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[bookmark: _Toc512397116][bookmark: _Toc512397394][bookmark: _Toc521597456][bookmark: _Toc521597536][bookmark: _Toc521598830][bookmark: _Toc521598938][bookmark: _Toc526255984]1. Section A: Supplemental Methods
1.1 Preparations of AMO and α-MnO2 substrates 
AMO is prepared by stoichiometrically mixing 300 mL of KMnO4 (0.1 M) with 112.5 mL of Na2S2O3 (0.1 M) and diluted to 1 L with deionized water (18 MƱ) under stirring 12 h. Before drying at 70 oC, the resulting products are not washed and centrifugation with ultrapure water until kept their supernatant clean. A nickel foam is soaked in its synthesized solutions for several seconds to collect the AMO particles. 
α-MnO2 is obtained through a hydrothermal reaction route where Mn2+ and S2O82– coexisted. After mixing of MnSO4·5H2O (0.008 M) and (NH4)2S2O8 (0.02 M), the solution is transferred into a 50 mL Teflon-lined stainless-steel autoclave with the volume of 40 mL at 140 °C for 12 h. The final products are harvested by centrifugation and washed with ultrapure water for 3–5 times before drying overnight.
1.2 General characterisation
Powder X-ray diffraction (XRD) is performed with a Philips X’pert PRO SUPER diffractometer using Cu Kα (λ = 0.15406 nm) radiation at a scan rate of 0.017° in the 2θ range of 10°–80°. The micromorphology of the samples is illustrated by a SUPRA 55 field-emission scanning electron microscope and a JEOL JEM-2010 transmission electron microscope. The Brunauer–Emmett–Teller (BET) surface area is measured by N2 adsorption/desorption isotherms at 77 K on a Micrometrics Gemini VII 2390 instrument. Thermogravimetric (TG) studies are carried out on a Setaram Setsys 16/18 thermoanalyzer at a heating rate of 10 K·min–1 in N2 atmosphere. X-ray photoemission spectroscopy (XPS) is recorded on a Thermo ESCALAB 250 system, wherein all the binding energies are calibrated to the C 1s peak at 284.8 eV of the surface adventitious carbon.
[bookmark: _Hlk75336605]1.3 In situ XPS and DRIFT analysis 
The C 1s signal evolution for the HCHO-exposed catalyst samples are studied using a Vacuum Generators Escalab 220 XL spectrometer equipped with monochromatized aluminum X-ray irradiation (Al Kα = 1486.6 eV) and an in situ cell reactor. The HCHO-saturated sample is preheated from 25 °C to 125 °C under an Ar feed gas at a rate of 2 °C·min−1. Then, the sample is cooled under the Ar feed gas to 25 °C after the required reaction temperature reached, and in situ XPS analysis is performed in the cell reactor. The C 1s XPS photopeaks are resolved by a peak-fitting program with a mixed Gaussian (70%)/Lorentzian (30%) peak shape after a linear-type background is subtracted. 
[bookmark: _Hlk75336630][bookmark: _Hlk75336658]In situ diffuse reflectance infrared Fourier transform (in situ DRIFT) spectrometry is perfomed on a Fourier transform infrared spectrometer (VERTEX 70, Bruker) with an in situ cell reactor. The spectra are recorded with a resolution of 4 cm−1 (32 scans). After purging all the samples with He gas at 300 °C until the calibration of the background spectrum is completed, approximately 10 ppm of initial HCHO concentration is then injected into the cell at a flow rate of 30 mL·min−1 via mass flow controllers. Pressured oxygen is used as the balance gas.
[bookmark: _Hlk58863727]1.4 Preliminary laboratory activity estimates in formaldehyde removal
[bookmark: _Hlk75335304][bookmark: _Toc512397403][bookmark: _Toc521597465][bookmark: _Toc521597545][bookmark: _Toc521598839][bookmark: _Toc521598947] Under the reaction condition of 100 ppb HCHO/21 vol% O2/N2 and gas hourly space velocity (GHSV) = 4 × 104 h–1, the catalytic activity for the conversion of HCHO is tested in a thermostatic fixed-bed reaction system, consisting of three main sections, namely, mass flow controller, thermostatic fixed-bed reactor, and real-time analytical system. Gaseous HCHO is diluted by the carrier gas (21 vol % O2 balanced by N2) and the relative humidity (RH) is adjusted by changing the ratio of humid air in the carrier gas. Up to 1 L·min−1 of the flowrate and concentrations of inlet HCHO are stoichiometrically determined by the mass flow controller (Brooks 5860E). Approximately 150 mg test catalysts sieved between 40–60 mesh are loaded on silica wool in a stainless-steel thermocouple tube (8 mm diameter) of the thermostatic fixed-bed reactor. The operating temperature is automatically controlled with T-measuring thermocouples inside of the stainless-steel tube. The inlet and outlet concentrations of HCHO are recorded on a real-time photoacoustic multi-gas monitor (Model 1412i, LumaSense INNOVA Technologies Inc.). Then, the recycling catalytic activity is tested in five batch modes of 36-minute measurements under identical reaction conditions, each of which continued when the HCHO concentration is recovered to its initial level. 
[bookmark: _Hlk108286620][bookmark: _Hlk108286548]As given in Eq. S1, the activity for the HCHO removal is evaluated using the turnover frequencies (TOFs) per unit of surface area (mol·s−1·mcat−2), defined as the ratio of the reaction rate to the active-site density of catalysts.
	 
	(Eq. S1)


where [CO2] is the measured molar fraction in the HCHO conversion, Q is the molar flowrate of gas through the reactor (mol·s−1), m is the mass weight of the test catalyst (g), and S is the BET surface area of the catalyst (m2·g−1). Considering that the production of CO2 is suppressed substantially, the detected [NH3+HCO3−] using PTR–ToF–MS is used to calculate the TOFs of amine-functionalised MnO2


2. Section B: Supplemental Figure & Table
2.1 Supplemental Table
[bookmark: _Hlk106311022]Table S1 Compariopns of mass stablitiy after addition of precursor amorphous MnO2 into a mixture solution containing semicarbazide/hydrochloric acid/deionized water of CH5N3O : HCl : H2O ≈ 11 : 4 : 85 by weight.
	Mark
	AMO (mg)
	Mixture solution of CH5N3O : HCl : H2O by weight
	wt% of N element
	Average mass loss by heating at 200 °C
	Average mass loss in phosphoric acid (1 mol·L−1)

	1
	50
	11.02 :4.03 :85.02
	10.76±1.46
	6.78%
	7.43%

	2
	100
	11.01:4.03:84.95
	11.13±2.07
	7.93%
	8.85%

	3
	150
	10.97:4.03:85.01
	9.24±2.43
	6.64%
	8.65%

	4
	200
	10.96:4.02:85.01
	8.01±3.23
	10.66%
	12.54%

	5
	250
	11.02:4.03:84.97
	8.25±1.44
	15.73%
	14.15%


a measured by thermogravimetric analyzer (Setaram Setsys TGA 16/18);
b measured in acidic aqueous solutions under low temperatures (4 °C–25 °C).


Table S2 Summary of mass weight of elements, specific surface area, total pore volume, and pore diameter of AF-AMO and AF-α-MnO2 before and after the freezing-thawing cycle as compared with clean AMO and α-MnO2.
	Sample
	wt% of elements a
	BET surface area (m2·g−1)
	Vpore (cm3·g−1)
	Maximum pore size diameter (nm)
	Average pore diameter (nm)

	
	N
	Mn
	
	
	
	

	AF-AMO (freezing-thawing cycle)
	9.24±2.43
	57.08±5.35
	125.68±16.74
	0.89±0.45
	47.23±7.47
	37.50±4.58

	AF-α-MnO2 (freezing-thawing cycle)
	8.71±1.78
	53.35±6.46
	82.13±14.26
	0.42±0.24
	27.52±4.67
	23.40±7.64

	AF-AMO (non freezing-thawing cycle)
	–
	–
	101.25±16.47
	0.76±0.22
	31.05±4.73
	31.04±4.56

	AF-α-MnO2 (non freezing-thawing cycle)
	–
	–
	73.45±11.67
	0.51±0.23
	22.54±3.15
	20.32±8.53

	Clean AMO
	–
	–
	45.47±10.54
	0.43±0.16
	19.32±6.37
	14.35±6.45

	Clean α-MnO2
	–
	–
	26.34±6.34
	0.14±0.11
	14.56±4.57
	12.23±6.38


a determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES 9800, Shimadzu).

[bookmark: _Hlk59525363]Table S3 Operating parameters of FLIR camera SC7650.
	Items
	Parameters

	
	

	IR resolution
	640 × 512 pixels

	Temperature range
	−20 °C ~+300 °C

	Thermal sensitivity/NETD
	<20 mK @ + 30 °C

	Field of view (FOV)
	24° × 18°/0.3 m

	Focal plane array (FPA)
	0.65 mrad

	Spatial resolution 
	50 µm (size 15 × 15 pixels) 

	Frame rate
	5 Hz

	Wavelength
	7.5~13 µm

	Accuracy
	±1 °C or ±1% of reading


	

Table S4 Assignment of chemical bonds to binding energies (BE) of C 1s peaks.
	Possible chemical bond
	Peak BE (eV)

	C–C
	284.5±0.3

	C–O–C
	285.5

	C–COOH
	285.7

	C–O
	286.7

	C=O
	288.2±0.3

	O–C=O
	289.2




Table S5 Limit of detection (LOD), accuracy, precision, and total uncertainty of PTR–ToF–MS in Ionimed mix-VOC gas standard mixture containing 16 OVOCs and VOCs.
	Component
	m/z
	LOD (pptv)
	Accuracy
	Precision
	Uncertainty

	Formaldehyde
	31
	296
	11.9%
	3.1%
	12.3%

	Methanol
	33
	162
	5.3%
	2.7%
	5.9%

	Acetonitrile
	42
	17
	7.4%
	2.0%
	7.7%

	Acetaldehyde
	45
	101
	3.0%
	1.7%
	3.4%

	Ethanol
	47
	237
	19.9%
	10.0%
	22.3%

	Acrolein
	57
	23
	11.8%
	2.4%
	12.0%

	Acetone
	59
	31
	4.2%
	1.7%
	4.5%

	Isoprene
	69
	40
	18.0%
	3.4%
	18.3%

	Crotonaldehyde
	71
	25
	15.5%
	2.1%
	15.6%

	2-Butanone
	73
	18
	6.3%
	1.6%
	6.5%

	Benzene
	79
	12
	4.6%
	1.8%
	4.9%

	Toluene
	93
	30
	7.1%
	2.0%
	7.4%

	o-Xylene
	107
	25
	7.4%
	1.7%
	7.6%

	α-Pinene
	137
	29
	9.9%
	2.2%
	10.1%

	Dichlorobenzenes
	147
	21
	7.8%
	2.7%
	8.3%

	Trichlorobenzenes
	181
	96
	10.0%
	3.3%
	10.5%




Table S6 Ion formulas of speciated VOCs and OVOCs detected using H3O+ by PTR–ToF–MS in gas standard mixture.
	Nominal Masses
	Formula
	m/z
	Species

	28
	HCNH+
	28.018
	hydrogen cyanide

	31
	CH2OH+
	31.018
	formaldehyde

	33
	CH4OH+
	33.033
	methanol

	42
	C2H3NH+
	42.034
	acetonitrile

	44
	CHNOH+
	44.013
	isocyanic acid

	45
	C2H4OH+
	45.033
	acetaldehyde

	47
	[bookmark: _Hlk65164339]CH2O2H+
	47.013
	formic acid

	
	C2H6OH+
	47.049
	ethanol

	54
	C3H3NH+
	54.034
	acrylonitrile

	57
	C3H4OH+
	57.033
	acrolein; MTBE

	
	C4H9+
	57.070
	butentes

	59
	C3H6OH+
	59.049
	acetone; propanal

	61
	[bookmark: _Hlk65164361]C2H4O2H+
	61.028
	acetic acid; glycolaldehyde

	63
	C2H6SH+
	63.026
	dimethyl sulfide

	69
	C4H4OH+
	69.033
	furan

	
	C5H8H+
	69.070
	isoprene

	71
	C4H6OH+
	71.049
	MVK; MACR

	73
	C3H4O2H+
	73.028
	methylglyoxal; acrylic acid

	
	C4H8OH+
	73.065
	MEK; butanals

	75
	[bookmark: _Hlk65164387]C3H6O2H+
	75.044
	hydroxyacetone; propionic acid

	77
	C2H4O3H+
	77.023
	PAN; peracetic acid

	79
	C6H6H+
	79.054
	benzene

	81
	C6H9+
	81.070
	monoterpenes and PAH fragment

	83
	C5H6OH+
	83.049
	methyl furan

	
	C6H11+
	83.085
	methylcyclopentane

	85
	C4H4O2H+
	85.028
	furanone

	
	C5H8OH+
	85.065
	cyclopentanone

	87
	C4H6O2H+
	87.044
	butanedione; methacrylic acid

	
	C5H10OH+
	87.080
	MBO; pentanones; pentanal

	93
	C7H8H+
	93.070
	toluene

	95
	C6H6OH+
	95.049
	phenol

	99
	C4H2O3H+
	99.008
	maleic anhydride

	
	C5H6O2H+
	99.044
	furfuryl alcohol

	
	C6H10OH+
	99.080
	hexenals; cyclohexanone

	101
	C6H12OH+
	101.096
	hexanal

	103
	C5H10O2H+
	103.075
	pentanoic acid

	105
	C8H8H+
	105.070
	styrene

	107
	C7H6OH+
	107.049
	benzaldehyde

	
	C8H10H+
	107.086
	C8 aromatics

	121
	C9H12H+
	121.101
	C9 aromatics

	129
	C10H8H+
	129.070
	naphthalene

	135
	C10H14H+
	135.117
	C10 aromatics

	137
	C10H16H+
	137.132
	monoterpenes

	139
	C9H14OH+
	139.112
	nopinone

	169
	C10H16O2H+
	169.122
	pinonaldehyde
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Table S7 Survey of catalytic activity for typical complete catalytic oxidation (CCO) of formaldehyde.
	Catalyst
	Reaction mixture
	Reaction temperature
	[bookmark: _Hlk106876554]HCHO conversion rate (μmol·s−1·m−2)
	Literature

	Ag/CeO2
	810 ppm HCHO/air, GHSV = 8.4 × 104 h–1
	T100% = 110 °C
	8.80 × 10–3 (110 °C)
	Lei et al., 2014 1 

	Ag/MnO2
	500 ppm HCHO/air, GHSV = 6 × 104 h–1
	T100% = 110 °C
	10.1 × 10–3 (110 °C)
	Bai et al., 2016 2

	Fe2O3–MnO2
	0.5–5 ppm HCHO/air, GHSV = 12.5 × 104 h–1
	
	2.03 × 10–5 (25 °C)
	Wang et al., 2013 3

	MnOx/SBA-15
	120 ppm HCHO/O2/He, GHSV = 3 × 104 mL·g−1·h−1
	T50% = 107 °C,
T90% = 121 °C
	3.82 × 10–5 (84 °C)
	Averlant et al., 2014 4

	MnOx–CeO2
	400 ppm HCHO/O2/He, GHSV = 3 × 104 mL·g−1·h−1
	T70% ≈ 100 °C
	≈ 1.33 × 10–3 (100 °C)
	Quiroz et al., 2015 5

	MnOx–CeO2 with exposed {111} facet
	5 ppm HCHO/air, GHSV = 4 × 104 h–1
	
	≈ 7.5 × 10−4 (25 °C)
	Li et al., 2019 6

	Mn0.75Co2.25O4
	80 ppm HCHO/air, GHSV = 6 × 104 h–1
	T50% ≈ 58 °C
T100% =70 °C
	2.04 × 10–5 (25 °C)
	Wang et al., 2014 7

	TiO2/MnOx–CeO2
	0.5 ppm HCHO/air, GHSV = 1.2 × 104 h–1
	
	≈ 1.75 × 10−4 (35 °C)
	Li et al., 2018 8

	3D-CoMnOx
	80 ppm HCHO/air, GHSV = 3.6 × 104 h–1
	T50% = 60 °C,
T100% = 70 °C
	1.59 × 10–5 (40 °C)
	Wang et al., 2013 9




2.2 Supplemental Figure
[image: ]
Fig. S1 Engineering robust configuration of amino groups on MnO2 substrates through the freezing-thawing cycle a. Comparisons in FTIR spectra b in the range of 4000–500 cm−1 and thermogravimetry differential scanning calorimetry profiles c of AF-AMO and AF-α-MnO2 between with- and with no treatment of the freezing–thawing cycle.


[image: ]
[bookmark: _Hlk59522702]Fig. S2 Schematic of infrared (IR) thermography of amine-functionalised MnO2 exposed to HCHO measured using a time-resolved infrared camera. 
As shown in Fig S2, the infrared thermography system is equipped with three main sections: a thermostatic airflow controller (SEC-8000, Horiba), a time-resolved infrared camera (FLIR camera SC7650, the operating parameters listed in Table S2), and a stainless-steel chamber. Two channels of pure N2 gas and ultra-pure Ar gas are independently controlled in the airflow controller. N2 is used in purging pretreatment and cooling the chamber to the ambient temperature after testing at one fixed temperature. Ultra-pure Ar gas of 25 mL·min–1 is heated at 2 °C·min–1 through a thermocouple tube linked with the controller and is then fed into the chamber. The FLIR camera, which is fixed toward a window of the chamber made of sapphire capillary with high transmittance (ID = 1.7 mm, Saint Gobains), is used to record the period and amplitude of emerging temperature after the corresponding hot spots are formed and kept in an isothermal model within 15 s on the surface of test samples exposed to HCHO. The resulting IR absorbance data and thermography images are real-time monitored in a spatial resolution of 50 μm (pixel size 15 μm × 15 μm) at a 5 Hz frame rate. Concerning the stability of thermal absorbance and response, a similar sieved fraction of particle size for different samples is evenly loaded onto an insulating adhesive pad (15 mm × 15 mm) in the bottom of the chamber. The chamber is posted with polytetra fluoroethylene (PTFE) gaskets to avoid excess IR absorbance by the stainless-steel inner walls. The IR focus pin light is vertically along the middle of the test particles to locate the hot spot regions. 

[image: ]
[bookmark: _Hlk527135811][bookmark: _Hlk58849704]Fig. S3 Schematic of a spectroelectrochemical cell and measuring arrangement to detect doubly tunable sum frequency generation (SFG) signal at metal-oxide interface (I) and molecular adsorption of carbonyls at surface of AF-AMO– and AF-α-MnO2–glutamine (1 mg mL−1 in D2O) (II).
[bookmark: _Hlk527136417][bookmark: _Hlk65675346]Doubly tunable sum frequency generation (SFG) spectra of each amine-functionalised MnO2 are performed through the SFG system (Fig S3). Potential-dependent SFG signal is examined using an internal reflection type spectroelectrochemical cell made of Kel-F, which is precleaned in a 0.2 mM H2SO4 bath and rinsed with ultrapure water to avoid organic contaminants. An Ag/AgCl (saturated NaCl), a Pt foil, and a 5 nm Ti buffer layer are employed as a reference electrode (RE), a counter electrode (CE), and a working electrode (WE), respectively. A thin film (25 nm) composed of the as-prepared catalysts is evaporated on the prism. The electrolyte solutions are prepared using reagent-grade HClO4 (0.1 M, Wako Pure Chemicals) and purified water, and deaerated by bubbling high-purity Ar gas for at least 30 min before the spectroelectrochemical measurements. The HClO4 solution is used as a poor hydrogen bond acceptor to observe free OH. The electrode potential is controlled with a potentiostat (ToHo Technical Research, PS-07). Ten Hz Neodymium-doped Yttrium Aluminum Garnet (Nd: YAG; EKSPLA, PL2143B) laser with a 25-ps pulse width is employed to generate tunable infrared pulses by an Optical Parametric Generator/Optical Parametric Amplifier/Difference Frequency Generator (OPG/OPA/DFG; EKSPLA, PG401VIR/DFG) system. The incident doubly tunable IR (2800–3800 nm, 100 µJ per pulse) and visible (532 nm, 100 µJ per pulse) pulses with 70o and 50o of the incident angles are separately reflected at the interface of an IR-grade fused quartz hemi cylindrical-shaped prism (Daico MFG Co., Ltd.). The SF light is filtered and overlapped at a quartz plate from the backside of the prism interface and passed through irises and a monochromator (Oriel Instruments, MS257). The SFG signal is finally detected by a photomultiplier tube (PMT; Hamamatsu, R3896). Because SFG intensity is resonantly enhanced when the energy of IR is correlated with the vibration energy of surface adsorbed species, the surface-sensitive vibrational spectra are obtained by measuring the SFG response as a function of the energy of IR.
Equation of SFG intensity
	
	(Eq. S2)


where is ω frequency of the incident infrared radiation (IR) light, χNR is vibrationally non-resonant component, ε is phase angle between the resonant and non-resonant contributions, A0 is strength, Γ0 is damping constant of the surface vibration or rotation mode, ω0 is frequency, and n is wavenumber.10


[image: ]
Fig. S4 On-line measurements of carbonyl reaction with amine-functionalised MnO2 using PTR–ToF–MS.
As displayed in Fig S4, the airflow of a carbonyl mixture containing 200 ppb formaldehyde (CH2O), 100 ppb acetaldehyde (C2H4O), and 100 ppb acetone (C3H6O) is continuously drawn through separate 6.4-mm (¼″ OD) perfluoroalkyl (PFA) sampling tubes at a constant flow rate of 1 L min−1. Here the inside of a 1 m3 chamber is equipped with a 0.005"-thick Teflon PFA bag, whose volume can be flexibly set at approximately 0.6 m3. Meanwhile. the Teflon PFA bag can avoid the interfering adsorption, wall loss of reagents, and corrosion-resistant lining of vessels11-13. Zero gas is generated by a Gas Calibration Unit (GCU) (IONICON Analytik GmbH, Innsbruck, Austria) with a VOC-scrubber installed inside the GCU for the purging treatment at the chamber and PTR–ToF–MS calibration. Test amine-functionalised MnO2 is evenly loaded at the bottom of the bag for the complete reaction with carbonyls. PTR–ToF–MS spectra are collected with 2-second time resolution. The recorded spectra are processed using PTRwid software package to automatically detect mass peaks and provide signal output in counts per second. The detection limits varied by ions, with an interquartile range from 0.002 to 0.008 ppb. 
PTR–ToF–MS uses soft chemical ionization with hydronium ion (H3O+), serving as the primary reagent. The H3O+ ions can effectively protonate VOCs with proton affinities greater than that of water. Due to the low exothermicity of the proton transfer reaction, the extent of production fragmentation is restricted, and the accurate ion mass (mass resolution ~4000) can be used as the identifier for many important VOCs. PTR–ToF–MS combines the latest evolution with the new funnel technology to improve ion transmission leading to a much higher sensitivity, which is as low as 5 pptv. This online VOCs monitoring instrument can be easily used in high-speed and trace-level measurements, even under the situation of extremely low VOC concentrations, complex samples or a large number of sample compounds. As listed in Table S5, PTR-TOF-MS is calibrated weekly by zero gas and standard gas (Gas canister, Restek, USA). A total of 16 species in the gas standard containing formaldehyde, methanol, acetonitrile, acetaldehyde, ethanol, acrolein, acetone, isoprene, crotonaldehyde, 2-butanone, benzene, toluene, o-xylene, α- pinene, 1,2-dichlorobenzene and 1,2,4-trichlorobenzene with mixing ratios about 1 ppm for each compound is used for the repeated calibrations. Standard VOC gas mixtures (Supelco TO-14 Calibration Mix) is used for determining the transmission curve of the PTR–ToF–MS. Background level is determined by zero gas with the frequency of half-hour each day. The relative humidity and temperature of inlet gas are controlled by adjusting the humidification chamber and a dew point mirror inside the GCU. Ionimed mix-VOCs gas standard is diluted with four different ratios (0.08, 0.06, 0.04 and 0.001). The relative humidity and temperature of inlet gas for calibration are set at 80% and 25oC respectively according to the average level (RH = 78.2% and T = 23.5oC). The accuracy and the measurement precision of the PTR–ToF–MS is 3~20% and 1.6~10.0%, respectively. 
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[bookmark: _Hlk59523253]Fig. S5 Scanning electron microscopy (SEM) and elemental distribution maps for carbon, nitrogen, and manganese of AF-AMO (a) and AF-α-MnO2 (b). AF-AMO unchanged the unique sea urchin nanostructure with flakes radiated from the center.
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Fig. S6 XRD pattern of AF-AMO and AF-α-MnO2.
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Fig. S7 Zeta potential of AF-AMO and AF-α-MnO2.
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[bookmark: _Hlk106306968]Fig. S8 The thermal absorption coefficients of bare AMO and α-MnO2 as a retention of the maximum emerging temperature after the hot spots are formed.
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Fig. S9 N2 adsorption-desorption and pore size distribution of AF-AMO and AF-α-MnO2 before and after the freezing-thawing cycle as compared with clean AMO and α-MnO2.

[image: ]Fig. S10 Comparisons of AF-AMO and AF-α-MnO2 with reported typical metal oxide-based catalysts summarized as the maximum TOFs (mol·s−1·mcat−2) under optimal reaction temperatures for removal of formaldehyde with different (initial concentrations). The detected [NH3+HCO3−] using PTR–ToF–MS is used to calculate the TOFs of amine-functionalised MnO2
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Fig. S11 Preliminary estimates of the recycling activity of AF-AMO and AF-α-MnO2 for CH2O removal. The removal efficiencies are calculated as 1-(Ct/C0), where C0 and Ct are the concentrations of formaldehyde at an initial and any given time, respectively. The error bars (standard deviation) are calculated from repeat measurements.

[image: ]
Fig. S12 Comparisons in high-resolution XPS spectra of Mn 2p of AF-AMO a and AF-α-MnO2 b before and after the freezing-thawing cycle. Bimodal structure of Mn 2p signal is assigned to three characteristic peaks of Mn 2p3/2 signal at approximately ca. 641.2±0.2, 642.5±0.2, and 644.3±0.2 eV, which is related to the surface Mn3+, Mn4+, and the shake-up satellite of Mn3+ species, respectively.
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