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Abstract  
   
The present paper investigates microstructural properties and electrical conductivity of cermets 

prepared by a solid-state technique, a liquid-dispersion technique and a novel electroless coating 

technique.  The Ni-YSZ processed through different techniques shows varying temperature-

conductivity behaviour.  The cermets synthesized by electroless coating were found to be 

electronically conducting with 20 volume % Nickel, which is substantially lower than that 

normally reported.  The conductivity of Ni-YSZ cermets was found highest for the samples 

prepared by an electroless coating technique and lowest for the samples prepared by a solid-state 

technique, the samples prepared from liquid-dispersion show an intermediate value for a constant 

nickel content. The variation in electrical conductivity has been well explained from the 

microstructure of the samples.    
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1. Introduction 

Solid oxide fuel cells (SOFC) are important as energy conversion systems due to their 

high efficiency, design modularity and environmentally friendly nature. The most popular anode 

material for solid oxide fuel cells (SOFC) is a nickel yttria stabilized zirconia (Ni-YSZ) cermet 

[1-3]. In order to achieve the best performance of an anode cermet, it should satisfy the following 

criteria: a) high electrical conductivity to reduce the ohmic loss, b) enough electrochemical 

activity to reduce the activation polarization and c) proper microstructural conditions to reduce 

the concentration polarization, which is related to the diffusion of the reactant or product of the 

electrode reaction. These factors are necessary to obtain the best performance of the anode and 
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partial fulfillment of those conditions is not sufficient for the proper operation of a SOFC. For 

example, for higher electrical conductivity, higher Ni content is the best choice, but; higher Ni 

content leads to instability of microstructure due to large Ni coarsening and thermal expansion 

coefficient mismatch. On the other hand, for lower concentration polarization, a highly porous 

composite is better, but cannot guarantee the proper mechanical and electrical properties. Open 

porosity is required for the anode to supply fuel and for removal of reaction products. The nickel 

particles forming a percolative network have a large catalytic activity and are responsible for 

transporting electrons from the electrode reaction site to the current collector. The addition of 

YSZ is necessary to support the nickel particles, to inhibit coarsening by sintering into larger 

particles at the usual operating temperature of an SOFC, and to give the cermet a thermal 

expansion coefficient close to that of other cell components [4-7]. Literature on Ni-YSZ cermet 

synthesis [8-10] describes uniform and homogeneous distribution between the Ni and YSZ 

phases in the matrix. However, cermets prepared by these techniques behave as biphasic 

composites and shows percolation conductivity at 35-40 volume % Ni depending on the process 

parameter. Although such a high amount of Ni meets the conductivity requirement of SOFC 

anodes along with the porosity requirement (35-40 %) for lowering concentration polarization, it 

has a higher thermal expansion coefficient than the other cell components. The electrical 

property of Ni-YSZ cermet as an anode is greatly influenced not only by the electrical 

conductivity of the each constituent component, but also by microstructural parameters like 

distribution and contiguity of each phase component. The later is strongly dependent on powder 

preparation techniques and fabrication processes.  

In this investigation, the Ni-YSZ cermet material was prepared by three different routes 

in order to study the effect of powder preparation technique on microstructure and electrical 

conductivity of the samples. Ni-YSZ samples containing 5-60 volume % Ni has been prepared 

by three different routes namely solid-state, liquid-dispersion and electroless coating. Solid-state 

technique is a conventional route, widely used for synthesis of Ni-YSZ cermets. Attempts have 

been made to have a uniform distribution of Ni and YSZ in the sample matrix for the powder 

synthesized by liquid-dispersion techniques. We have reported the detailed powder synthesis 

technique earlier [11]. The metallic conductivity of the Ni-YSZ cermet is the results of the 

formation of a Ni-to-Ni percolative network in the samples. In view of this a metallic coating of 
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Ni was applied on YSZ particles using an electroless coating technique. The detailed coating 

process has been reported earlier [12].  Attempts have been made to correlate the electrical 

conductivity of the samples as a function of microstructure and the powder synthesis technique. 

2. Experimental  

The Ni-YSZ cermets (nickel content 5-60 volume % of total solids) studied in this 

present investigation were prepared by a) conventional solid-state technique, b) liquid-dispersion 

technique and c) electroless coating technique. The starting YSZ powder was 8 mole% yttria 

stabilized zirconia powder (TZ-8Y, Tosoh Corporation, Japan). In the solid-state technique YSZ 

powder was mixed with NiO powder (E-mark, India) in an agate mortar using acetone as 

medium for about 4 h. The mixture was then dried in an oven at 100oC. In the liquid-dispersion 

technique, TZ-8Y powders were dispersed in a nonaqueous solution of nickel nitrate, which was 

then evaporated to dryness on a magnetic stirrer-cum-hot plate. During the drying process the 

YSZ powder was kept suspended by vigorous magnetic stirring.  This dried mass was then 

calcined at 800oC for 2 h to yield NiO-YSZ powder. The detail description of this process is 

reported elsewhere [11]. In the electroless coating technique TZ-8Y powder was coated with 

metallic nickel using electroless coating. Prior to electroless Ni coating the YSZ powders were 

sensitized and catalyzed using SnCl2 and PdCl2 solutions. These catalyzed powders were then 

coated with Ni by treating with an electroless nickel bath. Throughout the coating process the 

powders were kept suspended by vigorous stirring. The detailed deposition study was reported 

earlier [12]. The Ni content in the electroless coated samples was estimated using 

thermogravimetry (TGA). The synthesis was performed with small batches and repeated several 

times, which gives a constant result. The powder prepared by these techniques was then pressed 

in the shape of a rectangular bar 15mm x 3mm x 2mm following conventional pressing. These 

pressed pellets were sintered in the temperature range 1200oC-1350oC for 2-6 h in air. During 

this sintering process the nickel coated YSZ samples also converts to a NiO-YSZ composite. The 

air sintered samples were then reduced under hydrogen + argon (H2 + Ar) atmosphere in a tube 

furnace at 900oC/2 h in order to reduce NiO to metallic Ni. Constant sample porosity in 

hydrogen reduced samples (35 % required for actual operation) has been attained in the samples 

by tailoring the sintering conditions. Electrical conductivity of the cermet was measured in the 

temperature range from ambient to 1000oC under reducing (H2 + Ar) atmosphere by a four probe 
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DC technique using a 7 digit HP 3458A multimeter. Unfluxed platinum paste was used as a 

contact for electrical measurements. Microstructural evaluation was also performed using 

scanning electron microscopy (LEICA S440). Ni and Zr elemental distribution have been 

performed by global EDX mapping. 

3. Results and Discussion 

The microstructural features present in Ni-YSZ composites are Ni and YSZ phases and 

porosity. The size, shape and distribution of these phases are important for the different 

properties of the anode. The anode microstructure has been found to be strongly dependent on 

the processing techniques. In order to find out the distribution of Ni and YSZ phases within the 

samples back scattered SEM was utilized. The following section discuses the different 

microstructural features of the samples in the light of processing techniques.   

The microstructure (SEM back scattered image, Zr and Ni distribution) of Ni-YSZ 

cermet containing 40 volume % Ni prepared by solid-state technique is presented in Fig. 1. A 

porous structure can be observed from this back scattered image (Fig. 1 a), while, the Zr and Ni 

distribution in the cermet matrix is presented in Fig. 1 (b & c) respectively.  A very 

inhomogeneous distribution of zirconia and nickel within the composite matrix can be observed 

in this microstructure. This inhomogeneous distribution of the two phases may come from the 

very nature of the processing technique used for preparation of the composite powder.   

Figure 2 represents a representative back scattered image along with Zr and Ni 

distribution for the sample containing 40 volume % nickel prepared by liquid-dispersion 

technique. A porous microstructure are observed in back scattered image (Fig. 2 a). A fairly 

uniform distribution of Zr (Fig. 2 b) and that of Ni (Fig. 2 c) are also observed. Thus the 

microstructure contains very fine and homogeneous distribution of Ni and YSZ particles due to 

improved processing of the liquid-dispersion technique compared to that produced from the 

solid-state technique Fig. 1.  

A typical back scattered image of 40 volume % Ni-YSZ composite along with Zr and Ni 

mapping is shown in Fig. 3 for the samples prepared using an electroless coating technique. 

Formation of a continuous nickel ring around the YSZ particles can be visualized easily from 
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Fig. 3 (c). This also indicated the effectiveness of the electroless coating technique. Though Fig. 

3 (b) indicates some large zirconia particles; under higher magnification it is seen that these 

zirconia particles are actually a cluster of nickel coated, fine YSZ powder. The interlinking of 

nickel particles around YSZ particle clusters can be seen in Fig. 3 (c). A combination of the Fig. 

3 (b) and (c) together will result in Fig. 3 (a). The porous structure can also be seen in Fig. 3 (a). 

The microstructure is quite different from that observed for the solid-state (Fig. 1) and liquid-

dispersion technique (Fig. 2). This was possible due to the nature of the preparation technique 

adopted in this case. 

The composite samples undergo some change in porosity when the air sintered samples 

are reduced under H2 + Ar atmosphere at high temperatures. SEM fractographs of the samples 

are studied in order to study this porosity change.   SEM fractographs of an air sintered and 

reduced samples containing 40 volume % nickel prepared by a liquid-dispersion technique are 

presented in Fig. 4. An increase in overall porosity is observed in a reduced specimen (Fig. 4 b) 

in comparison to that of an air sintered specimen (Fig. 4 a). The increase in porosity results from 

the conversion of NiO to metallic nickel during reduction. Radovic et al. [13] also reported the 

increase in porosity of Ni-YSZ cermet on hydrogen reduction. They suggested that the porosity 

of NiO-YSZ composite before and after hydrogen reduction bears a linear relationship as a 

function of the nickel content. Although the porous structure of the composite is evident from the 

SEM factrograph (Fig. 4) YSZ and metallic nickel particles could not be clearly resolved.  

Figure 5 represents the SEM fractographs of 40 volume % Ni-YSZ sample prepared 

using the electroless Ni coated YSZ powder before and after reduction. Fig. 5 (a) represents the 

sample before reduction and (b) represents it after reduction. It is clear from the micrograph that 

an increase in porosity of the samples occurs upon reduction. This is due to the fact that upon 

reduction, NiO in the air sintered samples is converted to metallic Ni. This conversion may be 

attributed to an increase in porosity due to loss of oxygen as well as the crystallographic change. 

However, the two different phases namely NiO or Ni and YSZ are not clearly resolved from the 

microstructure.  The most interesting feature is that the samples prepared by a liquid-dispersion 

technique show a larger grain size compared to the samples prepared using the electroless 

coating technique. This may be due to the inhibition of sintering fine YSZ powder. This was 

made possible by coating the YSZ powder by metallic Ni. 
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The electrical conductivity of 40 volume % Ni-YSZ cermet (which is always above the 

percolation threshold) containing 35 % porosity and prepared by all the above three techniques is 

given in Fig. 6. Samples of 35 % porosity have been prepared by tailoring the sintering 

conditions. It is interesting to note that the conductivity of the samples prepared by the solid-state 

technique has the lowest conductivity, whereas specimens prepared by the electroless coating 

technique have the highest value. The conductivity of the samples prepared by the liquid-

dispersion technique is intermediate (between these two). This trend has been observed in all the 

samples containing 30 – 60 volume % nickel prepared by these three methods. The results could 

be explained from the consideration of the extent of homogeneity in the distribution of the two 

phases present in the samples. In the solid-state technique, the inherent processing inhomogenity 

in the samples results in poor conductivity over the entire composition range. The microstructure 

of the Ni-YSZ sample prepared by this technique also shows a non-uniform distribution of Ni 

and YSZ phases (Fig. 1). The samples prepared by the liquid-dispersion technique, on the other 

hand show higher conductivity compared to the solid-state technique due to uniform and intimate 

distribution of the two phases resulting from better mixing. Microstructure of the cermet 

prepared by this technique also shows a very homogeneous distribution of Ni and YSZ phases in 

its matrix (Fig. 2). The samples prepared by the electroless coating technique, however, show the 

highest conductivity due to uniform coating of the YSZ particles by metallic nickel, which 

provides the best possible connectivity of the Ni phase and therefore, the metallic conduction 

path, as depicted by microstructural observation (Fig. 3).   

The electrical conductivity of the samples as a function of nickel concentration measured 

at 1000oC is plotted in Fig. 7 for the three different powder preparation techniques. The variation 

of conductivity with Ni content shows S-shaped curves for each of the three preparation 

techniques. The conductivity of samples measured at 1000oC containing 10 – 60 volume % 

nickel and prepared by solid-state technique have the lowest value, while that prepared by the 

electroless coating technique have the highest value. Once again the conductivity of the cermets 

prepared by the liquid-dispersion technique has an intermediate value.  For both the solid-state 

and liquid-dispersion techniques the samples exhibit a sudden jump in conductivity 

corresponding to the electrical continuity/discontinuity transition point of the dispersed nickel 

phase at around 30 volume % nickel. The sample prepared by solid-state and liquid-dispersion 
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techniques behave as a biphasic system consisting of Ni and YSZ. Hence, this electrical 

continuity/discontinuity transition at around 30 volume % Ni can be explained from 

percolation/effective media theory. The percolation threshold is revealed to be influenced by 

many variables such as the porosity, pore size, size distribution, and size of raw powders as well 

as contiguity of each constituent component. The electrical behavior of Ni/YSZ cermets is, 

therefore, a strong function of these factors [14,15]. 

On the other hand, the cermets prepared by electroless coating show a similar transition 

as low as 20 volume % nickel. The samples prepared by this technique will not behave as a 

biphasic system due to very nature of the preparation technique used here. In this case, the 

conductivity transition results from a uniform nickel coating on the YSZ particle, which provides 

a more intimate nickel-to-nickel contact, at a much lower overall metal content.   

However, the high electronic conductivity provided by an interconnecting network of Ni 

particles do not necessarily provide a good performance of the anode in SOFC. The charge 

transfer reaction occurs at the triple points - YSZ particle, Ni particle and gas phase. Oxygen ions 

diffuse through YSZ particles and react in the triple points with hydrogen ions. Thus, it is 

important to have an interconnected network of YSZ particles, too. This interconnected YSZ 

network extends the triple phase boundary, which in turn reduces the polarization loss at the 

anode [16]. In cathode supported SOFCs, the anode layer will be very thin (150-200 µm), thus 

for this particular SOFC design the triple points will be limited on the YSZ electrolyte surface 

only. Hence, this material may be suitable for cathode supported SOFCs designs.   

4. Conclusion 

Electrical conductivity of Ni-YSZ cermets is strongly dependent on the powder synthesis 

technique as well as the microstructure. 

Uniform and homogeneous distribution of Ni and YSZ provides better electrical conductivity 

for the samples prepared by the liquid-dispersion technique. 

The conductivity percolation thresholds for cermets prepared by solid-state and liquid-

dispersion technique is around 30 volume % Ni and follows biphasic percolation theory.   
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The continuity/discontinuity transition is around 10-20 volume % Ni for samples prepared by 

the electroless coating technique is possible due to a uniform and homogeneous Ni coating 

on the YSZ particles.  
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Fig.2 Back scattered image (a), Zr-distribution (b) and Ni-distribution (c) in 40 volume % Ni-

YSZ cermet prepared by liquid-dispersion technique. 

 

Fig.3 Back scattered image (a), Zr-distribution (b) and Ni-distribution (c) in 40 volume %  

Ni-YSZ cermet prepared by electroless coating technique. 

Fig.4 SEM fractograph (a) before reduction (b) after reduction in 40 vollume % Ni-YSZ 

cermet prepared by liquid-dispersion technique. 

Fig.5 SEM fractographs of 40 volume % Ni-YSZ cermet (a) before reduction (b) after 
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