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Abstract

The effect of chemical substances is reported on the structure, surface morphology, and material properties of vanadium
oxide thin films. The study of the chemical substances concentrated on the effects of initial materials (e.g., NH;VO3, NaVOs;,
VO,, vanadyl acetylacetonate, ammonium decavanadate) and various additives (e.g., acids, chelate ligand, reduction reagent,
and tensides). The syntheses are based on sol-gel chemistry. The important aim of the sol-gel technique was to optimize the
chemical conditions such as catalyst and solvent for the preparation of perfect V5+—containing layers. The other aim was to
check the controllability of the V#*/V>* ratios. The control was performed in the air by using a reducing agent and in a
nitrogen atmosphere. The atomic and bond structures were investigated by °>'V MAS NMR, IR, and UV spectroscopies. The
supramolecular structures were determined by SEM, EDX, and GIXRD techniques.
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Highlights

e Complete, homogeneous, and transparent V"-containing thin layers with orthorhombic structures from NH,VO5 and
HNO:;.

e Complete and homogeneous V!V-containing layers from VO, or vanadyl(IV) acetylacetonate in the presence or absence
of reducing agents.

e Procedure of mixed oxidation states (VIV and VV) in air between 100 and 200 °C.

1 Introduction

>4 Katalin Sinko In recent years, vanadium oxide thin film synthesis has
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attracted intensive interest due to its excellent properties such
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optoelectronic devices [3], gas sensing [4, 5], photoelectric
devices [6], and optical switching devices [7].

Vanadium oxide systems possess different oxidation
states from V2T to V3*. V,0s is the most stable [1], but
there are also VO, V,03, and VO, as stable forms. Besides
these systems, mixed-valence oxides also exit, e.g., Magnéli
(ViOs2u.1, 3<1n<9) and the Wadsley (V,,0s,_,) phases
[8-10]. The coordination number in metal vanadate is 4 or
6. The semiconductivity of vanadium-containing systems
depends on the valence state of vanadium. The electron
transfer between lower and higher valence states (V** and
V3*+) guarantees the n-type superconductivity. The orthor-
hombic crystallographic structure of vanadium pentoxide
(V,0s) is the most stable texture of the vanadium oxides
[1]. The V,05 possesses a weak electric character in «a, €, d,
and vy crystalline phases. However, the amorphous V,0Os -
H,0 shows much stronger electrical properties, e.g., high
specific electrical capacity. The electrical conductivity of
V,05 - H,O may be electronic and ionic owing to the water
content. V3*- V** and V** - V> mixed oxides (e.g., VO3
or V401¢) have also special electrical properties. Vanadium
(IV) oxide thin films have attracted a lot of attention for
many advanced applications such as battery materials [11],
gas sensing, data storage [12], optical computing [13], and
infrared modulators in missile guidance systems [14]. The
reason for those advanced applications is due to the variety
of potential phases of VO,. Small crystal lattice dis-
crepancies cause major measurable changes in the structural
and electrical properties [13].

Vanadium pentoxide (V,Os) thin films can be prepared by
various methods such as pulsed laser deposition [15], spray
pyrolysis [16, 17], chemical vapor deposition [18, 19], sol-gel
technique [20, 21], spin coating [22], atomic layer deposition
[11], thermal evaporation [10], sputtering [23], and dip coating
methods [24]. Dip coating is a low-cost and easy experimental
setup for layer formation. The uniformity, quality, and repro-
ducibility of the films can be controlled by several factors such
as immersion time and dipping rate [25, 26]. Margoni et al.
studied the effect of substrate temperature on the structural,
optical, morphological, and electrical properties of V,05 by
adding nitric acid [27]. Chu et al. prepared nanostructure V,05
film using oxalic acid in a hydrothermal treatment [28].
George et al. reported the preparation of V,0s by dip coating
using polyethylene glycol and nitric acid [29].

VAV) oxide thin film can be synthesized by solution-
based synthesis including various methods, sol-gel methods
[30], polymer-assisted deposition [31], and hydrothermal
synthesis [32] over the melt-quenched method. In contrast
to gas-phase methods, solution-phase methods are more
simplified and more cost-effective setup [33].

In the present work, the effect of preparation conditions
is reported on the structure, surface morphology, and
material properties of vanadium oxide thin films. To study

the effect of starting materials, the cations of vanadate
compounds (e.g., HT, NH**, Na™) or the additives on the
structure and material properties is an emphasized task. The
syntheses are based on sol-gel chemistry. The layered
structure, morphology, and special material properties such
as nanoporosity and functional behavior can be excellently
regulated by the application of the sol-gel method. The 'V
MAS NMR spectroscopy is the leading structure investi-
gation method. The important aim of NMR measurements
was to correctly identify the vanadium ions with different
oxidation states (VIV, VV) and to determine the ratio of
different vanadium ions. The ratio of VIV and V" possesses
a substantial role in the electric properties [34].

2 Experimental
2.1 Synthesis

Sol-gel synthesis was the fundamental preparation technique.
Thermal decomposition was used as a complementary method
and the melting process is provided for the comparison.
Ammonium metavanadate (NH,VO;, Merck, 299% purity);
volatile vanadate salts; our creation ammonium decavanadate
((NH4)6[V10023]) as V5+-containing precursor; and vanadyl
acetylacetonate (VO(acac),, Merck, >99%); VO, (Merck,
98%) as V*"-containing precursors were used in the synth-
eses. The effect of various chemical additives (acids, chelate
ligand, reduction reagent, and tensides) was tested on the layer
quality. Dip-coating techniques were used for the fabrication
of vanadium oxide thin films on glass substrates at 400 °C.

2.1.1 Synthesis starting from NH,VO;

Ammonium metavanadate (NH4,VO3) is dissolved in distilled
water (0.21 mol dm ) and stirred at 50 °C. Without an acidic
medium is not possible to obtain a clear solution, only yellow
sols. To get a clear system, the pH of the medium must be 2,
and H3VO, forms in the orange solution. During the synthesis
the acid reagents were varied, HNO;, acetic acid (HAc), and
citric acid were added. Besides acids, a cation exchange was
applied to obtain H;VO,. In several experiments chemical
additives (oxalic acid of 40 w/w % of metavanadate; ascorbic
acid of 120 w/w % of metavanadate; ethyl acetate of 30-50 w/
w % of metavanadate); and various surfactants (Pluronic L61,
polyoxyethylene block copolymer), non-ionic Triton X 100
(glycol tert-octyl phenyl ether), cationic CTAB (cetyl-
trimethylammonium bromide) in 5-10 w/w % were also
applied. These systems are suitable for dip-coating. The opti-
mal concentration for dipping is 35 w/w % of metavanadate.
The dip-coating is more effective and the layers have better
quality in the presence of surfactants. The heat treatment is
carried out at 70 and 400 °C (Fig. 1).
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Fig. 1 Outline of various
synthesis routes. VO(ac);:
vanadyl(IV) acetylacetonate.
NH4V1j: ammonium
decavanadate
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2.1.2 Synthesis starting from VO,

VO, is dispersed in ethanol (20 gdm_S) and oxalic acid
(10g dm %) is added. The solution is stirred at 50 °C for 2 h
to get a sol solution. The substrate can be dipped in this sol
solution to obtain layers. The layers are treated at 80 and
400 °C (Fig. 1).

2.1.3 Synthesis starting from vanadyl acetylacetonate,
VO(ac),

Vanadyl acetylacetonate (VO(Cs;H;0,),) is dissolved in
propanol at a concentration of 0.125 mol dm 2. The solution
is stirred at room temperature for 24 h. Dipping of the layer
can be realized from this vicious system. The viscosity of
alcoholic solutions can be increased by ethylene glycol. The
layer is dried at 80 °C for 1 h. The heat treatment must be
carried out between 400 and 600 °C, N, atmosphere must be
used to avoid the oxidation of V** to VT (Fig. 1).

2.1.4 Synthesis starting from ammonium decavanadate

The most stable form of V;, can be achieved in acidic con-
ditions (pH 3-6). A decavanadate salt, [V(s50(H,O)s]
2[Ha(V19028)]-4(H,0), was obtained by the reaction of
NaVOj; with quinhydrone (in 1:3 molar ratio) in a medium of
pH 5-6 adjusted with glacial acetic acid. The mixture of
reactants is dissolved in the ethanol-water mixture (40:60 v/v)
and refluxed at 60 °C with stirring. After 1 day, the complex
formation can be observed. But, instead of a vanadium-
chinhydrone complex, a decavanadate salt, which does not
contain chinhydrone, has been obtained. The solution of
ammonium decavanadate can be directly applied for layer
formation. The layers are treated at 80 and 400 °C (Fig. 1).
In dip-coating thin film preparation, the glass substrates
were cleaned with acetone, ethanol, and deionized water by
the ultrasonic bath. The substrates were dipped in the col-
loidal solution for 2min with a withdrawing speed of
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30 mm/min by an automated dip-coater (PTL-MMO1 Dip
Coater). The films were generally dried at room temperature
in the air and heat-treated at 400 °C. This process was done
between single and ten times.

2.2 Investigation methods
2.2.1 Scanning electron microscopy (SEM)

The surface covering and the layer thickness have been
studied by an FEI Quanta 3D FEG scanning electron
microscope. The SEM images were prepared by the
Everhart-Thornley secondary electron detector (ETD), its
ultimate resolution is 1-2 nm. Since the conductance of the
particles investigated is high enough to remove the electric
charge accumulated on the surface, the SEM images were
performed in a high vacuum without any coverage on the
specimen surface. For the best SEM visibility, the particles
were deposited on a HOPG (graphite) substrate surface.
SEM combined with energy disperse X-ray spectroscopy
(EDX) is mainly applied for spatially resolved chemical
analysis of monolith samples.

2.2.2 Reflection optical microscopy (ROM)

The surface of layers has also been investigated by reflec-
tion optical microscopy, which is part of the AFM instru-
ment (Park System, XE-100, South Korea) Measurements
were performed in air at 25 °C in non-contact mode.

Grazing incidence X-ray diffraction (GIXRD) measure-
ments were performed by a Rigaku Smartlab X-ray dif-
fractometer equipped with a 1.2kW copper source
(radiation wavelength: CuKa; A = 0.15418 nm). To reduce
the effect of the substrate, a grazing incidence parallel-beam
geometry was used with an incidence angle of w=1°.
Scans were performed in the range 20 between 10° and
110° with a 1D silicon strip detector (D/Tex ultra-250) at a
speed 0.2°/min.



Journal of Sol-Gel Science and Technology (2023) 105:278-290

281

2.2.3 UV-Visible spectroscopy

The transmittance of thin films was determined by UV-
visible spectroscopy using Dynamica spectrophotometer
with UV detective program) at room temperature, in the
range of 200-1000 nm.

The IR spectra were recorded on a Bruker Alpha Fourier
transform spectrometer equipped with a single reflection
diamond ATR unit using a resolution of 2 cm ™.

Sy I=17/2, 99,75% abundance) nuclear magnetic reso-
nance spectroscopy (NMR) measurements were performed
on Bruker Avance-III NMR spectrometer with a 4 mm MAS
probe at 11.744 Tesla. All samples were measured at
13148 MHz resonance frequency with a single pulse
sequence using a 15-degree flip angle, and a 1 s relaxation
delay. 2 K data points were accumulated at 9, 10, or 11 kHz
MAS rotation speed. Typically 1024 FID signals were
accumulated to increase the signal-to-noise ratio. 4 K real
spectrum points were calculated applying zero filling and
100-500 Hz line broadening on the FID data points. VOCl;
was used for the external standard of the ppm scale. Vana-
dium(V) spectra were observed in a 4750 ppm spectrum
window. Vanadium(IV) nuclei were measured in a 9500 ppm
wide window because of their bigger CSA, quadrupole, and
paramagnetic anisotropy. The very wide spectrum range
resulted in strong baseline distortions of the spectra which
were eliminated by a modified SOLA computer simulation
program of BRUKER TopSpin software. The advantageous
possibility of 5y NMR measurements are: vanadium isotope
frequency of 99.75%, well measurable in oxidation state of
5+, the evaluation of >'V NMR spectra is reliable and
unambiguous however, raise a problem.

3 Result and discussions
3.1 Effect of vanadium precursors
3.1.1 NH,VO;3 precursor

The starting vanadium-containing materials have strong
effects on the layer structure.

Using NH,VO; the most important step is to create
pH = 2 in the initial solution to get H;VO, molecules. Only
the molecules of H;VO, are able for condensation reactions
and to form a 3D network. The charges of VO3 the anion
prevents the condensation leading to the formation of
polyvanadates. In the experiments of NH4VO;, only
vanadium(V)-containing materials have been prepared. The
optimal concentration for dipping is 35 w/w % of meta-
vanadate solution. The quality of the layers strongly
depends on even the acidification beside the V-precursor
(See in 3.2 section!).

3.1.2 Vanadyl(IV) acetylacetonate precursor

The aim of the application of vanadyl(IV) acetylacetonate
(VO(acac),) was to prepare a V''-containing layer. V'V-con-
tent is needed for more intensive electrical properties [34].
VO, was proved to have better electrochemical performance
compared with V,05 [35]. VO(acac), has several advantages
compared to vanadium alkoxides as typical sol-gel precursors.
VO(acac), can be characterized by its low price, low toxicity,
highly stable against precipitation, and rapid hydrolysis. From
VO(acac), an ester forms by elimination of a CsH, group,
which transforms into anhydride in the first step, then into VO,
by further heat treatment [36].

VO(acac),+H,O — Hacac + acacVOOH (1)

HacacVOOH + H,0 — VO(OH), (2)

The synthesis and the heat treatment must be performed
in a humid N, atmosphere to obtain VO, film. The pre-
cursor films can turn into crystalline VO, by the heat
treatment [36]. The final heat treatment needs 500-600 °C
for efficient (monoclinic or orthorhombic) crystallization of
VO,. The layer dipped from the viscous solution of
VO(acac), and dried in the air proved to be not homo-
geneous, NaCl phase separation of 1.5-2 um particles can
be observed by SEM and EDX techniques (Fig. 2, x5000
magnification). The samples heat treated in air consist of

Fig. 2 SEM images. The samples were prepared from VO(acac), and
heated in air and N, atmosphere

@ Springer
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Fig. 3 XRD patterns. The vanadium oxide thin films were prepared
from VO(acac), and heated in air and N, atmosphere

anisotropic particles: 200500 nm x 500-1000 nm (Fig. 2).
The structure of samples heat treated in N, is composed of
VO, nanorods/fibers (Fig. 2). The nanorods/fibers can be
characterized by narrow size distribution: the average dia-
meter is 135 nm +20 nm, the average length is 7.7 +2 ym.

The crystalline phases of the layers prepared from
VO(acac), and heated in a nitrogen atmosphere and for
comparison in the air at 500 °C are represented in Fig. 3.
The XRD data proves that the vanadate sample heated at
500 °C in the air can be characterized only by the V,05
crystalline phase (26°, 110 planes). The identification was
carried out using card #98-002-2114. The sample heated at
500°C in N, possesses multiple crystalline structures
(Fig. 3). The dominant phase is VO, (28°, 110 plane, and
13.3°, JCPDS card #65-7960) due to using an N, atmo-
sphere during the heating. VO, coexists with the VO3
monoclinic crystalline phase appears at 13.97°, 26°, 26.5°,
34°, and 48.7° (JCPDS card #71-2235). V40,3 has a mixed
vanadium state of V4 (four) and V>* (two), the tunnel-like
VO3 comprises alternative single and double vanadium
oxide layers with shared corners. The presence of a small
amount of a single V,05 phase (26°, 31.4°) cannot be
excluded. Both oxides (VO, and V¢O,3) can be well utilized
as cathode materials.

The >'V NMR measurements of systems synthesized
from VO(acac), could not be realized due to the strong disa
dvantageous interactions derived from chemical shift ani-
sotropy (CSA); paramagnetic electrons of V'V; and quad-
rupole interaction with asymmetric electron environments.
The paramagnetic electrons result in wide overlapping of
rotation sidebands. Thus, the exact evaluation of NMR
spectra was not possible, but the spectra do not confirm any
presence of V" neither in precursor materials nor in the final
layer materials heated in N,.

@ Springer

3.1.3 VO, precursor

The aim of experiments with VO, dispersed in ethanol and
oxalic acid was to check the chemical and structural changes
of VO, in the function of heating temperature. The oxalic
acid may have a reduction effect even in the air [37]. The
changes in chemical structure were investigated by °'V
NMR. The determination of vanadium oxidation number in
solid materials is not a trivial task even by MAS NMR
spectroscopy. The NMR signals of vanadium with various
oxidation states may help appear very far from each other in
the spectrum. The vanadium ion with 7/2 nuclear spin,
99.75% natural abundance and 45 oxidation state can be
well detected by NMR in the solutions. In solid phases, the
identification is more difficult. The spectrum range of near
4000 ppm, a quadrupole coupling of a few MHz, an aniso-
tropic shading of 1000 ppm, a line broadening of 5000 Hz
due to the quadrupole relaxation, strong baseline deforma-
tion, and many spinning sidebands make the evaluation of
spectra more difficult.

The 3'V NMR results are summarized in Fig. 4. At the
room temperature stable monoclinic B-VO, transforms into
rutile a-VO, at 68 °C, which turns back into again p-VO, at
room temperature. Thus, this phase transformation cannot be
detected by NMR at room temperature.VO, starts to be
oxidized in the air already at 200 °C (Fig. 4). V,05 phase can
be detected in the sample treated at 200 °C. The oxidation
will be more intensive at 350 °C and completed at 500 °C.
VO, phase disappears at this temperature. According to these
NMR results, mixed oxidation states (V'Y and VV) can be
achieved by heating in the air only between 100 and 200 °C.
The electrical properties of vanadate systems can be most
effectively regulated by the vanadium’s charge of structural
units, the ratio of VIV and VV [34].

The surface of the layer prepared from VO, sol solution
in the room temperature is not smooth (Fig. 5). It consists of
some small and some larger particles due to the sol system.
According to the EDX, every particle consists of vanadium
and oxygen.

3.1.4 Ammonium decavanadate precursor

The orange ammonium decavanadate (NHy4)s[V190,g] that
contains 10 vanadium atoms is a stable species for several
days at neutral pH, but at higher pH immediately converts
to the structurally and functionally distinct lower oxo-
vanadates such as the monomer, dimer or tetramer. The
most stable form of V10 is in the acidic pH range (pH 3-6).
Decavanadate anions consist of three chemically different
vanadium sites; the metal sites at the central junction cor-
respond to two central VOg octahedra containing only
bridging oxygen atoms, and two types of peripheral vana-
dium units including a V=0 bond are assembled around the
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Fig. 4 'V NMR spectra of VO,
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Fig. 5 SEM images of vanadate layers prepared from VO, sol solution

central units [38]. Although the solution of ammonium
decavanadate covers excellently the surface of the glass
substrate, the layer is destroyed after a drying process.
Various rates, temperatures, and atmospheres of drying
were checked out but without success. The material of the
substrate was changed from glass to carbon, which results in
layers with low quality already in the wet state.

The >'V MAS NMR spectrum exhibits dozens of
sidebands in the wide frequency range of 1800 ppm to
—2800 ppm (Fig. 6). The strong CSA and quadrupole
couplings were determined for these sites by computer
simulation. Three kinds of decavanadate sites were
identified at —418 ppm (6CSA = —1192 ppm, #CSA =
092, Cqo=-2.06MHz, #53=0.99), —504ppm
(6CSA = —2151 ppm, #CSA =0.94, Co= —3.99 MHz,
ng=0.6) and —514ppm (6CSA = —373 ppm, nCSA =
0.44, Co=—-0.01 MHz, 5g=0.19) according to the
cluster structure of the anion [39]. The evaluation was
carried out by a modified SOLA computer simulation
program of BRUKER.

3.2 Effect of acidic catalysts and chemical additives

The effects of catalysts and other chemical additives are
represented by means of samples prepared from the most
promising precursor, NH4;VO;. Starting from NH4VO3, the
compulsory step of synthesis is to create pH = 2 in the initial
solution. The pH value can be regulated by acids or cation
exchanged.

— From the various acids used for setting pH=2, the
application of HNOj results in complete and transparent
layers (Fig. 7). Using nitric acid catalyst produces a 3D
colloid network, which is built up of randomly connected
compact particles of 0.6-0.8 um size. The layer provides
a continuous, porous, and transparent coating (Fig. 7).

— No homogeneous layers form using HCI or citric acid.
The layer prepared with citric acid is not complete is set
up from fibers, and filaments. Besides the filaments,
there are some nano-sized fragments. The typical length
of fibers is 4-5 ym (Fig. 7).

— Oxalic and ascorbic acids are too weak to get pH =2,
but they may also have a weak reduction effect [40-42].
The reduction may lead to the formation of V!V jons.
But in these series, no measurable reduction could be
detected by NMR, only VV could be demonstrable.
Acidification by proton exchange increases the coordi-
nation of V¥ from 5 to 6. An exemplar for hexacoordi-
nated species: [VO(OH);(OH;),]. Using oxalic acid
produces no homogeneous coating. The particles of
2-3 um compose a compact layer on a limited surface.
The other part of the substrate surface is covered with
separated particles of 100-200 nm sizes (Fig. 7).

— The ascorbic acid does also not initiate a form of
continuous and homogeneous layers or reduction of V¥

@ Springer
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Fig. 6 >'V NMR spectra of
(NHg)6[V10O2s]

masr = 10 kHz
corrected

masr = 11 kHz
corrected

masr = 11 kHz

in D,0 solution

=

masr = 11 kHz

=10 kHz

Fig. 7 SEM images of vanadate layers. The layers were prepared from
NH4VO; with various additives: nitric acid, citric acid, oxalic acid,
ascorbic acid, ethyl acetate, and after ion exchange

units. According to EDAX measurements, both types of
particles represented in SEM image possess powerful
V-content without any carbon content. Thus, the
spherical larger particles (5 um) may be amorphous
V-containing particles and the smaller units (1-10 nm)
crystalline (Fig. 7).

— The layer derived from an ion-exchanged solution is
not continuous. The layer structure is built up from
units of 100-300 nm and their aggregates of 4-6 um
(Fig. 7).
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Fig. 8 FTIR spectra of vanadium pentoxide thin films. The films were
prepared on glass substrates with different chemical additives: (a) ethyl
acetate; (b) nitric acid; (c¢) oxalic acid

— The application of ethyl acetate also supports the
formation of a compact, continuous covering. The main
part of the particles are rods with ~500 nm diameter and
~3 um length similar to the rods of systems produced
from VO(acac),. Some plate-like particles (2-3 um @)
can also be observed. The particles are typified by
narrow distribution (Fig. 7).

3.2.1 FTIR spectroscopy

FTIR was used to analyze the phase composition of
vanadium oxide thin films (Fig. 8). Oxides possess distinct
features below the frequency of 1200 cm ™!, at ~1008, 806,
and 595cm~'. Three major vibration modes of the
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Fig. 9 Energy Dispersive X-ray lCounts 84
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vanadium oxide correspond to the V=0 symmetric
stretching vibration; V-O-V asymmetric stretch, and the
symmetric stretch of V-O-V, respectively. The intensity

and the frequency of the V-O vibrational bands vary
slightly in the range of 400-1012 cm ™! by the influence of
different additives.
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Fig. 10 XRD patterns of vanadium oxide thin films. The films were
prepared on glass substrates with three types of most promising che-
mical additives: (a) nitric acid; (b) ethyl acetate; (c) oxalic acid
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Fig. 11 Transmittance spectra of vanadium pentoxide thin films. The

films were prepared on glass substrates with different additives: (a)
nitric acid; (b) ethyl acetate; (c¢) oxalic acid

3.2.2 Energy dispersive X-ray analysis (EDX)

EDX technique provides information about the chemical
composition of the thin layers (Fig. 9). The EDX spectra
reveal the presence of vanadium (V) and oxygen (O) in the
thin films. However, the presence of substrate peak (Si) is
also prominent as the thickness of the film is so thin [43].
EDX also confirms the complete covering of film catalyzed
by nitric acid (Fig. 9/a). This layer has the strongest vana-
dium content indicating more compact vanadium oxide
cover. If its reason would be the major thickness of the layer
thus, the oxygen content should be also larger.

3.2.3 X-ray powder diffraction (XRD)

The XRD measurements represent the crystallinity of the
deposited vanadium pentoxide prepared with three types of

@ Springer
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Fig. 12 The optical band gap (Eg) of vanadium oxide thin films: (a)
ethyl acetate; (b) nitric acid; (c) oxalic acid

most promising chemical additives (Fig. 10). The crystal-
lization of the films occurs after annealing at 400 °C for
30 min in a muffle furnace. The use of various chemical
additives (nitric acid, ethyl acetate, oxalic acid) does not
produce detectable changes in crystallinity. The (101) peak
intensity decreases with changing additive: (a) nitric acid;
(b) ethyl acetate; (c) oxalic acid, respectively. The use of
nitric acid results in the highest crystallinity in the films.
The whole thin films show peaks (001) and (002) at 20.30°
and 41.24° (20) respectively which confirm the presence of
the V,05; phase which corresponds to the orthorhombic
system JCPDS file (JCPDS card #41-1426). The XRD
measurements do not detect any V'V content in the sample
synthesized with oxalic acid.

3.2.4 Optical behaviors

The transmittance spectrum of the vanadium pentoxide thin
films prepared with various additives in the wavelength
range from 250 to 1000 nm is shown in Fig. 11. In the
wavelength range of 550—-1000 nm, the film’s transmittance
of the films is >70%. The high transmittance indicates good
homogeneity for thin film. The transmittance of the films
decreased from nitric acid (a); to ethyl acetate (b) and oxalic
acid (c), respectively. Maximum values of transmittance for
the film are: nitric acid 81.2%; ethyl acetate 78.9%; and
oxalic acid 74.4%.

The optical band gap (Eg) of vanadium oxide thin films
prepared with different additives were calculated employing
the Tauc plot: (ahv)*= A(hv — Eg). Where is « absorption
coefficient, A is a constant, h is the Plank constant and Eg is
the optical band gap (Fig. 12). The bandgap Eg can be
estimated by extrapolation from the linear portion of the
curves till they intercept the photon energy axis. The
bandgap value calculated is 1.98 eV, 2.11eV, 2.17eV for
the thin films prepared from oxalic acid, nitric acid, and
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Fig. 13 Reflection optical
microscopy images of vanadate
layers prepared from NH4VO;
and nitric acid. The symbols: (a)
without, (b) with surfactant
(Triton X 100)

200 nm ——

ELTE TTK

Fig. 14 SEM images of vanadium pentoxide thin films on glass sub-
strates prepared with nitric acid

ethyl acetate, respectively. It is important to note that the
degree of non-stoichiometry and the thickness of the thin
films are responsible for the variation in band-gap energy
[29, 43-45].

3.3 Effect of tenside

The dip-coating is more effective and the layers have better
quality in the presence of surfactants (Fig. 13). Triton X 100
proved to be the most effective of the various surfactants
(Pluronic L61, non-ionic Triton X 100, cationic CTAB).

3.4 Characterization of vanadium oxide layers

Based on previous experiments, the most promising synth-
esis route for the V,05 layer uses NH,VO;, nitric acid as
catalyst, and Triton X 100 as tenside. The application of
ethyl acetate also results in prosperous quality for the layers.
The synthesis must be carried out at 70 °C for 5 h. From this
aqueous viscous solution, a homogeneous thin layer can be

—DTA
—TG

Weight loss (%)
>

N

T - T T T ;
0 200 400 600 800 1000
Temperature (°C)

20

Fig. 15 TG curve of dried V-containing layer

drawn, the layer thickness is 26-32 nm by a single dipping
(Fig. 14). According to the thermal analysis (TG) the mass of
the layer changes until 360 °C (Fig. 15). Thus, the devel-
opment of V,05 crystallites requires 360—400 °C in this
procedure. DTA indicates the escape of ammonia at 200 °C.

Based on °'V MAS NMR measurements the vanadate ions
turn into first the mixture of VO, and V30,,> at 100 °C then
into V,0s5 (a-V,05) at 300 °C (Fig. 16, Table 1). The V,0;
samples are thermally stable until the measured temperature of
600 °C (a-V,0s and p-V,0s) (Fig. 16, Table 1).

4 Conclusion

One of the aims of this study was to optimize the chemical
conditions for the preparation of VV-containing layers
derived from the sol-gel technique. NH,;VO3;, NaVO;, and
ammonium decavanadate (NHy)e[V10O.g] were tested as V-
precursor, and HNO;, HCI, citric acid, oxalic acid, and
ascorbic acids as a catalyst to create the required pH = 2.
The use of NH;VO; and HNOj results in the best, complete
and transparent layers. XRD results indicate that the thin
films have orthorhombic structures with a preferred
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Fig. 16 'V NMR spectra of
layer vs.temperature. The layer

V,05 r‘ k

UMM

was synthesized from NH,VO; 300°C 10 kHz
and catalyzed with HNO; e 600°C w JK A w
t
-610
500°C P
1P — -510, -545 ppm
— ) 10 kHz
300°C l 100°C 9 kHz
T T T T T T T T T T T T
200°C . dmwm E N I R I
. -510 ppm  V;0,,> (+5)
e mww -545 ppm  VO,* (+5)
W o M A e 20 B0 pm -610 ppm  V,05  (+5)

Table 1 3'V NMR results

Sample —508 — —509 —545— —546 —610
ppm ppm ppm

NH,VO;, HNOs, 100°C  V30,0> (+5) VO, (+5)

NH,VO;, HNOs, 200°C  V30,0° (+5) VO™ (+5)

NH,VO;, HNO;, 300 °C V,0s
NH,VO;, HNO;, 400 °C V,0s
NH,VO;, HNO;, 500 °C V,0s
NH,VO;, HNO;, 600 °C V,0s
V,0s5 (RT) V105
V,05 heated at 500 °C V,05

orientation along (101) direction. The surface morphology
appears to have changed due to the addition of different
chemical substances. The UV-Visible spectroscopy analysis
revealed that the average visible transmittance is all
impacted by variation of chemical conditions. For thin films
produced from oxalic acid, nitric acid, and ethyl acetate, the
measured band gap values are 1.98eV, 2.11eV, and
2.17 eV, respectively.

Layers of good quality can be produced from ammonium
decavanadate, but the layer is destroyed by a drying pro-
cess. No homogeneous layers form using HCI or citric acid.
Oxalic and ascorbic acids are too weak to get pH = 2.

The other aim was to adjust various V'V/V" ratios. The
ratio of VIV and VY possesses a substantial role in the
electric properties. The complete and homogeneous layers
can be prepared from VO, and vanadyl(IV) acetylacetonate
in the presence or absence of reducing agents. Mixed oxi-
dation states (VIV and VV) can be achieved in the air only
between 100 and 200 °C according to NMR results. The
oxalic and ascorbic acids suggested in the literature as
reducing agents cannot prevent the oxidation to V,Os.

@ Springer

The presence of VIV can be held only in nitrogen atmo-
sphere above 200 °C.
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