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Abstract

In the present work, systematic study of series of NiOx GDC(1�x) where x = 0.1–0.6; has been reported for the first time. For the synthesis of

homogeneous NiO–GDC nanocomposite powders, the nano-powders of NiO and Ce0.9Gd0.1O1.95 (GDC10) synthesized by solution combustion

synthesis were mixed in mol % proportion. NiO–GDC nanocomposite can be reduced in situ to form Ni–GDC cermet anode. Hence the Ni–GDC

cermet anode combines the catalytic activity and high electronic conduction property of Ni and ionic conductivity of GDC. Nano-crystalline

constituents in the NiO–GDC nano composite are believed to give better anodic performance than microcrystalline constituents. Hence the efficient

study of the atomistic structure and the accurate characterization of the structural parameters, such as crystallite size and internal strains, are of

considerable interest. Therefore the NiOx–GDC101�x nanocomposite powders were characterized by XRD and FTIR spectroscopy. Further these

powders were pelletized, sintered and characterized by FE-SEM and d.c. conductivity.
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1. Introduction

Nanostructured materials have attracted great interest for

many different applications, due to their unusual or enhanced

properties compared with bulk materials. The nano structured

solid conductors, known as ‘‘nanoionics’’, with enhanced ionic

conductivity have recently become one of the newest field of

research since they can be used in advanced energy conversion

and storage applications, such as solid oxide fuel cell (SOFC).

To keep pace with this nanoionics, development of suitable

nano-electrodes has become equally imperative.

Composite electrodes are basically physical mixtures

consisting of two or more solid phases that possess mixed

conductivity, i.e. ionic and electronic conductivity. An

electrical composite consisting of ionic and electronic phases

are of great importance [1–4] in batteries, gas sensors,
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membranes and in SOFC, particularly, as anode material.

Ionic-, electronic nano-composite not only increase the length

of triple phase boundary but also provides thermal expansion

match with electrolyte, improves electrode catalytic reactions

and thereby fuel cell performance. This kind of nano-

composites usually shows conductivity significantly higher

than in both of the constituent phases. Hence in NiO–GDC

nanocomposite both NiO and GDC in composite are stable over

a wide range of temperature. Moreover, NiO acts as good

catalyst for oxygen activation [5], and provides good electrical

conductivity while GDC10 mainly acts as matrix to support the

catalyst and prohibit the Ni from agglomeration under

operating conditions [6]. A nano-composite NiO–

Ce0.9Gd0.1O1.95 (GDC10) can be reduced in situ during the

first operation of SOFC [7,8]. Although Ni–GDC (or CeO2)

composite cermet have been widely used as an anode material,

very little has been reported regarding the systematic study of

complete series of NiOx GDC(1�x) where x = 0.1–0.6.

Ni–GDC composite anode, which is an ideal anode material

to match with GDC electrolyte operating in the low-

temperature range, has been paid more attention in recent
d.
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Fig. 1. XRD patterns of (a) as synthesized GDC, (b) as synthesized NiO and

sintered, (c) N6G1, (d) N5G1, (e) N4G1, (f) N3G1, (g) N2G1, (h) N1G1.
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years [9]. However, it has never been reported the mol %

variation of NiO and GDC in NiO–GDC nanocomposite. Since

the anode performance is dependent strongly on its composi-

tion, fabrication process and the resulting microstructure, it is

of great interest to investigate the proper composition of the

precursor anode material, i.e. NiO–GDC. The objective of this

paper is to present the systematic study of NiO–GDC. Hence in

present work, nano-composites were prepared by a mechanical

mixing method, where NiO and G0.1C0.9O1.95 (hereafter termed

as GDC) powders were separately prepared by solution

combustion synthesis (SCS) as the solution combustion is

cost effective method for the synthesis of nano-size materials

for different advanced applications, including catalysts, fuel

cells, and biotechnology. It gives homogeneous, crystalline and

un-agglomerated multi-component oxide ceramic powders.

The NiO–GDC nano-composites were characterized by various

physico-chemical techniques.

2. Experimental

The synthesis of GDC has been reported in detail in [10].

Metal nitrates Ce(NO3)3�6H2O and Gd(NO3)3�6H2O were used

as oxidants and C2H5NO2 as a fuel and their stoichiometric

amounts were dissolved in deionized water. With the help of

burette the fuel was added drop by drop while stirring at room

temperature to form homogeneous solution of metal nitrates

and fuel. This solution was heated on a hot plate for the removal

of moisture and to form gel. Further this gel was allowed to

combust in muffle furnace preheated at 325 8C. The

spontaneous ignition occurred leads to pale-yellow ash [11].

The resultant ash was then collected and calcined in air at

600 8C for 2 h to remove any carbon based residues remained in

the oxide powder. Similar procedure was repeated to form NiO

wherein Ni(NO3)2�6H2O was used as metal nitrate and glycine

as fuel and formed ash was calcined at 500 8C for 2 h. Hence

the morphology of the particles in ceramic materials is a

consequence of the preparation method, and the combustion

method favors obtaining porous nanoparticles, because the

reactions produce homogeneous materials composed of small

and uniform particles. The nano powders of GDC and NiO were

characterized by XRD and FTIR.

The nano-composites NiOx–GDC(1�x) where x = 0.1, 0.2,

0.3, 0.4, 0.5, 0.6 (in mol %) were formed by mixing the nano

powders of NiO and GDC in agate mortar for 3 h. After

formation of homogeneous mixture these nanocomposite

powders were pelletized using hydraulic press and firstly

pre-sintered at 900 8C for 2 h and then final sintered at 1000 8C
for 8 h with heating rate of 1 8C/min. These six nanocomposite

samples were named as N1G1, N2G1, N3G1, N4G1, N5G1,

N6G1 respectively for x = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 in NiOx–

GDC(1�x).

Structural studies of these samples were carried out by XRD

(Phillips-3710 powder X-ray diffractometer) in the 2u range

10–908 using CuKa1 radiation (l = 1.54056 Å). The XRD

patterns were compared with standard JCPDS files of NiO (78-

0643; cubic NiO) and GDC10 (75-0161). The morphology of

the composites was studied using field emission scanning
electron microscope (FE-SEM). FTIR absorption behavior of

these samples was obtained using Perkin Elmer, FTIR

Spectrum One; with scanning range 4000–400 cm�1. The

conventional Archimedes method was used to measure the

density of these samples. The d.c. electrical conductivity

measurements were carried out by two-probe method with in

temperature range of 35–700 8C. The silver current collectors

were used on NiO–GDC surface having 1 mm thickness and

2 cm diameter.

3. Results and discussion

3.1. X-ray diffraction (XRD)

The XRD patterns of as prepared GDC10 and NiO powders

and NiOx–GDC1�x (where x = 0.1–0.6) nano-composites are

shown in Fig. 1. All the diffraction patterns show broad

reflection peaks indicating nano powders and nano-composites.

All XRD patterns were indexed using JCPDS file no. 78-0643

and 75-0161, respectively, for NiO and GDC10 phase. The

XRD pattern of as prepared GDC10 shows fluorite structure

with no Gd2O3 phase thus forming an oxide solid solution.

However, the as prepared NiO shows reflection peaks due to

NiO and Ni. It is seen that only about 15% Ni is present in the as

prepared NiO powder, which is completely oxidized to NiO

upon calcination at 600 8C [12].

The XRD patterns of the composites (Fig. 1c–h) show

fluorite GDC and cubic NiO, no intermediate phase is observed,

which indicates no solid solution between GDC and NiO. The

reflection peaks due to NiO are very less intense, which grow

with further increase in NiO content [13]. The NiO reflection

corresponding to 2u = 75.48 is almost absent up to 30 mol %

NiO and appear for higher NiO content. The lattice parameters

of GDC and NiO phase were computed for all the nano-

composites and as expected lattice parameters were indepen-

dent of x and are 5.418 � 0.005 Å and 4.176 � 0.0002 Å,

respectively for GDC10 and NiO. Very often, crystallite size is



Fig. 2. (a) Variation of GDC strain with NiO Content. (b) Variation of NiO

strain with NiO Content.

Fig. 3. FTIR spectra of (A) glycine, (B) GDC, (C) NiO and (D) one of the

nanocomposite, i.e. N4G1.
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obtained using Debye–Scherrer’s formula,

D ¼ 0:9 l

b cos u
(1)

where D is crystallite size, l is the wavelength of source, b is

the full width at half maximum (FWHM) of the peak and u is

the Bragg angle. Crystallite size of GDC and NiO phase in

nano-composites, irrespective of NiO content, has remained

same. This is obvious as nano composites are obtained by

mechanical mixing of separately prepared GDC and NiO nano-

powders and not from NiO–GDC nanocomposite powders. The

crystallite size of GDC is 20–26 nm and that of NiO is 20–

25 nm.

Nevertheless, a peak broadening is a combined effect of

crystallite size and microstrain, if any, as given by Williamson

and Hall equation [14],

bt ¼
0:9 l

D cos u

� �
þ ½4e tan u� (2)

bt ¼ b � b0

where bt is the total broadening, b0 is the instrumental broaden-

ing, e is the micro-strain and other notations as described for

Eq. (1). The slope of the graph of bt cos u vs sin u gives strain and

its intercept on Y-axis gives the crystallite size. Williamson and

Hall graphs were plotted for both GDC and NiO phases in nano-

composites (not shown here) and then effective crystallite size

and microstrain were calculated. The effective crystallite size is

in the range 40–50 nm and 30–58 nm for GDC and NiO,

respectively. A variation in crystallite size using Scherrer equa-

tion and Williamson and Hall equation are in close agreement.

A micro strain is caused by processing parameters and most

preferably by the difference in the thermal expansion

coefficients. It is reported that microstrain is caused by the

defects in the material. Variation in micro-strain in GDC and

NiO phase with ‘x’ is shown in Fig. 2a and b. The strain in NiO

is tensile and is compressive in GDC. NiO–GDC nanocompo-

site has two different phases; GDC being ionic and NiO being

electronic. Despite this, strain in the nanocomposite is very

small, which is assigned to relatively close matching of thermal

expansion coefficients of GDC (12 � 10�6 K�1) and NiO

(14 � 10�6 K�1).

3.2. FTIR

Fig. 3 shows the typical FTIR spectra for the GDC, NiO and

N4G1 nano-composite as well as that of pure glycine. IR

spectra of glycine (Fig. 3A) shows many absorption bands in

the region 1000–1750 cm�1, which are attributed to the C–N,

COO, C–C stretching vibrations [15]. These major absorption

bands are absent in the IR spectra of GDC and NiO. Hence it is

confirmed that there is no impurity due to glycine in the

combustion synthesized products. The major absorption band at

3393 cm�1 and 3397 cm�1 observed respectively for GDC and

NiO (Fig. 3B and C) is due to O–H stretching vibrations while

the bands at 2920 cm�1 and 2850 cm�1 are attributed to the C–

H vibrations. Also a weak absorption band is observed at
1019 cm�1 and is assigned to the C–N stretching vibrations. A

broad M–O type of band at 564 cm�1 is assigned to nano-

crystalline Ce–O while those in the region 550–700 cm�1 are

assigned to NiO stretching vibrations [16,17].



Table 1

Variation of density and activation energies (Ea) with different mol % of NiO.

Sample name Density Activation energy

(eV) 500–700 8C
X-ray density Actual density % Density

N1G1 7.23 6.80 94.05 0.8

N2G1 7.20 6.74 93.48 0.76

N3G1 7.18 6.63 92.32 0.58

N4G1 7.15 6.53 91.30 0.55

N5G1 7.12 6.32 88.82 0.56

N6G1 7.08 6.15 86.84 0.50
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Besides, a band at 1578 cm�1 is observed for GDC and is

due to –COO– asymmetrical vibrations. A weak band near

1637 cm�1, observed for NiO, is assigned to the H–O–H

bending vibration mode, which is due to the absorption
Fig. 4. FESEM images of (a) N1G1, (b) N2G1, (
of water in air when FTIR sample disks were prepared in an

open air.

In Fig. 3D the spectrum for one of the nano-composite

samples (N4G1) is shown. The broad absorption bands in the
c) N3G1, (d) N4G1, (e) N5G1 and (f) N6G1.



Fig. 5. Variation of electrical conductivity with NiO content at 600 8C.
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region 500 and 750 cm�1 can be assigned to the NiO and GDC

stretching vibrations. The intensity of absorption bands due to

O–H, C–H and C–N vibrations is very negligible. Thus nano-

composites are pure.

3.3. Density measurements and microstructure

X-ray density of individual phases, here GDC and NiO was

calculated by using the formula,

rx ¼
4M

Na3
(3)

where M is the molecular weight, a is the lattice parameter, and

N is the Avogadro’s number.

Similarly X-ray density of nanocomposite samples was

calculated by using the formula,

rcomposite ¼
M1 þ M2

V1 þ V2

(4)

where M1 = x � (molecular weight of GDC);

M2 = (1�x) � (molecular weight of NiO); V1 = M1/rx1 and

V2 = M2/rx2; rx1 and rx2 are X-ray densities of GDC and

NiO, respectively.

The X-ray density of the all nanocomposite samples

calculated using Eq. (3) is tabulated in Table 1. While

experimentally density was calculated by Archimedes princi-

ple, more appropriate technique for the determination of

density of porous material, and values are tabulated in Table 1.

It is seen from table that both X-ray and actual density decrease

with an increase in NiO content. The results were used to

estimate percentage porosity. The porous microstructure can be

seen in Fig. 4. Fig. 4 shows fracture FESEM of all nano-

composites and shows well-connected, non-spherical grains

with sharp edges. The two phases (Ni and GDC) are uniformly

distributed and well connected, which is desirable for anodic

reactions and electronic conduction. In the present work, nano-

composites were sintered at 1000 8C in air atmosphere. So

densification occurred by grain growth process. But NiO

content drags the rate of grain growth in GDC in analogy with

the results discussed in [18]. Hence porosity increases with NiO

content.

3.4. D.C. conductivity measurement

The cermet conductivity occurs through two mechanisms:

ionic (through the GDC phase) and electronic (through the

metallic nickel phase) [19]. The d.c. electrical conductivity of

the pellets for all six compositions was measured by two-probe

method in the temperature range 200–700 8C in air. The d.c.

conductivity fits linearly into the Arrhenius relation:

s ¼ A

T
exp

Ea

kT
(5)

The conductivity of all nano-composite at 600 8C, a

probable operating temperature of a device, is shown in

Fig. 5. It shows S type behavior with increase in conductivity up

to 40 mol % NiO. For NiO concentrations below 40 mol %, the
conductivity is predominantly ionic. Above 40 mol %, it is

predominantly electronic (typical of metals). The conductivity

almost saturates above 40 mol % NiO. This shows percolation

limit. As the requirement of the anode of SOFC is that, it should

be electronically as well as ionically conducting. In the present

study the electrical conductivity of the NiO–GDC nano-

composite attains its maximum at NiO percolation estimated to

be at approximately 40 mol % [20].

The activation energy Ea was estimated using d.c.

conductivity measured between 500 and 700 8C and values

are tabulated in Table 1. It is seen from table that activation

energy for 10 mol % NiO is 0.8 eV, which is decreased to

0.55 eV for 40 mol % NiO showing percolative behavior in

NiO–GDC nano-composite. The activation energy decreased

steadily for further additions of NiO.

For low NiO content, NiO is distinctly distributed

throughout the composite and NiO, GDC connectivity is poor.

Hence ionic conductivity is dominated over the electronic. But

the activation energy less than 1 eV implies that NiO

contributed to the electric conductivity. For further NiO

additions, NiO and GDC are homogeneously distributed

thereby forming three dimensional connectivity. Now as

electronic content is increased, both ionic and electronic

conductivity contributes to total conductivity. It is also expected

that NiO–GDC contacts would increase leading conduction

path along the interface between NiO and GDC. This needs

further insights into microstructure and a.c. impedance, which

is in progress.

4. Conclusions

We have successfully studied the structural, electrical

conductivity, microstructure and mechanical properties of the

NiO–GDC nano-composites with respect to the NiO mol %.

The average crystallite size variations determined using

Sherrer’s formula is in agreement with those obtained from

the Hall equation. For all nanocomposite samples the strain

calculations using Hall equation revealed the presence of
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tensile strain in NiO and compressive strain in GDC phase. The

presence of vibrational bands due to NiO and GDC10 in FTIR

spectrum of nano-composite confirms formation of nano-

composite. Also for the nano-composites with 30–60 mol %

NiO showed a porous microstructure composed of uniformly

distributed and well-connected constituent grains. The activa-

tion energy calculated from the d.c. conductivity decrease with

addition of NiO and shows S type behavior with increase in

conductivity for 40 mol % NiO indicating percolation limit.
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