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Abstract 

The Nd1.65Sr0.35NiO4+ were prepared by combustion technique. It is mixed ionic - 

electronic conducting (MIEC) oxides and has K2NiF4 - type A2BO4 structure. The prepared 

samples were characterized using X -ray powder diffraction (XRD), Fourier Transformation 

Infrared Spectroscopy (FTIR), micro-hardness testing and four-probe dc conductivity. A 

close scrutiny of XRD reveals that the prepared solid solutions of cathode are single-phase 

and the d -values matches well with the standard JCPDS data corresponding to pure Nd2NiO4 

with small deviation, FTIR spectra shows the prepared sample have K2NiO4 - type structure 

and the transition from negative temperature coefficient to positive temperature coefficient, 

within the solid solubility region, is observed at 931 K in dc conductivity data. 

 

Keywords: Intermediate temperature solid oxide fuel cell (IT-SOFC), mixed ionic-electronic 

conductor (MIEC), K2NiF4, combustion method,cathode. 

 

 

Introduction 

Consumption of energy is a fundamental requirement of modern world to improve the 

life style along with increase in population. The majority of energy required worldwide is 

generated from the combustion of fossil fuels. Although these resources are essential to the 

world, combustion of fossil fuels has resulted in increased health risks and global warming. 

Solar panels and wind farms are familiar alternative energy generation technology to fossil 

fuel. Besides, they also have some limitations such as: On cloudy days and at night, solar 
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panels are unable to generate energy. Similar is the case with wind farms on windless day [1]. 

Furthermore, these sources are less efficient and non-portable. Solid oxide fuel cells (SOFCs) 

have potential to fulfill all these requirements. 

Solid Oxide Fuel Cells (SOFCs) are electrochemical devices that produce electricity 

and heat directly from gaseous fuels through an oxidation process with high efficiency and 

low pollution [2]. But the technological development of SOFCs is limited due to their high 

operating temperatures, typically around800℃− 1000℃. In this temperature range, low-cost 

interconnect materials are not useful, and long-term stability of the cell cannot be ensured as 

chemical reactions occur between electrodes and electrolyte [3]. In recent years, great efforts 

are directed to develop intermediate temperature SOFCs (IT-SOFCs) operating in the range 

500℃− 800℃. Lowering operating temperature can suppress degradation of components 

and extend the range of acceptable materials selection; this, also, improves cell durability and 

reduces the system cost. For the furtherimprovement of the IT-SOFCs performance, the 

development ofhigh-performance cathode material is critical.Potential cathode materials must 

exhibit electronic as well as oxygen ion-conductivity to increase the electrochemical reaction 

sites. Consequently, the mixed-ionic-electronic conductors (MIECs) have currently 

attracted a great deal of attention. 

The MIECs with K2NiF4-type oxides structureexhibit anisotropic electrical transport 

property due to their specific crystallographic characters. The structure of K2NiF4-type 

oxides, as an example ofA2BO4(A-rare earth, alkaline-earth; B-transition metal),consists of 

the stacking of perovskite ABO3 layers alternating with rock salt AO layers along the c-

direction [4]. A2BO4compounds exhibit high electronic conductivity. Also, possibility of 

forming solid solutions with mixed valence of the B-site provides good scope to tailor the 

physical-chemical properties.  In addition, a high concentration of oxygen interstitials offers 

rapid oxygen transport through crystal, eventually a scope for developing a new type of 

MIEC cathode materials [5]. 

In this study, the MIECNd1.65Sr0.35NiO4+was prepared by combustion technique. The 

prepared samples were characterized using X-ray powder diffraction (XRD), micro-hardness 

testing, Fourier Transform Infrared Spectroscopy (FTIR)and four-probe dc conductivity. 
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Experimental 

The initial reagents neodymium acetate, strontium acetate and nickel acetate, used 

were procured from Aldrich Chemicals (USA) with purity > 99.9 %. All these reagents were 

dried at 393 K for 24 h in order to remove the traces of moisture present. The respective 

requisite reagents in stoichiometric ratio were dissolved in the double distilled deionised 

water separately and then mixed together in a single corning flask. The homogeneous 

aqueous solution was then heated by using hot plate. The residue obtained was then 

pulverized to get them in the form of powders. The pellets of diameter and thickness 13mm 

and 1-2 mm, respectively, were obtained by uniaxially compressing ground powder at 3 

tonscm
-2

 pressure with the help of Specac (UK) stainless steel die-punch and hydraulic press. 

The resulting pellets were initially calcined at 973 K for 4 h in an electric furnace. 

Subsequently, they were crushed to obtained fine powder and re-pelletized of diameter and 

thickness 9 mmand 1-2 mm, respectively. The pellets were finally sintered at 1273 K for 4 h 

and allowed to cool in the furnace to room temperature. 

The prepared sample was subjected to structural characterization by X-ray powder 

diffraction (XRD) with a PANalyticalX’pert PRO (Philips, the Netherlands) instrument that 

employed CuK radiation. A curved graphite crystal was used as a monochromator. The X-

ray diffraction measurement were carried out in a 2 range from 10 to 80
◦
 with a step size 

and time per step of 0.020
◦
 and 5 s, respectively. The IR spectra were recorded by ECO-ATR 

Fourier transform instrument. The spectra of powder sample were recorded in the region 

4000 - 600 cm
-1

. The sintered densities of the sample was determined using Archimedes’ 

principle with the help of Mettler XS105 dual range monopan balance with density kit 

attachment and built in density measurement software. The micro-hardness of the sample was 

measured by the Vickers indentation technique (HMV2 Series Shimadzu micro Hardness 

Tester, Japan). 

A thin platinum film on both flat surfaces of the sintered pellet was obtained by d.c. 

sputtering and resulted in good ohmic contacts for d.c. electrical conductivity measurements. 

Prior to the conductivity measurement, the sample was spring-loaded in a ceramic cell holder 

(Amel, Italy) and heated to 973 K for 1 h to homogenize the charge carriers. The resistance 
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during the cooling cycle was measured as a function of temperature using the four-probe 

method with a computer-controlled Keithley 6221 current source and a 2182A nanovoltmeter 

in delta mode. The temperature of the sample during the measurement was controlled with an 

accuracy of ±1 K with a Eurotherm 2216e temperature controller. The tip of a calibrated 

thermocouple was kept in the vicinity of the sample to measure its actual temperature.  

 

Result and discussion 

 

X-ray powder diffraction 

The X-ray powder diffraction (XRD) patterns of Nd1.65Sr0.35NiO4+ is shown in the 

Fig. 1. All the diffracted lines are broader than usually observed for good crystalline solids. 

The broadening of diffracted lines is attributed to the superfine crystallite nature of material. 

A careful look at the Fig. 1 revealed close matching of all the characteristic diffracted lines 

with the JCPDS (joint committee for powder diffraction standard) data (File No. 01-080-

2323) corresponding to pure tetragonal Nd2NiO4. Absence of diffracted line corresponding to 

either reagents or any intermediate compound confirmed the formation of single-phase 

tetragonal Nd1.65Sr0.35NiO4+solid solution. In order to ascertain the formation of solid 

solution and its consequence on host lattice structure, the lattice cell constants of the samples 

under study were determined using Unitcell, a computer software [6]. The lattice constant a 

matched well with the values a = 0.3809 nm (of Nd2NiO4) reported in literature [7,8] but the 

value of lattice constant c increase. Since the ionic radii of Nd
3+

 is (11.63 nm) smaller than 

that of Sr
2+

 (13.1 nm) [9], partial replacement of former by latter resulted in lattice expansion 

of host Nd2NiO4. The lattice distortion along c-axis due to partial replacement of host by 

smaller cation in K2NiF4-type lattice has been reported in literature [10, 11].  
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The crystallite size of composition under study is 242.5 determined using X’pertHighscore 

plus software based on the following expression: 

 

B

s
cos

9.0




C , (1) 

 

where Cs,λ, and θB are thickness of crystallite, X-ray wavelength and Bragg’s angle, 

respectively. Here, β was determined by: 

 

Fig. 1: The XRD patterns of Nd1.65Sr0.35NiO4+ 

Composition 
a 

(nm) 

c 

(nm) 

v 

(nm
3
) 

Cs 

(nm) 

Sl 

(%) 

ρ 

(%) 
HV 

JCPDS 0.3854 1.214 -- - -- - -- 

Nd1.65Sr0.35NiO4 +δ 0.381 1.240 0.163 242.5 0.13 81.5 201 

 

Table 1: A lattice cell constants (a, c and v), crystallite size (Cs), crystal lattice strain (Sl), 

sinter density (ρ) and microhardness number (HV) of Nd1.65Sr0.35NiO4 +δ. 
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where, βm and βs were the measured and the standard full width of half maxima, FWHM, of 

diffracted line, respectively. The βs was estimated from the XRD pattern obtained by running the 

experiment on a standard silicon sample provided by PANalytical, Netherlands. 

 

Sinter density and microhardness number 

The sintered density (ρ) of the Nd1.65Sr0.35NiO4+determined using the Archimedes 

principle, is given in Table 1. A close look at the table reveals that the sintered 

densityNd1.65Sr0.35NiO4+is comparable to Nd1.7Sr0.3NiO4+and Nd1.6Sr0.4NiO4+reported in the 

same study [12]. The hardness number (HV)of Nd1.65Sr0.35NiO4+ is less than Nd1.8Sr0.2NiO4+ 

and greater than Nd1.6Sr0.4NiO4+ [13]. The sinter density and microhardness number of the 

sample under study is close match the with the previously reported data. 

 

Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier Transform Infrared Spectroscopy (FTIR) spectra of Nd1.65Sr0.35NiO4+ in the 

region 4000 - 400 cm
-1

is shown in Fig. 2. A close look at the figures reveals presence of 

broad absorption peaks in the region 3500-2200 cm
-1

 for the given sample. The absorption 

band at the region 700-600 cm
-1

and 500-400 cm
-1

prove the material have K2NiF4 -type 

A2BO4 structure [14, 15]. The FTIR spectra of the sample of mixed oxides show weak 

absorption at 700–400cm
–1

, which indicates that the Nd1.65Sr0.35NiO4+ structure 

becomesmicrostrained and the microstrainof the coordination polyhedra depends on Ni. A 

low microstrain density does not change the original structure [16]. 
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dc conductivity 

The variation of dc conductivity with temperature of the Nd1.65Sr0.35NiO4+ under study 

is shown in Fig. 3. As seen, the Nd1.65Sr0.35NiO4+ exhibited PTC, positive temperature 

coefficient, to NTC, negative temperature coefficient, transition in conductivity at about 913 

K. Such transition has been better explained by the defect chemistry [17]. As a matter of fact, 

the electron holes (h

) conductivity is proportional to their charge e, concentration cp and 

mobility µp according to expression given below: 

 

.ppp  ec  (3) 

 

Intrinsically, electrons and holes can be produced in Nd2NiO4 lattice by the following two-

point defect equilibria: 

 

22
1

OO O'e2VO   ,  (4) 

 h2OO i22
1 , (5) 

coupled with intrinsic ionization 

 h+e'nil . (6) 

Fig. 2: FTIR spectra of Nd1.65Sr0.35NiO4+δ 
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 At temperature lower than 913 K, the chemical composition was almost steady; and 

so all the samples exhibited semiconducting behavior obeying the Arrhenius law, i.e., 

 








 


kT

E
TT a

0 exp)( , (7) 

 

 

where (σT)0,k, T and Ea are pre-exponential factor, Boltzmann constant, absolute temperature 

and activation energy, respectively. At higher temperatures (> 913 K), however, 

Nd1.65Sr0.35NiO4+ solid solutions lose some oxygen according to reaction (Eq.5) [18]. 

Concurrently, correlatively decreased charge holes carrier density (cp) that eventually reduced 

the dc conductivity (Fig. 3) above 913 K. There were no dc conductivity data/results reported 

in the literature on this system for a comparison. 

Fig. 3: Arrhenius plots for Nd1.65Sr0.35NiO4+δ 
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 In Nd1.65Sr0.35NiO4+, Sr
2+

 goes to the neodymium sites  NdrS   with one effective 

negative charge, interstitial oxygen ions  iO   with double negative effective charge; and Ni
3+

 

on regular lattice site with one effective positive charge  

NiNi  [18]. The partial substitution 

of Sr
2+

 for Nd
3+

, thus, introduced extrinsic defects according to quasi-chemical reaction: 

 

i

•

Ni22
1x

Ni O+2NiO+2Ni  ,  (8) 

 

where, x

NiNi are the Ni
2+

 and •

NiNi the Ni
3+

. Alternatively, for Nd1.65Sr0.35NiO4+with>0, the 

electroneutrality condition can be written as:  

 

        hNirSO2 •

NiNdi  (9) 

 

The corresponding defect equilibrium can be written as: 

 

 h2OO
2

1
ii2

xV  (10) 

 

Thus, the charge carrier density increases with an increasing oxygen concentration and the 

conductivity as per relation (3). 

 

Conclusions 

The Nd1.65Sr0.35NiO4+ solid solution prepared by combustion synthesis.XRD 

confirms the formation of single phase Nd1.65Sr0.35NiO4+. It is crystallizing with the 

tetragonal K2NiF4- type structure.The FTIR study indicates that the Nd1.65Sr0.35NiO4+ 

structure becomesmicrostrained and the microstrain of the coordination polyhedra depends on 

Ni. Temperature dependent σ exhibits PTC to NTC transition at 931 K. Since the doped 

NdNiO4 less attended as cathode for IT-SOFC therefore,Nd1.65Sr0.35NiO4+may be potential 

candidate for IT-SOFC cathode. 
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