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PIMCHANOK LEUASOONGNOEN : SYNTHESIS OF ZINC OXIDE AS
CATALYST FOR COD ANALYSIS BY PHOTOELECTROCATALYSIS
METHOD. THESIS ADVISOR : APICHON WATCHARENWONG,

Ph.D., 203 PP.

ZINC OXIDE / ANODIZATION / SPUTTERING / PHOTOELECTROCATALYSIS

/ CHEMICAL OXYGEN DEMAND / COD

Standard dichromate is a presently widely used method for investigating COD.
This method, however, requires chemicals which are sometimes hazardous, corrosive,
expensive, taking longtime (3-5 hours) to analyze. In order to reduce those problems,
this research focuses on a synthesis of semiconductor, zinc oxide for using as catalyst
in photoelectrocatalysis for investigating COD of wastewater. By studying the
properties of zinc oxide catalyst, an anodization of zinc substrate in 0.2 M ammonium
fluoride with applying potential 3 V for 60 minutes provided zinc oxide with hexagonal-
wurtzite structure, and a uniform rhombic shaped crystal in nanometer scale was
obtained. Zinc oxide catalysts prepared from sputtering method on copper- clad
polyimide film for 120 minutes has the crystal shaped in nanometer scale. The one
which was prepared for 480 minutes has the spherical shape which is hollow inside.
Those catalysts were used for the measurement of COD and COD value were calculated
based on Faraday’ s law. The obtained value were compared with those obtained using
the standard dichromate analysis by closed reflux method. Glucose and KHP were used
as probe for COD measurement in the concentration range below 500 mgL™. Zinc oxide

prepared by anodization was not stable for using as electrode for COD measurement.



Due to zinc oxide surface peel off of the substrate. For zinc oxide obtained by sputtering
method, after repeated measurement in case varying COD concentrations, found that
the two linear equations were not similar. The thickness of zinc oxide by sputtering
method was reduced after COD measurement which was proved by FESEM technique.
Moreover, zinc was found in the solution after COD measurement which was
investigated by ICP-MS technique. Zinc oxides, which were synthesized by both
methods, were not stable, therefore, affected COD measurements. However, COD
measurement by photoelectrocatalysis method had less accuracy so further researches

and studies are required for more reliability.
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2CI = Cl, + 2¢e (2.5)

Cr,0,” + 14H" + 6 = 2Cr'" + 7H,0 (2.6)
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Cr,0,” + 14H + 6¢ — 2Cr’ + 7H,0 (2.13)

CH,,0, +4Cr,0,” + 32H = 8Cr’ + 22H,0 + 6CO, (2.14)
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AaLl1/a991n (Ahmed, Rasul, Brown, and Hashib, 2011)
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ﬂallﬂsllfNﬂﬁﬁ?ﬂﬂﬂi@lﬂzﬁﬂagﬁﬁ (Mechanism of Photocatalysis

Reaction) (Herrmann, 2010) ﬁxﬁﬂﬁmﬂuﬁaﬁ
H,0 > H +OH
MINTZAUAOLAY
Catalyst +hV = e o, +h',
MINATANDA VN ¢ oy, h 'y
h'y; + OH = OH-
e x+0,0,°
H +0,* = HO,
H+e ., —He
M35IMAINUINUYDY ¢ , h' (electron-hole recombination)

e s +h'y; = Heat

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)
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ANTUNIT 2.25 D3 2.27 m‘lﬂu

ZnO+hV = ZnO (e z+h'yp) (2.25)
h'y; + OM — oxidation of the OM (2.26)
h'y, + H,O = H +OH’ (2.27)
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(Bing-Nan et al., 1999; Fox and Duley, 1993; Stafford et al., 1996; Tang et al., 1997; Venkatadri
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photocurrent: [ (Heng, Zhang et al., 2016, Li, Zhang, Li, and Zhao, 2012, Zhao, Jiang et al.,

a 4 a ~ J Y o A
2004) ﬂ"li’EJi’)ﬂ“]illﬂC]i?ﬂii’)l!ﬂiﬂﬁ?h?iﬂl!ﬁﬂﬁqﬂﬂﬂﬁﬂﬂﬁcﬂ (2.29)

C,H,ONX, + 2y -j) H,O — yCO, +gX +kNH; + (@dy-2j+m-3k) H

+(@4y-2j+m-3k-qe (2.29)
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1 o 4
nazlumsmadlofvzerdengmsuendisale lWivesnsuad (Faraday’ law) 1

E4
=

4 a 4 a 4 3w
Témanududuiioasounidgnoend lad aumsitlusail
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@ a A Y1 9 ad &
AUNTNMTUANAIVBIBBNTIU adun1sh (2.32) 921831 0,1 Tualy 4 Sianasou ¥4
diounuam luaunisn 2.30) vz lamanududuoondnu Funsuminuldad Tod daauns

i (233)

0, +4H +4¢ — 2H,0 (2.32)

Qnet nC
COD(m —1) = <N€t , 32000 = — x 32000 2.33
(mgooL™") aEy 7" (2.33)
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Aaa 4 a\ d
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U

a 4 ana o 1 o =y
msanszndeyannanagnihunldlumsasivaeuanugndewtiudiuesisng
: aaa [ ] ao 1 I 1
Faanan1Fnuegluniaise uiween lailu 2 Yszinnlngj Ao
1) A0ATIUTIO0MI0aDATINT T (Descriptive Statistics) 1HUITo0NMANH ML
A Ay = ' ' = 3 = ' =L
wosmandeamsanynnngulanguunilslasmwiz 91vzilunquianysongulvan la uawa
n'ldanmsAnur liawisoirlds1e9edenqualszans (Population) 18 adanldlunis
[ 9 9 1 d‘ Y 1 d'
VITHYAUANHUSVDIVDYD 1dun a1ua (Frequency) 3088 (Percentage) AR Y (Mean)
158511 (Median) Wefe (Range) @UITOUUNIATY I (Standard deviation)
aaa 9 a A ana . .. < Aaa=x 9 1
2) AdAIFI919991IDADADUNIY (Inferential Statistics) 1T UadANANYITOYINNGN
A20819 (Sample) ndnhwaa i ldannguadedis agudredaludanvuzilszmninse
1 aa .. ~ 9 1 @ ] o 0 a 4
A1 D@ (Statistics) w‘lmmﬂqm’mmmgﬂhhlmmwammm (Parameters) Y0915 %105
Y = U @ ] = o v A Aq Y& (Y aad y a
m3 laudeangualedeiinnudidn s 1fdudunureslszins lasanano19deay
(MINUMIUTZUIUA (Estimation) LAz DA IUMITNATOUANATIU (Test Statistics)
a 4 aax 4 v W
Tumsinsgrdeyanlsaenlsananmmngauie Iz aunuanyuzvesvoya
v Y
nazlumsasdouanugnaoaiudiveddsmsiudininldanaluasivaeuasil
2.6.1  msfSeuneuanmasveInan1aved 2 AI9e19 (Paired t-Test for Assessing
the Average of Differences)
1 { = 1 o 1 ! [ a 1 @
TasnmsnfGeuifeuanane (X) ¥04 2 nguaied19n lifludaszaenunso
R ' v o o 1 1 o ]
NAUAI0819TUWUTAY (Dependent or correlated samples) 113ANVUANANAUHITO 11 11UAD
NATOUANATINI H,: 1, = p, AI081U%U Berthouex and Brown, 2002 ¥11N15A51900UN15IA
A1 DO MAseN1N DO 12 dadnsuasans 910 14 Heslfiian1s Taen159uga1 DO uAaz
a oA a, = 4 14 ), ana d
Wol fiiAn151fSeuiieniTv0939A1a035 (Winkler Method) 1ag3501an 1n3a (Electrode

Method) T03an1n15199 2.5

A 9 ' ~ Y a oa
ANTNWN 2.5 Yayaninny DO 210 14 ﬂﬂdﬂgﬂ@]ﬂﬁ

Laboratory 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Winkler 12 [ 1.4] 14 | 1.3 | 12 |13 ] 1.4 (20|19 1.1 1.8 | 1.0 | 1.1 1.4

Electrode 1.6 | 14|19 |23 |17 (13|22 |14 |13 |17 |19 | 18| 1.8 | 1.8

Diff. (W-E) | -0.4 | 0.0 | -0.5 | -1.0 | -0.5 | 0.0 | -0.8 | 0.6 | 0.6 | -0.6 | -0.1 | -0.8 | -0.7 | -0.4

A Wilcock, R. J., C. D. Stevenson, and C. A. Roberts (1981)
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1 1 J J 13
GUfNﬂ'J'liJLWIﬂﬁNﬁ%‘Vi'JNﬂ'lea%ﬂlﬂuﬂﬂu
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—

(2.34)
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Il

e d A0 AUNAYVDIANULANANTZHINA WAL

di A9 ANNVUANAINTZHINAAALA

unua luaums a2 1a

S (-0.4)+(0.0)+ (-0.5)+ (-1.0)+...+ (-0.4) _

d ” -0.329 HaanTuALaNT

Anuual51571 (Varince)

. 2
M (2.35)

2
S =
d n-1

unua luaums a2 1a

2 [-0.4-(-0.329)]% +[-0.0— (-0.329)]? +...+[-0.4— (-0.329)]

5§ = = 0.244
14-1

9
¥ @

wiuagla AndleauinasgIu (Standard Deviations)

sg=1/Sq = 0.494 (2.36)
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fhmmﬂmmﬂﬁeummgm (Standard error)

_ sqg 0.494
sg=—2 =—"""= 0.132 (2.37)
RN

AAINUIHOIY (Confidence interval, CI) 95% (1-O = 0.95) uag v = n-1 11 1/m1A191n01519

N1FNTLD1A t (¢ distribution)

22'1édN
(2.38)

Cl=d+sgety—
2
CI= -0.329%sg 113 0.02¢

CI=-0.329 £+ (0.132) * (2.160)

CI=(-0.61, -0.04)

Y 9 Y 1 A 1 ~ Y Aa (] 1 = I I
1INT0YaTAUA LAV INAAIINLADI 108 1159 -0.61 D3 -0.04 dz 1 1A
HodAgynanan

1 [ Y] Y 1 Z’, at o Y1 1 o 1 =\
91 DO llilm”lﬂ‘ﬂ 0 w1 uIINId925 90 DO ‘lﬂmummmuamm

FTAUANUITONY 95% Haziorhmnadouduaguauton 1

Hy:p=0

H:p =0
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MuruAn laanmsdauna (Observed: t,) Muaums 92 1a
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Abstract
In this study, an electrochemical anodization technigue was used to synthesize ZnO
nanostructures. The ancdic erosth experiment was performed ina two-electrode electrochemical
cell using platinum wire as a counter electrode and zinc foil as a working electrode. The electrolyte
vas aqueous ammanium fluoride. The effects of anodization potentials of 1, 3, 5, and 10 volts and
anodizing durations of 5, 10, and 30 minutes upon ZnO morphology were investigated. Then the
morphological, structural, and optical properties of ZnO samples were characterized. Field emission
scanning electron microscope (FESEM) was used to determine the morphologies of the resulting samples.
The sizes and shapes of rhombic ZnO rods obtained during this study depended upon the anodizing
conditions.. The prepared rhombic ZnO had high specific surface areas and ‘could be used as a
photocatalyst. Surface roughness of ZnO samples was analyzed using atomic force microscope (AFM).
Patterns and crystallinity of the prepared ZnO samples were measured using X-ray diffraction (XRD). UV-
visible diffuse reflectance spectroscopy was used to study the absorbance spectrum of the ZnO samples.
Furthermare, the effects of calcination temperature and physical vibration from ultrasonic cleaning upon
Zn0 morphology were investigated.
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Intraduction

Zinc axide (Zn) containing semiconductor material has been widely wsed in applications such as
solar cellsl] , 2[, gas sensors[3] , biological sensing, photocatalysis [4], and photoelectrocatalysis. Zn is a
wide band gap enerey 13.37 &V semiconductor with unique electrical and optical properties [5]. Moreover,
zinc substrate matedals for production of axide semiconductor are low in cost compared to other
miterials such as titanium and tungsten.

Zinc oxide can be synthesized using various techniques such as laser ablation, hydrothermal
metheds, thermal decompasition, electrochemical depasition, electropharetic depaosition, chemical vapor
deposition, sol-gel methads, combustion methods, ultrasound, microwave-assisted combustion methods,
co~precipitation, and anodization [6]. Different morphologies of zinc oxide can result from varying the
synthesis technigue used. For eample, nanowires, nanodots, nanoflowers, nancbelts, nanorods,
nanoflakes, nanmotubes, manodngs, and mancpropeller can be formed [7,8]. Synthesis methods are
selected to produce nanomaterials with different morphologies and properties depending upon their
purposs and application. Anodization is an espedially popular technigue. It has been long used for surface
medification and characterization of metals. Bemgough and Stuart's patent in 1923 was the first patent for
a3 process to protect Al and its alloys from comosion by means of an anodic treatment [9]. Ancdization
was used to create osides on metal swfaces. To achieve characteristics at the interface of a
sermniconductor, anodization potentials were applied to metal surfaces in an electrolyte using a power
supply. These reactions involve electric charees mawing between the elactrodes and the electrolyte.
Anodization techniques are highly efficient in producing very uniform and adhesive ocdde on metals.
Anodization in a solution containing fluoride jons leads to the formation of nanostructures whose shapes
and dimensicns can be controlled by tuning anodization conditions10] -1d[

This research aimed to study the properties of mombic zinc @ade using an anodization technigue
under different conditions.

Experimental
Prepare substrate materials

Zinc metal (Alfa Aesar, 0.25 mm thickness, %9.98% purity) was cut into pieces that were 1cm
wide and dom long They were used as substrate matenals for synthesis of zinc oxide. Zinc foil was
clezned with acstone in an ultrasonic cleaner for 15 minutes, washed with deionized water (18.2 M{) cm)
and dried in a stream of nitrogen gas [15] to avoid contamination of zinc sufaces befare synthesis.

Synthesis

Zinc oxide was obtained wsing a two-electrode electrochemical cell employing platinum wire as
a counter electrode and zinc foil as a working electrode separated by a distance of 2 om as shown in Fig.
1. Then the samples were anodized in 0.2 M MHsF at room temperature with applied potentials of 1, 5, 5
and 10 valts and anodizing durations of &, 10, and 30 minutes. In addition, samples which were prepared
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with 3 volts were anodized for longer times of 1 and 2 hours. After anodization, all samples were washed
with deionized water and dried in a stream of nitrogen gas, to avoid contamination of the newly
synthesized surfaces of zinc oxide.

The effects of calcination temperatures of 70 and 250 °C after ancdization and physical vibration
from 15 minutes of ultrasonic cleaning upon ZnO morphology were investigated.

Figure 1. Equipment for the synthesis of zinc oxide by an anodization technique.

Characterization

The morphologies of zinc axides prepared by anodization were characterized using field emission
scanning electron microscopy (FESEM, JSM-7001F and JSM-T800F, JEOL) operated at an accelerating
voltage of 15 kV. The surface roughness was characterized using atomic force microscopy (AFM, XE-120).
The crystalline phases of the zinc oxides were characterized using X<ay diffraction (XRD, D S8ADVANCE,
Bruker) with Cu KOl radiation (A = 1.54060 nm) in the 20 range of 20° to 80 at a scan rate of 0027 02
seconds. UV-Visible Spectrophotometry (UV-Vis, Cary 300, Agilent Technologies) was used to characterize
the optical absorption properties of zinc oxides which were recorded in the wavelength range of 190-600
nm in diffuse reflectance mode.

Results and Discussion
Field emission scanning electron microscope (FESEM)

After anodization of zinc substrates, morphologies of all samples were characterized using field
emission scanning electron microscopy. Fig. 2 shows FESEM images of nanostructures prepared by
anodization of a Zn foll in 0.2 M NHF at room temperature with different potentials and durations. The
detals of anodization conditions and morphology of prepared samples are shown in Table 1.

Fig. 2a) - (c) show marphologies of zinc oxide anodized under a constant potential of 1 volt for
durations of 5, 10 and 30 minutes. The sample anodized for 5 minutes showed a sparse distribution of
small rhombic-like structures. As anodization time increased, sizes of rhombic structures increased.
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Fig. 2(d) - (f) show morphologies of zinc axide anodized under a constant potential of 3 volts and
for 5, 10 and 30 minutes. At 5 and 10 minutes, rhombic-like structures were obtained but they were not
well developed. However, after 30 minutes, well defined rhombic-like structures were obtained.

Fig. 2(g) - {i) show morphology of zinc oxide anodized at a constant potential of 5 volts for 5, 10
and 30 minutes. The size of the rhombic structures increased with increasing anodization time. Moreover,
weell define rhombic structures were obtained with 10 minutes anodization.

However, when anodized at the highest potential, 10 volts, rhombic-like structures were not
observed as shown in Figures 2 (j), (x), and {1).

Figure 2. FESEM of ZnO anodizing in 0.2 M NH,F at room temperature (a) 1 V 5 min
(b) 1V 10 min {c) 1 V 30 min (d) 3V 5 min (&) 3 V 10 min () 3 V 30 min
() 5V 5 min (h) 5V 10 min () 5 V 30 min () 10 V 5 min (x) 10 V 10 min
and (1) 10 V 30 min.
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Table 1. Anodization condition and marphology of prepared samples
Anpdization conditions
hain diaganal
Figure 2 | Electrolyte | Potentisls | Dwrations frard Morphalogy
nm
[walts] [rmin]

a 0.2 M NHGF 1 5 100 - 200 Small rhambic shaps
b 0.2 M NH.F 1 10 500 - 600 Werged rhombic shape
C 0.2 M MHGF 1 30 300 - 400 Werged rhombic shaps
d 0.2 M NHF 3 5 < 100 ‘Very small rhombic shape
e 0.2 M NHF 3 10 300 - 400 erged rhombic shape
f 0.2 M MNHF 3 30 200 - TOD ‘Well define rhombic

shape
q 0.2 M NHF 5 5 200 - 300 Melted rhombic shape
h 0.2 M MHGF E 10 200 - 500 ‘Well define rhombic

shape
i 0.2 M NHF 5 30 300 - 500 Werged rhombic shaps
i 0.2 M MHGF 1] 5 - Compact axide
K 0.2 M NHgF 10 10 - Compact axide
1 0.2 M NHF 10 30 - Compact axide
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Figure 3. AFM images of zinc oxide prepared at an anodization potential of 3 volts for
{2) 30 minutes and (b) 1 hour.

From atomic force microscopy analysis, the samples anodized for 30 minutes and 1 hour had
average surface roughness values (Ra) of 48.203 nm and 58.745 nm, respectively. As clearly seen in Fig. 3,
the sizes of rhombic structures increased with increasing anodization time. As the crystalline structure
grew bigger with increased anodization, longer rhombic rods were obtained resulting in more surface

roughness.
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Figure 4. a) XRD of the as-anodized Zn0O samples.
b) and ¢) FESEM images of ZnO sample being anodized for 1 and 2 hours, respectively.
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Zinc oxide samples obtaimed in 0.2 M NH;F at an anodization potential of 3 volts for 5, 10, 30
minutes, 1 hour, and 2 howrs were characterized using ¥-ray diffraction. The X-rmy diffractogram (Fig. 4) shows
that all samples had a hexagonal phase as JCPDS card (No. 01-1238, & = 26591 nm, © = 4.9353 nm) with
peak 260 = 36.096°, 30.134°, 43.47%, 50.582°, and T0.785°, coresponding to (002), (100), (101), (102), and
{110), respectively. High peak intensities were observed with a short anodization time of § minutes and
gradually decreased with longer anodization durations of 10 and 30 minutes. When anodization
proceeded to 1 and 2 howrs, zinc oxide peaks were observed following JCPDS cards (Mo, 36-1451, a =
03249 nm, ¢ = 05206 nm) with peak 20 = 317, 3407, 6% 475 S66° 623 665, 6797 69.1°
comesponding to § 100, 1002), (101), (1020 1100, (103), (2000, {112) , and (201}, respectively [15]. With very
short anodization durations, zinc cudde formed in amounts so small that the ¥RD instrument could not
detect a zinc oxide peak.

Fig. 5 shaws the ¥DR patterns of as-prepared Zn0 samples obtained in 0.2 M NHF at anodization
potentials of 1, 3, 5, and 10 volts for the same 30 minute anodization time. it can be clearly seen that
although the anodization potential was increased from 1 wolt to 3 wvolts, zinc oxide peaks could not be
observed after 3 short anodization time of 30 minutes. With higher anodization potentials of 5 volts and
10 wolts, zinc cxide peak were gradually obhsenved. This indicated that with & short anodization time of 30
minutes, the anodization potential had influence upon the growth of cdides. The higher the anodization
potential, the more cxide growth.
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Figure 5. ¥DR of the as-anodized Znd samples prepared with applied potentials of 1, 3, §, and 10 volts
for 30 minutes.
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Uhisible diffuse reflectance spectroscopy was applied to study the absorbance spectrum of
ZnD samples. Two sets of samples were characterized. The first set was the zinc substrate, ie., the
polishied as-purchased zinc metals (Alfa Aesar, 0.25 mm thickness, 99.98% purity). The second were the
as-anodized zinc oxide samples prepared wsing a potential of 3 volts while varying anodization time. The
absorbance spectra are given in Fig. &

Wavelergh {nm)

Figure &. Ll-isible diffuse reflectance absorption spectrum of Zn0 samples.

From Fig. &, polished zinc substrate had a higher absorption spectrum in beth LV and wisible
regions than non-polished zamples. Absorption spectrum of the latter decreased with increasing
anodization potential. When using shart anodization durations, very small rhombic-like structures were
obtained. Comversely, lame rhombic structures were obtained when anodized for lomger times. Thius,
larger morphalogy will reflect light more tham smaller resulting in Lower light absorbance.

The effects of calcination termperatures of 70 and 250 °C on selected samples were
inwestigated. Zn0 prepared at an anodization potential of 5 volts for durations of 5, 10 and 30 minutes
wete treated at 70-C. FESEM images showed the same morphology as the rhambic-like structures shown
in Fig. 7 and compared to Fig. ¢l hl, il, respectively. Next, the Zn0 sample prepared at 5 volts for 30
minutes was subjected to XRD analysis. The resultant peak shown in Fig. 8 can be compared to the as-
prepared Znd sample. This indicated that increasing caldnation temperature led to an increased degree
of crystallinity. Morecver, Zn0 prepared at an ancdization potential of 10 volts for 5, 10 and 30 minutes
was treated at 250 "C. They were then characterzed using FESEM and ¥RD yielding the same results.
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Figure 7. FESEM of ZnO anodized in 0.2 M NHF at 5 V for a) 5 min b) 10 min and c) 30 min. Calcination
temperature was 70 °C for all samples.
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Figure 8. XRD pattern of as-anodized ZnO compared to ZnO calcined at 70 °C.

The stability of ZnO prepared by the anodization technique was investigated. The cleaning
process of @s-anodized ZnQ using deionized water was tested in an ultrasonic cleaner for 15 minutes.
Zn0 samples prepared at-an anodization potential of 3 volts for 5, 10-and 30 minutes were selected to
test the stability. After cleaning process was done, turbidity of delonized water was observed as shown in
Fig. 9. These samples were characterized with FESEM, morphologies after cleaning and are shown in Fig.
10. It is notable that rhombic-like structures were not cbserved. Only an unorganized oxide layer
remained on the surface.
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minutes.

Figure 10. Different magnifications of FESEM images of ZnO anodized in 0.2 M NH4F at 3 V for a) and b) §
min., c) and d) 10 min., and €) and f) 30 min. after the cleaning process.

Moreover, the particles in the cleaning solution was also investigated using FESEM and the image
shown in Fig. 11. This confirmed that the ZnO rhombic structure was washed from the surface of the
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samiple. This result shows the rhombic zinc cxide prepared by this anodization technique was less stabile
under the vibration of ultrasonic cleaner.

Figure 11. FESEM image of the particle in a cleaning solution after cleaning Zn0. This sample was

ancdized at 3 volts for 30 minutes.

Conclusions

This study aimed to investigate the characteristics of zinc oxide prepared using an anodization
technique. Zn0 rhombic-ike structures could be fabricated using 0.2 M NHF as an electrolyte while
varying anodization potentials and times as seen in FESEM images. The surface roughness of Zn0 rhombic
structures increased with increasing anodization time as determined by AFM. Samples anodized far very
short durations of 5, 10, 30 minutes did not exhibit 3 zinc oxide ¥RD peak. Only samples anodized for 1
and 2 hours showed zinc oxide peaks. Caldnation temperatures of 70 and 250 °C did not affect the
morphology of rhambic structures. Increased calcination termperature led to an increase in the degree of
crystallinity. Moregver, thombic zinc axide prepared by this anodization technique had less stability under

the vibration of an ultrasonic cleaner.
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