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24 ABSTRACT: Crystal facet-dominated surfaces determine the formation of surface-active 

25 complexes, and engineering specific facets is desirable for improving the catalytic activity of 

26 routine transition metal oxides that often deactivate at low temperatures. Herein, MnOx–CeO2 

27 was synthetically administered to tailor the exposure of three major facets, and their distinct 

28 surface-active complexes concerning the formation and quantitative effects of oxygen vacancies, 

29 catalytically active zones, and active-site behaviors were unraveled. Compared with two other 

30 low-index facets {110} and {001}, MnOx–CeO2 with exposed {111} facet showed higher 

31 activity for formaldehyde oxidation and CO2 selectivity. However, the {110} facet did not 

32 increase activity despite generating additional oxygen vacancies. Oxygen vacancies were highly 

33 stable on the {111} facet and its bulk lattice oxygen at rapid migration rates could replenish the 

34 consumption of surface lattice oxygen, which was associated with activity and stability. High 

35 catalytically active regions were exposed at the {111}-dominated surfaces, wherein the 

36 predominated Lewis acid–base properties facilitated oxygen mobility and activation. The 

37 mineralization pathways of formaldehyde were examined by a combination of in situ X-ray 

38 photoemission spectroscopy and diffuse reflectance infrared Fourier transform spectrometry. The 

39 MnOx–CeO2-111 catalysts were subsequently scaled up to work as filter substrates in a 

40 household air cleaner. In an in-field pilot test, 8 h of exposure to an average concentration of 

41 formaldehyde after start-up of the air cleaner attained the Excellent Class of Indoor Air Quality 

42 Objectives in Hong Kong.
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43 INTRODUCTION

44 MnOx–CeO2 mixed oxides have been examined in the catalytic oxidation of priority 

45 gaseous pollutants, such as formaldehyde (HCHO)1-4, carbon monoxide (CO)5, and nitrogen 

46 oxides (NOx)6, 7. Given reactive metal–particle interfaces, the promoting effect of noble metal 

47 nanoparticles on MnOx–CeO2 mixed oxides (e.g., Ag/MnOx–CeO2
8 and Pt/MnOx–CeO2

9) has 

48 been obtained during the nearly complete oxidation of HCHO at low temperatures. To date, the 

49 industrial development of relatively inexpensive but effective noble metal-free catalysts is 

50 needed, and catalyst deactivation occurs at ambient temperature1, 10. 

51 Surface-active complexes concerning defect formation, activation of reactive oxygen 

52 species, molecule adsorption, and heterogeneous oxidation are proportional to exposed crystal 

53 facets. Engineering crystal facets induces distinct oxygen vacancy clusters within different 

54 exposed facets and possess various physical and chemical performances of structured crystal 

55 atoms11, 12. From an industrial perspective, engineering surface structures for binary transition 

56 metal oxides is more apt to their scale-up production relative than either single nanostructured 

57 oxidized metals or ternary junctions13-15, because the reactivity and facet control are often 

58 uncertain in the Mars–Van Krevelen redox mechanisms of heterogeneous catalysis1, 13 or in a 

59 solid solution containing complex solvents or additives2, 11. As such, ceria with a fluorite 

60 structure has three major low-index facets: nanocubes preferentially dominated by the {110} 

61 facet and nanorods dominated by the {111} and {100} facets16, 17. The exposed {110} and {100} 

62 facets can facilitate the migration of lattice oxygen from the bulk to the surface, but the process 

63 is restricted on the {111} surfaces18. However, the dominant {110} and {100} facets are inclined 

64 to deactivate with reaction time because of the low stability of the oxygen vacancies employed16-

65 19. The stability of CeO2 nanocrystals can be maintained by doping with stable metals, such as 
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66 Mn, Ti, or Zr2, 18, 20, 21. By contrast, when manganese ions (Mnn+) with small ionic radius and low 

67 composition are stabilized in MnOx–CeO2 mixed oxides, the oxygen mobility is strongly 

68 affected, and higher catalytic activities are achieved at low temperatures than single oxidized 

69 metals1-3, 9, 15. In MnOx–CeO2 mixed oxides, ceria is not directly involved in catalytic oxidation 

70 but functions as an oxygen carrier to keep high-valence manganese oxide via a Mn dismutation 

71 reaction. Moreover, the enhancement of reactivity is ascribed to the mobility and activation of 

72 lattice oxygen17, 22. Exposing specific crystal facets remains challenges. The exposed facets with 

73 high surface energy can decline with a fast growth rate in the bulk of crystals; hence, the 

74 thermodynamically stable facets predominated on crystal surfaces could minimize the total 

75 surface energy11. Key factors, such as solvents, additives, and impurities in a solid solution, can 

76 also influence the final shape of crystals. Therefore, appropriate surfactant-assisted/capping 

77 agents (e.g., citric acid and cetyltrimethylammonium bromide) have been chosen to tailor the 

78 exposure of crystal facets1, 2, 11, 17. For example, the ceria {001} facet with fast growth was well 

79 administered using decanoic acid as an organic ligand molecules23. Aside from the facet 

80 reforming and growth, a large amplitude of catalytically active regions is indispensable for 

81 exposed surface-active complexes within facet-dominated surfaces24, 25. 

82 Translating laboratory work into commercial value at large is the focus of our research. The 

83 situation of indoor air pollution is aggravated by numerous factors, including high-rise living, 

84 subdivided flats, and lack of windows and ventilation in most enclosed areas. Considering the 

85 toxicity of HCHO at very low concentrations, standards for the emission levels of HCHO have 

86 become stringent in the Indoor Air Quality Certification Scheme in Hong Kong, i.e., Excellent 

87 Class with 30 µg·m−3 and Good Class with 100 µg·m−3 for an 8 h of exposure26, 27. To eliminate 

88 HCHO in indoor air, our group developed various collosol-film coating, purifier filter substrates, 
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89 or honeycomb-like reactors based on heterogeneous catalysis to use in different environments28, 

90 29. Knowledge gained from laboratory tests and field campaigns can be used to estimate the best-

91 case scenario for the formulation and development of mitigation strategies.

92 Herein, MnOx–CeO2 catalysts with different major exposed facets were synthesized using 

93 varying morphology-controlling methods. The exposed three major {111}, {110}, and {001} 

94 facet-dominated surfaces were systematically studied in terms of activity and selectivity, 

95 formation and quantitative effects of oxygen vacancies, identification of catalytically active 

96 regions, and intermediate pathways. Efficient MnOx–CeO2-111 catalysts were scaled up to 

97 function as filter substrates of a household air cleaner. The materials obtained from the 

98 laboratory-scale experiments were examined and validated in an in-field pilot test of the air 

99 cleaner to evaluate their actual removal effectiveness. 

100 MATERIALS AND METHODS

101 Catalyst Synthesis. MnOx–CeO2-111 (denoted as MCO-111) was synthesized by a 

102 hydrothermal redox reaction containing Mn(NO3)2 (50 vol%, 8 mM), Ce(NO3)3·6H2O (8 mM), 

103 and (NH4)2S2O8 (16 mM). The resulting mixture was transferred into a 50 mL Teflon-lined 

104 stainless-steel autoclave after stirring for 2 h and then heated at 140 °C for 12 h. The 

105 hydrothermal products were washed with ultrapure water (Milli-Q system, Millipore Inc.), dried 

106 at 70 °C, and calcined at 350 °C for 6 h. Finally, the calcined products were treated with 100 mL 

107 of citric acid solution (2 mM) before washing and drying. 

108 MnOx–CeO2-110 (MCO-110) was prepared by co-precipitation. A mixture of the same 

109 Mn(NO3)2 (50 vol%, 8 mM) and NH4Ce(NO3)4·6H2O (8 mM) solution was dissolved in 

110 ultrapure water followed by the dropwise addition of the precipitant NaOH solution (20 mM). 

111 The resulting solution was added to an aqueous solution of cetyltrimethylammonium bromide 
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112 (CTAB, Sigma ≥ 98%) under stirring for 2 h and then heated at 70 °C for 12 h. The harvested gel 

113 precipitates were washed and filtered before drying at 70 °C and calcining at 500 °C for 6 h.

114 MnOx–CeO2-001 (MCO-110) was prepared with the synthesis route similar to that of MCO-

115 111 but the mixture was added with organic ligand molecules, i.e., decanoic acid (50 mg). After 

116 the hydrothermal reaction at 400 °C for 1 h and quenching in a water bath to room temperature, 

117 the organic ligand-modified products were extracted from a mixture of 3 mL of hexane and 15 

118 mL of ethanol. Considering that the precursor CeO2 {001} surface is less stable than the {111} 

119 surface, the organic ligand molecules can lead to the formation of the exposed {001} surface 

120 toward the crystal growth in the [111] direction instead of the [001] direction23.

121 Characterizations. The as-prepared catalysts were characterized by the following 

122 techniques: X-ray powder diffraction (XRD; Philips X’pert Pro Super diffractometer), high-

123 resolution transmission electron microscopy (HRTEM; JEOL JEM-2010), Brunauer–Emmett–

124 Teller analysis (BET; Micromeritics Gemini VII 2390 Norcross, GA), thermogravimetric 

125 analysis (TGA; Setaram Setsys 16/18 thermoanalyzer), inductively coupled plasma atomic 

126 emission spectroscopy (ICP-AES; Varian), H2 temperature-programmed reduction (H2–TPR), O2 

127 temperature-programmed desorption (O2–TPD), X-ray photoemission spectroscopy (XPS; 

128 Thermo ESCALAB 250Xi) calibrated with C 1s at 284.8 eV, and pyridine adsorbed IR 

129 spectroscopy (Py-IR; Tensor 27, Bruker). Some detailed methods are proved in Supporting 

130 Information (SI), and infrared thermography (IRT; FLIR camera SC7000 system) is illustrated 

131 in SI Figures S1–S2 and Table S1.

132 Laboratory Activity Test. Under the reaction condition of 5 ppm HCHO/21 vol% O2/N2 

133 and gas hourly space velocity (GHSV) = 4 × 104 h–1, the catalytic activity for the conversion of 

134 HCHO into CO2 was tested in a thermostatic fixed-bed reaction system, as described in SI. 
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135 Designed H2–TPR Experiments. The quantitative effects of oxygen vacancies within 

136 different exposed facets were evaluated through the consumption of reductant H2 with lattice 

137 oxygen in two types of designed H2–TPR experiments, i.e., the migration of bulk lattice oxygen 

138 (O) treated at 600 °C and the consumption of surface lattice oxygen treated at 450 °C, wherein 

139 the two types of lattice oxygen of MCO catalysts were ran into release and decline, also obtained 

140 from the TGA profile (SI Figure S3). The samples were pretreated similarly to the H2–TPR 

141 measurements (see in SI) and heated to 600 °C at a heating rate of 10 °C·min–1 for various 

142 treatment periods (1, 5, and 10 h) under 10 vol% H2/Ar gas flow. The corresponding H2 

143 consumption was monitored by using an online thermal conductivity detector to calculate the 

144 migration amount of bulk lattice oxygen after reheating to 950 °C. The pretreated samples in the 

145 second experiment were treated at 450 °C under identical treatment conditions and then cooled to 

146 100 °C under ultra-pure Ar feed. After reheating to 950 °C, the corresponding H2 consumption 

147 was recorded in a similar manner to calculate the consumption amount of surface lattice oxygen.

148 In Situ XPS and Diffuse Reflectance Infrared Fourier Transform Spectrometry 

149 (DRIFT) Analysis. The detailed in situ XPS and DRIFT experiments are described in SI. The 

150 assignment of C 1s XPS photopeaks is listed in SI Table S2 in accordance with the binding 

151 energies (BEs) of different possible chemical bonds.

152 RESULTS AND DISCUSSION

153 Structural Characterizations. The characteristic peaks of MCO with different exposed 

154 facets shifted toward low 2θ angles, as shown in Figure 1a. This low-angle shift was ascribed to 

155 the facet growth after some Ce4+ ions (0.087 nm) of ceria were replaced with Mnn+ of a small 

156 ionic radius (i. e., Mn4+ of 0.053 nm and Mn3+ of 0.065 nm) in the mixed oxides4. The crystal 

157 structures (SI Table S3) and redox properties of MCO catalysts were enhanced relative to bare 
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158 MnOx and CeO2 when the molar ratio of Mn/(Mn+Ce) was administered below 0.5 in the mixed 

159 oxides2, 4, 9. High Mn content can enlarge the surface area but is often mobilized after rigorous 

160 aging treatment15. In comparison with the MCO-110 and MCO-100 facets, a faint characteristic 

161 peak related to manganese dioxide (2θ of (101) = 28.7°, JCPDS No. 24-735) was observed for 

162 MCO-111, because the Mn3O4 phases (an ionic structure of Mn2+(Mn3+)2O4, JCPDS No. 071841) 

163 were restricted in the presence of the stable lattice plane {111} of the precursor ceria after acid 

164 treatment2. Relative to the pristine {111} facet dominated in ceria nanoparticles and the pristine 

165 {110} facet in ceria nanorods (see SI Figure S4), Mnn+ doping could reform the surfaces: the 

166 MCO-111 and MCO-110 surfaces became cylindrical, and their corresponding framework 

167 architectures changed from facetted pores and channels to smooth pores and channels within the 

168 well-defined {111} and {100}-dominated surfaces (Figure 1b). The crystallite size of the 

169 different MCO samples remained unchanged if Mn content in the mixed oxides was approaching 

170 (SI Table S3). Both MCO-111 and MCO-110 demonstrated similar crystallite size with a 

171 diameter of approximately 50 nm in the HRTEM images (Figure 1b). The d-spacings were 

172 estimated at 0.49 and 0.31 nm, which were assigned to the (111) and (110) facets for the MCO 

173 catalysts and were larger than the d-spacings of pristine ceria (111) and (110) of 0.31 and 0.19 

174 nm, respectively (SI Figure S4). In coordination with the downward shift profile of the 

175 corresponding XRD peaks, the increase in d-spacings was associated with the formation of the 

176 defect sites (e.g., oxygen vacancies or Ce4+ reductions)17, 22 within the MCO samples (Figure 

177 1c). The crystal growth of MCO-001 along the [111] direction became predominant and led to 

178 the formation of an irregular cylindrical shape with the exposed {001} facets23. MCO-001 

179 exhibited a small diameter of approximately 30 nm, but it was much less stable than the two 

180 other facets, because the crystal growth of the CeO2 surfaces was quite fast in the [001] direction. 
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181 By contrast, the synthesis and control of high-quality crystal facet {001} were mostly dependent 

182 on organic ligand-assisted liquid-solid-solution phase synthetic transfer routes. Correspondingly, 

183 the selected-area electron diffraction pattern could be indexed as the diffraction spots in the (111) 

184 plane of MCO-111. Similarly, the two other MCO samples were exposed {110} and {001} 

185 facets. These observations could be compared with increased intensities of the diffraction peaks 

186 in the three exposed facets. Considering that the reversible Mn4+–Mn3+ reduction transition is 

187 directly coupled with the localization/delocalization of the 4f electron of cerium, a high 

188 percentage of unsaturated atoms in the MnOx−CeO2 mixed oxides can possess superior 

189 reactivity. However, this effect could increase the challenge in engineering high-purity and well-

190 defined crystal surfaces.
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191

192  Figure 1. XRD patterns of pristine MnO2, pristine CeO2, and MCO catalysts with different 

193 exposed facets (a); TEM and HRTEM images of MCO catalysts with different exposed facets 

194 (b); and atomic structure of MCO-111, MCO-110, and MCO-001 (c).

195 TPR and TPD Profiles. Two reduction peaks were detected in a broad temperature range 

196 of 250 °C–500 °C, as shown in Figure 2a, indicating a reduction/oxidation cycle between 

197 transition-metal oxides with high valence and those with low valence during the ensuing redox 

198 loops of the oxidized Mn–Ce ions. By using ceria as oxygen carrier, oxygen migration was 

199 improved, and the redox-looping processes were replenished in the existence of mixed-valence 

200 Mn4+–O–Mn3+ and Mn4+–O–Ce4+2, 4. These findings matched with the corresponding XPS results 

Page 11 of 38

ACS Paragon Plus Environment

Environmental Science & Technology

haiwe
高亮

haiwe
高亮



12

201 (SI Figures S5a–c). In comparisons with the two other facets, the first reduction peak of MCO-

202 111 moved to 267 °C, which corresponded to the consumption of surface oxygen species (Oads), 

203 because the adsorbed oxygen species are easily dissociated on the catalyst surface22. The 

204 reduction of cerium and manganese ions did not largely result in a downward shift of the 

205 reduction peaks for all the three MCO samples. By contrast, more apparent downward shift to 

206 low temperatures of the two reduction peaks of MCO-111 was due to the continuous reduction of 

207 Mn4+ to Mn2+30, 31. The intensities of the reduction peaks at low temperatures for MCO-111 were 

208 the highest, ascribing to the mobility of oxygen species and the generation of –OH species30. 

209 Larger mobility and consumption of lattice oxygen within MCO-111 were observed relative to 

210 MCO-110 and MCO-001. Mn4+ and Mn3+ were the two main Mn oxidation states in Mn 3s 

211 spectra obtained in SI Figure S5b. Hence, the contribution of the high-temperature peak to the 

212 total reduction profile was associated with the manganese ions with high oxidation states (Mn4+) 

213 in the recycling redox loops. The central position of the reduction peaks of MCO-111 

214 approached those of the reported Pt/MCO9, whose catalytic activity often stands out from the 

215 majority of room-temperature catalytic oxidation (RCO) catalysts. 
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216

217 Figure 2. H2–TPR (a) and O2–TPD (b) profiles of MCO catalysts with different exposed facets. 

218 The O2–TPD spectra (Figure 2b) were analyzed to initially understand the roles of oxygen 

219 species within the different exposed facets, which corresponded to the formation of oxygen 

220 vacancies and subsequently access the HCHO oxidation mechanisms. A large amount of O2 

221 desorbs from the catalyst at T<250 °C (denoted as α-O2) and is ascribed to the physically 

222 adsorbed oxygen species, which are weakly bound to catalysts surfaces. The second desorption 

223 peak presented in 300 °C–500 °C range is denoted as β-O2, which is correlated with surface non-

224 stoichiometric oxygen desorption and reduction of Mn4+ to Mn3+. The third stage of O2 

225 desorption at T>600 °C is named as γ-O2, indicating that the remaining lattice oxygen species 

226 continue to decline, and high oxidation states in metal oxides are completely reduced at the high-

227 temperature range31-33. Here, the O2 desorption temperature of the three facets generally shifted 

228 toward the low-temperature region, indicating that the MCO catalysts were favorable in low-

229 temperature activity stemming from the desirable BET performance and bulk lattice oxygen 

230 migration of cerium-based oxygen carriers18, 22. The adsorbed O2 could be readily transformed 
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231 into atomic oxygen (O*) and continue to form surface active oxygen (O– and O2
–) at the catalyst 

232 surfaces30. A large amount of oxygen adsorption and migration at low temperature could benefit 

233 the conversion of O2 into O*, leading to HCHO oxidation. MCO-110 possessed strong O2 

234 desorption at the α-O2 peak range, which corresponded to the increased formation of oxygen 

235 vacancies on the surface relative to MCO-111 and MCO-001 and were consistent with the 

236 corresponding O 1s XPS spectra (SI Figure S5d).

237 RCO Activity and Selectivity. Figure 3a shows the turnover frequencies (TOFs) per unit 

238 of surface area (molHCHO·s−1·mcat
−2) over the MCO with different exposed facets. Under a GHSV 

239 of 4 × 104 h–1, the activities presented facet dependence and followed the sequence of MCO-

240 111>MCO-110>MCO-001. The TOFs of MCO-111 of approximately 7.5 × 10−4 μmol·s−1·m−2 at 

241 a low temperature range of 25 °C–45 °C were higher than those of MCO-110 (approximately 4.5 

242 × 10−4 μmol·s−1·m−2) and MCO-001 (3.0×10−4 μmol·s−1·m−2). In comparison with some typical 

243 transition metal-based catalysts in SI Table S4, the temperatures for complete HCHO oxidation 

244 must exceed 70 °C. The increase in reaction temperature can increase the selectivity toward CO2 

245 and decrease the production of formic acid intermediates9. The TOFs of MCO-111 and MCO-

246 110 catalysts at low temperatures were parallel with those of reported transition metal oxides at 

247 high temperatures. The catalytic activity of MCO-111 even approached that of some Ag-

248 supported catalysts34, 35. Notably, noble metal-supported catalysts (e.g., Pt/TiO2
36 and Pd/TiO2

37) 

249 can result in complete HCHO conversion at near-room temperature. Considering the limitations 

250 in the scaling-up cost and mass dispersion control of the noble metal, transition metal oxides may 

251 be promising substitutes if lattice defects or oxygen vacancies are engineered to act as additional 

252 active sites. The recycling activity and stability of MCO with the different exposed facets were 

253 determined in Figure 3b. MCO-111 converted 56% HCHO into CO2 at 35 °C, followed by 
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254 MCO-110 (50%) and MCO-001 (42%). No apparent deactivation was observed in 360 min 

255 reaction periods. In addition, the half reaction time (t50%) was independent on the initial reactant 

256 concentration (SI Figure S6), suggesting that HCHO catalytic oxidation followed a pseudo-first-

257 order reaction and the RCO system could be adapted to HCHO removal at the sub-ppm level38, 

258 39.

259 Oxygen vacancy sites are responsible for adsorption and catalytic activity. Interestingly, the 

260 formation of oxygen vacancies was feasible on the {110} and {001} facets but did not incur 

261 comparatively high activity (Figure 3). Except for the distorted electronic structure of crystals 

262 with different exposed facets, the activity was also influenced by the migration of definite 

263 surface oxygen and stability of the formed oxygen vacancies22. The quantitative effects of 

264 oxygen vacancies regarding to oxygen storage capacity are analyzed to demonstrate the 

265 migration of bulk lattice oxygen in the following section.

266  

267 Figure 3. HCHO consumption rate as a function of reaction temperature (a) and recycling 

268 catalytic activity and stability in 90 min of each run (b) over MCO catalysts with different 

269 exposed facets at 35 °C 
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270 Quantitative Effects of Oxygen Vacancies. The oxygen vacancy defects were engineered 

271 to work as active centers that were correlated with adsorption, catalytic activity, and stability. 

272 The O2–TPD and O 1s XPS studies roughly demonstrated oxygen speciation in the chemical-

273 looping processes of metal oxides but failed to clearly elucidate the roles and oxygen storage 

274 capacity of definite lattice oxygen, i.e., surface lattice oxygen OS–L and bulk lattice oxygen OB–

275 L
22. The surface lattice oxygen (OS–L), rather than the surface adsorbed oxygen, was found to be 

276 responsible for the catalytic activity and replenished from the migration of bulk lattice oxygen22. 

277 Understanding the quantitative effects of oxygen species is of practical importance in the catalyst 

278 design based on high-performance oxygen carriers. The correlation between the migration and 

279 consumption of lattice oxygen and the formation of oxygen vacancies within the exposed facets 

280 was investigated through the designed H2–TPR experiments. 

281 The corresponding H2 consumption amounts of OB–L at 600 °C for different treatment times 

282 are summarized in SI Table S5. The H2 consumption amount of OB–L was approaching to a 

283 minimum level when the MCO samples were treated for more than 5 h. MCO-110 had the lowest 

284 H2 consumption during the whole treatment, which was correlated with the formation of the 

285 maximum oxygen vacancies within MCO-110 obtained in the O2–TPD profiles (Figure 2b). The 

286 corresponding migration rate was the slowest at 8.0 × 10−3 µmol·g−1·s−1. The fastest migration 

287 rate up to 1.1 × 10–2 µmol·g−1·s−1 was found for MCO-001 but failed to result in the highest 

288 catalytic activity, because the {001} facet growth was somewhat suppressed by the ceria (111) 

289 and (200) planes23. Oxygen vacancies were more stable within pristine ceria {111} facet than 

290 within pristine ceria {110} and {001}, they occurred more easily within the {110} and {001} 

291 though16, 18. Aside from the stable defect structure of crystal facet, improvements in catalytic 

292 activity were ascribed to the fact that the OB–L mobility at faster migration rate can replenish OS–L, 
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293 but the excessively fast rate within the {001} facet can decrease activity22. Oxygen vacancies 

294 could result in excellent catalytic activity and stability if they were more stable on catalyst 

295 surfaces.

296 As shown in Table 1, the designed H2–TPR experiment at 450 °C was performed and 

297 examined at different treatment times to demonstrate the total consumption based on the 

298 migration of OB–L to OS–L. The actual consumption rates of OS–L within MCO-111 were larger 

299 than those within MCO-110 and MCO-001 and remained stable after 5 h treatment relative to the 

300 migration rate of OB–L. However, the consumptions of OS–L cannot be completely ruled out from 

301 the migration of OB–L, possibly because of some mass loss in OB–L mobility. Thus, the largest 

302 consumption amounts of OS–L were not well associated with the largest consumption amounts of 

303 OB–L. Therefore, OB–L through its faster migration can not only participate in the catalytic 

304 reaction but also replenish the consumed OS–L. These events directly supported the importance of 

305 stable oxygen vacancies within the MCO-111 facet. 

306 Table 1. H2 consumption of OB–L and OS–L of MCO samples treated at 450 °C with 10% H2/Ar 

307 for different treatment times.

Samples

H2 

consumption 

of OB–L 

(µmol·g−1) 

H2 consumption 

of OS–L 

(µmol·g−1) a

OB–L migration 

(µmol·g−1)

OS–L 

consumption

(µmol·g−1) b

Actual 

consumption rate 

of OS–L 

(µmol·g−1·s−1) c

Untreated MCO-111 645 568 0 0 0

Untreated MCO-110 549 516 0 0 0

Untreated MCO-001 676 593 0 0 0

Treated MCO-111 (1 h) 633 409 6 79.5 2.0 × 10–2
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Treated MCO-110 (1 h) 539 373 5 71.5 1.8 × 10–2

Treated MCO-001 (1 h) 661 441 7.5 76 1.9 × 10–2

Treated MCO-111 (5 h) 315 166 165 201 2.0 × 10–3

Treated MCO-110 (5 h) 241 159 154 178.5 1.4 × 10–3

Treated MCO-001 (5 h) 279 163 198.5 215 0.9 × 10–3

308 a H2 consumption of OS–L was calculated according to TPR profiles at temperature range of 

309 300 °C–600 °C.

310 b Consumption amount of OS–L = (H2 consumption of untreated sample−H2 consumption of 

311 treated sample)/2.

312 c Actual consumption rate of OS–L = (consumption amount of OS–L−migration amount of OB–

313 L)/treatment time.

314 Identification of Catalytically Active Regions and Active-Site Behaviors at Low 

315 Temperatures. The activation of oxygen species and catalytic oxidation are favorable to high 

316 reaction temperatures. However, the performance of the temperature-dependent catalysts that can 

317 trigger their activity at low temperatures has been rarely studied. Here high-throughput screening 

318 studies with IR thermography were performed to distinguish and identify catalytically active 

319 regions24, 25. As shown in Figure 4, the catalytically active regions corresponding to temperature 

320 variations were characterized and compared in various isothermal feeds. First, the IR absorbance 

321 intensities of the different exposed facets were obtained from 25 °C–175 °C, which were closely 

322 consistent with different surface active regions at varying feed temperatures (Figure 4a). The IR 

323 absorbance was monitored under the average of the emerging temperatures when a hot spot 

324 region of IR thermography was formed on the catalyst surfaces. Small changes in the IR 

325 absorbance were observed in a high temperature range of 125 °C–175 °C, despite a gradual 
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326 decline with increasing feed temperatures. Moreover, no huge difference in the IR absorbance 

327 and retention was found among the three exposed facets at the high-temperature range. Below 

328 75°C, comparatively large IR absorbance intensities were attained at MCO-111 compared with 

329 MCO-110 and MCO-001. MCO-111 maintained enhanced intensity and retention of the IR 

330 absorbance under the emerging temperatures at 25 °C–50 °C. The IR thermography images were 

331 then recorded to visualize the active regions at low temperatures after the emerging temperature 

332 reached 50 °C in Figure 4b. The amplitude (i.e., retention of the maximum emerging 

333 temperature after hot spot formation) of the temperature gradient could be clearly compared at 

334 the different crystal facets. The amplitude of the maximum temperature gradient was broader and 

335 stronger at MCO-111 than at the two other facets, although the IR absorbance was released and 

336 extinguished during cooling to 25°C. The highly active zones displayed at MCO-111 could act as 

337 a reactive catalytic bed to sustain the exposure of abundant active sites and participation of 

338 oxygen species at low temperatures, thereby providing the enhanced catalytic activity of MCO-

339 111 under ambient conditions.
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340

341 Figure 4. IR absorbance intensities of MCO catalysts with different exposed facets at varying 

342 feed temperatures from 25 °C to 175 °C (a) and identification of catalytically active zones after 

343 the emerging temperatures reached 50 °C via IR thermography images (b).

344 The types and properties of surface active sites at different exposed facets were investigated 

345 through Py-IR measurements40, 41. Metal oxides are used for their acid–base properties. Two 

346 kinds of surface metal sites, i.e., Lewis acid (L-acid) and Brønsted acid (B-acid) sites, are related 

347 to free electron and proton exchange at metal oxides. For transition-metal oxides, the Lewis 

348 acid–base properties depend on cyclic electron transfer in the chemical-looping processes and 

349 play a major role in the activation of reactive oxygen species42. As shown in Figures 5, the peaks 

350 at ca. 1456 and 1610 cm−1 bands originated from pyridine adsorbed onto L-acid sites, whereas 

351 the peaks at ca. 1545 and 1635 cm−1 bands were related to B-acid sites. The peak at ca. 1489 

352 cm−1 originated from pyridine adsorbed onto L-acid and B-acid sites. The exposure of 
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353 predominant L-acid sites was observed at the three major exposed facets. The Lewis/Brønsted 

354 (L/B) ratio at MCO-111 was 2.85 larger than that at MCO-110 and MCO-001 with 2.11 and 

355 1.94, respectively. A high degree of nucleophilic substitution was assigned to an exchange of 

356 surface metal sites and atomic O*, and the hopping of hydrocarbon compounds to atomic O* was 

357 preferential onto L-acid sites. B-acid sites acted as predominant active sites in favor of high 

358 reaction temperatures43. Furthermore, the exposure of L-acid and B-acid sites was influenced by 

359 high ambient humidity40, 41. However, many routine metallic catalysts were water-repellent that 

360 affects HCHO adsorption and catalytic oxidation under ambient conditions to a certain extent. 

361 Therefore, Lewis acid sites involving the superior selective adsorption of electrolyte cations were 

362 presented for polar HCHO molecules induced by cyclic electron transfer. The acid–base 

363 properties provided explicit evidence of strength and distribution of surface-active sites. The 

364 predominance of L-acid sites at low temperatures could facilitate the activation of surface 

365 oxygen species to reactive oxygen species and catalytic activity of RCO catalysts. 
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366

367 Figure 5. Py-IR measurements of acid–base active sites at MCO with different exposed facets.

368 In Situ XPS and DRIFT Studies. The adsorption and reaction of HCHO over MCO 

369 catalysts with different exposed facets were studied using in situ C 1s XPS measurements. As 

370 shown in Figure 6a, the XPS peaks in the C 1s region were more precisely deconvoluted to 

371 adventitious carbon (CA) at 284.5 eV from C–C species and at 285.5 eV from C–O–C species, to 

372 formaldehyde/mono-dentate formate species (CF) at 288.2 eV, and O–C=O (carboxylate species 

373 = CCB) at 289.1 eV44, 45. These peaks were consistent with the assignment of chemical bonds to 

374 the BE of C 1s peaks in SI Table S2. CF signals were retained on the three exposed facets, and 

375 more evolutions of CA were found for MCO-111. The C 1s core level envelope presented an 

376 important contribution at the BE of CF at temperatures below 50 °C. The intensities of CCB 
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377 photopeaks were lower than those of CF and CA photopeaks for the three samples. The formation 

378 of CA favored increased reaction temperatures, which was preferential to CO oxidation and CO2 

379 yield. Both formaldehyde and formate species were bonded end-on through the oxygen atom, 

380 and the rapid conversion of CCB species continued. Therefore, physisorption was an initial 

381 preadsorption step, chemisorption started with physisorption, and the strong interaction between 

382 the adsorbate and sorbent surface created new types of electronic bonds (ionic or covalent). The 

383 chemisorption and oxidation of HCHO were derived from H bonding of formaldehyde and 

384 formate groups and bridging of CCB preferentially with oxygen atom in the MCO surfaces41, 46. 

385 These findings matched well with the quantitative effects of oxygen vacancies in which excess 

386 defects could not sustain the oxygen species-oriented active sites involved in the adsorption and 

387 oxidation. 

388 The formation of intermediate species for HCHO decomposition at 35 °C was examined 

389 through in situ DRIFT spectra (Figure 6b). All transient reaction results represented the main 

390 intermediates that were ascribed to formate species (including carboxylate), carbonate, CO2, and 

391 water vapor. The absorbance intensities of the CO2 peak (ca. 2380 cm−1) and surface hydroxyl 

392 species (a broad OH stretching region located at ca. 3580 cm−1, denoted as υs
 [OH]) increased 

393 significantly for MCO-111 compared with exposure of MCO-110 and MCO-001 to HCHO/O2. 

394 The symmetric stretching OH possesses a strongly hydrogen bonded water structure and could 

395 facilitate the chemisorption of HCHO in terms of hydroxyl bonding preferable with the methyl 

396 groups under low temperature and relative humidity41. MCO-111 achieved comparatively high 

397 catalytic activity for HCHO conversion, producing CO2 and water vapor as final products. In 

398 brief, HCHO peaks (ca. 1680 cm−1) weakened with reaction time and new typical bands 

399 indicated the gradual generation of formate species (quite weak at ca. 2840 cm−1 for υs [CH], ca. 
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400 1466 cm−1 for δ [CH2], ca. 1601 cm−1 for υs [COO], and ca. 1350 and 1314 cm−1 for υas 

401 [COO])46, 47. The decomposition of –COO and –CH2 species resulted from the nucleophilic 

402 attack of the reactive oxygen atom. The intensities of –CH2 and –OH were stronger than those of 

403 the –CH match. In fact, the ensuing conversions from the intermediate CH2OO are more 

404 complex than those from HCHO initially, because distinct and complex chemical speciation and 

405 reactivity pathways of the CH2OO isomers (i.e., formic acid, dioxirane, and CH2OO Criegee) 

406 have been found41. The conversions of HCHO into formic acid and dioxirane preferentially occur 

407 through monodentate binding and bidentate coordination with metal sites of catalysts, 

408 respectively. The production and removal of CH2OO Criegee are rather complex and probably 

409 involved in side or secondary processes. CH2OO Criegee has some single bond characters, which 

410 are assumed to a rapid dissociation of C–C and O–O bonds from the oxidation of unsaturated 

411 carboxyl groups. 
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412

413 Figure 6. In situ C 1s XP spectra as a function of reaction temperature of the HCHO-exposed 

414 MCO catalysts with different exposed facets (a) and in situ DRIFT spectra of bond cleavage at 

415 35 °C (b).

416 Practical Application in Household Air Cleaner and In-field Pilot Test. MnOx–CeO2 
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417 samples with the exposed {111} facet were examined with respect to room-temperature catalytic 

418 activity in laboratory scale and were about to be validated in an in-field test for actual HCHO 

419 removal. First, a prototype of a household air cleaner was designed and equipped with a filter 

420 cylinder cartridge in Figure 7, whose main dimensions and operating parameters are listed in SI 

421 Table S6. The cylinder cartridge consisted of five sets of porous filtration units, that is, non-

422 woven fabric filter, high efficiency particulate air (HEPA) filter, two layers of nylon fabric filter, 

423 and polytetrafluoroethylene (PTFE) keel shirt, and operated through outside-in filtration. Test 

424 MCO-111 particles in a sieve fraction of 140 meshes (approximately 106 μm) were scaled-up 

425 and immobilized with a loading density of approximately 0.30 g·cm−2 between two layers of 

426 nylon fabric filter. The fabric filter mainly removed fine particulate matter and priority gaseous 

427 pollutants in indoor air (e.g., HCHO and NOx). Airflow was controlled with a built-in air pump 

428 (maximum airflow, 400 m3·h−1), and purified air was released from the outlet at the top of the air 

429 cleaner. After the majority of particulate matter was pre-filtered through the multi-layer 

430 filtration, gaseous pollutants were in contact with the catalyst and then oxidized into harmless 

431 substances under ambient conditions.
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432

433 Figure 7. Scaling-up MCO-111 filter substrates filled in the filter cylinder cartridge of a 

434 household air cleaner.

435 To evaluate the HCHO removal efficiency of the MCO-111 catalyst, we conducted an in-

436 field pilot test of the household air cleaner at a newly decorated office, as shown in Figure 8. 

437 The concentration of HCHO during a round switch on and off of the air cleaner was continuously 

438 measured using a portable analyzer (Interscan 4160, USA) and double-checked in the on-site 

439 measurement for 5 days. According to the air cleaner standard (GB/T 18801–2015, China), the 

440 sampling inlet of the analyzer was kept at a vertical distance higher than 0.8 m with the ground 

441 and a horizontal distance of 1.75 m from the purified air outlet of the air cleaner in a 30 m3 test 

442 site. When the air cleaner started to work, the concentration of HCHO dramatically decreased 

443 and remained as low as 20 ppb over an 8 h period, which stratified with the Excellent Class (30 

444 µg·m−3, equal with std. 24 ppb of an 8 h average) of Indoor Air Quality Certification Scheme for 

445 Offices and Public Places issued in Hong Kong. By contrast, when switched off, the 
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446 concentration of HCHO gradually recovered to its initial level at approximately 120 ppb, 

447 exceeding a maximum exposure of 100 ppb (equal with std. 81 ppb of an 8 h average) indoors. 

448 HCHO emissions in indoor air are long-lasting and result from a source complex, such as 

449 building materials, furnishings, and occupant activities. The situation is aggravated during a lack 

450 of ventilation in most enclosed areas, thereby seriously burdening long-term removal efficiency. 

451 The routine household air cleaner, mainly equipped with porous-media filters, shows a very 

452 insufficient ability in removing gaseous pollutants. A very few commercial air cleaners are 

453 available in the combined use between catalytic oxidation and mechanical filtration. Therefore, 

454 the test MCO-111 catalyst can work synergically to optimize and maximize the air cleaner 

455 performance for the removal of HCHO. Furthermore, this work has a proper strategy 

456 recommendation for translating laboratory research into commercial value in large scale to 

457 eliminate HCHO in indoor air via the efficient and cost-effective catalytic oxidation to attain the 

458 standard protocols of indoor air quality.
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459

460 Figure 8. In-filed pilot test of the household air cleaner for HCHO removal in 5 days. Inset 

461 photo images: on-site measurements at a newly decorated office (approximately 30 m3) without 

462 ventilation. 
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471 household air cleaner.
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