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a b s t r a c t
This paper reports the morphological and microstructural characterization of Nb-doped ZrO2 ﬁlms
obtained by anodic doping in conditions of spark electrolytic breakdown. The oxide ﬁlms were prepared
by galvanostatic anodization of metallic Zr in oxalic acid solution containing ammonium oxaloniobate,
NH4H2[NbO(C2O4)3]3H2O using Nb(V) ions as the precursor dopant. The characterization was performed
by SEM and XRD. A factorial design was used to optimize the experiments and study the inﬂuence of
experimental variables on morphology and phase composition. The results demonstrated that the dopant
concentration is the most important factor that affected the analyzed responses. A signiﬁcant inﬂuence of
this variable was observed on the pore average diameter and on the percentage of the stabilized tetragonal phase. The temperature also affected the phase composition, however no effect was observed on the
morphological response..
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
The zirconium oxide, or zirconia, exhibits three crystalline
phases: monoclinic, tetragonal and cubic phase. At ambient temperature, zirconia is thermodynamically stable in the monoclinic
phase and its transition to the tetragonal phase occurs at
1170 °C. At 2370 °C, the tetragonal phase is reversibly transformed
into the cubic one [1,2]. However, during the cooling stage, the
tetragonal to monoclinic transformation is accompanied by an
enlargement of 3–4% in the oxide volume, causing cracks in the
material, which makes the monoclinic zirconia useless for mechanical and structural applications [1]. In order to prevent these structural failures and obtain tetragonal or cubic zirconia, stable at
room temperature, it is common to add MgO, CaO, Y2O3 or CeO2
as dopants during the material synthesis [2–4]. The incorporation
of these species into the zirconia structure modiﬁes its properties
allowing the control of its microstructure. Depending on the experimental conditions and the quantity of dopant incorporated into
the oxide, it is possible to obtain a complete or partial stabilization
of the zirconia. Normally, the material is called partially stabilized
zirconia (PSZ) when it consists of a mixture of cubic, tetragonal and
monoclinic phases, whereas stabilized zirconia (SZ) is completely
composed by the cubic phase. PSZ ceramics exhibits excellent
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mechanical properties such as high fracture strength, toughness,
abrasion and temperature resistance, and therefore it has been
used as heat engine components [2,5]. SZ exhibits high ionic conductivity and has been used in refractory materials, electrochemical gas sensors and solid oxide full cells (SOFCs) [1,5].
Several methods have been used to produce PSZ and SZ based
on the mixture of oxide precursors and chemical methods. These
methods include spray pyrolysis, coprecipitation, microemulsion
and the sol–gel technique, which involves high temperature sintering [6–8]. Alternatively to these methods, stabilized zirconia can be
obtained electrochemically at room temperature by anodic oxidation of metallic zirconium in acid solutions containing dopants in
conditions of spark electrolytic breakdown [9,10]. The zirconium
oxide produced by anodic oxidation in acid solutions such as phosphoric acid, oxalate acid and sulphuric acid electrolytes at low
temperatures, in the absence of dopants, predominately crystallizes in the monoclinic phase [9–11]. Bensadon et al. [9] had demonstrated the feasibility of cubic stabilization of ZrO2 prepared
electrochemically at room temperatures by addition of Ca2+ complex ions to the electrolyte during anodization in the galvanostatic
regime. The advantages of this procedure are its low cost and the
possibility to dope the material with different ions at high doping
levels, changing not only its microstructure but also its morphological and optical properties [9,12].
The method of anodization under a high electric ﬁeld is also
known as Spark Anodizing, Micro Arc oxidation (MAO) and Plasma
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Electrolytic Oxidation (PEO) [13–15]. The main characteristic of
this method is the presence of a large number of short-lived electrical discharges, caused by localized electrolytic breakdown of the
growing oxide. Under these conditions, species from the solution
can migrate into the oxide forming a layer and end up incorporated
into the oxide crystal structure [16–19]. Depending on the parameters used to anodise zirconium, the incorporation of the electrolyte species allows a partial or complete stabilization of the
tetragonal and/or cubic zirconia [9]. Besides, some authors observed that the addition of small quantities of niobium improve
the corrosion resistance of Zr-based alloys [20].
Considering what is exposed above, in this work, we electrochemically prepared Nb-doped ZrO2 ﬁlms, at low temperatures,
by addition of oxaloniobate ions into the oxalic acid solution and
demonstrated the partial stabilization of the tetragonal phase.
The percentage of the stabilized tetragonal phase in these ﬁlms
changed according to the experimental conditions. The ﬁlms were
characterized by X-ray diffraction (XRD) and Scanning Electron
Microscopy (SEM). A chemometric procedure [21,22] was used to
design the experiments and estimate the effects of the preparation
variables on morphological and microstructural responses and
their cross-effects.

2. Experimental procedure
The Nb-doped ZrO2 ﬁlms were grown under a galvanostatic regime on a zirconium substrate in 120 mL of electrolyte solution
containing 0.01 mol L1 H2C2O4 + x mol L1 NH4H2[NbO(C2O4)3]3H2O, where x = 0.02 or 0.04. All solutions were prepared with
deionised water and analytical-grade reagents. The electrolytic cell
was maintained at a constant temperature using a thermostatic
circulating bath and the electrolyte solution was stirred using a
magnetic stirrer. Annealed zirconium (Zr) foils (Alfa Aesar 99.8%,
0.25 mm thick) were cut in ﬂag shape pieces with an exposed area
of 2 cm2. Prior to the experiments, the working electrode was
mechanically grinded with #600 SiC and then with #1200 SiC
sandpaper followed by a deionised water wash. Two Pt sheets were
used as counter electrodes in order to obtain a homogeneous electric ﬁeld distribution over the electrode surfaces. A homemade DC
power supply was used to perform the experiments. The voltage
was recorded using an HP-Agilent model 3440A Digital Multimeter
connected to a computer by an in-house developed software routine using the HP-VEEÒ 5.0 software.
The morphological characterization of the oxide ﬁlms were performed in a SEM Zeiss Supra 35VP using the ImageJÒ software to
analyze the images. To study the microstructure of the Nb-doped
ZrO2 ﬁlms, X-ray diffraction (XRD) measurements were performed
using a RigakuÒ Dmax 2500-PC X-ray diffractometer with Cu Ka
radiation (Ka = 1.54056 Å). The crystallite sizes were calculated
from the most intense diffractions peaks of the XRD patterns using
the Scherrer’s equation [23].
To investigate the effects of the experimental parameters on
microstructure and surface morphology, a factorial design was
used to outline the experiments. The advantages of using this chemometric procedure are the reduction of the number of experiments and the quantiﬁcation of the effects of each parameter
(main effects) and their cross-effects, i.e., the effects among the
variables on a speciﬁc response. The calculated effects are
determined by a matrix calculation merging all variables at their
different values. In this procedure, nk experiments must be accomplished, where k is the number of variables or experimental parameters and n is the number of values for each variable. In this study,
a 23 factorial design was used (3 variables and 2 values), therefore
eight different experiments were performed (23 = 8 experiments).
The experimental variables were: the applied current density, the

Table 1
23 Factorial design matrix combining all experimental variables with their values and
the analyzed responses.
Variables

(j)
(T)
(dop)

Responses

Values

Current density (mA cm2)
Electrolytes temperature
(°C)
Dopant concentration
(mol L1)

Pore average diameter
Percentage of Tetragonal
phase

Exp.

j

T

dop

20
17

1
2


+







0.04

3



+



4
5
6
7

+
–
+


+


+


+
+
+

8

+

+

+

()

(+)

10
8
0.02

electrolyte temperature and the dopant concentration. These variables were studied at two ﬁxed values, where the lowest value was
indicated by () and the highest by (+), as can be seen in the
factorial design matrix in Table 1. All samples were obtained at
Q = 36 C, at the ending of the anodization. The pore average diameter was chosen as the morphological response and was evaluated
considering the mean value between four micrographs at different
regions of the same sample. The microstructural response was the
percentage of the tetragonal phase and was calculated considering
two samples of the same experiment which was performed in
duplicate. The Bartlett’s test [24] was used to test the homogeneity
of variances. Since the variances are homogeneous, the associated
error of the effects could be estimated from square root of the
pooled variance (s2) considering the variance of all experiments
performed and can be evaluate according to the following
equation:

s2 ¼

X d2
i
2N

ðA:1Þ

where di correspond to the difference between the responses of a
speciﬁc experiment and its duplicate and N is the total number of
experimental conditions studied. A Student’s t-distribution with
95% of conﬁdence interval was used to calculate the experimental
error associated with the individual responses. A detailed description concerning the calculation procedure of the effects and their
standard error for a factorial design can be found in Bruns et al. [22].
3. Results and discussion
Fig. 1 depicts the voltage vs. charge proﬁles during the zirconium anodization under a galvanostatic regime at different experimental conditions described by the 23 factorial matrix design
(Table 1). During the growth of the Nb-doped ZrO2 ﬁlms, two distinct regions are observed: the initial increase of voltage and the
breakdown region. The rapid increase of the voltage up from 0 to
300–350 V in the beginning of the anodization is associated to
the thickness enlargement of the barrier oxide. In this region, the
main process controlling the ﬁlm growth is the ionic transport
[16]. The almost linear increase of the voltage proceeds until the
onset of the electrolytic breakdown, where a change in the voltage
curve slope is observed. Then, in this second region, both dissolution and electronic process become important [16,19,25,26]. These
phenomena are generally associated to the local disruption of ZrO2
ﬁlm followed by a rapidly regrowth of the anodic oxide due to the
enhanced current that goes through the reduced resistance site.
This process is characterized by a series of simultaneous events
such as voltage oscillations, electrical microdischarges at electrode
surface, local oxide crystallization, internal stress and ﬁssure or
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Table 2
Morphological and microstructure responses related to the eight experiments
planned in the 23 factorial design.
Exp.

Pore average
diameter (nm)*

Percentage of
tetragonal phase (%)**

Crystallite size (nm)**
Monoclinic

Tetragonal

1
2
3
4
5
6
7
8

750 ± 149
502 ± 51
715 ± 150
654 ± 109
921 ± 197
1292 ± 139
977 ± 97
861 ± 340

52.6 ± 2.3
42.8 ± 5.0
36.5 ± 7.4
46.0 ± 6.2
39.2 ± 4.4
33.1 ± 4.3
30.7 ± 2.0
26.0 ± 1.5

17.6 ± 1.6
18.0 ± 1.3
14.9 ± 4.2
17.9 ± 1.5
12.5 ± 1.4
13.6 ± 0.6
12.5 ± 0.7
12.9 ± 0.3

21.1 ± 3.3
27.6 ± 0.6
22.2 ± 5.3
25.2 ± 0.1
18.4 ± 8.6
27.5 ± 1.8
21.4 ± 7.9
26.1 ± 0.6

*
Standard deviations calculated considering four different regions of the same
specimen.
**
Standard deviations calculated considering two different samples related to the
same experiment.

Fig. 1. Voltage as function of charge for Zr anodization in oxalic acid solution
containing oxaloniobate ions in experimental conditions indicated in Table 1. Inset:
sparks at the electrode surface during the exp. 8 at Q = 8 C.

formation of pores [16,27]. As can be seen in Fig. 1, the voltage proﬁle depends on the experimental conditions. For instance, experiments 5 and 6, which were performed at low temperature (8 °C)
and at high dopant concentration (0.04 mol L1) exhibited a large
amplitude of voltage oscillations indicating an intense process of
destruction and rebuilding of the oxide ﬁlm, whereas the others
experiments are characterized by a smaller amplitude in this
region.
It is important to emphasize that pentavalent oxides such as
Nb2O5 have limited solubility in zirconia [28], therefore the experimental conditions were chosen in a particular way in order to enhance their solubility in the tetragonal phase. Unpublished studies
of our group demonstrated that processes of destruction and
rebuilding of the ZrO2 ﬁlms in oxalic and phosphoric acid dilute
solutions, which are associated with the breakdown phenomena,
are more intense at low temperatures (<20 °C) and at high current
densities (>10 mA cm2). Hence, we chose these conditions since
there is a high incorporation of the ionic species into the oxide.
The inset of Fig. 1 illustrates the presence of visible luminescence sparks at the electrode surface during the breakdown. The
electrical discharges play an important role in the oxide growth
mechanism during the electrolytic breakdown and the pore formation, since they can open the conducting channels through the

oxide ﬁlm. If the electrolyte is oxide-dissolving or the oxide is partially soluble in the electrolyte, a porous structure is formed because the local dissolution process takes place mainly in these
breakdown paths [29,30]. On the other hand, some authors have
suggested that the high temperature generated by sparks melts
the oxide and then traps gas in the melt pool, resulting in a porous
formation at the interface [31].
Fig. 2 displays the SEM micrographs of the Nb-doped ZrO2 ﬁlms
prepared at different experimental conditions, as described in Table 1. These samples were obtained at Q = 36 C at the ending of
the anodization. The micrographs revealed a porous structure disorderly arranged on the oxide surface, which is characteristic of
anodic oxide ﬁlms produced in oxide-dissolving electrolytes, such
as oxalic acid and the phosphoric acid solution [9–11]. The pore
diameter and the quantity of pores, as can be seen, depend on
the anodizing conditions. For instance, the micrographs revealed
a high number of pores in samples obtained from experiments
1–4, when compared with experiments from 5 to 8. The difference
between these experiments is that the ﬁrst group of samples (exp.
1–4) were prepared using a 0.02 mol L1 dopant concentration,
whereas the second one (exp. 5–8) were obtained in an electrolyte
containing a 0.04 mol L1 dopant concentration. This result
indicates that the pore density can be reduced if the dopant concentration increases. On the other hand, ﬁlms prepared using a
low dopant concentration are characterized by smaller pores,
indicating that the pore size decreases as the number of pores increases. In order to improve the morphological analysis, the pore

Fig. 2. Surface SEM of Nb-doped ZrO2 ﬁlms obtained at Q = 36 C and prepared using the experimental conditions indicated in Table 1.
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Table 3
Variable effects on morphological responses and percentage of stabilized tetragonal
phase estimated from 23 factorial design results.
Estimative of variables effects on responses
Pore average diameter
(nm)
Main effects ± SD
Current density (j)
Temperature (T)
Dopant concentration
(dop)

Fig. 3. Geometric representation of chemometric responses: (A) Pore Average
Diameter (nm) and (B)% Tetragonal Phase, located at the vertices of the cube. The
axes represents the experimental variables: current density, temperature and
dopant concentration.

average diameter was evaluated using the ImageJÒ software and
the results are presented in Table 2. It is observed that the pore size
in these experimental conditions varied from 502 ± 51 nm to
1,292 ± 139 nm. Fig. 3A illustrates the geometric representation
of results in Table 2. In this scheme, the average pore diameter
values are located at the vertices of the cube in which the axes
represent the variables: current density, temperature and dopant
concentration. This representation allows the observation of the
changes in the values of the morphological response from one
experiment to another. From this representation important
features can be discussed. The widest pores are obtained at
20 mA cm2, at 8 °C and with a dopant concentration of
0.04 mol L1, whereas the narrowest ones are obtained using the
same conditions above except for the dopant concentration, which
was at 0.02 mol L1. For the other conditions investigated an increase in the pore diameter was observed as the dopant concentration increased, however the increments change from one
experiment to another, indicating a cross effect between the variables. The effect of the temperature is also to increase the pore
diameter, except in one condition, i.e., there is a decrease in this
parameter from Exp. 6 to Exp. 8. The effect of the current density
is even more complex. In this case, there is a small effect if the dop-

% Tetragonal
phase

14 ± 183
65 ± 183
358 ± 183

2.7 ± 5.3
7.1 ± 5.3
12.2 ± 5.3

Interaction of two-factors ± SD
jT
75 ± 183
j  dop
141 ± 183
T  dop
123 ± 183

5.2 ± 5.3
2.7 ± 5.3
0.7 ± 5.3

Interaction of three-factors ± SD
j  T  dop
169 ± 183

4.5 ± 5.3

ant concentration is at a low level (0.02 mol L1) whereas there is
an increase when at a high level (0.04 mol L1).
In order to quantify and summarize these results in a clear form,
the magnitude of the variable effects on the pores average
diameter was evaluated using an appropriate matrix calculation
[21,22]. The results are exhibited in Table 3. By analysis of the main
effects of current density, temperature and dopant concentration
in Table 3, it was observed that the most important parameter that
affects the pore size is the dopant concentration, in accordance
with the previous qualitative analysis of SEM images. The main effects of current density and temperature are smaller than the associated error in these experimental conditions and can be neglected
since they are statistically insigniﬁcant. These results show an
enlargement of 358 ± 183 nm in pore average size when the oxaloniobate ions concentration increases, which could be associated to
the enhanced dissolution rate in this condition. One possible explanation for these results is the presence of the oxalate group in the
Nb(V) complex as well as in the oxalic acid itself. Since the concentration of both reactants is of the same order, there is an important
increase of the oxalate species in the solution. Considering that the
Nb(V) ions can be complexed by the oxalate ions, it is expected an
increase in the oxide dissolution rate in those experiments where
the concentration of dopant is increased.
Analyzing the cross-effects of the variables, no effect on the
pore size is observed in these experimental conditions, because
these values are smaller than the associated error and can be neglected from the analysis.
Other important aspect of anodization under high voltage is the
local heating of the discharge channels associated with the enhanced local ﬁeld, which can promote the crystallization of the
material. According to Hussein and Northwood [32], the local temperature in such discharge events achieve plasma temperature in
the range of 5000–10,000 K. Such temperature is more than sufﬁcient to melt the oxide at the breakdown site and transform amorphous structures into crystalline phases [32–34]. On the other
hand, during the subsequent cooling of the oxide by the electrolyte,
the tetragonal and cubic phases, which are stable at high temperatures, can be martensitic converted into monoclinic zirconia. For
that reason, electrolyte dopants should be added to the electrolyte
in order to be incorporated into the ZrO2 microstructure and stabilize the crystalline phases, found only at high temperatures. A complete overview of the doping mechanism is difﬁcult to state,
however one can derive a general proposition based on the anodic
oxide formation at the metal/oxide interface, which are mainly
controlled by the inward migration of oxygen ions, according to
radiotracer studies performed by Davies et al. [35]. During the
growth of the ZrO2 ﬁlm, the increase of the electric ﬁeld forced

103

J.S. Santos et al. / Corrosion Science 73 (2013) 99–105

Fig. 4. X-ray diffractograms for Nb-doped ZrO2ﬁlms obtained at Q = 36 C. (1)
Monoclinic phase and (20 Tetragonal phase for ZrO2, (3) Hexagonal phase for Zr and
4 – different crystallographic phases for Nb2O5.

opposite charged species (dissolved anions in the electrolyte) to be
attracted towards the oxide/solution interface. In the presence of
the niobium complex salt, the zirconium oxidation process may
proceed simultaneously by surface adsorption of the
oxaloniobate anions followed by decomposition to Nb2O5 due to
the applied anodic bias. The remaining oxalate ions might be released to the solution, incorporated into the oxide or decomposed
at the oxide interface as the oxidation proceeds [36,37]. All these
assumptions are supported by literature data that concerns the
anodic oxide formation under high-ﬁeld conditions [16,38,39].
The phase diagram for ZrO2 showed, at atmospheric pressure,
the existence of the following polymorphs crystals, which have
been described in the literature: monoclinic, tetragonal, and cubic
[1]. As described previously, the low-temperature monoclinic
phase transforms into the tetragonal phase at 1170 °C and into
the cubic phase at 2370 °C. In Fig. 4, the XRD spectra collected
for the 8 distinct experiments showed in Table 1 are depicted.
From these spectra the peaks observed at 2h = 28.4° and 31.6° correspond to the monoclinic phase, while the peak observed at
2h = 30.3° is related to the stabilized tetragonal phase for ZrO2.
Moreover, all spectra showed reﬂections of the metallic Zr (hexagonal phase), which can be observed at 2h = 36.6° and 63.5°, since
the oxide ﬁlm thickness is ‘‘thin’’ enough to expose the metal diffraction pattern. Although Nb2O5 is detected in small quantities
compared to ZrO2, Fig. 4 also depicts the overlayed peaks with lower intensity possibly associated with different crystallographic
phases for Nb2O5, at 26.5°, 28.6°, 37.0°, 50.3° and 63.5°. All XRD
peak indexing were supported by JCPDF numbers 37-1484 and
79-1769 for ZrO2 monoclinic and tetragonal crystallographic
phases, respectively; JCPDF 89-4892 for hexagonal Zr crystallographic phase and JCPDF 27-1312, 27-1003 and 28-317 for monoclinic, orthorhombic and hexagonal Nb2O5 crystallographic phases,
respectively.
An estimation of the phase quantities was calculated from the
peak area of the most intense hkl peak for each phase. The criterion
for successful doping is based on the presence and the relative
intensity of the peak at 2h = 30.3° which, as described above, is related to the stabilized tetragonal phase. It is important to emphasize that in the absence of a dopant and under electrolytic
breakdown regime the anodic zirconium oxide preferentially
grows in the monoclinic phase [9–11].
The extent of tetragonal phase was evaluated from XRD diffractograms of Nb-doped ZrO2 ﬁlms and the results are exhibited in Table 2. The results show that the percentage of the tetragonal phase
changed from 26.0 ± 1.5% to 52.6 ± 2.3%. The largest quantity was

obtained in experiment 1, which was performed using the lowest
values of current density (10 mA cm2), temperature (8 °C) and
dopant concentration (0.02 mol L1). On the other hand, the lowest
percentage of the tetragonal phase (26.0 ± 4.6%) was obtained in
experiment 8, which corresponds to the highest values of current
density (20 mA cm2), temperature (17 °C) and dopant concentration (0.04 mol L1). For a better visualization of these changes,
these results are depicted in Fig. 3B as the cubic geometric representation of the results presented in Table 2. In this ﬁgure, the
average percentage of the tetragonal phase values was positioned
at the cube vertices whereas the axis represents the studied variables and their levels. Note, for instance, that the vertices at the
bottom of the cube exhibit the average percentage of the values
of the tetragonal phases for experiments carried out using a
0.02 mol L1 dopant concentration, whereas the vertices at the
top of the cube shows the average percentage of the values of
the tetragonal phase for experiments carried out using a
0.04 mol L1 dopant concentration. It is interesting to observe that
as the dopant concentration increases the amount of the stabilized
phase decreases, which could be explained by the enhancement of
the dissolution rate of the oxide in the solution. Besides, the increase of the current also leads to a decrease of the quantity of
the tetragonal phase. In order to study the effects of the variables
on the phase composition in a more detailed form, these results
were combined in a 23 factorial design (Table 1) as a means to compare and correlate the responses. The effects of current density,
temperature and dopant concentration on the percentage of the
stabilized phase were estimated and are exhibited in Table 3. Analyzing the variable effects on the percentage of the stabilized
tetragonal phase, it was observed that dopant concentration and
temperature are the most important factors that affect its response. The negative value of the dopant concentration effect indicates that the percentage of the tetragonal phase can decrease
12.2 ± 5.3% if the concentration of oxaloniobate ions increases from
0.02 to 0.04 mol L1. Similarly, the temperature effect indicates a
reduction of 7.1 ± 5.3% when the electrolyte temperature rises
from 8 °C to 17 °C. Since the other parameters and their interaction
effects are small, they can be neglected from the analysis.
According to Sikora et al. [40], during the galvanostatic oxide
ﬁlm formation, the product of the destroyed oxide passes into
the solution as a soluble material, in an exothermic process, which
leads to a local increase of electrolyte temperature. This fact could
also explain the negative effect of temperature: since the
disruption process is more effective at 8 °C, the incorporation of
electrolyte ions into the anodic ﬁlm increases, resulting in an increase of the tetragonal phase amount. On the other hand, the effect of dopant concentration on the percentage of the tetragonal
phase revealed a critical quantity of dopant electrolyte content before the formation of the segregation phase of Nb2O5 over the ZrO2
ﬁlm. This means that the dopant concentration increase in the
electrolyte does not result in an increment on the percentage of
tetragonal phase, and could indicate that a small quantity of
Nb(V) ions is sufﬁcient to partially stabilize the zirconia in the
tetragonal phase. The analysis of the energy dispersive X-ray of
radiation (EDX) of the anodic ﬁlms prepared at 20 mA cm2
(Table 4) reveals that the percentage of niobium increases signiﬁ-

Table 4
Percentage of oxygen, zirconium and niobium in Nb-doped ZrO2 ﬁlms prepared at
20 mA cm2.
Exp.

O (wt%)

Zr (wt%)

Nb (wt%)

2
4
6
8

38.7 ± 0.3
36.0 ± 0.2
31.0 ± 0.2
32.7 ± 0.2

41.2 ± 0.3
45.5 ± 0.3
24.1 ± 0.3
29.6 ± 0.3

20.1 ± 0.3
18.5 ± 0.3
44.9 ± 0.3
37.6 ± 0.3
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Fig. 5. Surface SEM depicting regions where the EDX analysis was collected of Nb-doped ZrO2 ﬁlm obtained at Q = 58 C, j = 16 mA cm2 and T = 24 °C in 0.1 mol L1
NH4H2[NbO(C2O4)3]3H2O. EDX data can be observed in Table 5.

Table 5
Percentage of oxygen, zirconium and niobium in Nb-doped ZrO2 ﬁlm obtained at
Q = 58 C, j = 16 mA cm2 and T = 24 °C in 0.1 mol L1 NH4H2[NbO(C2O4)3]3H2O
showed in SEM image from Fig. 5.
Region

O (wt%)

Zr (wt%)

Nb (wt%)

1
2

39.6
37.7

–
16.1

60.4
48.1

cantly as the dopant concentration increases, indicating, in these
conditions, the formation of Nb2O5 over the ﬁlm. The Nb-doped
ZrO2 ﬁlms prepared under similar conditions, although using higher quantities of complex salt dissolved in the electrolyte, depicted
the precipitation of Nb2O5 over the zirconium oxide, as shown in
the SEM image and EDX analysis of Fig. 5. This ﬁgure shows the
Nb2O5 precipitate in region 1 and the Nb-doped ZrO2 ﬁlm in region
2. The EDX analysis in both regions (1 and 2) demonstrated the
Nb2O5 segregation of phase over the same Zr anodized ﬁlm (Table 5).
According to some authors [28,41,42], the effect of doping with
pentavalent and undersized ions, such as niobium ions (Nb(V) ionic radius 0.68 Å), indicate that these ions reside as substitutional
defects in the zirconium lattice (Zr4+ ionic radius 0.79 Å), annihilating oxygen vacancies. Consequently, the removal of oxygen vacancies can increase the tetragonality because the anisotropy of the
layer structure of the tetragonal zirconia becomes stronger without
the disruption of Zr-associated oxygen vacancies [41]. However,
the results show that the major tetragonal phase content was
found in samples prepared with a low dopant concentration and
low temperature, indicating a limiting doping level where, above
it, the segregation and precipitation of Nb2O5 occurs.
Besides the size and valence of dopants, it has been suggested in
the literature that the crystallite size can inﬂuence the stabilization
of tetragonal phase of thermally prepared zirconium oxides powders [43–45]. In order to analyze this, the crystallite sizes of the
monoclinic and tetragonal phases for the Nb–ZrO2 ﬁlms were
determined using the Scherrer equation [23]. The results are
shown in Table 2. The crystallite size of monoclinic phase ranged
from 12.5 ± 1.4 nm to 18.0 ± 1.4 nm with a mean value of
15.0 ± 1.8 nm, whereas the crystallite size of tetragonal phase ranged from 18.4 ± 8.6 nm to 27.6 ± 0.6 nm with a mean value of
23.7 ± 4.7 nm. Note in Table 2 that the crystallite size of the tetragonal phase can be regarded as constant considering the experimental errors and exhibited no signiﬁcant variation among all

Fig. 6. Crystalline size as a function of tetragonal phase composition for both
phases, tetragonal and monoclinic for eight experimental conditions presented in
Table 1.

experiments. On the other hand, the monoclinic crystallite sizes
slightly decreased from experiments sets 1–4 to 5–8. The ﬁrst
group set (exp. 1–4) is related to experiments performed using
0.02 mol L1 dopant concentration, whereas the second group set
(exp. 5–8) is related to those performed using 0.04 mol L1 dopant
concentration. These results indicated that the size of the
monoclinic crystals diminished with the increase of dopant concentration as shown in Fig. 6. According to Shi et al. [45], an
introduction of solid solute dopants into the zirconia lattice simultaneously stabilizes the tetragonal phase and reduces the growth
rate of zirconia crystallites. As discussed previously, less dopant
concentration produced a higher percentage of tetragonal phase.
This means that in those conditions the growing rate of zirconia
crystallites was constraint which may cause the distinction
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between the magnitude values of crystallite sizes for both phases
under two conditions: less dopant and high dopant concentration
(Fig. 6). These ﬁndings are in accordance with literature data
concerning thermally prepared zirconium oxides powders.
4. Conclusions
In this paper we demonstrated the electrochemical preparation
of partially stabilized zirconia (PSZ) at low temperature by anodic
doping with niobium ions. The morphology and percentage of stabilized tetragonal phase are dependent on experimental conditions. The analysis of the main effects of current density,
temperature and dopant concentration showed that the dopant
concentration was the main factor that affected the pore formation
and phase composition. The increase in dopant concentration resulted in an enlargement of the pore average diameter. On the
other hand, the increase of Nb(V) ions in the electrolyte did not result in an increment of the tetragonal phase, which indicates that a
small quantity is sufﬁcient to produce PSZ ﬁlms. The results show
that the excess of dopant promotes the phase segregation with
precipitation of niobium oxide. The variation of crystallite size of
monoclinic phase was explained based on crystallite growing rate
which might be different considering the experimental conditions
for each sample.
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