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A B S T R A C T   

The emission of volatile organic compounds (VOCs) into the air, primarily due to human activities, has caused 
significant environmental pollution and health concerns. In response, the development of advanced environ
mental catalysts is crucial, and δ-MnO2 has emerged as a promising material for efficient VOC oxidation. 
However, the identification of the specific active sites and the underlying oxidation mechanisms of this material 
remain unclear, hindering the development and optimization of high-activity catalysts. Herein, we present a 
strategy to remove the internal water and hydrated cations from δ-MnO2, thereby unblocking the inter-lamellar 
gaps and exposing the internal Lewis-acid sites, while maintaining other physical and chemical characteristics of 
the sample unchanged. Notably, the well-defined δ-MnO2 catalysts with more accessible interlayer Lewis-acid 
sites exhibited significantly enhanced catalytic activity in toluene oxidation, demonstrated in both two-stage 
plasma catalysis and single-stage ozonation processes. A quantitative analysis of Lewis-acid sites and initial 
toluene reaction rates revealed that these Lewis-acid sites serve as the active centers for toluene adsorption and 
activation, and the heterogeneous reaction between toluene and ozone follows the Langmuir-Hinshelwood 
mechanism. Moreover, in-depth analysis of byproducts showed that δ-MnO2 rich in Lewis-acid sites promoted 
the oxidation of intermediates, such as esters, hydrazides, and ketones, leading to a more complete toluene 
oxidation. This work not only fully explores the potential of δ-MnO2 as a catalyst, but also provides valuable 
insights into the elucidation of unknown catalytic active sites, potentially paving the way for the rational design 
of more efficient catalysts for VOC oxidation.   

1. Introduction 

Volatile organic compounds (VOCs) are a major source of air pollu
tion, contributing to the formation of photochemical smog, secondary 
aerosols, and increasing ozone levels [1]. The development of effective 
VOC removal technologies is crucial for improving air quality and pro
tecting public health. The strong oxidation ability of ozone (O3) at 
ambient temperatures has made it a promising strategy for VOC 
removal, and its catalytic oxidation has attracted increasing interest 
[2–5]. Non-thermal plasma (NTP) is a promising technology for VOC 
removal due to its ability to generate both ozone and active species 
(including excited species and radicals) that effectively decompose 

VOCs [2,6]. This synergy is further enhanced in a two-stage plasma 
catalysis system, where NTP acts as a pre-treatment step to partially 
decompose the VOCs. This pre-treatment enhances the efficiency of the 
subsequent catalytic ozonation of the unreacted VOC molecules and 
reaction intermediates, allowing for complete degradation of the VOCs. 
This two-stage approach offers several advantages over conventional 
technologies, including reduced ozone consumption, enhanced catalyst 
selectivity, lower energy consumption, and broader VOC removal range. 
Importantly, the activity of the post-placed catalyst plays a pivotal role 
in achieving superior VOC decomposition and mineralization [6]. 

Among the widely reported catalysts, MnO2, particularly δ-MnO2, 
has emerged as the most promising catalyst for the conversion of ozone 
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and VOCs [4,7–9]. δ-MnO2 with a unique 2D layer lattice structure and 
interlayer spacing of ~ 7.1 Å could be more favorable for mass transfer 
and catalyst-reactant contact compared to other MnO2 phases, including 
α-, β-, and γ-MnO2, which exhibit 1D tunnels with dimensions of 
approximately 2.3 × 2.3 Å or 2.3 × 4.6 Å [8,10]. Second, the conversion 
of ozone on a catalyst is generally attributed to oxygen vacancies, where 
ozone can be converted to reactive oxygen species (e.g., O2– and O2

2–) for 
further oxidation of VOCs and their fragments [4,11]. Zeng et al. 
demonstrated that δ-MnO2 exhibits the highest concentration of oxygen 
vacancy (VO) among all MnO2 phases [4], making it an ideal catalyst for 
efficient ozone activation and enhanced oxidation ability. Recognizing 
the crucial role of oxygen vacancies, significant efforts have been 
dedicated to increasing the number of oxygen vacancies on the catalyst 
surface, such as crystallinity modulation [9], doping [12,13], layer 
exfoliation [14], heterostructure customizing [15,16], ball milling etc. 
[17]. However, simply increasing oxygen vacancies alone may not be 
the most effective approach to enhance the performance of δ-MnO2 due 
to fundamental limitations arising from the interplay between oxygen 
vacancy content, the Mn3+/Mn4+ ratio on the MnO2 surface, and the 
specific surface area of the catalyst [4]. Moreover, it remains unclear 
whether increasing oxygen vacancies and ozone conversion is the only 
way to enhance VOC ozonation. 

Recently, Wei et al. demonstrated that VOC (e.g., toluene) ozonation 
over MnO2 catalysts follows the Langmuir-Hinshelwood (L-H) mecha
nism [18–20]. Under this mechanism, only VOC molecules that are 
chemically adsorbed on specific active sites can react with reactive ox
ygen species (ROS) generated from ozone at the oxygen vacancies. Since 
oxygen vacancies have been established as the active sites for ozone 
adsorption and conversion [4], identifying and tuning the as yet un
known sites for VOC adsorption and activation becomes critical to 
enhance the performance of the δ-MnO2 catalyst in ozone-assisted cat
alytic VOC oxidation. Previous studies have identified Lewis-acid sites, 
which are coordinately unsaturated metal atoms situated on the surfaces 
of transition metal oxides adjacent to oxygen vacancies [21,22], sug
gesting that these sites may synergistically cooperate with oxygen va
cancies to promote VOC adsorption and subsequent oxidation. 
Moreover, the first step in VOC oxidation on metal oxide catalysts in
volves the transfer of an electron from VOCs to the metal oxide, followed 
by the release of a proton from a methyl group (e.g., methyl of toluene). 
Notably, Lewis-acid sites can only function as electron acceptors [23]. 
These findings suggest that Lewis-acid sites may be the active sites for 
catalytic oxidation of VOCs. Recent studies have established a connec
tion between the concentration of acid sites in a catalyst and its 
adsorption/oxidation activity of VOCs [24,25]. However, earlier ex
periments were unable to isolate acid site concentration as a unique 
variable; attempts to enhance acidity often inadvertently altered mul
tiple factors (e.g., morphology, crystallinity, chemical properties, oxy
gen vacancy content, and surface area), hindering the identification of 
the actual active sites. Therefore, we believe that fine-tuning the density 
and activity of Lewis-acid sites while controlling the reaction parameters 
can be a promising and effective method to determine the exact toluene 
adsorption/activation sites. 

Herein, we have developed a two-stage plasma catalysis system for 
the oxidation of toluene. Toluene was selected as a model VOC due to its 
ubiquity, representative structure, and potential to shed light on the 
degradation mechanisms of broader VOC classes. We synthesized 
δ-MnO2 using a simple ion-exchange reaction between Mn-MIL-100 (a 
type of metal organic framework (MOF)) and hydroxyls in an alkali 
solution. Compared to the conventional hydrothermal method for 
δ-MnO2 synthesis [4], our method allowed for the preparation of 
δ-MnO2 samples with a larger specific surface area and a more porous 
structure. More importantly, we employed acid and heat treatment to 
remove hydrated Na cations in the layer (e.g., [Na(H2O)4]+) [26], 
providing δ-MnO2 with unobstructed channels through which toluene 
can diffuse and be adsorbed onto the inner Lewis-acid sites. In addition, 
we used pyridine to cap and deactivate the Lewis-acid sites as a control 

group since pyridine can coordinate with unoccupied orbitals of tran
sition metals, effectively neutralizing the catalytic activity of the Lewis- 
acid sites [27]. Using these δ-MnO2 catalysts with varying accessibility 
to Lewis-acid sites, we conducted catalytic ozone conversion, plasma- 
catalytic toluene conversion, and toluene adsorption reactions. The 
conversion of toluene in the presence of water vapor was also evaluated. 
To quantitatively analyze the relationship between Lewis-acid sites and 
toluene conversion, we further performed one-step catalytic ozonation 
of toluene, excluding the influence of plasma on toluene conversion. 
Additionally, the role of Lewis-acid sites in the oxidation of organic in
termediates, which is related to the complete oxidation of toluene, was 
investigated through byproduct analysis. Finally, a plausible toluene 
degradation pathway by δ-MnO2 was proposed, considering the pres
ence of its interlayer Lewis-acid sites, which are beneficial for catalytic 
activity. 

2. Experimental 

2.1. Synthesis of δ-MnO2 

To prepare δ-MnO2, Mn-MIL-100 was first synthesized via a hydro
thermal reaction between trimesic acid and manganese nitrate (Mn 
(NO3)⋅4H2O). Specifically, manganese nitrate (Mn(NO3)2⋅4H2O, 2 
mmol, Aladdin) and trimesic acid (H3BTC, 1.9 mmol, Aladdin) were 
dissolved in ethanol (18 mL, Aladdin) under ultrasonic conditions to 
form a clear solution [28]. The clear reaction solution was then trans
ferred into a Teflon-lined steel autoclave and heated at 125 ◦C for 2 h. 
After cooling to room temperature, the brown product was obtained by 
centrifugation and washed three times with ethanol. The resulting solid 
was vacuum dried overnight at 70 ◦C. Following that, 1.2 g of the as- 
synthesized Mn-MIL-100 was dispersed in 400 mL NaOH solution 
(0.04 M) under electromagnetic stirring at ambient temperature and 
pressure. After 10 h reaction, the suspension was centrifuged with 
deionized water and ethanol for three times, respectively, and then 
vacuum dried at 70 ◦C overnight to obtain the dark brown δ-MnO2 
powder. This synthesis represents a novel approach to use MOFs as 
precursors for the preparation of δ-MnO2 material. 

2.2. Synthesis of acid-MnO2, annealed-MnO2, and cap-MnO2 

Hydrated Na cations unclogging the channels between the lattice 
layers of δ-MnO2 were removed by simple acid washing or annealing. In 
brief, δ-MnO2 was mixed with 0.2 M HNO3 solution in a mass ratio of 
1:20 and stirred at room temperature for 4 h. The mixture was then 
centrifugally washed with deionized water for 6 times. After that, the 
obtained precipitate was dried overnight at 150 ◦C in a vacuum oven 
and labelled as acid-MnO2. As hydrated cations are unstable and easily 
dehydrated, annealing treatment was carried out in an argon atmo
sphere at 200 ◦C in a tube furnace for 4 h, and the resulting catalyst was 
annealed-MnO2. Furthermore, to cap the Lewis-acid sites, pristine 
δ-MnO2 with 0.1 mL pyridine was placed in a vacuum drying oven at 
100 ◦C and 3–4 Pa for 30 min, ensuring δ-MnO2 adsorbed pyridine until 
saturation. The resulting pyridine-saturated δ-MnO2 with deactivated 
Lewis-acid sites was cap-MnO2. 

2.3. Catalysts characterization 

A scanning electron microscope (SEM, SU-8010, Hitachi) was used to 
evaluate the morphologies of δ-MnO2, acid-MnO2 and annealed-MnO2. 
High-resolution transmission electron microscopy (HRTEM, HT-7700, 
Hitachi) was used to examine microstructures of the samples. The 
crystalline structures of the catalysts were measured by X-ray diffraction 
(XRD, X’Pert power, PANAlytical B.V.) and Raman spectroscopy 
(Renishaw inVia). The Brunauer-Emmett-Teller (BET) surface area and 
Barrett-Joyner-Halenda (BJH) pore-size distribution were investigated 
by N2 sorption isotherms (Autosorb iQ Station 1). Additionally, CO2 
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sorption isotherms were used to analyze the microporous structures of 
the catalysts (Micromeritics ASAP 2460). The electron paramagnetic 
resonance (EPR) spectra were collected on a Bruker EMX PLUS spec
trometer to investigate oxygen vacancies. The chemical properties of the 
δ-MnO2 catalysts were confirmed by X-ray photoelectron spectroscopy 
(XPS, XR3E2, VG Escalab Mark II) with Al Kα radiation (1486.6 eV), and 
all the binding energies were calibrated by referencing the C 1 s peak at 
284.6 eV. The sodium content of the catalysts was determined using 
inductively coupled plasma (ICP, Thermo Fisher iCAP PRO) spectros
copy. The removal of water from the catalysts was analyzed by ther
mogravimetric analysis/mass spectrometry (TG-MS, TG: Netzsch STA 
449 F3, MS: QMS403D). The acidity of the δ-MnO2 catalysts was 
measured using temperature-programmed desorption of ammonia 
(NH3-TPD) and pyridine adsorption IR spectra (Py-IR, PE FT-IR Fron
tier). For NH3-TPD, 0.2 g of the sample was exposed to a stream of 
ammonia gas (50 mL/min) at 100 ◦C for 1 h. The sample was then held at 
100 ◦C for an additional 2 h with a stream of argon gas (50 mL/min) to 
remove any physically adsorbed ammonia molecules. The sample was 
then heated up to 400 ◦C at a rate of 10 ◦C/min. For Py-IR, 0.2 g of the 
sample was vacuum-treated at room temperature for 1 h to record the 
background. The sample was then exposed to pyridine-saturated vapor 
for 30 min. Finally, the sample was heated up to 100 ◦C at a rate of 
10 ◦C/min to induce pyridine desorption. 

2.4. Reactor setup and experimental procedures 

As shown in Fig. S1, the plasma catalysis system for toluene oxida
tion consisted of a gas supply unit, a coaxial dielectric barrier discharge 
(DBD) reactor, a packed-bed catalytic reactor, and a product analysis 
unit. The DBD reactor contained a quartz tube (external diameter of 8 
mm and inner diameter of 6 mm), a high voltage electrode (a stainless- 
steel rod with a diameter of 4 mm placed coaxially in the quartz tube) 
and a ground electrode (a 10 mm-long copper mesh grounded and 
wrapped around the quartz tube). The high voltage electrode was con
nected to a high voltage power supply (CTP-2000 K, Suman Plasma 
Technology), and the specific input energy (SIE) was varied from 131 to 
288 J/L at a fixed frequency of 9.6 kHz. The applied voltage and current 
signals were recorded using a digital oscilloscope (MDO 3034, Tek
tronix), and the discharge power was calculated using the Lissajous 
figure method (see Fig. S2). The fixed-bed catalyst reactor was placed 
after the DBD reactor, forming a two-stage plasma catalysis configura
tion. In the catalytic reactor, a mixture of 200 mg catalyst and 2 g quartz 
sand was packed and fixed by quartz wool without any external heating. 

Three catalytic processes were investigated using this two-stage 
plasma catalysis system: ozone conversion, toluene decomposition (i. 
e., toluene conversion using NTP combined with catalyst) and toluene 
ozonation (i.e., toluene conversion using catalyst alone). In the ozone 
conversion experiment, air was controlled by a mass flow controller 
(D08-3F, Sevenstars) and passed through the DBD reactor and then the 
catalyst bed. To determine whether the presence of toluene and its in
termediates affects ozone generation and its subsequent catalytic con
version, toluene was mixed with air before NTP as a control group. An 
ozone monitor (Model 106-MH, 2B Technology) was used to measure 
ozone generated by the DBD reactor and that remained after the cata
lytic reactor. Note that the retention rate of pyridine adsorbed on Lewis- 
acid sites (the retention of the cap effect) was also examined in this 
experiment, and the details can be found in Fig. S3. In the toluene 
decomposition experiment, air was mixed with toluene before flowing 
into to the DBD reactor. A high-resolution syringe pump (LSP01-1BH, 
Longer Precision Pump) was combined with a toluene generator (FD-PG, 
Friend Laboratory Equipment) to produce a gas mixture containing 230 
ppm of toluene vapor. Water vapor can be introduced and controlled 
using a water generator and a syringe pump. Furthermore, we investi
gated the individual effects of catalysts on toluene ozonation to better 
understand the role of Lewis-acid sites in the reaction. In this experi
ment, toluene was introduced after the DBD reactor. In contrast to the 

previously described two-stage plasma catalysis configuration, the DBD 
reactor in this case served only as an ozone generator, with toluene 
being converted only on the catalyst. 

During these processes, toluene, CO, and CO2 were measured online 
using a gas chromatograph (GC9790Plus, Fuli Instruments). Organic by- 
products were collected using 20 mL of hexane solution with a 30-min 
adsorption time for GC-MS analysis (QP2010SE, Shimadzu). The NOx 
(NO, NO2, N2O) generated by NTP and remained after the catalyst bed 
were measured using an online multi-component analyzer (Gasmet 
Dx4000, Finland). In addition, the Gasmet was also used to record 
toluene adsorption-penetration curves. Unless otherwise specified, all 
reactions were carried out with a 200 mg catalyst, a toluene concen
tration of 230 ppm, and a total gas flow rate of 0.5 L/min. 

The specific input energy (SIE), ozone conversion (Xozone), toluene 
conversion (Xtoluene), COx selectivity (SCOx), energy yield (η EY) and the 
initial reaction rates of toluene (rTol) are calculated using the following 
equations: 

SIE
(
J L− 1) =

P(W)

Q(L s− 1)
(1)  

Xozone(%) =
Cozone− in − Cozone− out

Cozone− in
(2)  

Xtoluene(%) =
Ctoluene− in − Ctoluene− out

Ctoluene− in
(3)  

SCOx(%) =
CCO2 + CCO

7 × (Ctoluene− in − Ctoluene− out)
(4)  

ηEY
(
g kWh− 1) =

3.6 × M × (Ctoluene− in − Ctoluene− out)

24.4 × SIE
(5)  

rTol(μmolTol/gcat⋅s) =
Q × (Ctoluene− in − Ctoluene− out)

24.4 × mCat
(6)  

where P is the discharge power calculated using the Lissajous method, 
and Q is the flow rate of the gas stream. Cozone-in and Cozone-out represent 
the concentration of ozone before and after the catalytic reactor, 
respectively. Ctoluene-in and Ctoluene-out are the inlet and outlet toluene 
concentrations, respectively. CCO2 and CCO are the concentrations of 
generated CO2 and CO, respectively. M denotes the molar mass of 
toluene. The weight of the catalyst used in one test is denoted by the 
symbol mCat. All errors are the result of three tests performed under the 
same conditions. 

3. Results and discussion 

3.1. Catalyst characterization 

Fig. 1 shows the morphology and structural characteristics of the as- 
prepared catalysts. The pristine δ-MnO2 exhibited flower-like nano
sheets with a thickness of 5–10 nm (Fig. 1a). HRTEM images of the 
catalysts further revealed that these planar nanosheets were composed 
of several to tens of stacked lamellar lattices (Fig. 1b). The well- 
identified periodic lattice fringes of 7.1 Å closely matched the (001) 
facets of δ-MnO2, confirming the proper synthesis of layered δ-MnO2 
[29]. The synthesis of δ-MnO2 by mineralization of Mn-MIL-100 pre
cursor in a basic medium can be considered an ion-exchange process 
between organic ligands in the MOF and hydroxyl radicals. Generally, 
OH– groups penetrated into the interlayer open spaces of the Mn-MIL- 
100 and exchanged with organic ligands to form Mn(OH)2. Since Mn 
(OH)2 is highly unstable and can be easily oxidized [30], in situ oxidation 
of the Mn(OH)2 intermediates proceeded simultaneously during the ion- 
exchange process. Notably, Na+ cations were incorporated into the 
interlayer of the layered δ-MnO2. Unlike δ-MnO2 synthesized using 
conventional hydrothermal method [7], δ-MnO2 prepared via this mild 
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mineralization process avoided structural collapse and retained the 
porous structure of the Mn-MIL-100 template to a remarkable degree, as 
confirmed by subsequent BET characterization. Additionally, compared 
to 1D tunnels found in other MnO2 phases, the 7.1 Å interlayer spacing 
in this well-organized δ-MnO2 potentially enables unobstructed trans
port of reactant molecules [8]. Clearly, the acid treatment of the δ-MnO2 
did not alter the layered structure but induced a slight distortion of the 
nanosheets (Fig. 1c). The annealed-MnO2 retained its 2D structure, 
albeit with the presence of pores on the nanosheets (Fig. 1e). Nonethe
less, due to the open architecture of this material, these pores have a 
minimal impact on mass transfer. In addition, the HRTEM image 
(Fig. 1f) of the annealed-MnO2 still shows the same lattice spacing 
(7.1–7.2 Å), which corresponds to the (001) facets of δ-MnO2 [31]. 

The consistency in both the crystal and textural structures of the 
samples were further confirmed by XRD, Raman spectroscopy, N2 

sorption isotherms, and EPR. As shown in Fig. 2a, the three samples (i.e., 
δ-MnO2, acid-MnO2, and annealed-MnO2) exhibited similar XRD pat
terns. Peaks at 2θ = 12.5◦, 24.5◦, 36.4◦, and 65.6◦ correspond to the 
(001), (002), (100), and (110) planes of standard δ-MnO2 (JCPDS, NO. 
80–1098), respectively [29,31]. This result demonstrated proper prep
aration of δ-MnO2 and indicated that no phase changes occurred 
following the annealing and acid treatment, which was consistent with 
the HRTEM results. In addition, the XRD results confirm that the sparse 
nanoparticles adhering to the nanosheets in the SEM images remained 
δ-MnO2, despite their distinct morphology [32]. The Raman spectra also 
confirm the steady δ-sphere. As shown in Fig. 2b, the bands at ~573 
cm− 1 and ~645 cm− 1 can be attributed to the symmetric stretching 
vibrations of Mn-O bonds within the MnO6 octahedra, paralleled to and 
perpendicular to the basal (001) facet, respectively [14,15,33]. There
fore, the materials retain their identification as δ-MnO2 even though the 

Fig. 1. Lamellar structure for engineering internal space for toluene ozonation revealed by electron microscopy. SEM and HRTEM images of δ-MnO2 (a, b), acid- 
MnO2 (c, d), and annealed-MnO2 (e, f). 

Z. Bo et al.                                                                                                                                                                                                                                       



Chemical Engineering Journal 481 (2024) 148399

5

relative intensities of these bands may vary. The band near 645 cm− 1 of 
annealed-MnO2 and acid-MnO2 exhibits increased intensity and shifts 
towards lower wavenumbers compared to δ-MnO2, indicating weakened 
layer interactions due to the relaxation of the confinement effect in the 
vertical direction [14]. Moreover, the band at ~573 cm− 1 is slightly 
weaker in acid-MnO2, possibly due to lattice distortion from acid 
treatment, which may slightly reduce crystal symmetry. 

To investigate the potential active sites for toluene activation, it is 
important to maintain a consistent number of oxygen vacancies, which 
are known to facilitate ozone conversion. Using EPR spectroscopy, we 
performed a comprehensive analysis of oxygen vacancies in δ-MnO2, 
annealed-MnO2, and acid-MnO2 catalysts. In Fig. 2c, all catalysts exhibit 
a symmetrical EPR signal at 3515 G with a g-factor of 2.003, corre
sponding to the unpaired electrons at the oxygen vacancies in δ-MnO2 
catalysts [7,34]. Similar signal intensities across all three samples sug
gest a comparable number of oxygen vacancies in each one. The XPS 
results further support the consistency of oxygen vacancies across the 
samples. As shown in Fig. 2e, the three peaks 529.9, 531.6, and 532.8 eV 
can be attributed to lattice oxygen (Olatt), surface oxygen species (Osurf), 
and adsorbed H2O (OH2O), respectively [9,34]. Given that the relative 
content of Osurf is directly linked to the abundance of surface oxygen 
vacancies [14], the slight increase in the Osurf/Olatt ratio observed in 
both annealed-MnO2 and acid-MnO2 catalysts suggests limited changes 
in the number of oxygen vacancies. Moreover, it is widely recognized 
that surface Mn3+ facilitates the formation of surface oxygen vacancies 
on MnO2 [9,35]. Hence, the comparable Mn3+/Mn4+ ratio (Fig. 2f and 
Table 1) confirms that the Vo remains stable (Peaks at 642.7 eV and 

641.7 eV are attributed to Mn4+ and Mn3+, respectively) [8]. 
Despite the consistent morphologies and Vo intensities across the 

samples, a critical change that affects catalysis has occurred. As shown 
in Fig. 2d and e, peaks at 1071 eV, 494 eV, and 534.2 eV in the spectra of 
δ-MnO2 and annealed-MnO2 can be assigned to Na 1 s and Na Auger 
[36,37]. Notably, the absence of these Na peaks in the spectrum of acid- 
MnO2 indicates the complete removal of Na cations from the interlayers. 
The removal of Na cations following acid treatment was also confirmed 
by ICP analysis, as evidenced by the sodium content values listed in 
Table 1. According to Lee et al., acid washing can remove cations from 
the lattice of materials due to the strong solubility power and higher 
reactivity of acids [38–40]. Hydrogen ions in the acid can participate in 
displacement reactions with the cations in the lattice, forming soluble 
metal salts. Moreover, the O 1s spectra (Fig. 2e) demonstrate a signifi
cant decrease in the water content of the δ-MnO2 catalysts after both 
annealing and acid treatments. Notably, H2O peaks at 532.8 eV are 
almost absent in the O 1s spectra of annealed-MnO2 and acid-MnO2, 
while a distinct H2O peak is visible in the O 1s spectrum of δ-MnO2. As 
summarized in Table 1, the relative adsorbed water content (in %) for 
δ-MnO2, annealed-MnO2, and acid-MnO2 is determined as 9.5%, 3.9%, 
and 1.3%, respectively. Compared to δ-MnO2, the relative water content 
of annealed-MnO2 and acid-MnO2 decreased by 64% and 88%, respec
tively. The TG-MS results further confirmed the removal of H2O in 
annealed-MnO2 and acid-MnO2, as evidenced by the reduced weight loss 
and diminished H2O signals during the programmed temperature 
elevation process (Fig. S4). 

The gas sorption isotherms for the catalysts provided compelling 
evidence of limited morphological changes and the exposure of sub- 
nanometer interlayer spaces following annealing and acid treatments. 
As shown in Fig. 3a, the N2 adsorption–desorption isotherms for 
δ-MnO2, annealed-MnO2, and acid-MnO2 exhibit a high degree of sim
ilarity. All samples exhibit Type IV isotherm with an H3 hysteresis loop, 
confirming the consistent presence of mesoporous structures. The BET 
specific surface areas for δ-MnO2, annealed-MnO2, and acid-MnO2 were 
comparable, with values of 245.2 m2/g, 279.0 m2/g, and 265.2 m2/g, 
respectively (Table 2). The BJH pore size distributions obtained from the 
N2 adsorption–desorption experiments were also nearly identical 
(Fig. 3b). Given that N2 sorption isotherms provide precise measure
ments of the surface area for mesopores (2–50 nm) and macropores 
(>50 nm), it can be inferred that annealing and acid treatments have not 
significantly altered the morphology in the nanoscale. On the other 
hand, considering the limitations and potential inaccuracies of the BET 
method in measuring the specific surface area of microporous materials, 
we employed CO2 instead of N2 for a more accurate assessment of the 
specific surface area and pore size distribution within the sub-nanoscale 
space. As shown in Fig. 3c, the CO2 adsorption–desorption intensity of 
annealed-MnO2 and acid-MnO2 exhibited a notable increase in the P/P₀ 
range of 0 to 0.025. Density functional theory (DFT) calculations reveal 
specific surface areas in the 0.35 to 0.7 nm pore range of 35.4 m2/g for 
δ-MnO2, 77.1 m2/g for annealed-MnO2, and 105.2 m2/g for acid-MnO2, 
an increase of 117.8% and 197.2%, respectively, due to annealing and 
acid treatments (Table 2). The CO2-based pore size distribution further 
confirms the significant increase of sub-nanometer pores following 
annealing and acid treatments (Fig. 3d). The notable increase in sub- 
nanometer space is undoubtedly due to the removal of blockages 

Fig. 2. Revealing the steady structural properties and the removal of structural 
water and hydrated Na+ in the catalysts. (a) XRD patterns, (b) Raman spectra 
and (c) EPR spectra of δ-MnO2, annealed-MnO2, and acid-MnO2. (d) XPS survey 
spectra, (e) XPS survey O 1s spectra and (f) Mn 2p spectra of the 
δ-MnO2 catalysts. 

Table 1 
Na content and chemical states of O and Mn in δ-MnO2, annealed-MnO2, and 
acid-MnO2.  

Catalyst Na content (wt 
%) 

OH2O/Osurf + Olatt 

(%) 
Osurf/ 
Olatt 

Mn3+/ 
Mn4+

δ-MnO2  3.95  9.5  0.20  0.22 
Annealed- 

MnO2  

4.01  3.9  0.22  0.21 

Acid-MnO2  0.23  1.3  0.26  0.21  
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within the δ-MnO2 interlayers and the exposure of interlayer spaces, 
corroborated with our findings of Na+ ion and water removal. 

In the case of annealing, the dehydration process can be attributed 
directly to the removal of structural water and partial dehydrogenation 
of the hydrate cations at 200 ◦C. For acid-MnO2, the expelling of Na ions 
from the lattice space during the acid treatment enabled a more efficient 
and thorough dehydration process. The water present within the inter- 
lamellar space was nearly entirely removed during the subsequent 
drying at 150 ◦C. This aligns with a previous study, which suggested that 
water within the inter-layered structure of δ-MnO2 could be removed as 
low as 132 ◦C [42]. In this way, the expulsion of Na+ ions and the 
removal of H2O effectively cleared the blockage in the interlayer space 
of the δ-MnO2, allowing the previously enclosed sub-nanometer inter
layer spaces and inner active sites to be exposed to reactant molecules. 

While some studies suggest that alkali ions and water crystals act as 
stabilizing pillars within the interlayer regions of layered materials [43], 
it is more likely that the underlying causes of layer breakages can be 
attributed to the external forces exerted on δ-MnO2 during the removal 
of ions and water, rather than solely the absence of these components 
[44]. This is supported by the observation of a relaxed confinement ef
fect in the vertical direction between the layers, as evidenced by Raman 
spectroscopy (Fig. 2b). The HRTEM and XRD results (Fig. 1 and Fig. 2a) 
strongly support the stability of the layers after removal of H2O and Na+

ions, which agrees with the work of Kim et al., who demonstrated that 
δ-MnO2 could maintain its layered structure and interlayer spacing un
changed even after dehydration as high as even 300 ◦C [42]. 

The removal of interlayer obstructions in δ-MnO2 can significantly 
change the acidity of the catalysts. Fig. 4a presents the thermal 
desorption profiles of δ-MnO2 samples previously saturated with NH3. 
Notably, both annealed-MnO2 and acid-MnO2 exhibit much more pro
nounced ammonia desorption intensities compared to δ-MnO2, indi
cating a higher number of acid sites. Zheng et al. reported that the 
evolution of NH3 below 300 ◦C and between 300 ◦C and 600 ◦C can be 
attributed to the presence of weak and moderate acid sites on the 
δ-MnO2 samples, respectively [14]. Therefore, we believe that annealing 
and acid treatments significantly increased both weak and moderate 
acid sites on δ-MnO2. (We refrained from conducting NH3-TPD test at 
higher temperatures due to the transformation of δ-MnO2 materials into 
α-MnO2 at approximately 500 ◦C [7]). Since we have confirmed the 
removal of interlayer blockages (interlayer structural water and sodium- 
ion hydrates) without altering the morphology and lattice structure of 
annealed-MnO2 and acid-MnO2 catalysts, the substantial increase in acid 
sites can be attributed to the exposure of 2D sub-nanometer spaces and 
the interlayered acid sites to NH3 molecules. When the interlayer 

Fig. 3. Gas sorption isotherms for the characterization of δ-MnO2 catalysts: (a) N2 adsorption–desorption test (77 K) and (b) corresponding pore size distributions of 
δ-MnO2, annealed-MnO2, and acid-MnO2. (c) CO2 adsorption–desorption test (273 K) and (d) the resulting pore size distributions of the catalysts. 

Table 2 
Morphological parameters of δ-MnO2, annealed-MnO2, and acid-MnO2.  

Catalyst SBET (m2/ 
g)a 

SDFT (m2/g, 0.35–1.05 
nm)b 

SDFT (m2/g, 0.35–0.70 
nm) 

δ-MnO2  245.2  41.1  35.4 
Annealed- 

MnO2  

279.0  108.4  77.1 

Acid-MnO2  265.2  120.7  105.2  

a SBET represents the specific surface area calculated by N2-BET (Brunauer- 
Emmett-Teller) model. Note that the SBET of δ-MnO2 catalysts synthesized in this 
work are much higher than δ-MnO2 prepared via traditional hydrothermal 
methods (30 to 130 m2/g, [7,8,12,15,41]). 

b SDFT represents the specific surface area calculated by CO2-DFT (Density 
Functional Theory) model. 
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obstructions were removed, molecules with smaller dimensions than the 
interlayer gaps (e.g., NH3, 2.6 Å) could enter the interlayer and adsorb 
on the acid sites in the interlayered space, subsequently desorbing 
during the temperature ramp-up process and resulting in a significantly 
increased NH3 intensity. Alongside the increased NH3 intensity, we also 
noted that the NH3 desorption peak positions for annealed-MnO2 and 
acid-MnO2 deviate from those of pristine δ-MnO2 (except peaks at 
184 ◦C). This finding suggests that the NH3 desorbed from annealed- 
MnO2 and acid-MnO2 originate from different locations compared to 
that from pristine δ-MnO2: the interlayers and surfaces of the samples, 
respectively. 

The Py-IR spectra provided a more comprehensive insight, revealing 
that the substantial increase in acid sites primarily resulted from the 
expansion of Lewis-acid sites. According to the literature, the peak at 
1450 cm− 1 is attributed to pyridine adsorbed on Lewis-acid sites; the 
band at 1540 cm− 1 is associated with pyridine adsorbed on Brønsted- 
acid sites; the band at 1490 cm− 1 can be assigned to pyridine adsorbed 
on both Lewis-acid sites and Brønsted-acid sites [45]. As shown in 
Fig. 4b, the modified δ-MnO2 catalysts exhibit a notable increase in Py- 
IR intensity, signifying a substantially higher number of Lewis-acid sites 
for pyridine adsorption on acid-MnO2 and annealed-MnO2 compared to 
pristine δ-MnO2. The content of Lewis-acid sites on acid-MnO2 and 
annealed-MnO2 was estimated to be 0.127 mmol/g and 0.083 mmol/g, 
respectively, significantly higher than that of the pristine δ-MnO2 

(0.034 mmol/g), as calculated by the integrated absorbance of the 
Lewis-acid site bands at 1445 cm− 1 [46]. Considering that no obvious 
changes were observed in the morphology, surface area, and lattice 
structure of δ-MnO2 after annealing or acid treatment, the additional 
approximately 0.09 and 0.05 mmol/g Lewis-acid sites identified in acid- 
MnO2 and annealed-MnO2, respectively, compared to the pristine 
δ-MnO2, are likely due to the newly exposed internal Lewis-acid sites 
situated within the inter-lamellar space of the δ-MnO2 following the 
cleaning of the interlayers. Fig. 5 illustrates the scheme of pyridine 
adsorption on δ-MnO2, annealed-MnO2, and acid-MnO2. When the 
interlayer gaps of δ-MnO2 are occupied by interlayer structural water 
and sodium ion hydrates, pyridine molecules are restricted to adsorbing 
onto the surface Lewis-acid sites of δ-MnO2. However, after the removal 
of these internal obstructions, pyridine could not only adsorb onto the 
surface of the δ-MnO2 nanosheets, but also diffuse into the sub- 
nanometer crystal lattice layers under the concentration gradient and 
adsorb onto the interlayer Lewis-acid sites. Similarly, when the catalysts 
with unobstructed interlayers are used in toluene ozonation, toluene 
may also enter the interlayers and be adsorbed on the inner Lewis-acid 
sites. In addition, both acid treatment and annealing treatment 
decreased the intensity of Brønsted-acid sites, which could be attributed 
to the loss of hydroxyl groups within the interlayer space and on the 
surface [47]. This result thus excludes the impact of Brønsted-acid sites 
as a potential variable on catalyst activity. 

Fig. 4. Clearing the inter-lamellar space aids in exposing Lewis-acid sites confirmed by NH3-TPD and Pyridine-IR spectra. (a) NH3-TPD profiles and (b) Pyridine-IR 
spectra of δ-MnO2, annealed-MnO2, and acid-MnO2. 

Fig. 5. Schematic illustration of pyridine adsorption on δ-MnO2, annealed-MnO2, and acid-MnO2, highlighting that following thermal annealing and acid treatment, 
the interlamellar space of δ-MnO2 become readily accessible for pyridine molecules, allowing them to enter and adsorb onto the Lewis-acid sites situated within the 
interlamellar space. 
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Therefore, the characterization of the δ-MnO2 catalysts confirms that 
the acid and annealing treatments primary cleared the interlayers and 
effectively exposed the Lewis-acid sites in the confined space without 
changing the physicochemical properties (including crystal phase, 
structures, and the content of the oxygen vacancy) of the catalysts, thus 
excluding any change in catalytic activity caused by the aforementioned 
factors. 

3.2. Catalytic performance 

To demonstrate the basic activity of the δ-MnO2 catalysts on ozone 
conversion, ozone was generated by the DBD reactor and converted by 
the various catalysts (i.e., δ-MnO2, acid-MnO2, annealed-MnO2, and cap- 
MnO2). As shown in Fig. 6a and b, increasing the SIE from 131 to 288 J/L 
significantly enhanced the ozone concentration generated by plasma 
discharge from ~120 to ~1000 ppm, regardless of the presence of 
toluene, indicating that the presence of trace concentration toluene 
would not interfere with ozone generation. All catalysts demonstrated 
high and comparable ozone conversion activity, which can be attributed 
not only to an abundance of oxygen vacancies to promote ozone con
version, but also to the interlayers of each catalyst, which can provide 
free access to ozone molecules. Since pyridine molecules are allowed to 
enter the clear sub-nanometer space (i.e., the interlayer space of acid- 
MnO2 and annealed-MnO2), ozone molecules with a smaller dynamic 
scale should be permitted as well. As δ-MnO2 and cap-MnO2 performed 
similarly to acid-MnO2 and annealed-MnO2, it can be concluded that 
interlayers with obstacles (structural water and hydrated cations) could 
also allow free access to ozone molecules. As evidenced by Py-IR, the 
available Lewis-acid sites on acid-MnO2 and annealed-MnO2 are far 
more abundant than those on δ-MnO2. Meanwhile, the Lewis-acid sites 
of cap-MnO2 are deactivated. However, such large changes in Lewis-acid 
sites had no effect on the ability of the catalysts to convert ozone, sug
gesting that Lewis-acid sites are unrelated to the ozone conversion 
process. In other words, acidification of δ-MnO2 neither enhances nor 
suppresses the production of active oxygen radicals. Moreover, the 

introduction of toluene has little effect on the catalytic activity for ozone 
conversion, implying that toluene has a distinct adsorption site, and thus 
the adsorption of toluene on the catalysts will not interfere with the 
ozone conversion on oxygen vacancies. 

The conversion of toluene as a function of SIE from 131 to 288 J/L in 
the two-stage plasma catalysis system was carried out, and the corre
sponding reaction performance is shown in Fig. 6c. According to our 
previous work, the decomposition of toluene in plasma is mainly 
attributed to the reactions initiated by electrons and active species (e.g., 
OH, H and O radicals) [6]. Herein, in the first-stage NTP-alone process, 
toluene conversion increased from 19.2% to 73.1% when increasing the 
SIE from 133 J/L to 288 J/L. In this process, only a portion of toluene 
was converted with the formation of a large amount of ozone, which will 
serve as an oxidant for toluene oxidation in the subsequent catalytic 
step. The coupling of NTP with a catalytic process largely increased the 
conversion of toluene, indicating the importance of ozonation of toluene 
over the δ-MnO2 catalysts. Among the different catalysts, acid-MnO2 and 
annealed-MnO2 exhibited significantly improved catalytic activity for 
toluene oxidation. Compared to δ-MnO2 (30.5%–96.7%), both acid- 
MnO2 and annealed-MnO2 showed higher toluene conversion, reaching 
41.8%–100% and 40.3%–99.2%, respectively. In addition, the acid- 
MnO2 showed an energy yield of 14.0–11.8 g kWh− 1 at an SIE range of 
170–288 J/L, which demonstrated the best performance compared to 
previous works on plasma-catalytic toluene conversion (Fig. S5) 
[6,48–55]. By contrast, cap-MnO2 showed weak catalytic activity and 
contributed less toluene conversion than the pristine δ-MnO2. Specif
ically, the contribution of the catalysts alone to toluene conversion was 
compared at an SIE of 170 J/L. Under this condition, the NTP converted 
39.8% of the toluene and generated 377 ppm ozone. In a catalytic 
reactor, the δ-MnO2 with the 377 ppm ozone contributed to around 10% 
of toluene conversion, bring the total conversion to 49.8%. In this way, 
toluene conversion by acid-MnO2, annealed-MnO2 and cap-MnO2 with 
the same concentration of ozone was calculated to be 30.2%, 21.8% and 
3%, respectively. Considering the conversion of toluene by catalytic 
oxidation, the catalyst activity was increased by 2 and 1.2 times after the 

Fig. 6. Performance of the two-stage plasma system using different δ-MnO2 catalysts for ozone and toluene conversion. (a, b) Ozone concentration and conversion 
without and with toluene introducing. (c) Toluene conversion and (d) COx selectivity in NTP and plasma-catalytic processes. Reaction conditions: 0.2 g catalyst, 
toluene concentration = 230 ppm, total gas flow rate = 0.5 L/min. 
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acid and annealing treatments, respectively, and decreased by 70% 
when Lewis-acid sites were capped by pyridine molecules. The COx 
selectivity, which represents the oxidation degree of toluene, followed 
the same pattern. When compared to pristine δ-MnO2, acid-MnO2 and 
annealed-MnO2 showed higher COx selectivity (Fig. 6d), most likely due 
to the much-promoted mass transfer and oxidation of toluene and its 
intermediates. 

Considering that VOCs are often emitted in humid environments, we 
further investigated the plasma-catalytic oxidation of toluene under 
varying humidity conditions (Fig. S6). At ambient temperature (25 ◦C) 
and under relative humidity levels ≤ 50%, water vapor notably 
enhanced toluene conversion using NTP alone, which can be attributed 
to the generation of active radicals like O and OH through plasma 
dissociation of H2O. However, higher humidity levels had an adverse 
effect on toluene conversion due to the quenching of plasma species by 
excess water vapor. The introduction of water vapor resulted in 
decreased toluene conversion and COx selectivity in the plasma-catalytic 
process. This deactivation effect was particularly pronounced for the 
acid-MnO2 and annealed-MnO2 catalysts. Notably, at 100% humidity, 
the differences between the catalytic performance of acid-MnO2, 
annealed-MnO2, and δ-MnO2 became negligible. These findings suggest 
that the additional Lewis-acid sites in acid-MnO2 and annealed-MnO2 
catalysts are more susceptible to deactivation by water molecules. 

Since other catalytic characteristics of the catalysts (e.g., crystal 
phase, specific surface area, pore size distribution, and oxygen va
cancies) that would affect catalytic activities have been demonstrated to 
remain nearly unchanged, the improved oxidation of toluene with acid- 
MnO2 and annealed-MnO2 can be attributed to significantly increased 
available Lewis-acid sites. As proved before, acid and annealing treat
ments can greatly remove H2O and/or Na cations from the δ-MnO2 in
terlayers, potentially exposing internal space with Lewis-acid sites to the 
reactant molecules. To confirm this hypothesis, we evaluated the 
adsorption capacity of these catalysts for toluene using an adsorption- 
penetration measurement [56], where the removal of toluene was 
only due to adsorption of toluene by the catalysts. As presented in Fig. 7, 
the first breakthrough times (tb, at C/C0 = 0.05) of acid-MnO2 and 
annealed-MnO2 were 39.6 min and 33.8 min, respectively, which were 
longer compared to δ-MnO2 (26.9 min). The cap-MnO2 showed the 

shortest tb (15.9 min), which can be attributed to the occupation of the 
surface sites by pyridine molecules and the already closed internal 
space. In addition, the toluene adsorption capacity of the δ-MnO2 sam
ples follows the order: acid-MnO2 (1.273 mmol/g) > annealed-MnO2 
(1.153 mmol/g) > δ-MnO2 0.969 mmol/g) > cap-MnO2 (0.632 mmol/ 
g), which is in good agreement with the concentration of Lewis-acid 
sites. This finding implies that the catalyst with more available Lewis- 
acid sites is more favorable for toluene absorption. According to the L- 
H mechanism, the two reactant molecules must be adsorbed on adjacent 
active sites on the catalyst surface for the reaction to occur. In this 
experiment, specifically in the catalytic toluene ozonation stage, oxygen 
vacancies served as active sites for ozone. Notably, the quantities of 
these vacancies remained constant across various catalysts, resulting in 
comparable ozone conversion. However, the increased number of Lewis- 
acid sites directly correlated with significant improvements in both the 
adsorption and conversion of toluene. This finding demonstrates that 
Lewis-acid sites play an equally important role as oxygen vacancies in 
the catalytic ozonation of toluene over δ-MnO2. However, the indis
pensable role of Lewis-acid sites has been largely overlooked, substan
tially compromising the catalytic performance. 

In the two-stage plasma catalysis system, reaction intermediates or 
byproducts (e.g., benzaldehyde, benzoic acid, phenol, benzene and 
nitrobenzene) could form in the first NTP stage and then be carried over 
to the second catalytic stage [6], potentially affecting the precise anal
ysis of toluene conversion during the catalytic ozonation step. Therefore, 
we further performed one-step catalytic ozonation of toluene, using the 
DBD reactor solely as an ozone generator to ensure that the conversion 
of toluene occurred entirely through ozone-assisted oxidation over the 
catalysts. Fig. 8a presents the effect of the δ-MnO2, acid-MnO2, 
annealed-MnO2, and cap-MnO2 catalysts on the conversion of toluene as 
a function of ozone concentration. In general, the toluene conversion of 
each catalyst increased with increasing ozone concentration. Similar to 
the plasma catalysis case, the catalyst with a higher content of Lewis- 
acid sites converted toluene more efficiently. Since all these catalysts 
can completely decompose the inlet ozone (Fig. S7), this suggests that an 
equivalent quantity of active oxygen species was generated under the 
same ozone concentrations. Therefore, a catalyst with a greater number 
of available Lewis-acid sites would undoubtedly be able to use these 
ozone-converted active oxygen species more effectively, resulting in a 
higher rate of toluene conversion. 

Table 3 summarizes the concentrations of Lewis-acid sites in 
different catalysts (i.e., δ-MnO2, acid-MnO2 and annealed-MnO2) as well 
as the initial reaction rates of toluene (rTol) at different ozone/toluene 
ratios (i.e., 0.6, 1.3, and 2.0). We correlated the values of rTol with the 
concentration of Lewis-acid sites. Note that the performance of cap- 
MnO2 is not included in Table 3 as it is difficult to estimate the con
centration of available Lewis-acid sites after the pyridine capping. As 
illustrated in Fig. 8c, a positive linear relationship exists between the 
Lewis-acid site presents and the rTol with correlation coefficient (R2) at 
0.99, suggesting that the Lewis-acid sites contributes significantly to the 
performance of δ-MnO2 for catalytic toluene ozonation. 

Therefore, a novel and integrated ozone-assisted catalytic toluene 
oxidation scenario in sub-nanometer confined space of the δ-MnO2 
catalysts is proposed: Molecules with relatively smaller kinetic di
ameters such as ozone can diffuse into the inter-lamellar space under the 
gradient of concentration through the nanosheet framework, regardless 
of presence of structural water or hydrated cations within the in
terlayers. Hence, all the δ-MnO2 catalysts (i.e., δ-MnO2, acid-MnO2, 
annealed-MnO2, and cap-MnO2) can effectively convert ozone over their 
inner and external oxygen vacancies, which is evident from the same 
ozone conversion capacitance among the catalysts. However, the con
version of ozone does not always contribute to toluene oxidation. When 
ozone diffuses into the confined space with obstacles (i.e., interlayer 
space of the pristine δ-MnO2), it is converted into O2 (ref. [4]) while 
toluene and other by-products or reaction intermediates are left outside 
the interlayer channels [8]. Therefore, although the pristine δ-MnO2 can 

Fig. 7. Toluene adsorption penetration curves of the as-syntherized δ-MnO2, 
acid-MnO2, annealed-MnO2, and cap-MnO2 samples in dry air (without O3). 
The adsorption conditions: 0.2 g catalyst, toluene concentration = 230 ppm, 
total gas flow rate = 0.5 L/min. C and C0 represent the concentration of toluene 
after and before the packed-bed reactor. Note that the toluene concentration 
was measured using Gasmet rather than GC, for rapid data collection. 
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also achieve high and comparable ozone conversion, a significant 
portion of the ozone does not participate in the oxidation reactions 
throughout. However, when the hydrated Na cations and structural H2O 
contained within the inter-lamellar space are removed (i.e., interlayer 
space of acid-MnO2 and annealed-MnO2), toluene can diffuse into the 
interlayers and be adsorbed on the internal Lewis-acid sites, ready to be 
oxidized by ozone converted active oxygen species (e.g., O2

2–) [11]. One 
might claim that the enhanced catalytic activity towards toluene con
version over acid-MnO2 and annealed-MnO2 is only due to the enlarged 
contact area that results from the exposure of interlayer space, where 
toluene can be catalytically oxidized by ozone solely without the 
participation of the Lewis-acid sites. However, if this were the case, cap- 
MnO2 would have similar performance to pristine δ-MnO2, as both of 
them possess comparable oxygen vacancies for ozone conversion and 
they both only allow ozonation reactions on their surface. Contrarily, 
cap-MnO2 with deactivated Lewis-acid sites showed significantly lower 
toluene conversion, revealing the importance of the Lewis-acid sites on 
the reverse side. 

The stability of the catalysts during catalytic ozonation was further 
investigated at an ozone concentration of 685 ppm (Fig. 8d). During a 
six-hour test, the toluene conversion of δ-MnO2 decreased slightly from 
50.4% to 44.8%. Although the toluene conversion of acid-MnO2 (79.6%) 
and annealed-MnO2 (68.3%) was much higher in the initial stage than 
that of pristine δ-MnO2, it dropped much faster. After six hours of re
action, the toluene conversion of acid-MnO2 and annealed-MnO2 
decreased by 21.3% to 62.6% and 16.7% to 56.9%, respectively. By 
contrast, only an 11.1% decrease was observed with δ-MnO2. The faster 
deactivation of acid-MnO2 and annealed-MnO2 can be explained by the 
re-blockage of the inter-lamellar space caused by H2O accumulation 
during toluene oxidation. Unlike pristine δ-MnO2, acid-MnO2 and 
annealed-MnO2 allow oxidation to occur in the confined inter-lamellar 
space. Naturally, ozonation of toluene and its intermediates resulted 
in the formation and accumulation of water molecules in the confined 
space. As internal chemisorbed water accumulated, toluene was refused 
entry into the interlayer space. This process explained the catalysts with 
unblocked inter-lamellar space deactivated more quickly. As shown in 
Fig. S8a, compared to fresh acid-MnO2, spent catalysts had a signifi
cantly higher OH2O peak in the XPS O 1s spectra after 6 and 12 h of 
toluene ozonation reaction. Meanwhile, the Mn3+/Mn4+ and Osurf/Olatt 
ratios remained almost unchanged (Fig. S8b), ruling out catalyst deac
tivation due to the gradual vanishing of oxygen vacancies. Notably, the 
toluene conversion of cap-MnO2 increased with reaction time, poten
tially due to the gradual consumption of pyridine molecules and the 
subsequent re-exposure of the capped Lewis-acid sites. After annealing 
the spent catalysts in an Ar atmosphere at 200 ◦C for two hours, the 
catalytic activity of the H2O-sweeped δ-MnO2 catalysts was recovered, 
and the δ-MnO2 and cap-MnO2 even exhibited higher activity than their 
initial activity. These findings further confirm that cleaning the blockage 

Fig. 8. One-step catalytic ozonation of toluene without plasma decomposition. (a) Toluene conversion and (b) COx selectivity as a function of ozone concentration. 
(c) Dependences of the initial reaction rates of toluene (r Tol) on the values of Lewis-acid sites in different O3/toluene ratios (based on the data in the ozonation 
experiment). (d) Toluene conversion as a function of time during 5 sequential steps (i.e., 1.5-h toluene adsorption/saturation, 6-h catalytic toluene ozonation, 1-h 
catalyst regeneration, 1.5-h toluene adsorption/saturation, and another 6-h catalytic toluene ozonation). Reaction conditions: 0.2 g catalyst, toluene concentration =
230 ppm, total gas flow rate = 0.5 L/min. 

Table 3 
Experimental data of the one-stage catalytic toluene ozonation.  

Catalyst L-site content 
(mmol/g) 

Initial reaction rates of toluene (μmolTol/ 
gcat⋅s) 

O3/Tol =
0.6 

O3/Tol =
1.3 

O3/Tol =
2.0 

δ-MnO2  0.034  0.0384  0.0769  0.1409 
Annealed- 

MnO2  

0.083  0.0683  0.1409  0.2178 

Acid-MnO2  0.127  0.0939  0.1836  0.2647  
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and exposing the Lewis-acid sites in the interlayered space of δ-MnO2 
ensures the high catalytic activity for toluene oxidation. 

3.3. Reaction mechanisms 

Cleaning the interlayers and exposing Lewis-acid sites in the inter- 
lamellar space improved not only the initial decomposition of toluene 
but also its complete oxidation. In the two-stage plasma-catalytic 
toluene conversion and single-step catalytic toluene ozonation, both 
acid-MnO2 and annealed-MnO2 showed higher COx selectivity. This 
finding can be attributed to the greatly enhanced oxidation of in
termediates other than toluene as a result of the opening of the inter
layered space and improved ozone utilization. In addition to toluene, 
incomplete oxidation products such as benzaldehyde, benzoic acid, and 
benzene, can also enter the interlayer and be oxidized. Moreover, we 
found that δ-MnO2 with rich Lewis-acid sites can further promote the 
oxidation of intermediate products with specific functional groups. As 
revealed by GC-MS analysis (Fig. 9), the proportion of esters, hydra
zides, and ketones in the byproducts decreased significantly as the 
number of Lewis-acid sites increased, indicating accelerated decompo
sition of these species. This finding is consistent with previous research 
that reported Lewis-acid sites could promote their adsorption and con
version [57–61]. Meanwhile, more Lewis-acid sites produced more al
cohols and aldehydes, which can be explained by accumulation in 
dynamic processes in which the formation of these intermediates ex
ceeds their decomposition, resulting in an increase in the concentration 

of these intermediates. Other products, including ethers, alkanes, furans, 
and nitro organics, were also detected in the exhausted gas. Table S1 
shows the specific composition of the effluents. Notably, the formation 
of hydrazides and nitro compounds can be attributed to the ammonia
tion and nitration of hydrocarbons with plasma-induced nitrogen-con
taining species (e.g., NOx and NHx). While NOx contributes to the 
conversion of toluene, it can be hazardous if released into the atmo
sphere. Hence, the concentrations of NOx (including NO, NO2, and N2O) 
generated by NTP alone and remained after the plasma-catalytic process 
(acid-MnO2 catalyst) were measured (Fig. S9). The NOx concentration 
generated in our experiment were similar to previously reported values 
[62]. 

A plausible degradation pathway of toluene and some essential 
contributing reactions in the plasma-catalytic process is illustrated in 
Fig. 10 based on the partially oxidized intermediates detected by GC-MS 
and our previous work [6,63]. In the first stage NTP process, critical 
reactions can be divided into two categories: ozone generation and 
partial oxidation of toluene. The generation of ozone by NTP is critical 
for the complete oxidation of toluene and reaction intermediates in the 
following catalytic stage. In the DBD reactor, oxygen molecules split into 
atomic oxygen through electron impact dissociation. Then, atomic ox
ygen will react with oxygen molecules in the presence of a third body (e. 
g., O2, N2 or the reactor wall) to produce ozone [64]. In the electron 
impact dissociation of toluene, the relatively weak C-H bonds and C-C 
bonds connecting benzene and methyl are prone to breaking first, 
resulting in the formation of benzyl, phenyl, and methyl radicals 
[6,65,66]. Moreover, the electron impact dissociation of toluene and its 
fragments produces hydrogen atoms, which react with O and N atoms to 
form OH, NHx, NOx, etc. These polyatomic groups, together with the 
active monoatomic species (i.e., O, N, and H) and electrons, contribute 
to the continued conversion of toluene and reaction intermediates. 
During the conversion of toluene and its fragments via plasma-induced 
active species, various functional groups, including hydroxyl, carbonyl, 
carboxyl, nitro and amino, are grafted on hydrocarbon fragments. When 
the gas flow exits the DBD reactor, a small portion of toluene is con
verted to COx, but the majority of the carbon remains organic and toxic. 

The adsorption and catalytic ozonation of unconverted toluene and 
reaction intermediates in the second-stage catalytic process are critical 
to achieving a high mineralization level of toluene. Specifically, the 
ozone-assisted oxidation over the best-performing acid-MnO2 includes 
two main reactions: catalytic ozone conversion and subsequent catalytic 
oxidation of toluene and reaction intermediates. Acid-MnO2, like ordi
nary layered δ-MnO2 catalysts, allows ozone to access both of its surface 
and interlayered oxygen vacancies, resulting in effective conversion of 
ozone to active oxygen species (e.g., O2

2–) for the subsequent catalytic 
oxidation [4]. More importantly, the removal of hydrated cations and 
structural water in inter-lamellar space of the δ-MnO2 catalyst by acid 
washing and subsequent drying allow toluene and other intermediates 
with relatively large kinetic diameters (e.g., benzaldehyde, benzene, and 
acetic acid ethenyl ester) diffuse into the inter-lamellar space instead of 
only stay at the catalyst surface, being adsorbed on the internal Lewis- 
acid sites and oxidized by the ozone-converted active oxygen species. 
As a result, combining plasma with the inter-lamellar space unblocked 
δ-MnO2 catalyst significantly enhances the oxidation of toluene while 
reducing the formation of organic byproducts. 

4. Conclusion 

The most efficient method to enhance the catalytic activity of a 
catalyst in a particular reaction is to identify and increase the exact 
active sites. However, this has not been achieved effectively in the cat
alytic oxidation of toluene using δ-MnO2 catalysts. Herein, we report a 
facile displacement method to synthesize δ-MnO2 with a complete 
layered structure and a large specific surface area. By annealing and 
nitric acid treatment, the hydrated cations and structural water in inter- 
lamellar space of the δ-MnO2 sample were removed. As a result, the 

Fig. 9. Byproducts analysis of toluene decomposition in NTP and two-stage 
plasma catalysis processes. The byproducts were classified into function 
groups and calculated semi-quantitatively using area normalization based on 
GC-MS analysis. Reaction conditions: 0.2 g catalyst, toluene concentration =
230 ppm, total gas flow rate = 0.5 L/min, SIE = 288 J/L. 
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internal Lewis-acid sites became naturally accessible to molecules which 
were previously forbidden. The “interlayer-cleaned” δ-MnO2 with freely 
accessible Lewis-acid sites exhibited superior toluene adsorption and 
conversion performance compared to the interlayer-blocked δ-MnO2. 
Conversely, the catalyst with deactivated Lewis-acid sites showed poor 
toluene conversion. The correlation analysis between the Lewis-acid 
sites and the reaction rate of toluene conclusively indicates that the 
Lewis-acid sites are the catalytically active sites for toluene activation. 
This confirms that the heterogeneous reaction between toluene and 
ozone follows the L-H mechanism. Moreover, GC-MS analysis revealed 
that Lewis-acid site-rich δ-MnO2 can further promote the oxidation of 
some intermediates with specific functional groups, contributing to the 
more complete oxidation of toluene. This work presents a promising 
strategy for the synthesis of highly efficient δ-MnO2 catalysts for plasma 
(ozone)-assisted catalytic oxidation of VOCs. It also provides valuable 
insights into the modulation of potential active sites and the rational 
design and optimization of the catalysts, which are important for the 
field of environmental catalysis. 
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