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Abstract A lower operating temperature below 600 �C of

the solid oxide fuel cells (SOFCs) is a key determinant of

device performance. With this in mind, the roles of dis-

persing agents were investigated for synthesizing a cathode

material made of La0.6Sr0.4Co0.2Fe0.8O3-a (LSCF) for

application in intermediate temperature solid oxide fuel

cells (IT-SOFCs). In the present study, LSCF was synthe-

sized following a sol–gel method with the aid of an acti-

vated carbon and ethylene glycol as dispersing agents.

X-ray diffractometer measurements indicate that a single

perovskite phase of LSCF started to develop at the tem-

perature of 500 �C and completely formed at 700 �C.

Scanning electron microscope analysis confirmed that a

well dispersed LSCF powders were successfully synthe-

sized achieving a surface area of 12.05 m2 g-1 as corrob-

orated by the BET surface area analysis. This finding

shows significant improvements of modifying the structural

properties of cathode material and could be used to fabri-

cate the next generation of SOFCs.
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1 Introduction

A considerable number of studies have been devoted to the

development of solid oxide fuel cell (SOFC) due to its

potential as a future power generation system. High oper-

ating temperature (800–1000 �C) of SOFC allows fast

electrode reaction and mass transport, resulting in high

energy conversion efficiency. However, such high operating

temperature leads to physical and chemical degradation of

the cell and limits the selection of materials that can be used

for fabricating SOFC [1, 2]. The need for reducing the SOFC

operating temperature in a range of 600–800 �C is imposed

by cost reduction, cells’ stability and material degradation

which is essential for widespread SOFC use [3, 4].
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In particular, cathode material plays a significant role in

lowering the operating temperature associated with the

deterioration of electrochemical activity. This event is

observed on the perovskite-type manganite-based materials

such as LSM (La1-xSrxMnO3-d) that is primarily due to

the electrode polarization [5–7]. Accordingly, current

research interest is directed toward mixed ionic and elec-

tronic conducting (MIEC) materials that exhibit higher

ionic conductivities than LSM due to a greater concentra-

tion of oxygen vacancies [8, 9]. Among these, lanthanum

strontium cobalt ferrite La0.6Sr0.4Co0.2Fe0.8O3-a (LSCF)

has been successfully applied to intermediate temperature

SOFC (IT-SOFC) due to its high electrical and ionic con-

ductivities as well as excellent chemical and thermal sta-

bilities [10, 11].

Although LSCF is regarded as a good candidate for

cathode material due to its intrinsic properties, tailoring the

LSCF’s structural properties such as porosity and specific

surface area allows the improvement of its electrochemical

performance [12–14]. Producing the cathode materials with

appropriate porosity (20–40 %), small particle size and

high surface area is desirable as it will extend the triple-

phase boundaries (TPBs) active area, where the electro-

chemical reaction occurs [13, 15]. With this improvement,

the cathode material would exhibit high electrical con-

ductivity and good catalytic activity and therefore, superior

cell performance [16–18]. Previous related works are

mostly focused on the synthesizing techniques and for-

mulations of cathode materials that are sometimes costly,

tedious and time-consuming [19–21].

The very limited study has been centered on the appli-

cation of additive and synthesizing aid such as a dispersing

agent, and its role in optimizing the microstructure is

scarcely discussed [9, 17, 22]. Although carbon black has

been used as dispersing agent to synthesize LSCF in [17],

the complete formation of the single-phase powder was

only achieved after calcination over 700 �C. To the

author’s best knowledge, there is no effort reporting the use

of activated carbon for synthesizing LSCF has a single-

phase calcination temperature below 700 �C.

In this study, LSCF-based cathode materials are pre-

pared by a sol–gel method using ethylenediaminete-

traacetic acid (EDTA) and citric acid as chelates. The

dispersing agents such an activated carbon or ethylene

glycol are used in the synthesizing process in order to

control the distribution and particle size of the cathode

materials. Activated carbon is a treated form of carbon

which possesses millions of tiny pores and well known for

its high surface area (300–2000 m2/g). Due to its high

degree of microporosity and well-adsorption ability, the

activated carbon was applied as the dispersing agent in this

study to investigate the effect of the micropores on the

formation of the cathode particles. As for comparison,

ethylene glycol which has been used as the dispersant in [9]

was also applied as the dispersing agent and its role in

inducing dispersibility of the cathode particles is further

investigated. Microstructural analysis was performed to

verify the properties of the best obtained cathode materials

and, subsequently, was compared with the material syn-

thesized without the aids of a dispersing agent.

2 Experimental details

The general procedure for synthesizing La0.6Sr0.4Co0.2

Fe0.8O3-a (LSCF) is schematically shown in Fig. 1. The

precursor solution was prepared by dissolving the stoi-

chiometric composition of La(NO3)3.6H2O (99.9 %,

ACROS), Sr(NO3)2 (99 %, ACROS), Co(NO3)2.6H2O

(99 %, ACROS) and Fe(NO3)3.9H2O (99 %, ACROS) in

100 ml of deionized water. After complete dissolution of

the salts, citric acid monohydrate (CA) (99.5 %, MERCK)

was introduced into the nitrate solution, followed by

ethylenediaminetetraacetic acid (EDTA) (99 %, ACROS).

The mixture was then heated in 70 �C water bath under

continuous stirring. CA and EDTA powders served as the

raw materials for chelation process. The obtained clear

solution was mixed with the dispersing agents to promote

dispersion and prevent clumping of resulting cathode

materials. Two types of dispersing agents were employed

in the synthesizing process which is charcoal activated

carbon (HmbG) and ethylene glycol (ACROS). Samples

prepared with different types of dispersing agents are

shown in Table 1. The mixture was continuously stirred

La(NO3)3.6H2O  +  Sr(NO3)2  + 
Co(NO3)2.6H2O  +  Fe(NO3)3.9H2O 

Citric acid + EDTA addition 

Dispersing agent addition 

Gel formation 

Calcination of the black ash  
(400-1100oC, 5hrs in air) 

Final LSCF powders 

Dissolved in distilled water 

Heat in waterbath (70oC) 

Heat on a hotplate (130oC) 

Dry in oven (100oC) 

Fig. 1 Synthesis steps of LSCF materials by a complexing method
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and heated to evaporate the water. The resulting viscous

gel was dried at 100 �C in a vacuum oven overnight, and

the solidified precursor was then crushed and calcined at

400–1100 �C for 5 h to promote the formation of LSCF

perovskite phase. Phase formation of the oxide compound

was verified by X-ray diffractometer (XRD) (PANalytical

X’Pert PRO MRD PW3040), employing Cu–Ka radiation

from 20� to 80� in the step of 0.05� at 2h. The phase

formation analysis was performed by using Eq. 1 as pro-

posed by Swarts and Shrout [23]:

Perovskite phase ¼ Ip

Ip þ Im
� 100% ð1Þ

where Ip refers to the maximum intensity of the perovskite

phase and Im is the maximum intensity of the impurities

phases. The lattice constant of the samples was calculated

using an indexing method based on Bragg’s law with the

assistance of a Mathcad 14 software [24].

Field emission scanning electron microscopy (FESEM)

(Nova NANO-SEM 450) equipped with Oxford X-MaxN

energy-dispersive X-ray system was employed to observe

the microstructures and elemental composition of the

LSCF. The micrographs obtained were used to estimate the

particle size and the morphology of the sample using an

image analysis system (ImageJ 1.45p). The reflection from

the (020) plane was used to estimate the average of crys-

tallite size, D. The D value was calculated from the

Scherrer formula as in Eq. 2:

D ¼ 0:9k=ðb cos hÞ ð2Þ

where k is the X-ray wavelength, b is the line broadening at

half the maximum intensity (FWHM) and h refers to the

Bragg angle. Finally, the specific surface area of the LSCF

was obtained using BET analyzer (Quantachrome Autosorb

AS1C).

3 Results and discussion

3.1 XRD analysis

Figure 2 shows X-ray diffraction patterns of LSCF pre-

pared with the addition of activated carbon and ethylene

glycol after calcination at 400–1100 �C for 5 h. The profile

presented characteristic peaks of the perovskite LSCF

phase appears in both samples of cathode materials after

the calcination process at 500 �C. No secondary phases are

observed, and close observation of Fig. 2a, b reveals the

appearance of two small peaks at 2h & 26� and 44� which

Table 1 Batches of

La0.6Sr0.4Co0.2Fe0.8O3-a

cathode powders

Sample ID Dispersing agent (DA) Molar ratio of DA/LSCF

LSCF64 (pristine) – –

LSCF-AC03 Activated carbon 0.3

LSCF-AC07 Activated carbon 0.7

LSCF-EG03 Ethylene glycol 0.3

LSCF-EG07 Ethylene glycol 0.7

Fig. 2 XRD patterns of a LSCF-AC07 and b LSCF-EG07 cathode

materials as function of calcination temperatures
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are the main peaks of La2O3 and Co2O3, respectively.

However, the impurities peaks disappear as the calcination

temperature increased and the complete formation of a

single perovskite LSCF phase with orthorhombic structure

is achieved at 700 �C (JCPDS 89-1268). The pronounce

peaks can be indexed to their Miller indices (hkl) of (110),

(020), (202), (220), (132), (224) and (332), accordingly.

Figure 3 shows the XRD pattern of LSCF samples pre-

pared at different concentrations of activated carbon and

ethylene glycol after calcined at 700 �C. A well-crystalline

perovskite phase of LSCF in all samples appeared at

700 �C, which is at a relatively lower temperature com-

pared with the temperature over 900 �C prepared by

combustion and other synthesis methods [9, 20, 25].

The percentages of the perovskite phase for the LSCF

prepared at various calcination temperatures are presented

in Table 2. It was observed that the percentage of the

perovskite phase increase with the increase in calcination

temperature and a complete formation of a perovskite

phase were obtained after a calcination process at 700 �C.

Additionally, the purity of the LSCF phase was preserved

even after thermal treatment at 1100 �C, suggesting that

the compound remains stable even at elevated tempera-

tures. The lattice constant calculated for the LSCF prepared

by introducing different dispersing agents as a function of

calcination temperature is illustrated in Fig. 4. The values

obtained were in agreement with JCPDS 89-1268 for LSCF

(a = 5.4750 Å; b = 5.5360 Å; c = 7.7691 Å). No large-

scale change in lattice constant with increasing calcination

temperatures can be explained on the basis of phase sta-

bility. The crystallite size of the untreated sample, as well

as samples prepared with different dosage of dispersing

agents at 700 �C, was determined using Scherrer equation

and presented in Table 3. The crystallite size of LSCF

obtained was relatively similar for all samples which are

around 19 nm. The addition of dispersing agents during the

synthesizing process seems to retain the crystallite growth

of the sample. This observation was also supported by

XRD spectra obtained, showing no significant changes in

the peak position of the LSCF as a function of activated

carbon and ethylene glycol. Thus, it can be concluded that

Fig. 3 XRD patterns of the cathode materials prepared using

different concentrations of activated carbon and ethylene glycol after

calcined at 700 �C

Table 2 Phase formation analysis of the cathode samples

Sample Calcination temperature (�C) Crystalline phases Amount of each phase (%)

Perovskite Impurity

LSCF-AC07 400 La2O3, Co2O3 – 100

500 La0.6Sr0.4Co0.2Fe0.8O3-a, La2O3, Co2O3 84 16

600 La0.6Sr0.4Co0.2Fe0.8O3-a, La2O3, Co2O3 93 7

700 La0.6Sr0.4Co0.2Fe0.8O3-a 100 –

800 La0.6Sr0.4Co0.2Fe0.8O3-a 100 –

900 La0.6Sr0.4Co0.2Fe0.8O3-a 100 –

1000 La0.6Sr0.4Co0.2Fe0.8O3-a 100 –

1100 La0.6Sr0.4Co0.2Fe0.8O3-a 100 –

LSCF-EG07 400 La0.6Sr0.4Co0.2Fe0.8O3-a, La2O3, Co2O3 28 72

500 La0.6Sr0.4Co0.2Fe0.8O3-a, La2O3, Co2O3 77 23

600 La0.6Sr0.4Co0.2Fe0.8O3-a, La2O3, Co2O3 91 9

700 La0.6Sr0.4Co0.2Fe0.8O3-a 100 –

800 La0.6Sr0.4Co0.2Fe0.8O3-a 100 –

900 La0.6Sr0.4Co0.2Fe0.8O3-a 100 –

1000 La0.6Sr0.4Co0.2Fe0.8O3-a 100 –

1100 La0.6Sr0.4Co0.2Fe0.8O3-a 100 –
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phase formation of LSCF is practically not affected by the

addition of dispersing agents which are in agreement with

other reported work published elsewhere [17, 26].

3.2 SEM/EDX characterization

Figure 5 presents the SEM images of the LSCF powders

with the addition of activated carbon and ethylene glycol

heated at 700 �C in the air. The aggregates of several

primary particles with spherical in shape were observed in

all samples. The particle size distribution of the LSCF

powders is quite narrow, and the averaged size is in the

range of 10–60 nm. The occurrence of a coarsened

microstructure was most prominent for the untreated

sample (Fig. 5a). Fewer coarse particles were observed for

samples prepared with an addition of activated carbon and

ethylene glycol as the synthesizing aid (Fig. 5b–e). The

size of particles measured for the LSCF64 sample is in the

range of 60–300 nm whereas, for both samples prepared

using dispersing agents, the particle size measured is rel-

atively smaller in the range of 40–200 nm.

With the addition of 0.3 molar ratio of dispersing agent/

LSCF, it is noticeable that the powders are well dispersed

and smaller amount coarse particles were observed

(Fig. 5b, c). The homogeneity of LSCF powder improved

after adding 0.7 molar ratio of dispersing agent/LSCF with

the formation of a less coarsened microstructure (Fig. 5d,

e). This was more pronounced in the sample prepared with

an ethylene glycol (Fig. 5e). It was found that the addition

of dispersing agent during the synthesizing process had a

significant effect on the morphology of the LSCF powders.

The LSCF powders synthesized without dispersing agent

tend to form a micron-scaled particle.

The average particle size for all sample batches mea-

sured using SEM image analysis software is summarized in

Table 4. The particle size obtained by SEM measurements

for each sample differs from the crystallite size obtained

from XRD measurements (Table 3) as discussed in the

previous section. The differences in these two measure-

ments values are expected because the particle may be

composed of several different crystallites [27].

The proposed mechanisms of the reaction involved

during the synthesizing process using both dispersing

agents are illustrated in Fig. 6. As shown in Fig. 6a, acti-

vated carbon served as a suitable dispersing agent by

trapping the metal complexes in its highly porous

microstructure. The improvement in the LSCF

microstructure upon addition of a dispersing agent is

attributed to van der Waals attraction creating well-dis-

persed cathode particles after sintering process. On the

other hand, the addition of ethylene glycol to the precursor

solution acts as a stabilizer to prevent agglomeration of

particles due to the influence of its high surface energy.

During the steric stabilization process, ethylene glycol will

undergo polymerization with metal complexes and formed

a coating-like structure that creates a repulsive force and

prevents aggregates from occurring as shown in Fig. 6b.

This step explains the smaller particle size of LSCF

powders synthesized by ethylene glycol as compared to

those prepared using activated carbon. In the subsequent

heating process, the gasses liberated hinder or limit the
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Fig. 4 Lattice constant of a LSCF-AC07 and b LSCF-EG07 as a

function of calcination temperatures. Lattice constant c is divided by

H2 for comparison with a, b

Table 3 Crystallite size of LSCF samples after calcined at 700 �C

Sample ID 2h bFWHM Crystallite size (nm)a

LSCF64 32.291 0.420 19.7

LSCF-AC03 32.247 0.443 18.7

LSCF-AC07 32.339 0.420 19.7

LSCF-EG03 32.338 0.394 19.9

LSCF-EG07 32.204 0.420 19.7

a Estimated value only because the size was calculated from the total

line broadening due to the limitation of XRD measurement
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degree of the inter-particle contact which then allows the

nucleation process to occur through the rearrangement and

a short distance diffusion of nearby atoms or molecules. As

a result, the initial nanosize of the particle was retained

after the heat treatment process [28].

The elemental mapping performed by energy-dispersive

X-ray (EDX) pattern is presented in Fig. 7. For clarity,

only the EDX pattern for LSCF64 sample is presented in

the figure but similar patterns were obtained for all samples

prepared. Clearly, seen peaks for La, Sr, Co, Fe and O are

observed, showing that these five elements are present in

all sample batches as per expectation. The quantification of

the different elements in terms of the atomic percentage

shown in Table 5 confirms these results. In summary,

activated carbon and ethylene glycol served as an excellent

synthesizing aid in preventing agglomeration and these

observations are in accordance with previous work imple-

menting another type of dispersing agent [17, 26].

Fig. 5 FESEM images of a LSCF64, b LSCF-AC03, c LSCF-EG03, d LSCF-AC07 and e LSCF-EG07 cathode materials after calcined at

700 �C for 5 h

Table 4 Average particle size of LSCF samples measured by SEM

image analysis software

Sample ID Average particle size (nm)

LSCF64 38.4

LSCF-AC03 37.1

LSCF-AC07 36.1

LSCF-EG03 35.4

LSCF-EG07 34.1
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3.3 Surface area analysis

The specific surface area of the cathode samples was

investigated by nitrogen adsorption and desorption mea-

surements. The results are summarized in Table 6. The

surface areas measured for the sample prepared with the aid

of the dispersing agents are noticeably higher as compared

to the untreated sample. For cathode samples prepared with

the addition of 0.3 molar ratio of dispersing agent/LSCF, the

surface areas of both samples are almost identical. However,

when the molar ratio of the dispersing agent/LSCF increased

to 0.7, the surface area for the sample prepared with ethylene

glycol is relatively higher as compared to the one made by

activated carbon. The BET results are in accordance with the

morphologies of LSCF powders obtained from SEM images

as discussed in a previous section. The surface areas

obtained are comparatively higher than those reported for

powders prepared by different formulations as summarized

in Table 7. The lower surface area obtained in other reported

works might be explained by the formation of agglomerates

or coarse particles during the synthesizing process due to the

absence of the dispersing agent. This might be because,

during the combustion process when the organic compounds

were removed, the metal ions reacted with each other to

form LSCF particle without any restraint, and consequently,

the particles tend to bind to each other and cause the

aggregation. Thus, limited surface areas are available for the

Fig. 6 Schematic diagram of the possible process involved in producing fine-particle powders using a activated carbon and b ethylene glycol

(Note: adapted from [28, 30])

Fig. 7 EDX analysis of LSCF64 sample prepared at 700 �C

Table 5 Atomic percentage for the element of interest quantified

from EDX pattern of LSCF64 sample

Element O La Sr Co Fe Total

Atomic percentage 17.43 41.40 14.72 5.62 20.83 100.00

Table 6 Surface area of the La0.6Sr0.4Co0.2Fe0.8O3-a powder after

calcined at 700 �C

Sample ID BET surface area (m2 g-1)

LSCF64 7.4

LSCF-AC03 10.0

LSCF-AC07 11.0

LSCF-EG03 9.5

LSCF-EG07 12.0
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corresponding reaction. On the other hand, dispersing agent

used in this case can provide excellent steric and electro-

static stabilization and creates the formation of smaller and

well-dispersed LSCF particles with a higher surface area.

4 Conclusions

In this work, LSCF cathode materials have been synthe-

sized by the addition of dispersing agent through a modi-

fied sol–gel method. Two different types of dispersing

agents were selected, and they are activated carbon and

ethylene glycol. The complete formation of single-phase

LSCF was attained at 700 �C for all samples prepared with

the help of dispersing agents. The LSCF powders prepared

by introducing the dispersing agent into the sol exhibit

superior properties in terms of microstructure and surface

area as compared to the untreated sample. The morphology

of LSCF powder prepared by the addition of ethylene

glycol shows relatively smaller particle size as compared to

activated carbon. The observation from SEM analysis is in

accordance with the BET results in which higher surface

area was obtained for the sample prepared with these

synthesizing aids. These results indicated that the addition

of dispersing agents during the cathode synthesizing pro-

cess is one of the critical parameters in producing a small

particle size and a high surface area of nanocrystalline

cathode materials for IT-SOFCs application. More impor-

tantly, the result was also useful in finding new effective

and suitable dispersant for synthesizing cathode materials.

The effect of dispersing agent addition on the electro-

chemical performance of the prepared cathode powders

will be published elsewhere.
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