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This work presents the effect of zinc oxide (ZnO) ceramics, doped with different percentages of vanadium trioxide
(V203) and vanadium pentoxide (V,0s). Samples were analyzed by X-ray diffraction and scanning electron microscopy. The
addition of V,03 or V,05 produced changes in the composition and morphology of the pellets. In both cases, different zinc
vanadates were detected as secondary phases: a-Zn3(VOy), and Zn,V,0,. Furthermore, when the vanadium concentration
was equal to or higher than 3 wt%, the presence of filaments was detected on the surface of the pellets. These filaments were
produced due to vanadium segregation. However, this effect was only observed at the surface of the pellets. On the bulk, the
filaments were not observed. Instead, vanadium was found at the interfaces between the ZnO grains and at triple points, as it

could be expected.

Introduction

Zinc oxide (ZnO)-based materials have been widely
studied for different kinds of applications, such as gas
sensors, piezoelectric transducers, optical waveguides,
electrodes, and varistors, among other applications.'™

In general, all these applications depend on their
structural properties, where the ceramic behavior is
highly controlled by microstructural and surface fea-
tures, such as composition, particle size, surface area,
and porosity. Nevertheless, in some cases when consol-
idated samples are doped, the dopants tend to diffuse
around the particles and segregate at the surface and/or
at triple points into the bulk of the pellets. Consequently,
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secondary phases are produced, which in most of
the cases modified the properties of the material.® For
example, in the ZnO varistors all these features are
very important, as electrical properties depend on the
interfaces among the particles and the surface of the
pellets.”” "

Although ZnO doped with small quantities of
vanadium pentoxide, alone or mixed with other metal
oxides has been reported, there is no research on the
addition of vanadium trioxide (V,0O3) in the same kind
of systems.lo’n’16 This vanadium oxide has a different
reactivity due to the vanadium oxidation state. Then,
the chemical reactivity of this oxide with ZnO may
vary, in comparison with vanadium pentoxide (V,Os).
Furthermore, papers in the literature report the addition
of <1mol% of V,Os. Then, the aim of this work was
to analyze and compare the microstructure evolution of

ZnO pellets produced by the addition of two different
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vanadium oxides, V,05 and V,O3, in higher proportions
than those reported typically. It has been performed in
order to investigate whether there is any difference when
ZnO is doped with two different vanadium oxides, where
vanadium possesses different oxidation states, and there-
fore different reactivity.

Experimental Procedure

ZnO pellets were synthesized using high-purity
powders of ZnO (99.9%, Aldrich, St. Louis, MO),
V,0s5 (98+%, Aldrich), and V,03 (99%, Aldrich).
Powders of ZnO and V,05 or V,03 were mixed for
3h in deionized water, using a magnetic stirrer. The
samples were dried at 70°C, and pressed into 10-mm-
diameter pellets. Latter pellets were heat treated for
4h at different temperatures: 300°C, 500°C, 700°C,
800°C, 900°C, 1000°C, and 1100°C. After the sinte-
ring process, the samples were air cooled to room tem-
perature. The final density obtained of the pellets was
equal to 85-90% of the theoretical density. The pellets
were prepared using different molar percentages of the
vanadium oxides. V,O5 or V,03 were added at levels of
0.5, 1.0, 3.0, and 5.0 mol%.

All the pellets heat treated at different temperatures
were characterized by X-ray diffraction (XRD) and scan-
ning electron microscopy (SEM). To obtain the XRD
patterns, a slower detailed scan was necessary to enable
the various secondary phases to be identified. A
diffractometer (D8 Advance, Bruker AXS, Madison,
WI) coupled to a copper anode X-ray tube was used.
The different compounds were identified by their cor-
responding Joint Committee on Powder Diffraction
Standards (JCPDS) files, and the relative percentages,
of each phase, were estimated from the total area under
the most intense diffraction peaks. The estimated ex-
perimental error was +39%. A scanning electron micro-
scope (Stereoscan 440 Leica/Cambridge, St. Gallen,
Switzerland) was used to determine the particle size,
morphology, and composition of the materials. All these
features were observed in secondary electron image,
backscattered electron image (BSEI), and elemental
analysis (EDS).

In order to analyze whether the pellets have the
same chemical composition and morphology on the
surface and the bulk, a set of samples was ground down
(~ 2-3mm) and etched, using a sulfuric acid solution

(IN) for 5h. The pellets were, then, washed in deion-
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ized water several times to eliminate excess sulfuric acid.
This chemical treatment was performed in order to
analyze the microstructure of the core of the pellets.

Results

All the samples examined by XRD were mainly
composed by ZnO, and only small quantities of sec-
ondary phases were detected. Figure 1 presents the XRD
patterns of the ZnO doped with different quantities of
V,03 and V,0s. First, when the samples were doped
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Fig. 1. X-ray diffraction patterns of the samples containing
different quantities of (A) V205 or (B) V2O03. The three main peaks
correspond to the ZnO phase and each of the secondary phases is
labeled as O, ZnO; %, a-Zn3(Vo04) s and B, ZnsV->0,.
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with 0.5wt%, of V,03; or V,0s, the XRD patterns
did not indicate the presence of different phases other
than ZnO. Conversely, a zinc vanadate was found as a
secondary phase when ZnO was doped with 1 and
3wt% of any of the vanadium oxides. In both cases,
the secondary phase detected was a-Zn3(VOy),, which
has an orthorhombic crystalline structure (JCPDS file
34-0378).'71

Finally, samples containing 5wt% of V,0; or
V,05 presented different behaviors. In the V,03 case,
the final composition was similar to those results ob-
tained at lower vanadium concentrations, where ZnO
and o-Zn3(VOy), were the two phases detected. On the
other hand, the sample doped with 5wt% of V,0Os
produced a different secondary phase, ZnsV,0q
(JCPDS file 77-1757). However, when this pellet was
ground down, ZnsV,0, disappeared, and the phases
detected were ZnO and o-Zn3(VOy), again.

In order to analyze the effect of the temperature on
the formation of these secondary phases, a different set
of samples, with 5wt% of V,03 or V,0s, was heat
treated at different temperatures (Fig. 2). At low tem-
peratures, between 300°C and 800°C, the only second-
ary phase detected by XRD was 0-Zn3(VOy),. These
results showed the formation of secondary phases even
at very low temperatures (300°C) and the similarity of
the samples. These results are in good agreement with
the ZnO-V,0s phase diagram, which did not show
any solid solubility of vanadium oxide in Zn0."°
However, when the temperature was increased to 900°C
or more, o-Zn3(VOy), disappeared and ZnsV,09 was
produced.

The surface morphology of the pellets was deter-
mined by SEM. SEM analyses were performed on all
the pellets, and the results were very similar between
samples doped with V,0s and V,0;. Thus, only
the results obtained for ZnO doped with V,03 are pre-
sented. The surface of the ZnO pellet, doped with
0.5wt% of V,0;, presented particles with different
sizes (Fig. 3A). The largest particles showed a diameter
of 15-20 um, while the smallest were about 2 pm in
size, where their abundance was estimated to be 32%
and 68%, respectively. Furthermore, the porosity of the
samples did not seem to be high.

When the pellets were doped with 1 and 3 wt%
of V,0s3, the morphology of the surfaces changed.
First, the particle size tended to be more homogeneous
(Fig. 3B). Although the large particles remained there,

the small particles had a tendency to disappear or to
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Fig. 2. X-ray diffraction patterns of the samples containing 5 wr%
of (A) V>0s or (B) V303, heat treated at different temperatures.
The three main peaks correspond to the ZnO phase and each of the
secondary phases is labeled as O, ZnO; %, a-Zns(V,0,), and
. > ZI’Z4V209.

grow. In these cases, the different particle sizes were
15-20 and 4-5pum, in average, with abundances of
67% and 33%, respectively. As in the first composition,
the porosity did not seem to change. Moreover, a differ-
ent effect became evident: the formation of some fila-
ment structures, growing over the surface of the pellets.
These filaments were not considered in the abundance
calculation. However, the presence of filaments was
dramatically evidenced when the quantity of V,0j3 in-
creased to 5wt% (Fig. 3C). In this sample, the particle
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Fig. 3. Scanning electron microscopic images of samples
containing 0.5 wt% of V505 (A), 3.0wt% of V5053 (B), and
5.0wt% Of V205 (C)

size was completely homogeneous, being equal to
5-10 um. Therefore, as the initial ZnO particle size
was around 1-2 pm, according to Aldrich, the particle
size of ZnO is enhanced and homogeneously controlled
by the addition of vanadium oxides.

A closer examination of the ZnO pellet doped with
5wt% of V,03 showed that filaments were growing all
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around the surface of the pellets. Furthermore, the BSEI
strongly suggests that the filaments have a different
composition, due to the contrast differences observed
(Fig. 4). In addition, elemental analyses (EDS) were
performed, over the different parts of the pellet. First, a
general EDS analysis, of the surface of the pellet, gave
the following results: oxygen 56.01at.%, zinc
41.31 at.%, and vanadium 2.68 at.%. These results are
in excellent agreement with the nominal composition of
O =50.66at.%, Zn = 46.68 at.%, and V = 2.65 at.%,
which corresponds to the ZnO doped with 5wt% of
V,03. Nevertheless, specific EDS analyses over the two
kinds of particles (filaments and polygonal particles)
produced very different results. While the polygonal
particles did not contain vanadium, the filaments pre-
sented a very high level of vanadium (13.78 at.%), as
can be seen in Table I.

Finally, a further analysis was performed. In this
case, the samples containing 5 wt% of vanadium oxides

Fig. 4. Backscattered micrographs of the sample containing
5.0wt% of V,03. The dark regions have a lower mean atomic
number than the average and are vanadium-rich phases.
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Table I.  Superficial EDS Analyses of the Different
Sections of the ZnO Pellet Doped with 5 wt% of V,03

Table II.  Bulk EDS Analyses of the Different Sec-
tions of the ZnO Pellet Doped with 5 wt% of V,0;

Type of particle

Theoretical

composition

Polygonal Filament of Zn3(VOy),
Element (at.%) (at.%) (at.%)
Zn 44 .47 27.34 23.07
A% — 13.78 15.38
(@] 55.53 58.88 61.53

were ground down and etched on sulfuric acid as
described in the experimental section. First, the XRD
pattern of the ZnO pellet doped with 5wt% of V,05
gave results similar to those obtained over the surface of
the pellet. The main phase corresponds to ZnO, and
0-Zn3(VOy), was detected as a secondary phase. On the
other hand, the composition of the sample doped with
5wt% of V,0s, changed. ZnsV,0y was not found; in-
stead, #-Zn3(VOy), was obtained as a secondary phase.

In addition, SEM analyses of these two pellets did
not show the presence of filaments or any kind of par-
ticles containing a high level of vanadium (Fig. 5). The
particle size, of the ZnO grains into the bulk of the
pellet, was similar to the particle size determined at
the surface, 5-10 pm. EDS analyses indicated that va-
nadium is mainly deposited at the border of the particles
or at triple points, as it could be expected. These results

Fig. 5. Backscattered image of the center of the pellet containing
5.0wt% of V>03. The arrows illustrate the vanadium-rich regions,
grain borders, or triple points.

Area
Polygonal Frontier and
Flement (at.%) triple points (at.%)
Zn 48.21 28.76
\% — 6.46
O 51.79 64.78

are summarized in Table II. Moreover, the vanadium
content decreased to 1.33 at.%, in comparison with the
vanadium detected at the surface of the pellet
(2.68 at.%).

In sum, SEM and EDS analyses showed that sam-
ples changed their morphology as a function of the
vanadium content. In addition, vanadium was not dis-
tributed uniformly throughout the surface of the sam-
ples; it segregated, producing filaments.

Discussion

To summarize, from XRD two different secondary
phases were identified: o-Zn3(VOy), and ZngV,0,.
These measurements are in agreement with the SEM
results, where morphological information and mainly
the BSEI evidenced the presence of two phases at least.

Two different secondary phases, 0-Zn3(VOy), and
ZngV,04, were determined on these samples using
V,03 and V,0s. In both cases, the ZnsV,09 was pro-
duced when the temperature reached 900°C or at higher
temperatures. In a previous paper,'® it was proposed
that ZnsV,0y is always produced in the presence of -
Zn3(VOy),, and the Zn V,0y formation rate seems to
be slower than that of a-Zn3(VOy),. Moreover, accord-
ing to the ZnO-V,0s phase diagram,'”** a liquid
phase is produced at 890+ 10°C. This temperature fit
very well with the ZnsV,0 formation. Therefore, the
results obtained in this work may be explained in terms
of reactivity. Apparently, ZnsV,0y is produced at the
surface of the pellets through a previous a-Znz(VOy),
formation, which fuses and then reacts with ZnO
(reaction 1).

o-Zns (V04)2 + Zn0O — ZnzV,09 (1)

Furthermore, although the relative proportions of
the secondary phases were unambiguous, it seems that
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Fig. 6. Plot of the relative proportions of secondary phases, as a
Sfunction of the vanadium oxide percentages.

the quantity of each phase increases as a function of the
vanadium, as expected (Fig. 6). However, according to
the results, it is clear that the formation of ®-Zn3(VOy),
is produced at temperatures lower than 800°C and,
once it has been produced it converts into ZngV,0q at
900°C or higher temperatures.

In the V,03 samples, the a-Zn3(VOy), formation
detected by XRD indicates vanadium oxidation from
V3* to V°7, as it could be expected, with the conse-
quent addition of oxygen (reaction (2)). On the other
hand, -Zn3(VOy), and ZnsV,0y formation, using
V,0:s, did not require any oxidation process (reaction

3)).
3 ZnO 4+ V,05 + O, — a-Zn; (VO4)2 (2)

3 ZnO + V,05 — a-Zn3(VOy), 3)

It is evident that vanadium oxidation, from V,03
to V,0s, occurs at lower temperatures than 500°C, but
if the V,03 oxidation depends on the presence of ox-
ygen, reaction (2) must be limited to the surface of the
pellet or at least the kinetic of the reaction may be di-
minished into the bulk of the pellets. In order to study
this hypothesis, the pellets were ground down and
etched to analyze the chemical composition at the
bulk of the pellet. Nevertheless, XRD results showed
the presence of the same secondary phase 0-Znz(VOy),
(data not showed). Therefore, there must be some avail-
ability of oxygen atoms, which allows the formation of

®-Zn3(VOy), even in the bulk of the pellets. In fact,
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ZnO produces nonstoichiometric phases under an
oxidizing or a reducing zltmosphere.Z]’22 A typical
example is the production of Zn;+,O in reducing at-
mospheres. Then, the “excess” of oxygen produced, by
the reducing atmosphere of this reaction, must produce
0-Zn3(VOy), even in the bulk of the pellets.

SEM analyses are in excellent agreement with the
XRD results. The backscattered electron micrographs
and the chemical composition strongly suggest that the
filaments were not composed by ZnO, which may be
produced due to the a-Zn3(VOy), fusion and latter so-
lidification as ZnsV,0q. Actually, the differences in
contrast seen in Fig. 4B arose from the differences in
the mean atomic number, Z, of ZnO (Z = 19) and a
secondary phase, perhaps the secondary phase detected
by XRD, a-Zn3(VOy), (Z = 15.38). Therefore, the
backscattered electron coefficient, M, has to present
differences between the two phases, through the follow-

. . 23
ing equation:

N = 0.0254 + 0.016Z — 1.86 x 10742%* + 8.3
x10772° (4)

Hence, 1 decreases from 0.217 for ZnO, the lighter
phase in Fig. 4B, to 0.179 for Zn3(VOy),, the darker
phase. This hypothesis was confirmed by the EDS
study. EDS analyses of the polygonal particles showed
that this sort of particles practically do not contain va-
nadium (Table I). All the vanadium was detected on the
filaments. Additionally, EDS analyses in the bulk of the
pellets showed a deficiency of vanadium in comparison
with the quantity of vanadium detected at the surface.

For these reasons, the results strongly suggest that
vanadium diffuses and segregates, from the bulk to the
surface of the pellets, producing filaments of zinc vana-
dates. This idea was supported by the ZnO-V,0s phase
diagram, which describes the fusion of secondary phases
at 77> 900°C. Specifically, a-Zn3(VOy), is the first
phase produced, according to the atomic percentages
determined by EDS and by the XRD results. Later,
Zn4V,0y is produced at the surface of the pellets.

Finally, although the solubility of V,03; and
V,0s5 in ZnO was estimated to be <0.5wt%, higher
additions of vanadium oxides allowed controlling the
particle size of the ZnO grains. Hence, as several phys-
icochemical processes depend on grain—grain interfaces,
the particle size is determinant. Therefore, the addition
of vanadium oxides in ZnO helps to homogenize and
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enhance the growth of the grains and could be consid-
ered as grain growth enhancers.

Conclusions

ZnO varistor ceramics have been prepared using
ZnO with 0.5, 1.0, 3.0, and 5.0wt% of V,0s and
V203. XRD analyses strongly suggest that a-Zn3(VOy),
formation is favored over the surface of the pellets at tem-
peratures <800°C. On the contrary, ZnsV,0g was found
in samples heat treated at higher temperatures
(> 900°C). The synthesis of ZnsV,09 may be produced
by the reaction of 0-Zn3(VOy), with ZnO.

A vanadium segregation effect was detected by
SEM, for the samples containing 3 wt%, or more, of
any of the vanadium oxides. First, the surface of the
pellets showed the formation of filaments. In addition,
BSEI and EDS analyses showed that these filaments
are enriched in vanadium, having an elemental compo-
sition very close to the theoretical compositions of
o-Zn3(VOy),. On the contrary, the ZnO grains practi-
cally did not contain vanadium. The latter results
confirmed the vanadium segregation in the form of
filaments over the surface of the pellets. Further analyses
performed in the bulk of the pellets suggested that the
filaments are just produced on the surface.

No significant difference was found when the sam-
ples were doped with V,03 or V,0s. In V,03, vana-
dium is oxidized from +3 to +5, producing two
different zinc vanadates a-Zn3(VOy), or ZnsV,0,, as
the samples doped with V,0s, and no other change in
the structure or composition of the pellets was observed.
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