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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Colloidal-CeFeMn mixed-oxide was 
synthesized by a facile and mild 
method. 

• CeFeMn mixed-oxide with high specific 
area and abundant oxygen vacancies 
was successfully synthesized. 

• Inert carriers could acquire the ability to 
eliminate atmospheric O3 by modifica-
tion with colloidal-CeFeMn mixed- 
oxide.  
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A B S T R A C T   

Catalytic decomposition of ozone (O3) shows great potential in eliminating harmful pollutant. However, 
developing efficient catalysts for atmospheric O3 remediation remains challenging. To address this problem, we 
have designed an active dispersion liquid (colloidal-CeFeMn mixed-oxide) for atmospheric O3 decomposition. 
The results show that the amorphous CeFeMn mixed-oxide activated at 150 ◦C has a larger specific surface area 
and more surface active sites (oxygen vacancies) than those samples activated at 160 ◦C and 170 ◦C. It also 
exhibits superior O3 decomposition activity at room temperature. Furthermore, ethanol-thermal activation of a 
CeFeMn-citric acid complex yielded CeFeMn mixed-oxide with small size and high element disorder, resulting in 
abundant redox pairs and catalytic active sites for O3 decomposition. With the coverage of the aformentioned 
colloidal-CeFeMn mixed-oxide, the inert surface of ordinary objects could be easily converted into active sur-
faces, reducing surrounding O3 concentration by 20–30 μg⋅m− 3. This study provides valuable insight into catalyst 
design and would help to promote the practical application of catalytic decomposition for eliminating atmo-
spheric O3.  
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1. Introduction 

Owing to its potent redox activity, excessive O3 content near the 
ground can severely damage the ecological environment, causing 
problems like plant necrosis and reduced crop yields. Additionally, long- 
term exposure, even to low O3 levels, poses serious risks to human health 
and may lead to cardiovascular and respiratory diseases [1–3]. Conse-
quently, the World Health Organization and many countries have 
implemented strict regulations on atmospheric O3 levels [4]. Unfortu-
nately, due to industrial development and the widespread use of fossil 
fuels, O3 concentration often exceeds these permissible levels [5–7]. 
Therefore, removing ground-level O3 is critical for protecting human 
health and ecosystems. While ozone pollution can theoretically be 
controlled by reducing VOCs and NOx emissions, an unbalanced 
reduction ratio may inadvertently increase O3 concentration [8–10]. 
Hence, developing an efficient way to directly purify the atmospheric O3 
remains necessary to address this pressing O3 pollution issue. 

Among the numerous ozone purification methods, catalytic decom-
position has attracted substantial attention due to its safety, economy, 
and efficiency [11–13]. With the deeper understanding of the ozone 
decomposition mechanism, significant progress has been made in 
developing highly efficient catalysts that can decompose ozone at 
ambient temperature [14–18]. Manganese-based oxides, in particular, 
are considered highly promising catalysts [19–21]. Zhang et al. syn-
thesized a series of spinel (Mn, Co)3O4 catalysts with abundant active 
sites (oxygen vacancies) and special surface area using an oxalic 
coprecipitation method, which displayed excellent catalytic ozonolysis 
performance [22]. Abdallah et al. developed a novel acid treated CexMn 
catalyst for O3 decomposition at low temperature in dry and wet con-
ditions, exhibiting strong water tolerance [23]. Sun et al. reported a new 
manganese-based metal organic framework (ZZU-281) that catalyzed O3 
decomposition at an almost constant 100 % efficiency across the entire 
humidity range from dry (≤5 % relative humidity (RH)) to high hu-
midity (90 % RH) [24]. Thus, a rationally engineered manganese-based 
oxides structure could satisfactorily catalyze O3 decomposition under 
various gaseous conditions. However, these synthesized catalysts are 
normally studied in powder form, which cannot be directly used for 
atmospheric O3 remediation. To the best of our knowledge, developing 
such an effective catalyst for atmospheric ozone decomposition remains 
a considerable challenge. 

The key to catalytic control of atmospheric ozone pollution requires 
sufficient contact between dispersed ozone in the atmosphere and cat-
alytic materials. This necessitates widely distributing catalytic materials 
in the environment to increase the probability of contact and collision 
with ozone. However, traditional solid catalysts used for organized 
waste gas purification have low feasibility for large-scale deployment in 
the environment due to morphological restrictions. Therefore, new types 

of catalytic materials need to be developed to better suit catalytic pu-
rification of atmospheric ozone. Our team previously presented a novel 
strategy for preparing monolithic catalysts, which can facilely and 
flexibly load active species onto various surfaces [25,26]. According to 
this strategy, if a highly efficient active dispersion liquid for O3 
decomposition can be synthesized, then simply atomizing and spraying 
it can generate an active layer on material surfaces in the environment 
(such as buildings and roads) to capture and decompose O3 for catalytic 
purification of atmospheric ozone pollution (Fig. 1a). 

In this work, we propose a facile and mild preparation strategy to 
manufacture colloidal-CeFeMn mixed-oxide (Fig. 1b). Experimental re-
sults confirm that the stable colloidal solution consists of CeFeMn mixed- 
oxides with abundant oxygen vacancies and ultra-high specific surface 
area, which can be readily combined with diverse solids to form cata-
lytic materials. These materials exhibited satisfactory O3 removal effi-
ciency under various experimental conditions. 

2. Material and methods 

2.1. Catalyst synthesis 

1.28 mmol of Mn(NO3)2, 0.64 mmol of Fe(NO3)3, 0.08 mmol of Ce 
(NO3)3, 2 mmol of citric acid and 3 × 10− 3 g of sodium hexameta-
phosphate were dissolved in 10 ml of deionized water. The solution was 
stirred at 90 ◦C for 1 h to form CeFeMn-citric acid complex. After 
cooling, 10 ml of ethanol was added while stirring for 10 min. The 
mixed solution was transferred to a 25 ml crystallization kettle and 
activated at 140 ◦C, 150 ◦C, 160 ◦C, or 170 ◦C for 1 h. After cooling and 
centrifugation, the solid product was either dried naturally to obtain 
CeFeMn mixed-oxide (CFM) powder (Fig. S1) or dispersed in ethanol to 
obtain colloidal-CeFeMn mixed-oxide (Fig. 1b). The CFM samples acti-
vated at different temperatures were denoted as CFM-140, CFM-150, 
CFM-160, and CFM-170 respectively. 

2.2. Catalyst characterization 

Thermogravimetric (TG) analysis was performed using a Netzsch 
STA 409PC. Fourier transform infrared (FTIR) spectroscopy (Vertex 70, 
Bruker Optics, Germany) was used to examine infrared spectra. X-ray 
diffraction (XRD) patterns were collected using an X-ray diffractometer 
(PANalytical X′Pert PRO, λ = 0.1542 nm). X-ray photoelectron spec-
troscopy (XPS) was carried out on a Kratos AXIS Ultra DLD spectrometer 
to identify valence states and surface composition. N2 adsorption- 
desorption isotherms were obtained at 77 K using a Micromeritics 
ASAP2020 instrument. Scanning electron microscopy (SEM) images 
were acquired using a Hitachi S-4700(II) microscope at 15.0 kV. 
Transmission electron microscopy (TEM) images were taken with a 

Fig. 1. Scheme of (a) O3 pollution control by catalytic technology and (b) colloidal-CeFeMn mixed-oxide.  
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Tecnai F30 S-Twin microscope at 300 kV. UV spectra were recorded on a 
Shimadzu UV-2600 spectrometer. H2 temperature-programmed reduc-
tion (H2-TPR) was performed using a FINE SORB-3010 E instrument 
equipped with a thermal conductivity detector (TCD). O2-Temperature 
programmed desorption (O2-TPD) was conducted on a BelCata II in-
strument equipped with an online QIC-200 quadrupole mass spec-
trometer. Raman spectra were obtained using a Raman spectrometer 
(HR 800 Lab RAM, Horiba Jobin Yvon, France) equipped with a 
531.95 nm laser (frequency-doubled Nd:YAG, 20 mW). 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). 

2.3. Catalyst evaluation 

Catalyst performance for organized ozone decomposition was eval-
uated in a continuous fixed-bed reactor at 25 ◦C. Ozone was generated 
by passing dry oxygen through an ozone generator (COM-AD-01-OEM, 
Anseros Company, Germany) and was adequately mixed with clean air 
to maintain a 60 ppm concentration. The inlet and outlet ozone con-
centration were monitored using an ozone detector (Model 106-M, 2B 
Technologies Inc., USA). 

3. Results and discussion 

3.1. Formation of active CeFeMn mixed-oxide 

Fig. 2 shows the catalytic activities for O3 decomposition of all 
powder samples to evaluate the performance of CeFeMn mixed-oxide 
synthesized by ethanol-thermal activation at different temperatures. 
Notably, the activity of sample activated at 140 ◦C was significantly 
lower than that the other samples. This is potentially attributed to 
incomplete decomposition of the CeFeMn-citric acid complex, resulting 
in a reduced formation of more active oxides. As the ethanol-thermal 
temperature increased, the catalytic activity of the sample improved. 
However, excessively high temperatures appear to have a counterpro-
ductive effect on the activity of CeFeMn mixed-oxide. To understand the 
specific reasons for the variability in activity of CeFeMn mixed-oxide 
synthesized at different ethanol-thermal temperatures, a series of char-
acterizations were carried out. 

Thermogravimetric analysis and infrared spectroscopy were 
employed to investigate the decomposition of the CeFeMn-citric acid 
complex at different ethanol-thermal temperatures. The outcomes are 
demonstrated in Fig. 3. Fig. 3a shows the TG and DTG curves of the 
CeFeMn-citric acid complex and its ethanol-thermal products at 

different temperatures. It is evident that the weight loss of CeFeMn-citric 
acid complex mainly occurred in three stages: the first stage below 
180 ◦C represents desorption of physically adsorbed water, chemically 
adsorbed water, and volatile components on the sample surface [27]; 
the second stage from 180 ◦C to 300 ◦C corresponds to decomposition of 
nitrates, hydroxides, and hydrated oxides in the sample [28]; the third 
stage between 300 ◦C and 360 ◦C results from decomposition of 
CeFeMn-citric acid complex [29,30]. Two weight loss peaks appear in 
the DTG curve at 300–360 ◦C, corresponding to decomposition of 
CeFeMn-citric acid complex with different coordination forms (mono-
dentate coordination or bidentate coordination). Based on the ther-
mogravimetric analysis of CeFeMn-citric acid complex, the sample 
activated at 140 ◦C lacked a weight loss peak at 300–360 ◦C, likely due 
to decomposition of a certain coordination form of the complex caused 
by the 140 ◦C ethanol-thermal treatment. Furthermore, the newly added 
fourth stage of weight loss from 360 ◦C to 450 ◦C can be attributed to 
decomposition of esters [31], potentially due to esterification between 
some citrate ions and ethanol at 140 ◦C. Combined with the infrared 
spectrum (Fig. 3b), only a small amount of citrate decomposed at 
140 ◦C, failing to produce substantial active oxides. For samples acti-
vated at 150 ◦C, 160 ◦C and 170 ◦C, almost no weight loss occurred 
above 300 ◦C (Fig. 3a), and the N-O vibration characteristic peak of 
nitrate at 1380 cm− 1 and C––O vibration characteristic band of citrate at 
1000 cm− 1 [32–34] significantly weaken (Fig. 3b), indicating that the 
complex is almost fully decomposed. Additionally, it is noteworthy that 
these samples exhibited weight increase above 750 ◦C (Fig. 3a), signi-
fying abundant oxygen vacancies. 

XRD and N2 adsorption-desorption were used to evaluate the texture 
properties of CeFeMn mixed-oxide activated at 150 ◦C, 160 ◦C, and 
170 ◦C. The XRD patterns (Fig. 4a) show that the crystal phase of the 
prepared samples was Bixbyite Mn2O3, with no related diffraction peaks 
of Fe and Ce species observed. This could indicate that Ce and Fe entered 
the lattice of Mn2O3 in a highly disordered manner, resulting in lower 
crystallinity for the samples. Among them, CFM-150 showed an amor-
phous structure, implying that abundant surface defects (such as oxygen 
vacancies) were present, which is conducive to oxygen migration. With 
increasing activation temperature, the crystallinity of the synthesized 
samples gradually increased. For instance, CFM-160 began to exhibit an 
obvious Mn2O3 crystalline phase. When the activation temperature was 
further increased to 170 ◦C, the synthesized sample still maintained the 
Mn2O3 crystalline phase. However, the structure became more complex 
due to the enhanced reducibility of ethanol, leading to decreased XRD 
peak intensity. The adsorption-desorption isotherms and BJH pore size 
distribution curves are illustrated in Fig. 4b-d. The isotherms of all 
samples belonged to type IV with a small H3 hysteresis loop. Pore size 
distributions show a broad peak centered at 4–5 nm, indicating that the 
ethanol-thermal products were small in size, as confirmed by the high 
specific surface area of all samples. The specific surface area of CFM- 
150, CFM-160, and CFM-170 calculated by the Brunauer-Emmett- 
Teller (BET) method was 372 m2⋅g− 1, 313 m2⋅g− 1, and 292 m2⋅g− 1 

respectively. With increasing activation temperature, the crystallinity of 
the particles increased, resulting in decreased specific surface area. In 
summary, XRD and BET results demonstrate that CFM-150 possesses a 
more favorable physical structure (abundant defects and large specific 
surface area) for catalyzing ozone decomposition. 

Based on the analysis of the above characterization, the hypothesized 
mechanism of ethanol-thermal synthesis of CeFeMn mixed-oxide is 
illustrated in Fig. 5. Metal ions (Mn2+, Fe3+ and Ce3+) could form 
complexes with citric acid and undergo polymerization to form chain 
structures at certain temperatures. Upon introduction of ethanol, hy-
droxyl and carboxyl groups could undergo condensation, promoting the 
formation of a polymer network structure. Under increasing tempera-
ture and pressure conditions during ethanol-thermal synthesis, the 
polymer decomposed and was oxidized by nitrate, ultimately generating 
an oxide active structure. Thanks to the uniform dispersion of metal ions 
(Mn2+, Fe3+ and Ce3+) in the polymer grid through the action of citric 

Fig. 2. O3 conversion on CeFeMn mixed-oxide powder prepared at different 
ethanol-thermal temperatures. Reaction conditions: ~60 ppm O3, WHSV 
= 600,000 ml⋅g− 1⋅h-1, 25 ◦C, dry gas. 
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acid and ethanol, the resulting composite oxide primarily exhibited a 
single manganese oxide (Mn2O3) phase. Due to the blocking effects of 
solvents and surfactants, the resulting particle size was small and 
exhibited a large specific surface area. Therefore, it can be concluded 
that the ethanol-thermal synthesis of active oxides for catalytic O3 
decomposition is feasible. 

XPS spectra were used to investigate the surface physicochemical 
properties of CeFeMn mixed-oxide synthesized by ethanol-thermal 
activation. In Fig. 6a, the Mn 2p3/2 and Fe 2p3/2 XPS spectra for all 
samples are presented. Mn2+ (640.6 eV), Mn3+ (641.9 eV), Mn4+

(643.7 eV), Fe2+ (710 eV), Fe3+ (711 eV) and Fe4+ (713 eV) were 
detected on the surface of all samples and are listed in Table 1. Previous 

Fig. 3. (a) Thermogravimetric curves under flowing air and (b) infrared spectrum of CeFeMn-citric acid complex and CeFeMn mixed-oxide powder prepared at 
different ethanol-thermal temperatures. 

Fig. 4. (a) XRD patterns (b-d) N2 adsorption-desorption isotherms and pore size distribution curves of CeFeMn mixed-oxide powder prepared at different ethanol- 
thermal temperatures. 
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studies have indicated that the mixed valence state of metal elements in 
transition metal oxides significantly influences electron transfer during 
reactions [35–37]. Generally, oxides with a higher content of the in-
termediate valence state of the variable-valence metal, resulting in more 
M(n− 1)+/Mn+ and Mn+/M(n+1)+ redox pairs, are more likely to generate 
oxygen vacancies. Combined with the relative content of Olatt 
(529.6 eV), Ovac (531.3 eV) and Osurf (532.1 eV) in the O 1 s XPS spectra 
(Fig. 6b and Table 1), it is evident that CFM-150 has abundant oxygen 
vacancies. This finding is further confirmed by Raman, H2-TPR, and 
O2-TPD, as shown in Fig. S2. As the activation temperature increased, 
due to the disproportionation reaction of Mn3+ [38], the content of 
Mn3+ in the CFM-160 sample decreased, while the content of Mn2+ and 
Mn4+ increased compared to the CFM-150 sample. However, when the 
activation temperature further increased, under the reduction by 

ethanol, Mn4+ and Mn3+ were reduced. Therefore, compared to the 
CFM-160 sample, the content of Mn4+ in the CFM-170 sample 
decreased, while the content of Mn2+ and Mn3+ increased. XPS results 
demonstrate that the order of oxygen vacancy content in samples syn-
thesized at different ethanol-thermal temperatures is: 
CFM-150 >CFM-170 >CFM-160. This was confirmed by the intensity of 
the symmetric EPR signal at g = 2.003 (Fig. 6c). Combined with the 
specific surface area, it can be concluded that among all samples, 
CFM-150 has the best catalytic ozone decomposition activity, corrobo-
rated by the activity test results (Fig. 2). Although CFM-160 had a lower 
oxygen vacancy concentration, its specific surface area (313 m2⋅g− 1) 
was higher than that of CFM-170 (292 m2⋅g− 1). Therefore, the oxygen 
vacancies over CFM-160 may be more easily approached by ozone, 
which is also consistent with the activity test results. 

Fig. 5. Ethanol-thermal synthesis mechanism of CeFeMn mixed-oxide.  

Fig. 6. (a) Mn 2p3/2 and Fe 2p3/2, (b) O 1 s XPS spectra and (c) EPR profile of CeFeMn mixed-oxide powder prepared at different ethanol-thermal temperatures.  
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3.2. Colloidal-CeFeMn mixed-oxide and its stability 

The foregoing discussion has demonstrated the successful synthesis 
of active CeFeMn mixed-oxide through the ethanol-thermal activation of 
CeFeMn-citric acid complex. The crucial factor in achieving our idea of 
efficient decomposition of environmental O3 (Fig. 1a) is determining 
whether these oxides can form a stable colloidal solution. Fig. 7a ex-
hibits the photos of the CeFeMn mixed-oxide (activated at 150 ◦C) 
dispersed in ethanol. The obvious Tyndall effect indicates that the 
CeFeMn mixed-oxide was uniformly dispersed in the ethanol solvent. 
Furthermore, transmission electron microscopy (Fig. 7b) reveals clearly 
defined boundaries separating the nanoparticles (approximately 5 nm), 
with no observed agglomeration. This can be explained by the following 
facts: the mechanism of the dispersant, sodium hexametaphosphate 
(added in the preparation process), is to form a stable double-layer 
structure on the surface of particles. First, the surface of the particles 
preferentially adsorbs ions of a certain charge type (determined by the 
nature of particles) from the dissociation of the dispersant. Then it as-
sembles another type of ions on the surface close to these ions to achieve 
charge balance. The presence of an ion layer with the same charge on the 
particle surface leads to particles repelling each other, thereby effec-
tively preventing the aggregation of nanoparticles in ethanol. As a 
result, a highly dispersed colloidal solution (colloidal-CeFeMn mixed- 
oxide) is obtained. The TEM-mapping (50 nm) and SEM-mapping 

(700 nm) are given in Fig. 7c and S3, respectively. Ce, Fe and Mn spe-
cies were uniformly distributed at different scales, directly indicating 
the formation of a highly disordered composite structure, which aligns 
with our speculation (Figs. 4a and 5). 

Stability is one of the important parameters for determining the 
practical application potential of colloidal-CeFeMn mixed-oxide. 
Therefore, the stability of colloidal-CeFeMn mixed-oxide (activated at 
150 ◦C) was evaluated, with results shown in Fig. 8. The dispersion 
stability of colloidal-CeFeMn mixed-oxide was judged by its appearance 
(Fig. 8a). Observing the sample stored for 1 h, 1 d, 7 d, 15 d and 30 
d shows that the dispersion state and transparency after storage were the 
same as those of the fresh sample, with no significant changes observed. 
Further, the dispersion stability was evaluated by UV characterization 
(Fig. 8b). The UV spectra obtained from the sample stored at varying 
times demonstrate consistency, indicating that the dispersion of 
colloidal-CeFeMn mixed-oxide remained unchanged over time. To 
explore the effect of long-term storage of colloidal-CeFeMn mixed-oxide 
on its catalytic performance for ozone decomposition, we conducted 
activity tests on the post-storage sample powder under high space ve-
locity conditions (ensuring conversion rate < 100 %). Results in Fig. 8c 
show that the activity and stability of fresh colloidal-CeFeMn mixed- 
oxide improved after storage, stabilizing after 1 d of aging. This suggests 
that some reactions occur in CeFeMn mixed-oxide nanoparticles 
dispersed in ethanol, forming a stable CeFeMn mixed-oxide active 

Table 1 
XPS results of CeFeMn mixed-oxide powder prepared at different ethanol-thermal temperatures.  

Ethanol-thermal temperatures /◦C Mn (%) Fe (%) O (%) 

Mn2+ Mn3+ Mn4+ Fe2+ Fe3+ Fe4+ Olatt Ovac Osurf  

150  30.9  42.6  26.5  24.7  61.7  13.6  37.8  45.1  17.1  
160  33.9  38.1  28.0  32.0  56.4  11.6  46.3  40.9  12.8  
170  36.5  40.2  23.3  29.4  58.3  12.3  45.5  42.6  11.9  

Fig. 7. (a) Photograph and tyndall effect, (b) TEM images and (c) STEM-HAADF images of colloidal-CeFeMn mixed-oxide.  
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structure after a period of time. Notably, this change is beneficial for 
practical applications. These results indicate that colloidal-CeFeMn 
mixed-oxide can be stored long-term. They also denote that a robust 
colloidal solution, designed for decomposing environmental O3, can be 
effectively synthesized using the approach outlined in Fig. 1b. 

3.3. Functional modification of inert carriers 

From the above discussion, the desired active dispersion liquid for O3 
decomposition has been successfully synthesized. Cordierite honeycomb 

(CH), cotton cloth (CC), paper towel (PT) and glass (GL) were selected as 
catalyst carriers. The colloidal-CeFeMn mixed-oxide (activated at 
150 ◦C) was sprayed by atomization onto the surface of these objects to 
prepare CFM/CH, CFM/CC, CFM/PT, and CFM/GL catalytic materials. 
Observation of the blank carriers and catalytic materials by naked eye 
and scanning electron microscopy (SEM) shows that following colloidal- 
CeFeMn mixed-oxide spraying by atomization, each carrier was coated 
with a layer of active nanoparticles on its exterior (Fig. 9). Therefore, the 
otherwise inert surface of an object can acquire the capability to catalyze 
O3 decomposition through application of colloidal-CeFeMn mixed- 
oxide. 

Fig. 10 shows the adhesion and activity of CeFeMn mixed-oxide on 
different carriers. According to data presented in Fig. 10a, following 
30 min of ultrasonic vibration, the weight loss rate of CFM/GL was 
1.44%, while the weight loss rate of other samples remained below 1%. 
These results suggest that the active nanoparticles can be effectively and 
durably affixed onto the carrier surface, particularly those with rough-
ness. According to the activity test results in Fig. S4, the four carriers 
could not facilitate O3 decomposition at ambient temperature. After 
application of colloidal-CeFeMn mixed-oxide, the carriers exhibited 
outstanding efficacy in catalytic O3 decomposition (Fig. 10b). Notably, 
the reaction rates of the four catalytic materials remained above 
3.5 × 10− 3 mol⋅g− 1⋅h− 1 after 3 h operation, even at high space velocity 
(> 1.8 ×106 ml⋅g− 1⋅h− 1). This places them in the upstream range of 
reported O3 decomposition catalysts (Table 2). To evaluate the catalytic 
decomposition ability of colloidal-CeFeMn mixed-oxide for highly 
dispersed ozone in space, measuring devices and catalytic materials 
were designed as shown in Figs. S5 and S6. According to the findings 
(Fig. S7), the object surface modified with colloidal-CeFeMn mixed- 
oxide obtained the ability for ambient catalytic decomposition of highly 
dispersed O3 in space, and the larger the area of the modified object, the 
stronger the catalytic ability. These results imply that the idea (Fig. 1a) 
of endowing any object with catalytic ability through active dispersion 
liquid for O3 decomposition is feasible. 

To further evaluate the room-temperature catalytic ozone decom-
position ability of the object surface modified by colloidal-CeFeMn 
mixed-oxide, we took CFM/CH (CFM loading 2 %) as an example and 
investigated its activity changes under different humidity conditions. 

Fig. 8. (a) Photograph, (b) UV spectra and (c) O3 conversion of colloidal- 
CeFeMn mixed-oxide in different store time. Reaction conditions: 
~60 ppm O3, WHSV = 12,000,000 ml⋅g− 1⋅h− 1, 25 ◦C, dry gas. 

Fig. 9. Photograph and SEM images of carriers and CeFeMn mixed-oxide monolithic catalysts.  
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This was compared with a commercial ozone decomposition catalyst 
(COC, main components 95.06 % C, 1.39 % Mn, 0.82 % Fe, 0.78 % Na, 
0.37 % Al, 0.21 % Mg, 0.13 % S by XRF detection), shown in Fig. 11. 
After 10 h in a 60 % relative humidity gas stream, the activity of COC 
began declining with ozone conversion dropping to about 80 % after a 
20 h reaction. Ozone conversion over CFM/CH remained stable above 
95 % during this period. When humidity was reduced to 40 % for 10 h, 
the ozone conversion over CFM/CH remained above 95 %, while that 
over the COC remained around 80 %. When humidity increased to 90 % 

for 10 h, CFM/CH showed some deactivation but ozone conversion still 
reached over 90 %, while COC dropped to about 60 %. When humidity 
was reduced to 0 %, CFM/CH activity quickly recovered, with 100 % 
ozone conversion after another 5 h, but COC activity could not fully 
recover. These results indicate that the CFM layer on the object surface 
has excellent catalytic activity, stability and water resistance, adapting 
to different atmospheric humidity environments. 

3.4. Evaluating the ability to catalyze atmospheric O3 decomposition 

To further evaluate the potential utility of colloidal-CeFeMn mixed- 
oxide for catalyzing atmospheric O3 decomposition, a simulation 
experiment was undertaken (Fig. 12). Utilizing the device depicted in 
Fig. S5, we opened the gas box without ozone introduction to directly 
connect with the atmosphere. The atmospheric O3 concentration within 
the box was observed in real-time as the CFM/SS (colloidal-CeFeMn 
mixed-oxide sprayed by atomization on sunscreen surface) was alter-
natively inserted or withdrawn. As per the monitoring data analysis, an 
overall ascending trend was observed in O3 concentration over time, 
correlating with the typical pattern of atmospheric O3 concentration 
change. However, the ozone concentration in the box with CFM/SS was 
20–30 μg⋅m− 3 lower than without CFM/SS. This provides evidence that 
using colloidal-CeFeMn mixed-oxide can facilitate atmospheric ozone 
decomposition at ambient temperature, aligning with the hypothesis in 
Fig. 1a. 

Fig. 10. (a) Loss of active components on the CeFeMn mixed-oxide monolithic catalysts after ultrasonic vibration., (b) O3 catalytic decomposition rate on the 
CeFeMn mixed-oxide monolithic catalysts; reaction conditions: ~60 ppm O3, 25 ◦C, dry gas. 

Table 2 
O3 catalytic decomposition rate over different catalysts (dry gas).  

Sample O3 /ppm Temperature /◦C Space velocity Reaction time /h Reaction rate /× 10− 3 mol⋅g− 1⋅h− 1 Ref. 

Ce-γ-MnO2(pH=7) 40 30 2 × 106 h− 1 2 7.8 [39] 
Co-MnOx（0.36）/Al 1000 25 7.2 × 104 ml⋅g− 1⋅h− 1 3 5.5 [40] 
Ni-MnOx/DE 13 40 2.5 × 105 h− 1 3 0.5 [41] 
Ce-MnO2(0.28) 60 25 1.2 × 106 ml⋅g− 1⋅h− 1 3 2.4 [42] 
Ag/Al2O3 20,000 - 6 × 103 ml⋅g− 1⋅h− 1 3 5.3 [43] 
CFM/CH 60 25 6 × 106 ml⋅g− 1⋅h− 1 2 7.7 This work 

3 6.3 
CFM/PT 2.2 × 106 ml⋅g− 1⋅h− 1 2 4.0 

3 3.6 
CFM/CC 2 × 106 ml⋅g− 1⋅h− 1 2 3.8 

3 3.5 
CFM/GL 1.8 × 106 ml⋅g− 1⋅h− 1 2 4.5 

3 4.3  

Fig. 11. Comparison of catalytic ozone decomposition performance of CFM/CH 
and COC under different relative humidity conditions; Reaction conditions: 
~60 ppm O3, GHSV = 6000 h− 1, 25 ◦C. 
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4. Conclusions 

In brief, our study has presented a mild and simple ethanol-thermal 
synthesis technique for creating colloidal-CeFeMn mixed-oxide. A range 
of characterizations indicate that the synthesized CeFeMn mixed-oxides 
possess notable features, such as considerable specific surface area and 
abundant oxygen vacancies, making them promising for catalytic O3 
decomposition. Notably, the sample synthesized at 150 ◦C exhibits 
exemplary catalytic activity. Moreover, ordinary objects could be 
transformed into highly effective materials for catalytic O3 decomposi-
tion when combined with the colloidal-CeFeMn mixed-oxide. This offers 
a viable solution for preventing and managing atmospheric O3 pollution 
through catalytic technology, as attested by the data (20–30 μg⋅m− 3 

lower atmospheric O3 concentration) from the simulation experiment. 
The information acquired in this work lays the groundwork for miti-
gating atmospheric O3 at ambient temperature while providing valuable 
insights for developing highly efficient catalysts for atmospheric O3 
decomposition in the future. 
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