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Wet	air	oxidation	(WAO)	is	one	of	the	most	economically	and	technologically	viable	advanced	oxidation	processes	for	dye	wastewater.	
The	wide	studies	on	WAO	of	dye	wastewater	began	from	1995.	Recent	studies	focused	on	real	wastewaters. 
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Preparation	and	characterization	of	Ni/CeO2‐SiO2	catalysts	and	their	performance	in	catalytic	partial	oxidation	of	methane	to	
syngas	

Jiubiao	Hu,	Changlin	Yu	*,	Yadong	Bi	*,	Longfu	Wei,	Jianchai	Chen,	Xirong	Chen	
Jiangxi	University	of	Science	and	Technology;	Tianjin	University	of	Technology	
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A	catalyst	consisting	of	Ni	 (10%)	 loaded	on	a	CeO2‐SiO2	composite	support	synthesized	using	a	sol‐gel	process	exhibited	high	perfor‐
mance	in	the	catalytic	partial	oxidation	of	methane	to	syngas,	as	a	result	of	its	large	BET	surface	area,	weak	acidity,	high	dispersion,	easy	
of	Ni	reduction,	and	low	carbon	deposition.	
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Polyvinyl	amine	coated	Fe3O4@SiO2	magnetic	microspheres	for	Knoevenagel	condensation	
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Polyvinyl	amine	 coated	Fe3O4@SiO2	was	prepared	by	a	 simple	method.	This	new	magnetic	 catalyst	exhibited	high	 catalytic	activity	 in	
Knoevenagel	condensation	of	various	aromatic	and	aliphatic	aldehydes	under	mild	conditions	along	with	excellent	level	of	reusability.	
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Density	functional	theory	study	of	the	adsorption	and	reaction	of	C2H4	on	Fe3C(100)	
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DFT	calculations	indicate	that	on	Fe3C(100),	C2H4	favors	dehydrogenation	reaction,	while	the	C–C	cleavage	is	not	competitive.	Vinylidene	
(CCH2)	and	vinyl	(CHCH2)	are	the	most	abundant.	

Chin.	J.	Catal.,	2014,	35:	38–42	 	 	 doi:	10.1016/S1872‐2067(12)60704‐9	

High	performance	La0.8Sr0.2MnO3‐coated	Ba0.5Sr0.5Co0.8Fe0.2O3	 	
cathode	prepared	by	a	novel	solid‐solution	method	for	inter‐
mediate	temperature	solid	oxide	fuel	cells	

Li	Meng,	Fangzhong	Wang,	Ao	Wang,	Jian	Pu,	Bo	Chi,	Jian	Li	*	
Huazhong	University	of	Science	and	Technology	

	

	

La0.8Sr0.2MnO3(LSM)‐coated	Ba0.5Sr0.5Co0.8Fe0.2O3	(BSCF)	composite	
powder	(LSM‐BSCF)	synthesized	by	a	novel	solid‐solution	method,	
exhibited	an	extended	triple	phase	boundary,	reduced	LSM	polari‐
zation	resistance,	and	stabilized	microstructure	as	of	the	cathode	.	
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Poly(4‐vinylpyridinium)hydrogen	sulfate:	A	novel	and	efficient	catalyst	for	the	synthesis	of	13‐aryl‐indeno[1,2‐b]	naphtha	
[1,2‐e]pyran‐12(13H)‐ones	under	solvent‐free	conditions	

Majid	Ghashang,	Syed	Sheik	Mansoor	*,	Krishnamoorthy	Aswin	
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A	 simple	 and	 efficient	method	 for	 the	 synthesis	 of	 13‐aryl‐indeno[1,2‐b]	 naphtha[1,2‐e]pyran‐12(13H)‐ones	 has	been	developed	 that	
proceeds	via	a	one‐pot	three‐component	sequential	reaction	involving	an	aromatic	aldehyde,	β‐naphthol,	and	2H‐indene‐1,3‐dione	under	
solvent‐free	conditions	catalyzed	by	poly(4‐vinylpyridinium)hydrogen	sulfate	(P(4‐VPH)HSO4).	

Chin.	J.	Catal.,	2014,	35:	49–57	 	 	 doi:	10.1016/S1872‐2067(12)60711‐6	

Synthesis	and	catalytic	performance	of	hierarchical	MCM‐22	zeolite	
aggregates	with	the	assistance	of	carbon	particles	and	fluoride	ions	

Jianhua	Yang	*,	Jun	Chu,	Jinqu	Wang,	Dehong	Yin,	Jinming	Lu,	Yan	Zhang	
Dalian	University	of	Technology	

Hierarchical	MCM‐22	zeolite	aggregates	constructed	by	 intergrown	and	
stacked	thin	MCM‐22	lamellas	were	prepared	by	one‐pot	hydrothermal	
synthesis	with	 the	assistance	of	 carbon	particles	and	 fluoride	 ions.	The	
Mo/MCM‐22‐FC	catalyst	exhibited	an	 improved	benzene	yield	and	aro‐
matic	selectivity	as	well	as	catalyst	life	in	the	methane	dehydroaromati‐
zation	reaction.	

Chin.	J.	Catal.,	2014,	35:	58–65	 	 	 doi:	10.1016/S1872‐2067(12)60706‐2	

H3PW12O40	catalyzed	synthesis	of	benzoxazine	and	quinazoline	in	aqueous	media	

Mahmood	Tajbakhsh	*,	Rahman	Hosseinzadeh,	Parizad	Rezaee,	Mahgol	Tajbakhsh	
University	of	Mazandaran,	Iran	
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H3PW12O40	was	 used	 as	 an	 efficient	 catalyst	 for	 the	 preparation	 of	 benzoxazine	 and	 quinazoline	 ring	 systems	 in	 aqueous	media.	 Ad‐
vantages	include	high	yields,	short	reaction	times,	easy	work‐up,	and	green	procedure.	
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Photocatalytic	removal	of	nitric	oxide	by	multi‐walled	carbon	nanotubes‐supported	TiO2	

Hao	Liu,	Hairu	Zhang,	Hongmin	Yang	*	
Nanjing	Normal	University;	Design	Institute	of	Nanjing	Shengnuo	Heat	Pipe	Co.,	Ltd	
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MWCNTs	 provide	 another	 transfer	 pathway	 for	 photogenerated	 electrons,	 assisting	 in	 electron	 and	 hole	 separation.	 This	 elec‐
tron‐scavenging	character	of	MWCNTs	causes	MWCNTs/TiO2	to	perform	better	in	photocatalytic	denitration	than	bare	TiO2.	

Chin.	J.	Catal.,	2014,	35:	78–84	 	 	 doi:	10.1016/S1872‐2067(12)60712‐8	

Preparation	of	ternary	Ag/Ag3PO4/g‐C3N4	hybrid	photocatalysts	and	their	
enhanced	photocatalytic	activity	driven	by	visible	light	

Kai	Shen	*,	Mohammed	Ashraf	Gondal	*,	Rashid	Ghulam	Siddique,	Shan	Shi,	 	
Siqi	Wang,	Jiangbo	Sun,	Qingyu	Xu	
Nanjing	University	of	Aeronautics	and	Astronautics,	China;	 	
King	Fahd	University	of	Petroleum	and	Minerals,	Saudi	Arabia;	 	
Southeast	University,	China	

	

Ternary	 Ag/Ag3PO4/g‐C3N4	 photocatalyst	 exhibits	 excellent	 photocatalytic	
activity	driven	by	visible	 light,	attributed	to	surface	plasmon	resonance	of	40	
nm‐silver	nanoparticles	formed	on	the	surface	of	Ag3PO4,	and	the	heterojunc‐
tion	at	the	interface	between	Ag3PO4	and	g‐C3N4.	
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Chin.	J.	Catal.,	2014,	35:	85–89	 	 	 doi:	10.1016/S1872‐2067(12)60728‐1	

In	situ	generation	of	trityl	carbocation	(Ph3C+)	as	a	homogeneous	organocatalyst	for	the	efficient	synthesis	of	
4,4'‐(arylmethylene)‐bis(3‐methyl‐1‐phenyl‐1H‐pyrazol‐5‐ol)s	

Abdolkarim	Zare	*,	Maria	Merajoddin,	Ahmad	Reza	Moosavi‐Zare,	Mahmoud	Zarei	
Payame	Noor	University,	Iran;	University	of	Sayyed	Jamaleddin	Asadabadi,	Iran;	Bu‐Ali	Sina	University,	Iran	

	
Efficient	synthesis	of	4,4'‐(arylmethylene)‐bis(3‐methyl‐1‐phenyl‐1H‐	pyrazol‐5‐ol)s	from	3‐methyl‐1‐phenyl‐1H‐pyrazol‐5(4H)‐one	and	
arylaldehydes	using	Ph3CCl	under	solvent‐free	conditions	is	described.	A	plausible	reaction	mechanism	for	the	process	based	on	the	ex‐
perimental	data	and	that	from	similar	literature	studies	is	proposed.	
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Photocatalytic	degradation	of	bisphenol	A	using	Ti‐substituted	 	
hydroxyapatite	

Qian	Li,	Xiang	Feng,	Xiao	Zhang,	Han	Song,	Jianwei	Zhang,	Jing	Shang	*,	 	
Weiling	Sun,	Tong	Zhu,	Masato	Wakamura,	Mineharu	Tsukada,	Yingliang	Lu	
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TiHAP	film	showed	an	enhanced	photocatalytic	activity	than	P25	TiO2	film	for	
degradation	of	bisphenol	(BPA),	an	important	kind	of	environmental	endocrine	
disrupting	chemicals.	
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V2O5/hematite	catalysts	for	low	temperature	selective	catalytic	reduction	of	NOx	with	NH3	

Ping	Zhang,	Tianhu	Chen	*,	Xuehua	Zou,	Chengzhu	Zhu,	Dong	Chen,	Haibo	Liu	
Hefei	University	of	Technology	
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A	series	of	highly	dispensed	V2O5/hematite	(V/H)	catalysts	were	prepared	by	the	impregnation	of	V2O5	on	goethite,	which	were	highly	
efficient	for	the	selective	catalytic	reduction	of	NO	with	NH3.	
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Catalytic	activity	of	Ag/SBA‐15	for	low‐temperature	gas‐phase	selective	oxidation	of	benzyl	alcohol	to	benzaldehyde	

Liang	Ma,	lihua	Jia	*,	Xiangfeng	Guo	*,	Lijun	Xiang	
Qiqihar	University	

SBA-15

Ag

CH2OH CHO

O2

200 220 240 260 280 300 320 340 360 380 400
0

10
20
30
40
50
60
70
80
90

100

 Conversion of benzyl alcohol
 Selectivity of benzaldehyde

 

 

C
on

ve
rs

io
n 

an
d 

se
le

ct
iv

ity
 (%

)

Reaction temperature (oC) 	

Ag/SBA‐15	catalyst	for	the	gas‐phase	selective	oxidation	of	benzyl	alcohol	to	benzaldehyde	with	O2	was	prepared	using	an	impregnation	
method.	Ag/SBA‐15	displayed	good	catalytic	activity	at	low	temperature	and	excellent	thermal	gradient	stability.	
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Influence	of	the	TiO2	crystalline	phase	of	MnOx/TiO2	catalysts	
for	NO	oxidation	

Zhongyi	An,	Yuqun	Zhuo	*,	Chao	Xu,	Changhe	Chen	
Tsinghua	University	

	

	

Mn‐based	catalyst	supported	on	P25	TiO2	was	more	active	for	NO	
oxidation	than	those	supported	on	anatase	and	rutile	TiO2,	achiev‐
ing	83%	of	NO	conversion	at	300	°C	and	20000	h–1	of	GHSV.	
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Thiourea	dioxide:	An	efficient	and	reusable	organocatalyst	for	the	
rapid	one‐pot	synthesis	of	pyrano[4,3‐b]pyran	derivatives	in	water	

Majid	Ghashang,	Syed	Sheik	Mansoor	*,	Krishnamoorthy	Aswin	
Islamic	Azad	University,	Iran;	 	
C.	Abdul	Hakeem	College,	India	

	

A	series	of	pyrano[4,3‐b]pyran	derivatives	have	been	synthesized	by	the	
reaction	of	 aromatic	aldehydes	with	malononitrile	or	cyanoacetate	and	
4‐hydroxy‐6‐methylpyran‐2‐one	 in	 water	 at	 80	 °C	 using	 an	 aqueous	
solution	of	thiourea	dioxide	as	a	catalyst	in	excellent	yields.	
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Surface	reaction	of	CuCl2	and	HY	zeolite	during	the	preparation	of	CuY	catalyst	for	the	oxidative	carbonylation	of	methanol	

Ruiyu	Wang,	Zhong	Li	*	
China	University	of	Mining	and	Technology;	Taiyuan	University	of	Technology	
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A	Cu/Y(CuCl2)	catalyst	was	prepared	by	heating	a	combination	of	CuCl2	and	HY	zeolite,	and	exhibited	higher	catalytic	activity	for	the	oxi‐
dative	carbonylation	of	methanol	compared	with	a	conventional	Cu/Y	catalyst	generated	by	heating	a	mixture	of	CuCl	and	HY	zeolite,	
even	though	it	had	lower	Cu	and	Cl	contents.	In	this	catalyst,	both	CuCl	and	CuCl2	were	present	on	the	surface	and	ion‐exchanged	CuΙ	and	
low	levels	of	adsorbed	CuCl	were	in	the	internal	Y	zeolite	cage	structure.	
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Photocatalytic	degradation	of	methylene	blue	by	MoO3	modified	
TiO2	under	visible	light	

Huabo	Yang,	Xiang	Li	*,	Anjie	Wang,	Yao	Wang,	Yongying	Chen	
Dalian	University	of	Technology	

	

	

	

	

Strong	 interactions	 between	 the	 monolayer‐dispersed	 tetrahedral‐	
coordinated	molybdenum	oxide	species	and	P25	lead	to	a	decrease	in	
the	band	gap	of	P25,	and	thus	an	increase	in	its	visible	light	absorption.	
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  The	preparation	of	a	series	of	ternary	Ag/Ag3PO4/g‐C3N4	hybrid	photocatalysts,	which	display	en‐
hanced	photocatalytic	activity,	was	reported.	The	crystal	structure,	morphology,	composition,	opti‐
cal	absorption,	and	efficient	separation	of	charge	carriers	were	studied	by	X‐ray	diffraction,	scan‐
ning	electron	microscopy,	 absorption	and	photoluminescence	 spectroscopy	measurements.	Using	
rhodamine	 B	 as	 a	 model	 contaminant,	 the	 as‐prepared	 Ag/Ag3PO4/g‐C3N4	 hybrid	 photocatalyst	
exhibited	superior	degradation	performance	under	visible	 light	 irradiation	than	Ag3PO4	or	binary	
Ag3PO4/g‐C3N4	hybrid	photocatalyst	 systems.	The	 surface	plasmon	resonance	of	 the	40	nm‐silver
nanoparticles	formed	on	the	surface	of	Ag3PO4	and	the	heterojunction	formed	at	the	interface	be‐
tween	Ag3PO4	and	g‐C3N4,	are	considered	to	be	the	major	physical‐chemical	origin	and	to	be	respon‐
sible	for	the	enhanced	photocatalytic	activity.	

©	2014,	Dalian	Institute	of	Chemical	Physics,	Chinese	Academy	of	Sciences.
Published	by	Elsevier	B.V.	All	rights	reserved.
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1.	 	 Introduction	

Heterogeneous	 photocatalysis	 is	 a	 promising	 approach	 to	
development	 of	 technology	 for	 environmental	 remediation,	
solar	 energy	 conversion,	 and	 hydrogen	 production.	 The	 pio‐
neering	work	of	Fujishima	et	al.	[1]	spurred	interest	in	the	de‐
velopment	of	visible	light	driven	photocatalysis	for	application	
in	 environmental	 technology.	 Subsequent	 achievements	 [2−5]	
have	 contributed	 to	 a	 drive	 towards	 the	 development	 of	 effi‐
cient	photocatalysts	with	high	quantum	efficiency	in	the	visible	
portion	of	the	solar	spectrum	(380–780	nm)	[6].	

Silver	orthophosphate	(Ag3PO4)	 is	an	active	semiconductor	

that	can	take	part	in	photooxidation	processes.	Ag3PO4	also	has	
a	 quantum	efficiency	 of	 90%	at	wavelengths	 longer	 than	420	
nm	[7]	and	shows	high	photocatalytic	activity	owing	to	its	ab‐
sorption	 in	 the	visible	portion	of	 the	solar	 spectrum	and	high	
charge	 carrier	 mobility.	 This	 is	 because	 of	 the	 delocalized	
charge	 distribution	 of	 the	 conduction‐band	 minimum,	 which	
results	in	a	small	electron	effective	mass,	which	is	beneficial	for	
the	surface	carrier	mobility	[8].	

Graphitic	 carbon	 nitride	 (g‐C3N4)	 is	 based	 on	 the	 stacked	
two‐dimensional	 structure	 analogous	 of	 graphite	 with	 N	 re‐
placing	 non‐adjacent	 carbon	 atoms.	 This	 material	 has	 drawn	
attention	 for	 its	 potential	 in	 water	 splitting	 application	 as	 a	
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metal‐free	 photocatalyst	 operating	 under	 visible	 light	 irradia‐
tion,	as	reported	by	Wang	et	al.	 [9].	However,	 the	potential	of	
this	material	 is	 limited	by	 inherent	 constraints	 such	 as	 ineffi‐
cient	use	of	the	visible	portion	of	the	solar	spectrum	and	a	high	
electron/hole	recombination	rate.	The	photocatalytic	efficiency	
of	 g‐C3N4	 needs	 further	 enhancement	 prior	 to	 any	 practical	
application.	 Various	 g‐C3N4	 based	 hybrid	 photocatalysts	 in‐
cluding	 g‐C3N4/BiPO4	 [10],	 graphene/g‐C3N4	 [11],	 g‐C3N4/	
Bi2WO6	 [12],	 Fe‐g‐C3N4‐LUS‐1	 [13],	 g‐C3N4/SiO2‐HNb3O8	 [14],	
and	g‐C3N4/TaON	[15]	have	been	developed	to	further	extend	
the	visible	light	absorption	range	and	the	photogenerated	car‐
riers	separation	efficiency.	

Described	 herein	 is	 a	 simple	 photochemical	 precipitation	
based	 preparation	 of	 a	 series	 of	 novel	 ternary	 Ag/Ag3PO4/	
g‐C3N4	hybrid	photocatalysts	and	a	detailed	investigation	of	the	
catalytic	activity	using	rhodamine	B	(RhB)	as	a	model	contam‐
inant.	 Our	 photocatalytic	 experiments	 indicate	 that	 the	
Ag/Ag3PO4/g‐C3N4	hybrid	system	exhibits	superior	photocata‐
lytic	performance	for	RhB	degradation	compared	with	a	binary	
Ag3PO4/g‐C3N4	photocatalyst,	or	Ag3PO4	and	g‐C3N4	as	 individ‐
ual	 components.	 It	 was	 found	 that	 RhB	 photodegradation	
strongly	depends	on	the	proportion	of	silver	nanoparticles	on	
the	 Ag3PO4	 surface	 and	 the	 ratio	 of	 the	 components	 in	 the	
Ag3PO4/g‐C3N4	hybrid.	 The	 enhanced	 photoactivity	 can	 be	 at‐
tributed	 to	 the	 surface	 plasmon	 resonance	 (SPR)	 originating	
from	silver	nanoparticles	and	the	heterojunction‐like	interface	
between	Ag3PO4	and	g‐C3N4.	This	work	is	a	continuation	of	our	
commitment	to	developing	environmentally	friendly	technolo‐
gies	 for	 clean	 fuel	 by	 using	 the	 photocatalytic	 technique	
[16−21].	

2.	 	 Experimental 

2.1.	 	 Materials 

All	the	chemicals	used	in	this	study	were	of	analytical	grade	
and	 used	 as	 received	 without	 further	 purification.	 Absolute	
ethanol	 (C2H5OH),	 sodium	bismuthate	 (NaBiO3),	disodium	hy‐
drogen	phosphate	 (Na2HPO4),	 anatase‐TiO2,	 and	 rhodamine	B	
(RhB)	were	purchased	 from	Sinopharm	Chemical	Reagent	Co.	
Melamine	 and	 silver	 nitrate	 (AgNO3)	 were	 obtained	 from	
Shanghai	 Lingfeng	 Chemical	 Reagent	 Co.	 Ltd	 and	 Jiangsu	 Qi‐
angsheng	 Chemical	 Co.	 Ltd,	 respectively.	 Distilled	 water	 was	
produced	using	a	Direct‐Q	Millipore	filtration	system	to	a	resis‐
tivity	of	18.2	MΩcm	(Millipore	Limited,	Watford,	UK).	

2.2.	 	 Preparation	  

g‐C3N4	 was	 prepared	 through	 a	 pyrolysis	 process	 using	
melamine	 as	 the	 starting	 material	 [22],	 and	 then	 binary	
Ag3PO4/g‐C3N4	 (x)	 (where	 x	 denotes	 the	 mass	 fraction	 of	
Ag3PO4	in	the	sample)	hybrid	photocatalysts	were	prepared	by	
a	chemical	deposition‐precipitation	method.	 In	a	 typical	prep‐
aration	for	the	case	of	Ag3PO4/g‐C3N4	(0.8),	2.3	g	of	g‐C3N4	was	
dispersed	 into	 an	 aqueous	 solution	of	 AgNO3	(1.26	 g/50	mL).	
Then	 a	 solution	 of	 Na2HPO4	 (0.9	 g/50	 mL)	 was	 added	
drop‐wise	over	30	min	into	the	above	suspension	with	stirring	

until	 the	 precipitation	was	 completed.	 The	mixture	was	 then	
centrifuged,	washed	with	water,	and	dried	overnight	at	50	°C.	
The	 obtained	 Ag3PO4/g‐C3N4	 (0.8)	 powder	 (2.0	 g)	 was	 dis‐
persed	 in	200	mL	of	water	and	 irradiated	by	 a	300	W	Xenon	
lamp	(Beijing	Trusttech	Co.	Ltd.,	PLS‐SXE‐300)	equipped	with	a	
visible	light	band	pass	filter	(400–800	nm)	for	0.5–3	h.	The	final	
product	was	collected	by	centrifugation	at	4000	r/min,	washed	
with	 absolute	 ethanol/water	 several	 times,	 and	 then	 dried	 at	
50	 °C.	 The	 series	 of	 Ag/Ag3PO4/g‐C3N4	 hybrid	 photocatalysts	
were	denoted	Ag/Ag3PO4/g‐C3N4	(x;	 t),	where	 t	 is	 the	 irradia‐
tion	time	(0.5–3	h)	for	the	preparation.	

2.3.	 	 Characterization 

The	 crystal	 structure	of	 the	 ternary	Ag/Ag3PO4/g‐C3N4	hy‐
brid	 photocatalysts	 was	 analyzed	 using	 a	 wide‐angle	 X‐ray	
diffractometer	(Rigaku	SmartLab)	employing	Cu	Kα	radiation	(λ	
=	0.15418	nm).	Scanning	electron	microscope	(SEM)	imaging	of	
samples	 was	 performed	 using	 a	 FEI	 F50	 SEM.	 Diffuse	 reflec‐
tance	of	samples	was	measured	with	a	JASCO	V‐670	UV‐Vis‐NIR	
spectrophotometer.	The	photoluminescence	(PL)	spectra	were	
recorded	on	a	PL	spectrofluorometer	(Horiba	Jobin)	at	an	exci‐
tation	wavelength	of	365	nm.	

2.4.	 	 Photocatalytic	evaluation 

The	degradation	of	RhB	was	used	as	a	model	reaction	to	evalu‐
ate	 photodegradation	 behavior	 of	 the	 ternary	 Ag/Ag3PO4/	
g‐C3N4	hybrid	photocatalyst.	 For	 the	photodegradation	exper‐
iments,	a	150	mL	solution	of	RhB	(7	mg/L)	was	prepared,	into	
which	150	mg	of	photocatalyst	was	added.	The	suspension	of	
the	RhB	solution	and	photocatalyst	was	magnetically	stirred	in	
the	 dark	 for	 60	min	 to	 ensure	 adsorption‐desorption	 equilib‐
rium	before	the	irradiation.	The	suspension	was	then	irradiat‐
ed	with	a	300	W	Xenon	lamp	equipped	with	visible	light	band	
pass	 filter	 (400–800	 nm).	 Portions	 of	 the	 reaction	 mixture	
slurry	 were	 taken	 from	 the	 mixture	 and	 filtered	 to	 remove	
Ag/Ag3PO4/g‐C3N4	 hybrid	 photocatalyst	 at	 regular	 intervals.	
The	 concentration	of	RhB	 in	 the	 aqueous	 solution	was	deter‐
mined	using	a	UV‐VIS	spectrophotometer	(Hitachi	U‐3900).	

3.	 	 Results	and	discussion 

3.1.	 	 Structure	and	composition	of	synthesized	catalysts 

Figure	 1	 depicts	 XRD	 patterns	 of	 the	 ternary	 Ag/Ag3PO4/	
g‐C3N4	 hybrid	 photocatalyst	 prepared	 at	 different	 exposure	
time.	The	diffraction	peaks	of	both	g‐C3N4	and	silver	nanoparti‐
cles	 cannot	 be	 observed	 clearly	 in	 XRD	 patterns	 because	 of	
strong	 interference	with	 the	 Ag3PO4	 signals.	 However,	 a	 new	
peak	appeared	at	38.1°	in	the	Ag3PO4/g‐C3N4	sample	irradiated	
for	3	h	that	could	be	indexed	as	the	silver	(111).	

The	 enlarged	 XRD	 patterns	 (Fig.	 2)	 from	 37°	 to	 40°	 and	
26.5°	to	29°	show	the	Ag(111)	and	g‐C3N4	(002)	peaks,	respec‐
tively.	These	results	confirmed	the	formation	of	silver	particles	
on	 the	 surface	 of	 the	 Ag3PO4	 particles	 and	 the	 existence	 of	 a	
g‐C3N4	 phase.	 The	 diffraction	 intensity	 of	 the	 Ag(111)	 peak	
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increased	and	saturated	with	prolonged	irradiation	time,	which	
may	 suggest	 that	 the	 silver	 nanoparticles	 formed	 in	 situ	 on	
surface	of	Ag3PO4	and	 inhibited	 further	photochemical	 reduc‐
tion	of	 the	Ag3PO4	 to	Ag0.	The	 size	of	 the	 silver	nanoparticles	
from	different	 light	exposed	samples	was	calculated	and	sum‐
marized	 in	 Table	 1	 using	 the	 Scherrer	 equation	based	on	 full	
width	 at	 half	 maximum	 (FWHM)	 value	 for	 Ag(111)	 peak	 at	
38.1°.	 By	 a	 semi	 quantitative	 analysis,	 0.6%,	 1.0%,	 2.1%,	 and	
2.8%	metallic	 silver	 was	 estimated	 in	 samples	 irradiated	 for	

0.5,	 1,	 2,	 and	 3	 h,	 respectively.	 Figure	 3	 shows	 a	 typical	 SEM	
image	of	Ag/Ag3PO4/g‐C3N4	(0.8;	1	h)	photocatalyst.	The	silver	
nanoparticles	 can	be	 clearly	 seen	 in	 the	 SEM	 images,	 and	 the	
particle	 size	 is	 estimated	 at	 around	 40–50	 nm,	 which	 is	 in	
agreement	with	the	XRD	analysis.	

3.2.	 	 Optical	properties	of	synthesized	photocatalysts 

Figure	4	illustrates	the	optical	absorption	spectra	of	g‐C3N4,	
Ag3PO4,	Ag3PO4/g‐C3N4	(0.8),	and	Ag/Ag3PO4/g‐C3N4	(0.8;	1	h).	
The	peaks	at	around	393	and	454	nm	in	the	ternary	Ag/Ag3PO4/	
g‐C3N4	 hybrid	 photocatalyst	 can	 be	 attributed	 to	 the	 absorp‐
tions	 of	 g‐C3N4	 and	 Ag3PO4,	 respectively.	 Ag/Ag3PO4/g‐C3N4	
exhibits	much	 higher	 absorption,	which	may	 be	 attributed	 to	
the	 surface	 plasmon	 resonance	 (SPR)	 of	 the	 silver	 nanoparti‐
cles	[23].	

PL	spectra	of	g‐C3N4	and	Ag/Ag3PO4/g‐C3N4	(0.8;	t)	samples	
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Fig.	1.	XRD	patterns	of	series	ternary	Ag/Ag3PO4/g‐C3N4	hybrid	pho‐
tocatalysts	prepared	under	visible	light	exposure	for	0.5,	1,	2,	and	3	h.
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Fig.	 2.	 Enlarged	 XRD	 patterns	 of	 Ag(111)	 (a)	 and	 g‐C3N4(002)	 (b)	
diffraction	 peaks	 from	 series	 ternary	 Ag/Ag3PO4/g‐C3N4	 photocata‐
lysts	prepared	under	visible	light	exposure	for	0.5	(1),	1	(2),	2	(3),	and	
3	h	(4).	

Table	1	
Calculated	particle	sizes	and	composition	ratios	of	silver	nanoparticles.

t/h	 FWHM	(Ag(111))/(°) Particle	size	(nm)	 w(Ag)/%	
0.5	 0.220	 39.7	 0.6	
1	 0.241	 36.0	 1.0	
2	 0.245	 35.5	 2.1	
3	 0.232	 37.6	 2.8	

1 μm

g-C3N4

Ag

 
Fig.	3.	SEM	image	of	as‐prepared	ternary	Ag/Ag3PO4/g‐C3N4	(0.8;	1	h)	
hybrid	photocatalyst.	 	
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are	shown	in	Fig.	5.	A	strong	emission	band	centered	at	459	nm	
in	g‐C3N4	can	be	assigned	to	the	emission	of	g‐C3N4	with	an	en‐
ergy	 corresponding	 to	 its	 band	 gap.	 This	 indicates	more	 effi‐
cient	 radiative	 recombination	 of	 the	 photogenerated	 carriers	
inside	 the	 g‐C3N4	 semiconductor	 in	 samples	 prepared	 with	
longer	irradiation	time.	The	overall	PL	emission	intensity	of	the	
Ag/Ag3PO4/g‐C3N4	 (0.8;	 t)	 hybrid	 photocatalysts	 decreased	
with	respect	to	the	overall	PL	intensity	of	g‐C3N4	with	increas‐
ing	irradiation	time.	This	may	be	attributed	to	charge	transfer	
between	Ag3PO4	 and	g‐C3N4	or	 trapping	of	 photoexcited	 elec‐
trons	by	the	silver	nanoparticles.	

3.3.	 	 Photocatalytic	activity 

The	 effect	 of	 the	 Ag3PO4/C3N4	 mass	 ratio	 from	 Ag3PO4	 to	
g‐C3N4	on	the	photodegradation	performance	was	investigated	
before	 studying	 the	 enhancement	of	 photodegradation	by	 the	
silver	nanoparticles	in	the	ternary	systems.	Figure	6	illustrates	
the	 photocatalytic	 activity	 of	 a	 series	 of	 Ag3PO4/C3N4	hybrid	
photocatalysts	 investigated.	The	Ag3PO4/g‐C3N4	hybrid	photo‐
catalysts	 showed	 considerably	 enhanced	 photocatalytic	 per‐
formance	 compared	 with	 either	 Ag3PO4	or	 g‐C3N4	 alone,	 sug‐
gesting	 a	 synergic	 effect	 as	 reported	by	Zhang	 et	 al.	 [24]	 and	
Kumar	et	al.	[25].	The	optimum	composition	ratio	was	found	to	
be	 4:1	 for	 the	 Ag3PO4/g‐C3N4	 hybrid,	 and	 this	 photocatalyst	
completely	 decomposed	 the	 model	 contaminant	 over	 the	
course	 of	 the	 experiment.	Only	63%	and	12%	degradation	 of	
RhB	 were	 observed	 within	 30	 min	 using	 pure	 Ag3PO4	 and	
g‐C3N4,	respectively.	

The	curves	in	Fig.	7	depict	the	removal	of	RhB	as	a	function	
of	irradiation	time	using	the	ternary	Ag/Ag3PO4/g‐C3N4	hybrid	
photocatalysts.	 Further	 enhancement	 in	 photodegradation	
performance	was	observed	 from	the	as‐prepared	Ag/Ag3PO4/	
g‐C3N4	samples.	Almost	50%	of	the	RhB	in	the	aqueous	suspen‐
sion	was	decomposed	using	Ag/Ag3PO4/g‐C3N4	(0.8;	1	h)	under	

broadband	visible	light	irradiation	for	5	min.	This	ratio	may	be	
considered	 as	 the	 optimal	 compositional	 ratio	 of	 the	 ternary	
photocatalyst.	 Around	 40%	 degradation	 was	 obtained	 from	
Ag3PO4/g‐C3N4	(0.8)	under	identical	experimental	conditions.	

The	corresponding	UV‐Vis	spectral	changes	(inset	in	Fig.	7)	
show	the	intensity	of	the	absorption	peak	at	554	nm	decreasing	
dramatically	as	the	photodegradation	reaction	progresses.	It	is	
notable	that	no	blue‐shift	of	the	RhB	absorption	peak	centered	
at	554	nm	was	observed,	 suggesting	 a	decomposition	mecha‐
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nism	involving	cleavage	of	the	whole	conjugated	chromophore	
structure	 in	 RhB	 during	 the	 photochemical	 reaction,	 rather	
than	an	N‐deethylation	process	[26].	

Figure	8	shows	a	comparison	of	the	apparent	rate	constants	
(k)	 of	 the	 Ag/Ag3PO4/g‐C3N4	 (0.8;	 1	 h)	 hybrid	 photocatalysts	
and	 Ag3PO4/g‐C3N4	 calculated	 by	 the	 Langmuir‐Hinshelwood	
model	[27].	Using	the	binary	Ag3PO4/g‐C3N4	photocatalyst	as	a	
baseline,	an	apparent	rate	of	0.105	min−1	was	obtained	for	the	
reaction	in	the	first	5	min.	The	Ag/Ag3PO4/g‐C3N4	hybrid	pho‐
tocatalyst	prepared	by	light	 irradiation	 for	1	h	showed	a	25%	
enhancement	 (0.129	min−1).	 Figure	 8	 (b)	 shows	 the	 effect	 of	
irradiation	 time	 during	 the	 preparation	 of	 Ag/Ag3PO4/g‐C3N4	
(i.e.	which	 correlates	with	 the	 loading	of	 silver	nanoparticles)	
on	the	kinetic	rate	constant.	It	is	clear	that	the	kinetic	rate	con‐
stant	increases	initially	with	the	silver	nanoparticle	loading	and	
subsequently	 decreases.	 The	 highest	 performance	 was	 ob‐
tained	from	Ag/Ag3PO4/g‐C3N4	(0.8;	1	h).	

Compared	 with	 other	 popular	 photocatalytic	 systems,	 the	
as‐prepared	 ternary	Ag/Ag3PO4/g‐C3N4	 (0.8;	1	h)	hybrid	pho‐
tocatalyst	exhibits	superior	performance.	A	comparison	shown	
in	Fig.	9	suggests	that	the	kinetic	rate	constant	of	Ag/Ag3PO4/	
g‐C3N4	(0.8;	1	h)	at	0.129	min−1	within	6	min	is	higher	than	the	
kinetic	rate	constants	observed	on	anatase	TiO2	(0.009	min−1),	
P25	(0.016	min−1),	NaBiO3	(0.054	min−1),	Ag3PO4	(0.073	min−1),	
and	Ag3PO4/g‐C3N4	(0.8)	(0.105	min−1).	The	low	photodegrada‐
tion	rate	of	RhB	on	TiO2	(or	P25)	may	be	attributed	to	the	wide	
band	gap	of	the	materials,	which	restricts	photosensitization	by	
visible	light	[28].	Compared	with	the	commercial	photocatalyst	

P25,	 a	 6‐fold	 improvement	 of	 photodegradation	 activity	 was	
achieved	 for	 the	 Ag/Ag3PO4/g‐C3N4	 (0.8;	 1	 h)	 hybrid	 photo‐
catalyst.	In	addition,	as	shown	in	Fig.	9,	the	high	density	of	the	
hybrid	photocatalyst	(ρ	=	1.2	g/cm3)	indicates	that	it	would	be	
more	 convenient	 to	 separate	 it	 from	 the	 aqueous	 phase	 for	
regeneration	and	reuse,	compared	with	P25	(ρ	=	0.56	g/cm3).	

The	proposed	ternary	Ag/Ag3PO4/g‐C3N4	hybrid	photocata‐
lyst	 can	 be	 easily	 recycled	 using	 a	 simple	 filtration	 technique	
and	then	washed	with	water	to	remove	adsorbed	RhB.	As	de‐
picted	 in	 Fig.	 10,	 after	 the	 first	 three	 cycles,	 the	 kinetic	 rate	
constants	remained	above	0.12	min−1.	The	kinetic	constant	rate	
decreased	 to	 0.04	min−1	after	 the	 6th	 cycle,	 likely	 because	 of	
catalyst	fouling	[29].	

3.4.	 	 Possible	mechanisms	of	decomposition	

The	 adsorption	 of	 RhB	molecules	 to	 the	 Ag3PO4	 or	 g‐C3N4	
photocatalyst	 surfaces	 was	 investigated,	 revealing	 that	 less	
than	4%	of	 the	RhB	adsorbed	 to	Ag3PO4	or	 g‐C3N4.	The	weak	
interaction	 of	 the	 RhB	 with	 this	 material	 may	 be	 considered	
one	 of	 the	 reasons	 for	 the	 enhanced	 photoactivity	 following	
introduction	of	 silver	nanoparticles.	 It	 is	also	notable	 that	 the	
enhancement	 in	 activity	 arises	 from	 the	 bifunctional	 hetero‐
junction	 structure	 at	 the	 interface	 of	 Ag3PO4/g‐C3N4,	 as	 indi‐
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cated	by	PL	data	and	the	SPR	from	the	silver	nanoparticles	of	
the	 ternary	Ag/Ag3PO4/g‐C3N4	 hybrid	 photocatalyst.	 The	 pro‐
posed	 mechanism	 of	 charge	 carrier	 separation	 in	 system	 is	
illustrated	in	Fig.	11.	

It	 is	 reported	 [24,25]	 that	 the	 conduction	 band	 edges	 of	
g‐C3N4	 and	Ag3PO4	are	 at	 −1.12	 eV	 and	 0.45	 eV	 (vs	NHE),	 re‐
spectively.	 Thus	 photoexcited	 electrons	 from	 the	 conduction	
band	(CB)	of	g‐C3N4	are	injected	into	the	CB	of	Ag3PO4	because	
of	favorable	offset	between	the	CB	edges	of	g‐C3N4	and	Ag3PO4	
as	 illustrated	 in	Fig.	11.	The	photogenerated	holes	move	from	
the	valance	band	(VB)	of	the	Ag3PO4	towards	the	VB	of	g‐C3N4	
because	 of	 the	 more	 positive	 VB	 edge	 of	 Ag3PO4	 (2.9	 eV,	 vs	
NHE)	than	that	of	g‐C3N4	(1.57	eV,	vs	NHE).	

Harnessing	the	plasmonic	effects	of	silver	nanoparticles,	 to	
generate	highly‐active	composite	photocatalysts	through	com‐
bining	 the	 nanoparticles	 with	 semiconducting	 materials	 has	
been	 reported	 including	 Ag‐TiO2	 nanocomposite	 hollow	
spheres	[30]	and	Ag/AgCl/TiO2	nanotube	arrays	[31],	etc.	Our	
previous	 simulation	 results	 [32]	 have	 clearly	 shown	 that	 the	
highest	 surface	 plasmon	polariton	momentum	of	 silver	 nano‐
particles	 is	 achieved	 by	 irradiation	 of	 photons	 with	 a	 wave‐
length	of	359	nm	in	RhB	aqueous	solution,	by	considering	the	
Brendel‐Bormann	model.	 The	 surface	 plasmon	 polariton	mo‐
mentum	is	decreased	by	25%	when	changing	the	wavelength	of	
the	 excitation	 source	 from	359	 to	 400	 nm.	 This	may	 also	 ex‐
plain	 why	 the	 apparent	 photocatalytic	 enhancement	 of	 the	
Ag/Ag3PO4/g‐C3N4	hybrid	photocatalyst	can	be	observed	under	
visible	light	irradiation	between	400	and	800	nm,	even	though	
the	most	efficient	excitation	wavelength	for	the	SPR	effect	is	λ	=	
359	nm,	which	has	a	naturally	 low	intensity	in	the	solar	spec‐
trum.	 Decreased	 catalytic	 activity	 was	 observed	 for	 samples	
that	were	 highly	 decorated	with	 silver	 nanoparticles.	 Further	
reduction	of	silver	on	the	surface	of	Ag3PO4	not	only	destroyed	
the	 SPR	 because	 of	 agglomeration	 of	 silver	 nanoparticles	 but	
also	 reduced	 the	 surface	 area	 available	 for	 the	 reaction	 on	
Ag3PO4.	

4.	 	 Conclusions 

The	 preparation	 of	 a	 ternary	 Ag/Ag3PO4/g‐C3N4	 hybrid	
photocatalyst	and	its	improved	photodegradation	performance	
are	 reported.	The	highest	photoactivity	was	achieved	by	opti‐
mization	of	the	silver	nanoparticle	(w	=	1.0%)	surface	coverage	
on	the	Ag3PO4	and	the	composition	fraction	(x	=	0.8)	of	Ag3PO4	
and	 g‐C3N4.	The	 as	 prepared	 hybrid	 photocatalyst	 can	 be	 re‐
generated	 and	 separated	 from	 the	 aqueous	 phase	 easily.	 In	
addition,	 the	 catalyst	 also	 exhibits	 high	 photostability	 under	
visible	 light	 exposure	 and	 shows	 enhanced	 photodegradation	
of	RhB	dye	in	solution	compared	with	other	typical	photocata‐
lysts.	
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Ag/Ag3PO4/g-C3N4三元复合光催化剂的制备及其可见光驱动下的光催化活性增强 
沈  凯a,*,	Mohammed Ashraf Gondal b,#, Rashid Ghulam Siddique b, 

施  珊a,	王斯琦a,	孙江波a,	徐庆宇c 
a南京航空航天大学材料科学与技术学院,	江苏南京211100 

b法赫德国王石油与矿业大学物理系,	达兰31261,	沙特阿拉伯 
c东南大学物理系,	江苏南京211189 

摘要: 报道了一种新型Ag/Ag3PO4/g-C3N4三元复合光催化剂的制备及其半导体界面处的快速载流子分离所引起的光催化活性的

显著增强效应.		通过X射线衍射,	扫描电子显微镜,	紫外-可见吸收光谱以及光致发光光谱等就其晶体结构、形貌、组分、光学吸

收以及载流子的快速分离行为进行了表征与分析.		以罗丹明B作为模型化合物分子,	研究发现,	所制备的Ag/Ag3PO4/g-C3N4三元

复合光催化剂在可见光照射下表现出比Ag3PO4以及Ag3PO4/g-C3N4二元催化剂更为优异的光催化活性.		研究认为,	Ag3PO4表面尺

寸约为40	nm的Ag纳米粒子在可见光下受激所产生的等离子表面共振效应以及Ag3PO4与g-C3N4界面处所形成的类似异质结结构

对所制备的Ag/Ag3PO4/g-C3N4三元复合光催化剂光催化活性的显著增强起到重要作用.  
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Preparation	of	ternary	Ag/Ag3PO4/g‐C3N4	hybrid	photocatalysts	and	their	
enhanced	photocatalytic	activity	driven	by	visible	light	
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Wang,	Jiangbo	Sun,	Qingyu	Xu	
Nanjing	University	of	Aeronautics	and	Astronautics,	China;	 	
King	Fahd	University	of	Petroleum	and	Minerals,	Saudi	Arabia;	 	
Southeast	University,	China	

	

	
Ternary	 Ag/Ag3PO4/g‐C3N4	 photocatalyst	 exhibits	 excellent	 photocatalytic	
activity	driven	by	visible	light,	attributed	to	surface	plasmon	resonance	of	40	
nm‐silver	nanoparticles	formed	on	the	surface	of	Ag3PO4,	and	the	heterojunc‐
tion	at	the	interface	between	Ag3PO4	and	g‐C3N4.	
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