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In this paper, the effect of inorganic ions rather than organic additives on the morphology of ZnO
nanostructures was investigated. A very simple synthesis system was designed, in which poly(vinyl
pyrrolidone) (PVP) was selected as reference, several kinds of alien cations (Pb2+, Cu2+, and Co2+) were
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introduced as additives to investigate their effect on the morphology of ZnO nanostructures systemati-
cally. The results indicated that alien cations influenced not only the growth mode but also the assembly
fashion of the ZnO nanostructures. When the ionic radius of alien cations was close to that of Zn2+, doped
ZnO nanostructures were obtained. Furthermore, the introduction of alien cations made the photolu-
minescence properties of corresponding ZnO product greatly distinct from each other. Based on these

ns we
hemical synthesis
rystal growth

results, several conclusio

. Introduction

Zinc oxide (ZnO), as an important functional oxide, is a direct
ide band gap (3.37 eV) semiconducting and piezoelectric mate-

ial with many useful properties, such as room temperature lasing,
ransparent electronics, power generation, photocatalysis, and sen-
itivity to gases [1–3]. Moreover, it is well known that not only the
ize but also the shape of metal oxide and semiconductor crys-
als has a profound effect on their properties [2]. In the last 10
ears, numerous efforts have been made to explore various meth-
ds for the fabrication of ZnO nanostructures with different shapes
nd morphologies, such as chemical vapor deposition [4], chem-
cal bath deposition [5], hydrothermal route [6], microemulsion
pproach [7], and solvothermal methods [8]. Meanwhile, a variety
f influencing factors on the morphologies of ZnO nanostructures
ave also been investigated, for instance, temperature, concentra-
ion, reaction time, surfactant, polymer, and so on. However, to the
est of our knowledge, there is no effort devoted to investigating
he influence of alien ions as additives on the morphologies of ZnO
anostructures although many doped or composite ZnO nanostruc-
ures have been reported [9–12]. Whether alien ions have effect on

he ZnO nanostructures? If they do, what effects will they make
n the nanostructures? And how the effects are made? To make
lear the above questions, we carried out a series of experiments
o explore the influence of alien cations on the morphologies of

∗ Corresponding authors. Tel.: +86 431 85099320; fax: +86 431 5684009.
E-mail addresses: liuy732@nenu.edu.cn (Y. Liu), chuying@nenu.edu.cn (Y. Chu).
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re drawn out and possible mechanism was put forward.
© 2010 Elsevier B.V. All rights reserved.

ZnO nanostructures by adopting Pb2+, Cu2+, and Co2+ as the studied
cases. The experimental results indicated that these alien cations
had different effects on not only the growth mode but the assembly
fashion of ZnO nanostructures. Some of them (Cu2+ and Co2+) could
dope into the lattice of ZnO to form doped ZnO nanostructures.
Furthermore, the participation of different alien cations in the syn-
thesis made the photoluminescence properties of corresponding
ZnO product vary considerably.

2. Experimental details

The reagents used in our experiments were of analytical grade
without further purification. The select of a suitable synthesis sys-
tem was the prime task for us. What we investigated was the
effect of alien cations on not only the growth mode but the self-
assembly fashion of the final product, so the final product should
be ZnO nanostructures assembled by nano-building-block. In addi-
tion, the synthesis system should be as simple as possible so as to
there was minimal interference on the investigation of the effect
of alien cations. After a series of trials, a simple system composed
only of water, Zn(CH3COO)2 and NaOH was selected, which was
hydrothermally treated in 50 mL Teflon-lined stainless steel auto-
clave at 120 ◦C for 12 h. And for comparison, experiments with
poly(vinyl pyrrolidone) (PVP) (MW = 30,000) as additive were also

performed.

In the case of Pb2+ ions as alien cations, Zn(CH3COO)2·2H2O
(0.2194 g) was dissolved in 40 mL of distilled water to prepare the
precursor solution with the concentration of 0.025 M. Then NaOH
(0.8 g) and desired amount of Pb(CH3COO)2·3H2O were added to

dx.doi.org/10.1016/j.jallcom.2010.10.127
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:liuy732@nenu.edu.cn
mailto:chuying@nenu.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.10.127
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Fig. 1. (a) TEM image, (b) XRD pattern o

he precursor solution under constant stirring. After further stirring

or 10 min, the solution was transferred into a 50 mL Teflon-lined
tainless steel autoclave, followed by a hydrothermal treatment at
20 ◦C for 12 h. After reaction, the powder samples were collected,
ashed with distilled water, and dried at room temperature. The

xperiments with Cu2+ or Co2+ as alien cations were following the

Fig. 2. TEM images of the products prepared with different
product obtained without any additive.

same procedure except corresponding salt [Cu(CH3COO)2·H2O or

Co(CH3COO)2·6H2O] was used.

The morphologies and structures of the synthesized product
were characterized by Rigaku X-ray diffractometer (XRD) with
Cu K� radiation (� = 1.5406 Å), transmission electron microscopy
(TEM) (Hitachi H-800), and scanning electron microscopy (SEM)

Pb–Zn ratio: (a) 1:20, (b) 1:10, (c) 1:5, and (d) 1:2.5.
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Fig. 3. SEM images of the product obtained with Pb–Zn ratio 1:10.

Fig. 4. ZnO nanostructures obtained with different amount of PVP: (a) 0.1 g, (b) 0.2 g, (c) and (d) 0.3 g.
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ig. 5. SEM images of ZnO nanostructures obtained with 0.2 g PVP and different Pb
ower assembled by nanorods with sharp end. The scale bar in (b) represents 3 �m

JEOL, 7500B and HITACHI S-3000N). The photoluminescence (PL)
easurement was performed on a HR-800 LabRam confocal Raman
icroscope made by JY Company, excited by the 325 nm line of a

ontinuous He–Cd laser at room temperature.

. Results and discussion

The product of control experiment without any additive was
omposed of nanorods and flower-like nanostructures assembled
y nanorods, as shown in Fig. 1a. All the nanorods (free or assem-
led) were not uniform both in length and diameter. Moreover, the
nd of nanorod was either sharp or flat. The phase composition
nd phase structure of the as-obtained sample were examined by
RD. As shown in Fig. 1b, all of the peaks can be readily indexed as
exagonal wurtzite ZnO (JCPDS card No. 36-1451, a = 0.325 nm and
= 0.521 nm) with high crystallinity. No obvious impurity phase
as found.

However, when a certain amount of Pb(CH3COO)2 was intro-
uced into the synthesis system, almost all the product was
ower-like nanostructures assembled by nanorods with sharp end.
he typical TEM images corresponding to Pb–Zn ratio of 1:20,
:10, 1:5 and 1:2.5 are shown in Fig. 2a–d, respectively. It can be
een that the flower has an average size of about 4–8 �m with
harp ends observable in every nanorods, and the flowers obtained
ith different Pb–Zn ratios showed unnoticeable difference. These
bservations manifested the impact of Pb2+ on the morphology of
nO nanostructures.

The product with Pb–Zn ratio of 1:10 was further character-
zed by SEM, as shown in Fig. 3a, and large scale of uniform
andelion-like nanostructures assembled by nanorods with sharp
atio: (a) 1:20, (b) 1:10, (c) and (d) 1:5. The insert in (c) is a TEM image of a typical

ends can be clearly observed. Fig. 3b shows the magnified SEM
image of a typical dandelion-like nanostructure. The size of the
whole flower is about 5 �m, and the building-blocks, nanorods, are
200 nm in diameter and 1–2 �m in length. Well-defined edges of
the nanorods with hexagonal cross section can be clearly seen in
Fig. 3c, providing strong evidence that the single nanorod grows
along the c-axis direction [13]. The six side surfaces are very smooth
whereas the end part appears to be a layer-stack structure that
looks like screw or tower; such phenomenon means that the end
part is the growth point of the nanorods. Moreover, the main body
of the nanorod is consistent in diameter but the end becomes
thinner eventually (Figs. 3b and d), which further confirms the
growth direction along the c-axis. Therefore, the existence of Pb2+

ions not only contributes to the formation of the flower-like self-
assembly nanostructures but also facilitates the one-dimensional
growth predominance along c-axis, which results in the formation
of nanorods with smaller diameter and sharper end.

To shed light on the action mechanism of Pb2+ ions, a com-
mon structure-directing agent, PVP, was introduced into synthesis
system for comparison. PVP, as a kind of non-ionic surfactant, con-
tains nitrogen (N) and oxygen (O) atoms in its pyrrolidone ring.
From the viewpoint of the molecular structures, the oxygen atom
is more electronegative than nitrogen atom and it is expected that
the negative charge on PVP prefers to reside on oxygen atom. The
partial positive charge on the nitrogen atom and the partial nega-

tive charge on the oxygen atom can behave as electron acceptor and
donor, respectively [14,15]. Hence, the PVP molecules may exist
in two resonance structures [16]. In polar circumstance, such as in
water, the inner molecular acylamino bond is intent to transform to
hydrophilic –N+ C–O− bond. Together with the hydrophilic C–O−



nd Compounds 509 (2011) 2021–2030 2025

b
f
c
c
n
u
t
t
w
m
p
n
t
0
n
a
t
n
t
n
t
c
t
S
b
s
c
o
t
o
m
fl
t
s
(
d

P
e
t
w
1
s
P
c
fl
t
o
f
F
w
t
a
t
i
a
p
t
i
l
W
1
u
t
P
〈

L. Dong et al. / Journal of Alloys a

ond, the hydrophobic C–C bond makes the PVP an alternate sur-
actant and the PVP molecules can adsorb selectively on special
rystal faces during crystal growth. So PVP is used extensively to
ontrol anisotropic growth of crystal including the fabrication of
anocrystals, ZnO hexagonal nanoprisms have been synthesized
nder the assistance of PVP via a microemulsion route, in which
he PVP adsorbed selectively on the (0 0 0 1) faces of ZnO [16]. In
his paper, different amount of PVP was used firstly to ascertain
hich crystal faces were adsorbed preferentially, and the experi-
ental results are shown in Fig. 4. In Fig. 4a, a SEM image of the

roduct obtained with the PVP amount of 0.1 g, uniform flower-like
anostructures assembled by nanorods with sharp end are essen-
ially the exclusive product. When the amount of PVP increased to
.2 g, the product was still flower-like nanostructures assembled by
anorods, but the end became flat as shown in Fig. 4b. The insert is
side view of one flower, in which flat end can be clearly seen. Fur-

her increasing PVP amount to 0.3 g, sphere-like or hemisphere-like
anostructures were the main products, and the building blocks of
hese nanostructures were well defined hexagonal nanoprisms or
anoplates as shown in Figs. 4c and d. Based on the above results,
hree conclusions can be obtained. Firstly, in all the cases, hexagonal
ross section of the building blocks is clear at a glance, suggesting
he growth direction of the nanorod or nanoprism is also 〈0 0 0 1〉.
econdly, with the increase of PVP amount, the end part of building
lock transforms from sharp to flat, the length becomes shorter and
horter, and the diameter gets larger and larger. All of these indi-
ate that the PVP molecules adsorbed selectively on (0 0 0 1) faces
f ZnO, which limited the growth along 〈0 0 0 1〉 direction. So, for
he fabrication of ZnO nanocrystals, PVP always adsorbs selectively
n (0 0 0 1) faces in not only microemulsion route but hydrothermal
ethod. Finally, the existence of PVP is in favor of the formation of

ower-like self-assemble nanostructures compared with the con-
rol experiment stated previously, which may be resulted from the
teric hindrance of PVP adsorbed on the surfaces of ZnO nanorods
or nanorprisms) as well as the linear structure and multiple coor-
inating sites of PVP molecules [17].

After investigating the role of PVP, we chose the case of 0.2 g
VP as the testing system, into which Pb(CH3COO)2 with differ-
nt Pb–Zn ratio (1:20, 1:10, and 1:5) was added, under otherwise
he same conditions. No different morphologies other than flower
ere obtained, as presented in Fig. 5. When the Pb–Zn ratio was

:20, as depicted in Fig. 5a, the end of the nanorods was still flat as
ame as that obtained without Pb2+ ions. Whereas, in the case of
b–Zn ratio 1:10, the end of some nanorods became sharp as indi-
ated by the black rectangle in Fig. 5b. Although the others owned
at end, the diameter of the top was obviously smaller than that of
he bottom as indicated by the white arrows. Continuous increase
f the Pb–Zn ratio to 1:5 resulted in the complete transformation
rom flat into sharp ends, as shown in Figs. 5c and d. The insert in
ig. 5c is a TEM image of a typical flower assembled by nanorods
ith sharp end. These results further confirm the argument above

hat Pb2+ ions facilitate the one-dimensional growth predominance
long c-axis, which means that Pb2+ ions adsorb selectively on
he faces parallel to 〈0 0 0 1〉 direction. It has been reported that
norganic ions can adsorb on the surfaces of metal oxide [18–21],
nd density functional theory also verified this viewpoint [22]. The
redominant faces to be adsorbed should depend on different syn-
hesis system, specific ions and metal oxide. In present case, Pb2+

ons adsorbed selectively on the faces parallel to 〈0 0 0 1〉 direction,
eading to a competition between Pb2+ ions and PVP molecules.

hen the amount of Pb2+ ions was little, such as a Pb-Zn ratio of

:20, the adsorption of PVP molecules on (0 0 0 1) faces had the
pper hand, so the end of the nanorods was flat. Whereas, when
he amount of Pb2+ ions exceeded a certain value (for instance,
b–Zn = 1:5), the adsorption of Pb2+ ions on the faces parallel to
0 0 0 1〉 direction was superior. Therefore, the growth along the
Fig. 6. (a) XRD patterns of the ZnO nanostructures obtained with different Pb–Zn
ratio, (b) EDS patterns of the ZnO nanostructures obtained with Pb–Zn ratio of 1:10.

〈0 0 0 1〉 direction was promoted greatly, resulting in sharp end of
all the nanorods.

In Fig. 6a, the XRD patterns from the bottom to the top are cor-
responding to the products with Pb–Zn ratio of 1:20, 1:10, 1:5 and
1:2.5, respectively. All of the reflection peaks of the products can
be indexed as pure hexagonal ZnO, and no characteristic diffrac-
tion peaks from other phases or impurities (such as PbO2, Pb3O4)
are detected, indicating the high purity of the product. To get to
know whether the Pb was doped into the lattice of ZnO nanos-
tructures, the product of Pb–Zn ratio of 1:10 was investigated as
representative by inductively coupled plasma (ICP) atomic emis-
sion spectroscopy and electron dispersive spectrum (EDS) (Fig. 6b).
The measurement result of the former is 0.5% (molar ratio), and the
latter is 0.43%. For the initial dosage was relative high, such small
content in the final product allowed us to believe that the Pb ele-
ment detected by ICP and EDS should come from those adsorbed
on the surface of the ZnO nanostructures and Pb did not dope
into the ZnO lattice. The great difference of ionic radius between
Zn2+ and Pb2+ (Zn: 74 pm, Pb: 119 pm) should contribute to this
phenomenon. Of course, more in-depth studies are necessary for
further understanding the exact reason.

What about Cu2+? The ionic radius of Cu2+ is 73 pm, which is
very close to that of Zn2+. Can Cu element dope into ZnO lattice?

And what influence on the morphology of the ZnO nanostructures
can be made by the introduction of Cu2+ ions? So a series of experi-
ments were carried out by replacing Pb2+ with Cu2+, and the results
are shown in Figs. 7 and 8. Fig. 7a is a panoramic SEM image of the
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Fig. 7. (a)–(c) SEM images with different magnification of the product obtained with Cu–Zn ratio of 1:20, (d) TEM image of the product obtained with Cu–Zn ratio of 1:5.

Fig. 8. (a) and (b) SEM images of the product obtained with 0.2 g PVP and Cu–Zn ratio of 1:20, (c) TEM image of the product obtained with 0.2 g PVP and Cu–Zn ratio of 1:10,
(d) TEM image of the product obtained with 0.2 g PVP and Cu–Zn ratio of 1:5.
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roduct obtained with Cu–Zn ratio of 1:20 without PVP, flower-
ike nanostructures composed of nanorods are still the exclusive
roduct, and the nanorods also possess hexagonal cross section,
ell-defined facets and edges as well as sharp end as shown in

ig. 7b. But a closer inspection of the magnified image (Fig. 7c)
eveals that the nanorods are somewhat different from those in
he case of Pb2+ ions. First of all, although the end part is also sharp,
he surface is very smooth (the surface of end part in the case of
b is matte and like tower); the boundaries between adjacent two
aces at the end part are clearly visible (there was no boundary
ound in the case of Pb); and the whole shape of the nanorod looks

ore like a pencil than a tower. Secondly, the diameter of these
anorods is around 500 nm compared to ca. 200 nm in the case of
b. When the Cu–Zn ratio was up to 1:10, there was no obvious
hange observed, so the related data is not shown here. Further
ncrease of the Cu–Zn ratio to 1:5 led to the appearance of some
undle-like nanostructures as shown in Fig. 7d. These results reveal
hat the Cu2+ ions are also in favor of the self-assembly of flower-
ike fashion, but this kind of effect turns weak when the amount of
he Cu2+ ions reaches a certain value, leading to the formation of
undle-like products. Otherwise, adsorbing ability of the Cu2+ ions
n the faces parallel to 〈0 0 0 1〉 direction is not as strong as Pb2+

ons (or other faces were adsorbed by Cu2+ ions?), which results in
he nanorods obtained much thicker than those obtained with Pb2+

ons.
To ascertain which faces are really adsorbed by Cu2+ ions, PVP

as adopted as the reference again. The dosage of PVP was still
.2 g in order to make a paparallel comparison with the case of
b conveniently. When the Cu–Zn ratio was 1:20, the product
as sphere-like flowers composed of microprism or microrods as

hown in Figs. 8a and b. The end of all the building blocks was flat
ith hexagonal crossing section, indicating that Cu2+ ions made

ittle effect on the adsorption of PVP on (0 0 0 1) faces in this case.
hen the Cu–Zn ratio was 1:10, the product consisted of flowers

omposed of nanorods with flat or sharp end (Fig. 8c), and statis-
ical result during the TEM investigation showed that flat end was
he majority, which means Cu2+ ions also adsorb on the faces paral-
el to 〈0 0 0 1〉 direction, leading to the formation of some nanorods

ith sharp end. But their ability of competition with PVP is inferior
o that of Pb2+ ions, so the flat-ended product is still the major-
ty. When more Cu2+ ions, such as Cu–Zn ratio of 1:5, were used,
he product was not yet flowers but bundle-like nanostructures as
hown in Fig. 8d, suggesting that Cu2+ ions further changed the self-
ssembly fashion when its amount was above a threshold value
ven if the PVP coexisted, which is in agreement with the case
ithout PVP.

The products obtained with Cu2+ ions were further character-
zed by XRD (Fig. 9). When the Cu–Zn ratio was 1:20, the product

as pure hexagonal ZnO (Fig. 9a-A). When the Cu–Zn ratio was
ncreased to 1:10, a small impurity peak indexed to cubic CuO
ppeared as the asterisk indicated (Fig. 9a-B). Further increase of
u–Zn ratio to 1:5 led to the presence of more CuO as shown in
ig. 9a-C. The product obtained with Cu–Zn ratio of 1:20 was fur-
her investigated by EDS (Fig. 9b), and the result that a Cu–Zn ratio
f 0.0415 means the Cu element had doped into the ZnO lattice, and
oping level is very high compared with the initial Cu amount of
.05. Thus, the experimental phenomena mentioned above could
e explained as follows: when the Cu–Zn ratio was small (1:20),
lmost all of the Cu2+ ions took part in the doping and there were
ew dissociative Cu2+ ions in the system, so there was no obvious
nfluence on the PVP adsorption; when the Cu–Zn ratio is aug-
ented (1:10), dissociative Cu2+ ions began to emerge, some of
hem adsorbed on the faces parallel to 〈0 0 0 1〉 direction resulting
n the formation of nanorods with sharp end, but the adsorption on
he faces parallel to 〈0 0 0 1〉 direction was not entire owing to the
ransformation of some Cu2+ ions into CuO, so the main nanorods
Fig. 9. (a) The XRD patterns of the product obtained with different Cu–Zn ratio, (b)
EDS pattern of the product obtained with Cu–Zn ratio 1:5.

were flat, namely the PVP adsorption was affected slightly; when
too much Cu2+ ions were introduced, more CuO impurities were
formed, and the function of PVP was affected seriously in both
adsorption and assembly, so the product was not still the flower-
like structures as before.

Diluted magnetic semiconductors have attracted considerable
attention in the past few years due to their promising applica-
tions in spintronic devices [23]. Many Co doped ZnO nanostructures
have been obtained by thermal chemical vapor deposition method
[24], ion-implanted methods [25], coprecipitation technology [26],
hydrothermal route [27], and so forth. Herein, we would like to
know if the Co element could dope into ZnO nanostructures because
Co2+ ionic radius (74.5 pm) is nearer to Zn2+ (74 pm) than Cu2+

ions (73 pm). In addition, what we were more curious about was
that whether the Co2+ ions also took effect on the morphology
of final product. So a series of experiments were conducted and
some interesting results were obtained. First of all, the introduc-
tion of Co2+ ions also had effect on the morphology of the products
whether the PVP existed or not, the corresponding TEM and SEM
images are shown in Fig. 10. Fig. 10a is a TEM image of the prod-
uct obtained with 0.2 g PVP and Co–Zn ratio of 1:20, flower-like
structures were still the majority, but the number of nanorods in
one flower decreased, some flowers were composed of only six or

three nanorods as indicated by circle and rectangle, respectively. In
addition, the end of most nanorods was flat. When the Co–Zn ratio
was increased to 1:10, the number of nanorods in one flower fur-
ther reduced as shown in Fig. 10b, and the end of many nanorods
became sharp. On the other hand, lots of impurity, cubic nanopar-
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ig. 10. TEM images of the product obtained with 0.2 g PVP and different Co–Zn rati
atio, (e) SEM images of the product obtained without PVP and Co–Zn ratio of 1:5.

icles, could be found. So a conclusion could be made that the Co2+

ons also adsorb on the faces parallel to the 〈0 0 0 1〉 direction, but
mpurity is easy to form in the present synthesis system. Contin-
ous increase of the Co2+ ions must lead to more nanorods with

harp end and more impurity, and the experiment with Co–Zn ratio
f 1:5 verified our speculation as shown in Fig. 10c: the number of
he nanorods in one flower further decreased, such morphology
s often called multi-arm in many reports. The products obtained

ith different Co–Zn ratio and without PVP were similar with those
1:20, (b) 1:10, (c) 1:5, (d) XRD pattern of the product obtained with different Co–Zn

obtained with PVP, so we only show the case of Co–Zn ratio of 1:5
in Fig. 10e. Besides multi-arm composed with different number of
nanorods, there was still large quantity of impurity. The existence of
impurity is also confirmed by XRD investigation (Fig. 10d), which

should be indexed to Co(OH)2. EDS measurement of Co–Zn ratio
1:20 indicated that the amount of Co in ZnO nanostructures was
about 3.92% (molar ratio), which means that Co element can dope
into ZnO lattice. Thus, the Co2+ ions also made effect on both the
growth mode and the assembly of ZnO nanorods.
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[7] L. Gao, Y.L. Ji, H.B. Xu, P. Simon, Z.Y. Wu, J. Am. Chem. Soc. 124 (2002)
ig. 11. The PL spectra of the ZnO nanotructures obtained with alien cation–Zn of
:20.

We suggested the different effect of alien cations on the assem-
ly fashion should also result from their different adsorption. In all
he cases, ZnO nuclei formed initially, and then these ZnO nuclei
ongregated to form globose nanocrystals which were adsorbed by
lien cations. These cations would bind with the O2− on the polar
0 0 0 −1) planes of ZnO (it is well known that ZnO is a polar crystal,
hich can be described as a number of tetrahedrally coordinated
2- and Zn2+ ions stacking alternatively along the c axis), so ZnO
referred to grow along the 〈0 0 0 1〉 axis to form nanorods with the
ssistance of alien cations adsorption and flower-like nanostruc-
ure formed finally. In the case of Pb, the amount of Pb2+ ions on the
urface of ZnO nanocrystals was large, so the number of nanorods in
ne final flower was large. Whereas in the case of Cu, most of Cu2+

ons doped into ZnO, the amount of Cu2+ ions on the surface of ZnO
anocrystals was relative small, so the number of nanorods in one
nal flower was less than that of Pb. With regard to Co2+ ions, they
ot only doped into ZnO lattice but also were highly susceptible to

orm Co(OH)2 in the basic medium, so the amount on the surface
f ZnO nanocrystals further decreased, multi-arms came into being
ccordingly. However, direct evidence for this hypothesis requires
urther study and work is underway.

Summing up all of the above discussion, several conclusions
ere drawn out as follows. Firstly, alien cations can make great

ffect on the morphology of ZnO nanostructures in not only the
ssembly fashion but the growth mode of building blocks. Sec-
ndly, cations usually realize these effects by adsorbing on the faces
arallel to the 〈0 0 0 1〉 direction. But the absorbability depends on
ifferent kinds of cations, and in present cases, the strongest one
hould be Pb2+ ion because it has larger ionic radius, which limited
ts doping into ZnO lattice, and lead oxide or other lead compounds
annot form in such synthesis system. These two factors ensure
ore free Pb2+ ions in solution. Thirdly, when the ionic radius of

lien cations, such as Cu2+ and Co2+, is similar to that of Zn2+, they
an dope into the lattice of ZnO to form doped ZnO nanostructures,
ut the amount of alien cations should be limited in a certain range
o avoid the formation of impurity. However, there is still so much
e do not know about the effect of alien cations, for example the

xact interpretation for the formation of multi-arms resulted from
he existence of Co ions, the difference between Co and Cu even
f they are very similar in both ionic radius and chemical valence,
nd how about the other alien cations, so more in-depth studies
re necessary to make further understand.
In order to avoid the interference of impurity, we only inves-
igated the PL properties of the ZnO nanotructures obtained with
lien cation–Zn of 1:20, and the results are shown in Fig. 11. These
L spectra all exhibit two emission bands located at about 380 and

[

pounds 509 (2011) 2021–2030 2029

550 nm, respectively, which is consistent with literature [28]. The
UV band emission can be assigned to the emission from a free exci-
ton under low excitation intensity, and the peaks in the green band
possibly originate from the electron transition from the level of the
ionized oxygen vacancies to the valence band [29]. The intensity of
both UV and defect-related green emission increases by the intro-
duction of alien cations. The increase brought by Pb is larger than
that brought by Cu in UV emission, whereas in green emission, the
increase brought by Cu is much larger than that of Pb. As for Co,
the intensity in both emissions is the highest, and the UV emission
shows slightly red shift. Overall, the increase of green emission
is more than that in UV emission, indicating that lots of oxygen
vacancies or interstitial Zn centers formed when alien cations were
introduced. And the relative higher increase aroused by Cu and Co
further confirms that they have doped into ZnO lattice, which led
to more lattice defect. The above results also reveal that the emis-
sion spectra of the products synthesized under different conditions
are dramatically different from each other, verifying that the opti-
cal properties of ZnO crystals are very sensitive to the morphology
and preparation conditions.

4. Conclusions

By adopting a very simple fabrication system and comparing
with surfactant PVP, the effect of several alien cations (Pb2+, Cu2+

and Co2+) on the morphology of ZnO nanostructures was investi-
gated. The results revealed that these cations could adsorb on the
faces parallel to the 〈0 0 0 1〉 direction of ZnO in various degrees,
leading to the formation of nanorods with sharp or flat end. Also,
these cations played an important roles in the self-assembly fash-
ion of the nanorods to form flower-like nanostructures. When the
ionic radius of the alien cations is close to that of Zn cation, they
would dope into the ZnO lattice in a certain concentration range.
Moreover, the participation of alien cation in the synthesis brought
about obvious variety of photoluminescence property. Therefore,
it is believed that the introduction of alien cations is an effective
means to modulate the growth mode, self-assembly fashion and
property of nanotructures, which has the advantage that no any
organic additive is needed, and opens a new “window” for the fab-
rication of nanostructures with various morphologies as well as the
modulation of property.
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