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Flame synthesis of zinc oxide nanowires
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Abstract

Single-crystalline ZnO nanowires are grown directly on zinc-plated-steel substrates at high rates (microns/minute) using a flame-syn-
thesis method, with no catalysts. The growth of the nanostructures is very sensitive to local gas-phase chemical species concentrations
(O2, H2, CO2, H2O) and temperature (800–1500 K) as measured by laser-based spontaneous Raman spectroscopy. Larger-diameter
(>100 nm) hexagonal-cross-section nanowires, with [0001] growth direction, are produced at higher temperatures; while smaller-
diameter (25–40 nm) nanowires, with ½11�20� growth direction, are produced at lower temperatures, and only on the fuel side of the reac-
tion zone (with no oxygen present). Nanoribbons and other nanowire-based morphologies are also found and discussed.
� 2007 Elsevier B.V. All rights reserved.

1. Introduction

Nanostructured ZnO materials have attracted much
interest in recent years due to their unique semiconducting,
piezoelectric, and pyroelectric properties [1], as well as bio-
safety and biocompatibility [2]. Possessing a wurtzite lattice
structure of non-central symmetry (and polar surfaces) [3]
and a combination of three sets of fast growth directions,
i.e. h11�20i, h10�10i, and Æ0001æ, ZnO can manifest itself
in a wide range of diverse structures, such as nanowires,
nanorods, nanoneedles, nanotubes, nanobelts, nanodisks,
nanorings, and hierarchical and networked nanostructures
[4]. Within this group, several techniques for the fabrica-
tion of one-dimensional ZnO nanowires have been
explored using different starting materials, e.g. zinc metal
powder [5–13], ZnO powder [14–20], and metal organic
precursor [21–23]. The vapor pressure of zinc is sufficiently
high to grow nanowires at low temperatures. Lyu and co-
workers [9,10] synthesized well-aligned single-crystalline
ZnO nanowires on NiO-nanoparticle-deposited Al2O3 sub-
strates situated 3–5 mm above the metal zinc powder in a

tube furnace flowing Ar at 450 �C for 1 h. Nanowires of
uniform 55 nm diameter and up to 2.6 lm length grew in
the c-axis direction. Higher temperatures (and carbon
assistance) are needed when starting with ZnO. Huang
et al. [14] grew ZnO nanowires on Au-coated silicon sub-
strates placed downstream of a mixture of ZnO and graph-
ite powders heated to 900–925 �C under a flow of Ar for 5–
30 min. Depending on the catalytic Au-layer thickness,
nanowire diameters ranged from 50 to 200 nm and up to
50 lm long, with [0001] preferential growth direction.
Metalorganic vapor phase epitaxy (MOVPE) can produce
nanorods if the temperature is low; higher temperature
results in flat epilayer growth [22]. Park et al. [21] reported
low-pressure MOVPE growth of ZnO nanorods on Al2O3

substrates at temperatures between 400 and 500 �C, using
diethylzinc (DEZn) with O2 and Ar. Vertically well-aligned
nanorods of uniform diameter of �25 nm and lengths of
800 nm grew along the c-axis direction in 1 h.

As shown above, ZnO growth can be based on various
growth mechanisms, i.e. vapor–liquid–solid (VLS) (cata-
lytic and self-catalytic) and vapor–solid (VS), which may
even occur simultaneously due to the low melting temper-
ature and high vapor pressure of zinc (and its sub-oxides).
This flexibility perhaps explains the various morphologies
often exhibited by ZnO, and the need to define conditions
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carefully in order to isolate, control, and optimize nano-
wire growth. Moreover, processing can be complex involv-
ing graphite (or carbon nanotube) powders [14–19],
multiple steps [6,7,20,23], catalysts [5,7,14,17], nanoparticle
seeding [6,9,10], and low-pressure systems [11,17,19–23], as
well as long processing times. In this work, a robust flame-
synthesis method is employed to grow single-crystalline
nanowires with uniform diameters, with growth rates of
microns/min, without any pretreatment or catalysts, in
open environments, and directly on zinc-plated substrates.
Diameters ranging from 25 to 400 nm are selectable
depending on local chemical species and temperature
conditions.

2. Experimental procedure

Tests were performed using an axi-symmetric inverse jet
diffusion flame (Fig. 1a), where air issues from a center jet,
and nitrogen-diluted methane issues from an outer co-flow
annulus. Details of the burner and diagnostics setups can
be found in Ref. [24]. A zinc-plated-steel wire substrate is
inserted radially into the flame structure at various axial
positions, where local temperature and gas-phase chemical
species are appropriate to promote reactions leading to zinc
oxide. This geometry permits facile examination of the
parameter space, as well as substrate probing of the fuel side
of the flame structure for nanowire growth without piercing
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Fig. 1. (a) Methane inverse co-flow jet diffusion flame. Blue chemiluminescence (CH*) marks the reaction zone; and orange emission corresponds to soot
intermediates. (b) Spontaneous Raman spectroscopy (SRS) diagnostic setup. (For interpretation of the references in colour in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 2. Gas-phase flame structure of flame at 8 mm axial height, as measured by SRS. Thermocouple measurements assess substrate temperatures. (The
symbols and lines in this figure are presented in colour in the web version of this articel.)
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the reaction zone and allowing oxygen leakage, thereby iso-
lating O2 versus H2O reactions with Zn. For brevity sake,
the radial flame profiles of temperature and relevant species
concentrations, as measured by laser-based spontaneous
Raman spectroscopy (Fig. 1b), are presented for a single
characteristic axial location z = 8 mm (Fig. 2). The repro-
ducibility of the temperature measurements is within
±20 K, and that of the concentration measurements is
within ±5%. XRD of the raw substrate surface shows that
all peaks can be indexed to zinc (PDF#040831). Tempera-
tures within the flame structure are also measured using a
125 lm Pt/Pt-10%Rh thermocouple (S-type) coated with
silica to establish the actual substrate temperature, which
can be different from that of the gas-phase. The morpholo-
gies of as-grown zinc oxide nanostructures are examined
using field-emission scanning electron microscopy
(FESEM), with elemental analysis conducted using energy
dispersive X-ray spectroscopy (EDX). Structural features
of the nanomaterial are investigated using high-resolution
transmission electron microscopy (HRTEM), along with
selected area electron diffraction (SAED).

3. Results and discussion

As evinced from Fig. 2, nanowires are produced on both
the fuel and oxidizer sides of the reaction zone, suggesting
that the route for synthesis is not only through reactions
with oxygen. In fact, there appears (as seen from Fig. 2)
to be a threshold for oxygen concentration for the forma-
tion of nanowires, although the phenomenon may actually
be coupled with H2 presence, to be discussed later. Fig. 3a
shows a FESEM image of large hexagonal-cross-section
nanowires growing in the [0001] direction, corresponding
to the growth conditions marked in Fig. 2 on the oxidizer
side of the reaction zone. These as-grown nanowires are
100–400 nm in diameter, with lengths of more than 10 lm
for a sampling duration of 10 min. Nanowires of diameters
< 100 nm (and lengths �5 lm) are grown only on the fuel
side and at temperatures <1100 K. The smallest nanowires
are 25–40 nm in diameter (e.g. Fig. 3b), and are formed
at �800 K at the growth boundary for the case of Fig. 2.
Similar to other works [8,10,22], there is a correspondence
of larger-diameter (and hexagonal crystal morphology)

Fig. 3. FESEM images corresponding to growth characteristics marked in Fig. 2 of (a) 100–400 nm diameter nanowires, where arrows show
interpenetrative growth, (b) <50 nm diameter nanowires, and (c) nanowires with transition to nanoribbons at the tips. (d) EDX spectra of as-grown
nanowires.
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nanowires with high temperatures. Interestingly, transition
from nanowire to nanoribbon formation (Fig. 3c) is found
sparsely near these �30 nm nanowires, suggesting that the
local nanostructured growth conditions are at a critical
juncture in terms of species concentration rather than just
temperature. Nonetheless, EDX spectra (Fig. 3d) for all
growth regions marked in Fig. 2 and shown in Fig. 3 reveal
that the nanostructures are composed of only Zn and O, in
proportions indicating that the as-synthesized nanomateri-
als are ZnO.

Fig. 4a presents a low magnification bright-field TEM
image of a uniform 35 nm nanowire. Although nanowires
reported in the literature are almost exclusively found to
grow in the [0001] direction, Fig. 4b shows a HRTEM
image where its zoomed inset and SAED pattern both
reveal that the growth direction is ½11�20�. High magnifica-
tion (Fig. 4c) divulges that the nanowire is dislocation free
and single crystalline in nature. The d-spacings calculated
from the SAED pattern inset match well with d-spacings
of ð11�2 0Þ and ð�1100Þ, respectively (PDF#800075), con-
firming the wurzite ZnO structure. Fourier transform pat-
tern of the HRTEM image further verifies these d-spacings,
as well as the growth direction along ½11�20�, for nanowires
with diameters << 100 nm.

The growth mechanism of the nanowires appears to be
VS. In the VLS process, growth is promoted by a liquid–
solid interface, generally identified by the presence of drop-
lets at the nanowire tips. The morphology of a nanowire
shown in Fig. 4d reveals no metal nanoparticle at its tip.
Although some works, e.g. Ref. [12], have proposed a base

growth ‘self-catalytic’ VLS mechanism, the presence of
interpenetrative growth of nanowires, as seen in Fig. 3a,
similar to that of Ref. [25], and the transitioning from
nanowire to nanoribbon growth at the tips, as seen in
Fig. 3c, provide further evidence for vapor phase transport
and deposition.

The specific case of Fig. 2 shows gas-phase temperatures
ranging from 800 to 1500 K as being conducive for nano-
wire growth. Thermocouple measurements indicate that
local substrate temperatures are 50–200 K lower, as seen
in Fig. 2. The melting point of zinc is 692 K, and the boil-
ing point is 1180 K. For substrate temperatures within this
range, there will be a liquid layer of zinc on the substrate,
along with a high Zn vapor pressure.

The exothermal reactions of condensed zinc with water
vapor provides the possibility of (ZnO)n cluster formation
[26]:

nðZnÞS;L þ nH2O! ðZnOÞn þ nH2 ð1Þ

For (Zn)L, small clusters should have a high mobility,
allowing coagulation into nanoparticles [26], which serve
to nucleate zinc oxide nanowires. For (Zn)S, when the sub-
strate temperature is below (or near) the melting point, ini-
tial nanostructural growth can occur through an epitaxial
process [26]. Other works have shown that the vapor pres-
sure of zinc at temperatures slightly lower than its melting
point can be enough for gas-phase growth [3]. As seen from
Table 1, the reaction (Eq. (1)) proceeds favorably within
the 692–1180 K temperature range. Depending on the pref-
erential faceting of the initial nanostructured seeds, ensuing

Fig. 4. TEM images showing (a) a uniform 35 nm diameter nanowire, (b) a nanowire with ½11�20� growth direction, (c) lattice fringes of a nanowire, along
with SAED pattern (inset), and (d) a nanowire tip.
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elongated growth along a given direction proceeds from
diffusion and condensation of zinc oxide vapor as adatoms
at the tip of a nanowire (although growth through a base
mechanism [12,20] may co-exist). This may help to explain
the favored ½11�20� growth direction of the smaller-diame-
ter nanowires, synthesized at low gas-phase temperatures
(�800 K), versus the [000 1] growth direction of the lar-
ger-diameter nanowires, synthesized at high temperatures.

Zn vapor readily oxidizes in the gas-phase, forming
ZnO. Although Zn can react with oxygen, the experiments
(see Fig. 2) show that increased O2 concentrations preclude
nanowire formation. This effect is probably due to oxida-
tion of the zinc substrate surface where the high-melting-
point (2248 K) oxide layer prevents Zn vaporization. Other
works [12,19] have also reported the inhibiting effect of
increased oxygen partial pressure on ZnO nanostructured
growth. Nevertheless, the presence of hydrogen, which
bounds the nanowire growth region shown in Fig. 2, likely
plays a critical factor by reducing any formed oxide layer,
exposing the base metal.

There exists ample water vapor (a combustion by-prod-
uct) at elevated temperatures such that the endothermic
gas-phase reaction

ZnðgÞ þH2OðgÞ ! ZnOðgÞ þH
ðgÞ
2 ð2Þ

can generate ZnO vapor. Nanowires can then be formed
through condensation and deposition of vapor ZnO, from
a hotter gas-phase to a cooler substrate, on both the oxi-
dizer and fuel sides of the flame structure (Fig. 2). Incorpo-
rating the condensation of ZnO in a global reaction, where

ZnðgÞ þH2OðgÞ ! ZnOðsÞ þHðgÞ2 ð3Þ
Table 1 (calculated with thermochemical data from Ref.
[27]) reveals that the Gibbs free energy changes sign at
�1500 K, such that the reaction is no longer spontaneous
in the forward direction at higher temperatures. This anal-
ysis is consistent with our observed absence of nanowire
growth above 1500 K (Fig. 2).

Similar to H2O, CO2 (another combustion by-product)
is found on both sides of the reaction zone. A heteroge-
neous mechanism, where Zn adsorbing on a ZnO nanowire
reacts directly with CO2, can produce ZnO growth [28]. At
the same time, CO can adsorb on adsorbed Zn to form a
Zn–CO species that reacts with CO2 forming solid ZnO

[28]. It is likely that this set of surface reactions dominates
at low temperature (e.g. in the synthesis of the small-diam-
eter ½11�20� nanowires), while the homogeneous water
vapor route dominates at high temperature (e.g. in the syn-
thesis of the larger diameter [000 1] nanowires), further
explaining the differences in diameter and morphology.
However, more study is needed.

While temperature decreases steadily with radius in the
characteristic case of Fig. 2, the species concentrations
are not fixed and are, in fact, non-monotonic. Thus, tem-
perature is not the only variable governing nanostructure
growth morphology as a function of radial position; and
the departure from the ‘conventional’ nanowire as seen in
Fig. 3c is not surprising (to be discussed later). Neverthe-
less, other axial locations were investigated (although their
measured flame structures are not shown due to space lim-
itations); and the results show that for the same quantita-
tive local conditions (temperature and species), the same
growth morphology is attained, corroborating that optimal
local conditions for ZnO nanowire synthesis are ‘universal’
and likely to be translatable to other methods and geome-
tries of gas-phase synthesis. For example, at both z =
12 mm and 15 mm, the probed locations are in the post-
flame zone where no oxygen is available (see Fig. 1a). In
these regions, only nanowire structures are obtained, simi-
lar to Fig. 3b. At both z = 12 mm and 15 mm, where local
conditions are �1250 K with �3% H2O mole fraction and
�1050 K with �1% H2O mole fraction, respectively, nano-
wires of �120 nm and �40 nm in diameters are grown,
respectively, similar to the characteristic case of Fig. 2 for
z = 8 mm.

As mentioned previously, other morphologies do indeed
appear. Almost all of the diverse nanostructures for ZnO
reported in the literature can be found in our system; how-
ever, only those most related to the ‘basic’ nanowire
morphology are presented. At z = 6 mm, for regions of
moderate-to-low temperature (�950 K) and low H2O mole
fraction (<1%), hierarchical architectures of long ZnO
nanowires with diameters of 30–50 nm are produced
(Fig. 5a). The growth of such hierarchical structures is gen-
erally considered to be based on two stages [29,30]. The
first stage is the formation of the primary nanowire along
its fast growth direction, and the second stage is the nucle-
ation and epitaxial growth of secondary nanowires on the
primary nanowire. The moderately-low temperature, low
H2O concentration, and relatively-high concentrations of
CO2 and CO for this synthesis condition further support
the role of the aforementioned surface-reaction growth
mechanism.

At z = 7 mm, for regions of temperature �1100 K and
H2O mole fraction �10%, hierarchical structures of short
nanorods are obtained (Fig. 5b). The secondary nanorods
exhibit hexagonal-cross-section, with the gas-phase water
route likely coming into play. In the temperature range
of 950–1000 K and H2O mole fraction of �4%, nanorib-
bons appear as shown in Fig. 5c. In comparison with the
z = 8 mm case (Fig. 2) for the same temperature range,

Table 1
Gibbs free energies of reactions (1) and (3), calculated with thermochem-
ical data from Ref. [27] at 1 atm, for the investigated nanowire growth
temperature range

T
(K)

DG0 (kJ/mol), Eq. (1),
n(Zn)S,L + nH2O
! (ZnO)n + nH2

DG0 (kJ/mol), Eq. (3),
ZnðgÞ þH2OðgÞ

! ZnOðsÞ þH
ðgÞ
2

800 �66.137 �103.923
1000 �55.437 �73.072
1200 �43.033 �43.033
1400 Not available �13.67
1600 Not available 15.113
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where transition from nanowires to nanoribbons occurs as
shown previously in Fig. 3c, higher H2O concentration at
the z = 7 mm location instead produces full nanoribbons
(Fig. 5c), with widths of � 100 nm and lengths up to
10 lm. Fig. 5d shows another morphology in the transition
from nanowires to nanoribbons at the z = 8 mm location
(complementing that of Fig. 3c), where very-small-width
(�20 nm) nanoribbons are intermixed with very-small-
diameter (�10 nm) nanowires.

At z = 9 mm, nanoribbon morphologies disappear. For
regions of high gas-phase temperature (1400–1500 K), sub-
strate temperature near the 1180 K, and �9% mole fraction
H2O concentrations, nanocones (with base diameters of
600–800 nm) emerge (Fig. 5e). For moderate temperatures,
nanowires similar to Fig. 3a are found; while for low tem-
peratures (600–700 K) and H2O mole fractions <5%, short
nanoneedles of only �10 nm diameter appear, branching
from common points (Fig. 5f).

4. Concluding remarks

The synthesis of single-crystalline, ZnO nanowires
grown directly on zinc-plated substrates at high rates in a
flame process has been demonstrated, with the potential
for large growth areas at high rates under atmospheric pres-
sure. Only a few works, e.g. Ref. [12], have reported direct
growth on the starting materials (as well as multiple growth
directions), with most using substrates as collectors. The
liquid interface present in our system appears to inhibit
well-aligned growth; however, use of templated/patterned
substrates should produce such control, along with crystal
growth direction. Our findings evince the importance of
local specification of both temperature and species. Specif-
ically, ZnO nanostructures are produced in regions of high

H2O and CO2 concentrations, where the H2O route is likely
based on homogeneous reactions with subsequent conden-
sation, while the CO2 route is probably due to heteroge-
neous surface reactions. In contrast, high concentrations
of O2 may actually hinder nanowire formation due to sub-
strate surface oxidation. Along with substrate temperature
and its associated gradient from solid to gas phase, such
parameters are essential in producing a desired growth
characteristic (e.g. morphology, diameter, and direction),
and need further investigation.
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