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  Low	optical	absorption	and	photocorrosion	are	two	crucial	issues	limiting	the	practical	applications	
of	 zinc	 oxide	 (ZnO)‐based	 photocatalysts.	 In	 this	 paper,	 we	 report	 the	 fabrication	 of	 graphit‐
ic‐carbon‐mediated	ZnO	nanorod	arrays	(NRAs)	with	enhanced	photocatalytic	activity	and	photo‐
stability	 for	CO2	 reduction	under	visible	 light	 irradiation.	ZnO	NRA/C‐x	 (x	 =	005,	01,	02,	 and	03)	
nanohybrids	are	prepared	by	calcining	pre‐synthesized	ZnO	NRAs	with	different	amounts	of	glu‐
cose	(0.05,	0.1,	0.2,	and	0.3	g)	as	a	carbon	source	via	a	hydrothermal	method.	X‐ray	photoelectron	
spectroscopy	reveals	that	the	obtained	ZnO	NRA/C‐x	nanohybrids	are	imparted	with	the	effects	of	
both	carbon	doping	and	carbon	coating,	as	evidenced	by	the	detected	COZn	bond	and	the	CC,	
CO	and	C=O	bonds,	respectively.	While	the	basic	structure	of	ZnO	remains	unchanged,	the	UV‐Vis	
absorption	 spectra	 show	 increased	 absorbance	 owing	 to	 the	 carbon	 doping	 effect	 in	 the	 ZnO	
NRA/C‐x	 nanohybrids.	 The	 photoluminescence	 (PL)	 intensities	 of	 ZnO	NRA/C‐x	 nanohybrids	 are	
lower	than	that	of	bare	ZnO	NRA,	indicating	that	the	graphitic	carbon	layer	coated	on	the	surface	of	
the	ZnO	NRA	significantly	enhances	the	charge	carrier	separation	and	transport,	which	in	turn	en‐
hances	the	photoelectrochemical	property	and	photocatalytic	activity	of	the	ZnO	NRA/C‐x	nanohy‐
brids	 for	 CO2	 reduction.	 More	 importantly,	 a	 long‐term	 reaction	 of	 photocatalytic	 CO2	 reduction	
demonstrates	 that	 the	 photostability	 of	 ZnO	 NRA/C‐x	 nanohybrids	 is	 significantly	 increased	 in	
comparison	with	the	bare	ZnO	NRA.	
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Published	by	Elsevier	B.V.	All	rights	reserved.
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1.	 	 Introduction	

Photocatalysis	 using	 semiconductors	 and	 solar	 energy	 for	
water	splitting	to	generate	hydrogen	and	recycling	CO2	back	to	
hydrocarbon	fuels	has	attracted	wide	attention,	 in	view	of	the	
global	 energy	 crisis	 and	 environment	 pollution	 issues	 [18].	
Over	the	past	 four	decades,	 tremendous	efforts	have	been	de‐
voted	 to	 developing	 various	 semiconductor	 photocatalysts	

[6–16],	 among	 which	 zinc	 oxide	 (ZnO)	 has	 been	 intensively	
studied	because	of	 its	 attractive	photophysical	properties	and	
nontoxicity	[17–20].	However,	the	practical	application	of	ZnO	
as	a	photocatalyst	has	hardly	been	realized.	This	has	been	be‐
cause	of	its	low	photostability	that	is	caused	by	photocorrosion	
[21–24],	 in	which	the	zinc	 ion	 is	prone	to	oxidation	by	photo‐
generated	holes	upon	light	irradiation.	ZnO	is	a	wide	band	gap	
(Eg		 3.2	 eV)	 semiconductor,	 so	 it	 can	only	 absorb	ultraviolet	
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(UV)	wavelengths.	UV	wavelengths	constitute	only	4%	of	the	
solar	 spectrum,	 so	 longer	 visible	 wavelengths	 are	 effectively	
wasted	[25–27].	Previous	studies	have	shown	that	doping	with	
C,	N,	or	S	could	extend	the	optical	absorption	range	of	ZnO	into	
the	visible	region.	Lin	et	al.	[28]	prepared	hierarchically	porous	
nanoarchitectures	of	C‐doped	ZnO	by	a	 facile	and	 inexpensive	
wet‐chemical	method.	Cho	et	al.	[29]	used	vitamin	C	as	a	carbon	
source	to	synthesize	C‐doped	ZnO	as	a	visible	light	photocata‐
lyst.	

Efficient	charge	separation	and	transfer	are	essential	for	ef‐
ficient	photocatalytic	activity	[30,31].	How	to	suppress	the	re‐
combination	 of	 photoinduced	 charge	 carriers	 (electron/hole	
pairs)	 has	 long	 been	 a	 challenge	 in	 photocatalysis	 [32,33].	 A	
photocatalytic	reaction	is	a	surface‐based	process	involving	the	
separation	 and	 transport	 of	 photoinduced	 charge	 carriers,	 as	
the	 subsequent	 redox	 reactions	 mainly	 occur	 on	 the	 catalyst	
surface.	 One‐dimensional	 (1‐D)	 semiconductors	 have	 large	
surface‐to‐volume	 ratios	 and	 good	 charge	 carrier	 transport	
rates	 which	 benefit	 from	 the	 ballistic	 effect.	 Thus,	 1‐D	 semi‐
conductors	 are	 expected	 to	 exhibit	 superior	 photocatalytic	
activity	 compared	 with	 conventional	 powder	 photocatalysts	
[34,35].	Coating	a	thin	amorphous	carbon	layer	on	the	surface	
of	 a	 semiconductor	 has	 been	 demonstrated	 to	 effectively	 im‐
prove	 charge	 carrier	 separation.	 In	 this	 context,	many	 recent	
studies	 have	 reported	 the	 coating	 of	 1‐D	 ZnO	 with	 a	 carbon	
layer	 to	 suppress	 charge	 carrier	 recombination,	 and	 in	 turn	
improve	 the	 photocatalytic	 activity.	 Mu	 et	 al.	 [36]	 prepared	
ZnOcarbon	 nanofiber	 heteroarchitectures	 with	 high	 photo‐
catalytic	 activity	 for	 degrading	 rhodamine	 B.	 Han	 et	 al.	 [37]	
reported	 the	 enhanced	 photocatalytic	 activity	 and	 an‐
ti‐photocorrosion	properties	of	ZnO	by	coupling	with	versatile	
carbon	 species.	 A	 microwave‐assisted	 carbonization	 strategy	
was	adopted	by	Guo	et	al.	[38]	to	form	a	uniform	carbon	coat‐
ing	on	ZnO	nanorods,	which	enhanced	their	photocatalytic	ac‐
tivity.	Yu	et	al.	[39]	synthesized	ZnOcarbon	quantum	dots	by	a	
one‐step	method,	and	the	resulting	material	exhibited	excellent	
photocatalytic	 ability	 for	 toxic	 gas	 degradation	 under	 visible	
light	irradiation.	Akir	et	al.	[40]	synthesized	carbon‐ZnO	nano‐
composites	with	 enhanced	 visible	 light	 photocatalytic	 perfor‐
mance	 for	 degrading	 rhodamine	 B.	 Others	 have	 synthesized	
ZnO‐nanoparticle/graphene‐oxide	 or	 ZnO‐nanorod/	reduced‐	

graphene‐oxide	composites	for	the	photodegradation	of	meth‐
ylene	blue	[41,42].	However,	previous	studies	on	carbon‐	modi‐
fied	 ZnO	 have	 rarely	 focused	 on	 comprehensively	 improving	
the	photostability,	charge	carrier	separation,	and	photocatalytic	
CO2	reduction	[26].	

Herein,	we	report	a	modified	hydrothermal	method	for	fab‐
ricating	 graphitic‐carbon‐mediated	 visible‐light‐responsive	
ZnO	 nanorod	 arrays	 (NRAs).	 The	 resulting	 carbon‐containing	
NRAs	exhibit	enhanced	photocatalytic	activity	and	photostabil‐
ity	 for	 CO2	 reduction,	 compared	 with	 the	 NRA	 containing	 no	
carbon.	 By	 calcining	 pre‐synthesized	 ZnO	 NRAs	 coated	 with	
different	 amounts	 of	 glucose	 as	 a	 carbon	 source	 at	 a	 suitable	
hydrothermal	 temperature,	 we	 obtain	 ZnO	 NRA/C‐x	 nanohy‐
brids	on	zinc	foil.	The	ZnO	NRA/C‐x	nanohybrids	are	imparted	
with	 the	effects	of	both	carbon	doping	and	carbon	coating,	 so	
they	 exhibit	 increased	 absorption	 ability	 and	 photostability	

compared	with	the	ZnO	NRA.	The	graphitic	carbon	layer	coated	
on	 the	 surface	 of	 the	 ZnO	 NRA	 significantly	 enhances	 charge	
carrier	separation	and	transport	and	thus	enhances	the	photo‐
catalytic	 activity	of	 the	ZnO	NRA/C‐x	 nanohybrids.	This	 study	
provides	 a	 method	 involving	 graphitic	 carbon	 mediation	 for	
fabricating	a	highly	stable	and	active	ZnO‐based	photocatalyst	
for	CO2	reduction.	

2.	 	 Experimental	

2.1.	 	 Sample	preparation	

The	ZnO	nanorod	array	was	directly	grown	on	zinc	foil	(2.0	
cm		3.0	cm)	via	a	hydrothermal	method	at	180	°C	for	4	h,	in	a	
solution	containing	25	mL	of	H2O,	2	g	of	NaOH,	and	3.6	mL	of	
30%	 H2O2.	 The	 surface	 of	 the	 zinc	 foil	 was	 pretreated	 using	
hydrochloric	 acid	 for	20	 s.	After	 rinsing	with	deionized	water	
several	 times,	 the	 synthesized	 ZnO	 NRA	 on	 the	 zinc	 foil	 was	
dried	 at	 room	 temperature.	 A	 typical	 procedure	 for	 coating	
carbon	on	 the	 ZnO	NRA	was	 as	 follows.	Different	 amounts	 of	
glucose	 (0.05,	0.1,	0.2,	0.3	g)	were	 first	dissolved	 in	30	mL	of	
deionized	water,	 into	which	 the	 ZnO	NRA	was	 added;	 the	 re‐
sulting	solution	was	then	heated	to	180	°C	for	4	h,	followed	by	
cooling	 to	 room	 temperature.	 After	 washing	 with	 deionized	
water	several	times,	the	samples	were	dried	in	an	oven	at	80	°C	
for	1	h.	Finally,	the	samples	were	placed	in	a	tube	furnace	and	
calcined	at	800	°C	with	a	heating	rate	of	5	°C/min	for	3	h	in	an	
argon	 gas	 atmosphere,	 to	 obtain	 the	 resulting	 samples	
ZnO‐NRA/C‐x	 (where	 x	 =	 005,	 01,	 02,	 and	 03,	 and	 denotes	
added	glucose	amounts	of	0.05,	0.1,	0.2,	and	0.3	g,	respectively).	
For	comparison,	zinc	foil	coated	with	graphitic	carbon	(denoted	
as	Zn/C	 foil)	was	also	prepared	 following	a	similar	procedure	
as	mentioned	above.	 	

2.2.	 	 Characterization	 	

The	crystal	structures	of	the	synthesized	samples	were	de‐
termined	 using	 a	 powder	 X‐ray	 diffractometer	 (XRD;	 Cu	 K	
radiation,	 D8	 Advanced,	 Bruker,	 Germany).	 Microstructures	
were	observed	using	a	field‐emission	scanning	electron	micro‐
scope	 (FESEM;	 JOELS4800,	 Japan)	 and	 a	 transmission	 elec‐
tron	microscope	(TEM;	FEI	Tecnai	G2	F20,	USA),	both	equipped	
with	an	energy	dispersive	X‐ray	spectrometer.	Raman	scatter‐
ing	 spectra	 were	 recorded	 using	 a	 Raman	 spectroscope	
(XploRA	PLUS,	HORIBA	Scientific,	NJ,	USA).	The	optical	proper‐
ties	of	 the	samples	were	characterized	by	measuring	 their	ul‐
traviolet‐visible	 (UV‐Vis)	 diffuse	 reflectance	 spectra	 with	 a	
spectrophotometer	 (UV‐2700,	 Shimazu,	 Japan)	 and	 photolu‐
minescence	(PL)	spectra	with	a	fluorescence	spectrophotome‐
ter	(Fluorolog‐3,	HORIBA	Scientific,	NJ,	USA),	respectively.	The	
valence	 states	 of	 near‐surface	 elements	 were	 measured	 by	
X‐ray	 photoelectron	 spectroscopy	 (XPS;	 Escalab	 250,	 Thermo	
Scientific,	MA,	USA).	XPS	spectra	were	calibrated	using	the	C	1s	
peak	(284.8	eV)	as	the	reference.	

2.3.	 	 Evaluation	of	photoelectrochemical	(PEC)	and	 	
photocatalytic	activities	
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The	PEC	performances	of	the	samples	were	measured	using	
an	 electrochemical	 workstation	 (CHI660E,	 Shanghai,	 China)	
with	a	conventional	three‐electrode	system,	with	Na2SO4	solu‐
tion	 (0.1	mol/L)	 as	 the	 electrolyte	 under	 visible	 light	 irradia‐
tion.	The	ZnO	NRA/C‐x	 foil	 sample	with	an	 irradiation	area	of	
2	cm		2	cm	was	used	as	the	working	electrode.	The	counter	
electrode	was	platinum	(Pt)	wire,	and	 the	reference	electrode	
was	a	silver/silver	chloride	(Ag/AgCl)	electrode.	Photocatalytic	
CO2	conversion	over	the	ZnO	NRA/C‐x	nanohybrids	(2	cm		3	
cm)	was	carried	out	 in	a	quartz	glass	reactor,	which	was	con‐
nected	to	a	closed	gas	circulation	and	evacuation	system.	Prior	
to	reaction,	3	mL	of	deionized	water	was	 injected	 into	the	re‐
actor.	 After	 evacuating	 the	 reaction	 setup	 several	 times,	
high‐purity	 CO2	 gas	 was	 introduced	 into	 the	 reaction	 system	
until	achieving	a	pressure	of	70	kPa.	Then,	the	CO2	photoreduc‐
tion	reaction	was	initiated	by	exposing	the	top	quartz	window	
of	the	reactor	to	visible	light.	At	given	time	intervals,	0.5	mL	of	
gas	was	extracted	from	the	reactor	using	a	precision	analytical	
syringe	(Pressure‐Lok,	USA)	and	was	then	quickly	injected	into	
a	gas	chromatograph	(GC‐14B,	Shimadzu,	Japan)	equipped	with	
a	 flame	 ionized	detector	and	methanizer.	For	comparison,	 the	
Zn/C	 foil	 sample	was	also	used	 for	 the	photoreduction	of	CO2	
under	identical	experimental	conditions.	

3.	 	 Results	and	discussion	

Scheme	1	illustrates	the	process	used	to	synthesize	the	ZnO	
NRA/C.	First,	a	well‐aligned	ZnO	NRA	was	grown	directly	on	a	
zinc	foil	substrate	using	a	hydrothermal	method	at	180	°C	for	4	

h,	 in	a	solution	containing	25	mL	of	H2O,	2	g	of	NaOH	and	3.6	
mL	of	30%	H2O2	 [43].	Then,	 graphitic	 carbon‐hybridized	ZnO	
NRA	nanocomposites	were	prepared	by	a	hydrothermal	meth‐
od	and	subsequent	carbonization	of	the	pre‐adsorbed	glucose.	

Fig.	 1(a)	 shows	 the	 XRD	 patterns	 of	 the	 ZnO	 NRA	 and	
ZnO‐NRA/C‐x	nanohybrids	with	different	amounts	of	carbon	(x	
=	005,	01,	02,	03).	The	XRD	patterns	of	both	the	ZnO	NRA	and	
the	ZnO‐NRA/C‐x	nanohybrids	were	consistent	with	well‐	crys‐
tallized	hexagonal	wurtzite	ZnO	(JCPDS	No.	361451).	All	sam‐
ples	were	nano‐crystalline,	but	the	crystallinity	of	the	ZnO	NRA	
was	 higher	 than	 those	 of	 the	 ZnO‐NRA/C‐x	 nanohybrids.	 The	
crystallinity	 of	 the	 nanohybrids	 decreased	 with	 increasing	
amount	 of	 glucose	 used.	 Similar	 results	 were	 reported	 by	
Zhang	 et	 al.	 [25].	 No	 peaks	 characteristic	 of	 graphitic	 carbon	
were	observed	in	the	XRD	patterns,	because	of	the	non‐	crystal‐
line	nature	of	carbon	in	the	nanohybrids.	Raman	spectra	of	the	
ZnO	 NRA/C	 nanohybrids	 showed	 two	 peaks	 at	 around	 1351	
and	 1597	 cm‒1	 (Fig.	 1(b)),	 which	 could	 be	 assigned	 to	 the	 D	
band	 and	 G	 band,	 respectively	 [44].	 No	 obvious	 peaks	 were	
observed	 at	 around	1351	 and	 1597	 cm‒1	 in	 the	Raman	 spec‐
trum	of	the	ZnO	NRA.	The	appearance	of	the	D	band	is	general‐
ly	 strong	evidence	 for	disorder	within	 the	graphitic	 structure,	
while	 the	 G	 band	 indicates	 the	 presence	 of	 sp2	 carbon‐type	
structures	 [45].	The	Raman	results	 confirmed	 the	presence	of	
graphitic	carbon	in	the	ZnO	NRA/C	nanohybrids.	

XPS	was	used	to	determine	the	chemical	state	of	C	atoms	in	
the	 samples.	The	 core	 level	 spectrum	 in	Fig.	2	 shows	a	broad	
asymmetric	 peak,	 suggesting	 the	 existence	 of	 more	 than	 one	
chemical	 state	 of	 C.	 The	 C	 1s	 spectrum	 could	 be	 divided	 into	
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Scheme	1.	Process	for	synthesizing	ZnO	NRA/C‐x	via	a	glucose‐assisted	two‐step	route.	(1)	Formation	of	a	ZnO	NRA	via	hydrothermal	synthesis	at	
180	°C	for	4	h,	in	a	solution	containing	25	mL	of	H2O,	2	g	of	NaOH,	and	3.6	mL	of	30%	H2O2;	(2)	Formation	of	ZnO	NRA/C‐x	using	glucose	for	carboni‐
zation,	by	hydrothermal	treatment	and	subsequent	calcination	in	argon	gas	at	800	°C	for	3	h.	
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Fig.	1.	(a)	XRD	patterns	and	(b)	Raman	spectra	of	the	ZnO	NRA	and	ZnO	NRA/C‐x	nanohybrids.	



976	 Xuewei	Zhang	et	al.	/	Chinese	Journal	of	Catalysis	39	(2018)	973–981	

three	 peaks	 at	 284.8,	 286.3,	 and	 288.4	 eV,	 corresponding	 to	
CC,	CO,	and	C=O	bonds,	respectively	[24].	The	binding	energy	
at	284.8	eV	was	due	to	graphitic	carbon	[39].	The	peak	at	286.3	
eV	suggested	that	carbon	was	doped	 into	the	 interstitial	posi‐
tions	 of	 the	 ZnO	 lattice,	 and	 formed	COZn	 bonds	with	 ZnO	
[19,27].	 This	 resulted	 in	 a	 new	 inter‐band	 above	 the	 valence	
band	of	ZnO	[20],	which	is	discussed	in	more	detail	below.	

Doping	 or	 coating	 ZnO	with	 carbon	 can	 influence	 its	 light	
absorption	 properties	 [20,25,37,46].	 Fig.	 3(a)	 shows	 UV‐Vis	
diffuse	reflectance	spectra	of	the	samples.	The	spectrum	of	the	
ZnO	NRA	showed	the	characteristic	absorption	edge	of	ZnO	at	
around	385	nm.	After	 incorporating	 carbon,	 the	ZnO	NRA/C	
nanohybrids	exhibited	visible	light	absorption,	as	evidenced	by	
the	red‐shifted	absorption	edge	and	the	enhanced	background	
absorption	 in	 the	visible	 region.	 Increasing	 the	amount	of	 the	
carbon	coating	layer	increased	the	red	shift	in	absorption	edge	
and	 also	 increased	 the	 background	 absorption	 in	 the	 visible	
region.	From	the	plots	of	(h)2	versus	photon	energy	shown	in	
Fig.	3(b),	the	band	gaps	of	the	ZnO	NRA/C‐x	nanohybrids	were	

calculated	to	be	3.18,	3.17,	3.15,	3.12,	and	3.05	eV	for	x	=	0,	005,	
01,	 02,	 and	 03,	 respectively.	 The	 band	 gap	 energy	 decreased	
with	increasing	amount	of	incorporated	carbon.	As	observed	in	
the	XPS	results,	 the	visible	 light	absorption	of	 the	ZnO	NRA/C	
nanohybrids	could	be	attributed	to	the	doped	carbon	atoms	in	
ZnO,	the	C	2p	orbital	of	which	formed	a	new	inter‐band	above	
the	O	2p	orbital	in	the	valence	band	of	ZnO.	

Fig.	4(a)	shows	a	typical	SEM	image	of	a	ZnO	NRA.	Individu‐
al	nanorods	had	lengths	of	25	μm	and	diameters	of	400700	
nm.	The	enlarged	image	(inset	in	Fig.	4(a))	shows	that	the	ZnO	
nanorods	 were	 grown	 along	 the	 [0001]	 direction.	 This	 was	
evidenced	by	the	characteristic	feature	of	their	wurtzite	struc‐
ture,	i.e.	that	the	tip	of	each	nanorod	was	constructed	from	six	
regular	 facets	 of	 (103)	 [36].	 TEM	 observations	 of	 the	 ZnO	
NRA/C‐01	nanohybrid	showed	 that	 the	ZnO	NRA	surface	was	
uniformly	coated	with	an	amorphous	layer	with	a	thickness	of	
about	8	nm	(Fig.	4(b)).	The	Raman	(Fig.	1(b))	and	XPS	(Fig.	2)	
analyses	collectively	indicated	that	the	amorphous	coating	was	
a	 graphitic	 carbon	 layer.	 The	 intimate	 contact	 of	 the	 carbon	
layer	with	the	ZnO	NRA	reportedly	improves	charge	separation	
and	 thus	 photocatalytic	 activity	 [30,36,47].	 The	 distance	 be‐
tween	neighboring	 lattice	 fringes	was	measured	 to	be	0.242	
nm	 from	 the	 HRTEM	 image	 inset	 in	 Fig.	 4(b).	 This	 was	 very	
close	 to	 the	distance	between	 two	adjacent	ZnO	 (002)	crystal	
planes.	
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by	hydrothermal	 synthesis	 in	 a	 solution	of	30	mL	of	deionized	water
and	0.1	g	of	glucose	at	180	°C	for	4	h,	followed	by	calcination	in	argon	at
800	°C	for	3	h.	
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Fig.	3.	(a)	UV‐Vis	diffuse	reflectance	spectra	and	(b)	plots	of	(h)2	versus	photon	energy	of	the	ZnO	NRA	and	ZnO	NRA/C‐x.	
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To	investigate	the	effect	of	carbon	modification	on	the	per‐
formance	of	the	ZnO	NRA,	PEC	measurements	of	the	ZnO	NRA	
and	 ZnO	 NRA/C‐01	 were	 carried	 out.	 Comparison	 of	 these	
measurements	 allowed	 the	 effect	 of	 the	 interaction	 between	
the	ZnO	NRA	and	graphitic	carbon	to	be	probed.	Fig.	5(a)	shows	
transient	photoresponses	measured	under	visible	light	irradia‐
tion.	 The	 photocurrent	 of	 ZnO	 NRA/C‐01	 (2.2	A/cm2)	 was	
about	4.4	times	higher	than	that	of	the	ZnO	NRA	(0.5	A/cm2),	
which	 indicated	 the	 efficient	 electron‐hole	 separation	 in	 ZnO	
NRA/C‐01.	Electrochemical	impedance	spectroscopy	(EIS)	was	
used	to	elucidate	the	charge	transfer	behavior	(i.e.,	 separation	
efficiency	 of	 charge	 carriers)	 in	 the	 samples.	 The	 EIS	Nyquist	
plots	 in	 Fig.	 5(b)	 show	 that	 the	 semicircle	 of	 ZnO	 NRA/C‐01	
was	 much	 smaller	 than	 that	 of	 the	 ZnO	 NRA.	 This	 indicated	
more	efficient	interfacial	electron	transfer	in	ZnO	NRA/C‐01,	as	
a	 result	 of	 the	 existence	 of	 carbon	 [48].	 Carbon	modification	
significantly	 enhanced	 the	 separation	and	 transport	 of	photo‐
generated	 charge	 carriers	 in	 the	 ZnO	 NRA/C‐01	 nanohybrid	
[36,39].	

Efficient	charge	separation	 is	 important	 for	enhanced	pho‐
tocatalytic	activity	 [33,49,50].	PL	measurements	were	used	 to	
further	investigate	the	transfer	behavior	of	photoinduced	elec‐
trons.	 Fig.	 6	 shows	 PL	 spectra	 of	 the	 ZnO	 NRA	 and	 ZnO	
NRA/C‐01	nanohybrid,	excited	at	a	wavelength	of	275	nm.	The	
PL	intensity	of	ZnO	NRA/C‐01	was	significantly	lower	than	that	
of	the	ZnO	NRA,	because	of	the	quenching	effect	of	the	carbon	
layer	 coating	 the	 ZnO	 NRA.	 The	 quenching	 effect	 in	 ZnO	
NRA/C‐01	resulted	in	the	rapid	transfer	of	photoelectrons	from	
the	 ZnO	NRA	 to	 the	 carbon	 layer.	 In	 other	words,	 the	 carbon	
layer	coated	on	the	ZnO	NRA	suppressed	the	recombination	of	
photoinduced	charge	 carriers	 [51],	 thus	enhancing	 the	photo‐
catalytic	activity	of	ZnO	NRA/C‐01.	

Photocatalytic	CO2	reduction	was	carried	out	over	the	ZnO	
NRA/C‐x	nanohybrids	and	ZnO	NRA	under	visible	light	irradia‐
tion.	Fig.	7	shows	that	the	activities	of	all	the	ZnO	NRA/C‐x	na‐
nohybrids	for	evolving	CH4	and/or	CO	were	higher	than	those	
of	the	ZnO	NRA.	As	discussed	above,	rapid	transfer	of	photoe‐
lectrons	from	the	ZnO	NRA	to	the	carbon	layer	occurred	in	the	
ZnO	 NRA/C‐x	 nanohybrids,	 which	 could	 account	 for	 the	 in‐

creased	 photocatalytic	 activity.	 The	 ZnO	 NRA/C‐01	 sample	
exhibited	the	highest	photocatalytic	ability	among	the	four	ZnO	
NRA/C‐x	 nanohybrids.	Decreasing	 the	 carbon	 coating	 amount	
provided	 insufficient	protection	 to	 the	ZnO	NRA,	and	 the	 car‐
bon‐doping	effect	was	insufficient	to	enhance	absorption.	Thus,	
the	lower	amount	of	incorporated	carbon	resulted	in	the	lower	
photocatalytic	 activity	 of	 the	 ZnO	 NRA/C‐005	 nanohybrid.	
Further	 increasing	 the	 carbon	 coating	 amount	 enhanced	 the	
visible	 light	 absorption	of	 the	 ZnO	NRA/C‐x	 nanohybrids.	 For	
example,	the	ZnO	NRA/C‐03	sample	exhibited	the	highest	visi‐
ble	 light	 absorption	 ability,	 as	 shown	 in	 Fig.	 3.	 The	 enhanced	
light	absorption	mainly	originated	from	the	thick	carbon	layer	
coating.	 An	 excessively	 thick	 layer	 could	 block	 incident	 light	
from	the	 surface‐active	 sites	of	 the	ZnO	NRA,	 leading	 to	a	de‐
crease	in	photocatalytic	activity	[52].	

To	 confirm	 the	 repeatability	 and	 stability	 of	 the	 ZnO	
NRA/C‐x	nanohybrids,	four	consecutive	runs	of	the	photocata‐
lytic	 CO2	 reduction	over	 the	ZnO	NRA/C‐01	nanohybrid	were	
carried	 out	 under	 visible	 light	 irradiation.	 After	 each	 5‐hour	
run,	the	 light	was	turned	off	and	the	photoreactor	was	evacu‐
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ated	before	refilling	with	CO2	and	H2O	(3	mL).	Fig.	8	shows	that	
there	were	no	obvious	decreases	 in	 the	yields	of	 CH4	 and	CO	
after	 four	 runs,	which	demonstrated	 the	 stable	photocatalytic	
activity	of	 the	ZnO	NRA/C‐01	nanohybrid.	 Further	XPS	meas‐
urements	of	the	O	1s	spectrum	of	ZnO	NRA/C‐01	showed	that	
the	amounts	of	surface	lattice	O	and	OH	decreased,	while	the	
amounts	of	adsorbed	•O2	species	increased	and	the	associated	
XPS	peaks	shifted	to	lower	energy,	as	the	reaction	proceeded.	It	
was	 believed	 that	 surface	 lattice	 O	 and	 –OH	 were	 converted	
into	 •O2	 during	 the	 photoreaction.	 There	was	 very	 little	 dif‐
ference	 in	 the	 profile	 of	 the	 O	 1s	 XPS	 spectrum	 of	 the	 ZnO	
NRA/C‐01	 nanohybrid	 before	 and	 after	 reaction	 (data	 not	
shown),	which	indicated	the	high	stability	of	the	ZnO	NRA/C‐x	
nanohybrids	during	the	photocatalytic	reaction.	In	comparison,	
a	 similar	 test	 conducted	 on	 the	 ZnO	 NRA	 sample	 showed	 an	
obvious	decrease	in	the	photoactivity	after	reaction	for	5	h.	The	
above‐mentioned	 results	 demonstrated	 that	 the	 photocorro‐
sion	and/or	oxidation	of	the	ZnO	NRA	were	inhibited.	This	was	
attributed	to	the	protection	provided	by	the	suitably	thick	car‐
bon	 layer	 coated	 on	 the	 ZnO	NRA.	 Similar	 observations	 have	
been	reported	for	TiO2	nanolayer/CdS	nanorod	array	[53]	and	
TiO2	 nanolayer/CdS‐sensitized	 ZnO	 nanorod	 array	 composite	

structures	 [54],	 the	 photoactivity	 and	 photostability	 of	which	
were	improved	by	coating	with	a	TiO2	layer.	

We	then	carried	out	a	series	of	control	experiments	to	clari‐
fy	 the	 reaction	 mechanism	 of	 CO2	 photoreduction	 with	 H2O	
over	the	ZnO	NRA/C‐01	nanohybrid.	When	the	experiment	was	
performed	 in	 the	dark	or	 in	 the	 absence	of	 the	photocatalyst,	
CO	and	CH4	could	not	be	detected.	This	indicated	that	both	light	
and	 the	 photocatalyst	 were	 required	 to	 generate	 CO	 and/or	
CH4.	We	 performed	 another	 control	 experiment	 by	 replacing	
CO2	with	pure	Ar	gas,	while	keeping	the	same	amount	of	H2O	in	
the	reactor.	Only	a	trace	amount	of	hydrogen	from	water	split‐
ting	was	detected,	implying	that	the	C	and	H	sources	were	CO2	
and	 H2O,	 respectively.	 In	 yet	 another	 control	 experiment,	 a	
Zn/C	 foil	 sample	 (i.e.,	 Zn	 foil	 coated	 with	 a	 graphitic	 carbon	
layer)	was	prepared	for	CO2	photoreduction	under	similar	ex‐
perimental	conditions.	CH4	and	CO	could	not	be	detected,	which	
excluded	the	possibility	of	CH4	and/or	CO	originating	from	the	
graphitic	carbon.	

Based	on	the	above	experimental	results	and	discussion,	we	
propose	a	mechanism	for	the	photocatalytic	CO2	reduction	over	
the	ZnO	NRA/C‐x	nanohybrids	(Scheme	2).	Upon	light	irradia‐
tion,	electron/hole	(e/h)	pairs	are	generated	on	the	surface	of	
the	 ZnO	 NRA.	 The	 electrons	 quickly	 transfer	 to	 the	 graphitic	
carbon	layer,	 initiating	the	reduction	of	CO2	with	H2O	into	CO,	
CH4,	 and	 H2.	 The	 holes	 remaining	 at	 the	 valence	 band	 of	 the	
ZnO	 NRA	 are	 supposed	 to	 oxidize	 water.	 Experimentally,	 we	
did	not	 detect	 the	 expected	oxidative	product	O2.	Most	 likely,	
the	 oxidative	 product	 preferentially	 adopted	 the	 state	 of	 ab‐
sorbed	 •O2	 in	 the	 form	 of	 –Zn–O–O–Zn–	 [47].	 To	 clarify	 the	
mechanism	 of	 the	 photocatalytic	 CO2	 reduction	 over	 the	 ZnO	
NRA/C‐x	nanohybrids,	 further	experiments	need	to	be	carried	
out	 to	detect	products	 in	 the	 liquid	phase.	These	experiments	
will	form	part	of	our	future	studies.	

The	 photocatalytic	 reduction	 of	 chemically	 stable	 CO2	 is	 a	
complex	 process	 involving	 C=O	 covalent	 bond	 breaking	 and	
CH/CC	bond	formation	[5,26,55].	The	ZnO	NRA/C‐x	nanohy‐
brid	 photocatalyst	 possesses	 several	 advantages	 for	 photo‐
catalytic	 CO2	 reduction.	 These	 include	 favorable	 ballistic	 elec‐
tron	transport	capability	in	the	1‐D	ZnO	nanorods.	On	the	ZnO	
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Fig.	7.	(a)	CH4	and	(b)	CO	evolution	over	ZnO	NRA	and	ZnO	NRA/C‐x	(x	=	005,	01,	02,	and	03)	as	a	function	of	irradiation	time	under	visible	light.	
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NRA	 surface,	 the	 graphitic	 carbon	 layer	 further	 enhances	
charge	 carrier	 separation.	 In	 addition,	 the	 doped	 C	 2p	 level	
above	the	O	2p	orbital	in	the	valence	band	extends	the	absorp‐
tion	 of	 the	 ZnO	NRA/C‐x	 nanohybrids	 into	 the	 visible	 region.	
These	 advantages	 result	 in	 the	 ZnO	 NRA/C‐x	 nanohybrids	
showing	favorable	photocatalytic	activity,	in	terms	of	both	band	
engineering	(carbon	doping	effect)	and	photoreaction	kinetics	
(charge	carrier	separation	and	transport).	

4.	 	 Conclusions	

We	 synthesized	 graphitic‐carbon‐mediated	 visible‐light‐	re‐
sponsive	ZnO	NRA/C‐x	on	zinc	foil	via	a	modified	hydrothermal	
method.	 By	 calcining	 the	 pre‐synthesized	 ZnO	 NRAs	 and	 dif‐
ferent	amounts	of	glucose	as	a	carbon	source	at	a	suitable	hy‐
drothermal	 temperature,	 we	 obtained	 ZnO	 NRA/C‐x	 nanohy‐
brids.	Compared	with	the	ZnO	NRA,	the	nanohybrids	exhibited	
increased	optical	absorption	and	photostability	due	to	the	car‐
bon‐doping	and	carbon‐coating	effects.	Charge	carrier	 separa‐
tion	 and	 transport	 in	 the	 ZnO	 NRA/C‐x	 nanohybrids	was	 en‐
hanced	compared	with	in	the	ZnO	NRA,	because	of	the	graphitic	
carbon	 layer	 coated	on	 the	 ZnO	NRA	 surface.	 As	 a	 result,	 the	

photocatalytic	activity	of	the	ZnO	NRA/C‐x	nanohybrids	for	CO2	
reduction	 was	 improved.	 These	 findings	 demonstrate	 that	
graphitic	 carbon	mediation	 is	an	effective	and	 feasible	way	 to	
improve	 the	photostability,	 charge	 carrier	 separation,	 absorp‐
tion	range,	and	photocatalytic	activity	of	semiconductor‐based	
photocatalysts.	
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Enhancing	the	photocatalytic	activity	and	photostability	of	
zinc	oxide	nanorod	arrays	via	graphitic	carbon	mediation	

Xuewei	Zhang,	Xueliang	Zhang,	Xin	Wang,	Lequan	Liu,	Jinhua	Ye,	
Defa	Wang	*	
Tianjin	University,	China;	 	
Collaborative	Innovation	Center	of	Chemical	Science	and	 	
Engineering	(Tianjin),	China;	 	
National	Institute	for	Materials	Science,	Japan	

Graphitic‐carbon‐mediated	ZnO	nanorod	arrays	(NRAs)	are	fabri‐
cated	 by	 calcining	 pre‐synthesized	 ZnO	 NRAs	 with	 different	
amounts	of	glucose	as	a	carbon	source,	via	a	hydrothermal	meth‐
od.	 The	 resulting	 nanohybrids	 exhibit	 enhanced	 photocatalytic	
activity	 and	 photostability	 for	 CO2	 reduction	 under	 visible	 light	
irradiation.	
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类石墨碳修饰提高ZnO 纳米棒阵列光催化活性和光稳定性的研究 

张学伟 a, 张学亮 a, 王  鑫 a, 刘乐全 a,b, 叶金花 a,b,c, 王德法 a,b,* 
a天津大学材料科学与工程学院, 天津市材料复合与功能化重点实验室, 先进陶瓷与加工技术教育部重点实验室,  

天津大学-NIMS 国际合作实验室, 天津300072, 中国 
b天津化学化工协同创新中心, 天津300072, 中国 

c日本国立物质材料研究机构材料纳米构筑学国际中心(WPI-MANA), 茨城县305-0044, 日本 

摘要: 半导体光催化是一种理想的太阳能化学转化绿色技术, 可以实现水分解制氢和CO2光还原制备碳氢化合物燃料.  氧

化锌 (ZnO) 作为一种直接带隙半导体材料, 一方面具有性能优异、价格低廉、易制备等优点;  另一方面因光腐蚀而不稳定, 

大大限制了该材料的实际应用.  本文提出了一种简单易行的类石墨碳修饰方法, 可以有效提高 ZnO 用于CO2光还原的光

催化活性和稳定性.   

首先采用水热法在金属锌片基底上生长 ZnO 纳米棒阵列 (ZnO-NRA), 然后通过葡萄糖水热法进行不同含量的类石墨

碳  (C-x) 修饰 , 形成  ZnO-NRA/C-x 纳米复合结构 , 同步实现碳包覆和碳掺杂 .  X 射线衍射结果表明 , ZnO 纳米棒及 

ZnO-NRA/C-x 纳米复合结构都具有良好的纤锌矿型 (Wurtzite) 结构;  而拉曼散射则清楚地证实了类石墨碳的存在.  扫描

电子显微观察显示, 生长的 ZnO 纳米棒长度大约 25 m, 直径为 400700 nm, 沿方向[0001]生长, 端部由六个规则的 (103) 

晶面组成, 进一步直观佐证了 ZnO 的典型纤锌矿型结构特征.  透射电子显微分析结果表明, ZnO-NRA/C-x 纳米复合结构

中类石墨碳包覆层厚度大约为 8 nm.  ZnO-NRA/C-x 纳米复合结构的 X 射线光电子谱分析结果验证了 CC, CO 和 C=O 

键的存在与碳的包覆层相对应;  而 COZn键的出现则是由于碳在 ZnO 中掺杂所引起.  从紫外-可见吸收谱上可观察到 

ZnO 的典型吸收带边位置约为 385 nm, 而碳的包覆和掺杂导致 ZnO-NRA/C-x 纳米复合结构的吸收带边发生红移, 并且吸
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收背底明显提高.   

电化学阻抗谱测试结果清楚地显示, ZnO-NRA/C-x 纳米复合结构比单纯 ZnO-NRA 的电化学阻抗明显降低, 说明类石

墨碳包覆层大幅度提高了电导性能, 从而有利于光生载流子的分离和传输.  荧光分析结果也表明, 与单纯的 ZnO-NRA 相

比, ZnO-NRA/C-x 纳米复合结构的荧光强度大幅度下降, 进一步证实了 ZnO-NRA/C-x 纳米复合结构比单纯的 ZnO-NRA 

更有利于光生载流子的分离和传输.  光电化学测试结果表明, ZnO-NRA/C-x 纳米复合结构的瞬态光电流 4 倍于单纯的 

ZnO-NRA, 而 CO2 光还原性能测试也得到一致的结果.  长时间多循环 CO2 光还原实验证实, ZnO-NRA/C-x 纳米复合结构

具有稳定的光催化活性和极好的光稳定性.   

综上, 我们利用一种简单易行的水热法进行类石墨碳修饰, 成功开发了 ZnO-NRA/C-x 纳米复合结构, 该结构因其优异

的光生电子和空穴的分离和迁移性能, 从而具有显著提升的CO2光还原活性和光稳定性.  本工作证明, 类石墨碳修饰是一

种可以广泛借鉴的有效提升半导体材料光催化活性和光稳定性的可行方法.  

关键词: 光催化;  ZnO 纳米棒阵列;  类石墨碳;  电荷转移;  光稳定性;  二氧化碳 还原 
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