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  This	work	examines	the	influence	of	preparation	methods	on	the	physicochemical	properties	and	
catalytic	 performance	 of	 MnOx‐CeO2	 catalysts	 for	 selective	 catalytic	 reduction	 of	 NO	 by	 NH3

(NH3‐SCR)	at	 low	temperature.	Five	different	methods,	namely,	mechanical	mixing,	 impregnation,	
hydrothermal	 treatment,	 co‐precipitation,	 and	 a	 sol‐gel	 technique,	 were	 used	 to	 synthesize	
MnOx‐CeO2	catalysts.	The	catalysts	were	characterized	in	detail,	and	an	NH3‐SCR	model	reaction	was	
chosen	 to	 evaluate	 the	 catalytic	 performance.	 The	 results	 showed	 that	 the	 preparation	methods	
affected	the	catalytic	performance	in	the	order:	hydrothermal	treatment	>	sol‐gel	>	co‐precipitation
>	impregnation	>	mechanical	mixing.	This	order	correlated	with	the	surface	Ce3+	and	Mn4+	content,	
oxygen	vacancies	and	surface	adsorbed	oxygen	species	concentration,	and	the	amount	of	acidic	sites	
and	acidic	strength.	This	trend	is	related	to	redox	interactions	between	MnOx	and	CeO2.	The	catalyst	
formed	by	a	hydrothermal	treatment	exhibited	excellent	physicochemical	properties,	optimal	cata‐
lytic	performance,	and	good	H2O	resistance	in	NH3‐SCR	reaction.	This	was	attributed	to	incorpora‐
tion	of	Mnn+	into	the	CeO2	lattice	to	form	a	uniform	ceria‐based	solid	solution	(containing	Mn‐O‐Ce	
structures).	 Strengthening	 of	 the	 electronic	 interactions	 between	MnOx	 and	 CeO2,	 driven	 by	 the	
high‐temperature	and	high‐pressure	conditions	during	the	hydrothermal	treatment	also	improved	
the	catalyst	characteristics.	Thus,	the	hydrothermal	treatment	method	is	an	efficient	and	environ‐
ment‐friendly	route	to	synthesizing	low‐temperature	denitrification	(deNOx)	catalysts.	 	
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1.	 	 Introduction	

Recently,	 the	 harmful	 nature	 of	 nitrogen	 oxides	 (NOx)	 has	
become	a	serious	environmental	issue	that	has	attracted	public	
attention.	 It	 has	 been	 recognized	 that	 NOx	 are	 major	 atmos‐
pheric	pollutants,	mainly	emitted	from	stationary	sources,	such	
as	coal‐fired	power	plants,	and	mobile	sources,	such	as	motor	
vehicles.	These	emissions	not	only	cause	acid	rain	and	photo‐
chemical	smog,	but	also	act	as	a	precursor	for	airborne	partic‐
ulate	 matter	 (PM2.5),	 which	 can	 damage	 human	 health	 and	
plant	 growth	 [1‒3].	 Elimination	 of	 NOx	 is	 an	 urgent	 environ‐
mental	 concern.	 Among	 currently	 available	 technology,	 selec‐
tive	 catalytic	 reduction	 of	 NOx	 by	 NH3	 (NH3‐SCR)	 has	 been	
proved	to	be	an	efficient,	reliable,	and	economical	way	to	con‐
trol	NOx	emissions	[4].	

A	V2O5/TiO2	sample	promoted	by	WO3	or	MoO3	is	the	com‐
mercial	catalyst	 for	NH3‐SCR	process,	which	exhibits	excellent	
catalytic	performance	between	300	and	400	°C	[5‒7].	However,	
to	reach	these	operating	temperatures,	the	NH3‐SCR	device	has	
to	be	located	upstream	of	electric	precipitator	and	desulfurizer	
units	 in	 a	 power	 station	 setting.	 Under	 these	 conditions,	 the	
catalyst	may	become	blocked	and	deactivated	by	dust	and	sul‐
fur‐containing	 compounds	 in	 flue	 gas	 [3,5,8].	 Furthermore,	
there	 may	 not	 be	 enough	 space	 to	 place	 an	 NH3‐SCR	 device	
before	 the	 electric	 precipitator	 and	 desulfurizer	 units	 in	 old	
coal‐fired	 power	 plants.	 Therefore,	 there	 is	 demand	 for	
low‐temperature	(below	200	°C)	NH3‐SCR	catalysts	that	would	
allow	the	NH3‐SCR	device	to	be	placed	downstream	of	the	elec‐
trostatic	precipitator	and	desulfurizer	units,	after	dust	and	SO2	
have	been	eliminated	[3,9,10].	

In	 recent	 years,	 considerable	 efforts	 have	been	devoted	 to	
developing	 novel	 NH3‐SCR	 catalysts	 that	 show	 good	
low‐temperature	 catalytic	 performance.	 Some	 examples	 in‐
clude	 supported	 noble‐metal	 catalysts	 [11],	 metal‐ion	 ex‐
changed	molecular	 sieves	 [12‒14],	 and	manganese‐based	cat‐
alysts	 [5,8,9,15‒18].	Among	 these,	manganese‐based	 catalysts	
have	 attracted	 considerable	 attention	owing	 to	 their	 good	 re‐
dox	 properties	 and	 excellent	 oxygen	migration	 ability,	 which	
are	beneficial	for	oxidation	of	NO	to	NO2,	and	lead	to	relatively	
high	 conversion	 of	 NOx	 at	 low	 temperatures	 through	 a	 “fast	
NH3‐SCR”	 route	 [3,19].	 However,	 the	 low	 N2	 selectivity,	 poor	
H2O	resistance,	and	narrow	operating	temperature	window	of	
manganese‐based	 catalysts	 require	 further	 improvements	
[20‒22].	 Efficient	 low‐temperature	 NH3‐SCR	 catalysts	 are	 re‐
quired,	 which	 not	 only	 exhibit	 high	 catalytic	 activity	 at	 low	
temperatures,	 but	 also	 have	 a	 wide	 operation	 temperature	
window,	 good	 H2O	 resistance	 and	 high	 N2	 selectivity	 at	 low	
temperatures.	

Ceria	(CeO2)	has	been	widely	used	to	eliminate	NOx	owing	to	
its	 good	 redox	 properties	 and	 high	 oxygen	 storage/release	
capacity	associated	with	oxygen	vacancies	 in	the	material	and	
the	Ce4+/Ce3+	redox	couple	[2,23‒29].	It	has	also	been	reported	
that	 CeO2	 can	 promote	 adsorption	 of	 NOx,	 provide	 stronger	
Brønsted	acidic	sites,	enhance	oxidation	of	NO	to	NO2,	and	im‐
prove	the	water	and	sulfur	resistance	of	catalysts,	which	would	
be	 particularly	 beneficial	 for	 the	 NH3‐SCR	 model	 reaction	
[10,19,26,30].	 Therefore,	 a	 combination	 of	 manganese	 oxide	

(MnOx)	 and	CeO2	 to	 form	MnOx‐CeO2	 catalysts	might	 improve	
the	 materials	 catalytic	 performance	 for	 the	 NH3‐SCR	 of	 NOx.	
This	is	because	of	the	synergistic	interaction	between	MnOx	and	
CeO2,	and	other	advantages.	Shen	et	al.	[31]	synthesized	a	sup‐
ported	MnOx/CeO2	 catalyst	 for	 the	 low‐temperature	 NH3‐SCR	
model	reaction,	which	showed	more	than	90%	NO	conversion	
between	120	and	220	 °C	owing	 to	a	high	dispersion	of	MnOx,	
favorable	 redox	 properties,	 and	 good	 adsorption	 of	 oxygen	
species.	 However,	 the	 operating	 temperature	 window,	 H2O	
resistance,	 and	N2	 selectivity	 of	 this	 catalyst	 need	 further	 im‐
provement.	

It	has	been	widely	reported	that	the	physicochemical	prop‐
erties	 and	 catalytic	 performance	 of	 redox	 catalysts	 are	 highly	
dependent	 on	 their	 preparation	methods	 [22,32].	 In	 the	 pre‐
sent	work,	we	synthesized	a	series	of	MnOx‐CeO2	(MnCe)	cata‐
lysts	 for	 a	 low‐temperature	 NH3‐SCR	 model	 reaction,	 using	
several	 different	 preparation	methods.	 The	 obtained	 samples	
were	 characterized	 by	 X‐ray	 diffraction	 (XRD),	 Raman	 spec‐
troscopy,	 N2	 physisorption,	 H2	 temperature‐programmed	 re‐
duction	 (TPR),	 NH3	 temperature‐programmed	 desorption	
(TPD),	X‐ray	photoelectron	spectroscopy	(XPS),	and	in	situ	dif‐
fuse	 reflectance	 Fourier‐transformed	 infrared	 spectroscopy	
(DRIFTS).	Moreover,	a	NO+NH3+O2	model	reaction	was	chosen	
to	 evaluate	 the	 catalytic	 performance	 of	 these	 catalysts.	 The	
purpose	of	this	paper	is	to	first	examine	the	influence	of	differ‐
ent	 preparation	 methods	 on	 the	 physicochemical	 properties	
and	catalytic	performance	of	MnOx‐CeO2	catalysts	and	to	screen	
for	an	optimal	preparation	method.	Second,	we	investigate	the	
interaction	 of	 NH3	 and	 NO+O2	with	 these	 catalysts	 by	 in	 situ	
DRIFTS	 in	 the	 temperature	range	of	25–350	°C	 to	 further	un‐
derstand	the	reaction	mechanism	of	NH3‐SCR	over	MnOx‐CeO2	
catalysts.	

2.	 	 Experimental	 	 	

2.1.	 	 Catalyst	preparation	by	different	methods	

2.1.1.	 	 Mechanical	mixing	method	(MMM)	
The	 MnCe‐MMM	 catalyst	 was	 prepared	 by	 a	 mechanical	

mixing	 method.	 MnOx	 and	 CeO2	 were	 obtained	 by	 separate	
thermal	 decompositions	 of	 Mn(NO3)2	 and	 Ce(NO3)3·6H2O	 at	
500	°C	for	5	h	in	air,	after	grinding	the	precursors	in	an	agate	
mortar.	 The	 desired	 amounts	 of	 MnOx	 and	 CeO2	 were	 then	
mixed	together	in	an	agate	mortar	for	1	h	to	prepare	the	sam‐
ple.	

2.1.2.	 	 Impregnation	method	(IM)	
The	 MnCe‐IM	 catalyst	 was	 prepared	 by	 an	 impregnation	

method.	 CeO2	 (obtained	 by	 thermal	 decomposition	 of	
Ce(NO3)3·6H2O	at	500	°C	for	5	h	in	air)	was	impregnated	with	
an	 aqueous	 solution	 containing	 the	 desired	 amount	 of	
Mn(NO3)2	for	2	h.	The	resulting	solid	was	then	heated	at	100	°C	
using	an	oil	bath	to	evaporate	residual	water.	The	sample	was	
dried	at	110	°C	in	an	oven	for	12	h	and	finally	calcined	at	500	°C	
for	5	h	in	air.	

2.1.3.	 	 Hydrothermal	treatment	method	(HTM)	
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The	MnCe‐HTM	 catalyst	 was	 prepared	 by	 a	 hydrothermal	
treatment	 method.	 The	 required	 amounts	 of	 Mn(NO3)2	 and	
Ce(NO3)3·6H2O	were	dissolved	 in	deionized	water	and	stirred	
together	for	2	h,	followed	by	introduction	of	NaOH	(6	mol/L)	to	
achieve	a	solution	of	pH	10.	The	resulting	solution	was	stirred	
for	another	3	h	to	obtain	a	suspension	and	then	transferred	to	a	
Teflon	autoclave.	The	mixture	was	heated	to	120	°C	at	a	rate	of	
2	°C/min	and	held	at	that	temperature	for	24	h.	The	obtained	
precipitate	was	centrifuged,	washed	several	times	with	deion‐
ized	water	and	one	time	with	anhydrous	ethanol	until	the	solu‐
tion	pH	did	not	change.	After	drying	at	60	°C	for	12	h	in	an	ov‐
en,	the	sample	was	finally	calcined	at	500	°C	for	5	h	in	air.	

2.1.4.	 	 Co‐precipitation	method	(CPM)	
The	MnCe‐CPM	catalyst	was	prepared	by	a	co‐precipitation	

method.	 The	 required	 amounts	 of	 Mn(NO3)2	 and	
Ce(NO3)3·6H2O	were	dissolved	 in	deionized	water	and	stirred	
together	for	2	h,	and	then	added	dropwise	to	an	excess	of	am‐
monia	(25%)	with	magnetic	stirring	until	the	solution	reached	
pH	10.	The	resulting	solution	was	stirred	for	another	3	h,	aged	
for	24	h,	 then	filtered,	and	washed	with	deionized	water	until	
the	 solution	pH	did	not	 change.	The	obtained	precipitate	was	
dried	at	110	°C	for	12	h	and	then	calcined	at	500	°C	for	5	h	in	
air.	

2.1.5.	 	 Sol‐gel	method	(SGM)	
The	MnCe‐SGM	catalyst	was	prepared	by	a	sol‐gel	method.	

Briefly,	 the	 desired	 amounts	 of	Mn(NO3)2	 and	 Ce(NO3)3·6H2O	
were	dissolved	in	deionized	water	and	stirred	together	for	2	h.	
Citric	acid	(C6H8O7/(Mn+Ce)	=	0.3	molar	ratio)	was	then	intro‐
duced	into	the	mixed	solution,	and	stirred	for	another	2	h.	Sub‐
sequently,	 the	obtained	 solution	was	heated	 to	50	 °C	 to	 react	
for	 3	 h,	 and	 then	heated	 at	 100	 °C	with	 stirring	 to	 evaporate	
residual	water.	Finally,	the	sample	was	dried	at	110	°C	for	12	h	
and	calcined	at	500	°C	for	5	h	in	air.	

For	all	catalysts,	the	molar	ratio	of	Ce	to	Mn	was	fixed	at	7:3.	
The	chemical	 reagents	used	 in	 the	present	work	were	of	ana‐
lytical	grade	and	used	without	further	purification.	

2.2.	 	 Catalyst	characterization	

X‐ray	diffraction	(XRD)	patterns	of	the	synthesized	samples	
were	recorded	on	a	Philips	X’Pert3	Powder	diffractometer	us‐
ing	Ni‐filtered	Cu	Kα	radiation	(λ	=	0.15418	nm).	The	X‐ray	tube	
was	operated	at	40	kV	and	40	mA.	The	intensity	data	were	col‐
lected	over	a	2θ	 range	of	10°–80°.	The	 scan	 speed	was	 set	 at	
10°/min	with	a	step	size	of	0.02°.	The	mean	crystallite	size	(Dβ)	
and	lattice	parameters	(a)	were	determined	from	the	strongest	
peak	of	these	samples	by	Dβ	=	Kλ/βcosθ	(Debye‐Scherrer	equa‐
tion)	 and	 d	 =	 31/2nλ/2sinθ	 (Bragg	 equation),	 respectively.	 In	
these	equations	K	is	the	particle	shape	factor,	taken	as	0.89,	λ	is	
the	 X‐ray	 wavelength,	 β	 is	 the	 full‐width	 at	 half	 maximum	
height	 (FWHM)	 in	 radians,	θ	 is	 the	 diffraction	 angle,	d	 is	 the	
interplanar	spacing,	and	n	is	the	diffraction	order	number.	

Raman	spectra	of	the	synthesized	samples	were	collected	on	
a	 Renishaw	 inVia	 Reflex	 Laser	 Raman	 spectrometer	 using	 an	
Ar+	laser	beam.	The	Raman	spectra	were	recorded	with	an	ex‐

citation	wavelength	of	532	nm	and	a	laser	power	of	5	mW.	The	
intensity	data	were	collected	from	200	to	1000	cm–1.	

Surface	characteristics	of	the	synthesized	samples	were	ob‐
tained	by	N2	physisorption	at	 –196	 °C	on	a	Belsorp‐max	ana‐
lyzer.	 We	 used	 the	 Brunauer‐Emmet‐Teller	 (BET)	 method	 to	
determine	 the	 specific	 surface	 area	 and	 the	 Barrett‐Joyner‐	

Halenda	(BJH)	method	to	determine	the	pore	distribution.	Prior	
to	 each	 analysis,	 the	 catalyst	 was	 degassed	 under	 vacuum	 at	
300	°C	for	4	h.	

The	H2‐TPR	experiments	were	performed	in	a	quartz	reac‐
tor	connected	to	a	thermal	conductivity	detector	with	an	H2‐Ar	
mixture	 (7.0%	 H2	 by	 volume,	 30	 mL/min)	 as	 the	 reductant.	
Prior	 to	 reduction,	 the	 sample	 (50	 mg)	 was	 pretreated	 in	 a	
highly	purified	N2	stream	at	300	°C	for	1	h	and	then	cooled	to	
room	 temperature.	 The	H2‐TPR	was	 started	 from	100	 °C	 and	
increased	to	the	target	temperature	at	a	rate	of	10	°C/min.	

The	NH3‐TPD	experiments	were	performed	on	a	multifunc‐
tion	 chemisorption	analyzer	with	a	quartz	 reactor,	 and	meas‐
ured	by	a	thermal	conductivity	detector.	About	200	mg	of	cata‐
lyst	was	pretreated	by	a	flow	of	high	purity	N2	(30	mL/min)	at	
300	 °C	 for	1	h.	After	 the	pretreatment,	 the	 catalyst	was	 satu‐
rated	with	NH3‐N2	mixture	(1.0%	NH3	by	volume,	30	mL/min)	
at	50	°C	for	1	h	and	then	flushed	with	a	flow	of	high	purity	N2	
(30	mL/min)	at	the	same	temperature	for	1	h	to	remove	gase‐
ous	NH3,	before	allowing	the	catalyst	to	cool	to	room	tempera‐
ture.	The	catalyst	was	then	heated	 from	room	temperature	to	
600	 °C	 at	 a	 rate	of	 10	 °C/min	 in	 a	 flow	of	high	purity	N2	 (30	
mL/min).	

X‐ray	photoelectron	 spectra	 (XPS)	of	 the	 synthesized	 sam‐
ples	were	performed	on	a	PHI	5000	VersaProbe	 system,	with	
monochromatic	 Al	 Kα	 radiation	 (1486.6	 eV)	 operating	 at	 an	
accelerating	 voltage	 of	 15	 kW.	 Before	 the	 measurement,	 the	
catalyst	was	outgassed	at	room	temperature	in	a	UHV	chamber	
(<	 5×10–7	 Pa).	 Sample	 charging	 effects	were	 compensated	 by	
calibrating	 all	 binding	 energies	 (BE)	 to	 the	 adventitious	 C	 1s	
peak	 at	 284.6	 eV,	 which	 gave	 BE	 values	with	 an	 accuracy	 of	
0.1	eV.	

The	 in	situ	DRIFTS	of	the	representative	samples	were	col‐
lected	on	a	Nicolet	5700	FT‐IR	spectrometer	equipped	with	a	
high‐sensitivity	mercury	cadmium	telluride	detector	cooled	by	
liquid	 N2.	 The	 DRIFTS	 cell	 (Harrick)	 was	 fitted	 with	 a	 ZnSe	
window	and	a	heating	cartridge	that	allowed	the	sample	to	be	
heated	to	350	°C.	A	fine	catalyst	powder	placed	on	the	sample	
holder	was	carefully	flattened	to	enhance	IR	reflection.	Before	
the	DRIFTS	 test,	 the	 sample	was	pretreated	by	a	 flow	of	high	
purity	 N2	 at	 300	 °C	 for	 1	 h	 to	 remove	 physisorbed	 water.	 A	
sample	 background	 at	 each	 target	 temperature	was	 collected	
during	 the	 cooling	 process.	 At	 room	 temperature,	 the	 sample	
was	 exposed	 to	 a	 controlled	 stream	 of	 NH3‐N2	 (1%	 NH3	 by	
volume)	or/and	NO‐N2	+	O2‐N2	(1%	NO	and	5%	O2	by	volume)	
at	a	rate	of	50	mL/min	for	1	h	to	achieve	saturation.	For	in	situ	
DRIFTS	of	NH3	adsorption,	residual	gaseous	NH3	was	purged	by	
a	high	purity	N2	stream	(50	mL/min)	for	1	h	at	room	tempera‐
ture.	Desorption/reaction	 studies	were	 performed	by	 heating	
the	samples	and	the	spectra	of	adsorbed	species	were	recorded	
at	 a	 rate	 of	 10	 °C/min	 from	 room	 temperature	 to	 350	 °C,	 by	
subtraction	of	the	corresponding	background	reference.	
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2.3.	 	 Catalytic	performance	measurements	

The	 catalytic	 performance	 of	 the	 synthesized	 samples	 for	
the	NH3‐SCR	model	 reaction	 in	 the	presence	of	excess	oxygen	
was	determined	in	a	steady	state,	involving	a	feed	stream	with	
a	 fixed	 composition:	 500	 ppm	NO,	 500	 ppm	NH3,	 5%	O2,	 5%	
H2O	(when	used),	and	N2	in	balance.	The	catalyst	(100	mg)	was	
placed	a	quartz	 tube,	pretreated	 in	a	high	purity	N2	stream	at	
300	 °C	 for	 1	 h	 and	 then	 cooled	 to	 room	 temperature,	 before	
switching	on	the	mixed	reaction	gases.	The	reactions	were	car‐
ried	 out	 at	 different	 temperatures	 with	 a	 space	 velocity	 of	
60000	mL	g–1	h–1.	The	concentrations	of	NO,	NH3,	NO2,	and	N2O	
were	 detected	 at	 150	 °C	 by	 a	 Thermofisher	 IS10	 FTIR	 spec‐
trometer	 equipped	 with	 a	 2	 m	 path‐length	 gas	 cell	 (250	 ml	
volume).	The	NO	conversion	 (%)	and	N2	 selectivity	 (%)	were	
calculated	from	the	following	equations:	
NO	 conversion	 =	 ([NO]in	 ‒	 [NO]out)/[NO]in	 × 100%	 	 	 (1)	

N2	selectivity	=	([NO]in	‒	[NO]out	+	[NH3]in	‒	[NH3]out	‒	[NO2]out	‒	
2[N2O]	out)/([NO]in	‒	[NO]out	+	[NH3]in	‒	[NH3]out)	× 100%	 	 (2)	

3.	 	 Results	and	discussion	

3.1.	 	 Catalytic	activity	and	selectivity	(NO+NH3+O2	model	 	
reaction)	

The	catalytic	activity	and	N2	selectivity	of	these	synthesized	
catalysts	 for	 the	 selective	 catalytic	 reduction	 of	 NO	 by	 NH3	
(NH3‐SCR	model	reaction)	in	the	presence	of	excess	oxygen	are	
shown	in	Fig.	1.	The	catalytic	activity	of	CeO2	was	negligible	(<	
30%)	over	the	whole	reaction	temperature	range	(50–350	°C),	
as	 shown	 in	 Fig.	 1(a),	 and	 increased	 only	 slightly	 at	 higher	
temperatures.	MnOx	 exhibited	a	considerable	catalytic	activity	
in	the	range	50–350	°C,	but	this	did	not	exceed	60%.	Compared	
with	 CeO2	 and	 MnOx,	 the	 prepared	 MnOx‐CeO2	 catalysts	 fea‐
tured	 remarkably	 high	 catalytic	 performance	 (except	 for	
MnCe‐MMM)	 owing	 to	 the	 synergistic	 interaction	 between	
MnOx	 and	 CeO2.	 Moreover,	 the	 catalytic	 activity	 of	 the	
MnOx‐CeO2	 catalysts	 obtained	 by	 different	 preparation	 meth‐
ods	 exhibited	 similar	 temperature	 dependences,	 first	 increas‐

ing	to	a	maximum	value	and	then	declining	as	temperature	was	
increased.	 The	 temperature	 increases	 provided	 energy	which	
enhanced	the	interactions	between	MnOx	and	CeO2	and	in	turn	
promoted	 transformation	 of	NO,	 accelerating	 the	 catalytic	 re‐
duction	of	NO	by	NH3.	The	increased	movement	and	collision	of	
reactant	molecules	 at	 higher	 temperatures	 caused	 a	 clear	 en‐
hancement	 of	 the	 catalytic	 activity	 in	 the	 low	 temperature	
range	(below	200	°C).	However,	an	NH3	oxidation	side	reaction,	
which	 consumed	 the	NH3	 reductant	 to	generate	N2O,	NO,	 and	
NO2,	dominated	the	reaction	at	higher	temperature,	leading	to	
decreased	 catalytic	 activity	 and	 selectivity	 for	N2.	 In	 addition,	
we	 found	 that	 the	 catalytic	 activity	 of	 these	MnOx‐CeO2	 cata‐
lysts	depended	on	the	method	used	to	prepare	the	catalyst,	in	
the	order	MnCe‐HTM	>	MnCe‐SGM	>	MnCe‐CPMM	>	MnCe‐IM	>	
MnCe‐MMM,	 over	 the	 whole	 reaction	 temperature	 range	
(50–350	 °C).	 The	 MnCe‐HTM	 catalyst	 not	 only	 showed	 the	
highest	catalytic	activity	but	also	possessed	the	widest	operat‐
ing	temperature	window,	exhibiting	a	catalytic	activity	of	near‐
ly	100%	in	the	range	100–325	°C.	Fig.	1(b)	shows	the	N2	selec‐
tivity	of	the	synthesized	samples	and	exhibited	a	similar	trend,	
which	declined	with	increasing	temperature	due	to	generation	
of	N2O	and	NO2	from	NH3	oxidation.	The	MnOx	catalyst	showed	
the	worst	N2	selectivity,	but	was	clearly	 improved	when	com‐
bined	with	CeO2	 to	 form	MnOx‐CeO2	catalysts.	Notably,	 the	N2	
selectivity	of	the	MnCe‐HTM	catalyst	(having	the	highest	cata‐
lytic	activity)	was	greater	than	70%	when	the	temperature	was	
no	higher	than	200	°C.	

Water	is	an	inevitable	contaminant	in	the	practical	denitri‐
fication	 (deNOx)	 process,	 so	 it	 is	 important	 to	 investigate	 the	
influence	 of	water	 on	 the	 catalytic	 performance	 of	 our	deNOx	
catalysts.	Therefore,	the	H2O	resistance	of	the	MnCe‐HTM	cata‐
lyst	during	the	NH3‐SCR	model	reaction	at	200	°C	was	evaluat‐
ed	through	a	long‐time	test,	and	the	corresponding	results	are	
displayed	in	Fig.	2.	For	the	first	3	h,	without	H2O,	we	observed	
that	 the	 MnCe‐HTM	 catalyst	 showed	 full	 NO	 conversion	 and	
greater	 than	 70%	N2	 selectivity	 in	 the	NH3‐SCR	 of	 NO.	When	
H2O	was	introduced	into	the	catalytic	reaction	system,	the	NO	
conversion	declined	slightly	from	100%	to	around	80%–90%,	
while	 the	 N2	 selectivity	 increased	 from	 70%	 to	 90%	 in	 the	
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Fig.	1.	Catalytic	performance	of	the	synthesized	MnOx‐CeO2	catalysts	for	NO+NH3+O2	model	reaction.	(a)	NO	conversion;	(b)	N2	selectivity.	
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presence	of	5%	H2O.	This	was	attributed	to	the	effects	of	com‐
petitive	 adsorption	 among	 NO,	 NH3,	 and	 H2O	 [33].	 Further‐
more,	 both	 the	 NO	 conversion	 and	N2	 selectivity	were	 stable	
during	the	whole	test	range	of	H2O	resistance	(3–45	h),	which	
indicated	good	H2O	resistance	of	the	MnCe‐HTM	catalyst.	When	
H2O	was	removed	(45–48	h),	the	NO	conversion	and	N2	selec‐
tivity	 of	 MnCe‐HTM	 catalyst	 were	 recovered	 to	 some	 extent.	
Thus,	 the	MnCe‐HTM	catalyst	exhibited	nearly	100%	NO	con‐
version	 in	 the	 range	100–325	 °C,	 above	70%	N2	 selectivity	 in	
the	range	50–200	°C,	and	good	H2O	resistance	at	200	°C	for	the	
selective	catalytic	reduction	of	NO	by	NH3.	These	results	 indi‐
cate	that	the	hydrothermal	treatment	is	an	effective	method	for	
preparing	 MnOx‐CeO2	 catalysts	 for	 low‐temperature	 deNOx	
processes.	 To	 gain	 further	 insight	 into	 the	 catalytic	 perfor‐
mance	of	the	MnCe‐HTM	catalyst	and	to	understand	the	differ‐
ences	 in	 the	 performance	 of	 catalysts	 produced	 by	 different	
methods,	we	characterized	their	structural	and	morphological	
properties.	

3.2.	 	 Structural	characteristics	

Fig.	3(a)	shows	the	XRD	patterns	of	the	MnOx‐CeO2	catalysts	
obtained	by	different	preparation	methods.	The	results	of	 the	
MnOx	and	CeO2	catalysts	are	also	shown	in	this	figure	for	com‐
parison.	Diffraction	peaks	were	detected	in	MnOx,	which	were	
attributed	to	a	large	amount	of	Mn2O3	(PDF‐ICDD	41‐1442)	and	
a	small	amount	of	MnO2	 (PDF‐ICDD	44‐0141).	The	CeO2	sam‐
ples	 showed	 a	 typical	 cubic	 fluorite	 structure	 (PDF‐ICDD	
34‐0394)	 with	 several	 characteristic	 diffraction	 peaks.	 The	
results	 of	 the	 MnOx‐CeO2	 catalysts	 showed	 some	 interesting	
phenomena.	 For	 the	 MnCe‐MMM	 catalyst,	 strong	 diffraction	
peaks	assigned	to	CeO2	and	several	weaker	characteristic	peaks	
attributed	 to	 Mn2O3	 were	 detected.	 These	 resulted	 from	 the	
mechanical	mixing	of	CeO2	and	MnOx.	However,	a	weak	diffrac‐
tion	 peak	 from	 MnO2	 appeared	 at	 37.3°	 instead	 of	 that	 of	
Mn2O3,	which	was	detected	in	the	MnCe‐IM	catalyst.	We	attrib‐
ute	 this	 to	Mn	 species	 on	 the	 surface	 of	 CeO2	 that	were	 fully	
oxidized	 during	 the	 calcination	 process.	 Interestingly,	 only	
weakened	 and	 broadened	 diffraction	 peaks	 from	 CeO2	 were	
observed	 from	 MnCe‐HTM,	 MnCe‐CPM,	 and	 MnCe‐SGM	 cata‐
lysts.	The	absence	of	MnOx	diffraction	peaks	indicated	that	Mn	
species	were	highly	dispersed	on	 the	CeO2	 surface	 and/or	 in‐
corporated	 into	 the	 CeO2	lattice.	Moreover,	we	 found	 that	 the	
diffraction	 peaks	 from	 the	 MnCe‐HTM,	 MnCe‐CPM,	 and	
MnCe‐SGM	catalysts	shifted	to	slightly	higher	diffraction	angles,	
compared	 with	 those	 in	 CeO2.	 This	 result	 further	 confirmed	
that	Mn	species	were	partially	 incorporated	 into	the	CeO2	 lat‐
tice	forming	a	uniform	ceria‐based	solid	solution	(containing	a	
Mn‐O‐Ce	structure)	[34‒36].	

The	structural	data	of	these	synthesized	catalysts	are	sum‐
marized	 in	 Table	 1.	 The	 lattice	 parameters	 of	 CeO2,	
MnCe‐MMM,	and	MnCe‐IM	catalysts	were	very	close,	indicating	
that	 the	mechanical	mixing	 and	 impregnation	methods	 had	 a	
similar	influence	on	the	bulk	structure	of	the	CeO2.	Interesting‐
ly,	 the	 lattice	 parameters	 of	 MnCe‐HTM,	 MnCe‐CPM,	 and	
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Fig.	3.	(a)	XRD	patterns	and	(b)	Raman	spectra	of	the	synthesized	catalysts.	
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MnCe‐SGM	catalysts	were	smaller	than	those	of	bulk	CeO2.	This	
was	likely	because	the	ionic	radii	of	Mn4+	(0.54	Å),	Mn3+	(0.66	
Å),	 and	Mn2+	 (0.80	 Å)	 are	 smaller	 than	 that	 of	 Ce4+	 (0.92	 Å).	
Incorporation	of	these	Mn	ions	into	the	CeO2	lattice	led	to	lat‐
tice	 contraction	and	distortion	 [37‒39].	The	 crystallite	 size	of	
these	 synthesized	 catalysts	 was	 also	 studied.	 Both	 CeO2	 and	
MnCe‐MMM	 showed	 similar	 crystallite	 sizes,	 while	 the	
MnCe‐IM	catalyst	was	 larger	than	that	of	CeO2	due	to	the	sec‐
ond	 calcination.	 Notably,	 the	 MnCe‐HTM,	 MnCe‐CPM,	 and	
MnCe‐SGM	catalysts	exhibited	crystallite	sizes	that	were	small‐
er	than	those	of	bulk	CeO2,	which	suggests	that	the	incorpora‐
tion	of	Mnn+	inhibited	the	grain	growth	of	CeO2	[37,40].	

The	structures	of	 the	different	MnOx‐CeO2,	MnOx,	 and	CeO2	
catalysts	 were	 further	 characterized	 by	 Raman	 spectroscopy,	
and	 the	 corresponding	 results	 are	 shown	 in	 Fig.	 3(b).	 Two	
weak	 Raman	 bands	 were	 observed	 at	 310	 and	 702	 cm–1	 for	
MnOx,	 which	 were	 attributed	 to	 out‐of‐plane	 bending	 and	
symmetric	 stretching	 modes	 of	 Mn2O3,	 respectively	 [41,42].	
CeO2	exhibited	a	strong	Raman	band	at	463	cm–1	and	a	shoul‐
der	 at	 ~600	 cm–1,	 which	 were	 assigned	 to	 the	 F2g	 vibration	
(labeled	as	I)	and	defect‐induced	modes	(D	band,	labeled	as	II)	
of	the	cubic	fluorite	structure,	respectively	[43‒45].	The	D	band	
is	related	to	oxygen	vacancies	in	ceria‐based	materials,	the	area	
ratio	of	F2g	and	D	(i.e.,	SII/SI)	reflects	oxygen	vacancy	concentra‐
tion	 [19,23,45].	 The	 F2g	 vibration	 mode	 and	 defect‐induced	
mode	 (D	band)	 of	 CeO2	were	 also	 detected	 in	 the	MnOx‐CeO2	
catalysts,	as	shown	in	Fig.	3(b).	The	F2g	band	of	the	MnCe‐MMM	
catalysts	was	not	shifted	with	respect	to	that	of	CeO2,	while	that	
of	the	MnCe‐IM	catalyst	shifted	slightly	from	463	to	460	cm–1,	
owing	to	electronic	interactions	between	MnOx	and	CeO2	(Table	
1).	Table	1	and	Fig.	3(b)	show	that	the	F2g	band	of	MnCe‐HTM,	
MnCe‐CPM,	and	MnCe‐SGM	catalysts	also	clearly	shifted	to	448,	
459,	and	448	cm–1,	respectively.	This	shift	was	accompanied	by	
an	enhancement	of	the	D	band,	which	further	indicated	that	Mn	
species	were	 incorporated	 into	the	CeO2	 lattice	 to	 form	a	uni‐
form	 ceria‐based	 solid	 solution	 (containing	 Mn‐O‐Ce	 struc‐
tures).	 The	 substitution	 of	 Ce4+	 by	Mnn+	 (such	 as	Mn4+,	Mn3+,	
and	Mn2+)	 into	 the	CeO2	 lattice	 induced	additional	 lattice	per‐
turbations	 and	 structural	 strain,	which	 generated	 surface	 de‐
fects	 (e.g.,	 oxygen	 vacancy).	 The	 FWHM	 values	 of	 F2g	 for	 the	
synthesized	catalysts	are	listed	in	Table	1.	The	FWHM	of	F2g	for	
the	 MnCe‐HTM,	 MnCe‐CPM,	 and	 MnCe‐SGM	 catalysts	 were	
larger	than	those	of	CeO2,	MnCe‐MMM	and	MnCe‐IM	catalysts.	
This	may	be	partially	related	to	the	crystallite	size	and	oxygen	
vacancies	in	these	samples.	Importantly,	oxygen	vacancies	(VO)	
can	 lead	 to	 transformation	of	VO	+	O2	+	e–	→	adsorbed	oxygen	

species	 (including	 O2−,	 O22−,	 and	 O−).	 This	 improved	 oxygen	
migration	ability	was	beneficial	for	the	oxidation	of	NO	to	NO2,	
and	enhanced	the	NH3‐SCR	catalytic	performance	by	introduc‐
ing	a	“fast	NH3‐SCR”	route	[19].	The	oxygen	vacancy	concentra‐
tion	for	these	MnOx‐CeO2	catalysts	is	also	summarized	in	Table	
1,	 and	 followed	 the	 trend:	 MnCe‐HTM	 >	 MnCe‐SGM	 >	
MnCe‐CPM	>	MnCe‐IM	>	MnCe‐MMM.	This	pattern	corresponds	
with	 the	catalytic	performance	results	 for	 the	NH3‐SCR	model	
reaction.	The	MnCe‐HTM	catalyst	exhibited	the	largest	oxygen	
vacancy	concentration	among	the	synthesized	samples	because	
of	 incorporation	 of	 Mnn+	 into	 the	 CeO2	 lattice.	 This	 sample	
formed	 a	 uniform	 ceria‐based	 solid	 solution	 (containing	 the	
Mn‐O‐Ce	structure),	which	strengthened	electronic	interactions	
between	MnOx	 and	CeO2,	driven	by	 the	high‐temperature	and	
high‐pressure	 conditions	 during	 the	 hydrothermal	 treatment	
process.	

The	BET	specific	surface	area	and	pore	volume	of	 the	syn‐
thesized	catalysts	measured	from	N2	physisorption	are	listed	in	
Table	 1.	 The	 MnCe‐MMM	 and	 MnCe‐IM	 catalysts	 exhibited	 a	
smaller	BET	specific	surface	area	and	pore	volume	than	those	
of	 CeO2,	 likely	 because	 MnOx	 particles	 blocked	 pores	 in	 the	
CeO2.	However,	the	BET	specific	surface	area	and	pore	volume	
of	MnCe‐HTM,	MnCe‐CPM,	 and	MnCe‐SGM	 catalysts	were	 ob‐
viously	 larger	 than	those	of	CeO2,	which	 is	partially	related	to	
the	 crystallite	 size	 of	 these	 samples.	 The	 CeO2	 crystallite	 size	
was	decreased	by	 incorporation	of	Mnn+	 into	 the	CeO2	 lattice,	
which	 resulted	 in	 an	 increased	BET	 specific	 surface	 area	 and	
pore	volume.	These	 features	also	 likely	contributed	to	the	en‐
hanced	catalytic	performance	by	increasing	the	number	of	re‐
action	sites	on	the	catalysts.	

3.3.	 	 Reduction	properties	and	surface	acidity	(H2‐TPR	and	
NH3‐TPD)	

The	reduction	properties	of	the	catalysts	were	investigated	
by	H2‐TPR,	as	shown	in	Fig.	4(a).	The	H2‐TPR	profile	of	CeO2	as	
a	 function	 of	 reduction	 temperature	 is	 also	 included	 in	 this	
figure,	 and	 presents	 two	 reduction	 peaks	 at	 510	 and	 816	 °C	
corresponding	 to	 reduction	 of	 CeO2	 surfaces	 and	 bulk	 CeO2,	
respectively	[24,40,46].	All	of	the	MnOx‐CeO2	catalysts	exhibit‐
ed	two	broad	reduction	peaks	(a	low‐temperature	peak	labeled	
I,	and	a	high‐temperature	peak	labeled	II)	in	the	range	100–550	
°C,	 which	 are	 attributed	 to	 stepwise	 reduction	 of	 MnOx,	 i.e.,	
MnO2/Mn2O3	 →	 Mn3O4	 →	 MnO,	 overlapped	 by	 reduction	 of	
surface	Ce4+	 [19,35,36].	 Compared	with	 the	MnCe‐MMM	cata‐
lyst,	 the	 reduction	 peaks	 of	 the	 MnCe‐IMM,	 MnCe‐HTM,	

Table	1	
Textural	data,	crystallite	size,	lattice	parameter,	the	position	and	FWHM	of	the	main	Raman	line	(F2g),	and	the	peak	area	ratio	in	Raman	spectra	of	the	
synthesized	catalysts.	

Catalyst	
BET	surface	area	 	

(m2/g)	
Pore	volume	 	
(cm3/g)	

Crystallite	size	
(nm)	

Lattice	parameter	 	
(Å)	

Position	of	F2g	 	
(cm–1)	

FWHM	of	F2g	
(cm–1)	

SII/SI	

CeO2	 	 68.5	 0.1972	 14.4	 5.4149	 463	 22.9	 0.0295	
MnCe‐MMM	 	 59.7	 0.1594	 14.2	 5.4145	 463	 25.5	 0.0381	
MnCe‐IM	 	 48.5	 0.1468	 15.1	 5.4143	 460	 29.3	 0.0663	
MnCe‐HTM	 	 81.6	 0.2368	 13.5	 5.3904	 448	 42.7	 0.6945	
MnCe‐CPM	 	 97.8	 0.2502	 	 9.6	 5.3862	 459	 45.4	 0.4291	
MnCe‐SGM	 115.7	 0.2609	 	 7.1	 5.3819	 448	 47.1	 0.4471	
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MnCe‐CPM,	and	MnCe‐SGM	catalysts	shifted	to	lower	tempera‐
tures,	which	indicated	that	some	electronic	interactions	existed	
between	MnOx	 and	CeO2	 for	 these	samples.	This	phenomenon	
is	very	similar	to	the	findings	of	He	et	al.	[47,48]	in	cerium‐gold	
oxide	and	cerium‐vanadium	oxide	systems.	Quantitative	analy‐
sis	of	the	H2‐TPR	data	of	the	synthesized	catalysts	are	summa‐
rized	in	Table	2.	The	total	H2	consumption	(peaks	I	+	II)	of	the	
MnCe‐IM,	 MnCe‐HTM,	 MnCe‐CPM,	 and	 MnCe‐SGM	 catalysts	
were	 larger	 than	 that	 of	 the	MnCe‐MMM	 catalyst,	which	 sug‐
gests	 that	 the	electronic	 interactions	between	MnOx	 and	CeO2	
promoted	the	reduction	of	surface	Ce4+.	The	total	H2	consump‐
tion	 of	 these	 MnOx‐CeO2	 catalysts	 followed	 the	 order:	
MnCe‐HTM	 >	 MnCe‐SGM	 >	 MnCe‐CPM	 >	 MnCe‐IM	 >	
MnCe‐MMM.	On	the	basis	of	these	results	and	the	XRD	and	Ra‐
man	 findings,	 it	 is	 likely	 that	 incorporation	 of	 Mnn+	 into	 the	
CeO2	 lattice	 generated	 a	 uniform	 ceria‐based	 solid	 solution	
(containing	Mn‐O‐Ce	structures).	This	promoted	the	reduction	
of	surface	Ce4+	more	effectively	than	simple	surface	loading	of	
MnOx	 to	 form	 a	 supported	 catalyst,	 as	 is	 the	 case	 for	 the	
MnCe‐IM	 catalyst.	 Furthermore,	 it	 has	 been	 widely	 reported	
that	Mn4+	is	the	most	effective	redox	state	of	manganese‐based	
catalysts	and	is	beneficial	for	NO	conversion	[19,49].	Therefore,	
we	 focused	on	 the	 low‐temperature	reduction	peak	 I	of	 these	
MnOx‐CeO2	catalysts	and	found	that	the	corresponding	H2	con‐
sumption	 could	 be	 ranked	 in	 the	 order:	 MnCe‐HTM	 >	

MnCe‐SGM	>	MnCe‐CPM	>	MnCe‐IM	>	MnCe‐MMM,	while	 the	
peak	 temperature	 exhibited	 the	 reverse	 order.	 This	 relation‐
ship	was	also	consistent	with	our	NH3‐SCR	results.	

The	 adsorption	and	activation	of	NH3	at	 active	 sites	of	 the	
catalysts	play	an	important	role	in	the	NH3‐SCR	model	reaction.	
Therefore,	NH3‐TPD	was	used	to	probe	the	amount	of	acid	sites	
and	 their	 acidic	 strength	 in	 the	MnOx‐CeO2	 catalysts.	The	 cor‐
responding	results	are	shown	in	Fig.	4(b).	The	NH3‐TPD	profile	
of	CeO2	as	a	function	of	desorption	temperature	is	also	shown	
in	 this	 figure	 for	 comparison.	 The	 area	 and	 position	 of	 these	
desorption	 peaks	 directly	 relate	 to	 the	 amount	 of	 acidic	 sites	
and	 their	 acidic	 strength,	 respectively	 [26,50].	 Fig.	 4(b)	 pre‐
sents	 the	NH3	 desorption	 signals	 of	 the	 catalysts	 over	 a	wide	
temperature	 range.	 Differences	 in	 the	 peak	 positions	 and	
heights	are	caused	by	variations	in	the	thermal	stability	of	ad‐
sorbed	NH3	 species.	 All	 the	 samples	 exhibited	 a	 narrow	peak	
around	100	 °C	 (labeled	as	α),	 and	a	broad	peak	between	150	
and	550	°C	(labeled	as	β).	The	 former	(α)	at	 low	temperature	
was	 attributed	 to	 desorption	 of	 physisorbed	 NH3	 and	 NH3	 at	
weak	acidic	 sites,	while	 the	 latter	 (β)	at	high	 temperature	 re‐
sulted	 from	NH3	adsorbed	to	strong	acid	sites	of	 the	catalysts	
[2,19,26,50].	 The	 NH4+	 ions	 anchored	 at	 Brønsted	 acid	 sites	
were	 less	 thermally	 stable	 than	NH3	 species	 bonded	at	 Lewis	
acid	 sites.	 This	 suggests	 that	 the	 desorption	 peak	 (α)	 at	 low	
temperature	 was	 related	 to	 NH4+	 ions	 anchored	 at	 Brønsted	
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Fig.	4.	(a)	H2‐TPR	profiles	and	(b)	NH3‐TPD	profiles	of	the	synthesized	catalysts.	

Table	2	
The	quantitative	analysis	data	of	H2‐TPR	and	NH3‐TPD	for	the	synthesized	catalysts.	

Catalyst	
H2‐TPR	 	 NH3‐TPD	

Peak	temperature	(°C)	 	 H2	consumption	(a.u.)	 	 Acid	amount	(a.u.)	
I	 II	 	 I	 II	 I+II	 	 α	 β	 α+β	

CeO2	 —	 —	 	 —	 —	 —	 	 1179	 	 498	 1677
MnCe‐MMM	 385	 472	 	 1035	 1387	 2422	 	 1397	 	 581	 1978
MnCe‐IM	 260	 346	 	 1813	 1523	 3336	 	 1435	 1522	 2957
MnCe‐HTM	 216	 302	 	 2772	 1527	 4299	 	 1831	 4190	 6021
MnCe‐CPM	 242	 352	 	 1905	 1821	 3726	 	 1520	 2091	 3611
MnCe‐SGM	 235	 339	 	 2059	 1779	 3838	 	 1691	 2784	 4475



	 Xiaojiang	Yao	et	al.	/	Chinese	Journal	of	Catalysis	38	(2017)	146–159	 153	

acid	 sites,	while	 the	 desorption	peak	 (β)	 at	 high	 temperature	
was	 related	 to	 NH3	 species	 bonded	 at	 Lewis	 acid	 sites	
[26,50,51].	 The	 temperatures	 of	 the	β	 desorption	peak	of	 the	
MnCe‐HTM,	 MnCe‐CPM,	 and	 MnCe‐SGM	 catalysts	 were	 obvi‐
ously	higher	than	those	of	the	MnCe‐MMM	and	MnCe‐IM	cata‐
lysts,	 as	 shown	 in	Fig.	 4(b).	This	 indicates	 that	 the	 first	 three	
catalysts	 were	more	 strongly	 acidic	 than	 the	 latter	 two	 cata‐
lysts.	 This	 phenomenon	 suggests	 that	 incorporation	 of	 Mnn+	
into	the	CeO2	lattice	generated	a	uniform	ceria‐based	solid	so‐
lution	 (containing	 Mn‐O‐Ce	 structure),	 which	 enhanced	 the	
acidic	strength	of	the	MnOx‐CeO2	catalysts.	Quantitative	analy‐
sis	 of	 the	 NH3‐TPD	 data	 from	 the	 synthesized	 catalysts	 are	
listed	 in	 Table	 2.	 These	 data	 show	 that	 the	 total	 amount	 of	
acidic	 sites	 in	 the	 MnCe‐IM,	 MnCe‐HTM,	 MnCe‐CPM,	 and	
MnCe‐SGM	catalysts	was	considerably	larger	than	those	in	the	
CeO2	and	MnCe‐MMM	samples	owing	to	electronic	interactions	
between	 MnOx	 and	 CeO2.	 The	 total	 amount	 of	 acid	 sites	 fol‐
lowed	 the	 order:	 MnCe‐HTM	 >	 MnCe‐SGM	 >	 MnCe‐CPM	 >	
MnCe‐IM	>	MnCe‐MMM,	which	corresponded	with	the	order	of	
catalytic	 performances	 in	 the	 NH3‐SCR	 model	 reaction.	 The	
MnCe‐HTM	catalyst	exhibited	the	largest	amount	of	acidic	sites	
and	the	strongest	acidic	strength	among	the	synthesized	sam‐
ples.	The	acidity	was	increased	by	strengthening	of	the	electron	
interactions	 between	 MnOx	 and	 CeO2	 driven	 by	 the	
high‐temperature	 and	 high‐pressure	 conditions	 during	 the	
hydrothermal	treatment	process.	

3.4.	 	 Surface	analysis	of	the	catalysts	(XPS)	

The	 surface	 chemical	 composition	 and	 oxidation	 states	 of	
these	synthesized	catalysts	were	measured	by	XPS.	High	reso‐
lution	spectra	from	Ce	3d,	Mn	2p,	and	O	1s	are	displayed	in	Fig.	
5.	For	the	Ce	3d	spectrum	(Fig.	5(a)),	all	samples	exhibited	eight	
characteristic	 peaks	 in	 the	 range	 880–920	 eV,	 which	 are	 la‐
beled	 as	 uʹʺ,	 uʺ,	 uʹ,	 u0	 (u),	 vʹʺ,	 vʺ,	 vʹ,	 and	 v0	 (v).	 The	 uʹ	 and	 vʹ	
peaks	can	be	attributed	to	Ce3+	species,	while	the	uʹʺ,	uʺ,	u0	(u),	
vʹʺ,	 vʺ,	 and	 v0	 (v)	 peaks	 can	 be	 assigned	 to	 Ce4+	 species.	 The	
spectra	 indicate	 that	Ce	was	mainly	 in	 the	+4	oxidation	 state,	
with	some	Ce3+	present	in	the	synthesized	catalysts	[40,46,52,	
53].	The	relative	content	of	surface	Ce3+	 (i.e.,	Ce3+/(Ce3++Ce4+)	

was	 calculated	 as	 shown	 in	 Table	 3.	 This	was	 determined	 by	
the	following	formula	based	on	the	area	of	the	uʹ	and	vʹ	peaks	
[24,54]:	 	

3 u' v'

u v

Ce 100%
( )

 
 


S S

S S
	

The	data	in	Table	3	show	that	the	relative	content	of	surface	
Ce3+	in	the	MnCe‐MMM	catalyst	was	very	close	to	that	of	CeO2,	
while	the	MnCe‐IM	catalyst	exhibited	a	higher	relative	surface	
Ce3+	content	than	the	CeO2	and	MnCe‐MMM	samples.	This	was	
attributed	 to	 electronic	 interactions	 between	MnOx	 and	 CeO2.	
Interestingly,	 the	 relative	 contents	 of	 surface	 Ce3+	 in	 the	
MnCe‐HTM,	MnCe‐CPM,	and	MnCe‐SGM	catalysts	were	clearly	
larger	than	those	of	CeO2,	MnCe‐MMM,	and	MnCe‐IM	samples.	
This	 is	also	related	to	the	incorporation	of	Mnn+	 into	the	CeO2	
lattice	to	form	a	uniform	ceria‐based	solid	solution	(containing	
Mn‐O‐Ce	 structures)	 and	 electron	 interactions	 between	MnOx	
and	CeO2.	The	 relative	 surface	Ce3+	 content	 is	 another	widely	
used	 indicator	 for	 defect	 structures	 (e.g.,	 oxygen	 vacancy)	 in	
ceria‐based	 materials	 [44].	 The	 surface	 Ce3+	 content	 for	 the	
MnOx‐CeO2	 catalysts	 varied	 in	 the	 order	 MnCe‐HTM	 >	
MnCe‐SGM	 >	MnCe‐CPM	 >	MnCe‐IM	 >	MnCe‐MMM.	 This	 also	
followed	 the	 order	 of	 oxygen	 vacancy	 concentrations	 deter‐
mined	 by	 Raman	 analysis.	 Oxygen	 vacancies	 driven	 by	 the	
transformation	of	Ce4+	to	Ce3+	can	promote	activation	and	mi‐
gration	 of	 oxygen	molecules,	which	 is	 beneficial	 to	 the	 oxida‐
tion	 of	 NO	 to	 NO2,	 and	 further	 enhances	 the	 catalytic	 perfor‐
mance	through	a	“fast	NH3‐SCR”	route	[19].	

The	Mn	2p	 spectrum	(Fig.	5(b))	suggested	that	Mn	species	
existed	 in	 a	 mixture	 of	 valence	 states	 on	 the	 surface	 of	 the	
MnOx‐CeO2	catalysts.	By	performing	peak‐fitting	deconvolution,	
we	divided	the	Mn	2p3/2	signal	into	three	characteristic	peaks,	
which	were	assigned	to	Mn4+	(643.3	eV),	Mn3+	(641.3	eV),	and	
Mn2+	 (639.6	eV),	 respectively	 [40,46].	The	Mn	2p1/2	 signal	ex‐
hibited	 corresponding	 peaks	 from	 three	 Mn	 species	 in	 the	
binding	 energy	 range	 650–660	 eV.	 Previous	 studies	 have	
shown	 that	Mn4+	 species	 have	 favorable	 redox	 properties	 for	
NO	 conversion	 [19,49].	Therefore,	 the	 relative	 content	of	 sur‐
face	 Mn4+	 (i.e.,	 Mn4+/(Mn2++Mn3++Mn4+))	 of	 these	 MnOx‐CeO2	
catalysts	was	 calculated,	 and	 listed	 in	Table	3.	We	 found	 that	
the	 surface	 Mn4+	 content	 of	 the	 MnCe‐IM,	 MnCe‐HTM,	
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Fig.	5.	XPS	spectra	of	the	synthesized	catalysts.	(a)	Ce	3d;	(b)	Mn	2p;	(c)	O	1s.	
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MnCe‐CPM,	and	MnCe‐SGM	catalysts	was	larger	than	that	of	the	
MnCe‐MMM	catalyst.	This	was	attributed	to	electronic	interac‐
tions	 between	 MnOx	 and	 CeO2,	 which	 resulted	 in	 the	 redox	
equilibrium	of	Mn3+	+	Ce4+	↔	Mn4+	+	Ce3+	shifting	to	right	[19].	
The	 surface	 composition	 of	 these	 synthesized	 catalysts	 is	
summarized	 in	 Table	 3.	 The	 surface	 Mn/Ce	 molar	 ratios	 of	
MnCe‐MMM	 and	 MnCe‐IM	 catalysts	 were	 clear	 smaller	 than	
their	 respective	 theoretical	 values	 (given	 in	 the	 parentheses)	
because	 of	 the	 occurrence	 of	 crystalline	Mn2O3	 and	MnO2	 (as	
determined	by	XRD).	However,	the	surface	Mn/Ce	molar	ratios	
of	 the	 MnCe‐HTM,	 MnCe‐CPM	 and	 MnCe‐SGM	 catalysts	 were	
larger	 than	 the	 theoretical	 values,	 indicating	 that	 the	Mn	spe‐
cies	were	highly	dispersed	on	the	surface	of	the	catalysts.	The	
surface	Mn/Ce	molar	 ratio	 of	 these	MnOx‐CeO2	 catalysts	 was	
ranked	as	MnCe‐HTM	>	MnCe‐SGM	>	MnCe‐CPM	>	MnCe‐IM	>	
MnCe‐MMM,	which	was	in	agreement	with	the	NH3‐SCR	results.	

Fig.	5(c)	shows	the	O	1s	spectrum	of	these	synthesized	cata‐
lysts,	which	exhibited	a	strong	peak	at	529.1	eV	(labeled	as	Oʹ),	
and	a	shoulder	at	a	higher	binding	energy	of	531.2	eV	(labeled	
as	Oʺ),	which	can	be	attributed	to	lattice	oxygen	and	adsorbed	
oxygen	on	 the	surface	of	 these	samples,	 respectively	 [1,55].	 It	
has	been	widely	reported	that	oxygen	in	the	gas	phase	can	be	
activated	by	oxygen	vacancies	on	the	surface	of	deNOx	catalysts	
to	form	surface	adsorbed	oxygen.	This	effect	may	also	enhance	
catalytic	performance	 in	 the	NH3‐SCR	model	 reaction	 [19,56].	
Furthermore,	 a	 process	 of	 oxygen	 storage/release	 between	
Ce3+	and	Ce4+	has	been	proposed	in	the	following	equations:	(a)	
2CeO2	→	Ce2O3	+	O*	(adsorbed	oxygen)	and	(b)	Ce2O3	+	1/2O2	
→	2CeO2	[19].	The	increase	of	Oʺ	content	can	promote	the	oxi‐
dation	of	NO	to	NO2	and	enhance	the	catalytic	performance	of	
the	low‐temperature	deNOx	catalysts	through	a	“fast	NH3‐SCR”	
route	 [19,57].	 The	 relative	 content	 of	 Oʺ	 (i.e.,	 Oʺ/(Oʹ+Oʺ))	 of	
these	synthesized	catalysts	was	calculated,	and	is	given	in	Table	
3.	The	Oʺ	content	of	 the	MnOx‐CeO2	catalysts	was	higher	than	
that	in	CeO2	owing	to	the	higher	of	oxygen	vacancy	concentra‐
tion	 in	 the	MnOx‐CeO2	 catalysts.	 The	 Oʺ	 content	 followed	 the	
order	 MnCe‐HTM	 >	 MnCe‐SGM	 >	 MnCe‐CPM	 >	 MnCe‐IM	 >	
MnCe‐MMM,	 which	 was	 consistent	 with	 the	 catalytic	 perfor‐
mance	 of	 the	 catalysts	 in	 the	 NH3‐SCR	 model	 reaction.	 To	
summarize,	 the	MnCe‐HTM	catalyst	exhibited	 the	highest	 sur‐
face	 Ce3+,	Mn4+	 and	 adsorbed	 Oʺ	 contents	 among	 the	 synthe‐
sized	samples.	This	was	attributed	to	the	incorporation	of	Mnn+	
into	 the	CeO2	lattice	 to	 form	a	uniform	ceria‐based	 solid	 solu‐
tion	(containing	Mn‐O‐Ce	structures).	Furthermore	this	catalyst	
featured	a	strong	electron	interaction	between	MnOx	and	CeO2	
(i.e.,	Mn3+	+	Ce4+	↔	Mn4+	+	Ce3+)	driven	by	 the	high‐	tempera‐

ture	 and	 high‐pressure	 conditions	 during	 the	 hydrothermal	
treatment	process.	

3.5.	 	 NH3	or/and	NO+O2	interactions	with	the	catalysts	(in	situ	
DRIFTS)	

The	MnCe‐HTM	 catalyst	 exhibited	 excellent	 physicochemi‐
cal	 properties	 and	 optimal	 catalytic	 performance	 for	 the	
low‐temperature	 NH3‐SCR	 model	 reaction.	 Thus,	 the	
MnCe‐HTM	catalyst	and	CeO2	(for	comparison)	were	chosen	as	
representative	 samples	 to	 investigate	 interactions	 between	
low‐temperature	deNOx	 catalysts	 and	 reactant	molecules.	The	
in	situ	DRIFTS	technique	is	a	useful	tool	 for	 this	purpose.	NH3	
adsorption	measurements	 by	 in	 situ	 DRIFTS	were	 performed	
on	 representative	 samples,	 and	 the	 results	 as	 a	 function	 of	
temperature	are	 shown	 in	Fig.	6.	For	CeO2	 (Fig.	6(a)),	 several	
characteristic	bands	were	observed	 at	1560,	1299,	1140,	 and	
1051	cm–1	at	room	temperature	(25	°C),	which	were	attributed	
to	the	vibration	modes	of	coordinated	NH3	adsorbed	to	Lewis	
acid	 sites	 (labeled	 as	 L	 acid)	 [58,59].	 The	 bands	 at	 1641	 and	
1430	cm–1	were	assigned	to	symmetric	and	asymmetric	bend‐
ing	vibration	modes	of	NH4+	species	adsorbed	to	Brønsted	acid	
sites	(labeled	as	B	acid)	[19,60].	Some	interesting	phenomena	
were	 observed	 as	 temperature	was	 increased.	 At	 100	 °C,	 the	
bands	from	the	B	acid	disappeared	completely	due	to	the	poor	
thermal	stability	of	these	species.	Furthermore,	the	intensity	of	
the	L	acid	band	weakened	at	higher	temperature,	but	the	band	
remained	even	at	350	°C,	which	was	consistent	with	the	results	
of	NH3‐TPD.	A	new	band	was	detected	at	1320	cm–1	at	200	°C,	
which	was	attributed	to	adsorbed	–NH2	species,	resulting	from	
dissociation	of	NH3	coordinated	to	L	acid	sites	[59,61].	For	the	
MnCe‐HTM	catalyst	(Fig.	6(b)),	the	L	acid	bands	were	observed	
at	1604,	1167,	and	1051	cm–1	at	room	temperature	(25	°C),	and	
the	B	acid	exhibited	 two	bands	at	1668	and	1404	cm–1.	Com‐
pared	 with	 CeO2,	 we	 found	 that	 the	 B	 acid	 bands	 of	 the	
MnCe‐HTM	 catalyst	 disappeared	 at	 200	 °C.	 The	 intensity	 de‐
crease	of	the	L	acid	bands	in	the	MnCe‐HTM	catalyst	was	con‐
siderably	 slower	 than	 that	 in	 CeO2.	 Furthermore,	 the	 L	 acid	
band	had	a	considerable	intensity	up	to	350	°C.	The	adsorbed	
–NH2	species	appeared	as	two	bands	at	1428	and	1357	cm–1	at	
a	lower	temperature	of	150	°C.	The	corresponding	intensity	of	
these	bands	was	clearly	much	stronger	than	those	in	CeO2.	Fig.	
6(a)	 and	 (b)	 show	 that	 the	 intensity	 of	 the	 L	 acid	 and	B	 acid	
bands	of	the	MnCe‐HTM	catalyst	was	stronger	than	that	of	CeO2	
at	all	 temperatures.	 In	summary,	these	observations	 indicated	
that	 the	 amount	 of	 acidic	 sites	 and	 the	 acidic	 strength	 of	 the	

Table	3	
The	surface	composition	of	the	synthesized	catalysts.	

Catalyst	
Atomic	concentration	(at%)	

	
Atomic	ratio	(%)	

Ce	 Mn	 O	 Mn/Ce	 Ce3+/(Ce3++Ce4+)	 Mn4+/(Mn2++Mn3++Mn4+)	 Oʺ/(Oʹ+Oʺ)
CeO2	 19.75	 —	 80.25	 	 —	 13.53	 —	 29.30	
MnCe‐MMM	 18.53	 1.52	 79.95	 	 	 8.20	(42.86)	 13.98	 22.93	 30.02	
MnCe‐IM	 17.48	 4.69	 77.83	 	 26.83	(42.86)	 15.42	 31.62	 31.38	
MnCe‐HTM	 14.63	 9.24	 76.13	 	 63.16	(42.86)	 18.67	 41.65	 36.50	
MnCe‐CPM	 17.36	 7.64	 75.00	 	 44.01	(42.86)	 16.29	 28.13	 32.19	
MnCe‐SGM	 17.24	 8.74	 74.02	 	 50.70	(42.86)	 17.57	 29.80	 33.79	
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MnCe‐HTM	 catalyst	 were	 larger	 and	 stronger	 than	 those	 of	
CeO2.	This	was	attributed	to	the	incorporation	of	Mnn+	into	the	
CeO2	lattice	to	form	a	uniform	ceria‐based	solid	solution	(con‐
taining	Mn‐O‐Ce	 structures).	 Strengthening	of	 the	electron	 in‐
teraction	between	MnOx	 and	CeO2	 (i.e.,	Mn3+	+	Ce4+	↔	Mn4+	+	
Ce3+)	driven	by	the	high‐temperature	and	high‐pressure	condi‐
tions	 during	 the	 hydrothermal	 treatment	 process,	 was	 also	
beneficial	for	the	adsorption	and	activation	of	NH3	molecules.	

NO+O2	 co‐adsorption	 in	 situ	 DRIFTS	 studies	 were	 per‐
formed	 on	 these	 representative	 samples	 to	 investigate	 their	
oxidation	ability	for	NO	to	NO2	and	the	adsorption	behavior	of	
NO	species,	as	 shown	 in	Fig.	7.	For	CeO2	 (Fig.	7(a)),	 following	
introduction	of	NO+O2	mixed	gases	into	the	in	situ	DRIFTS	cell	
at	room	temperature	(25	°C),	several	vibration	bands	appeared	
in	 the	range	of	900–1700	cm–1.	Bridging	bidentate	nitrate	ex‐

hibited	an	N=O	stretching	vibration	band	at	1611	cm–1,	and	a	
NO2	symmetric	vibration	mode	at	1006	cm–1;	the	linear	nitrite	
displayed	a	vibrational	band	at	1278	cm–1;	moreover,	the	che‐
lating	bidentate	nitrate	showed	a	vibration	mode	at	1229	cm–1	
[2,62,63].	As	temperature	was	increased,	the	band	of	the	linear	
nitrite	 weakened	 and	 disappeared	 at	 350	 °C	 due	 to	 desorp‐
tion/decomposition/transformation	 during	 the	 heating	 pro‐
cess.	We	found	that	the	bands	of	the	bridging	bidentate	nitrate	
and	 chelating	 bidentate	 nitrate	 increased	 in	 intensity	 as	 the	
temperature	was	 increased	 owing	 to	 oxidation	 of	NO	 to	NO2.	
The	NO2	was	adsorbed	to	the	CeO2	surface	and	formed	different	
kinds	of	nitrates.	With	 regard	 to	 the	MnCe‐HTM	catalyst	 (Fig.	
7(b)),	 all	 the	 vibrational	 bands	 of	 bridging	 bidentate	 nitrate,	
linear	nitrite,	and	chelating	bidentate	nitrate	were	also	detect‐
ed	at	the	same	corresponding	positions	at	25	°C.	The	changes	of	
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Fig.	6.	NH3	adsorption	in	situ	DRIFTS	of	(a)	CeO2	and	(b)	MnCe‐HTM	catalyst.	

2000 1800 1600 1400 1200 1000

1611

1278

1229

1006

(a)

K
ub

el
ka

-M
un

k 
(a

.u
.)

Wavenumber (cm1)

2

350 oC

300 oC

250 oC

200 oC

150 oC

100 oC

50 oC

25 oC

 

2000 1800 1600 1400 1200 1000

1605

1284

1234

1011

(b)

K
ub

el
ka

-M
un

k 
(a

.u
.)

Wavenumber (cm1)

5

350 oC
300 oC
250 oC
200 oC
150 oC
100 oC
50 oC
25 oC

 
Fig.	7.	NO+O2	co‐adsorption	in	situ	DRIFTS	of	(a)	CeO2	and	(b)	MnCe‐HTM	catalyst.	
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these	bands	with	temperature	for	the	MnCe‐HTM	catalyst	were	
similar	 to	 those	which	 occurred	 for	 CeO2.	 Interestingly,	 com‐
pared	with	CeO2,	the	linear	nitrite	band	for	the	MnCe‐HTM	cat‐
alyst	disappeared	at	a	lower	temperature	of	200	°C.	This	indi‐
cates	 that	 the	 desorption/decomposition/transformation	 of	
linear	 nitrite	 was	 promoted	 by	 the	 electronic	 interaction	 be‐
tween	 MnOx	 and	 CeO2.	 Fig.	 7(a)	 and	 (b)	 show	 that	 bands	 of	
bridging	 bidentate	 nitrate	 and	 chelating	 bidentate	 nitrate	 on	
the	surface	of	the	MnCe‐HTM	catalyst	were	stronger	than	those	
on	the	CeO2	surface	at	all	temperatures.	Moreover,	the	intensity	
of	these	bands	increased	more	rapidly	for	the	MnCe‐HTM	cata‐
lyst	than	CeO2	as	temperature	was	increased.	These	phenome‐
na	may	be	attributed	to	the	incorporation	of	Mnn+	into	the	CeO2	
lattice	to	form	a	uniform	ceria‐based	solid	solution	(containing	
Mn‐O‐Ce	structures).	The	strengthening	of	the	electronic	inter‐
action	between	MnOx	and	CeO2	(i.e.,	Mn3+	+	Ce4+	↔	Mn4+	+	Ce3+),	
driven	by	 the	high‐temperature	 and	high‐pressure	 conditions	
during	 the	 hydrothermal	 treatment	 process,	 also	 effectively	
improved	adsorption	of	NO	species	and	the	ability	of	the	cata‐
lyst	to	oxidize	NO	to	NO2.	This	was	attributed	to	good	migration	
ability	of	oxygen,	which	resulted	from	the	high	oxygen	vacancy	
concentration	in	the	MnCe‐HTM	catalyst.	This	effect	enhanced	
the	catalytic	performance	for	selective	catalytic	reduction	of	NO	
by	NH3	through	a	“fast	NH3‐SCR”	route.	

To	explore	the	reaction	mechanism	of	the	selective	catalytic	
reduction	of	NO	by	NH3	over	MnOx‐CeO2	catalysts,	NO+NH3+O2	
co‐adsorption	was	measured	by	in	situ	DRIFTS	under	the	reac‐
tion	conditions	 for	 these	representative	samples,	and	 the	cor‐
responding	results	are	presented	in	Fig.	8.	When	CeO2	was	ex‐
posed	to	NO+NH3+O2	mixed	gases	at	25	°C,	bridging	bidentate	
nitrate	and	linear	nitrite	were	observed	at	1605	and	1284	cm–1,	
respectively	[62,63].	Furthermore,	NH4+	species	adsorbed	to	B	
acid	sites	and	NH3	species	coordinated	to	L	acid	sites	were	also	
detected	 at	 1435	 and	 1200	 cm–1,	 respectively	 [59,60].	 Com‐
pared	with	the	 in	situ	DRIFTS	results	 for	NH3	adsorption	(Fig.	
6(a)),	the	B	and	L	acid	bands	were	more	intense	in	the	reaction	

mixture	because	the	presence	of	NO+O2	increased	the	amount	
of	 acidic	 sites	 in	 CeO2.	 However,	 as	 the	 temperature	 was	 in‐
creased,	the	B	and	L	acid	bands	disappeared	at	100	and	300	°C,	
respectively.	Bands	of	 chelating	bidentate	nitrate	 appeared	 at	
1530	and	1220	cm–1,	and	the	bridging	bidentate	nitrate	exhib‐
ited	a	NO2	symmetric	vibrational	band	at	1017	cm–1	[62].	For	
the	MnCe‐HTM	catalyst	(Fig.	8(b)),	in	the	presence	of	the	mixed	
gases	 in	 the	 in	 situ	 DRIFTS	 cell	 at	 room	 temperature	 (25	 °C),	
bridging	 bidentate	 nitrate	 (1605	 and	 1023	 cm–1),	 chelating	
bidentate	nitrate	 (1542	 and	1266	 cm–1),	monodentate	nitrate	
(1495	cm–1),	linear	nitrite	(1301	cm–1),	B	acid	(1435	cm–1),	and	
L	 acid	 (1188	 cm–1)	 bands	were	detected	 [23,59,60,62].	 These	
results	suggested	that	both	of	NO	and	NH3	were	simultaneously	
adsorbed	on	the	surface	of	MnCe‐HTM	catalyst.	This	indicated	
that	 selective	 catalytic	 reduction	 of	 NO	 by	 NH3	 over	 the	
MnCe‐HTM	 catalyst	 followed	 a	 Langmuir‐Hinshelwood	 (L‐H)	
mechanism.	Furthermore,	we	found	that	the	intensity	of	bands	
from	 adsorbed	 NO	 species	 on	 the	 MnCe‐HTM	 catalyst	 were	
stronger	than	that	on	CeO2.	This	can	again	be	attributed	to	the	
introduction	of	MnOx.	This	observation	is	supported	by	reports	
from	Li	et	al.	 [64],	who	reported	that	Mn	species	can	improve	
the	 adsorption	 of	 NO	 species	 to	 CeO2	 catalysts.	 At	 elevated	
temperatures,	 the	B	 and	L	 acid	 band	disappeared	 at	 200	 and	
300	°C,	respectively.	Changes	in	the	bands	of	the	adsorbed	NO	
species	were	not	obviously	owing	 to	 the	balance	between	NO	
conversion	 and	 NO	 adsorption.	 However,	 the	 bands	 for	 ad‐
sorbed	NO	species	became	more	intense	above	300	°C	owing	to	
declining	NO	conversion.	These	findings	are	also	supported	by	
the	results	of	the	NH3‐SCR	model	reaction.	

3.6.	 	 Possible	reaction	mechanism	for	NH3‐SCR	over	MnOx‐CeO2	
catalysts	

On	the	basis	of	our	characterizations,	we	propose	a	possible	
reaction	mechanism	(schematic	diagram)	for	the	selective	cat‐
alytic	reduction	of	NO	by	NH3	under	the	current	reaction	condi‐
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Fig.	8.	NO+NH3+O2	co‐adsorption	in	situ	DRIFTS	of	(a)	CeO2	and	(b)	MnCe‐HTM	catalyst.	
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tions,	as	shown	in	Fig.	9.	The	results	obtained	indicated	that	the	
MnCe‐HTM	catalyst	exhibited	excellent	physicochemical	prop‐
erties,	optimal	catalytic	performance,	and	good	H2O	resistance	
during	 a	 low‐temperature	NH3‐SCR	model	 reaction.	The	 reac‐
tion	 mechanism	 over	 the	 MnCe‐HTM	 catalyst	 was	 examined.	
When	exposed	to	a	mixture	of	NO+NH3+O2	gases,	the	reactant	
molecules	 can	 simultaneously	 adsorb	 to	 the	MnCe‐HTM	 cata‐
lyst	surface,	and	the	selective	catalytic	reduction	of	NO	by	NH3	
over	 MnCe‐HTM	 catalyst	 follows	 a	 L‐H	 mechanism.	 This	 is	
supported	 by	 the	 results	 of	 our	 in	 situ	 DRIFTS	 studies.	 First,	
oxygen	vacancies	associated	with	Ce3+	enhanced	the	migration	
abilities	of	oxygen	and	activated	O2	molecules	to	generate	sur‐
face	 adsorbed	 oxygen	 species	 (such	 as	 O–(ad)),	 as	 confirmed	
from	our	Raman	and	XPS	results.	Second,	it	has	been	reported	
that	 Mn	 species	 promote	 adsorption	 of	 NO	 species	 to	 these	
catalysts	[64].	Any	NO	molecules	adsorbed	to	Mn	species	can	be	
transformed	into	NO+(ad)	by	donation	of	electrons	to	Mn4+.	The	
oxidized	species	can	 then	 further	react	with	surface	adsorbed	
oxygen	 species	 to	 form	 NO2	 or	 adsorbed	 nitrate	 (ad‐NO3–).	
These	 findings	 are	 consistent	 with	 the	 results	 of	 our	 in	 situ	
DRIFTS	studies.	The	intensities	of	the	vibration	bands	for	NH4+	
and	NH3	at	B	and	L	acid	sites,	respectively,	were	clearly	strong‐
er	 for	 the	MnCe‐HTM	 than	 those	 for	CeO2,	 indicating	 that	 the	
adsorption	 of	NH3	molecules	 occurred	mainly	 on	Mn	 species.	
Adsorbed	 NH3	 species	 (NH4+	 and	 NH3	(ad))	 react	 with	 surface	
adsorbed	oxygen	species	to	generate	adsorbed	–NH2	(ad‐NH2).	
Finally,	 NO2	 or	 ad‐NO3–	 reacts	 with	 ad‐NH2	 to	 form	 the	 final	
products,	 N2	 and	 H2O.	 To	 summarize,	 the	 redox	 interaction	
between	Mn3+	+	Ce4+	↔	Mn4+	+	Ce3+	 can	 remarkably	 increase	
Ce3+,	 Mn4+,	 oxygen	 vacancies,	 the	 amount	 of	 acidic	 sites	 and	
their	acidic	strength.	These	features	enhance	the	catalytic	per‐
formance	of	MnOx‐CeO2	 catalysts	 in	 the	NH3‐SCR	model	 reac‐
tion.	The	MnCe‐HTM	catalyst	 exhibited	 the	best	 catalytic	 per‐
formance	owing	to	the	strongest	electron	interaction	between	
MnOx	and	CeO2.	

4.	 	 Conclusions	

In	 the	 present	work,	 a	 series	 of	MnOx‐CeO2	 catalysts	were	
synthesized	 by	 different	 preparation	 methods	 to	 explore	 the	
effects	 on	 physicochemical	 properties	 and	 catalytic	 perfor‐

mance	for	the	selective	catalytic	reduction	of	NO	by	NH3	at	low	
temperature.	Several	conclusions	can	be	drawn	as	follows:	

(1)	Mnn+	species	can	be	incorporated	into	the	lattice	of	CeO2.	
The	presence	of	these	cations	inhibits	the	grain	growth,	result‐
ing	 in	 smaller	 crystallite	 sizes	 and	 larger	BET	specific	 surface	
areas	 for	 the	MnOx‐CeO2	catalysts	prepared	by	the	hydrother‐
mal	 treatment	 method,	 co‐precipitation	 method,	 and	 sol‐gel	
method.	

(2)	The	MnCe‐HTM	catalyst	exhibited	the	best	catalytic	per‐
formance	 and	 good	 H2O	 resistance	 for	 the	 low‐temperature	
NH3‐SCR	model	 reaction.	This	was	attributed	 to	 the	high	 con‐
tent	of	surface	Ce3+,	Mn4+,	and	adsorbed	oxygen	species,	as	well	
as	a	high	concentration	of	oxygen	vacancies	and	a	large	amount	
of	acidic	sites	with	high	acidic	strength.	These	effects	resulted	
from	 incorporation	 of	Mnn+	 (n	 =	 2–4)	 into	 the	 CeO2	 lattice	 to	
form	a	uniform	ceria‐based	solid	solution	(containing	Mn‐O‐Ce	
structures).	 Furthermore,	 these	 features	 were	 linked	 to	
strengthening	of	 the	electronic	 interaction	between	MnOx	 and	
CeO2	(i.e.,	Mn3+	+	Ce4+	↔	Mn4+	+	Ce3+)	driven	by	the	high‐	tem‐
perature	 and	 high‐pressure	 conditions	 during	 the	 hydrother‐
mal	treatment	process.	

(3)	NO,	NH3,	 and	O2	 can	 interact	with	MnCe‐HTM	 catalyst	
simultaneously,	which	 indicates	 that	 the	selective	catalytic	re‐
duction	of	NO	by	NH3	 over	MnCe‐HTM	catalyst	 follows	 a	 L‐H	
mechanism.	
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