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1. Introduction

The metal-oxides are very interesting materials because they possess wide and universal
properties including physical and chemical properties. For example, metal-oxides exhibit
wide range of electrical property from superconducting, metallic, semiconducting, to
insulating properties (Henrich & Cox, 1994). The wide ranges of properties makes metal-
oxide suitable for many applications including corrosion protection, catalysis, fuel cells, gas
sensor, solar cells, field effect transistor, magnetic storage (Henrich, 2001), UV light emitters,
detectors, piezoelectric transducers, and transparent electronics (Hsueh & Hsu, 2008) etc.
Recently, nanostructures of metal-oxide such as nanowire, nanorod, nanobelt, nanosheet,
nanoribbon, and nanotube have gained a great attention due to their distinctive and novel
properties from conventional bulk and thin film materials for new potential applications.
These unique properties cause by quantum confinement effect (Manmeet et al., 2006), lower
dimensionality (Wang et al., 2008), change of density of state (Lyu et al., 2002), and high
surface-to-volume ratio (Wangrat et al., 2009).

Nanowires can be regarded as one-dimensional (1D) nanostructures which have gained
interest for nanodevice design and fabrication (Wang et al., 2008). As an example of metal-
oxide nanowires, the materials are focused on zinc oxide (ZnO) and copper oxide (CuO).
ZnO which is n-type semiconductor has been widely studied since 1935 with a direct band
gap of 3.4 eV and large exciton binding energy of 60 meV at the room temperature (Coleman
& Jagadish, 2006). ZnO has a wurtzite structure, while CuO, which is p-type semiconductor
with narrow band gap of 1.2 eV, has a monoclinic crystal structure (Raksa et al., 2009).

ZnO and CuO can be synthesized by various techniques such as pulse laser deposition
(PLD) (Choopun et al., 2005), chemical vapor deposition (VD) (Hirate et al., 2005), thermal
evaporation (Jie et al., 2004; Ronning et al., 2004), metal-catalyzed molecular beam epitaxy
(MBE) (Wu et al., 2002; Chan et al., 2003; Schubert et al., 2004), chemical beam epitaxy (CBE)
(Bjork et al., 2002) and thermal oxidation technique (Wongrat et al., 2009). Thermal oxidation
technique is interesting because it is a simple, and cheap technique. Many researchers have
reported about the growth of ZnO and CuO by thermal oxidation technique with difference
conditions such as temperature, time, catalyst, and gas flow. The list of metal-oxide
nanowires synthesized by thermal oxidation is shown in Table 1.

Source: Nanowires, Book edited by: Paola Prete,
ISBN 978-953-7619-79-4, pp. 414, March 2010, INTECH, Croatia, downloaded from SCIYO.COM
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98 Nanowires

. Temperature Oxidation Diameter N
Materials ) Time Morphology (nm) Growth direction Ref.
CuO 400-700 244h  nanowire  30-100 [111] and [111] (Jiang et al., 2002)
CuO 300-500 0.5-24h  nanowire 500 - (Chen et al., 2008)
CuO 600 6h nanowire  100-400 [110] (Raksa et al., 2008)
! - (Nguyen et al.,
CuO 400 2h nanowire 60 [111] 2009)
CuO 400 4h nanowire  40-100 - (Zeng et al., 2009)
CuO  400-800 4h  nanowire  50-100 [010] (Mrmeet &t al,
2006)
. - (Hansen et al.,
CuO 500 1.5h nanowire 100 [111] 2008)
Nanowire
ZnO 300 5 min and  100-150 - (Hsueh & Hsu,
2008)
nanoflake
. (Wongrat et al.,
ZnO 600 24h nanowire  100-500 - 2009)
ZnO 300-600 1h nanoneedle  20-80 [0001] (Yu & Pan, 2009)
ZnO 500 1h nanoplate  200-600 [1120] (Kim et al., 2004)
ZnO 200-500  30min  nanowire  30-350 [0001] (SChrozeO%eg]; etal,
ZnO 300-600 1h nanowire 12-52 [1120] (Fan et al., 2004)
ZnO <400 30 min  nanowire  20-150 [1120] (Ren et al., 2007)
ZnO 600 1.5h nanowire 30-60 [0001] (Sekar et al., 2005)
ZnO 400-600 1h  nanowwe 20 [2110] (Liang et al., 2008)

and nanorod

Table 1. List of metal-oxide nanowires synthesized by thermal oxidation.

2. Oxidation reaction

The thermal oxidation technique can be used to fabricate nanowires that are low-cost and
high quality. A growth condition can be controlled with difference temperature and time.
The oxidation reaction of metal on the surface yields metal-oxide semiconductor. However,
the metal-oxide may be bulk or nanosize depending on the growth conditions such as the
temperature, time, metal-catalyst and gas atmosphere.

In our previous report, we have successful synthesized ZnO and CuO nanowires by thermal
oxidation technique without metal-catalyst under normal atmosphere. Zn metal was
screened on the alumina substrate and sintered at the temperature of 500-700°c for 24 hours.
It was found that the oxidation reaction occurred with two mechanism; above melting point
of Zn metal and lower melting point of Zn metal. In phase diagram as shown in Fig. 1, Zn in
liquid phase forms to ZnO nanowires at temperature more than 419.6°c while less than
419.6°c Zn solid phase can be oxidized to form ZnO nanowires on the substrate. The
oxidation reaction of Zn solid (below melting point) can be expressed as:
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Zn(s) +%Oz(g) — ZnO(s) 1)

While the chemical reaction of Zn liquid is shown as:

1
Zn(l) + 502@) — ZnO(s) (2)
900 |
800 - Zn-rich :
1 boundary,
7001 49.999 |
600 '
< T (Zn)=419.6 °C :
= 500-. |
400 4 !
] I
yAl®
300 | Zno,
J }
200 d T v T v T v T v ! v T vl
0 10 20 30 40 50 60 70

Oxygen concentration (at%)

Fig. 1. Phase diagram of Zinc-Oxygen at the difference temperature (Ellmer & Klein, 2008).

Many researchers including us have reported about the synthesis of nanowires by thermal
oxidation techniques. The mechanism of metal oxidation has also been reported by Wagner
(Wagner & Grunewald, 1938). The oxide growth rate depends on transport properties such
as diffusion coefficient that can be proved from Fick’s first law at the steady state as
following:

oc
--D— 1
J=-D o
where | is the concentration gradient, c is the concentration of oxygen, D is the diffusion
coefficient and x is the displacement. Integrating Eq. (1) when J/D is constant and the
boundary conditions are given as

c(x=0,t)=c;c(x=T,t)=c, (2)
, we get:
L (e-a) §)

where ¢; is concentration in the interface regions of oxide-oxygen molecule, while ¢; is in
regions of metal-oxide interface as shown in Fig 2.
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Fig. 2. Schematic diagram of metal-oxide interface and oxide-gas.

we assume c; is negligible since the number of oxygen is tiny. Therefore, Eq. (3) can be
reduced to the following

T

D Cy 4)

For conservation of mass (Belousov, 2007), Fick” s first law is indicated as:

T

]—CE (5)

where c* is the oxygen concentration in the oxygen product. From Eq. (4) and Eq. (5), we get

.dT ¢c,D
=C —=—— 6
J=c—r="= 6)

Integrating equation (6), the solution is formed as

- 222t ?
c
where
k=290 ®

c

is a parabolic rate constant. From Eq. (7), it was found that the oxide thickness is
proportional to the square root of time. However, parabolic rate constant is different for
various metal-oxides since the diffusion in oxidation reaction is caused by many
mechanisms such as metal vacancy, oxygen vacancy, metal interstitial and oxygen
interstitial.

First, the oxidation reaction of metal occurs at the surface where metal lose electron to form
M+* jons. Then, the electron from metal moves to the surface. The oxygen molecule and the
electron reacts to form adsorbed oxygen (oxygen ion) on the surface. The adsorbed oxygen

ions include O*", O~ and O, which has reaction as (Martin & Fromm, 1997)
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The diffusion across oxide layer owing to metal ion or oxygen ion is depended on the
domination of transport. The transportation of ions can be considered for four possible
mechanisms as shown in Fig. 3. First, the transportation of ions by oxygen is due to
interstitial mechanism that the oxygen ions are more mobile than metal ions and pass from
one interstitial site to one of its nearest-neighbor interstitial site without permanently
displacing any of the matrix atom (Shewmon, 1989). Therefore, the new metal-oxide is
formed at the metal-oxide interface as seen in Fig. 3(a). Second, if there is the vacancy of
oxygen in the matrix atom or called unoccupied site (Shewmon, 1989), the nearest-neighbor
oxygen ions can move from one to vacancy. The new metal-oxide is also formed at the
metal-oxide interface as in Fig. 3(b).

Interface Interface
Metal v Oxide Oxygen _Metal v Oxide Oxygen
o]
0[] [0~
M

(a) (b)

Interface Interface

Metal v Oxide Oxygen Metal v Oxide Oxygen

(c) (d)

Fig. 3. Schematic diagrams of four possible mechanisms of ion transport in oxidation reaction,
(a) the transportation of oxygen ions by oxygen interstitial mechanism (b) the transportation of
oxygen ions by oxygen vacancy mechanism (c) the transportation of metal ions by metal
interstitial mechanism (d) the transportation of metal ions by metal vacancy mechanism.

Third, on the contrary, it is for the case that the metal ions are more mobile than oxygen ions
and pass from one site to the nearest-neighbor site without permanently displacing any of
the matrix atom (Shewmon, 1989). The new metal-oxide is formed at oxide-oxygen interface
as in Fig. 3 (c). Fourth, for the case that it has the unoccupied site of metal ions on the lattice,
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the metal ions can jump from one to the nearest-neighbor unoccupied site. The new metal-
oxide is also formed at the oxide-oxygen interface as in Fig. 3(d). The new metal-oxide in Fig. 3
(@) and (b) is in MO form, while in Fig. 3 (c) and (d) is in MO form (Martin & Fromm, 1997).
Moreover, the oxidation reaction of metal forms two layers of oxide and metal. The ratio of
molar volume of oxide to molar volume of metal called “Pilling-Bedworth ratio” which is
the indicator of whether an oxide layer is protective. The Pilling-Bedworth ratio can be
written by (Barsoum, 2003):

% MW, p
P - Bratio = y = —222 — e 1¥ (10)
Vu MWMpMOZ/Z

where Vi, Vo, is the molar volume of the metal and of the metal-oxide, respectively. MW
and p is the molecular weights and densities of the metal and oxide, respectively. For metals
having a P-B ratio less than unity, the metal-oxide tends to be porous and unprotective
because metal-oxide volume is not enough to cover the underlying metal surface. For ratios
larger than unity, compressive stresses build up in the film, and if the mismatch is too large,
(P-B ratio>2), the oxide coating tends to buckle and flake off, continually exposing fresh
metal, and is thus nonprotective. The ideal P-B ratio is 1, but protective coatings normally
form for metals having P-B ratios between 1 and 2 (Barsoum, 2003).

3. Gibb free energy

From the chemical oxidation reaction of metal, the two possible chemical reactions are

M(s) + %Oz(g) — MO(s) (11)

and

M)+ %OZ(g) — MO(s) (12)

where M is defined by metal. The difference between the two chemical reactions is that
metal solid can be formed by oxidation reaction process under a melting point while metal
liquid can be formed above melting point. However, both reactions are spontaneous
reactions. An important parameter to obtain physical insight into the materials aspect of
thermodynamics potential is Gibb free energy. This section will be described about the Gibb
free energy in term of thermodynamic parameter. The Gibb free energy of a phase is given by:

G=H-TS (13)

In thermodynamics, the parameters such as enthalpy, entropy and Gibb free energy are
normally absolute value. So, it can be identified by a relative value with convention at
standard state. The standard state is assigned to compare with the reference state at pressure
of 1 atm and 298 K. Firstly, the enthalpy of chemical reaction is typically described by the
change of two state; initial state and final state. So, the enthalpy of compound in chemical
reaction at standard state is simply given by:

AH’ =% AH’ —>"AH, (14)

products reac tan ts
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AH® =% AH’ —%ZAH& - > AH® (15)

Similarly, entropy changes in chemical reactions can be obtained in a same way and the sum
of standard entropy for chemical reaction can be written as:

ASO = z Asimm - Z ASS@ac tan ts (16)

AS" = Sk, -5 T ASh, - T AS! (17)

Since, Gibb free energy is defined by Eq. (13), the Gibb free energy of chemical reaction
process at various temperatures is given as:

AG’ = AH’ —TAS’ (18)
On the other hand, if standard Gibb free energy is known, it can be simply calculated by:

AG’ =Y AG) e — 2 AG., (19)

products reac tan ts

4. Thermodynamics equilibrium

Typically, equilibrium system is a stable system with time and the certain properties of the
system are uniform throughout with the same temperature and pressure. The various
phases can co-exist without driving force. The variation of Gibb free energy through
temperature and pressure can be indicated as

dG =-5dT +VdP (20)
For a system undergo a process at constant temperature, Eq. (20) becomes:
dG =VdP (21)

The surrounding oxygen, which is assumed to be ideal gas can react with metal to form
metal-oxide. Eq. (21) can be rewritten as

dG = E dP (22)
P
Integrating between state 1 and 2,
P 2

1

Since the reference state is 1 atm and 298 K, Eq. (23) is reduced as following:

G=G’+RTInP (24)

It was found that Eq. (24) of Gibb free energy is a function of pressure and temperature.
However, the system is not ideal system that the relation in Eq. (24) is non-linear. Thus, for
real gas the new function of fugacity (f) is introduced and defined as:
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dG = RTdIn f (25)

Integrating Eq. (25) with initial state and final state yields:

AG=RTIn (26)
1
The activity is defined by:
a= % (27)
where f° is fugacity in standard state. Replacing Eq. (26) with Eq. (27)
G-G’=RTIna } 8)
G=G"+RTIna

From the chemical oxidation reaction of metal, the Gibb free energy in the system can be
written by:

AG =G,,, -G, —%GOZ (29)
Substituting Eq. (28) to Eq. (29):
AG = (G;)AO +RTIna,,, ) - (G,?A +RTIna, ) —%(ng + RTlnaoz) (30)
when
AGY =G -G, _%ng (31)
Eq. (30) can be given as:
AG = AG’ + RTIn—"49 (32)
Apfg,

The activity is approximately one in solid. While activity in oxygen is an oxygen pressure in
the system so Eq. (32) can be reduced to:

AG = AG' —1RTIn B, (33)
2 2

The important parameter from Eq. (33) is Gibb free energy at standard state which is the
function of temperature and pressure. The kinetic of oxide nucleation to form the
nanostructure depend on the diffusion of oxygen ions and metal ions which is determined
by the change of Gibb free energy. Nevertheless, the simple method to consider oxidation
reaction at various temperature and pressure can be performed by Ellingham diagram that
will be discussed in the next section.
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5. Ellingham diagram

The oxidation reaction of metal is related to temperature and pressure in Eq. (33). Ellingham
have presented a simple method to consider oxidation reaction. The temperature and
pressure can oxidize metal to form oxide layer at the equilibrium of oxygen, metal, and
metal-oxide (AG=0). At the equilibrium, Eq. (33) can be reduced to:

1
AG" = RTInP, (34)

For 1 mole of oxygen molecule in chemical oxidation reaction, Eq. (33) turns to

AG’=RTInP, (35)

The relation between Gibb free energy, temperature and the pressure of oxygen can be
plotted in Fig. 4. The linear relation between Gibb free energy and temperature for chemical
reaction of Cu to Cu;O and CuO is plotted together in Fig. 4. This linear relation passes zero
point of Gibb free energy at absolute zero temperature with slope of RInPo;. An intersection
between two lines shows the equilibrium between Cu and CuO at the pressure and
temperature that can form metal-oxide. For example, Ellingham diagram for some metal
oxidation reaction is given in Fig. 5. for given control pressure and temperature.

6. Metal-oxide nanowires by thermal oxidation reaction technique

Metal-oxide nanowires have been successfully synthesized by thermal oxidation technique.
This technique has been successfully used for synthesizing ZnO or CuO by simply heating

P, =107 atm
-100000 - ’
— 4 By, = 107 atm
©
£ -200000 4
= P, =107 atm
(D 2
3
300000 12, =107 atm
2
P, =107" atm
-400000 2

v L] v L] v L] v L] v L] v L]
0 200 400 600 800 1000 1200
Temperature (K)

Fig. 4. Superposition between AG? versus T for oxidation reaction and for oxygen pressure at
AG"=RTInF, .
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Fig. 5. Ellingham diagram for some metal-oxide.

pure Zn and Cu material sources, respectively. The process is usually conducted in a
cylindrical furnace. The morphology of ZnO nanowires and CuO nanowires by thermal
oxidation reaction technique revealed by field emission scanning electron microscopy (FE-
SEM) are shown in Fig. 6 (a) and (b), respectively. ZnO nanowires were performed by
heating zinc powder (purity 99.9%) that was screened on the alumina substrate. The
oxidation process was sintered in a horizontal furnace in alumina crucible in air at
atmospheric pressure at temperature 600°C for 24 hr. The ZnO nanowires have the
diameters ranging from 60-180 nm and the lengths ranging from 5-10 pm. The wire-like
structure of ZnO is clearly observed from TEM image, and the associative selected area
electron diffraction pattern (SADP) as shown in Fig. 6 (c). The SADP shows a spot pattern,
indicating a singlecrystalline property of the nanowire corresponding to the hexagonal
structure of ZnO with the lattice constants, a = b = 3.2 A, c=5.2 A. From the trace analysis,, it

was found that the ZnO nanowire grew along the <2110 > direction on (0001) plane..

Likewise, CuO nanowires were performed by heating copper plate (~99% of purity) at
temperature 600°C for 24 hr. Clearly, the oxidized products exhibited nanowire structure
with the diameter ranging from 100-300 nm and the length from 10-50 pm. In addition, at
higher heating temperature leads to larger diameter of nanowires. Fig. 6 (d) shows TEM
bright field image of CuO nanowires with its associated SADP. The wire-like structure can
be observed from TEM image. The SADP of the nanowire shows a spot pattern, indicating a
single-crystalline property of the nanowire which corresponds to the monoclinic structure of
CuO with the lattice constants, a = 4.7 A, b=34Aandc=51 A, and from the trace analysis,
the spots can be also confirmed that the growth direction of CuO nanowires is <110>.
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Fig. 6. FE-SEM images of (a) ZnO nanowires and (b) CuO nanowires, which prepared by
thermal oxidation technique and TEM bright field image with the associated SADP for (c)
ZnO nanowires and (d) CuO nanowires, respectively.

7. Growth mechanism of metal-oxide nanowire

Understanding the growth mechanism is critical in controlling and designing
nanostructures. In 1950-1960, the growth mechanism of whisker that can be considered as a
wire in micrometer size had been widely studied. V-S growth mechanism, V-L-S growth
mechanism, and Frank dislocation growth mechanism were proposed for whisker growth

(Dai, et al., 2003). However, the growth mechanism of metal-oxide nanowire should be

different from whisker growth mechanism. Thus, in this section, we have proposed a

possible growth mechanism that may be occurred in the formation of nanowire. The growth

mechanism can be explained in term of Gibb free energy of oxidization process.

The growth mechanism of metal-oxide nanowire is proposed as in the following four steps:

1. oxygen adsorption, 2. surface oxidization to form nuclei, 3. nuclei arrangement and 4.

nanowire formation as shown in Fig. 8.

Step 1. oxygen adsorption: Typically, oxygen molecules in air are adsorbed on the metal
surface with diffusion process as described in Section 2. There are many reports to
describe the mechanism of O; interaction with the transition metal surface (Martin
& Fromm, 1997).

Step 2. surface oxidization to form nuclei: the metal-oxide nucleation was formed by
diffusion of metal ions and/or oxygen ions in the oxide layer, and the reactions of
metal ions with oxygen ions to form metal-oxide as seen in section 2.

To form nuclei of metal-oxide in the oxide layer (as in Fig. 7), metal-oxide nucleus is
formed by agglomeration between metal ion and oxygen ion due to the
minimization of surface energy. This phenomenon is similar to the coalescence
behavior of two droplet of water when they are connected and then forming bigger
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one droplet instead of staying separately. In order to explain the growth
mechanism, Gibb free energy change per nucleus (not per mole) of metal-oxide
with radius r and volume V is introduced and defined as

AGy =VAG' + Ay, (36)

where A¢ and y; is surface area and surface energy, respectively. For a given AG?
which is usually negative, the magnitude of AGy depends on only two terms: a
volume energy and surface energy. Volume energy is propotional to -3, but surface
energy is propotional to 2. Thus, AGy as a function of r exhibits maximum value at
some critical radius, ¥, as seen in Fig. 7 (c).

7{f AGswface oc 12
Heterogeneous p %—\
nucleation ’ ¢ CEEN AGyJlgT |
/ N
AGy
% 1
(@) r* Y
<
AGsurfm‘e x _73 (C)

Fig. 7. Model of the metal-oxide nucleaion for (a) non-reactive and (b) reactive nucleation
and (c) plot of AGy as a function of radius.

For example in spherical homogeneous nucleation, the critical radius, r*, can be
simply obtained at d(AGn/dr) = 0 and can be written as

., 2 . (16/3) 7y}
ro= }/g and AG, =—( / O)ZVf
AG (AG")

(37)

Moreover, critical radius also implies the stability of nucleation. The nucleation will
be stable at radius more than critical radius and proceed to grow spontaneously. In
the other word, the spherical nucleation of stable phase forms with radius r when it
can overcome the maximum energy barrier, AG™y or AGn(r*). However, the
nucleation shape by oxidation process is different from spherical shape. Normally,
nucleation shape by oxidation process is likely to be two shapes of nucleation: non-
reactive and reactive nucleation as shown in Fig. 7 (a) and (b). The non-reactive
reactive nucleation are metal-oxide nuclei that non-react and react with metal (or
substrate), respectively. This is called heterogeneous nucleation. The non-reactive
nucleation as seen in Fig. 7 (a) can be considered as the cluster of radius R; and
contact angle ¢ forming on a non-reactive substrate. In contrast, reactive nucleation
as seen in Fig. 7 (b) can be considered as a double cap-shaped cluster with the
upper cap having radius R; and contact angle ¢, and the bottom cap having radius
R, and contact angle 6. Similar to spherical homogenous nucleation, AG*y for
heterogenous nucleation can be derived and given by
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. _(16/3)zy;
AGy = Wf (6) (38)
and
. (16/3)my;
AGy = A—Ggh(ellgz) (39)

, for the non-reactive and reactive nucleation (Zhou, 2009), respectively. Where f(6)
and h(é;, ) normally called “shape factor” and given by

B (2+cos8)(1- cosH)2

£0)= y (40)

and
1(6,,0,) = X | x—1 sin6, .ﬁJa , .
(6,.6.) H[ T e 1(@) @)

where y is the volume ratio between the metal and oxide. The volume ratio ¥ can
be related to the Pilling-Bedworth ratio, y =Vox /Vm, where Vm and Vox are the
molar volume of the metal and oxide, respectively (Zhou, 2009). It should be noted

that althought AG,, for heterogenous nucleation have a function of shape factor,

the characterisic curve is not different compared with the spherical homogeneous
nucleation. The shape factor just describes the magnitude decreasing of energy

barrier AG, .

Stept Step2 Metal oxide
0, 0. 0O, o Oxide layer e 1'1uCleatzon

2 S
0,

ions
O,

@)

Metal oxide Metal oxide
Step 3 nucleation Step 4 nanowire

Fig. 8. Four steps of metal-oxide nanowire growth mechanism, Step 1 - oxygen adsorption,
Step 2 - surface oxidization to form nuclei, Step 3 - nuclei arrangement and finally, Step 4 -
nanowire formation.

www.intechopen.com



110 Nanowires

Step 3. nuclei arrangement: the metal-oxide nuclei arrangement was designed based on
the nuclei probability in term of the minimization of surface energy. As discuss
above, a nucleation will form when it can overcome the maximum energy barrier,

AG;, . Thus, we can write the probability of nucleation, Py, and given

B =1 = exp(-AG, / KT) “2)
N,

where N is the surface concentration of nuclei and Ny is the possible surface
concentration of nuclei on metal surface, kg is Boltzmann constant and T is
temperature. It can be seen that the magnitude of Py depends on three parameters;
temperature, surface energy, and AGY.
For temperature effect, it can be seen that the probability increases when the
temperature increases at constant surface energy and AG’. The increment of
nucleation probability suggests that the nucleation frequency of formation is
increased as seen in Fig 9 (a). Compare to experimental results by varying the
temperatures of oxidation process, the ZnO nanowires were started to observe for
heating temperature of 400°C (Fig. 9 (b)), and a lot of nanowires were observed for
heating temperature of 500-800°C (Fig. 9 (c)-(f)). However, the nanowires could not
be observed for heating temperature of 900°C (Fig. 9(g)). It was also found that the
diameter of nanowire and the length was highest at 600°C. Therefore, the number
of nanowires can be explained in term of nucleation frequency.

Nucleation frequency T=400°C T=500°C . T
L [} e o o {
® o e o
o [ ) o [ ) o |
- Tam A" _\ Tom J -
T T .,}:%O(,)OC i: Uh 4. g 2 . oy el
XXX eo000 00 ; | 3) B q
o000 00 Fa'
®ooo o0 XXX X
o 000 00
oo o o 000 00
(a) T; T,

Fig. 9. (a) The increase of nucleation frequency of formation at higher temperature and (b)-
(g) FE-SEM images of ZnO nanowires at various oxidation temperatures.

Structure Example Low-y facets
Body-centered cubic (bcc) Cr, Fe {110}
Face-centered cubic (fcc) Au, Al {111}
Hexagonal close-packed (hcp) Zn, ZnO, Mg {0001}
Diamond Si, Ge {111}

Zinc blende GaAs, ZnSe {110}
Fluorite MgF,, CaF, {111}

Rock salt NaCl, PbTe {100}

Table 2. Facets of the lowest surface energy for various crytal structures (Smith, 1995).
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Step 4.

After the metal-oxide nuclei was formed, the arrangement of nuclei will try to
adjust itself to maximize nucleation probability or to minimize total surface energy
that is

2 7A;, = minimum (43)

Subscript i denotes terms corresponding to the nucleation free surface, the interface
to the substrate, and the substrate free surface, respectively. In the case of liquid or
amorphous nuclei, which have no y anisotropy, there is only one term of yAy. In the
common case of crystalline nuclei, these surface terms include all of the various
exposed atomic planes or facets. So, the metal-oxide nuclei arrangement must be
designed based on the high nuclei probability or low total surface energy. For
example, the facets of lowest surface energy for various crystal structures are
shown in Table 2.

For our work, we have specified that y of ZnO on the {0001}, {1120} and {1010} is
about 1.2 J/m?,1.4 J]/m?2 and 1.6 J/m?, respectively (Jiang et al., 2002). Therefore, the
nucleation arrangement will just control the growth direction of metal nanowire. It
can be seen that the growth direction of nanowires, both ZnO and CuO, has a few
directions which have low miller index due to the lowest surface energy.

nanowire formation: nanowire was grown by the driving force from the difference
of the surface pressure between metal-oxide nucleation and substrate (or metal
based). First, let consider the pressure inside the particles, which have radius r and
surface energy yas given by Laplace equation (Stolen et al., 2004) as

=a (44)

where P, is the external pressure in the surrounding, subscript i referred to the solid
or liquid phase. We will now consider a case where metal-oxide nucleation as a
solid phase with radius 7y adsorbs on metal-based substrate with radius 7. At
interface between metal-oxide nucleation and substrate, which has surface energy
7, the different pressure at interface is

p-p=L Zh (45)
T, n

In our case, we assumed that the substrate or metal-based has a large radius 7, so
the second term in Eq. 45 should be neglected. Therefore, we can write the
differential form of Eq. 45 as

1.

S

d(P.-P), = d[zﬁ] (46)

Integrating from a flat interface (r = =), we obtained
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It can be seen that the different pressure is inversely propotional to nucleation radius at
certain surface. As an example, the different pressure at interface between the metal surface
and nucleation surface is plotted as a function of the nucleation radius for a case of ZnO in
Fig. 10 by using surface energy of about 1.2 J/m?2.

3'0 2l n aoa ol n PSR | n sl
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~
7 154
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Fig. 10. Plot of the different pressure at interface between the metal surface and nucleation
surface as a function of the nucleation radius for a case of ZnO.

Typically, pressure can be related to force. Thus, the increasing of different pressure at the
interface suggests that there is an increasing of driving force with decreasing of the size of
nucleation in order to push metal-oxide out to form nanowire. Moreover, the driving force
begins to increase rapidly when the size of nucleation below 100 nm.

In the case of ZnO, at oxidation temperature of 600°C that over the melting point of Zn,
oxygen molecules in air is dissociated and then adsorbed on the surface of Zn melt for ready
to oxidized as discuss in Step 1. After that, the nucleation of ZnO was formed on the metal
surface by the coalescence behavior of oxygen ions and metal ions. The nucleation
probability depends on the temperature, surface energy and AGO as discussed in Step 2. And
next step, to minimize total surface energy, the arrangement of ZnO nuclei was designed
based on the nuclei probability in term of surface energy. The high possible of arrangement

of ZnO nuclei is <0001>, <1120 > and <1010 > direction for their surface energy about of
1.2 J/m?2 1.4 J/m?2 and 1.6 J/m?, respectively (Jiang et al., 2002). Finally, the size of ZnO
nucleation will be control and/or produce the driving force for nanowire growth based on
the Laplace different pressure at interface between the ZnO nucleation and substrate. Since
at below 100 nm the driving force increases rapidly, it can be related to FE-SEM image of
ZnO nanowires that shows the size or diameter ranging in 100-200 nm. However, when the
oxidation temperature is high (more than 800°C), the probability of nucleation is high too
resulting in the high surface density of ZnO nuclei. Therefore, the size of nucleation is larger
and there is no driving force at interface for nanowire growth.

However, CuO case is different from ZnO case because the oxidation temperature of 600°C
is significantly lower the melting point of Cu metal. First, the Cu was easily oxidized to form
Cu;0 layer due to the CuO has lower oxidization Gibb free energy than CuO as showed in
Fig 11. So, we will consider the Cu,O as the substrate for creation CuO nucleation. Similar to
ZnO case, the CuO nuclei were formed and arranged based on the minimization of total
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surface energy. After that, the driving force for CuO nanowires was produced by the small
size of CuO nucleation. The growth mechanism is confirmed by the cross-section FE-SEM
image of CuO nanowire on Cu substrate as shown in Fig. 11. It can be seen that the thick
Cuz0O layer is firstly formed on copper plate, followed by the formation of CuO layer and
then CuO nanowires was finally formed on CuO layer.

CuO nanowires

CuO

Cu,O

Fig. 11. Cross section FE-SEM image of CuO nanowires by heating copper plate at 600°C.
Three layers can be observed for Cu,O, CuO and CuO nanowires, respectively.

8. Applications device based on Metal-oxide nanowires

Metal-oxide nanowires are already widely used and indeed a key element in many
industrial manufacturing processes. Recently, ZnO nanowires and CuO nanowires can be
successfully applied as gas sensor and dye-sensitized solar cell (DSSC) (Choopun et al,,
2009, Raksa et al., 2009). There are several reports that gas sensors and DSSC based on ZnO
and CuO nanowire exhibited better performance than that of bulk material. For example,
For gas sensor applications, normally, sensor response or the sensitivity of sensor strongly
depends on the surface morphology of sensor material. From our report, nanowires were
prepared by thermal oxidation of Zn powder on alumina substrate under normal
atmosphere at various temperature. From sensor results, it was found that the sensitivity of
nanowires sensor is improved compared with bulk sample (Wongrat et al., 2009).

9. Conclusions

This article reviews the metal-oxide nanowires among the group of ZnO and CuO which
have been successfully synthesized by thermal oxidation technique. In addition, we have
proposed a possible growth mechanism that may occur in the formation of nanowire. The
growth mechanism can be explained in term of the Gibb free energy of oxidization process.
Four steps of growth mechanism was proposed and discussed including oxygen adsorption,
surface oxidization to form nuclei, nuclei arrangement and nanowire formation is
considered. This growth model can be explored to explain other metal-oxide.
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