping level, which are more
uniformly and easily dispersed on the ZrO, surface. As CuO doping increased, the re-
duction temperature progressively rose, correlating with the growth of CuO grain size.
This trend suggests that higher Cu/Zr doping levels significantly impact CuO dispersion,
while the weakening interactions between CuO and ZrO, reduce the catalyst’s oxidizability.
Furthermore, the results indicate a gradual increase in hydrogen consumption with higher
CuO doping levels.

- Ve CuO

=. B
~ )

—= 90% Cu/Zr
= 70%Cu/Zr
o0 ,

% __J\’L / 50%Cu/Zr
8 A 30%Cu/Zr
- | 10%Cu/Zr

Zr0O,

100 200 300 400 500 600 700 800
Temperature(°C)

Figure 8. Hy-TPR profiles of ZrO,, CuO/ZrO,, and CuO catalysts.

Table 3. H, consumption amounts of ZrO,, CuO/ZrO;, and CuO catalysts.

Catalysts Peak Temperature (°C) Total Hydrogen Consumption (mmol/g)

ZrO, 292.8 590.0 802.2 0.30
10%Cu/Zr 117.8 160.2 1.32
30%Cu/Zr 191.2 2137 4.28
50%Cu/Zr 193.5 218.0 724
70%Cu/Zr 191.0 221.0 10.22
90%Cu/Zr 196.8 219.5 13.44

CuO 257.5 15.40

The protection time is a core determinant for assessing the catalysts” performance for
thermocatalytic DMMP decomposition [18]. The protection times of the seven catalysts are
shown in Figure 9 and Table 4. The protection times of the catalysts followed a descending
order: 10%Cu/Zr (272 min) > 30%Cu/Zr (220 min) > 50%Cu/Zr (212 min) > 70%Cu/Zr
(208 min) > 90%Cu/Zr (124 min) > ZrO, (116 min) > CuO (56 min). The CuO/ZrO,
catalysts demonstrated significantly longer protection times than ZrO, and CuO alone,
highlighting the role of Cu-Zr interactions in promoting DMMP decomposition. Among
these, the 10%Cu/Zr catalyst exhibited the longest protection time, though this duration
gradually declined with increasing CuO loading.
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Figure 9. Conversion rates over time of CuO/ZrO, composite catalysts for thermocatalytic decompo-

sition of DMMP.

Table 4. Specific surface area, filling quality, and protective performance parameters of CuO/ZrO;
composite catalysts.

Catalyst Protection Filling SSA MSTC SSTC
Time (min) Quality (g) (m?/g) SDMMP/Gcat gDMMP/Scat
ZrO, 116 0.3716 100.1 0.087 0.00032
10%Cu/Zr 272 0.3861 69.9 0.197 0.00109
30%Cu/Zr 220 0.3916 60.8 0.157 0.00101
50%Cu/Zr 212 0.4471 43.6 0.132 0.00136
70%Cu/Zr 208 0.5000 28.6 0.116 0.00203
90%Cu/Zr 124 0.5909 11.2 0.059 0.00309
CuO 56 0.5851 10.3 0.027 0.00152

Given the considerable variation in catalyst mass due to differences in CuO content,
the performance was further evaluated using mass-specific treatment capacity (MSTC) and
surface-area-specific treatment capacity (SSTC). These parameters were calculated based
on loading capacity, SSA, protection time, volumetric air velocity, and initial concentration.
As summarized in Table 4, MSTC decreased with higher CuO doping, with 10%Cu/Zr
achieving the highest MSTC. SSTC, on the other hand, exhibited a general increasing trend.
Table 5 offers a comparative analysis of the protection times reported in the current study
with the previously published literature on DMMP degradation.

Table 5. A comparative analysis of protection time while using different catalysts.

Reference Catalyst Reaction Condition Protection Time
CUO/’Y-AIQO::, 1.8h
CuO-1% CeO, /y-AL,O3 350 °C, 21h
Gaoetal. [12] DMMP concentration 4.0 g/ m?, flow rate
Cu0O-5% CeO, /v-Al,O3 100 mL/min 39h

CuO-10% CeO, /v-Al,O3 1.8h
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Table 5. Cont.

Reference Catalyst Reaction Condition Protection Time
10% V /Al O3 125h
1% Pt/ Al,O5 85h
10% Cu/Al,O5 400 °C, 75h
Cao et al. [18] ALOs DMMP concentration 1300 ppm, flow rate 40h
50 mL/min
10% Fe/A1203 35h
10% Ni/Al, O, 15h
10% Ni/Al,O3 25h
2MCeOpnp 58h
6MCeO 70h
il 300 °C,
Kong et al. [19] 12MCeOynr DMMP concentration 5.32 g/ m3, flow rate 81h
6MCeO;,nc 50 mL/min 35h
12MCeO;nc 6.3h
CeO, 2.33h
10% Cu/Ce 42h
20% Cu/Ce 400°C, 443h
Kong et al. [20] DMMP concentration 8.46 g/ m3, flow rate
50% Cu/Ce 100 mL/min 5.36 h
80% Cu/Ce 2.33h
CuO 093 h
400 °C,
Cu2-HA DMMP concentration 3.58 g/ m3, flow rate 75h
100 mL/min
Lee et al. [43]
300 °C,
1.6%Pt-TiO, DMMP concentration 3.58 g/ m3, flow rate 8h
100 mL/min
299 °C,
Graven et al. [44] 0.5%Pt-Al,O3 DMMP concentration 3.5 g/ m?3, flow rate 8h
8.85 L/min
71O, 1.93h
10%Cu/Zr 453 h
30%Cu/Zr 3.67h
400 °C,

This work 50%Cu/Zr DMMP concentration 5.59 g/ m3, flow rate 353h
70%Cu/Zr 50 mL/min 3.47h
90%Cu/Zr 3.73h

CuO 0.93h

Zr0O,, CuO, and 10%Cu/Zr catalysts with the longest protection time were chosen
for elucidating the thermocatalytic decomposition mechanism of DMMP. The solid by-
products of the catalytic reaction were initially analyzed. Upon reaching the protection time
of the materials, XPS tests were conducted on the post-reaction ZrO,, CuO, and 10%Cu/Zr
catalysts, with the results shown in Figures 10-12. Figure 10 shows the XPS spectra of ZrO,
catalysts after reaction. As illustrated in Figure 10a, a distinct P 2p peak is observed on
the catalyst surface after the reaction, indicating that the deactivated catalyst is covered
with P species. Peak fitting of the P 2p region revealed two peaks at 134.3 and 133.4 eV,
which are attributed to P=O and P-OH [45]. The Zr 3d XPS spectra of the reacted ZrO,
catalysts are shown in Figure 10b, where the spectra were fitted to Zr; (182.1 eV) and Zry;
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species (182.7 eV) using the Gaussian-Lorentz function. It was observed that, compared to
the freshly prepared ZrO; catalysts, both the reacted Zr; and Zry; species shifted toward
lower binding energies, with an increase in the proportion of Zry species on the surface of
the reacted catalyst. Furthermore, the O 1s XPS spectrum of the reacted ZrO, catalyst is
presented in Figure 10c. The O 1s spectrum was fitted into four peaks, corresponding to
lattice oxygen (Opat), P=0, P-O, adsorbed oxygen (Oaq4s), and adsorbed water/hydroxyl
oxygen (O.op/H0) [46]. The percentage of lattice oxygen species before and after the
catalytic reaction was determined through fitting calculations, as presented in Table 6.

The freshly prepared ZrO, catalysts exhibit a higher proportion of Op ¢ compared to the

deactivated catalysts after the reaction, indicating that a significant amount of lattice oxygen
was consumed during the thermocatalytic decomposition of DMMP.
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Figure 10. XPS spectra of ZrO; catalysts following the completion of reaction: (a) P 2p, (b) Zr 3d, and
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Table 6. The proportion of Zr, Op 4, and Cu?* in the thermocatalytic decomposition of DMMP before
and after the reaction of catalysts.

Freshly Prepared Inactivation of Reaction
Catalyst
Zri/Zryy  Ora/Oan  Cu®*/Cuyy  Zr/Zry;  Ora/Oay Cu®*/Cuyy
ZrO, 78.9% 63.1% / 79.3% 47.4% /
10%Cu/Zr  51.6% 46.8% 65.1% 85.4% 13.8% 62.7%
CuO / 66.9% 66.4% / 10.8% 64.7%

Figure 11 presents the XPS spectrum of the 10%Cu/Zr catalyst following the reaction.
The presence of a P 2p energy peak, evident in Figure 11a, confirms the existence of
phosphorus-containing species on the surface of the catalyst. The Zr 3d spectral peaks,
illustrated in Figure 11b, were fitted to Zr; (182.3 eV) and Zryy (183.0 eV) species, which
exhibit a shift toward lower binding energies. The content of Zr; species is significantly
higher compared to the freshly prepared 10%Cu/Zr catalyst, where Zr; (182.4 eV) and
Zryy (183.9 eV) species are observed. The O 1s profile, shown in Figure 11c, was fitted
to four peaks corresponding to lattice oxygen (Or,), P=0, P-O, adsorbed oxygen (Oags),
and adsorbed water/hydroxy-oxygen (O.on/H;O). The proportions of lattice oxygen
species were calculated based on the fitting results, revealing a significant reduction in
the Oy 4t ratio on the catalyst surface following reaction deactivation. The Cu 2p spectrum
in Figure 11d displays distinct 2p3/, and 2p;,, characteristic peaks, along with strong
satellite peaks in the 938-948 eV range, indicating the presence of Cu?* in the reacted
catalyst. However, it remains inconclusive whether Cu* and Cu" are present, as the 2p;3,
binding energies of Cu* and Cu" are too close to be distinguished by the XPS spectra alone.
To further investigate, the Auger spectra of Cu were analyzed. Figure 11e shows the Cu
Auger spectrum, which was fitted using the nonlinear least squares method, confirming
the presence of Cu™ in the 10%Cu/Zr catalyst after the reaction. The data following fitting
calculations are summarized in Table 6. A comparison of the data prior to and following the
reaction reveals an evident decrease in the proportion of Cu* in the catalyst, suggesting
that Cu?* was partially consumed during the catalytic reaction, while the content of Cu*
in the catalyst increased. This indicates that lattice oxygen has a crucial function in the
catalytic oxidation and consumption of DMMP. The Cu* species on the catalyst surface
may interact with phosphorus-containing species, leading to the formation of copper salts
that remain on the surface. The accumulation of these products results in an increase
in Cu* content, which subsequently hinders further electron transfer from Cu* to Zr;
species. It can thus be inferred that the formation of metal salt by-products disrupts the
Zry + Cu?* < Zry + Cut/Cu’ cycle, causing a significant reduction in the content of Zry;
and Cu?* species. As the by-products continue to accumulate, the catalysts become fully
penetrated and inactivated, preventing the cycle reaction from proceeding to completion.

Figure 12 presents the XPS spectrum of the CuO catalyst after the reaction. As shown
in Figure 12a, the appearance of P 2p energy peaks on the surface of the deactivated CuO
catalyst following the thermocatalytic decomposition of DMMP confirms the presence of
residual phosphorus-containing species. Similarly, XPS spectral fitting analysis (Figure 12b)
identified the presence of lattice oxygen (Op,t), adsorbed oxygen (Oag4s), adsorbed wa-
ter /hydroxyl oxygen (O.op /H0), P=0, and P-O species. Furthermore, both Cu* and Cu?*
species were detected in the catalyst (Figure 12c,d). A comparison of the catalyst before and
following the reaction revealed a significant depletion of lattice oxygen, accompanied by
an increase in Cu* content and a corresponding decrease in Cu?* content, as summarized
in Table 6.

The gaseous products generated at different temperatures during the reaction were
analyzed using a CATLAB microreaction system equipped with mass spectrometry. As
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shown in Figure 13, the exhaust gases from all three catalysts contained CH3OH, Hj,
COy, and HyO. In the thermocatalytic decomposition of DMMP, the formation of Hj is
primarily associated with the cleavage of C-H bonds [47]. For the ZrO,, CuO, and 10%
Cu-Zr catalysts, the concentration of Hj initially increases with rising temperature before
subsequently decreasing. This trend can be attributed to the enhanced cleavage of C-H
bonds within the DMMP molecule at higher temperatures, which promotes H, formation.
However, at elevated temperatures, the decline in Hy concentration may result from
the formation of other hydrogen-containing products, such as H,O, through secondary
reactions. Similarly, the concentration of methanol increases and then decreases within a
specific temperature range. This behavior can presumably be ascribed to the existence of
hydroxyl moieties on the catalyst surface and the water generated during the reaction, both
of which can act as nucleophilic agents, facilitating the replacement of the -OCHj3 in DMMP
and leading to CH3OH formation [17,48-50]. With increasing temperature, hydrolysis is
enhanced, resulting in a rise in methanol concentration. However, at higher temperatures,
the methanol concentration declines while CO; levels increase, likely due to the oxidation
of methanol to CO,. Furthermore, the gaseous products may include CO, as indicated
by the charge-to-mass ratio of 28 in the mass spectrometry analysis. The presence of CO
suggests incomplete oxidation, potentially caused by an insufficient oxygen supply during
the catalytic process.
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Figure 13. Mass spectrometry analysis of exhaust gases from the thermocatalytic decomposition of
DMMP using different catalysts: (a) ZrO,, (b) 10%Cu/Zr, and (c¢) CuO. The pink line represents the
heating program curve.

Table 7 presents the characteristic peak positions of DMMP. Figure 14 illustrates the
in situ DRIFTS spectra of DMMP catalytic decomposition over ZrO, hollow microsphere
catalysts at various temperatures. In the high-frequency region of Figure 14a, the vi-
brational peaks corresponding to v,(P-CHs), vs(P-CHj3), and vs(O-CH3) exhibit negative
signals at 30 °C, which gradually weaken with increasing temperature and become positive
at 200 °C. Further, the v,(O-CH3) vibrational peak intensifies positively from 30 °C to
200 °C, suggesting that DMMP undergoes adsorption on the ZrO, surface at lower tem-
peratures. As the temperature rises to 300 °C, the intensities of the v,(P-CH3), vs(P-CHj3),
vs(O-CH3), and v,(O-CH3) peaks begin to diminish, reaching their lowest levels at 400 °C.
This behavior can be attributed to two possible factors: (1) the significant reduction in
DMMP adsorption on ZrO, at elevated temperatures, particularly beyond its boiling point,
and (2) the onset of DMMP thermal decomposition at higher temperatures.

In the low-frequency region of Figure 14b, the vibrational modes corresponding
to 8,(O—CHg), p||[(O—CHj), p||(P—CHs), va(C—0), v5(C—0), and v(P—O) disappear at
400 °C, indicating the cleavage of the P-OCHj3 bond in DMMP and the complete oxidation
of methoxide. The &s(P-CHj3) vibrational mode initially weakens, then intensifies, and
subsequently weakens again as the reaction temperature increases, aligning with the
trend observed in the high-frequency region. Similarly, the v(P=0) peak at 1245 cm ™!
shifts to a lower wavenumber with rising temperature and stabilizes beyond 200 °C. This
suggests that DMMP molecules adsorb onto the Lewis acid sites of the ZrO, catalyst
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and/or interact with surface hydroxyl groups to form hydrogen bonds [14,17,49]. The
peak at 1648 cm ™! corresponds to the v(C=0) vibrational mode of carbonate species [51],
which diminishes as the temperature increases. However, starting from 200 °C, distinct
vibrational peaks associated with the v,(O-C-O) mode of formate species appear on the
catalyst surface [51]. The vibrational peaks within the 1200-800 cm~! range arise from the
phosphorus-containing compounds and carbon—oxygen reaction products [13,52].

Table 7. Infrared spectrum of DMMP molecules.

Vibration Mode Infrared Wavenumber (cm—1)
v,(P—CHj3) 2997
va(O—CHz) 2957
vs(P—CH3) 2929
vs(O—CHs) 2852
52(O—CHj3) 1465
5s(P—CH3) 1314
v(P=0) 1245
p||(O—CHa;) 1185
va(C-0) 1055
vs(C—0) 1030
p||(P—CHs) 913
v(P—-0) 819
s a
—200"(:
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Figure 14. In situ DRIFTS spectra of ZrO, hollow microsphere surfaces under DMMP decomposition
reactions at various temperatures. (a) High-frequency region. (b) Mid-low-frequency region.

The in situ DRIFTS spectra of the 10%Cu/Zr catalyst at various temperatures
during the catalytic decomposition of DMMP are presented in Figure 15. In the
high-frequency region (Figure 15a), the vibrational peaks corresponding to vs(O-CH3),
va(O—CH3), va(P-CH3), and vs(P—CHs) exhibit negative signals at 30 °C and gradually
decrease with increasing reaction temperature. By 400 °C, the vs(O-CH3) and v,(O-CH3)
peaks disappear, indicating the complete removal of methoxy groups.
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Figure 15. In situ DRIFTS spectra of 10%Cu/Zr surfaces under DMMP decomposition reactions at
various temperatures. (a) High-frequency region. (b) Mid-low-frequency region.
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In the low-to-medium-frequency region (Figure 15b), the vibrational modes
82(0O-CH3), p||(O—CH3), va(C-0), vs(C-0), and v(P-O) are no longer detectable at 400 °C,
confirming the elimination of methoxy groups and complete decomposition of DMMP.
The p||(P-CH3) mode also disappears at 400 °C, while 6s(P-CH3) remains, suggesting that
the P-CHj; bond is hard to cleave. The peak at 1648 cm ™!, corresponding to the v(C=0)
vibrational mode [51], shifts to lower wavenumbers, weakens progressively, and eventually
disappears as the temperature rises. The migration of the v(P=0) peak to 1232 cm~! at
30 °C suggests that DMMP molecules interact with the Lewis acid sites of the CuO/ZrO,
catalyst and/or form hydrogen bonds with surface hydroxyl groups [14,17,49]. The vibra-
tional peaks observed in the 1200-800 cm ! region correspond to phosphorus-containing
and carbon-oxygen species formed during the reaction [13,52].

Figure 16 presents the in situ DRIFTS spectra of DMMP decomposition catalyzed by
CuO at different temperatures. The figure shows that the intensities of the v,(P-CH3),
vs(P-CH3), va(O-CHj3), and vs(O-CHj3) peaks in the high-frequency region gradually
decrease with increasing temperature, suggesting the progressive decomposition of DMMP.
In the low-frequency region (Figure 16b), the 5,(O-CHjs), p||(O-CH3), va(C-O), vs(C-0O),
and v(P-O) vibrational peaks disappear at 400 °C, indicating the complete oxidation of
methoxy groups. The p||(P-CHj3) mode also vanishes at 400 °C, while 5s(P-CHj3) remains
detectable, suggesting that the P-CHj bond is more resistant to cleavage. The v(P=0)
vibrational mode disappears as early as 100 °C, indicating the cleavage of the phosphoryl
bond. A broad set of overlapping peaks in the 1200-800 cm~! region becomes more
pronounced with increasing temperature, attributed to the generation of phosphorus-
containing and carbon—oxygen species on the CuO surface [13,53].
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Figure 16. In situ DRIFTS spectra of CuO surfaces under DMMP decomposition reactions at various
temperatures. (a) High-frequency region. (b) Mid-low-frequency region.

Based on the above analysis and the relevant literature, we propose that ZrO,, CuO,
and CuO/ZrO; catalysts follow similar catalytic decomposition pathways, as illustrated in
Figure 17. Initially, DMMP molecules adsorb onto the Lewis acidic sites of the catalysts
and/or interact with surface hydroxyl groups via H-bonding (step I). Subsequently, the
hydroxyl groups on the catalyst surface sequentially replace the two methoxy groups in
DMMP through nucleophilic substitution, leading to the formation of gaseous methanol
and phosphorus-containing surface species (step II and III: C3HygO3P + CuO/ZrO,-OH —
C2H603P-CUO/ZI‘OZ + CH3OH and C2H603P-CUO/ZI"OZ + CUO/ZIOZ-OH — CH303P-
CuO/ZrO, + CH30H). Methanol then undergoes further oxidation and decomposi-
tion, generating CO,, CO, and HyO. Methanol can also react with hydroxyl groups or
lattice oxygen on the catalyst surface, producing various carbon—-oxygen by-products
(step IV: CH30H + Oy — CO,/CO + HyO + Hy). Unlike pure ZrO, and CuO, the CuO/ZrO,
catalyst benefits from the synergistic interaction between Cu and Zr, which facilitates
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electron transfer and enhances oxygen mobility. This improved oxygen transfer further
promotes oxidative cycling reactions, contributing to more efficient catalytic decomposition.
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Figure 17. Proposed mechanism for DMMP decomposition.

4. Conclusions

In this study, ZrO,, CuO, and CuO/ZrO, composite catalysts with varying Cu/Zr
ratios (10%, 30%, 50%, 70%, and 90%) were successfully synthesized using the hydrother-
mal method and a secondary hydrothermal method, respectively. Their thermocatalytic
decomposition performance, reaction mechanism, and deactivation processes for DMMP
were systematically investigated. Among the evaluated catalysts, CuO/ZrO; compos-
ite catalysts with different loading ratios demonstrated superior protection time against
DMMP compared to single-component catalysts. The 10%Cu/Zr composite exhibited the
longest protection time for DMMP thermocatalytic decomposition, reaching 272 min. This
enhanced performance was attributed to efficient electron transfer between Zr and Cu
species (Zry; + Cu®* <+ Zry + Cut/Cu’), which facilitated the transfer of reactive oxygen
species. The synergistic interaction between Cu and Zr further improved catalytic efficiency.
The decomposition process over CuO, 10%Cu/Zr, and ZrO, followed a similar pathway,
producing gaseous CH3OH, CO,, H,, H,0O, and possibly CO, while carbon—oxygen and
phosphorus-containing by-products accumulated on the catalyst surface. Over time, this
accumulation led to catalyst poisoning and deactivation. This study preliminarily revealed
the fundamental mechanism of DMMP thermocatalytic decomposition using CuO/ZrO,
composite catalysts, providing reference for the rational design, performance optimiza-
tion, and regeneration of catalysts for effective degradation of chemical warfare agents in
the future.
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Abbreviations

The following abbreviations are used in this manuscript:

DMMP Dimethyl methylphosphonate
AChE Acetylcholinesterase

SSA Specific surface area
SEM Scanning electron microscopy
EDS Energy-dispersive spectroscopy

Hp-TPR  Hydrogen temperature-programmed reduction
ICP-OES  Inductively coupled plasma optical emission spectrometer

XPS X-ray photoelectron spectroscopy

DRIFTS  Diffuse reflectance infrared Fourier transform spectroscopy
MEC Mass flow controller

FID Flame ionization detector
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