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Abstract

The effects of NiO addition on the structure and microstructure of yttria-stabilized zirconia were investigated to clarify the role of the additive in

the microstructure-related electrical conductivity of the solid electrolyte. Specimens of 8 mol% yttria-stabilized zirconia with NiO contents up to

5.0 mol% were prepared using nickel oxide and trihydroxi nickel carbonate as precursors. The specimens were sintered at 1350 8C for several

holding times. The evolution of the lattice parameter with NiO content was evaluated by X-ray diffraction and the microstructural features by

scanning electron microscopy. Electrical conductivity was evaluated by impedance spectroscopy measurements. The solubility limit of NiO at

1350 8C was found to be 1.5 mol% by X-ray diffraction. Energy dispersive spectroscopy results revealed Ni segregation for large holding times at

1350 8C. The grain boundary conductivity was found to be influenced by Ni segregation and to decrease with increasing holding times at high

temperature.
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1. Introduction

Solid oxide fuel cells (SOFCs) are electrochemical devices

that convert chemical energy into electrical energy. SOFCs

show many advantages compared to traditional energy

generation systems, such as high efficiency, fuel flexibility,

modularity, and low SOx and NOx emissions [1].

Many investigations in the field of high-temperature solid

oxide fuel cells have focused on development of appropriate

materials, but the most frequently used are still yttria-stabilized

zirconia (YSZ), the Ni/YSZ cermet and lanthanum strontium

manganite (LSM) as solid electrolyte, anode and cathode,

respectively [2].

In general, nickel oxide and zirconia containing 8 mol%

yttria (8YSZ) are employed as starting materials for

manufacturing the SOFCs anode. These precursors are mixed

together and thermally treated at high temperature (> 1000 8C).

During this thermal treatment, dissolution of NiO may occur. In

a previous study, it has been shown that the activation energy

for the solid solution formation is as low as 0.25 eV [3].

The NiO solid solubility in partially stabilized zirconia (5

and 6 mol% Y2O3) was reported to be lower than 3 mol% at

1300 8C [4]. In a subsequent study, the solubility of nickel

oxide into 8YSZ was proposed to be maximized in the 1200 to

1600 8C range, and estimated to amount 1.4 mol% [5].

The effect of nickel oxide on the electrical conductivity of

yttria-stabilized zirconia has also been the subject of various

investigations. Electrical conductivity lowering with nickel

oxide addition to 8YSZ was observed by Linderoth et al. [6].

This effect was attributed to Ni precipitates, which were formed

during the reduction reaction of NiO. Moreover, the additive

resulted in a decreased initial conductivity (as-sintered) of the

solid electrolyte. Van Herle and Vasquez [7] obtained a similar

degradation of the electrical conductivity of 8YSZ, but did not

observe any effect of NiO in the initial conductivity. In contrast,

Coors [8] reported a slight increase in the initial conductivity of

stabilized zirconia due to nickel oxide addition.

In this work, NiO was used as a sintering aid and the effects

on the structure, microstructure and electrical conductivity of

8YSZ were systematically investigated. The main purposes

were to determine experimentally the solubility limit of the
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additive at a typical sintering temperature, and to clarify its role

on grain and grain boundary conductivities of the solid

electrolyte.

2. Experimental

2.1. Powder materials and processing

Zirconia-8 mol% yttria (99.6%, Tosoh), NiO (99%, Alfa

Aesar) and NiCO3.3Ni(OH)2.xH2O (99.5%, Alfa Aesar)

commercial powders were used as-received. Specimens

prepared with nickel oxide and trihydroxi nickel carbonate

precursors will be denoted NO and NC, respectively.

Additions of 0.5 to about 5 mol% of NiO to 8YSZ were

carried out by mechanical mixing. The starting materials were

mixed together in selected proportions in alcoholic medium for

1 h using zirconia balls. Cylindrical specimens were prepared

by uniaxial pressing followed by sintering in air at 1350 8C for

holding times varying from 0.1 to 15 h. Green compacts

prepared by the mixture of 8YSZ and trihydroxi nickel

carbonate were first heated to 600 8C for 10 min to allow for

decomposition of the precursor material, and then heated up to

the sintering temperature.

2.2. Characterization methods

X-ray diffraction (XRD) analysis was performed using a

diffractometer (Bruker-AXS, D8 Advance) in a Bragg-

Brentano configuration, with a Ni-filtered Cu Ka radiation in

the 25 to 978 2u range operating at 40 kV and 30 mA. Lattice

parameters were determined using high-grade Si as an internal

standard. At least two independent determinations were carried

out for each composition. Selected specimens were observed in

a scanning electron microscope (Philips, XL30) using

secondary electrons. The mean grain size, G, of the sintered

specimens was calculated by the intercept method in a

population of about 1000 grains. Additional microstructure

characterization was carried out by energy dispersive spectro-

scopy (EDS) coupled to a field emission scanning electron

microscope, FE-SEM (Jeol, JSM 670 1F). Electrical con-

ductivity of sintered specimens was determined by impedance

spectroscopy measurements in a low-frequency analyzer (HP

4192A). Silver paste was applied by painting onto the large

surfaces of specimens and fired at 400 8C for 15 minutes to act

as electrode material. Resistance data were collected in the 5

Hz-13 MHz frequency range under 100 mV ac signal.

3. Results and discussion

3.1. Structure and microstructure

The structural characterization was carried out on specimens

sintered at 1350 8C for 5 h. Fig. 1 shows a typical X-ray

diffraction pattern obtained for 8YSZ. The cubic fluorite-type

structure (space group Fm3m) of zirconia was indexed

according to JCPDS file 30-1468. Small displacements in

2u, and broadening of the full width at half maximum of

diffraction peaks were observed for specimens containing NiO.

Three peaks of the standard material may be also observed in

this figure.

Lattice parameters were determined from X-ray diffraction

patterns by the extrapolation method against cos2u [9]. To avoid

any interference, mostly due to trace amounts of tetragonal

phase usually present on the surface of sintered specimens, the

most intense crystalline planes ((111) and (220)) were

neglected in this analysis. Fig. 2 shows the calculated lattice

parameters as a function of the NiO content.

The lattice parameter of cubic stabilized zirconia decrease

linearly with increasing NiO contents up to 1.5 mol%, and

reach a steady state regime above that concentration. This

means that Ni2+ is incorporated into the zirconia lattice forming

a substitutional solid solution and the corresponding variation

of the lattice parameter follows the Vegard’s law. The

maximum solubility of Ni2+ at 1350 8C is about 1.5 mol%,

and beyond that value the additive remains as NiO (cubic,

NaCl-type), as revealed by Raman spectroscopy [10].

Fig. 3 shows typical scanning electron microscopy micro-

graphs of (a) 8YSZ, and 8YSZ with x mol% NiO using (b)

Fig. 1. X-ray diffraction pattern of 8YSZ sintered at 1350 8C for 5 h. Si was

used as a standard.

Fig. 2. Evolution of the lattice parameter of 8YSZ with NiO content determined

by XRD analysis.
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nickel oxide (x = 0.5), (c) nickel carbonate (x = 0.5) and (d)

nickel carbonate (x = 1.0) as precursors. Sintering conditions

were 1350 8C and 0.1 h. No heterogeneities can be observed on

the micrographs.

The main differences in the microstructure of the sintered

ceramics are the mean grain size and the residual porosity.

Specimens containing NiO exhibit enhanced grain growth and

improved densification rate in the intermediate stage of

sintering [11]. This is an additional evidence of a solid solution

formation, even for short holding times. These results are in

general agreement with those of Kuzjukevics and Linderoth [3].

The evolution of the mean grain size with the holding time at

1350 8C for specimens with different amounts of NiO and

prepared with different nickel precursors is shown in Fig. 4.

Whatever the experimental conditions, specimens contain-

ing NiO show higher average grain size compared to pure

8YSZ. After 5 h at 1350 8C, for example, the average grain size

of 8YSZ is 1.9 mm and that of 8YSZ containing 1 mol% NiO is

4.0 mm.

The effect of increasing the holding time on the micro-

structure of the pure 8YSZ specimens was to increase the grain

size. No other effect was observed in specimens sintered up to

15 h at 1350 8C.

In contrast, a secondary phenomenon occurred in specimens

containing NiO, as revealed by scanning electron microscopy,

where few microregions exhibit ‘‘holes’’. The medium grain

size is about 6.9 mm for specimens (1.0 mol% NiO-NC)

sintered at 1350 8C for 15 h. These ‘‘holes’’ may not be

attributed to grain pullout. The morphology of these specific

microregions consists of regular grains surrounded by relatively

small grains.

The EDS analysis was performed few micrometers under-

neath the specimen surface (after polishing with sandpaper of

600 mesh) on randomly chosen points. The relative contents of

Zr, Y and Ni are listed in Table 1.

Fig. 3. Scanning electron microscopy micrographs of (a) 8YSZ and 8YSZ specimens containing x mol% NiO prepared with (b) nickel oxide (x = 0.5), (c) nickel

carbonate (x = 0.5) and (d) nickel carbonate (x = 1.0). Sintering conditions: 1350 8C for 0.1 h.

Fig. 4. Average grain size versus holding time of pure 8YSZ and 8YSZ

containing NiO specimens.

Table 1

Semiquantitative analysis of Ni, Yand Zr in specific regions of a 0.5 mol% NiO

specimen sintered at 1350 8C for 15 h.

Microregion Ni Y Zr

(at.%) (at.%) (at.%)

1 1.15 13.34 85.51

2 0.70 13.97 85.33

3 1.42 12.94 85.64

4 0.48 13.28 86.24

5 0.00 11.82 88.18

6 95.58 0.55 3.87
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It is worth noting the non uniform Ni distribution in regions

denoted 1 to 5 (Table 1), whereas the relative Y and Zr contents

are the same within experimental errors. Region 6 corresponds

to a high Ni content grain while keeping constant Y/Zr ratio.

This high Ni content evidences a segregation effect resulting

from nickel diffusion at high temperatures and over long

holding times.

Similar effects on the microstructure of sintered specimens

were observed independently of the type of nickel precursor

and NiO content. The segregation of the additive depends on

holding time and temperature. At 1350 8C this effect was

detected for holding times longer than 5 h. This microstructural

effect is expected to result in a degradation of the electrical

conductivity and mechanical properties of 8YSZ.

3.2. Electrical conductivity

Arrhenius plots of the overall electrolyte conductivity, s, are

plotted in Fig. 5 for selected specimens with similar relative

density (97-98% of the theoretical density). Specimens

containing NiO were sintered at 1350 8C for 1 h, whereas

for pure 8YSZ the holding time was 5 h. The grain sizes varied

from 1.40 mm (0.5 mol% NiO - NC) to 1.95 mm (8YSZ).

In the restricted temperature range of measurements the

Arrhenius plots exhibit a simple behavior. The straight lines are

fairly parallel to each other and the apparent activation energy

is 1.12 � 0.03 eV. Specimens prepared with nickel oxide

precursor and 8YSZ without additive show a slightly higher

electrical conductivity compared to other specimens. This

effect may result from different impurities in the precursor

materials and/or incomplete decomposition of the trihydroxy

nickel carbonate. It is worth noting the identical electrical

conductivity behavior of pure 8YSZ and NiO-containing 8YSZ

specimens prepared with nickel oxide. Then, it may be

concluded that the overall electrolyte conductivity is indepen-

dent on NiO contents up to 1.0 mol% (near its solubility limit).

The differences observed in previous works may be related to

impurities (type and relative contents) in the precursor of the

additive material.

Arrhenius plots of the intragrain electrical conductivity, sg,

for the same specimens are shown in Fig. 6.

The grain conductivity of all studied specimens is of the

same order of magnitude. Slightly higher grain conductivity is

found for pure 8YSZ and 8YSZ containing 0.5 mol% NiO

prepared with nickel oxide. Apparent activation energy values

are 1.10 (8YSZ), and 1.14 eV (NiO containing specimens).

Fig. 7 shows Arrhenius plots for the grain boundary

conductivity, sgb, of (a) pure 8YSZ and (b) 8YSZ containing 1

mol% NiO as a function of the holding time at 1350 8C.

The grain boundary conductivity of 8YSZ, (Fig. 7a),

increases steadily with increasing the holding time, in other

words, with increasing grain size (or decreasing the grain

boundary surface). The fitted straight lines show a parallel

behavior evidencing that no changes occur in the conductivity

mechanism.

The behavior of the grain boundary conductivity of 8YSZ

containing NiO (Fig. 7b) remains similar to that of 8YSZ for

short holding times, except that the increase in the magnitude of

conductivity with holding time is smaller in this case. After

15 h at 1350 8C the conductivity decreased. This last effect is

certainly related to the phenomenon observed by electron

microscopy.

In terms of interpretation model, this Ni segregation, as a

localized effect, should not be treated by the brick-layer model,

which assumes a homogeneous microstructure. Preferably, the

analysis of impedance spectroscopy data was carried out using

the blocking factor aR, given by [12]:

aR ¼
Rgb

Rg þ Rgb
(1)

where Rg and Rgb are the grain and grain boundary resistances,

respectively. This dimensionless factor varies with temperature

and grain size.

This dimensionless parameter gives an evaluation of the

negative effects of any microstructure defects on the electrical

conductivity of the material. It has been applied to characterize

pores, local cracks, impurity inclusions and less-conductivity
Fig. 5. Arrhenius plots of the overall electrolyte conductivity of specimens with

similar density (97–98% of the theoretical value).

Fig. 6. Arrhenius plots of the electrical conductivity of grains of the same

specimens shown in Fig. 7.
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phases originating from phase transitions or impurity pre-

cipitation [12–16].

Fig. 8 shows the evolution of the blocking factor with the

holding time for pure 8YSZ and NiO containing 8YSZ

specimens.

The blocking factor decreases steeply up to 1 h due to pore

elimination and densification. For larger holding times aR

decreases slowly for pure 8YSZ and increases for NiO

containing specimens. This further decrease of the blocking

factor for pure 8YSZ is related to the grain growth, which is the

dominant mechanism operating in the last stage of sintering.

For specimens containing NiO, the increase in the blocking

factor varies with the additive content. Therefore, in specimens

containing NiO two mechanisms operate simultaneously in the

last stage of sintering: grain growth and nickel segregation. The

former decreases aR, whereas the later has the opposite effect,

being dominant.

Fig. 9 shows Arrhenius plots of the grain boundary

conductivity for 1.0 mol% NiO specimens sintered at several

holding times after correction for the grain boundary surface,

according to Miyayama et al. [17].

It is clearly seen that up to 1 h holding time, the grain

boundary conductivity does not change with the grain size

G(which is inversely proportional to the grain boundary

surface). In contrast, grain growth can not account for the

observed decrease in the grain boundary conductivity for larger

holding times.

These results on electrical conductivity are an evidence that

Ni segregation at high temperatures produces a blocking effect,

thereby degradation of the grain boundary conductivity of NiO

containing 8YSZ specimens occurs. In SOFC anodes, the

degradation of the electrical conductivity may change the long-

term stability of the device. Although in this case Ni and not

NiO is present, nickel segregation is expected to occur as well.

In a previous study on anode degradation it was shown that at

the anode/solid electrolyte interface a comparative large

amount of a secondary phase (silicate-based phase) was

present when impure nickel precursor was employed. In

addition, even with relatively pure precursor materials, about

1 wt.% of Ni was found at the interface, whereas regions away

from the interface were free of Ni [18]. In contrast, for

applications at low temperature, small additions of NiO may be

Fig. 7. Arrhenius plots for the grain boundary conductivity of (a) 8YSZ and (b)

8YSZ containing 1 mol% NiO as a function of the holding time at 1350 8C.

Fig. 8. Evolution of the blocking factor with the holding time at 1350 8C for

8YSZ and NiO containing 8YSZ specimens.

Fig. 9. Arrhenius plots of the grain boundary conductivity corrected for the

grain size of 1.0 mol% NiO specimens sintered at several holding times at

1350 8C.
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beneficial, because of the improved densification of the

material without any significant change of the electrical

conductivity.

4. Conclusions

X-ray diffraction data show that the solubility limit of NiO at

a typical sintering temperature of 1350 8C is 1.5 mol%. Grain

growth and residual porosity elimination are the main

microstructure features observed in pure 8YSZ with holding

time at 1350 8C. In specimens containing NiO, segregation of

the additive occurred for larger holding times (�5 h) at the

sintering temperature.

No differences were observed in the overall electrolyte

conductivity when NiO was used as precursor material. The

apparent activation energy determined by impedance spectro-

scopy is 1.12 � 0.03 eV. Similarly, the grain conductivity is not

influenced by small amounts (below the solubility limit) of the

additive.

In contrast, a significant blocking effect of charge carriers at

grain boundaries was found due to Ni segregation with

increasing holding times at 1350 8C.
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