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Porous	monoclinic	bismuth	vanadate	 (BiVO4)	and	sulfur‐doped	bismuth	vanadates	 (BiVO4S0.05,	
BiVO4S0.08,	 and	BiVO4S0.12)	were	 synthesized	by	 a	 dodecylamine‐assisted	 alcohol‐hydrothermal	
route	in	the	absence	and	presence	of	thiourea	or	Na2S.	The	physicochemical	properties	of	the	mate‐
rials	 were	 characterized	 and	 their	 photocatalytic	 performance	 for	 the	 degradation	 of	methylene	
blue	and	formaldehyde	under	visible	light	was	evaluated.	The	samples	have	a	single	phase	mono‐
clinic	 scheetlite	 crystal	 structure	with	 a	 porous	 olive‐like	morphology,	 surface	 areas	 of	 8.4–12.5	
m2/g,	and	bandgap	energies	of	2.40–2.48	eV.	Surface	Bi5+,	Bi3+,	V5+,	and	V4+	species	were	present	on	
the	S‐doped	BiVO4	 samples.	Sulfur	doping	 influenced	 the	surface	Bi5+/Bi3+,	V5+/V4+,	and	Oads/Olatt
molar	ratios,	and	the	amount	of	sulfur	doped	had	an	important	effect	on	the	photocatalytic	perfor‐
mance.	Under	visible	 light,	BiVO4S0.08	 performed	 the	best	 in	 the	photodegradation	of	methylene	
blue	and	formaldehyde.	A	higher	surface	oxygen	species	concentration	and	a	lower	bandgap	energy	
were	responsible	for	the	excellent	visible	light	photocatalytic	performance	of	BiVO4S0.08.	
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1.	 	 Introduction	

Photocatalytic	technology	is	one	of	the	most	effective	pollu‐
tion	 control	 method.	 Various	 kinds	 of	 effective	 and	 low	 cost	
photocatalysts	 for	 the	 degradation	 of	 organic	 pollutants	 have	
been	investigated.	TiO2	has	a	 large	bandgap	energy	(≥	3.2	eV)	
and	 it	 is	 only	 active	 under	 UV	 light,	which	 is	 only	 4%	 of	 the	
solar	energy.	 In	 recent	years,	 considerable	attention	has	been	
paid	to	the	synthesis	of	visible	light‐responsive	photocatalysts.	
A	number	of	heteroatoms	(N,	C,	S,	or	F)	and	metals	(La,	Fe,	or	
Cr)	were	used	 to	dope	TiO2	 to	make	 its	bandgap	 energy	nar‐
rower	 (to	2.53.0	eV).	Meanwhile,	Ti‐free	mixed	oxide	photo‐

catalysts,	 such	 as	Bi3NbO7	 [1]	 and	Bi2W2O9	 [2],	with	bandgap	
energies	of	2.03.8	eV	were	reported	 to	have	high	photocata‐
lytic	 activity	 for	 the	 degradation	 of	 organic	 materials	 under	
visible	light	illumination.	BiVO4	is	an	effective	photocatalyst	for	
the	splitting	of	water	[3]	and	the	oxidative	degradation	of	rho‐
damine	B	 (RhB)	 [4],	methyl	 orange	 [5],	methylene	 blue	 (MB)	
[6],	 copper	 acetylacetonate	 [7,8],	4‐alkylphenols	 [9],	 and	phe‐
nol	[5].	

It	 is	well	known	that	 the	catalytic	performance	of	a	photo‐
catalyst	 is	related	to	 its	surface	area,	crystal	structure,	oxygen	
deficiency,	 pore	 structure,	 crystallite	 size,	 and	 particle	 mor‐
phology.	 Monoclinic	 scheelite	 BiVO4	 exhibits	 a	 higher	 photo‐
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catalytic	 activity	 than	 its	 tetragonal	 zircon	 and	 tetragonal	
scheelite	counterparts	[10,11],	which	is	because	it	has	a	lower	
bandgap	energy	(2.4	eV)	than	they	do	(2.93.1	eV).	Hierarchical	
BiVO4/Bi2O2CO3	nanocomposites	have	shown	good	photocata‐
lytic	performance	in	the	degradation	of	RhB	due	to	their	unique	
two‐dimensional	sheet‐like	morphology,	large	surface	area,	and	
high	crystallinity	[12].	The	doping	of	a	small	amount	of	a	het‐
eroatom	X	(X	=	F,	N,	S)	into	the	lattice	of	a	parent	metal	oxide	
can	result	 in	 the	narrowing	of	 the	band	gap	by	 the	hybridiza‐
tion	of	the	X	2p	and	O	2p	orbitals,	thus	enhancing	the	absorp‐
tion	of	visible	light	[13].	Furthermore,	the	generation	of	oxygen	
vacancies	from	X	doping	can	also	enhance	photocatalytic	activ‐
ity.	 For	 example,	 the	 formation	 of	 oxygen	 vacancies	 in	 TiO2	
induced	 by	 F‐	 and	 N‐doping	 is	 the	 main	 factor	 for	 the	 en‐
hancement	 in	 visible	 light‐responsive	 catalytic	 activity	 [14].	
The	doping	of	 F	 into	 the	 SrTiO3	 lattice	narrows	 its	band	gap	
and	 generates	 Ti3+	 and	 oxygen	 vacancies,	 hence	 promoting	
electron	mobility	[15].	 	

Many	groups	have	reported	the	synthesis	and	photocatalytic	
applications	 of	 S‐doped	 photocatalysts.	 For	 example,	 S‐doped	
TiO2	 exhibited	 a	 much	 higher	 activity	 than	 the	 N‐doped	 and	
undoped	counterparts	[16].	Long	et	al.	[17]	found	that	the	S	3p	
orbital	is	located	above	the	top	of	the	valence	band	(VB)	and	it	
is	mixed	with	the	O	2p	state,	thus	decreasing	the	bandgap	en‐
ergy.	During	their	investigation	of	a	S‐doped	ZnO	photocatalyst,	
Shen	et	al.	[18]	observed	that	the	intensity	of	the	UV	emission	
peak	 decreased	with	 increased	 S	 concentration.	 Li	 et	 al.	 [14]	
reported	 that	 S‐doped	 In(OH)3	was	 responsive	 to	visible	 light	
for	the	degradation	of	acetone	and	dyes.	However,	 there	have	
no	reports	on	the	synthesis	and	photocatalytic	applications	of	
S‐doped	BiVO4	in	the	literature.	 	

Previously,	 our	 group	 reported	 the	 synthesis	 and	 physico‐
chemical	property	characterization	of	porous	and	morphologi‐
cal	 diverse	monoclinic	BiVO4	 samples,	 such	 as	 a	 porous	 octa‐
pod‐like	monoclinic	 BiVO4	 for	 the	 removal	 of	 phenol	 and	MB	
[19],	 a	 porous	 spherical	 BiVO4	 for	 the	 degradation	 of	methyl	
orange	[20],	polyhedral,	rod‐like,	leaf‐like,	and	spherical	BiVO4	
for	 the	 degradation	 of	 MB	 [21],	 three‐dimensionally	 ordered	
macroporous	 BiVO4	 for	 the	 degradation	 of	 phenol	 [22],	 and	
flower‐,	sheet‐,	and	rod‐like	and	spherical	BiVO4	for	the	degra‐
dation	of	methyl	orange	[23].	In	this	paper,	we	report	the	syn‐
thesis	and	photocatalytic	activity	of	S‐doped	BiVO4	with	a	po‐
rous	olive‐like	morphology	for	the	degradation	of	MB	and	for‐
maldehyde	under	visible	light	illumination.	 	

2.	 	 Experimental	

2.1.	 	 Catalyst	preparation	

Porous	olive‐like	BiVO4	was	prepared	by	the	dodecylamine	
(DA)‐assisted	 alcohol‐hydrothermal	 method	 [5]	 using	
Bi(NO3)3·5H2O	and	NH4VO3	as	metal	 source,	DA	as	surfactant,	
and	ethanol	and	ethylene	glycol	(EG)	as	solvent.	Concentrated	
nitric	 acid	 (5	ml)	 and	DA	 (30	mmol)	were	 added	 to	 25	ml	of	
ethanol	 and	 EG	 (volumetric	 ratio	 =	 1:1)	 mixed	 solution.	
Bi(NO3)3·5H2O	 (10	 mmol)	 and	 NH4VO3	 (10	 mmol)	 were	 dis‐
solved	in	the	mixed	solution.	The	pH	value	was	adjusted	to	1.5	

using	NaOH	aqueous	solution	containing	absolute	ethanol	and	
EG	 (volumetric	 ratio	 =	 1:1).	 The	mixture	 (80	ml)	 was	 trans‐
ferred	 into	 a	 Teflon‐lined	 stainless	 steel	 autoclave	 for	 alco‐
hol‐hydrothermal	treatment	at	100	°C	 for	12	h.	After	washing	
with	 deionized	 water	 and	 ethanol	 and	 drying	 at	 80	 °C	 over‐
night,	 the	 solid	was	 calcined	 in	 air	 using	 a	 ramp	of	 1	 °C/min	
from	 room	 temperature	 (RT)	 to	450	 °C	 and	kept	 at	 this	 tem‐
perature	for	4	h,	thus	obtaining	the	BiVO4	sample.	 	

The	 S‐doped	 BiVO4	 photocatalysts	were	 synthesized	 using	
three	methods.	One	was	the	DA‐assisted	alcohol‐hydrothermal	
method.	The	procedure	was	 the	 same	as	 for	BiVO4	 prepara‐
tion,	 except	 that	 the	pH	value	was	 adjusted	 to	1.5	using	Na2S	
solution	 containing	 absolute	 ethanol	 and	EG	 (ethanol/EG	vol‐
umetric	ratio	=	1:1).	The	second	method	was	to	use	uncalcined	
olive‐like	 BiVO4	 soaked	 in	 a	 thiourea	 aqueous	 solution	 (Bi‐
VO4/thiourea	molar	ratio	=	1:2)	under	stirring	and	then	dried	
at	 RT.	 The	material	 obtained	was	 calcined	 using	 a	 ramp	 of	 1	
oC/min	in	a	muffle	furnace	at	300	°C	for	2	h	and	450	°C	for	3	h.	
The	third	method	was	the	same	as	that	of	the	second	one,	ex‐
cept	 that	 the	BiVO4/thiourea	molar	 ratio	was	 1:4.	 Inductively	
coupled	plasma	atomic	emission	spectroscopic	(ICP‐AES)	anal‐
ysis	indicated	that	the	S	content	was	1.17,	0.49,	and	0.78	wt%	
for	 the	 S‐doped	 BiVO4	 samples	 with	 Na2S	 and	 thiourea	 (Bi‐
VO4/thiourea	molar	ratios	of	1:2	and	1:4)	as	sulfur	source,	re‐
spectively,	 i.e.,	 the	samples	were	BiVO4S0.12,	BiVO4S0.05,	and	
BiVO4S0.08,	respectively.	 	

All	chemicals	(AR)	were	purchased	from	Beijing	Chemicals	
Company	and	used	without	further	purification.	

2.2.	 	 Catalyst	characterization	

X‐ray	diffraction	 (XRD)	 patterns	 of	 the	BiVO4	 and	 S‐doped	
BiVO4	 catalysts	were	 recorded	 on	 a	 Bruker/AXS	 D8	 Advance	
X‐ray	diffractometer	operated	at	40	kV	and	35	mA	with	a	Cu	K	
X‐ray	 irradiation	 source	 (	 =	 0.15406	nm).	 The	 surface	 areas	
were	determined	by	N2	adsorption	at	196	°C	on	a	Micromerit‐
ics	ASAP	2020	 adsorption	 analyzer.	 Before	measurement,	 the	
catalyst	was	degassed	at	250	°C	 for	3	h.	The	surface	area	was	
calculated	 using	 the	 Brunauer‐Emmett‐Teller	 (BET)	 method.	
Scanning	 electron	 microscopy	 (SEM)	 was	 conducted	 on	 a	
Gemini	Zeiss	Supra	55	apparatus	operated	at	10	kV.	Transmis‐
sion	 electron	 microscope	 (TEM)	 images	 of	 typical	 samples	
were	obtained	using	a	 JEOL	 JEM‐2010	 instrument.	X‐ray	pho‐
toelectron	spectroscopy	(XPS)	was	used	to	determine	the	Bi	4f,	
V	2p,	O	1s,	and	S	1s	binding	energies	(BEs)	of	surface	bismuth,	
vanadium,	oxygen,	and	sulfur	species,	respectively,	with	Mg	Kα	
(hν	=	1253.6	eV)	as	the	excitation	source.	Before	the	XPS	meas‐
urement,	 the	 catalyst	 was	 pretreated	 in	 an	 O2	 flow	 of	 20	
ml/min	at	450	 °C	 for	1	h.	After	cooling	 to	 room	temperature,	
the	catalyst	was	transferred	to	a	holder	in	a	Glove	Bag	(Instru‐
ments	for	Research	and	Industry,	USA)	that	was	filled	with	He,	
and	 then	 the	 holder	 was	 transferred	 into	 the	 spectrometer	
chamber	 under	 He.	 Before	 being	 analyzed	 in	 the	 analysis	
chamber,	the	pretreated	catalyst	was	outgassed	in	the	prepara‐
tion	 chamber	 for	0.5	h.	The	C	1s	 signal	 at	BE	=	284.6	 eV	was	
taken	as	a	reference	for	BE	calibration.	The	chemical	composi‐
tion	 of	 the	 samples	 was	 analyzed	 using	 X‐ray	 fluorescence	
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