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  A	 series	 of	 UiO‐66‐NH2/Ag2CO3	 Z‐scheme	 heterojunctions	 were	 prepared	 by	 a	 simple	
ion‐exchange‐solution	 method	 using	 UiO‐66‐NH2	 and	 semiconductor	 Ag2CO3	 as	 precursors.	 The	
photocatalytic	activities	of	UAC‐X	(UAC‐20,	50,	100,	150,	200)	Z‐scheme	heterojunctions	toward	the	
hexavalent	chromium	(Cr(VI))	reduction	and	UAC‐100	toward	oxidative	degradation	of	four	organic	
dyes	like	rhodamine	B	(RhB),	methyl	orange	(MO),	congo	red	(CR),	and	methylene	blue	(MB)	under	
visible	light	irradiation	were	investigated.	The	effects	of	different	pH	(pH	=	2,	3,	4,	6,	8),	small	or‐
ganic	acids	(citric	acid,	tartaric	acid,	and	oxalic	acid),	and	foreign	ions	(ions	in	tap	water	and	surface	
water)	on	Cr(VI)	reduction	were	explored.	The	results	revealed	that	the	UAC‐100	heterojunctions	
displayed	 more	 remarkable	 Cr(VI)	 reduction	 performance	 than	 the	 pristine	 UiO‐66‐NH2	 and	
Ag2CO3,	 resulting	 from	 the	 improved	 separation	 of	 photo‐induced	 electrons	 and	 holes.	 The	 en‐
hanced	photocatalytic	activity	of	UAC‐100	was	further	confirmed	by	the	photoluminescence	meas‐
urement,	 electrochemical	analysis,	 and	active	 species	 trapping	experiments.	After	 four	 cycles’	ex‐
periments,	the	photocatalytic	Cr(VI)	reduction	efficiency	over	UAC‐100	was	still	over	99%,	which	
exhibited	 that	 UAC‐100	 had	 excellent	 reusability	 and	 stability.	 Finally,	 the	 corresponding	 photo‐
catalytic	reaction	mechanism	was	proposed	and	tested.	
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1.	 	 Introduction	

As	 a	 consequence	 of	 economic	 development,	 population	
growth,	 urbanization,	 and	 infrastructural	 development,	 the	
ecological	 environment	 is	 undergoing	 great	 stress	 due	 to	 the	
discharge	of	wastewater	 containing	heavy	metals	 and	organic	
pollutants	 [1].	 Among	 various	 heavy	 metal	 ions,	 hexavalent	
chromium	 Cr(VI),	 as	 a	mutagenic	 and	 carcinogenic	 pollutant,	
was	widely	spreading	surface	water	and	groundwater	[2–4].	Up	
to	now,	some	methods	like	 ion	exchange	[5,6],	adsorption	[7],	

membrane	 separation	 [8],	 electrocoagulation	 [9],	 and	 photo‐
catalytic	reduction	[10]	have	been	developed	to	remove	Cr(VI)	
from	wastewater.	 In	all	 the	above	methods,	photocatalytic	re‐
duction	 transformation	 from	 Cr(VI)	 to	 Cr(III)	 is	 an	 effective	
method	 to	 remove	 Cr(VI)	 from	 wastewater,	 considering	 that	
Cr(III)	is	less	toxic	and	was	removed	as	the	form	of	Cr(OH)3	in	
neutral	or	alkaline	conditions	[11].	Compared	with	traditional	
reduction	methods	like	chemical	reduction	and	electrochemical	
reduction	 [12],	photocatalytic	Cr(VI)	 reduction	 into	Cr(III)	ex‐
hibited	 the	advantages	 like	energy	saving,	high	efficiency,	and	
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free	toxic	by‐product.	Organic	pollutants	 like	organic	dyes	are	
not	 only	 toxic	 but	 also	 carcinogenic.	 Their	 chemical	 stability	
and	 hard	 degradation	 in	 nature	 will	 pose	 serious	 threats	 to	
human	health	and	ecosystem	sustainability.	Numerous	studies	
have	 shown	 that	 organic	 dye	 decomposition	 via	 a	 photocata‐
lytic	 process	 is	 an	 efficient	 and	 practical	 solution	 [13–16].	 In	
recent	 years,	 semiconductor	 photocatalysts	 have	 attracted	
wide	 attentions	 in	 solving	 global	 energy	 problems	 and	 envi‐
ronmental	 pollution	 [17–19].	 Among	 various	 semiconductor	
photocatalysts,	 titanium	dioxide	(TiO2)	 is	widely	used	for	pol‐
lutant	removal	with	the	aid	of	its	advantages	like	toxicity	free,	
high	stability,	and	low	cost	[20–25].	However,	the	main	disad‐
vantage	 of	 TiO2	 is	 its	 only	 UV	 light	 response	 due	 to	 its	 large	
band	gap,	which	greatly	limits	the	use	of	sunlight	(only	2%–3%	
of	 sunlight)	 [26].	At	 present,	Ag2CO3	with	 a	narrow	band	gap	
has	been	 found	 to	demonstrate	 remarkably	photocatalytic	 ac‐
tivity	 in	 the	visible	 light	 region	 [16,26–30].	Previous	 research	
focused	 on	 fabrication	 of	 Ag2CO3	 onto	 different	 substrates	 as	
composite	 photocatalysts	 for	 water	 treatment,	 such	 as	
Ag2CO3/TiO2	 [26],	 Ag2O/Ag2CO3	 [27],	 and	 Ag2CO3/UiO‐66(Zr)	
[16]	along	with	GO‐Ag2CO3	[31],	which	displayed	 the	 superior	
photocatalytic	activity	to	Ag2CO3	but	still	suffered	from	serious	
photo‐corrosion.	Therefore,	the	improvements	in	both	stability	
and	photocatalytic	 activity	of	Ag2CO3	 are	 the	 two	main	objec‐
tives	to	be	achieved	in	future.	 	

In	 the	 last	 two	decades,	metal‐organic	 frameworks	(MOFs)	
have	been	widely	utilized	as	efficient	photocatalysts	to	conduct	
CO2	reduction	[31–34],	H2	evolution	[34–36],	Cr(VI)	reduction	
[2,13,17,37–41],	 and	 organic	 pollutant	 decomposition	
[10,15,16,42–44]	because	of	 the	ultrahigh	adsorption	capacity	
and	efficient	light	utilization	ability	[13,38,42,45].	However,	the	
pristine	MOFs	 as	 photocatalysts	 exhibit	 a	 large	band	 gap	 and	
can	 only	 be	 degraded	 by	 ultraviolet	 light,	 which	 will	 greatly	
reduce	 the	 utilization	 of	 solar	 energy.	 Up	 to	 now,	 numerous	
studies	have	 focused	on	 immobilizing	other	photocatalytically	
active	semiconductors	on	MOFs	substrates	to	extend	the	pho‐
to‐responsive	region	to	the	visible	region.	For	example,	Ag2CO3	
was	 attached	 to	 UiO‐66	 to	 construct	 a	 binary	 composite	 for	
visible‐light‐driven	degradation	of	organic	dyes	[16].	Metal	free	
g‐C3N4	was	 encapsulated	on	BUC‐21	 for	photocatalytic	 reduc‐
tion	of	Cr(VI)	under	simulated	sunlight	irradiation	[39].	As	well,	
MIL‐53(Al)	 was	 decorated	 with	 g‐C3N4	 for	 enhanced	 photo‐
catalytic	rhodamine	B	(RhB)	decomposition	under	visible‐light	
irradiation	 [46].	 These	 studies	 demonstrated	 that	
MOFs/semiconductors	 composites	 exhibited	 increasing	 light	
utilization	 efficiency	 than	 the	 individual	 MOFs.	 Hence,	 MOFs	
can	act	as	a	perfect	substrate	to	load	a	variety	of	semiconductor	
materials	 to	 form	 heterojunction	 for	 potential	 applications	 in	
water	treatment.	Among	all	MOF	materials,	UiO‐66	as	a	zirco‐
nium‐based	 three‐dimensional	 MOF	 not	 only	 has	 the	 ad‐
vantages	of	other	MOFs,	but	also	has	excellent	thermal	stability	
and	chemical	stability	[47,48].	In	2015,	Wu	et	al.	[16]	reported	
that	UiO‐66	(Zr)	and	Ag2CO3	are	combined	to	enhance	the	visi‐
ble	 light	 catalytic	 degradation	 of	 RhB.	 Zhang	 et	 al.	 [49]	 con‐
structed	the	Ag3PO4/UiO‐66	heterojunction	for	efficient	visible	
light	 degradation	 of	 RhB.	 Our	 research	 group	 found	 that	
UiO‐66‐NH2/Ag3PO4	 and	 UiO‐66‐NH2/Ag2CO3	 composites	 ex‐

hibited	 effective	 capture	 and	 visible‐triggered	 release	 toward	
sulfonamides	due	 to	 the	 formation	and	split	between	Ag+	and	
–NH2	group	[50,51].	Up	to	now,	there	has	been	no	report	on	the	
efficiently	 photocatalytic	 Cr(VI)	 reduction	 over	
UiO‐66‐NH2/Ag2CO3	 composites	 under	 visible	 light	 illumina‐
tion.	 With	 this	 paper,	 the	 UiO‐66‐NH2/Ag2CO3	 Z‐scheme	 het‐
erojunction	 (UAC‐X	 Z‐scheme	 heterojunction)	 is	 used	 to	
achieve	photocatalytic	Cr(VI)	reduction	under	visible	light	irra‐
diation.	 In	 addition,	 the	 stability	 of	 the	 UiO‐66‐NH2/Ag2CO3	
heterojunction	was	investigated,	and	the	photocatalytic	mech‐
anism	was	proposed	and	tested.	

2.	 	 Experimental	

2.1.	 	 Materials	and	characterization	 	

All	materials	and	reagents	were	commercially	available	and	
used	directly	without	further	purification.	The	characterization	
methods	are	listed	in	the	Supporting	Information.	 	

2.2.	 	 Preparation	of	UiO‐66‐NH2/Ag2CO3	composites	

The	 UiO‐66‐NH2	 was	 hydrothermally	 synthesized	 as	 de‐
scribed	 in	 a	 previous	 report	 with	 slight	 modification	 [35].	
Briefly,	2‐aminoterephthalic	acid	(NH2‐BDC）(4.5	mmol,	0.81	g)	
was	completely	dissolved	in	N,N′‐dimethylformamide	(DMF,	40	
mL)	by	ultrasound	for	ca.	10	min.	Then,	ZrCl4	(4.5	mmol,	1.05	g)	
and	acetic	acid	(HAc,	17	mL)	were	added	to	this	solution.	All	the	
above	 processes	 were	 carried	 out	 in	 a	 100	 mL	 Teflon‐lined	
stainless‐steel	autoclave.	HAc	was	added	to	tune	the	morphol‐
ogy	of	UiO‐66‐NH2.	The	autoclave	was	placed	in	a	drying	oven	
and	heated	at	120	°C	for	24	h.	After	cooling	to	room	tempera‐
ture,	 the	 product	 was	 centrifuged	 and	 cleaned	 several	 times	
with	ultra‐pure	water.	The	prepared	UiO‐66‐NH2	was	dried	at	
60	°C	in	a	drying	oven	before	use.	

UAC‐X	 composites	 (UAC‐20,	50,	100,	150,	200)	were	 fabri‐
cated	by	 a	 simple	 ion‐exchange‐solution	method	with	 a	 small	
modification	 [16,50,51],	 as	 illustrated	 in	 Scheme	 1.	 Taking	
UAC‐100	 (the	 weight	 ratio	 of	 UiO‐66‐NH2	 and	 Ag2CO3	 being	
1:1)	for	an	example,	the	Na2CO3	aqueous	solution	(10	mL,	0.030	
mol/L)	was	added	dropwise	 into	 the	 suspension	 (100	mL)	of	
UiO‐66‐NH2	(1000	mg/L)	and	AgNO3	(0.006	mol/L).	The	mix‐
ture	was	 stirred	 vigorously	with	 a	magnetic	 stirrer	 for	 3.5	 h.	

Scheme	1.	Illustration	of	the	fabrication	of	UiO‐66‐NH2/Ag2CO3	(UAC‐X)	
composites.	
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The	precipitates	were	separated	from	the	solution	via	filtration	
and	washed	with	ultra‐pure	water	and	EtOH	several	times.	The	
other	 UiO‐66‐NH2/Ag2CO3	 (UAC‐X)	 composite	 samples	 were	
fabricated	 similarly	 to	 UAC‐100.	 The	 weight	 proportions	 of	
UiO‐66‐NH2	 and	 AgNO3	 in	 UAC‐20,	 UAC‐50,	 UAC‐150	 and	
UAC‐200	were	0.2:1,	0.5:1,	1.5:1,	and	2:1,	respectively.	For	the	
sake	 of	 comparison,	 Ag2CO3	 particles	 were	 also	 synthesized	
following	the	same	method	as	UAC‐100	except	without	adding	
UiO‐66‐NH2.	

2.3.	 	 Adsorption‐photocatalysis	experiment	

The	 photocatalytic	 performance	 of	 UAC‐X	 composites	 to‐
ward	Cr(VI)	 reduction	and	organic	pollutant	degradation	was	
investigated	under	visible	light	irradiation	at	ambient	temper‐
ature.	 The	 photocatalytic	 Cr(VI)	 reduction	 experiment	 was	
carried	 out	 in	 a	 50	mL	 quartz	 glass	 vessel	 containing	 10	mg	
UAC‐X	composites	(or	individual	UiO‐66‐NH2	and	Ag2CO3)	and	
40	mL	Cr(VI)	solution	(10	mg/L).	It	is	worth	noting	that	the	pH	
of	Cr(VI)	solution	was	adjusted	to	2.0	with	H2SO4	solution.	The	
suspension	was	first	magnetically	stirred	in	the	dark	for	45	min	
to	achieve	adsorption‐desorption	equilibrium.	Afterwards,	 the	
Cr(VI)	solution	was	irradiated	with	5.00	W	LED	(PCX50A,	Bei‐
jing	perfect	light	technology	Co.,	LTD)	for	60	min,	and	the	spec‐
trum	of	light	source	(longer	than	420	nm)	is	shown	in	Fig.	S1.	
At	specific	time	interval,	1.5	mL	liquor	was	drawn	and	filtered	
through	0.45	μm	syringe	filter	for	analysis.	The	residual	Cr(VI)	
was	determined	by	a	diphenylcarbazide	 (DPC)	method	via	an	

Auto	Analyzer	3	(Seal,	Germany).	The	operation	flow	and	video	
of	 Auto	 Analyzer	 3	 are	 shown	 in	 Fig.	 S2.	 Blank	 experiments	
were	 also	 carried	 out	 under	 the	 identical	 conditions	 with	 no	
photocatalyst	addition.	 	 	

3.	 	 Results	and	discussion	 	

3.1.	 	 Characterization	

The	FTIR	spectra	of	Ag2CO3,	UiO‐66‐NH2,	and	UAC‐X	compo‐
sites	 (Fig.	 1a)	 revealed	 that	 the	 adsorption	 peaks	 at	 1581.92	
and	 1382.09	 cm–1	were	 assigned	 to	 the	 carboxylic	 functional	
groups	 in	 the	 BDC‐NH2	 ligands,	 and	 the	 peaks	 between	
600–800	cm–1	were	ascribed	to	Zr–O2	as	vertical	and	horizontal	
mode	 scaling	 [52,53].	 The	 peaks	 at	 1374.62	 and	 803.06	 cm–1	
were	attributed	to	the	characteristic	peaks	 for	CO32–	[46].	The	
characteristic	 adsorption	 peaks	 of	 UiO‐66‐NH2	 at	 1581.92,	
1382.09,	 and	 600–800	 cm–1	 decreased	 with	 the	 decrease	 of	
UiO‐66‐NH2	 contents.	 On	 the	 contrary,	 with	 the	 decrease	 of	
UiO‐66‐NH2	 contents,	 the	 characteristic	 peaks	 of	 Ag2CO3	 at	
1374.62	and	803.06	cm–1	increased	obviously	[51].	 	 	

The	 powder	 XRD	 patterns	 (Fig.	 1b)	 of	 the	 as‐synthesized	
UiO‐66‐NH2	are	in	consistent	with	the	reported	ones	[46],	indi‐
cating	 that	UiO‐66‐NH2	was	successfully	prepared.	All	 the	dif‐
fraction	peaks	of	pristine	Ag2CO3	matched	well	with	the	stand‐
ard	pattern	(JCPDS	card	No.	97‐000‐8011)	(Fig.	S3)	of	Ag2CO3	
with	 monoclinic	 structure	 [50].	 It	 is	 worth	 noting	 that	 the	
characteristic	peaks	of	 both	UiO‐66‐NH2	and	Ag2CO3	 could	be	
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Fig.	1.	(a)	FTIR	spectra,	(b)	PXRD	patterns,	(c)	UV‐vis	DRS	and	Eg	plot	(inset),	and	(d)	XPS	spectra	of	Ag2CO3,	UiO‐66‐NH2,	and	the	UAC‐X	composites.
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detected	 in	UAC‐100.	The	peaks	of	Ag2CO3	vanished	gradually	
as	 the	 small	 Ag2CO3	 content	 decreased	 in	 UAC‐150	 and	
UAC‐200.	 Similarly,	 the	 characteristic	 peaks	 of	 UiO‐66‐NH2	
could	be	detectable	in	both	UAC‐20	and	UAC‐50	[51].	

The	 UV‐vis	 diffuse	 reflectance	 spectra	 (UV‐vis	 DRS)	 of	
Ag2CO3,	 UiO‐66‐NH2,	 and	 UAC‐X	 composites	 are	 displayed	 in	
Fig.	1c.	The	peak	of	pristine	UiO‐66‐NH2	is	a	wide	peak	between	
200	and	430	nm,	which	is	consistent	with	the	peak	previously	
reported	 [39,40].	 The	 light	 absorption	 region	 of	 UAC‐X	 is	 al‐
most	the	same	as	that	of	Ag2CO3,	and	their	Eg	values	are	in	the	
range	 of	 2.25–2.95	 (inset	 in	 Fig.	 1c),	 indicating	 that	 both	
UiO‐66‐NH2	 and	 UAC‐X	 composites	 can	 be	 excited	 by	 visible	
light	[40].	

The	successful	fabrication	of	UAC‐X	composites	was	further	
confirmed	by	 XPS	 determination	 (Fig.	 1d).	 The	 XPS	 spectrum	
revealed	 that	 the	 Ag	 3d	 in	 UAC‐X	 displayed	 a	 slight	 shift	 to	
higher	binding	energy	compared	to	the	pristine	Ag2CO3,	which	
may	be	due	to	the	synergy	between	UiO‐66‐NH2	substrate	and	
Ag2CO3	[50,51].	

The	SEM	and	TEM	images	could	be	used	to	specifically	un‐

derstand	 the	 morphology	 of	 Ag2CO3,	 UiO‐66‐NH2,	 and	 UAC‐X	
composites.	It	was	observed	by	SEM	(Fig.	2a)	that	the	individu‐
al	UiO‐66‐NH2	particles	were	standard	regular	octahedrons	of	
different	sizes	ranging	from	200	nm	to	3500	nm,	in	which	the	
UiO‐66‐NH2	with	 small	 particle	 size	 exhibited	 regular	 octahe‐
drons	 shape	 (as	 shown	 in	 Fig.	 S4).	 Ag2CO3	 presents	 irregular	
cubic	structure	[27]	with	particle	size	distribution	between	100	
and	400	nm.	Both	SEM	(Fig.	2)	and	TEM	(Fig.	S5)	images	illus‐
trated	that	Ag2CO3	nanoparticles	are	adhered	to	the	surface	of	
UiO‐66‐NH2.	 The	 HRTEM	 image	 of	 UAC‐100	 (Fig.	 S6)	 reveals	
that	 the	 lattice	 spacing	of	0.261	nm	corresponds	 to	 the	 (130)	
facet	of	Ag2CO3,	further	indicating	the	intimate	contact	between	
UiO‐66‐NH2	 and	 Ag2CO3	 [51].	 The	 content	 of	 octahedral	
UiO‐66‐NH2	in	UAC‐X	composites	affected	the	adhesion	state	of	
Ag2CO3	 on	 UiO‐66‐NH2.	 The	 element	 distribution	 results	 of	
UAC‐100	are	depicted	in	Fig.	S7,	in	which	the	Ag,	Zr,	C,	N,	and	O	
elements	 are	 evenly	 distributed	 over	 the	 composite,	 further	
indicating	 that	 Ag2CO3	 is	 successfully	 loaded	 onto	 the	
UiO‐66‐NH2	material.	In	the	XPS	spectrum	of	UAC‐100	(Fig.	3),	
the	combination	between	Ag2CO3	and	UiO‐66‐NH2	was	affirmed	
by	the	shift	of	binding	energies	of	Zr,	Ag,	C,	N,	and	O,	which	was	
deeply	discussed	in	our	previous	reports	[50,51].	

3.2.	 	 Photocatalytic	performance	

3.2.1.	 	 Photocatalytic	Cr(VI)	reduction	 	
In	 order	 to	 explore	 the	 photocatalytic	 performance	 of	

Ag2CO3,	UiO‐66‐NH2	 and	UAC‐X	 composites,	 the	Cr(VI)	 reduc‐
tion	efficiency	at	pH	=	2	was	investigated.	As	shown	in	Fig.	4a,	
Cr(VI)	can	not	be	reduced	to	Cr(III)	without	adding	photocata‐
lyst	both	in	dark	and	under	the	irradiation	of	visible	light.	In	the	
experiment,	Cr(VI)	was	 first	 adsorbed	 in	 the	dark	 for	45	min,	

Fig.	 2.	 SEM	 images	 of	 (a)	 UiO‐66‐NH2,	 (b)	 Ag2CO3,	 (c)	 UAC‐20,	 (d)	
UAC‐50,	(e)	UAC‐100,	(f)	UAC‐150,	and	(g)	UAC‐200.	
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Fig.	3.	(a)	XPS	survey,	(b)	Zr	3d,	(c)	Ag	3d,	(d)	C	1s,	(e)	N	1s,	and	(f)	O	1s	spectra	of	UAC‐100	composite.	
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and	the	adsorptive	removal	efficiencies	of	Ag2CO3,	UiO‐66‐NH2,	
and	UAC‐X	composites	toward	Cr(VI)	ranged	from	3%	to	14%.	
As	shown	in	Fig.	4a	and	Table	1,	under	the	identical	conditions,	
the	 photocatalytic	 performance	 of	 the	 UAC‐X	 composites	 for	
Cr(VI)	reduction	is	better	than	those	of	pristine	UiO‐66‐NH2	or	
Ag2CO3.	 UAC‐100,	 UAC‐150,	 and	 UAC‐200	 can	 achieve	 100%	
Cr(VI)	reduction	within	50	min,	which	are	higher	than	the	re‐
duction	 efficiencies	 of	 UAC‐20	 (68%),	 UAC‐50	 (86%),	
UiO‐66‐NH2	 (19%),	 and	 Ag2CO3	 (8%).	 Specifically,	 the	 pseu‐
do–first–order	 model	 of	 UAC‐X	 for	 Cr(VI)	 reduction	 further	
proves	that	UAC‐100	achieved	faster	efficient	reduction	rate	(k	
value),	 as	 shown	 in	 Fig.	 4b.	 Comparing	with	 the	 UAC‐20	 and	
UAC‐50,	 UAC‐100	 exhibited	 more	 outstanding	 photocatalytic	
performance	toward	Cr(VI)	reduction	under	the	identical	con‐
ditions,	which	may	be	related	to	the	larger	specific	surface	area	
of	UAC‐100	than	both	UAC‐20	and	UAC‐50	(Table	S1).	Both	the	
positive	zeta	potential	(Fig.	S8c)	and	larger	surface	are	facilitate	
the	 adsorption	 toward	 Cr2O72−	 for	 further	 photocatalysis	
[29,37].	 As	 well,	 the	 appropriate	 introduction	 of	 Ag2CO3	 into	
UiO‐66‐NH2	will	 improve	the	charge	transfer	over	the	compo‐
site	 interfaces	 under	 visible	 light	 irradiation	 [54].	 However,	
excessive	 UiO‐66‐NH2	 in	 the	 UAC‐X	 may	 suppress	 the	 valid	
heterogeneous	interfaces,	which	is	not	conducive	to	the	trans‐
fer	of	 charge	 carriers	 [55].	 In	view	of	 economic	 and	cost	 sav‐
ings,	 UAC‐100	 can	 achieve	 the	 desired	 effect	 under	 the	 same	
conditions	 using	 less	 UiO‐66‐NH2	 compared	 to	 UAC‐150	 and	
UAC‐200.	Therefore,	the	UAC‐100	was	selected	to	conduct	fol‐
low‐up	 experiments	 for	 deep	 understand	 toward	 its	 perfor‐

mance.	 	

3.2.1.1.	 	 Effect	of	initial	pH	value	on	Cr(VI)	reduction	
The	initial	pH	value	of	Cr(VI)	has	a	great	influence	on	its	re‐

duction	effect	[56].	In	this	study,	the	effects	of	different	pH	val‐
ues	(pH	=	2,	3,	4,	6,	8)	on	the	Cr(VI)	reduction	were	investigated	
using	 UAC‐100	 as	 photocatalyst.	 As	 illustrated	 in	 Fig.	 5a,	 the	
lower	pH	resulted	in	a	better	photocatalytic	efficiency	and	rate.	
Especially,	the	highest	photocatalytic	Cr(VI)	reduction	efficien‐
cy	(99.0%	within	40	min	and	100.0%	within	50	min)	was	ac‐
complished	at	pH	=	2.0.	It	is	well	known	that	hexavalent	chro‐
mium	exists	in	the	form	of	Cr2O72−	at	low	pH	[37].	At	this	lower	
pH,	 the	 higher	 degree	 of	 protonation	 on	 the	 catalyst	 surface	
facilitates	the	adsorptive	interactions	with	Cr2O72–	ions,	and	the	
abundant	H+	also	promotes	the	transformation	 from	Cr(VI)	 to	
Cr(III),	as	 listed	 in	Eq.	 (1)	 [56].	Under	alkaline	conditions,	 the	
composite	photocatalysts	displayed	negative	zeta	potentials	(as	
illustrated	 in	Fig.	 S8),	which	would	decline	 the	 adsorptive	 in‐
teractions	toward	anionic	CrO42–.	As	well,	the	Cr(VI)	reduction	
reaction	 under	 alkaline	 surroundings	 follows	 Eq.	 (2)	 [17].	
However,	 the	 formed	 Cr(OH)3	 can	 cover	 the	 active	 sites	 over	
the	catalyst	surface,	resulting	 into	declined	photocatalytic	effi‐
ciency.	

Cr2O72–	 +	 14H+	 +	 6e–	 	→  2Cr3+	 +7H2O	 	 	 	 	 	 	 	 	 (1)	
CrO42–	 +	 4H2O	 +	 3e–	 	→	 	 Cr(OH)3	 ↓	 +5OH–	 	 	 	 	 	 	 	 (2)	

3.2.1.2.	 	 Effects	of	foreign	ions	on	Cr(VI)	reduction	
In	 order	 to	 explore	 the	 influences	 of	 foreign	 ions	 on	 the	

photocatalytic	Cr(VI)	reduction	activity,	UAC‐100	catalyst	was	
used	to	treat	a	Cr(VI)	solution	(pH	=	2)	prepared	with	real	lake	
water	 collected	 from	 the	Ming	 Lake	 and	 tap	water	 of	 Daxing	
campus,	BUCEA	(the	quality	parameters	of	lake	water	and	tap	
water	are	shown	in	Table	S2).	As	shown	in	Fig.	5b,	it	was	found	
that	the	Cr(VI)	reduction	efficiency	declined	from	100%	to	46%	
in	 60	min,	 indicating	 that	 the	 Cr(VI)	 reduction	 over	UAC‐100	
was	inhibited	by	the	inorganic	ions	in	tap	water	[44].	It	is	worth	
noting	 that	 the	 Cr(VI)	 reduction	 efficiency	 in	 lake	 water	 was	
higher	 (76%,	 60	min)	 than	 that	 in	 tap	water	 because	 the	 or‐
ganic	 matters	 in	 the	 lake	 water	 could	 consume	 the	 holes	 to	
facilitate	 the	 separation	of	 photo‐induced	 electrons	 and	holes	
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Fig.	4.	(a)	The	adsorption	and	photocatalytic	performance	and	(b)	the	photocatalytic	reduction	rates	(k	values)	of	Ag2CO3,	UiO‐66‐NH2,	and	UAC‐X
composites	toward	Cr(VI)	reduction.	Conditions:	Cr(VI)	=	10	mg/L,	volume	40	mL,	pH	=	2,	photocatalyst	dosage	10	mg.	

Table	1	
Photocatalytic	Cr(VI)	reduction	efficiencies	(%)	of	different	photocata‐
lysts.	

Catalyst	
Efficiency	(%)	

40	min	 50	min	 60	min	
UAC‐20	 59	 	 68	 	 81	
UAC‐50	 78	 	 86	 	 98	
UAC‐100	 99	 100	 100	
UAC‐150	 99	 100	 100	
UAC‐200	 99	 100	 100	
UiO‐66‐NH2	 18	 	 19	 	 20	
Ag2CO3	 	 8	 	 	 8	 	 	 8	
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[57].	 It	can	be	concluded	that	the	organic	matters	 in	the	reac‐
tion	 system	 can	 enhance	 the	 photocatalytic	 Cr(VI)	 reduction	
performance.	 	

3.2.1.3.	 	 Effects	of	small	organic	acids	on	Cr(VI)	reduction	
Photo‐induced	 electron‐hole	 pairs	 can	 be	 produced	 upon	

visible	light	irradiation.	The	consumption	of	holes	(h+)	will	ac‐
celerate	 the	 charge	 separation	of	photo‐induced	electron‐hole	
pairs,	resulting	in	excellent	Cr(VI)	reduction	efficiency.	In	order	
to	 test	 the	effect	of	 small	organic	acids	as	hole	 scavengers	on	
the	Cr(VI)	reduction	efficiency,	some	organic	compounds	such	
as	citric	acid,	tartaric	acid,	and	oxalic	acid	were	selected	as	hole	
scavengers	at	pH	=	2.0.	As	shown	in	Fig.	5c	and	5d,	the	partici‐
pation	of	these	small	organic	acids	can	improve	the	photocata‐
lytic	 Cr(VI)	 reduction	 activity,	 because	 the	 organic	 matters	
consume	the	holes	generated	over	 the	UAC‐100	photocatalyst	
upon	 light	 irradiation.	 It	 is	worth	noting	 that	 the	 presence	 of	
small	organic	compounds	can	improve	the	photocatalytic	reac‐
tion	rate	of	Cr(VI)	reduction,	which	may	be	related	to	the	num‐
ber	of	α‐hydroxyl	carboxylate	functional	groups	(zero,	one,	and	
two	 α‐hydroxyl	 groups	 in	 oxalic	 acid,	 citric	 acid,	 and	 tartaric	
acid,	respectively)	[12,39].	 	 	

3.2.2.	 	 Photocatalytic	degradation	activities	toward	different	
organic	dyes	

Different	organic	dyes	 like	 rhodamine	B	 (RhB),	methyl	 or‐
ange	 (MO),	 congo	 red	 (CR),	 and	 methylene	 blue	 (MB)	 were	

selected	 to	 investigate	 the	 degradation	 performance	 of	
UAC‐100.	UAC‐100	displayed	negative	zeta	potential	when	pH	
was	 higher	 than	 3.3	 (pHPZC)	 (Fig.	 S8),	 which	 favored	 the	 ad‐
sorption	 toward	 cationic	 organic	 dyes.	 During	 the	 adsorption	
process	 in	 dark,	 UAC‐100	 displayed	 different	 adsorption	 per‐
formance	toward	cationic	RhB	and	MB	along	with	anionic	MO	
and	CR.	It	can	be	found	that	UAC‐100	exhibits	the	best	adsorp‐
tion	ability	toward	MB	due	to	electrostatic	interaction.	Howev‐
er,	 the	 size	of	RhB	 (1.56	nm	×	1.35	nm	×	0.42	nm)	 is	 slightly	
larger	than	MB	(1.38	nm	×	0.64	nm	×	0.21	nm),	and	the	pore	
size	of	UAC‐100	is	ca.	0.6	nm	(Fig.	S9),	which	leads	to	the	poor‐
er	adsorption	performance	 toward	RhB	than	 that	 toward	MB.	
With	the	aid	of	weak	interaction	between	Ag+	in	UAC‐100	and	
the	 –NH2	 group	 [50,51,58],	 UAC‐100	 displays	 noticeable	 ad‐
sorption	toward	CR	with	the	adsorption	efficiency	of	28%.	And,	
the	electrostatic	repulsion	between	UAC‐100	and	MO	 leads	 to	
nearly	 no	 adsorptive	 interactions.	 Upon	 the	 light	 irradiation,	
96%	MB	and	81%	CR	can	be	decomposed	within	60	min,	while	
90%	MO	and	85%	RhB	can	be	degraded	up	to	90	min.	It	can	be	
concluded	that	UAC‐100	can	achieve	the	photocatalytic	degra‐
dation	toward	organic	pollutants	like	stable	organic	dyes.	

3.2.2.1.	 	 Identification	of	active	species	
In	order	to	further	understand	the	intrinsic	reactions,	some	

measures	were	 taken	to	explore	the	active	species	 that	play	a	
role	 in	 the	 process	 of	 photocatalytic.	 Specifically,	 EDTA‐2Na	
(0.2	mmol/L),	benzoquinone	(BQ,	0.2	mmol/L),	and	 isopropyl	
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Fig.	5.	(a)	Photocatalytic	Cr(VI)	reduction	efficiencies	with	UAC‐100	as	photocatalyst	at	different	pH	values;	(b)	Effect	of	Cr(VI)	solution	prepared
from	tap	water	and	lake	water	on	reduction	of	Cr(VI);	(c)	Effect	of	different	small	organic	acids	on	the	Cr(VI)	reduction;	(d)	Photocatalytic	Cr(VI)	
reduction	rates	(k	values)	in	the	presence	of	different	small	organic	compounds.	Conditions:	UAC‐100	=	10	mg,	Cr(VI)	=	10	mg/L,	40	mL,	pH	=	2.0,	
small	organic	acid	dosage	=	0.1	mmol/L.	
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alcohol	 (IPA,	0.6	mmol/L)	were	added	 to	 the	 solution	 to	 cap‐
ture	h+,	•O2–,	and	•HO,	respectively.	It	has	been	pointed	out	that	
•HO	 and	 •O2–	 are	 important	 photoactive	 substances	 that	 can	
degrade	 pollutants	 [16,27,31,44,59].	 As	 shown	 in	 Fig.	 7a,	 the	
degradation	of	MB	by	UAC‐100	was	significantly	inhibited	after	
the	addition	of	different	sacrificial	agents,	indicating	that	all	the	
h+,	•HO,	and	•O2–	can	achieve	the	oxidative	degradation	toward	
the	 organic	 dyes	 under	 visible	 light.	 The	 electron	 spin	 reso‐
nance	(ESR)	determination	can	also	prove	the	existence	of	•O2–	
and	•HO,	as	shown	in	Fig.	7b	and	7c.	

3.2.3.	 	 Photocatalytic	performance	toward	Cr(VI)	and	MB	in	
their	matrix	

It	is	well	known	that	heavy	metals	like	Cr(VI)	often	existed	
with	various	organic	pollutants	in	industrial	wastewater.	In	this	
experiment,	 the	 photocatalytic	 activity	 of	 UAC‐100	 for	 simul‐
taneous	Cr(VI)	reduction	and	organic	dye	degradation	at	pH	=	2	
was	 investigated.	 As	 shown	 in	 Fig.	 8,	 in	 the	 mono‐system	 of	
Cr(VI)	and	MB,	UAC‐100	could	remove	100%	Cr(VI)	and	96%	
MB	 after	 60	 min	 illumination,	 respectively.	 However,	 in	 the	
Cr(VI)	and	MB	matrix,	only	79%	Cr(VI)	and	78%	MB	were	re‐
moved	under	visible	light	for	60	min.	The	removal	efficiency	of	
both	Cr(VI)	and	MB	over	UAC‐100	in	the	mixed	system	became	
slower	 than	 that	of	 the	mono‐component,	possibly	due	 to	 the	

competition	 of	 •O2–	 between	 Cr(VI)	 and	MB	 (detailed	 discus‐
sion	can	be	found	in	Section	3.2.5).	 	

3.2.4.	 	 Reusability	and	stability	of	UAC–100	
It	is	important	to	explore	the	reusability	and	stability	of	the	

UAC‐X	 composites	 for	 practical	 application,	 which	 was	 per‐
formed	 by	 accomplishing	 repeated	 cycles	 under	 determinate	
reaction	 conditions.	 As	 illustrated	 in	 Fig.	 9a,	 UAC‐100	 shows	
the	 superior	 photocatalytic	 Cr(VI)	 reduction	 activity	 of	 more	
than	99%	after	four	cycles.	The	PXRD	patterns	(Fig.	9b)	of	the	
recovered	 UAC‐100	 after	 four	 cycles	 matched	 well	 with	 the	
original	ones,	 implying	 that	UAC‐100	has	excellent	 reusability	
and	stability.	In	addition,	there	is	no	obvious	change	in	the	oc‐
tahedron	shape	of	UiO‐66‐NH2	after	 four	runs	 (Fig.	S10),	 indi‐
cating	 that	 the	 composite	material	 can	be	 reused	without	ob‐
vious	erosion	and	deterioration.	The	XPS	spectrum	of	UAC‐100	
after	 the	 photocatalytic	 reaction	 further	 demonstrates	 the	 in‐
tegrity	 of	 UAC‐100	 (as	 shown	 in	 Fig.	 S11),	 which	 has	 only	 a	
small	amount	of	Cr(III)	formed	by	Cr(VI)	reduction	(the	binding	
energy	 of	 573.3	 eV	 corresponds	 to	 Cr	 2p3/2	 orbital	 of	 Cr(III))	
[60].	

It	 should	 be	 noted	 that	 99%	 Cr(VI)	 reduction	 can	 be	
achieved	after	four	cycles	of	visible	light	irradiation	for	50	min	
over	UAC‐100	without	adding	any	hole	 scavenger	 to	promote	
the	 reaction.	 Compared	 to	 some	 typical	metal‐organic	 frame‐
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Fig.	6.	The	photocatalytic	degradation	performance	of	UAC‐100	toward	
different	organic	dyes	(RhB,	MO,	CR,	MB).	Reaction	conditions:	10	mg
UAC‐100,	40	mL	of	RhB	(10	mg/L)	or	MO	(10	mg/L)	or	CR	(50	mg/L)	or
MB	(10	mg/L).	
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Fig.	7.	(a)	The	effects	of	different	scavengers	on	the	degradation	of	MB	in	the	presence	of	UAC‐100	under	visible	light	irradiation.	Conditions:	MB	=	10	
mg/L,	40	mL,	UAC‐100	=	10	mg.	ESR	spectra	of	radical	adducts	trapped	by	DMPO‐•O2–	(b)	and	DMPO‐•HO	(c)	over	UAC‐100	under	visible	light	irradi‐
ation.	
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Fig.	8.	Photocatalytic	Cr(VI)	reduction	and	MB	degradation	efficiencies	
in	their	single	systems	and	in	their	matrix	with	UAC‐100	as	photocata‐
lyst.	Reaction	conditions:	10	mg	UAC‐100,	40	mL	of	Cr(VI)	(10	mg/L)	
and	MB	(10	mg/	L),	pH	=	2.0.	
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works	or	their	composites,	UAC‐100	exhibits	an	excellent	abil‐
ity	to	reduce	Cr(VI)	after	50	min	irradiation	under	5.00	W	LED,	
as	 illustrated	 in	 Table	 2.	 It	 is	 found	 that	 UAC‐100	 displayed	
superior	photocatalytic	Cr(VI)	performance	among	the	report‐
ed	 photocatalysts	 in	 Table	 2,	 considering	 the	 photocatalyst	
dosage,	 initial	 Cr(VI)	 concentration,	 solution	 volume,	 cycle	
times,	and	light	source.	 	

3.2.5.	 	 Photocatalytic	reaction	mechanism	 	
The	photoluminescence	 technique	 (PL)	was	used	 to	evalu‐

ate	the	separation	efficiency	of	carrier	charges	in	catalytic	pro‐
cess	 of	 the	 composites	 [41,64,65].	 Generally,	 the	 higher	 fluo‐
rescence	emission	intensity	implies	the	faster	recombination	of	
photo‐induced	 electrons	 and	 holes,	 resulting	 in	 a	 decrease	 of	
the	 photocatalytic	 performance.	 UiO‐66‐NH2,	 Ag2CO3,	 and	
UAC‐100	are	excited	to	produce	the	excitation	peak	centered	at	
350	nm.	However,	UAC‐100	displayed	 a	 slight	 blue‐shift	 rela‐
tive	to	UiO‐66‐NH2	and	Ag2CO3,	in	which	the	emission	peaks	of	
UiO‐66‐NH2,	 Ag2CO3,	 and	 UAC‐100	 are	 centered	 at	 542,	 540,	
and	540	nm,	respectively.	It	can	be	seen	from	Fig.	10a	that	the	
fluorescence	intensity	of	UAC‐100	is	significantly	weaker	than	
that	 of	UiO‐66‐NH2	and	Ag2CO3,	 indicating	 that	photo‐induced	
electrons	 and	 holes	 over	 UAC‐100	 are	 effectively	 separated.	
This	 can	 also	 be	 confirmed	 by	 the	 transient	 photocurrent	 re‐
sponse	 value	 [64,65].	 The	 photo‐electrode	 prepared	 from	
UAC‐100	can	generate	 reversible	and	stable	photocurrent	un‐
der	visible	light	illumination,	and	the	photocurrent	intensity	of	
UAC‐100	 is	 obviously	 higher	 than	 that	 of	 UiO‐66‐NH2	 and	

Ag2CO3	 (Fig.	 S12).	 The	 transient	 photocurrent	 responses	 fur‐
ther	prove	that	the	separation	efficiency	of	photo‐induced	elec‐
tron	 and	 hole	 pairs	 over	 the	 composites	 is	 improved	 signifi‐
cantly.	 	

Electrochemical	 impedance	 spectroscopy	 (EIS)	 of	
UiO‐66‐NH2,	Ag2CO3,	and	UAC‐100	was	performed	for	analysis	
of	charge	transfer	and	recombination,	in	which	the	diameter	of	
the	arc	on	an	EIS	Nyquist	diagram	is	equal	to	the	charge	trans‐
fer	resistance	occurred	at	the	semiconductor‐electrolyte	inter‐
face	[66].	The	smaller	Nyquist	radius	 implied	the	smaller	cor‐
responding	charge	transfer	resistance.	As	depicted	in	Fig.	10b,	
the	arc	radius	of	the	UAC‐100	composite	is	much	smaller	than	
that	 of	 UiO‐66‐NH2	 and	 Ag2CO3,	 indicating	 that	 the	 pho‐
to‐induced	holes	and	electrons	over	the	UAC‐100	are	effectively	
separated	to	accomplish	the	higher	photocatalytic	activity.	

The	Mott‐Schottky	 curves	 of	 Ag2CO3	 and	 UiO‐66‐NH2	 (Fig.	
10c	 and	 10d)	 illustrate	 negative	 and	 positive	 correction	 be‐
tween	C2	value	and	potential	value,	 implying	 that	Ag2CO3	and	
UiO‐66‐NH2	displayed	 the	 typical	behavior	of	p‐type	semicon‐
ductor	and	n‐type	semiconductor,	respectively	[67].	Compared	
with	the	pristine	Ag2CO3	and	UiO‐66‐NH2,	the	enhanced	photo‐
catalytic	 activity	of	UAC‐X	 composites	may	be	 assigned	 to	 the	
p‐n	 junction	 formed	 between	 the	 n‐type	 UiO‐66‐NH2	 and	 the	
p‐type	Ag2CO3	semiconductor.	 It	can	be	roughly	 inferred	from	
the	 Mott‐Schottky	 spectrogram	 that	 the	 flat	 band	 potentials	
(EFB)	 of	 UiO‐66‐NH2	 and	 Ag2CO3	 are	 ca	 –1.29	 and	 0.51	 eV	 vs	
Ag/AgCl	 electrode,	 respectively.	 According	 to	 the	 band	 gap	
value	(Eg	 (UiO‐66‐NH2)	=	2.92	eV,	Eg	 (Ag2CO3)	=	2.64	eV)	and	
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Fig.	9.	(a)	The	reusability	of	UAC‐100	under	visible	light	conditions	(photocatalytic	reduction	of	Cr(VI))	and	dark	conditions	(adsorption	of	Cr2O72−);
(b)	Comparison	of	PXRD	before	and	after	four	cycles	of	photocatalytic	Cr(VI)	reduction	solution	by	UAC‐100	composite.	

Table	2	
Performance	of	some	typical	metal‐organic	frameworks	(or	their	composites)	as	photocatalysts	for	the	reduction	of	Cr(VI)	under	visible	light	irradia‐
tion.	

Photocatalyst/	
Amount	(mg)	

Cr(VI)	concentration	
(mg/L)/Solution	volume	(mL)/pH

Time/
(min)

1st	cycle	reduction	
efficiency	(%)	

Times/Last	cycle	re‐
duction	efficiency	(%)	

Light	source	 Ref.	

MIL‐101(Fe)/20	 8/40/2.0	 	 60	 100	 NA	 300W	Xe	Lamp	 [37]	
NH2‐MIL‐88B/20	 8/40/2.0	 	 50	 100	 4/100	 300W	Xe	Lamp	 [37]	
UiO‐66‐NH2/20	 10/40/2.0	 	 80	 97	 3/97	 300W	Xe	Lamp	 [40,61]	
BUC‐21/g‐C3N4/50	 10/200/2.0	 120	 ca.	97	 5/ca.	89	 500	W	Xe	Lamp	 [39]	
Pd@UiO‐66(NH2)/20	 10/40/2.0	 	 90	 100	 3/ca.	98	 300	W	Xe	Lamp	 [62]	
RGO‐UiO‐66(NH2)/20	 10/40/2.0	 100	 100	 3/ca.	100	 300	W	Xe	Lamp	 [63]	
UiO‐66‐NH2/Ag2CO3/10	 10/40/2.0	 	 50	 100	 4/99	 5.00	W	LED	 this	work	
Notes:	BUC‐21/g‐C3N4	reduced	Cr(VI)	under	simulated	sunlight.	
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EFB	in	Mott‐Schottky,	the	maximum	occupied	molecular	orbital	
(HOMO)	 of	 UiO‐66‐NH2	 and	 VB	 of	 Ag2CO3	 were	 1.83	 eV	 and	
3.35	eV	vs	NHE	at	pH	=	7.0,	respectively.	 	

Based	 on	 the	 properties	 and	 experimental	 studies	 of	 the	
UAC‐100	composite,	UiO‐66‐NH2,	 and	Ag2CO3,	 the	possible	di‐
rect	 Z‐scheme	 photocatalytic	mechanism	 of	 organic	 dyes	 and	
Cr(VI)	reduction	under	the	irradiation	of	visible	light	was	pro‐
posed	 (Scheme	2)	 [68–72].	Under	 the	visible	 light	 irradiation,	
the	electrons	in	the	highest	occupied	molecular	orbital	(HOMO)	
of	UiO‐66‐NH2	will	be	excited	to	the	lowest	occupied	molecular	
orbital	(LUMO),	and	similarly,	the	electrons	in	the	VB	position	
of	Ag2CO3	will	 be	excited	 to	 the	CB	position.	Considering	 that	

the	 formation	 of	 UiO‐66‐NH2/Ag2CO3	 (UAC‐100),	 the	 pho‐
to‐induced	electrons	can	be	transferred	from	the	CB	of	Ag2CO3	
to	 consume	 the	 h+	 formed	 over	HOMO	 of	 UiO‐66‐NH2,	which	
effectively	shorten	the	electron	transfer	distance	and	facilitate	
the	 separation	 of	 electron‐hole	 formed	 on	 the	 individual	
UiO‐66‐NH2	and	Ag2CO3.	The	•O2–	is	a	key	active	substance	that	
exhibits	direct	oxidative	degradation	of	organic	dyes,	which	can	
be	generated	as	the	LUMO	value	of	UiO‐66‐NH2	is	–1.29	eV	vs	
NHE,	much	more	 negative	 than	 the	 standard	 redox	 potential	
E(O2/•O2–)	(–0.33	eV	vs	NHE)	[64].	At	the	same	time,	O2–·	will	
also	participate	 in	the	photocatalytic	Cr(VI)	reduction	via	Eqs.	
(3)	and	(4)	[73,74],	which	can	be	demonstrated	by	the	inhibi‐
tion	 of	 Cr(VI)	 reduction	 in	 nitrogen	 atmosphere	 compared	 to	
normal	 indoor	 environments	 under	 the	 same	 conditions,	 as	
shown	in	Fig.	S13.	 It	 is	worth	noting	that	the	electrons	gener‐
ated	on	the	LUMO	of	UiO‐66‐NH2	will	also	directly	participate	
in	the	Cr(VI)	reduction	because	of	the	strong	ability	of	Cr(VI)	to	
capture	 electrons	 in	 the	 photocatalytic	 reduction	 of	 Cr(VI)	 to	
avoid	the	photo‐corrosion	of	Ag2CO3,	which	can	be	proved	from	
the	 integrity	 of	 the	material	 before	 and	 after	 four	 cycles	 and	
XPS	spectrum	before	and	after	photocatalytic	Cr(VI)	reduction	
(Fig.	 9b	 and	 Fig.	 S11).	 Subsequently,	 the	 holes	 on	 the	 VB	 of	
Ag2CO3	 can	directly	 oxidize	 organic	 dyes	 and	 also	 oxidize	 the	
H2O	or	–OH	molecules	to	form	•OH,	which	then	participates	in	
the	photocatalytic	degradation	of	organic	dyes,	because	the	VB	
potential	(3.35	eV	vs	NHE)	is	greater	than	the	H2O/HO·	poten‐
tial	(2.40	eV	vs	NHE)	[64].	The	photocatalytic	mechanism	of	the	
UAC‐X	 composites	 shows	 that	 photo‐induced	 holes	 are	 also	
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Fig.	 10.	 (a)	 Photoluminescence	 spectra	 (PL)	 and	 (b)	 electrochemical	 impedance	 spectra	 (EIS);	 The	Mott‐Schottky	 curves	 of	 (c)	 Ag2CO3	 and	 (d)	
UiO‐66‐NH2	at	various	frequencies.	
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contributors	to	the	degradation	process	of	organic	dyes.	In	the	
oxidation‐reduction	 reaction	of	 the	UAC‐X	 composites,	 the	 ef‐
fective	separation	of	holes	and	photo‐induced	electrons	in	the	
formed	 Z‐scheme	heterojunction	 contributes	 to	 the	 improved	
photocatalytic	performance.	 	

O2	+	e–	→	•O2–	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (3)	
•O2–	+	Cr(VI)	→	Cr(V)	+	O2	 	 	 	 	 	 	 	 	 	 	 	 	 	 (4)	

4.	 	 Conclusions	

The	 UAC‐X	 heterojunction	 with	 enhanced	 photocatalytic	
properties	 was	 successfully	 prepared	 by	 a	 simple	
ion‐exchange‐solution	method.	The	morphology	and	structure	
of	 the	 UAC‐X	 composites	 were	 characterized	 by	 FTIR,	 PXRD,	
SEM,	 TEM,	 HRTEM,	 UV‐Vis	 DRS,	 and	 XPS.	 The	 photocatalytic	
activity	of	the	UAC‐X	composites	for	Cr(VI)	reduction	is	better	
than	 that	 of	 pure	 Ag2CO3	 and	 UiO‐66‐NH2	under	 visible	 light	
irradiation.	 Especially	 for	 UAC‐100,	 the	 ideal	 effect	 can	 be	
achieved	 with	 less	 UiO‐66‐NH2	 dosage.	 PL	 analysis,	 electro‐
chemistry	measurement,	capture	of	active	substances,	and	ESR	
spectra	 demonstrated	 that	 the	 reduction	 enhancement	 of	
Cr(VI)	 is	 due	 to	 the	 faster	 separation	 of	 photo‐induced	 elec‐
trons	and	holes	and	the	reduction	of	•O2–	over	the	interface	of	
Z‐scheme	heterostructure.	The	effects	of	pH	value,	foreign	ions,	
and	small	organic	acids	on	the	reduction	of	Cr(VI)	and	the	or‐
ganic	 dye	 oxidation	 properties	 of	 UAC‐100	were	 also	 investi‐
gated.	The	presence	of	organic	matters	 in	the	reaction	system	
can	enhance	 the	photocatalytic	Cr(VI)	reduction	performance.	
In	 addition,	 UAC‐100	 exhibits	 excellent	 photocatalytic	 oxida‐

tion	properties	for	RhB,	MO,	CR,	and	MB	due	to	the	generation	
of	h+,	·HO,	and·O2–	with	oxidizing	properties	under	visible	light.	
It	 is	worth	noting	 that	UAC‐100	had	excellent	 reusability	 and	
stability	in	the	experiment	of	photocatalytic	reduction	of	Cr(VI).	
This	 work	 showed	 that	 the	 combination	 of	 UiO‐66‐NH2	 and	
Ag2CO3	can	enhance	the	photocatalytic	efficiency,	which	might	
be	used	in	water	treatment.	We	will	carry	out	further	work	to	
address	 the	 photo‐corrosion	 of	 Ag2CO3,	 especially	 during	 the	
oxidative	degradation	toward	organic	pollutants.	
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UiO-66-NH2/Ag2CO3复合物简易制备及其在可见光驱动下的高效光催化性能 

周云彩, 徐雪艳, 王  鹏, 付会芬, 赵  晨, 王崇臣* 
北京建筑大学建筑结构与环境修复功能材料北京重点实验室, 北京100044 

摘要: 近年来, 金属-有机骨架(MOFs)作为一种多相光催化剂被越来越多地应用于光催化分解水制氢、还原CO2、还原

Cr(VI)和降解环境有机污染物.  尽管MOFs在光催化领域表现优异, 但是仍然面临一些问题, 例如多数MOFs材料仅在紫外

线激发下才能表现出光催化活性, 多数MOFs材料导电性不高、水稳定性欠佳及光生电子和空穴容易复合等.  为此, 与一些

窄带隙半导体光催化剂构建复合物是增强MOFs光催化性能的一个有效策略.   

本文采用简单的原位离子交换沉积法, 以UiO-66-NH2和AgNO3为前驱体在室温下快速制备了一系列具直接Z型异质

结的UiO-66-NH2/Ag2CO3复合物(记为UAC-X, 其中X = 20、50、100、150和200, 代表UiO-66-NH2在复合物中的含量).  采用

傅里叶变换红外光谱(FTIR)、粉末X射线衍射(PXRD)、扫描电镜(SEM)、透射电镜(TEM)、高倍透射电镜(HRTEM)、紫外

-可见漫反射(UV-Vis DRS)和X射线光电子能谱(XPS)等技术对UAC-X复合物的形貌和结构进行了表征.  研究了UAC-X在

可见光照射下光催化还原六价铬(Cr(VI))和UAC-100降解有机染料的性能.  探究了不同pH (pH = 2、3、4、6和8)、不同小

分子有机酸(柠檬酸、酒石酸和草酸)及共存离子(自来水和地表水中的离子)对光催化还原Cr(VI)的影响.   

结果表明, PXRD谱图显示UAC-X的衍射峰位置分别与UiO-66-NH2和Ag2CO3峰位置完全吻合.  SEM、TEM和HRTEM

图片证明在UAC-X复合物中Ag2CO3附着在UiO-66-NH2表面.  光照50 min后, UAC-X复合物还原Cr(VI)的效率(UAC-20和

UAC-50分别为68%和86%, UAC-100、UAC-150和UAC-200为100%)均高于UiO-66-NH2(19%)和Ag2CO3(8.0%).  UAC-X复合

物中UiO-66-NH2含量增加(比如UAC-20、UAC-50和UAC-100)导致其光催化Cr(VI)活性增强, 其原因在于比表面积增大, 且

表面增强的正电荷对Cr2O7
2–吸附能力增强, 最终提升了其光催化效率.   

不同pH值下的光催化实验结果表明:  酸性条件下光催化效率远优于碱性条件, 这是因为在酸性条件下充足的H+和表

面正电性有利于Cr(VI)还原为Cr(III);  在碱性条件下, UAC-100表面呈负电性与CrO4
2–发生排斥, 且形成的Cr(OH)3沉淀会遮

盖催化剂表面活性位点, 导致光催化效率下降.  反应溶液中的共存离子也会影响光催化效率:  自来水中的无机离子可在一

定程度上抑制UAC-100对Cr(VI)的光催化效率;  湖水中存在的少量有机物可消耗空穴而减弱共存无机离子对Cr(VI)还原效

率的负面影响.  向无共存离子存在的模拟废水体系中加入酒石酸、柠檬酸和草酸等小分子有机酸时, UAC-100作为光催化

剂还原Cr(VI)的速率和效率显著提高, 这是因为小分子有机物可有效捕捉空穴, 加强光生电子和空穴的分离.  光致发光分

析、电化学分析、电子自旋共振(ESR)和活性物质捕获实验显示 , UAC-100中Ag2CO3导带(CB)上的光生电子转移至

UiO-66-NH2最高已占轨道(HOMO), 表明在UAC-100复合物中形成了直接Z型异质结, 提高了光生电子和空穴的分离效率, 

最终加强了光催化还原Cr(VI)的活性.  同时, UAC-100经过4次光催化循环实验后其还原Cr(VI)效率仍然可达99%, 且PXRD

谱图未见明显变化, 表明UAC-100具有稳定性和重复利用性.  综上, UiO-66-NH2/Ag2CO3是一种具有应用前景的高效复合

型光催化剂.  
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