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Abstract 

In this study, HNO3 treated Ce modified birnessite–type MnO2 (CexMn-AT; x = 

0.01,0.1,0.2,0.5) have been designed for decomposition of ozone at low temperature (20-40 

°C) in the absence or presence of nitrogen containing co-pollutants and water. The best 

catalyst Ce0.01Mn-AT exhibits stable ozone conversion of 94 % in nearly dry air (300 ppm of 

ozone, RH = 0.7 %, GHSV = 1200 L/(g.h), 20 °C) in the presence of N2O5/HNO3 pollutants. 

However, the ozone conversion drops to 64 % for the undoped catalyst showing the beneficial 

role of cerium. Additionally, the Ce0.1Mn-AT catalyst shows a stable ozone conversion of 91 

% after 5 h on stream in moist air (RH = 30%, 30 °C) in the same operating conditions as 

before. The high tolerance of the best acid-treated catalysts to co-pollutants and water can be 

explained by the high density of acid sites and oxygen vacancies which facilitate the 

adsorption and decomposition of ozone and allow to minimize the amount of nitrogen 

containing adspecies which can affect the catalytic performances for ozone decomposition.  

 

 

Keywords: Ozone decomposition: nitrogen containing pollutant tolerant: water tolerant: 
cerium modified birnessite: acid treatment 
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1. Introduction 

Tropospheric, or ground-level ozone (O3), sometimes referred to as bad ozone, is formed in 

the lower atmosphere. O3 is not emitted directly into the air but is derived from precursors 

(nitrogen oxides (NOx) and volatile organic compounds (VOC)) mainly emitted by human 

activities and flora, in the presence of sunlight [1]. Ozone peaks therefore appear when there 

is a lot of sunshine and in anticyclonic conditions. Ground-level ozone is a very harmful air 

pollutant, both for humans and the environment [2] and increased ground-level ozone has 

become the main cause of photochemical smog. Ozone is one of six common air pollutants 

identified in the Clean Air Act and is classified as "criteria air pollutant" because they can 

harm our health [3]. In order to eliminate ozone pollution in non-compliant areas, removal 

effective strategies must be implemented.  

Currently, different processes for ozone removal are studied, including absorption [4], 

adsorption [5] and catalytic decomposition [6–8]. Among these methods, ozone catalytic 

decomposition has received particular attention because of its high efficiency even under mild 

operating conditions (low temperature). Transition metal oxides, especially manganese-based 

oxides, have been widely studied because of their low cost and high efficiency due to the 

presence of large amounts of surface oxygen vacancies [9,10]. However, the efficiency of 

manganese oxide catalysts is reduced in the course of the reaction and a deactivation over 

time is observed. This deactivation is generally explained by an adsorption competition 

between ozone and water molecules (also present in the gas stream) which leads to a blockage 

of the active sites [11]. The moisture resistance of manganese oxides could be enhanced by 

adding noble metals [12], removing the residual surface acid ions [13] or treating with nitric 

acid [14]. Nitric acid-treated birnessite-type MnO2 has been demonstrated to be an efficient 

and hydrophobic catalyst for humid ozone decomposition [15]. The addition of cerium 

element to manganese oxides could be also an efficient way in preventing the deactivation of 
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the catalysts under high humidity conditions. Indeed, previous work has revealed that cerium 

oxide is resistant to water. In particular, CeO2 (111) has been proved to be a catalytically 

active crystal facet for the hydrolysis reaction [16]. The presence of CeO2 in the catalyst could 

therefore prevent the strong association between water and vacant oxygen sites. Furthermore, 

the addition of cerium in MnOx may contribute to a significant improvement of the catalytic 

performance in the ozone decomposition reaction owing to (i) an increase in surface area, (ii) 

a decrease in crystallinity, and (iii) a larger amount of surface oxygen vacancies [17]. It is 

believed that the oxygen transfer between Ce4+ and Ce3+ species on the surface of the catalysts 

allows abundant oxygen species storage and leads to superior redox properties compared to 

those obtained with simple manganese oxides [18,19]. The introduction of Ce also leads to an 

electron transfer between manganese and cerium which improves the redox capacity of the 

material and consequently its catalytic performance [18].  

Moreover, the emergence of future aeronautical standards requires the development of novel 

catalysts for the ozone decomposition reaction that are highly active and stable at low 

temperatures in the presence of water but also in the presence of other molecules. It is 

particularly important to estimate the sensitivity of these new catalysts to nitrogen oxides, 

which are mainly emitted into the atmosphere by diesel engines [20]. Such nitrogen 

containing pollutants can be present when O3 is generated by DBD non-thermal plasma [21–

24]. An inhibiting effect of NOx on ozone decomposition is observed in the presence of 

several catalyst compositions such as Ni-Mn spinel [25] and activated carbon [26]. Very 

recently, ozone decomposition has been investigated in the presence of NOx at low 

temperature over a commercial Pd/Al2O3. NOx species have been shown to significantly 

poison the catalyst, resulting in a significant decrease of ozone conversion over time on 

stream [21]. 
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Herein, a series of novel acid treated CexMn catalysts have been successfully synthesized. The 

nitric acid treatment has been performed on Ce modified birnessites. These catalysts have 

been tested in comparison with the non-acid treated catalysts in non-thermal plasma generated 

ozone decomposition at low temperature in nearly dry and moist air. The presence of nitrogen 

containing contaminants has been assessed by the generation of ozone from air using a Non 

thermal plasma with a negative direct current corona discharge. The structure-performance 

relationship has been established and the role of the acid treatment and of the promotion role 

of cerium on ozone decomposition has been discussed considering the nitrogen gaseous 

species.  
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2. Material and methods 

2.1. Catalyst preparation 

Modified birnessite type MnO2 were prepared following a redox method inspired from the 

work of Hӓndel et al. [27]. Typically, 4.0 g (25.3 mmol) of KMnO4 (Fluka, ≥ 99 %) were 

dissolved into 400 mL of distilled water under stirring (350 rpm). Appropriate amount of 

Ce(NO3)3.6H2O (Alfa Aesar; purity ≥ 99.5 %) was dissolved concomitantly with KMnO4. 4 

mL (22.54 mmol) of sodium lactate (NaC3H5O3; 50 % w/w obtained from a Fisher Chemical 

solution 60 % w/w) was added dropwise to the aqueous KMnO4 solution. The resulting brown 

suspension was stirred for 2 h. After centrifugation (4000 rpm for 20 min), the collected 

brown precipitate was washed 2 times (25 mL of distilled water each time) and finally dried 

in an oven at 40 °C for 48 h to give a black powder. Subsequently, the samples were treated 

with a 0.2 M HNO3 solution (VWR. 68%) in a beaker with a solid to liquid mass ratio of 1/20 

for 6 hours at 50 °C under vigorous stirring (500 rpm). Then, the resulting black suspension 

was filtered and intensively washed with deionized water until the pH of the eluate was ∼7.0. 

The samples were labelled Mn-B-AT (sample without cerium, B: Birnessite) and CexMn-AT 

(where x is the Ce/Mn atomic ratio of 0.01, 0.1 0.2 and 0.5), AT referring to acid treatment.  

 

2.2. Catalyst characterization  

X-ray diffraction patterns (XRD) were recorded on a D8 Advanced Bruker AXS 

diffractometer equipped with Cu Kα1 monochromatic radiation source (λ = 1.5406 Å) which 

operated at 40 kV and 40 mA. The X-ray diffraction patterns were recorded in the range of 2θ 

of 5 °- 80 °, step size : 0.02 ⁰ in 2θ, time per step = 1s.  

N2 physisorption isotherms were recorded at -196 °C using a gas sorption analyzer TriStar II 

3020 from Micromeritics. Prior to analysis, the samples were outgassed at 100 °C for 4 h 
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under dynamic vacuum. The specific surface area was determined according to Brunauer-

Emmett-Teller (BET) method. The total pore volume Vp was determined at P/P0 = 0.99. The 

Barret-Joyner-Halenda (BJH) equation was used to estimate the pore size distributions (PSD) 

from the desorption isotherm.  

The elemental analysis was performed by Inductively Coupled Plasma - Optic Emission 

Spectroscopy 720-ES ICP-OES.  

Transmission electron microscopy (TEM) characterization was performed using a TECNAI 

TEM operated at 200 kV. The prepared powders were deposited onto a carbon-coated copper 

grid for TEM observation.  

TGA were carried out on 5 mg of sample in dry flowing air (100 mL/min) with a heating rate 

of 10 °C/min up to 800 °C using a DSC-TGA SDT 2960 of TA Instrument.  

Pyridine adsorption experiments were performed using an in situ IR quartz cell equipped with 

KBr window attached to a vacuum system (dynamic vacuum better than 10-7 mbar). FTIR 

measurements were carried out using a Nicolet protege 460 spectrometer equipped with a 

MCT detector at a spectral resolution of 2 cm-1. The sample placed as a self-supported sample 

disk (16 mm in diameter, S = 2.01 cm2) in the IR cell was activated at 105 °C in vacuum (5 

°C/min). Adsorption of pyridine (C5H5N, Acros Organics, 99.5%, dried over 3A molecular 

sieve) was carried out until pressure equilibrium (1.2 mbar at 105 °C). Most physisorbed 

pyridine molecules were subsequently removed by evacuation at 105 °C in vacuum for 30 

min. The FTIR spectra were then acquired at 105 °C. All recorded FTIR spectra were 

normalized to a mass of 10 mg.  

H2-Temperature Programmed Reduction (H2-TPR) experiments were performed on a 

Micromeritics Autochem II 2920 instrument. About 50 mg of sample was placed in a U-

shaped tubular quartz reactor and pre-treated in flowing Ar at 150 °C for 1 h followed by 
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cooling. The sample was reduced in 5 vol. % H2 in Ar with a flow rate of 50 mL/min. The 

temperature was increased from 25 °C to 800 °C with a heating rate of 10 °C/min.  

X-ray photoelectron spectroscopy (XPS) experiments were performed using an AXIS Ultra 

DLD Kratos spectrometer equipped with a monochromatic aluminum source (Al Kα = 1486.7 

eV) and charge compensation gun. The C 1s peak at 284.8 eV was taken as binding energy 

(BE) reference. CasaXPS software was used to process the XPS data. The Mn 2p3/2 analysis 

was performed considering Biesinger’s procedure [28] consisting of representing the Mn3+ 

component by one peak and the Mn4+ component by six peaks. The FWMH of 1.2 eV was 

adapted to the energy bandwidth of 40 eV. The BE of the Mn4+ peak with the lowest BE was 

allowed to vary of ± 0.2 eV and the difference in BE with the Mn3+ peak was set at 1.0 eV. 

The Mn average oxidation state (AOS) was estimated from the empirical equation AOS = 

8.956 - 1.126 × ∆E [29–32] where ∆E represented the BE separation between the two Mn 3s 

peaks. Quantification of the data was performed taking into account the K 2p, O 1s, Mn 2p, N 

1s and Ce 4d core levels. 

ToF-SIMS data were acquired using a ToF-SIMS5 spectrometer (ION-TOF GmbH Germany) 

equipped with a bismuth liquid metal ion gun (LMIG). The powders were crushed using an 

agate mortar and pestle and the standard tablets were prepared using a press machine. The 

samples were bombarded with a pulsed Bi3
+ primary ion beam (25 keV, 0.25 pA) rastered 

over a 100 µm x 100 µm surface area (128 x 128 pixels and 100 scans). The total fluence did 

not amount up to 1012 ions/cm2 ensuring static conditions. Charge effects were compensated 

by means of a 20 eV pulsed electron flood gun. With a cycle time of 200 µs, data were 

collected over a mass range m/z = 0-3500 for both positive and negative secondary ions. The 

fragments were identified by their exact mass, coupled with the appropriate intensities for the 

expected isotope pattern. The mass resolution m/∆m at m/z = 55 for Mn+ was 5000.  
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2.3. Catalytic activity test 

2.3.1. Description of the set-up  

The Non thermal plasma (NTP) set-up consisted of three main parts: (i) the gas supply 

system, (ii) the reactor system and (iii) the gas analysis system which were described 

elsewhere [33]. The flow of dry air (ALPHAGAZ 1) was controlled by mass flow controllers 

(MFC) (Bronkhorst, El Flow). The reactor system consisted of two reactors placed in series: 

the NTP reactor and the catalytic reactor positioned downstream of the NTP reactor. The NTP 

reactor was a negative DC (direct current) corona-glow discharge reactor with a 10 pin-to-

plate electrode configuration [34]. The discharge was powered with a 30 kV/20 mA DC 

power supply (Technix, SR40-R-1200) and generated at atmospheric pressure and room 

temperature. The catalytic reactor was a quartz tubular fixed bed reactor (i.d.: 20 mm). The 

gas analysis system consisted of a FTIR spectrometer (Bruker, Vertex 70). The FTIR gas cell 

equipped with ZnSe cell window (45 mm diameter) was used with a 20 cm optical path 

length.  

2.3.2. Experimental procedure 

Unless otherwise stated, the conditions were as followed. About 50 mg of catalyst was diluted 

with inert SiC (1g) and kept at 20 °C. A feed gas with a total flow rate of 1 L/min consisting 

of 300 ppm of O3 diluted in synthesized air (20 % O2/N2; ALPHAGAZ 1) was flowed through 

the catalytic bed consisting in a GHSV of 1200 L/(gcat.h). In the presence of moist air (RH = 

30 %; water generated downstream the NTP reactor) the temperature was kept at 30 °C or 40 

°C. In any case the downstream gas was analyzed by FTIR. The FTIR spectra were obtained 

by averaging 10 scans (data collection of 30 s) at a resolution of 4 cm-1. O3 conversion was 

defined as the ratio of the difference between inlet and outlet O3 concentrations to the inlet O3 
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concentration which were obtained from FTIR band integration between 1000 and 1050 cm -1. 

The catalysts after test were labelled with an additional suffix which was –O3 for reaction 

performed in nearly dry air and –O3-H-X (H: Humidity; X: temperature in ° C) when 

performed at RH = 30 %.  

 

3. Results and discussion  

3.1. Catalytic tests for ozone decomposition 

The decomposition of 300 ppmv of O3 generated from air at 20 °C as a function of time 

over the acid-treated catalysts is shown in Fig. 1. The acid-treated catalysts are very active in 

the early stages of the reaction and deactivate to varying extents (Fig.1). While the undoped 

acid treated catalyst Mn-B-AT deactivates strongly within the first four hours to reach a stable 

conversion of O3 amounting to 64 % after 5 h, the Ce0.01Mn-AT catalyst exhibits a constant 

conversion of O3 of 94 % after 2 h on stream. For higher cerium content, the O3 conversion 

declines nearly linearly with time for Ce0.1Mn-AT and Ce0.2Mn-AT to reach final values of 83 

% and 76 %, respectively. A further increase in Ce content to 0.5 leads to O3 conversion even 

lower than the undoped material of 33 %. This is mainly attributed to the decrease of Mn 

oxide content which constitutes the effective constituent of the catalytic reaction.  

Besides, it is worthy to mention that if ozone is generated from O2 diluted in Ar, 100 % O3 

conversion is observed over time on Ce0.01Mn while a conversion of only 19 % is reached 

after 5 h on stream in O2 diluted in nitrogen. 

Fig. 1. O3 conversion (O3 inlet concentration: 300 ppm) vs time in nearly dry air, 20 °C on the acid-treated 
catalysts, GHSV = 1200 L/(g.h.) 

 

These results suggest that the decrease in ozone conversion can be related to the formation of 

nitrogen containing pollutants in the plasma discharge in the presence of nitrogen in air as 
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previously reported in the literature [35]. The catalytic decomposition of ozone generated 

from air has also been investigated on the two best catalysts, namely Ce0.01Mn-AT and 

Ce0.1Mn-AT, at 40 °C in moist air (RH = 30 %) to examine their moisture tolerance. As 

shown in Fig. 2a the O3 conversion increases strongly in the first 15 minutes in any case to 

reach after that period about 100 % and 96 % before to stabilize after 5 h at 96 % and 98 % 

for Ce0.01Mn-AT and Ce0.1Mn-AT, respectively. Even at 30 °C, the Ce0.1Mn-AT catalyst 

exhibits again a high O3 conversion of 91 % (Fig. 2b).  

Fig. 2. O3 conversion vs time on the acid treated catalysts (O3 inlet concentration: 300 ppm, GHSV = 1200 
L/(g.h.)) (a) in moist air RH = 30 %; 40 °C; (b) in moist air RH = 30 %; 30 °C. 

Overall, minimization of the catalyst deactivation for ozone decomposition in air in the 

presence of traces of nitrogen containing species (as seen below) and water can be achieved 

by performing an acid treatment on the cerium modified MnO2 catalysts. Additionally, the 

acid-treated Ce0.01Mn and Ce0.1Mn catalysts show remarkable catalytic performances for O3 

decomposition at RH of 30 % in the presence of nitrogen pollutants. 

3.2. Gas phase characterization by FTIR 

To assess the involvement of related nitrogen containing species in the activity decrease for 

O3 decomposition the formation of gaseous species in the plasma discharge (PD) in the 

presence of air with low humidity (RH = 0.7 %) has been evaluated by FTIR and their 

temporal evolutions have been monitored at the outlet of the catalyst reactor in the course of 

the reaction for Ce0.01Mn-AT as shown in Fig. 3, respectively. A typical FTIR spectrum at the 

inlet of the catalyst reactor (Inlet CR) shows bands at 2223 cm-1, 1716 cm-1 and 1321 cm-1 

assigned to N2O, N2O5 and HNO3, respectively, along with those at 2111 cm-1 and 1056 cm-1 

attributed to O3. To sum up, the NTP processed air allows the formation of N2O, N2O5 and 

HNO3 as nitrogen gaseous pollutants along with the formation of O3 in the PD. As the relative 
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content of N2O is unaffected by post-plasma catalysis, a small uptake of N2O5 and HNO3 is 

observed only after 1 h.  

In the presence of humidity, the FTIR spectrum of the inlet gaseous stream is significantly 

affected (Fig. 4). N2O5 is no longer observed while the band intensity ascribed to HNO3 is 

enhanced. Additionally, some broad bands at 1409 cm-1 and 1477 cm-1 are now observed 

whose assignations are currently unclear. Besides, the strong band at 1627 cm-1 has been 

assigned to adding water. N2O5 reacts with H2O to give HNO3. Interestingly, the release of 

CO2 in the early stages of the reactions can be linked to the destruction of some surface 

carbonate species at the catalyst surface of Ce0.01Mn-AT. Consequently, the activation period 

of the catalyst can be partly explained by a progressive recovery of active sites poisoned by 

carbonate like species. It is worthwhile to note that the distribution of the nitrogen containing 

species keeps rather unchanged in the course of the reaction. 

Fig. 3. Temporal evolution of the gas phase species for O3 decomposition in air (RH∼0.7 %) over Ce0.01Mn-AT 

Fig. 4. Temporal evolution of the gas phase species for O3 decomposition in moist air (RH∼30 %) over 
Ce0.01Mn-AT 

 

3.3. Characterization studies of the acid-treated catalysts 

The X-ray diffraction pattern of Mn-B-AT which exhibits three broad peaks of low 

intensity centered at 12.2 °, 37.0 ° and 66.2 ° (Fig. 5) can be consistent with the formation of a 

related disordered birnessite [36]. This result suggests the formation of a layered structure 

with coexisting amorphous state domains. Besides, the diffraction peaks become even less 

resolved as cerium is added. At the highest doping ratio of 0.5 only a very broad peak of low 

intensity at about 30 ° is observed due to cubic CeO2 phase (JCPDS No.00-034-0394) which 

implies an extensive destruction of the crystallized layered structure. 

Fig. 5. XRD patterns of the fresh acid-treated samples 
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The results of elemental analysis performed by ICP-EOS are given in Table 1. For Mn-B-

AT it is observed a K/Mn atomic ratio of 0.065 consistent with the value of 0.05 obtained by 

Liu et al. [15] for an acid-treated birnessite MnO2 which is substantially lower than for a 

conventional birnessite (∼ 0.26). The loss of K+ is consistent with K+/H+ exchange at the 

interlayer position as already pointed out [10]. While this K/Mn ratio is poorly affected by a 

low loading of cerium, it markedly decreases with increasing cerium nominal content. This 

can be explained by an increase amount of leached K+ resulting from partial substitution of K+ 

by H+ and/or Ce4+. Besides, the Ce/Mn ratio is consistent with the nominal one for the lowest 

doping ratio while a two-fold decrease is observed for higher doping ratio (Ce/Mn: 0.1, 0.2). 

Such higher release of cerium could be correlated with different speciations of Ce in the 

material.  

Table 1 
Chemical composition, textural and redox properties of the fresh acid-treated samples 
 

The HRTEM images of the Ce0.1Mn-AT sample are given in Fig. 6. In agreement with 

XRD results, large amorphous areas coexist with crystallized regions. Blurred stacked layers 

of less than 5 nm are observed attesting of the layered structure of the material. The lattice 

spacing of 0.71 nm has been assigned to the (001) plane of the birnessite. In the crystallized 

regions, it is observed the (111) lattice planes of CeO2 with lattice spacing of 0.31 nm. The 

formation of such an interface structure has been recognized as to promote Ce-� -Mn 

interactions allowing the generation of plenty of oxygen vacancies, which might improve the 

mobility of the adsorbed and lattice oxygen species [37–42]. 

Fig. 6. HRTEM images of Ce0.1Mn-AT 

N2 physisorption isotherms are shown in Fig. 7a. Specific surface area (SBET) as well as 

pore volume Vp values are compared in Table 1. All catalysts exhibit a type IV isotherm 

profile with a hysteresis loop in line with a mesoporous structure. High SBET (280 - 385 m2/g), 
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important Vp (0.25 - 0.65 cm3/g) and a small mean pore size Dp in the range (Fig. 7b : 3.8 - 6.0 

nm) are obtained which are known to be beneficial for O3 decomposition [17].  

Fig. 7. (a) N2 adsorption-desorption isotherms and (b) pore size distribution of the fresh acid-treated samples 

The reducibility of the samples has been evaluated by H2-TPR (Fig. 8). The H2-TPR traces 

of the acid-treated CexMn oxides (x = 0-0.2) samples can be divided into 4 components α, β, γ 

and δ. While the α consumption is linked to the removal of surface oxygen species, the other 

components are related to the near surface and bulk oxygen removal. As compared to the 

undoped sample, the addition of Ce decreases the onset reduction temperature, increases the 

relative β consumption while the γ and δ peaks move to higher temperature. These results 

indicate that the reducibility of the samples is enhanced with a low cerium doping which 

might be related from the formation of more surface oxygen vacancies [9,15,18,43–45]. 

Fig. 8. H2-TPR traces of the fresh acid-treated samples 

With the addition and increasing content of cerium, the hydrogen consumption decreases 

per gram of catalyst from 9.20 to 7.53 mmol/gcat while it reaches a maximum value of 0.96 for 

Ce0.01Mn when expressed as total metal amount (Table 1).  

Besides oxygen vacancies, surface acidity is also an important factor that should be taken 

into consideration for ozone decomposition. The changes of surface acidity induced by the 

acid treatment have been assessed by adsorption of pyridine on selected samples monitored by 

FTIR spectroscopy. FTIR analysis of pyridine adsorption allows to determine the balance 

between Brønsted acid sites (B sites) and Lewis acid sites (L sites). The pyridine FTIR spectra 

recorded at 105 °C have been exhibited in Fig. 9 for the doped samples Ce0.1Mn and Ce0.2Mn 

before and after acid treatment. In accordance with the literature [14,46–49], the band 

assignments have been carried out as follows: bands at 1635 and 1540 cm-1 have been 

attributed to pyridine adsorbed on Brønsted acid sites and bands at 1610 and 1445 cm-1 have 
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been attributed to pyridinium derived from chemisorbed pyridine on L-sites. The band at 1490 

cm-1 is assigned to pyridine adsorbed on both L-sites and B-sites. The two remaining bands at 

1573 cm-1 and 1471 cm-1 have been ascribed to pyridine physisorption (P) [44,49]. B acid 

sites can originate from acidic hydroxyl groups attached to metal atoms (Mn, Ce) while L acid 

sites are regarded as empty orbitals of metal ions in the oxides (Mn4+/3+; Ce4+/3+). From Fig. 9, 

it can be shown that no acidity can be detected on the pristine samples. By opposition, L and 

B sites can be observed on the acid treated samples. The L sites dominated over the B sites 

when cerium content increases in the sample. As discussed previously, a low doping amount 

of Ce enhances the surface area throughout an increase of the number of defects and 

especially of the number of oxygen vacancies. However, some oxygen vacancies may be 

occupied by water or its dissociative species like hydroxyl groups, which act as Brønsted acid 

sites.  

 

Fig. 9. Pyridine-FTIR spectra before and after acid treatment for (a) Ce0.01Mn and (b) Ce0.2Mn samples 

In order to investigate the effect of acid treatment on the hydrophobicity of the acid-treated 

samples the amount of adsorbed water per BET specific surface area has been determined 

from TGA measurements (Table 2) and has been compared to those obtained on the fresh 

non-treated catalysts as seen in Fig. 10. 

Table 2  
Water loss between 25 °C and 100 °C determined from TGA measurements expressed in mg/gcat. 
 

Fig. 10. Amount of adsorbed water normalized to the specific surface area 

 

Based on the results, it is shown that the acid-treated catalysts are more hydrophobic than the 

non-treated counterparts in agreement with previous results [15]. 
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Fig. 11 shows the XPS core level spectra of K 2p (a), O 1s (b), Mn 2p3/2 (c) and Mn 3s (d) of 

the acid-treated samples and the salient XPS results are given in Table 3. The intensity of the 

K 2p signals is very weak, all the more than cerium content is high, in accordance with the 

ICP-OES results (Table 1). It has to be mentioned that no contribution of Na 1s is observed 

showing the efficient role of acid treatment to remove Na+ impurity. The O 1s XPS spectra 

can be decomposed into three components located at ∼ 529.7 eV, ∼ 531.3 eV and ∼ 533.4 eV 

which can be attributed to surface lattice oxygen (OI), oxygen adspecies (OII) and adsorbed 

H2O (OIII), respectively [50]. Taken into account the decomposition results of Mn 2p3/2 and O 

1s spectra, the Mn3+/Mn4+ ratio and the surface adsorbed oxygen concentration (OII/(OI + OII)) 

have been calculated and listed in Table 3. It has to be noted that the possible presence of 

carbonates on the surface precludes a direct correlation between these two ratios. However the 

high simultaneous Mn3+/Mn4+ ratios whose values increase with Ce content and high 

adsorbed oxygen concentration are in line with high content of oxygen vacancies 

[14,18,46,50–53]. 

Considering both the values of Mn3+/Mn4+ ratios and those of the Ce/Mn ICP ratio the highest 

density of oxygen vacancies can be expected on the Ce0.01Mn-AT and Ce0.1Mn-AT samples 

based on charge balance process. It has also to be mentioned that the direct comparison of the 

Mn3+/Mn4+ ratio determined from the Mn 2p3/2 core level to the Mn AOS determined from the 

Mn 3s splitting indicates that the extent of reduction is more pronounced in the first layers of 

the samples. Except Ce0.5Mn-AT which exhibits a high enrichment in cerium, the Ce/Mn 

ratios ranging from 0.008 to 0.097 are consistent with those determined from ICP-OES 

results. 

Fig. 11. XPS spectra of the fresh acid treated samples 

 

Table 3   
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XPS results of the fresh acid-treated samples  
 

Static ToF-SIMS has also been performed in order to extract surface molecular information 

and the results are reported in Table 4. In any case, the mixed oxide formation can be easily 

evidenced by ToF-SIMS through the detection of mixed oxide fragments CexMnyOzHw
+/-. The 

enhancement of the CeMnOH+/CeOMn+ secondary ion ratio after acid treatment suggests an 

increase of the Brønsted acidity in line with the results of acidic surface site probing by 

pyridine. Furthermore, comparison of the MnOH+/MnO+ secondary ion ratio and 

CeOH+/CeO+ ratio suggests that Mn is more affected than Ce in surface OH related species.  

Table 4  
ToF-SIMS results of the fresh acid treated samples 

 

3.4. Characterization studies after O3 testing 

X-ray photoelectron spectroscopy has been used to evidence adsorbed nitrogen related 

products on the acid-treated CexMn catalyst surfaces. The high-resolution spectra of the N 1s 

region shown in Fig. 12 highlight the presence of adsorbed nitrogen containing species that 

differ in the oxidation state of nitrogen atom and the pertinent data have been given in Table 

5. Considering the tested acid-treated acid catalysts (CexMn-AT-O3) a predominant peak at 

BE of ∼ 406.8 eV (N(3)) and small contributions at ∼ 403.2 eV (N(2)) and about 399.7 eV 

(N(3)) have been assigned to adsorbed nitrate (NO3
-) [54], nitrite (NO2

-) [54] and to reduced 

N such as NO- [55], respectively.  

Formation of adsorbed nitrate is observed upon uptake of gaseous HNO3 and N2O5. The 

formation of NO3
- (ads) species can occur owing to:  

HNO3 (g) = NO3
- (ads) + H+ (ads) 
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Nitrate can react with Mn/Ce cationic site and the proton on oxygen sites [56,57]. Formation 

of adsorbed nitrate ions has been previously observed after exposure of hematite (α-Fe2O3) 

surface to gaseous HNO3 [54]. Regarding N2O5, it can autoionize to NO2
+ and NO3

- and reacts 

with water owing to:  

NO2
+ + NO3

- + H2O = 2 HNO3 [58].  

The presence of NO2
- and NO- are believed to occur from the partial reduction of nitrate into 

nitrite on the catalysts.  

Fig. 12. X-ray photoelectron spectra of the N 1s core level of (a) Ce0.01Mn and (b) Ce0.1Mn at different stages 
(before and after acid treatment, after test in nearly dry and moist air) 

 

However, it has to be mentioned that a significant contribution of N 1s at about 400.0 eV is 

always detected for the fresh acid treated catalysts (CexMn-AT) indicating the presence of 

reduced nitrogen species induced by the acid treatment. Taking this N 1s contribution into 

account, a corrected N/Mn atomic ratio (N/Mn)c, which is the difference between the N/Mn 

atomic ratios of the tested and fresh catalysts, has been calculated. It has a value of 0.09 for 

Mn-B-AT and for the cerium-based catalysts it increases from 0.04 to 0.25 with increasing Ce 

content. Besides, it is remarkable to note that this ratio correlates with O3 conversion in 

agreement with a poisoning of the catalytic sites. Besides, in the presence of significant 

amount of water (RH = 30 %), (N/Mn)c drops strongly from 0.04 and 0.09 to 0.01 and 0.02 

for Ce0.01M-O3-H and Ce0.1Mn-O3-H, respectively. This decrease is accompanied by a 

lowering of the nitrate contribution for Ce0.01M-O3-H30 on contrary to Ce0.1M-O3-H30. 

Additionally, the N(2) contribution located at 403. 0 eV shifts to 401.0 eV and 402.3 eV for 

Ce/Mn of 0.01 and 0.1, respectively, as seen in Fig. 12a and 12b. Consequently, it is observed 

a beneficial role of water leading to a decrease of the amount of nitrogen adsorbed species 

coupled with an increase of reduced surface-bound nitrogen species.  



 

19 

 

Table 5  

N 1s components and N/Mn XPS ratios for the tested catalysts 
 

FTIR-ATR has also been used for detecting surface nitrogen containing species after 

testing in nearly dry and moist air at 30 °C and 40 °C for the best catalyst Ce0.01Mn-AT. 

Tentative band assignments of FTIR-ATR spectra have been done based on XPS results 

showing that most nitrogen containing species on CexMn catalysts are nitrates (not shown 

here). In addition to free nitrate ion, NO3
- can be coordinated in different ways (monodentate, 

bidentate chelating and/or bridging) [56]. The FTIR-ATR spectra recorded between 700 cm-1 

and 1820 cm-1 are displayed in Fig. 13a along with reference FTIR-ATR spectrum of 

potassium nitrate (Fig. 13b). 

Fig. 13. FTIR-ATR spectra of (a) tested Ce0.01Mn-AT catalysts (b) reference metal alkali nitrates; (c) Ce0.01Mn-
AT-O3-H30 before and after heating at 200 °C for 4 h. 

 

Considering the FTIR-ATR spectrum of Ce0.1Mn-AT-O3 the band which appears at the 

highest frequency positioned at 1617 cm-1 has been assigned to the bending mode of water 

[49]. The two distinct bands in the medium frequency range (1400-1200 cm-1) at 1384 and 

1316 cm-1 have been attributed by comparison with the reference spectrum of potassium 

nitrate (Fig. 13b) and nitrite [59] assigned to adsorbed ionic nitrate (Fig. 13b) and nitrite [59] 

in interaction with K+, respectively. In moist air (RH = 30 %) the number of bands increases 

all the more that the temperature of the catalytic reactor decreases. At 30°C, among the new 

bands which appear, those at about 1500 and 1251 cm-1 have been attributed to bidentate NO3
- 

[56] linked to manganese cations in accordance with the works of D. Pozdnyakov et al. [60]. 

The effect of temperature on the adsorbed nitrogen containing species has also been 

investigated in the case of Ce0.01Mn-AT-O3-H30. (Fig. 13c) through the comparison of the 

FTIR-ATR spectra obtained before and after heating the sample at 200 °C for 4 h in an oven 

(Ce0.01Mn-AT-O3-H30-200). It is observed that the prominent IR bands at 1390 cm-1 and 1323 
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cm-1 decrease strongly in intensity as compared to the other ones. As expected, this indicates 

clearly that the ionic nitrates and nitrites interact in a less effective manner than the nitrato 

ligands.  

3.5. Effect of nitrogen containing co-pollutants and water for gaseous ozone decomposition 

The redox method followed by an acidic treatment allow to get materials with a high specific 

surface area around 300 m2/g (Table 1) with good redox properties. When adding small 

amounts of cerium, the oxygen mobility as well as the acidity are greatly improved. However, 

for a high Ce/Mn ratio of 0.5 the beneficial effects on the redox properties are no longer 

observed owing to a decrease of the cerium dispersion. The decrease of the O3 conversion 

over time for the undoped acid-treated catalyst is due to a partial poisoning effect due to 

nitrogen containing compounds. The better performances of the low Ce containing catalysts 

can be explained by improved redox properties allowing to a decrease of the adsorbed 

nitrogen containing species.  

Additionally, the high activity of CexMn-AT (x = 0.01;0.1) in moist air (RH = 30 %) in the 

presence of nitrogen containing co-pollutants can be envisioned considering the mechanism 

for O3 decomposition in humid air involving acid sites and oxygen vacancies proposed by Liu 

et al. [15]. More water acid sites in interaction with oxygen vacancy allows a better 

hydrophobic catalyst which can facilitate the adsorption and subsequent decomposition of 

gaseous ozone. Furthermore, in the presence of water the contribution of nitrogen adspecies is 

significantly lowered and the distribution of reduced nitrogen based adspecies is much more 

important suggesting catalyst reduction of NO3
- adsorbed species. 
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5. Conclusion 

A pioneer series of experiments were performed to study the decomposition of ozone in the 

presence of nitrogen pollutants and humidity on acid-treated Ce modified birnessites. The 

main findings could be summarized as follows: The performances of ozone decomposition 

were closely related to the presence of nitrogen pollutants. At very low humidity, the acid 

treated catalysts showed a minimization of deactivation. At higher RH, after an induction 

period, the acid treated catalysts were effective for the elimination of ozone and stable during 

5 h of reaction. Higher amounts of oxygen vacancies and acid sites were invoked to improve 

water resistance properties and to decrease nitrate interaction. The generation of such efficient 

catalysts open new perspectives for ozone decomposition from polluted air.  
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Table 1 

Catalyst 
ICP-EOS  Textural properties Redox properties (H2-TPR) 

K/Mn Ce/Mn 
SBET  

 (m2/g) 
Vp  

(cm3/g) 
Tonset 

(°C) 
n (H2) 

(mmol/gcat) 
n (H2) / 

n (Mn+Ce) 
Mn-B-AT 0.065 - 334  0.55 140 9.20 0.90 
Ce0.01Mn-AT 0.059 0.0079 385  0.48 75 9.17 0.96 
Ce0.1Mn-AT 0.024 0.054 337  0.37 110 8.69 0.81 
Ce0.2Mn-AT 0.014 0.097 280  0.65 115 7.53 0.78 
Ce0.5Mn-AT 0.0025 0.65 355  0.26 150 2.03 0.19 

 

Table 2  

 Mn-B Ce0.01Mn Ce0.1Mn Ce0.2Mn Ce0.5Mn 
Fresh 39.4 34.6 28.5 24.7 23.8 
AT 21.3 48.2 40.9 53.0 35.3 

 

 

Table 3  

Catalyst K/Mn Ce/Mn N/Mn Mn3+/Mn4+ OI/(OI+ OII) 
ΔE Mn 3s 
(Mn AOS) 

Mn-B-AT 0.04 - 0.03 0.36 0.41 4.92 (3.41) 
Ce0.01Mn-AT 0.06 0.018 0.05 0.38 0.31 5.01 (3.32) 
Ce0.1Mn-AT 0.04 0.078 0.06 0.39 0.37 5.08 (3.23) 
Ce0.2Mn-AT 0.02 0.12 0.05 0.41 0.30 5.15 (3.16) 
Ce0.5Mn-AT - 0.78 0.07 0.87 0.37 5.14 (3.16) 
       
       
       
       
       

 

Table 4  

Catalyst MnOH+/MnO+ CeOH+/CeO+ CeMnOH+/CeOMn+ CeMnOH+/(CeO++MnO+) 

Ce0.01Mn 1.05 0.035 0.17 0.0027 
Ce0.01Mn-AT 3.04 0.036 1.15 0.0055 
Ce0.1Mn 1.62 0.020 0.16 0.0049 
Ce0.1Mn-AT 2.36 0.034 0.74 0.0047 

 

 

 

 

 

 



Table 5 

Catalyst Position (eV) % atom 
N/Mn (N/Mn)c  N (1) N (2) N (3) N (1) N (2) N (3) 

Mn-B-AT-O3 399.5 401.5 406.8 18.7 18.1 63.2 0.12 0.09 
Ce0.01Mn-AT-O3 399.5 403.0 406.8 26.3 6.3 67.4 0.09 0.04 
Ce0.01Mn-AT-O3-H 399.3 401.0 406.8 31.1 38.7 30.2 0.06 0.01 
Ce0.1Mn-AT-O3 399.7 403.0 407.0 54.2 25.3 20.5 0.15 0.09 
Ce0.1Mn-AT-O3-H 399.5 402.3 406.8 43.6 20.5 35.8 0.08 0.02 
Ce0.2Mn-AT-O3 399.7 403.0 407.0 22.5 11.0 66.5 0.16 0.11 
Ce0.5Mn-AT-O3 399.6 403.4 407.0 17.9 14.3 67.7 0.32 0.25 
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