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Cover: Tang and coworkers in their Article on pages 1668–1679 reported a 
Fe–N–C catalyst via one–step pyrolysis in the presence of anhydrate iron 
chloride using cheap and nontoxic riboflavin as both carbon and nitrogen 
precursors. The picture shows the processes of catalyst preparation and oxygen
reduction reaction, as well as the morphology of the catalyst. 

封面:		唐水花等报道了以廉价无毒的核黄素作为碳氮源, 一步热解制得

Fe–N–C 催化剂并将其应用于燃料电池阴极氧还原反应.  图片给出了催化剂

制备和氧还原反应过程以及催化剂形貌.  见本期第 1668–1679 页.   
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This	review	presents	Cp2TiCl	as	a	new	green	reagent	widely	used	in	organic	chemistry,	with	potential	applications	in	fine	chemistry,	polymer	
chemistry	and	other	fields.	
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An	iodine‐catalyzed	sulfenylation	of	pyrazoles	at	room	temperature	is	described,	in	which	a	variety	of	pyrazoles	were	well	tolerated	and	the	
desired	products	obtained	in	good	to	excellent	yields.	
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We	 report	 the	 synthesis	 of	 Fe–N–C	 catalysts	 via	 one‐step	 pyrolysis	
using	riboflavin	as	a	cost‐effective,	nontoxic	carbon	and	nitrogen	pre‐
cursor.	 A	 catalyst	 containing	 7	 wt%	 Fe	 demonstrates	 an	 excellent	
oxygen	reduction	reaction	activity	and	stability.	 	
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An	environmentally	friendly	microwave‐assisted	method	was	developed	for	the	synthesis	of	Pt/graphene‐TiO2	catalysts.	The	improved	ac‐
tivity	and	stability	of	the	nano‐Pt	catalysts	were	attributed	to	the	high	electronic	conductivity	and	strong	metal‐support	interactions.	
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Influence	of	carbon	and	yttrium	co‐doping	on	the	photocatalytic	activity	of	mixed	phase	TiO2	

Honglin	Gao,	Jianmei	Liu,	Jin	Zhang,	Zhongqi	Zhu,	Genlin	Zhang,	Qingju	Liu	*	
Yunnan	University	

AnataseRutile

visible 
light

visible 
light

O‐O‐O‐O‐O‐

O+ O+ O+ O+ O+

CB

OH‐

∙OH

h+

e‐

O2

∙O2
‐

CB

VB VB

C 2p

O‐ O‐O‐O‐

O+ O+ O+ O+

	

Carbon	and	Yttrium	co‐doping	mixed	phase	TiO2	has	been	fabricated	by	sol‐gel	method.	The	enhancement	of	photocatalytic	activity	can	be	
attributed	to	the	synergistic	effect	of	C	and	Y	co‐doping	and	the	appropriate	crystalline	structure.	
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A	coke‐tolerant	catalyst	(SiW20‐Al/Zr10),	which	gave	87.3%	selectivity	for	acrolein	and	97%	glycerol	conversion	under	the	conditions	300	°C,	
0.5	wt%	catalyst,	and	10	wt%	feed	concentration,	was	synthesized.	
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A	simple	method	was	developed	to	prepare	g‐C3N4	nanosheets	by	
thermal	polymerization	of	cyanuric	acid	and	melamine	in	air.	The	
g‐C3N4	nanosheets	showed	superior	photocatalytic	activities	than	
bulk	g‐C3N4.	
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A	novel‐structured	Mo‐Cu‐Fe‐O	composite	showed	superior	catalytic	activity	for	the	degradation	of	cationic	dyes	in	wastewater	through	the	
generation	of	hydroxyl	radicals.	
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In	a	heterogeneous	photo‐Fenton	system	•OH	radicals	and	holes	are	the	major	active	species	contributing	to	the	high	photocatalytic	activity	
of	Ag/AgCl/Fe‐S	catalyst.	
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Calculations	revealed	that	NO	preferentially	binds	to	Ni	surfaces	with	
its	magnetic	moment	antiparallel	to	that	of	Ni.	NO	adsorbed	at	anti‐
ferromagnetic	bridge	sites	binds	to	one	Ni	optimally	and	another	in	a	
frustrated	manner.	
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WO3	dispersed	on	 the	CeO2	 surface	 inhibits	 adsorption	of	NOx	 species	 and	promotes	NH3	 adsorption	on	 supported	WO3/CeO2	 catalysts,	
which	promotes	the	NH3	selective	catalytic	reduction	reaction	via	the	Eley‐Rideal	(E‐R)	route.	
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A	promising	novel	process	of	cycled	storage‐ozone	catalytic	oxidation	(OZCO)	was	successfully	employed	to	remove	low	concentration	for‐
maldehyde	(HCHO)	from	air	over	the	optimal	MnOx/Al2O3	catalyst	(manganese	acetate	precursor	and	10	wt%	Mn	loading)	at	room	temper‐
ature.	
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Carbon‐decorated	p‐type	semiconductor	CaFe2O4	nanorods	exhibit	an	
enhanced	photocatalytic	activity	 for	the	degradation	of	MB	owing	to	
the	 simultaneous	 improvement	 of	 MB	 adsorption,	 separation	 and	
transfer	of	photogenerated	charges	and	light	absorption.	 0
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  The	influence	of	the	magnetism	of	transition	metal	oxide,	nickel(II)	oxide	(NiO),	on	its	surface	reac‐
tivity	and	the	dependence	of	surface	reactivity	on	surface	orientation	and	reactant	magnetism	were	
studied	 by	 density	 functional	 theory	 plus	 U	 calculations.	We	 considered	 five	 different	 antiferro‐
magnetically	 ordered	 structures	 and	 one	 ferromagnetically	 ordered	 structure,	 NiO(001)	 and	
Ni(011)	surfaces,	paramagnetic	molecule	NO,	and	nonparamagnetic	molecule	CO.	The	calculations	
showed	that	the	dependence	of	surface	energies	on	magnetism	was	modest,	ranging	from	49	to	54	
meV/Å2	 for	NiO(001)	 and	 from	 162	 to	 172	meV/Å2	 for	NiO(011).	 On	NiO(001),	 both	molecules	
preferred	the	top	site	of	 the	Ni	cation	exclusively	 for	all	NiO	magnetic	structures	considered,	and	
calculated	adsorption	energies	ranged	from	−0.33	to	−0.37	eV	for	CO	and	from	−0.42	to	−0.46	eV	for	
NO.	On	NiO(011),	both	molecules	preferred	the	bridge	site	of	two	Ni	cations	irrespective	of	the	NiO	
magnetism.	It	was	found	that	rather	than	the	long‐range	magnetism	of	bulk	NiO,	the	local	magnetic	
order	of	two	coordinated	Ni	cations	binding	to	the	adsorbed	molecule	had	a	pronounced	influence	
on	adsorption.	The	calculated	NO	adsorption	energy	at	the	(↑↓)	bridge	sites	ranged	from	−0.99	to	
−1.05	eV,	and	become	stronger	at	 the	 (↑↑)	bridge	 sites	with	values	of	−1.21	 to	−1.30	eV.	For	CO,	
although	the	calculated	adsorption	energies	at	the	(↑↓)	bridge	sites	(−0.73	to	−0.75	eV)	were	very	
close	to	those	at	the	(↑↑)	bridge	sites	(−0.71	to	−0.72	eV),	their	electron	hybridizations	were	very	
different.	The	present	work	highlights	the	importance	of	the	local	magnetic	order	of	transition	metal	
oxides	on	molecular	adsorption	at	multi‐fold	sites.	

©	2017,	Dalian	Institute	of	Chemical	Physics,	Chinese	Academy	of	Sciences.
Published	by	Elsevier	B.V.	All	rights	reserved.
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1.	 	 Introduction	

Transition	 metal	 oxide	 (TMO)	 surfaces	 currently	 have	 a	
wide	 range	 of	 applications	 in	 energy	 and	 environmental	 sci‐
ence,	such	as	catalysts	for	clean	energy	conversion,	cleanup	of	
air	pollutants,	and	sensors	for	chemical	and	biomedical	devices	
[1,2].	 Understanding	 the	 surface	 chemistry	 and	 struc‐

ture–activity	 relationship	 of	 TMOs	 is	 therefore	 important	 for	
the	further	development	of	these	applications	[3].	In	particular,	
3d	TMOs	are	notable	because	of	their	involved	spin	states	and	
magnetism,	which	is	sensitive	to	surface	orientation	and	parti‐
cle	 size	 [47].	 For	 instance,	 the	 spin	 states	of	Co	 ions	 (rather	
than	number	of	3d	electrons)	in	perovskite	oxides	play	a	criti‐
cal	 role	 in	 their	 oxygen	 evolution	 activity	 [8].	 In	 addition	 to	
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oxides,	 the	spin	states	of	molecules	such	as	O2	 influence	 their	
corresponding	dissociation	activity	on	oxides	[9]	and	even	sim‐
ple	 metal	 surfaces	 [10].	 Magnetism	 can	 be	 induced	 in	 metal	
oxides	that	are	paramagnetic	in	bulk	by	surface	adsorption	and	
reaction	 [11,12].	 It	 is	 therefore	 interesting	 to	 study	 the	 influ‐
ence	of	the	spin	states	and	magnetism	of	oxides	on	their	surface	
chemistry.	 	

Late	 3d	 transition	 metal	 monoxides	 (MnO,	 FeO,	 CoO,	 and	
NiO)	with	cubic	rock	salt	structure	(Fm3m)	[13,14]	are	of	par‐
ticular	 importance	 in	 the	 study	 of	 antiferromagnetic	 (AFM)	
TMOs,	and	are	often	considered	as	model	AFM	systems.	Besides	
their	relatively	high	Neel	temperature	(TN)	and	chemical	stabil‐
ity,	their	large	band	gap	(EG)	and	insulating	electronic	structure	
allow	 their	magnetic	 properties	 to	 be	 accurately	 described	 in	
terms	of	magnetic	moments	localized	on	transition	metal	cati‐
ons	 [15,16].	 The	 anisotropic	 interaction	 between	neighboring	
magnetic	 moments	 leads	 to	 long‐range	 magnetic	 ordering,	
known	 as	 type‐2	 antiferromagnetism	 (AFM2),	 below	 TN	
[1720]	and	stacking	of	ferromagnetic	(FM)	(111)	planes	with	
opposite	 spin	 directions	 in	 adjacent	 layers,	 as	 identified	 by	
neutron	 diffraction	 [21].	 Using	 magnetic	 exchange	 force	 mi‐
croscopy,	 the	 magnetic	 order	 of	 surface	 nickel	 ions	 on	 the	
NiO(001)	 surface	 has	 been	 measured	 directly	 in	 real	 space	
[2226].	Despite	the	definite	AFM	order	of	magnetic	ions	in	the	
perfect	bulk	crystal	below	TN,	the	ordering	of	magnetic	ions	on	
the	surface	can	be	changed	under	different	conditions.	For	ex‐
ample,	by	engineering	defects	 in	 the	 lattice	of	AFM	NiO,	 a	FM	
ordering	dislocation	can	be	 introduced	[27].	When	the	size	of	
AFM	NiO	decreases	to	the	nanoscale,	the	resulting	decrease	of	
coordination	and	 lattice	distortion	can	drive	 the	phase	 transi‐
tion	to	a	FM‐like	phase	[27,28].	

The	 magnetism	 of	 metal	 ions	 in	 late	 3d	 TMOs	 originates	
from	their	partially	filled	3d	states,	which	are	famous	for	their	
highly	 correlated	 nature	 [29].	 It	 remains	 challenging	 to	 accu‐
rately	 describe	 strongly	 localized	 and	 correlated	 d	 electrons	
using	 standard	 density	 functional	 theory	 (DFT)	 approaches	
such	as	 the	 local	density	 approximation	 (LDA)	or	 generalized	
gradient	approximation	(GGA)	[30,31].	Both	the	LDA	and	GGA	
often	 fail	 to	predict	EG	of	 these	TMOs	 [32].	For	 instance,	both	
CoO	and	FeO	were	predicted	to	be	metallic.	Although	NiO	and	
MnO	 were	 predicted	 to	 have	 EG,	 the	 calculated	 values	 were	
severely	underestimated	[33].	Nevertheless,	EG	of	 these	mate‐
rials	can	be	opened	in	calculations	by	adding	a	Hubbard	U	term	
describing	the	strong	on‐site	Coulomb	repulsion	to	the	LDA	or	
GGA	(DFT+U)	[34,35].	Compared	to	higher‐level	theories	such	
as	 the	 hybrid	 functional	 or	 many‐body	 perturbation	 [31,36],	
DFT+U	 can	 substantially	 improve	 the	 calculation	 accuracy	
without	increasing	the	computational	cost,	as	demonstrated	for	
the	adsorption	of	CO	and	NO	on	NiO(001)	[37,38].	Simulation	of	
water	 dissociative	 adsorption	 on	 NiO(111)	 was	 reported	 re‐
cently,	and	the	calculation	was	found	to	be	fairly	insensitive	to	
the	choice	of	the	DFT+U	functional	[39].	

Chemically	equivalent	oxide	surfaces	may	become	inequiv‐
alent	 when	 considering	 the	 different	 symmetry	 of	 various	
long‐range	 magnetisms.	 Because	 surface	 chemistry	 is	 largely	
decided	by	local	environment	(geometry	and	composition),	it	is	
currently	unclear	how	the	different	magnetisms	affect	surface	

chemistry.	Furthermore,	 the	 influence	of	different	 surfaces	on	
magnetisms	 is	 still	unknown.	This	 influence	may	be	mediated	
by	reactants	with	different	spin	and/or	magnetic	moments.	To	
clarify	 these	 issues,	here	NiO	as	a	model	 system	 is	 studied	by	
the	GGA	+U	method.	A	number	of	magnetic	 phases,	 including	
AFM1,	 AFM2,	 AFM3,	 AFM4,	 AFM5,	 and	 FM,	 are	 considered.	
NiO(001)	and	NiO(110)	surfaces	are	used	to	study	the	sensitiv‐
ity	 of	 these	 magnetic	 phases	 to	 structure.	 While	 CO	 and	 NO	
adsorbed	on	NiO(001)	of	AFM2	has	been	studied	to	verify	the	
DFT+U	 scheme	 treatment	 for	 strongly	 correlated	 systems	
[37,38],	here	we	use	the	adsorption	of	paramagnetic	molecule	
NO	and	nonparamagnetic	molecule	CO	to	probe	the	influence	of	
magnetism	on	molecule	adsorption	by	NiO	surfaces.	

2.	 	 Computational	details	

DFT	calculations	were	performed	with	the	Vienna	ab	initio	
simulation	 package	 (VASP)	 [40]	 based	 on	 the	 projected	 aug‐
mented	 wave	 (PAW)	 method	 [41,42].	 The	 spin‐polarized	
Perdew	 Burke	 Ernzerhof	 (PBE)	 [43]	 exchange‐correlation	
functional	 and	 on‐site	 Coulomb	 repulsion	 U	 term	 for	 d	 elec‐
trons	in	the	spirit	of	Hubbard	according	to	Dudarev’s	approach	
[35]	were	used	to	describe	electron	exchange	and	correlation.	
An	effective	U	of	5.3	eV	for	Ni	was	used	throughout	the	present	
work,	 because	 it	 could	 reproduce	 well	 bulk	 properties	 and	
CO/NO	adsorption	on	NiO(001)	surfaces	[37].	

Because	partially	occupied	d	orbitals	are	strongly	 localized	
at	Ni2+,	a	net	spin	magnetic	moment	was	assigned	to	each	Ni2+.	
For	 the	 cubic	 sublattice	 of	 magnetic	 ions,	 all	 magnetic	 ions	
having	parallel	spin	means	there	 is	FM	order	(Figure	1(a)).	 In	

(b) AFM1
p=1, G=(001)

(c) AFM2
p=1, G=(111)

(e) AFM4
p=2, G=(001)

(d) AFM3
p=2, G=(201)

(f) AFM5
p=2, G=(101)

(a) FM

 
Fig.	1.	Schematic	illustration	of	NiO	ferromagnetism	FM	(a),	antiferro‐
magnetism	AFM1	(b),	AFM2	(c),	AFM3	(d),	AFM4	(e)	and	AFM5	(f).	Line	
cross	 points	 represent	 O,	 blue	 balls	 represent	 Ni	 spin	 up,	 and	 white	
balls	represent	Ni	spin	down.	
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contrast,	 the	 series	 of	 common	 AFM	 configurations	 of	 Ni2+	
AFM1–AFM5	(as	shown	 in	Figure	1(bf))	can	be	described	as	
oppositely	 stacked	FM	 layers	 in	direction	G	with	super	 lattice	
periodicity	p	in	which	Ni2+	maintain	parallel	spin	within	p	lay‐
ers	[44].	Below	TN	=	523	K,	the	ground‐state	magnetic	configu‐
ration	 of	 NiO	 is	 AFM2	 [21].	We	 considered	 AFM1–AFM5	 and	
FM	 magnetic	 order	 as	 a	 starting	 point	 to	 construct	 surfaces	
with	 different	 surface	 magnetic	 order	 by	 truncation	 of	 bulk	
NiO.	

Four	layers	of	an	NiO(001)	slab	( 2 2 2 2)	surface	super‐
cell	and	five	layers	of	an	NiO(011)	slab	(44)	surface	supercell	
were	used	 to	model	 the	adsorption	of	molecules	on	NiO(001)	
and	NiO(011)	 surfaces,	 respectively.	 Slabs	were	 separated	 by	
12	Å	of	 vacuum	with	 the	bottom	 two	 layers	 fixed	 at	 the	bulk	
truncated	 structure,	 and	 dipole	 correction	 perpendicular	 to	
each	 slab	was	 imposed.	 The	 layer	 thickness	 and	 vacuum	 size	
were	 found	 to	 converge	 for	 adsorption	 of	 CO/NO	 on	 AFM2.	
Surface	 energy	 was	 evaluated	 with	 symmetric	 slabs	 of	 the	
minimum	surface	cell	 for	each	surface	until	they	converged	to	
less	than	1	meV/Å2	with	respect	to	slab	thickness.	A	plane	wave	
cutoff	 of	 400	 eV	 and	 k‐point	 grids	 of	 (441)	 for	 NiO(001)‐	
( 2 2 2 2)	and	(321)	 for	NiO(011)‐(2×4)	were	used.	Geo‐
metrical	optimization	was	performed	until	the	force	on	relaxed	
atoms	was	less	than	0.02	eV/Å.	

3.	 	 Results	and	discussion	 	

3.1.	 	 NiO	bulk	

Table	1	lists	the	optimized	equilibrium	lattice	constant,	en‐
ergy	difference	per	NiO	formula	with	respect	to	the	lowest	en‐
ergy	state	(AFM2),	localized	magnetic	moment	on	Ni,	and	band	
gap	for	the	various	magnetic	phases	considered.	The	energeti‐
cally	most	favorable	long‐range	magnetic	phase	is	AFM2,	which	
is	consistent	with	the	structure	of	NiO	below	TN	determined	by	
neutron	 diffraction.	 The	 energy	 difference	 between	 different	
magnetic	phases	can	be	as	large	as	102	meV/NiO.	AFM2	has	the	
smallest	lattice	constant	(a	=	4.19	Å)	and	magnetic	moment	of	
Ni	(m	=1.71	μB),	but	the	largest	EG	of	3.25	eV	for	the	magnetic	
phases.	The	present	work	agrees	well	with	the	results	of	a	pre‐
vious	SGGA+U	calculation	(a	=	4.20	Å,	m	=	1.72	μB,	EG	=	3.2	eV)	
[37].	For	 the	other	AFM	phases,	 the	 lattice	constant	and	mag‐
netic	moment	 increase	by	0.02	Å	and	0.10	μB	at	most,	respec‐
tively,	but	EG	decreases	by	1.16	eV.	It	is	clear	that	the	lower	the	
energy	of	 the	magnetic	phase,	 the	smaller	 the	 lattice	constant	

and	 magnetic	 moment	 and	 the	 larger	 the	 EG.	 These	 trends	
originate	 from	 the	 superexchange	 interaction	 of	 the	 second	
nearest	neighbor	(NN)	Ni2+,	as	rationalized	in	an	earlier	theory	
for	rock	salt	transition	metal	monoxides	[33,45].	

To	 understand	 the	 origin	 of	 the	 AFM	 behavior	 of	 NiO,	we	
fitted	 the	 calculated	 energy	 in	 Table	 1	 to	 the	 Ising	 model	 of	
magnetic	moment	interaction	[19].	The	fitting	result	gives	 i‐th	
NN	magnetic	moment	exchange	pair	interactions	Ji	(i	=	1,	2,	3,	
and	4)	of	0.71,	15.58,	0.24,	and	0.07	meV,	respectively.	This	
means	that	 the	second	NN	interaction	(J2)	 is	 the	dominant	 in‐
teraction	 and	 the	 negative	 value	 indicates	 the	 preference	 for	
AFM	 order,	 similar	 to	 the	 behavior	 of	 CoO	 and	MnO	 [18,19].	
Because	 J1,	 J3,	 and	 J4	 are	much	 smaller	 than	 J2,	 the	number	of	
second	NN	pairs	determines	the	relative	stability	of	the	various	
AFM	phases.	For	AFM2,	all	the	second	NN	pairs	are	antiparallel,	
so	it	is	energetically	the	most	favorable	state	of	NiO.	

In	this	work,	a	Ni	atom	with	an	upward	(or	positive)	mag‐
netic	 moment	 (↑)	 means	 that	 the	 electron	 population	 of	 the	
spin‐up	 component	 is	 larger	 than	 that	 of	 the	 spin‐down,	
whereas	 a	 Ni	 atom	with	 a	 downward	 (or	 negative)	magnetic	
moment	 (↓)	 means	 that	 the	 electron	 population	 of	 the	
spin‐down	 component	 is	 larger	 than	 that	 of	 the	 spin‐up.	 The	
spin‐resolved	 density	 of	 states	 (SDOS)	 of	 Ni	 (↑)	 in	 bulk	
NiO‐AFM2	is	illustrated	in	Figure	2.	For	the	3dxy,yz,xz	(t2g)	band,	
both	the	spin‐up	and	spin‐down	components	are	distributed	in	
the	valence	band.	Compared	with	 the	spin‐up	component,	 the	
electrons	 in	 the	 spin‐down	 component	 mainly	 populate	 the	
upper/top	part	of	the	valence	band.	For	the	3dx2–y2,z2	(eg)	band,	
the	marked	 exchange	 splitting	 causes	 the	 eg	 states	 to	 be	well	
separated	(by	~9.69	eV).	 In	particular,	 the	spin‐down	compo‐
nents	 are	 distributed	 in	 the	 conduction	 band.	 Most	 of	 the	
spin‐up	 components	 are	 distributed	 in	 the	 lower	 part	 of	 the	
valence	band,	and	a	small	amount	are	distributed	close	to	the	
top	 of	 the	 valence	 band.	 The	 gap	 between	 the	 valence	 band	
maximum	(VBM)	and	conduction	band	minimum	(CBM)	of	the	
Ni	3d	band	 is	3.23	eV,	which	 is	nearly	same	with	as	 the	EG	of	
bulk	NiO	 (3.25	 eV).	 For	Ni(↓),	 the	 corresponding	 components	
are	simply	reversed.	As	shown	below,	these	features	are	essen‐
tial	for	the	hybridization	between	Ni	and	CO/NO	molecules.	

3.2.	 	 NiO(001)	

3.2.1.	 	 Surface	properties	
For	rock	salt	crystals,	the	(001)	plane	is	chemically	equiva‐

lent	with	(010),	(100),	(001),	(010),	and	(100):	all	belong	to	the	
{001}	 plane	 family,	 and	 the	 corresponding	 primitive	 cell	 is	
(1×1).	A	 long‐range	magnetic	phase	 lowers	the	corresponding	
symmetry	 and	 decreases	 the	 degeneracy	 of	 the	 {001}	 plane	
family.	The	nonequivalent	planes	depended	on	the	 long‐range	
magnetic	 phase	 (AFM1–AFM5),	 as	 classified	 in	 Table	 2	 and	
plotted	in	Figure	3.	Each	of	AFM1,	AFM3,	AFM4,	and	AFM5	had	
two	nonequivalent	planes,	whereas	AFM2	had	only	one	none‐
quivalent	 plane.	 This	 led	 to	 nine	 nonequivalent	 surfaces	with	
different	primitive	cells,	although	they	are	all	chemically	equiv‐
alent.	 	

Taking	AFM1‐(100)	 (Figure	3(b))	 as	 an	 example,	 the	mag‐
netic	moments	of	the	first	NN	Ni	pair	are	exclusively	antiparal‐

Table	1	
Energy	 difference	 per	 NiO	 formula	 with	 respect	 to	 the	 lowest	 state	
(AFM2)	 (ΔE),	 equilibrium	 lattice	 constant	 (a),	 localized	magnetic	mo‐
ment	on	Ni	(M),	and	energy	band	gap	(EG)	of	various	magnetism	phases.

ΔE/meV	 a/Å	 M/μB	 EG/eV	
AFM1	 101	 4.21	 1.81	 2.20	
AFM2	 	 	 0	 4.19	 1.71	 3.25	
AFM3	 	 65	 4.20	 1.77	 2.51	
AFM4	 	 61	 4.20	 1.77	 2.26	
AFM5	 	 30	 4.19	 1.74	 2.88	
FM	 	 91	 4.21	 1.80	 2.09	
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lel	 (↑↓).	 Similar	 behavior	 was	 found	 for	 AFM3‐(001)	 (Figure	
3(d)).	 In	 contrast,	 for	 AFM1‐(001)	 (Figure	 3(a))	 and	
AFM4‐(001)	 (Figure	 3(f)),	 the	magnetic	moments	 of	 the	 first	
NN	Ni	pair	are	exclusively	parallel	(↑↑).	For	the	remaining	 ive	
surfaces	 shown	 in	 Figure	3,	 both	 the	 (↑↓)	 and	 (↑↑)	 con igura‐
tions	coexist	in	the	first	NN	Ni	pairs,	 forming	different	surface	
magnetism	 patterns.	 The	 different	 local	magnetic	 pairs	 along	
with	 their	 long‐range	 magnetic	 phases	 provide	 a	 good	 play‐
ground	 to	 investigate	 the	 influence	 of	 magnetism	 on	 surface	
properties.	 Figure	 4	 plots	 the	 SDOS	 of	 a	 surface	 Ni	 atom	 (↑)	
from	AFM2‐(001).	The	overall	features	remain	the	same	as	that	
of	 AFM2	 bulk	 (Figure	 2).	 The	 main	 difference	 is	 the	 gap	 be‐
tween	 the	VBM	and	CBM	of	 the	Ni	 3d	band,	which	 decreases	
from	the	bulk	value	of	3.23	to	2.81	eV.	

The	 calculated	 surface	 energies	 are	 presented	 in	 Table	 2.	

The	surface	energies	range	from	49	to	54	meV/Å2,	and	the	dif‐
ference	 between	 different	 magnetic	 phases	 is	 less	 than	 5	
meV/Å2.	 To	 rationalize	 this	 small	 variation,	 we	 note	 that	 the	
surface	 energy	 increases	 mainly	 from	 the	 cost	 of	 NiO	 bond	
cleavage	 when	 creating	 a	 new	 surface.	 Considering	 the	 ex‐
change	 coupling	 between	 magnetic	 cations,	 cleavage	 of	 the	
NiO	bond	might	introduce	an	additional	cost	originating	from	
the	loss	of	the	corresponding	exchange	interaction.	Because	the	
exchange	interaction	between	Ni2+	is	largely	determined	by	J2,	
the	estimated	cost	of	breaking	the	J2	interaction	when	creating	
a	new	surface	 is	~1.7	meV/Å2.	Namely,	 the	contribution	 from	
the	 long‐range	 AFM	 phases	 to	 the	 surface	 energy	 is	 indeed	
small.	 Compared	 to	 the	 calculated	 overall	 surface	 energy,	 the	
contribution	from	magnetism	(~3%)	is	negligible.	

3.2.2.	 	 Adsorption	of	CO	and	NO	molecules	
CO	and	NO	adsorption	on	these	nonequivalent	surfaces	at	a	

coverage	 of	 0.25	 monolayer	 with	 respect	 to	 surface	 Ni	 was	
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Fig.	2.	Spin‐resolved	projected	density	of	states	(SDOS)	 for	Ni	 in	bulk
AFM2	NiO.	(a)	SDOS	projected	onto	Ni	3dz2,	3dx2–y2;	 (b)	SDOS	projected
onto	Ni	3dxy,	3dyz,	3dxz;	 (c)	Total	SDOS	of	Ni	3d.	The	 reference	coordi‐
nates	 for	DOS	projection	 is	 shown	 in	 inset	of	 (a),	where	x‐axis	 repre‐
sents	for	[100]	direction	and	y‐axis	for	[010]	direction.	

Table	2	
Nonequivalent	surfaces	of	rock	salt	NiO{001}	family	taking	into	account	
of	magnetism,	 though	 in	each	column	the	 surfaces	remain	equivalent.	
Corresponding	surface	energy	γ	(meV/Å2)	is	given,	and	as	reference	for	
FM(001),	γ	=	50	meV/Å2. 	
	 AFM1	 AFM2 AFM3	 	 AFM4	 AFM5	
γ 49	 50	 54	 54	 51	 	 54	 52	 52 54	
	 (001)
(001)

(100)
(100)
(010)
(010)

(001)
(001)
(010)
(010)
(100)
(100)

(001)
(001)

(010)	
(010)	
(100)	
(100)	

	 (001)	
(001)	
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(010)	
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(100)	

(001)
(001)
(100)
(100)
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Fig.	3.	Top	view	configuration	of	various	nonequivalent	NiO(001)	sur‐
faces	 taking	 into	 account	 of	 magnetism.	 Surface	 primitive	 cells	 are	
marked	by	frame	of	red	dash	line.	
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studied.	 Various	 adsorption	 sites	 were	 considered,	 and	 the	
results	for	adsorption	at	the	energetically	most	favorable	sites	
are	 given	 in	 Table	 3.	 For	 the	 nonequivalent	 surfaces	 consid‐
ered,	 calculated	 CO	 adsorption	 energies	 varied	 from	−0.33	 to	
−0.37	eV,	while	NO	adsorption	energies	were	more	exothermic	
and	 ranged	 from	 −0.42	 to	 −0.46	 eV.	 The	 small	 change	 of	 ad‐
sorption	 energies	 (0.04	 eV;	 less	 than	 10%)	 reveals	 the	 weak	
influence	of	the	long‐range	magnetic	phases	on	both	CO	and	NO	
adsorption.	 The	 calculated	 adsorption	 energies	 are	 in	 good	
agreement	with	those	obtained	from	a	previous	GGA+U	calcu‐
lation	on	a	(001)	surface	of	NiO	with	AFM2	magnetic	order	and	
thermodesorption	and	infrared	experiments	(−0.30	to	−0.45	eV	
for	CO	and	−0.52	to	−0.57	eV	for	NO)	[37,38,4648].	

In	line	with	its	weak	binding	strength,	CO	adsorption	induc‐
es	little	change	of	the	magnetism	(less	than	0.02	μB)	of	CO	and	
coordinated	 Ni	 atom.	 As	 shown	 in	 Figure	 5(a),	 CO	 adsorbed	
nearly	perpendicularly	at	 the	top	of	a	Ni	atom.	The	optimized	
Ni−C	bond	length	varied	from	2.02	to	2.07	A,	where	a	shorter	
bond	 length	 indicates	 stronger	 binding.	 Meanwhile,	 the	 C−O	
bond	 length	 of	 1.14	Å	was	 the	 same	 as	 that	 of	 gas‐phase	 CO.	
Small	 tilting	 of	 the	 angle	 between	 the	 Ni−C	 and	 C−O	 bonds	
could	be	energetically	 favorable;	however,	the	variation	of	the	
corresponding	potential	energy	surface	was	 less	 than	10	meV	
for	tilt	angles	up	to	30	[37].	 	

The	bonding	mechanism	between	CO	and	a	coordinated	Ni	
atom	can	be	 inferred	 from	the	corresponding	SDOS	plotted	 in	
Figure	 5(b).	 The	 hybridization	 is	 mainly	 between	 the	 CO	 5σ	
orbital	and	Ni	3dz2	band	in	the	bottom	of	the	valence	band	(do‐
nation).	 In	 addition,	 there	 is	 weak	 hybridization	 between	 CO	
2π*	and	Ni	3dx2–y2	in	the	conduction	band	(back	donation).	The	
fact	 that	 both	 hybridizations	 appear	 far	 from	 the	 Fermi	 level	
rationalizes	 well	 the	 weak	 binding	 strength	 of	 adsorbed	 CO.	

-8 -4 0 4

-1.6

0.0

1.6
 Ni 3d

z2

 Ni 3d
x2-y2

S
D

O
S

(a
.u

.)

E-E
F
/eV 

x

y

-8 -4 0 4

-1.6

0.0

1.6
 Ni 3d

xy

 Ni 3d
yz

 Ni 3d
xz

S
D

O
S

(a
.u

.)

E-E
F
/eV 

-8 -4 0 4

-1.6

0.0

1.6
 Ni 3d

S
D

O
S

(a
.u

.)

E-E
F
/eV 

(b)

(a)

(c)

 
Fig.	 4.	 Spin‐resolved	 projected	 density	 of	 states	 (SDOS)	 for	 upward
magnetic	moment	Ni(↑)	 of	 clean	NiO	AFM2(001).	 (a)	 SDOS	 projected
onto	Ni	3dz2,	3dx2–y2;	(b)	SDOS	projected	onto	Ni	3dxy,	3dyz,	3dxz;	(c)	Total	
SDOS	of	Ni	3d.	The	reference	coordinates	for	DOS	projection	is	shown	in
inset	of	 (a),	where	x‐axis	represents	 for	 [100]	direction	and	y‐axis	 for	
[010]	direction.	

Table	3	
Magnetism	and	structure	 information	of	CO	adsorption	on	NiO	{001}.	
Magnetic	moment	(MNi,	MCO)	is	given	in	unit	of	μB.	Adsorption	energy	of	
CO	Eads	is	given	in	eV.	Bond	length	(dNi‐C)	is	given	in	Å.	

MNi(clean)(↑)/μB MNi(↑)/μB	 MCO/μB	 dNi‐C/Å Eads/eV
AFM1(001) 1.80	 1.78	 0.01	 2.04	 0.34	
AFM1(100) 1.81	 1.78	 0.02	 2.05	 0.34	
AFM2(001) 1.72	 1.69	 0.01	 2.07	 0.36	
AFM3(001) 1.78	 1.76	 0.02	 2.05	 0.33	
AFM3(100) 1.77	 1.74	 0.01	 2.04	 0.34	
AFM4(001) 1.78	 1.76	 0.01	 2.05	 0.34	
AFM4(100) 1.77	 1.74	 0.02	 2.04	 0.35	
AFM5(001) 1.74	 1.70	 0.01	 2.02	 0.37	
AFM5(100) 1.75	 1.72	 0.02	 2.04	 0.34	
FM(001)	 1.80	 1.77	 0.02	 2.05	 0.35	
	

(c)

Ni OO

C

O+0.01e/A3

‐0.01e/A3

(d)

Ni OO

C

O

CO/AFM2‐(001)(a) (b)

-8 -4 0 4

-3

0

3

 Ni 3d
 CO 2p

S
D

O
S

(a
.u

.)

E-E
F
/eV 

Fig.	5.	CO	adsorption	on	NiO	AFM2(001).	(a)	Adsorption	configuration;	
(b)	SDOS	of	Ni	3d	and	CO	2p	orbitals;	 (c)	 Isosurface	view;	(d)	Section	
contour	 view	of	 difference	 of	 electron	density	 for	 CO	 adsorption.	 For	
isosurface	 view,	 yellow/green	 color	 means	 electron	 accumulation/	
depletion	respectively.	
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Direct	visualization	of	 the	bonding	between	CO	and	Ni	can	be	
better	seen	from	the	difference	of	electron	density	(Figure	5(c)	
and	 (d)).	 Pronounced	 charge	 accumulation	 between	 CO	 and	
coordinated	 Ni	 is	 observed,	 which	 indicates	 the	 dominating	
role	of	the	donation	interaction	in	CO	adsorption	on	a	NiO(001)	
surface.	 	

Compared	with	the	case	for	CO	adsorption,	NO	binds	more	
strongly	 to	 Ni	 with	 a	 tilted	 configuration	 (Figure	 6(a)),	 in	
agreement	with	previous	studies	of	NO	adsorption	on	NiO(100)	
[38]	 and	 transition	 metal	 surfaces	 [49,50].	 For	 instance,	 on	
AFM2‐(001),	the	tilt	angle	is	10.7	for	the	Ni−N	bond	and	49.5	
for	the	N−O	bond.	Depending	on	the	magnetic	phase	(Table	4),	
the	 optimized	 NiN	 bond	 length	 varies	 in	 the	 range	 of	
1.98–2.05	A,	 and	 the	 con iguration	with	 a	 shorter	Ni−N	 bond	
length	 is	 consistent	 with	 stronger	 binding.	 The	 N−O	 bond	
length	(1.17–1.18	Å)	is	nearly	the	same	as	that	of	the	gas	phase	
(1.17	Å).	After	NO	adsorption,	the	magnetic	moments	of	NO	and	
coordinated	Ni	decrease	by	about	0.10	and	0.20	μB,	respective‐
ly.	 Interestingly,	 the	magnetic	 moment	 of	 adsorbed	 NO	 is	 al‐
ways	 antiparallel	with	 coordinated	Ni	 irrespective	 of	 the	 sur‐
faces	magnetic	phase;	this	will	be	discussed	further	later.	

Upon	NO	adsorption,	the	hybridization	between	the	NO	5σ	
orbital	and	Ni	3dz2	band	in	the	bottom	of	the	valence	band	de‐
creases	slightly	(Figure	6(b)).	Compared	to	the	CO	2π*	orbital,	
which	is	completely	unoccupied,	the	NO	2*	orbital	in	the	top	of	
the	valence	band	is	partially	occupied.	For	Ni(↑),	it	is	mainly	the	
Ni	 3dxz,yz	 spin‐down	 component	 populated	 in	 the	 top/upper	
part	 of	 the	 valence	 band.	 To	 maximize	 the	 hybridization	 be‐
tween	NO	2*	and	Ni	3dxz,yz	in	the	top/upper	part	of	the	valence	
band,	the	occupied	NO	2π*	must	populate	the	spin‐down	com‐
ponent.	In	other	words,	the	favorable	configuration	of	magnetic	
moment	between	NO	and	coordinated	Ni	is	antiparallel,	name‐
ly,	 NO(↓)	 and	 coordinated	 Ni(↑),	 which	 is	 also	 found	 for	 NO	
adsorption	on	NiO(011).	

Regarding	 the	 decrease	 of	 the	 magnetic	 moment	 of	 ad‐
sorbed	NO,	we	note	that	the	peak	intensity	of	NO	2π*	at	the	top	
of	 the	 valence	 band	 is	 smaller	 than	 those	 of	 the	 three	 other	
peaks	 of	 NO	 2π*	 in	 the	 conduction	 band.	 This	 indicates	 the	
electron	 depletion	 in	 the	 corresponding	 states	 (spin‐down	
component),	 and	 accordingly,	 the	 NO	 magnetic	 moment	 de‐
creases.	Similarly,	the	decrease	of	the	magnetic	moment	of	co‐
ordinated	 Ni	 can	 be	 rationalized	 by	 the	 depletion	 of	 Ni	 3dz2	
states	(lower	peak	intensity)	at	the	bottom	of	the	valence	band	
(spin‐up	component).	

Compared	 to	 CO	 adsorption,	 the	 extra	 hybridization	 be‐
tween	NO	2*	and	Ni	3dxz,yz	in	the	valence	band	strengthens	the	
binding	between	NO	and	 the	 coordinated	Ni	 atom.	The	direct	
participation	of	the	NO	2π*	orbital	can	be	clearly	seen	from	the	
difference	 of	 electron	 density	 plotted	 in	 Figure	 6(c)	 and	 (d).	
Moreover,	 the	magnitude	of	 the	difference	of	electron	density	
induced	by	NO	adsorption	is	about	five	times	larger	than	that	of	
CO	(Figure	6(d)	versus	Figure	5(d)).	The	larger	extent	of	elec‐
tron	 redistribution	 induced	 by	 NO	 than	 by	 CO	 corroborates	
well	with	its	stronger	binding	strength.	For	both	CO	adsorption	
(Figure	6(c)	and	(d))	and	NO	adsorption	(Figure	5(c)	and	(d)),	
the	adsorption‐induced	 charge	 redistribution	 is	 limited	 to	 the	
singly	 coordinated	 Ni	 atom,	 and	 electrons	 of	 the	 NN	 Ni	 are	
hardly	affected.	In	other	words,	the	long‐range	magnetic	phase	
has	little	influence	on	NO	and	CO	adsorption	on	NiO(001).	

3.3.	 	 NiO(011)	

3.3.1.	 	 Surface	properties	

Without	 considering	 the	magnetic	 phases,	 the	 {011}	 plane	
family	 consists	 of	 twelve	 equivalent	 planes.	When	 taking	 into	
account	 the	 magnetism,	 the	 symmetry	 and	 degeneracy	 are	
broken.	As	listed	in	Table	5	and	plotted	schematically	in	Figure	
7,	for	AFM1,	AMF2,	AFM3,	and	AFM4,	there	are	two	nonequiv‐
alent	surfaces,	and	for	AFM5,	there	are	three	inequivalent	sur‐
faces.	 This	 gives	 a	 total	 of	 eleven	nonequivalent	 surfaces.	 For	
nonequivalent	 AFM1‐(011),	 AFM2‐(011),	 AFM3‐(110),	 and	
AFM5‐(101)	 surfaces,	 the	 local	magnetic	moments	 of	 the	 two	
adjacent	 surface	 Ni	 atoms	 are	 exclusively	 antiparallel	 (↑↓).	
Conversely,	 for	 nonequivalent	 AFM1‐(110),	 AFM2‐(011),	
AFM4‐(110),	 and	 AFM5‐(101)	 surfaces,	 the	 local	 magnetic	
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Fig.	6.	NO	adsorption	on	AFM2(001).	(a)	Adsorption	configuration;	(b)
SDOS	of	Ni	3d	and	NO	2p	orbitals;	(c)	Isosurface	view;	(d)	Section	con‐
tour	 view	 of	 difference	 of	 electron	 density	 for	 NO	 adsorption.	 For
isosurface	 view,	 yellow/green	 color	 means	 electron	 accumulation/
depletion	respectively.	

Table	4	
Magnetism	and	structure	 information	of	NO	adsorption	on	NiO	 {001}	
surfaces.	Magnetic	moment	(MNi,	MNO)	is	given	in	unit	of	μB.	Adsorption	
energy	of	NO	(Eads)	is	given	in	eV.	Bond	length	(dNi‐N)	is	given	in	Å.	

MNi(clean)(↑)/μB MNi(↑)/μB	 MNO(↓)/μB	 dNi‐N/Å Eads/eV
AFM1(001) 1.80	 1.63	 0.61	 2.00	 0.45
AFM1(100) 1.81	 1.63	 0.61	 2.00	 0.46
AFM2(001) 1.72	 1.56	 0.58	 2.05	 0.42
AFM3(001) 1.78	 1.62	 0.63	 2.01	 0.44
AFM3(100) 1.77	 1.59	 0.60	 1.98	 0.45
AFM4(001) 1.78	 1.62	 0.62	 2.00	 0.44
AFM4(100) 1.77	 1.59	 0.57	 1.98	 0.45
AFM5(001) 1.74	 1.56	 0.61	 1.98	 0.45
AFM5(100) 1.75	 1.58	 0.58	 1.99	 0.44
FM(001)	 1.80	 1.63	 0.56	 1.99	 0.45
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moments	of	two	adjacent	surface	Ni	atoms	are	exclusively	par‐
allel	(↑↑).	For	the	nonequivalent	AFM3‐(011),	AFM4‐(011),	and	
AFM5‐(011)	surfaces,	both	(↑↓)	and	(↑↑)	pairs	(noted	as	X1	and	

X2,	respectively)	coexist.	 	
The	calculated	energies	of	{011}	surfaces	are	summarized	in	

Table	5.	For	the	nonequivalent	surfaces,	the	calculated	surface	
energies	 vary	 from	 162	 to	 172	 meV/Å2.	 These	 energies	 are	
about	three	times	larger	than	those	of	NiO{001},	because	more	
Ni−O	bonds	(per	unit	area)	are	broken	to	create	the	new	sur‐
face	from	the	bulk	material.	In	contrast,	the	surface	energies	of	
the	nonequivalent	 surfaces	belonging	 to	 the	 same	AFM	phase	
differ	only	by	1	meV/Å2.	This	means	 that	 the	variation	of	 the	
surface	energies	by	10	meV/Å2	mainly	originates	from	the	dif‐
ferent	long‐range	magnetic	phases.	Although	the	absolute	vari‐
ation	of	 surface	energies	 is	 about	 twice	 that	of	NiO{001}	 sur‐
faces,	 the	contribution	to	the	overall	surface	energies	remains	
small	(~6%).	This	shows	again	the	weak	effect	of	the	magnetic	
phases	on	surface	energies.	

Figure	 8	 plots	 the	 SDOS	 of	 a	 surface	 Ni	 atom	 (↑)	 of	
AFM2‐(011).	The	3dx2–y2	and	3dyz	states	are	populated	mainly	in	
the	bottom	of	the	valence	band	(spin	up)	and	the	lower	part	of	

Fig.	 7.	 Top	 view	 configuration	 of	 nonequivalent	 NiO(110)	 surfaces
taking	into	account	of	magnetism.	Ni	atoms	at	top	and	second	layer	are
presented	with	larger	and	smaller	ball,	respectively.	
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Fig.	8.	Spin‐resolved	projected	density	of	states	(SDOS)	for	Ni	of	clean
AFM2	NiO(011).	 (a)	Total	 SDOS	of	Ni	 3d;	 (b)	 SDOS	projected	 onto	Ni
3dz2,	 3dx2–y2;	 (c)	 SDOS	 projected	 onto	 Ni	 3dxy,	 3dyz,	 3dxz.	 The	 reference
coordinates	 for	SDOS	projection	 is	 shown	 in	 inset	 of	 (a),	where	x‐axis
represents	for	[100]	direction	and	y‐axis	for	[011]	direction.	

Table	5	
Nonequivalent	 surface	 of	 rock	 salt	 NiO{011}	 plane	 family	 taking	 into	
account	of	magnetism.	The	surface	in	each	column	remains	equivalent	
from	 each	 other.	 Corresponding	 surface	 energy	 γ	 (meV/Å2)	 is	 given,	
and	as	reference	for	FM	NiO(011),	γ	=	165	meV/Å2.	

	 AFM1	 AFM2	 AFM3	 AFM4	 AFM5	
γ	 162	 163	 172	 172	 166	 165 167	 167	 169	 170 170

	

(011)	
(011)	
(011)	
(011)	
(101)	
(101)	
(101)	
(101)	

(110)	
(110)	
(110)	
(110)	

(011)	
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(101)	
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(110)	
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(011)	
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the	conduction	band	(spin	down),	while	3dz2,	3dxz,	and	3dxy	are	
populated	 in	 the	valence	band.	The	upper	part	of	 the	valence	
band	 originates	 largely	 from	 Ni	 3dxy,xz	 (spin	 down).	 Another	
prominent	feature	is	the	gap	between	the	VBM	and	CBM	of	the	
Ni	 3d	 band	 of	 1.40	 eV,	 which	 is	 much	 smaller	 than	 that	 of	
AFM2‐(001)	(2.81	eV)	and	AFM2	bulk	(3.23	eV).	The	smaller	3d	
band	gap	of	the	surface	Ni	might	facilitate	its	hybridization	with	
adsorbed	molecules,	which	will	be	discussed	below.	

3.3.2.	 	 CO	adsorption	
CO	adsorption	on	these	nonequivalent	surfaces	was	studied,	

and	the	results	at	the	most	favorable	sites	are	listed	in	Table	6.	
CO	prefers	to	adsorb	exclusively	via	the	end	of	the	C	atom	at	the	
bridge	site	of	two	adjacent	Ni	atoms,	labeled	as	A	and	B	(Figure	
9(a)	 and	 (c)).	 Irrespective	 of	 the	 nonequivalent	 surfaces	 and	
different	 bridge	 sites	 (↑↑	 and	 ↑↓)	 considered,	 CO	 has	 similar	
adsorption	 energies	 at	 the	 (↑↓)	bridge	 sites	 (Figure	9(e));	 the	
calculated	 adsorption	 energies	 vary	 from	 −0.73	 to	 −0.75	 eV.	
Conversely,	 for	 CO	adsorption	 at	 the	 (↑↑)	bridge	 sites	 (Figure	
9(b)),	the	calculated	adsorption	energies	are	smaller	(−0.71	to	
−0.72	 eV).	 Thus,	 the	 local	 magnetic	 moment	 and	 its	 relative	
direction	of	 two	coordinated	Ni	atoms	are	responsible	 for	 the	
variation	of	the	calculated	adsorption	energies	rather	than	the	
long‐range	magnetic	 phases.	The	 calculated	binding	 strengths	
of	 CO	 on	NiO	 {011}	 are	 about	 twice	 that	 of	 CO	 on	 NiO{001},	
which	possibly	arises	 from	the	greater	number	of	Ni−C	bonds	
involved	and	the	 lower	coordination	number	of	surface	Ni	at‐
oms.	

Important	 geometrical	 parameters	 and	 the	 bond	 lengths	
between	C	and	two	coordinated	Ni	atoms	are	given	in	Table	6.	
The	optimized	CNi	bond	lengths	are	in	the	range	of	2.13–2.23	
Å,	 and	 longer	 than	 those	 of	 CO	 adsorbed	 on	 NiO(001)	
(2.02–2.07	Å).	Irrespective	of	the	magnetic	phases	considered,	
the	 C−O	 bond	 lengths	 stayed	 at	 a	 constant	 value	 of	 1.15	 A,	

which	is	0.01	Å	longer	than	that	of	gas‐phase	CO.	CO	adsorption	
has	 little	 influence	 on	 the	 surface	 magnetism:	 the	 magnetic	
moment	 for	 CO	 and	 coordinated	Ni	 atoms	 decreased	 by	 only	
about	0.02	and	0.05	μB,	respectively.	

SDOS	 for	 CO	 adsorption	 at	 the	 (↑↑)‐bridge	 sites	 of	 AFM2	
NiO(011)	are	plotted	in	Figure	10(a).	The	magnetic	moments	of	

 
Fig.	9.	 Adsorption	 of	 CO/NO	 on	NiO	 AFM2(011)	 and	AFM2(011).	 (a)	
AFM2(011)	surface	with	bridge	sites	of	Ni(A,	↑)	and	Ni(B,	↑);	(b)	CO	and	
(c)	NO	adsorbed	configuration	on	AFM2(011);	 (d)	AFM2(011)	surface	
with	bridge	sites	of	Ni(A,	↑)	and	Ni(B,	↓);	 (e)	CO	and	(f)	NO	adsorbed	
configuration	on	AFM2(011).	

Table	6	
Magnetism	and	structure	information	of	CO	adsorption	at	the	(↑↑)‐bridge	and	(↑↓)‐bridge	sites	of	NiO	{011}	surfaces.	Ni(A)	always	labels	the	Ni	with	
total	magnetic	moment	spin	up.	Magnetic	moment	(MNi,	MCO)	is	given	in	unit	of	μB.	Bond	length	(dNi‐C)	is	given	in	Å.	Adsorption	energy	of	CO	(Eads)	is
given	in	eV.	

	 MNi(clean)/μB	 MNi(A)/μB	 MNi(B)/μB	 MCO/μB	 dNi(A)‐C/Å	 dNi(B)‐C/Å	 Eads/eV	
(↑↓)‐bridge	 	 (↑)	 (↓)	 	 	 	 	
AFM1(011)	 1.77	 1.72	 1.72	 0.01	 2.13	 2.15	 0.73	
AFM2(011)	 1.70	 1.66	 1.66	 0.00	 2.18	 2.18	 0.74	
AFM3(011)X1	 1.75	 1.73	 1.73	 0.04	 2.19	 2.16	 0.75	
AFM3(110)	 1.74	 1.68	 1.68	 0.00	 2.13	 2.13	 0.74	
AFM4(011)X1	 1.75	 1.72	 1.72	 0.05	 2.16	 2.19	 0.72	
AFM5(011)X1	 1.72	 1.67	 1.66	 0.00	 2.14	 2.12	 0.74	
AFM5(101)	 1.72	 1.67	 1.66	 0.01	 2.14	 2.12	 0.74	
(↑↑)‐bridge	 	 (↑)	 (↑)	 	 	 	 	
AFM1(110)	 1.78	 1.74	 1.74	 0.02	 2.17	 2.17	 0.71	
AFM2(011)	 1.70	 1.68	 1.68	 0.03	 2.17	 2.19	 0.71	
AFM3(011)X2	 1.75	 1.72	 1.72	 0.05	 2.18	 2.19	 0.71	
AFM4(011)X2	 1.75	 1.71	 1.73	 0.05	 2.15	 2.23	 0.71	
AFM4(110)	 1.74	 1.69	 1.69	 0.00	 2.15	 2.14	 0.72	
AFM5(011)X2	 1.72	 1.69	 1.69	 0.03	 2.16	 2.19	 0.71	
AFM5(101)	 1.73	 1.70	 1.70	 0.06	 2.18	 2.17	 0.71	
FM(011)	 1.78	 1.75	 1.75	 0.06	 2.17	 2.18	 0.71	
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both	 Ni(A)	 and	 Ni(B)	 point	 upwards,	 which	 are	 denoted	 as	
Ni(A,	↑)	and	Ni(B,	↑),	respectively.	Figure	10(a)	reveals	that	the	
spin‐up	 components	 of	 Ni(A,	 ↑)	 and	 Ni(B,	 ↑)	 are	 nearly	 com‐
pletely	 occupied.	 The	 hybridization	 occurs	 mainly	 via	 Ni(A,	
↑)/Ni(B,	 ↑)	 back‐donation	 towards	 CO.	 In	 contrast,	 the	
spin‐down	 components	 of	 Ni(A,	 ↑)	 and	 Ni(B,	 ↑)	 are	 partially	
occupied,	 and	 hybridization	 occurs	 via	 CO	 donation	 to	 Ni(A,	
↑)/Ni(B,	↑).	Back	donation	in	the	spin‐up	component	but	dona‐
tion	 in	 the	 spin	 down	 can	 be	 easily	 visualized	 in	 the	
spin‐resolved	 difference	 of	 electron	 density	 results	 plotted	 in	
Figure	10(b)	and	(c).	For	the	spin‐up	case,	there	is	pronounced	
charge	depletion	from	both	Ni(A,	↑)	and	Ni(B,	↑)	and	accumula‐
tion	in	CO	2π*	(back	donation).	For	the	spin‐down	component,	
there	is	charge	depletion	caused	by	CO	5σ	donation	and	accu‐
mulation	mainly	between	CO	and	Ni(A,	↑)/Ni(B,	↑).	

SDOS	 for	 CO	 adsorption	 at	 the	 (↑↓)	 bridge	 sites	 of	
AFM2(011)	 are	 plotted	 in	 Figure	 10(d),	 where	 the	 magnetic	
moments	 of	 Ni(A)	 and	 Ni(B)	 respectively	 point	 upwards	 (↑)	
and	downwards	 (↓),	and	are	denoted	as	Ni(A,	↑)	and	Ni(B,	↓),	
respectively.	For	the	spin‐up	component,	Ni(A,	↑)	is	nearly	fully	
occupied	 and	 Ni(B,	 ↓)	 is	 partially	 occupied.	 Accordingly,	 the	
hybridization	takes	place	via	Ni(A,	↑)	back	donation	toward	CO,	
but	CO	donation	 toward	Ni(B,	 ↓).	This	 can	be	observed	 in	 the	
spin‐resolved	difference	of	electron	density	of	the	system	(Fig‐
ure	10(e)	and	(f)).	There	is	modest	charge	depletion	at	Ni(A,	↑)	
for	 back	 donation	 and	 pronounced	 charge	 accumulation	 be‐
tween	CO	and	Ni(B,	↓)	for	CO	donation.	The	relative	larger	ex‐
tent	of	charge	accumulation	between	CO	and	Ni(B,	↓)	than	that	
of	 charge	 depletion	 at	Ni(A,	 ↑)	 indicates	 that	 donation	 rather	
than	 back	 donation	 plays	 a	 dominant	 role	 in	 the	 overall	 hy‐
bridization	between	CO	and	Ni.	For	the	spin‐down	component	

(Figure	10(d)),	Ni(B,	↓)	is	nearly	fully	occupied	and	Ni(A,	↓)	 is	
partially	 occupied.	 Accordingly,	 the	 hybridization	 takes	 place	
via	Ni(B,	↓)	back	donation	toward	CO	and	CO	donation	toward	
Ni(A,	 ↑).	 The	 distinct	 hybridization	 and	 charge	 redistribution	
for	CO	at	the	(↑↓)	bridge	sites	from	that	of	the	(↑↑)	bridge	sites	
is	in	contrast	to	their	similar	adsorption	energies	(which	differ	
by	less	than	0.03	eV).	

3.3.3.	 	 NO	adsorption	
NO	adsorption	also	occurs	preferentially	at	the	bridge	site	of	

two	adjacent	Ni	atoms	via	 the	end	of	 the	N	atom	(Figure	9(c)	
and	 (f)).	 For	 all	nonequivalent	 surfaces	 considered,	 the	 calcu‐
lated	adsorption	energies	for	NO	at	the	(↑↓)	bridge	sites	are	in	
the	 range	 of	 −0.99	 to	 −1.05	 eV	 and	 in	 the	 range	 of	 −1.21	 to	
−1.30	eV	at	the	(↑↑)	bridge	sites.	Different	from	CO,	the	binding	
strengths	at	the	(↑↑)	bridge	sites	are	about	0.3	eV	stronger	than	
those	 at	 the	 (↑↓)	 bridge	 sites.	 Moreover,	 the	 NO	 binding	
strength	on	NiO(011)	is	about	three	times	stronger	than	that	of	
NiO(001).	For	 adsorption	on	 (↑↑)	or	 (↑↓)	bridge	 sites,	 the	dif‐
ference	 of	 adsorption	 energy	with	 variation	 of	 bulk	magnetic	
order	 and	 surface	 index	 is	 less	 than	 0.10	 eV.	 In	 contrast,	 the	
variation	of	NO	adsorption	energy	on	all	studied	NiO(001)	sur‐
faces	did	not	exceed	0.04	eV.	This	indicates	that	the	larger	vari‐
ation	of	binding	strength	at	all	(↑↑)	bridge	sites	(or	(↑↓)	bridge	
sites)	of	NiO(011)	than	that	of	NiO(001)	may	be	simply	caused	
by	the	higher	surface	activity	of	NiO(011).	However,	the	differ‐
ence	 of	 binding	 strength	 between	 adsorption	 at	 (↑↑)	 bridge	
sites	 and	 that	 at	 (↑↓)	 bridge	 sites	 of	 NiO(011)	 cannot	 be	 at‐
tributed	to	this	reason.	Again,	the	importance	of	the	local	mag‐
netic	order	rather	than	the	long‐range	magnetic	phase	is	found	
here.	
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Fig.	10.	CO	adsorption	on	AFM2(011)	and	AFM2(011).	(a−c)	CO	adsorption	on	AFM2(011);	(d−f)	CO	adsorption	on	AFM2(011);	(a,	d)	SDOS	for	3d
orbitals	of	Ni(A)	and	Ni(B)	labeled	in	Figure	9	and	2p	orbitals	of	CO;	(b,	e)	Isosurface	view	and	(c,	f)	section	contour	view	of	spin‐resolved	difference	of	
electron	density	for	CO	adsorption	with	spin‐up	component	labeled	UP	and	spin‐down	component	labeled	DOWN,	respectively.	
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Important	 geometrical	 parameters	 for	 NO	 adsorption	 on	
NiO(011)	 are	 given	 in	 Table	 7.	 Irrespective	 of	 the	 different	
magnetic	 phases	 considered,	 the	N−O	 bond	 lengths	 stay	 con‐
stant	at	1.19	Å,	0.02	Å	longer	than	that	of	gas‐phase	NO.	For	NO	
adsorption	at	the	(↑↑)	bridge	sites,	the	two	N−Ni	bond	lengths	
are	nearly	same	(1.96–1.97	Å).	The	corresponding	NO	magnetic	
moment	prefers	to	align	antiparallel	with	the	two	coordinated	
Ni(↑),	 namely,	 as	 NO(↓),	 as	 also	 found	 for	 NO	 adsorption	 on	
NiO(001).	 The	 magnetic	 moments	 of	 NO	 and	 coordinated	 Ni	
atoms	decreased	by	at	most	0.25	and	0.13	μB,	respectively.	For	
NO	 adsorption	 at	 the	 (↑↓)	 bridge	 sites,	 the	 two	 N−Ni	 bond	
lengths	were	not	the	same.	The	shorter	one	varied	from	1.93	to	
1.97	Å.	The	magnetic	moments	of	NO	and	Ni	corresponding	to	
the	 shorter	 N−Ni	 bond	 pointed	 downwards	 (↓)	 and	 upwards	
(↑),	 decreasing	by	at	most	0.43	and	0.20	μB,	 respectively.	The	
longer	N−Ni	bond	length	varied	from	2.03	to	2.09	Å,	and	there	
was	little	change	of	the	magnetic	moment	of	coordinated	Ni(↓),	
which	 is	 understandable	 because	 of	 its	 relative	 longer	 N−Ni	
bond	length.	

Calculated	 SDOS	 for	 NO	 at	 the	 (↑↑)	 bridge	 sites	 of	 AFM2	
NiO(011)	 is	 plotted	 in	 Figure	 11(a),	where	 the	magnetic	mo‐
ments	of	both	Ni(A)	and	Ni(B)	point	upwards	and	are	denoted	
as	Ni(A,	 ↑)	 and	Ni(B,	 ↑),	 respectively.	As	 noted	 above,	 the	NO	
magnetic	 moment	 prefers	 to	 point	 downward	 (↓);	 namely,	
there	are	more	electrons	occupied	 in	 the	NO	spin‐down	com‐
ponent	 than	 in	 the	 spin‐up	 component.	More	 electrons	 in	 the	
NO	 spin‐down	 component	would	 facilitate	 the	 corresponding	
donation	process.	This	was	verified	in	the	spin‐resolved	differ‐
ence	of	electron	density	results	plotted	in	Figure	11(b)	and	(c),	
where	charge	accumulated	between	NO	and	coordinated	Ni(A,	
↑)/Ni(B,	 ↑).	 For	 the	 spin‐up	 component,	 less	 electron	occupa‐
tion	of	 the	NO	orbital	would	 facilitate	 the	corresponding	back	
donation.	 This	 can	 be	 found	 in	 Figure	 11(b)	 and	 (c),	 where	
charge	depleted	 from	 coordinated	Ni(A,	 ↑)/Ni(B,	 ↑)	 and	accu‐

mulated	in	the	NO	molecule.	
Calculated	SDOS	for	NO	adsorbed	at	the	(↑↓)	bridge	sites	of	

AFM2(011)	 is	 plotted	 in	 Figure	 11(d),	 where	 the	 magnetic	
moments	 of	 Ni(A)	 and	 Ni(B)	 point	 upwards	 and	 downwards	
and	are	denoted	as	Ni(A,	↑)	and	Ni(B,	↓),	respectively.	The	N−O	
bond	length	with	Ni(A,	↑)	is	shorter	than	that	with	Ni(B,	↓),	and	
the	 NO	magnetic	moment	 points	 downward	 accordingly.	 The	
hybridization	 between	 NO(↓)	 and	 Ni(A,	 ↑)	 with	 antiparallel	
magnetic	 configuration	 is	 essentially	 the	 same	 as	 that	 for	NO	
adsorption	on	AFM2(011)	because	the	electronic	and	magnetic	
configurations	 are	 the	 same.	 This	 can	 be	 seen	 further	 in	 the	
corresponding	 difference	 of	 electron	 density	 plots	 (Figure	 11	
(e)	and	(f)).	Conversely,	 for	NO(↓)	and	Ni(B,	↓)	with	same	ori‐
entation	 of	 magnetic	 moments,	 the	 electronic	 hybridization	
between	NO	and	Ni(B)	is	limited.	Indeed,	the	difference	of	elec‐
tron	density	(Figure	11(e)	and	(f))	between	NO	and	Ni(B)	be‐
comes	 negligible,	 particularly	 in	 the	 spin‐down	 component.	
This	 rationalizes	well	 the	weaker	 binding	 strength	 of	 NO	 ad‐
sorption	 at	 the	 (↑↓)	 bridge	 sites	 than	 that	 of	 NO	 at	 the	 (↑↑)	
bridge	sites.	 	

4.	 	 Conclusions	

By	constructing	 surface	models	of	NiO	with	different	mag‐
netic	 phases,	 and	 using	 the	 paramagnetic	 molecule	 NO	 and	
nonparamagnetic	molecule	CO	to	probe	the	reactivity	on	(001)	
and	(011)	surfaces,	we	investigated	the	influence	of	magnetism	
on	the	surface	chemistry	of	NiO.	When	the	favorable	adsorption	
sites	involve	only	a	single	Ni	cation,	such	as	NO/CO	adsorption	
at	the	top	site	of	a	Ni	cation	on	the	(001)	surface,	the	long‐range	
magnetic	phases	make	little	contribution	to	the	overall	adsorp‐
tion	behavior.	The	adsorption	strength	is	primarily	determined	
by	chemical	environment	(such	as	surface	orientation,	coordi‐
nation	 number,	 and	 adsorbed	 species).	 When	 the	 favorable	

Table	7	
Magnetism	and	structure	information	of	NO	adsorption	at	the	(↑↑)‐bridge	and	(↑↓)	bridge	sites	of	NiO	{011}	surfaces.	Ni(A)	always	labels	the	Ni	with	
total	magnetic	moment	spin	up.	Magnetic	moment	(MNi,	MNO)	is	given	in	unit	of	μB.	Bond	length	(dNi‐N)	is	given	in	Å.	Adsorption	energy	of	NO	(Eads)	is
given	in	eV.	

	 MNi(clean)/μB	 MNi(A)/μB	 MNi(B)/μB	 MNO/μB	 dNi(A)‐N/Å	 dNi(B)‐N/Å	 Eads/eV	
(↑↓)‐bridge	 	 (↑)	 (↓)	 (↓)	 	 	 	
AFM1(011)	 1.77	 1.58	 1.74	 0.47	 1.93	 2.03	 1.05	
AFM2(011)	 1.70	 1.56	 1.71	 0.39	 1.96	 2.07	 1.01	
AFM3(011)X1	 1.75	 1.54	 1.79	 0.64	 1.95	 2.08	 1.01	
AFM3(110)	 1.74	 1.53	 1.78	 0.74	 1.96	 2.09	 1.05	
AFM4(011)X1	 1.75	 1.57	 1.78	 0.65	 1.97	 2.05	 1.03	
AFM5(011)X1	 1.72	 1.53	 1.75	 0.63	 1.96	 2.07	 1.02	
AFM5(101)	 1.72	 1.54	 1.73	 0.30	 1.94	 2.05	 0.99	
(↑↑)‐bridge	 	 (↑)	 (↑)	 (↓)	 	 	 	
AFM1(110)	 1.78	 1.65	 1.65	 0.68	 1.97	 1.97	 1.30	
AFM2(011)	 1.70	 1.57	 1.57	 0.61	 1.97	 1.97	 1.21	
AFM3(011)X2	 1.75	 1.61	 1.63	 0.49	 1.96	 1.97	 1.26	
AFM4(011)X2	 1.75	 1.61	 1.74	 0.47	 1.96	 1.97	 1.26	
AFM4(110)	 1.74	 1.61	 1.61	 0.72	 1.96	 1.96	 1.30	
AFM5(011)X2	 1.72	 1.58	 1.59	 0.53	 1.96	 1.97	 1.24	
AFM5(101)	 1.73	 1.61	 1.61	 0.53	 1.97	 1.97	 1.23	
FM(011)	 1.78	 1.64	 1.64	 0.59	 1.96	 1.96	 1.29	
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adsorption	 site	 involves	 two	 adjacent	 Ni	 cations,	 such	 as	
NO/CO	 adsorption	 at	 the	 bridge	 site	 of	 two	 Ni	 cations	 in	
NiO(011),	the	local	magnetic	order	of	Ni	ions	coordinated	to	the	
adsorbed	 molecule	 rather	 than	 the	 long‐range	 magnetism	
makes	 a	 considerable	 contribution	 to	 the	 overall	 adsorption	
behavior.	 For	 nonparamagnetic	 molecule	 CO,	 the	 orbital	 hy‐
bridization	 for	 adsorption	 at	 the	 (↑↑)	 bridge	 sites	 is	 very	 dif‐
ferent	from	that	at	the	(↑↓)	bridge	sites,	despite	their	incidental	
similar	 adsorption	 energies.	 For	 paramagnetic	 molecule	 NO,	
the	hybridization	at	the	(↑↑)	bridge	sites	is	different	from	that	
at	the	(↑↓)	bridge	sites,	and	the	binding	strength	of	the	former	
is	 about	 0.3	 eV	 stronger	 than	 that	 of	 the	 latter.	 The	 present	
work	highlights	 the	 importance	of	 the	 local	magnetic	order	of	
TMO	 surfaces	 on	 molecule	 adsorption,	 particularly	 for	 para‐
magnetic	molecules,	at	multi‐fold	sites.	
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NiO表面磁性对分子吸附的影响的第一性原理研究 

黄传奇a,b, 李微雪a,b,c,* 
a中国科学院大连化学物理研究所催化基础国家重点实验室, 辽宁大连116023 

b中国科学院大学, 北京100049 
c中国科学技术大学化学与材料科学学院化学物理系, 合肥微尺度物质科学国家重点实验室(筹), 安徽合肥230026 

摘要: 过渡金属氧化物广泛应用在当今能源与环境相关的催化领域, 理解其表面化学性质以及结构-反应活性之间的关系

对于先进催化材料的进一步发展以至理性设计至关重要.  3d后过渡系金属(Mn, Fe, Co, Ni)的氧化物以其中金属离子独特

的自旋状态和由此产生的铁磁/反铁磁性为典型特征.  研究过渡金属氧化物的自旋状态以及磁性对表面化学的影响将使我

们更加完整了解这些材料的表面化学.  以NiO为代表的后过渡系金属岩盐结构一元氧化物具有反铁磁性, 被经常作为反铁

磁研究的模型体系.  尽管在低温(低于其Neel温度)下NiO体相的完整晶体具有确定的反铁磁序, 但是一系列最新研究表明, 

在条件变化时NiO表面的Ni离子可以产生不同的磁序.  以此为背景, 本工作以NiO为模型体系, 采用DFT+U的第一性原理

方法研究了NiO表面磁序对表面的小分子吸附活性的影响, 包括表面吸附活性对各磁性相的表面取向以及吸附物种磁性的

依赖关系.  我们考察了NiO的5种反铁磁相和一种铁磁相, 两个晶面NiO(001)和NiO(011), 顺磁性分子NO和非顺磁性分子
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CO.  我们发现表面能受磁性的影响较轻微 , NiO(001)面上从49到54 meV/Å2, NiO(011)面上从162到172 meV/Å2.  在

NiO(001)面上, CO与NO都倾向于在Ni离子的顶位吸附.  对于不同的体相磁序与表面取向, CO吸附能的变化范围为0.33 ~ 

0.37 eV, NO吸附能的变化范围为0.42 ~ 0.46 eV.  在NiO(011)表面, 两种分子都倾向于吸附在由两个Ni离子构成的桥位.  

我们发现相对于NiO不同磁性相的体相长程磁序, 吸附位点处构成桥位的两个Ni离子的局部磁矩相对取向对于分子的吸附

具有更加显著的影响.  计算得到NO在局部磁矩相对取向反平行(↑↓)吸附位点处的吸附能为0.99 ~ 1.05 eV, 在局部磁矩

相对取向平行(↑↑)吸附位点处吸附会增强, 吸附能为1.21 ~ 1.30 eV.  对于CO, 尽管计算的吸附能在(↑↓)吸附位点(0.73 ~ 

0.75 eV)与在(↑↑)吸附位点(0.71 ~ 0.72 eV)非常接近, 两种吸附位点处的CO吸附时分子轨道杂化方式以及吸附后CO的

局域电子态密度却具有明显不同的特征.  本工作突出揭示了分子在过渡金属氧化物表面的多重吸附位点上吸附时吸附位

点的局域磁矩相对取向对吸附性能的影响.  

关键词: 磁性; 表面取向; 分子吸附; 第一性原理; 电子结构 

收稿日期: 2017-05-27. 接受日期: 2017-06-26. 出版日期: 2017-10-05. 

*通讯联系人. 电话: (0551)63600650; 电子信箱: wxli70@ustc.edu.cn 

基金来源: 国家自然科学基金(91645202); 国家重点研发计划(2017YFB602205); 国家重点基础研究发展计划(2013CB834603); 

中国科学院前沿科学重点研究项目(QYZDJ-SSW-SLH054). 

本文的英文电子版由Elsevier出版社在ScienceDirect上出版(http://www.sciencedirect.com/science/journal/18722067).  

 


