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Abstract. The effect of a microwave-assisted hydrothermal (MWH) treatment on the structural, 
thermal, and electrical properties of NiO/ZrO2:8 mol%Y2O3(YSZ)/CeO2 (60/20/20 wt.%) 
composite was investigated. Powders were synthesized by a hydroxide coprecipitation-
impregnation technique, in which Ni and Ce oxides were coprecipitaed in a suspension containing 
YSZ. Simultaneous thermogravimetry and differential thermal analysis revealed that MWH 
treatment promotes the crystallization of coprecipitated phases. X-ray diffraction analysis was used 
for phase identification and the calculated lattice parameters indicated the formation of YSZ:CeO2 
solid solution during sintering. Impedance spectroscopy measurements showed that the electrical 
properties of the composite samples were not significantly affected by the MHW. 

Introduction 

Ni/ZrO2:8 mol%Y2O3 (YSZ) cermet is the standard solid oxide fuel cells (SOFC) anode. Despite 
limitations due to low redox stability and sintering of Ni particles at high operating temperatures, 
this cermet exhibits excellent performance with high electronic conductivity and electrocatalytic 
activity. Irrespectively of the intense research, such properties of the Ni-cermet are unheard by any 
other alternative anode reported [1]. Ni content strongly influences the electronic conductivity, 
requiring volume fractions above the percolation threshold, usually  ≥ 30 vol.% [1]. This value can 
be influenced by many factors, such as porosity, pore size, particle size distribution, and phase 
contiguity [2], which generally results in lower percolation thresholds [3]. 

Aiming at high-performance SOFC anodes, chemical synthesis routes are preferred over solid-
state reaction mechanism. The chemical routes usually results in final products with higher purity, 
higher chemical homogeneity, and reduced particle size [4]. The liquid mixture technique [5], 
combustion [6], sol-gel [7], and coprecipitation [8] are some examples of chemical methods 
previously reported for the synthesis of Ni/YSZ. It is known that microwave energy can improve 
reaction kinetics, selectivity, and yield of chemical reactions [9, 10]. Therefore, chemical synthesis 
methods can benefit from microwave heat treatments. Microwave-heated materials exhibit thermal 
effects unseen in the conventional convective heating [11]. One of the main effects is the inversion 
in the temperature gradient, causing an inside out heating due the inverted heat-transfer direction in 
the irradiated material [11]. As a result, elevated heating rates are attained, whereas heat is 
generated locally (in the material itself), the heating is more homogeneous and volumetric [12]. 

In the present study, NiO/YSZ/CeO2 (60/20/20 wt.%) was synthesized by a mixed hydroxide 
coprecipitation-impregnation technique followed by a microwave-assisted hydrothermal (MWH) 
treatment for preparing homogeneous and small-sized Ni particles. The effects of the MWH 
treatment were investigated on the general properties of the resulting composite. 

Experimental 

The appropriate amounts of Ni(CH3COO)2.4H2O and Ce(NO3)3.6H2O (Aldrich, ≥ 99%) were 
dissolved in distilled water ([Ni2+] = 0.1 mol L-1) under continuous magnetic stirring to obtain a 
homogeneous solution and then heated at 95 ºC. The solution containing Ni and Ce salts was added 
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slowly into a suspension formed by YSZ powder (Tosoh, ≥ 99%) dispersed in a NH4OH:H2O 
precipitant solution (1:1 v/v), kept under constant magnetic stirring. The pH of the resulting 
suspension containing the precipitated material was adjusted to 9.5. The product was then filtered 
and washed with distilled water and ethanol several times for complete removal of unwanted ions 
(NH4+, NO4

- and CH3COO2-). After washing step the material was dried at 100 ºC for 12 h and 
homogenized in agate mortar. The MWH treatment was performed by placing the as-prepared 
powder in water suspension into a Teflon container, inserted into an autoclave and heated in 
microwave oven (800 W, 2.45 GHz) at 130 ºC for 2 h with 10 ºC min-1 heating rate. The average 
pressure achieved in this heating condition was 1.4 atm. Calcining was carried out at 500 ºC for 4 h 
in air. Uniaxially pressed cylindrical pellets (10 mm diameter) were sintered at 1200 ºC for 3 h. 

Thermal decomposition of the as-prepared and MWH treated powders were studied by 
simultaneous thermogravimetry and differential thermal analysis (TG/DTA, SetaramLabsys). The 
chemical composition of calcined samples was determined by energy dispersive X-ray fluorescence 
spectroscopy (EDX, Shimadzu EDX-720). Phase identification was performed by X-ray diffraction 
(XRD), using CuKα1 radiation in a Rigaku Miniflex II.  The linear retraction during sintering of 
green ceramic compacts was monitored from room temperature up to 1400°C with 10ºC min-1 
heating rate (Setaram Labsys). The electrical properties of pellets sintered at 1200°C for 3 h were 
studied by impedance spectroscopy (IS) in the 1 Hz - 30 MHz frequency range and 100 °C - 700 °C 
temperature range with 200 mV ac amplitude using a Solartron 1260. For IS measurements, silver 
contacts were deposited onto the parallel surfaces of the samples and cured at 600 °C for 1 h. The 
impedance diagrams were normalized with the geometric factor of each pellet. The morphology of 
polished and thermally attacked surfaces of sintered samples was investigated by scanning electron 
microscopy with field emission (FEG-SEM) using a FEI Inspect F50 microscope operating at 5 kV. 

Results and Discussion 

Fig. 1 shows the TG/DTA curves for the as-prepared and MWH samples. The TG profiles 
(Fig. 1a) are similar for both samples. The initial weight loss (~3%) was observed between room 
temperature and ~200ºC and attributed to water release. The sharp weight loss of ~10% between 
~200ºC and 400ºC is due to nickel hydroxide dehydroxylation, according to the reaction: 
Ni(OH)2→ NiO + H2O [13]. This thermal decomposition implies a weight loss of ~12.5% based on 
the nominal NiO content (60 wt.%). The small deviation observed in the experimental result 
(~10%) indicates loss of nickel hydroxide during precipitation by formation of soluble nickel-
complexes [14]. The exact experimental weight loss is difficult to determine because there is an 
additional process in this temperature range. The weight loss of hydrated ceria was observed to 
occur in the 200-400°C range [15]. During precipitation, Ce3+ in solution oxides to Ce4+ for 
pH > 4.4: Ce3++ H2O ↔ Ce(OH)3+ + H+ + e- [16]. The complex Ce(OH)3+ hydrolyses to Ce(OH)4 
that can be written as CeO2.2H2O, which dehydrates progressively, i.e., CeO2.nH2O (n ≤ 2) [15]. 
Nickel hydroxide has two polymorphs denoted as α-Ni(OH)2 and β-Ni(OH)2, both with hexagonal 
structure. The α form consists in a stack of Ni(OH)2-x positive charged layers, anions (like 
carbonates and nitrates) and intercalated water molecules [17]. The β form has a brucite-like 
structure (Mg(OH)2) without intercalated species [17]. During the precipitation in the presence of 
NH4OH solution, the β-Ni(OH)2 polymorph is formed [18]. The exothermic peaks at ~260ºC and 
280ºC (Fig. 1b) are attributed to ceria [15] and β-Ni(OH)2 crystallization, respectively. Such 
attributions were confirmed by performing separated thermal analyses of both Ni and Ce 
coprecipitated precursors (not shown). It is interesting to note that exothermic peaks are suppressed 
in the MWH sample, suggesting that the MWH treatment promoted the crystallization of the 
precipitated phases (β-Ni(OH)2 and ceria). The endothermic peak at ~306ºC associated with the 
sharp weight loss region is related to the dehydroxylation reaction and was similar to both samples. 
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Figure 1 - Thermogravimetric (a) and differential thermal analysis (b) curves for the as-prepared 

and MWH samples. 

Fig. 2 shows the XRD patterns for the as-prepared and MWH powders, before and after 
calcining at 500ºC. The XRD data were indexed according to JCPDS standard files as hexagonal 
β-Ni(OH)2 (#14-117), cubic YSZ (#82-1246), cubic CeO2 (#34-394), and cubic NiO (#47-1049). 
Although the DTA curves suggested an enhanced crystallization during MWH treatment, no 
significant difference can be observed in the XRD patterns (Fig. 2a). After calcining (Fig. 2b) the 
β-Ni(OH)2 was converted to NiO in accordance with TG/DTA data. The crystallite sizes of the 
calcined powders were calculated by Scherrer equation with the reflection with the highest relative 
intensity of each phase. The obtained values were similar for both samples: ~9 nm for NiO, 16 nm 
for YSZ, and 5 nm for CeO2. The calculated lattice parameters were similar to those presented in 
the JCPDS files used for indexing: ~4.18 Å for NiO, ~5.14 Å for YSZ, and ~5.42 Å for CeO2. 

 
Figure 2 - X-ray diffraction patterns for the as-prepared and MWH powders before (a) and after 

calcining (b) at 500 ºC for 4 h. 

A semi-quantitative EDX chemical analysis was carried out in the calcined powders. Table 1 
summarizes the results. The measured phase fractions were close to the nominal composition 
(NiO/YSZ/CeO2 : 60/20/20 wt.%) with small deviations due to presence of impurities (HfO2 and 
SiO2, arising from the commercial YSZ) and possibly to some loss of nickel during precipitation, as 
previously discussed.  

Table 1 - Oxide phase fractions (wt.%) calculated from EDX data. 
Sample NiO YSZ CeO2 HfO2   SiO2 

as-prepared 57.9 22.5 18.0 0.9 0.7 
MWH 56.8 23.6 18.0 0.8 0.8 

 

The sintering behavior of ceramic compacts was studied by dilatometry analysis, as shown in 
Fig. 3a. Both samples presented similar linear shrinkage and linear shrinkage rate curves. From 
room temperature up to ~600 ºC a negligible retraction was observed. For T > 600 ºC a gradual 
linear retraction develops. The onset of the sintering process was ~1200 ºC and the maximum 
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densification rate temperature at ~1280 ºC, as inferred from the derivatives. Sintering process 
completes at ~1350°C and total linear retractions were 22% and 19% for the as-prepared and MWH 
samples, respectively. The final apparent density (ρ) and the fraction of the theoretical density (% 
ρ/ρT) were: 6.48 g cm-3 (97.1%) and 6.51 g cm-3 (98.0%) for the as-prepared sample and the MWH 
sample, respectively. Fig. 3b shows the XRD of sintered samples. The peaks corresponding to YSZ 
phase were shifted to lower 2θ values and no peaks of CeO2 were observed. The calculated lattice 
parameters for YSZ phase were ~5.25(2) Å. Such a lattice parameter is larger than the one 
calculated for calcined powders, indicating that cerium was incorporated into the YSZ matrix, 
forming the solid solution YSZ:CeO2. The increase in the lattice parameter followed the Vegard 
law. Given the ceria content with respect to YSZ (35 mol%), the calculated lattice parameters are in 
good agreement with previously reported data [19]. 

 
Figure 3 - Linear shrinkage and linear shrinkage rate for ceramic compacts of NiO/YSZ/CeO2 

(60/20/20 wt.%) prepared with as-prepared and MWH powders (a). X-ray diffraction patterns for 
NiO/YSZ/CeO2 samples sintered at 1200 ºC for 3 h (b). 

Compacts sintered at 1200 °C have apparent densities ρ and (%ρ/ρT) of 5.87 g cm-3 (90.6%) and 
5.81 g cm-3 (89.3%) for the as-prepared and MWH samples, respectively. The polished surfaces of 
sintered samples were studied by FEG-SEM, as shown in Fig. 4. The analyses revealed 
microstructures with submicrometric grain size with irregular shapes distributed within regions with 
some porosity and some regions with higher densification. Such regions with different 
densifications were homogeneously distributed along the observed surfaces. The average grain sizes 
were roughly estimated: ~150 nm for NiO (darker grains) and ~350 nm for YSZ:CeO2 (brighter 
grains). However, both samples showed similar features, indicating a weak effect of the MWH 
treatment on the microstructure of sintered samples. 

 
Figure 4 - FEG-SEM images of fractured surfaces of as-prepared (a) and MWH (b, c) sintered 

compacts. 

Impedance diagrams taken at 300 ºC and 500 ºC for the ceramic compacts, as well as the 
Arrhenius plots are shown in Fig. 5. The IS diagrams measured at low temperature (≤ 300 ºC) 
exhibit one semicircle with relaxation frequency in the MHz range. The composites exhibit a 
relatively low electrical resistance due to the high NiO content (~60 vol.%), which results in a more 
pronounced parasitic inductive effect at high frequencies when the measuring temperature is 
increased. Thus, IS analyzes were limited to the total electrical resistance in the entire temperature 
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range studied, determined by the low frequency intercept with the real axis. The IS diagrams show a 
decrease in the electrical resistivity with increasing temperature. However, such a thermally 
activated behavior is more pronounced in the MWH sample, which assumes lower resistivity values 
than the as-prepared one for T > 450 ºC.  

The Arrhenius plots (Figs. 5c and 5d) of both samples are similar. The calculated activation 
energies revealed slightly higher values for the MWH sample, being ~0.65 eV for T < 450 ºC and 
~0.39 eV for T > 450 ºC. Such values are lower than the one expected for YSZ (~1 eV) and indicate 
that NiO is the main responsible for the charge transport in the composite. Indeed, the discontinuity 
in the Arrhenius plots is a characteristic of the NiO transport properties, a feature that evidences the 
percolation of NiO in the YSZ:CeO2 matrix [20]. The effect of the MWH on the electrical 
properties is not very significant, although MWH samples exhibited slightly lower resistivity and 
higher activation energies. However, it was not possible to correlate such features with 
microstructural properties of the sintered samples. Detailed FEG-SEM analyses are underway to 
further investigate this point. 

 

 
Figure 5 - Impedance diagrams measured at 300 ºC (a) and 500 ºC (b). Arrhenius plots for the total 

electrical conductivity for the as-prepared (c) and MWH (d) samples. 

Summary 

NiO/YSZ/CeO2 (60/20/20 wt.%) composites were successful synthesized by a coprecipitation-
impregnation technique. Thermal analyses and X-ray diffraction indicate that microwave 
hydrothermal treatment promotes the crystallization of β-Ni(OH)2 and CeO2 while sintering resulted 
in the formation of the YSZ:CeO2 solid solution. The microwave treated samples showed slightly 
higher densification as inferred from dilatometry analysis, but no significant differences were 
observed on the microstructure of sintered samples. Nonetheless, impedance spectroscopy analysis 
revealed that samples produced with microwave treatment have slightly higher activation energy 
and conductivity at temperatures > 450 °C. 
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