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Introduction

Manganese oxides attract considerable attention as redox catalysts due to their relatively high activity and low cost contrary to the noble metal catalysts [START_REF] Nie | Room-temperature catalytic oxidation of formaldehyde on catalysts[END_REF]. With the growing ecological demands [START_REF] Cooley | Burning questions: catalytic oxidation Q and A[END_REF],

the MnOx-based catalysts find their application in the removal of CO [START_REF] Dey | Advances in transition metal oxide catalysts for carbon monoxide oxidation: a review[END_REF][START_REF] Xu | Operando Raman spectroscopy and kinetic study of low-temperature CO oxidation on an α-Mn2O3 nanocatalyst[END_REF] and different VOCs [START_REF] Nie | Room-temperature catalytic oxidation of formaldehyde on catalysts[END_REF][START_REF] Lin | Effect of MnO2 crystalline structure on the catalytic oxidation of formaldehyde[END_REF][START_REF] Sidheswaran | Quantitative room-temperature mineralization of airborne formaldehyde using manganese oxide catalysts[END_REF][START_REF] Zhou | Control over the morphology and structure of manganese oxide by tuning reaction conditions and catalytic performance for formaldehyde oxidation[END_REF].

The oxygen-containing ability in the crystalline lattice of manganese oxides and its capacity allows creating materials with different structures and manganese oxidation states to vary the catalytic property [START_REF] Dey | Advances in transition metal oxide catalysts for carbon monoxide oxidation: a review[END_REF][START_REF] Dey | Effect of preparation conditions on the catalytic activity of CuMnOx catalysts for CO oxidation[END_REF]. The manganese oxide modification with different metal dopants (Me n+ = Sn 4+ [START_REF] Kulshreshtha | Synergistic effects during CO oxidation over mixed oxides. Study of (Fe2O3 + SnO2) and (Mn2O3 + SnO2) systems[END_REF][START_REF] Dotsenko | Oxidative dehydrogenation of ethanol on modified OMS-2 catalyst[END_REF][START_REF] Liu | Modifying hopcalite catalyst by SnO2 addition: An effective way to improve its moisture tolerance and activity for low temperature CO oxidation[END_REF][START_REF] Xie | UV-Vis-IR driven thermocatalytic activity of OMS-2/SnO2 nanocomposite significantly enhanced by novel photoactivation and synergetic photocatalysisthermocatalysis[END_REF], Ru 3+ [START_REF] Sabate | Synthesis of isomorphically substituted Ru manganese molecular sieves and their catalytic properties for selective alcohol oxidation[END_REF], Ni 2+ [START_REF] Pahalagedara | Benchmarking of manganese oxide materials with CO oxidation as catalysts for low temperature selective oxidation[END_REF], Co 2+ , Fe 3+ [START_REF] Shen | Characterization of the Fe-Doped Mixed-Valent Tunnel Structure Manganese Oxide KOMS-2[END_REF][START_REF] Sultana | Synthesis and catalytic performances of K-OMS-2, Fe/K-OMS-2 and Fe-K-OMS-2 in post plasma-catalysis for dilute TCE abatement[END_REF][START_REF] Yin | Fe-doped cryptomelane synthesized by refluxing at atmosphere: Structure, properties and photocatalytic degradation of phenol[END_REF][START_REF] Wang | Layered manganese oxides for formaldehyde oxidation at room temperature: the effect of interlayer cations[END_REF][START_REF] Fan | Fe-Doped α-MnO2 nanorods for the catalytic removal of NOx and chlorobenzene: the relationship between lattice distortion and catalytic redox properties[END_REF][START_REF] Said | Oxidation of benzyl alcohol through eco-friendly processes using Fe-doped cryptomelane catalysts[END_REF], Cu 2+ [START_REF] Davó-Quiñonero | New insights into the role of active copper species in CuO/Cryptomelane catalysts for the CO-PROX reaction[END_REF][START_REF] Sun | Transition metal doped cryptomelane-type manganese oxide for low-temperature catalytic combustion of dimethyl ether[END_REF], V 5+ [START_REF] Genuino | Enhancement of catalytic activities of octahedral molecular sieve manganese oxide for total and preferential CO oxidation through vanadium ion framework substitution[END_REF], Ce 4+ [START_REF] Jothiramalingam | Preparation, characterization and catalytic properties of cerium incorporated porous manganese oxide OMS-2 catalysts[END_REF][START_REF] Santos | Stabilized gold on cerium-modified cryptomelane: Highly active in low-temperature CO oxidation[END_REF][START_REF] Liu | A comparative study of formaldehyde and carbon monoxide complete oxidation on MnOx-CeO2 catalysts[END_REF][START_REF] Quiroz | Total oxidation of formaldehyde over MnOx-CeO2 catalysts: The effect of acid treatment[END_REF][START_REF] Song | Metal-organic framework (MOF)-derived carbon-mediated interfacial reaction for the synthesis of CeO2@MnO2 catalysts[END_REF][START_REF] Hou | The effect of Ce ion substituted OMS-2 nanostructure in catalytic activity for benzene oxidation[END_REF] etc.) may additionally enhance the activity of manganese oxide towards oxidation reactions.

Among the various modifications of manganese oxides, octahedral molecular sieves OMS-2 based on cryptomelane-type MnO2 (one of the α-MnO2-type materials) are of increased interest due to the high redox surface ability caused by the presence of Mn 2+ , Mn 3+ and Mn 4+ in the structure and provided the formation of oxygen vacancies that increase the oxygen adsorption from the gas phase [START_REF] Nie | Room-temperature catalytic oxidation of formaldehyde on catalysts[END_REF][START_REF] Hou | Effect of giant oxygen vacancy defects on the catalytic oxidation of OMS-2 nanorods[END_REF]. This gives such materials a significant advantage over many other catalytic systems in oxidative reactions.

Among the possible dopants Ce 3+ /Ce 4+ , Fe 3+ , and Sn 4+ are of great interest to improve the manganese oxide catalysts towards redox reactions. Thus, a number of Sn-modified catalysts or mixed oxides including Mn-Sn, Ce-Sn, and Cr-Sn systems was reported to exhibit better catalytic activity in oxidation reactions as compared to individual oxides due to the synergetic effects [START_REF] Kulshreshtha | Synergistic effects during CO oxidation over mixed oxides. Study of (Fe2O3 + SnO2) and (Mn2O3 + SnO2) systems[END_REF][START_REF] Liu | Modifying hopcalite catalyst by SnO2 addition: An effective way to improve its moisture tolerance and activity for low temperature CO oxidation[END_REF][START_REF] Wang | Total oxidation of CH4 on Sn-Cr composite oxide catalysts[END_REF][START_REF] Sasikala | Temperature-programmed reduction and CO oxidation studies over Ce-Sn mixed oxides[END_REF][START_REF] Fuller | The catalytic oxidation of carbon monoxide on tin(lV) oxide[END_REF][START_REF] Xua | Improving water tolerance of Co3O4 by SnO2 addition for CO oxidation[END_REF].

The OMS-2/SnO2 nanocomposite demonstrated rather high photothermocatalytic activity and stability for benzene abatement [START_REF] Xie | UV-Vis-IR driven thermocatalytic activity of OMS-2/SnO2 nanocomposite significantly enhanced by novel photoactivation and synergetic photocatalysisthermocatalysis[END_REF]. The MnOx-CeO2 mixed oxide catalyst was found to be highly active in CO and HCHO oxidation reactions [START_REF] Liu | A comparative study of formaldehyde and carbon monoxide complete oxidation on MnOx-CeO2 catalysts[END_REF][START_REF] Quiroz | Total oxidation of formaldehyde over MnOx-CeO2 catalysts: The effect of acid treatment[END_REF][START_REF] Song | Metal-organic framework (MOF)-derived carbon-mediated interfacial reaction for the synthesis of CeO2@MnO2 catalysts[END_REF]. The formation of unique Ce n+ -substituted OMS-2 nanostructures featuring Mn vacancies was shown to lead to a significant enhancement of the lattice oxygen activity resulting in a tremendous increase of the catalytic activity for benzene oxidation [START_REF] Hou | The effect of Ce ion substituted OMS-2 nanostructure in catalytic activity for benzene oxidation[END_REF].

O'Donnell et al. [START_REF] O'donnell | Doping manganese oxides with ceria and ceria zirconia using a one-pot sol-gel method for low temperature diesel oxidation catalysts[END_REF] indicated that ceria addition to OMS-2 reduced the CO light-off temperatures by 40 K. The Ce-doped OMS-2 catalyst also showed high catalytic activity towards dimethyl ether oxidation [START_REF] Yu | Promoting effect of Ce in Ce/OMS-2 catalyst for catalytic combustion of dimethyl ether[END_REF] and cyclohexanol decomposition [START_REF] Jothiramalingam | Preparation, characterization and catalytic properties of cerium incorporated porous manganese oxide OMS-2 catalysts[END_REF]. The OMS-2-supported CeOy binary oxides exhibited high activity towards complete chlorobenzene removal [START_REF] Chen | A facile strategy of enhancing interaction between cerium and manganese oxides for catalytic removal of gaseous organic contaminants[END_REF]. The OMS-2 doping with Fe 3+ was reported to increase the concentration of oxygen vacancies and oxygen mobility in comparison with those of the K-OMS-2 catalyst that promoted the trichloroethylene and chlorobenzene degradation into CO2 [START_REF] Shen | Characterization of the Fe-Doped Mixed-Valent Tunnel Structure Manganese Oxide KOMS-2[END_REF][START_REF] Fan | Fe-Doped α-MnO2 nanorods for the catalytic removal of NOx and chlorobenzene: the relationship between lattice distortion and catalytic redox properties[END_REF]. In the case of K-, Mg-, Ca-and Fe-containing layered manganese oxides with the birnessite structure [START_REF] Wang | Layered manganese oxides for formaldehyde oxidation at room temperature: the effect of interlayer cations[END_REF], the catalytic activity towards formaldehyde oxidation under ambient temperature was shown to be higher for Fe-doped MnO2. The Fe-doping into the MnOx support showed a promoting effect on formaldehyde oxidation over Ag/MnOx catalyst [START_REF] Li | Promotion of formaldehyde oxidation over Ag catalyst by Fe doped MnOx support at room temperature[END_REF]. The Fe addition into OMS-2 also improved the catalytic activity towards oxidation of CO, ethyl acetate, and toluene [START_REF] Gao | Tuning chemical bonding of MnO2 through transition-metal doping for enhanced CO oxidation[END_REF][START_REF] Dong | An investigation on catalytic performance and reaction mechanisms of Fe/OMS-2 for the oxidation of carbon monoxide, ethyl acetate, and toluene[END_REF].

Despite the prospects to improve the catalytic performance, the effect of modification on the catalytic activity of OMS-2 sometimes remains controversial. A common problem with the introduction of modifiers is that some cations may not only fail to preserve the OMS-2 structure, but, on the contrary, prevent its formation in a wide range of concentrations, and also adsorb on the surface of MnO2 particles or form the particles of a separate phase depending on the preparation conditions [START_REF] Dotsenko | Oxidative dehydrogenation of ethanol on modified OMS-2 catalyst[END_REF][START_REF] Santos | Stabilized gold on cerium-modified cryptomelane: Highly active in low-temperature CO oxidation[END_REF][START_REF] Wu | Low-valence or tetravalent cation doping of manganese oxide octahedral molecular sieve (KOMS-2) materials for nitrogen oxide emission abatement[END_REF][START_REF] Wasalathanthri | Niobium-substituted octahedral molecular sieve (OMS-2) materials in selective oxidation of methanol to dimethoxymethane[END_REF]. This can differently affect the catalytic properties of the modified samples either enhancing the performance or deactivating the catalyst. Thus, it was deduced in [START_REF] O'donnell | Doping manganese oxides with ceria and ceria zirconia using a one-pot sol-gel method for low temperature diesel oxidation catalysts[END_REF] that, when Ce-modified K-OMS-2 samples with different Ce/Mn mole ratios (0.025-0.25) were synthesized by sol-gel method, the OMS-2 crystalline structure was formed only at a low Ce/Mn ratio of 0.025, while increasing the Ce/Mn ratio to 0.08 prevented the formation of the crystalline phases. Catalytic testing showed the catalytic activity increase towards CO oxidation for all Ce-modified samples, but towards C3H6 oxidation only for amorphous phases with the Ce/Mn ratio ≥ 0.08. Ce-doped OMS-2 ultrathin nanorods were prepared by a facile hydrothermal redox reaction between Ce(NO3)3 and KMnO4 with KMnO4/Ce(NO3)3 at a molar ratio of 3 : 1 at 120 °C, while a mixture of OMS-2 and CeO2 crystalline phases was obtained at 180 °C [START_REF] Hou | The effect of Ce ion substituted OMS-2 nanostructure in catalytic activity for benzene oxidation[END_REF]. The produced Ce-doped OMS-2 ultrathin nanorods exhibited an enormous enhancement of catalytic activity towards benzene oxidation as compared to pure OMS-2. On the contrary to Refs. [START_REF] O'donnell | Doping manganese oxides with ceria and ceria zirconia using a one-pot sol-gel method for low temperature diesel oxidation catalysts[END_REF], the incorporation of Ce ions into the cryptomelane structure was reported to be detrimental for CO [START_REF] Santos | Stabilized gold on cerium-modified cryptomelane: Highly active in low-temperature CO oxidation[END_REF] oxidation as well as formaldehyde oxidation [START_REF] Wang | OMS-2 Catalysts for formaldehyde oxidation: Effects of Ce and Pt on structure and performance of the catalysts[END_REF]. In this respect, Santos et al. [START_REF] Santos | Stabilized gold on cerium-modified cryptomelane: Highly active in low-temperature CO oxidation[END_REF] claimed that the Ce incorporation into the tunnel sites and defects enhanced the concentration of oxygen vacancies, while the presence of CeO2 nanoparticles increased the average Mn oxidation state decreasing the reduction rate due to higher Mn-O bond strength. Moreover, the doping ions can be located within the framework or tunnel structure of cryptomelane, which can also result in different catalytic performances of the modified samples [START_REF] Liu | Ce ion substitution position effect on catalytic activity of OMS-2 for benzene oxidation[END_REF]. Kiu and Hou [START_REF] Liu | Ce ion substitution position effect on catalytic activity of OMS-2 for benzene oxidation[END_REF] found that the catalytic activity of Ce-doped OMS-2 towards benzene oxidation was shown to depend on the location of Ce ions in the OMS-2 structure. The Ce ions located in the cryptomelane tunnel promoted the lattice oxygen activity of cryptomelane, while those located within the cryptomelane framework decreased the lattice oxygen activity and, consequently, decreased the catalyst activity in benzene oxidation.

The present work is focused on the effect of modification of cryptomelane-type MnO2 with Fe 3+ , Ce 3+ /Ce 4+ , and Sn 4+ on phase composition, structural peculiarities, and catalytic activity of the samples in oxidation of CO under ideal and simulated real exhaust conditions.

Experimental

Sample preparation

The samples were synthesized according to the procedure based on redox reaction between Mn 2+ and MnO4 - 3Mn 2+ + 2MnO4 -+ 2H2O → 5MnO2 + 4H + [START_REF] Nie | Room-temperature catalytic oxidation of formaldehyde on catalysts[END_REF] followed by hydrothermal treatment similar to the one proposed in Ref. [START_REF] Hou | The effect of Ce ion substituted OMS-2 nanostructure in catalytic activity for benzene oxidation[END_REF]. Aqueous solutions of manganese nitrate acidified with concentrated nitric acid up to pH=1 as well as potassium permanganate were used. In the case of the synthesis of the samples modified with Sn, Fe or Ce, the salt of the corresponding metal modifier, namely, SnCl4·5H2O, Fe(NO3)3·9H2O or Ce(NO3)3·9H2O, was added to the manganese nitrate solution. The KMnO4 solution was added dropwise to the manganese nitrate solution at vigorous stirring, and a dark brown precipitate was formed. The resulting precipitate was placed in a Teflon autoclave along with the mother liquor and subjected to hydrothermal treatment at 120 °C for 24 h. After the hydrothermal treatment, the precipitate was filtered and washed with distilled water until a neutral reaction of the washing water, dried at 120 °C, and calcined in air at 450 °C for 2 h.

The MnO4 -/Mn 2+ molar ratio during the synthesis of the samples was determined experimentally (see the example for the undoped sample in the Supplementary material) and, depending on the composition, was 0.72 (for the samples modified with Sn or Fe) or 2.85 (for the unmodified and Cemodified samples), which was higher than the theoretical value of 0.67 based on equation [START_REF] Nie | Room-temperature catalytic oxidation of formaldehyde on catalysts[END_REF]. High experimental values of the MnO4 -/Mn 2+ ratio were used to inhibit the formation of low-valence manganese oxides as well as to increase the number of K + ions that formed and preserved the OMS-2 structure. The nominal manganese-to-modifier Mn/Me molar ratio in the samples was 20/1 and 10/1, with the corresponding samples being labelled as Me-MnO2(20/1) and Me-MnO2(10/1), respectively.

Catalyst Characterization

The textural characteristics of the samples were studied by low-temperature nitrogen sorption at -196 °C using the TriStar II 3020 analyzer (Micromeritics, USA). Prior to the experiments, the samples were degassed at 200 °C under vacuum (10 -2 Torr) for 2 h using the VacPrep Degasser (Micromeritics, USA). Specific surface area (SSA) was determined using the Brunauer-Emmett-Teller (BET) method.

The mesopore size distribution was calculated by the Barrett-Joyner-Halenda (BJH) method using the desorption branch of the isotherm and the micropore size distribution was obtained using the Horvath-Kawazoe (HK) model.

The chemical composition of the samples was analyzed by X-ray fluorescence spectroscopy (XRFS) using the sequential X-ray fluorescence spectrometer XRF-1800 (Shimadzu, Japan). Surface analysis of the samples was performed by X-ray photoelectron spectroscopy (XPS) with a Kratos Axis Ultra DLD spectrometer equipped with a hemispherical analyzer, a delay line detector, and a monochromated Al-Kα X-ray source (1486.6eV) operated at 225W in the present study; an electron gun was used for purposes of charge neutralization. The general spectra were acquired with a 160 eV passenergy; the spectra corresponding to specific regions were acquired with a pass-energy of 40 eV for better resolution while assuring a good signal/noise ratio. Due to the difficulty (and relative unreliability) of the measurements of the Fermi level energy of the analyzer with our samples, an internal energy reference was used to minimize the imprecision of the binding energy (BE) measurements. This reference energy can be based either (ideally) on the catalyst material [START_REF] Pattamakomsan | Selective hydrogenation of 1,3-butadiene over Pd and Pd-Sn catalysts supported on different phases of alumina[END_REF][START_REF] Ehret | Bimetallic PdAg nanoparticle arrays from monolayer films of diblock copolymer micelles[END_REF] or on the adventitious contaminant carbon [START_REF] Caillot | Hydrothermal synthesis and characterization of zirconia based catalysts[END_REF][START_REF] Fuentes | The effect of metal content on nickel-based catalysts obtained from hydrotalcites for WGSR[END_REF]. Since our catalyst material changes from sample to sample, we have opted for the latter solution and referenced all peaks to the carbon peak at 284.6 eV characteristic of C-C and C-H bonds that are generally present in the adventitious contaminant carbon. Quantitative elemental measurements were obtained from the peak areas using experimentally determined sensitivity factors and the spectrometer transmission function, and then the Shirley background subtraction and peak fitting to theoretical Gaussian-Lorentzian functions were performed.

The phase composition and structural characteristics of the samples were studied by X-ray diffraction (XRD) and Raman spectroscopy. The XRD patterns of the samples were taken using the XRD6000 diffractometer (Shimadzu, Japan) with monochromatic CuKα radiation (λ=1.5418 Å). The phase composition of the samples was determined using PDF-4 (Release 2011) and PDF-2 (Release 2012 RDB) databases.

The Raman spectra were taken using the InVia spectrometer (Renishaw, UK) equipped with the DM 2500M microscope (Leica, Germany) with a 50x objective. The laser with a power of 100 mW and a wavelength of 534 nm was used, a spectral resolution was 1 cm -1 . The spectral range of 100-900 cm -1 was considered. To prevent the changes in the samples, only 5% of the total laser power and the beam defocusing of 50% were used. The signal of a single spectrum was accumulated during 1 sec, and the number of scans was up to 200. To take the Raman spectra of the dehydrated samples, the online sample dehydration was carried out using 100% of the total laser power.

The morphology, microstructure and (when possible) the local chemical composition of the samples were studied by transmission electron microscopy (TEM) using the JEOL JEM 2010 TEM operated at 200 kV. This microscope was equipped with a thermoionic LaB6 electron gun, a ultrahigh resolution pole-piece (UHR) with 0.196 nm point resolution and 0.140 nm information limit, and an energy dispersive X-ray (EDX) Pentafet-LinK Si(Li) spectrometer from Oxford Instruments.

Catalytic tests

The catalytic properties of the samples were examined in CO oxidation using the catalytic unit (LLC "Katakon", Russia) with a flow fixed-bed U-tube reactor and online chromatographic analysis.

The comparative study of the samples was carried out in an isothermal steady-state mode at the given reaction temperature. The experimental technique included a sample pretreatment followed by testing at the target reaction temperature on-stream. Typically, 0.25 cm 3 (0.260 ± 0.006 g) of a sample with particle sizes of 0.25-0.50 mm diluted with a 0.25 cm 3 of quartz with particle sizes of 0.25-0.50 mm were used for the experiment. The sample pretreatment was carried out in the flow of the mixture of 21% O2 in He (25 ml/min) by the sample heating to up to 400 C followed by holding at 400 C for 20 min and cooling down to 50 C. Then the O2/He flow was switched to a He flow (5 cm 3 /min) to remove oxygen. After that, the He flow was switched over to the reaction mixture flow, the reactor was heated up to the required reaction temperature, and the catalytic test at the given CO conversion was carried out on-stream for 28 h. The GHSV used for testing was 36000 h -1 and the linear flow rate was 1200 cm/min, which allow eliminatinge the diffusion limitations at high temperatures. The reaction temperature was adjusted to achieve ~80% CO conversion. The composition of the initial reaction mixture was 1 vol.% СО and 21 vol.% О2 in Не (dry mixture) or 1 vol.% СО, 21 vol.% О2 and 5 vol.% H2О in Не (wet mixture), and the mixture flow was 150 ml/min.

Additionally, the temperature dependences before and after stability testing under model conditions at the target reaction temperature were studied for up to 100 h. Typically, 0.25 g of a sample with particle sizes of 0.25-0.5 mm diluted with a 0.25 cm 3 of quartz with particle sizes of 0.25-0.5 mm were used for the experiment. The sample was pretreated in 21% O2 in He mixture (25 ml/min) in the TPR mode up to 400 C followed by holding at 400 C for 20 min and cooling down to 50 C. Then the O2/He flow was switched to a He flow (5 cm 3 /min) to remove oxygen. After that, the activity of the sample at different temperatures was studied followed by stability test. After the stability test, the activity of the sample at different temperatures was studied again. The GHSV used for the stability tests was 36,000 h -1 . The model mixture of 0.5% СО and 4.5% О2 in Не (O2/CO molar ratio was 8) was used. In this case, the reaction temperature was 140 C during the first two days for all samples studied and then 125 C for Ce-MnO2 and 145 C for other catalysts.

The CO conversion was calculated as follows:

𝑋 = C CO o -C CO C CO o • 100% ,
where C°CO and CCO were the initial and current CO concentrations.

The reaction rate in the kinetic mode was calculated as follows:

W = X•C CO o •ϑ m cat •S BET •V m •10 4 ; [ mol s•m 2 ] ,
where X was CO conversion, 5-35 %; ϑ was flow rate, L•s -1 ; mcat was catalyst weight, g; C o CO was initial CO concentration, vol.%; SBET was catalyst specific surface area, m 2 •g -1 ; Vm was molar volume, L•mol - 1 .

Results and discussion

The textural characteristics of the samples were studied by low temperature nitrogen adsorption (Fig. 1, Table 1), while chemical composition at various levels was analyzed by XRF (Table 1), XPS (Table 2) and EDX (provided in the text). The phase composition and structural features of the samples were studied by XRD and Raman spectroscopy (Fig. 2). The structural and morphological features of the samples were studied by TEM (Figs. [START_REF] Xu | Operando Raman spectroscopy and kinetic study of low-temperature CO oxidation on an α-Mn2O3 nanocatalyst[END_REF][START_REF] Lin | Effect of MnO2 crystalline structure on the catalytic oxidation of formaldehyde[END_REF][START_REF] Sidheswaran | Quantitative room-temperature mineralization of airborne formaldehyde using manganese oxide catalysts[END_REF][START_REF] Zhou | Control over the morphology and structure of manganese oxide by tuning reaction conditions and catalytic performance for formaldehyde oxidation[END_REF][START_REF] Dey | Advances in transition metal oxide catalysts for carbon monoxide oxidation: a review[END_REF][START_REF] Dey | Effect of preparation conditions on the catalytic activity of CuMnOx catalysts for CO oxidation[END_REF], while HRTEM images and EDX local chemical analysis (at the scale of the nanoparticle) yielded information on the structure and the nature of the observed nanoparticles. According to the data of low-temperature N2 adsorption (Fig. 1), the unmodified sample shows a characteristic type II isotherm, with a hysteresis loop of the H3 type according to the IUPAC classification in the range of 0.9-1.0 p/po, which is usually associated with the adsorption on the nonrigid aggregates of plate-like particles [START_REF] Thommes | Physisorption of gases, with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report)[END_REF]. A steep uptake observed at very low p/po is due to the enhanced adsorbent-adsorptive interactions in micropores and indicates the presence of narrow micropores (of width < 1 nm) in the sample. These results are consistent with those previously reported for cryptomelane-type MnO2 characterized by nanorod particles [START_REF] Ma | Transition metal doped cryptomelane-type manganese oxide catalysts for ozone decomposition[END_REF][START_REF] Zhang | Enhanced catalytic degradation of ciprofloxacin over Ce-doped OMS-2 microspheres[END_REF][START_REF] Malinger | Microwave frequency effects on synthesis of cryptomelane-type manganese oxide and catalytic activity of cryptomelane precursor[END_REF]. The TEM images of the unmodified sample (Fig. 3) confirm the primary formation of nanorod particles with different lengths (250-2000 nm) and thicknesses (10-180 nm) typical for α-MnO2, K2-xMn8O16 and β-MnO2 [START_REF] Yang | Comparative study of α-, β-, γ-and δ-MnO2 on toluene oxidation: Oxygen vacancies and reaction intermediates[END_REF][START_REF] Zheng | The thermal effect on the catalytic activity of MnO2 (α, β, and γ) for oxygen reduction reaction[END_REF][START_REF] Fan | Transient in-situ DRIFTS investigation of catalytic oxidation of toluene over α-, γ-and β-MnO2[END_REF] as well as indicate some particles with irregular shape (80-120 nm).

Composition, morphology and structural features of the unmodified sample

The adsorption-desorption isotherm analysis indicates that the unmodified sample is characterized by a relatively low specific surface area of 20 m 2 /g (Table 1), the rather wide mesopore size distribution in the range of 5-85 nm with the maximum at ~30 nm and micropores with the width of <0.7 nm typical for tunnels in the cryptomelane structure (Figs. 1b,d).

Primarily crystalline α-MnO2 (>75 wt.%) and some crystalline β-MnO2 are revealed for the unmodified sample by XRD (Fig. 2a). The Raman spectroscopy data additionally confirm the presence of α-MnO2 and β-MnO2 phases in the unmodified sample (Fig. 2b). Specifically, Raman bands at 183, 284, 332, 389, 477, 521, 576, 639, and 754 cm -1 are attributed to the vibrational modes of cryptomelanetype MnO2 (one of α-MnO2-type materials) [START_REF] Gao | Microstructures and spectroscopic properties of cryptomelane-type manganese dioxide nanofibers[END_REF][START_REF] Julien | Lattice vibrations of manganese oxides Part I. Periodic structures[END_REF]. The blue shift of the bands at 521 and 639 cm -1 (typical cryptomelane bands are observed at 512 and 634 cm -1 ) can be due to the superposition with those of the vibrational modes of β-MnO2 typically observed at 538 and 665 cm -1 [START_REF] Julien | Lattice vibrations of manganese oxides Part I. Periodic structures[END_REF][START_REF] Julien | Study of structural defects in β-MnO2 by Raman spectroscopy[END_REF][START_REF] Gao | A comparison study on Raman scattering properties of αand β-MnO2[END_REF]. Other bands in the Raman spectrum (204 and 243 cm -1 ) that were not assigned to any bonds can be a result of admixtures of some other manganese oxide contributing to the overall composition of the sample and associated with the particles with irregular shape locally observed in the TEM images (Fig. 3e,h). XRF analysis of the sample reveals Mn and K with the Mn/K molar ratio of 10.5 in its integral composition (Table 1), which clearly indicates the presence of the K2-xMn8O16 cryptomelane-type phase.

The surface composition of the unmodified sample according to the XPS data (Table 2) slightly differs from the integral one and is characterized by the enrichment of the sample surface with manganese (the Mn/K ratio for the surface is slightly higher and amounts to 13.4) that is associated with the presence of other manganese oxides, in particular β-MnO2, α-MnO2, etc, along with the K2-xMn8O16 cryptomelanetype phase in the sample.

The comprehensive HRTEM study in conjunction with EDX analysis reveals a tetragonal K2- 

Composition, morphology and structural features of the modified sample

The low temperature nitrogen adsorption data indicate that MnO2 modification results in some increase of the nitrogen amount adsorbed as well as a shift of the lower limit of the desorption branch to a lower p/po (Fig. 1a,b), with the shifting increasing as the amount of the modifier introduced increases.

This indicates the changes of the textural features of the modified samples. Specifically, all modified samples are characterized by higher SSA (Table 1) and bimodal mesopore size distribution in the range of 5-85 nm with the maxima at 6-10 nm and 25-30 nm (Fig. 1c,d) that is consistent with the literature data [START_REF] Ma | Transition metal doped cryptomelane-type manganese oxide catalysts for ozone decomposition[END_REF][START_REF] Polverejan | Higher valency ion substitution into the manganese oxide framework[END_REF]. This may be due to the changing in morphology and sizes of the cryptomelane-type MnO2 particles specifically due to a decrease in the size of anisotropic particles that leads to an increase in the accessible surface as well as to the formation of dispersed particles of other phases that contribute to the total specific surface area.

Sn-modified samples

The TEM images of the Sn-doped samples indicate the presence of nanorod particles and small nanoparticles or inclusions of 3-7 nm agglomerated around or located on the nanorod particles (Fig. 4), with the amount of the nanoparticles increasing with as the Mn/Sn ratio decreases. In contrast to the unmodified sample, the Sn-modifired samples are characterized by the shorter nanorod particles, with their length varying in the range of 150-950 nm. This changing in sizes of the nanorod particles seems to primarily affect the changes in textural characteristics of the Sn-MnO2(20) sample as compared with the unmodified one (Table 1, Fig. 1). However, the strong increase of specific surface area and porous structure changing for the Sn-MnO2(10) sample are better explained by a large number of small nanoparticles in it.

According to the XRD data, the well-crystallized α-MnO2 phase is formed in the Sn-modified samples (Fig. 2a), which is associated with the nanorod particles in TEM images. Some β-MnO2 phase (<10 wt.%) is revealed only in the Sn-MnO2(20/1) sample. However, a dispersed SnO2 phase (5-10 wt.%), which is relegated to nanoparticles or inclusions in TEM images, is additionally identified by the XRD in both Sn-modified samples. The Raman data additionally confirm the primary formation of the α-MnO2 in the Sn-modified samples (Fig. 2b), with a blue shift of the bands at 515 cm -1 to 518 cm -1 and 630 cm -1 to 634 cm -1 observed for the Sn-MnO2(20/1) sample indicating the presence of some β-MnO2 as was noted above for the unmodified sample.

The Mn/K ratio of 11.9 and 10.0 in the Sn-modified samples according to the XRF analysis indicates the presence of the K2-xMn8O16 cryptomelane-type phase (Table 1). The rather high Mn/K ratio can be associated both with the formation of other manganese oxide phases along with the K2-xMn8O16 cryptomelane-type one, which is obvious for the Sn-MnO2(20/1) sample, and with the substitution of some K + ions (ion radius (i.r.) = 0.152 nm for the coordination number (CN) = 6 [START_REF] Barsoum | Fundamentals of Ceramics[END_REF]) by Sn 2+ ions (i.r. = 0.118 nm for CN = 6 [START_REF] Tu | Influence of the ion coordination number on cation exchange reactions with copper telluride nanocrystals[END_REF]) or H + inside the cryptomelane tunnels. A comparative analysis of the XPS (Table 2) and XRF data for the Sn-modified samples indicates the nonuniform distribution of tin and potassium in such samples. Specifically, K is distributed mainly in the bulk of the sample particles, while the modifying additive is concentrated in the surface and subsurface layers being in consistent with the presence of dispersed SnO2 in the samples according to the XRD and TEM data.

The HRTEM results additionally confirm that the nanoparticles detected for both Sn-doped samples at the surface of the nanorods (Fig. 3f and S4b), within agglomerates formed near the nanorods (Figs. 4h) or as inclusions within the nanorods (Fig. 4g, circled in the image) are SnO2 with the tetragonal structure (JCPDS 41-1445) in accordance with the XRD and XPS data. On the other hand, the HRTEM data indicate the cryptomelane-type structure for the nanorods in both Sn-doped samples, with notably larger interplanar distances (as compared with the undoped sample), structural defects, and monoclinic cryptomelane structure deformation being noticed due to the doping effect (Fig. 4f,g). For instance, Fig. 4f shows a nanorod particle with the tetragonal K2-xMn8O16 structure oriented in the [1 -1 -1] direction with d(1 1 0) ~0.72 nm and d(2 1 1) ~0.24 nm interplanar distances separated by a ~59°angle, while the expected d(1 1 0) distance is ~0.69 nm, and defects within the structure (see two double white lines representing the d(1 1 0) defects). Moreover, the nanorods with the K2-xMn8O16 monoclinic cryptomelane-M structure are additionally detected for the sample with the decreased Mn/Sn atomic ratio (Fig. 3f), which can be considered a deformation of the tetragonal cryptomelane-Q structure due to the presence of an increasing amount of the Sn dopant.

The higher interplanar spacing observed for the Sn-modified samples can be caused by Mn 4+ substitution (i.r. = 0.067 nm for CN = 6 [START_REF] Barsoum | Fundamentals of Ceramics[END_REF]) by Sn 4+ (i.r. = 0.083 nm for CN = 6 [START_REF] Barsoum | Fundamentals of Ceramics[END_REF]) in the cryptomelane structure. However, the presence of the SnO2 nanoparticles detected for both Sn-doped samples indicates that the degree of such substitution in the cryptomelane structure is rather limited. 

Fe-modified samples

The TEM data for the Fe-modified samples is rather similar whatever the Mn/Fe ratio (Fig. 5), with particles of different morphologies being observed for these samples including nanorods, spindleshaped, and shapeless particles. The amount of spindle-shaped particles increases with the increase of Fe content in the sample that is consistent with the increase of the specific surface area of the Fe-modified samples (Table 1).

The XRD data reveals ~55 wt.% α-MnO2 and ~25-30 wt.% β-MnO2 crystalline phases in the Femodified samples (Fig. 2a). No crystalline iron oxides are identified, but ~15-20 wt.% of dispersed Fe1-xMnxO3 and/or Fe1+xMn2-xO4 mixed oxides are additionally observed. The Raman spectrum of the Fe-MnO2(20/1) sample (Fig. 2b) is characterized by the bands at 183, ~330, 384, 473, 522, 571, 626, and ~750 cm -1 that are assigned to the vibration modes of cryptomelane-type MnO2, with the bands at 522 and 626 cm -1 being shifted and the tail appearing in high wavenumber region for the latter band. The shift of the characteristic band typically observed at 515 cm -1 to 523 cm -1 and the tail of the band at 626 cm -1 can be due to the superposition with the bands of β-MnO2, while the shift of the characteristic band typically observed at 632 cm -1 to 626 cm -1 can be caused by the superposition with those related to Fe1+xMn2-xO4 mixed oxide phase at 609-620 cm -1 [START_REF] Wang | Microstructure and magnetic properties of MFe2O4 (M = Co, Ni, and Mn) ferrite nanocrystals prepared using colloid mill and hydrothermal method[END_REF]. The increase of the Fe content in the Fe-MnO2(10/1) sample results in further shifting of the band at 629 cm -1 to 623 cm -1 indicating the increase of the amount of Fe1+xMn2-xO4 in the sample. A broadening of all bands observed for this sample indicates the disordering of the cryptomelane structure that may be associated with the incorporation of Fe 2+ /Fe 3+ ions [START_REF] Sultana | Synthesis and catalytic performances of K-OMS-2, Fe/K-OMS-2 and Fe-K-OMS-2 in post plasma-catalysis for dilute TCE abatement[END_REF][START_REF] Tran-Thuy | Heterogeneous catalytic ozonation of acid blue 62 over nanorod Fe-OMS-2[END_REF].

The XRF analysis (Table 1) shows that, similar to the tin-modified samples, the Mn/Fe ratio in the Fe-modified samples is close to the nominal one, while the K content is significantly lower (the Mn/K ratios are 18.9 and 21.3, respectively, for the Fe-MnO2(20/1) and Fe-MnO2(10/1) samples) than in the K-OMS-2. This may be due to the presence of a large number of other K-less manganese-containing phases, but the K + substitution by Fe n+ ions inside the cryptomelane tunnels is also possible. However, the XPS data (Table 2) indicate the Fe accumulation in the surface and near-surface layers, while K is concentrated in the bulk of the particles in the case of Fe-modified samples indicating a large contribution of impurities of dispersed Fe1-xMnxO3 and Fe1+xMn2-xO4 phases to the total surface of the sample.

The HRTEM images reveal that the nanorod particles systematically feature the monoclinic cryptomelane K2-xMn8O16 structure (Fig. 5f,j), with slightly larger interspacial distances being observed than the expected ones. For example, Fig. 5f and d(1 0 -1) than the expected ones means that such a substitution slightly influences the lattice parameters of cryptomelane-M. Similar changes in the interplanar spacings for the Fe-doped α-MnO2 were also noted elsewhere [START_REF] Wang | Interlinked multiphase Fe-doped MnO2 nanostructures: a novel design for enhanced pseudocapacitive performance[END_REF].

The spindle-shaped particles (Fig. 5k) exhibit a cubic Mn2-xFexO3 structure consistent with (Mn0.983Fe0.017)2O3 (JCPDS 75-0894). Variable amounts of K are always detected by the EDX within this type of particles along with Fe and Mn. Finally, the shapeless particles are polycrystalline Fe and Mn mixed oxides characterized by the cubic MnxFeyOz structure, in particular, Mn2FeO4 (JCPDS 75-0035; lattice parameter: 0.85100 nm) (Fig. S2), with small amounts of K being also detected by EDX. 

Ce-modified samples

The TEM study reveals rather different morphologies for the Ce-modified samples (Figs. 6 and7). The sample with the Mn/Ce ratio of 20/1 predominantly contains nanorods mixed with some rather large (>50 nm) spindle-shaped and shapeless nanoparticles (Fig. 6). The nanorod particles in the Ce-MnO2(20/1) sample are notably shorter (100-800 nm) and thinner (10-120 nm) than in the unmodified 20 sample, which seems to primarily affect the specific surface area and mesopore size distribution of the sample [START_REF] Peng | Highly active OMS-2 for catalytic ozone decomposition under humid conditions[END_REF][START_REF] Wu | Insight into Low-Temperature Catalytic NO Reduction with NH3 on Ce-Doped Manganese Oxide Octahedral Molecular Sieves[END_REF]. The contribution from the large (>50 nm) spindle-shaped and shapeless nanoparticles is apparently insignificant. The increase of ceria content in the Ce-MnO2 (10/1) sample results in formation of particles with different morphology and microstructure (Fig. 7). Although nanorods are still formed (Figs. 7b,c), the majority of the sample comprises ultrathin flakes that tend to form rolls (Figs. 7d-f); some agglomerates of shapeless nanoparticles (Fig. 7f) or thick flakes are also observed.

According to the XRD data, α-MnO2 and β-MnO2 crystalline phases coexist in the Ce-doped sample with the Mn/Ce ratio of 20/1, while the β-MnO2 crystalline phase is primarily present in the sample with the Mn/Ce ratio of 10/1 (Fig. 2a). The formation of the CeO2 phase is difficult to confirm by XRD in the Ce-doped samples due to the peak overlapping. It is noteworthy that the reflections mainly corresponding to h11 crystallographic plane are observed for the β-MnO2 phase in the patterns of both Ce-doped samples indicating the preferred grain orientation for this phase that is possible for anisotropic particles such as rods. Besides, the pattern of the Ce-MnO2(20/1) sample is characterized by strong broadening of the peaks related to α-MnO2, especially reflection at 29.32° (2θ), indicating the monoclinic distortion of the α-MnO2 crystal structure (Fig. S3) as well as the high disordering or dispersion of the crystalline phase. The intensities of the peaks in the pattern of the Ce-MnO2(10/1) sample are rather low (high noise/signal ratio) indicating that the crystalline phase represents a small fraction of the material.

The main part is presented by the X-ray amorphous components that are consistent with the flakes and nanoparticles reviled by the microscopic data and agrees with results reported in Ref. [START_REF] O'donnell | Doping manganese oxides with ceria and ceria zirconia using a one-pot sol-gel method for low temperature diesel oxidation catalysts[END_REF].

The Raman spectrum of the Ce-MnO2(20/1) sample (Fig. 2b) is characterized only by the bands assigned to the vibration modes of cryptomelane-type MnO2, while the bands in the spectrum of the Ce-MnO2(10/1) sample differ from those of the cryptomelane-type MnO2. The bands observed at 177, 392, 504, 557, and 628 cm -1 in the spectrum of the the Ce-MnO2(10/1) sample can be assigned to the A1g and B1g stretching mode of the MnO6 octahedral in the MnO2 with a nanosheet structure [START_REF] Yang | Insights into the surfacedefect dependence of molecular oxygen activation over birnessite-type MnO2[END_REF] that is consistent with the TEM data. The presence of the bands related to the β-MnO2 phase is not unambiguously confirmed in the spectra indicating the presence of small amounts of β-MnO2 phase in the samples. According to the XRF analysis (Table 1), the Ce-modified samples are characterized by low contents of both potassium and cerium (the Mn/K and Mn/Ce ratios are 38.4 and 51.6, respectively, for the Ce-MnO2(20/1) sample and 113.1 and 25.4 for the Ce-MnO2(10/1) sample). Such a low Ce content in the samples is associated with its presence mainly in the solution under the synthesis conditions.

According to the XPS data (Table 2), the distributions of cerium and potassium in the Ce-modified sample depend on the amount of the modifier introduced. For the Ce-MnO2 (20/1) sample, a relatively uniform K distribution is observed, while cerium is accumulated in the surface and near-surface layers.

For the Ce-MnO2(10/1) sample, an increase in the concentration of both cerium and potassium is observed in the surface and near-surface layers, while their ratio in the bulk and on the surface is not changed. In general, the strong deviation of the Mn/Ce and Mn/K ratios in the Ce-modified samples from the nominal values indicates the significant changes in the composition of the samples associated with both possible K + substitution by Ce 3+ ions inside the cryptomelane tunnels [START_REF] Hou | The effect of Ce ion substituted OMS-2 nanostructure in catalytic activity for benzene oxidation[END_REF][START_REF] Hou | Full solar spectrum light driven thermocatalysis with extremely high efficiency on nanostructured Ce ion substituted OMS-2 catalyst for VOCs purification[END_REF] and the formation of other manganese phases.

For both Ce-modified samples, no individual CeO2 particles were identified by HRTEM. This indicates that the observed increase in the specific surface area of the Ce-doped sample is apparently not associated with the presence of the modifier-based dispersed phase particles, but with the formation of Ce-doped manganese oxide particles with different morphology. In the case of the sample with the Mn/Ce ratio of 20/1, analysis of the HRTEM images show that the nanorods feature the monoclinic cryptomelane structure indicating a distortion of the tetragonal cryptomelane structure typical of the unmodified sample (Figs. 6f and6j) that is consistent with the XRD data. The interplanar distances observed for the nanorods correlate with (as in Fig. 6f) or slightly higher (particularly d(1 0 -1) in Fig. 6j) than the expected ones for the monoclinic cryptomelane structure, with the EDX analysis of nanorods indicating the variable Mn/Ce atomic ratios. Specifically, the Mn/Ce atomic ratios for the nanorods in Figs. 6f and 6j are 82.1 and 36.6 respectively, which are higher and lower than the total one (51.6 see Table 2) deduced from the XRF data.

It is notable that the Mn/K ratios observed by the EDX within the nanorods are always lower (e.g., 9.8 and 25.6 for nanorods in Figs. 6f and6j) than the total one (34.1 see Table 2) measured by the XRF spectrometry indicating that a minimal amount of K cations (larger than the global relative amount) within the structure is necessary to stabilize the nanorod morphology. On the other hand, the opposite change in Mn/Ce and Mn/K ratios for the cryptomelane nanorods observed indicates the K + substitution (i.r. = 0.152 nm for CN = 6 [START_REF] Barsoum | Fundamentals of Ceramics[END_REF]) in the channels by Ce 3+ ions, which apparently is not accompanied by a violation of the anisotropic structure of cryptomelane-M, if the amount of K cations present in the structure is sufficient to stabilize it.

The transformation of the cryptomelane structure from the unmodified tetragonal to the Ce-doped monoclinic one can be due to the Mn 4+ substitution by Ce 4+ (i.r. = 0.101 nm for CN = 6 [START_REF] Barsoum | Fundamentals of Ceramics[END_REF]) or Ce 3+ (i.r. = 0.115 nm for CN = 6 [START_REF] Barsoum | Fundamentals of Ceramics[END_REF]) in the manganese oxide phases, with the Mn 4+ substitution by Ce 3+ being less likely due to the large difference in size. Herewith, the amount of Ce inserted within the cryptomelane structure influences both on the transformation from the undoped tetragonal cryptomelane to Ce-doped monoclinic cryptomelane when Mn/Ce is high (i.e., a rather diluted Ce in the structure) and then in the increase of the lattice parameters of the Ce-doped monoclinic cryptomelane (especially along the tunnels) when Mn/Ce decreases.

Such a substitution accompanied by the formation of the framework Mn vacancies was shown in

Refs. [START_REF] Hou | The effect of Ce ion substituted OMS-2 nanostructure in catalytic activity for benzene oxidation[END_REF][START_REF] Hou | Full solar spectrum light driven thermocatalysis with extremely high efficiency on nanostructured Ce ion substituted OMS-2 catalyst for VOCs purification[END_REF]. At the same time, according to the XPS data, the Ce concentration in the surface layer of the sample can be due to the presence of cryptomelane particles enriched with cerium due to the Mn 4+ substitution by larger Ce n+ ions. Such a substitution should be accompanied by a slight distortion of the cryptomelane structure from tetragonal to monoclinic geometry and, as a consequence, a change in particle morphology [START_REF] Chen | Structural distortion of molybdenum-doped manganese oxide octahedral molecular sieves for enhanced catalytic performance[END_REF][START_REF] Wu | Insight into Low-Temperature Catalytic NO Reduction with NH3 on Ce-Doped Manganese Oxide Octahedral Molecular Sieves[END_REF][START_REF] Ma | Transition metal doped cryptomelane-type manganese oxide catalysts for ozone decomposition[END_REF][START_REF] Genuino | Combined experimental and computational study of CO oxidation promoted by Nb in manganese oxide octahedral molecular sieves[END_REF].

For the spindle-shaped and shapeless nanoparticles, HRTEM indicates the Mn2O3 cubic structure (JCPDS 41-1442) (Figs. 6d and6k) and Mn3O4 tetragonal structure (JCPDS 24-0734) (Figs. 6e), respectively. The EDX analysis performed within the irregular and spindle nanoparticles always shows the presence of Ce as well as very small amounts (and most of the times the absence) of K. Although Ce is always detected by the EDX within these nanoparticles, the Mn/Ce ratio always remains high in consistency with the XRF measurements. This means that there are some Ce cations distributed in the manganese oxide structures but the amount of diluted Ce is not sufficient to modify the lattice parameters.
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The increase of ceria content in the Ce-MnO2 (10/1) sample results in further structure distortion to form particles with different morphology and microstructure (Figs. 7 and8). According to the HRTEM image, the ultrathin flakes presented in the sample tend to form rolls at least at one of its edges. There is no K in these structures. The large total excess of Ce compared to K (Ce/K = 4.5) associated with the low total amount of K (Mn/K = 71.8) favors the formation of such structures at the expense of the cryptomelane nanorods. Figs. 8d and 8e present typical images of the observed structures. The thin flakes are rather polycrystalline whether they are associated (Fig. 8d) or not (Fig. 8e) to the formation of rolls at their edges. The analysis of HRTEM images indicates that the thin flakes that always contain Ce and Mn but not K feature the tetragonal Mn3O4 structure with Ce cations being able to substitute Mn cations in the structure most certainly in rather small amounts so that the lattice parameters of the tetragonal Mn3O4 structure are not modified by its presence. Specifically, two interplanar distances corresponding to dI ~ 0.24( 6 sample, for this sample, the nanorods with slightly larger than expected interplanar distances were not found. The EDX analysis of these nanorods reveals that the Mn/K atomic ratio is much lower (e.g., 10.4 and 10.3 for the nanorods in Figs. 8a and8b, respectively) than the total one measured by the XRF spectrometry (71.8 Table 1). Besides, the Ce amounts detected locally within the nanorods (e.g., the Mn/Ce atomic ratios are 116.7 and 63.6 for nanorods in Figs. 8a and8b, respectively; in some of the nanorods no Ce was detected) are much lower than the measured by the XRF spectrometry (Mn/Ce = 15.9). This clearly indicates again the importance of the presence of K cations in the tunnels of the cryptomelane structure to stabilize the anisotropic nanorod geometry. Fig. 8c shows the example of the microstructure of a thick flake that presents the structure of tetragonal Mn3O4 (for details see Supplementary materials) and the Mn/Ce atomic ratio of ~30.

Generally, within these flakes the K amount is either rather low or, for the large majority, completely absent. Ce is present in variable amounts with Mn/Ce atomic ratio of ~10 to 50 around the total molar ratio deduced from the XRF spectrometry (15.9, Table 1).

Finally, some β-MnO2 nanoparticles can be observed either within agglomerates (Fig. 8f) or at the surface of nanorods that is consistent with the XRD results. Within these nanoparticles, there is a complete lack of Ce and K.

Modification effect on composition and structure

To date, different methods have been developed to prepare cryptomelane-type MnO2 nanofibers/nanowires/nanorods but most of them use a redox reaction in the acidic environment. Usually, the crystallization of unmodified cryptomelane-type MnO2 proceeds through two steps, including a disordered or layered manganese oxide precursor formation followed by its transformation into fibrous KMnO2 via a dissolution-recrystallization process [START_REF] Chenga | Controlled synthesis of α-MnO2 nanowires and their catalytic performance for toluene combustion[END_REF][START_REF] Liang | Coupled morphological and structural evolution of δ-MnO2 to α-MnO2 through multistage oriented assembly processes: the role of Mn(III)[END_REF][START_REF] Galindo | Facile One-Step Template-Free Synthesis of Uniform Hollow Microstructures of Cryptomelane-Type Manganese Oxide K-OMS-2[END_REF]. The dissolution of the precursor in acidic solutions results in the formation of the primary MnO2 crystallites, with temperatures, pH values, reactant concentrations, and templating cations, playing important roles in crystal structures and morphologies of the final products. In the case of doped samples, the presence of modifier seems to be another factor determining the composition, structure and morphology of the materials obtained [START_REF] Shen | Characterization of the Fe-Doped Mixed-Valent Tunnel Structure Manganese Oxide KOMS-2[END_REF][START_REF] Dotsenko | Oxidative dehydrogenation of ethanol on modified OMS-2 catalyst[END_REF][START_REF] Said | Oxidation of benzyl alcohol through eco-friendly processes using Fe-doped cryptomelane catalysts[END_REF][START_REF] Santos | Stabilized gold on cerium-modified cryptomelane: Highly active in low-temperature CO oxidation[END_REF][START_REF] Liu | A comparative study of formaldehyde and carbon monoxide complete oxidation on MnOx-CeO2 catalysts[END_REF][START_REF] Quiroz | Total oxidation of formaldehyde over MnOx-CeO2 catalysts: The effect of acid treatment[END_REF][START_REF] Song | Metal-organic framework (MOF)-derived carbon-mediated interfacial reaction for the synthesis of CeO2@MnO2 catalysts[END_REF][START_REF] O'donnell | Doping manganese oxides with ceria and ceria zirconia using a one-pot sol-gel method for low temperature diesel oxidation catalysts[END_REF][START_REF] Wu | Low-valence or tetravalent cation doping of manganese oxide octahedral molecular sieve (KOMS-2) materials for nitrogen oxide emission abatement[END_REF][START_REF] Wasalathanthri | Niobium-substituted octahedral molecular sieve (OMS-2) materials in selective oxidation of methanol to dimethoxymethane[END_REF][START_REF] Chen | Structural distortion of molybdenum-doped manganese oxide octahedral molecular sieves for enhanced catalytic performance[END_REF], which are determined by the possibility of formation of mixed compounds in the system, solubility of the modifier under the preparation conditions, electronegativity of modifier atoms affecting the covalence/ionic bond character.

The studies of the composition, structure, and morphology of the samples indicate that under the preparation conditions used, the composite materials are formed. The predominant formation of cryptomelane-type MnO2 is observed for the undoped, Sn-and Fe-doped samples. In this case, the introduction of Sn and Fe modifiers is accompanied by the formation of other oxide phases based on is essential for the stabilization of the anisotropic geometry of the nanorods as well as cryptomelane structure in the wide temperature range.

Strong substitution of K + cations by polyvalent ions within the cryptomelane tunnels, eventually leading to the K elimination, will have strong consequences on the shape and structure of the nanoparticles. Thus, the Ce content increase in the Ce-MnO2 (10/1) sample does not favor the formation of cryptomelane-type MnO2, but primarily results in flakes and shapeless particles of Mn3-xCexO4. This can be caused by different polarity character of Me-O (Me is dopant cation) and K-O bonds in the complex oxides due to different electronegativity of the cations. The formation of the more covalent Ce-O and Fe-O bonds in the case of Ce-and Fe-modified samples favors to the incorporation of the dopant ions into the structure framework, while due to ionic character of the K-O bonds, the K + ions are located inside the tunnels to provide the charge balance and stabilize the cryptomelane framework structure.

Catalytic performance

The catalytic performances of the composite materials prepared in CO oxidation were compared in isothermal steady-state mode at the given reaction temperature corresponding to the initial CO conversion of ~80%. In this case, the reaction mixture simulated the real exhaust conditions and contained 1% CO, 21% O2 and 5% H2O balanced with He, with similar mixture without water being also used for comparison. Fig. 8 represents the trends for the CO conversion changing at the corresponding on-stream temperature for 48 h for both dry and wet conditions as well as a comparison of the temperatures corresponding to the given initial CO conversion with the indication of a real CO conversion observed after 5-6 h on-stream.

According to the data obtained, practically all modified Me-MnO2 samples (except the Sn-MnO2 (10/1) sample) show lower temperature of the target CO conversion than the unmodified MnO2 sample under both dry and wet conditions. The observed initial activity of the samples (during the first 6 h) under dry conditions in the isothermal mode is changed in the order Ce-MnO2(20/1) > Ce-MnO2(10/1) > Fe-MnO2(20/1)  Fe-MnO2(10/1)  Sn-MnO2(20/1) > Sn-MnO2(10/1)  MnO2. Under these conditions, all modified samples are rather stable (conversion changing within 3-11 %) during the CO oxidation for 28 h as compared with the unmodified sample deactivated after 25 h. There is a noticeable activity decrease for the Ce-MnO2(10/1) sample and the activity increase for the Sn-MnO2(20/1) sample during the first 15 h but then their activities remain unchanged.

Figure 9. Trends for the CO conversion change at the target on-stream temperature for 28 h for dry (a) and wet (b) conditions as well as a comparison of the temperatures of the ~80% conversion with the indication of a real CO conversion observed after 5-6 h on-stream (c). Conditions: reaction mixture: 1% СО and 21% О2 in Не (dry conditions) or 1% СО, 5% H2O, 21% О2 in Не (wet conditions); GHSV = 36000 h -1 .

The water presence results in a notable (by 50-100 °C) increase of the temperature of the target CO conversion for all samples as compared with the dry conditions indicating the decrease of their activity. The observed initial activity of the samples under wet conditions in the isothermal mode is changed in the order Ce-MnO2(20/1)  Ce-MnO2(10/1)  Fe-MnO2(10/1) > Fe-MnO2(20/1) > Sn-MnO2(20/1) > Sn-MnO2 (10/1)  MnO2. However, under wet conditions, all samples show even better stability for 28 h as compared with those studied under the dry ones. The conversion decreased within 2-6% for the first 15 h and then remains unchanged.

It is noteworthy that the structure of the manganese oxide in the samples was not destroyed during the testing under such conditions (see Fig. S4 in Supplementary material). Thereby, the observed activity decrease in the presence of water does not seem to be due to the change in the manganese oxide structure.

The activity decrease can be assigned to the competitive water adsorption preventing the oxygen adsorption that is typical for the low-temperature CO oxidation occurring through the Langmuir-Hinshelwood mechanism. The stability improvement in the presence of water can be caused by the stabilization of the cryptomelane or layered (in the case of the Ce-MnO2(10/1) sample) manganese oxide structure with the low content of stabilizing K + ions by OH groups or water molecules. Generally, the observed increase in the activity of the modified samples in comparison with the unmodified one can be caused by the increase in their specific surface area as well as by the change in their composition due to the modifier incorporation into the manganese oxide structure or formation of new phase. In the case of the Me-MnO2(10/1) samples with high modifier content, it is difficult to say unambiguously what factor is a determining one due to a high contribution of dispersed impurity phases or different manganese oxides. However, for the Me-MnO2(20/1) samples with a low content of modifier, the effect of the sample modification on the catalytic properties could be analyzed. The temperature dependences of the conversion indicate that the CO oxidation over the studied catalyst proceeds above 50-120 °C depending on the sample composition (Fig. 10a). All modified Me-MnO2(20) samples show higher CO conversion than the unmodified one at all temperatures studied, with the Ce-MnO2(20/1) sample showing the highest CO conversion. The higher values of the specific reaction rate (Fig. S5a) as well as lower values of the apparent activation energy (Table 3, Fig. S5b) as compared to the unmodified sample indicate that the conversion growth observed for the Me-MnO2(20/1) samples is not only a consequence of an increase in the specific surface area of the samples but is caused primarily by a change in their composition. Particularly, after stability testing, the specific reaction rates at 90 °C are 1.4×10 -7 , 2.8×10 -7 , 2.1×10 -7 , and 10.1×10 -7 mol CO•s -1 •m -2 and the apparent activation energies are 65, 52, 57, and 49 kJ•mol -1 for the MnO2, Sn-MnO2, Fe-MnO2, and Ce-MnO2 samples, respectively. The rather small increase in the specific reaction rates for the Sn-MnO2 and Fe-MnO2 samples at lower activation energies indicates that the sample surface is only partially characterized by high catalytic activity. In this case, a large contribution to the surface is made, respectively, by the dispersed particles of SnO2, Mn1.7Fe1.3O4, and Fe1-xMnxO3, which is apparently characterized by lower activity than the cryptomelane-type MnO2. In the case of the Ce-MnO2(20/1) sample, for which the surface area increase is primarily associated with the formation of the short (100-800 nm) and thin (10-120 nm) nanorod particles, the high increase of the specific reaction rate is observed. It is notable that for all samples, a hysteresis is observed for the temperature dependence of the activity before and after the stability test at 140-145 °C, with the activity being increased. This indicates the formation of the active state of the samples under the reaction conditions. However, the relative activity of the samples remains practically unchanged in the order Ce-MnO2 (20/1) >> Fe-MnO2 (20/1)  Sn-MnO2 (20/1) > MnO2, which is in accordance with the results obtained for the reaction mixture simulating the real exhaust conditions. The Ce-and Sn-modified samples show rather good stability, while for the unmodified and Fe-modified samples some activity decrease is observed at 145 C.

The observed activity increase for Ce-and Fe-modified samples as compared with unmodified one is consistent with the results reported in Refs. [START_REF] O'donnell | Doping manganese oxides with ceria and ceria zirconia using a one-pot sol-gel method for low temperature diesel oxidation catalysts[END_REF][START_REF] Gao | Tuning chemical bonding of MnO2 through transition-metal doping for enhanced CO oxidation[END_REF][START_REF] Dong | An investigation on catalytic performance and reaction mechanisms of Fe/OMS-2 for the oxidation of carbon monoxide, ethyl acetate, and toluene[END_REF]. Thus, Dong et al. [START_REF] Dong | An investigation on catalytic performance and reaction mechanisms of Fe/OMS-2 for the oxidation of carbon monoxide, ethyl acetate, and toluene[END_REF] reported that the Femodified cryptomelane-type MnO2 sample with 5 wt.% of Fe (5Fe/OMS-2) showed high CO oxidation activity reaching CO conversions of 50% and 90% at 115 and 160 °C, respectively, with the unmodifired sample (OMS-2) achieving CO conversions of 50% and 90% at 140 and 194°C. They reported the specific reaction rates of 3.75×10 -6 and 5.25×10 -6 mol CO/(g•s) at 150 °C for 5Fe/OMS-2 and OMS-2 samples, respectively, that corresponded to 7.3×10 -8 and 9.9×10 -8 mol CO/(m 2 •s). Gao et al. [START_REF] Gao | Tuning chemical bonding of MnO2 through transition-metal doping for enhanced CO oxidation[END_REF] also indicated that Fe-doped MnO2 nanowires showed a moderate increase of the catalytic activity towards CO oxidation as compared with the undoped MnO2 nanowires. They indicated the decrease of the temperature of 50% CO conversion from 234 °C for MnO2 to 212 °C for Fe-doped MnO2 and the increase of the specific reaction rate at 70 °C from 4.5×10 -8 mol CO/(g•s) for MnO2 to 6.7×10 -8 mol CO/(g•s) for Fe-doped MnO2 that corresponded to 1.4×10 -9 and 1.7×10 -9 mol CO/(m 2 •s). According to O'Donnell et al. [START_REF] O'donnell | Doping manganese oxides with ceria and ceria zirconia using a one-pot sol-gel method for low temperature diesel oxidation catalysts[END_REF] the addition of ceria to the cryptomelane-type manganese oxide catalysts gave a reduction of the temperature of 50% CO conversion by 40 °C. It is noteworthy that the correct comparison of the specific reaction rates between the samples in the present study and those reported in other works for similar catalyst is compacted due to the different experimental conditions. However, the initial activity of the Ce-MnO2 (20/1) sample at 70 °C (2.8×10 -7 mol CO/(m 2 •s)) is not inferior to the one of Cu-doped MnO2 samples reported by Gao et al. (2.1×10 -6 mol CO/(g•s) or 3.8×10 -8 mol CO/(m 2 •s)) for similar conditions [START_REF] Gao | Tuning chemical bonding of MnO2 through transition-metal doping for enhanced CO oxidation[END_REF].

The observed modification effect is associated with the modifier incorporation into the manganese oxide structure favoring the formation of surface defects, specifically oxygen vacancies (VO).

According to Refs. [START_REF] Ramesh | Re-investigating the CO oxidation mechanism over unsupported MnO, Mn2O3 and MnO2 catalysts[END_REF][START_REF] Li | The relationship between surface open cells of a-MnO2 and CO oxidation ability from a surface point of view[END_REF][START_REF] Xu | Operando Raman spectroscopy and kinetic study of low-temperature CO oxidation on an a-Mn2O3 nanocatalyst[END_REF], the increase of the concentration of surface defects VO in the manganese oxide results in activation of O2 molecule to form adsorbed O or O2 species that increased the rate of the reaction proceeding via Langmuir-Hinshelwood mechanism at low temperatures (<220 °C). Indeed, no CeO2 particles were confirmed for the most active Ce-MnO2 sample, with the formation of CeO2 particles in the Ce-modified MnO2 resulting in some decrease of the material activity [START_REF] Santos | Stabilized gold on cerium-modified cryptomelane: Highly active in low-temperature CO oxidation[END_REF]. The formation of high concentration of oxygen vacancies in the Ce-doped cryptomelane-type MnO2 was shown in details by Yang et al. [START_REF] Yang | Enhancing oxygen vacancies of Ce-OMS-2 via optimized hydrothermal conditions to improve catalytic ozone decomposition[END_REF]. Therefore, the composites based on the metal-doped cryptomelane-type α-MnO2, especially the Ce-doped ones, possess good catalytic properties in CO oxidation and are promising candidates to develop effective oxide-based catalysts.

Conclusions

In the present work, the redox reaction approach combined with hydrothermal treatment was used to prepare a series of Me-doped (Me=Fe, Ce, Sn) cryptomelane-type MnO2 catalysts. The dopants used showed different effects on the phase composition, texture, and morphology of the obtained composites.

The predominant formation of the cryptomelane-type MnO2 was observed for the Sn-and Fe-doped samples under the preparation conditions used. The substitution of Mn 4+ in the cryptomelane structure by Sn 4+ and Fe n+ resulted in its slight monoclinic distortion. However along with a part of the dopant being included into the cryptomelane structure, the introduction of Sn and Fe was accompanied by the formation of other oxide phases based on manganese and/or the modifier such as dispersed SnO2 nanoparticles and Fe1-xMnxO3 or Fe1+xMn2-xO4 mixed oxide phases. No evidence of the presence of ceria particles were observed for the Ce-doped samples, while the manganese oxide doping by Ce resulted in the formation of particles with different structures and morphologies depending on the Ce content. The presence of K + was shown to be essential for the stabilization of the anisotropic geometry of the nanorods and cryptomelane structure. At low Ce content, the Mn 4+ substitution in the framework of cryptomelane structure by Ce n+ resulted in its monoclinic distortion, while the cryptomelane structure stabilized by only Ce n+ cations due to K + substitution in the tunnels collapsed during the sample calcination to form Mn2-xCexO3 and Mn3-xCexO4. The increase of Ce content did not favor the formation of the cryptomelanetype MnO2, but primarily resulted in the formation of flakes and shapeless particles of Mn3-xCexO4. 

Figure 1 .

 1 Figure 1. Adsorption-desorption isotherms (a,b), mesopore-size distributions (c), and micro/mesoporesize distributions (d) for Me-MnO2 samples with different Mn/Me molar ratio.

Figure 2 .

 2 Figure 2. XRD patterns (a) and Raman spectra (b) of the samples.

Figure 3 .

 3 Figure 3. Typical TEM images of the undoped MnO2 sample: general view (a); nanorod particles

  xMn8O16 cryptomelane-type structure (JCPDS 42-1348, cryptomelane-Q) for the most nanorod particles. Specifically, Fig.3fshows HRTEM image of a nanorod oriented in the [0 1 0] direction with observable interplanar distances d(3 0 1) 0.22 nm and d(2 0 0) ~0.49 nm separated by a ~49° angle, while the EDX analysis indicates the K presence in the nanorods with the Mn/K atomic ratio of ~9, which clearly reveals the K2-xMn8O16 cryptomelane-Q structure. Fig.3jshows an example of a infrequent β-MnO2 particle (JCPDS 24-0735) that is a rather polycrystalline nanorod with only two sets of parallel d(1 1 0) ~0.31 nm and d(2 2 0) ~0.15 nm interplanar distances. Most of the particles with irregular shape correspond to other manganese oxides, which is consistent with the Raman data. Fig.3hshows an example of such a particle with the Mn2O3 structure (JCPDS 41-1442); the particle oriented in a rather exotic [1 4 -5] direction with visible d(-3 2 1) ~0.25 nm and d(2 2 2) ~0.27 nm interplanar distances separated by a ~90° angle.

Figure 4 .

 4 Figure 4. Typical TEM images of Sn-MnO2 samples: general view (a); nanorod and small nanoparticles

  demonstrates the nanorod oriented in the [0 0 1] direction with visible d(2 0 0) ~0.51nm and d(1 1 0) ~0.27 nm interplanar distances separated by a 74° angle, whereas the Fig.5jshows the nanorod along the [1 -1 1] direction with d(1 0 -1) ~0.71 nm and d(2 1 -1) ~0.24 nm interplanar distances separated by a ~58° angle. The observed monoclinic cryptomelane structure indicates that the Mn 4+ substitution by Fe 3+ (i.r. amounts to 0.069 nm (low spin) or 0.079 nm (high spin)for CN = 6) and/or Fe 4+ (i.r. = 0.076 nm for CN = 6) in the cryptomelane structure tends to distort the initial tetragonal cryptomelane structure observed for the unmodified samples, similar to what happens with the Sn-modified samples. Besides, the slightly larger specific interplanar distances such as d(2 0 0)

Figure 5 .

 5 Figure 5. Typical TEM images for Fe-MnO2 samples: general view (a); nanorod and shapeless particles

Figure 6 .

 6 Figure 6. Typical TEM images for Ce-MnO2 (20/1) sample: general view (a), rod (b, c), spindle-

Figure 7 .

 7 Figure 7. Typical TEM images of the Ce-MnO2 (10/1) sample: general view (a), nanorod particles

  )±0.01(0) nm and dII ~ 0.26(8) ±0.01(0) nm separated by a 79.(0)° ± 1.(0)° angle and dI ~ 0.25(1) ± 0.01(0) nm and dII ~ 0.27(3)±0.01(0) nm separated by a 89.(2)° ± 1.(0)° angle could be measured for each ordered (and well oriented) region in Figs.8d and 8e, which can be best explained by tetragonal Mn3O4. However, it cannot be ruled out that different structures may be attributed to different thin flakes. For instance, the roll (due to the rolling of the thin flake) in Fig.8dexhibits periodic (~0.49 nm) contrasts consistent with d(2 0 0) of both tetragonal cryptomelane structures α-MnO2 and K2-xMn8O16 as well as with d(2 0 0) and d(0 0 2) of monoclinic cryptomelane structure K2-xMn8O16. Despite being difficult to fully conclude on the structure of the thin flakes and rolls we can assume that these results, together with the fact that no CeO2 nanoparticles were observed, show that Ce cations incorporate well in the cryptomelane structure (whether on anisotropic nanorods or on other nanoparticle morphology) and/or into other manganese oxide structures.
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 8 Figure 8. Typical HRTEM images of the Ce-MnO2 (10/1) sample: nanorods (a,b) thick flakes (c),
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 10 Fig. 10 represents results of stability tests for 100 h at a target reaction temperature and the CO
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 10 Figure 10. CO conversion dependences on reaction temperature (a) and stability tests towards CO
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 4 Figure 4. Typical TEM images of Sn-MnO2 samples: general view (a); nanorod and small nanoparticles
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 8 Figure 8. Typical HRTEM images of the Ce-MnO2 (10/1) sample: nanorods (a,b) thick flakes (c),
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 9 Figure 9. Trends for the CO conversion change at the target on-stream temperature for 28 h for dry (a)

  

  

  

Table 1 .

 1 Composition and textural characteristics of the samples.

			Content, wt.%			Molar ratio		
	Sample							SBET, m²/g
		Mn	K	Me*	Mn/K	Mn/Me*	Me*/K	
	MnO2	63.5	4.3	-	10.5	-	-	21
	Sn-MnO2 (20/1)	57.2	3.4	6.6	11.9	18.8	0.6	36
	Sn-MnO2 (10/1)	50.7	3.6	11.7	10.0	9.4	1.1	50
	Fe-MnO2 (20/1)	64.0	2.4	3.5	18.9	18.6	1.0	42
	Fe-MnO2 (10/1)	63.1	2.1	6.5	21.3	9.9	2.2	59
	Ce-MnO2 (20/1)	64.9	1.2	3.2	38.4	51.6	0.7	43
	Ce-MnO2 (10/1)	63.8	0.4	6.4	113.1	25.4	4.5	76

*Me = Sn, Fe or Ce.

Table 2 .

 2 Surface composition of the samples according to XPS data.

			Content, at.%			Atomic ratio	
	Sample						
		Mn	K	Me*	Mn/K	Mn/Me*	Me*/K
	MnO2	30.9	2.3	-	13.4	-	-
	Sn-MnO2 (20/1)	32.8	1.8	2.4	18.2	13.6	1.3
	Sn-MnO2 (10/1)	30.2	1.4	5.8	21.5	5.2	4.1
	Fe-MnO2 (20/1)	34.3	0.9	3.7	38.1	9.3	4.1
	Fe-MnO2 (10/1)	28.1	0.5	3.7	56.2	7.6	7.4
	Ce-MnO2 (20/1)	23.9	0.7	1.1	34.1	21.7	1.6
	Ce-MnO2 (10/1)	28.7	0.4	1.8	71.8	15.9	4.5

*Me = Sn, Fe or Ce.

[START_REF] Ma | Transition metal doped cryptomelane-type manganese oxide catalysts for ozone decomposition[END_REF] 

Table 3 .

 3 Intrinsic rates at 90 °C (W 90°C ) and apparent activation energy (Ea) of CO oxidation before and after stability testing.

	Sample	Before stability testing	After stability testing
		W 90°C •10 7 , mol CO•s -1 •m -	Ea, kJ/mol W 90°C •10 7 , mol CO•s -1 •m -	Ea, kJ/mol
		2		2	
	MnO2	-	169	1.4	65
	Sn-MnO2 (20/1)	0.9	51	2.8	52
	Fe-MnO2 (20/1)	1.4	51	2.1	57
	Ce-MnO2 (20/1)	7.2	51	10.1	
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manganese and/or modifier; however, a part of the modifier substitutes Mn 4+ in the cryptomelane structure resulting in its slight monoclinic distortion. The Ce introduction is not accompanied by the formation of the individual CeO2 particles, while the Ce incorporation into the manganese oxide including the substitution of Mn 4+ in the framework and K + within the tunnels of cryptomelane results in its monoclinic distortion and formation of particles with different structures and morphologies including cryptomelane-type nanorods, flakes, and shapeless particles of Mn1-xCexO2-δ mixed oxides.

However, the formation of Sn-doped manganese oxides is well documented [START_REF] Lin | Effects of Sn doping on capacitive performance of σ-MnO2 on the high operating temperatures[END_REF][START_REF] Lan | Enhanced electrochemical performance of Sndoped MnO2 and study on morphology evolution[END_REF], the formation of SnO2 particles was primarily observed in the Sn-modified samples consistent with the results presented in Refs. [START_REF] Dotsenko | Oxidative dehydrogenation of ethanol on modified OMS-2 catalyst[END_REF][START_REF] Yang | Hierarchical MnO2/SnO2 Heterostructures for a Novel Free-Standing Ternary Thermite Membrane[END_REF]. This can be caused by the limitation to form Mn1-xSnxO2-δ-mixed oxides under the typical cryptomelane condition used, which can be explained by the lack or week interaction of the component precursors in the solution, e.g., due to incompatibility of their polyhydroxy complexes, which leads to the primarily formation of individual SnO2 and MnO2 particles. In the case of Fe-and Ce-modified samples, there are no such limitations, and the formation of mixed oxide with different structure and morphology predominates.

The formation of the cryptomelane-type MnO2 with the non-rod morphology was observed for the doped samples by many authors [START_REF] Shen | Characterization of the Fe-Doped Mixed-Valent Tunnel Structure Manganese Oxide KOMS-2[END_REF][START_REF] Said | Oxidation of benzyl alcohol through eco-friendly processes using Fe-doped cryptomelane catalysts[END_REF][START_REF] Wu | Low-valence or tetravalent cation doping of manganese oxide octahedral molecular sieve (KOMS-2) materials for nitrogen oxide emission abatement[END_REF][START_REF] Chen | Structural distortion of molybdenum-doped manganese oxide octahedral molecular sieves for enhanced catalytic performance[END_REF][START_REF] Yang | Enhancing oxygen vacancies of Ce-OMS-2 via optimized hydrothermal conditions to improve catalytic ozone decomposition[END_REF]. The morphology changes after the doping by the polyvalent ion were assumed to occur since the introduction of the dopant ions into the cryptomelane lattice resulted in a different particle growth behavior than for the undoped sample [START_REF] Shen | Characterization of the Fe-Doped Mixed-Valent Tunnel Structure Manganese Oxide KOMS-2[END_REF][START_REF] Chen | Structural distortion of molybdenum-doped manganese oxide octahedral molecular sieves for enhanced catalytic performance[END_REF]. Thus, the formation of the manganese oxide particles with different morphologies in the Ce-MnO2 (20/1) sample may be due to the different Ce distribution in the cryptomelane structure with the formation of the Cepoor and Ce-rich particles similar to the case of the Mo-doped samples [START_REF] Chen | Structural distortion of molybdenum-doped manganese oxide octahedral molecular sieves for enhanced catalytic performance[END_REF]. However, formed under the conditions of hydrothermal synthesis [START_REF] Ma | Transition metal doped cryptomelane-type manganese oxide catalysts for ozone decomposition[END_REF][START_REF] Yang | Enhancing oxygen vacancies of Ce-OMS-2 via optimized hydrothermal conditions to improve catalytic ozone decomposition[END_REF], the cryptomelane structure with the strong substitution of K + cations by Ce n+ ones within the tunnels should be additionally stabilized by water molecules and seems to collapse during the calcination to form Mn2-xCexO3 and Mn3-xCexO4. This can also be the case for the formation of MnxFeyOz mixed oxide phases in the Fe-modified samples. Thereby, the K presence The catalysts were tested in CO oxidation under dry conditions and in the presence of water. The formation of the dopant-substituted cryptomelane-type MnO2 phase in the Sn-, Fe-, and Ce-doped samples resulted in the increase of their catalytic activity in CO oxidation, with the Ce doping providing the highest effect on both activity and stability. The water presence was shown to result in the decrease of the sample activity in CO oxidation due to the competitive water adsorption. However, under wet conditions, all samples showed better stability for 28 h as compared with those tested under dry conditions. The modification effect observed was associated with the modifier incorporation into the manganese oxide structure favoring the formation of surface defects, specifically oxygen vacancies (VO).

The results obtained indicated that the composites based on the Me-doped cryptomelane-type α-MnO2, especially those doped with Ce, were promising candidates for the purposeful designing of new generations of environmental catalysts for CO oxidation.
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