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  We	present	an	efficient	approach	for	the	chemoselective	synthesis	of	arylamines	from	nitroarenes	
and	 formate	over	 an	oxygen‐implanted	MoS2	 catalyst	 (O‐MoS2).	O‐MoS2	was	prepared	by	 incom‐
plete	sulfidation	and	reduction	of	an	ammonium	molybdate	precursor.	A	number	of	Mo−O	bonds	
were	implanted	in	the	as‐synthesized	ultrathin	O‐MoS2	nanosheets.	As	a	consequence	of	the	differ‐
ent	coordination	geometries	of	O	(MoO2)	and	S	(MoS2),	and	lengths	of	the	Mo−O	and	Mo−S	bonds,	
the	implanted	Mo−O	bonds	induced	obvious	defects	and	more	coordinatively	unsaturated	(CUS)	Mo	
sites	in	O‐MoS2,	as	confirmed	by	X‐ray	diffraction,	Raman	spectroscopy,	X‐ray	photoelectron	spec‐
troscopy,	 high	 resolution	 transmission	 electron	microscopy,	 and	 extended	 X‐ray	 absorption	 fine	
structure	 characterization	 of	 various	MoS2‐based	materials.	 O‐MoS2	with	 abundant	 CUS	Mo	 sites	
was	found	to	efficiently	catalyze	the	chemoselective	reduction	of	nitroarenes	to	arylamines.	
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1.	 	 Introduction	

Functionalized	arylamines	[1–3]	and	their	derivatives,	such	
as	 imines	and	aromatic	azo	compounds	[4,5],	are	widely	used	
for	the	synthesis	of	dyes,	pigments,	agrochemicals,	pharmaceu‐
ticals	pesticides,	herbicides,	and	other	 fine	chemicals	 [6].	Pre‐
vious	 studies	on	 the	reduction	of	nitroarenes	 to	anilines	have	
been	mainly	 focused	on	supported	catalysts	containing	d6–d10	
noble	 metals	 and	 active	 Ni‐based	 catalysts	 [7–13].	 A	 crucial	
issue	 for	 the	general	 application	of	 these	heterogeneous	 cata‐
lysts	 for	nitro	reduction	is	their	selectivity.	Different	methods,	
including	metal	particle	size	tailoring	[14–16],	use	of	alloy	na‐
noparticles	 [17–19],	 metal‐support	 cooperative	 effect	 regula‐
tion	 [20–22],	 and	 solvent	 and	 additive	 screening,	 have	 been	

employed	 to	 promote	 catalyst	 selectivity.	 Taking	 into	 account	
the	 complex	 synthesis	 and	 oxidizable	 nature	 of	 these	 noble	
metal	 catalysts,	 there	 is	 a	 strong	 incentive	 to	 develop	 ni‐
troarene	 reduction	 processes	 with	 efficient	 and	 robust	 cata‐
lysts	based	on	non‐precious	metals	[23–30],	which	can	catalyze	
the	reaction	in	less	harmful	solvents	and	do	not	require	many	
additives.	

Compared	with	catalytic	hydrogenation	using	H2	as	the	hy‐
drogen	 source,	 the	 convenient	 and	 selective	 transfer	 hydro‐
genation	process	has	drawn	much	 attention.	As	 an	 important	
hydrogen	 storage	 process	 [31,32],	 transfer	 hydrogenation	us‐
ing	formic	acid	provides	an	attractive	alternative	to	the	catalyt‐
ic	 hydrogenation	 of	 nitroarenes;	 however,	 few	 active	 hetero‐
geneous	 catalysts	 based	 on	 non‐precious	 metals	 have	 been	
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reported	[33–35].	 	
For	 the	 reduction	 of	 nitroarenes	with	 formate,	 Llusar	 and	

co‐workers	 [36]	 confirmed	 that	 coordinative	 unsaturated	
(CUS)	 Mo	 sites	 in	 cubane‐type	 [Mo3S4X3(dmpe)3]+	 clusters	
played	 a	 crucial	 role	 in	 the	 transformation	 of	 formate	 to	 the	
active	 hydrogen	 species	 for	 nitroarene	 reduction.	 Taking	 into	
account	 the	 similar	 structural	 skeleton	 of	 [Mo3S4X3(dmpe)3]+	
clusters	 and	MoS2,	we	 postulate	 that	MoS2	 could	 be	 a	 robust	
and	easily	prepared	catalyst	for	reduction	reactions.	However,	
it	has	been	both	 theoretically	and	experimentally	proved	 that	
while	the	edge	sites	of	MoS2	that	have	CUS	Mo	sites	are	catalyt‐
ically	 active,	 the	 mostly	 exposed	 basal	 planes	 are	 inactive	
[37–39].	 Chemical	 and	 mechanical	 exfoliation	 methods	 can	
increase	the	number	of	active	sites	[40–42].	Therefore,	in	light	
of	 the	 high‐aspect‐ratio	 architecture	 of	 MoS2	 nanosheets,	 a	
novel	 strategy	 should	 be	 developed	 to	 change	 the	mostly	 ex‐
posed	MoS2	basal	planes	to	be	catalytically	active.	

It	is	anticipated	that	the	fractional	replacement	of	S	with	O	
in	 the	MoS2	 crystalline	 lattice	may	 create	 extra	 CUS	Mo	 sites	
because	 the	 ligand	geometries	of	O	 (MoO2)	and	S	 (MoS2),	and	
the	 lengths	of	 the	Mo−O	and	Mo−S	bonds	are	remarkably	dif‐
ferent	 [43,44],	 which	 could	 induce	 lattice	 distortion	 and	 de‐
fects.	However,	 it	 is	 rather	challenging	 to	obtain	such	a	struc‐
ture	 via	 post‐modification,	 because	 perfect	MoS2	 basal	 planes	
consisting	 of	 closed	 shell	Mo	 centers	 and	 strong	Mo−S	 bonds	
can	 either	 endure	 post‐modification	 or	 will	 be	 completely	
changed.	 Therefore,	 one	 possible	 way	 to	 implant	 O	 into	 the	
MoS2	lattice	should	be	via	bulk	synthesis.	

Encouraged	 by	 previous	 studies	 of	 MoS2	 in	 photonic	 and	
electrocatalytic	 applications	 [45–48],	 we	 successfully	 synthe‐
sized	 oxygen‐implanted	 MoS2	 (designated	 as	 O‐MoS2)	 via	 in‐
complete	 sulfidation	 and	 reduction	 of	 a	molybdate	 precursor	
([Mo7O24]6−).	The	presence	of	deliberately	 left	Mo−O	or	Mo=O	
bonds	in	the	O‐MoS2	lattice	was	confirmed	by	XPS	and	Raman	
spectroscopy	 characterization.	 HRTEM	 observations	 revealed	
that	 the	 as‐synthesized	 O‐MoS2	 had	 a	 coiled	 nanosheet	 mor‐
phology	 with	 highly	 distorted	 crystal	 lattice	 and	 defect‐rich	
zones	 on	 its	 basal	 planes.	 EXAFS	 indicated	 the	 existence	 of	
four‐fold	 and	 five‐fold	 CUS	Mo	 sites.	 As	 a	 result	 of	 the	 lattice	
defects,	 abundant	 active	 CUS	Mo	 sites	 existed	 in	 the	 O‐MoS2,	
which	 functioned	 as	 active	 sites	 in	 the	 hydrogen	 transfer	 re‐
duction	of	nitroarenes	with	formate	in	water.	

2.	 	 Experimental	

2.1.	 	 Materials	

All	chemicals	were	of	analytical	grade	and	used	as	obtained	
without	further	purification.	

2.2.	 	 Catalyst	preparation	

The	preparation	of	 the	O‐MoS2	was	adapted	 from	Xie	et	al	
[46].	Typically,	3.70	g	(NH4)6Mo7O24·4H2O	(3	mmol,	AHM)	and	
6.85	g	thiourea	(90	mmol)	were	dissolved	in	105	mL	distilled	
water	 and	 placed	 in	 an	 autoclave.	 The	 autoclave	 was	 tightly	
sealed	in	air	and	then	placed	in	an	oven	thermally	stabilized	at	

180	 °C	 for	24	h,	after	which	 the	autoclave	was	removed	 from	
the	 oven	 and	 allowed	 to	 naturally	 cool	 to	 room	 temperature.	
The	solid	product	was	centrifuged,	washed	with	distilled	water	
and	ethanol,	and	 then	dried	at	60	 °C	under	vacuum.	The	 final	
dry	solid	was	O‐MoS2.	O‐MoS2‐Ar	was	also	prepared	by	treating	
O‐MoS2	in	an	Ar	flow	at	250	°C	for	3	h.	

The	chemical	exfoliation	of	commercial	2H‐MoS2	(designat‐
ed	 as	 ceMoS2)	 was	 adapted	 from	 Chou	 et	 al	 [49].	 700	mg	 of	
2H‐MoS2	powder	was	immersed	in	10	mL	of	n‐butyllithium	(1.6	
mol/L	in	hexane)	and	stirred	for	48	h	under	Ar	protection.	Af‐
ter	 the	 stirring,	20	mL	hexane	was	added	 to	 the	mixture,	 and	
0.36	mL	H2O	was	then	added	dropwise	over	10	min	under	Ar	
flow.	 After	 0.5	 h,	 a	 further	 200	mL	 of	 H2O	was	 added	 to	 the	
mixture.	 The	 mixture	 was	 then	 sonicated	 for	 2	 h	 to	 achieve	
exfoliation.	The	ceMoS2	nanosheets	were	then	centrifuged	and	
washed	with	water	and	ethanol	five	times,	and	the	final	prod‐
ucts	were	obtained	after	vacuum	drying	at	room	temperature.	

MoO3/2H‐MoS2	 (MoO3,	 5	 wt%)	 was	 prepared	 by	 impreg‐
nating	2H‐MoS2	(1.0	g)	in	8	mL	of	AHM	solution	(61	mg).	The	
extra	solvent	was	evaporated	on	a	metal	heating	plate	at	120	
°C.	The	obtained	dry	solid	was	then	annealed	at	500	°C	for	2	h	
in	 Ar	 flow	 (30	mL/min).	MoO2/2H‐MoS2	 (MoO2,	 5	wt%)	was	
obtained	by	adding	2H‐MoS2	(1.0	g)	to	8	mL	of	phosphomolyb‐
dic	acid	solution	(7.5	g/L).	The	extra	solvent	was	evaporated	on	
a	metal	heating	plate	at	120	°C.	The	obtained	dry	solid	was	then	
reduced	at	500	°C	 for	2	h	 in	a	H2/N2	(1/9)	 flow	(30	mL/min)	
[28].	 Partially	 oxidized	 2H‐MoS2	 (2H‐MoS2‐O2)	 was	 prepared	
by	treating	2H‐MoS2	 in	an	air	 flow	(30	mL/min)	at	400	°C	 for	
0.5	h.	

2.3.	 	 Characterization	

X‐ray	 diffraction	 (XRD)	 analyses	 were	 conducted	 on	 a	
Rigaku	D/Max	3400	powder	diffraction	system	with	Cu	Kα	ra‐
diation	(λ	=	1.542	Å).	X‐ray	photoelectron	spectroscopy	(XPS)	
measurements	were	 carried	 out	 on	 a	 VGESCALAB	MK2	 spec‐
trometer	equipped	with	an	Al	Kα	X‐ray	source	(hυ	=	1486.6	eV)	
operated	at	a	voltage	of	12.5	kV.	The	binding	energy	(BE)	was	
calibrated	with	the	C	1s	signal	(284.6	eV)	as	a	reference.	Raman	
spectra	were	recorded	on	a	micro‐Raman	spectrometer	 (Ren‐
ishaw)	equipped	with	a	CCD	detector	using	a	He/Ne	laser	with	
a	wavelength	of	532	nm.	High‐resolution	transmission	electron	
microscopy	 (HRTEM)	 was	 carried	 out	 on	 an	 FEI	 Tecnai	 F30	
electron	microscope	at	an	accelerating	voltage	of	300	kV.	

X‐ray	 absorption	 fine	 structure	 (XAFS)	 spectral	 measure‐
ments	 at	 the	Mo	 K‐edge	 (E0	 =	 20000	 eV)	were	 performed	 at	
beamline	BL14W1	of	 the	 Shanghai	 Synchrotron	Radiation	Fa‐
cility	 (SSRF)	operated	at	3.5	GeV	under	 “top‐up”	mode	with	a	
constant	current	of	240	mA.	The	XAFS	data	were	recorded	un‐
der	 transmission	 mode	 with	 ion	 chambers.	 The	 energy	 was	
calibrated	 according	 to	 the	 absorption	 edge	 of	 pure	 Mo	 foil.	
Athena	and	Artemis	codes	were	used	to	extract	the	data	and	fit	
the	 profiles.	 For	 the	 X‐ray	 absorption	 near	 edge	 structure	
(XANES)	part,	the	experimental	absorption	coefficients	as	func‐
tion	of	energy	μ(E)	were	processed	using	background	subtrac‐
tion	and	normalization	procedures,	 and	are	 reported	as	 “nor‐
malized	 absorptions”.	 For	 the	 extended	 X‐ray	 absorption	 fine	
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structure	(EXAFS)	part,	the	Fourier	transformed	(FT)	data	in	R	
space	were	analyzed	by	applying	a	MoS2	model	for	the	Mo–S	or	
Mo–Mo	 shell.	 The	 passive	 electron	 factors,	 S02,	 were	 deter‐
mined	 by	 fitting	 the	 experimental	Mo	 foil	 data	 and	 fixing	 the	
Mo–Mo	 coordination	 number	 (CN)	 as	 8+6,	 then	 fixed	 for	 fur‐
ther	 analysis	of	 the	 investigated	 samples.	The	parameters	de‐
scribing	the	electronic	properties	(e.g.,	correction	to	the	photo‐
electron	 energy	 origin,	 E0)	 and	 local	 structural	 environment,	
including	CN,	bond	distance	(R),	and	Debye	Waller	(D.W.)	 fac‐
tor	around	the	absorbing	atoms,	were	allowed	to	vary	during	
the	fitting	process.	

The	CUS	Mo	 sites	of	MoS2	were	probed	 and	quantitatively	
analyzed	by	temperature‐programmed	desorption	of	ammonia	
(NH3‐TPD).	A	few	milligrams	of	MoS2	sample	were	loaded	into	
a	 quartz	 tubular	 reactor,	which	was	heated	 in	 a	 vertical	 elec‐
tronic	furnace.	The	desorption	gas	mixture	was	analyzed	with	
an	 online	 mass	 spectrometer	 (THERMOStar	 gas	 analysis	 sys‐
tem).	The	sample	was	initially	pretreated	at	100	°C	under	an	Ar	
gas	flow	(30	mL/min)	 for	1	h	to	remove	adsorbed	impurities,	
and	 then	cooled	 to	room	temperature.	The	 flow	gas	was	 then	
switched	to	ammonia	gas	(99.9%)	for	30	min	at	room	temper‐
ature,	 and	 then	 back	 to	Ar	 gas.	 The	 reactor	 temperature	was	
increased	to	400	°C	at	a	ramp	rate	of	10	°C/min.	An	m/z	=	17	
signal	was	recorded	for	NH3	and	HO*	from	H2O.	The	pure	NH3	
mass	signal	was	the	value	obtained	after	subtraction	of	the	HO*	
mass	signal	from	the	m/z	=	17	(NH3	and	HO*)	signal,	based	on	
the	reference	mass	spectrum	of	H2O	(m/z	=	18).	The	quantita‐
tive	results	were	calculated	by	referring	to	an	ammonia	stand‐
ard	curve.	

2.4.	 	 Catalytic	reactions	and	product	analyses	

For	 the	 catalytic	 reactions,	 typically,	 0.5	mmol	 nitroarene,	
2.5	mL	 solvent,	 189	mg	 ammonium	 formate	 (3.0	mmol),	 and	
catalyst	(20	mg)	were	added	to	a	15	mL	pressure	bottle	reactor	
(maximum	pressure	1.0	MPa,	the	typical	reaction	pressure	was	
less	 than	0.4	MPa)	with	magnetic	 stirring.	The	atmosphere	 in	
the	 reactor	 was	 then	 replaced	 with	 Ar	 gas	 three	 times	 and	
tightly	sealed.	The	reactor	was	placed	in	an	oil	bath	preheated	
to	the	desired	temperature.	After	the	set	reaction	time,	the	re‐
actor	was	quenched	with	cold	water	and	the	reaction	mixture	
was	diluted	with	7.5	mL	ethanol.	The	ethanol	solution	was	an‐
alyzed	by	GC	and	GC‐MS.	

3.	 	 Results	and	discussion	 	

3.1.	 	 General	characterization	

Two	distinct	peaks	were	observed	at	the	low‐angle	region	of	
the	XRD	pattern	of	the	synthesized	O‐MoS2,	with	d‐spacings	of	
9.52	Å	 and	 4.76	Å,	 respectively	 (Figure	1),	 indicating	 the	 for‐
mation	 of	 a	 new	 lamellar	 structure	 with	 enlarged	 interlayer	
spacing.	Thermal	treatment	of	O‐MoS2	in	Ar	gas	at	250	°C	for	3	
h	 caused	 the	 XRD	 pattern	 of	 the	material	 (O‐MoS2‐Ar)	 to	 re‐
semble	that	of	commercial	2H‐MoS2	(JCPDS	Card	No.	37‐1492),	
signifying	that	the	thermal	treatment	transformed	the	O‐MoS2.	
It	should	be	noted	that	no	molybdenum	oxide	(MoO2	or	MoO3)	

crystallites	were	 present	 in	 O‐MoS2	 according	 to	 the	 XRD	 re‐
sults.	 EDX	 analysis	 showed	 that	 the	 O	 content	 of	 the	 O‐MoS2	
was	3.7	atom%.	The	TPD‐MS	results	(Figure	2)	showed	that	no	
lattice	oxygen	species	were	released	from	the	O‐MoS2	as	O2	or	
SO2	in	the	Ar	flow	below	250	°C.	

XPS	was	carried	out	to	investigate	the	chemical	composition	
of	the	sample.	As	shown	in	Figure	3(a),	two	characteristic	peaks	
arising	 from	Mo	 3d5/2	 and	 Mo	 3d3/2	 orbitals	 were	 located	 at	
229.1	and	232.2	eV	in	the	spectra,	respectively,	suggesting	the	
dominance	of	Mo(IV)	 in	 the	product	 [39].	 In	 contrast,	 the	 S	2p	
region	(Figure	3(b))	primarily	exhibited	a	single	doublet	with	a	
2p3/2	 peak	 at	 161.7	 eV,	which	 is	 consistent	with	−2	oxidation	
state	of	sulfur	[39].	Furthermore,	as	shown	in	Figure	3(c),	 the	
observed	O	 1s	 peak	 located	 at	 530.7	 eV	 corresponded	 to	 the	
bonding	of	oxygen	with	Mo	ions	[50],	suggesting	the	existence	
of	Mo(IV)−O	bonds	and	thus	verifying	the	successful	incorpora‐
tion	of	oxygen.	The	peak	located	at	532.0	eV	can	be	attributed	
to	adsorbed	water.	Because	the	molybdate	precursor	contained	
Mo6+,	 it	 is	 very	 reasonable	 that	 the	 sulfidation	 and	 reduction	
process	 was	 incomplete	 and	 some	 Mo−O	 bonds	 remained	 in	
the	O‐MoS2	sample.	 	

More	 bonding	 information	 was	 revealed	 by	 the	 Raman	
spectra	(Figure	4).	The	peaks	at	376	and	401	cm–1	arose	from	
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the	E1	
2g	 and	A1g	vibrational	modes	of	 the	Mo−S	bonds,	 respec‐

tively,	which	are	present	in	both	2H‐MoS2	and	O‐MoS2	[51,52].	
The	peaks	 at	281	and	335	 cm–1,	 attributed	 to	 the	B2g	 and	B1g	
vibrational	modes	of	δ(Mo=O)	and	δ(OMo3)	respectively,	only	
present	 in	 O‐MoS2	 [53].	 Together	 with	 the	 peak	 at	 662	 cm–1	

(OMo3	units)	and	strong	bands	at	818	cm–1	(Mo−O−Mo	bonds)	
and	993	cm–1	[ν(Mo=O)]	[53],	these	results	conϐirm	that	Mo−O	
bonds	 existed	 in	O‐MoS2	with	 bonding	 types	 of	Mo=O,	 OMo3,	
and	Mo−O−Mo.	No	MoO2	phase	appeared	in	the	XRD	pattern	of	
the	O‐MoS2,	which	implied	a	high	dispersion	of	oxygen	ions	in	
the	O‐MoS2	structure.	

The	 morphology	 of	 the	 MoS2	 materials	 was	 observed	 by	
HRTEM.	Both	2H‐MoS2	(Figure	5(b))	and	ceMoS2	(Figure	5(d))	
preferentially	 exposed	 basal	 planes	 with	 ordered	 Mo	 and	 S	
atoms,	indicating	a	well‐crystallized	phase.	In	contrast,	O‐MoS2	
featured	 twisted	ultrathin	sheets,	 the	atomic	 surface	of	which	
was	 short‐range	 ordered	 but	 long‐range	 disordered,	 as	 illus‐
trated	by	 the	high‐resolution	 image	 shown	 in	Figure	5(f).	 Ex‐
cept	for	the	lattice‐distorted	zones,	a	number	of	subnano‐sized	
defected	 zones	with	 additional	 edge	 sites	were	 also	observed	
on	O‐MoS2.	The	thermal	treatment	of	O‐MoS2	in	Ar	flow	at	250	
°C	reformed	the	O‐MoS2,	and	consequently,	the	O‐MoS2‐Ar	sur‐
face	became	ordered	(Figure	5(h)).	

Different	from	XRD,	which	is	used	to	determine	the	crystal	
structure	 of	well‐crystallized	materials,	 XAFS	 is	 very	 effective	
for	determining	the	short‐range	local	structure	of	heterogene‐
ous	 catalysts	 [54–56].	 As	 shown	 in	 Figure	 5,	 O‐MoS2	 was	
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Fig.	5.	TEM	and	HRTEM	images	of	2H‐MoS2	(a,	b),	ceMoS2	(c,	d),	O‐MoS2	(e,	f),	and	O‐MoS2‐Ar	(g,	h).	
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short‐range	ordered	but	long‐range	disordered.	To	obtain	more	
structural	 information	 about	 the	 MoS2‐based	 materials,	 the	
EXAFS	 fitting	method	was	 adopted	 to	 evaluate	 the	 change	 in	
the	 coordination	 shell	 of	 the	Mo	 atoms	 in	 the	O‐MoS2	 crystal	
structure.	

It	can	be	seen	from	Figure	6(a)	that	the	Mo	in	all	analyzed	
samples	 (2H‐MoS2,	 O‐MoS2,	 O‐MoS2‐Ar)	 was	 more	 oxidized	
than	Mo	foil	(Mo0),	which	is	in	good	agreement	with	the	MoS2	
model.	For	the	EXAFS	part,	Table	1	shows	that	the	Mo–Mo	dis‐
tance	(R)	in	the	structure	of	2H‐MoS2	was	3.17	Å,	with	a	coor‐
dination	number	 (CN)	of	6.91.3,	which	 are	 very	 close	 to	 the	
theoretical	values	(RMo‐Mo	=	3.15	Å,	CNMo‐Mo	=	6)	and	show	that	
the	 commercial	 2H‐MoS2	 had	 a	well‐crystallized	 phase.	 How‐
ever,	when	oxygen	 (3.7	 atom%	according	 to	 the	EDX	 results)	
was	 implanted	 into	 the	MoS2	 structure	 via	 the	 hydrothermal	
synthesis	method,	the	Mo–Mo	distance	decreased	from	3.15	Å	
to	2.77	Å.	This	shows	that	the	layered	structure	changed	essen‐
tially,	which	was	 reflected	 by	 the	 differences	 in	 the	 XRD	 pat‐

terns	 of	 O‐MoS2	 and	 2H‐MoS2.	 The	 CN	 of	 Mo–Mo	 in	 O‐MoS2	
changed	 more	 obviously	 to	 0.60.2,	 which	 indicates	 that	 the	
Mo–Mo	structure	on	the	second	shell	almost	disappeared	and	
that	 O‐MoS2	 had	 a	 high	 degree	 of	 disorder,	 as	 confirmed	 by	
HRTEM	(Figure	5(f)).	When	O‐MoS2	was	treated	in	Ar	at	250	°C,	
the	 Mo–Mo	 distance	 in	 the	 resulting	 O‐MoS2‐Ar	 returned	 to	
3.160.01	Å,	which	showed	that	the	thermal	treatment	not	only	
reformed	 the	 interlayer	 spacing	 (Figure	 1,	 O‐MoS2	 and	
O‐MoS2‐Ar)	 but	 also	 increased	 the	 crystallinity	 of	 the	 layer	
structure.	 Meanwhile,	 the	 CN	 of	 Mo–Mo	 in	 O‐MoS2‐Ar	 was	
2.91.1,	which	also	indicated	the	existence	of	structural	disor‐
der.	 In	 the	 MoS2‐based	 materials,	 the	 Mo–S	 distance	 almost	
conformed	 to	 the	 theoretical	 value	 (Mo–S	 bond,	 2.41	 Å),	 and	
the	CN	of	the	Mo–S	structure	in	each	material	was	4.2–5.2	with	
a	 lower	 fluctuation	 than	 that	 of	 the	 Mo–Mo	 structure.	 These	
results	show	that	the	interaction	between	Mo	and	S	in	the	pre‐
sent	system	was	strong	and	stable.	Given	that	the	oxygen	con‐
tent	of	the	O‐MoS2	was	almost	~3	atom%	(EDX	results)	and	the	
CN	 was	 4.20.5	 for	 the	 Mo–S	 structure	 and	 0.60.2	 for	 the	
Mo‐Mo	 structure	 in	 O‐MoS2,	 O‐MoS2	was	 expected	 to	 contain	
more	CUS	Mo	sites	than	2H‐MoS2	or	O‐MoS2‐Ar.	These	CUS	Mo	
sites	were	thought	to	exist	as	four‐fold	and	five‐fold	coordinat‐
ed	Mo	species.	

3.2.	 	 Probe	catalytic	reactions	for	the	CUS	Mo	sites	

The	 reduction	 of	 nitrobenzene	 with	 ammonium	 formate	
(HCOONH4)	 was	 used	 as	 a	 probe	 reaction	 to	 examine	 the	
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Table	1	
EXAFS	fitting	results	of	Mo‐based	catalysts.	

Sample	
Mo–S	 	 Mo–Mo	

R/Å	 CN	 	 R/Å	 CN	

Mo	foil	 —	 —	 	
2.720.00	 8	
3.140.01	 6	

2H‐MoS2	 2.400.00	 5.20.5 	 3.170.00	 6.91.3	
O‐MoS2	 2.410.01	 4.20.5 	 2.770.02	 0.60.2	
O‐MoS2‐Ar	 2.400.01	 4.70.4 	 3.160.01	 2.91.1	
R–Distance;	CN–Coordination	number.	
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change	in	the	CUS	Mo	sites	in	the	different	MoS2	materials	[36].	
The	 nitrobenzene	 conversion	 over	 2H‐MoS2	 and	 MoS3	 was	
0.5%	and	4.1%,	respectively	(Table	2,	entries	1	and	2).	Reaction	
over	ceMoS2	offered	a	54.9%	aniline	yield	(entry	3).	Unexpect‐
edly,	reaction	over	O‐MoS2	gave	>99%	aniline	yield	within	3	h	
(entry	4).	Both	O‐MoS2	and	HCOONH4	were	 indispensable	 for	
the	 reaction	 (entries	 5	 and	 6).	 Reaction	with	H2	 as	 reductant	
gave	 no	 product	 (entry	 7),	 which	 implies	 that	 the	 reduction	
involves	active	hydrogen	species	 from	HCOONH4,	not	molecu‐
lar	H2.	Water	was	the	best	solvent	among	water,	ethanol,	DMF,	
and	DMSO	(entries	8–10).	This	could	be	because	HCOONH4	was	
best	ionized	in	water,	which	is	regarded	as	the	key	step	during	
the	 dehydrogenation	 of	 formate	 to	 the	 active	 H*	 species	
[36,57].	

Some	 other	 Mo‐based	 catalysts	 were	 compared	 with	
O‐MoS2.	Pure	MoO2	and	MoO3	were	 inactive	 for	nitrobenzene	
reduction	 (Table	 2,	 entries	 11	 and	 12).	 Even	 the	 highly	 dis‐
persed	molybdenum	oxides	 on	 the	 2H‐MoS2	 support	 have	no	
activity	 at	 all	 (entries	 13	 and	 14).	 Thermal	 treatment	 in	 Ar	
made	 O‐MoS2	 inactive	 (entry	 15).	 An	 attempt	 to	 post‐oxidize	
the	perfect	2H‐MoS2	surface	 failed	to	obtain	an	active	catalyst	
(entry	16),	indicating	the	uniqueness	of	the	present	incomplete	
sulfidation	and	reduction	process	during	the	O‐containing	MoS2	
bulk	synthesis.	Catalyst	hot	filtration	was	also	performed	(entry	
17).	No	further	conversion	occurred	after	the	filtration	over	the	
next	100	min	of	reaction	at	130	°C	(entry	18),	which	indicated	
that	the	reaction	was	a	heterogeneous	catalysis	(Figure	7).	The	
spent	catalyst	was	filtered	out,	washed	with	ethanol,	dried	un‐
der	vacuum,	and	then	used	in	a	new	reaction.	It	was	found	to	be	
reusable	 for	at	 least	 four	cycles	with	comparably	good	results	
(entry	19),	showing	the	stability	of	O‐MoS2	(Figure	8).	

Two	reaction	routes	for	nitrobenzene	reduction	are	widely	
accepted:	the	direct	route	and	the	condensation	route	(Scheme	
1)	[27,58,59].	The	condensation	route	involves	an	azobenzene	
intermediate.	When	azobenzene	 (0.25	mmol)	was	used	as	 re‐
actant,	O‐MoS2	offered	12.5%	conversion	at	130	°C	in	3	h.	The	

Table	2	
Reduction	of	nitrobenzene	to	aniline	a.	

Entry	 Catalyst	 Solvent	 GC	yield	of	aniline	g	(%)
1	 2H‐MoS2	 H2O	 <0.5	
2	 MoS3	 H2O	 4.1	
3	 ceMoS2	 H2O	 54.9	
4	 O‐MoS2	 H2O	 >99	
5	 no	catalyst	 H2O	 <0.5	
6	b	 O‐MoS2	 H2O	 0	
7	c	 O‐MoS2	 H2O	 <0.5	
8	 O‐MoS2	 ethanol	 11.7	
9	 O‐MoS2	 DMF	 14.2	
10	 O‐MoS2	 DMSO	 82.0	
11	 MoO2	 H2O	 0	
12	 MoO3	 H2O	 0	
13	 MoO3/2H‐MoS2	 H2O	 0	
14	 MoO2/2H‐MoS2	 H2O	 0	
15	 O‐MoS2‐Ar	 H2O	 0.9	
16	 2H‐MoS2‐O2	 H2O	 0	
17	d	 O‐MoS2	 H2O	 76.1	
18	e	 no	 H2O	 76.2	
19	 O‐MoS2	f	 H2O	 >99	
a	Reaction	conditions:	nitrobenzene	0.5	mmol,	HCOONH4	3.0	mmol,	H2O	
2.5	mL,	catalyst	20	mg,	Ar,	130	°C,	3	h.	b	Without	HCOONH4.	c	P(H2)	0.4	
MPa.	 d	 1	 h.	 e	 Hot	 filtration	 experiment	 for	 another	 100‐min	 reaction	
after	1	h	reaction.	 f	Reuse	of	O‐MoS2	for	the	fourth	time.	 g	Aniline	was	
the	only	product.	
	

0 20 40 60 80 100 120 140 160 180

20

40

60

80

100

C
on

ve
rs

io
n 

(%
)

Reaction time (min)

 Normal experiments (Conv.)
 Normal experiments (Sele.)
 Filtration experiments (Conv.)
 Filtration experiments (Sele.)

0

20

40

60

80

100

 

S
el

ec
tiv

ity
 (

%
)

Fig.	7.	Reduction	of	nitrobenzene	with	HCOONH4.	Reaction	conditions:	
nitrobenzene	0.5	mmol,	HCOONH4	3.0	mmol,	H2O	2.5	mL,	O‐MoS2	20	mg
130	°C,	Ar.	

0

20

40

60

80

100

Run number

C
on

ve
rs

io
n

 

C
on

ve
rs

io
n 

(%
)

Fresh          1             2             3             4    
0

20

40

60

80

100

A
ni

li
ne

 S
el

ec
tiv

ity

S
el

ec
tiv

ity
 (

%
)

(a)

0 20 40 60 80 100 120 140 160 180

20

40

60

80

100

 Fresh

 Run 1

 Run 2

 Run 3

C
on

ve
rs

io
n 

(%
)

Reaction time (min)

(b)

 
Fig.	8.	Reusability	of	O‐MoS2	in	the	nitrobenzene	reduction	reaction.	Reaction	conditions:	nitrobenzene	0.5	mmol,	HCOONH4	3.0	mmol,	H2O	2.5	mL,	
O‐MoS2	20	mg,	Ar,	130	°C,	3	h.	



	 Chaofeng	Zhang	et	al.	/	Chinese	Journal	of	Catalysis	37	(2016)	1569–1577	 1575	

conversion	of	PhNO2	over	O‐MoS2	was	7	times	greater	than	the	
azobenzene	 conversion.	 Based	 on	 the	 characterization	 of	 the	
catalyst,	we	believe	 that	 the	 reaction	occurred	mainly	 via	 the	
direct	 route	 with	 the	 following	 mechanism	 (Scheme	 2):	 (i)	
HCOONH4	initially	adsorbs	on	the	CUS	Mo	site	and	generates	a	
Mo‐formate	 intermediate;	 (ii)	 the	 Mo‐formate	 intermediate	
transforms	 to	 molybdenum	 hydride	 (Mo–H)	 via	 a	 β‐hydride	
elimination	 [28,36,60],	 simultaneously	 releasing	 a	 CO2;	 (iii)	
finally,	 the	nitro‐group	 is	hydrogenated	by	 the	Mo–H,	and	 the	
CUS	Mo	site	is	restored	to	its	initial	state	for	the	next	cycle.	

We	then	explored	the	substrate	scope.	p‐Chloroaniline	was	
obtained	 in	 >99%	GC	 yield	without	 dehalogenation	 (Table	 3,	
entry	1).	The	nitroarenes	with	–OH,	–CH3,	–COCH3	and	–OCH3	
substituents	 are	 only	 slightly	 soluble	 in	water,	 so	 0.5	wt%	of	

cetyltrimethyl	ammonium	bromide	(CTAB)	relative	to	 the	sol‐
vent	 mass	 was	 added.	 By	 doing	 so,	 these	 nitroarenes	 were	
converted	 to	 the	 corresponding	 arylamines	 in	 >99%	 yield	
without	 affecting	 these	 functional	 groups	 (entries	 2–5).	 The	
isolated	 yields	 of	 p‐chloroaniline	 and	 p‐acetylaniline	 were	
92.1%	 and	 87.2%,	 respectively.	 Moreover,	 multiamino	 aro‐
matic	compounds	could	also	be	efficiently	and	selectively	pro‐
duced	 via	 the	 chemoselective	 reduction	 of	 the	 corresponding	
nitroarenes	 or	 nitroarene	 (entries	 6	 and	 7).	 Notably,	 O‐MoS2	
efficiently	catalyzed	the	reduction	of	a	heterocyclic	nitroarene	
to	an	amine	(entry	8).	However,	 it	was	inactive	for	the	reduc‐
tion	of	olefin,	alkyne,	and	carbonyl	compounds	(entries	10–12)	
with	HCOONH4	at	130	°C.	Additionally,	2H‐MoS2	remained	cat‐
alytically	inert	in	the	aqueous	solution	with	CTAB	(entry	9).	

3.3.	 	 Location	of	CUS	Mo	sites	

Next,	 we	 quantitatively	 measured	 the	 CUS	 Mo	 sites	 using	
NH3‐TPD	(Figure	9).	The	chemically	exfoliated	MoS2	 (ceMoS2)	
contained	 more	 CUS	 Mo	 sites	 (34.8	 µmol/g)	 than	 2H‐MoS2	
(10.7	µmol/g).	 In	 comparison,	 the	 amount	of	 CUS	Mo	 sites	 in	
O‐MoS2	 (226.4	 µmol/g)	 was	 7	 times	 greater	 than	 that	 of	
ceMoS2.	After	treatment	in	Ar	at	250	°C,	the	amount	of	CUS	Mo	
sites	 in	O‐MoS2‐Ar	was	remarkably	decreased	to	11.2	µmol/g.	
This	 is	 consistent	with	 the	HRTEM	observations	 (Figures	5(f)	
and	 4(h)),	 which	 showed	 that	 the	 lattice	 matrix	 became	 or‐
dered	after	thermal	treatment.	In	turn,	the	ordered	matrix	im‐
plies	a	loss	of	CUS	Mo	sites	and	decreased	catalytic	activity.	

We	then	established	a	model	to	elucidate	the	location	of	CUS	
Mo	 sites.	 Here,	 we	 assumed	 that	 the	MoS2	 nanosheets	 had	 a	
parallelogram	shape	and	equal	 edge	 lengths.	The	dependence	
of	the	edge	CUS	Mo	site	ratio	(Rn)	among	the	total	Mo	ions	of	
the	MoS2	on	the	edge	length	(Ln)	is	given	in	Figure	10.	By	as‐
suming	 all	 edge	 Mo	 to	 be	 CUS	 sites,	 Rn	 is	 equal	 to	
(4n−1)/(n2+2n),	 where	 n	 is	 the	 number	 of	 hexagons	 at	 the	
edge.	The	CUS	Mo	site	ratio	(R)	was	calculated	for	each	MoS2	on	
the	basis	of	one	CUS	Mo	site	adsorbing	one	NH3,	as	given	in	the	
inset	 table	 of	 Figure	 9.	 According	 to	 the	 formulae	 Rn	 =	
(4n−1)/(n2+2n)	 and	 Ln	 =	 0.315n,	 the	 edge	 length	 of	 O‐MoS2	

Sample 
NH3 

(μmol/g)
R (%) 

O-MoS2 226.4 3.63 

O-MoS2-Ar 11.2 0.1792 

ceMoS2 34.8 0.5569 

2H-MoS2 10.7 0.1712 
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Fig.	9.	NH3‐TPD	profiles	of	the	MoS2	materials.	
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Table	3	
Scope	 of	 the	 reduction	 reaction	with	 ammonium	 formate	 in	 aqueous	
solution	a.	

Entry	 Substrate	 Product	 GC	yield	(%)	
1b	 4‐Cl‐PhNO2	 4‐Cl‐PhNH2	 99	(92.1)	
2	 4‐HO‐PhNO2	 4‐HO‐PhNH2	 >99	
3	 4‐CH3‐PhNO2	 4‐CH3‐PhNH2	 >99	
4	 4‐CH3CO‐PhNO2	 4‐CH3CO‐PhNH2	 99	(87.2)	
5	 4‐CH3O‐PhNO2	 4‐CH3O‐PhNH2	 >99	
6	 4‐H2N‐PhNO2	 4‐H2N‐PhNH2	 >99	
7	 3‐NO2‐PhNO2	 3‐NH2‐PhNH2	 >99	
8	 5‐NO2‐indole	 5‐NH2‐indole	 80.6	
9	c	 PhNO2	 PhNH2	 0	
10	 Ph‐CH=CH2	 Ph‐C2H5	 0	
11	 Ph‐C≡CH	 Ph‐CH=CH2	 0	
12	 4‐(CH3)2N‐Ph‐CHO	 4‐(CH3)2N‐Ph‐CH3	 0.8	
a	Reaction	conditions:	Substrate	0.5	mmol,	H2O	3.0	mL	contains	0.5	wt%	
of	CTAB,	HCOONH4	3.6	mmol,	O‐MoS2	20	mg,	130	°C,	Ar,	6	h.	 	
b	No	CTAB,	3	h.	c	2H‐MoS2	20	mg,	with	CTAB,	3	h.	
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should	be	shorter	than	34	nm	given	that	its	R	is	3.63	%.	If	one	
CUS	Mo	site	adsorbs	two	NH3,	the	edge	length	of	O‐MoS2	should	
be	69	nm.	Actually,	its	size	was	much	longer	than	200	nm	(Fig‐
ure	5(e)).	This	inconsistency	suggests	that	only	a	minor	amount	
of	the	CUS	Mo	sites	(ca.	5%)	existed	at	the	edge,	while	the	ma‐
jority	were	located	on	the	distorted	basal	planes	of	the	O‐MoS2,	
which	is	consistent	with	the	HRTEM	and	NH3‐TPD	analyses	of	
O‐MoS2	and	O‐MoS2‐Ar.	 	

4.	 	 Conclusions	

We	have	herein	 reported	a	 strategy	 for	 activating	 catalyti‐
cally	inert	MoS2	basal	planes	into	highly	active	locations	for	the	
reduction	of	nitroarenes	to	arylamines	with	formate.	The	active	
O‐MoS2	was	synthesized	via	incomplete	sulfidation	and	reduc‐
tion	of	the	molybdate	precursor	([Mo7O24]6−).	The	deliberately	
left	Mo−O	bonds	interrupted	the	growth	of	MoS2	layers	with	a	
perfect	lattice,	which	induced	lattice	distortion	and	defects	that	
exposed	extra	coordinatively	unsaturated	Mo	sites	on	the	basal	

planes	 as	 catalytically	 active	 sites,	 as	 confirmed	 by	 Raman	
spectroscopy,	 HRTEM,	 XPS,	 EXAFS,	 and	 NH3‐TPD.	We	 believe	
that	this	MoS2	synthesis	method	will	broaden	the	applications	
of	MoS2	catalysts	from	traditional	high‐temperature	gas‐phase	
reactions	to	mild	heterogeneous	liquid‐phase	reactions.	
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We	present	an	efficient	approach	for	the	chemoselective	synthesis	of	
arylamines	from	nitroarenes	and	formate	over	an	oxygen‐implanted	
MoS2	 catalyst	 (O‐MoS2).	 The	 O‐MoS2	 was	 prepared	 by	 incomplete	
sulfidation	 and	 reduction	 of	 the	 ammonium	 molybdate	 precursor.	
O‐MoS2	 with	 abundant	 CUS	 Mo	 sites	 efficiently	 catalyzed	 the	
chemoselective	reduction	of	nitroarenes	to	arylamines.	
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