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Abstract The composite anode material for solid oxide

fuel cell (SOFC) based on Ni/3YSZ (where 3YSZ means

3 mol% Y2O3 in ZrO2) has been prepared (by means of

modified citric method) and studied (structure, micro-

structure and electrical properties). In order to improve

ionic conductivity of 3YSZ, Al2O3 was added at a syn-

thesis stage to cermet material. The application of co-pre-

cipitation synthesis method results in obtaining uniform,

nanometric powders. The methods of thermal analysis

(TG/DTA/EGA and dilatometry) were used to determine

thermal treatment of samples and to study mechanical

compatibility of electrolyte and cermet anode material. The

results of electrical properties measurements show that the

addition of small amount of Al2O3 to 3YSZ causes its

conductivity improvement and this effect is strongest for

the smallest amount of Al2O3.

Keywords Thermal analysis � Ni/YSZ anode � SOFC �
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Introduction

Current activities in the development of SOFC are concen-

trated on decreasing of operating temperature of cells, reducing

costs and improving thermochemical stability of components.

From the point of view of anode of the SOFC, the most

important properties taken into account are high mixed elec-

tronic-ionic conductivity, sufficient electrocatalytic activity in

reaction of fuel oxidation, chemical stability and thermal

compatibility with electrolyte material. Ni/YSZ cermet is an

electrode material used and improved for many years [1].

Cubic 8YSZ (8 mol% Y2O3 in ZrO2) has been commonly used

in high temperature SOFC due to high oxide ionic conduc-

tivity, but it reveals poor resistance to thermal shock and low

mechanical strength. On the other hand, tetragonal zirconia

3YSZ ensures superior mechanical properties. Unfortunately,

this particular form has two times lower conductivity than

8YSZ at high temperatures (ca. 1,000 �C). As it has been

shown by Ghatee et al. [2], the addition of 3YSZ material to

8YSZ results in decrease of electrical conductivity with

simultaneous improvement of toughness and fracture strength

of composite above 550 �C. Incorporation of some dopants

can improve properties of YSZ materials. It is widely known

that the addition of small amount of alumina to zirconia

decreases sintering temperature of zirconia materials [3–5].

What is more, the addition of Al2O3 to 3YSZ can improve

electrical properties by grain boundary modification [6, 7].

Electrocatalytic activity is directly connected with three-phase

boundary (TPB) area consisted of electronic conductor

(metal), oxygen ionic conductor (YSZ) and gas phase. Nickel

particles act as an electronic conductor (increasing the overall

electronic conductivity) and catalyst in oxidation reactions. To

obtained nanometric and homogenous materials, several dif-

ferent wet preparation methods such as citric combustion [8],

gel–combustion with glycine [9], nitrate with urea combustion

[10] or co-precipitation with NaOH methods [11] can be used.

This type of microstructure ensures developing of TPB.

Experimental

The modified citric method was used in order to obtain

two series of samples with different composition: first one,
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3YSZ—3 mol% yttria-stabilised zirconia samples con-

taining Al2O3 in the amount—0.5, 1.0 or 2.0 mass%

(labelled as Al2O3–3YSZ), and the second one, where the

same material but with the addition of nickel with mass

ratio of Ni to Al2O3–3YSZ fixed to 1:1 was co-precipitated

(labelled as Ni/Al2O3–3YSZ).

The saturated solutions of yttrium, zirconyl, aluminium

and nickel (in case of Ni/Al2O3–3YSZ synthesis) nitrates

were prepared and mixed in proper ratio in order to obtained

Al2O3–3YSZ and 50 %Ni/Al2O3–3YSZ materials. All

reagents used were analytically pure (provided by Sigma–

Aldrich) and their compositions were analytically verified by

classical chemical analysis (mass method). Next, the calcu-

lated amount of citric acid monohydrate (with 5 mol%

excess) was added to the solution consisting of mixed

nitrates. The resulting solution was left for a few hours on a

hot plate (around 200 ± 5 �C) to evaporate and then was

stirred. The final solution turned to grey-green gel, which

afterwards was heated on the burner. Then disc pellets were

pressed and sintered at 800 and 1,200 �C in air atmosphere.

Before dilatometric and impedance measurements, the pel-

lets were reduced at 800 �C by 10 %H2/90 %Ar mixture.

Apparatus

XRD analysis was used to determine the phase composition

of the obtained materials. The analysis was performed on

Philips X’Pert Pro diffractometer with monochromatized

CuKa radiation, within the range of diffraction angles, 2h
from 10� to 80�. Crystallite sizes were calculated from the

X-ray line broadening of the selected peaks [(011) for ZrO2

and (002) for NiO] by using the Scherrer approach and

diffractometer software.

The calcination temperatures and thermal expansion

coefficients (TEC) were determined by thermal analysis

methods. TG/DTA measurements with gaseous analysis

(EGA) were carried out by means of SDT 2960 TA

Instruments apparatus with mass spectrometer (Balzers,

ThermoStar QMD 300) connected online. All tests were

performed in synthetic air conditions with temperature

change rate set to 10 deg min-1. The gas flow rate was set

to 0.1 dm3 min-1 and the samples with mass of about

10 mg within the platinum crucibles were placed. The

empty platinum crucibles were used as reference ones.

Dilatometric studies were performed by means of mea-

suring instrument and displacement transducer provided by

DIL 402 C equipment from NETZSCH. The measurements

were carried out in the mixture of 5 %H2 in Ar; a rate of

temperature change was set to 5 deg min-1 within the

temperature range from 20 to 700 �C. Cuboidal samples of

dimensions 2 9 2 9 9 mm3 were used in the experiments.

The coefficients of thermal expansion were calculated for

all samples, using the linear regression approximation.

The microstructure observations were carried out using

JROL 5400 scanning electron microscope equipped with

energy dispersive X-ray analysing system (EDX).

The electrical properties were investigated by ac-elec-

trochemical impedance spectroscopy. The measurements

were carried out by means of Solatron SI 1260 Impedance/

Gain-Phase Analyzer with the SI 1296 dielectric interface.

The temperature and frequency range were set to

20–750 �C and 0.1–106 Hz, respectively, and a mixture of

10 %H2 in Ar was used as a gas atmosphere.

Results and discussion

The results of thermal measurements TG/DTA with anal-

ysis of gaseous products (EGA) of obtained dried gel

(Fig. 1) show that a big loss of mass started above 200 �C

with accompanying exothermic DTA pick (with maximum

around 360 �C). Exothermic character of curves demon-

strates that decomposition is connected with simultaneous

oxidation processes. The mass spectrum shows evolving of

water and carbon dioxide in temperature range corre-

sponding to DTA pick while the ionic current originating

from NOx remains at the same level, which proves that the

procedure used for dried gel formation was sufficient for

nitrates decomposition. On the other hand, the temperature

below 220 �C was too low for decomposition of citrates to

take place (decomposition of these compounds is com-

pleted above 400 �C). According to Banerjee et al. [12],

citrate–nitrate gel, precursor of ZrO2, decomposes at

600 �C (the maximum of pick at 570�) which is around

200 �C higher than presented in this paper. It is the most

probable that materials obtained in this work consisted of

much smaller particles then Banerjee materials, which

result in decreasing of decomposition temperature. Wy-

rzykowski et al. [13] presented TG/DTA curves for citric

acid decomposition and according to these authors it finally

decomposes at around 270 �C. A slight excess of citric acid

which was introduced by us to nitrate mixture decomposed

below this temperature.

After calcination of materials, the TG/DTA measure-

ments were performed once again (Fig. 2). The small mass

loss below 200 �C corresponds to water desorption. Effect

on TG curve is confirmed by decrease of ionic current of

water. Above 700 �C, slow mass increase is observed and

in the temperature range 700–810 �C the overall mass

increase was equal to 0.123 ± 0.001 mass% with respect

to initial sample mass. This is probably the result of

oxygen incorporation in the non-stoichiometric oxides

structures. The same effect was observed earlier by other

authors [14].

X-ray analysis of materials obtained after calcinations

(Fig. 3) confirmed that the only phases present in
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synthesised materials were tetragonal ZrO2 and cubic

nickel oxide (in case of sample with 50 mass% of nickel).

The identification of Al2O3 is not possible by this method

due to insufficient amount of aluminium oxide in materials.

In case of materials with nickel (Ni/Al2O3–3YSZ) obtained

via sol–gel synthesis there is a chance of NiAl2O4 forma-

tion around 800–900 �C [15, 16], while for materials

obtained by solid state reaction this spinel is formed in

much higher temperatures [17]. As it was shown in the

literature [18] for alumina content equal to 1 mass% of the

Ni/YSZ, the diffraction pattern for NiAl2O4 appears.

The authors obtained the material by solid state reaction in

1,350 �C. The amount of alumina equal to 1 mass%

in cited paper corresponds to 2 mass% content in our work.

In our material, however, no diffraction pattern character-

istic for NiAl2O4 was observed, which suggests that most

probably the modified citric method at such low tempera-

ture as was applied (800 �C) does not allow obtaining

crystallised NiAl2O4 phase.

The crystallites size in all materials studied are nano-

metric, as determined from the ZrO2 (011) and NiO (002)

peaks broadening. The sizes of zirconia and nickel oxide

crystallites are within the range of 15 ± 3 nm and

30 ± 3 nm, respectively.

In Fig. 4, the SEM images obtained for fractures of disc

pellets of pure 3YSZ, 3YSZ doped by 1.0 mass% Al2O3

and the same with 50 mass% of nickel sintered in 1,200 �C

are presented (except Ni/Al2O3–3YSZ sample, which was

treated by hydrogen atmosphere before microscopic anal-

ysis, all the other samples were analysed directly after

calcination). These SEM images confirm the X-ray analysis

results—all materials are composed of nanometric parti-

cles, but NiO, ZrO2 and Al2O3 particles cannot be distin-

guished with SEM method. Figure 4d shows that cermet

(Ni/Al2O3–3YSZ) samples have porous structure which

results from nickel oxide reduction in H2 atmosphere and

evolving of H2O from material. The EDS methods allowed

determining chemical composition of the samples. For all

samples containing Al2O3, the presence of alumina was

confirmed and in Fig. 5 a model EDS image obtained for

(50 %Ni/1.0 %Al2O3–3YSZ) sample is presented (respec-

tive SEM image for this sample is shown in Fig. 4d).

As mentioned above, the TEC value for anode material is

an important parameter from the point of view of thermal and

mechanical compatibility between electrolyte and anode

materials. The TEC were calculated for all samples, using the

linear regression approximation within 200–750 �C tem-

perature range (Fig. 6). TEC values obtained for Al2O3–

3YSZ samples are close to those found for fully dense 3YSZ

(10.5 9 10-6 K-1) and porous 4YSZ (9.84 9 10-6 K-1)

[19], but differ from TEC measured for pure nickel
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(17.0 9 10-6 K-1). The TEC values measured for Ni/

Al2O3–3YSZ material are higher, but more close to values

characteristic for 3YSZ than for nickel (Table 1) which

allow one to use it as anode material for SOFC. The values of

TEC obtained for samples with nickel are similar to each

other.

In order to verify the influence of Al2O3 addition on

electrical properties of cermets, the measurements of

impedance were carried out in the temperature range of

20–750 �C and it turned out that all samples exhibit typical

ionic conductivity (Fig. 7). Conductivity values measured

for all alumina modified materials are higher than those for

Fig. 4 SEM images of

fractures: a 3YSZ,

b 1.0 %Al2O3–3YSZ,

c 50 %Ni/3YSZ, d 50 %Ni/

1.0 %Al2O3–3YSZ

0.90 1.80 2.70 3.60 4.50 5.40 6.30 7.20 8.10

NiKb

Ni Ka

Ni La

O Ka

NiLl
C Ka

Zr La

ZrLg

Y Lg

ZrLl
Y Ll

Y La

Al Ka

9.00 keV

Fig. 5 One of the EDS spectra

from representative place of the

Ni/1.0 %Al2O3–3YSZ fracture
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pure yttria-stabilised zirconia (Fig. 7). Moreover, the con-

ductivity decreases with the fraction of aluminium. Since

from the point of view of practical application as anode

materials, the high temperature properties are the most

important ones, the results of the analysis of impedance

measurements carried out at 700 �C are presented here. The

results of density calculations carried out for 3YSZ and

Al2O3–3YSZ samples sintered at 1,200 �C are presented in

Table 2. These results are in good correlation with respec-

tive values of conductivity: the highest density of sample

(0.5 %Al2O3/3YSZ) corresponds with the highest value of

conductivity. This results are consistent with the observa-

tions mentioned earlier about effect of alumina addition on

improving of sintering temperature of zirconia materials. It

is worth to noticed that higher amount of alumina in sample

results in lower density and conductivity of materials.

Material containing nickel shows an increase of elec-

trical resistivity with temperature (in the range of

20–750 �C)—a typical behaviour for metallic conductivity.

In Fig. 8, the comparison of impedance spectra measured

at 700 �C for 50 %Ni/Al2O3–3YSZ material sintered in

800 and in 1,200 �C with respective ones obtained for

50 %Ni/8YSZ cermet material, prepared in the same way,

i.e. modified citric method are presented. In the latter case,

one can see differences in the values of conductivity

measured for samples sintered in 800 and 1,200 �C (the

higher values in 1,200 �C are due to the increased material

density and nickel concentration) while in the former these

values are almost the same, regardless of sintering tem-

perature (probably due to sintering temperature decrease

caused by aluminium presence).
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materials

Table 1 TEC values measured in the flow of 5 %H2/Ar mixture

for Al2O3–3YSZ and Ni/Al2O3–3YSZ materials

Sample TEC/K-1

0.5 %Al2O3/3YSZ (10.091 ± 0.013) 9 10-6

1.0 %Al2O3/3YSZ (10.346 ± 0.012) 9 10-6

2.0 %Al2O3/3YSZ (10.096 ± 0.013) 9 10-6

50 %Ni/0.5 %Al2O3–3YSZ (12.864 ± 0.007) 9 10-6

50 %Ni/1.0 %Al2O3–3YSZ (13.067 ± 0.009) 9 10-6

50 %Ni/2.0 %Al2O3–3YSZ (13.099 ± 0.007) 9 10-6
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Fig. 7 An example of Nyquist plots for samples Al2O3–3YSZ

(without nickel) sintered at 1,200 �C. The measurements were carried

out in 700 �C

Table 2 Sample densities calculated for Al2O3/3YSZ sintered at

1,200 �C

Sample Density/g cm-3

3YSZ 3.18 ± 0.22

0.5 %Al2O3/3YSZ 4.12 ± 0.16

1.0 %Al2O3/3YSZ 3.93 ± 0.21

2.0 %Al2O3/3YSZ 3.72 ± 0.30
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Fig. 8 An example of Nyquist plots for cermet 50 %Ni/Al2O3–3YSZ

and 50 %Ni/8YSZ samples sintered in 800 and 1,200 �C. The

measurements were carried out at 700 �C
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Conclusions

Modified citric method can be used with success for syn-

thesis of Ni/3YSZ and Ni/Al2O3–3YSZ nanopowders. On

the basis of TG/DTA and EGA curves, the thermal treat-

ment conditions were determined and by means of thermal

analysis methods the effect of oxide incorporation to non-

stoichiometric oxides was confirmed.

The amount of alumina added to cermet material was

too small to be detected in XRD analysis but sufficient to

be visible by EDS analysis. The presence of alumina does

not influence TEC values of materials. The addition of

alumina to 3YSZ (on the precipitation stage) improves the

ionic conductivity of material and in comparison to pure

3YSZ (the respective values are twice as high) which

suggests that the presence of aluminium can indirectly

improve metallic conductivity by influence on sintering

temperature.
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