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Abstract 

A synthesis and characterization of solid oxide fuel cell (SOFC) anodes of nickel 

with 8%mol yttrium stabilized zirconia (Ni–YSZ) is presented. Attention was focused on 

the kinetics and phase composition associated with the transformation of NiO–YSZ to 

Ni–YSZ. The anodes were prepared with an alternative synthesis method that includes 

the use of nickel acetylacetonate as an inorganic precursor to obtain a highly porous 

material after sintering at 1400°C and oxide reduction (NiO–YSZ→Ni–YSZ) at 800°C for 

8 h in a tubular reactor furnace using 10% H2/N2. The obtained material was 

compressed by unidirectional axial pressing into 1 cm-diameter discs with 15–66 wt% Ni 

and calcinated from room temperature to 800°C. A heating rate of 1°C min−1 showed 

the best results to avoid any anode cracking. Their structural and chemical 

characterization during the isothermal reduction were carried out by in situ time-

resolved X-ray diffraction, refined with the Rietveld method (which allowed knowing the 

kinetic process of the reduction), scanning electron microscopy and X-ray energy 

dispersive spectroscopy. The results showed the formation of tetragonal YSZ 8%mol in 

the presence of nickel, a decrement in the unit cell volume of Ni and an increment of Ni 

in the Ni–YSZ anodes during the temperature reduction. The analysis indicated that the 

Johnson–Mehl–Avrami equation is unable to provide a good fit to the kinetics of the 

phase transformation. Instead, an alternative equation is presented.  
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Introduction 

Solid oxide fuel cells (SOFCs) are the most attractive energy generation system 

because of their efficiency, which is improving every day, and contaminant-free energy 

generation. Usually, nickel with yttrium stabilized zirconia (Ni–YSZ) cermet is used for 

the anode, La1−xSrxMnO3 for the cathode and YSZ for the electrolyte preparation [1, 2]. 

Their operation temperature is between 600°C and 1000°C. Any phase transformation 

produced during the controlled solid state reactions at these temperatures has a big 

influence in the SOFC’s properties and performance. Therefore, the study of the 

dynamics of these transformations is very important for the possible applications of 

these devices.  

Anode studies for SOFC applications are focused to improve their efficiency 

using new precursors [3, 4]. This efficiency depends, among other parameters, on the 

porosity size distribution to maintain the triple phase boundary (TPB), and graphite and 

some polymers have been used as precursors to obtain such porosity [5,6]. In particular 

the cermet anode’s electrochemical activity depends on the Ni and YSZ ratio [7]. The 

advantages of this SOFC include the use of gas, such as CO and H2, as feed without 

the use of noble metals as catalyst and very low levels of SOx and NOx emissions, thus 

reducing cell costs [8, 9].  

Reduction of Ni–YSZ has been already performed by some authors to study 

kinetics parameters of the reaction with good results. All these studies employed 

materials with Ni/3 mol% Y2O3–ZrO2 (Ni/Y–TZP) cermet electrodes that were evaluated 

with galvanostatic current interruption (GCI) and electrochemical impedance 

spectroscopy (EIS) techniques. However the amount of Y2O3 has not worked quite well 
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in SOFCs [10].  Some authors have used in situ timeresolved X-ray diffraction (TRXRD) 

to study the NiO powders reduction [11] and calorimetric techniques using redox cycles 

to study the microstructure of Ni/YSZ bulk ceramics [12]. In this work the phase 

transformations and dynamics that take place during the NiO–YSZ→Ni–YSZ reduction 

are analysed. Their structural and chemical characterization during the isothermal 

reduction were analysed by in situ TRXRD and refined with the Rietveld method, which 

allowed knowing the kinetic process of the reduction. The microstructure was observed 

by scanning electron microscopy (SEM) and its chemical compositionwas obtained by 

x-ray energy dispersive spectroscopy (EDS).  

Some works have made quantitative analyses of Ni–YSZ cermet microstructure 

by optical and SEM techniques to differentiate each phase during reduction, but this 

was not easy because particle size and backscattered coefficients of the cermet phases 

are quite similar [13]. Thus, the use of the Rietveld method is proposed in this work in 

order to avoid these problems. X-ray diffraction (XRD) at high temperatures, together 

with position sensitive detectors (PSD), is a very suitable complement to conventional 

thermal analysis (DSC, TGA and TMA). Moreover with the in situ TRXRD analysis we 

can follow and study the phase transformations and distinguish among different 

amorphous solid and/or liquid phases, as well as get important information on their 

kinetics [14].  

Experimental 

Eight Ni–YSZ cermets with concentrations ranging from 15%wt to 66%wt Ni were 

prepared using high-purity precursors, nickel acetylacetonate (NiAA) and an Aldrich 

YSZ (8%mol yttrium) with >99.9% purity (see table 1). The organic content of NiAA in 
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the sample with 15%wt Ni was used as pore-former in all cermets, which maintains the 

pore volume constant throughout the sample. To increase the amount of NiO in the 

samples, an extra amount of Ni was added, until it reached a maximum of 66%. NiAA 

was calcinated at 800°C to obtain enough NiO to be added to these samples.  

The samples were milled in an agate mortar during 1 h, and the obtained 

powders were afterwards compressed into 1 cm-in-diameter discs with 1mm thickness 

using a 1-ton unidirectional axial pressure for 5 s, and drying them at 110°C during 24 h. 

Afterwards, the discs were calcinated from room temperature to 800°C with a heating 

rate of 1°C min−1 in an atmospheric air-heated box furnace for 2 h. Once the pore was 

formed, the disc samples were sintered at 1400°C for 2 h with a heating rate of 5°C 

min−1. The cooling rate for each anode was 5°C min−1.  

A special NiO–YSZ sample (sample 9, S9), with 90%wt NiO and 10%wt YSZ 

(>99.9% purity), was mixed with ethyl alcohol in an agate mortar and a drop was placed 

on an x-ray powder diffractometer heating holder (model D5000 Siemens, equipped 

with CuKα monochromatic radiation, θ–θ geometry and with a PSD detector) to carry 

out the kinetic study by TRXRD at 800°C in a 10% H2 and 90% N2 atmosphere, with a 

flow ≈150 cm3 min−1.  Thus the in situ reduction from NiO–YSZ to Ni–YSZ and time 

reduction for the cermets were obtained. It is worth commenting that for a kinetic study, 

the time typically required for collecting an individual diffraction pattern is 20 min, 

howeverwe decided to obtain them in periods of 8 h each one by using a PSD-50m 

MBRAUN. Once the TRXRD data were obtained during the isothermal reduction 

NiO(111) → Ni(111), all the patterns were refined with the Rietveld method to quantify the 
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amount of transformed phase y(t) and to determine the reaction rate. Thus the kinetic 

data of the solid state crystallization were obtained.  

After reduction, each of the 8 sintered discs was reduced in a furnace with 10% 

H2 in N2 atmosphere at 800°C. For the observation of the microstructure a JEOL-5600 

SEM microscope was used. This microscope has attached EDS NORAN equipment.  

The Rietveld method 

The use of the Rietveld method has been well recognized for calculating 

structural parameters from neutron and XRD data of almost all types of solid materials 

(not only single crystals). Intensities yci are determined from the |FK|2 values calculated 

by structural models and they can be related to the 2θ angle [15]. Once the data have 

been refined and the results converted into the transformed fractions, the reaction rate 

as a function of time y(t) can be obtained.  

 

Intensities yci(2θ) are determined from the values calculated by FK structural 

models with the following relation [3]:  

 

where s is the scale factor, m indicates the corresponding Miller indices, Lm the 

Lorentzian polarization and multiplicity factors, φ the reflection profile function, Pm the 
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preferred orientation function, A an absorption factor, Fm the structure factor and ybi is 

the background intensity at the ith step.  

Kinetic parameters such as concentration y(t) are measured from XRD data with 

the following expressions [14]:  

 

for the β fraction. Here K2 is a constant and μα and μβ are the linear absorption 

coefficients of the α and β components, respectively.   

y(t) was calculated by the Rietveld method and the reaction rate can be 

determined through the following relations:  

 

where α and β are the fraction consumed and formed at any time t , respectively.  

The crystallographic density ρc was calculated from the volume data obtained by 

the Rietveld analysis; and then used to calculate porosity (p) according to the following 

equation: 

 

where ρ is the bulk density.  
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Structure data refinements by the Rietveld method from the 8 samples were 

collected before and after the reduction process, using a 2θ angle range from 20° to 80° 

with 0.02° step size and 10 s step−1. Structure parameters were obtained using the 

Rietveld method with the FULLPROF program [16], and a peak shape modified 

Thompson–Cox–Hasting pseudo-Voigt function for the calculated reflection profile. The 

reproducibility for the (a) background parameters, (b) scale factors, (c) instrumental 

effects (zero-point and sample offcentring), (d) structural parameters, (e) profile 

parameters, (f) domain size parameters and (g) phase quantification was considered for 

refinement until the results converged into minimum values. Instrumental broadening U, 

V and W were determined from the Rietveld refinement of an Al2O3 powder sample 

XRD pattern (a standard for quantitative analysis in XRD) [17], and the results were 

used in the refinement of all patterns. Their calculated values were U = 0.019 11,V = 

−0.028 281 and W = 0.011 999. Domain size (crystal size) determination was done by 

considering the Bragg reflection profile broadening [18]. All data for the crystallographic 

study were obtained from well known references [19–24]. 

Results and discussion 

Microstructure and porosity:  

The percentage of Ni in each of the 8 samples is indicated in table 1 together 

with the one calculated with the Rietveld method and the domain size of the cermets. 

Some differences were observed for the average domain size of YSZ crystals. Domain 

size for the YSZ cubic phase was 125 nm, whereas it was almost twice that for the 

tetragonal phase at 300 nm (see table 1). 
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Anode porositywas found to be proportional to the amount of Ni in the sample. 

This can be explained by the volume size change during the reduction process. In order 

to optimize the TPB, it was suggested that the porosity of the SOFCs’ anodes must be 

of around 40%. In the sample of 46%wt Ni (sample S5) porosity close to this value was 

obtained. Incidentally, a content of 45%wt Ni reduces the difference in the thermal 

expansion coefficient between the two phases [13].  

It should be emphasized that calcination was carried out at 1°C min−1, in order to 

avoid any cermet fracture. The microstructure of all the cermets observed with SEM 

before and after the reduction process was very similar. In figure 1 the microstructure of 

the anode with 46%wt Ni is shown. TheSEM analysis showed that the cermets had the 

same morphology and an average YSZ particle size of 0.5m approximately. Particles of 

YSZ, which were analysed with EDS, were observed surrounding the particles of NiO. 

These NiO particles have sizes from 1 to 4μm.  

XRD analysis:  

Figure 2 shows a plot of the relative intensity versus diffraction angle for the 

isothermal reduction NiO–YSZ → Ni–YSZ at 800°C (sample S9). An intensity 

decrement occurs for the plane (111)NiO, whereas a symmetrical and simultaneous 

increment is observed for the plane (111)Ni during the first 40 min. Subsequently, for the 

next 8 h, the intensity of the plane (111)NiO continuously decreases but at a very slow 

rate. The intensity of the plane (111)Ni seems to increase at the same rate (figure 3).  

Similar behaviour was observed in other works [10] when NiO was reduced at 

temperatures lower than 800°C but the maximum reducing rate is much smaller than 

the one obtained here. High and low profile reduction can be produced by the content of 
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YSZ, and by the fact that they surround the NiO particles as it does not happen when 

single NiO particles are reduced [10]. Thus the reduction process is obstructed.  

Rietveld analysis:  

The results with the Rietveld method for the cermets (discs) were obtained using 

the space group Fm3�m for the YSZ cubic phase, P42/nmc for the YSZ tetragonal phase 

and Fm3�m for the NiO and Ni cubic unit cells. The possible presence of the cubic and 

tetragonal phases of YSZ (8%mol) was observed in the eight cermets (Ni–YSZ) after 

reduction. As an example, figure 4 shows the final cermet fitting with 56% Ni (sample 

S7) calculated before (figure 4(a)) and after (figure 4(b)) reduction.  
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The experimental profile is indicated by (+), then calculated by (−) and the 

difference plot between the observed and calculated intensities is shown in each case. 

All the samples showed similar behaviour. In these figures, an acceptable adjustment 

for the differences between the observed and calculated profile intensities was 

registered. In the insert of figure 4(b) an amplification of the region between 70° and 78° 

is presented. Here the planes (004)t and (220)t confirm the presence of the YSZ 

tetragonal phase whereas the plane (400)c∗ indicates the presence of the YSZ cubic 

phase. As is observed in figure 6, almost flat differences were obtained between the 

observed and calculated profile intensities. Adjustment degree for fitting patterns was 

from 5 to 10 (Rwp).  

Crystal structure data for Ni obtained with in situ Rietveld analysis during the 

reduction process showed some slight change in volume. Figure 5 shows a decrement 

in the cubic unit cell volume as a function of the Ni content after the reduction process. 

Cell volumes of Ni structures from 44.17Å3 [25] to 43.76Å3 [26], have been obtained by 

other authors. These values are close to those for 15%Ni and 66%Ni. The cermets 

showed this behaviour when the ratio c/t decreased and Ni% increased.  

An important result obtained in this work is related to the YSZ cubic to tetragonal 

phase ratio (c/t). Figure 6 shows the variation of the c/t ratio as a function of the Ni 

content: as the Ni content increases, c/t decreases reaching a limiting value around 

1.07. However, the YSZ tetragonal phase increased around a tenth with respect to the 

cubic phase when the Ni concentration increased. The unit cell parameters (a, b, c) for 

both YSZ phases remain unchanged after the reduction process.  
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Kinetic analysis:  

Sometimes the crystallization process is described by the Johnson–Mehl–Avrami 

(JMA) equation:   
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which relates the volume fraction of transformed material, f , to the reaction time, 

t . Here K is the characteristic nucleation process quotient (whether the nuclei interfere 

with one another, or they are nucleated independently) and n is the characteristic nuclei 

shape coefficient (e.g. for spherical nuclei, n = 4).  

The experimental fractional data C(t)/Cmax obtained from TRXRD is shown in 

figure 7. Equation (7) was tested with this experimental data resulting in a poor fit since 

this equation considers only a single type of process, whereas our experimental data 

exhibits two regions. Figure 7 also shows the experimental data fitted with a continuous 

curve that was obtained assuming a rate expression that accounts for a reaction order 

shift [27]:  

 

Equation (8) considers that the reaction behaves differently when there is an 

excess of one of the phases, being almost of zeroth order for the low conversion region 

(k2Cn << 1), with a rate constant of k1 = 3.9. When there is an excess of the final 

product, the reaction becomes inversely proportional to some power of the 

concentration (n = 14.56), with a rate constant of k1/k2 = 1.926 × 10−27. As can be seen 

in figure 7, the fitting with equation (8), is quite good. In figure 4 are also shown the 

straight lines that best fit each of the regions separately. The first region extends up to a 

conversion of approximately 82%.  
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Conclusions 
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A kinetic study by in situ TRXRD of cermet reduction (NiO– YSZ→Ni–YSZ) at 

atmospheric pressure and 800°C, revealed a transition from a high to a low reduction 

rate. All the process appears to be kinetically controlled with a change in the reaction 

order as the reaction proceeds. The volume of YSZ remains unchanged during both 

sintering and reduction. A decrease of cell volume of the nickel cubic structure was 

found when the Ni content increased. Crystal structure data show that as the Ni content 

increases, the ratio c/t decreases, reaching a limiting value. These results can be 

explained by the presence of tetragonal phase in Ni–YSZ 8%mol and the amount of Ni 

after sintering at 1400°C for 2 h and reduction to 800°C with H2–N2 atmosphere for 8 h. 

Equation (8) fits quite well with the experimental results obtained in this work because it 

considers that the reaction behaves differently where there is an excess of one of the 

phases.  
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