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A B S T R A C T

Designing and constructing stable and high-performance catalysts for room-temperature ozone decomposition 
under humid conditions remains a significant challenge. Herein, we report manganese oxide (MnOx) rich in 
surface hydroxyl groups (-OH), synthesized through a facile three-step process combining solid-state grinding, 
heat treatment, and hydrothermal activation using potassium permanganate and ascorbic acid as precursors. The 
as-prepared catalyst (MnOx-A) demonstrated remarkable stability with 100 % ozone conversion maintained for 
240 min under ≤ 50 % relative humidity (RH). Notably, it achieved 90 % ozone conversion after 240 min even 
under 90 % RH, surpassing its performance (79 % conversion) at 70 % RH. Through comprehensive charac
terization and density functional theory calculations, we revealed that the abundant surface -OH groups effec
tively mitigate the water-induced deactivation of MnOx during room-temperature catalytic ozone decomposition 
under humid conditions. Furthermore, we established a correlation between the catalytic activity of -OH groups 
and the manganese valence state. These findings provide valuable insights for the rational design of highly 
efficient and stable catalysts for practical ozone elimination applications.

1. Introduction

Ozone (O3), a powerful oxidizing agent, poses significant health risks 
to humans even at relatively low concentrations (>1 ×10− 7 by volume). 
With growing attention to ground-level O3 issues, there are increasing 
concerns about O3 pollution in living, working and public spaces [1,2]. 
As O3 plays a huge role in areas like food preservation, healthcare, and 
environmental remediation [3–5], effectively preventing O3 pollution 
caused by residual O3 from these processes is crucial for protecting 
human health. This requires the timely removal of remaining O3 using 
efficient control technologies.

Among the many reported O3 removal methods, catalytic decom
position can achieve rapid O3 decomposition at room temperature 
without secondary pollution. It has attracted wide attention from re
searchers for its high research value and application potential [6–8]. The 
core of the catalytic method is the catalyst. In recent years, many effi
cient catalysts for ozone decomposition have been reported, among 
which manganese oxides (MnOx) have been favored by researchers and 
studied extensively as the most promising ozone decomposition cata
lysts due to their advantages of low cost, abundant resources, 

environmental friendliness, and easy tunability [9–11]. Unfortunately, 
due to similar chemical structures, water vapor in the environment can 
compete with ozone for adsorption on the active sites (oxygen va
cancies) of the catalyst, causing water-induced catalyst deactivation 
[12–27]. Therefore, maintaining the high efficiency and stability of 
MnOx catalysts for catalytic ozone decomposition under humid condi
tions is a major challenge.

Studies have shown that doping MnOx (e.g. with Ce, Co, Fe, W, Ni, 
Cu) can introduce abundant VO to improve catalytic activity for O3 
decomposition under high humidity [28–33]. Similarly, 
ion-modification has also been widely studied. For example, Cao et al. 
[34] successfully introduced abundant VO by using NH4+ to regulate the 
synthesis of ultrathin δ-MnO2 nanosheets, imparting high stability for 
catalytic O3 decomposition under high humidity. Zhu et al. [35] pre
pared α-MnO2 nanowires with tunable K+ concentrations, where 
increasing K+ concentration enhanced the oxygen vacancy content, 
leading to higher catalytic O3 decomposition performance under humid 
conditions. Hong et al. [36] significantly increased the number of VO in 
OMS-2 catalysts by incorporating Na+, positively impacting O3 decom
position performance under humid conditions.
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In addition to these methods of increasing oxygen vacancy content, 
preventing water molecules from occupying vacancies has also been 
used to improve MnOx catalytic activity for O3 decomposition in humid 
environments. For example, Dai et al. [37] prepared a δ-MnO2 supported 
on activated carbon (Mn/AC-A) that could stably catalyze O3 decom
position under humid conditions, attributed to the functionalized AC 
suppressing water accumulation on the δ-MnO2. Zhu et al. [27] encap
sulated α-MnO2 nanowires in a hydrophobic graphene shell to prevent 
VO being occupied by water molecules, enhancing anti-moisture ability 
during catalytic O3 decomposition. Liu et al. [38] found on c-disordered 
birnessite that, compared to the in-layer VO, the out-of-layer VO 
exhibited stronger adsorption of O3 and weaker adsorption of H2O, and 
the synthesized highly c-disordered birnessite with out-of-layer VO 
exhibited high catalytic activity and stability for O3 decomposition 
under humid conditions. Although these strategies can greatly improve 
the catalytic activity and stability of MnOx for O3 decomposition under 
humid conditions, limited by the intrinsic nature of oxygen vacancies, 
the competitive adsorption issue between environmental water vapor 
and ozone still exists. Therefore, regulating oxygen vacancies to main
tain the high efficiency and stability of MnOx catalysts for catalytic 
ozone decomposition under humid conditions has fundamental de
ficiencies in terms of economy, convenience, and reliability. In recent 
years, with the proposal of the H-transfer redox mechanism of hydroxyl 
groups (-OH) as the active site for catalytic ozone decomposition 
[39–41], water vapor in the environment has also been considered 
beneficial for catalytic O3 decomposition. Wang et al. [42] constructed a 
metal organic framework (MIL-100 (Fe)) that exhibited excellent O3 
decomposition activity at relative humidity (RH) ≥ 40 % (100 % O3 
decomposition after 12 h reaction). Whereas under near-dry gas con
ditions (RH<5 %) the O3 decomposition rate was only 10 %, indicating 
beneficial effects of water for decomposition. Sun et al. [43] synthesized 
a manganese-based metal organic framework ([Mn3(μ3-OH)2(TTPE) 
(H2O)4]⋅2 H2O, ZZU-281) from Mn(NO3)2⋅6 H2O and H4TTPE that could 
effectively eliminate O3 over the entire humidity range from dry gas 
(≤5 % RH) to high humidity (90 % RH). Analysis showed this was 
attributed to stable coordinated water molecules and hydroxyl groups 
(-OH) activated by Mn2+ as active sites catalyzing the conversion of O3 
to oxygen. Although the presence of -OH on the surface of MnOx with 
oxygen vacancies as the main active sites for catalytic ozone decompo
sition is detrimental [44], if rich -OH are constructed on the MnOx 
surface to replace oxygen vacancies as the main active sites for catalytic 
ozone decomposition, could this alleviate the water-induced deactiva
tion issue of MnOx catalysts for room-temperature catalytic ozone 
decomposition (Fig. 1)?

In this work, we developed a novel MnOx catalyst for room- 
temperature O3 decomposition through a hydrothermal synthesis 
approach, utilizing the redox reaction between potassium permanganate 
and organic acids. Through a series of characterization tests and 
computational analyses, we found that the presence of abundant -OH 
enhance the catalytic performance of MnOx for O3 decomposition under 
humid conditions at room temperature. Furthermore, we investigated 

the factor affecting surface -OH in catalyzing O3 decomposition. This 
work will enrich our understanding of MnOx materials for catalytic O3 
decomposition from a new perspective and provide insights for the 
development of stable and efficient room-temperature O3 decomposi
tion catalysts applicable in practical environments.

2. Experimental

2.1. Catalyst preparation

All reagents are of analytical grade and used without any further 
purification. The MnOx nanomaterials were synthesized via a solid-state 
grinding and hydrothermal activation method using potassium per
manganate and organic acids as precursors. Specifically, KMnO4 
(6 mmol) and an organic acid (citric acid, ascorbic acid, or tartaric acid, 
6 mmol) were thoroughly ground together for 2 min and then heat- 
treated at 100 ◦C for 30 min. After cooling to room temperature, 
deionized water (30 mL) was added, and the mixture was stirred until 
homogeneous. The resulting suspension was then hydrothermally acti
vated at 100 ◦C under atmospheric pressure for 1 h. Subsequently, the 
precipitate was collected by centrifugation, washed several times with 
deionized water, and dried at 120 ◦C for 1 h to obtain the final product. 
The sample prepared using citric acid as the precursor was denoted as 
MnOx-C, the one using ascorbic acid was labeled MnOx-A, and the one 
using tartaric acid was named MnOx-T. MnOx-A was treated at 150 ◦C 
for 1 h in air or N2 atmosphere, denoted as Dehydrated (air) and 
Dehydrated (N2), respectively. Dehydrated MnOx-A was hydrothermally 
treated at 100 ◦C under atmospheric pressure for 1 h. Subsequently, the 
precipitate collected by centrifugation was dried at 120 ◦C for 1 h, and 
the resulting product was denoted as Re-hydrothermal.

MnOx monolithic catalyst was prepared through the following steps: 
3 g MnOx-A powder catalyst, 3 g silica sol (containing 30 % silica), and 
24 g deionized water were mixed and ball-milled for 3 h. Then, cylin
drical cordierite (Φ=1.5 cm, h=1 cm) was placed in the obtained slurry 
and ultrasonically impregnated for 1 h. The residual liquid in the 
channels was blown off with an air gun, and the samples were dried in a 
70 ◦C oven for 12 h to obtain monolithic catalyst, designated as MnOx/ 
CH.

2.2. Catalyst characterization

X-ray diffraction (XRD) patterns were collected via an X-ray 
diffractometer (PANalytical X’Pert PRO, λ=0.1542 nm). X-ray photo
electron spectroscopy (XPS) was performed to identify the valence states 
and surface composition of the catalysts on a Kratos AXIS Ultra DLD 
spectrometer. Thermogravimetric (TG) analysis was conducted on a 
Netzsch STA 409PC. Infrared spectra were examined through Fourier 
transform infrared (FTIR) spectroscopy (Vertex 70, Bruker Optics, Ger
many). The hydroxyl group content was determined by potentiometric 
titration experiments conducted using a ZDJ-4B automatic potential 
titrator and more details are shown in the Supporting Material. Scanning 

Fig. 1. Proposed strategy to alleviate water-induced deactivation of MnOx catalysts for room-temperature O3 decomposition.
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electron microscopy (SEM) images were obtained on a Hitachi S-4700 
(II) microscope operating at 15.0 kV. N2 adsorption-desorption iso
therms of the samples were carried out at 77 K on a Micromeritics 
ASAP2020 instrument. The specific surface area was determined by the 
Brunauer-Emmett-Teller (BET) method, and the pore size distribution 
was calculated by using the Barrett-Joyner-Halenda (BJH) formula from 
the desorption branch of the isotherms. H2 temperature-programmed 
reduction (H2-TPR) was measured on a FINE SORB-3010 E instrument 
equipped with a thermal conductivity detector (TCD). Electron para
magnetic resonance (EPR) spectra were recorded on a Bruker EMX plus 
10/12 spectrometer (X-band, 9.84 GHz, 2 mW, 100 kHz modulation). 
Water contact angle measurement was carried out on a JY-82B Kruss 
DSA contact angle-measuring device. Density functional theory (DFT) 
calculations were performed for adsorption energy and reaction energy 
and more details are shown in the Supporting Material. In situ infrared 
test (in-situ DRIFTS) of ozone decomposition on the catalysts was 
operated with the scanning range of 4000–600 cm− 1 by Fourier trans
form infrared spectroscopy (Vertex 70, Bruker Optics, Germany). The 
spectra were recorded for a series of time points with a total gas flow 
50 % RH O3/air rate of 50 mL⋅min− 1.

2.3. Performance test

The catalytic activity of as-synthesized samples for O3 decomposition 
was evaluated in a continuous fixed-bed reactor at 25 ◦C. Briefly, 
100 mg sample was loaded in a quartz tube with an inner diameter of 
6 mm and the total gas flow was 1 L⋅min− 1. O3 was generated by passing 
oxygen through an O3 generator (COM-AD-01-OEM, Anseros Company, 
Germany) and was adequately mixed with dried clean air to maintain a 

40 ppm concentration. The inlet and outlet O3 concentration were 
monitored using an O3 detector (Model 106-M, 2B Technologies Inc., 
USA). The relative humidity (RH) was controlled by adjusting the flow 
rate through the water bubbling bottle. The O3 conversion was calcu
lated as follows: 

O3 conversion (%) = (Cin-Cout)/Cin× 100%                                           

where Cin and Cout are inlet and outlet O3 concentration, respectively.
Activity Regeneration Testing of MnOx/CH: Initially, the activity of 

fresh MnOx/CH was tested under a flow of air with a relative humidity 
of 70 % and an ozone concentration of 40 ppm for 2 h, referred to as 
Fresh. Following this, the sample underwent regeneration treatment (I) 
at 100 ◦C for 2 h, after which its activity was retested under the same 
conditions for 2 h, referred to as Cycle-1. Next, the sample was subjected 
to regeneration treatment (II) using water vapor at 100 ◦C for 2 h, and its 
activity was again tested under the same conditions for 2 h, referred to 
as Cycle-2. Subsequently, the sample underwent regeneration treatment 
(III) with ethanol-water vapor at 100 ◦C for 2 h, followed by activity test 
for 2 h under the same conditions, referred to as Cycle-3. After each 
regeneration treatment, prior to the activity test, the sample was placed 
in a desiccator and dried at room temperature for 12 h.

3. Results and discussion

3.1. Surface -OH and O3 decomposition performance of as-prepared 
MnOx

Fig. 2a schematically illustrates the synthesis of MnOx catalysts via a 
combined approach of solid-state grinding, heat treatment, and ambient 

Fig. 2. (a) Schematic illustration of the synthesis procedure for MnOx catalysts; (b) XRD patterns, (c) O 1 s XPS spectra, (d) thermogravimetric curves, (e) infrared 
spectra, (f) O3 conversion of MnOx-C, MnOx-A, and MnOx-T, reaction conditions: ~40 ppm O3, RH= 50 %, catalyst usage: 100 mg, flow rate:1 L⋅min− 1, 25 ◦C.
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pressure hydrothermal activation using potassium permanganate and 
organic acids as precursors. The more information of the synthesis 
method is presented in the section of Experimental. XRD was used to 
identify the crystal structures of the prepared MnOx catalysts and their 
patterns are shown in Fig. 1b. The diffraction peaks for the MnOx-C 
sample at 2θ = 24.1◦, 31.2◦, 37.0◦, 40.5◦, 44.5◦, 51.4◦, 59.4◦, and 66.2◦

could be assigned to Mn5O8 (PDF#39–1218). The MnOx-T had similar 
diffraction peaks, but only three weak peaks at θ = 24.1◦, 37.0◦, and 
66.2◦ were observed, revealing its relatively poor crystallinity. For the 
MnOx-A sample, the XRD pattern revealed the presence of MnC2O4 
(PDF#32–0646) and MnC2O4⋅2 H2O (PDF#25–0544), which were 
insoluble products generated from the reaction of potassium perman
ganate and ascorbic acid. These byproducts were not removed in the 
washing process (the presence of yellow powder in the filter cake sup
ports this, Fig. S1). Similarly, weak diffraction peaks related to Mn5O8 
were also observed. The XRD result suggests that the product obtained 
through the hydrothermal reaction under atmospheric pressure condi
tions, utilizing the redox reaction between potassium permanganate and 
organic acids, is likely to be low-crystallinity Mn5O8. Generally, low 
crystallinity materials tend to have abundant defects and active sites on 
their surfaces [24,45,46], imparting them with better catalytic 
performance.

To elucidate the surface -OH content of the prepared samples, a se
ries of characterizations were conducted. XPS experiments were con
ducted to study the chemical state of surface oxygen in all the samples. 
As shown in Fig. 2c, three peaks at 529.3–530.4 eV, 530.5–531.7 eV, 
and 531.8–532.6 eV and above 532.7 eV were attributed to OI (lattice 
oxygen, Olatt), OII (surface adsorbed oxygen, C––O, etc.), OIII (-OH), and 
OIV (H2O). [47–54], respectively. Notably, MnOx-A exhibits signifi
cantly higher binding energies compared to MnOx-C and MnOx-T, 
which may be attributed to its lower electron density. Table 1 lists the 
proportions of various oxygen species, showing that the prepared sam
ples possessed abundant surface -OH, particularly MnOx-A. Further
more, the samples were characterized by thermogravimetric analysis 
and infrared spectroscopy. Thermogravimetric analysis was conducted 
on the samples under nitrogen atmosphere, with results shown in 
Fig. 2c. The mass loss below 200 ◦C can be ascribed to desorption of 
adsorbed water, while mass loss above 200 ◦C can be assigned to 
desorption of -OH [55–57]. For MnOx-C, MnOx-A, and MnOx-T, the 
measured mass losses below 200 ◦C mass were 12.2 %, 7.4 %, and 
17.6 %, respectively, and the mass losses above 200 ◦C were 13.5 %, 
33.4 %, and 5.6 %, respectively. Fig. S2 demonstrates that the decom
position of MnC2O4 occurs at 400 ◦C under a nitrogen atmosphere. The 
MnOx-A sample exhibits no significant weight loss above 400 ◦C, sug
gesting that despite the detection of MnC2O4 impurities by XRD in 
MnOx-A, their content is likely minimal. Fig. 2d presents the infrared 
spectra of the three samples. The 3400 cm− 1 band is generally consid
ered to relate to molecular water [58,59]. Notably, a sharp peak was 
observed at 3620 cm− 1 for MnOx-A, which could be attributed to the 
emergence of -OH linked to Mn [60–62]. The thermogravimetric and 
infrared results corroborated that MnOx-A exhibited the most abundant 
surface hydroxyl groups in comparison with MnOx-C and MnOx-T.

Based on Fig. 1, MnOx-A was predicted to exhibit superior catalytic 
performance for O3 decomposition under humid conditions compared to 
other samples. The catalytic performance of the as-synthesized MnOx 
catalysts was evaluated at 25 ◦C under humid conditions (RH=50 %) 
with a weight hourly space velocity (WHSV) of 600000 mL⋅g− 1⋅h− 1 

(Fig. 2f). As expected, MnOx-A demonstrated excellent catalytic stability 
during the 240 min reaction period, while other samples showed notable 
activity deterioration over time. Fig. S3 shows that the MnC2O4 impurity 
in the MnOx-A sample had negligible influence on its catalytic perfor
mance. Notably, although MnOx-C possessed a higher concentration of 
surface -OH compared to MnOx-T, they exhibited similar catalytic O3 
decomposition activities. Therefore, further verification is required to 
determine whether surface hydroxyl groups are indeed the primary 
active sites of as- synthesized MnOx catalysts.

3.2. Structure-activity relationship of as-prepared MnOx

Analyzing the structure-activity relationship is crucial for accurately 
understanding the factors influencing catalytic performance. It is widely 
accepted that specific surface area and oxygen vacancies play important 
roles in O3 decomposition. The morphologies of the prepared catalysts 
were characterized by SEM, as shown in Fig. 3a–c. The micrographs 
reveal distinct morphological features: MnOx-C predominantly 
comprised wire-like particles, MnOx-A exhibited nanorod arrays, while 
MnOx-T consisted of rod-like and irregularly stacked particles. The pore 
structure and specific surface area of the samples were analyzed by ni
trogen adsorption-desorption. As shown in Fig. 3d, all samples displayed 
type IV isotherms with characteristic hysteresis loops, indicative of 
mesoporous structures. The hysteresis loop profiles of MnOx-C and 
MnOx-A corresponded to H4 and H3 types, respectively, suggesting the 
presence of slit-like mesopores formed by nanoparticle aggregation, as 
corroborated by SEM observations (Fig. 3a and b). In contrast, MnOx-T 
exhibited an H2-type hysteresis loop, signifying the existence of gap 
pores resulting from dense particle stacking (Fig. 3c). Pore size distri
bution analysis revealed a predominant range of 4–10 nm for all sam
ples, with average pore size (Table 2) in the order of MnOx-A> MnOx- 
T > MnOx-C, aligning with the SEM observations. Furthermore, we 
determined the specific surface areas (SBET) of the samples using the 
Brunauer-Emmett-Teller method (Table 2). All samples possessed rela
tively large specific surface areas, especially MnOx-A with a specific 
surface area up to 271 m2⋅g− 1. Typically, the larger specific surface area 
of catalyst, the more readily accessible the surface active sites are to O3 
molecules. This could explain why MnOx-C and MnOx-T exhibited 
similar catalytic O3 decomposition activities.

The reducibility of the as-prepared samples was evaluated by H2-TPR 
experiments. The reduction process of MnOx typically follows the 
sequence MnO2→Mn2O3→Mn3O4→MnO [63–65]. The dark green color 
exhibited by all three samples after reduction indicates that they were 
reduced to MnO. The H2-TPR profiles (Fig. 3e) reveal distinct reduction 
patterns for each sample. MnOx-C sample exhibited reduction peaks at 
250 ◦C and 418 ◦C. MnOx-A sample (excluding the influence of C2MnO4) 
showed the main reduction peak at 270 ◦C with a small peak at 345 ◦C. 
MnOx-T sample displayed reduction peaks at 260 ◦C and 427 ◦C. These 
results suggest that the MnOx-A sample can be more easily reduced to 
MnO, indicating stronger oxygen activity. Consequently, compared to 
MnOx-C and MnOx-T, MnOx-A likely possesses a higher concentration of 
surface defects. Additionally, the order of hydrogen consumption 
amount was calculated as MnOx-A (1.26 mmol⋅g− 1) < MnOx-C 
(1.51 mmol⋅g− 1) < MnOx-T (5.24 mmol⋅g− 1), indicating that MnOx-A 
has the lowest average manganese valence state.

To further determine the average manganese valence state in the 
samples, the Mn 3 s XPS spectra of the samples were analyzed (Fig. 3f) 
since Mn elements with different valence states have different splitting 
energies for the Mn 3 s peak. The average oxidation state (AOS) of the 
surface Mn atoms was calculated using the following relationship 
[66–68]: 

AOS = 8.956 - 1.126 × ΔE                                                                  

where ΔE is the Mn 3 s multiplet splitting energy. The results showed 
that the order of average manganese oxidation states in the synthesized 

Table 1 
O 1 s XPS results of MnOx-C, MnOx-A, and MnOx-T.

Sample O（%）

OI OII OIII OIV

MnOx-C 34.3 31.0 27.5 7.2
MnOx-A 23.1 26.9 41.8 8.2
MnOx-T 53.9 22.4 14.3 9.4
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samples was MnOx-A (2.2) < MnOx-C (2.6) < MnOx-T (3.0), consistent 
with the H2-TPR results. EPR characterization was employed to quantify 
the VO present in the three samples, as depicted in Fig. 3g and Table 2. In 
line with XRD and H2-TPR analysis results, the as-synthesized samples 
exhibited a high concentration of defects (VO), with MnOx-A possessing 
the highest concentration of VO.

Based on the aforementioned characterizations, the surface area and 
oxygen vacancy concentration for a given mass of each sample were 
calculated (Table 2) and presented them graphically in Fig. 3h for a 
more intuitive comparison. As illustrated, when the sample amounts 
were consistent (100 mg), MnOx-A (100) exhibited the highest surface 

area and oxygen vacancy concentration, thus displaying the optimal 
catalytic O3 decomposition performance. However, was its superior 
activity solely attributed to higher surface area and oxygen vacancy 
concentration? To address this, we adjusted the sample amounts to 
100 mg MnOx-C, 45 mg MnOx-A, and 100 mg MnOx-T, ensuring com
parable surface areas and oxygen vacancy concentrations (Fig. 3h and 
Table 2). Subsequently, catalytic O3 decomposition activity tests were 
conducted under identical conditions, with the results depicted in 
Fig. 3i. Interestingly, despite the surface area and oxygen vacancy 
concentration analysis suggesting that MnOx-A(45) should exhibit lower 
catalytic O3 decomposition activity compared to MnOx-C(100) and 

Fig. 3. SEM images of (a) MnOx-C, (b) MnOx-A, and (c) MnOx-T; (d) N2 adsorption-desorption isotherms and pore size distribution of MnOx-C, MnOx-A, and MnOx-T; 
(e) H2-TPR profiles of MnOx-C, MnOx-A, MnOx-T and C2MnO4; (f) Mn 3 s XPS spectra and (g) EPR profile of MnOx-C, MnOx-A, and MnOx-T; (h) Schematic repre
sentation of the oxygen vacancy and surface area, and (i) O3 conversion of MnOx-C(x), MnOx-A(x), and MnOx-T(x), (x) stands for usage x mg, reaction conditions: 
~40 ppm O3, RH= 50 %, flow rate:1 L⋅min− 1, 25 ◦C; (j) Water contact angle measurements of MnOx-C, MnOx-A, and MnOx-T.
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MnOx-T(100), the experimental results were strikingly contradictory. 
Under humid conditions (RH=50 %), after 240 min of reaction, the O3 
conversion rate on MnOx-A(45) was approximately 23 % higher than 
that on MnOx-C(100) and MnOx-T(100). Combined with the data ob
tained under dry conditions, this suggests that MnOx-A demonstrates 
enhanced resistance to water-induced deactivation during the room- 
temperature catalytic O3 decomposition. This behavior cannot be 
solely attributed to an increased surface area or higher oxygen vacancy 
concentration.

The difference in the resistance to water-induced deactivation 

among the samples may be attributed to the hydrophilicity or hydro
phobicity of their surfaces. To gain insights into the surface wettability 
of the prepared samples, water contact angle measurements were per
formed. As shown in Fig. 3j, the water contact angles for MnOx-C, MnOx- 
A, and MnOx-T were 34◦, 31◦, and 40◦, respectively, indicating that the 
surface wettability of the three samples did not differ significantly, with 
MnOx-A even exhibiting a higher affinity for water molecules. However, 
the activity tests (Fig. 4b) revealed that MnOx-A possessed superior 
resistance to water-induced deactivation among the three samples. This 
phenomenon indicates MnOx-A’s superior resistance to water-induced 
deactivation during the room-temperature catalytic O3 decomposition 
process is not attributable to a more hydrophobic surface. By analyzing 
the structure-activity relationship and excluding factors such as oxygen 
vacancies, surface area, and hydrophilicity/hydrophobicity, the result 
that MnOx-A exhibits higher catalytic activity for room-temperature O3 
decomposition under humid conditions (Fig. 4i) further strengthens our 
hypothesis (Fig. 1): the surface -OH of MnOx could serve as primary 
active sites for the catalytic O3 decomposition.

3.3. Effect of surface -OH on O3 decomposition performance

To verify the role of surface -OH in catalytic O3 decomposition, we 
investigated the effect of heat treatment on the surface hydroxyl content 

Table 2 
Pore size, SBET and VO results of MnOx-C, MnOx-A, and MnOx-T.

Sample Pore 
size 
(nm)

SBET 

(m2⋅g− 1)
VO (1013 

spins⋅g− 1)
Usage 
(mg)

Oxygen 
vacancy 
（1013 

spins）

Surface 
area 
(m2)

MnOx- 
C

4 124 3.7 100 0.37 12.4

MnOx- 
A

8 271 5.1 100 0.51 27.1
45 0.23 12.4

MnOx- 
T

6 166 2.3 100 0.23 16.6

Fig. 4. (a) Thermogravimetric curves and (b) O3 conversion of the hydrothermal products of potassium permanganate and ascorbic acid dried at 100 ◦C, 120 ◦C, 150 
◦C and 200 ◦C, reaction conditions: ~40 ppm O3, RH= 50 %, catalyst usage: 100 mg, flow rate:1 L⋅min− 1, 25 ◦C; (c) O3 conversion of MnOx-A under different relative 
humidity; (d) Mn 3 s and (e) O 1 s XPS spectra of MnOx-A after reacting for 240 min under 0 %, 70 %, and 90 % RH conditions.
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of the samples. The hydrothermal products of potassium permanganate 
and ascorbic acid were dried at different temperatures (100 ◦C, 120 ◦C, 
150 ◦C, 200 ◦C) for 1 h before evaluating their catalytic O3 decompo
sition performance. Fig. 4a presents the TGA curves of the obtained 
samples. Generally, the surface -OH content (the mass loss above 200 ◦C) 
decreased with increasing drying temperature. The sample dried at 120 
◦C (MnOx-A) exhibited the highest surface hydroxyl content, followed by 
those dried at 150 ◦C and 100 ◦C, while the sample dried at 200 ◦C 
showed the lowest -OH content. Notably, the sample dried at 100 ◦C did 
not exhibit the highest surface hydroxyl content, possibly due to insuf
ficient drying, leading to the surface of the samples primarily containing 
adsorbed water. Fig. 4b shows the catalytic O3 decomposition perfor
mance of these samples under 50 % relative humidity. Remarkably, the 
catalytic performance of the samples for O3 decomposition correlated 
positively with their surface hydroxyl content. This result indicates that 
surface -OH can improve the performance of MnOx catalysts for O3 
decomposition under humid conditions, and the catalytic performance 
can be optimized by controlling the content of surface -OH.

Further investigation into the catalytic performances of MnOx-A for 
O3 decomposition under different relative humidity as shown in Fig. 4c. 
Under 0 % (dry), 30 %, and 50 % RH conditions, the sample maintained 
100 % removal of O3 after 240 min of continuous running. However, a 
decline in activity was observed as the RH increased to 70 % and 90 %. 
Specifically, under the 70 % RH condition, the O3 conversion dropped to 
79 % after 240 min; under the 90 % RH condition, the O3 conversion 
dropped to 90 % after 240 min. The higher O3 decomposition activity of 
MnOx-A under 90 % RH compared to 70 % RH indicates that the activity 
decline of MnOx-A under humid conditions is not caused by the 
competitive adsorption of water and O3. This indirectly suggests that 
abundant surface -OH can alleviate the water-induced deactivation issue 
of MnOx catalysts for room-temperature O3 decomposition.

To investigate the potential causes of the observed decline in mate
rial activity, MnOx-A samples after reacting for 240 min under 0 %, 
70 %, and 90 % RH conditions were characterized by XPS. Fig. 4d shows 
the Mn 3 s spectra of the samples, from which the average oxidation 
state of manganese to be 2.2 (0 %RH), 2.7 (70 %RH) and 2.4 (90 %RH), 
respectively. Fig. 4e shows the O 1 s spectra of the samples, and by peak- 
fitting, the proportions of various oxygen species were obtained 
(Table 3). It can be observed that with increasing relative humidity, the 
content of OIII on the sample surface after reaction first decreased and 
then increased, indicating that the water molecules adsorbed on the 
surface during the reaction were not stable. Under the 70 % RH condi
tion, the majority of these molecules likely formed Olatt, with a small 
portion present as -OH. Conversely, under the 90 % RH condition, the 
predominant form appeared to be -OH, with a small portion forming 
Olatt. This could be the reason for the change in the average manganese 
valence state in the samples. Based on this characterization data activity 
analysis, the role of -OH in catalytic O3 decomposition may be related to 
the manganese valence state: -OH connected to lower-valent manganese 
has superior catalytic performance to -OH connected to higher-valent 
manganese.

To corroborate our hypothesis, we devised an experiment involving 
MnOx-A samples subjected to dehydration and re-hydrothermal treat
ments during different atmospheres. The catalytic performance of these 
samples in O3 decomposition was then evaluated (Fig. 5a). Compared to 
the fresh MnOx-A, the sample dehydrated under nitrogen atmosphere 

showed relatively good recovery of activity after re-hydrothermal, 
whereas the sample dehydrated under air atmosphere showed negli
gible recovery. This disparity can be attributed to the oxidizing effect of 
O2 in air during dehydration, which likely increased the manganese 
oxidation state. Conversely, the nitrogen atmosphere served as an inert 
protective gas, preserving the initial manganese oxidation state. 
Consequently, when -OH were reintroduced through re-hydrothermal 
treatment, a significant difference in activity was observed between 
the two samples. This result essentially confirms that the activity of -OH 
in catalytic O3 decomposition is indeed related to the manganese 
valence state.

Furthermore, we conducted deactivated catalyst regeneration ex
periments. To better align with practical applications and facilitate 
regeneration operations, we prepared MnOx/CH monolithic catalysts for 
activity and regeneration testing. More information of the preparation 
and testing method is presented in the section of Experimental. Fig. 5b 
shows the performance of the fresh and differently regenerated MnOx/ 
CH for O3 decomposition. Taking the activity of the fresh catalyst as the 
baseline, it can be found that Cycle-1 regained a small amount of ac
tivity, Cycle-2 showed a partial recovery of activity, and Cycle-3 
exhibited a significant recovery. These changes can be explained as 
follows: First, the fresh catalyst has a certain amount of surface VO and 
-OH, and the average manganese valence state is relatively low. During 
the catalytic O3 decomposition process under 70 % RH, some VO were 
occupied by water molecules or peroxides, and the manganese valence 
state increased, leading to decreased activity. After treatment I, the 
occupied VO were partially released, but the average manganese valence 
state could not be reduced, so the activity was only slightly recovered. 
After treatment II, the hot steam would also release some VO (not as 
effective as treatment I) and introduce a certain amount of -OH. This is 
because, as reported in the literature [69–71], due to the strong electric 
field (107 V/cm) at the air-water interface and the contact charging at 
the water-solid interface, -OH can spontaneously form at the micromolar 
level by condensing water vapor to form microdroplets on the solid 
surface. but the average manganese valence state remained largely un
changed, so the activity was also partially recovered. After treatment III, 
the hot steam released some VO and introduced a certain amount of -OH, 
and the reducing nature of the alcohol vapor helped reduce the average 
manganese valence state [72,73]. With these favorable factors com
bined, the activity was significantly recovered. This result is consistent 
with the analysis of the influence of surface -OH on the performance of 
MnOx catalysts for O3 decomposition and also provides insights for 
designing and constructing efficient and stable MnOx structures for 
room-temperature O3 decomposition catalysis: rich surface -OH, low 
average manganese valence state, and the ability to maintain a stable 
manganese valence state during the catalytic process.

3.4. Density functional theory calculations

The aforementioned characterization and experimental results indi
cate that abundant surface -OH can alleviate the water-induced deacti
vation issue of MnOx catalysts for room-temperature O3 decomposition, 
and its activity expression is related to hydroxyl content and manganese 
valence state. Furthermore, density functional theory (DFT) calculations 
were conducted to investigate the influence of surface -OH on the cat
alytic performance of MnOx for O3 decomposition. First, the adsorption 
energies of O3 and H2O on different active sites (VO and -OH) were 
compared by DFT calculations. Fig. 6a illustrates the structural model of 
Mn5O8 constructed with both VO and -OH sites. The calculation results 
are shown in Fig. 6b. More negative adsorption energy indicates stron
ger adsorption. The adsorption energies of O3 and water molecules on 
the VO site were − 0.329 eV and − 0.559 eV, respectively, indicating that 
H2O is more easily adsorbed on VO, leading to worse catalytic O3 
decomposition performance. In contrast, the adsorption energies of O3 
and water molecules on the -OH site were − 0.617 eV and − 0.169 eV, 
respectively, indicating that O3 is more easily adsorbed on -OH, and the 

Table 3 
O 1 s XPS results of MnOx-A after reacting for 240 min under 0 %, 70 %, and 
90 % RH conditions.

Sample reaction condition (RH, %) O（%）

OI OII OIII OIV

MnOx-A 0 32.2 21.2 37.5 9.1
70 41.1 19.1 28.8 11.0
90 27.2 24.7 40.2 7.9
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presence of water molecules does not affect the adsorption of O3 on -OH. 
This implies that abundant surface -OH are beneficial for the catalytic 
decomposition of O3 by MnOx in humid environments, consistent with 
the experimental results.

To further elucidate the catalytic decomposition mechanism of O3 on 
the material surface, in situ DRIFT studies of O3 decomposition on the 
MnOx-A sample were conducted, as shown in Fig. 6c. The peaks at 
670–823 cm− 1 and 875–1103 cm− 1 are attributed to the ozonide O3

- 

species and physically adsorbed O3 molecules, respectively. The peaks 
around 3000–3700 cm− 1 are associated with the bending vibration of 
H2O [40]. The results indicate that as the reaction progresses, the 
amount of adsorbed water on the MnOx-A surface increases, but this 
does not significantly affect the adsorption and activation of ozone. This 
suggests that there is no competitive adsorption between ozone and 
water molecules on MnOx-A, implying that oxygen vacancies are not the 
primary active sites. The findings corroborate that the catalytic ozone 
decomposition mechanism of the prepared MnOx-A follows the 
H-transfer redox mechanism, with hydroxyl groups serving as the active 
sites.

Building upon above analysis and drawing from the literature [40, 
43,74], the O3 decomposition on -OH active sites follows the steps below 
(Fig. 6d): O3 is adsorbed on -OH to form the OOOH intermediate (I, II) 
with the H in -OH; Two adjacent OOOH intermediates rearrange and 
release an oxygen molecule to form the HOOOOH intermediate (III); The 
HOOOOH intermediate rapidly dissociates to produce the OOH 

intermediate and an oxygen molecule (IV), and after releasing the ox
ygen molecule to expose a -OH active site (V); The OOH intermediate 
further generates an oxygen molecule and regenerates the -OH active 
site (VI) to return to its initial state (IS), where the transition from state V 
to state VI is the rate-determining step for the whole reaction. The re
action energies of the surface -OH catalyzing the O3 decomposition 
process on the constructed Mn5O8 structural models were calculated by 
density functional theory. Fig. 6d shows the calculated reaction energy 
profiles of -OH connected to different valence Mn catalyzing O3 
decomposition. It can be seen that the -OH active sites on lower-valence 
Mn are easier to adsorb O3 to form intermediates and thus promote O3 
decomposition compared to those on higher-valence Mn. Notably, the 
reaction barrier of the rate-determining step decreased by 0.25 eV, 
showing that -OH connected to lower-valence Mn exhibits enhanced 
catalytic activity for O3 decomposition. This indicates that the activity of 
surface -OH on MnOx in catalytic O3 decomposition is related to the 
manganese valence state, which is consistent with the experimental 
results and provides theoretical support for the relevant analysis 
discussions.

4. Conclusions

In this work, MnOx catalysts with abundant surface -OH were syn
thesized via a combined approach of solid-state grinding, heat treat
ment, and ambient pressure hydrothermal activation using potassium 

Fig. 5. (a) O3 conversion of Fresh, dehydrated and re-hydrothermal MnOx-A, reaction conditions: ~40 ppm O3, RH= 50 %, catalyst usage: 100 mg, flow rate:1
L⋅min− 1, 25 ◦C; (b) O3 conversion of fresh and regenerated MnOx/CH, reaction conditions: ~40 ppm O3, RH= 70 %, flow rate:1 L⋅min− 1, 25 ◦C.
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permanganate and organic acids as precursors. Comprehensive charac
terization techniques coupled with DFT calculations revealed that the 
abundant surface -OH can alleviate the water-induced deactivation issue 
of MnOx catalysts for O3 decomposition under humid environments, and 
the catalytic activity of -OH for O3 decomposition was found to be 
related to the manganese valence state: -OH associated with low-valent 
Mn exhibit higher catalytic activity compared to those connected to 
high-valent Mn. Our findings not only prove that constructing surface 
-OH is an effective approach to improve the water-induced deactivation 
issue of MnOx for room-temperature O3 decomposition but also provide 
new insights into the design of efficient and stable manganese oxide 
catalysts for O3 decomposition at room temperature.
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