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In the studies of solid oxide carbonate composite fuel cell, percolation behaviour of the two

phases was investigated as a function of particle size of the oxide phase. The ratio of

amount of samarium doped ceria (SDC; Sm0.2Ce0.8O) to Na2CO3 was varied to determine an

optimum ionic conductivity as function of oxide particle size. The roles of both phases in

the composite electrolyte were investigated. SDC particles were mixed in different

amounts of Na2CO3 to obtain composites with carbonate ratios from 1 wt% to 50 wt%.

Micro-structural investigations showed that Na2CO3 phase served as the matrix in the

micro-structure gluing the oxide particles together. The lowest and the highest carbonate

ratios caused low conductivities in the composite as in these samples the 3D connectivity

of both phases were disrupted. Low conductivity at both ends of the mixture composition

could be interpreted as none of the components of the composite dominated the ionic

conductivity. The highest conductivity was obtained at 10 wt% Na2CO3 amount in the

composite electrolyte when nano-sized SDC (5e10 nm) oxide powders were used. Two

different particle sizes of SDC powders were used to show that the optimum phase ratio,

i.e. percolation of both phases, is function of particle size as well. The conductivity in the

composite showed percolation behaviour with respect to the two constituent phases.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Solid oxide fuel cells (SOFC) are regarded as a viable alterna-

tive energy conversion system for electrical power generation

because of their high power efficiencies and tolerance tomany

different fuels [1,2]. In recent years, in order to achieve more

competitive production and operating costs, investigations on

solid oxide fuel cells (SOFCs) focussed onto the inter-

mediateetemperature range (between 600 �C and 800 �C)
electrolytes. Intermediateetemperature SOFCs, in general, or

nano-composite fuel cell, in particular, have a potential for

commercial scale production [3].
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The performance of the electrolyte can be enhanced by

reducing the electrolyte thickness and/or using alternative

materials with high ionic conductivities [4]. Among these

alternative materials, ceria based alkali carbonate composite

electrolyte has an advantage of having a low activation energy

for intermediate temperature range when compared to single

phase oxide electrolytes like rare-earth doped ceria [5].

The composite electrolytes, in general, are composed of

high ionic conductivity oxides, like SDC, coated with alkali

salts (carbonate, chloride, hydrate, or sulphate) [6]. The liter-

ature on nano-composite electrolyte suggested that the oxide

particles provided a skeleton for the composite at operating

temperatures [7]. Furthermore, it was shown the electrolyte
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remains as a composite with two stable phases at operating

temperatures [7]. Thus, composite electrolytes utilize the best

properties of each component. Therefore, SDC based nano-

composites appear to be a promising candidate for the low

cost and high conductivity electrolytes [6].

In an SDC based nano-composites electrolyte, SDC phase

acts as the oxygen ion conductor, whereas the carbonate

matrix was reported as a multiple ion conductor [8e15]. Liu

et al., reported that at a 20% weight ratio of Na2CO3 the con-

ductivity value peaked at its highest total value of 0.01 S/cm at

481 �C [16]. On the other hand, Rahman et al., observed that

the best thermal expansion compatibility with the electrodes

was at 50% weight of Na2CO3 [17]. Work by Xia et al., showed

that composite with 50 wt% carbonate reached 0.1 S cm�1 at

600 �C [18]. The average crystallite size of the SDC that was

used in that study was 26 nm which was determined from

XRD measurements using Scherrer's formula. The difference

in the optimum Na2CO3 weight ratio appeared to be due to

different particle/crystallite sizes of the oxide phase in these

two studies [16,18].

The oxide/carbonate based nano-composite materials are

very similar in their microstructure to a new class of liquid

ionic conductors that attracted the attention as a promising

candidate for ion batteries. The liquid ionic conductors consist

of dispersed insulating solid oxide particles (e.g., SiO2, Al2O3…

etc.) in the liquid non-aqueous lithium salt solutions (e.g.,

LiClO4 in MeOH, THF… etc.) [19]. In these liquid electrolytes,

the dependence of ionic conductivity on the oxide fraction

showed a typical interfacial-percolation behaviour. The con-

ductivities of the composite were low for very high or very low

concentrations (4) of the oxide particles (such as insulating

silica nano-particles). The peak performance was achieved for

intermediate concentrations where both phases of the com-

posite were interconnected in 3D. In addition, for the con-

centrations with high conductivity, the composites revealed

favourablemechanical properties of a softmaterials similar to

that of ‘soggy sand’ [20]. This viscous feature and the high

conductivities make ‘Soggy Sand’ electrolytes useful in elec-

trochemical devices such as rechargeable lithium batteries

and Dye-Sensitized Solar Cells (DSSCs) [21,22].

In this research paper, ionic conductivity of nano-

composite electrolyte prepared with two SDC powders with

different particle sizes were investigated as a function of

varied ratios of SDC filler particles to Na2CO3 matrix. An op-

timum ratio of carbonate to SDC was determined for the best

ionic conductivity of the composite electrolyte. The in-

vestigations were also focused on the Na2CO3 percolation

phenomena in the SDC-Na2CO3 composite.
Experimental procedures

Composite electrolytes with carbonate to oxide weight (wt %)

ratios of 1, 5, 10, 15, 20, and 50 were prepared with SDC

(Sm0.2Ce0.8O1.9) powders (Fuel Cell Materials, Ohio, USA). Two

SDC powders with different particle sizes were used. SDC

powders labelled as HP had particle sizes from 0.1 to 0.4 mm

with a measured specific surface area of 11 m2 g�1. SDC

powders labelled as N20 had primary crystallite sizes from 5 to

10 nm with a measured specific surface area of 203 m2 g�1.
Na2CO3 anhydrous powders were purchased from Aldrich

(Germany). The pellets were prepared by mixing weighted

powders and dry ball-milling them in dry conditions for 6 h

using 3 millimeter-sized YSZ (yttrium-stabilized zirconium)

milling balls in HDPE bottles. The milled powders were

collected and re-grounded manually in an agate mortar,

before they were uniaxially pressed into 9 mm diameter and

1 mm thick pellets. They were then isostatically compressed

under 40MPa. The neat Na2CO3 and neat SDC pelletswere also

prepared through exactly the same procedure as the com-

posites from pure commercial Na2CO3 and SDC powders.

Then, Na2CO3 and SDC-Na2CO3 composite pellets were heat

treated at 700 �C for 1 h under air atmosphere. The heating

rate up to 700 �C was 5 �C min�1. The pure SDC pellets were

sintered at 1200 �C for 2 h in air.

Possible chemical reactions and phase distribution of the

composites were monitored using X-ray diffraction (XRD)

technique. The XRD patterns were recorded on a powder

diffractometer with Cu Ka radiation (1.5418 A�) in the 2q

range of 10� and 90�. Microstructures of the sintered com-

posites were investigated using a scanning electron micro-

scope (FEG-SEM Leo Supra 35, Oberkochen, Germany)

equipped with an energy dispersive x-ray spectrometer (EDS,

Roentec, Berlin, Germany). A flash-dry silver paste (SPI Sup-

plies, West Chester, USA) was painted on both surfaces of

electrolyte pellets as contact electrodes covering the full top

and bottom surfaces. The complex resistivity of the pellets

were measured by a two-probe AC impedance spectrometer

with an electrochemical interface (Solartron 1260 and 1286,

respectively, Farnborough, UK), under an applied bias voltage

with an amplitude of 100 mV AC. Electrochemical Impedance

spectra (EIS) were recorded in the frequency range of

0.01 Hze10 MHz from room temperature (RT) to 600 �C with a

ProboStat™ cell (NorECs, Oslo, Norway) under air atmo-

sphere. A parallel RC equivalent circuit was fitted to high

frequency and low frequency data with the Z-View program.

The total area of the silver electrodes was used in the con-

ductivity calculations.
Results

The crystal structure of SDC composites with varied concen-

trations of Na2CO3, 1 wt% (~5 vol%), 5 wt% (~12 vol%), 10 wt%

(~23 vol%), 15 wt% (~32 vol%), 20wt% (~40 vol%) and 50 wt%

(~73 vol%), were determined using the XRD patterns in Fig. 1.

The XRD patterns of heat-treated (at 700 �C) composites with

different amounts of Na2CO3 illustrated similar features. The

XRD patterns in Fig. 1 were indexed employing JCPDS card no.

34-394 of crystalline CeO2 with fluorite cubic structure. After

annealing at 700 �C, no impurity or reaction phase, originating

from SDC or Na2CO3, was detected in the XRD patterns of

composites with up to 50 wt% Na2CO3 concentrations. How-

ever, for composites with 50 wt% Na2CO3, weak diffraction

peaks were observed in the range of 2q values from 31� to 40�.
The XRD patterns of as-received Na2CO3 and commercial

Na2CO3 carbonate powders after heat-treatment at 700 �C
were also shown in Fig. 1. On the XRD pattern of composite

with 50 wt% Na2CO3, several weak peaks at 2q values of 30.4�,
37.9�, and 40� were identified as crystalline peaks coming from
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Fig. 1 e The room temperature XRD patterns of as-received

and heat-treated (at 700 �C for 1 h) SDC (HP) composites

with different Na2CO3 amounts, such as 1 wt%, 5 wt%,

10 wt%, 15 wt%, 20 wt%, and 50 wt%.

Fig. 2 e DSC analysis of heat-treated Na2CO3 pellet.
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Na2CO3 with (JCPDS card no. 37-0451). On the other hand, only

SDC peakswere detectable on the XRD plots of composite with

20 wt% Na2CO3. Having only SDC peaks in the XRD pattern of

composite with 20 wt% Na2CO3 could be indicative that at

least a portion of the Na2CO3 phase in the composites was not

crystalline phase.

The diffraction pattern of as-received Na2CO3 powders also

revealed peaks belonging to the hydrated sodium carbonate

(Na2CO3. H2O: i.e.monohydrate labelled with squares in Fig. 1).

On the other hand, heat-treated powder (at 700 �C for 1 h)

showed only peaks belonging to anhydrous sodium carbonate

(Na2CO3). Anhydrous sodium carbonate is known to be

hydroscopic. Unless precautions againstmoisture were taken,

Na2CO3 absorbs water vapour readily and forms the mono-

hydrate phase (Na2CO3$H2O).

Fig. 2 shows the results of differential scanning calorimetry

(DSC) analysis of heat-treated Na2CO3 pellet. The step change

in baseline of the DSC response corresponding to the change

in heat capacity is typical for a glass transition type reaction in

an amorphous material [23]. Therefore, it could be indicative

of a glass transition-like softening process of the partially

amorphous Na2CO3 matrix.

The SEM morphologies of the composites with 1 wt%, 5 wt

%, 10 wt%, 20 wt%, and 50 wt% carbonates are presented in

Fig. 3. The micrograph of the composite with 1 wt%
carbonate shows only the SDC particles without any car-

bonate phase. In the microstructure of 5 wt% composite two

phases were imaged as separated and agglomerated regions.

Two phases could be differentiated in the image by their

contrast differences. The carbonate phase with a low average

atomic number appeared as dark amorphous looking and

featureless regions. A homogeneous and dense morphology

was observed in the composite microstructure when 10 wt%

carbonate concentration was used. With 20 wt% carbonate,

inhomogeneous microstructures were obtained. The SEM

image of composite containing 20 wt% Na2CO3 (Fig. 4)

showed separated SDC particles in an over dominating

Na2CO3 matrix. SDC oxide particles with high average atomic

number appeared as isolated bright contrast agglomerates in

a low average atomic number Na2CO3 matrix phase

(appeared as dark contrast regions). In the micro-structure,

the amorphous carbonate regions were dominant. In order

to prove the carbonate phase in the micro-structure, EDS

mapping of the 20 wt% of carbonate composite was also

shown in Fig. 4. Highly concentrated Na elemental mapping

was observed on the featureless dark region of Fig. 4. The

samarium, ceria and sodium elemental mapping are over-

lapped on bright region.

Fig. 5a shows the impedance spectra of composites pre-

pared with SDC (HP) powders with different carbonate

amounts at 300 �C. The impedance spectrum of the SDC (HP)

composite with 5 wt% Na2CO3 showed the lowest impedance

resistivity value of 9.0 � 104 U cm. For the SDC composite with

1wt%, 10 wt%, 20 wt%, and 50 wt% Na2CO3, the impedance

resistivity values were 1.9 � 105 U cm, 3.8 � 105 U cm,

1.1 � 106 U cm, and 1.0 � 106 U cm respectively.

The effect of oxide particle size (i.e. which is related to

different interface area between the carbonate matrix and

the oxide particles) on the ionic conductivity were illustrated

by Nyquist plots in Fig. 5b. Fig. 5b shows the impedance

spectra of the composites prepared with nano-sized SDC

(N20) powders. The impedance spectrum of the nano-sized

SDC (N20) composite with 10 wt% Na2CO3 showed the

lowest impedance resistivity values of 1.2 � 105 U cm. For the

SDC composite with 1 wt%, 5 wt%, 20 wt%, and 50 wt%

Na2CO3 the impedance resistivity values were 5.1 � 105 U cm,

1.8 � 105 U cm, 2.5 � 105 U cm, and 9.8 � 105 U cm

respectively.
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Fig. 3 e Cross Sectional SEM image of the composites that were made of micrometer-sized SDC (HP) Na2CO3 1 wt% (a), 5 wt%

(b), 10 wt% (c), 20 wt% (d), 50 wt% (e). Each pellet was sintered at 700 �C in air for 1 h.

Fig. 4 e Cross Sectional SEM image of the composites that were made of 0.1e0.4 mm size range SDC (HP) Na2CO3 20 wt% and

EDX micrograph of 20 wt% Na2CO3 matrix phase.

Fig. 5 e The impedance of composites at 300 �C (sintered at 700 �C for 1 h) in which (a) initial composite (SDC HP) contained

varied Na2CO3 matrix phase and (b) initial composite (SDC N20) contained varied wt % Na2CO3 matrix phase.
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Discussion

Phase distribution in the SDC-Na2CO3 composite

TheXRDpeaks visible in Fig. 1 all belong to the crystalline SDC.

No additional reaction products (new phases) were observed

in the XRD patterns of sintered composite pellets. Further-

more, even in composites with up to 75 vol. % (i.e., 50 wt. %)

Na2CO3, no strong peaks could be assigned to the Na2CO3

matrix phase in the XRD spectra. The absence of diffraction

peaks from the carbonatematrix phase could be due to several

reasons. The difference between structure factors of the two

phases making up the composite is large. The structure factor

for x-ray diffraction is closely related to atomic number (Z) of

the elements within the phases. While SDC is primarily made

up of oxide of heavy cations like Sm (Z¼ 62) andCe (Z¼ 58), the

average Z of Na2CO3 is only 14 [24]. Therefore, the possible

peaks from the carbonate would have been very weak to be

visible next to the strong SDC diffraction intensity. A careful

examination of the XRD spectrum of the composite with 50 wt

% carbonate reveals very weak diffraction intensity at around

29� which is most likely due to the carbonate matrix phase. At

this 50 wt% Na2CO3 concentration, the Na2CO3 constitutes

around 75 volume % of the composite. Thus, the weak peaks

from carbonate were observed only in composite with 50 wt%

carbonate composition. Another reason for the absence of

crystalline peaks may be due to the fact that the carbonate

matrix phase is in an amorphous form. In Fig. 1, the x-ray

diffraction analysis revealed that the as-received Na2CO3 was

crystalline and hydrated. The heat-treatment at 700 �C caused

the monohydrate to lose its water as observed in Fig. 1.

Additionally, the ball milling step appeared to have destroyed

the crystalline structure of the (bi) carbonate turning it to an

amorphous state as mentioned in literature [25]. The study

Rojac et al. proved formation of amorphous phase in case of

enough milling time intervals [25]. If sufficient ball milling

timewas provided, 50wt%Na2CO3 compositemight transform

all its crystalline Na2CO3 particles into an amorphous state.

However, keepingmilling time in constant time interval for all

composites to compare the differences in XRD patterns by

carbonate ratios in composite. The XRD pattern of composite

with 50 wt% carbonate, the peaks of cyrstalline Na2CO3 were

detected because of inadequate milling time than composite

with 20 wt% carbonate.

The DSC analysis of Na2CO3 pellet in Fig. 2 revealed a

distinguishable step at 350 �C. This feature was assigned to a

glass transition of the amorphous Na2CO3 phase. No crystal-

line peaks belonging to Na2CO3 in the XRD patterns indicated

that a large portion of the carbonate matrix phase in the

composite was amorphous with a small portion of crystalline

carbonate salt. No chemical reactions lead to a new com-

pound between the SDC and Na2CO3 as shown by DSC ana-

lyses and XRD patterns. Other studies in the literature also

reported an amorphous Na2CO3 phase formed after a heat-

treatment of SDC and Na2CO3 composite [26]. However, just

a heat treatment of sodium carbonate did not convert the

material into an amorphous structure. It is believed that ball

milling SDC particles together with the carbonate salt resulted

in partially amorphous carbonate matrix.
The SEM morphology of the composite with 1 wt% Na2CO3

(in Fig. 3) showed SDC oxide particles only. The two phases

can be differentiated easily by the difference in their image

contrast in 50 wt% composite SEM morphology. Two distinct

regions can be seen in the SEMmicrographs. These regions are

the high atomic numbered oxide particles (bright contrast),

and the darker carbonate matrix (the glassy and featureless

regions) in the composites. In the micrographs that show the

EDS elemental maps, the featureless regions were identified

as sodium rich carbonate matrix as shown in the composite

with 20 wt% carbonate (Fig. 4). On the other hand, the bright

contrast regions are the SDC oxides. The SEM micrographs

illustrated that the micro-structures of 5 wt% and 10 wt%

Na2CO3 composites were homogenous (in Fig. 3). The com-

posites were 98% dense. The processing techniques were

successful in generating a dense and uniformnano-composite

electrolyte as shown in SEM micrographs. On the other hand,

even though Na2CO3 amount was only 5 wt% (corresponding

to 12 vol. %) of the composite, it constituted the matrix phase

and glued the oxide particles together during the heat-

treatment at 700 �C for an hour.

Electrical properties of the SDC-Na2CO3 composites

At 300 �C, all complex impedance measurements of all sam-

ples exhibited in Fig. 5a and b. For the composite prepared

with SDC (i.e., HP powders) particles in size range from 0.1 mm

to 0.4 mm, both the impedance loss (-Z00) and the real part of the

impedance (Z0) values decreased with increasing Na2CO3

concentration up to 5 wt%. For instance, the resistivity value

for the composite with 1wt% Na2CO3 was 1.9 � 105 (U cm), for

5 wt% concentration of Na2CO3 (~12 vol%) it was on the order

of 9.0 � 104 (U cm), while the resistivity value in composite

with 10 wt% (~24 vol%) Na2CO3 was at around 3.8 � 105 (U cm)

at 300 �C. However, when Na2CO3 concentration was

increased to 20 wt% in the composite, the complex impedance

revealed a two overlapped semi-circular arc with a total re-

sistivity value of 1.1 � 106 (U cm). The value is higher than the

value for 10 wt% Na2CO3 containing composite. At all tem-

peratures, Nyquist plots of the composites prepared with SDC

(HP) particles containing 5 wt% Na2CO3 had the lowest re-

sistivity value.

On the other hand, in the composite prepared with SDC

(i.e., N20 powders) in size range from 5 to 10 nm particle, both

the impedance loss (-Z00) and the real portion of the impedance

(Z0) values showed a minimum for the Na2CO3 concentration

of 10 wt%. The resistivity values of both composites with 5 wt

% concentration of Na2CO3 (~12 vol%), i.e. 1.8� 105 (U cm), and

20 wt% Na2CO3, i.e. 2.5 � 105 (U cm), were higher than the one

of 10 wt% (~24 vol%) Na2CO3 which was 1.2 � 105 (U cm) at

300 �C. Nyquist plots of the nano-composites prepared with

nano-sized particles of SDC (N20) containing 10 wt% Na2CO3

showed the lowest resistivity value.

The complex impedancemeasurements of each composite

exhibited two overlapping semi-circular arcs in the Nyquist

plots of the composites (shown in Fig. 6a and Fig. 6b). Two

semicircles were fitted from original with Z-view program.

The deconvolution of the overlapped semicircle indicated that

there are at least two chemically distinct components, even

without considering interface or grain boundary in between or

http://dx.doi.org/10.1016/j.ijhydene.2016.07.208
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Fig. 6 e Two overlapping semi-circular arcs, shown by Z-View, in the Nyquist plots of the composites. (a) Impedance

spectrum and Z-View fitting of the SDC (hp) 10 wt% Na2CO3 composite (b) impedance spectrum and Z-View fitting of the SDC

(N20) 5 wt% Na2CO3 composite.
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within them [27]. Two semi-circular arcs with two different

relaxation frequencies, calculated from the RC values, such as

R1, C1 and R2 C2, were related to the two different coexisting

phases [28,29].

One of the important factors influencing the ionic con-

ductivity of composites was the ratio between Na2CO3 and

SDC phases. The relative distributions of two phases in the

composite were shown in Fig. 6. Below and above an optimum

value of relative ratio of two constituent phases, the complex

conductivity of composites showed a decrease. This type of

percolation behaviour was also observed in other composite

systems [20,21]. It appears that the highest conductivity

values were obtained in microstructures where both phases,

i.e., carbonate matrix phase and the SDC filler phase were

interconnected in 3 dimensions. This percolation type

behaviour and the unusually high conductivity values for the

composite were interpreted as an interface effect in the

literature [8,29]. The ionic conductivity values of the com-

posite at 400 �C with various Na2CO3 concentrations with two

different particle sizes were shown in Fig. 6. For SDC (N20)

based Na2CO3 composites, the percolation in both phases,

shown by fits in Fig. 6a and b, were observed at 10 wt% (~23 vol

%) Na2CO3 concentrations. On the other hand, the percolation

of both phases in the composites with SDC (HP) particles were
Fig. 7 e The calculate conductivity of the composites at 400 �C. T
20 wt% and 50 wt% of Na2CO3. SDC composite in size range from

range from 0.1 to 0.4 mm was labelled as HP. Composite pellets
observed at 5 wt% (~12 vol%) Na2CO3. Further increase in

Na2CO3 amount beyond the optimum values in the SDC

composites led to a decrease in the total electrical conduc-

tivity in both cases.

Another conclusion is the optimum matrix to filler phase

ratio was a function of the particle size of filler as illustrated in

Fig. 7. The filler oxide, in this case SDC, with the smaller par-

ticles sizes and hence the higher surface areas required the

higher amounts of the matrix phase for the best conductivity

values. It was shown earlier that the interfacial contact area

between the constituent phases increased the ionic conduc-

tivity [7]. The highest interfacial contact area is possible with

the smallest particle size and a uniform structure where both

phases are intimately mixed with each other. A continuous

interface within the structure is necessary for the so-called

“super ionic conduction” [8]. This is only possible if both

phases of the composite are connected in the electrolyte

structure. As shown in Fig. 7b, by increase of temperature, an

increase in conductivity values of each SDC (HP) and SDC

(N20) composites were measured. At all temperatures, among

the SDC (N20) composites, the composite with 10 wt% Na2CO3

had the highest conductivity values. Whereas, for the SDC

(HP) composites the one with 5 wt% Na2CO3 performed the

best conductivity. Furthermore, the ionic conductivity values
he all composites were containing 5 wt%, 10 wt%, 15 wt%,

5 to 10 nm was labelled as N20 and SDC composite in size

were heat-treated at 700 �C for 1 h.
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of the SDC (N20) composites with 10 wt% Na2CO3 was higher

than that of SDC (HP) composites with 5 wt% Na2CO3.
Conclusion

We presented an approach of designing and developing an

ideal amount of Na2CO3 phase in SDC composite electrolyte,

i.e. a solid equivalent of the “soggy sand” ionic conductors.

Varying Na2CO3 concentration in the composite electrolyte

provided insight into the effect of Na2CO3 on the ionic con-

ductivity. Among the several batches of composites prepared

with varying amounts of Na2CO3, the highest total electrical

conductivities were observed for composites with 10 wt%

Na2CO3 when 5e10 nm size range SDC (N20) oxide filler par-

ticles were used. On the other hand, for composite prepared

with 0.1e0.4 mm size range SDC (HP) oxide particles, the best

carbonate ratio was 5 wt%. The ionic conductivity was

dependent on the amount of the interfacial area between the

SDC and Na2CO3 components.
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