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Hydrated vanadium pentoxide §8s-nH,0O) nanorod arrays with diameters 200 nm and lengths of more

than 5um have been synthesized via template-based physical wettingdafodls. The \{Os-nH,O nanorod

arrays were characterized by scanning electron microscopy, X-ray diffraction, and high-resolution transmission
electron microscopy. Field-emission (FE) measurements on g-MH,O nanorod arrays show low turn-

on voltages of 68 V/ium and linear FowlerNordheim behaviors. The morphologies and natures of the
V,05:nH,O samples are assumed to cause such good FE performances.

Introduction nanorod arrays before and after heat treatment and the rela-
tionship between the FE properties and nanostructures are

Field-emission (FE) devices based on microfabrication Mo .
discussed.

tips are commercially available, but researchers are actively
looking for alternative materials. Generally, the materials used ) )
as FE emitters would be very thin and made of conductors or Experimental Section
semiconductors with high mechanical strength, as well as being . . . . .
inexpensive and easy to process. Among the materials, carbon A;Ilgnfetd V2C|)5t nizo r:janr(]) ro_ds Ivvertet_fabgéitedl V'a.t?] ?lmple
nanotubes (CNTSs) are studied extensively because of their highrou € of lemplate-based physical Wetting gi Sois with two
aspect ratios and unique electrical and mechanical properties.StepS.' The first step is 205 sols prepalzaltéon, prepared by
However, it is still difficult to control their FE behaviors, and reaction between 4D, and V,Os powder:*" Here, 0.5 g of
their exact FE mechanism is not well understood. crystalline \,Os powder and 25 mL of D, (30%) were mixed
In the present work, we attempt to look for alternative in a flask (50 mL) with st|rr|.n.g in an ice bath. In thg initial
g stage, due to the decomposition of®4 and the formation of

materials to serve as FE emitters. Due to their semiconductorthe vanadium peroxide comolex ion. the oxvaen was produced
characteristics, the oxides of transition metals have the advantage P P ’ Y9 P

of a lower surface potential barrier than that of metals, which ?hué ct))frithhi f)cr):ﬁloensvg)migz ?g(r?rt]g%m;ﬁ dr?ﬁggor;ﬁgfir Ztg rgzllnh
is beneficial to electron FE propertiesAmong these metal 9 9 ’ ’ P ’

oxides, \bOs makes an attractive choice because of the multiple ;hg 'reetl'—brO\;v\rL(\)/g.Oilsgls were dobtamed.SThe éecolnd step is
valence state of vanadium and its band gap of not more than abrication o 5"NH20) nanorog arrays. SomeLs Sos were

2.9 eV2 Nevertheless, to our knowledge, no FE data oy drop[i)ed on \z;lvﬁletaned glassd§I|de futs)fggt()e, andﬂ:hek dried PC
nanorod arrays have been reported up to now. membrane (Whatman, pore diameter nm, thickness

Recently, great attention has been focused on the synthesisc’f 6—11 um) was put on the sols and attached well onto the

and applications of nanostructured materials, and one of thezugitr:;%' Q:.é%szttg%éagflfm")\’r?tﬁgg'gtz LheT\(]ZCl:.ﬁqrgsdxng
most dynamic research areas is on the synthesis of one- v : : :

dimensional nanostructures, such as nanowires, nanorods, an a;lgjm pumping dwer::‘ three t)|(rT1Pes tmore(.j X':ﬁf’ dlzfractlton
nanotubes: > Various techniques have been established, and ) was carried out on an ert powder ditiractometer

among them, template-based synthesis is one of the most(lpg‘él'\i%lygcal’ T he l\_letherlgnds% with Cu “Krad'?t'?]n ¢ :d
common fabrication methods, particularly for mass production ) 1o investigate the phase structure of the products.

and alignment. In this method, a porous membrane, such asThe diffraction data were recorded fof Detween 5 and 60

; ; ; ith a resolution of 0.033 Scanning electron microscopy
anodic alumina or polycarbonate (PC), is used as a templateW' . ;
and precursor of the desired material. Filling of the template (SEM) images were collected on a JSM-5610LV microscope

pores can be achieved by capillary forédselectric field® operated at 20 kV to investigqte the surface morphology of the
centrifugation forc, chemical vapor depositiolf, and so  as-grown sample after removing the PC template by pyrolysis
forth. However, as for amphoteric oxide;®s, the PC mem- and oxidation in air. High-resolution transmission electron
brane and electric field are the most commonly used cHéidg. ~ Microscopy (HRTEM) images were obtained through an IEM-
Cao's group did a lot of good and interesting work in using 2100F microscope (JEOL, Japar_l) at an accelerating voltage of
capillary forces for filling the pored91213Herein, we have 200 kV to further analyze the microstructure of the as-grown
fabricated \\Os nanorod arrays by utilizing capillary forces Sample. The FE measurement was Ca”'ed7OUt In-a vacuum
but adding the process of vacuum pumping, which can de- chamber with a pressure greater tharx510~7 Pa at room

crease the fabricating time. FE properties of the hydrat@sV temperature under a two parallel plate configuration, and the
distance between the sample and electrode was adjusted up to

*To whom correspondence should be addressed. E-mail: chenw@ hundreds of micrometers. The emission current was measured
whut.edu.cn. Tel:4+86-27 87651107. Fax:-86-27 87864580. using a Keithly 6485 picoammeter.
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Results and Discussion

before and after heat treatment, which can be briefly described
as having the PC membrane removed by being fired at’€80

in air for 1 h through pyrolysis and oxidatidAlt can be seen
that there exists a peak ab detween 15 and 20 which is oo i
attributed to the PC membraAether peaks are observed at N il A7 0.3069 nm
20 between 5 and 60with 20 values of 7.306, 9.33, 12.19, \ ]

29.09, 31.76, and 41.42which correspond to the (001), (101),
(201), (112), (410), and (81) diffraction planes of the mono-
clinic V,05-3H,0 crystal [No. 7-332], respectively. A peak is :
also observed at thef2value of 26.41, corresponding to an  Figure 2. (a) Top view of SEM image of vanadium oxide nanoarrays
unknown \4Os-H,0 crystal [No. 21-1432]. By comparison, it ~ (the inset is another image of the nanoarrays). (b) EDS pattern of the

can be found that after heat treatment, the peak of the pc V20snH;0 nanorods after heat treatment. (c) TEM image of an isolated
V20s-nH,0 nanorod before heat treatment. (d) HRTEM image of the

membraane ddlsa%pearmgk C;)&rrgsponds gto t2e¢5t:mplat§ be'”%zos-nHzo nanorod before heat treatment (the inset is the correspond-
removed, and other peaks & Between 9 an ppearnng  ing FFT image). (e) TEM image of an isolateg®-nH;O nanorod

corresponds to the as-synthesized products changing fromafter heat treatment. (fy HRTEM image of theQ-nH,0 nanorod after
amorphous to crystalline vanadium oxide, which mainly consists heat treatment (the inset is the corresponding FFT image).
of the monoclinic \bOs-3H,0 crystal. The SEM image of the
sample after heat treatment is shown in Figure 2a. From the
image and its inset, which is another SEM image of the same A pore
sample, it can be revealed that the as-growsO3nH,O
nanostructure has one-dimensional array morphology, covering
the surface of the glass slide substrate. Also, it can be seen that
the length of the nanorod is more thap®, which corresponds
to the thickness of the PC membrane. Typical TEM images of
single nanorods without and with heat treatment are shown in
Figure 2c and e, respectively, from which the solid structure of Sols
the nanorods can be clearly recognized, and from that, it can
be also seen that the diameters of the nanorods before and after
heat treatment are about 251.40 and 163.73 nm, respectivelyFigure 3. This schematic demonstrates the different acting forces of
which are around 200 nm, corresponding to the diameters of the growth process: (a) capillary force, (b) coulomb force, (c) effect
the pores of the PC template. The diameters after heat treatmeng negative pressure, and (d) gravity action. It is under these combined
rces that \Os-nH,O nanoarrays have formed.
are smaller than the ones before heat treatment because o
shrinkage and densificatidi.By comparison of TEM images
and corresponding HRTEM images (Figure 2d and f) and fast dispersive spectroscopy (EDS) pattern of the nanorods (Figure
Fourier transform (FFT) images (insets of Figure 2d and f), it 2b) confirms the vanadium oxide composition of the as-
can be clearly shown that the treatment results in the densifi- synthesized products.
cation and crystallization of the as-prepared products. Before Figure 3 is a schematic drawing of the different acting forces
heat treatment, Figure 2c and d shows that the product isof the growth process. It demonstrates the main forces that we
amorphous YOs-nH,O. However, after the treatment, Figure believe occur in the growth process. Therefore, the formation
2e and f indicates that the product is crystallingOy*nH,O mechanism of the ¥0s-nH,0 nanorod arrays can be described
because it exhibits the well-defined lattice fringes with the lattice as follow: (a) a capillary force because of the nanometer pores
spacing measured at 3.390.05 A, which corresponds to the  of the PC membrane, good for the formation; (b) a coulomb
distance between the 12) planes in monoclinic ¥0s-3H,0. force due to the electronegativity of pore wallsand the
Furthermore, its corresponding FFT image confirms the nature electropositivity® of the sols, also benefiting the formation; (c)
of the V,0s-3H,0 crystals in the as-prepared products. Energy the effect of negative pressure, the key force for the growth;
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TABLE 1: Comparison of FE Properties of the
As-Synthesized Products
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respectively. In general, according to the standard of the
Samsung Corporation, the emission current density for indus-
trial video graphics array field emission displays (VGAFED)
— is 1 mA/cn?. Here, their maximum emission current densities
4 6 8 10 12 (Imay Of the present vanadium oxide nanorod arrays are 2.31
Electric field (V/pm) and 1.90 mA/crd at the fields of 10.00 and 11.81 Mn,
Figure 4. Typical FE current densities versus electric field curves for respectively.
the V,0s:nH,O nanorod arrays (the inset is the corresponding FN It is known that at room temperature, the emission current
plots): (a) nanorod arrays without heat treatment and (b) ones with mainly originates from the tunneling of electrons through the
heat treatment. surface barrier, which is described by the Fowisiordheim
(FN) theory?° The FN equation can be expressed as

Current density (mA/em?)

o
o
L

and (d) the gravity action, hindering the synthesis. It is under
these combined forces that,®s-nH,O nanorod arrays have | = Eﬁ)c exp(6.8 x 1o7q>3’2/E|09 1)
formed. Every time, while pumping, beneficial aspects (a, b,
and c) for growth are dominant so that sols are lifted into the where| is the current densityE. is the local electric field

pores and adsorbed onto the walls of pores; after vacuumnearby the emitter tip, and is the work function of the YOs

pumping, all of the forces (a, b, ¢, and d) will reach equilibrium, nanorods. For an isolated hemisphere model
and the sols will be kept on the walls of the pores. Repetition

goes on, and after many times (here, more than three times) of E - \% >
pumping, the pores are filled with the sols. Then, while drying, loc Ry, @)
a small amount of @discontinuously emits out of the sols,

which makes the adhesion between the pore walls and the fllllng whereV is the app“ed ﬂeldR(ip is the t|p radius of curvature,

material sols weak. Therefore, according to the principles of andq is a modifying factor. Combining egs 1 and 2, we obtain
shrinkage and densificatidfi, eventually, the solid one-

dimensional nanostructures are achieved. This mechanism is |
different from the one of fabrication of X0s—TiO, composite In(—z)
nanorod array$.We thought that the growth of our samples

started on the walls of the pores and continued along the radial The FN plots of (Inl/V?) versus (1V) are represented in the
direction until the solid nanostructures formed. In other words, inset of Figure 4. It is interesting to reveal that the FN plots
the formation of the one-dimensional nanostructures was from have a linear re|ationship with a one- or tWO_Stage S|Ope, which

the pe”pheral to the Center, from hO||0W to SO“d, and fl’0m |mp||es that the f|e|d emissions from thQQS.nHZO nanorod

bottom to top because of the pulling effect of negative pressure. grrays follow the FN theory and the emitted currents are indeed

Therefore, this mechanism indicates that we can obtain a CON-caused by quantum tunne"ﬁé@ The results indicate that the

figuration of hollow nanostructure if we control the appropriate v/,05-nH,0 nanorod arrays can be promising candidates as FE

process parameters. As a matter of fact, we have successfullyemitters.

fabricated \(Os-nH,O nanotube arrays by this methé@om- What's more, according to ref 21

pared with the previous methddhis method is helpful and

time-saving because the vacuum pumping accelerates the filling e oV

of pores, especially for smaller diameter pores. Meanwhile, the Eoe =PE=5 d (4)

smaller the evaporation area, the slower the evaporation. The

diameters of the pores of the templates that we used are 200wheref is the field enhancement factor adds the distance

nm, smaller than ones (400 nm) that others adoptedr early between the sample and electrode. Combining eqs 2 and 4, a

experiments show that, only depending on the capillary force, formula to estimate the field enhancement factor of emitter films

without the help of negative pressure, no evident one- can be derived as

dimensional nanostructures appeared even though aging oc-

curred for more than 24 h. Thus, we consider that the negative i 1.d (5)

pressure plays a key role for the growth. In addition, our

processing method is generally applicable to synthesizing

nanostructures of other oxidé&s. With the help of Table 1and by substituting ttevalue in our
The plots of the emission current densities versus the electric measurements, the value (range of $10)22 and the average

field for the as-synthesized samples (a) before and (b) after heatR;, value for the \bOs-nH,O nanorod, the enhancement factor

treatment with the same emitting surface area of 7.8% amm for the nanorod can be as high as 2:44.0° (using ana. of 1),

shown in Figure 4. Their electron emission turn-on fields which reveals that the local electric field at the tip can be sharply

(Ew), defined as the macroscopic fields required to produce a strengthened due to the small radius of curvature of the tiny

current density of 1gA/cm?, are about 6.37 and 7.31 Mh, nanotip.

- \_1/ (—6.8x 107aR,,@°) + offset  (3)
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From another angle, considering the screening effect betweenUnder the effects ofl/R;, ands, perhaps hers playing the

adjacent emittersk,c can be expressed by Filip’s moéel main role, relatively, the value ¢f for the former is higher.
Due just to the above combining effects, the former shows the
Epe = sl +@1-59 v (6) better FE properties. In a word, these results demonstrate that
Rip d the FE current is significantly effected by the forms and

_ o _ crystallinity degrees of the vanadium oxide samples, and the
wheres is a parameter describing the degree of the screening gne-dimensional nanoarrays with higher aspect ratio and

effect, which ranges from O for very densely arranged emitters re|atively lower growth density will possess better FE effects.
to 1 for a single one. Combining expression 4 with eq 6, another

formula to estimate the field enhancement factor of emitter films Conclusions

can be derived as Aligned V,0s-nH,0 nanorods with an average tip radius of

~100 nm have been synthesized via a simple route of template-
_ d d
=1+ Rt_ —1lj=1+ SRt_' (7) based physical wetting of XDs sols. Low turn-on fields (68

P P V/um), high maximum current densities (over 1 mAAnand

Substituting thed value and theR;, value, the enhancement linear FN properties were determined on the prepared nano-
factor for a single YOs-nH,0 nanorod is also as high as 2.44 Structures and natures of the samples, opening up great
x 108, consistent with the above result (2.4410°) based on possibilities in electron emitter and flat-panel display applica-

eq 5. Combining egs 5 and 7, we can obtain tions.
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