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a b s t r a c t

Aging of Pt in diesel oxidation catalyst (DOC) leads to diminished catalytic activity, presenting a consider-

able challenge for catalyst regeneration and enhancement. This work investigates on the regeneration of

Pt/Al2O3-SiO2 (Pt/AS) catalysts in DOC utilizing the synergistic effect of the indirect non-thermal plasma

(INTP) and direct non-thermal plasma (DNTP) to optimize catalytic performance for efficient and stable

conversion of gaseous pollutants. The distinctive properties of DNTP-INTP promote the removal of sur-

face particulate matter (PM) and increase the availability of adsorbed oxygen (Oads) on the catalyst sur-

face. Moreover, DNTP effectively reduces the particle size of sintered catalysts by applying a high-energy

electric field. This process facilitates the conversion of PtOx to metallic Pt0. Additionally, agglomerated

Pt structures can be reverted into regular hexahedral nanoparticles through the synergistic process. The

regenerated catalyst demonstrates exceptional catalytic performance and stability, which can rival the

performance of newly prepared catalysts. Notably, compared to the aged catalyst, the low-temperature

performance improves significantly, with a reduction of 90 °C in the temperature at the onset of cat-

alytic activity. These results highlight the considerable potential of plasma-assisted synergistic catalysts

regeneration for revitalizing aged DOC within the context of advancing clean energy technologies.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The environment serves as the cornerstone of sustainable devel-

opment. The Euro VII emission regulations, implemented on April

12, 2024, exemplify the ongoing enhancements in emission stan-

dards and environmental policies. These advancements have sig-

nificantly contributed to the consistent mitigation of detrimental

pollutants discharged by fuel-powered vehicles. While diesel en-

gines typically exhibit superior fuel efficiency compared to gasoline

engines, issues such as incomplete combustion lead to the emis-

sion of harmful pollutants (CO, NO, hydrocarbons, and PM), which

pose serious health risks to humans [1–5]. Currently, the primary

method for addressing CO and other contaminants involves the in-

corporation of a diesel oxidation catalyst (DOC) into the aftertreat-

ment system [6–9]. The DOC utilizes catalysts derived from plat-

inum group metals (PGMs) that are coated within the channels to
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facilitate the conversion of exhaust pollutants into CO2 and NO2.

The presence of PM and harmful gases in the exhaust stream leads

to carbon accumulation and contamination on the surface of the

DOC. Furthermore, the extreme conditions of elevated temperature

and pressure in the exhaust gas contribute to the degradation of

the noble metal catalyst coating through a process known as sin-

tering. Collectively, these adverse factors result in the deactivation

of the DOC and a subsequent reduction in its catalytic efficiency

[10–13]. Currently, common methods for rejuvenating aged DOC

include thermal regeneration and wet washing regeneration. How-

ever, traditional thermal regeneration is energy-intensive and pro-

motes catalyst agglomeration and sintering, which leads to a re-

duction in catalytic efficiency. Chemical approaches like wet wash-

ing are ineffective in removing surface-covered PM and can cause

secondary pollution due to the excessive use of chemical reagents.

Therefore, there is an urgent need for novel regeneration tech-

niques for aging DOC [14–17].

https://doi.org/10.1016/j.cclet.2025.112246
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Non-thermal plasma (NTP) represents a promising technology

for regeneration [18–24]. In particular, dielectric barrier discharge

(DBD) plasma, a prevalent form of NTP, is widely employed in cat-

alyst preparation and modification. NTP are classified into indirect

NTP (INTP) and direct NTP (DNTP) based on their distinct opera-

tional mechanisms. INTP functions by generating high-energy elec-

trons through electrical discharge rather than by heating the gas.

This process creates various environments (ions, radicals, electrons,

photons, and excited molecules) that facilitate oxidation, reduction,

or non-reactive reactions. The resulting chemically active species

then interact with the surface of nanomaterials, inducing changes

in their physical and chemical properties. This optimization of elec-

tronic structure imparts the desired properties to the nanomaterial

[25,26]. Zhu et al. utilized NTP for the purification of volatile or-

ganic compounds (VOCs) and integrated it with a selective catalytic

reduction (SCR) catalyst to enhance pollutant removal efficiency

[27]. Kim et al. investigated the application of a packed bed reac-

tor for plasma-generated monoatomic oxygen and ozone treatment

of Au/TiO2 to facilitate catalyst regeneration [28]. NTP with oxygen

as the gas source generates abundant active species (O∗, O3) for

pollutant removal, thereby promoting the exposure of more active

sites. Shi et al. demonstrated that NTP active species can efficiently

eliminate diesel exhaust particulates at low temperatures through

oxidation [29]. However, the indirect effect of NTP active species

do not facilitate the reversible alteration of particle size and disper-

sion in sintered catalysts. It is widely acknowledged that reducing

the size of metal nanoparticles can significantly enhance catalytic

activity in various reactions by exposing more catalytically active

corner or edge sites on the metal surface [30]. DNTP is commonly

employed for the synthesis of highly dispersed metal nanoparti-

cles at the nanoscale. In DOC, Pt catalysts tend to form PtOx clus-

ters under high-temperature and high-pressure conditions in ex-

haust gases. However, PtOx (x>2) exhibits limited catalytic activ-

ity towards the oxidation of gaseous pollutant [31]. Hwang et al.

observed that at 600.0 °C, PtO2 decomposes into Pt, which sub-

sequently interacts with Al2O3 to form PtAl2O4 [32]. The electron

temperature of DNTP discharge can reach up to 1.9726×104 °C
or higher, while the bulk temperature typically remains below

200.0 °C [33]. The high-energy electrons generated by DNTP effec-

tively reduce PtOx in aged DOC. Zhang et al. synthesized a niobium

carbide monoatomic catalyst using arc discharge with CH4 as the

gas source. This research successfully achieved the preparation of

nano or even monoatomic single-atom catalysts (SAC) through the

direct application of DNTP [34]. Borra et al. discovered that the in-

teraction sites between DBD plasma filaments and various metal

electrodes can induce localized vapor fluxes. This process results

in the formation of primary metal nanoparticles through physical

nucleation within expanding vapor jets, thereby producing diverse

nanoparticles via DNTP [35]. Jiang et al. employed plasma tech-

niques to fabricate a LaMnO3 nano-network supported palladium

catalyst, which enhances its surface area and porosity, demonstrat-

ing outstanding catalytic efficacy [36]. Yu and colleagues success-

fully mitigated coking by enhancing metal dispersion, decreasing

the Ni particle size, and altering the Ni structure as a whole us-

ing a DNTP-assisted Ni-Pt catalyst [37]. The DNTP treatment facil-

itated reversible modifications in the morphology and dispersion

of the sintered catalyst while notably enhancing the metal-support

interaction. In a separate study, Liu et al. demonstrated that plasma

treatment could strengthen the interaction between Ni and ZSM-

5 support, effectively restraining the aggregation of noble metal

catalysts [38]. Additionally, INTP technology enables the elimina-

tion of PM, nitrogen oxides, and carbon monoxide, thereby expos-

ing the active sites of the catalyst. DNTP technology allows for the

reversible alteration of the dispersion and morphology of sintered

noble metal catalysts, thereby enhancing the interaction between

the catalyst and the support material. However, limited research

has been conducted on the impact of INTP and DNTP collaborative

regeneration on the catalytic efficacy of aged DOC.

In this work, DNTP and INTP were utilized synergistically man-

ner to rejuvenate aged DOC under ambient temperature and atmo-

spheric pressure conditions (Figs. S1 and S2 in Supporting informa-

tion). The objective was to explore the distinct regeneration out-

comes resulting from various NTP regeneration approaches, while

addressing the challenge of DOC deactivation. The ultimate goal

was to restore the low-temperature reactivity and thermal stability

characteristics of the aged catalyst, thereby achieving synergistic

enhancement through the combined application of DNTP and INTP

(Fig. 1). CO conversion and durability cycling experiments were

conducted to assess the performance variations of DOC following

deactivation and rejuvenation. Additionally, aged, fresh, and reju-

venated catalyst specimens were analyzed to investigate the effects

of INTP and DNTP on the structure, morphology, elemental com-

position, and state of the aged catalyst. This investigation provides

novel insights into the rejuvenation of aged catalysts and integrat-

ing plasma treatment technology into the catalytic filed, propos-

ing a new research avenue for achieving enhanced catalytic efficacy

and stability.

A clean DOC sample labeled as Fresh. In the initial phase of

testing, apply an engine bench load of 75% was applied while

maintaining a constant rotation speed of 2500.0 r/min. The clean

DOC was installed at the rear of the engine exhaust. After the

diesel engine after treatment system had operated for 12.0 h, the

aged DOC was designated as Pt/AS-1. Under atmospheric condi-

tions, the catalyst was subjected to a discharge voltage of 10.0 kV

for a duration time of 1.0 h. Direct electric shock aging using DNTP

was applied to the DOC, resulting in a sample denoted as Pt/AS-2-

D. In an O2 atmosphere, an input voltage of 30.0 kV was applied for

a discharge duration of 1.0 h to indirectly treat the aged DOC with

INTP, yielding in the sample Pt/AS-3-I. Subsequently, INTP-DNTP

synergistic regeneration treatment based on the previous step was

performed to acquire the sample Pt/AS-4-I/D. Fig. S3 (Supporting

information) shows the discharge parameters.

To investigate the impact of plasma regeneration on the cat-

alytic oxidation performance of aging DOC, a series of CO catalytic

oxidation performance tests were conducted. This study compared

changes in characteristic temperatures, including TS (the temper-

ature at the onset of CO conversion), T50 (the temperature at

50% CO conversion), and T90 (the temperature at 90% CO conver-

sion). Fig. 2a illustrates the temperature-dependent CO conversion

efficiency of five groups of regenerated catalysts: Fresh, Pt/AS-1,

Pt/AS-2-D, Pt/AS-3-I, and Pt/AS-4-I/D. As the noble metal catalyst

reaches its light-off temperature, the conversion efficiency steadily

increases with temperature until it reaches 100%. Fig. 2b presents

the characteristic temperatures (TS, T50, and T90) for the different

catalysts, which directly correlate with catalytic activity. A compar-

ison with the fresh catalyst revealed that the TS of the aged Pt/AS-

1 catalyst increased by 89.0 °C, primarily attributed to sintering

and carbon deposition on the DOC surface due to prolonged oper-

ation, which led to decreased performance at lower temperatures.

Following NTP treatment, the Ts values of Pt/AS-2-D, Pt/AS-3-I, and

Pt/AS-4-I/D shifted towards lower temperatures, indicating an en-

hancement in catalytic performance at lower temperatures. Specif-

ically, compared with Pt/AS-1, the regenerated catalysts Pt/AS-2-D,

Pt/AS-3-I and Pt/AS-4-I/D exhibited reductions in TS of 90.0, 93.0

and 93.0 °C. These findings suggest that NTP treatment effectively

enhances the catalytic performance of aged catalysts at lower tem-

peratures.

The data indicates that the T50/T90 values of the Pt/AS-2-D and

Pt/AS-3-I catalysts, treated solely with NTP, are significantly lower

than those of the aged Pt/AS-1 catalyst sample. Notably, the Pt/AS-

4-I/D sample, which underwent to INTP-DNTP synergistic regener-

ation treatment, exhibits the most pronounced decrease, with T50

2
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Fig. 1. Schematic diagram of the NTP regeneration system.

Fig. 2. (a) Plots of CO oxidation conversion rates for different catalyst samples. (b) CO oxidation performance of catalysts at different temperatures. (c) Stability test data

curve of CO conversion catalyst. (d) Arrhenius plots of CO oxidation on different catalysts (Pt/AS-1, Pt/AS-4-I/D). (e) TG curves of regenerated and aged catalyst samples. (f)

DTG curves of regenerated and aged catalyst samples.

decreasing by 82.0 °C and T90 by 70.0 °C. Remarkably, the T50 value

of the Pt/AS-4-I/D sample (180.0 °C) is slightly lower than that of

the fresh DOC sample (188.0 °C), while the T90 value (210.0 °C) is

marginally higher than that of the fresh DOC sample (206.0 °C).
Additionally, the temperature required for complete CO conversion

is significantly reduced following NTP regeneration. These findings

suggest that NTP regeneration treatment effectively enhances the

catalytic oxidation performance of aged catalysts [39], with the

most notable improvement observed in the aged DOC samples af-

ter INTP-DNTP synergistic regeneration treatment.

Fig. S4a (Supporting information) shows the catalytic oxidation

data curves for toluene across all DOC samples. The conversion rate

curves for the five catalyst groups exhibit similar trends: Once the

precious metal catalysts reach their ignition temperature, conver-

sion efficiency continuously increases with rising temperature un-

til ultimately reaching 100%. Fresh DOC exhibits the highest cat-

alytic activity, while the aged DOC sample Pt/AS-1 shows the low-

est activity. After NTP treatment, the characteristic temperatures of

Pt/AS-2-D, Pt/AS-3-I, and Pt/AS-4-I/D all shifted toward lower tem-

peratures, significantly enhancing their catalytic activity. The cat-

alytic activity of specific samples, ranked from highest to lowest,

is: Fresh > Pt/AS-4-I/D > Pt/AS-3-I > Pt/AS-2-D > Pt/AS-1. Fig.

S4b and Table S1 (Supporting information) lists the characteristic

temperatures for toluene catalytic oxidation across catalyst sam-

ples. Compared to Pt/AS-1, Pt/AS-3-I and Pt/AS-4-I/D exhibited the

greatest catalytic activity enhancement. The characteristic temper-

atures Tmax for Pt/AS-3-I and Pt/AS-4-I/D increased by 18.7 °C and

18.0 °C, respectively. while Pt/AS-2-D exhibited an 8.7 °C increase in

Tmax. The catalytic oxidation capabilities of Pt/AS-3-I and Pt/AS-4-

I/D were comparable. Catalytic oxidation results demonstrate that

NTP regeneration can effectively restore the catalytic oxidation ca-

pacity of aged catalysts toward toluene. Unlike CO oxidation re-

sults, Pt/AS-4-I/D failed to fully recover the lost performance of

Pt/AS-1.

The Arrhenius relation was utilized to calculate the activa-

tion energy of the catalyst (Fig. S5 in Supporting information). As

shown in Fig. 2d, the activation energy of the Pt/AS-1 catalyst

significantly decreased from 58.06 kJ/mol to 38.74 kJ/mol follow-
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ing the INTP-DNTP synergistic regeneration treatment. Studies in-

dicates a direct correlation between reduced activation energy and

enhanced catalyst activity. Specifically, the order of catalytic activ-

ity is as follows: Pt/AS-1 (58.06 kJ/mol) > Pt/AS-2-D (46.71 kJ/mol)

> Pt/AS-3-I (42.50 kJ/mol) > Pt/AS-4-I/D (38.74 kJ/mol), which cor-

responds with the CO conversion. These results collectively demon-

strate the efficacy of the INTP-DNTP synergistic regeneration sys-

tem in revitalizing and restoring the catalytic oxidation capabilities

of aged catalysts.

Maintaining the effectiveness of DOC in removing of automo-

tive emission pollutants such as CO, hydrocarbons, and NOx at

low temperatures, while ensuring stability under frequent high-

temperature fluctuations, presents a critical challenge in emission

reduction. To evaluate the durability of these catalysts under sim-

ulated automotive exhaust conditions at 250.0 °C, five groups of

catalyst samples underwent cycling tests (Fig. S6 in Supporting in-

formation). The focus was on assessing the continuous oxidation

conversion rate of CO. Notably, Pt/AS-4-I/D exhibited exceptional

stability during endurance testing, as illustrated in Fig. 2c. In com-

parison to Pt/AS-1, Pt/AS-4-I/D maintained a consistently high and

stable CO conversion rate. Conversely, Pt/AS-1 demonstrated a sig-

nificant decline in CO conversion efficiency after 100.0min of cy-

cling, with efficiency progressively decreasing with extended cycle

durations.

To further explore the thermal stability of the catalytic sam-

ples, thermal gravimetry (TG) was employed to assess the regen-

erated catalyst samples. The TG analysis reveals a weight reduc-

tion for Pt/AS-1, Pt/AS-2-D, Pt/AS-3-I, and Pt/AS-4-I/D of approx-

imately 13.1%, 14.8 %, 7.1 %, and 6.4%, respectively, as the tem-

perature increases from 25.0 °C to 800.0 °C (Fig. 2e). Specifically,

Pt/AS-1 and Pt/AS-2-D exhibit a gradual decomposition trend be-

yond 500.0 °C, whereas Pt/AS-3-I and Pt/AS-4-I/D continue to de-

grade steadily after reaching 500.0 °C, indicating ongoing oxygen

loss from the material’s surface. The removal of oxygen from a ma-

terial’s surface can occur through three mechanisms: OH desorp-

tion [40], carbonate species decomposition [41], or direct desorp-

tion [42]. The differential thermogravimetry (DTG) results depicted

in Fig. 2f reveal an exothermic peak around 250.0–260.0 °C, at-

tributed to the ongoing condensation reaction of surface hydroxyl

groups and the phase transition of the γ -Al2O3 carrier structure

[43,44]. The subsequent weight loss stage between 450.0 °C and

480.0 °C primarily results from particles adhering to the DOC chan-

nels and the decomposition of noble metal oxides (PtOx). The

peak oxidation temperatures of Pt/AS-2-D, Pt/AS-3-I, and Pt/AS-

4-I/D shift to lower temperatures compared to Pt/AS-1, suggest-

ing enhanced low-temperature oxidation efficiency of the catalysts

following plasma regeneration modification. The integration of en-

durance cycle assessments of catalyst samples and weight loss rate

profiles further supports the initial inference of improved thermal

stability of both the Pt catalyst and its support after NTP treatment.

In a DOC work environment, the accumulation of excessive coke

on noble metal catalyst surfaces during fuel combustion can im-

pede the interaction between active sites on the catalyst and re-

active substances (CO, NO), thereby diminishing the catalytic oxi-

dation efficiency towards pollutants in Fig. 3a. Therefore, the effec-

tive elimination of carbon deposits and other contaminants from

the catalyst surface is of paramount importance for restoring and

enhancing catalytic performance. Energy dispersive spectroscopy

(EDS) elemental mapping images in Figs. 3b-g, which reveal no-

table differences [45]. Specifically, compared to the aged Pt/AS-

1 catalyst, the Pt dispersion in the Pt/AS-2-D sample after DNTP

treatment is markedly enhanced in Fig. 3h and Fig. S9 (Support-

ing information), as previously reported. Furthermore, the surface-

bound carbon on the Pt/AS-3-I sample is effectively eliminated fol-

lowing INTP treatment (Fig. S8 in Supporting information). These

findings align with prior research demonstrating the efficacy of

NTP in removing carbon deposits from diesel exhaust emissions

[46]. Fig. 3i and Fig. S7 (Supporting information) presents the el-

emental composition as determined by EDS surface scanning and

XPS semi-quantitative analysis. The data in Table S2 reveals a no-

table decrease in the carbon content of the Pt/AS-3-I sample fol-

lowing INTP treatment, with the carbon content decreasing from

11.48% in the Pt/AS-1 aged sample to 9.64% in the Pt/AS-3-I sam-

ple. Fig. 3j illustrates that the trend in carbon content change ob-

served in the XPS data aligns with the EDS results. Specifically,

after INTP treatment, the carbon content in Pt/AS-1 samples de-

creased from 39.77% to 24.01% in Pt/AS-3-I samples. Fig. 3k shows

a significant increase in Pt content in DOC due to carbon removal

following plasma treatment. Subsequent after DNTP treatment re-

sulted in a slight additional decrease in carbon content. Utilizing

O2 as the gas source in plasma generation leads to the production

of abundant active species (O∗, O3) that effectively eliminate PM

at low temperatures [47], Fig. S10 (Supporting information) shows

the oxygen element mapping results on the DOC surface, consis-

tent with prior research [48,49]. The removal of carbon deposits is

advantageous for restoring catalyst performance.

X-ray photoelectron spectroscopy (XPS) analysis was conducted

to elucidate the valence state and electronic structure of the re-

generated catalyst (Fig. 3l). Figs. 3m-n present the XPS spectra of

Pt 4f and Al 2p The Pt 4f spectrum exhibits two peaks (Pt 4f7/2
and Pt 4f5/2) with lower binding energies at 70.69 and 73.89 eV,

which correspond to Pt0 species. Additionally, peaks at 71.67 and

75.17 eV are assigned to Pt2+ species, while peaks at 73.56 and

76.76 eV are designated as Pt4+ species. Analysis of Table S3 (Sup-

porting information) indicates that the Pt0 content across the five

sample groups follows the order of Pt/AS-4-I/D > Fresh > Pt/AS-

2-D > Pt/AS-3-I > Pt/AS-1. The Pt2+ content ranks as Fresh >

Pt/AS-3-I > Pt/AS-2-D > Pt/AS-4-I/D > Pt/AS-1; and the sequence

for Pt4+ content is Pt/AS-1 > Pt/AS-3-I > Pt/AS-2-D > Pt/AS-4-

I/D > Fresh. Analysis of Pt 4f spectra indicates that Pt predomi-

nantly exists in the Pt4+ high oxidation state in aged catalyst sam-

ples, which is attributed to the oxidation of engine exhaust in

high-temperature, oxygen-rich conditions. NTP treatment signifi-

cantly alters the chemical valence state of Pt, with variations ob-

served following different NTP treatments. The high oxidation state

of Pt4+ in Pt/AS-1 was converted to metallic Pt0 after DNTP treat-

ment, while the high oxidation state of Pt4+ was converted to the

metallic state Pt2+ after INTP treatment. The Pt0 content in Pt/AS-

4-I/D after INTP-DNTP synergistic regeneration treatment was the

highest, and the increase of Pt0 content suggests that there was a

large amount of metallic Pt on the surface of the catalyst. Con-

versely, the aging catalyst Pt4+ was primarily converted to Pt2+

following the indirect regeneration by plasma active substances.

The decrease in the valence state indicates that the precious metal

oxides are effectively reduced. The excessive stability of Pt2+ con-

tributes to its inactivity towards CO oxidation at low temperature,

while the activity of Pt nanoparticles formed after reduction ac-

tivation is enhanced [50,51]. This also explains why the oxidation

ability of catalyst samples after NTP regeneration at low temper-

ature is significantly higher than that of aging catalysts. The in-

creased CO oxidation efficiency of Pt/AS-2-D and Pt/AS-4-I/D at low

temperatures can be attributed to the direct impact of DNTP on

aged catalysts, which facilities the formation of Pt single atoms.

This process significantly enhances catalytic activity, complement-

ing the intrinsic high catalytic efficacy of Pt species in the Pt0 elec-

tronic state. Huizinga et al. observed a decrease in the binding en-

ergy of Pt supported on alumina as Pt particles sintered, attribut-

ing this phenomenon to the enhanced shielding of core holes by

the electrons of neighboring atoms in larger particles. It is evident

that the Pt peak position shifts towards higher binding energies for

samples treated with equal DNTP regeneration. Notably, the peak

position undergoes the most significant shift following INTP-DNTP

4
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Fig. 3. (a) Schematic diagram of the mechanism of action of INTP. (b, e) SEM plots (Pt/AS-4-I/D). (c) The EDS surface scan image of Pt element on the Pt/AS-1 sample. (d)

The EDS surface scan image of Pt element on the Pt/AS-2-D sample. (f) The EDS surface scan image of carbon on the Pt/AS-1 sample. (g) The EDS surface scan image of

carbon on the Pt/AS-3-I sample. (h) Pt elemental content (XPS). (i) EDS energy spectrum. (j) C and O elemental content (XPS). (k) Pt elemental content (EDS). (l) XPS full

spectrum. XPS fine spectra of Pt 4f (m), Al 2p (n), C 1s (o) and O 1s (p). (q) XPS catalyst adsorbed oxygen/lattice oxygen content. (s) O2-TPD of five catalyst sample sets.

synergistic regeneration treatment, aligning well with the reported

Pt0 binding energy value. Analysis of the data presented in Table

S5 (Supporting information) reveals varying degrees of a shift to-

wards lower binding energies in the Al 2p peak position of the

support following NTP regeneration. Compared to the Al 2p peak

position in Pt/AS-1, the Al 2p peak position shifts to a lower bind-

ing energy, with shifts of approximately 0.08 eV and 0.13 eV for

DNTP and INTP, respectively. Notably, the Pt 4f peak position of the

catalyst shifts towards higher binding energies after NTP regenera-

tion, with the most significant shift observed in DNTP regeneration.

The Pt 4f peak position of Pt/AS-2-D shifts by 3.36 eV in compari-

son to the aged Pt/AS-1 catalyst. Fig. S11 (Supporting information)

shows the Pt 4d5/2 spectral regions for five groups of Pt catalyst

samples: aged DOC, fresh DOC, and NTP regenerated samples. After

background subtraction from the scattered electron spectra using

the Shirley method approximation and decomposing the spectra

into individual components, two platinum states were identified

in the catalysts: Eb(Pt 4d5/2)=314.4–314.7 eV for the metallic state

and an oxidized platinum state with Eb(Pt 4d5/2)=317.6–318.2 eV.

Table S8 (Supporting information) lists the metallic and oxidized

5
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state contents in the catalyst samples. Table S6 (Supporting infor-

mation) indicates the order of metallic Pt content among the five

samples: Pt/AS-4-I/D > Fresh > Pt/AS-2-D > Pt/AS-3-I > Pt/AS-1.

Although Pt 4f and Pt 4d yield different results for Pt valence state

distribution, their trends align with the Pt 4f findings. Specifically,

NTP coupling treatment of aged catalysts promotes the conversion

of oxidized Pt in aged DOC to metallic Pt, significantly increasing

the metallic Pt content even surpassing that in fresh DOC. Further-

more, the detailed analysis of the C 1s spectrum reveals energy

levels of 289.1 eV for C=O, 286.5 eV for C–O, and 284.7 eV for C–C,

as reported in a previous study in Fig. 3o [52].

Fig. 3p presents an analysis of O 1s spectra used to distinguish

various oxygen species. The peak observed at a lower binding en-

ergy (530.8 eV) in the O 1s spectrum corresponds to lattice oxy-

gen (Olatt), while the peak at a higher binding energy (531.7 eV)

corresponds to adsorbed oxygen (Oads) [53–55]. The proportion of

Oads is illustrated in Fig. 3q. Table S4 presents that the Oads con-

tent in catalyst samples treated with different NTP increases to

varying extents. Following regeneration, the Oads content of the

Pt/AS-4-I/D, Pt/AS-3-I, and Pt/AS-2-D samples increases by 4.8%,

6.7 %, and 9.3%, respectively, compared to the aged catalyst. The

Oads/Oads+Olatt ratio is ranked as follows: Fresh > Pt/AS-4-I/D >

Pt/AS-3-I > Pt/AS-2-D > Pt/AS-1. Research indicates that a higher

Oads/Oads+Olatt ratio leads to increased generation of active oxygen

and enhanced catalytic activity [56]. Notably, the Oads/Oads+Olatt

content of Pt/AS-4-I/D, modified by INTP-DNTP synergistic regen-

eration, significantly increases from 36.61% to 45.86% compared

to Pt/AS-1. Furthermore, the Oads/Oads+Olatt content of Pt/AS-4-

I/D, modified by INTP-DNTP synergistic regeneration, approaches

52.59% of that of the Fresh sample, indicating that INTP-DNTP can

effectively enhance the Oads content of Pt/AS-4-I/D. For Pt catalysts

supported on inert materials, the primary reaction pathways in-

volve the adsorption of mobile molecular oxygen on the support,

its dissociation at the interface, and reactions at the interface be-

tween Pt particles and CO adsorbed on Pt. For Pt loaded on in-

ert materials, reactive oxygen species (ROS) supply likely originates

from either directly dissociated adsorbed Oads on Pt particles or

adsorbed Oads on the support. The size of Pt particles plays a de-

cisive role. Therefore, in INTP-DNTP systems, INTP generates active

species that effectively remove particulate matter, while Oads re-

plenished on the Pt surface from aged DOC provide ROS for sus-

tained catalytic CO oxidation of regenerated DOC.

To investigate the oxygen species involved in the reaction,

the catalyst underwent oxygen temperature programming desorp-

tion (O2-TPD) characterization. Fig. 3s presents the results, reveal-

ing distinct oxygen desorption peaks for both aged and regener-

ated catalyst samples. The O2-TPD curve is delineated into three

segments: Surface-adsorbed oxygen species (O2
-
ad, 50–200.0 °C),

chemisorbed oxygen species (O-
ad, 200–500.0 °C), and bulk lattice

oxygen (O2
-
lat > 500.0 °C). Physically adsorbed oxygen (O2ad) typi-

cally desorbs below 50.0 °C. The findings indicate a desorption pro-

cess of O2ad → O2
-
ad → O-

ad → O2
-
lat for the oxygen species ad-

sorbed on the catalyst. Surface chemisorbed oxygen species, O2
-
ad

and O-
ad, demonstrate activity in oxidation reactions [57]. Table S7

presents the desorption peak area of oxygen adsorbed on various

surfaces, with the desorption peak areas of Pt/AS-4-I/D, Pt/AS-3-

I, and Pt/AS-2-D following NTP treatment exhibiting significantly

greater values. Specifically, the desorption peak area of the INTP-

DNTP synergistic regeneration catalyst increased by 14.5 and 2.5

times compared to Pt/AS-1 and the fresh sample, respectively. The

order of desorption peak areas for chemisorbed oxygen species

O2
-
ad was as follows: Pt/AS-4-I/D (749.57) > Pt/AS-3-I (560.28)

> Pt/AS-2-D (288.79) > Fresh (213.44) > Pt/AS-1 (48.05). O2-TPD

analysis indicated that treatments with INTP and DNTP treatments

resulted in enhanced production of O2
-
ad and O-

ad, demonstrating

synergistic regeneration. Furthermore, the desorption peaks of sur-

face and chemisorbed oxygen shifted to lower temperatures fol-

lowing plasma regeneration, which suggests improved mobility of

active oxygen species that may enhance catalytic activity for CO

oxidation. The Pt/AS-1 catalyst treated with INTP-DNTP exhibited

superior oxygen desorption capacity, increased active oxygen con-

tent, and enhanced mobility. These findings imply that plasma-

synergistic regeneration significantly enhances the catalyst’s oxy-

gen activation capability, leading to a marked improvement in cat-

alytic activity.

X-ray diffraction (XRD) analysis was conducted to evaluate the

crystal structure of the catalyst before and after regeneration,

with the objective of investigating its structural properties. Distinct

peaks corresponding to the (111), (100), and (110) planes of Pt were

clearly discernible at 2θ angles of 39.7°, 46.2°, and 64.7° across

all samples, aligning with findings reported in the literature [57].

The full X-ray diffraction pattern of the Pt catalyst is presented in

Fig. 4a, while Figs. S12a-c (Supporting information) illustrate the Pt

diffraction patterns for the catalyst subjected to NTP treatment and

aged catalyst samples within the 2θ range of 35°−45°. Compared

to Pt/AS-1, Pt/AS-2-D, and Pt/AS-3-I regenerated via NTP, weaker

diffraction peaks were observed at 2θ =39.7° In contrast, Pt/AS-

4-I/D regenerated through INTP-DNT exhibited a stronger diffrac-

tion peak at 2θ =39.7°. In addition to the observable peak of Pt,

the catalyst samples of Pt/AS-1, Pt/AS-2-D, and Pt/AS-3-I displayed

a PtO2 (100) diffraction peak at 2θ =33.9°, indicating Pt oxida-

tion under elevated temperature oxidation conditions, consistent

with the earlier XPS data. Following the INTP-DNTP synergistic

regeneration modification, the PtO2 (100) diffraction peak disap-

peared in Pt/AS-4-I/D, possibly due to plasma shock-induced elec-

tron temperature facilitating the decomposition of PtO/PtO2 into

Pt. Furthermore, the Pt/AS-4-I/D samples exhibited distinct diffrac-

tion peaks at 2θ =39.9°, providing evidence for the presence of Pt

particles generated during the INTP-DNTP synergistic regeneration

process [58]. Gracia et al. previously reported that Pt catalysts have

the capability to generate Pt metal during CO oxidation. It was sug-

gested that Pt metal serves as the active phase for CO oxidation

[59], a finding consistent with the observed increase in Pt0 con-

tent in the XPS data.

The Pt particle size was determined using the Scherrer formula

based on the full width at half maximum (FWHM) [60]. Table S8 il-

lustrates a decreasing trend in particle size for Pt/AS-1, Pt/AS-2-D,

Pt/AS-3-I, and Pt/AS-4-I/D, with Pt/AS-4-I/D exhibiting the small-

est size value, which is consistent with the diminishing particle

size pattern observed via transmission electron microscope (TEM)

analysis. While there were discrepancies between the results ob-

tained from TEM and the Scherrer formula, these variations could

be attributed to technological sensitivity [61]. Nevertheless, both

methods indicated a consistent trend in particle size distribution.

Specifically, the findings suggest that plasma treatment of aged

catalysts is beneficial for reducing the particle size of noble metal

catalysts. Table S9 presents the characterization data for the spe-

cific surface area, pore volume, and pore diameter of the catalyst

and carrier following plasma treatment. Analysis of Table S9 re-

veals a notable increase in both the specific surface area and pore

diameter of the catalyst after NTP treatment. Specifically, the spe-

cific surface areas are ranked as follows: Fresh (135.78 m2/g) >

Pt/AS-4-I/D (133.68 m2/g) > Pt/AS-3-I (130.82 m2/g) > Pt/AS-2-

D (95.93 m2/g) > Pt/AS-1 (94.57 m2/g). Figs. 4b and c show that

the specific surface area of the Pt/AS-3-I catalyst sample treated

with INTP exhibited a significant increase of nearly 40% compared

to the specific surface area of the aged Pt/AS-1 catalyst sample.

Furthermore, the specific surface area of the Pt/AS-4-I/D catalyst

sample, subjected to INTP-DNTP treatment with regeneration, ex-

perienced a slight increase (2.8553 m2/g). The pore size and spe-

cific surface area data exhibited similar patterns. The hierarchy of

pore sizes was as follows: Pt/AS-3-I (10.5120nm) > Pt/AS-4-I/D

6
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Fig. 4. (a) XRD full spectrum. (b) Pore size distribution curve. (c) N2 Adsorption isothermal.

(9.5430nm) > Pt/AS-2-D (9.4427nm)>Pt/AS-1 (9.1037nm). It was

demonstrated that the presence of large mesopores was crucial

for achieving optimal catalytic activity by mitigating mass transfer

limitations and preventing catalyst deactivation from fouling [62].

The observed variations in specific surface area and pore diameter

were primarily attributed to the active species generated by NTP

using O2 as the feed gas, facilitating the removal of particles and

contaminants from the catalyst and support surfaces, as supported

by XPS analysis. Furthermore, the direct discharge of DNTP was

found to physically etch the catalyst surface, leading to the decom-

position and shortening of catalyst and support nanorods, thereby

enhancing the dispersion of aged catalysts [63,64]. The catalytic ac-

tivity of a catalyst is influenced not only by the catalyst itself but

also by the interactions between precious metals and supports, a

phenomenon known as metal-support interaction (MSI). Scanning

electron microscope (SEM) images presented in Figs. S13a and b

illustrate the samples Pt/AS-1 and Pt/AS-4-I/D, revealing that the

migration of loaded particles is affected by several factors, includ-

ing temperature, particle size, and the surface irregularities of the

support. Initially, the surface of the Pt/AS-1 support appears dense

and smooth. However, after NTP synergistic treatment, the surface

roughness increases, disrupting the continuous dense surface and

resulting in the emergence of additional surface defects and pores

[65], which aligns with the previously discussed Brunauer emmet

teller (BET) results. The mobility of supported particles is not only

influenced by their size but also by the morphology of the sup-

port. Micropores on the surface of the support play a crucial role

in impeding particle migration. Smaller particles situated located

on concave surfaces exhibit lower mobility compared to larger par-

ticles on convex surfaces [66], thereby enhancing the long-term ef-

ficiency of the catalyst.

Figs. 5a-e illustrate the size distributions of Pt nanoparticles

in catalyst samples. An analysis of high-resolution transmission

electron microscopy (HR-TEM) images, along with the Fig. 5b for

Pt/AS-1 following thermal aging reveals an uneven size and spa-

tial distribution of Pt nanoparticles. This phenomenon is primar-

ily attributed to the agglomeration of the noble metal catalyst

at elevated exhaust gas temperatures. The particle size distribu-

tion exhibits a bimodal pattern, with larger Pt particles rang-

ing from 8.0nm to 22.0 nm, yielding an average size of approxi-

mately 12.99±2.792nm. In contrast, the regenerated noble metal

catalyst demonstrates Pt nanoparticles with a more uniform size

and spatial distribution. The catalyst particle size distribution for

Pt/AS-3-I in Fig. 5c exhibits a bimodal pattern, whereas the par-

ticle size distribution of the Pt/AS-2-D and Pt/AS-4-I/D samples

in Figs. 5d and e demonstrates a unimodal distribution. Following

plasma regeneration of aged catalysts, a notable reduction in the

particle size of the noble metal catalysts is observed. Specifically,

Fig. 5f illustrates that the average particle size of Pt/AS-4-I/D in

the regenerated sample is the smallest, measuring approximately

8.25±2.73nm, which approaches the particle size of the fresh cat-

alyst at 4.58±1.65nm as depicted (Fig. 5e). For Pt nanoparticles

in Pt/AS-2-D, Pt/AS-3-I, and Pt/AS-4-I/D catalysts, the particle sizes

decreased by 2.85, 3.87, and 4.74nm, respectively, compared to the

Pt/AS-1 aged catalyst samples. Notably, NTP synergistic treatment,

the Pt nanoparticle size distribution exhibited a broader range

skewed towards smaller sizes compared to the Pt/AS-1 aged cata-

lyst samples. These results indicate that INTP-DNTP synergistic re-

generation treatment effectively enhances the both size and spatial

distribution of Pt nanoparticles.

The impact of NTP regeneration on the morphology of Pt

nanoparticles within the catalyst was investigated using HR-TEM

(Figs. 6b-f, 6t-z). Lattice images derived from HR-TEM images (Figs.

6u and t) reveal significant lattice distortion in the Pt/AS-1 no-

ble metal catalyst compared to the fresh sample, which may be

attributed to Pt sintering induced by elevated exhaust gas tem-

peratures [67]. The Pt/AS-2-D, Pt/AS-3-I, and Pt/AS-4-I/D samples,

following NTP regeneration treatment exhibited lattice spacings of

0.231nm, 0.223nm, and 0.225nm, respectively (Fig. 6z) [68]. The

morphology of Pt particles dictates the distribution of Pt sites

and crystal planes on various surfaces, thereby influencing cat-

alytic performance [69]. Examination of Pt nanoparticles in the

aged catalyst (Figs. 6h and n) reveals a combination of rectangu-

lar, irregular, and spherical shapes. Pt nanoparticles exhibit diverse

structures following regeneration through different methods. For

instance, direct regeneration through DNTP results in a truncated

triangular pyramid structure (Figs. 6i and p), whereas regenera-

tion in an INTP oxidation environment yields an ellipsoidal shape

for the Pt/AS-3-I sample (Figs. 6j and q). Furthermore, regenera-

tion via INTP-DNTP produces a cubic octahedral structure (Figs. 6k

and s), characterized by well-defined geometry with distinct edges

and facets (Figs. 6g and m). These morphologies correspond to the

typical structure of fresh DOC-coated noble metal catalysts. Pre-

vious studies have demonstrated that reducing the size of metal

nanoparticles can enhance catalytic activity by increasing the ex-

posure of catalytically active corner or edge sites on the metal sur-

face [30,70–72]. Theoretically, smaller nano octahedra are antici-

pated to improve catalytic efficiency by increasing the atomic uti-

lization of Pt and maximizing the Pt ratio at edges and vertices

compared to facets [73]. TEM analysis indicates that aged Pt par-

ticles undergo reverse shape transformation following synergistic

regeneration treatment with INTP-DNTP (Fig. 6a). This transforma-

tion exposes additional active sites, particularly at the edges and

vertices, significantly contributing to the restoration of catalytic ac-

tivity in the aged catalyst [74–76].

Fig. 7 elucidates the catalytic oxidation mechanism of the re-

generated INTP-DNTP catalyst in conjunction with the aforemen-

tioned study findings of this study. The treatment of the aged cat-

7
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Fig. 5. Particle size catalyst particle size data obtained by TEM. (a) Fresh, (b) Pt/AS-1, (c) Pt/AS-2-D, (d) Pt/AS-3-I, (e) Pt/AS-4-I/D. (f) Catalyst particle size change trend.

Fig. 6. (a) Diagram of NTP regeneration mechanism. Morphology of catalyst Pt microscopic 50nm: (b) Fresh, (c) Pt/AS-1, (d) Pt/AS-2-D, (e) Pt/AS-3-I, (f) Pt/AS-4-I/D. Morphol-

ogy of catalyst Pt microscopic 5nm. (g) Fresh, (h) Pt/AS-1, (l) Pt/AS-2-D, (j) Pt/AS-3-I, (k) Pt/AS-4-I/D. Morphology of catalyst Pt microscopic 2nm: (m) Fresh, (n) Pt/AS-1, (p)

Pt/AS-2-D, (q) Pt/AS-3-I, (s) Pt/AS-4-I/D. Catalyst lattice fringe distribution and the corresponding FFT map: (t) Fresh, (u) Pt/AS-1, (x) Pt/AS-2-D, (y) Pt/AS-3-I, (z) Pt/AS-4-I/D.
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Fig. 7. Schematic diagram of the catalytic oxidation performance of the INTP-DNTP

coupled synergistic regeneration catalyst.

alyst with INTP leads to in the efficient removal of PM and toxic

exhaust products from the catalyst surface, facilitated by a signifi-

cant amount of ozone and active oxygen. However, the exposed Pt

catalyst undergoes further oxidation to platinum oxide (PtO/PtO2),

with the oxidation process intensifying as the adsorbed oxygen

content increases. Following DNTP treatment, the Pt content in the

Pt/AS-2-D sample increases to 23.54%, potentially attributed to the

breakdown of oxides like PtO/PtO2 by high-energy electrons gener-

ated by DNTP. Pt nanoparticles act as active sites for the activation

of molecular O2 in CO oxidation on Pt catalysts, with metallic Pt

proving to be more effective than its oxidized form due to its su-

perior electron transfer capability to O2. Subsequent regeneration

through the INTP-DNTP coupling raises the Pt content in Pt/AS-

4-I/D to 33.26%. The synergy between metallic Pt and Pt oxide

enhances their activity, emphasizing the concept of "metal-oxide

synergy." The INTP-DNTP synergistic regeneration system employs

various methods to precisely modulate the chemical state of cata-

lyst surface elements, enabling the reversible alteration of the mor-

phology and crystal structure of aged Pt catalysts.

This work employed NTP regeneration technology to effectively

restore aged DOC catalysts with enhancing their dispersion and

catalytic activity through the utilization of a plasma coupling re-

generation system. Following INTP-DNTP regeneration, the charac-

teristic temperatures TS/T50/T90 of the aged Pt catalyst exhibited a

notable decrease, resulting in a significant restoration of oxidation

activity at low temperatures that closely approximates the catalytic

performance of a fresh catalyst. Moreover, there was a significant

increase in both the species and content of oxygen adsorption. The

high valence state PtOx was efficiently reduced to metallic Pt0, as

evidenced by the increase in the Pt/AS-4-I/D ratio from 6.84% to

33.26%. Simultaneously, the activation of surface oxygen on the

DOC was enhanced through the synergistic effect of Pt0 reduction

by DNTP, which led to improvement in the catalytic oxidation ca-

pability of the DOC. The particle size of the Pt catalyst exhibited

the most pronounced reduction and the particle size distribution

predominantly concentrated in the low nanometer range. Further-

more, the morphology of the Pt catalyst transitioned from a strip

form to small nanooctahedra. INTP-DNTP effectively facilitated the

inverse transformation of catalyst morphology, significantly reduc-

ing the particle size of sintered and agglomerated Pt catalyst parti-

cles, thereby achieving realize the re-dispersion of Pt nanoparticles.
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