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v
Tusnseii ¥ nududuveslereniuealumiiie ppm (part per million) naneds
anududuvesloeniuea 1 vy o 9109 1 A1UMHIY MSIASINTIUHANAITASANUEON
[ ° 9 2 a =) UL
uealuaauzfaiildein Jelsueisuasazaseniuealiegluaniugyesmsazaiy
Y Y s & o o . = Py
anududuavile laverfongueasus (Henry’s law) lumsmisueisazarsiomusah

1 v o : = d @ 1w 1 & a
na1771 ueanesed luiiezldsuieansaed lusininlasodeaidadau &, ¥l

ANuFURUT RTINS
" 1x10°
wia = 0.065837(°C (-1)
0.04145¢ LS
4 1Y a a : a d
de  k,,, #edulszdnimauasSinaneanssealminiiuifinaueanssed

{ueme (water-alcohol to air-alcohol partition ratio)

T (°C) fio gaungil wilwesruvagua (°C)

td [ 3
wonnniinisiasumiaenn ppm 1y mgm® weldlunmsmisumsazarsemuea

ansanasuniie ldnnaums

12.187)(MW)
1 = / 3:(ppmv)( ‘ o)
PP =S 273.15+T(°C) e

4 3 A Y ¥ o
@  mg/m’ Ao anududuveaenuealuii
- ¥ v
ppmy 8 anududuvesloromusaluenma

MW @ molecular weight
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MIATHIN

aw dy 3 Py a :o Y
Tua3867114 alcohol simulator finrugugumgiivesmsazarsemusa i Ind

gangiiniiL 34 ssmwadod devih lildwoum £, 9218

1x10°

wia 0.0414560.06583(34) o 2572'935

nnmsani 1duaashasazaseniuea 2573 dau szszmenaeiiulevesioniuea 1
] ¥y I3
dau figungd 34 esriraiFon nmiufmuamamududuvesloeneamodnm
v
Ysinaasazasemuealutinnauns (n.2) [y deamswssumsazaigemuoali la

v
anududuveslotonuea 1000 ppm vz ladil

, _(1000)(12.187)(46.07)

Ippm=mg/m =1827.9508
A N 273.15+34
dTunasemuealuih = 1827.9508 mg/ m* 2218 loeniuea 1 dau
USinauemuealutimanua = 1827.9508 mg/ m’ x 2573
- 4.7032 x 10° mg/ m’
- 4.7032 mg/ cm®

diewssudisazatgeniuea 500 daaans sz l¥Sunaeniveaminy 2.3516 n3u
v
weanu wzdealdieniuea 2.3516 aTu waufuisunm 500 Jadans ez ld

msazagemusanNududu 1000 ppm



MANUIN Y

wanInaxsuaNanInseduleemuea

M3 -1 wamsnaaou lelemusananudndunazguy

a0 W-ZnO

a

a P
NNA1Y] VOUDNIUDAFULEDTN

aazae

ungd Rair Ragas sensitivity response | recovery
(PR sl L () @ |ewrw| © | ©
(ppm)
1000 30012 29402 1.021 136.66 185.56
10 500 30323 29756 1.019 85.10 126.10
100 29928 29746 1.006 30.70 91.00
50 30146 29769 1.013 61.64 55.96
1000 30803 30477 1.011 165.29 214.18
138 500 30997 30682 1.010 189.85 283.89
100 31099 30804 1.010 148.77 172.47
50 31236 30827 1.013 155.85 283.88
1000 30540 30013 1.018 98.73 105.01
140 500 30249 30062 1.006 46.40 42.99
100 30470 30286 1.006 36.76 22,73
50 30708 30499 1.007 36.75 41.69
1000 29164 28821 1.012 19.38 8.46
160 500 29403 28672 1.025 54.35 38.98
100 29458 29167 1.010 2193 11.44
50 29627 29304 1.011 21.26 12.18
1000 28102 27714 1.014 14.83 16.18
180 500 28132 27717 1.015 17.71 15.15
100 28307 27703 1.022 32.34 31.41
50 271359 27263 1.004 9.44 446.68
1000 26551 25836 1.028 7125 46.05
200 500 26618 26105 1.020 3345 32.03
100 26635 26069 1.022 26.89 40.86
50 26758 26217 1.021 22.01 22.80
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maasay

- Rair Ragas sensitivity | response | recovery
(N A (o)) (o)) (Rai R 7y ©
(ppm)

1000 24002 23389 1.026 8.27 46.01

o 500 24029 23455 1.024 10.03 197.86
100 24036 23652 1.016 8.47 27.79
50 24002 23601 1.017 10.97 9.25

1000 22826.22 21379.34 1.068 34.60 72.98

b 500 22842.58 21818.3 1.047 12.09 $3.72
100 22835.54 22009.13 1.038 13.18 39.46

50 23054.46 22156.02 1.041 7.61 27.82

1000 22658.34 20281.05 1.117 17.88 90.30

- 500 a0 l2d.2 20247.67 17112 38.37 62.49
100 22568.37 21313.58 1.059 12.10 29.33

50 22600.37 20865.28 1.083 LLY 40.55

1000 21812.01 18683.24 1.167 108.87 89.00

sa 500 21816.61 19041.98 1.146 15.45 63.77
100 22335.73 20197.57 1.106 12.99 51.03

50 22510.57 20260.29 1.111 6.08 50.59

1000 21585.65 17225.59 1.253 11.81 69.31

500 500 21610.13 17711.83 1.220 10.03 64.56
100 2150491 18729.78 1.148 10.13 42.21

50 21661.04 18551.07 1.168 5.02 40.53

1000 20608 15912 1.295 1.59 50.37

330 500 20615.36 16273.92 1.267 11.00 41.69
100 20559.32 17565.8 1.170 13.16 31.34

50 20855.11 17179.89 1.214 8.26 30.72
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asarany

ungil Rair Reas sensitivity response | recovery
(OC) RN @ © e tl(r:)e tl(r:)e
(ppm) =
1000 18917 13814 1.369 11.41 37.31
P 500 19081.99 14900.51 1.281 55.14 25.42
100 19330.97 16451.32 1.175 9.58 18.54
50 19383.98 16627.24 1.166 10.31 17.02
1000 18263 13351 1.368 6.88 33.41
200 500 18026.95 13229.79 1.363 23.88 46.19
100 18030.47 15407.04 1.170 16.17 12.88
50 17869.81 15862.67 1.127 8.50 9.08
1000 17944 14102 1272 8.97 37.85
380 500 17885.47 14763.6 1.211 4.68 34.23
100 17635.09 15336.39 1.150 8.10 22.90
50 17455.41 14886.24 1.173 .35 22.90




M99 -2 namsnaaey lelemusaiinududuuazgan

95

Y

a$1991n W-ZnO Redrwoyninu luvesnesin 0.1%mol

a o da
AUANG ﬂlﬂﬂlﬂﬂ]ﬂﬂﬂl“ﬂul‘ﬁﬂiﬁ

aasany

aamgil R Regas sensitivity | response | recovery
" 1IN time time
& @ @ | RilRe) | © )
1000 47184.13 46937.28 1.005 195.70 323.90
” 500 47202.83 46947.97 1.005 168.68 284.78
100 47314.22 46988.7 1.007 205.12 337.43
50 47308.29 47029.81 1.006 234.88 429.21
1000 47918.96 47360.06 1.012 170.41 244.59
500 47929.19 47407.25 1.011 152.55 211.89
- 100 47671.1 47252.89 1.009 163.33 193.00
50 46962.06 46721.5 1.005 172.78 209.22
1000 47914.32 47402.89 1.011 129.90 84.99
i 500 47699.55 47214.6 1.010 112.01 71.55
100 48150.46 47806.45 1.007 102.56 40.54
50 48097.76 47685.13 1.009 78.32 60.68
1000 43350.42 42596.17 1.018 117.64 58.49
. 500 43343.35 42653.32 1.016 102.57 44.55
100 43617.66 43217.76 1.009 54.00 44.55
50 43461.12 42843.17 1.014 55.34 41.88
1000 37929.97 36508.1 1.039 107.87 63.76
500 38062.03 36903.2 1.031 101.22 51.24
180 100 38133.79 37569.32 1.015 39.20 33.68
50 38594.99 37801.05 1.021 40.46 24.32
1000 33335.59 31463.87 1.059 89.52 78.89
66 500 33296.47 31863.95 1.045 90.45 58.02
100 33417.88 32784.59 1.019 66.20 31.01
50 33479.26 33031.03 1.014 28.42 18.89
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asasay

qungil Rair Rgas sensitivity response | recovery
il @ ©) RuiRe) | © ©
(ppm)
1000 30287.96 27787.97 1.090 53.13 104.75
90 500 30207.23 28174.76 1.072 76.90 75.56
100 29828.93 28758.81 1.037 39.20 40.54
50 30033.85 28843.28 1.041 32.43 37.78
1000 27635.28 24906.19 1.110 56.67 73.11
240 500 27427.61 25118.07 1.092 56.67 67.46
100 27435.67 25966.87 1.057 2298 40.46
50 27515.85 25947.29 1.060 18.89 41.79
1000 25368.17 22433.26 o g 13.24 62.72
500 25253.73 22694.37 1.113 a2 56.67
iy 100 25280.53 23584.74 1.072 9.45 28.33
50 25195.18 23508.84 1.072 8.11 29.67
1000 24292.41 20842.27 1.166 18.69 59.94
500 24184.91 2131796 1.134 9.45 52.66
280 100 241774 22338.18 1.082 10.87 29.67
50 24267.09 22234.09 1.091 6.77 27.00
1000 22951.77 19231.66 1.194 17.46 41.48
500 22825.57 19762.42 1.155 14.88 35.02
300 100 22792 77 20755.56 1.098 10.78 2424
50 22870.38 20721.41 1.104 8.11 20.22
1000 21530.94 17733.33 1.214 8.56 22.43
320 500 21513.52 18396.7 1.169 8.11 21.65
100 21483.87 19464.53 1.104 8.11 14.80
50 21550.7 19468.98 1.107 10.79 16.21
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aagay

qungd Rair Rgas sensitivity | response | recovery
PO Folf @ Q) iR | @ ©
(ppm)
1000 20158.24 16306.1 1.236 4.80 15.36
oy 500 20117.54 16704.82 1.204 5.50 11332
100 19896.39 17760.77 1.120 5.32 9.06
50 19804.84 18264.85 1.084 5.40 5.80
1000 18812.37 15607.42 1.205 4.09 12.83
na 500 18675.9 15896.85 1.175 4.01 13.46
100 18266.96 16592.95 1.101 4.01 10.78
50 18317.27 16765.95 1.093 4.09 6.77
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miaTvasulnssa lamenanae XRD Haunugivudeya JCPDS

. = o iL
msasvaey Tasaad1amendnyes ZnO whiskers fihumlszgna liihuenuen
o aw Y 1A
@3 luauItedidas XRD wunillaseaeuvuienas Inuoa (hexagonal structure)

a d ¥ o
uazunsIzra lattice constant ‘\lﬂ»ﬂﬂiﬂﬂ%"lﬂinﬂﬁllﬂﬁ

—= + ’
dlfkl 3 : ’ (ﬂ 1)

1 4( R +hk+k>) I
a c
wuh Tassadae 7-ZnO uas W-ZnO fidunsied IRilefivudugudeyn JCPDS minuiay

89-0510 fam3ne -1 uazgy a-1 asesfuszuiu (100) (002) (101) (102) (110) (103)

(200) (112) (201) (004) uag (202) mud1ay Taslial lattice constant Fawaasluased
4.5-4.7

maf -1 wanslSouiouszoeyveseninessuny du) ¥ee  7-ZnO fugiudeya
JCPDS no. 89-0510

Ahia dnit %error;

s dnia NNINAADY 910 JCPDS no. 89-0510 <3.5%
dioo 2.7884 2.8135 0.8921

dpo2 2.5814 2.6027 0.8184

dio; 2.4563 2.4751 0.7596

dio2 1.9012 1.9105 0.4868

diro 1.6187 1.6244 0.3509

Il 1.4725 1.4768 0.2912
dooo 1.4030 1.4067 0.2630

din 1.3743 1.3780 0.2685

dao; 1.3546 1.3580 0.2504

dap2 1.2348 1.2375 0.2182
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a99d a2 wansilSoufioussesr1aEnineszun (dy) Y09 W-ZnO dugiudeya
JCPDS no. 89-0510

i d i dhu %oerror;
o e NMINAADY 910 JCPDS no. 89-0510 <3.5%
dioo 2.7889 2.8135 0.8744

dooz 2.5805 2.6027 0.8530

djor 2.4575 24751 0.7111

dio2 1.9010 1.9105 0.4973

diro 1.6224 1.6244 0.1231

LR B 14722 1.4768 0.3115
d>00 1.4014 1.4067 0.3768

din 1.3740 1.3780 0.2903

dao1 1.3540 1.3580 0.2946

doos 1.2981 1.3013 0.2459

3197 A-3 namsfSouifoussosvi1esznessuny (duw) Y89 W-ZnO Nivedleeyn AU

Tuveanesfi 0.1%mol Augrudoya JCPDS no. 89-0510

dhid dnu %error;

s dna INNINAADA 910 JCPDS no. 89-0510 <3.5%
dio0 2.7973 2.8135 0.5758

doo2 2.5874 2.6027 0.5879

dioi 2.4620 24751 0.5293

dio2 1.9040 1.9105 0.3402

diio 1.6206 1.6244 0.2339

W-ZnO dio3 1.4743 1.4768 0.1693
da00 1.4028 1.4067 02772

din 1.3756 1.3780 0.1742

d>o1 1.3560 1.3580 0.1473

doos 1.2994 1.3013 0.1460

dao2 1.2356 1.2375 0.1535
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& PDF 2890510, Wavelength = 1.54060 (4) =ialx|
830510 Qualty: C Zn0
g ek Clouated from ICSD using POWD-12
ight - om using -12++
ki 3 A Rek. Sawads, H., Wang. B., Sleight AW.... Soid State Chem. 122, 148 (1996}
Dx: 5680 Dm: .
Sys: Hexagonal i
Lattice: Primitive N
5.G.: Pame (186 ©3g
Cell Parameters: B ] !
23248 b c 5205 =k 8 ‘
a £ : 2 | I | i '
A L
| § 1) 1 1 1]
\Acor: 538 59 30 20 15 13 dfa) i
Rad: CuKal |
Lambda: 1.54060 dia) Intf h k | |dA] Int-f h k | |da) It hakr 1| |
thec £ 28135 50 1 0 0 |14768 %64 103|123 2 202 ;
a0 oiosted 26027 414 0 0 2 | 14087 40 200 |18n B 104 :
ICSD #: 082028 24751 999 1 0 1 |13780 24 11 2 |08 65 20 3
1.9105 20 10 2 |13%80 0 20 1
16244 v 110 |13013 6 00 4
890510 _ Quality. C !
CAS Number: Zinc Ovide
= Ref. Calculated fiom ICSD using POWD-12++
BT 1o Ret: Sawada, H., Wang. B., Sleight, AW.... Sokd State Chem., 122, 148 (13%6] _
Dx: 5680 D ;.
Sys: Hexagonal -
Latice: Prmiive z >
S.G.: P63m (166) B
Cell Parameters: 3 Pl
a328 b ¢ 5205 = E @
R i Saill :
il ST
L} 1 L} L]
ficor: 538 0 15 L) 45 60 75 23
Rad: Cukal
Lambda: 1.54060 25 Intf  h k || 25 Intf  h k || 23 Intf  h k |
Far 31779 50 1 0 0 |62876 %4 10 3 {7638 2 202
dpx caloulated 34430 414 0 0 2 |66400 40 2 0 0 {8141 6 104
CSD #: 082028 36.265 9931 0 1 |67.971 24 1 1 2 {89646 65 2 0 3
47.554 20 1 0 2 {631 05 201
56.615 3 11 0 |72587 6 004

71/t a-1 grdoya JCPDS no. 89-0510
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“THE FIRST THAILAND NATIONAL NANOTECHNOLOGY CONFERENCE
ON NANOMATERIALS, PHARMACEUTICALS, DEVICES AND APPLICATIONS

Held at Daung Tawan Grand Ballroom, Central Daung Tawan Hotel in Chiang
Mai, Thailand, from 14-16 August 2007. The Conference was organized by Network
for the Excellence in Functional Nanomaterials (NEFNC), Chiang Mai University and

National Nanotechnology Center NANOTEC).

2.2 W IEUBNANULLILYI0NY (oral presentation) Tumsilszauinimsszay

UNNIA
“German-Thai Symposium on Nanoscience and Nanotechnology 2009”
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ABSTRACT

Zinc oxide nanostructures were prepared by thermal oxidation of zinc,
zinc oxide and carbon mixtures. The mixture was screened on the alumina sub-
strate and heated at 800°C for 1 hour under normal atmosphere. The influence
of the mixture ratio on the formation of nanostructure was investigated with
field emission scanning electron microscope and an energy dispersive spectro-
scope. It was found that the size of nanostructures depended on the ratio of
the mixture. The higher ZnO:Zn ratio led to the formation of shorter, and less
density of nanostructure. However, there was a number ratios with carbon that
could form long and high density of nanostructure.

Key words: Zinc oxide, Nanostructure, Nanowire, Nanobelt

INTRODUCTION

Zinc oxide is a metal oxide wide-band gap semiconductor (Christoulakis et
al., 2006) which has been widely studied. These include the fabrication of nanode-
vices (Wang et al., 2006) and various applications, such as gas sensors (Nanto et
al., 1996), piezoelectric devices (Gardeniers et al., 1998), varistors (Miguel et al.,
2006), planar optical waveguides (Wenas et al., 1991), transparent electrodes (Kim
et al., 1997), ultraviolet photodetectors, surface acoustic wave devices. Zinc oxide
nanostructures could be synthesized by several techniques such as vapor deposi-
tion, sputtering, pulsed laser deposition (PLD), oxidation and screen printing (silk
screen). Screen printing has been developed in the fields of microelectronics for
hybrid and integrated circuit manufactures (Miguel et al., 2006) and this technique
is well known as one of most important thick film deposition methods (Ivanov,
2004). The advantages of this method are simple, low cost, fast and high repro-
ducibility.

In this work, zinc oxide nanostructures were synthesized by thermal oxida-
tion using screen printing of zinc, zinc oxide and carbon mixtures. The effect of
the mixture ratio on the formation of nanostructures was investigated.
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MATERIALS AND METHODS

Zinc oxide nanostructures were prepared by thermal oxidation technique.
The starting materials, zinc (Zn), zinc oxide (ZnO) and carbon (C) powders were
mixed in the various ratio by molar of Zn: ZnO: C with 1:0:0, 2:1:0, 1: 1:0, 1:2:0,
2:0:1, 1:0:1, 1:0:2, 4:2:3, 4:2:2 and 4:3:2. The mixed powders were hand-grounded
in agate mortar with polyvinyl alcohol (PVA). After that, the mixture was screened
on alumina substrate and heated under atmosphere at 8007C for 1 hour. Zinc oxide
nanostructures were characterized by Field-Emission Scanning Electron Micros-
copy (FE-SEM) for morphology and energy dispersive spectroscopy (EDS) for
chemical composition. From SEM images, we used computer program (Image
J) to carry out density of nanostructures by fixed arca of 25 pm’ (number of
nanostructure/25 um?) for 5 times per condition, then the average value of density
of nanostructures were obtained.

RESULTS AND DISCUSSION

Before heating, the color of starting materials are gray and black depending
on the amount of zinc and carbon powders since typical color of zinc and carbon
are black respectively. After heating, zinc was oxidized with oxygen in normal
atmosphere and transformed to zinc oxide and thus, the color of thick films
changed from black or gray to yellow or white which is the typical color of zinc
oxide. The morphology of zinc oxide nanostructures grown on alumina substrates
at various Zn: ZnO: C ratio was shown in Figure 1. The wire-like nanostructures
were observed only at the ratio of 1:0: 1(Figure 1(b)). For the other ratios, the belt-
like nanostructures were observed.

Table 1. The color of ZnO nanostructures before and after heating.

Type of films Color before heating Color after heating
Zn: ZnO gray yellow + white
Zn: € black yellow + white
Zn:Zn0O:C black yellow + white

The colors of ZnO nanostructures were toned to change after heating under

atmosphere at 800°C for 1 hour as listed in Table 1.
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Figure 1. FE-SEM images of thick films with various Zn: ZnO: C ratio of (a) 2:
1:0, (b) 1:0:1, (c) 4:2:3, (d) 4:2:2.

The length and density of zinc oxide nanostructures at different ratios were
shown in Table 2. The length and density of zinc oxide nanostructures depended
on the Zn: ZnO: C ratio. The higher ZnQ:Zn ratio led to the formation of shorter,
and less density of nanostructures. However, there was a number ratios with car-
bon that could form long and high density of zinc oxide nanostructures.

Table 2. The length and density of zinc oxide nanostructures at different Zn: ZnO:

C ratio.
Zn: ZnO: C ratio Type of ZnO Average length Density (number of
nanostructure (pm) nanostructures/25pm?)

1:0:0 Belt 2.96 6
2:1:0 Belt 5.16 20
1:1:0 Belt 223 8
1:2:0 Belt 1.90 5
2:0:1 Belt 4.85 9
1:0:1 Wire 20.73 18
1:0:2 Belt 4.64 15
4:2:3 Belt 484 9
4:2:2 Belt 6.92 20
4:3:2 Belt 6.24 8
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Figure 2 showed EDS spectra of (a) zinc oxide nanowire and (b) zinc oxide
nanobelt. The spectra were obtained by focusing electron beam in a middle of
nanostructures. The peaks at Zn and O signals were observed indicating Zn was
oxidized with O and formed zinc oxide nanostructures. The atomic ratio of zinc
and oxygen from the EDS spectra of nanowire and nanobelt were 39:61 and 47:53,
respectively, which was nearly 1:1 ratio. Thus, the obtained nanostructures could
be considered as ZnO.
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Figure 2. EDS spectra of (a) ZnO nanowires and (b) ZnO nanobelts.

CONCLUSION

The zinc oxide nanostructures were successfully synthesized by thermal
oxidation of zinc, zinc oxide and carbon mixture with various Zn: ZnO: C ratios.
From FE-SEM analysis, it was found that the size of nanostructures depended on
the ratio of the mixture. The higher ZnO:Zn ratio led to the formation of shorter,
and less density of nanostructure. However, there was a number ratios with carbon
that could form long and high density of nanostructure.
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ABSTRACT

ZnO whiskers were grown in quartz tube by thermal oxidation method. Zinc powder
was heated in a horizontal quartz tube with a furnace at a temperature of 700°C for 2 hr,
under normal atmosphere. Three different kinds of the products can be obtained after the
oxidation process. One is transpatent whiskers located at the bottom of the quartz tube. Next
is cotton-like bulk and the other is white, fluffy product. The products were characterized by
field emission scanning electron microscopy (FE-SEM) and energy dispersive spectroscopy
(EDS). It was found that the products composed of whiskers and tetrapod whiskers. The
lengths and the diameter of whiskers were in the range of 10-240 mm and 0.20 - 4.60 mm,
respectively while the percent of yield was up to 20% by weight. The lengths and the diameter
of tetrapod whiskers were in the range of 3.15-10.63 mm and 0.13- 2.64 mm while the

percent of yield was up to 68% by weight.

Keywords: zinc oxide, whisker, tetrapod, thermal oxidation.

1.INTRODUCTION

Recently, quasi one-dimensional (1D)
nanostructures such as whiskers, wires, rods,
belts, and tubes have received the great interest
due to their very large surface-to-volume ratio
and become the focus of intensive research
owing to their unique applications in
mesoscopic physics, fabrication of nanoscale
optic and electronic devices [1]. ZnO is now
receiving special attention for it potential
applications in optical and electronic materials
[2]- Tt is an n-type semiconductor with a direct
band gap of 3.37 eV at room temperature
close in properties to GaN (E, = 3.5 eV at
room temperature), which is widely used in
the fabrication of blue light emitting diodes.

The strong exciton binding energy of 60 meV,
which is much larger than that of GaN (25
meV) and the thermal energy at room
temperature (26 meV) can ensure an efficient
exciton emission at room temperature under
low excitation energy [2-5]. ZnO can be
grown into a variety of micro and
nanostructures, such as tetrapod-shape,
microrods, one-dimensional microtubes, thin
film, nanobelts, nanowires, nanoneedles,
nanotubes, nanorods, nanocables and whiskers
[1, 6-14]. ZnO nanostuctures are particularly
adaptable and have various potential
applications, such as gas sensors [15, 16], solar
cells [17], field emitters [18] and the field effect
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transistor (FET) [19]. Among them, ZnO
whisker has attended due to ease of prepara-
tion and single crystalline properties.

ZnO whiskers have a hexagonal columnar
shape (pencil-like structure) and ZnO whiskers,
having tatrapod shape, consist of a2 ZnO core
in the zinc blended structure form in which
four ZnO arms in the wurtzite structure
radiate. Each arm is well faceted with a
hexagonal cross-section and is uniform in
length and diameter [20]. Among kinds of
ZnO whiskers, tetrapod whisker possesses
good comprehensive properties, such as
semiconductivity, wear resistance, vibration
insulation and microwave absorption. Owing
to the unusual geometry and single crystalline
character, they can be widely applied as both
devices and structural matenals [21,22]. In
particular, the introduction of ZnO tetapod
whiskers imparts antielectrostatic and
antibacterial properties to polyacrylate-based
composites. Tetrapod-polymer composites
can be used in the fabrication of solar cells.
Moreover, similarly other structures, ZnO
whiskers have attractive gas-sensing and
luminescent properties [2].

Due to these promising applications,
ZnO whiskers can be prepared by several
methods such as solvothermal [1], thermal
evaporation [23], Metal Organic Chemical
Vapor Deposition (MOCVD) [24], Pulsed
Laser Deposition (PLD) [25] and thermal
oxidation [15,16,21,22]. The thermal oxidation
method is a simple, low cost and fast process.
So in this work, ZnO whiskers were prepared
with high yield by thermal oxidation of Zn
powder.

2. MATERIALS AND METHODS

ZnO whiskers were prepared by thermal
oxidation technique. In typical preparation
processes, Zn powder mass (Ajax Finechem,
quoted purity of 99.9%) was used at weight
of3,3.5,4,4.5,5,5.5 and 6 g then the powder

Chiang Mai J. Sci. 2011; 38(1)

was hand-grounded in agate mortar. After
that, ZnO powder was put into the horizontal
one-end sealed quartz tube (150 ml) to serve
as the source materials. The quartz tube was
then pushed into the central of a conventional
tube furnace under normal atmosphere at
700°C. The gate of the fumace was closed
without special sealing during the whisker
generation process. After 2 hr. sintering, the
quartz tube was taken out from the fumace
into air for rapid cooling:

The obtained products were investigated
by field emission scanning electron
microscope for morphology and energy
dispersive spectroscopy for chemical
composition.

3. RESULTS AND DISCUSSION

Before heating, a typical color of zinc
powder is grey. After heating process, Zn was
oxidized with O, in normal atmosphere and
transform to ZnQO. It was observed that wall
of the quartz tubes were covered with a white
layer product and there were three different
kinds of the products ranging from the
bottom to the edge of the quartz tube. One
is transparent columned whiskers located at
the bottom of the quartz tube. Next s white,
cotton-like bulk and other is white, fluffy
product. It can be further classified in three
portions according to morphologies and
density, namely the first portion, the second
portion and the third portion as showed in
Figure 1.

The different morphologies of products
in different portions due to the growth
mechanism of the wire-like nanostructures
including nanowires, nanorods, nanobelts and
whiskers can be explained by the kinetics of
anisotropic growth via a vapor-solid
mechanism represented as:

= 2
P=Bexp —2—210——-
kT° In(x)
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Figure L Schematic of the ZnO whiskers formed in different portion in the quartz tube.

where P is the nucleation probability on the
surface of a whisker, B is a constant
parameter, O'1s the surface energy of the solid
whisker, &, is the Boltzmann’s constant, 7" is
the absolute temperature, and @ is the
supersaturation ratio between the actual vapor
pressure and the equilibrium vapor pressure
corresponding to temperature (usually, > 1)
[26-28]. The supersaturation ratio play an
important parameter in controlling morphology
of wire-like and belt-like nanostructures[26].
Smaller supersaturation ratio promotes the
growth of wire-like structures. In contrast,
larger supersaturation ratio promotes two
dimensional growths resulting in the
formation of belt-like structures. However,
the tetrapod whisker was not grown on
substrate and the supersaturation ratio should
be larger than belt-like structures for facilitate
the three dimension nucleation resulting in the
formation of tetrapod whiskers [28].

In this wortk Zn 1n gas phase can be
occurred when we heat Zn metal at 700°C
which above melting point of it. The mechanism
can be explained based on the thermal
oxidation reaction which expressed as:

2Zn,,*+0,,, = Zn0O

The O, for this reaction come from the
residual O, inside the tube at the beginning and
the O, which enter into the quartz tube from

the opened end. Then the O, concentration
near the opened end of the tube is higher than
the O, concentration far mnside the tube
therefore the supersaturation ratio of ZnO
vapor near the opened end is larger than at
the bottom. In this result the shape of products
depend on the supersaturation ratio of ZnO
vapor’s zone in the quartz tube as can see from
the SEM images in Figure 2 which the first
portion is composed of ZnO whiskers with
the hexagonal columa (pencil-like structure).
The diameter and length were in the range of
30-140 mm and 0.38-4.59 mm, respectively
(Figure 2a). The second portion is white and
quite dense. It consists of tetrapod whiskers
which have the hexagonal cylinder legs. The
leg-length of 7.34 * 0.87 (6.17-9.21) pm and
the diameter of 0.32-0.66 (0.49 * 0.09) um
(Figure 2b). We obtained two types of
tetrapod whiskers in the third portion. In this
portion, there is the highest concentration of
O, lead to high probability of Zn vapor
oxidized with O, Large supersaturation
ratio promotes tetrapod growth easily. The
obtained tetrapod whiskers have 2 different
kinds due to the growthing time. That mean
tetrapod whisker in the inner layer have been
grown first and the growth is continuously.
Thus, the tetrapod whiskers in the inner layer
will be longer and bigger than that in the outer
layer as showed in the figure that the outer
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layer 1s white, fluffy which quite porous with

a thickness of about 1-3 mm and it is
composed of tetrapod whiskers which have
the leg-length of 4.77 + 1.46 (3.15-8.87) um
and the diameter of 0.66 + 0.14 (0.43-0.97)
pm at the base, 0.21 £ 0.05 (0.13-0.28) pm at
the needle (Figure 2c). The inner layer
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composed of tetrapod whiskers which have
the hexagonal cylinder legs. The leg-length of
7.21 £1.64 (4.26-10.63) pm and the diameter
of 1.50 £ 0.65 (0.67-2.64) pm (Figure 2d). By
SEM observation, the tetrapod whiskers
become shorter in leg-length and smaller in
aspect ratio as from outside to inside.

Figure 2. SEM images of ZnO whiskers in difference portions. (a) first portion, (b) second

portion, (c) outer layer of third portion, d) inner layer of third portion.

Figure 3 showed EDS spectra of (a)
whisker and (b) tetrapod whisker. The spectra
were obtained by focusing electron beam in
the top of whisker. The peaks at Zn and O
signals indicated that Zn was oxidized with
O and form ZnO whiskers. The atomic ratio
of Zn and O from the EDS spectra of
whisker and tetrapod whisker were 47.65 :
52.35 and 44.19 : 55.81, which was nearly 1:1
rati0. Thus, the obtained whisker could be
considered as ZnO.

Figure 4 showed the effect of Zn
powder weight on the producting yield.
Producting yields of tetrapod whisker was
high when the weights of Zn powder was
used more than 3.5 g and 1t seem to be
saturated. Producting yield of whiskers did
not have a significant change with the change
of Zn powder weight used. The obtained
whiskers which prepared by thermal oxidation
of Zn powder were almost hexagonal
column shaped but the higher of weight of
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Figure 3. The EDS analysis of (a) whiskers, (b) tetrapod whiskers.
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Zn powder led to less uniform of structure,

Chiang Mai . Sci. 2011; 38(1)

was found that a lot of fine particles were

as showed in Figure 5. Because of the high  deposited on the surface of whiskers.

vapor pressure of Zn in the growth area, it

Figure 5. SEM images of ZnO whiskers which different ZnO
powder weight used. (a) Zn powder 3.5 g, (b) Zn powder 5 g

4. CONCLUSIONS

ZnO whiskers were successfully
prepared by thermal oxidation method. From
FE-SEM, the lengths of whiskers were in the
range of 10-240 um, the diameters were in
the range of 0.20 - 4.60 pm while the percent
of yield was up to 20% by weight. The lengths

of tetrapod whiskers were in the range of
3.15-10.63 um, the diameters were in the range
of 0.13- 2.64 pm while the percent of yield
was up to 68% by weight. From EDS, it was
suggested that the chemical component is
ZnO. It was found that the higher of weight
Zn powder led to less uniform of structure.
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