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English Abstract

We report a deposition process to prepare nearly aligned binary and ternary vanadium
oxides nanowires, including VO3(R), VO2(B), V203, and B-NayV,0s. In the first section,
VO,(R), VO,(B), and V,03 nanowires were prepared by reducing the precursor of V,0s
nanowires with controlled concentration of reducing gas flow and reduced period. The large
portions of NWs microstructure are successfully preserved during the reduction, and are still
nearly vertical-aligned on the surface. The growth directions of these reducing products were
influenced by the growth direction of the original phase, V,0s NWSs. On the basis of the
growth direction of each product, possible mechanisms of conversion during reduction
reaction are proposed. In the second section, #-NayV,0s nanowires were prepared via a route
combined the original thermal evaporation procedure with additive pre-treatment of the
surfaces of substrates. The sodium silicate, source of the sodium, was first coated on the
substrates and the amount of precursor was carefully controlled on a Na'-free substrate. The

length of the #-Nao 24V 205 wires could be controlled in the range of 5-25um by changing the



reaction condition, which grew along the [100] direction.

X-ray powder diffraction (XRD) and transmission electron microscopy (TEM) were used

to confirm the crystallinity of oxide nanowires. The effect of the controlled amount of

deposited material and morphology were studied. A possible formation mechanism was

proposed. The field emission properties of these binary and ternary vanadium oxides

nanowires have been investigated. The results show that the as-prepared NWSs possess

excellent field emission performances with low turn-on field, large emission current density

and linear Fowler-Nordheim behaviors. The studies suggest that these 1D nanomaterials could

serve as promising candidates for future field emission devices.



- &3 K BHeF L HFVO, 0 V03 fNaV,052
S E 2 HET
R R 2HFE EL
Rzl «~ FR* - § smisr
Chinese Abstract

ERCEEY S A IR F- S [ féi%‘r%ﬁfﬁg * R RTLE L2 2R

[

e A ipd PR AR R N Rip2 &3 1t 2 4Y(VO,(R)) ~BAp L = § it 4o
(VO2(B)) ~ = § 1+ = 4V203))4 2 BAp hgh bF i+ 4 (B-NawV20s) % 4 8> ig 2 £ 3 2 2
RedmA NS BIMA o AF-MAeE P V052 K RETLE - HSAY 0 - Hehd B
FHEAEUR AT BFLE- HBV0s2 A B RFHOT FT e f o 26
BRE e bl BRE Y 0 F T SRR BRI B RF REF L BR S
HWenp$ o 5d BRSAEF BAEAASHOUE Nz BLT 3 R EL BT D
A8 29 ¢ 3EVO0a(R) VO (B)fr VO3 e il i F 2 {6 0 & @ chged i 4 it 4%
FIEET REa F A 2 2R PARLTS L R AR - AT A
Mtk b B ¢ AP EF BB R g P H 2R E S % F PR R
V05 % K Rend £ 3 P o Tt o AR GHBOART o AP B LB KRS
FE o S AR R RALT R T i RS

V- B bR RERE S e TR H A {0 B-NaV,0s %
KR R TR o At ks P e BRI SRR S KRR T 5
Foo FRA P AT G AR P A - T - AP R BT R g H A eh g

Ik

CHRFLBEEENZY I BT EREFHTIAF I L EAF Y g R
o oit— g 2 IB-NayVo0s52 8 3 o 5d Xk R St 7 3% 38 T 5 B e hE i
2.1 0 e A9 4E iR M B-NaxVoOs 3 o M2 F[100]e77 o & o & F SkeilAey » > A

BRI ERENF eV R %K T8 F R R > B EERTR Y aged B3 050k hik



-

p- S =gk

\\\?{r

BIEGTRY S EAN BB Rk R o 0 AT Sl RS &

e

FARER R AFTREEF Y APRRNET R

5

5 EfH -

R &R AR S T TSP B 2 B R Pl
FHEF G OBt ap2 P R Nt K AY 2 s T & (turn-on field)
B B % 3 5+ T % % A (emission current density) o & d1ehE K R4 P 0 V032 o SMAG
T 3 H ST B E TS S 5.2Vim e A R HE 8.3V/uma it KT A
I g SRR S B3MAICMY ¢ BE AT B R W EIA 0 0 4oF A KM AR

R bt P L ARy S i BES o

Vi



Acknowledgements

P3 o Ecfkd Bk o £ 38
BYPH P F o frx B IIA A
A F o a A AEFFE LT R s A

S

/&mm

£33

Eenfid > FAARERBOINDEF FHFELF
R A e R R S ikf“—k?m;} o E s a P e AT S R B AN
TR T S R E AR R TR hB e R A R AR
Ti'ﬁij‘ EFFUEGREY XF AR R RN LAY S RERL %
ARG TR AERUE NS S > BASF LG AR ek o
UBKRBOFHRTAES AL };Lm’}’\ WA HRIPIEAN- F?Hm&a»
PLPFHREOEE o A R REFTORE S LR HE | 2%
R~ A ES R A gt > B, &0 d S iwg;aig;rsoz 3
e s PRFEFRGEL S0 N d f AR FBEL A B RS | RER (&
— L/ (THV) B FEDIP 2 &G BT R T AR R 0 -

Ay

AN

ELF ARS8 XD o w5 R - ARAp ) 2 FR R iR 0 4 3 PR R dk e
o R

3

I
S L ke S | AR F P AEER S 0 2 WA F A AT R
F o (R0 de b L R RE - Aed Biper B E LR p G
ARE 0 R AR B P Ak BRGNS 2 QAR R nE S R
<R TR IApE R LT 0 g2 AT SR pER L A B4R
Sl Ju B ff«féiév’ﬂéé%‘iA’ o B AR E % e A RpfrAzah chE gL
Aﬂfz P AHUA- A EE BN U Al AR NE o B ahfi e (v m%;i;ﬁrg
EAApF FER | &T{ga;g ek T i 4 4 R :\;;gecm AP EARY R fRE MLB
R F e 0 pE4prri MLB > 'ﬁ,‘ﬁ;ﬂ??mﬁﬂ 4 5\7&'@ SR 0 4 PR R e
%i—f[?;g’}% MLB 4 4 w2 5 o 845 8 & A ] > (R E i 2 X 18 | 35 % i oy
ARARER XD HFALRBP o] ) 4o WEP PG Rhs ABRAZ <
AR E - LREERFLRE S ENAIRILET LW §ORF s
BHI T4 L B REA LT AL X 2 BRI ERET u.ﬁ
Ao EERARAKE R R 4 XD gt e R o and B A Y
ERHFEEE B LR ¥ FRIADT B AR BRI FEE SR
T AEF R G S AR R B ERE PR R PN S s b
AR 0 R B - B A Y RF e i SRR R
vl > ZRE A ¥ekeF | BR AR R {@%%,wﬂ«&*ﬁi%—ﬁﬁ@?%iﬁ%%ﬁ’
SO0 A ARRATRR R - BRI B 0 fipif RFAT 0t A Arhe XD | 4p AR
Pl g % 3% F&#Wﬁi&] m?&'»ﬁffre}ga‘wﬂl R ;a?%%\&J HHFE bk s 3B PR R R
* | Z‘E?@"ﬁ'y ) ’fﬁﬂﬂl,ﬁ 7\,\4 pEHLE > R - E?Kklﬂ;vfﬂ-c% v LA - hpEIE - B H_ A RIS
Werf g 2 A 288 @R T S | R ART I RpEEE F IR - 3T

o
1&-‘
£y
§

—
\ﬂ

3

Vi



i B XD BRI IRAR AT f - F 0 L ARV IR ETR IR (G Wb A g b
BT W IETI- HiLﬁﬁw’gﬁﬂwi.'E_MEQ%EHFﬁWWH’iﬁﬁJF
H o gentip g pria > AL aniiEy 4 - 70 XD FERESp L AR
A YREIE oo 0 RT3

Fo A s AL PV PER R R R

24

W
—
~°

\u
\-"4

—\\

FEE I VHREARELE DE G 5 F R AFFN > EEF T FRE OIS A
VG~ 2~ i PREFAp P2 & ol S8 00 PR g AB e A Fo o 000 40
fa

REXLBELEPORR XD Bk Z i g E T CSlab - Enjoy it! ; FET €%
Nth%ﬁﬁ%’ﬁﬁ%##iga@zgiaa,m }ﬁ%?%ﬁ%@%{fﬁ
(A o AR AR B RpRE G L5 ndaAd® ok 0 B SR F 0T i AR
4ﬁ$%i*£ﬁ%ﬁﬁﬁ?$ii%’mwnmi o % mpziimfpﬁnw,
Mok ALF S gﬁ&@ﬁaﬁjﬁﬁJiiﬁuﬁﬁgéwﬁﬁﬁgc

A B E 4 ES ABARR A TRAP A RS GEF - B B E S
LR LERH - X RERATRIE AT AT T ‘Tﬁi’é}#‘\ i
PP RO EE R AL KRB FF R L 3B A stellas
S ‘ﬁ_.‘&*fﬁofkffai%*ﬁﬂiﬁ"éi CEEEY T HAEN "‘,ﬁ—:ﬁ}g),—\.; ~1,g)gs~p
EHEPRELEL L 7R3 e i a~ o B 3R Ph " 42

AR FRH Bk ) Bk P EA - F IRk B F AP R B4 F'f]*u‘fi
Bezapinpld GPaosda@dAiiigt 23 h irﬂi%,;i*ﬁ Tt iR s R 2 L ER S
SEFP L~ HE 2 N o BEARY "'#?’x‘;tﬁir“!ﬂ e FAL A HY R i 38R L 7% o F
FEa RS I e L ES ok 7S ;I»u:; Ey: %‘%F%%&Tﬂ’“ﬁ?"} XD ¥ eb A
WnE > P EATEFRPE A A EdFedE XD BE g ¢ EEF ’fﬁiﬁ%"ﬂ"f ~ ¥
AEAN PN B NP DR B B T HAGA A LA | AR PR Fle 4

1%4‘ ‘\m

-

FEE o MR mf»a%}k et i“’" AR B AR ERA L E 5 A i
- if;fs{iﬁr Bk LR B RS G BERFY A ERRE
BB im%V_ﬁﬁﬁﬂ?”?W%W’Nﬁm@%ﬂimﬁuﬁﬁ’ii%
*?—%‘7‘“"%‘19‘ HF T AN F R F P el o 454 1 - Bl L dd o H4 0 A
Fek o PR RA 2L g AP - AR *é‘ml}ﬂ%#i’z;:&;ér%ﬁ s iR

E\

FAFAENP RS S L“% Rer A Eh o F2RA RIE jeen XD’A:z?ﬂ%%i“FK
BRI Fr - TR EF P RGP R R L Ao B e KR S R BT
e iR iR R e e d > EIRPr R - R A A Sl AR A
10§ R BER 0 B iR e

BSARRBADTA T FRAEREBE BB EPREAREOIERE R
AT LGRBA L PRI A~ EY R E o RS RFRTR R %‘fi s TR et dF gk
@1,: AR H  BAAFTRELOEF AR LEF o IAF"H > Av@yIpy
P e B HFRGAEBFEEI P IEEAED L e el A e EET
BRPF IR A L_&J £ § 7 K{iﬁﬂv% XD e §igir g e g R ,&Tmpﬁg o
R E o RAF Y L F BEL R ] ”é.@ﬁr"év":%; 5 &3 RpEpRaR
ﬁ s s A EFALBA gﬁ@/éﬁ‘m%% P B E L Ry XD o AN R

VIl



2

R A S o PR B F PR RSk > FrEr S X X (7 onat
P RREVRBL AP LI R AT B EAPR

2N
LPp A AT > AT LT T

NLE 24 F > AR A RS
FERA FHE s iR A

}\3 E’f‘l:u ’ 1:,\.

B PR T
TP B EEE AT §

"
£
(-
7

6
—_

z»f’% B E ﬁw% B Foe BT IR P e %"‘é
LA ARFEDIA o

—~ ~



List of Tables

Table 1.1 Synthetic routes for different vanadium oxides with 1D nanostructure.

Table 1.2 FE parameters of 1D nanostructures in the previous study ................ 23

Table 2.1 Parameter of reduction reaction and refined cell parameter of

as-obtained reduced ProdUCT ..........cocvveiieiiecie e 27
Table 2.2 Parameter and final product of two reduction system ................c....... 29
Table 2.3 FE properties as-prepared product NWS..........cccceevvveviveveeniesiesieene. 41

Table 3.1 Reaction conditions and morphology properties of Nag24V,05 NWs

IAENTITIEA WITN SEM ... et e e er ettt e e e e e e e e e e e e e eeeeeeeeeeeeeennne 54

Table 3.2 Comparison of FE properties between as-prepared product and V,0s



List of Figures

Figure 1.1 Projection of the V,0Os crystal structure along (a) [100] and (b) [010]

Figure 1.2 Coordination of vanadium with oxygen in vanadium pentoxide. ...... 5

Figure 1.3 Projection of the VO,(R) structure along (a) [100] and (b) [010] axis.

Figure 1.4 Conductivity as a function of reciprocal temperature for the lower
oxides of titanium and vanadium. Measurements were made along the [100]
direction in VO, and along the ¢ axis in V,03 and VO,(R).*........coooivvivievrinnnns 8
Figure 1.5 (a) Projection of the VO,(B) structure along [010]. There are
packing of edge sharing octahedra that are only linked by corners in (a,b) planes.
Octahedra at y=0 and y=1/2 are, represented yellow and blue, respectively. (b)
One (010) plane for the idealized VVO,(B) structure. Note that, with respect to
the perfect oxygen bcc lattice, there are 0xygen vacancies. .........cccevververvnenne 10
Figure 1.6 One (001) plane for the V,0g3structure. It shows a hcp arrays of O
atoms (yellow) with vanadium atoms (red) occupied at 2/3 octahedral sites..... 11
Figure 1.7 The projection of 5-Na,V,Os crystal structure along [010]. ........... 15
Figure 1.8 Schematic illustration of the hot-wall, low pressure CVD reactor
proposed by Shivashankar.®h ..............cc.ooviiiieeieeeee e 17
Figure 1.9 Schematic illustration of experiments to deposit V,Os NWs on the
SUrface OF @ SUDSIIALE. ............coveveeeieseeeeeee et 19
Figure 1.10 Energy diagram of metal-vacuum level (a) without electric field, (b)
under high electric field..........cooirii s 20
Figure 2.1 the XRD profiles of (a) V,0s, (b) VO,(R), (c) VO,(B) and (d) V,0s.



Figure 2.2 Top view SEM image and corresponding side view image (inset) of
(@) V205, (b) VO3(R), (c) VO,(B), (d) V203 NWSs thin-film.........cccccevveennnne. 34
Figure 2.3 TEM (left), SAED (right top), and HRTEM (right bottom) images of
as-obtained (a) V,0s, (b) VO,(R), (c) VO,(B), (d) V.03 NWs, respectively. .. 34
Figure 2.4 High magnitude resolution of side view image of as-prepared (a)
V,0s, (b) VO,(R), (€) VO2(B), (d) V203 NWS ..o, 35
Figure 2.5 XPS spectrum for V-2p region of as-prepared (a) V,0s, (b) VO,(R),
(c) VO,(B), (d) V203 NWs thin film, respectively..........cccooovviiiiiiiininins 37
Figure 2.6 Schematic illustration of transformative evolution. It shows single
atom layers of (a) V,0s, (b) VO,(R), (c) VO,(B), (d) V,0; along their
corresponding growth Plane. ...t 39
Figure 2.7. The plot of Field emission current density verse applied electric
field and its corresponding Fowler-Nordheim plots (inset) of as-prepared (a)
V,0s, (b) VO,(R), (c) VO32(B), (d) V203 NWs thin-film, respectively............. 41
Figure 3.1 The calculated XRD pattern and the XRD profiles of typical product
synthesized at the temperature of (a) 300°C, (b) 350°C and (c) 400°C. ............ 48
Figure 3.2 (a) Top view SEM image of Nag,4V,0s5 hin-film and side view in
inset (b) TEM (left), SAED (right top), and HRTEM (right bottom) images of
aS-0DtaAINEd NaA) 24V 205 NWVS. ...ttt r e e e e e e e e s e b 49
Figure 3.3 (a) Overall XPS spectrum and (b) high-magnification XPS spectrum
for V-2p region of the NWSs 0f Nag 24V 205 ...cciiiiiiiiieiieiic e 50
Figure 3.4 The side view images of as prepared Nag,4V,05 NWSs thin-films
synthesized at (a) 300°C, (b) 350°C and (c) 400°C, respectively...........c.ccco...... 52
Figure 3.5 The side view images of as prepared Nag,4V,05 NWSs thin-films
synthesized by using precursor solution of concentration (a) 0.15M, (b) 0.30M

and (C) 0.45M, reSPECLIVEIY. ...ccueeiiiiiiiiieee s 53
XIl



Figure 3.6 The side view images of as prepared Nag,,V,0s NWs thin-films
synthesized by using Na-solution of concentration (a) 0.125M, (b) 0.025M and
(C) 0.05M, reSPECLIVRIY. ....ccvii i 53
Figure 3.7 The XRD pattern of typical intermediate product synthesized at
during period of (a) 15 minutes, (b) 30 minutes, () 45 minutes. ..........cccccveueee. 55
Figure 3.8 Schematic illustration of reaction mechanism to deposit 3-NasV,Os
NWSs on the surface of @ SUDSEFAE ... 56
Figure 3.9. UV-visible absorption spectrum and the plot of (ehv)® versus
incident photon energy ho (inset) for the Nag 24V ,0s thin-film as prepared...... 57
Figure 3.10 Field emission current density as a function of an applied electric
field of as-prepared Nag24V,0s5 NWs thin-film. Inset shows its corresponding

FOWIEr-Nordneim PIOLS. ...t et 59

X1



Chapter 1.

Introduction

1.1 Brief review of 1D Nanomaterials

In the past decades, the word "nanotechnology™ has been widely mentioned, which
means any technology based on nano-scaled materials for any application in the real world.
Nanotechnology includes the production and application of physical, chemical, electronic, and
biological systems at scales ranging from 1 to 100 nanometers, and the length of 1 nm equals
a row of 10 hydrogen atoms. When scale size of material was shrunk to nano-level, the
properties of materials behave differently compared to previously bulk ones. For example,
gold shows the various color (orange, red, purple, blue) when particle size was changed from
1 to 500 nm.* The energy band gap of Si rose from 1.12 eV to 2.60 eV when the size scale of
Si was lowered down to 3nm?.2

Investigation of one-dimension (1D) nanomaterials was one portion of nanoscale
materials. It is generally accepted that 1D nanostructures are more prone to charge transport
than the bulk crystalline structures. In addition, 1D nanomaterials can demonstrate the
characteristics of field emission owing to quantum tunneling effect.>* They are also expected
to as potential candidates for both interconnect® and functional units in fabricating sensor,®
electronic, optoelectronic’, thermoelectric®® and electrochemical'®*? devices with nanoscale

dimension. A wide range of metal oxide with 1D nanostructure in belt, rod, wire and

1



nanotube®® *** forms were developed in recent years, which have raised much attention for
their peculiar physical properties and their potential applications.” ***° Among these metal
oxide materials, 1D nanostructure for vanadium family oxides, including binary and ternary
vanadium oxide, shows diverse physical and chemical properties in electronic, thermochromic,
magnetic, and optoelectronic properties for their variable oxidation states, which have been

2023 yltrafast optical switchers, electrochromic®,

widely applied on chemical sensors
thermochromic® devices. Furthermore, the unique structural features also allow the
application on rechargeable lithium battery for serving as electrodes.™

In this thesis, we are going to reveal the growth of kinds of vanadium family oxides with
nanowires morphology, including V;0s, VO2(R), VO2(B), V.03, and a ternary phase
B-NaxV,0s, via a series of procedure containing thermal evaporation, pre-treatment of

substrate, and post- reduction treatment. Crystalline, morphology, growth mechanism, and

field emission properties of these nanowires and thin-film are deliberated in detail.



1.2 Family of Vanadium Oxide

Within the family of metal oxide, researches of vanadium oxides have been particularly
focused in recent years for their diverse electronic, electrochromic, thermochromic, magnetic,
and optoelectronic properties. Vanadium adopts different valence states, which can afford
several oxidized structures. Besides, single-valence compounds such as VO, V,03;, VO, and
V,0s, a number of mixed-valence oxides, e.g., VO1s or V10024, have been reported.?®?’
Specifically, in this manuscript, we are interested in V,0s5, VO, and V,03, each of which has
raised more attraction owing to their natural properties. The brief reviews of these vanadium

oxides will be introduced clearly in the following section.

1.2.1 Structure, Properties and Application
1.2.1.1 V505

The structure of V,05 crystallizes in orthorhombic unit cell with lattice parameter of a =
1151 A, b = 436 A, ¢ =356 A; and the space group is Pmn2;. V,0s adopts a layer
framework with large V-0 separation along the crystallographic b direction. (see Figure 1.1a)
In V,0s, V atom is coordinated with five oxygen atoms and forms a VOs square pyramid.
Along c-axis, VOs square pyramids are linked by sharing edge and results in a zigzag chain
structure. Two adjacent chains further share their corner oxygen atoms to form the final 2D

network. (see Figure 1.1b) The fivefold coordination of vanadium with oxygen is shown in



Figure 1.2. The vanadium atom has coordinated with five oxygen atoms (V-O bond lengths
vary from 1.585 A to 2.021 A): one with O; atoms, one with O, atoms and three with O3
atoms. The distance between V atom and O;* atom located at neighboring layer are too far
away, leading to weak V-O;* bond and the layer structure.® In the family of vanadium
compound, V,0s is the most stable one with the highest oxidation state and exhibits peculate
layer structure, which are expected to be potential material for applications in chemical sensor,
catalyst, electrochemical cell, and photoelectric devices. For example, Zarbin and co-workers
fabricate V,0s nanoparticles to be a cathodic material for Li*-based batteries.”® The study
showed that the two-dimensional layer structure of VV,0s, which favors intercalation of guest
species, with high charge density and electrochemical stability makes this compound an
attractive cathodic material for lithium rechargeable cells. Liu et al. had prepared the single

crystal V,0s nanofibers to be an ethanol sensor material

The V,0s5 nanobelts are n-type
semiconductor and the charge transport proceeds via electron hoping between V**(impurity)
and VV>* centers. When the reducing gases like ethanol are attached to the oxygen adsorbates
(O or O7) covering on the surface of V,0s5 nanobelts by hydrogen bond, the charge carriers

(V*) will increase owing to charge transfer from oxygen adsorbates to belts. The study

showed that V,05 have excellent potential for sensor application.



Figure 1.1 Projection of the V,0s5 crystal structure along (a) [100] and (b) [010] axis.
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Figure 1.2 Coordination of vanadium with oxygen in vanadium pentoxide.



1.2.1.2 VO,(R)

Vanadium dioxide (VOy,) is a traditional binary compounds with several allotropic phase,
including VO»(R), VO, (B), VO,(A).*® The VO,(R) with rutile monoclinic structure (space
group : P2;/c (14)) is the most stable phase in thermodynamic concern. The projection of the
VO, (R) structure along [ 1 0 0 ] has been shown in Figure 1.3a, which gives a distorted rutile
structure. In VO3,(R), vanadium atoms are coordinated with five oxygen atoms and form an
octahedral geometry, with their axial axes aligned alternatively along [0 1 1]Jand [0 -1 1].
The octahedron is not regular which contains one shorter V-O bond length of 1.7 A and leads
to distorted rutile structure with lower symmetry. The adjacent octahedra share edges along
the a-axis to form chain structure. (see Figure 1.3b) The 2; symmetry can be found on
bc-plane and the chain structures are connected by sharing their corners to build a 3D

network.



Figure 1.3 Projection of the VO,(R) structure along (a) [100] and (b) [010] axis.



VO,(R) possesses unique semiconductor-to-metal phase transition (SMT) at around
340K. Below the phase transition temperature, VO,(R) shows semiconductor behavior with a
monoclinic crystal (distorted rutile structure), and exhibits the optical property with IR
transparent. Above the transition temperature, VO,(R) converts to tetragonal crystal (regular
rutile structure) and shows an abrupt improvement in resistivity beyond (see Figure 1.4).3 It
becomes a metal-like material, and the optical property changes to IR reflection.
Accompanied with the phase transition, VO,(R) shows not only a reversible abrupt change of
electric and magnetic properties but a peculiar change of optical transmittance/reflectance in

IR area, which are excellent potential for application in "smart windows".

TLO

Tiz0
= sul V203 Vo
107 —

lh’

CONDUCTIVITY IN OHM-' cm™

™

o N

o 2 4 & a8 10 12
1000/ TEMPERATURE IN DEGREES KELVIN

Figure 1.4 Conductivity as a function of reciprocal temperature for the lower oxides of
titanium and vanadium. Measurements were made along the [100] direction in VO, and along

the ¢ axis in V203 and VO,(R).*



1.2.1.3 VO,(B)

The other phase of VO,, VO,(B) have a little in common with the rutile phase. VO, (B)
possesses larger monoclinic unit cell than that of VO,(R) with lattice parameter of a = 12.03
A b=369A c=6.42A, and = 106.6° and the space group is C2/m(12). The VO(B)
structure can be considered as regular-stacked identical layers of atoms along b axes. Figure
1.5 shows the arrangement of polyhedron in the (0 1 0 ) plane of VO,(B) and the second
layer is shifted with respect to the first one by 1/2, 1/2, 0. In this structure, V-O also forms a
six-coordinated environment with slight distortion. The fourfold axes of the octahedra are
more or less aligned along a single crystallographic direction, namely, [ 0 1 0 ]. Figure 1.5b
shows a single layer of (0 1 0') plane for the ideal VO, (B) structure. The structure is based on
an oxygen hcp array with ordered oxygen vacancies, drawn here with hollow red circle.
Vanadium atoms further occupy in residual octahedral sites.*® Along b-axis, the layer structure

stacks through edge-sharing to form a 3D framework.



'\—>a eV @0 OO0 Vaccancy

Figure 1.5 (a) Projection of the VO,(B) structure along [010]. There are packing of edge
sharing octahedra that are only linked by corners in (a,b) planes. Octahedra at y=0 and y=1/2
are, represented yellow and blue, respectively. (b) One (010) plane for the idealized VO,(B)

structure. Note that, with respect to the perfect oxygen bcc lattice, there are oxygen vacancies.
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1.2.1.4V,03

V,03 crystallizes in Al,O3 (corundum) structure with a hexagonal unit cell (space group:
R-3c (167)) and the lattice parameters are a = 4.95 A, b = 4.95 A, ¢ = 14.00 A. Figure 1.6
shows the projection of [0 0 1] direction for the V,03 structure, the structure is based on an
oxygen hcp array with vanadium locating at 2/3 octahedral sites.

V,03 also undergoes the semiconductor-to-metal phase transition (SMT) with a lower
temperature (~-120°C).*! During the phase transition process, an insulating, antiferromagnetic
phase with monoclinic crystal converts to metal-like phase with corundum structure and a

large change in electrical resistivity (~6 order of magnitude) is observed (see figure 1.4).

Figure 1.6 One (001) plane for the VO3 structure. It shows a hcp arrays of O atoms (yellow)

with vanadium atoms (red) occupied at 2/3 octahedral sites.
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1.2.2 Literature Review of Vanadium Oxide

In the past decades, the fabrication of vanadium oxides with 1D nanostructures has been
researched intensively. A variety of methods, such as CVD****, hydrothermal route?®, sol-gel®,
have been developed to prepare vanadium oxides with 1D nanostructure. Table 1.1
summarizes the synthetic method for different vanadium oxides with 1D nanostructure in
previous report.

In fact, V,0O5 tends to form 1D and 2D nanomaterials owing to peculiar layer structure.
Recently, lots of groups have proposed a variety of methods such as hydrothermal, sol-gel,
CVD ,and electrochemical deposition to control the formation of V,05 1D nanomaterials. For
example, Zhou et al. grew V,0s5 nanobelts from the reaction of ammonia metavanadate with
nitric acid under thermal treatment.® Raible and coworkers had used sol-gel method to
synthesis V05 nanofibers, whose lengths could be controlled by adjusting the reaction period.
20 Bando fabricated V,Os nanowires with centimeter length via a hydrothermal reaction in an
aqueous solution of V,05 and H,0,.%

However, less synthetic routes are suitable to fabricate the 1D nanomaterial of reduced
vanadium oxides (VO2(R), VO2(B), V,03). A common preparative procedure for 1D
nanostructure vanadium dioxides of VO(R) and VO,(B) involves the hydrothermal treatment
of vanadium precursor with reducing agents. For example, Sediri et al. have reported the use

of aniline as both reducing agent and structural templating agent for the preparation of VO,(B)
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nanoneedles from bulk V,0s powder.®” Ji and co-workers successfully fabricated single
crystal VO,(R) nanorods from the reaction of the bulk V,0s powder under hydrothermal
treatments in the presence of oxalic acid as reducing agent and H,SO4q) as acidifying agent,
respectively.”® VO,(R) with 1D nanostructures has also been synthesized via PECVD first
reported by Guiton et al..* They had successfully deposited VO (R) nanowires on the SizN4
substrates from VO,(B) powder as a vanadium source under thermal evaporation
(900°C-1000°C) with the assistance of the carrier gas flow of Argon gas. V,03 with 1D
nanostructure have only been synthesized through reduction reaction from V,0s or VO, to
V,03. For example, Santulli et al. first prepared VO, nanorods by hydrothermal treatment,
and further reduced it to V203 in the presence of reducing gas.** Corr and co-workers
reported a systematic reduction of V,0s nanoscrolls to VO,(R) and V,03 by adjusting

reduction temperature and duration time.*

Table 1.1 Synthetic routes for different vanadium oxides with 1D nanostructure.

Material Synthetic method

V,0s Hydrothermal® *, sol-gel®®, CVD****, electrochemical deposition*
VO, (R) Hydrothermal® ** cvD®* **, Reduction®
VO,(B) Hydrothermal*** 3’

V,03 Reduction®°

13



1.3 Ternary Phase of Bronze Vanadium Oxide #Na,V,0s

Recently, the research in low dimensional metal oxide nanomaterial has been focused on
ternary phase such as NaVgOis5, Zn,SnO4, ZnMgO, and etc. 1D nanostructure for bronze
vanadium oxides, such as f-NaxV20s, AgVsOis, K2Vg0O,1, CaVeOig, are well known to
exhibit a wide range of practical applications.?* “**° Owing to their unique structural feature
combined with chemical and physical properties, they are good candidates for serving as a
electrodes for rechargeable lithium battery®, supercapacitors®, and other else. In this study,
the interesting 1D nanomaterial of /-Na,V,0Os is the target product, and it will be introduced

clearly in the following section.

1.3.1 Structure and Properties

FNayV,0s5 is a member of the vanadium bronzes MxV,0s ( M=alkali, alkaline, earth
and metal) family. M,V,0s are mixed-valence compounds, whose structure, magnetic, and
electronic properties are demonstrated by the M cationic species and the concentration x. The
S phase is located around stoichiometric concentration of x = 0.23-0.41. The (NayxV,0s
possesses a monoclinic unit cell with space group of C2/m, and Figure 1.7 shows the unit cell
of Nay33V20s5 containing six NaVgOis formula unit. In the structure of #~Nag33V20s, the
V-O framework comprises of the three distinct types of double chains directed along the b

axis. The V1-site has a six-coordinated octahedral geometry and forms a zigzag chain by
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edge-sharing. The V2 site with a similar octahedral coordination form a two-leg ladder chain
of corner-sharing VOg octahedra, and the V3 site, having a fivefold square pyramidal
coordination constructs a zigzag chain of edge-sharing VOs pyramids. The Na' ions are
located in the tunnels formed by above V-O framework. In the case of concentration x = 0.33,
the Na" ions occupy only one of two nearest-neighboring site A on ac plane. The electrons of
the Na* ions are transferred into the d shells of V ions, resulting in the mixed valence states
V* (dY) and V°* (d°).>® Precious study had demonstrated that in the high temperature, T >
136K, the donated electrons are situated at the V1 site, with one half of two V1 site being

V#* > These features make /BNa,V,0s possesses novel physical, magnetic and

55-57

superconductive properties at a critical condition.

Figure 1.7 The projection of f~-Na,V,0s crystal structure along [010].
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1.3.2 Literature Review of #-NaxV,0s

Recently, /-NaxV,0s has been synthesized with 1D Nanostructure through CVD and
hydrothermal route. The hydrothermal method involves the reaction between V,0s and
sodium precursor in the presence of reducing agents. For example, Yu et al. first reported a
general route for the synthesis of NaVsO3s single-crystal nanowires based on hydrothermal
treatment between V,0s and NaHSO,-H,0.%® They also successfully synthesized NaVO1s
nanoneedles by changing the sodium precursor, NaHSO,-H20 g to PSMA-Nagg.>® Zhou
and co-workers successfully fabricated single crystal NaVO15 nanorods from the reaction of
bulk V,0s powder under hydrothermal treatment in the presence of NaCl as sodium precursor
and H,0, (aq) as reducing agent, respectively.>

Another preparative method based on CVD was proposed by Shivashankar®®, and the
installment is shown in Figure 1.8. They successfully deposited single crystal NayV,0s NW5s
on the surface of sodium silicate glass with the assistance of Ar/O, flow as carrier gas. In this
study, the source of Na* ions were from the glass substrate that diffused into the vanadium

oxide precursor and further reacted to form £-NaxV,0Os nanowires.

1.3.3 Application
FNayV,0s5 possesses a more rigid 3D network that is different from the V,05 with

layer-type structure. The Na* ions are located inside the tunnels of V-O framework, resulting
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in the mixed-valence states V°*(d%) and V**(d"). Recently, this particular feature is expected to
improve the property of ions transport, charge storage and electronic transport for applications
like supercapacitors and cathode material in lithium battery. For example, Zhou and
co-workers used single crystalline NaVsOi5 nanorods to serve as a cathode material for
rechargeable lithium battery and obtained a high electrochemical performance upon lithium
insertion and extraction.” Lee et al. had successfully fabricated 4-Nag33V,Os nanobelts via
hydrothermal route and used that as an electrode for supercapacitor.”® The three dimensional
framework crystal structure of the S-Nag33V20Os nanobelts network electrode shows a high
specific capacitance of 320 F-g™* and only 34% degradation in specific capacitance being
observed in galvanostatic cycling testing after 4000 cycles. These results suggested that the
Nag33V205 nanobelt network structure is a potential energy storage material.
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Figure 1.8 Schematic illustration of the hot-wall, low pressure CVD reactor proposed by

Shivashankar.*
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1.4 Thermal Evaporation-Like Synthesis for Vanadium Oxide NWSs

Recently, we applied a facile route to control the growth of nearly aligned MoOj3 and
V,0s nanowires (NWs) on varies substrates based on thermal evaporation.®*® In the case of
V05, the V,05 nanowires were deposited on the surface of glass substrate as following: First,
a mixture of V2,05 powder (0.1g, 0.55mmole) and NH,OH-HCl 5 (3M, 2mL) was placed in a
glass vial stirring at 50°C. After the color of mixture turned from orange to blue, a glass slide
rinsed by ethanol and deionized-water was covered on the top of the glass vial. Thereafter,
this installation was transferred to a programming furnace. The temperature was raised to
400°C over duration of 1 hour, and the V,Os nanowires were grown on the surface of glass
slide; a schematic illustration appears in Figure 1.9.

Initially, the dispersed bulk V,0s powder was reduced by NH,OH-HClq to form a
pre-mixture with blue color indicative of the formation of polyvanadate species (VOy).
During the thermal treatment, the polyvanadate species were transport to the surface of glass
with the assistance of H,O ) and NH3(g (vaporized from decomposed NH,OH-HCI). During
calcination with elevated temperature, the polyvanadate species stacked and crystallized,
leading to growth of NW-formed V,0s. The study demonstrated that the presence of
NH,OH-HCI in the growth process was found to be essential, which was not only provided
the H,O and NH3 vapor source but also reduced V,0s to polyvanadate species dissolved in

solution.
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Comparing with other synthetic routes (hydrothermal, sol-gel, etc.) which suffer from
long reaction time and complicated cleanup procedures, and this thermal evaporation method
exhibits the advantages of simple, economical, mild and time-saving treatment for preparing
V,05 nanowires thin film on the substrate directly. Moreover, this method is anticipated to be
applied to fabricate various metal-oxide nanocrystals on oxide substrates with special crystal
morphologies on choosing a suitable precursor. Owing to these features, this thermal
evaporation method still possesses much potential development and is worth to continually

study.

V:0s
nanowire

%P VOs octahedron
Yy NH:and Hz0 vapors

Figure 1.9 Schematic illustration of experiments to deposit V2,Os NWSs on the surface of a

substrate.%

19



1.5 Theory of Electron Field Emission

1D nanostructures, such as nanobelts, nanorods, nanotubes, and nanowires, have raised
much attention in the field emission application owing to their unique electrical properties,
chemical stability, and high aspect ratios in appearance of these materials. Electron field
emission (EFE) is a quantum tunneling phenomenon of electron from the surface of a material
subjects to a strong electron field. The energy diagram of a metal-vacuum system without
external electric field is shown in Figure 1.10a. When a sufficiently high field was applied on
a metal or semiconductor, electrons will tunnel through the surface potential barrier of the
sample surface into vacuum level. As shown in Figure 1.10b, the vacuum level is bent and
reduced at extremely high electric field. Energy barrier between the surface of metal and the

vacuum become so narrow that the electron can tunnel through it easily, even at very low

temperature.
(a) Vacuum level (b) Vacuum level
¢ ¢ Bending due to
Fermilevel Fermi level high electric field
4 A
W (W
Metal Vacuum Metal Vacuum

Figure 1.10 Energy diagram of metal-vacuum level (a) without electric field, (b) under high

electric field.
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Fowler and Nordheim obtained the accurate description of field emission, based on
tunneling of electrons through the surface potential barrier, in 1928.%* Considering the
emission of electrons from a object, the emission current defined by multiplying the number
of electrons N(W,T) is determined to multiply the flux of electron incident on the surface
potential barrier and the tunneling probability of electrons to overcome the potential barrier as
shown below.

J(E,T):eI:N(\N,T)D(\N)dW (1.1)

When E, T represent the applied electric field and the temperature, N(W,T) and D(W) are

the function of E, and T. By integrating equation (1.1), it will change into

e’E? 7CKe T 4 (2mY” 32
e AT e L e bt EOA LS 1.2
167 hgt=(y,) sin(zc,ksT) el h E

while the time factor is

y, =3.79x10™ El% (1.3)
The velocity is

V(¥o) (1.4)

Set T approximate to zero to discuss the field emission, equation (1.2) could be shown as

J(F) = AFZexp[_Blfslz} (1.5)

3

_ e 4 (2m\”?
while A=—————— and B=—| = | v(y,)
167hgt (y,) 3e\ 7’
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This is known as Fowler-Nordheim equation. Under the field emission condition, y is
between 0-1, and the function of v(y) and t*(y) could be approximated to:

t*(y)=1.1,v(y) =0.95-y°

By substituting the approximation above, J = l/a, and F = BV into equation (1.5), the

expression becomes
| =aV’exp (_—bJ (1.6)
v :

where a=

aAB? exp{ B(1.44><10_7)} and b= 0.95B¢°*
¢1/2 ﬁ

A=154x10" B =6.87x10".

A denotes the effective emission area and 3 is the field enhancement factor. There are
three factors, a, B, and ¢, in equation (1.6) could influence the magnitude of the field
emission current density. equation (1.6) can be further expressed as

In(%jzln a—b(vlj (1.7)

As a consequence, for a field emission data, by plotting of log(1/V/?) versus 1/V, a straight
line with negative slope could be obtained, and was designated as F-N plot. Through this plot,
one can judge the field emission properties of a sample. When the work function of the

sample is known, the field enhancement factor could be calculated from the slope of F-N plot.
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Table 1.2 FE parameters of 1D nanostructures in the previous study

Emitters Synthesis method Ew(V/um)? Jmax (MA/cmM?)° B ref
V,05 nanowires Thermal evaporation 8.3 1.6 at field of 18 (V/um) 62
V,05 nanotubes  Template-based wetting 7.3 2.1 at field of 9.0 (V/um) 3
V,05 nanorods ~ Template-based wetting 6.4 2.31 at field of 9.2 (V/um) 4
V,05 nanowires Hydrothermal 2.8 14.7 at field of 4.42 (V/um) 2256 36
Zn0O nanotubes CVvD 7.3 1.3 at field of 11.8 (\V/um) 65

ZnO nanoneedles CVvD 2.5 - 2000 66
MoO3; nanowires 35 13 at field of 8.0 (V/um) 67
MoOj3 nanoflowers CVvD 8.7 - - 68
SnO; nanowires CvD 4.03 - 1008 69
Ga,03 nanowires CVvD 6.2 - 880 70
WOj3; nanowires CVvD 4.45 - - 71
WO3; nanowires CVvD 4.0 2.25 at field of 7.0 (V/um) 1904 72

a: Ei: turn-on field

b: Jmax: maximum current density
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1.6 Aim of This Thesis

Vanadium oxides and their derivatives exhibit outstanding chemical and physical
properties, which are used in many fields. A facile and economical way to grow vanadium
oxides NWs represents a significant improvement for application in future nanodevices. The
conventional synthetic routes suffer from time-consuming, complicated procedure, and
uneconomic. Previously, our group reported a facile route to control the growth of nearly
aligned V,0s and MoO3; nanowires on varies substrates based on thermal evaporation. It is
anticipated that the synthetic procedure is suitable for preparing other 1D metal oxides.

In this thesis, we extend this deposition process to obtain binary and ternary phase of
vanadium oxides with 1D nanostructure. We tried to combine the original thermal evaporation
procedure with post-reduction treatment to obtain reduced vanadium oxide. In the first part,
V,0s5 NWs thin-films were first deposited on the surfaces of substrates via a thermal
evaporation route. The reduced vanadium oxide phase of VO, and V,03 NWSs were obtained
by adjusting the experimental parameters of reduction. In the second part, the target product
we planned to prepare is -NayV,0s, and a well-controlled Na* ion source is necessary.
Based on this concept, a modified thermal evaporation with an surface pre-treatment of
substrate was developed. The sodium silicate is used as the source of the sodium ion, which
was first coated on the substrates and the amount of precursor was carefully controlled on a

Na'-free substrate. The polyvanadate species are delivered to the surface of substrate during
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evaporation process, which were further react with Na* ion to form a ternary compound of
NayV,0s.

Several analytical techniques were used to confirm the nature of as-prepared typical
product, and the crystalline, morphology, reaction condition, and growth mechanism of these
nanowires and thin-film would be discussed in detail. Finally, field emission properties of

these NWs sample are demonstrated and studied in this work.
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Chapter 2.
Controlled Reduction of Nearly-Aligned Nanowires of V,0Os to

VOZ(R), VOZ(B) and V,03

2.1 Introduction

In the previous section, we mentioned a facile route to control the growth of nearly

aligned MoO3 and V,0s NWs on varies substrates. The as-synthesized V,0s NWs on

substrate were further used as a precursor to prepare reduced vanadium oxide nanowires with

controlled reduction conductions. In-this section, we had set a systematic reduction condition

and successfully obtained several reducing vanadium oxide phase of VO;,(R), VO,(B), and

V,03 by adjusting reaction period or the composition reducing gas flow. The structural

information of reducing vanadium oxide nanowires was investigated with various analytic

techniques such as SEM, TEM, SAED, XRD, and XPS. In addition, field emission

measurements were carried out and the results show small actuation voltages and a large

current density of reducing vanadium oxides NWs arrays, which properties are prospectively

useful in optoelectronic nanodevices.
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2.2 Experimental
2.2.1 Synthesis
2.2.1.1 The V,0s nanowires film

V,0s5 nanowires were grown on a substrate with a thermal evaporation method
developed in previous study. The details of the deposition procedures are described elsewhere.
2.2.1.2 The Reduction of the Nanowires Thin Film

Before reduction reaction, V,0s NWs were examined with P-XRD to check the purity.
Initially, pure V,0s nanowires thin film was placed in an alumina crucible, which was
subsequently placed in a tube furnace. The reduction reaction proceeded with constant heating
rate 200°C hr and kept at the 450°C. The vanadium oxide nanowires with different oxidation
states were obtained by adjusting the composition of the reducing gas and the reaction period,

and the parameters were summarized in Table 2.1.

Table 2.1 Parameter of reduction reaction and refined cell parameter of as-obtained reduced product

Parameter of reduction Refined cell parameter
Space
Product  composition  Temp. duration lattice group  a(R) bA) cA) B

VO2(R)  10%H2/90%Ar 450°C 12 hours monoclinic  P2i/c 574 453 538 122.65
VO2(B) 100% H- 450°C 2 hours monoclinic C2/m 12.03 3.69 6.39 106.88

V203 100% H- 450°C 4 hours hexagonal R-3c 494 494 13.99 -
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2.2.2 Characterization

The crystalline were measured by powder X-ray diffraction (XRD, Bruker AXS D8
Advance, Leipzig Germany) with Cu-Ko radiation operating at 40kV, 40 mA. The
micrographs of scanning electron microscope (SEM, Hitachi, S-4700I, operated at 15kV) and
transmission electron microscope (TEM, JEOL, JEM-3000F, operated at 200kV) were used to
determine the morphology and the size of nanowires. The samples for TEM experimental
were prepared as-following: first, the NWs were separated from glass by ultrasonic dispersion
of the thin film in ethanol for 5 minutes. Then, the dispersion solution was dropped onto a
copper grid (carbon film-coated 100 mesh), and dried in air atmosphere leaving spread NWs
on the carbon film. X-Ray ‘photoelectron spectroscopic analysis was made with a XPS
spectrometer (PHI Quantera SXM); the binding energy was calibrated by use of the C-1s line
at 284.4eV. For field emission measurement, the vanadium oxide thin films were placed into a
vacuum chamber with a pressure less than 3x10” Pa at room temperature. The distance
between the electrode and sample was fixed at 100um and the high-voltage sourcemeter

(Keithly 2410) was used to measure the current-to-voltage characteristics.
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2.3 Results and Discussion

2.3.1 Synthesis and Reduction Condition

To prepare vanadium oxides NWs thin film with various oxidation states, the as-prepared

V,05 NWs were heated in a tube furnace under H,/Ar pre-mixed gas with specific

composition and flow rate of 0.4 SLPM (Standard Liter Per Minute). The initial attempt to

reduce V,Os thin film was carried out under ambient concentration of H,/Ar pre-mixed gas.

It was found out that the VO,(R) and VO,(B) can be synthesized with low and high

concentration of H,, separately. On the basis of this finding, we set two reduction systems to

control the product of reduced vanadium oxide. All parameters and results of the reduction

condition are referred in Table 2.2, and the pure phase of reduced vanadium oxides were

obtained according to the condition presented in Table 2.1.

Table 2.2 Parameter and final product of two reduction system

System temperature composition  duration  product

1 Mild 450°C 10%H: ehr V205

2 Reduction 450°C 10%H: 9hr V205+VO2(R)
3 System 450°C 10%H: 12hr VO2(R)

4 Rapid 450°C 100%H: 2hr VO2(B)

5 Reduction 450°C 100%H: 4hr V203

5 System 450°C 100%H: ehr V203
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2.3.2 Structural and Purity Characterization

The crystallinity and purity of as-prepared NWs were confirmed by using powder XRD,
as shown in Figure 2.1. The XRD profile of for V,0Os NWs can be indexed as orthorhombic
unit cell (JCPDS number: 72-0589, space group: Pmn2;; a=11.45 (2) A, b =4.430 (6) A, c =
3.542 (3) A). Figure 2.1b shows the XRD pattern of reducing product obtained at mild
reduction condition (condition 1), which corresponds to monoclinic rutile VO, (JCPDS
number, space group :43-1051) On the other hand, rapid reducing conditions (condition 2 and
3) preferred to form VO,-B (Figure 2.1c, JCPDS number: 65-7960) and VV,0O3 phases (Figure
2.1d, JCPDS number: 84-0316). Refined lattice parameter of all reducing product were
referred in Table 2.1. The XRD profile of VO3(R) and VO,(B) show low signal-to-noise
ratios for all diffraction peaks, indicative of low yield and the formation of amorphous phase.
According to these results, we assume that the reduction reaction can be regarded as
continuous process, and the vanadium oxide will be reduced continually by hydrogen. The
transformation of V** into VV** occurs immediately after the conversion of V°* to V**. V** can
be defined as the transition state during the reduction reaction and we limit the duration time
to cease the reaction and preserve the vanadium oxide with V** state. Furthermore, the
amorphous VO (oxidation states of V and I11) are also preserved at the same time and PXRD
profiles reveal a low signal-to-noise ratio. The lowest oxidation state of vanadium ion is +3 in

V,03. When the duration time of reduction was increased, the amorphous VO species would
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be completely converted to V,03 and crystallize, which results in a PXRD pattern with good

signal-to-noise ratio.
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Figure 2.1 the XRD profiles of (a) V20s, (b) VO2(R), (c) VO2(B) and (d) V20s.

31



2.3.3 The Morphology and Structure of As-Obtained Typical Product

The representative morphology and structure of as-prepared NWs were investigated by
FE SEM and TEM, as shown in Figure 2.2 and Figure 2.3, respectively. Figure 2.2a shows the
SEM image of V,0s NWs, and the microstructures of that are long uniform nanowires. Large
portion of V,05 NWSs possesses length of up to tens of micrometer as calculated from SEM
image. Other SEM image (see Figure 2.4) also confirm the NWs structure of V,0s with width
of 70~150nm. The side view image (inset of Figure 2.2a) clearly reveals that V,05 NWs are
nearly vertical-aligned to the surface of the glass. Figure 2.2b-2.2d show the SEM images of
the reduced product, and the insets are their corresponding side view image. The results
suggest that the large portions of NWSs microstructure are maintained with nearly
vertical-aligned structure to the surface. It is demonstrated that the morphology is not
destroyed during the reduction reaction.

Figure 2.3a shows the TEM image of a single V,Os NW and insets show its
corresponding selected area electronic diffraction (SAED) pattern (top) and high
resolution-TEM (HR-TEM) image (bottom). The SAED pattern and HRTEM image of a
single wire recorded from [0 1 O] zone axis, and SAED pattern reveals sharp and clean
diffraction spots, indicative of single crystalline property. HRTEM image indicates lattice
fringe of 5.72A and 3.39A, corresponding to (2 0 0) and (1 0 -1) crystal planes for

orthorhombic V,0s, respectively. The growth direction is along the c-axis, which is deduced
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from the angle of 90° between the c-axis and the a axis, consistent with the previous studies.
Figure 2.3b-2.3d show the TEM images of single NW of reduced products and insets show
their corresponding SAED pattern (top) and HR-TEM image (bottom). The SAED pattern and
HR-TEM of VO,(R), VO,(B), and V.03 single wire were recorded from zone axis of [2 -1 1],
[0 0 1], and [2 -2 1], respectively. All SAED pattern of reduced product also exhibits sharp
and clean diffraction spots owing to single crystalline property. The HR-TEM taken of a
portion of VO,-R NWs reveals parallel lattice fringes with inter-layer distance ~3.31 A and
3.19 A, which corresponding to plane (1 1 -1) and (0 1 1). Combined with the TEM image,
the growth direction of VO,(R) NW is closed to the vector which is perpendicular to the plane
(11 -1). The HR-TEM of VO3(B) NWs shows the d-spacing of 3.5 A and 5.7 A, consistent
with that of the (1 -1 0) and (2 0 0), respective. The growth direction of VO,(B) NW is along
the b-axis, which is deduced from the angle of 90° between the b-axis and the a axis. As
shown in Figure 2.3d, the marked interplanar d-spacing of 2.5 A and 5.0 A corresponds to the
(0 1-2) and (1 -1 4) lattice plane of hexagonal V,03. The results of SAED and HR-TEM
demonstrate that the V,03 NWs are single crystalline in structure along growth direction of
the normal vector of plane (1 1 0), which can be deduced by using the angle of 90° between
two normal vector of plane (1 1 0) and (1 -1 4). The crystal growth directions of all reduced
products are suggested by SAED and HR-TEM analyses, and that is influenced by the

conversion of precursor product V,0s NWs.
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Figure 2.2 Top view SEM image and corresponding side view image (inset) of (a) V,0s, (b)

VO,(R), (c) VO»(B), (d) V203 NWs thin-film.

Figure 2.3 TEM (left), SAED (right top), and HRTEM (right bottom) images of as-obtained

(@) V205, (b) VO2(R), (c) VO2(B), (d) V2,03 NWs, respectively.
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Figure 2.4 High magnitude resolution of side view image of as-prepared (a) V,0s, (b)

VOz(R), (C) VOz(B), (d) V,03 NWs
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2.3.4 X-Ray Photoelectron Spectroscopic Analyses.

XPS analyses have been further achieved to investigate the information of the oxidation
state of vanadium ions in as-prepared product. As shown in Figure 2.5, the high resolution
XPS spectra for V 2p region shows the binding energy of V 2p1;; and V 2ps,. The peak in V
2p3p2 spectrum of VO,R and VOB (Figure 2.5b and 2.5¢) are broad ranging from 514 eV to
518 eV, indicative of mixed oxidation states of vanadium ion. After peak modeling, the V
2p32 Spectrum contains three contributions at 517.02 eV, 515.93 eV, and 515.04 eV
corresponding to V°*, V**, and VV** ions. These results demonstrate that amorphous phase of
V3* and V°* complex certainly exist in VO,-R and VO,-B and result in low signal-to-noise
ratio in XRD pattern. The broad peak caused by mixed oxidation states of vanadium ions (V°",
V*, and V** ions) can also be found in the V/ 2pz;, spectrum of V,03 (see Figure 2.5d). The
appearance of V°* and V** ions might be due to the oxidation of vanadium ions at the surface
of NWs, and this phenomenon are over-amplified by XPS owing to its surface sensitivity. In
our case, the amount of oxidation vanadium ions existing at the surface of the NWs are too

less to measure at XRD.
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Figure 2.5 XPS spectrum for V-2p region of as-prepared (a) V,0s, (b) VO2(R), (c) VO2(B),

(d) V203 NWs thin film, respectively.
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2.3.5 Transformation Mechanism

To realize the transformation mechanism, we assume that the crystal growth directions of

all reduced products are influenced by the precursor product V,Os NWSs. Based on this

assumption; we proposed the schematic illustration of transformative evolution according to

the growth direction of each phase of VOx NW. The Figure 2.6 shows the single atomic layers

of each phase of VO, NW along with their corresponding growth plane, which were

determined from the crystalline analyses of HR-TEM and SAED. The Figure 2.6a shows one

layer of (001) plane for V,Os structure, and the layer structures along b-axis are the key

fragment structure for the transformative evolution. During reduction treatment with reducing

gas, the distance of each adjacent layer will become close and the layers will connect with

each other through the O-V-O bond to form 3D network structure. The lowest oxidation state

of vanadium ion is +3 in V,03, and two intermediates can be found in VO,(R) and VO,(B)

phases. It is considered as a continuous process, the transformation from V,0s to VO, (route

a and b) will occur first, then VO, phase will further convert into V,03 (route ¢ and d).

In route a, the odd layer of V,0s5 fragment will be shifted with respective original

location by -1/4, -1/2, 0. After the dislocation, the odd layers will connect with even layers by

dangling oxygen atoms and the redundant oxygen atoms will be removed by hydrogen

molecules. The formative layer structures will close to adjacent one and further form a new

bonding between vanadium and oxygen atoms, resulting in VO, (B) phase structure.
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In route c, the VO,(B) phase will further be reduced to form V,03 phase. When the
reduction treatment is kept going, VO,(B) will undergo the similar process with route e. The
fragments of VO,(B) will shift along a-axis and connect with adjacent one through originally
dangling oxygen atoms. Also, the redundant oxygen atoms will be removed by hydrogen

molecules to form the final VV,03 structure.
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Figure 2.6 Schematic illustration of transformative evolution. It shows single atom layers of

(@) V20s, (b) VO2(R), (c) VO2(B), (d) V203 along their corresponding growth plane.
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2.3.6 Electronic Field Emission Property.

The interesting electronic field emission properties of as-prepared typical product were
measured in a vacuum box with a parallel-plate configuration of electrodes with a separation
100pum between the anode and an emitting surface of area 0.785mm?. Figure 2.7 reveals the
emission current density (J) versus an applied macroscopic field (E) within a ~0-1100V bias
voltage range at separations of 100um between the samples and electrode. The turn-on field
(Eto), defined as the macroscopic field required producing a current density of IOuA/cmZ, and
the maximum current density (Jmax) are summarized at Table 2.3. The un-reduced V,05 NWs
thin film possesses the poor FE properties with Ey, of 8.3 V/um and Jax of 3.68 mA/cm? at
the field of 11V/um. The results reveal that the FE properties are improved obviously when
the V,0s NWs convert to other reduced vanadium oxide. Notably, the FE properties are
effective to be improved as oxidation state decreasing. Among these typical product, the
lowest oxidation state V,03 NWs exhibit the best FE properties with Ey, of 5.2 V/um and
Jmax OF 8.3 mA/cm? at the field of 8.3V/um. The variations of the turn-on fields may be
attributed to the differences in phases and chemical compositions. A Fowler—Nordheim (F—N)
plot of (In I/E2) versus (1/E) appears in the inset of Figure 2.7; a linear relation indicates that
the field emission from the films of all vanadium oxides NWs agrees with the F-N theory and

the emitted currents are produced owing to quantum tunneling at the surface.
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Figure 2.7. The plot of Field emission current density verse applied electric field and its
corresponding Fowler-Nordheim plots (inset) of as-prepared (a) V.0s, (b) VO2(R), (c)

VO,(B), (d) V2,03 NWs thin-film, respectively.

Table 2.3 FE properties as-prepared product NWs

Etw(V/um) Imax(MA/CcmM?)

V205 NWs 8.3 3.68 at an applied field of 11V/um
VO2(R) NWs 7.2 4.50 at an applied field of 11V/um
VO2(B) NWs 6.0 8.21 at an applied field of 11V/um

V203 NW5s 5.2 8.36 at an applied field of 8.3V/um
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2.4 Summary

In this section, we reported the synthesis of nearly aligned VO, NWs with precursor of
V,05 NWs on substrate. Products of VO3(R), VO2(B), and V,03 NWSs were successfully
obtained via controlled concentration of reducing gas flow and reduced period. We also
demonstrate the single crystalline properties of reduced vanadium oxides NWs with specific
growth direction. On the basis of the growth direction of each product, possible mechanisms
of conversion during reduction reaction are proposed. All as-obtained VOx NWSs possess
interesting field emission properties with linear F-N property, which are influenced by
morphology of NWs and the nature of material. Among these NWs, V,03 NWS shows the
best FE properties with a low turn-on field of 5.3 V/um and a maximum current density of 8.3
mA/cm? at the applied field of 11.0 V/um. The feature of vanadium oxide shows excellent FE
properties with low turn field and high maximum current density, which might be used as

field emission emitter.
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Chapter 3
Controlled Synthesis of Nearly Vertical-Aligned Nag4V,05

Nanowire Thin Films

3.1 Introduction

As a member of vanadium oxide derivative compounds, #-NayV,0s5 (x=0.23-0.41) have
been synthesized with 1D nanostructure by CVD and hydrothermal route, which require long
reaction time and complicated procedures.>*% %% Moreover, grown NWs of Nay.,V30g and
S-NayV,05 on glass substrates were reported.®® 7> The source of Na* ions was from the
substrate that diffused into the vanadium oxide precursor.

In this section, a ternary phase of bronze vanadium oxide A-NaxV,0s5 NWs were
successfully deposited on the substrate via a modified procedure that combined the original
procedures with an additional treatment on the surface of substrate. The source of the Na* is
from sodium silicate, which was first coated on the substrates and the amount of precursor
was carefully controlled. Several parameters, including reaction temperature and the
concentration of reactants, were found to play important roles in controlling morphology of
the final products. Field emission measurements were carried out and the results show small
actuation voltages and a large current density of f-NaxV,0s NWSs arrays, which properties

are prospectively useful in an optoelectronic nanodevice.
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3.2 Experimental Section
3.2.1 Synthesis

Thin films of /-NaxV,0s NWs were grown on a substrate with a two-steps synthetic
process including substrate treatment and thermal evaporation.
3.2.1.1 Substrate treatment.

Sodium metasilicate solutions (Na-solution) were prepared by dissolving Sodium
metasilicate (Na,SiO3 - 9H,0) in deionized water with concentrations ranging from 0.0125M
to 0.05M. Prior to the coating treatment, a sodium-free glass substrate (2cmxlcm) was first
cleaned by ethanol and deionized water, followed by dropping 0.2 ml of as-prepared solution
onto substrate, and finally dried overnight at 40°C to form a thin film of sodium metasilicate

salt on the glass.

3.2.1.2. Thermal evaporation.

The solution for each precursor was prepared as following: V,0s powder (0.1g,
0.55mmole) and NH,OH-HClxg)(3M, 2mL) were well mixed in a glass vial, and stirred at
50°C. The concentration of precursor solution was ranged from 0.15M to 0.45M with fixed
ratio of V,0s5 and NH,OH-HCI. The color of mixture finally turned from orange to blue,
indicating the reduction of V,0s. Thereafter, a glass substrate as prepared was placed on the

top of the vial, and this installation was transferred into a programming furnace. The
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temperature was raised to 300°C -400°C with a constant rate of 100°C /hr and kept for 1 hour.

Finally, well-aligned -NayV,0s5 NWs could be found on the lower side of glass.

3.2.2 Characterization.

The as-prepared thin film products were characterized with several analytical techniques.
The crystallinity of products were confirmed by powder X-ray diffraction (XRD, Bruker AXS
D8 Advance, Leipzig Germany) with Cu-Ko. radiation (A = 1.54060 A) operating at 40kV, 40
mA. Cell parameters were refined with the program CELREF.” Chemical composition of the
FNay,V,05 NWs was determined with an inductively coupled plasma-atomic emission
spectrometer (ICP-AES, Jarrell-Ash ICAP 9000). The crystal morphology and dimension of
NWs were determined from the micrograph analyses of scanning electron microscope (SEM,
Hitachi, S-4700I, operated at 15kV) and transmission electron microscope (TEM, JEOL,
JEM-3000F, operated at 200kV). To prepare the sample for TEM experiment, the f-NaxV,0s
NWs were scraped from glass by ultrasonic dispersion of the thin-film in ethanol for 5
minutes. The resulting solution was then dropped onto a copper grid (holey carbon-coated 100
mesh), and dried in air to spread NWs on the carbon film. X-ray photoelectron spectroscopic
(XPS) analysis was made with a PHI Quantera SXM spectrometer; the binding energy was

calibrated by use of the C-1s line at 284.4eV. Diffuse reflectance measurements were
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performed near 25°C with a UV-visible spectrophotometer (Hitachi/U-3010) and an
integrating sphere was used to measure the diffuse reflectance spectra over a range 400-800
nm. For field emission measurement, the f-NayV,Os thin films were placed in a vacuum
chamber with a pressure less than 5x10® Pa at room temperature. The distance between the
sample and electrode was adjusted to 100um and the current-to-voltage characteristics were

recorded by high-voltage source meter (Keithly 2410).
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3.3 Results and Discussion
3.3.1 Structural and Composition Characterization

The crystallinity and purity of as-prepared S-NaxV,0s NWs were confirmed by using
powder XRD. Figure 3.1 shows XRD patterns of products as deposited on a glass substrate
synthesized at various temperature. The patterns can be indexed on the basis of a monoclinic
unit cell with refined lattice parameters of a = 15.40 (3) A, b =3.612 (3) A, ¢ =10.05 (3) A, B
= 109.5° (2), which is close to the calculated XRD pattern for Nag 76V¢O15 (JCPDS number:
75-1653, space group: C2/m(12) ). As shown in Figure 3.1, the sample synthesized at lower
temperature exhibits broad XRD signal, indicative of poor crystallinity. With raising reaction
temperature, sharp XRD signal with high signal-to-noise ratio are observed due to improved
crystallinity. Moreover, reaction temperature also affects the intensity of Bragg peaks. For the
sample prepared at 400°C, the strongest Bragg peak set is located at (1 1 -1), whereas the
samples prepared at low temperature exhibit the same maximum diffraction peak (2 0 0) as
the calculated pattern. The results indicate that NayV,0s NWs synthesized at 400°C exhibit
preferential orientation with (1 1 -1) facet. No obvious preferential orientation is observed for
samples synthesized at lower temperature. According to these results, we speculate that the
NWs observed at T < 400°C were randomly oriented on the substrate without any preferential
orientation. This assumption will be demonstrated from cross-section view of SEM images in

later section.
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Figure 3.1 The calculated XRD pattern and the XRD profiles of typical product synthesized
at the temperature of (a) 300°C, (b) 350°C and (c) 400°C.
Chemical composition of typical product was examined with ICP-AES, which shows
atomic ratio of Na/V ~ 0.12. Combining with XRD result, it is concluded that the NWs

deposited on the substrate via a thermal evaporation route are £ phase Nag24V20s.

3.3.2 The Morphology and Structure of As-Obtained Monoclinic Nag 24205 NWs

The size and morphology of the Nag24V,0s NWSs as synthesized were first examined
with SEM and TEM, as shown in Figure 3.2a and Figure 3.2b, respectively. It is clear that the
Naop24V20s5 product contains long and uniform NWs with average length of 35um

micrometers. Furthermore, the side view (inset of Figure 3.2a) reveals nearly vertically
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aligned Nao24V205 NWSs on the substrate. The TEM image shows a single NW with the
width estimated to be 80-100nm. The selected area electronic diffraction (SAED) pattern of a
single wire recorded from [-1 3 1] zone axis reveals sharp and clean diffraction spots,
indicative of single crystalline property (inset of Figure 3.2b). HRTEM image recorded from
[-1 3 1] zone axis indicates lattice fringe of 3.48A and 2.93A, corresponding to (2 0 2) and (1
1 -2) crystal planes for Nao24V2Os, respectively. The growth direction along the a-axis is

deduced from the angle of 155° between the a-axis and the normal vector of plane (1 1 -2),

51,59

consistent with the previous studies.

Figure 3.2 (a) Top view SEM image of Nag24V20s hin-film and side view in inset (b) TEM

(left), SAED (right top), and HRTEM (right bottom) images of as-obtained Nag24V205 NWs.
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3.3.3 X-Ray Photoelectron Spectroscopic Analyses

XPS measurements have been performed to study the information of oxidation states in
the Nap24V,0s5 NWs. As shown in Figure 3.3a, the spectrum demonstrates the presence of the
elements of Na, V, and O. The spectrum for V-2p region (Figure 3.3b) shows binding energies
(BE) of V 2p3, (516.15 eV) and V 2p12 (523.71 eV). The peak in V 2ps, spectrum exhibits a
shoulder, indicative of mixed oxidation states of vanadium ion. After peak modeling, the V
2p32 Spectrum contains two contributions at 516.9 eV and 515.4 eV corresponding to V°* and

V* ions; similar results can also be found in various ternary vanadium oxide bronze

compounds.*®*
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Figure 3.3 (a) Overall XPS spectrum and (b) high-magnification XPS spectrum for V-2p

region of the NWs of Nag24V20s5
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3.3.4 Optimization of Synthetic Condition

The coverage density and the average length of S-Nag24V205 NWs can be controlled by
reaction temperature, the concentration of precursor solution and the concentration of sodium
metasilicate during the thermal evaporation. To optimize the synthetic process, we tested
several conditions to understand what factors affect the growth of Nag24V,0s NWSs, and the
results are summarizes in Table 3.1 and Figure 3.4-3.6. Figure 3.4a-3.4c shows the effect of
temperature to Nag24V2,0s NWs that were carried out at 300°C, 350°C, and 400°C,
respectively. The average length of Nag.4V,0s wires increase with arising reaction
temperature, and the film with the longest average length NWs was obtained at 400°C, similar
to our previous study on the V,0s and MoO; wires.>®® Notably, the coverage density of
NWs increased as temperature arising, indicating that the temperature of deposition affect the
amount of Nag24V,0s nanocrystals created on the substrate. The spaces of NWs growth will
be limited when the coverage density of NWs is high, resulting in the growth of nearly
vertical NWs with no space to grow NWs along the horizontal orientation. For substrate with
low coverage density of NWSs, we observe randomly oriented NWs lying on the substrate. The
results indicate that the length and amount of Nao24V205 NWs can be controlled by reaction
temperatures. The substrates with preferred orientation of NWs can be observed in the

samples synthesized at high temperature.
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Figure 3.4 The side view images of as prepared Nag24V,05 NWs thin-films synthesized at (a)
300°C, (b) 350°C and (c) 400°C, respectively.

The concentration of precursor solution and Na-solution are two additional factors that
may affect the yield and morphology of the final product. For comparison, experiments with
different concentration of the precursor solutions or sodium metasilicate solutions were
prepared to synthesize Nag 4V 205 NWSs while keeping other synthetic parameters unchanged.
Figure 3.5 and 3.6 show the side view of NWSs on substrates using different amount of
precursor and sodium metasilicate. In general, all reactions yield wired shape of Nag24V,0s
NWs that are essentially independent of reaction temperature. For the effect of vanadium
precursor, the average lengths of Nag24V,0s NWs are 5.5, 23.1, and 30.5um for
concentration of 0.15, 0.3, and 0.45 M, respectively. For reactions with controlled amount of
sodium metasilicate, the average lengths of Nag24V,05 NWs are 12.2, 15.7, and 23.1um for

concentration of 0.0125, 0.025, and 0.05 M, respectively. The results indicate that the
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coverage density and length of NWs are affected by the concentration of the reactants (either
precursor solution or sodium metasilicate solution). The reason for the evolution of NWs

might be derived from the supply of reactants. The more the precursors are provided, the

longer the growth of Nag24V205 NWs.

a b

Figure 3.5 The side view images of as prepared Nao24V,0s NWs thin-films synthesized by

using precursor solution of concentration (a) 0.15M, (b) 0.30M and (c) 0.45M, respectively.

Figure 3.6 The side view images of as prepared Nao24V20s5 NWSs thin-films synthesized by

using Na-solution of concentration (a) 0.125M, (b) 0.025M and (c) 0.05M, respectively.
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Table 3.1 Reaction conditions and morphology properties of Nag 24V20s NWs identified with SEM

Reaction Average length of
[Na- Solution] [Precursor Solution] temperature nanowires
0.05M 0.3M 300°C 1543 um
0.05M 0.3M 350°C 204 um
0.05M 0.3M 400°C 264 um
0.05M 0.45M 400°C 3745 um
0.05M 0.15M 400°C 712 um
0.025M 0.3M 400°C 15+4 um
0.0125M 0.3M 400°C 13+3 um

3.3.5 Formation Mechanism of As-Obtained Nay 24V205 NWs

To understand the formation mechanism of as-prepared NWs, the evolution process was
analyzed with XRD. The temperature of reaction was kept at 300 °C, which were terminated
at definite reaction periods of 15, 30, and 45 minutes. The products were collected for XRD
studies and the results are shown in Figure 3.7. For reaction terminated at 15 minutes, the
XRD diffraction peaks can be indexed on the basis of the layered phase V,0s5-xH,0,
consistent with the previous studies.?* For reaction ceased at 30 minutes, the product contains
mixtures of NaVO3; and Nag4V20s. Finally, the product obtained from reaction period of 45
minutes could be identified as pure single phase of Nag24V,0s. On the basis of these results,
we propose a reaction mechanism about the growth of Nag24V20s NWs, as shown in Figure

3.8.
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During the initial stage of reaction, polyvanadate species (VOx) were deposited on the
substrate with the assistance of vapor transportation.®® The polyvanadate species (VOy) can be
considered as mixtures of amorphous and crystalline phase of partially reduced vanadium
oxide. At the initial stage, crystalline phase of V,05-xH,O appeared. Thereafter, the sodium
ions from sodium metasilicate were diffused and reacted to polyvanadate species (VOy and
V,05-xH,0) to form NaVOs, which was further reacted to form the final product
BNa,V,05.>° The -Na,V,0s NWs will continue to grow as polyvanaate species and Na*
ion gradually delivered to the seed crystals, resulting in the formation of f-NaxV,05 NWs.

The crystal growth along [100] is affected by stacking of VO, and the nature of f-NaxV;0Os.
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Figure 3.7 The XRD pattern of typical intermediate product synthesized at during period of (a)

15 minutes, (b) 30 minutes, (c) 45 minutes.
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Figure 3.8 Schematic illustration of reaction mechanism to deposit -NaxV,0s5 NWSs on the
surface of a substrate
3.3.6 Diffuse Reflectance Measurements

We measured the optical absorption to deduce the intrinsic optical properties of the Na-
024V205 NWs aligned on glass substrate. Figure 3.9 shows the UV-visible absorption
spectrum of the Nag24V 205 thin-film that exhibits an onset of absorption near 500 nm, and
the optical band gap (Eg) for the typical product is calculated from the absorption coefficient,
a, using the relation ahv=A(hv-Eq)"? (A: constant; ho: energy of incident photon).”"® The
inset of Figure 3.9 shows the plot of (ahv)? versus photon energy hv, and the band gap of

2.18eV can be obtained by extrapolating the linear part of the graph to ahv=0.
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Figure 3.9. UV-visible absorption spectrum and the plot of (ehv)? versus incident photon

energy ho (inset) for the Nao 24V205 thin-film as prepared.
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3.3.7 Electronic Field Emission Property.

The as-prepared films with nearly aligned Nao 24205 NWs may exhibit interesting field
emission effect, which was measured with a parallel-plate configuration of electrodes near
295 K with a separation 100pm between the anode and an emitting surface of area 0.785mm?.
Figure 3.10 depicts the emission current density (J) versus an applied macroscopic field (E)
within a ~0-1100V bias voltage range between the anode and samples. The turn-on field (Ey)
about 7.8V/um is defined as the macroscopic field required producing a current density of
10pA/cm?. The FE current density can reach 4.66pA/cm? when the applied field increases to
11V/um. The FE properties between thin-films of Nag24V,0s and V,0s NWs are
summarized in Table 3.2. The value of the turn-on field in this study is higher than the results
previously reported for vanadium oxide NWSs.%? The variations of the turn-on fields may be
attributed to their crystal structure and chemical composition. A Fowler—Nordheim (F-N) plot
of (In I/E2) versus (1/E) appears in the inset of Figure 3.10; a linear relation indicates that the
field emission from the film of Nag24V205 NWSs conforms to the F-N theory and the emitted

current is caused by quantum tunneling at the surface. '’
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Figure 3.10 Field emission current density as a function of an applied electric field of
as-prepared Nap24V20s5 NWSs thin-film. Inset shows its corresponding Fowler-Nordheim

plots.

Table 3.2 Comparison of FE properties between as-prepared product and V.05 NWs

Eto(V/Hm) I max(mAlcmz)
V705 NWs 8.3 1.8 at an applied field of 18V/um
NaxV20s5 NWs 7.8 4.66 at an applied field of 11V/um
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3.4 Summary

In this study, high quality and nearly aligned Nag.4V.0s NWs were fabricated via a
simple, economical, mild, and template-free thermal evaporation method. The diameter and
average length of NWs are 80-100nm and tens of micrometers, which grew along the [100]
direction and tilted out of the glass substrate surface. A possible mechanism of crystal growth
is proposed, and we also demonstrated that the distribution and length of NWs on thin film
could be controlled by reaction temperature, concentration of precursor solution and sodium
metasilicate. The as-obtained Nag24V.0s NWSs exhibit excellent field emission properties
with a low turn-on field of 7.8 V/um and a maximum current density of 4.66 mA/cm? at the
applied field of 11.0 V/um with linear F-N property, which might be used as field emission
emitter. These results provide a new strategy to synthesize ternary inorganic NWs with great
flexibilities in controlling the sizes, shapes, and coverage density of the NWs on different
substrates. This unique synthetic route is expected to be applied to other aligned vanadium

oxide bronze NWs, such as MyV;05 (M = K, Cu, Ag.
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Chapter 4

Conclusions

In summary, binary phase (VO2(R), VO(B), and V,03) and ternary phase (3-NaxV;0s)

vanadium oxides nanowires have been successfully deposited and nearly vertically-aligned on

the surface of substrate via two systematic procedure based on thermal evaporation. These

as-prepared 1D nanomaterials possess diameter of 70-150nm and average length of tens

micrometer, which grew and tilted on the surface of glass substrate surface with growth

direction along specific direction of each product. The growth direction of the reduced

products synthesized by post-reduction treatment, including VO,(R), VO,(B), and V,03

nanowires, are affected by the growth of the original phase, V,Os nanowires. Based on this

concept, we propose the possible transformation mechanisms during the reduction treatment.

On the other hand, the growth direction of B-Na,V,0s nanowires were examined along [1 0 0]

direction, and the possible formation mechanism has also been discussed in detail.

The field emission properties of these binary and ternary vanadium oxides nanowires

have been investigated. The as-prepared 1D nanomaterials exhibited excellent field emission

performances which are highly dependent on their nature properties of crystal. Field emission

properties of these as-prepared nanowires possessed low turn-on field, high emission current

density and linear Fowler-Nordheim behaviors. Among these typical products, the lowest

oxidation state of vanadium oxides, namely V,03 nanowires, exhibit the best FE properties
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with Ey, of 5.2 V/um and Jnex of 8.3 mA/cm? at the field of 8.3V/um. These remarkable
results suggest that these 1D nanomaterials can be served as promising candidates for future
field emission devices.

In this thesis, our study provided a novel synthetic procedure to deposit binary and
ternary phase of vanadium oxide with nanostructure on the substrates, which are excellent for
preparing metal oxide with 1D nanostructure owing to its utility advantages of simple,
economic, time-saving and convenient for depositing thin-film on substrates. This unique
synthetic route is anticipated to be applied to fabricate various binary and ternary phase
metal-oxide nanocrystals well aligned on substrates with special crystal morphologies in

choosing suitable precursors.

62



Reference

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Ercolessi, F.; Andreoni, W.; Tosatti, E., Phys.| Rev. Lett. 1991, 66, 911-914.
Takagahara, T.; Takeda, K., Phys. Rev. B 1992, 46, 15578-15581.
Zhou, C.; Mai, L.; Liu, Y., et al., J. Phys. Chem. C 2007, 111, 8202-8205.
Chen, W.; Zhou, C.; Mali, L., et al., J. Phys. Chem. C 2008, 112, 2262-2265.
Melosh, N. A.; Boukai, A.; Diana, F., et al., Science 2003, 300, 112-115.
Santangelo, S.; Messina, G.; Faggio, G., et al., Diam. Relat. Mater. 2010, 19, 590-594.
Jiang, Y.; Zhang, W. J.; Jie, J. S., et al., Adv. Mater. 2006, 18, 1527-1532.
Li, X. L.; Cai, K. F; Li, H., et al., Superlattice. Microst. 2010, 47, 710-713.
Sanmathi, C. S.; Takahashi, Y.; Sawaki, D., et al., Mater. Res. Bull. 2010, 45, 558-563.
Liu, A.; Ichihara, M.; Honma, 1., et al., Electrochem. Commun. 2007, 9, 1766-1771.
Jiao, L.; Yuan, H.; Si, Y., et al., Electrochem. Commun. 2006, 8, 1041-1044.
Wang, Y.; Cao, G., Electrochim. Acta 2006, 51, 4865-4872.
Zhang, K.; Bao, S.; Liu, X., et al., Mater. Res. Bull. 2006, 41, 1985-19809.
Li, X.; Chen, X.; Chen, X., etal., J. Cryst. Growth 2007, 309, 43-47.
Wang, Y.; Cao, G., J. Mater. Chem. 2007, 17, 894.
Nayak, J.; Sahu, S.; Kasuya, J., et al., Appl. Surf. Sci. 2008, 254, 7215-7218.
Wang, Y. Q.; Zhang, Z. J.; Zhu, Y., et al., Acs Nano 2008, 2, 1492-1496.
Wang, K.; Chen, J. J.; Zeng, Z. M., et al., Appl. Phys. Lett. 2010, 96, 123105.
Li, L.; Liu, C.; Liu, Y., Mater. Chem. Phys. 2009, 113, 551-557.
Isabelle, R.; Marko, B.; Ulrich, S., et al., Sensors Actuat. B- Chem. 2005, 106, 730-735.
Liu, J. F.; Wang, X.; Peng, Q., et al., Adv. Mater. 2005, 17, 764.
Bakhteeva, Y. A.; Podval’naya, N. V.; Volkov, V. L., Inorg. Mater. 2010, 46, 1112-1114.
Grigorieva, A. V.; Badalyan, S. M.; Goodilin, E. A., et al., Eur. J. Inorg. Chem. 2010,
2010, 5247-5253.
63



24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Xiong, C. R.; Aliev, A. E.; Gnade, B., et al., Acs Nano 2008, 2, 293-301.

Ji, S.; Zhao, Y.; Zhang, F., et al., J. Cryst. Growth 2010, 312, 282-286.

Wang, Y.; Cao, G. Z., Chem. Mater. 2006, 18, 2787-2804.

Leger, C.; Bach, S.; Pereira-Ramos, J. P., J. Solid State Electr. 2007, 11, 71-76.

Ramana, C. V.; Smith, R. J.; Hussain, O. M., et al., Surf. Interface Anal. 2005, 37,
406-411.

Menezes, W. G.; Reis, D. M.; Benedetti, T. M., et al., J. Colloid Interf. Sci. 2009, 337,
586-593.

Leroux, C.; Nihoul, G.; Van Tendeloo, G., Phys. Rev. B 1998, 57, 5111-5121.

Morin, F., Phys.l Rev. Lett. 1959, 3, 34-36.

Richardson, M. A.; Coath, J. A., Opt. Laser Technol. 1998, 30, 137-140.

Nandakumar, N. K.; Seebauer, E. G., Thin Solid Films 2011, 519, 3663-3668.

Mathur, S.; Ruegamer, T.; Grobelsek, 1., Chem. Vapor Depos. 2007, 13, 42-47.

Zhou, F.; Zhao, X. M.; Yuan, C. G., et al., Cryst. Growth Des. 2008, 8, 723-727.

Zhai, T.; Liu, H.; Li, H., et al., Adv. Mater. 2010, 22, 2547-2552.

Sediri, F.; Touati, F.; Gharbi, N., Mater. Sci. Eng. B-Adv. 2006, 129, 251-255.

Guiton, B. S.; Gu, Q.; Prieto, A. L., et al., J. Am. Chem. Soc. 2005, 127, 498-499.
Santulli, A. C.; Xu, W. Q.; Parise, J. B., et al., Phys. Chem. Chem. Phys. 2009, 11,
3718-3726.

Corr, S. A,; Grossman, M.; Furman, J. D., et al., Chem. Mater. 2008, 20, 6396-6404.
Zhou, F.; Zhao, X. M.; Yuan, C. G., et al., Chem. Lett. 2007, 36, 310-311.

Takahashi, K.; Limmer, S. J.; Wang, Y., et al., Japanese Journal of Applied Physics 2005,
44, 662-668.

Wu, X.; Tao, Y.; Dong, L., et al., Mater. Res. Bull. 2005, 40, 315-321.

Ji, S.; Zhang, F.; Jin, P., Mater. Lett. 2011, 65, 708-711.

Maeng, J.; Kim, T.; Jo, G., et al., Mater. Res. Bull. 2008, 43, 1649-1656.
64



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Liu, Y.; Zhang, Y.; Zhang, M., et al., J. Cryst. Growth 2006, 289, 197-201.
Souza, E.; Lourenco, A.; Gorenstein, A., Solid State lonics 2007, 178, 381-385.
An, J. N.; Xu, C.Y,; Zhen, L., et al., Ceram. Int. 2010, 36, 1825-1829.

Kong, L. F.; Shao, M. W.; Xie, Q., etal., J. Cryst. Growth 2004, 260, 435-4309.
Liu, Y.; Zhang, Y. G.; Du, J., et al., J. Cryst. Growth 2006, 291, 320-324.

Liu, H.; Wang, Y.; Li, L., et al., J. Mater. Chem. 2009, 19, 7885.

Khoo, E.; Wang, J.; Ma, J., et al., J. Mater. Chem. 2010, 20, 8368.

Vasil’ev, A.; Marchenko, V.; Smirnov, A., et al., Phys. Rev. B 2001, 64.

Onoda, M.; Takahashi, T.; Nagasawa, H., J. Phys. Soc. Jpn. 1982, 51, 3868-3875.
Yamada, H.; Ueda, Y., J. Phys. Soc. Jpn. 1999, 68, 2735-2740.

Itoh, M.; Akimoto, N.; Yamada, H., et al., J. Phys. Chem. Solids 2001, 62, 351-354.
Yamauchi, T.; Ueda, Y.; Mori, N., Phys.l Rev. Lett. 2002, 89.

Zhou, G. T.; Wang, X. C.; Yu, J. C., Cryst. Growth Des. 2005, 5, 969-974.

Yu, J.; Yu, J. C., Mater. Chem. Phys. 2007, 104, 362-366.

Sahana, M. B.; Shivashankar, S. A., J. Mater. Chem. 2003, 13, 2254.

Sahana, M. B.; Dharmaprakash, M. S.; Shivashankar, S. A., J. Mater. Chem. 2002, 12,
333-338.

Wu, M. C.; Lee, C. S., J. Solid State Chem. 2009, 182, 2285-2289.

Wu, M. C.; Lee, C. S., Mater. Res. Bull. 2009, 44, 629-632.

Fowler, R. H.; Nordheim, L. W., Proc. R. Soc. Lond. A 1928, 119, 173-181.

Shen, X. P,; Yuan, A. H.; Hu, Y. M, et al., Nanotechnology 2005, 16, 2039-2043.
Li, Y. B.; Bando, Y.; Golberg, D., Appl. Phys. Lett. 2004, 84, 3603-3605.

Zhou, J.; Deng, S. Z.; Xu, N. S., et al., Appl. Phys. Lett. 2003, 83, 2653-2655.

Li, Y. B.; Bando, Y.; Golberg, D., et al., Appl. Phys. Lett. 2002, 81, 5048-5050.
Wang, J. B.; Li, K.; Zhong, X. L., et al., Nanoscale Res. Lett. 2009, 4, 1135.

Huang, Y.; Wang, Z. L.; Wang, Q., et al., J. Phys. Chem. C 2009, 113, 1980-1983.
65



71.

72.

73.

74.

75.

76.

77.

Jeon, S.; Kim, H.; Yong, K. Journal of Vacuum Science & Technology B:
Microelectronics and Nanometer Structures 2009, 27, 671.

Wang, S.; He, Y.; Fang, X., et al., Adv. Mater. 2009, 21, 2387-2392.

Xu, J. J.; Zhang, X. T.; Wang, D. J., et al., Chem. Lett. 2005, 34, 838-839.

B. Laugier, J. B. Celref, http://www.inpg.fr/LMGPS; Laboratoire des Materiaux et du
Ge nie Physique de I’Ecole Supe rieure de Physique de Grenoble.

Han, J.; Spanheimer, C.; Haindl, G., Sol. Energ. Mat. Sol. C. 2011, 95, 816-820.

Saipriya, S.; Sultan, M.; Singh, R., Physica B 2011, 406, 812-817.

Tang, Q.; Li, T.; Chen, X, et al., Solid State Commun. 2005, 134, 229-231.

66



	Contents
	English Abstract
	Chinese Abstract
	Acknowledgements
	List of Tables
	List of Figures
	Chapter 1.  Introduction
	1.1 Brief review of 1D Nanomaterials
	1.2 Family of Vanadium Oxide
	1.2.1 Structure, Properties and Application
	1.2.1.1 V2O5
	1.2.1.2 VO2(R)
	1.2.1.3 VO2(B)

	1.2.2 Literature Review of Vanadium Oxide

	1.3 Ternary Phase of Bronze Vanadium Oxide (-NaxV2O5
	1.3.1 Structure and Properties
	1.3.2 Literature Review of (-NaxV2O5
	1.3.3 Application

	1.4 Thermal Evaporation-Like Synthesis for Vanadium Oxide NWs
	1.5 Theory of Electron Field Emission
	1.6 Aim of This Thesis

	Chapter 2. Controlled Reduction of Nearly-Aligned Nanowires of V2O5 to VO2(R), VO2(B) and V2O3
	2.1 Introduction
	2.2 Experimental
	2.2.1 Synthesis
	2.2.1.1 The V2O5 nanowires film
	2.2.1.2 The Reduction of the Nanowires Thin Film

	2.2.2 Characterization

	2.3 Results and Discussion
	2.3.1 Synthesis and Reduction Condition
	2.3.2 Structural and Purity Characterization
	2.3.3 The Morphology and Structure of As-Obtained Typical Product
	2.3.4 X-Ray Photoelectron Spectroscopic Analyses.
	2.3.5 Transformation Mechanism
	2.3.6 Electronic Field Emission Property.

	2.4 Summary

	Chapter 3 Controlled Synthesis of Nearly Vertical-Aligned Na0.24V2O5 Nanowire Thin Films
	3.1 Introduction
	3.2 Experimental Section
	3.2.1 Synthesis
	3.2.1.1 Substrate treatment.
	3.2.1.2. Thermal evaporation.

	3.2.2 Characterization.

	3.3 Results and Discussion
	3.3.1 Structural and Composition Characterization
	3.3.2 The Morphology and Structure of As-Obtained Monoclinic Na0.24V2O5 NWs
	3.3.3 X-Ray Photoelectron Spectroscopic Analyses
	3.3.4 Optimization of Synthetic Condition
	3.3.5 Formation Mechanism of As-Obtained Na0.24V2O5 NWs
	3.3.6 Diffuse Reflectance Measurements
	3.3.7 Electronic Field Emission Property.

	3.4 Summary

	Chapter 4 Conclusions
	Reference

