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ABSTRACT

This thesis work focuses on the synthesis of the N-doped TiO, nanofibers via
electrospinning process for optical applications. The starting precursors were prepared
from titanium (V) isopropoxide (TiP) dissolved in ethanol and ammonium acetate
(CH3COONH,) at 0%, 1%, 3% and 5% weight as a nitrogen source. Poly (vinyl pyrrotidone)
(PVP) dissolved in ethanol at 8%, 10% and 12% weight was used as a fiber template.
The nanofibers were obtained using electrospinning process at applied high voltage of 8,
10 and 12 kV with feeding rate of 0.5 ml/hr and distance between a needle tip and
collector of 15 cm. As-spun products were calcined at various temperatures at 500-900
°C for 2 h. Relevant properties were investigated by X-ray diffraction (XRD) and Raman
Spectroscopy. The structural and surface morphology were characterized by scanning
electron microscope (SEM). The results show that the polymer concentration and high
voltage highly affect to the dimension, continuity and surface morphology of TiO,
nanofibers. Transmission electron microscope (TEM) was chosen to characterize the
structural and morphology meanwhile electron binding energies of the nanofibers were
investigated by X-ray photoelectron spectroscopy (XPS). Diffuse Reflectance of N-doped
TiO, nanofibers were characterized by Ultraviolet-Visible-NIR Spectrophotometer. N-
doped TiO, nanofibers with N doping content of 0%, 1%, 3% and 5% have the band
gap energy of 3.53 eV, 3.48 eV, 3.4 eV wag 3.5 eV, respectively. The diameters of TiO,
nanofibers calcined at 500, 600, 700, 800 and 900 °C are 184 nm, 136 nm, 112 nm, 62
nm and 134 nm, respectively. In optical applications, N-doped TiO, nanofibers were
applied as photocatalysts and their activities were evaluated. The results indicated that
the 3% N-doped TiO, nanofiber calcined at 600 °C is the optimized condition that can
provide the highest degradation activity toward RhB dye solution. The fibers were also
utilized as modified working electrode of dye- sensitized solar cells in form of composite
with commercial P-25 TiO, nanoparticles. The performance of the device has been
significantly enhanced by the incorporation of certain loading amount of the doped
fibers into P-25 TiO, matrix due to the enhancement in light scattering and the ease of
electron transport through the electrode.
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1. Srflozmansslivuinsneiubiiiu 14%

2. fiAmauddianaseuwviniu

3. fiAn1siagadidnaseu (Electronegativity) anfiudntipeieyitluliinau
Andndgnslni

2.3.2 nM538uuuunsnga (Interstitial solid solution)
& LY [ o ')
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Interstitial Atom

Ul 2.5 msidauvuidusne
2.4 n3zuMaLseUfisenneuas (Photocatalysis process) [6-7]

Wlauanilada (Photocatalysis) Usznauandt 2 A1 Ao Wla (Photo) munadia msiy
uaw MiliARnszUIUMREslunsAaUATeIdU n1sisauiten (Catalysis)  wneds n1svia
Uiisen Taeiliadaujisen(Catalyst) udaiusasmaiinufizenldiidu Tnealuazeglugy
yoaus v3e Wau dadu nszvaunssaitedeuas fe naiiaufisemaed Taglduaady

'
aaa =

' aaa ; ' vV a i LY a c'l, aaa aaw '
\UATededmalmifianisasuudadnsimsiinuizenigitu Tneujise ndisansa

dC

Uiisenastisaamdsnunszdulunsiiaujizelianas dedeuiuufiseilifas
nITUIUMSSUgATemeua iesdvsznau 4 diuddty Ao
1. fusujnsen
2. WARULA
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4. PanTAY
2.4.1 WAITUUES

' aaa v ° v o v o o 0%
lunszurumsisaujiseiasuas Sududesdinisansuadliiuszuy waidunsl

a

o ' a o o ' o o 9 w aa a X vy g
wanusensiianszuuns Tnewdenuninandesiiuianeiissiliufiseniadule g

waauiinagegluguves Tuaeu (Photon)  (51aziTunwasnuiiiniiuil Imasunsyiu

(Activation Energy) dsanunsafuialdainaunis 2.1

hc
E=—=hv (2.1)
A
a4 = ' o L
we E AB ANAINUNITAY, 39
' = Y -34 a a
h Ao AAIMYBINGIA(Planck’s constant)= 6.625x10 ", Ja-3unil
= 8
fin AIATITRIRAULAN = 2.997X10 , WA/l
- d
A fB ANENIATULAS, WIULIAT
& < a¢ ¢ 4 a al
v ABAUNYDIUEN, LEIAT NIDIUMN

. Sun

Visible

Gamma X-Ray UltraViolet | Infrared Microwaves

o Wavelength —_—
4.0 (In Microns) 1000

04 0.7
i-—Sunllght

infrared

~ Far Infrared

visible

nl ¢ <
3UN 2.6 93AUITNOUTDIAIWETIAGULEN [8]
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1Tl 26 uansliiiufisesdusznaureauenaduuas awaniusie iy eilus
asATLETMIARULAY SvdwanaAmaunsedu Taedemmuemeiufinty Amdsnunssfuas
anas Mnesivsznaufingn Jauduimilslunszviunsissuiibodeuas

Laerfindiliasarueninduiiniran wddeuduuasesasdansililaian
(Ultraviolet) uazuastutasiinuaiiu (Visible) fidesasndeifuiialan Tnsuasdansl-latan ae
firuemedunteeniiy 3 dafe

1. danvilaletan 1o (Ultraviolet A) A1mgnindueglugag 320-400 uiluins

2. amsilaletan 1§ (Uttraviolet B) mnusnindusglutie 280-320 unluins

3. Famsilaletan & (Ultraviolet C) anuemiedusgluzas 200-280 unluiuns
wazAueAduvsadutisinusaiu aglutae 400-700  uiluiues Wawawiuawndy
uUssenmAasgngandulasiantnsiwaduas snskiutuusTInA wiaeindiidein
andsitulan fawemeaiudeus 320-700 wluwns fnfu Sruadarslilean fidehunds
Mlanfadiviinaiitiosnin wivdunauadnlngidusadudisiinueaiulunidedfdaw
wagimuiAuamsaTesMsswisodeatluguuiinamwiduuasduing el

o dad I _|jaaa v a ¢
Uszvnwintulunisissfitenmenateniing
2.4.2 yilnvasdndeufjisen (Catalyst)

masufidevhouas wuiesnilu 2 aila fe
1. Tauzdath (Transition Metal) 19U vasuns Ju dnfa Wusy
2. @157 (Semiconductor)  wu mnilvulaeenlyd (TIo,) Fedesnles (ZnO)
[ 2 & da o ¥ & o t aaa P2y '3 & w o
Wuay [ Wuansifoadunlddudusefiten edan asiusenavaasansidh
zaluaundsuEnergy Gap) fisznavlufmeanauiiaud(Valence band) wazuau
o . o Y] [7]
nszua(Conduction  band)  Tesdlenauitaudlasundsanulnnouainuas
o P~ ) ° o q v a
nnseu zndeuiiluuauthnssua viliuavanaudiiadu Teathole, h') uas

o ¢ o < ° eXogwva
ElLanmiau‘wmf\l']ﬂLLﬂ‘UTILau%%LﬂaE)UVIagnluu,ﬂ‘umﬂimtﬁ ﬂi'lﬂgﬂ']imum'ﬂul,nﬂq

o[t

o Do

D

=3

Sidnmsau-lea(Electron-Hole Pairs, e/h’) wazainnsieUfisedoeuas 1u
Uit dusdudalugainsafjisen fguil 27 Wedudefiten Tasu
wasulwasua i fganiuoundsanuvesiusiufjisen sildnnseuainuau
vhnseud aadeuludiiasudidnaseu (Electron Acceptor) vasansazany audu

UffiTen3antuReduction)  uaswauInauddiilearsiinufitenesndindu

] o« L o A Q) ey
(Oxidation)lgfarsazaneazvimihimtusa hai1annsau (Electron Donor)
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hV Reduction

CB(-)

Energy
gap

Oxidation

Ui 2.7 nalavesmsissiSedsuasuuansiisiah

2.4.3 vliavasmaieujitendoeuds

mMusfiseweuas Rarsanandaisaliisen Inswdweemidy 2 Ussan e

1. meseUfiiensasuas wuudougiien (Homogeneous  Photocatalysis) 10y
nszUIUNSTIR IS URREN (Catalyst) Auansiteanisvdnegluantusiesfingy
Taumal iu veavian Wudy

2. MasfATe1Aasuas Luuaaiugsng (Heterogeneous  Photocatalysis)  1Uu
nszUunTs IR UARSen (Catalyst) Auasiliesnisthiinegauazantuziy iy

< e [~ v
VDWW N Youual Lunu
2.4.4 nalnvasnsisafitendaeuss

WANNIYRINTEUIUNITSIUGT3eseuas 1Sufunsyuiumsinelindssuluneudu

fusfiten vteasieii fAaunts2.2 wwingdidnasou-loa
Fseuien + hv———» e +h’ (2.2)

A L=} = ¢ o’ (-] d =3 aaa o L U g
Tngiusairesarsisinihdill h wiauauiieud sufinufiseneendnduiui uazlansen
ludlossu wwindu lansendaisinea uazisineady daun1sit 2.3 uas 2.4

h'+ OH ——— O (2.3)

h' +H,0 ———— OH°+H' (2.9)
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1 L=y a : o o A - ) < aaa L. " [ < i =
duvinaivesasivini il e visuauthnszua wsfaufiseddnduiuesndiou fluudh
¢ @ o o = s d
vasesiaii Waduyliedeenledisineadaunsi 2.5
e + O———» Ozo- (2.5)

< £ a da o o o 9 P=3 3 s s
ileyuwaseenludlsAneaifdudagadui sxifadulalasiauaseanlus uazlansenles
ﬂl d
leasu faunish 2.6 waz 2.7

02°-+ H,O ——» H,O, (2.6)
H,0p ~——+—» 20H° 2.7

sy Ufisemdnlunisissjifedeuadumsdesaaisansduvid Ae wmilensendaisinea

Q) a [ % A
fuansdunsd Aeaun1sa 2.8 uag 2.9
= =3 =‘ =
OHO + @158uvS8 —— arsdunsdneandlad (2.8)
H + as8unsd — assuviafieandlod (2.9)

TuaAdeil lafin1swaaeunisdesaainddon Tnanisiseljifendaouas uazAuan

@ 1 ] § { o a a w1 jaaa @
dnsInstisgdany Aelaniiidsuulas iNevegeulssdvinwuasiaissfisen deeuns

1nEC—=—ka,,st (2.10)

0
2.5 waduasariindviiadfouliuds (Dye Sensitized Solar Cells: DSSCs) [9-10]

a =Y 2 U < v <
waduasemndeladdonliues (Dugunsaidmiunsivasundauuaseding ulni
nszuansyDirect Current) MANMTINUYBLaaRata indrdinddouraudraSoude uagly
e anviadeannsavszneulilaediie waziadoudeazann falu lunanegaidedeiuan

Anwasiaiungaduindiustiiniewing
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2.5.1 dquusznavvaugas

dulszneuvearaduaeindvinddenliuas Ussnausme 3 ddfny fe 17

AU (Counter

Electrode) ~ 47lW#{wianu (Working  Electrode) wa ansderulIEy

(Electrolyte) ﬁ’qgﬂﬁ 28

1.

Transparent ~
Conducting
Oxide \ \

Class _

TiO2 —

Class ~

] ' ¢ a ¢ . a v
JUN 2.8 duuszneuveaaduaseindvinddeuluas [11]

z v ° ¥ d ! a

97lWnszdu (Counter Electrode) vimihfieneleudidnnsauainias
L | b o (3 ' L ] '

meusnnavAutINguYad laeruiiansdsiulsey (Electrolyte) lag

& L9 : a a o . Y [l

Plwihnseduil desldlavzunadit (Platinum: Py Wudedeveguu

nszamitlninil
i (Working Electrode)

- by (Working  Electrode)  viwithiilifuassiou uazdoloy
a & ¢ v o, ] o a va ¢l
dlanmseusanuenwaa tellanwazilunseaniusas Jatlouldiusenlenn

- . . ' &
\38M861MWgeaTU (Fluorine-doped Tin Oxide: FTO) indBusguunszani

3 N o 3 v o )
- synAlanzaenled (Oxide Semiconductor) viwihiiduduliluanaves

o

ddoulauas (Dye Sensitizer) Hainng wasdwiwminisudidnaseusinddey
1 1 N 5 o z z J =t d! AQ o g

dwinludsiuuelua dalu synmalanzlutuil Seesiinunfdudaunn way
o a & val ' a % cadal
udidnaseulad lunisveaaeudiunin exileuldeynialavzesnlediil
wouwaR NI @nndn 3 Sidnaseulian) etatu dekeenlys (Zno)

Mamueanles (WO,) Aiusenles (Sn0,) way nnilsulasenles (TiO,)

L 2.8 ° ¥ J el - & o L
- ddouliuas (Dye Sensitizer) YimiMgandunasuuaseriing wazvinl

a & v LR a a < )
dlanaseugnnIzAu uidwudidnaseuluneynialanvesnled Aniud
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Uauhuad miuauUﬂ‘wﬂ'lﬂty‘] 20 ElﬂI.m:‘,'U'LIN’J'Ua\‘lauﬂ’lﬂiawsaaﬂhﬂnlﬂﬂ
= ) - v a1 W £ - P~
uatﬂﬂmiuﬂ'ﬁﬂﬂﬂauuaﬂﬂq’n uﬂ’lauﬂizaﬂﬁmi@‘ﬂﬂauLLadq\'l LasdAITU
waties

[ aaa 3 ° v oo

3. a1sdawiiuusey (Electrolyte)  @1deUfjiseninend(Redox) immtnsu
a c'; o % 4 a s
didnasaunindalwivihatu (Working Electrode) ilavairedidnasauliiiy
luanavesddauliuas (Dye Sensitizer)

2.5.2 vanN1SMNIUYLYaa

Tio, dye clectrolyte l;l

S.
| Fermi level
2 (1) J Light
. I\ @
> sl N\
E L~ \|/
o §%/8’ 3

o ° ¢ a ¢ a v
31]" 29 LLNUﬂ']Wﬂ'ﬁVI']\ﬂu‘UaQLﬂaauaﬁaqwmﬂﬁUﬂaﬂﬂlﬂnuaq

- I3 - e o a4y <

1. dsuamnnszvuiwaduasarindyiinddeuliuas anavesddeuliuam
' a a <

inreguuiavateymalanzesnles avganduuas uazdiinaseuiane

& Y 1al %) . .
U (Ground State, S) gnnszdulusgianiiznsssu (Excited State, S )

2. ddnmseuluannznsziu(Excited State, S) wgndwInduuauthnszua

(Conduction band) vesayniansilanzeanles

a d i ) ¢ o o o) 5 o P
3. dldnaseuwedsuniiiusnansnsiilansesnlealudatnvinau (Working

Electrode) ka308ng19sneusnigad

49 v ]
4. uag 5. ngalninszdu (Counter Electrode) ansasrtuulsyq
(Electrolyte)innszuaunisinend (Redox) laglvdidnaseunuddeuliuas
< a a o v . * e v w
gy dedidnaseunianiznssdu (Excite State, S) vilwluanaddoundug

U
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&’ =] U | 1]
anmeiu (Ground State, So) TuvagiAgniuansawiulsey (Electrolyte)

szfudinaseuusndalwiinszdu (Counter Electrode)

2.6 nszurunsiuduledaelvia (Electrospinning process) [12]

nsurunstiuiduledaeluda Aentsldusaesauuluin luniswdmdulounly
(Nanofiber) 3nansasanenediues Fsvumduiugudnasvsuduleils wsfivuadudssd
uilums (10° m) e lulasms (10° mfedvesnszurumstudulemalni Ae &
nssUIuMEAiENde dnvasaudeiiomenduluge iliisardwsewiiuiiiareusung
g4 (High Surface-to-Volume Ratio) wasuananigaunsamuguuuiaveaduleldiniasilod
tunldlunsefendlauluierdosdudulomaluihdaedasfindnannsonaadulouly

) *H o (3 = =4 € L3 13
nnmswsen Tagnediuesuaranseliunideanied 16
2.6.1. NaNNISNI9I

§ aJ 1 =y § ! L7 o o d
LifledslsifinslinnTestounrusdndluiniidegs asasareiussqeglu
naanvzfidnuaznsivaluven dagui 2.10(n)

o o a o a ' o w v o
2. \llavimnisilaiaies uwasisudeuanusnadndludrdrdege Widussuy
o \ v o & ] <t o o &
a'liazmswussqaq’iuwaamsswmnutﬂugﬂswﬂswnnawusnmﬂawwu

4 a . @
WBWmIRINW AR (Surface tension) weamewegy 2.10(%)

3. delinnusivdndidsgeasibiifeauiniduiivareduduneliie
& da < LY Y 2 a LY = a (YR

Ussiuiiivesansasanefivaeiuduaniuduiewsednniiiiduluiisassiudy
funssistdnauulwihfiaunweiseviliiausmanunnniussiianzdmaligudng
o o 2 o ' o o T «
AImsINaNveasararenegumeiugneeniluguitmuinseiiend “nseveund
\aef” (Taylor’s cone) uastiloaunlnihiflvudszuuiidundusunssvisdeaingmen
& =3 U Q ! U J 27
wils afausduduldiansazarenseenuidudule seundulevesasasasazgnia
senudlvwaduiugudnasdnasdsszdvuiluues dedrauulwihiiunzay
miudulevaasasagazanatuuiansesunuulifinisdnnn vilvilaansialdsly
wiuindulefauansdisgl 2.10() Feuwmvsadulaaziuegiusezinsmeduiv

Fansossuaulwihasueniiviilifaanusrsdndseninansduiviansesiuuas

a v o & ° v - o v v S <
saurainsiatadiaruiunnniuagiinlvansazansiinean dulefldssilauiainas
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Usznaudumssziveesnvesiviazargssvitlildidulendvunaduruaudnaiadnlu
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High Voltage Power Suocly

High Voltage Power Supply

| |
v” r Syringe r Syringe

(

-

(n Falaiginstauanustadng () Sutlaumnuanadng

High Voltage Pow

(m) wastoumnusedng

< ) o y v
EU“ 2.10 Maﬂﬂ’li‘VlN’m‘UadﬂﬁiﬂULﬂu'[EJVI'N‘lWﬁ’l

P | ' y
2.6.2 Uadendemasanisuuduleonilnmi
y ¥ < L ] ] a‘ 1 1 1 4 ] ¢
mitudulenalwit fidaduedwedamdmarsnnaduirudnan auem uae
1 - 2/ 1 o [ [y -
Anusslleweudulslasuwisesnitu 2 Jaduudny Ao
1. Uadewesdrsazae
- ANUNTUYBsANTazany
- umilnluanaveswedwes
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- WSWENERYRsANTaYany
' ad 1 a a
- anuvuwiuvesssalwiieguinainveansavany
2. Uadwvanszuruntsiudulenialnitn
- AnuAeAndIniidsge
- ansmasilunsdadule
- YUAYDILHUTBISU

- STEEMNTENITNIdNLATULHYDISU
A4 a4 a ¢ wa
2.7 1AT29UDIATITHAUUALANIEN 1Y

o a v s v I ) & o
2.7.1 Asasiladinseiidalasiadnndndlomeaiiatanisideauieding  (X-Ray
Diffractrometer: XRD)

-

A Incident .
lane wave i
e\,\P

U - | \/)‘

\\\ " / P :/_
T® e e ejve dsine
d b P40 //

T
—©@ & ® f \ B @
dsine

< ¢
JUN 2.11 Aguanusnn

4 a ¢ & v 2 ¢ 4 a d a ¢ ) :
wIsslinsinsidgvuiidiand Wunissdenliluntsmsisigaiionanvailaglii
3 @ 1 . Y @ & [
atwa1smeg s (Non-destructive  method) laeldndnnisidsauuvesisdidndueandn
@ ' a € 2 W ' ° a v aaa o @ ' Y v dd ¢ a
fpd1e MyeTsiRandegrvildlagnisdiididndlunaisdaede wdaididndiiantg
J ' H ' L U ¢ 1
Wweuuiutesitvveserneunelundn uazgniuiindl Fssiauieasusenaurassinuaas
a 1Y v a Y o ' v o 3 @
winaziin1sdatewia uarruiaveInEnveanTiIgNgNe1 iU Fagulunisideuuyessed
J lw w @ ' o o d v
WOnd axtuegiudnvarlasaiesasmiedn wazmmuduvesiidinmiivsngesnin deya
filgnnmsBefdidndavgmirtluieudieuiudoyaunsgiu UCPDS: Joint Committee on

. . o = @ 3 o ' Y 1 a
Powder Diffraction Standard) W83z yfIHN1ABIAYIENBUYIAIIAIRYEN FNEALAATYLA T

132353



18

5 v o« o

finsdnSeeiivesermsunelulassadwetradusudou waznisinsesivesaznaunislundn
avilanwasidussuiuiduase vunuiu TﬂaLwiazssmuwa;jvmﬁ'mflusws d  WuUNUsITUTIRA

yowan faguil 2.11 Wulumunguesuusni(Brage’s law) aunisi 2.1
2dsin@ =nA (2.11)
Tl n=1,23,..
O=spmnnszny

o
A= anugmaay

BERYLLIUM T;ﬁ?ﬁ&? GLASS
WINDOW ~ ;
o]
COOLING / ELECTRONS )
WATER / ‘ -
—E== ::43:5 TO TRANSFORMER
TARGET— \ N\ :
\ I \\ )

' AN
X-RAYS ’"’:Q\Y FOCUSING CUP VACUUM

SCHEMATIC CROSS SECTION OF AN X-RAY TUBE

< 0 & w A
JUN 2.12 viaearuiinisdiond

0 a w < g
nsniinsediand
Fddndannsondalaanrasndsdidnd(X-ray tube) fwdnnsfe fewiliermey
o ' @ % & v [ o o Yo =3 cada kg P ° ¥ v
TuunnUdesiididndeanuwiongiu eneldfddndniianudugaineiasiluldauls
) o « Y o v v day vo
lassaivemaeniadiand uansdaguil 212 Uszneumevasauiiggginaniildianu
o a w ° | I o a a d P v
(Tungsten filament) wiinfiafugiulavznewns vimiiiluuvasiuindidnaseu el
Jeumglninszuagaiunasauiigyyinia vasauilgyyiniAvzdasedidnnseu 4
didnaseuduunniivaaanldiamussgnissisarmsdndgaruia 30-50 Alaliad 3
' 0 s - 5 d a q' 3/ -
Uouszniiiamunuidh (Target) lasidnduthuindlienszuadidnasoriatrvuhasiinnis
UanUdesfadidndianizatneraeuventrisdidnddiuniazwisennmidaveiadon
(Beryllium window) uazasgndssialudigansemisuenauamadu (Fitter) uazgunsaidagn

@ . Vs d a - ° v ' 4 o
$9@ (Colimator) lssadidndianzanusmadufsifisviitluldmussly miuenadudsd



19

My ¥ w o e | o ) 27 d o a
@ndild Juiurlavesiiiuthdmsudmewnaglirnuaneiuididndians Ky wie
1 %4 o A (¥ a 1 1 4 o) d =1
whiu 1.54178 A issanndsuresdidnaseudulngesibeudundsnuanufouiiiii 3a

a 1 1) L= 2 l.{ =) E‘ =2 b 4
sasdinsszuieanuioussnaniddiulug Ouisldilvadeulussuulaiefauieuann

wWhudaeweanlUdussuuinaey

Incoming Electron

o
Electron dislodged
From K-shell
o a v o _ ¢
5U#l 2.13 maliniediand

Fddndazgnasrdumelunasnlndednelsfannsgaanealaslinseualwiuidy

[
o v L4 <t

a ¢ . 4 o o w d ¢ of ) v a
sl (Filament) Megmelunaeafuiniidiond deesiliiduainiouiiunaznelviie
nsuanvdesdidnnsausanainiduain difinnseumariinzgnissiasainunisdndgeiala
a o 7 o v 194 2] 2/ Y 3 o °
ddnpsauaiaunntInalnadeaiguiirutiuelun ddaevialuianlaveveauas
Sianaseulivadiruazviliidlugn (K-shell) vesaznouvsunwgassnluiafnludesindu

= d 1ar a ] L7 u {
Wunalvididnmseursueniiotiaun (L-shell waz M-shell) inanstuAsussfunasnuasumui
1 1 5 U A = d g." Qr ﬂ' 1 ! L% v
dashitiy SdidndMminnnniseudundnuauuuiidesinnzaendsiueeninlugusd

dnd diguil 213 uazezudeseananuasauiaisdidndlunndsansiiotauazdididnda
J o 1 Qo L%
HEAUURENIINAIFIRE NIYYNATINTUMEgUNTainTIaTuTEENd (Detector)



20

d A a o ' v oy
272  a3edliadATisvinuse uasmieddudiesiuanlasalnd (Raman
Spectroscopy)
Virtuai
states

OHRNWMA

Infrared Ragg? Stokes  Antl-Stokes
absorption scaltering scaﬂgr:r{r'g Raman

< a
31]‘/! 2.14 MINTELIUUTIUIU

swuanlasalnd Wuaiedielinseinlddnwigasiassailuanaduiussinadl
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a o ¢ a o a o .d ' v a
asBunIdasetiuniduazarstilinana lAnwiemdnlseneulassadeanuaiissves
a1sUszneuiddeu wazsuanaiulinuduiusivdunsnsaadna iy wilvideyad
a ) Y a v -
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mMiianInizsiewesnaukas naanlavuduliananidedunasyuag dWeswinluanaiiinig
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Fendinsnszilawuuisdiad  (Rayleigh scattering)  wsignmswuiulianaunisvunuulil
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Monochromatic light Elastic + inelastic Scattering
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(Transmission Electron Microscope)
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symAdidnaTeuiignuanUdesdieidiind(x-ray Photoelectron Spectroscopy)

Photoelectron spectroscopy
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)e("?';y i @ -sjected photoelectron,
oy v / kinetic energy E,,,
\ Elree
Sron ;
L:v:' work funktion,
Femi Wf
Level
binding energy,
2 b
Is @b E, = hv - Egn - Wi

A a o
JUN 2.19 ununmmaiinlwinlessluedy

23Ut 2.19 uansmaiislvlnlessluesuiiodidnasouissdundsnudy K vaaeenly
vhliAndarilussdundsnuiy K uazdundidnasousiivaniid 1s nlndidnaseu visluln
Sidnaseutgugi Tedidnaseuluseiundinnty K visiideniunudidnaseu (core electron)
fAmdsnulesslueduiiuauifansmaeusassmuinnidmdsnilessuluwdusasily
Tuiana daudidnnseuiivareaninaintuidsafuudiiiaveandindusiisfuasyilildinle
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wumiusu 1s Bdnmsauiin £, luanmsituwiiy 2845 eV wiluanmsiimiveussmeugn
pandlad w?aﬁl.a'uaan%m%uqﬁum E, vasdidnnsoussindoulusi 289.0 eV ludunisiia
chemical shift asvhliinsideuluremdsudamilsaussana 0.1 & 10 ev dufuwniia xps

Jiduanaduaneivausassanidluaisussnaunselulanenay

276 n3esileinssauTAnisuas Aendassansilalelan uarididaswnlasa-
1n¥ (Ultraviolet-Visible Spectroscopy)
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\Uos uazuaulin (Beer-Lambert law) AN1saandunasvasatsszwlsiuiudwauluanaii
n1sgandau FalTununisganduiidvuegiuauiduturearsaraty wazANNUIYEIANS
fet
4 o ' v v A < < ' - Y
weduawiuiilulumsmeg e /, uazUTnauasiannsonzasuasnu fie / Al

P ] " v W :
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Object
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v

Transmitted Light
Incident Light

d o 1 U '
E'UVI 2.20 WAUATIANTIAUNNUBILENNEGHTUATIIATIDEN

T=— (2.12)

aun1INIRANGU (Absorbance: A)
10
A=log—l—=—logT (2.13)
Tevlunsuanssarnsvzgsiumaswaslugives %T
10
%I = Txl 00 (2.14)

Tnsdulszneuiiddyreaaios UV-Vis spectrophotometer ldun unasiiiinuas
Tululasuused uasiriowmsiein Tagitenldiduuvdsindouas Aovasaanualanu wae
aeaisanuglauinisliuasediweiles itasmmeniedu  320-2500 wiluaing ey
ludamnuenadureuan dufanfioniulfiuumdsdidauaslugugd Aevaon
lalasiau v3emifiGon Feliuadlutaamugnadu 160-375 wiluwes e nunasiidauds
fufirmemadusiieg srhidahlilulasuwedinlditedusinssaouaseeniduwasis
AIEMARUALABImIARBINTS ndsnmiunasiiiianuenaduduien wgndsinlugians
et uazuasiinzaruansiaetaiy wiumathginiemseiaiteTamuduvesisddign
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2. wuudusg(double beam type) uasnnuuasiiiauensendu 2 dlnguasdmils
' Y a o ° 1 @ ' @ o ) v o
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waanpLn uadeldevaunsesiinduacy Aefiesdusenaundudau iswnldfalwasduien
v & 2 v 4w 0 o a deat o w ) :
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InsiWlnditna$ (Ultraviolet-Visible-NIR Spectrophotometer)

4 e 4 v
1384 Ultraviolet-Visible-NIR  Spectrophotometer 1ula3asfialunisasiadanis
v/ El U L=y &l @ L2 1 2/ a td : %4
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Y < P v -
~ Munk fsasnnsit 2.15 iivelilddnisganduuas (Absorbance)

nHINTu Kulbelka — Munk

(1-R)’
F(R)=~——— (2.15)
(R) 7R
dla F(R) = #eitu Kulbelka — Munk v3ar1N13gANaY (Absorbance, A)

R = AMMSasyIoUTDILED

2.8 NUNIUUNAIUIY

M. Gratzel uas#udds [9,13] dhaduTanwaduaseiiied lavldaslnwiioileoonlad
(TI0,) wdeuidufiduaguunszamhlvi wieveaouussAvsnmnisuamdsnuuaserfindidu
ndumililaefgstanan aunsaandumunssdavaduaseiinduuuiiu uazdilimdunuigs
N 80%  westaniAndililumsndnlaewadiacerfindvinddoulas fivdnnismiloutu



29

AsTUIUNSARATITRLAY DY Tasiladidians Tio, gnindeumeddoulinateganidudiiu
waseiing viediFonindanlddidningn iliAndidnaseudasy wniusrdainluginszan
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1 ,
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JUN 2.27nsMuansdszavinmveadule Tioluwaduasenfindviinddeuliuas [15]

wiidloanin Tio, fuaundsumsganduniegitissanm 3.2 ev. Ay FilaudAdu
Fudaisendsuadld ieagnisldnisarededidsansilaleoaaninduinliliannsagn
NILAUAILUAITTTUYIALA uenv i TIO, é’uﬁmiiw61'1f'fuﬁsaﬂLfswaa@ﬁtﬁnmauuax'[aa s
Wudersaves TiOz'lu'nawqmuﬁﬁ'aﬁawsnamﬁasvhw'ﬂozmmsﬂgnnizﬁuﬁwuaﬂuﬁwﬁ
mueadiy 1y vy fuzdu weavieda way Tulssinududulie-19] lumideiilsiden
FBnrsiiulszansnmees Tio, Aen1slemesalulasiau Li’iaamnma"lu‘immuﬁiaﬁwa'lU
Usznns enfiitu ansisuduiidunuen feglusssundun wasiuansiiliduiivds R Asahi
waziide [40] Ivinsmageunisiiudszansnmveslinidenlasenleslunszuiunisiss
UfAdemnauas Tasmsidedaesn F, N, C, S waz P aaniuriinisiiasied Full potential
Linearized agmented plane wave (FLAPW) \eAuIuMIAY Densities of states (DOSS)
wdmuin madesialulasiaululninideslasenledaiursavinlédine ieennwdaaud
giudu p vessmlulmsioy ferlndidsstu 0 2p Fadredenadelulnndenlasenled
wnninsidediesnn F, C, S wag P 99ntiu X Cheng uazitudde [19] Idvinisdainsizs N-
doped TiO, Tudnwuziiduns Wethluneasunisifiuussavsamw dlagnnssdudisuasly
druiinueaity Tﬂﬂmu"‘:ﬁ’uﬁ‘lﬁ'ﬁwn'\s"‘uﬂswsﬁauﬁ'ﬁmsqﬂnﬁuuaa LATATITABUAIINAINTE
nwituﬁauwé’qmuuaqLf]uwé'«miwﬁmﬁaur'fum'mmm?{uom'| Fanuin Tio, Tivhniide
sesnlulasiau awsafinussansnmnisganduuas Tasfluaundsnumsganduuaives
TiO, 8l 3.2 eV. uslilovimsidesinlulasiou LauNaUNIgANAULANARAIBET 2.286V.
Fansanasvesunundsnudinarihlisidnaseugnnisduuasduilfisanuauiaudly
fauautnszualddbety wazanuamisolunisdsundsnuandundsnulni Ty
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11nfuen Tio, Rdsliiniade fldaueninduagil 3¢5 uilums witllevinisidesn
lulnsiau wummmemaduiisiudndiunil Ae 380-570 uilums Fagui 2.28 waw 2.29
anudRy ntuiAdeddldvihasiiduaneildumadeunisgesaats phenol #onsis
Ufisenasua Fawud1 N-doped TiO, awnsngasaais phenol 6 dleieuiu Tio, 7
dupsild uaz TIO, P25 9Ingaamnssy faguil 2.30
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gﬂﬁ 2.28 niwﬂuaﬂq%ﬂ'\iqﬂn?\mtawm N-doped TiO, wag Tiozv‘/"imma'nﬂﬁuvi'uq 19]
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gﬂﬁ 2.29 n3uana Photovoltage 983 N-doped TiO,uae TiO, ﬁm'mmaﬂé:uvi'nq [19]
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7!
. N doped TiO,

10, P25TIO,

104

i

0

different TiO, samples

< < - Y '
UM 2.30 n3muaninisilasuiiguensiniseesdais phenol [19]

agslsfimuanideiiiertestuniseisudulourluves N-doped TiO, Mnunzan
ety szandnmmisinuresiasjitedesuas wasiwaduateniindvinddonlouas
Sanaduiiauls Tma'luﬂu?i‘faﬁcﬁﬁ'ﬂﬁﬁ'rmau'la'lumiv'i’mu'ué'u'lauﬂwaq N-doped TiO,
dlesnnidnisdaaseiidulounTuves N-doped  TiO, maedsnsthudulodelnda &
aAdeinAnsmednilifiuanin Tae38nsdanseisasianstudulosolnidasuiu
énszuaunsitligeinluniseien Snvisdsannsafioviludszgndldlismugauszasd
sazietudedvvannsanssonuive Lﬁﬂlﬁtﬁﬂaﬁmmiwu’lﬁ Ferziduuselovise
mMsRauyeaInIRulFEnsnsuils
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YUADUNTITANUUIIUIVY

el lavihnsAnwmsdaasendulalindeulassnleaiidemesmiulasiou (N-
doped TiO, nanofibers) fmwidnsdudulemeldi Tnensdnwninnssudulowluil azus
& ' ) ° ot » v P w o
soniliu 2 diu Tagdauusn zviinsdnwilassadweadulofvunsan aelddeulums
wWasunlas3unaniwninvewedhilalnlsilay  (PVP) 1 8%, 10% uaz 12% Walileurdiu
{ < q Y o w & a
Tnvllenlalelwmsenled uasRoulunadountasriussiulniiidsg # 8, 10 was 12 fila
QA LY &' a r ] -] 13 '
TaduasAnuandfivnalasaine audfneiuiiy uazauiiarundugngu vindudvdulenldly
a a ' oood < & v
AnwmsiiuUseaniamnisnevauasseuaduduiauesiiu lnanmiesglulasiau anals
P < a ) < o v <
NeulumsivasuwdasUSnanihuinvasnmadelulaseu 7 1% 3% waz 5% uasiwdulen
wisuldleniigamaill 500 - 900 °C Wuian 2 Falas shnsAnwautBvaslassaiimieitui
v o o ° Y a
vaudulewilulnnilelasenled Mdesmesmlulasiau uasihluneasunisiiuuseavdnm
Tumsiludszgndldau nsshuniaseslfiterdena wanlulanuesdinineuroaad

wavainduieddouliuas
3.1 d1swaitdiunisvaaas

1. lnwdewlelelwsnwsonles (Titanium Isopropoxide, Ci,Hzs0,Ti)
2. wanlaniflowesdion (Ammonium Acetate, CH;COONH,)

3. wadldialwls3lau (Polyvinylpyrrolidone, PVP)

4. Lamuaau?qw‘é 99.9% (Ethanol, C,HsOH)

5. nIARZEAN (Acetic Acid, C,H.0,)

3.2 gunsafilélunisvaaas

o ) o ° )
. IASDITIASLOTA 3 AN
aw ¢ o I
. U3Am9iaSaeun’
. wiausiwdntuniu (Magnetic Stirrer)
. \AIBINIUEIsagany (Stirrer)
. NS

o n A~ LW N -

. viaendnen (Syringe)
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7. udnen (Hypodermic Needle)

8. w3nsthudulenalwi (Electrospinning)

LASDTIES UsimeaIam uwvisiwmaniuniu

LANENT naendnyn

Wudnen wwsastludulenialuia

< ¢
Jun 3t gunsaifldlunsmaaes
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3.3 funaun1saniiuauile

331 duarzidulouniulnndeiasenled melddeulvmsdsuuasiminues
Wodawes

332 Fuarwnduloululmmiedleeenles aneldideulanmsuisuutas Usunanis
Wermesmlulnsiay

3.3.3 fuanzidulounlulvmilsalaeenlesd aeldideulaniswasunlatanudig
Andlwirindegs u,avuJaemuﬂaaamvmumﬂm

334 AT maﬂanwmmwwuLLawauumau’lﬂqu'meLuau'lﬂaan‘lnm wwamamm
Tulmsiay

3.3.5 wessudulowlulnvideulneanledivhnsdesesinlulasiou funssuums
ERTRGEERERLIER

3.3.6 waaaudulowilmnidelasenledivhnisidesesnlulasioy fulssansam
Yougaduaeindrinddenlue

) P )
33.1  dunsunisduaseidulelnvdeulaasaladnangldiaulanisiasuudas
Uuinvawaiwad

1. wssuansasnummideulelglnsnsenles USums 1.2 Jaddns azaneluieniusaus
< o y

avis 99.9% U3uns 3 fiaddns uasiiunsmesdiin Usuins 2 fiadidns niuansazanasignies
muaswULLiwandual 10 uni

2. azarewadlidalnlsslau WulSuta 8%, 10% uwae 12% lagAiuiaainiiwin

o Q‘ a a aa 173 d‘ t =3

azaeluLenIUeaUIgNS 99.9% USins 6 Hadans N1uA1TaYaIEMELATEINIUAISWUUKNIMAN
Wuran 20 ut

3, NANAISAIAY LAZEATTAZANYNDAWETIIA8Y LAZNIUAISATAERAIULASRINIUANT

I - < =l

wuuUmiwanUual 10 ui

2

o P o L & a y o
4. fra1snazareneseuls Wrgdunsuisaisdutdulenialniln wazvinnisdnwm

U

v 2/ = { o ) ) & ' ¢ v
Tassasasdulenmungay weth@eulvdwnaniuldlutursunisduaseimdulalnmieuls

aenlya Mdamesmlulasiay



38

& <l v
3.3.2 funaunrsdanseiidulolundisulasenled fidedesiglulasiau

1. wIsnansnsiy azarsuonludenesdinn Wrasndalulasiay) 1%, 3% uaz 5%
TawAnnmanimiin szaneluleniueauigns 99.9% Usues 3 fiaddns azanzaunun 30t
wulnimileulelalnsnsenles USums 1.2 faddns wasidunsnazdnn Usuas 2 fadans nu

%) o v @ a o
asasatemigeIsenIuaswuudwanidunal 10 ul

2. asanawedliflalnlsslay Wulsuia 10% Teeruiaaniwin asanglueniuea

o a aa v

£ &) )
U3gvid 99.9% UInms 6 fadidng nauasasatenleiaTedniuansuuukiivantiuian 20 uii
Y w a v v W v o
3. WENENIASAY uazansasatenefiefiindieiy uavniualsazaefeAIeINIuENT
' < <
wyumsmanUuaT 10 Wi
4. dhansfazanefiesedld hgiuneunssuiunsthudulevnalwil waziluvedeulu
AssUIUMSISIUFATenmeuas (Photocatalysis Process) wazUszavsnmasugaduasaiing

a

adnddaulmas
3.3.3 Jumsuismstiudulensivii

o A = oo L5
1. dharsasaeiiviuils usstlunessdng v 10 faddns auneviaudy 24 G*1/2”
o < v oo 4 o 5 9
2. dwiaeadngiiussgansudr tlvinwueiestudulondni lnedwvuedasilunis
o w < a aa ) oo g o il P
andulen 0.5 fiaddns de dalus lnsssesymnessvitaiiduuasgiusesiu egin 15 wuRuns
o ! Qs [ i a q.:v -]
uwasvadaulAsuLUasiuseiuliiiidge 8 10 usz 12 Alalsad andudndulaunly
< o = a < 4 o =t
TmnilsulaeenlvdieSould wnfigamall 500900 °C Junan 2 Flus ievhansinm

lassasamsiuiveaduloululndeylnsenlesivuizay

) d o
3.3.4 sunsummagdauiduleunlulninisulasanledimiinindedesiglulasiau
funssuumMasUGizendeuds

1. wisnasazarelsaniiu U (Rhodamine B) d1uiu 1 fiadlua azatsluiaeadseq
a aa A ] v o
1,000 Hadidns MuaisasaefmigAiainIuauUuLimanIuasaratadiniy
@ d o v
2. wiguasdaansiiduleuntulnnieulasanlediinisdesesglulasiau 0.1
nfu wavasluansaranglnnily O Usuins 50 fiaddng wavniuaisasanenieiniasnIuaswuy
1 < [ < 1 @ i
wiwan Wuszezian 10 wieSewvisun 7 fegne
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3. vhnmfudednasasaesiusdiliGuaneuasdanshloen Wushethed 1 vy
théeenedi 27 Wantuas wieuismuasasaedeirissniuasuuilngn Huan 20 40
waz60 Wit sy

4. thansavanefiegisdnou 7 fegs uvhmsuentuasasaslneieSasuinion
714000  sousioud Wuen 10 wnit andurindeeneilld uilassdinnsganduuas Ta

insesinnteganauuas

1) o
3.3.5 dussunisuadauifulsurlulmmileulnsenledimiimaiediesiglulasiou
fuuszaninmvsawaduasariindulinddoulouss

JunauNIsMIBUNTEANU I

1. sanssantitinihh e 2x1.5 wuiiins
o o [y ¥ 1 Y e o v v I
2. wisunszantindludraihedrenu anduihidudlussdlau lueSesdeiiesa
asileda Wunar 10wl wasudluansazanelelelusfia weanased (Isopropyl
o v Y] a
Alcohol: IPA) Tutpsasdeinedansiiada Wuan 10 wi

° ° odw 2 v ow < a v
3. dhnssamhivihnaaSeuiesuds Wilvsufaamgh 80 °C auwdia
TunsuNSTENTALWHBIIY (Working Electrode)

1. wisuduleululnnienlneanled was lmnieulaeenled P25 wauduly
&ns1du 0:100, 1:99, 3:97, 5:95, 7:93 uag 10:90 lelulnssunen iutiniaenuseq
wazansaransenIues Usinaedas 1 fadans auliditu sndudulnssiy
WEnd(Triton X) $1u3u 1 vien waraulidiiusuasazarefinmuniafizay

2. dhasdegeieieuldvnedovasuunssanilnit Wuwum 05%0.5 wufiuns
faguit 3.2 anthahluinlgamgiigeit 500 °C Wua 30 witkaziluutddenls
was N719 Juwan 24 Hlus

;a;tlﬁ 3.2 salwihvinau
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z y
YuRBUNTIIAIBNTINTZAU (Counter Electrode)

o a o o o 4 9w o
1. harsuwanivu (Pt) vesasnszanmiiiii S1uau 2-3 ven Walvansnszanelaem

° ° d a o d a d
2. Whnszamhlviwiveaasuwaiity s igamaiigan 500 °C Wuan 30 wnil
) =t a < g
YunaunsinsEuaIsazatuaianinslan (Electrolyte)

1. wleledu (1) d1uau 0.1 Tua, AWisw (L) 1w 0.5 Tua uas levsau msusium

(Ethylene Carbonate) ¥1u2u 0.5 Tua avarslu Insiau arsusium (Propylene
o a aa

Carbonate) N3y 10 dadans
° o a Y y v o -

2. harsiwssdlude 1 YumuaisazaiemeinIaanIuaIsLuULULIMAN Juatsazane
Wi wdnianldiduansddniaslad lunsussnevtwaduasevindviinddoula
e

&

u - -
JuRauNIsUsENaVTIgaaudsaindyiaddauluas

Pt on FTO Substrate .
for Counter Flectrode / WAy

N719 N-doped TiO,/TiO, P25 Composite Layer

a P
danlaslas FTO Substrate for
Working Electrode

o 1) ¢ a 6 a Ay
31]“ 3.3 uNUﬂ"lwuaﬂ\lﬂqiﬂib’ﬂa‘lﬂnlﬁaauaﬁaWWﬂUﬁUﬂaUalﬂjuﬁﬂ

1. dharsazawdidniaslas nesasuutalnfininudwou 2 ves
° ' a e oo vy a

2. duiumWau (Parafilm) 7idaliidugnsinanuuin 0.5x0.5 WuAlAs 1MUY
D ndsmnneeasazanedidninslasuazihdiinseunussnuidmniu

- 1% a ¢ a ¢ a I ) -
Walinadouyseansnwwasuasavindutaddonlinas AU 3.3
g - .
YUABUNITIATIZH Dye-Absorption

1. ity nurssesaduateiisduiinddeulivas sumisluaisazarsiensiusa
Wuviina 10 fiaddns sunssisasazanedidninslasvanesnsumun
o l-" U v -‘; o - U

2. ihasazarsiensiueangnunienaetIlnivine undmssinisainisganduuas

A4 a ¢
IneLA3asilATIEN UV-Vis Spectroscopy
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a <
3.4 Annniauifveudulounlulnndenlasanlesiniledssglulasiau

- J ‘o‘ o) e
3.4.1 n153ATIEnIsasunlasitminvesd1slasendeautanisainuiou

(Thermo Gravimetric Analysis: TGA)

gﬂﬁ 3.4 \A384 Thermo Gravimetric Analysis

aw Ayvo a « < S Y wa v

nuadeil Ivihnsiesginiswasuwasiminesarslasedeautinieauiou

v o a W R ' . v a ¢ o a ¢
AIBLATDY TGA ¥8IUTEW Perkin Elmer ju TGA Pyris1 Tiuinislaeaudindssilainetmans
a o ¥ L4 d v L v
puzInImand anumalulagnszreuindunammsatnnsyds lnsnisdiednan 14

a w v v § 1 o § v a <

AnTenansuzianzvesasiaenisinuiou Sdwmariliarsiianisiudouna uaznns
< v aaa a4 v U 49w vy o a o g v a ¢
wWasuwlasruieuanufitenadl dniudieliauisungamaiisineg vildawsoinsien
a o "W a ¢ a vy 3w
\Wanunm USinauazesrusznautasiwaseiu nslinneiideUinaesldteyasinimin

d v a 1
waznsUasulUaIus AN aUYDIA1SAIE 1Y
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a 4 a & o
3.4.2 msaensiiBdlansaindeaiassinsmsinisideauuidiong (Xray

Diffractrometer: XRD)

o 4 a ¢ = v ad €
IU“ 3.5 1AT9NILATITNSLABNLUUY B3 saLa N

mAfeilhmsnnsinadiuuididndienies XRD veeussn Bruker JU X-
Pert Pro liusnislasuminendosmnasyidaniasianan WWawnasuvesiadidng cuk,i
firwenadu 15046 Siamsen il eilasn1sBedsdidndluiiansdesne ilisedidnd
anmsidgauusiudesivesesaeunislundn wazgniuiindt Sssevieasuszneuusiazeiia

LY 4’ o o ' [ [ Y o ¥
wilyuazdnvaznsaeIuLLeABngNuenAAY iliaunsanswanvurlassadawy

V095961
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a 'S wa & a v v fa o
3.4.3 mi'amﬂ:‘vnauunmawuma'wnaaaqawﬁﬂ‘uatanmauuumaaunﬁn

(Scanning Electron Microscope: SEM)

IR

o < a 4 wa L a v v fa o
sUN 3.6 LﬂiB\l'llﬂﬁ’lSWHNUMWNWUN']W]UHGENQaﬂiiﬂ‘uaLaﬂﬂiauuUULaBUﬂi'lﬁ

v

a v : Y o - L3 va A’ a 1 4 a o
nuleilavinTirssdaudAniuivesasiisnassganssimididnasounvuideu
' a L3 e J a o g ! v ! o (Y

N1 U JSM-5410LV lumsilasziaui@inianuiy nsesdledinanzusenaumsundsniile
a o 0 Y o a ad v @ & a d Vv ' <
dianaseu Mhwmihindedidneseuliivssuy Fdilinaseussgnissmisauulnd daud
53Us33d (Condenser lens) ibilidnwuziluddidnaseu Weddidnaseusiuaudlnding
(Objective  lens)  wazdaanimasuuaisiiedn villiiAndidnaseunfegil (Secondary
electron) dygaazdidnaseunisgiivzgnuiatesnuiudygrausinguussiunmualve
138 (Cathode Ray Tube: CRT)

- sy : - - .
344 nsaRTsiaulAnanuRafendesganssAddidnasaunuudasi

(Transmission Electron Microscope: TEM)

Qv - o a v A’ a v v a ' ' '
lumAdeiinsinnsiaui@nsiuiafendssganssmididnaseutuudei ju
2 v a a a W ' < ” 3
FEI, TECNAI G~ 20 Tiuinislagpausivenmians un1inenduveunnu wasesilesenanvilalag
nsBsddianaseuduarsiiedis Fufavinnisirenseuaussgudrlulunasadesuas
. ° a ' P v . .
(Filament) wagngaduduadidnaseudiiluaudlnding (Objective lens) wazgnuene
s < o Y oa <, & a o as 3
dyyralvuuaniFeuas vinliAadun iy wailatminzdwiunsAnmesduszneunisly

aa

LATANWAENISINTLIVETS Tudnuwuy 2 I
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EU‘VI 3.7 Lﬂ%a\nLﬂiﬁSMﬂNUWVINﬁUN')ﬂ’JﬂﬂaEJ\!i}ﬁﬂiiﬂualﬁﬂﬂia‘ULLUUaGQNWU

-3 o 1] o d
345 n1sATIeinuse warngveidu daetaiassmiuanlasalnl (Raman

Spectroscopy)

< =
3U# 3.8 iw3aasunuaniasalnd
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Tunuidehmsiiasinuss waswyitaddy deieiassunuanlnsalnd ju DXR
Raman Spectroscopy ¥83U38% Thermo Scientific iusnislaginendeunlumaluladnszasy
indraanszds aadumaluladnszaeundiinummsaianseds edessuuaniasalnd
Wumailalunsianisnsuifaweseduuasiimuiides (Monochromatic  radiation) viliiiin
nsvuiuuuuliBangu (nelastic  collision)  wagvihbilAawdauvesnsdumIonITMUTes
Tuana vilifissdundanuiiuiuey dufufsaunsolinssidaiuss uasmiitsiduressimasineg

1ot

a d v a Y
3.4.6 mylensidudEinmaeiiitsziuiivesiandisiniesanlasalndvaseynia

5Lﬁnmauﬁgn\Janﬂﬁauﬁw%&ﬁLﬁmi (X-ray Photoelectron Spectroscopy)

I R
S *- 35

< o ! a < ' v ‘ o ¢
UM 3.9 inasaniasalnlvaseymadianaseunignuantdesmeididnd

a v o a - ' v 14 '
TumAdeillalsintosmunlasalnvesaymedidnasouiignuanudesdeisdisnd qu
AXIS Ultra DLD 11nU38W Kratos Analytical Ltd. Tuinislaegudminandudesuiiand
- e ' - wva J o a o J o 4
(TheP) amingndedieslni Telunsinseauifivniuaiinseauiivesian laanisaianan
awnsaszyriln wasasdusynouresituiusg lassasamaail Wusaiadl uavanuzeendindu
< a 4 ° a w < oo ' o v a € o Vo &
vasezneuldlagiaiodiinTeiazyiinisBeidindluidedeiisieanisiaseyt vilvididnaseu
_ ! a d o o I e
luazmeuvaaiiudase Fund1 Inladidnaseu(Photoelectron) iavin1siadwdastusar

a < oo ¥ o ¥ a o ' ¥
voalWlndidnmseuninla VI']I‘VI?I']N'TiﬂVIi’]U‘UUﬂ?JENah‘ﬂﬂuﬂiﬂa'l'ﬂﬂ
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a wa o o a a
3.4.7  nsATsaudAnIudIdleaiesaanslalaan wasididaaunlasalnd

(Ultraviolet-Visible Spectroscopy)

TuriAdsmsiieseianifivnauas Moedesinnsgandunas ju  Heliosotu3sv
Thermo Electron Corporation  Iuinslaging1dvuilunszasunaiainanszuy @an1dy
walulagnszasuinanitgummisaianszds laen1sinsisiinainisganaunaslugiu
dans1llalan (Ultraviolet) fia enuiinnuaaiiu (Visible) Tutaarmuenady 300-600 urluwing
deldndnnrsvesnisnzqsiny wagn1sganaureILal lnensiiansaraleiietd919nsIviim
uvaaiufiaues Faziluasunduiannsognganauly wasunduitbigandussvzasueanin
funiesiauas (Photo detector) TasiaTasinuas sgvimsiaruasiinzqoanun Tnewndraiy
uwanougnannay uazUszanasenuiunsmuansauduiusszninainisgandu fuau

gTIAAY (Wavelength)

A g

il

i @ i e
JUN 3.10 1ATB3inNTsRAnGuLA

- 4 o - - “a
3.4.8 N1 NATIAENUANUEIREAT09anI 1 awan Iddadslearianlasinlntines

(Ultraviolet-Visible-NIR Spectrophotometer)

Tusuddenisiasigvauliniwasdnisuils AluASelanISasyiouuD LAl
(Reflectance) ju UV-3600 ¥e3u3ev Shimadzu Wuimslasninduidnd razinermans

umIngrdesvdguasuga laen1saaseiindinisaandunaslugiudansilalolan
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(Ultraviolet) fis ghufinueaiiu (Visible) Tutasanuenindu 300-700 wiluwns lngldvdnns
nsavisunduteuas Wensemuiuaissedis lnsnsiarsdegeiviinisuiaedeu Wy
wum 22 wuiwes Buunszan sntuldanveswuGondalng vilunseaniitianssesmse
wihauvasiidiauas duilouasnsenuivansiedis ssifansasviouseandisuiunsyan
1984 TawAndald aveenunluguves %nsasyiou (96R) uazuszanawasenuiunsivuans

AMUFUNUTTENIN %N15aYiou NUAINEIAAY

o a4 o v
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4.1 M5IATIEFNUANIAUSDUYDIEITazate a-19a vaslnmbenlelelns-
wsanlys wazusuluiouszdmnlasimailn ThermogravimetricAnalysis (TGA)

a o ¥ o
4.1.1 wan15Aseinsasunlasimdnvesarsazanelya-waveslnvideulely
Twswsanlaa

1
TG DTG o }
100 - -~ ~ 0

60

Weight% (%)
(ur) %lybiapp aaneausqg

40

20 , ' ; , . . E
200 400 600 800

Temperature (°C)
o a - ¥ @ P
JUM 4.1 nsimsliensimsivasunlanimtdnvesansazaneslsa—aalniiflenlelelnsnsen
ledlasimailn Thermogravimetric Analysis (TGA)

HaMTIATEaNTANIA N TEuYesaTavattlYa-lsavelnilloulelelnsnsenled
Tngdlesevinswdsuulaniminuesanslaserdvautiniapudou uamaFazuit 4.1 wuidle
Wimnudeuuiasazanslva-wadedu Tutasgumgil fus 100-800 °C wudufianszuaums
wWasuwlanhmilnvesmsdasuiu 2 trmdnlnetaausniigumgivszanm 280-320 °C @139
duldFumnuiou uaniinnsgandundanuainuiou eldlunsaasss Feilguugiluta

fanan Wumsaanesvemedlifialnlsslau Tnsuanslmiduindiniswdsuwlasivtinvesans
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a

I v y o < ' a
AaRuanas Ussana 30% luteil 2 figungiivszana 350-470 °C wuiiinisidsuuas

u

<

uwlnvesansaduiiinieanasussanm 20%  Judunisaansfluianaundiuvemediuesi
wide wazansusznevvetninilienlelelnswsenleduassusgamail 470 °C Husuly dunmld
' 1 a S o a & 0% ' aw ' a Y v

Mliiinswdsuwvasiminfetiy wassbiiuirfigumgiisananiGuiinswesudmlasiain

Wundnvadlnmidleulaeanled [14,20]

4.1.2 wansiasisinisiuisunlasinviinvesansazatsles-wavasinmdisulels

Twswsanlen wazwaulutlsuasdinn

——" R ' ' ‘DTG =
100 0
.
80 L2 o
(]
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<
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o -l L &
% 60 4 E
) o)
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40 4 L6
3
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Temperature (°C)

P a ¢ - H @ P
JUN 4.2 nsvimsiiengimsildsunlanimiinvesansavanslva-taalnmideulelelnsnsen

legl wazuonluflonozdinnlasvailn Thermogravimetric Analysis (TGA)

NaN1TIATIEANTRAN AL EUYesEsararelva-1aa vadlnnilleylelylnsnseonles
wazuonlutouesdian  (CH;COONH,) uamﬁagﬂﬁ 4.2 wui dleliaudouunansseeng
Tuthegaumgfi faus 100-800 °C anAmnsErumsiisusaswennaveswmsiwudu 3 1
wénlastaausniiguuaivsesuna 280-320  °C oansdaduldsuanudou wLinnsganiu

) % - ¥ o8 va P~ a S o Y v
WAaNTUAINUIDU lwa‘lmUﬂqsaaquq Vl'ﬂWLﬂﬂﬂ"ﬁLuaﬂuuﬂaqusuqmuWWUﬂﬂaQﬁqstQUﬂﬂﬁq

Y o

Uszanal 30% Feaainusuiaividnvesanseesunmiely sasdunisaaedveswedlitalnlss

-

- av _a = - v ;e <l =
lou eannwedhillalnlsSlouiiyaifionagiigumgiivszanm 320 °C lutwil 2 figavgl
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Useanm 350-480 °C fnsidsuulasSinaimtnuesanssduiivioanacseana 20% B
Wunsaanedluanauduvesmweiiue{ivie uazansusznovvesinmileulelelnswsen
ludnasfoudgamnf 480  °C aenndosfumslinssiautineanudouresasazanelva-a
aveslmnideulolalwswsenled fuquit 4.1 wiileliraufeundansiedreaufisgumgd
Usanal 550-580  °C wudiinseuwdassiminvesaisaduanaszina 5% aaan
Uffisenmeainuieu vesjisereendinduvesarsusenovuenlanis fusandiau vinld
arsusznevvetasasfuiildifuundeindnlulasiauinnisaanad deluauidelels
uwnaeindavassglulngiau {Wuas CH;COONH, 1u Tag CH;COONH, Whinainansusenauas
nyjosdian (CHs0,) wazuenluduuleaou (NH',) saudhiy ﬁwsamaﬁfmmﬁqquﬁqa et

b 4
U 1

figumgiidaud 580 °C Julunsredmnlaswadwadnvdeulasenles Tnghifidwdszney
vesansusznavvesarsasiuilfiduuwndeidalulasiou widumsnedmnedaseadisues
Tninillenlnesnlen Tudnvadilimadevesiglulasiau (23]

a & a y
4.2 msdwsevsulfnuguveaduleululvniisulasenled d2e838n1sdudu
Tadaglvid

o o o
4.2.1 panmsdaasziiduleunlulnmdisalasanled neldiisulenmsudeuudas

YSuuiminvaawe ey

'3 LY

nsdnsisrautinlassadrvsaduloululnmieulneenled anelfifoulunis
WisuuwasSinaniwiinvemediues 7 8%, 10% uas 12% LLazLN']ﬁquQﬁ 500 °C \Juvian
2 dhlua femedansidenvuresiididnd figuil 43 wandlhidiulassairwendulounly
Tmfleslaeanted nmeldideulanmaivBeundasSnanhminusmedwesh 8% uaz 10% wu
ssuwidenuuididndvadnmdenlavonled fyuideauy 20 = 25.2°, 38.0° uay 48.0° s
Fuiustussuuidsnuuddidnd fignvasmalassadrawuveuma vedlnidelaeenlesi
(101), (104) uae (200) MUAFU UAEWUILABNUY 20 =27.6°, 36.2° uae 41.4° Fausiy
a:m*uLé‘ymLuué'aﬁl,én%ﬁﬁé’nwmamﬂﬂsaa%’wu.wg‘lwé vaslmmieslnoanleddi(110), (101)
way (111) mudidu uraudinlassafevesdulounlulmnieulneenles Aidoulunns
Wasuwlasihwinveswodiues® 12% wwussuudniuuididndvednmielaosnled 9
MUY 20= 2520, 38.0° usw 48.0° Teduiusfussunudsauudddndiiignuame
Tnssadrauvvauwa veslnmieulasenled? (101), (108) uas (200) eudu Tngliny
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ssuudsuusddndiianvusnalasaiuuusing vesvndelasenled14-15] :innns
Aipseautimalassavednislaeenles aelddeulvnsidsuwaniminvemed
wesuandliidiuin mswdsuwlaniminvemedwes dwarensnesveadulewlulnmiion
looenlest iguuuvveamsinudnludnuaslassaiineg desnuiinahminvemedwes
fignuanegludulounlulninidenlneenled ludumeuveinsyurunisthudulomslni daual
nmsnefvmalasaivesduloululnniioulaeonles variivhmswn swdudesity dened
wo$ wavansUszneuduy ameaumin ﬁ’aﬁ"'u‘lumsL'd’é‘ﬂuu'daaﬁmﬂ’maawaﬁmas‘ﬁﬂ?mmqq
Jaldanlunsaaeduunii uasiinsiiardnveslninideulaeenledléding nswasuudas

v

Umtinveawedwesiuuiiaem Fansnemludnwalasaiwedlnmdeylaeenledlaseadis

4 1 L 3 1 - Q. ¥ L] v

neneiusztuegivgaumgil lnsBuduguuuudnsuznulasainuuveumaginduasugales
o w P a 4

Ay Wegaumgiinskgatu[14,22-23]

A(101) 12 wt%

A(200)

A(101) 10 wt%
S
s
> A(200)
@ R(110) A(104)
L R(101)
=
2 \ " 1 "
A(101) 8 wt%
R(111)
i 1 N L X
20 30 40 50

20 (degree)
= a Yy v oW ¢ v - 4 o
JUN 4.3 nsinsieseilasiainasneisdiand veadulowlulnimiilenlasenled Wevihnis
a 5w a c
wWasuwlasSunaniwinveswadiuiein 8%, 10% waz 12%
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msleszidnvuzlasiaianeiufindondesanssmisidnaseuuuudeunsie ves
dloululninidelaeenled devhnswdsuwanimtinvomedwesi 8%, 10% way 12%
LLamﬁ’agU*?i 4.4 inawidievnsidsuulanhminvemedwesd 8% was 10% Anwarves
duloululnnidedlaeenleasiinnudeidoweadule widlornsidsuuaniwinveme
Aeii 12% dnvazvonduloululninidenlnoenledasiivuadiliasiiave wasdnvasduls
Liflanwseilles Wevihmsindnadeveswuaduloululmmideilaoenledsiui 20 Eule
wazainsmilensinnavesduloululninidenlasenled dgui 4.5 wuiwueveaduls
wlulnnidlenlasenled aeldideulvmsdsuwaniminvemediuesi 8%, 10% ua 12%
wliduloululnnidenlaeenledfifvuaussuia 209 uiluwns, 184 uiluwns uag 470 W
Tuwas awdwu ewnandadefidwmanensyurunmstiudulomsluin Tuduneuveanis
w3suansazans lnsazdmarevun wazmuseiiiswenduly fufuamsararowediuesfiniey
16 sedeallseiunumiiniiuizay dwsunszuumstudilemalwinielilsdulefifoun

1o - ° s ° [
uazﬂ'numammwmmzmmumsuﬂﬂﬂszqncﬂmw[10,14]

o ' & a v ] § v v fa o
UM 4.4 amaremeiuivesdulsunlulninidisulaeenles sendesganssaididnaseunuy

- o < H @ a ¢ a
wwounsm Mmeldteulvnsidsuulaniminveswediwes 7 (n) 8%, (V) 10% uwaz (A) 12%
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JUN 4.4(s0) nmdeninuinveudulelninideulaeenled fmendesganssmididnnseuwuy
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Number of Observations
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JUN 4.5 nsminsliesinnevenduleululnmidenlasenles meldteulunsidsuuyag

dwinnediwes 7 8%, 10% wag 12%
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m3leneifuitsunsuasUsiesgnauresdlanlulnndedlnoenledaneld
RevlvnswAsuwaniwiinwediesi 8%, 10% uax 12% Tae% BET Surface Area fauans
Tumsnadl 4.1 wuidinasanadiugngusam (Total Pore Value) YUIAFNTUIRAY (Average
Pore Diameter) uasAiuiiiadnmy BET) vendulowilulmndenlasonled melddoulunis
Wasuwanhwinvesmediues wliduSnasanuiugwgusin sungngueds wasAiudiin
fme fuandraty Fsduiudfunwdreniufveudulelnnieulasenied fende
avssmiBidnmsaunuuideunsia Tnsasiiulfiifeulamaudsunanhwinvemesiuesi
10 % Tvwavedulefidnnideulanmavisuuianiuinvesnefiuesi 8% uaz 12%
ilsunanduneuresmsisienmsasaeiiiy Sefuaruniavesfinanhninvemediues
Tumstuguiduleululnnisulnsenlediimunzan sldfuneuvesnisian eaane
asUszneuesIRady wasiinmsiedSusdnvesmmdenlneenied Snsinefremdn
sgrvmivludnvariiudulouly fainranismasssdindn Ssaenrdestunanis
Ans1eiaeaB BET Surface Area iffentSinmsmanunugwusan 0.0258 gnuraisufiunsse
n3u TnagwgLede 2.1193 uiluwes wasufiiodinig 48792 mmawnsdendu S
sananadudndigeiian Wetsufumswasuwanimiinvameiuesi 8% uax 129%

d J 4'1' dA ] 0= 173 = .23
A19199 4.1 uaasiiunfduwsuasUTinesgnguveaduleunlulninlievlaeanled aeld
dauluniswasundasimiinuesneaios

Value BET Total Pore Value Average Pore Diameter as,BET
3 -1 2 41

[cm ¢ ] [nm] m g
8 wt% of PVP 0.0218 21178 40.982
10 wt% of PVP 0.0258 21193 48.792
12 wt% of PVP 0.0245 21224 46.207

= ) a o Y o o .
Guamevin quduilumaliladvisni dulhnuiauivermaniuasmaluladuvoni)

as - o o
4.2.2 pansdaasiziduleunlulndisulaeenled aeldidaulomauasuuday
arwdnsAndluaindege

milnswidnuuelasaimeiuiafendeganssmididnasouluuiiounsin ve

v = ¢ v o < e o a =
dulounlulnnidenlasenled meldiReulunmiasuuvawmrusdndlnihidige #1 8, 10
waz 12 flaliad Avguil 4.6 Mnamnuwweveadulouwlulnnieulaoenled Wovims
Waeuwasemusudngluiiiindegs 91 8, 10 uaz 12 Alalad uasimsiadnadevunvedy
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Toululninideuleeenled $auu 20 Wdule ﬁauam‘luguﬁ 4.7 wylinswswnadulounly
Ininidlevlasenlen ma‘lﬁﬁ'auhmsLu?iauu.ﬂaammcfmﬁ’ne?lw%ﬁﬁaqa 7 8, 10 was 12 Ala
Taadt TneiiAnadouszunni290 wiluwns, 184 wiluwns was 165 uiluwms mud sy uansl
wiudr msduansiduleunlulninidenlaesnled aslddoulvnisiasuntasniamumieg
Andlnirindege dawadednyaurneiuio uarsuinvendule Taeiderinisdeuniusig
?Tné‘lwﬁwﬁqé'aquﬁu“‘gu TifuinIosdudulounluniddni sxdwaldvurnvedulouly
'ImmLﬁﬂu‘lm@@nhéﬁé’omiww"lﬁﬁ'uu’mﬁtﬁnaw‘%andwﬂﬁfhmsﬁaumwmhqﬁ'né‘lw%ﬁﬁaga
Tifunszuumstudulenalwiedidudsundufusunaveaduloiiduameiladduduney
vosnteurnusidndlniiiidags fodutladeddyrandusildannszuiumsiudulou
Tumalnin(12,14]

-

o [l &L a ¥ P ¢ v 1Y fa P
JUN 4.6 amahemaiuiveadulelninitisulasenled sendesganssmididnaseunuuideu-

nsn meldieulvmsiudsuwdasrusedndlwiiniidaged (n) skv (1) 10 kv uae (A) 12 kV.
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UM 4.6(sm) nmameuiivesdulalnvilisulesenled mundesqanssmididnaseunuy
LAaUNSIA n1sflﬁﬁau‘l'umsuJ%’1‘ﬂuuﬂaaﬂ'nmiwﬁ’ne‘flwﬁwﬁﬁﬁaqaﬁ (n) 8 kV. () 10 kV. uag (A)
12 kV.
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o a & Y P v o -
JUN 4.7 nswinsilessvivuesveadulsunlulvmdeulaeenless nmelddeulvnsiuasuuwlas

m"wmﬁ'né‘lwﬁwﬁwﬁaqa 7 (n) 8 kV. () 10 KV. uaz (A) 12 kV.
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mylasginsiaanulugnuesdulovlulnnienlaeenlednnelidoulunns
Lﬂz‘%"auwmﬁqmmGhaﬁne?lw%r‘hé’qqa 7 8, 10 uaz 12 Alalaad Taeds BET Surface Area &
M3 a.2uansliiudTuimsanulugngusin (Total  Pore  Value) aungwyuiade
(Average Pore Diameter) wazAnuiiiasinie (BET) veaduloulilmmiioulneanlednield
L'i'i'au‘l*nmnﬂé‘auuﬂmmmcsi'mﬁ’mﬂw“ﬁwﬁﬂé’aga Tasdanaldinwaiemefuiisvesdulaunly
Inwdeslasenled dendesganssmiBiinaseunuuiounsia vesimusmedndluindsg
7 12 Alaliad fowmdlednnideulumswsuasiausiadndliindegs 7 8 uae
10 Alalan Lwir-i'w&v’uﬁﬁfaé’nww‘uaaﬂ'ﬁmwshaﬁneﬂﬂﬁ’nﬁqé’eqaﬁ 10 AlalaaliAannndam
ﬁuﬁﬁ'saﬁ’anwmL‘&‘au‘l‘unmﬂﬁlﬂml,ﬂmﬂ'mwmﬁ’né‘lWWﬂﬁﬁﬁaqq #8 uaz 12 Alaliad 3
aenndasfunmaienisiuivesduloulylnmidoylasenled Auandiifiudn Adeulunts
wWasuuawmnusadndlitiinindege 1 8 uas 12 Alaliad faunduleedeifounelisedes
Fromasiinanmsvuesdnvesimnidenlneonlediivuneiliaiaue dwaldninnizsu
furesndn sududnuvasidulefvnaiiliaiiauety awisodwseildanasmaisinsied
wnvesdulelnomielaeenled meléfeulomsasuuaseussdndluiivindgs s,
10 uag 12 flalas ﬁagﬂﬁ' 4 7éunszuaumstudilomidni melddeulunsiasunta
dminwedied u,azmwﬁﬁaﬁnﬂwﬁwﬁﬂé’agﬁmmzau seililddnvazseudlefidvuna
arwserifes uaziuRRasiwe Awmneaudwiumailuszandldnusislu [12]

| 1 X oda o o v v
M990 4.2 wamsmiuiihiuwisuasUinnsgnsuvendloniutnndenieeenied anols
Reulumsitsuuwuasrmusndndlniaidee

Value BET Total Pore Value Average Pore Diameter as,BET
3 - 2 -1

[cm g ] [nm] m g

8 kv 0.160 9.037 70.9
10 kv 0.309 5.948 208.3
12 kv 0.172 7.414 92.69

< o P a < o - v v o
GaTsdil nedviell ansdvenaans ﬁmuumﬂ'[u'[auwszaauma'nmqmwmsmanis\N)
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4.3 msinssiduianuguveaduloululnniisulasenled Mifedes1n

Tulasiou dre3snrstiuduledglnin

4.3.1 wamsduansiduloululnndeslasenled MIssaesialulasiou aeld

a = - > 2w
Nau‘lﬂnﬂstﬂaﬂuuﬂaQIﬁu']mﬂqﬂﬂaﬁqq‘luiﬂi“]u 1 0%, 1%, 3% uas 5% Iﬂﬂuq“un

A{107)

L

N 5%

A(104) A(200)

A(101)

Intensity (a.u.)

1

i A(104) A(200)

N 3%

1

A(101)

N 1%

A(104) A(200)

i

- 30 26 (degree) 40 -

= a v v - o a ¢ v = ¢
JUN 4.8 nsmimydieseilassasmensdeauusddndg veaduloululnnideulaeenles

melideulimsndsuuasSinansidesnlulasiau 7 0%, 1%, 3% way 5%laermiin

a < wa v ) a ¢ v ool
nsiaTsvantainelassasvenduloululnimileulasenlesnelaoulanis

a a - a ;g ) o a
Wasuwasinunsidesiglulnsiau 71 1%, 3% waz 5% lasuwnin wazwniigamail 500 °C

o v a & o ¢ @ P & @ «
Dunan 2 Hilas fewaliamsieivuresdididng fizui 4.8 wugtuuumsidsauuidiing

vouduleululnnieulaeenled Alivsnunisidesialulasisuiifeulymsidsunlaniinu

madesmlulasiau i 1%, 3% uaz 5% lasumiin wugluuunisideanuudiddndifedisumia

20 = 25.2°, 38.0° Uuay 48.0° FIFUNUSAUTTUIVAEMUUT IS NTN AUV
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Tnndleulaoenledd (101), (108) was (200) mud1dU[14-15] Fearnmsiasieninng
wisuwanhwinvesansasanelea-ealnondeleldlnansenles uasuenlufionesBalag
wnafla Thermogravimetric  Analysis  #a3Uft 4.2 wamsliifudansidesiglulasiau Tu
a1sussnevvetlninillenleeenled dwadegmuuglinisian tunisnedmielasaireves
Inmilenlneenladdeud 500°C Huduly Feduduleululnmienlasonies Mvhnadesn
lulasiaudl 1%, 3% wag 5% Jdinsdesmnilasadrsldgamgiigendnduloululmmden
oeenled MhnsFesalulasoudl 0% Welivuifisufudeyaiinsneiluzud 4.3 wagan
nsmnsiasziautinidassadrvesduleululnndenlaeenled aeldideulanis
WaruwasSnansideslulasiou dunalidsalulasauibihmsideadly lidwanseny
selassairelunsnesidusdnuesansussneulnnieulaeonle14,23]

U7 4.9 uanaBamsianeilasaishemadasunuanlasalndveadulounly
Tmmflenilasenled meldeulvnsdsunlasSmunadesnlulasiaou # 0%, 1%, 3%
wae 5%lagsnnuaUansuagiinMIintieeninaauedui100-800 cm” aswudiAudves
AMInselauuusuiy innuddieg vesduleuilulnmienlneented aelddeulonts
uJﬁautwmﬂ‘%mmmsﬁaﬁm‘lﬂmmu‘7i 0%, 1%, 3% Wae 5% lmeannsminuaiuansun
Tassairauuveumanedinnileyleeenlusazegiilun 143 cm’'(E), 190 cm’(E,), 400 cm’
'(Brg), 517 cm (Agg) WAy 636 cm (Ey) Tnearaniulvuniiia3 cm’(E) uansfienisdunuuse
yadluanasewin O-THO uasaansulnuaiiess cm (Euansfantsduseving 2 Tuana fe
Trouwslumsiiameilassasdssumuamdniasalntdliuansmsduresiusesenineo-TiN
vouduloululnmidenlasonled wevinisiFesesalulasiauluiinaiigetu fauanving
Wesalulasiau Lidwaselaswairwendulonlulnnidelasenlenls,24,29] usdanalad
dlefimsdesiqlulasiau luulunadigeduain 19, 3% uas 5% arudursimanssidauuum
wy Sunliufeamaudedisuiunsmswnuanlnsaind veaduleunlulmwnieulaeenied
Alildesnlulnsaueraduwnsiduloululnnieulnesnled aelddeulvnsiesy
lulmstaufivunags asdesasenisiinvesiuss O-TN Failiaweesumalassadveadule
wilulmmidleiiasenladfidanas wavanaFauuiadly
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Innidlealaoenled Mdesesiglulasiou melddoulvnisidsuulaniununsidesn
lulasiau 7 1%, 3% uway 5% Tnevwinuasedegudl 4.10 wuh dnwazveadulounly
Innidlealasenled Mimsdanssituinlasnaisuimanisiesglulaseu aduly
funeuvesnisiaisuaisazats warlunsvurunmstuduledelni Lidwmasednvaznns
Wasuwasandimsiuivesdulsululnmilenlaeenles amelddeulvnisiwdeuuvas
Uinamsidesiglulasudledisuiudnsausneiuitavenduloululnndesleeenled
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o ' 4 a v = a s v % v
JUM 4.10 mwargneiuilvendulelninitleulasenled Aildedesiglulnsiaudsndes-
JanTsrididnaseunuuideunsia meldleulvmsidsunlasSnaunsidesglulasiou
1 (n) 1% (¥) 3% ua (A) 5% laermutin
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Sample Open Circuit Voltage ~ Short Circuit Fill Factor Energy
VoclV) Current Density, (FF) Conversion
Jsc (mA/ cm’) Efficiency, 1(%)
P25 0.50 4.22 0.31 0.65
NF1 0.63 4.96 0.36 1.12
NF3 0.65 4.83 0.38 1.18
NF5 0.66 6.49 0.39 1.68
NF7 0.69 3.39 0.46 1.07

NF10 0.66 218 0.41 0.86
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3% uaz 5% Yauamedoyadnsnedl 4.4 wuhieumuILuTesnsEuAReRuT (Short Circuit
Current Density) Sidunnilgail 3.08mA/cm’ uagenUszAnBamn1suUaINEeU (Conversion
Efficiency) fia 0.78% wesnisduiaseiduleuilulnmideulaeenled dAdesmesglulasiay
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nsifenglulasiauadululnndenlneenledluySmaivmingan wwdwmadalassadnamns
Wuszseving T-O-N Fsezannsndisannissiudituvesdidnaseu-lea WAZEUTAYANTULAS
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Sample Open Circuit Voltage  Short Circuit Fill Factor Energy
VocV) Current Density, (FF) Conversion
Jsc (mA/em) Efficiency, 77 (%)
P25 0.55 2.10 0.45 0.52
NF1% 0.56 271 0.39 0.59
NF3% 0.58 3.08 0.44 0.78

NF5% 0.52 0.89 0.31 0.14
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Sample Open Circuit Voltage  Short Circuit Fill Factor Energy
VocV) Current Density, (FF) Conversion
Jsc (mA/em”) Efficiency, 77 (%)
P25 0.50 4.22 0.31 0.65
NF500 0.68 1.65 0.52 0.58
NF600 0.55 3.01 0.38 0.63
NF700 0.66 4.24 0.38 1.60
NF800 0.66 6.49 0.39 1.68

NF900 0.59 3.99 0.35 0.82
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Abstract

Nitrogen-doped TiO, nanofibers were prepared by electrospinning process using ammonium acetate (CH;COONH,)
as nitrogen sources and titanium (IV) isopropoxide (TiP) in 2-methoxyethanol as starting precursor. The different
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1. Introduction

Titanium dioxide (TiO;) is one of metal oxide semiconductor applied to environment
applications because of non-toxic, strong ultraviolet (UV) absorption, widely energy bandgap of 3.2 eV
and good stability in photocatalyst reaction. TiO, photocatalyst is used in various applications such as
photodegradation of organic and inorganic pollutant in waste water, hydrogen generation, air purification,
bacteria elimination and dye decolorization [1-3]. Phenomenon of photocatalyst that occurs under UV
irradiation resulting to the movement of electron from valence band to conduction band called
photoelectron-hole pair. However, UV in the natural light approximately is 3-5% relating to the
inactivation of TiO, in this region [4] therefore low absorption in visible light is one of drawback in TiO,.

Nitrogen (N) doping in TiO, is one of methods for enhancing its performance such as the
decrease of electron — hole recombination and the extension of photoresponse from UV to the visible light
region. Therefore TiO, efficiency is increased by these phenomena resulting to the improvement in the
photocatalytic activity. N-doped TiO, structures can be fabricated by various methods such as
nanoparticle, nanorod, nanosheet, nanotube and nanofiber. In this study, the preparation in form of
nanofiber by electrospin process was chosen because of long-continuous fiber, controlled its diameter
size, porous structure after calcination and uncomplicated process.

The main objective of this work is to synthesize N-doped TiO, nanofibers that used as
photocatalyst in the photocatalytic degradation of Rhodamine B (RhB) under visible light.

2. Experimental

N-doped TiO, nanofibers (NF) were prepared by electrospinning process. First, the polymer
solution was prepared by dissolving 4 g of poly (viny pyrrolidone) (PVP; Mw 40,000, Sigma-Aldrich) in
8 mL of Ethanol followed by stirred for 2 h. Next, the solution of nitrogen doped TiO, was prepared by
mixing CH;COONH, (ACI Labscan) as nitrogen source at 1, 3 and 5 wt.% in 3 ml 2 methoxyethanol.
After that 1.4 g titanium (IV) isopropoxide (TiP) (Sigma-Aldrich) and 2 ml acetic acid (Merck) were
added in the solution and stirred for 15 min. Finally, the precursor mixture was stirred until optimized
viscosity in the solution was attained. For electrospinning process, 10 ml precursor solution was loaded
into a syringe. Distance between a needle tip and collector was fixed at 15 cm with feeding rate 0.5 ml/h
and applied voltage at 16 kV. As-prepared electrospun of undoped TiO, and N-doped TiO, nanofibers
were dried at 80 °C for 12 h. Finally, the electrospuns were obtained after calcined at 500 °C for 2 h.

The Photocatalytic activities of as-prepared NFs were evaluted by degradation Rhodamine
B(RhB) under visible light using solar simulator. 16 mg of electrospun TiO, nanofibers were dispersed in
5.9x 10" mol/. of RhB and stirred 30 min, in the dark. After, the solution was stirred under illumination
for various time. The concentration of degraded RhB was measured by mean of its corresponding
absorption intensity.
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3. Results and Discussion

XRD patterns of as-spun and after-calcined fibers are shown in Fig. 1. No characteristic peak of
crystalline phase of TiO, is observed in as-spun sample. After calcinations at 500 °C, N-doped TiO, NF
shows prominent diffraction peaks positioned at 26 = 25.5°, 38.0°, 48.2°, 54.5°, 55.3°, 63.06°, 69.2°, 70.4°
and 75.2° that are assigned to (101), (104), (200), (105), (211), (204), (116), (220) and (215) planes of
anatase phase, respectively [5]. Another peaks positioned at 20 = 27.58°, 36.2°, 41.2° and 44.0° are
assigned to (110), (101), (111) and (210) planes of rutile phase, respectively.

This XRD results indicate the formation of TiO, with crystalline phase of anatase and rutile
without noticeable alternation in phase after nitrogen doping.

FE-SEM images in Fig.2 show the morphologies of as-synthesized and after calcined of undoped
and N-doped TiO, NF. Morphologies of as-synthesized of undoped and N-doped TiO, exhibit non-
uniform nanofibers with beads as observed in Fig. 2(a) and 2(c). Meanwhile, Fig. 2(b) and 2(d) show
uniform nanofibers of undoped and N-doped TiO,, continuity and smooth surface caused by burn-out of
PVP from the nanofibers after calcinations. After-calcined TiO, NFs have average diameter of 140-180
nm.

—— As-synthesized
Calcined at 500 °C

Intensity (a.u.)

20 ) 30 40 ' 50 ) 60 ) 70 ) 80
26 (degree)
Fig.1 XRD pattern of as-synthesized and calcined N-doped TiO,

XPS survey spectrum of N-doped TiO, is illustrated in Fig.3. The electron binding energy and
oxidation number of the elements on the surface material were analyzed. The result shows the existence
of nitrogen accompanying the appearance of N 1s region (396-404 eV) corresponding to binding energy
peak of N 1s at 399.32 eV. The Ti 2p reigion was observed at 461.52 eV and O 1s at 530.41 eV [8-11].

The photocatalytic performnance of as-prepared N-doped TiO, NF were investigated by RhB
photodegradation under visible light. The absorbance at normalized maximum wavelength of RhB versus
irradiation time is shown in Fig.4. The complete decolrization of RhB by undoped TiO, was achieved
after 120 min of reaction. Whereas, N-doped TiO, NF photocatalyst performs shorter degradation time
comparing to undoped TiO,. The improvement of catalytic efficiency was obtained by increasing nitrogen
doping in TiO,. N-doped TiO, photocatalyst at 3 wt.% exhibited much better activity than the other due to
the optimized doping amount of nitrogen that can induce the defect level in optical band gap of TiO,,
leading to the improvement in optical absorptivity of TiO, in visible region. Furthermore, with high
aspect ratio nature of nanofibers can also considerably provide greater surface areas which play a key role
on catalytic performance.
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Fig.2 FE-SEM images of N-doped TiO, nanofibers
(a) As-synthesized undoped, (b) After calcined undoped, (c) As-synthesized N-doped TiO, and (d) After calcined N-doped TiO,
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Fig.3 XPS spectrum of 5 wt. % N-doped TiO, nanofiber,
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Fig.4 Absorbance of RhB versus reaction time under visible light source using 0, 1, 3 and 5 wt.% N-doped TiO; nanofibers
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4. Conclusions

Electrospun undoped and N-doped TiO, were successfully prepared using CH;COONH, as
nitrogen source. XRD patterns of N-doped TiO, nanofibers exhibits the characteristic peaks of anatase
and rutile phase after calcinations. FE-SEM images disclose the excellent nanofiber formation of as-spun
samples. N-doped TiO, with 5% doping content perform superior degradation of RhB under visible light
that may be originated from the proper nitrogen doping which can create the defect level in the band gap
of TiO;. In addition, the observable photodegradation of undoped samples under solar simulator may be
due to the remained impurity-induced defect active site generated during electrospinning process and
photon-activated degradation by UV spectrum existing in solar spectrum of the solar simulator.
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Abstract. TiO, nanofibers were fabricated via an electrospinning method. Titanium (IV)
isopropoxide (TIP) and poly (viny pyrrolidone) (PVP) were used as a starting precursor. The
electrospun TiO; nanofibers were obtained by injecting the precursor through a needle under a strong
electrical field. As-spun fibers were calcined at 500, 600, 700, 800 and 900 °C for 2 h. The structural
of properties of the nanofibers were characterized using X-ray diffraction (XRD) and Scanning
electron microscope (SEM). XRD results indicated that the crystallinity of TiO, nanofibers
corresponds to rutile and anatase phase of TiO, depending on calcinations temperature. SEM results
indicated that the surface morphology and size TiO, nanofibers. The photocatalytic degradation of
RhB may be attributed to significant absorption enhancement in visible region by phase
transformation of TiO, nanofibers and fiber size dependence active surface areas.

Introduction

Photocatalytic reaction is one of effective methods for heavy metal remediation, sterilization, air
purification and wastewater treatment. Photocatalytic reaction is one of advanced oxidation process
(AOP) that the acceleration of a photoreaction can be activated by a catalyst. The homogeneous
photocatalytic reaction normally requires that the catalyst must absorb energy efficiently. After
energy absorption, the catalyst generates charge carriers (e-/h+) transferred to the oxidant. and The
photocatalytic degradation concept is composed of, light source, water and semiconductor
photocatalysts such as ZnO, SnO, and TiO,. TiO, is widely used as potential photocatalyst because of
good working functionality in near UV and visible light source and excellent chemical stability [1-4].
TiO, with specific morphologies can be synthesized by various practical methods such as sol-gel
method, thermal treatment, hydrolysis-precipitation method, hydrothermal method and
electrospinning method. [5] It is found that electrospinning process has considerable advantages over
the others such as simplicity of equipment and arrangement, continuity of production, controllability
of size, porosity and high surface to volume ratio and adjustability of process conditions.

The main objective in this work is focused on the synthesis of TiO, nanofibers by electrospinning
process and calcinations at various temperature. The effect of calcinations temperature on structural
properties, phase transformation and photocatalytic performance of electrospun TiO, nanofibers are
investigated.

Experimental

TiO; nanofibers were fabricated via typical electrospinning method. First, the polymer solution
was prepared by 0.63 g of poly (vinyl pyrrolidone) (PVP; Mw 1,300,000 Sigma-Aldrich) dissolved in
6 mL of Ethanol and stirred for 20 min. Next, the solution of titanium dioxide was prepared by 1.20 g
of titanium (IV) isopropoxide (TIP) (Sigma-Aldrich) dissolved in 3 mL of Ethanol and then 2 mL of
acetic acid (Merck) was slowly dropped the precursor under continuous stirring for 15 min. Finally,
the precursor mixture was stirred to obtain specific viscosity for electrospinning.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means withaut the written permission of TTP,
www.tip.net. (ID: 161.246.94.165-17/04/14,06:14:00)
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Figure. 1 Schematic preparation of TiO, nanofibers.

For electrospinning process, the solution was initially loaded into a syringe. A needle tip was
connected to high voltage power supply and applied voltage was fixed at 10 kV. The feeding rate was
set at 0.5 mL/h and distance between the needle tip and collector was designated at 15 cm. The
as-spun fibers were collected and calcined at 500 °C, 600 °C, 700 °C, 800 °C and 900 °C for 2 h. The
schematic diagram of preparation of TiO, nanofibers can be seen in Figure 1.

Results and Discussion

The TG-DTA curve results show thermal decomposition of electrospun TiO, nanofibers. It is
found that there are three main thermo gravimetric steps ranging from 0 to 900 °C. First step of
temperature up to 100 °C exhibits approximately 15 wt% weight losses that are attributed to ethanol
and water removal from precursor. The second step observed at temperature range of 250- 300 °C is
expected to the decomposition and degradation of PVP chains. The last TG-DTA curve observed at
temperature from 350 °C to 450 °C indicates the formation of TiO, [5]. The X-ray diffraction (XRD)
patterns of TiO, nanofibers calcined at different temperatures (500 °C, 600 °C, 700 °C, 800 °C and
900 °C, respectively) are illustrated in Figure 3. Both anatase and rutile phases of TiO, are observed
at the calcination temperature is 500 °C to 800 °C. As temperature is lower than 600 °C, the anatase
phase of TiO; is obviously dominant, accompanying the intense of corresponded anatase peaks.
When the calcinations temperature elevates, the intensities of anatase phases drastically decrease
while those of rutile phases abruptly increase until the complete anatase-to-rutile phase
transformation is attained as the temperature arises to 900 °C [6].

100 A e L) DTG———

Weight% (%)

(unw/oe) %IYBIaAA BAnBALIRQ

0 g z = s v .
200 400 600 800
Temperature (°C)
Figure. 2 TG-DTA curve of electrospun TiO, nanofibers.
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Figure. 3 XRD patterns of TiO, nanofibers calcined at different temperatures.

The morphologies of TiO, nanofibers calcined at 500, 600, 700, 800 and 900 °C are shown in Fig.4
(A), 4(B), 4(C), 4(D) and 4(E), respectively. All images exhibit that after-calcined TiO, nanofibers
are uniform in size and length with continuity. The average diameters of electrospun nanofibers were
measured from 30 nanofibers of each images and the corresponding size distribution are shown as the
insets. The average diameter of the nanofibers as a function of calcinations temperature is plotted in
Fig. 4(F). It is notified that size and diameter of after-calcined fibers tend to decrease from 110 nm to
87 nm as the temperature increases from 500°C to 800°C, thereafter increases to 108.5 nm. This
feature should relate to PVP template removal, phase transformation and crystallization of TiO, at
elevated temperature. This behavior is relatively in accordance with XRD results, exhibiting the ratio
of anatase-to-rutile phase (Ix/Iz) as shown in Fig. 4(F). However, at 900 °C, the thermal expansion
may pay an important role on the increase in diameter of the nanofiber.

The photocatalytic performance of TiO, nanofibers calcined at various temperatures was
investigated by the photodegradation of aqueous RhB under visible light and corresponding results in
term of normalized RhB concentration as function of reaction time as shown in Figure 5. The
photocatalytic efficiency of the fibers calcined at 500 °C exhibits superiority to the others after 120
min. This is due to the higher ratio of anatase-to-rutile phase at this temperature. As the calcinations
temperature elevate to 700°C, the catalytic performance of the fibers significantly lessens thereafter
increases. This behavior may be attributable to the phase transformation of the crystalline nanofiber at
this temperature range, resulting in the mixture of both phases and consequently reflecting to the
deterioration in photocatalytic efficiency. However, the fibers calcined at 900 °C possesses
comparable performance to the fibers calcined at 500 °C. This manner may correlate to the narrower
band gap of rutile phase (3.02 eV) than that of anatase phase (3.2 eV), leading the fibers with rutile
phase to be activated by visible light with good photocatalytic performance. Further studies will be
taken to so that the mechanisms responsible on this feature can be clarified. In this result,
electrospinning process technique can be improved on efficiency and active surface area for
application of the photocatalytic degradation of dye.
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Figure. 5 Photodegradation of Rhodamine B versus reaction time under visible light source of The

electrospun TiO; nanofibers calcined at different temperatures.

Summary

In summary, TiO, nanofibers were successfully fabricated via electrospinning. TG-DTA result
informs the thermal behavior and temperature range of the formation of TiO,. XRD results indicate
the formation and phase transformation of TiO, depending on calcinations temperature. SEM results
inform that calcination temperature affects to the variation of morphological properties and size of
TiO; nanofibers. The photocatalytic degradation by the fibers was investigated and the results suggest
that its performance are strongly affected by the calcinations temperature.
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Nanocomposite films of N-doped TiO, nanofibers (NFs) and
commercial-grade TiO, nanoparticles Degussa (P25) were
utilized as working electrode of typical dye-sensitized solar
cells (DSSCs). N-doped TiO, NFs were fabricated via
electrospinning method using ammonium  acetate
(CH3COONHy,) as nitrogen source and titanium (IV) isoprop-
oxide (TiP) in ethanol as starting precursor in combination with
by XRD, Raman spectroscopy, XPS, SEM, and TEM. The
photoelectric conversion performance of the DSSCs with
composite film electrode was compared to the device using pure

1 Introduction Dye sensitized solar cells (DSSCs)
have attracted widespread interest because of their high
energy conversion efficiency, low-cost manufacturing, and
non-toxicity, simple fabricating process and flexibility for
many applications [1-5]. Griitzel et al. studied DSSCs
comprising three parts: platinum counter electrode, trans-
parent conducting oxide glass, and a working electrode. In
DSSC process, electrons from dye sensitizer are excited from
the highest occupied molecule orbital (HOMO) to the lowest
unoccupied molecule orbital (LUMO) during illumination
and light absorption. This photo-excited electrons are
injected into the conduction band of semiconductor resulting
in the flow of current traveling to the external circuit. The dye
molecules was reduced by redox reaction with electrolyte
solution [6]. Thus, the high surface area of corresponding
materials that is crucial to increase the performance and

Wiley Online Library

P25 film. The result shows that as calcination temperature
increases, the anatase-to-rutile phase transformation and the
fiber size reduction of NFs were observed. The energy
conversion efficiency () of the device tends to increase with
increasing calcined temperature with specific nanofiber loading
content, indicating the significant enhancement in the device
performance by the incorporation of the NFs. This enhance-
ment of DSSCs may attribute to high surface area, higher light
scattering and light harvesting, low charge recombination, and
fast electron-transfer rate by loaded NFs.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

efficiency of DSSCs can be greatly provided by low-
dimensional nanostructures such as nanofibers (NFs),
nanorods, nanowires, and nanotubes [7-10].
One-dimensional (1D) nanostructured materials have
been recognized as promising materials possessing excep-
tional physical properties due to special shapes and structure
with tunable intrinsic properties resulting to high porosity,
large surface area, and facile carrier mobility [11]. Because
of particular features, 1D nanostructured materials have been
practically utilized in wide applications including energy
storage [12], thermoelectric [13], and solar energy conver-
sion [14]. 1D nanostructures such as nanowires, nanorods,
nanobelts, and NFs have been synthesized by various
methods with appropriate conditions such as thermal
treatment [15], hydrolysis-precipitation method [16], hydro-
thermal method [17], and electrospinning [18]. It is found

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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that electrospinning process has considerable advantages
over the others due to simplicity of equipment and
arrangement, production continuity, size controllability,
high porosity, and surface to volume ratio and adjustability
of process conditions [19].

Owing to exceptional and appropriate properties
including non-toxic, excellent chemical stability, strong
ultraviolet (UV) absorption and wide band gap energy
(anatase 3.2 ¢V and rutile 3.4 eV), titanium dioxide (TiO,) is
a recognized metal oxide semiconductor which could be
extensively applied to diverse applications. However, due to
wide optical band gap, TiO, has good absorptivity in UV
region with wavelength lower than 387 nm but not in visible
regimes which are main solar spectrum. It is also known that
high recombination of activated electron-hole pair of TiO, is
still its major drawback that causes the restriction of practical
applications, in particular, solar harvesting aspect. Thus,
many pioneering works have attempted to increase its
efficiency and overcome this drawback of TiO,. Doping
TiO, with non-metal element such as nitrogen resulting in
the enhancement on the visible absorption capability is one
of the effective ways. This improvement of N-doped TiO, is
typically attributed to the decrease of the band gap through
mixing of nitrogen 2p states with oxygen 2p states on the top
of the valence band or the creation of N-induced mid-gap
level just above the O 2p valence band maximum [20].

The main objective in this work is focused on the
synthesis of N-doped TiO, NFs by the electrospinning
process. The effect of calcinations temperature on phase
transformation, structural properties of the NFs was
investigated by X-ray diffraction (XRD), Raman spectros-
copy, X-ray photoelectron spectroscopy (XPS), scanning
electron microscope (SEM), and transmission electron
microscope (TEM). The crucial role of N-doped TiO,
NFs loaded into the P25 matrix employed as modified
working electrode of DSSCs on the device performance is
scrutinized and discussed.

2 Experimental

2.1 Preparation of N-doped TiO,nanofibers N-
doped TiO, NFs were fabricated via typical electrospinning
process. First, the polymer solution was prepared by
dissolving 0.629g of polyvinylpyrrolidone (PVP; M,
1,300,000: Sigma—Aldrich) in 6éml of ethanol under
continuous stirring for 20min. The starting precursor of
N-doped TiO, was prepared by dissolving 3 wt.%
CH;COONH, (as a nitrogen source, Labscan) in 3ml of
ethanol. After that, 1.2 g of titanium (IV) isopropoxide (TiP)
(Sigma—Aldrich) was added into this solution followed by
2ml of acetic acid (Merck) under stirring for 5 min. The
precursor mixture was continuously stirred until its viscosity
reached the required condition. For electrospinning process,
10 ml of the precursor was loaded into a syringe. The process
was conducted with the distance between the needle tip and
collector of 15cm, the feeding rate of 0.5ml/h, and the
applied voltage of 10kV. The N-doped TiO, NFs were
collected followed by calcinations at the different tempera-

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1 Conditions for the calcination of undoped and N-doped
T102 NFs.

sample temperature (°C) time (h)
undoped 500 2
NF500 500 2
NF600 600 2
NF700 700 2
NF800 800 2
NF900 900 2

ture range of 500-900 °C for 2h. The specific preparation
condition for each sample is shown in Table 1.

2.2 Preparation of TiO, nanoparticle/N-doped
TiO, nanofiber composite In this study, the composition
ratio of TiO, nanoparticle (P25) and N-doped TiO, nanofiber
was assigned. Loading content of the NFs into TiO, P25
matrix was varied from 1, 3, 5, 7, and 10 wt.% Details for
prepared composites are exhibited in Table 2.

2.3 Preparation of P25/N-doped TiO, NFs
electrode The working electrodes of DSSC were prepared
using the composite of TiO, (P25) nanoparticles and N-
doped TiO, NFs. At first, the calcination temperatures of
N-doped TiO, NFs were varied from 500 to 900°C for
2h. (P25, NF500, NF600, NF700, NF800, and NF900,
respectively). The optimized condition was selected for
further study. Next step, NFs composite with TiO, P25 were
prepared with different loading content of N-doped TiO,
NFs at 1, 3, 5, 7, and 10 wt.% (NF1, NF3, NF5, NF7, and
NF10, respectively). Each composite was blended with
deionized water and Triton X and the mixture was ground in
a mortar to obtain the paste for working electrode.

The DSSCs were fabricated by simple three-steps.
Firstly, the P25/N-doped TiO, NFs composite films with
various conditions were coated on FTO substrate by doctor
blade technique with coating size of 0.5cm x 0.5cm.
Secondly, the counter electrode was prepared by the coating
of Pt onto the F-doped tin oxide (FTO, 15 }/[]) conducting
glass substrate. Afterwards, the composite films and the
counter electrode were annealed at 500 °C for 2 h. Then, each
modified working electrode was immersed in the N719 dye
solution for 24h. Finally, the electrolyte was injected

Table 2 Conditions for the preparation of P25/N-doped TiO, NFs
composite.

sample ratio of P25:N-doped TiO, NFs
P25 100:0

NF1 99:1

NF3 97:3

NF5 95:5

NF7 93:7

NF10 90:10
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N719 dye P25/N-doped TiO, NFs

composite films

Figure 1 Diagram of dye-sensitized solar cell using P25/N-doped
TiO, NFs composite film as a working electrode.

between the working and counter electrode. The device was
fabricated with mask dimension of 0.5cm x 0.5 cm with
active area of 0.25 cm” of photoelectrode as schematically
depicted in Fig. 1.

3 Results and discussion

3.1 X-ray diffraction (XRD) XRD patterns of N-
doped TiO, NFs calcined at different temperatures are
shown in Fig. 2. After calcinations at 500 °C, the sample
possesses the prominent diffraction peaks located at
26=25.5°, 38.0°and 48.2° which are assigned to (101),
(104), and (200) planes of anatase phase, respectively.
Meanwhile, small characteristic peak positioned at 26 = 27.5°
is indexed to (110) plane of rutile phase. This result indicates
that the anatase phase dominates at this specific calcination
temperature. At elevating calcination temperature, XRD
peak of anatase phase distinctively decreases while strong
crytalline of rutile phase signally occur with orientation
planes (110), (101), and (111) indicated by XRD peaks at
20=27.5°, 36.2°, and 41.2°.

At 900°C, the diffraction peaks of anatase structure
entirely disappear and high formation of rutile structure is
completely obtained. It is suggested that calcination
temperature for the phase transformation from anatase to

900°C

@ anatase
= rutile

Intensity (a.u.)

20 (degree)

Figure 2 XRD patterns of N-doped TiO, NFs calcined at different
temperatures.

WWW.pss-a.com

rutile is between 700 and 900°C [21]. However, no
significant change of TiO, structure was observed by the
influence of nitrogen doping.

3.2 Raman spectroscopy Raman spectra of N-
doped TiO, NFs with different calcination temperatures
are shown in Fig. 3. For the samples calcined at 500 to
700 °C, Raman bands at 144, 197, 395, 515, and 683 cm ™'
are attributed to Raman-active mode of anatase phase with
the symmetries of E,, E,, Ajp, By, and E,, respectively.
Whereas rutile phase in Raman bands appears at 235, 448,
and 613 cm ™" associated to two-phonon scattering modes,
E; and B, are initially observed at 700°C. When the
presence of rutile phase starts, Raman intensities associated
to anatase phase decrease. This result indicates that phase
transformation of anatase to rutile phase obviously initiates
at 700 °C and the complete anatase-to-rutile phase transform
is attained at 900 °C that is in harmony with XRD result.
Moreover no characteristic Raman peak correlated to N
dopant was detected, suggesting that the influence of
nitrogen dopant on O-Ti-N bonding is too small to be
investigated by Raman vibration mode [22].

3.3 X-ray photoelectron spectroscopy (XPS) The
binding energy and oxidation number of each element in
N-doped TiO, NF was characterized by XPS. XPS spectra of
the Ti 2p, O 1s, and N 1s regions are shown in Fig. 4a—c,

Raman Intensity (a.u.)

Wavenumber (cm™)

Figure 3 Raman spectra of N-doped TiO, NFs calcined at
different temperatures.
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Figure 4 XPS spectra of the N-doped TiO, NFs. (a) Ti 2p, (b) O 1s, and (c) N 1s.

respectively. In Fig. 4a, the Ti 2p region is observed at 458.7
and 464.5 eV which are associated to Ti 2p*? and Ti 2p'?,
respectively [23]. In Fig. 4b, the O 1s region is noticed at
529.9 and 533.3¢eV.

Figure 4c shows the existence of nitrogen accompanying
N Is peak with binding energy of 399.8eV. This peak
position is attributed to the interstitial sites of N atom in TiO,
lattice leading to the formation of TiO,N,. In addition, Ti—
O-N bonds could be formed indicated by the appearance of
the peak situated at 531.3eV in O 1s region [24]. These
results highly confirm that N is appropriately incorporated
into TiO, matrix.

3.4 Transmission electron microscopy (TEM) The
morphologies of the NFs are further monitored by TEM.
Figure 5a shows the morphology of N-doped TiO, NFs
calcined at 500 °C. It is obviously seen that the prepared NFs
have smooth surface and good uniformity in shape and size
with average diameter ca. 200nm. The inset of Fig. 5a
reveals the selected area electron diffraction (SAED) pattern
corresponding anatase phase (101), indicating good crystal-
linity of fiber formation. Figure 5b shows a high-magnified
TEM image of the fiber, disclosing that the fiber is consisted
of the cluster of tightly-adhered TiO, granular nanoparticles
with average grain size of 12 nm.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.5 Scanning electron microscope (SEM) Figure 6
illustrates SEM images showing the morphology of N-doped
TiO, NFs/TiO, P25 composite films coated on FTO. In
Fig. 6a, the average thickness of the composite film disclosed
by the cross section is found to be approximately 10 wm.
As seen in Fig. 6b, the morphology of the composite film
shows the distribution of existed NFs in TiO, P25 matrix
with interconnection between them.

3.6 Dye sensitized solar cells (DSSCs) The current
density-voltage characteristics of DSSCs whose working

Figure 5 TEM images of N-doped TiO, NFs at (a) low
magnification and (b) high magnification.

WWW.pss-a.com
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Figure 6 SEM images of (a) cross section and (b) surface of N-
doped TiO,/P25 composite.

—Tio, P25

— NF1

Current density (mA/cm?)

03 04
Voltage (V)

00 0.1 02 05

Figure 7 Photocurrent—voltages of DSSCs fabricated with N-
doped TiO, nanofibers/TiO, P25 with various loading contents of
NFs as modified working electrode.

electrode modified by the composite of N-doped TiO, NFs/
TiO, P25 with various loading content are illustrated in
Fig. 7 and summarized in Table 3. The maximum current
density of 6.49 mA/cm?” and conversion efficiency of 1.68%
were obtained from the device using 5 wt.% loading content
of N-doped TiO, NFs in TiO, P25 matrix. The device with
modified working electrodes by N-doped TiO, nanofiber

Table 3 Photovoltaic parameters of DSSCs fabricated with N-doped
modified working electrode.

exhibits higher current density than the value of reference
device using bare TiO, P25. This enhancement could
originate from the greater electron transfer by 1D-nanofiber
structure in nanoparticle matrix relating to the increases of
internal light scattering and charge transport facilitated
through fewer grain boundaries of NFs [18]. In addition,
other parameter for improving current density is the
augmentations of dye absorption on the working electrode
resulting from higher specific surface area of NFs [25]. For
fewer nanofiber loading (1 and 3 wt.%) in the matrix, lower
current density was obtained due to the slight connection of
nanofiber network on modified electrode corresponding to
reduced charge transport through nanoparticle aggregates.
At higher amount of nanofiber condition (7 and 10 wt.%),
light scattering out of the device can be occured resulting
to the decrease of light harvesting in the deviceand the
deteriorations of current density and conversion efficiency
of DSSCs [26].

Moreover, the specific surface area of working electrode
can be interpreted by the relationship of the amount of
absorbed dye and weight of NFs loaded in TiO, P25 as
shown in Fig. 8. The amount of dye absorbed on modified
working electrode at different ratios of N-doped TiO, NFs:
TiO, P25 (0:100, 1:99, 3:97, 5:95, 7:93, and 10:90) are 1.65,
2.88,2.90, 3.05, 2.30, and 2.00 pmol/cm?, respectively. The
highest dye absorption of modified working electrode was
received at loading content of 5wt.% modified N-doped
TiO, NFs in TiO, nanoparticles indicating the optimized
ratio between NFs and host matrix for greater active surface
area. Consequently, the greater generation of free charge
carriers may be obtained by greater amount of absorbed
dye molecules on modified working electrode resulting to
the increase of short circuit current density and energy
conversion efficiency. Further increasing loading amount of
N-doped TiO, NFs beyond this specific value in the matrix
results to the decrease in the photovoltaic parameters,
especially in Jg.. This occurrence may attribute to the
overloading amount of NFs could retard the dye absorption
on TiO, relating to lower surface area by the agglomertion
of NFs. According to nitrogen dopant, the intermediate
electronic levels between the conduction and the valence
band of TiO, can be proposed in Fig. 9 relating to
the increase of the electron concentration and visible light

TiO, nanofibers/TiO, P25 with various loading contents of NFs as

sample open circuit short circuit fill factor energy conversion
voltage current density, (FF) efficiency,n(%)
Voe (V) Jic (mA/em’)

P25 0.50 422 0.31 0.65

NF1 0.63 4.96 0.36 1.12

NF3 0.65 4.83 0.38 1.18

NF5 0.66 6.49 0.39 1.68

NF7 0.69 3.39 0.46 1.07

NF10 0.66 3.13 0.41 0.86

WWW.pss-a.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8 The relation of dye absorption on modified working
electrode and different loading of N-doped TiO, NFs in TiO, P25.

absorption. Moreover, the improvement of the electron
lifetime and the retardation of charge recombination in
the device efficiently results to higher open-circuit voltage
comparing to the device using pure TiO, reference electrode
[25]. These results imply that the improvement of photo-
current in DSSCs can be acheived by the incorporation of
N-doped TiO, NFs in TiO, nanoparticles host matrix.

The current density—voltage characteristics of DSSCs
whose working electrodes modified by N-doped TiO, with
various calcination temperature are illustrated in Fig. 10 and
summarized in Table 4. The maximum conversion efficiency
of 1.68%, current density of 6.49 mA/cm” and open-circuit
voltage of 0.66 V were obtained from sample with the NFs
calcined at 800 °C. The tendency of the enhancement in its
efficiency is found by varying the calcination temperature.
This improvement can be originated from the formation
of N-O species and oxygen vacancies in the system. The
amount of oxygen vacancies associated with nitrogen doping
can be increased by increasing temperature [27].

7 )

E,

Undoped

TiO,

Figure 9 The electronic band structure schematic of the presence
of nitrogen in TiO, matrix.
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Voltage (V)

Figure 10 Photocurrent—voltage curves of DSSCs fabricated with
N-doped TiO, nanofibers/TiO, P25 composite calcined NFs at
different temperatures as modified working electrode.

Therefore the improvement of DSSCs parameters was
obtained due to interstitial positions of N~O bonding in the
sample. Meanwhile, the excitation by visible light can be
easily occurred by N-doped TiO, sample at high annealing
temperature because of the increase of oxygen vacancies
leading to the increasing photocurrent density. However,
optimized formation of N-doped TiO, and oxygen vacancy
mechanism insignificantly occurred atlow annealing treat-
ment temperature. For higher calcination temperature of
N-doped TiO, NFs, deterioration of DSSCs performance
could happen due to fiber agglomeration and the loss of
nitrogen doping in the sample.

4 Conclusions N-doped TiO, NFs were synthesized
by conventional electrospinning process in combanation
with post heat treatment. XRD and Raman results reveal that
phase transformation of TiO, from anatase to rutile phases is
resulted from the increase of calcination temperature. XPS
study confirms the existence of N doped in the fibers. TEM

Table 4 Photovoltaic parameters of DSSCs fabricated with
N-doped TiO, nanofibers/TiO, P25 composite calcined NFs at
different temperatures as modified working electrode.

sample  open circuit  short circuit fill energy
voltage current density,  factor  conversion
Voe (V) Je (mA/cm?) (FF) efficiency,
1 (%)
P25 0.50 4.22 0.31 0.65
NF500 0.68 1.65 0.52 0.58
NF600 0.55 3.01 0.38 0.63
NF700  0.66 4.24 0.38 1.60
NF800  0.66 6.49 0.39 1.68
NF900 0.59 3.99 0.35 0.82
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and SEM images show themorphologies of the fibers and
uniform dispersion withgood adherence of N-doped TiO,
NFs in TiO, nanopowder matrix in the composite film used
as modified working electrode of the device. The DSSCs
performance can be significantly enhanced by the incorpo-
ration of N-doped TiO, NFs in TiO, P25. The optimized
improvement in the current density was granted from the
device with 5 wt.% loading amount of N-doped TiO, NFs
calcined at 800 °C. The facilitated charge transport resulting
in rapid injection of electrons by the function of nanofiber
structure in the device could be the crucial role on the
improvement of current density and DSSCs efficiency.
Moreover, good formation of TiO, rutile crystalline at
optimized temperature shows remarkably improved open-
circuit voltage. Further increasing amount of N-doped TiO,
NFs in TiO, nanoparticles causes the deterioration of device
performance due to light scattering out of cell and the
decrease of light transparence in the device.
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