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The results of synthesis of the vanadium oxide bronzes NaV20s5, K4.3V6016.2, and Rbs.4VO16.1 are presented. The
synthesis process can be described by three steps: the 1st — production of the sol by dissolving the necessary materials in HoO»
solution, the 2nd — fabrication of the gel by heating up to 350 K, and the 3rd — heating up to 580-780 K for the water removal
from the gel. The chemical composition of obtained bronzes was examined by using X-ray photoelectron spectroscopy (XPS)

method.
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1. Introduction

Recently vanadium pentoxide based compounds be-
came a subject of intensive studies. The particular
physical-chemical properties of these materials allow
for a wide range of practical applications such as elec-
trochromic devices [1], cathodic electrodes for lithium
batteries [2, 3], humidity sensors [4], and various op-
tical devices [5]. The interest in the vanadium com-
pounds strongly increased during the last few years,
when a phase transition in the sodium vanadium ox-
ide bronze a/-NaV50s was observed [6, 7]. The vana-
dium ions in this bronze are in the mixed valence states
V5t (3d? ) and V4t (3d!). This bronze is an inorganic
material considered to exhibit the spin-Peierls transi-
tion. The last fact excites interest towards the charge
ordering investigations in the vanadium oxide bronzes
Me, V205 (Me — alkali, alkaline earth, metal) [8].

The bronzes are usually prepared by means of solid
state chemical reactions, which demand the high tem-
peratures. As a final result, only the strong ionic—
covalent bonds in the oxide materials are not destructed
and take part in the formation of the compound. This
method demands precise temperature regimes for ob-
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taining thermodynamically stable phases [9]. A wide
range of the compounds based on the vanadium oxides
may be synthesized using the hydrothermal methods
[10], which require the special equipment. Only bulk
or powder materials can be synthesized by both meth-
ods mentioned above. Thin films of the bronzes can be
prepared by using thermal evaporation of the needed
compounds [11], but this method demands high vac-
uum and other special equipment.

More usable method for the thin films production is
the so-called soft chemistry or sol-gel synthesis, where
vanadium oxide based compounds are yielded from
aqueous precursors. Vanadium pentoxide gels have a
layered structure, where V-0 ribbons are separated by
water [12, 13] that permit to intercalate a wide range of
various ionic and molecular species into these gels.

In this work the results of the synthesis and the char-
acterization by using X-ray photoelectron spectroscopy
(XPS) method of vanadium oxide bronzes NaV,Os,
K43V016.2, and Rby 4 VgO14.1 are presented.

2. Experimental

The sol—gel synthesis process for the production of
the vanadium oxide bronzes can be described by the
following steps: production of VoOj gels, intercalation
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of the required element to the gel structure, and heat-
ing of the obtained hydrate up to the temperature en-
suring the removal of all water (absorbed, zeolyte type,
and chemically bonded) from the compound. For ex-
ample, M, V205 (Me — mono- or bi-valent ion) can be
yielded from a mixing and aging process of aqueous
solutions of MeCl (or MeCl3)-V205-H50 at the tem-
perature near the boiling point [14]. In this case, it is
not excluded that some quantity of the chlorine will re-
main in the final product [15].

2.1. Synthesis of sodium—vanadium oxide bronze

As starting components, we have used vanadium
pentoxide and NapSO4 powders supplied by Aldrich.
The sulphur salt was used because it is known that
MnSOy salts are good ingredients for the production of
vanadium oxide bronzes by the hydrothermal method
[14]. The sodium—vanadium gels were prepared by us-
ing sol-gel technology. V305 and NaySO4 powders
in suitable proportion were dissolved in the 10% H2O9
solution at 275 K because this reaction is an exothermic
one. Then the solution was heated up to 350 K for the
dissociation of the peroxide compounds. Produced gels
were deposited on the Ni substrate by screen printing
method and dried in air at room temperature. Obtained
xerogels of a dark brown color were heated up to 580 K
in pure oxygen atmosphere (p = 1 atm) for one hour for
the water removal from the xerogel. After this treat-
ment, the color of the films changed from dark-brown
to dark-green.

2.2. Synthesis of potassium— and rubidium—vanadium
oxide bronzes

As initial substances the methavanadates of potas-
sium (KVOg3) and rubidium (RbVOs), and vanadyl
sulphate (VOSO4) were used. The potassium— and
rubidium—vanadium gels were prepared by sedimen-
tation from the solution of the corresponding alkaline
metals (K and Rb) methavanadates and vanadyl sul-
phate with the ratio VOSO4,/MVO3 = 0.5 (M =K, Rb)
at pH = 8, T"'= 1070 K and the total concentration of
initial components 0.2 mol/1. The received gels were
identified by the chemical analysis and X-ray methods.
Produced gels were deposited on the Ni substrate by
screen printing method and dried in air at room tem-
perature. Obtained xerogels were heated up to 700 K
in vacuum during 2 hours.

Table 1. Binding energy values (eV) of the main XPS
peaks of sodium—vanadium bronze.

Sample  V2p3,2 V2pi,2 Ols Nals S2ps

V205 517.1 524.5 530.3 - -
533.2

NaSO4 - - 531.6 1071.5 168.8
535.9

Xerogel 517.1 524.3 5299 10714 169.2
532.0
534.0

Bronze 516.7 524.1 530.5 10722 -
532.7

2.3. XPS measurements

The chemical composition of the produced sodium—
vanadium xerogel and bronze has been studied by
X-ray photoelectron spectroscopy in an Escalab MKII
(VG Scientific) spectrometer equipped with a double
Al/Mg K, (1486.6 or 1253.6 eV, respectively) excita-
tion source, a five-channeltron detection system, and a
hemispherical analyzer, which was set to 20 eV pass
energy. Photoemission data have been collected and
processed by using a VGX-900 data system.

X-ray photoelectron spectra of potassium— and ru-
bidium-vanadium oxide bronzes were recorded using
an XSAM 800 analyzer (KRATOS Analytical). The
photoelectrons were excited using a nonmonochrom-
atized Al K, radiation source at 15 kV. Photoemis-
sion data have been collected and processed by using
a KRATOS DS800 data system.

In both cases the binding energy (BE) scale was
corrected for charging effects by assigning a value of
284.6 eV to the C 1s peak. After Shirley background
substraction, nonlinear least squares curve fitting rou-
tine with a Gaussian/Lorentzian product function has
been used for the analysis of XPS spectra. Relative
concentrations of the elements have been calculated by
a standard quantification routine, including Wagner’s
energy dependence of attenuation length.

3. Results and discussion
3.1. Sodium—vanadium oxide bronze

The binding energy values of the main XPS peaks
for the reference compounds (V205 and NasSO,4 pow-
ders), produced xerogel and bronze are reported in the
Table 1.

V 2p3/5 and V 2py /5 peaks in the vanadium pentox-
ide were observed at 517.1 and 524.5 eV, respectively.
These BE values correspond to the V> state of vana-
dium and practically do not differ from those reported
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in [16]. O 1s peak at BE = 530.3 eV corresponds to the
02~ ions in V305 [17]. The second, less intense XPS
line of the oxygen at 533.2 eV can be attributed to ad-
sorbed water on the sample surface [17, 18] or carbon—
oxygen binding [19].

O 1s peak spectra of the NaySOy4 contain two lines:
more intense at 531.6 eV and less intense at 535.9 eV.
The first line can be assigned to the oxygen ions con-
nected with sulphur [20] and the second one — with
the Auger peak of sodium, which appears in the oxy-
gen region when Na—O compounds spectra is measured
with the Al K, X-ray source [20]. Na 1s peak ob-
tained at BE = 1071.5 eV is typical for the sodium—
sulphur—oxygen compounds [21]. The binding energy
of S 2p3 /5 peak at 168.8 eV corresponds to the sulphur—
oxygen binding in NasSO,, (SO4)~2 [21,22].

The XPS spectra of the sodium—vanadium—oxygen
systems are complicated because there is the Na Auger
peak KL1Lo3 near O 1s region, when the Al K, X-ray
source is used, and the same Auger peak near C 1s re-
gion, when the Mg K, source is used [20]. So, the
interpretation of the O 1s spectra is complicated when
we use the aluminium source. Therefore, for clear XPS
spectra interpretation of produced xerogels and bronze
films we used the magnesium X-ray source.

The V 2p3/5, V 2p; /o, Na 1s, and S 2p3/5 binding
energies of the xerogel practically are equal to the sim-
ilar values in the pure V205 and NaySO4 powders (see
Table 1). The O 1s peak consists of the main line at
BE = 529.9 eV and two less intense lines at 532 and
534 eV. The main part (BE = 529.9 eV) of the oxy-
gen is connected with the vanadium ions [16]. The
lower amount at BE = 535 eV can be attributed to
the sulphur—oxygen bindings [20, 23, 24] and at BE =
534 eV —to HaO [24].

Figure 1 reports the comparison spectra of the
vanadium-oxygen region of the xerogel (as grown)
and bronze (after treatment). It is clear that the main
changes are in the O 1s peak that can be connected with
the water removal from the xerogel after the heat treat-
ment.

The XPS spectra of the bronze consist of four peaks:
V 2p3/5 at BE = 516.7 eV, V 2p; /5 at 524.1 eV, Na
1s at 1072.2 eV, and O 1s at 530.5 and 532.7 eV (see
Table 1). The presence of sulphur in the bronze was
not detected. The binding energies of the V 2p3 /5 and
V 2p, /2 peaks are shifted by 0.4 eV to the smaller BE
values in comparison with the pure vanadium pentox-
ide powder and xerogel. BE of Na 1s in the bronze
is higher than in the powder and xerogel by 0.7 and
0.8 eV, respectively. These facts testify that the pro-
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Fig. 1. Overlap spectra of V-0 region for xerogel (as grown) and
bronze (after treatment) samples.
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Fig. 2. Curve fitting of the V 2p and O 1s region for bronze sample.

duced bronze is a new chemical compound and not just
a simple mixture of VoO5 and NaxSOy.

The XPS spectrum of the V-0 region of the bronze
is presented in Fig. 2. The main O 1s line can be at-
tributed to the O2~ ions [17]. The less intense line at
532.7 eV appears due to the small amount of carbon
present in the sample [25] because the preparation pro-
cedure of the bronze has been carried out in air. Fitting
parameters of XPS spectra and the relative chemical
composition of the bronze are presented in Table 2.

3.2. Rubidium—vanadium oxide bronze

Before and after the Ar™ ion irradiation the Rb
3d peaks are similar and may be deconvoluted into a
poorly separated doublet with a binding energy of Rb
3ds)2 line at 110.1 eV and spin splitting between the
Rb 3d5/, and 3d3/; lines of about 1.6 V. Note that the
Rb 3 45/2 and 3d3 5 peak areas ratio for both ‘as grown’
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Table 2. Peak fitting parameters and relative element
concentrations of sodium—vanadium bronze.

Peak V2p3;e V2pis Ols Na s
BE, eV 516.7 524.1 530.5 1072.2
532.7
FWMH, eV 3.01 4.34 2.3 2.34
2.3
L/GY % 0 35 0 29
0
Concentr. 2 1 2.48 0.5

! Lorentzian / Gaussian function: 0% — Gaussian, 100% —
Lorentzian.

2 Concentration was calculated only for the main O 1s peak at
530.5eV.

and ‘Ar™ treated’ samples is about 1.44, in agreement
with a theoretically predicted value 1.5.

The O 1s spectra of Rby 1VgO16.1 bronze before
Ar™ ion etching may be deconvoluted into three lines:
the main peak at 530.3 eV and two lower intensity
peaks at 531.8 and 533.1 eV. The first one (‘oxide’) is
assigned to O~ ions in the bulk oxide. The second less
intense line (‘hydro’) at 531.8 eV appears due to a small
amount of adsorbed hydroxyl groups or carbon pres-
ence in the sample because the preparation procedure
of the bronze has been carried out in air, and the last one
(‘HoO’) at 533.1 eV may be attributed to the absorbed
water. Both before and after Ar™ ion irradiation, it is
impossible to fit the experimental V 2p peak with only
one of the synthetic doublet lines. This peak in com-
parison with pure V5Os expands to the lower energy
values, so one must introduce the additional doublets,
those corresponding to the V4* and V3 ions. The V
2p3 /o spectrum before Ar™ treatment consists of two
components with V 2p3, binding energies 517.1 and
515.9 eV corresponding to V°* and V4t species, re-
spectively. After Ar™ ion bombardment the V 2p dou-
blet is significantly broader on the side of small BE in
comparison with the analogous spectra before sputter-
ing. Therefore one should introduce an additional V
2p doublet corresponding to the trivalent vanadium. V
2p3/9 spectrum then consists of three components with
V 2p3/5 binding energies 517.1, 515.7, and 514.1 eV
corresponding to V+, V4* and V37 species, respec-
tively. The appearances of V3* ions can be easily ex-
plained by taking into account that both V-O-V and
V=0 bonds are present in the host VoO5 matrix. The
V 2p3/5 and V 2py 5 areas ratio is equal to 1.93 and
1.89 for the non-treated and Ar™ etched samples, re-
spectively, close to the theoretical value V 2p3 /o /V

2]91/2 =2.

The surface compositions of the rubidium bronze
samples that have been obtained from the XPS spectra
analysis, taking the vanadium stoichiometry to be 6 be-
fore and after Ar™ bombardment, in conjunction with
the V 2p3/, synthetic line relative intensities corre-
sponding to various valence vanadium ions (V°1, V4,
and V3+), are Rb6.69V6017.78 and Rb4.12V6015‘41 be-
fore and after ion irradiation respectively. It is clear that
rubidium segregation takes place.

3.3. Potassium—vanadium oxide bronze

Both before and after Ar™ ion irradiation the K 2p
peaks are similar and may be deconvoluted into the sep-
arated doublets. The binding energies of the spin—orbit
doublet K 2p; /5 and K 2p3 /5 are 293.2 and 295.9 eV
before ion irradiation and 293.6 and 296.4 eV after ir-
radiation. The ratio of the integrated intensity between
the 2p3 /5 and 2p; ;2 components is ~21.7 that agrees to
the within the error of determination with the ratio of 2
predicted theoretically.

The presence of additional potassium compounds in
the bronze is difficult to ascertain from the XPS data
because of the low sensitivity of the K 2p emission to
the nature of a compound [17]. Some information can
be gained from the O 1s spectra, which was found to
contain two components: one (stronger) at 530.3 eV
and the other (weaker) at 532.3 eV. A similar O 1s spec-
trum was obtained after ion bombardment, with bind-
ing energies of 530.5 and 532.0 eV. The stronger com-
ponent is attributable to the O?~ ions in oxides [20].
The weaker peak (~530 eV) seems to arise from the
carbon—oxygen bonds [20]. Therefore, the observed K
2p peaks most likely are due to the presence of KoCOs3
on the sample surface both before and after the Ar™ ion
bombardment.

The V 2p3/5 spectrum before ArT treatment con-
sists of two components with binding energies 517.3
and 516.0 eV corresponding to V> and V4* species,
respectively [20]. The ratio of the integrated inten-
sity between these two components is 10, which im-
plies that before the ion treatment most of the vanadium
on the surface of the sample has had a valence of 5+.
The Ar™ ion irradiation produces significant changes
in the position and shape of the V 2p3/, peak. There
are two components with the binding energies at 516.3
and 514.3 eV. These components correspond to V4+
and V31 ions [20]. The emission characteristic of V°*
ion is missing. The ratio of the integrated intensities
between the peaks corresponding to V4T and V3+ ions
is about 1.8.
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Using the relevant sensitivity factors and taking the
vanadium stoichimetry to be 6, we evaluated the potas-
sium and oxygen contents by comparing the V 2p3 5, K
2p, and O 1s peak areas. The chemical formula of the
bronze was Kg5Vg090.3 and K39VgOq7.7 before and
after Ar™ ion irradiation respectively. It is clear that
potassium segregation takes place.

4. Conclusions

The thin film of vanadium oxide bronzes NaV5Os,
K4.3VgOi6.2, and Rby 4 VO16.1 were produced by sol—
gel technology method. The XPS analysis of the start-
ing materials, xerogel, and sodium—vanadium bronze
show that the main V 2p and Na 1s peaks in the
bronze are shifted in comparison with the other materi-
als. That testifies that the chemical bonds of the vana-
dium, oxygen, and sodium in the bronze differ from
similar bonds in the starting materials. Therefore, the
produced bronze is not just a simple mixture of the
vanadium pentoxide and sodium sulphate, but a new
chemical compound. The sulphur presence was de-
tected only in the xerogel but not in the final bronze
composition.

The comparison of the chemical (bulk) and XPS
(surface) analyses results of rubidium— and potassium—
vanadium oxide bronzes demonstrate that the segrega-
tion of Rb and K in polyvanadate bronzes take place.
After the Ar™ etching the surface Me/V (Me = Rb, K)
concentrations ratio moves towards the bulk value.

The concentration of vanadium ions of reduced va-
lence increases after Ar™ bombardment of bronzes.
Moreover, one needs to introduce V3 ions to describe
the V 2p doublet shape after Ar™ treatment. The prefer-
ential oxygen loss under Ar™ bombardment is respon-
sible for vanadium ions reduction. The valances of
vanadium ions in Rb—V-O bronze after Ar™ ion etch-
ing are Vo, V4* and V3. Meanwhile, in the K—V—
O bronze only V4T and V3* ions are registered. This
fact testifies to less strong V-O bonds in potassium—
vanadium bronze in comparison with the rubidium—
vanadium bronze. The amount of the absorbed water
drastically decreases after the etching.

The final results of this work show that the simple
sol-gel preparing method, which does not demand the
complicated equipment, may be used for the synthesis
of various vanadium pentoxide based compounds.
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VANADZIO OKSIDU BRONZU ZOLIS-GELIS SINTEZE IR RENTGENO FOTOELEKTRONINIAI
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Santrauka

Ploni vanadZio oksidy bronzy NaV30s5, K4 3VOi6,2 ir
Rb4,4V6O16,1 sluoksniai buvo pagaminti naudojant zolio—gelio
technologija. Sluoksniy cheminei sudéciai ir metaly jony valentin-
gumui nustatyti buvo naudojama Rentgeno fotoelektrony spektro-
skopijos (RFS) metodika. Bronzy gamyba galima suskirstyti i tris
etapus: 1) zolio gamyba, tirpinant reikalingas medZiagas (V205
ir Nas SOy arba rubidzio ar kalio metavanadatus kartu su vanadilo
sulfatu) vandenilio perokside; 2) pagamintojo zolio kaitinimas iki
350 K; 3) pagamintojo gelio kaitinimas iki 580-780 K, siekiant pa-
Salinti vandens molekules i§ gelio, t. y. bronzy sintezé.

V205, NaaSO4, V-Na-O gelio ir bronzos RFS analizé parode,
kad pagrindinés V 2p ir Na 1s RES smailés bronzoje yra pasislinku-

sios, palyginus su pradinémis medZiagomis. Tai liudija, kad chemi-
niai ry$iai tarp vanadZio, natrio ir deguonies bronzoje skiriasi nuo
atitinkamy rySiy pradinése medZiagose, tai yra susintetinta bronza
néra paprastas medziagy misinys, o yra naujas cheminis junginys.
Sieros smailé aptikta tik Na—V-O gelyje, bet jos néra bronzoje.

IS RFS analizés rezultaty matyti, kad rubidZio— ir kalio—
vanadZio oksidinése bronzose yra stebima Rb ir K segregacija bei
vandens gary ir anglies sugertis bandiniy pavirsiuje. Jeigu Rb—V-O
bronzos pavirSius labiau sugeria vandeni, tai kalio—vanadZio bron-
zoje dél anglies sugerties susidaro KoCOs3. RubidZio—vanadzio
bronzoje po bandiniy pavir§iaus apsaudymo Ar™ jonais alia V5T
ir V4t atsiranda ir V3T jonai, o kalio—vanadZio bronzoje po ap3au-
dymo visai i§nyksta Vo ir lieka tik V4T ir V3T jonai. Tai liudija
apie silpnesni V-0 rysj K—V-0 bronzoje.



