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Abstract

In this study, NiO–Ce0.9Gd0.1O1.95 (NiO–GDC) nanocomposite powders, which were applied as anode materials of low temperature solid oxide

fuel cells (SOFCs), were synthesized by hydroxide and oxalate reverse co-precipitation methods, respectively. The crystal phases, crystallite size,

particle size, particle size distribution, and sintering characteristics of the synthesized NiO–GDC nanocomposite powders were investigated and

compared. Results showed that the different co-precipitation methods affected strongly the synthesis and characteristics of the NiO–GDC

nanocomposite powders. The NiO–GDC nanocomposite powders could be synthesized at lower temperature by the hydroxide reverse co-

precipitation method, and the synthesized NiO–GDC nanocomposite powders had better sinterability. The NiO–GDC nanocomposite powders

synthesized by the oxalate reverse co-precipitation method had smaller particle size and uniform particle size distribution and, however, were easy

to result in crack formation in the sintered disks.
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1. Introduction

For application in solid oxide fuel cells (SOFCs), anode

materials should have good electrochemical activity to oxidize

fuels, high electronic conductivity, proper microstructure and

good thermal expansion compatibility with other components

of SOFCs [1–3]. A cermet consisting of Ni-metal and Y2O3-

stabilized ZrO2 (Ni–YSZ) is widely used as an anode material

in high temperature SOFCs with Y2O3-stabilized ZrO2 (YSZ)

electrolytes, because of its good electronic conductivity,

chemical and structural stability, catalytic properties and

compatibility with other materials in SOFCs [4–8]. For low

temperature SOFC application, however, the activity of Ni–

YSZ anode is relatively low due to the low ionic conductivity of

YSZ at low temperatures. In addition, Ni–YSZ is unsuitable for

operation in fuels with a high methane-to-steam ratio, because

of its high activity for carbon formation as well as for the steam

reforming reaction [9–12]. Therefore, conventional Ni–YSZ
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anodes may be unsuitable to be used as anodes of low

temperature SOFCs.

Gadolinium doped ceria (GDC) has higher ionic conductiv-

ity than YSZ over the temperature range of 300–700 8C [13–

15]. Ni–GDC is suggested to be suitable anode for low-

temperature SOFCs. In the Ni–GDC anode, Ni acts as a catalyst

for the oxidation of fuels and provides electronic conduction,

while GDC mainly acts as a matrix to support the Ni and

prohibits the Ni from agglomeration under operating condi-

tions. At the same time, the GDC is also used to extend Ni–

GDC–gas tripe-phase boundary (TPB) into the anode [16,17].

The electrochemical reaction for the hydrogen oxidation is

directly related to the length of TPB [18–20]. Large TPB can be

obtained from homogeneous and continual structure of pores,

Ni and GDC fine grains. Therefore, the electrochemical

performance of the Ni–GDC anode is strongly dependent on its

microstructure and the distribution of Ni and GDC phases

[21,22]. This in turn is closely related to the characteristics of

NiO and GDC powders and the fabrication process.

Anode materials were usually prepared by mechanical

mixing method [23,24], where separately prepared NiO and

GDC powders were mixed and sintered to form Ni–GDC
d.
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Fig. 1. TG/DTA curves of the as-prepared powders synthesized by (a) hydrox-

ide reverse co-recipitation method and (b) oxalate reverse co-precipitation

method.
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cermets. This method is simple and allows for accurate

chemical composition, but it is difficult to obtain uniform

distribution of elements in the anode, which may result in

nonhomogeneous microstructure and poor electrical perfor-

mance. In order to improve anode performance, it is necessary

to develop NiO–GDC composite powders which have uniform

distribution of elements. Some techniques such as solution

combustion process [25,26], spray pyrolysis [27], polymeric

organic complex solution method [28], buffer-solution method

[29] and gel-precipitation method [30] have been developed to

directly synthesize NiO–YSZ composite powders. Up to now,

however, little work has been done on the synthesis of NiO–

GDC composite powders. Gil et al. [17] reported a polymeric

organic complex solution method to synthesize NiO–GDC

composite powders. However, the synthesis process, which

contains four heat treatment steps is relatively complex and the

synthesized NiO–GDC composite powders have larger particle

size. Chemical co-precipitation method is a simple and

promising process to prepare homogeneous and small-sized

composite powder. The chemical co-precipitation method

includes normal co-precipitation method (precipitation agent

solution was added into metal ion solution) and reverse co-

precipitation method (metal ion solution was added into

precipitation agent solution). In the previous study, we

investigated the synthesis of NiO–GDC nanocomposite

powders by normal co-precipitation method [31]. In order to

obtain smaller and more homogeneous NiO–GDC nanocom-

posite powders, in this study, the reverse co-precipitation

method were used to synthesize the NiO–GDC nanocomposite

powders. Here, hydroxide and oxalate reverse co-precipitation

methods were adopted. The characteristics of the synthesized

NiO–GDC nanocomposite powders were evaluated and

compared.

2. Experimental

2.1. Synthesis of NiO–GDC nanocomposite powders

The starting materials used in the synthesis of NiO–

Ce0.9Gd0.1O1.95 (NiO–GDC) nanocomposite powders were

Ce(NO3)3�6H2O (Kanto Chemical Co., 99.99%),

Gd(NO3)3�6H2O (Kanto Chemical Co., 99.95%) and

Ni(NO3)2�6H2O (Kanto Chemical Co., 99.95%). NH3�H2O

(Kanto Chemical Co., 97.0%), NaOH (Kanto Chemical Co.,

97.0%) and oxalic acid dihydrate (Kanto Chemical Co., 99.0%)

were used as precipitation agents. The NiO–GDC nanocom-

posite powders (NiO:GDC = 60:40 mass%) were synthesized

by the following two methods.

Hydroxide reverse co-precipitation method: the appropriate

proportion of Ce(NO3)3�6H2O, Gd(NO3)3�6H2O and

Ni(NO3)2�6H2O were dissolved into distilled water, and

continuously stirred to form a homogenous solution. The

homogenous solution was then added dropwise to NaOH

solution containing ammonia of 3 mol% to form precipitate

with stirring. And then, the precipitate was washed with

distilled water and ethanol for several times to remove the Na+,

NH4+ and NO3
� ions. After washing, the precipitate was dried
at 60 8C, and calcined at 200–800 8C for 1 h to form NiO–GDC

nanocomposite powders.

Oxalate reverse co-precipitation method: the appropriate

proportion of Ce(NO3)3�6H2O, Gd(NO3)3�6H2O and

Ni(NO3)2�6H2O were dissolved into ethanol, and continuously

stirred to form a homogenous solution. The homogenous

solution was then added dropwise to oxalic acid solution, which

was made by dissolving oxalic acid into ethanol, to form

precipitate with stirring. And then, the precipitate was washed

with ethanol for several times. After washing, the precipitate

was dried at 60 8C, and calcined at 200–800 8C for 1 h to form

NiO–GDC nanocomposite powders.

2.2. Characterization

Thermogravimetric analysis and differential thermal

analysis (TG/DTA) of the dried precipitate was made on a

TG-DTA analyzer (Thermplus 8120, Rigaku Co., Japan) in air

with a heating rate of 10 8C/min, using alumina cup as the

sample container and alpha-alumina as the reference. Phase

identification of the synthesized powders was performed by

X-ray diffraction (XRD, MX21, Mac Science, Japan)

operating with a voltage of 40 kV and current of 40 mA

using CuKa radiation (l = 1.5406 Å). The morphology and

particle size of the synthesized NiO–GDC powders were

examined by transmission electron microscopy (TEM,



Fig. 2. XRD patterns of the NiO–GDC powders synthesized at different

temperatures by (a) hydroxide reverse co-precipitation method and (b) oxalate

reverse co-precipitation method.

Fig. 3. Crystallite sizes of NiO and GDC phases in the NiO–GDC powders

synthesized by (a) hydroxide reverse co-precipitation method and (b) oxalate

reverse co-precipitation method.
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HF-2000, Hitachi, Japan). The average particle size and

particle size distribution of the synthesized NiO–GDC

powders were calculated from TEM micrographs by

measuring approximately 200 particles.

In order to examine the sinterability of the synthesized NiO–

GDC powders, sintering experiments were performed by

uniaxial pressing the NiO–GDC powders at 200 MPa to form

green disks. The green disks were then sintered in air at 1100–

1300 8C for 2 h. The shrinkage rate (DL/L0) was calculated by

measuring the disk changes in length before and after sintering

at different temperatures. The relative densities of the sintered

disks were measured by the Archimedes method in distilled

water. The microstructure of the sintered disks was observed by

field-emission scanning electron microscopy (FE-SEM, S-

4300, Hitachi, Japan).

3. Results and discussion

3.1. TG/DTA analysis

The TG/DTA curves of the as-prepared powders synthesized

by the hydroxide and oxalate reverse co-precipitation methods

are shown in Fig. 1. The total weight loss up to 600 8C is about
22.3% for the as-prepared powders synthesized by the

hydroxide reverse co-precipitation method (Fig. 1a). The

weight loss of about 8.8% at 25–220 8C is attributed to the

removal of superficial water in the powders and crystallization

water of Ce0.9Gd0.1O1.95�nH2O. The weight loss of about

13.5% at 220–600 8C corresponds to the transition of Ni(OH)2

to NiO, which is accompanied by the endothermic peak at

279.1 8C.

For the as-prepared powders synthesized by the oxalate

reverse co-precipitation method, the total weight loss up to

600 8C is about 59.0% (Fig. 1b). The weight loss at 25–250 8C
may be attributed to the dehydration of oxalates of cerium,

gadolinium and nickel, which is accompanied by the

endothermic peaks at 125 8C and 229 8C. The weight loss at

250–400 8C corresponds to the decomposition of the anhydrous

oxalates and the formation of metal oxides, with the exothermic

peak at 338.7 8C.

Almost no weight loss is observed above 600 8C from

Fig. 1a and b, implying only the presence of NiO and GDC

phases in the synthesized powders, which is further confirmed

by XRD analysis.
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3.2. XRD analysis

Fig. 2 shows the XRD patterns of the NiO–GDC powders

synthesized at different temperatures by the hydroxide and

oxalate reverse co-precipitation methods. It is noted that there

are crystal phase peaks of Ni(OH)2 and GDC in the XRD

pattern of the as-prepared powders synthesized by the

hydroxide reverse co-precipitation method (Fig. 2a), which

means that the as-prepared powders are crystal and the GDC

crystal phase has been formed in the as-prepared powders. The

Ni(OH)2 crystal phase begins to be converted into NiO crystal

phase over 200 8C, and the transition is completed by 300 8C.

This observation is in agreement with the DTA analysis

(Fig. 1a). At the calcination temperature above 300 8C, the

synthesized powders only consist of NiO and GDC two phases.

This indicates that the NiO–GDC powders can be synthesized

at 300 8C by the hydroxide reverse co-precipitation method.

The change trend of crystal phases with temperature of the

powders synthesized by the hydroxide reverse co-precipitation

process agrees with that of the powders synthesized by the

hydroxide normal co-precipitation synthesis [31], which
Fig. 4. TEM micrographs and particle size distribution of the NiO–GDC powders 

method. Dave is the average particle size.
indicates that the crystal phases of the synthesized powders

are unaffected by the normal and reverse co-precipitation

processes.

For the as-prepared powders synthesized by the oxalate

reverse co-precipitation method, however, there is no crystal

phase peaks observed in the XRD pattern (Fig. 2b), which

means that the as-prepared powders are amorphous. There is

GDC crystal phase observed in the powders synthesized at

300 8C. According to the DTA analysis, the decomposition of

the anhydrous oxalates occurs at 250–400 8C. However, the

decomposition temperature of cerium and gadolinium oxalates

is lower than that of nickel oxalate. Therefore, there is no NiO

crystal phase observed at 300 8C. At temperature over 300 8C,

the nickel oxalate begins to be decomposed to form NiO crystal

phase. At temperature above 400 8C, the synthesized powders

only consist of NiO and GDC two phases. This means that the

NiO–GDC powders can be synthesized at temperature above

400 8C by the oxalate reverse co-precipitation method. The

synthesis temperature of the oxalate reverse co-precipitation

method is higher than that of the hydroxide reverse co-

precipitation method.
synthesized at (a) 600 8C and (b) 800 8C by hydroxide reverse co-precipitation
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According to the TG/DTA analysis and XRD analysis, it is

concluded that the following synthesis mechanism represents

the co-precipitation and calcination processes:

Hydroxide reverse co-precipitation method:

Ni2þ þ OH� ! NiðOHÞ2ðCrystalÞ ! NiOðCrystalÞ

Ce3þ þ Gd3þ þ OH� ! Ce0:9Gd0:1O1:95�nH2OðCrystalÞ
! Ce0:9Gd0:1O1:95ðCrystalÞ

Oxalate reverse co-precipitation method:

Ni2þ þ C2O4
2� ! NiC2O4�nH2OðAmorphousÞ

! NiOðCrystalÞ

Ce3þ þ Gd3þ þ C2O4
2� ! ðCe0:9Gd0:1Þ2ðC2O4Þ3

�nH2OðAmorphousÞ ! Ce0:9Gd0:1O1:95ðCrystalÞ

The diffraction peaks of GDC and NiO crystal phases

become sharper and more intense with an increase in the

calcination temperature, which indicates a growth in the

crystallite size. The crystallite sizes of GDC and NiO crystal

phases were calculated from XRD lines broadening analysis
Fig. 5. TEM micrographs and particle size distribution of the NiO–GDC powders

method. Dave is the average particle size.
according to the Scherrer equation. Fig. 3 shows the crystallite

sizes of NiO and GDC crystal phases in the NiO–GDC powders

synthesized at different temperatures by the hydroxide and

oxalate reverse co-precipitation methods. The crystallite sizes

of NiO and GDC crystal phases increase with an increase in the

calcination temperature. For the NiO–GDC powders synthe-

sized by the hydroxide reverse co-precipitation method, the

crystallite size of NiO is larger than that of GDC at the same

calcination temperature (Fig. 3a). This means that the NiO

crystallites grow more quickly than the GDC crystallites.

However, for the NiO–GDC powders synthesized by the

oxalate reverse co-precipitation method, the crystallite size of

NiO is only slightly larger than that of GDC at 500–700 8C
(Fig. 3b). In addition, it can also be seen that the crystallite size

of NiO in the NiO–GDC powders synthesized by the hydroxide

reverse co-precipitation method is larger than that of NiO in the

NiO–GDC powders synthesized by the oxalate reverse co-

precipitation method at the same calcination temperature. The

crystallite size of GDC in the NiO–GDC powders synthesized

by the hydroxide reverse co-precipitation method is smaller

than that of GDC in the NiO–GDC powders synthesized by the

oxalate reverse co-precipitation method at the same calcination
 synthesized at (a) 600 8C and (b) 800 8C by oxalate reverse co-precipitation
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temperature above 600 8C. This indicates that the different

reverse co-precipitation methods affect strongly the crystallite

sizes of NiO and GDC crystal phases due to the different

synthesis mechanism.

3.3. TEM observation

Figs. 4 and 5 show the TEM micrographs and particle size

distribution of the NiO–GDC powders synthesized at 600 and

800 8C by the hydroxide and oxalate reverse co-precipitation

methods. It can be seen that all the NiO–GDC powders

synthesized by the hydroxide and oxalate reverse co-

precipitation methods consist of nano-sized particles and

the particle size of the NiO–GDC powders increases with an

increase in the calcination temperature. The average particle

sizes of the NiO–GDC nanocomposite powders synthesized

at 600 and 800 8C by the hydroxide reverse co-precipitation

method are 13.3 and 23.4 nm, respectively. At the same

synthesis temperature, the average particle size of the NiO–
Fig. 6. Shrinkages (a) and relative densities (b) of the NiO–GDC disks prepared

at different temperatures from the NiO–GDC nanocomposite powders synthe-

sized by hydroxide reverse co-precipitation method and oxalate reverse co-

precipitation method.
GDC nanocomposite powders synthesized by the hydroxide

reverse co-precipitation  method is smaller than that of the

NiO–GDC nanocomposite powders synthesized by the

hydroxide normal co-precipitation method (16.1 nm and

36.3 nm at 600 and 800 8C, respectively) [31]. In addition,

the particle size distribution of the NiO–GDC nanocomposite

powders synthesized by the hydroxide reverse co-precipita-

tion method is narrower than that of the NiO–GDC

nanocomposite powders synthesized by the hydroxide

normal co-precipitation method [31]. These indicate that

smaller and more uniform NiO–GDC nanocomposite

powders can be synthesized by the hydroxide reverse co-

precipitation method.

Compared with the NiO–GDC nanocomposite powders

synthesized by the hydroxide reverse co-precipitation method,

the NiO–GDC nanocomposite powders synthesized by the

oxalate reverse co-precipitation method have smaller average

particle size and narrower particle size distribution (Fig. 5).

This means that the different co-precipitation methods affect

strongly the average particle size and particle size distribution

of the synthesized NiO–GDC nanocomposite powders. The

difference of average particle size and particle size distribution

of the synthesized NiO–GDC nanocomposite powders may be

attributed to the formation of crystal phases in the as-prepared

powders. The crystal phases grow continuously with increasing

calcination temperature, which results in the formation of larger

particles.

3.4. Sintering

Fig. 6 shows the shrinkages and relative densities of the

NiO–GDC disks prepared at different temperatures from the

NiO–GDC nanocomposite powders synthesized at 600 8C by

the hydroxide and oxalate reverse co-precipitation methods.

The NiO–GDC disks prepared from the NiO–GDC nanocom-

posite powders synthesized by the hydroxide reverse co-

precipitation method have larger shrinkage and higher relative

density than the NiO–GDC disks prepared from the NiO–GDC

nanocomposite powders synthesized by the oxalate reverse co-

precipitation method. This indicates that the NiO–GDC

nanocomposite powders synthesized by the hydroxide reverse

co-precipitation method have better sinterability than the NiO–

GDC nanocomposite powders synthesized by the oxalate

reverse co-precipitation method.

Fig. 7 shows the SEM micrographs of the NiO–GDC disks

prepared at 1300 8C from the NiO–GDC nanocomposite

powders synthesized by the hydroxide and oxalate reverse

co-precipitation methods. It can be seen that the NiO–GDC disk

prepared from the NiO–GDC nanocomposite powders synthe-

sized by the hydroxide reverse co-precipitation method shows

uniform microstructure without cracks, whereas there are many

big cracks formed in the NiO–GDC disk prepared from the

NiO–GDC nanocomposite powders synthesized by the oxalate

reverse co-precipitation method. The cracks may result from

the quick shrinkage of some parts of the NiO–GDC disk during

sintering. It can be noted that the crack-free parts are relatively

dense (Fig. 7b). Thus, it can be concluded that the formation of



Fig. 7. SEM photographs of the NiO–GDC disks prepared at 1300 8C from the NiO–GDC nanocomposite powders synthesized by (a) hydroxide reverse co-

precipitation method and (b) oxalate reverse co-precipitation method.
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the cracks result in small shrinkage and low relative density of

the NiO–GDC disks prepared from the NiO–GDC nanocom-

posite powders synthesized by the oxalate reverse co-

precipitation method.

For applying in anode-supported SOFCs, the formation of

cracks in anode disks is unaccepted because that the cracks

decrease the mechanical strength of the anode disks and

result in the difficulty in preparing dense and crack-free

electrolyte films on the anode disks. Therefore, the

application of the NiO–GDC nanocomposite powders

synthesized by the oxalate reverse co-precipitation method

need to be investigated farther.

4. Conclusions

NiO–GDC nanocomposite powders with average particle

size of less than 25 nm have been successfully synthesized

by hydroxide and oxalate reverse co-precipitation  methods.

The different co-precipitation  methods affect the crystal

phase formation, crystallite size, particle size and sintering

characteristics of the NiO–GDC nanocomposite powders.

The NiO–GDC nanocomposite powders synthesized by the

oxalate reverse co-precipitation  method have smaller and

more uniform particles. However, the cracks are easy to be

formed in the sintered NiO–GDC disks. The NiO–GDC

nanocomposite powders synthesized by the hydroxide

reverse co-precipitation method show better sintering

characteristics.
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