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Abstract

This study investigates Sm0.5Sr0.5CoO3�d (SSC)–Ce0.8Sm0.2O1.9 (SDC) composite cathodes with a gradual change in composition from

electrolyte to the cathode in an attempt to discover a potential approach applicable to solid oxide fuel cells (SOFCs). The gradual change in

composition from electrolyte to cathode shows the decline in charge transfer resistance (R2) and gas phase diffusion resistance (R3). Because the

value of R3 is always larger than R2 and R3 significantly dominates the total cathode polarization resistance (RP) at temperatures within the range of

750–850 8C, i.e., in this temperature range, the rate-determining step is dominated by the diffusion or dissociative adsorption of oxygen. The

functionally gradient cathode with a graded interface between cathode and electrolyte reveals both a higher exchange current density (i0) and a

lower activation energy for oxygen reduction reaction (ORR), which suggests that the ORR kinetics can be improved by using the configuration of a

functionally gradient cathode.
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1. Introduction

Recently, solid oxide fuel cells (SOFCs) have attracted a

great deal of attention due to the advantages of high electrical

efficiency, fuel versatility, low-pollutant emission, etc. [1–3].

However, their high operating temperatures limit the applica-

tion of SOFCs [4]. Moreover, a lower operating temperature is

required. Cathodes are important components of SOFCs, and

developing new cathodes which perform well at the inter-

mediate temperatures (600–800 8C) is therefore a key step in

reducing operating temperatures. Hence, the conventional

SOFCs cathode, strontium doped lanthanum manganite (LSM),

is not suitable for intermediate temperature SOFCs due to its

low activity below 800 8C [5]. In recent years, potential cathode

candidates have normally been based on mixed oxygen ionic

and electronic conducting oxides, which have both high ionic

and electronic conductivity, and have attracted a lot of attention

in terms of their applications for fuel cell electrodes, oxygen
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separator membranes and membrane reactors for the partial

oxidation of methane to syngas [6–8]. The mixed conductivity

extends the active oxygen reduction sites from the typical

electrolyte–electrode–gas triple-phase boundary to the entire

cathode surface, therefore greatly reducing the cathode

polarization at low operating temperatures [9]. In particular,

rare earth-doped cobaltite has attracted much attention due to

its mixed-conduction characteristics and its relatively high

ionic conductivity. Strontium-doped samarium cobalite

(Sm0.5Sr0.5CoO3) shows high conductivity, up to 103 S cm�1

[10]. Therefore, Sm0.5Sr0.5CoO3 was selected as the cathode

material for investigation in this study. Total cathode

polarization resistance includes the effective interfacial

polarization resistance corresponding to the electrochemical

reactions at the electrode–electrolyte interface and concentra-

tion polarization (mass-transfer or gas diffusion polarization)

resistance for SOFCs.

In this study, functionally gradient cathodes were used to

reduce the cathode polarization resulting from the incompat-

ibility between the cathode and electrolyte. Traditionally,

cathodes adjoin the electrolyte in SOFCs, however such

dissimilar materials are usually incompatible [11–14]. Abrupt
d.
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changes occur in composition and/or microstructure between

the cathode and electrolyte. The functionally gradient materials

have a gradient interface in which the compositions change

gradually from one material to the other [15,16]. The novelty of

this study is in its application of the functionally gradient

materials concept to the Sm0.5Sr0.5CoO3�d cathode. That is, this

study investigated the electrochemical properties of gradient a

Sm0.5Sr0.5CoO3�d (SSC)–Ce0.8Sm0.2O1.9 (SDC) composite

cathodes on a SDC electrolyte.

2. Experimental

2.1. Cathode and electrolyte materials preparation

2.1.1. Sm0.5Sr0.5CoO3�d cathode preparation

The Sm0.5Sr0.5CoO3�d (SSC) cathode powder was prepared

via the solid-state reaction. Sm2O3, SrCO3, and Co3O4 powders

(>99%) were used as starting materials. These powders were

mixed under ethanol and milled for 12 h using zirconia balls.

The ball-milled mixture was dried and ground into a powder

with mortar and pestle and then calcined in air at 1000 8C for

4 h. The Sm0.5Sr0.5CoO3�d powder sample was pelletized with

a small amount of PVA as binder with an applied uniaxial

pressure of 1000 kgf cm�2. Sintering was carried out in air at a

temperature of 1300 8C for 4 h with a programmed heating rate

of 5 8C min�1. The sintered samples made up over 95% of the

theoretical density in all the specimens.

2.1.2. Ce0.8Sm0.2O1.9 electrolyte preparation

The Ce0.8Sm0.2O1.9 (SDC) powder was synthesized by

coprecipitation using Ce(NO3)3�6H2O and Sm(NO3)3�6H2O as

the starting materials. These starting materials with stoichio-

metric ratio were dissolved in distilled water and then added to

a solution of ammonia. The mixture solution was adjusted to a

pH value in the range of 9.5–10. The resultant precipitate was

filtered in a vacuum, and washed three times with water and

ethanol, respectively. Then, the coprecipitation powder was

calcined in air at 600 8C for 2 h. The SDC powder sample were

pelletized with a small amount of PVA as binder with an applied

uniaxial pressure of 1000 kgf cm�2 and the dimensions of

15 mm in diameter and 1 mm in thickness. The disc samples

were then finally sintered at 1500 8C for 5 h with a programmed

heating rate of 5 8C min�1 [17].
Fig. 1. Schematic diagram of one side of the cathode-half-c
2.1.3. Symmetrical fuel cell fabrication

The composite working electrode (WE) was prepared by

mixing the Sm0.5Sr0.5CoO3�d cathode with Ce0.8Sm0.2O1.9

(SDC) electrolyte powders using ball milling. The cathode

paste consists of cathode powder, solvent, binder, and plasticizer.

The cathode paste was applied on both sides of SDC electrolyte

discs with circle patterns using the screen-printing method with a

diameter of 13 mm and a thickness of 1 mm. On one side, the

cathode paste was painted as the working electrode (WE) with a

surface area of 0.385 cm2. The Pt reference electrode (RE) was

located about 0.3–0.4 cm away from the WE. Such a distance

was chosen to avoid measurement errors due to the misalignment

of the working and counter electrodes [18–20]. The Pt counter

electrode (CE) was arranged on the other side of the SDC disk.

After the cathode material was painted on the electrolyte, it was

then sintered at 1000 8C for 4 h in air. The three different

configuration cathodes in this study are schematically illustrated

in Fig. 1, and the compositions of three cathode samples are

summarized in Table 1. For cathode C, the first layer attached on

the SDC electrolyte is composed of 50 wt.% SSC + 50 wt.%

SDC, the second one is composed of 70 wt.% SSC + 30 wt.%

SDC, and the top layer consists of 100 wt.% SSC.

2.2. Electrochemical measurements

The symmetrical testing-cell experiments were carried out

over temperatures ranging from 600 to 850 8C at intervals of

50 8C in a furnace under air (PO2
¼ 0:21 atm). Linear sweep

voltammetry between �0.3 and 0.1 V with a sweep rate of

0.5 mV s�1 versus the RE was performed using the VoltaLab

PGZ301 potentiostat. The frequency applied range of the AC

impedance measurements ranged from 100 kHz to 0.1 Hz with

10 mV AC signal amplitude. The EIS fitting analysis was

performed with Zview software.

2.3. Materials characterization

The sintered cathodes were characterized by X-ray powder

diffractometer (XRD; Rigaku D/MAX-2500V), with a scan-

ning rate of 48 min�1 and a scanning range of 158–758 using a

Cu Ka(1.5418 Å) radiation source. The thickness and

morphology of the symmetrical testing-cells were measured

by scanning electron microscopy (SEM; Hitachi 3500H). The

compositions of the SSC–SDC composite cathodes were

analyzed by energy dispersive X-ray spectroscopy (EDS).
ell structure for cathode A, cathode B, and cathode C.



Table 1

Summary of three cathode samples.

Sample Compositions

Layer 1 Layer 2 Layer 3

Cathode A 70 wt.% SSC/30 wt.% SDC

Cathode B 50 wt.% SSC/50 wt.% SDC 100 wt.% SSC

Cathode C 50 wt.% SSC/50 wt.% SDC 70 wt.% SSC/30 wt.% SDC 100 wt.% SSC
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3. Results and discussions

The investigation of the solid-state reactions between SSC

and SDC phases is very important for evaluating the cathode

polarization resistance of SSC + SDC composite cathodes.

Fig. 2 shows the XRD patterns of 50 wt.% SSC + 50 wt.% SDC

calcined at various temperatures. Pure SSC contains a

perovskite structure, while SDC contains a cubic fluorite-type

structure. The results reveal that no obvious interface reaction

appeared for SSC + SDC composites when heated up to

1000 8C for 4 h. Xia found that secondary phases were present

when Sm0.5Sr0.5CoO3 (SSC) with 10 wt. % SDC composite was

calcined at 1250 8C for 4 h [21]. This suggests that a certain

degree of solid-state reaction might have occurred between the

SSC and SDC phases at 1250 8C. In this study, the SSC + SDC

composite was a chemically stable cathode material for SDC

electrolyte based SOFCs when the calcined temperature was

below 1000 8C. In general, a composite cathode material

sintered at a high temperature with a larger grain size leads to a

decrease in the electrode surface area–gas solid interface (triple

phase boundary, TPB), which results in high polarization

resistance [22,23]. Meanwhile, due to the high sintering

temperature, the cathode materials adhere strongly to the SDC

electrolyte surface, resulting in better contact with the

electrolyte and better current collection. This represents a

trade-off relationship with regard to the sintering temperature to

obtain cathode materials with fine microstructure and strong

adhesion to the electrolyte. Fig. 3 shows the interface SDC/

50 wt.%SSC + 50 wt.%SDC/70 wt.%SSC + 30 wt.%SDC/
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Fig. 2. X-ray diffraction pattern of the powder mixture of 50 wt.%

SSC + 50 wt.% SDC calcined at (a) 900 8C, (b) 1000 8C, and (c) 1100 8C for 4 h.
SSC of the cathode C and SDC electrolyte sintered at 1000 8C.

This figure indicates that the cathode had good adhesion to the

electrolyte. No obvious cracks appeared at the interface

between the SSC cathode and SDC electrolyte. The EDS data

corresponding to the different layers of cathode C are listed in

Table 2. The results show that the compositions of different

layers agreed with the experimental configuration designed in

this study. The element amounts of Sm, Sr, and Co gradually

increased from layer 1 to layer 3, whereas the element amount

of Ce displayed an inverse tendency.

The cathode performance of SSC-based cathodes was

investigated using AC impedance spectroscopy based on a

symmetrical testing cell sintered at 1000 8C for 4 h and

recorded under open-circuit conditions in air. The polarization

resistances of SSC-based cathodes were measured directly

from the difference between high- and low-frequency intercepts

on the real axis of the impedance plot [24]. Fig. 4 shows the

impedance spectra measured under open-circuit conditions in

the temperature range of 750–850 8C, in air, for different

composite cathodes. In this study, we used an equivalent circuit

of the impedance curve as symmetrical testing cells, as shown

in Fig. 4. In the present case, in place of a capacitor, a constant

phase element (CPE) was applied to model the experimental

data. The CPE is equivalent to a distribution of capacitors in

parallel. R1 represents the Ohmic resistance of the cell and R2

represents the resistance corresponding to the cathode

polarization. CPE can be expressed as follows, Z = 1/C(jv)n,

where C indicates the ideal capacitance (n = 1), j = (�1)1/2, and

v is the angular frequency and the values of n describe the
Fig. 3. SEM images of a cross-sectional view of cathode C.



Table 2

The EDS data of Cathode C for layers 1–3.

Layer Atom (%)

Ce K Co K Sm L Sr L O K

1 13.96 12.03 8.48 7.60 57.93

2 8.41 17.91 9.65 9.17 54.86

3 0.76 20.49 11.04 11.81 55.90
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Fig. 4. Nyquist plots and equivalent circuits of EIS for SSC-based cathodes

with different temperatures: (a) 850 8C, (b) 800 8C, and (c) 750 8C.
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fractal character (i.e. the heterogeneous or porous character) of

the sample, the value of which is between 0 and 1 [25]. The

high-frequency intercept of the impedance spectrum gives the

Ohmic resistance of the cell (RV), including the resistance

contributions of the electrolyte, the two electrodes, the current

collectors and the lead wires. The low-frequency intercept gives

the total resistance (RT), which is the sum of the Ohmic

resistance of the cell (RV) and the total cathode polarization

resistance (RP), including the effective interfacial polarization

resistance corresponding to the electrochemical reactions at the

electrode–electrolyte interface (R2) and concentration polar-

ization (i.e. mass-transfer or gas diffusion polarization)

resistance (R3). For the total cathode polarization resistance,

the resistance at high frequency is probably associated with

charge transfer processes (R2), which includes the electron-

transfer and ion-transfer processes occurring at the current

collector/cathode electrode and cathode electrode/electrolyte

interfaces, respectively. The low frequency arc can be attributed

to the diffusion processes (R3), which include adsorption–

desorption of oxygen, oxygen diffusion at the gas–cathode

surface interface, and surface diffusion of intermediate oxygen

species [26–29]. In order to clearly show the difference in the

cathode polarization behavior, the Ohmic resistance of the cell

(RV) was eliminated in the impedance plot. The catalytic

activity of the SSC-based cathodes, as characterized by the total

cathode polarization resistance (RP), was determined from the

size of the impedance loop. With an increase in the number of

cathode layers, there was a significant decrease in the total

cathode polarization, implying a decrease in the impedance

of O2 reduction on the SDC electrolyte, i.e., the enhancement of

electrochemical activity. The area-specific resistances (ASR) of

RP of cathode A were 0.277, 0.150, and 0.089 V cm2 at 750,

800, and 850 8C, respectively. For cathode B, RP was reduced to

0.227, 0.120, and 0.075 V cm2 at 750, 800, and 850 8C,

respectively. As for cathode C, RP was further reduced to 0.158,

0.108, and 0.059 V cm2 at 750, 800, and 850 8C, respectively,

indicating an approximately 30–40% improvement in terms of

electrochemical performance, compared with cathode A. The

dramatic decrease in RP is mainly due to the gradual change in
Table 3

Results of the fitting parameters of SSC-based cathodes measured at different tem

Specimens 750 8C 800 8C 

R2 (V cm2) R3 (V cm2) R2 (V cm

Cathode A 0.064 0.213 0.034 

Cathode B 0.063 0.164 0.032 

Cathode C 0.034 0.124 0.022 
composition from electrolyte to cathode with dissimilar

material structure. As shown in Table 3, the value of the gas

phase diffusion resistance (R3) is always noticeably larger than

that of the charge transfer resistance (R2). This implies that R3

dominates the total cathode polarization resistance (RP) at

temperatures within the range of 750–850 8C. Regardless of

their initial values, resistances (R2 or R3) gradually reduced

from cathode A to cathode C. The reduction in charge transfer

resistance (R2) for cathode C may be related to the fact that the

microstructure of the electrode/electrolyte interfaces is

obviously improved, whereas the decrease in the gas phase

diffusion resistance (R3) could be ascribed to the increase in the

area of triple phase boundaries, which enhanced the surface

exchange of oxygen. The excellent performance of cathode C is

due to the fact that the optimum interface of SSC/SDC may be

achieved by the gradual change in composition from electrolyte

to cathode, resulting in the decline in charge transfer resistance

(R2) and gas phase diffusion resistance (R3). The functionally

gradient composite cathode displayed excellent performance in

terms of its electrochemical properties. Therefore, this

fabrication approach can be applied in the cathode/electrolyte

interfaces of SOFCs to obtain excellent cell performance.

The exchange current density, i0, which corresponds to the

intrinsic oxygen reduction reaction (ORR) rate, is an important

parameter for investigating oxygen reduction reaction mechan-

isms at the cathode [30]. Generally speaking, the oxygen

reduction reaction can be divided into several elemental steps:
peratures.

850 8C

2) R3 (V cm2) R2 (V cm2) R3 (V cm2)

0.116 0.023 0.066

0.088 0.013 0.062

0.086 0.008 0.051
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(1) diffusion of oxygen molecules in the gas phase to the

electrode, (2) oxygen dissociate adsorption on the cathode

surface, (3) surface diffusion of oxygen on the cathode, (4)

incorporation of oxygen into the electrolyte via the triple phase

boundary (TPB), and (5) oxide ion diffusion in the bulk of the

cathode, and oxide ion transfer from cathode to electrolyte

[31,32]. When the exchange current density is higher, the

overpotential of the cathode is lower, suggesting that cathodes

with high exchange current density value exhibit high

performance in terms of electrochemical properties. The i0
value can be obtained from the AC impedance measurement

(EIS). In this technique, i0 was measured from the polarization

resistance, RP, of the Nyquist plot and calculated using Eq. (1)

which is derived from the Bulter–Volmer equation [33]:

i0 ¼
RTv

nFRP

(1)

Here n is the total number of electrons passed in the reaction, n

reflects the number of times the rate-determining step occurs

for one occurrence of the full reaction, F is the Faraday constant

(F = 96,500 C mol�1), and R is the ideal gas constant

(R = 8.31 J mol�1 K�1). For the ORR, n andn are generally

assumed to be 4 and 1, respectively (as the total number of

electrons transferred per molecule of oxygen reduced is 4 and

the rate-limiting step would likely have a stoichiometry of 1 for

the oxygen reduction reaction) [34].

The i0 values for the different cathode-half-cell structures

measured from Eq. (1) for EIS are given in Table 4, and their

Arrhenius plots for i0 values as a function of temperature are

shown in Fig. 5. The linearity of the Arrhenius plots indicates

that the functionally gradient cathodes are stable as a function

of temperature. At 800 8C, the i0 values for cathode B and

cathode C determined by the EIS were 192.3 and

235.4 mA cm�2, respectively, both of which were larger than

the i0 value of 160 mA cm�2 for LSM/YSZ at the same

temperature [34]. From the slope of the line in the Arrhenius

plots, the overall activation energy for the ORR was determined

by the following equation.

ln i0 ¼ ln K � Ea

RT
(2)

where K is the pre-exponential constant, which can be calculated

from the y-intercept, and Ea is the reaction activation energy [35].

The activation energy (Ea) for the ORR may be related to

different cathode preparation methods, to the structure of the
Table 4

Exchange current density for the SSC-based cathodes using EIS technique in

the temperature range of 600–850 8C.

T (8C) i0 (mA cm�2)

Cathode A Cathode B Cathode C

600 9.65 11.98 16.22

650 19.31 23.91 33.07

700 41.09 48.90 76.67

750 79.41 96.31 139.03

800 153.48 192.30 235.44

850 268.49 321.26 407.94
cathode, or to different cathode compositions. The ORR activa-

tion energies obtained from the slope of the Arrhenius plots were

109.5, 108.9, and 105.7 kJ mol�1 for cathode A, cathode B, and

cathode C, respectively. This suggests that the functionally

gradient cathodes with graded interfaces between cathode and

electrolyte possess higher exchange current density (i0) and

lower activation energy for the ORR, which indicates that the

ORR kinetics can be improved by using the configuration of a

functionally gradient cathode.

4. Conclusions

In this study, a Sm0.5Sr0.5CoO3�d (SSC)–Ce0.8Sm0.2O1.9

(SDC) composite cathodes with a gradual change in composite

from electrolyte to cathode was investigated to develop a new

approach for solid oxide fuel cells (SOFCs) which reduces the

total cathode interface resistance. The results revealed that the

total cathode polarization resistance (RP), charge transfer

resistance (R2) and gas phase diffusion resistance (R3) were the

lowest for a SSC–SDC composite cathodes with three layers

and gradient changes in composition from electrolyte to

cathode measuring 0.059, 0.008, and 0.051 V cm2, respec-

tively, at 850 8C. SEM images showed that the interface of

SSC–SDC composite cathodes with gradual changes in

composite between the SSC cathode and SDC electrolyte

exhibited good adhesion resulting in the reduction in charge

transfer resistance (R2). This may be related to the

microstructure of electrode/electrolyte interfaces. Moreover,

the decrease in gas phase diffusion resistance (R3) may be

associated with the area of triple phase boundaries. This

implies that the functionally gradient composite cathode

showed excellent performance in terms of its electrochemical

properties. The functionally gradient cathode with a graded

interface between the cathode and electrolyte revealed

both a higher exchange current density (i0) and a lower

activation energy for ORR. Therefore, this method can be

used to improve the electrochemical performance of cathodes

for SOFCs.
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