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Zinc oxide nanowires generated by hydrothermal method present superior physical and chemical
characteristics. Quality control of the growth has been very challenging and controlled growth is only
achievable under very limited conditions using homogeneous seed layers with high temperature processes.
Here we show the controlled ZnO nanowire growth on various organic and inorganic materials without the
requirement of a homogeneous seed layer and a high temperature process. We also report the discovery of an
important role of the electronegativity in the nanowire growth on arbitrary substrates. Using heterogeneous
metal oxide interlayers with low-temperature hydrothermal methods, we demonstrate well-controlled ZnO
nanowire arrays and single nanowires on flat or curved surfaces. A metal catalyst and heterogeneous metal
oxide interlayers are found to determine lattice-match with ZnO and to largely influence the controlled
alignment. These findings will contribute to the development of novel nanodevices using controlled
nanowires.

O
ver the past decade, one-dimensional (1D) materials have been studied intensively in various fields of
nanotechnology. A bottom-up synthetic approach can offer multiple novel design-by-choice schemes to
facilitate the compact assembly of multifunctional components on a substrate. Complex components

can be constructed with desired properties, including electronic, photonic, biological, energetic, piezoelectric, and
magnetic properties, with novel functionalities such as quantum confinement effects and high surface-to-volume
ratios1–3. Recently, zinc oxide (ZnO) nanowires have been widely studied because of their superior electrical,
mechanical, and optical properties4–12. Various methods including vapour–liquid–solid (VLS) growth, chemical
vapour deposition (CVD), electrochemical deposition (ED), and hydrothermal approaches have been employed
for the synthesis of ZnO nanowires13–16. However, the VLS, CVD, and ED methods require complicated and
expensive equipment and can only be used under limited conditions, such as with single-crystalline substrates and
at relatively high temperatures. Thus, hydrothermal synthesis is a more convenient and cost-effective approach
for the large-scale preparation of well-ordered ZnO nanowire arrays at low temperatures. Recently, numerous
hydrothermal growth methods of ZnO nanowires on various substrates have been vigorously explored16–23 and
are continuously being evolved. Despite the benefits of hydrothermal synthesis of ZnO nanowires, the necessity of
a crystalline ZnO seed layer limits the flexibility of this method due to the requirements of additional vacuum
technology and high temperature processes24,25. This synthetic approach enables controlled growth on any
substrate, thereby enabling a broad expansion of the applications of ZnO materials without restrictions imposed
by the shape of the substrate materials. In this study, we demonstrate that metal catalysts play an important role in
ZnO nanowire synthesis in different growth directions due to the altered lattice constant of the catalyst layer. The
electronegativity of the metal catalyst layer is found to influence the controlled production of direction-dependent
ZnO nanowires on virtually any substrate in any shape.

Results
The ZnO nanowires prepared in this study were grown vertically on various substrates, including polyimide, SU-
8, polyethylene terephthalate (PET), polydimethylsiloxane (PDMS), parylene-C, glass, and silicon. A thin film of
silver was deposited by radio-frequency (RF) sputtering or thermal evaporation onto each substrate and was then
exposed to ambient air for a day (24 hours) to enable natural oxidation to occur. Figure 1 presents scanning
electron microscopy (SEM) images of ZnO nanowires grown on the oxidized silver films deposited over the
various substrates. Some of these nanowires were initially prepared with highly topological structures, and the
nanowires with many hemispherical structures shown in Fig. 1a were synthesized using microparticles on a PET
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substrate. The bridge-shaped microstructures shown in Fig. 1b were
formed with SU-8 photosensitive resist. The ZnO nanowires were
subsequently grown over the morphological surfaces coated with the
oxidized silver film. Selective nanowire growth within a photolitho-
graphically predefined area was also demonstrated. Zinc oxide nano-
wires failed to grow on bare silicon and glass substrates, with
nanowire growth restricted to the patterned oxidized silver film
(Fig. 1c). The structure of an individual ZnO nanowire synthesized
on oxidized silver was studied using localized nucleation sites hin-
dering lateral growth on a polyethyleneimine (PEI) substrate. PEI
can strongly adsorb onto the negatively charged ZnO surface due to
electrostatic interactions with protonated amino groups (-NH2) on
the PEI chain26,27. Thus, neutralized side facets of ZnO cannot collect
ions supplied from the nutrition solution. Figure 1d shows an indi-
vidual nanowire grown vertically with respect to the surface of the
oxidized silver film. Although the surface of the oxidized silver is not
even, the base of a single ZnO nanowire is clearly observed due to the
largely limited lateral growth of the nanowire. Figures 1e and 1f show
ZnO nanowires grown vertically on oxidized silver-coated PDMS
and parylene-C, respectively.

We determined the crystallinity of the ZnO nanowires by per-
forming X-ray diffraction (XRD). Figure 2a shows the XRD patterns
of a pure ZnO film deposited on a silicon (001) substrate using an RF
sputtering system (black line), ZnO nanowires grown on an oxidized
silver film on a polyimide substrate (red line), and ZnO nanoparticles

grown in the nutrition solution (blue line). The ZnO film deposited at
a high temperature of 300uC contains a peak at approximately 34.38u
that corresponds to the (0002) spacing of the wurtzite structure of
ZnO; the occurrence of this peak indicates preferential alignment in
the c-axis direction. For the ZnO nanowires on the Ag film, two XRD
peaks were observed at approximately 34.36u and 38.04u; these peaks
indicate vertically grown ZnO (0002) and Ag (111), respectively. In
the hexagonal structure of ZnO, the plane spacing is related to the
lattice constants a and c and to the Miller indices by the relation
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entation at 2h 5 34.38u and 34.36u, the lattice constant c was esti-
mated to be 0.5213 nm and 0.5216 nm, respectively, according to

c~
l

sin h
. The c-value of strain-free bulk ZnO is 0.5205 nm28, which

is smaller than the corresponding values of ZnO/Si and ZnO nano-
wire/Ag. This result means that the ZnO film and ZnO nanowires
have similar tensile stresses. Although ZnO nanowires were grown
on a flexible polyimide substrate, the half-maximum full wavelength
(i.e., the full-width at half-maximum, FWHM) of the peak in XRD
pattern of the ZnO nanowires (0.14u) is slightly narrower than that of
the ZnO film (0.15u). The peak positions and FWHMs obtained from
the ZnO film and the ZnO nanowires indicate that the lattice mis-
match of ZnO nanowires on oxidized silver is similar to that of the
ZnO film on silicon. Normally, the lattice constant of diamond-
structured silicon is 0.543 nm. The mismatch between silicon
(001) and ZnO (002) is estimated to be 104.16%. However, silver
(111) with an FCC crystal structure has a lattice constant of

0.4094 nm, as calculated by a~
l
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2zk2zl2
p

2 sin h
29. If ZnO nanowires

are grown on pure Ag (111), then the lattice mismatch is evaluated as
78.49%. This result means that ZnO (002) on Ag (111) has a com-
pressive stress and must exhibit a lower XRD peak position than pure
ZnO (002). Naturally oxidized silver on polyimide shows an XRD
peak position of 34.32u related to Ag2O (111) (Supplementary Fig.
S2). This peak is similar to that of ZnO (002), which indicates a low
lattice mismatch between Ag2O and ZnO. Unlike these two cases,
ZnO nanoparticles exhibited broad XRD peaks at 31.69u, 34.36u, and
36.16u because ZnO nanoparticles consist of large polycrystalline
grains. Since ZnO nanoparticles were self-synthesised in solution,
the growth directions are (100), (002), and (101), as shown in
Fig. 2a (blue line). In addition, structural properties of ZnO film,
nanowires, and nanoparticles are clearly distinguishable from each
other as shown in SEM images of Fig. 2b.

In addition, we used a conventional transmission electron micro-
scope to further examine the structure of ZnO nanowires grown on
naturally oxidized silver on a Cu grid. The ZnO nanowires were
grown for 3 hours in a 40 mM solution at pH 9 with 4 g of PEI. A
high-magnification TEM image of the interfacial region of a ZnO
nanowire and oxidized silver is shown in Fig. 3a. The atomic lines at
the ZnO/Ag interface region are curved with a certain angle.
Figures 3b and 3c are structural models showing the interface
between ZnO and Ag (or Ag2O) as a function of the crystallographic
direction. The Ag has a faced centred space group of Fm-3m and a 5

0.40853 nm30, whereas Ag2O has cuprite cubic structure with a space
group of P-3m1 and a 5 0.4736 nm31. The ZnO has a hexagonal
space group of P63mc with a 5 0.3250 nm and c 5 0.5207 nm32. As
shown in Fig. 3b, the interface bound by ZnO (0002) and Ag2O (111)
clearly shows the regularity of the Ag–O–Zn bonds due to their
similar lattice parameters. The curved atomic lines are in good agree-
ment with the TEM analysis. However, the interface directly con-
tacted by ZnO (0002) and Ag (111) does not show any regularity in
Ag–O–Zn bonds due to the large difference in lattice parameters

Figure 1 | Vertically grown ZnO nanowires on various substrates. (a–f),

SEM images of ZnO nanowires grown on (a) PET, (b) SU-8, (c) silicon, (d)

polyimide, (e) PDMS, and (f) parylane-C. The concentration of the zinc

nitrate hexahydrate and HMT solution was 20 mM, and the initial pH

values were 9 , 9.5. Scale bars represent 1 mm.
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between these two materials. This irregular interface may result in
interfacial stress and defect formation. The lattice mismatch at the
nanowire–substrate interface has a dominant effect on the tendency
of nanowires towards either vertical or random epitaxial growth on
heterogeneous structures. High structural strain due to a high degree
of lattice mismatch makes the nucleation and growth of a nanowire
on a substrate impossible32. Most nanowires that have been success-
fully grown on substrates have lattice mismatches of less than 12%33.
Nanowires with larger lattice mismatches with the substrate tend not
to grow in the vertical ,111. direction, whereas materials with
minimal lattice mismatches can readily grow in the vertical
,111. direction. A change in the growth direction between vertical
and non-vertical ,111. directions may serve as a means to relieve
strain at the nanowire–substrate interface and may explain the large
yield of non-vertical nanowires in material systems with large lattice
mismatches. Therefore, we believe that the lattice constant of oxi-
dized silver is matched as an interlayer between ZnO and pure Ag.
This result is in good agreement with the XRD data in Supplementary
Fig. S2, which indicates that the oxidized silver layer is too thin and
that the peaks of oxidized silver and ZnO could overlap.

An additional analysis was conducted using scanning TEM
(STEM) and X-ray energy-dispersive spectroscopy (XEDS) mapping
(red coloured box) at the interfacial region between ZnO and oxi-
dized silver, as shown in Figs. 3d and 3e. An additional analysis was
conducted using STEM and XEDS appear at the localized ZnO and
Ag portions of the interface. Interestingly, the spatial distribution of
the O-S shell is not atomically abrupt and is found deep inside the Ag
layer, indicating the formation of silver oxide.

To accurately determine whether an oxidized interlayer exists
between the Ag film and the ZnO nanowire, we used X-ray photo-
electron spectroscopy (XPS) to characterize the composition of a
pure ZnO film deposited on silicon, ZnO nanowires grown on an

oxidized silver film, and ZnO nanoparticles grown in solution.
Figure 4a presents the XPS spectra of the pure ZnO film, the ZnO
nanowires, and the ZnO nanoparticles, which indicate the presence
of Zn, O, Ag, Ti, N, and C. Titanium results from the thin Ti layer
present as an underlayer of Ag. As shown in Fig. 4b, the binding
energy (BE) scale was calibrated using the carbon peak (C-1s) at
285 eV as a reference34,35. As these samples were exposed to ambient
air prior to the XPS analysis, small amounts of carbonyl compounds
(CO and CO2) were observed, resulting in two additional peaks at
286.6 and 288.7 eV36–38, respectively. Those peaks arising from car-
bonyl compounds were also used as a reference to identify the dif-
ferent O-related species present in the samples. The pure ZnO film
exhibited a Zn-2p3/2 core level with a peak position of 1020.58 eV, as
shown in Fig. 4c. However, the Zn-2p levels of the ZnO nanowires
were shifted to higher binding energies towards 1021.46 eV, whereas
those of the ZnO nanoparticles were 1021.28 eV. BE shifts of
10.88 eV for the ZnO nanowires and 10.70 eV for the ZnO nano-
particles were measured with respect to the Zn-2p BE of the pure
ZnO film. The shifts of the Zn-2p peaks toward high energy suggests
the presence of additional chemical states of Zn, indicating a decrease
in the number of Zn atoms bound to oxygen due to the deposition of
ZnO in an oxygen-rich environment39–41. In addition, a similar phe-
nomenon was observed for the formation of Ag–O–Zn bonds42,43.

Figure 4d presents the asymmetric peaks observed in the O-1s
region deconvoluted by several subspectral components: (i) ZnO,
(ii) defective ZnOx or ZnOH, (iii) Ag2O or Ag–O–Zn, or adsorbed
oxygen species, (iv) CO (531.1 eV), and (v) CO2 (532.5 eV). In addi-
tion to the CO and CO2 signals, the pure ZnO film exhibits two
additional peaks at 529.55 eV and 531.96 eV, which were assigned
to O ions in stoichiometric Zn–O–Zn and to an oxygen-deficient
ZnOx region44,45, respectively. To determine the stoichiometry of
ZnOx(OH)y, we estimated the O-1s/Zn-2p ratio of the ZnO film to

Figure 2 | XRD analysis and SEM images of a ZnO film, ZnO nanowires (NWs), and ZnO nanoparticles (NPs). (a) The ZnO film (black line) was

deposited by an RF sputtering system, ZnO nanowires (red line) were grown on naturally oxidised silver, and ZnO nanoparticles (blue line) were self-

synthesised in solution by the hydrothermal growth method. (b) SEM images of ZnO film (top), ZnO nanowires (middle), and ZnO nanoparticles

(bottom).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 4379 | DOI: 10.1038/srep04379 3



be 1.25, whereas those of the ZnO nanowires and ZnO nanoparticles
were calculated to be 1.27 and 1.48, respectively. In addition to peaks
related to stoichiometric ZnO, defective ZnO or ZnOH, CO, and
CO2, an additional small feature at 533.2 eV was observed in the
spectra of ZnO nanowires and nanoparticles. This feature could be
assigned to Ag–O bonds or to bonds related to adsorbed oxygen
species (i.e., H2O or adsorbed O2). As discussed for the XRD analysis,
however, no evidence of a significant increase in the lattice parameter
c was found when Zn21 ions were replaced by Ag1 ions because of the
larger radius of Ag1 ions (0.126 nm) compared with Zn21 ions
(0.074 nm).

The Ag-3d BE region (Fig. 4e) consists of an asymmetric peak that
could be fitted with a doublet tentatively assigned to the Ag-3d5/2

core levels of two different species: Ag2O (367.32 eV, 75.04% of the
total Ag XPS signal) and Ag (368.35 eV, 24.96%)46. Theoretically, the
deposited silver is spontaneously oxidized by atmospheric oxygen at
room temperature in the chemical reaction 4Ag (s) 1 O2 R 2Ag2O
(s). The standard-state enthalpy (DH0

rxn) and entropy (DS0
rxn)

changes for this reaction are 262.2 kJ and 20.133 kJ/K, respectively,

as calculated from the thermodynamic data47. These values indicate
that the reaction is exothermic and that the entropy of the reaction is
negative. The standard Gibbs free energy (DG0

rxn) of the reaction can
be calculated as DG0

rxn~DH0
rxn{T DS0

rxnzRln Pð Þ
� �

, where R and P
are the ideal gas constant and the gas pressure, respectively. At 298 K
and 1 atm, the Gibbs free energy is estimated to be 222.6 kJ.
Therefore, the Ag2O present on silver exposed to the natural oxygen
environment is naturally formed48,49.

The dependence of the average nanowire height on growth time is
illustrated in Fig. 5a. The solution was fixed to a concentration of
20 mM. Two distinct growth kinetics can be observed: a rapid step,
which takes less than 2 hours, with a growth rate of 5.27 nm/min;
and a fluctuation in the kinetics of nanowire growth due to lower
super-saturation of precursors. To understand the growth mech-
anism, we measured the pH value and solution temperature as a
function of growth time. The initial pH value was set to 9, and the
hot-plate temperature was fixed at 90uC. The difference between the
set temperature and the solution temperature resulted from the poor
thermal conductivity of the glass and the aqueous solution, as shown

Figure 3 | Structural properties of ZnO nanowires on an oxidised silver layer. (a), High-magnification TEM image of ZnO nanowires on the Ag layer.

(b–c), Structural models showing the interface between the ZnO and (b) Ag2O and (c) Ag layers. (d), STEM image of a ZnO nanowire on oxidised

silver. (e), STEM image and XEDS mapping images taken from the interfacial region between the ZnO nanowire and oxidised silver.
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in Fig. 5b. In the initial stage, the pH value decreased due to the
protonation of the solution by heating. The relationship between
pH and the fluctuating growth pattern of ZnO nanowires observed
in Fig. 5a can be interpreted as indicating that the ZnO nanowires
stop growing at a pH value of approximately 8.4. When the pH value
falls below 8.4, the length of the ZnO nanowires decreases due to the
dissolution of the nanowires back into the solution50.

Discussion
To understand the reaction kinetics in detail, we calculated the
speciation diagram of intermediate metal hydroxide and amine

complexes from known constants51. Figures 6a and 6b show the
ion complex distribution of Zn21 and Ag1 ions using the time, solu-
tion temperature, and pH values determined from the calculated
speciation diagrams. Silver(I) ions are normally generated from
Ag2O in aqueous solution because pure silver cannot be ionized in
aqueous solution. In the initial stage, Zn21 ions are mostly converted
into Zn(OH)1 and Zn(OH)2, whereas Ag1 ions are dominant in
solution. The presence of Ag1 ions on the surface can attract negative
ions such as OH2, Zn(OH)3

2, and Zn(OH)4
22 through Coulombic

attraction rather than positive or neutral ions such as NH3
1, Zn1,

Zn(OH)1, and Zn(OH)2. However, because the amine complexes are

Figure 4 | Chemical composition of ZnO samples. (a), Survey XPS spectra of ZnO film, nanowires, and nanoparticles, including Zn, O, Ag, Ti, N, and C.

(b–e), XPS spectra corresponding to the (b) C-1s, (c) Zn-2p3/2, (d) O-1s, and (e) Ag-3d5/2 core levels of a pure ZnO film, ZnO nanowires, and ZnO

nanoparticles. The ZnO nanowires were grown on oxidised silver on a polyimide substrate.
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strongly adsorbed due to their high solubility at high pH, the Ag1 can
rapidly form more [Ag(NH3)2]1 than AgOH in the initial growth
stage, as shown in Fig. 6b. To understand the effect of protonation in
solution, we measured the pH values of a 20 mM zinc nitrate hex-
ahydrate and hexamethylenetetramine (HMT) solution with an

oxidized silver film on a polyimide substrate, as shown in
Supplementary Fig. S5. For reference, pH values were also measured
in the same reaction solution without an oxidized silver film. All
solutions were measured at room temperature and were fixed at an
initial pH value of 9 with additional ammonium hydroxide. The pH

Figure 5 | Growth of ZnO nanowires as a function of time, pH, concentration, and temperature. (a), Average ZnO nanowire heights as a function of

reaction time. The concentration of a nutrition solution and setting temperature were 20 mM and 90uC, respectively. (b), In situ pH value and

solution temperature as functions of reaction time and molar concentration. The set temperature was 90uC. The average heights of ZnO nanowires were

measured from cross-sectional SEM images.
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values of all solutions rapidly decreased in the initial stage due to the
increase in protons. For the growth of ZnO in an aqueous mixture of
zinc nitrate hexahydrate, hexamethyleneimine, and ammonium
hydroxide, the possible reactions are 2H2O 1 Zn21 u Zn(OH)2 1

2H1 u ZnO 1 2H1 1 H2O and [Zn(NH3)4]21 1 3H2O) ZnO 1

2NH4
1 2NH3?H2O52,53. However, the second reaction produces

ammonium hydroxide, which can subsequently react with water to
produce hydroxide ions via the reaction NH3 1 H2O ) NH4

1 1

OH2. This reaction means that the pH of the mixture would increase
with reaction time. Therefore, the main ZnO reaction that occurs in
the initial stage of this experiment is the first reaction because the pH
value of the solution with an oxidized silver film decreases with
reaction time, as shown in Fig. 6c. Because this reaction can produce
ammonia to increase the pH value via the equation 2[Ag(NH3)2]1 1

2OH2 ) Ag2O 1 4NH3 1 H2O, this reaction is also inconsistent

with the rapid decrease in pH observed in the initial reaction stage.
Notably, many metal oxides would hydrolyse in the presence of water
to form hydroxide layers at the surface (;M–OH). An oxide or
hydroxide surface (;M–OH) can become charged by reacting with
H1 or OH2 ions due to surface amphoteric reactions54. Therefore,
Ag1 ions on the Ag2O surface can form Ag–OH. Interestingly, Ag1

and Zn21 ions are known as B-type metal cations with low electro-
negativities55, i.e., in the case of Ag–OH, the bond length of Ag–O is
shorter than that of O–H because Ag (xAg 5 1.93) is less electroneg-
ative than H (xH 5 2.20). In water, OH2 can convert Ag–OH into
Ag–O2 1 H2O. At the same time, Zn21 ions with a low electrone-
gativity (xZn 5 1.65) near Ag–O2 can be easily bonded to form Ag–
O–Zn1. After Zn1 ions are chemisorbed onto the Ag2O surface, Zn1

ions bond oxygen ions to form ZnO. Then, ZnO can fully cover the
Ag2O surface in aqueous Zn(NO3)2–HMT–ammonia solution and
ZnO nanowires can grow further through hydrothermal synthesis, as
shown by further SEM analysis (Supplementary Fig. S6).

To understand the effect of silver catalyst on other metals, we
selected a titanium film, which has a low electronegativity (xTi 5

1.54), and a molybdenum film, which has a high electronegativity
(xMo 5 2.16), and deposited both by RF sputtering onto polyimide
films. On the titanium substrate, ZnO nanowires partially grew with-
out any help from the Ag catalyst, and the ZnO nanowires grown on
Ti substrates became more dense and c-oriented when the Ag catalyst
was used. Although the surface of Ti can be easily oxidized due to its
low electronegativity, Ag catalyst treatment can effectively oxidize
the surface of Ti because Ag is a well-known oxidation agent and can
ionize the surface of the Ti substrate, enabling it to bond to hydroxide
anions. These results are in good agreement with XRD data for ZnO
nanowires with and without Ag catalyst treatment. No Ag-related
XRD peaks were observed in the pattern of the Ag catalyst-treated Ti
surface. The rutile type crystal structure of TiO2 is well known to have
a tetragonal structure with space group P42/mnm and a 5

0.4594 nm56. Interestingly, the tetragonal structure can be combined
with a hexagonal structure. In addition, because the Ti substrate has
the same lattice as TiO2, the lattice constant c of ZnO becomes close
to that of bulk ZnO when ZnO nanowires are grown on a Ag-treated
Ti substrate, as shown in Fig. 7c. For molybdenum, however, ZnO
nanowires were not grown because the electronegativity of Mo is
larger than those of the other materials and because the surface of
Mo easily loses adsorbed oxygen ions to the solution. To overcome
this problem, we employed both oxygen-plasma and Ag-catalyst
treatments to oxidize a Mo metal surface. As shown in the SEM
image in Fig. 7e, randomly grown ZnO nanowires fully covered
the oxidized Mo surface. Unlike the case of Ti substrates, the Ag peak
in the XRD pattern of the Mo substrate indicates that self-synthe-
sized Ag particles may adhere to the rough surface of ZnO nanowires
grown on the Mo substrate. This phenomenon was also observed on
the Cu substrate, as shown in Supplementary Fig. S8. The ZnO
nanowires were randomly grown due to the crystal structure of
Mo, which has a body-centred cubic structure with a space group
of Im-3m and a 5 0.3147 nm31. Although MoO2 has a tetragonal
structure with a space group of P42/mnm and a 5 0.487 nm31, the
Mo substrate can compress the thin MoO2 interlayer formed by
plasma and Ag-catalyst treatments due to the large lattice mismatch
between Mo and MoO2. This stressed MoO2 interlayer can affect the
growth direction of ZnO nanowires. This stress was observed in the
XRD data (Fig. 7f), where the ZnO (002) peak shifted from 34.42u to
34.60u, thereby indicating an increased ZnO lattice constant.

The unique properties of oxidized silver lead to highly controlled
growth of ZnO nanowires on various substrates. The oxidized silver
films provide a surprisingly good lattice-matched structure with
ZnO. Ionized Ag strongly attracts negatively charged Zn ion
complexes by Coulombic forces to nucleate ZnO on a silver oxide
film. Other metal substrates have been used as heterogeneous
growth substrates for ZnO nanowires with the help of plasma and

Figure 6 | Reaction kinetics of ZnO and Ag2O. (a–b), Ion complex

distribution of (a) Zn21 and (b) Ag1 ions as functions of time,

temperature, and pH using the data from Figure 5.
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Ag-catalyst treatments. This low-temperature synthetic method has
the potential to support numerous important applications by enab-
ling the well-controlled synthesis of ZnO nanowires on any substrate.

Methods
ZnO nanowires were grown on various organic and inorganic substrates with a
naturally oxidized silver layer, deposited by RF sputtering, in aqueous 151 solutions of
zinc nitrate hexahydrate (Sigma Aldrich) and hexamethylenetetramine (Sigma-
Aldrich). Ammonium hydroxide (Fisher) was added to obtain certain initial pH
values. PEI (Sigma-Aldrich) was used to localize the growth of the ZnO nanowires.
The nanowires were grown in a conventional oven or on a hot plate. In situ pH values
and solution temperatures were measured using a BK pH meter (model 760) and an
Omega thermocouple probe (TJ-USB), respectively. The PET substrate was a 3MTM

multipurpose transparency film. Bridge-shaped arrays were prepared from SU-8
(Microchem) using conventional photolithography techniques. Polyimide substrates
applied on glass slides were 1 mil KaptonH tapes made from DuPontTM KaptonH HN
film with silicone adhesive. The Ag particle film was deposited onto PDMS using a
1 mM solution of AgNO3 in ethanol for 1 hour. The Ag particle film was then
exposed to ambient air for 2 hours. Characterization was performed using scanning
electron microscopy (FEI QUANTA FEG 600 ESEM), transmission electron
microscopy (FEI Tecnai F30 G2 Twin Microscope), X-ray diffractometry
(PANalytical X’Pert PRO, Cu Ka and a Rigaku MiniFlex 600, Cu Ka), and X-ray
photoelectron spectroscopy (Kratos Axis 165).
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