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ABSTRACT: We demonstrate the facile, rational synthesis of
monodispersedly sized zinc oxide (ZnO) nanowires from randomly
sized seeds by hydrothermal growth. Uniformly shaped nanowire tips
constructed in ammonia-dominated alkaline conditions serve as a
foundation for the subsequent formation of the monodisperse nanowires.
By precisely controlling the sharp tip formation and the nucleation, our
method substantially narrows the distribution of ZnO nanowire
diameters from σ = 13.5 nm down to σ = 1.3 nm and controls their
diameter by a completely bottom-up method, even initiating from
randomly sized seeds. The proposed concept of sharp tip based
monodisperse nanowires growth can be applied to the growth of diverse
metal oxide nanowires and thus paves the way for bottom-up grown
metal oxide nanowires-integrated nanodevices with a reliable performance.
KEYWORDS: Monodisperse nanowires, randomly sized seeds, hydrothermal growth, ZnO nanowire
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for device applications with selected properties and reliable
performance based on metal oxide nanomaterials.
In order to synthesize such monodisperse metal oxide
nanowires, most fundamental research has been devoted to
understand the principles of nanowire growth using various
techniques, including vapor-phase25−27 and solution-phase
synthesis.28−38 Many studies consistently showed the crucial
importance of a homogeneously sized initial nucleation to
obtain the monodisperse nanowires. For controlling the initial
nucleation, a seed prepatterning approach on substrate that
deﬁnes the seed size has been demonstrated via diﬀerent
lithographic techniques.33−35,39,40 However, these techniques
are very costly and restricted to operation in limited areas. This
has held back the usage of bottom-up grown metal oxide

pontaneously assembled (i.e., bottom-up grown) metal
oxide nanomaterials are a rapidly expanding research topic
in both fundamental sciences1−5 and interactive nanodevice
applications6−17 due to their intriguing properties and their
high thermal and chemical robustness.18 In bottom-up
nanomaterials synthesis, structural control is the most
fundamental challenging issue. In fact, the cost of commercial
nanomaterials raises rapidly as their size distribution narrows.
This is because the electrical, optical, and mechanical
properties of nanostructured materials are strongly inﬂuenced
by their geometry.19−24 In nanowires, in particular, the ﬁeld
eﬀect becomes more relevant in electrical conduction as the
diameter decreases, and the mechanical ﬂexibility is
enhanced.19,23 Additionally, the absorption spectrum widely
varies with the diameter.21,22 These structure-induced
variations in nanowire properties lead to a batch-to-batch
variability in the performance of the devices. Therefore, the
synthesis of monodisperse nanomaterials is strongly required
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nanowires in fundamental science and device applications.
Therefore, an alternative lithography-free, scalable approach
for synthesizing monodisperse nanowires is strongly demanded.
In this study, we demonstrate a very facile, rational synthesis
of monodisperse zinc oxide (ZnO) nanowires by seed-assisted
hydrothermal growth. ZnO nanowires are among the most
intensively investigated metal oxide nanowires due to their
outstanding electrical and chemical properties.5,6,12−14,16,25,29
Our method enables the unprecedented growth of monodispersedly sized ZnO nanowires from randomly sized seeds.
Results and Discussion. We serendipitously found the
emergence of monodisperse ZnO nanowires from randomly
sized seeds when hydrothermal synthesis28−31,33−38 was
conducted by a two-step process composed of an ammoniaadded “step 1” and an ammonia-free “step 2”. Figure 1a,b

Table 1
number of growth
step

Zn concentration
CZn

mean diameter
dave

standard
deviation σ

two-step
single-step

5 mM
5 mM

17.5 nm
28.2 nm

1.3 nm
13.5 nm

nanowires cannot be obtained in single-step growth, where
only the nucleation rate can be controlled by tuning the
precursor concentration (Figure S2).32−34 Note that the
diameter distribution of the two-step grown nanowires
becomes narrower than that of the seeds (dave = 19.1 nm, σ
= 4.3 nm) (Figure S3). These results, obtained in absence of a
speciﬁc treatment, indicate that the two-step growth allows one
to synthesize monodisperse ZnO nanowires even from
randomly sized seeds.
In order to ﬁnd out if any of the growth processes crucially
contributes to the synthesis of monodisperse ZnO nanowires,
we examined each in detail. Figure 2a shows the FESEM
images of ZnO nanowires grown by step 1 only, step 2 only,
two-step process (step 1 → step 2), and inverse two-step
process (step 2 → step 1). As seen, monodisperse ZnO
nanowires are only grown by a step 1 → step 2 two-step
process. We found that the short, sharp-tip nanostructures are
formed in the ammonia-added step 1, and the monodisperse
nanowires are grown in the subsequent step 2. Note that the
diameter of two-step grown nanowires is smaller than that of
nanostructures grown by step 1 only. This indicates that the
diameter of the two-step grown nanowires does not follow the
size of the preformed seeds or nanostructures, unlike that of
seed-assisted grown ZnO nanowires of previous studies.35
Figure 2b shows the eﬀect of step 1 growth time on the
standard deviation and the diameter (inset) of two-step grown
ZnO nanowires. In these experiments, the step 2 conditions are
kept constant. In the FESEM observations of the ZnO
nanostructures after step 1 (Figure S4), no morphological
variation in sharp-tip ZnO nanostructures is seen when varying
the step 1 growth time. On the contrary, both the diameter and
the standard deviation of two-step grown nanowires continuously decrease when increasing the step 1 growth time,
stabilizing after 2 h. This shows the impact of this step in
narrowing the size distribution. Thus, the results of Figure 2a,b
show that the ammonia-added step 1 is the crucial one to
synthesize monodisperse ZnO nanowires.
Because the monodisperse ZnO nanowires are grown from
the sharp-tip nanostructures obtained by the ammonia-added
step 1, the formation of sharp tips is a key process in the
monodisperse nanowire growth. In fact, monodisperse nanowires are grown only when the sharp tips are formed (Figure
S5). Here, we investigate the sharp tip formation in the
ammonia-added step 1. Since zinc hydroxide [Zn(OH)m]2−m
ions and zinc amine complex [Zn(NH3)n]2+ ions are stabilized
in the ammonia-added alkaline solution (Figure S6), it is
natural to assume that the formation of sharp tips is related to
the simultaneous dissociation of ZnO during crystal growth. In
fact, sharp-tip ZnO nanowire formation in ammonia-contained
alkaline solution has been reported previously, although the
details of the formation mechanism are still controversial.41−44
To elucidate the role of sharp tip formation in ammonia, we
performed ammonia-based chemical etching of the ﬂat-top
ZnO nanowires, as shown in Figure 3. Figure 3a shows a time
series of FESEM images of the ammonia-etched ZnO
nanowires and the subsequent nanowire growth. When

Figure 1. Typical FESEM images of the ZnO nanowires grown on a
Si substrate by (a) two-step growth (with 50 mM NH3 and CZn = 2.5
mM for step 1, no NH3 and CZn = 5 mM for step 2) and (b) singlestep growth (no NH3 and CZn = 5 mM). In the two-step growth, the
growth time for step 1 and step 2 are 3 and 12 h, respectively. The
single-step growth time is 12 h. (c) The diameter distribution of (a,b).

shows typical ﬁeld emission scanning electron microscopy
(FESEM) images of ZnO nanowires fabricated by two-step
and single-step growth, respectively. Detailed growth conditions are reported in the Experimental Section. Nanowires
with a narrow diameter distribution are clearly observed when
we employ the two-step growth. The details of the
monodisperse ZnO nanowires are shown in Figure S1.
Oppositely, a wide diameter distribution is observed in the
single-step-grown ZnO nanowires. These trends are evidenced
by the statistical analysis of Figure 1c. The mean diameter dave
and the standard deviation σ of the ZnO nanowires are dave =
17.5 nm, σ = 1.3 nm for the nanowires of Figure 1a and dave =
28.2 nm, σ = 13.5 nm for those of Figure 1b, as summarized in
Table 1. Such a narrow size distribution of two-step grown
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Figure 2. (a) FESEM images of the ZnO nanowires/nanostructures grown by step 1 only (upper left), step 2 only (upper right), two-step process
(step 1 → step 2, lower left), and inversed two-step process (step 2 → step 1, lower right), respectively. The growth time for step 1 and step 2 is 3
and 12 h, respectively. Note that the growth time of step 1 and step 2 in the inversed sequence is also inverted in order to clarify the eﬀect of the
growth sequence independently from the growth time. (b) Standard deviation σ for the diameter of the two-step grown ZnO nanowires as a
function of the growth time of step 1. The inset graph shows the nanowire diameters d. For this experiment, the growth time of step 2 is kept
constant. In all the above experiments, the ammonia and Zn concentrations were NH3 50 mM, CZn = 2.5 mM for step 1 and no NH3, CZn = 5 mM
for step 2, respectively.

Figure 3. (a) Time series of FESEM images for the ammonia-based chemical etching (pH = 11.4) of the ZnO nanowires (upper series) and the
results of subsequent nanowires growth (lower series). In this experiment, the ZnO nanowires with ﬂat-top are ﬁrst fabricated by no NH3 and CZn =
25 mM for 12 h before the chemical etching, and the subsequent nanowire growth is conducted with no NH3 and CZn = 5 mM for 12 h. (b) TEM
images of the initial ZnO nanowire, the etched ZnO nanowire and the ZnO nanowire after the subsequent growth. The chemically etched part and
the subsequently grown part are colored by blue and red, respectively. (c) Distribution of ZnO nanowires tip angle after performing ammoniaetching for 3 h. Structural information on the ZnO nanowires exposing the (101̅1) plane is also shown.
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Figure 4. Schematic illustration of the growth process of the monodisperse ZnO nanowires from randomly sized seeds. The sharp tips faceted by
{101̅1} planes are formed by ammonia-etching, associated with the formation of [Zn(NH3)4]2+ ions via the coordination of NH3 molecules to the
Zn sites. The energetically unfavorable tips serve as nucleation points for the subsequent nanowire growth. The nucleation on uniformly shaped
and spatially separated seed/nanowire tips are of critical importance for the monodisperse nanowires growth.

increasing the etching time, the nanowire tip tends to sharpen
without signiﬁcant modiﬁcations of the stem nanowire
diameter. In addition, we found that monodisperse nanowires
are successfully grown by forming sharp tips even if their
diameter distribution is wide (σ = 21.1 nm, Figure S7). The
sharp tip formation and the nanowire growth from the tip are
also conﬁrmed by the transmission electron microscopy
(TEM) characterization of Figure 3b. Because the sharp tips
are not formed by NaOH etching (Figure S8), the key role in
sharp tip formation is played by ammonia rather than by the
pH value. Thus, these results reveal that the ammonia-formed
sharp tips serve as a foundation for the growth of
monodisperse nanowires.
We now discuss why the monodisperse ZnO nanowires can
be grown on the sharp-tip nanostructures/nanowires. From the
TEM images and the tip angle distribution of Figure 3b,c,
respectively, we found that chemical etching maintains the
crystal planes tilted by 32° from the [0001] growth direction,
consistently with the ZnO {101̅1} planes.45 Combining such
{101̅1} planes leads to the formation of uniformly shaped
sharp tips independently of the initial size and morphology of
the seeds/nanowires. Next, we consider the nanowire growth
from sharp tips, which is a crucial mechanism for the formation
of monodisperse nanowires. Since the tips of the seeds/
nanowires have energetically unfavorable dangling bonds,
nucleation preferentially occurs at such bonds in order to
eliminate the tips. Regarding the size and shape of the nuclei,
these are determined by minimizing their total Gibbs free
energy. According to the FESEM image (Figure S7), the ZnO
nanowires mainly expose the (0001) and (101̅0) planes with
the latter appearing to be energetically favored over the former
in ammonia-free growth conditions. In this case, that is, when
the degree of supersaturation is suﬃciently low, nanowires with
a small diameter grow at the tips to minimize the appearance

of the (0001) plane. Because the (0001) plane is no longer
found after forming the sharp tips in the ammonia-added step
1, the nuclei size is determined solely by the thermodynamic
conditions; thereby, a homogeneously sized nucleation can be
obtained at the tip of the nanowires. Recently, Demes et al.46
found that anisotropic nanowire growth starts when the nuclei
size is around 20−25 nm at a relatively low concentration of
Zn precursor (CZn ∼ 1 mM) and a growth temperature of 90
°C. Our growth conditions (CZn = 5 mM and T = 95 °C) and
the observed nanowire diameter (dave = 17.5 nm) are similar to
these, suggesting that the size of the monodisperse nanowires
grown in step 2 is governed by the thermodynamic conditions.
Note that despite the similar growth conditions, Demes et al.
did not observe monodispersed sizes of the nanowires. This
might be due to the presence of randomly sized (0001) planes
on the seeds, assuming that the diameter of each nanowire
depends on the size of the pre-existing (0001) plane.
Furthermore, in their study, adjacent nuclei merged during
the growth of nanowires, which is detrimental for synthetizing
monodisperse nanowires. The tips of our seeds/nanowires are
loosely distributed, diﬀerently from the densely deposited
grains of the conventional seed layer. This promotes the
growth of separate nanowires by suppressing the merging of
the nuclei. Thus, homogeneously sized nucleation from
spatially separated nanowire tips signiﬁcantly contributes to
the synthesis of monodisperse nanowires, as schematically
shown in Figure 4.
In the growth mechanism, the size of the nanowires must be
monodisperse as long as the size of the nanowires grown on
the tips does not exceed the diameter of the stem seeds/
nanowires. To conﬁrm this hypothesis, we examine the size of
the monodisperse ZnO nanowires. As reported in our previous
study,32,33 the morphology of ZnO nanowires can be designed
by controlling the competitive nucleation from the (0001) and
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Figure 5. (a) Dependence of the Zn concentration on the diameter of single-step grown ZnO nanowires with no ammonia addition. The growth
time was 12 h. Triangular markers represent the critical nucleation concentrations on the (0001) plane (solid marker) and the (101̅0) plane (open
marker), respectively. (b−d) Dependence of (b,c) the diameter of the two-step grown ZnO nanowires and (d) the standard deviation on the Zn
concentration. (c) Magniﬁcation of the data in the area marked in (b). Only the Zn concentration in step 2 was varied, and the other conditions
were kept constant (with NH3 50 mM and CZn = 2.5 mM for step 1, no NH3 for step 2). The growth time for step 1 and step 2 was 3 and 12 h,
respectively.

monodisperse ZnO nanowires (σ = 1.3 nm) from randomly
sized seeds (σ = 4.3 nm) and nanowires (σ = 21.1 nm) without
any high-cost lithographic techniques. The most important
point of proposed method is to synthesize the sharp nanowire
tips, where the size of crystal plane dominating a nanowire
growth is extremely minimized. Because the size of nuclei on
the sharp tips is simply dominated by thermodynamic
condition, monodisperse nanowires are available by precisely
controlling the nucleation event in the secondary growth step.
In practice, the ammonia-etching approach utilized for the
formation of sharp tips of ZnO nanowires cannot be directly
applied to diﬀerent metal oxide nanowires. Nevertheless, the
proposed concept of two-step growth consisting of the sharp
tip formation and the subsequent nucleation control on the
sharp tips must be general for monodisperse nanowire
synthesis in diverse metal oxide nanowires. Thus, we believe
that this study paves the way for bottom-up grown metal oxide
nanowires-integrated nanodevices with a reliable performance.
Experimental Section. The ZnO nanowires used in this
study were fabricated via a seed-assisted hydrothermal method.
Before the hydrothermal process, a ZnO seed layer with a
thickness of about 30 nm was deposited on a SiO2/Si (100)
substrate by radio frequency (RF) sputtering at room
temperature with a power of 50 W, Ar pressure of 0.3 Pa,
and deposition time of 20 min. Note that a Ti layer of 1 nm
was introduced between the ZnO layer and the substrate to
ensure adhesion. The growth solution was prepared at room
temperature by dissolving in deionized (DI) water zinc nitrate
hexahydrate Zn(NO3)2·6H2O (Wako, 99.0% pure), hexamethylenetetramine (HMTA) (CH6)2N4 (Wako, 99.0% pure),
and polyethylenimine (PEI) [−CH2CH2NH−]n with average
molecular weight (mol wt.) of 1800 (Aldrich, 50 wt % in
H2O); the ratio of Zn(NO3)2/HMTA/PEI = 1:1:0.1. In the
two-step growth, we added 50 mM of NH3 in step 1. The
hydrothermal growth process was conducted by immersing the
seed layer-coated substrate into 100 mL growth solution
upside-down. The pH value of the solution was measured
before nanowire growth. A growth temperature of 95 °C was
maintained during the whole growth process. The growth time
and Zn concentration CZn were varied to unravel their
contribution to the nanowire growth. In the two-step growth,
the samples were rinsed in DI water after the ﬁrst step and
moved into the solution for the second one without prior
drying. After the whole growth, the samples were rinsed in DI

(101̅0) planes, that is, by tuning the supersaturation degree of
the growth solution. This is because a critical concentration for
a nucleation strongly depends on interfacial energy of crystal
planes, for example, (0001) plane with higher interfacial energy
has lower free energy barrier than (101̅0) plane with lower
interfacial energy (the detailed mechanism is described in
Supporting Information). In particular, the nanowire diameter
is varied by controlling the Zn precursor concentration at
above the critical concentration for the (101̅ 0) plane
nucleation. Figure 5a shows the dependence of the Zn
concentration on the diameter of single-step nanowires
grown in ammonia-free conditions. Threshold concentrations
of 3 mM for nanowire growth and 5 mM for lateral growth are
seen, corresponding to the critical concentrations for (0001)
and (101̅0) planes’ nucleation, respectively. This implies that
the diameter of monodisperse nanowires can be modulated by
controlling the Zn concentration above 5 mM. Figure 5b−d
shows the dependence of the diameter of two-step grown
nanowires on the Zn concentration CZn, its magniﬁcation for
CZn in the 100−102 mM range, and the dependence of the
standard deviation on CZn in the same range, respectively. In
this experiment, only the Zn concentration in step 2 is varied,
keeping the other conditions constant (the details are reported
in the caption). As expected from the results of Figure 5a, the
nanowire diameter is successfully modulated by maintaining
the standard deviation σ < 2 nm when controlling the Zn
concentration at above 5 mM. We also found that the size can
no longer be controlled when the diameter exceeds that of the
stem nanowires at about 30 nm; that is, the diameter
distribution greatly widens as the diameter increases up to
30 nm. In principle, the diameter of monodisperse nanowires
could be controlled in a wide range by growing the nanowires
at the tip of nanowires with a larger diameter. Thus, our twostep growth method provides a rational approach for the
previously unreported synthesis of monodisperse metal oxide
nanowires and for tuning their diameter even when starting
from randomly sized seeds.
In conclusion, we proposed a very facile, rational synthesis of
monodisperse ZnO nanowires from randomly sized seeds.
Nanowire tips formed in ammonia-dominated alkaline
conditions serve as a seed for the growth of the monodisperse
nanowires. The shape uniformity and the spatial separation of
the seed/nanowire tips is of critical importance for the growth.
By a seed-engineering approach, we successfully synthesized
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water and dried with an air blower. The morphology of the
ZnO nanostructures was characterized by ﬁeld emission
scanning electron microscopy (FESEM, JEOL JSM-7610F 30
kV). To characterize the crystallinity and the tip angle of ZnO
nanowires, transmission electron microscopy (TEM, JEOL
JEM-2100F and ARM-200F 200 kV) was used. The nanowire
diameter and the tip angle were statistically evaluated from 100
nanowires. Visual MINTEQ software was employed to
calculate the equilibrium concentrations of ionic species in
the growth solution at given temperature and pH conditions.
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