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ABSTRACT

Protonic ceramic fuel cells (PCFCs) can use hydrogen and hydrocarbon fuels to

generate electricity with good performance and anti-cooking resistance. Herein,

a novel dual-phase perovskite oxide BaCe0.5Fe0.4Ni0.1O3-d (BCFN) with

BaCe0.5Fe0.5O3-d (BCF) as one reference was synthesized, characterized and then

evaluated as the symmetrical electrodes for PCFCs. Both BCF and BCFN can be

self-assembled into an orthorhombic cerium-rich oxide phase and a cubic iron-

rich oxide phase after calcined at 1000 �C and show good redox stability. BCFN

shows much better electrical conductivity and lower area specific resistance

than BCF. Applying BCF and BCFN as symmetrical electrodes for PCFCs with

the BaZr0.1Ce0.7Y0.2O3-d (BZCY) electrolyte supporting, the cell performance

with BCFN symmetrical electrode is almost twice (141 mW�cm2 at 700 �C) than
those with BCF symmetrical electrode, and the electrode polarization resistances

are also reduced from 0.7 to 0.5 X�cm2 using humidified H2. The preliminary

experimental results can demonstrate that dual-phase perovskite oxides with

nanoparticle in situ precipitation are very promising symmetrical electrodes for

protonic ceramic fuel cells.
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Introduction

Symmetrical solid oxide fuel cells (SSOFCs) possess a

unique configuration by applying the same anode

and cathode materials, which can greatly simplify the

fabrication technology and improve the thermome-

chanical compatibility between each component

[1–4]. More importantly, the carbon deposition and

sulfur poisoning problems faced by the traditional

Ni-based cermet anode can be eliminated by the

utilization of SSOFCs configuration. Because the air

and fuel gas flow can be reversed owing to the same

electrode material, thus the carbon and sulfur parti-

cles can be removed [5, 6]. At present, the relatively

mature SSOFCs usually use high temperature oxygen

ion conductors YSZ or LSGM as electrolyte materials

due to their good stability and mechanical property.

However, their ionic conductivity is greatly limited at

low temperature. For example, SSOFCs with YSZ

electrolyte generally operate at over 800 �C in order

to reduce the ohmic resistance [7–9].

With the aim to maintain the benefits of SSOFCs at

reduced working temperature, symmetrical protonic

ceramic fuel cells (PCFCs) have come into people’s

attention [10, 11]. PCFCs using a proton conducting

material as electrolyte and working at 500–700 �C,
which have been regarded the one of the most suit-

able electrochemical devices for energy conversion

owing to the high energy efficiency and low activa-

tion energy. Compared with the conventional oxygen

ion conducting configuration, the production of

PCFC (steam) is generated at the cathode side and

will not dilute the fuel gas [12]. However, since there

is no oxygen ion supplied to anode side of PCFC,

excessive carbon monoxide may lead to carbon

deposition when using hydrocarbon fuels [13, 14]. To

overcome this problem, Duan et al. proposed the

anti-coking mechanism of protonic nickel-based cer-

met anode under the action of hydrogen and oxygen

ions, and achieved the outstanding durability at

600 �C in a variety of hydrocarbon fuels [15]. A large

amount of steam is provided and participated the

fuels reforming processes, as shown in Fig. 1. The

mainly reactions occurred at the anode side of PCFC

when using ethanol fuel can be expressed as follows:

CH3CH2OHþ 3H2O ¼ 2CO2 þ 12Hþ þ 12e� ð1Þ

COþH2O ¼ CO2 þ 2Hþ þ 2e� ð2Þ

The high temperature and exothermic oxidation at

SOFC anode are not conducive to the forward water–

gas shift (2) and will cause the accumulation of CO

[16, 17]. Conversely, the low-temperature and

endothermic nature of steam reforming in PCFC can

further promote the conversion of CH3CH2OH to H2

due to the continuously removable proton from the

anode (1) and thus not limited by thermodynamic

equilibrium [18, 19]. In addition, the steam reforma-

tion reaction of PCFC at low temperature also con-

tributes to the formation of a low CO/CO2 ratio,

which hinders the forward progress of the Bou-

douard reaction and improves the coking tolerance

[20].

Ni-based cermet are normally used as anode

material for PCFCs. However, Ni-based anodes are

prone to the carbon deposition reactions [13, 21].

Recently, perovskite oxide materials have been

widely investigated to replace the conventional Ni-

based anode owing to their good coking tolerance

and good redox cycle stability [22]. However, the lack

of metal active centers results in poor catalytic

activity and larger anode polarization [23, 24].

BaFeO3-d (BFO) is a promising parent oxide for SOFC

cathodes [25, 26]. The transition metal Fe has variable

oxidation and spin states, which potentially con-

tribute high catalytic activity and strong resistance in

cathode environment. Meanwhile, the large ionic

radius and relatively low divalent state of Ba2? is

favorable toward the creation of more free lattice

volume and oxygen vacancies for oxygen transport.

Tao et al. have proposed a kind of multiphase com-

posite cathode for PCFC [27]. The precursor BaCe0.5-
Fe0.5O3-d (BCF) decomposes at high temperature into

two uniformly dispersed and stable perovskite oxi-

des: the main proton conductor phase BaCe0.85Fe0.15-
O3-d (BCF8515) and the main electronic conductor

phase BaCe0.15Fe0.85O3-d (BCF). The transportation of

protons and electrons in the two phases greatly

increases the conductivity and enlarges the three

phases boundary. Recently, Chen et al. found that the

BCF ceramic membrane shows an extremely high

hydrogen permeation flux [28]. Considering the good

proton conductivity of iron-doped BaCeO3 system

and the low coking tolerance of Ni-cermet anode,

BaCe0.5Fe0.5O3-d (BCF) was synthesized and evalu-

ated as the symmetrical electrode material for PCFCs

based on BaZr0.1Ce0.7Y0.2O3-d (BZCY) electrolyte. In
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order to further enhance the catalytic activity, Ni was

introduced to BCF (BaCe0.5Fe0.4Ni0.1O3-d, BCFN). The

electrochemical performance of the modified sym-

metrical electrode was systematically investigated.

Experimental

Powder synthesis

BaCe0.5Fe0.5O3-d and BaCe0.5Fe0.4Ni0.1O3-d powders

were prepared by EDTA-citrate combustion method.

Dissolving the stoichiometric proportion of (CH3-

COO)2Ba, Ce(NO3)3�6H2O, Fe(NO3)3�9H2O and

Ni(NO3)2�6H2O in distilled water. Followed by add-

ing nitric acid for combustion-supporting, citric acid

and EDTA as complexing agent. Then the PH value

was adjusted to 7 by ammonia. After stirring and

heating in evaporating dish, the clear solution grad-

ually became viscous gel and then self-sustaining

combustion occurred, resulting in light yellow ash.

The ashes were calcinated at 1000 �C for 3 h to obtain

the pure phase of BCF and BCFN powders. The

electrolyte powders of BZCY were also synthesized

using the EDTA-citrate combustion method and cal-

cined at 1000 �C for 3 h.

Cell fabrication

The calcined BZCY powders were milled with zir-

conia balls in ethanol for 12 h. After drying at 70 �C,
the BZCY disks with a diameter of 15 mm were

fabricated by dry-pressing technology and sintered at

1400 �C for 5 h to achieve densification. A proper

amount of BCF or BCFN powder was mixed with

10% ethyl cellulose–terpineol to prepare electrode

ink. Then both sides of the electrolyte disks were

painted with the electrode ink. The assemblies were

calcined at 1000 �C for 3 h to apply symmetrical cells.

And the active area in cathode of the single cell is 0.2

cm2.

Characterization and cell measurement

The crystal structure of BCF and BCFN powders was

characterized by X-ray diffraction (XRD, DX-2800

diffractometer). In order to compete the measure-

ment of conductivity test, the rectangular BCF and

BCFN samples (0.15 9 0.4 9 1.4 mm3) were pressed

and then sintered at 1300 �C to achieve densification.

The conductivity of electrode was measured by

standard DC four-probe method on a digital multi-

meter (KEITHLEY 2000). The electrochemical per-

formance of the cells was measured by AC

impedance spectroscopy workstation (CHI604E,

Shanghai Chenhua) with temperature range from 700

to 600 �C. Current density (I)–Voltage (V)–Powder

density (P) curves of cells were measured on elec-

trochemical workstation using humidified hydrogen

as fuel with an intake flow of 40 mL�min-1. The fre-

quency range of EIS was set to 1 MHz * 0.01 Hz

with voltage amplitude of 10 mV. The long-term

testing of single cells was set with a constant voltage

of 0.7 V and recorded the data of running for 100 h.

Significantly, the stability performance of the cells

with BCFN electrodes was measured on another

Figure 1 Comparison of

a oxygen ion conductor

SSOFC and b proton

conductor SSOFC.
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electrochemical workstation (ZenniumE, Germany)

due to the damage on the original instrument. Field

emission scanning electron microscopy (SEM) was

performed to observe the cross-sectional morphology

of single cells.

Results and discussion

Figure 2a shows the XRD patterns of the pre-calcined

BCF and BCFN powders. It can be seen that the

prepared precursor powders decomposed into a

dual-phase compound which consists of an

orthorhombic perovskite phase and a cubic per-

ovskite phase after calcining at high temperature, as

Tao et al. reported [27]. In addition, the characteristic

peaks of corresponding crystal planes of BCF are

clearly observed in BCFN samples. This indicates that

the substitution of Ni at the B-site does not affect the

formation of the dual-phase compound. Typical (110)

peak of BCF which originally observed at 30.75� shifts
to a higher angle (30.79�) in BCFN owing to the

shrinkage of the crystal cell, further illustrating the

replacement of iron ions by nickel ions with a smaller

radius [29]. The chemical compatibility of BCF and

BCFN electrode with BZCY electrolyte was examined

after calcined in air for 5 h under a certain tempera-

ture gradient. As shown in Fig. 2a, all the peaks

assigned to the perovskite phase corresponding to

original electrode materials and BZCY,

Figure 2 a XRD patterns of BCF and BCFN powder calcined at

1000 �C for 3 h and the chemical compatibility between BZCY

electrolyte; b The typical HR-TEM images of the as-prepared

BCFN sample; XRD patterns of as-synthesized c BCF and

d BCFN powder calcined at 1000 �C in air and reduced at

different temperature in humidified H2.
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demonstrating good chemical compatibility. It also

indicates that cerium in BZCY would not affect the

self-assembly behavior of electrode in the cell struc-

ture with BaCO3-based perovskite oxide as both

electrode material and electrolyte material. The TEM

image shown in Fig. 2b confirms the phase structure

of BCFN. The characteristic lattice fringe spacing of

the (110) crystal plane of BCFN is 2.93 Å, related to

the cubic perovskite structure. The spacing of (211)

planes is 3.12 Å, corresponding to the orthorhombic

perovskite structure.

The phase structure of BCF and BCFN powders

treated in humidified H2 was also investigated by the

XRD technology. As shown in Fig. 2c, BCF without

Ni doping still exhibits only orthorhombic and cubic

phases after being reduced at 700 �C for 5 h, which

shows excellent redox stability. However, after sub-

stituting the Fe sites with fewer Ni ions, the per-

ovskite phase was effectively weakened in Fig. 2d.

Moreover, when the reduction temperature reached

650 �C, the additional Fe–Ni alloy peaks appear

between 42� and 45� from the XRD patterns of BCFN

[30]. It indicates that the in situ formation of Fe–Ni

alloy will occur when the operation temperature is

higher than 650 �C in H2. These exsoluted alloy par-

ticles will inevitably improve the catalytic activity of

the anode in a reducing atmosphere, thus affecting

the electrochemical performance of the electrode and

even the single cell [31–33].

Figure 3a shows the electrical conductivity of BCF

and BCFN tested from 300 to 800 �C in air. The

conductivity shows an upward tendency with the

increase of temperature and reaches the maximum

value at 550 �C. Then, it becomes to decrease with the

further increasing temperature, which has a fairly

consistence with the reported results of B-site doped

BaFeO3 [34, 35]. The increase of conductivity below

550 �C is attributed to the thermally activated process

of small polaron hopping, and the temperature

increase significantly promotes the conductivity of

BCFN. However, by further increasing the tempera-

ture, the formation of oxygen vacancies will acceler-

ate and thus the concentration of electron holes will

reduce. Simultaneously, the reduction of high-valent

iron ions driven by high temperature will lead to a

decrease in carrier concentration [34]. The defect

reaction as follows:

2FeFe þO�
O ! €VO þ 1=2O2 gð Þ þ 2Fe�Fe ð3Þ

By comparing the data in Fig. 3a, it can be seen that

the substitution of Ni significantly improved the

conductivity. The conductivity of BCFN is about 1.68

S�cm-1 at 550 �C, while BCF is only 0.98 S cm-1 at the

same temperature. The low-valence metal nickel

doping inhibits the reduction of iron ions and the

generation of oxygen vacancies, and at the same time

increases the concentration of electron hole, which

leads to the improvement of conductivity:

2NiO ! 2Ni
0

Fe þ €VO þ 2O�
O ð4Þ

As shown in Fig. 3b, the conductivity of BCF and

BCFN in humidified H2 (3% H2O) was also recorded.

Unlike the results measured in air, the conductivity

of these two samples under hydrogen increases with

increasing temperature, showing a thermally acti-

vated semiconducting behavior [36]. It is noteworthy

that the conductivity in hydrogen atmosphere is

much lower than that of air, the conductivities of

BCFN at 600 �C are 0.32 S.cm-1 in H2 but 1.62 S.cm-1

in air. This is due to the concomitant reduction of

Figure 3 Electrical conductivity of the dense BCF and BCFN sample measured from 300 to 700 �C in a air, b H2.
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some higher valence cations to lower valence cations

to maintain charge neutrality resulted in a decrease in

the charge carrier concentration [37]. Similarly, the

conductivity in H2 is also greatly improved by

replacing part of Fe with Ni. At 550 �C, the conduc-

tivity of BCFN is 0.25 S�cm-1, which is almost 50%

higher than that of undoped BCF (0.17 S�cm-1).

The impedance spectrum obtained is fitted by an

equivalent circuit L-R1 (R2-CPE1) (R3-CPE2). Each arc

describes a process that leads to the impedance. R1 is

the ohmic resistance consist of electrolyte and other

cell components. R2 represents the resistance at high

frequency that probably correlated with the transfer

of oxygen ions through the electrode/electrolyte

interface. R3 is the resistance at low frequency that

may related to the surface oxygen exchange of the

electrode [38, 39]. For the convenience of comparison,

the ohmic resistance (Ro) of the Nyquist plots is

reduced to zero to observe the difference between

polarized resistance arcs. Shown in Fig. 4a, the area

specific resistance (ASR) of BCFN at 700 �C is 0.067

X�cm2 and that of BCF is 0.18 X�cm2, demonstrating

that the oxygen reduction reaction (ORR) perfor-

mance is enhanced by doping Ni at Fe site. A similar

phenomenon was also observed at lower test tem-

peratures. The BCFN in this work exhibited much

outperforming ASR values than other proton con-

ducting cobalt-free cathodes, such as La0.5Sr1.5-
MnO4?d- La0.5Sr0.5MnO3-d based on BZCY electrolyte

(0.34 X�cm2 at 700 �C) [40], Pr1.7Ca0.3NiO4?d-BaCe0.5-
Zr0.3Y0.2O3-d with BaCe0.5Zr0.3Y0.2O3-d electrolyte (0.28

X�cm2 at 700 �C) [39]. It is also lower than some novel

Co contained cathodes, such as SrCo0.4Fe0.15Zr0.05O3-d

with BaZr0.1Ce0.7Y0.1Yb0.1O3-d electrolyte (0.07 X�cm2

at 700 �C) [41]. It may due to Ni doping which

enhances the conductivity and reduces the charge

transfer resistance. The Rp of BCF and BCFN in

humidified hydrogen (3% H2O) was also studied. The

results show that BCFN has a lower Rp in all tem-

perature ranges, with recorded values of 0.50, 1.09

and 2.69 X�cm2 from 700 to 600 �C, respectively. The
decrease in Rp of BCFN indicates that the electro-

catalytic oxidation ability can also be improved due

to the doping of Ni.

Figure 4 Impedance spectra of BCF and BCFN samples at different temperature in air: a 700 �C, c 650 �C, e 600 �C; and in H2:

b 700 �C, d 650 �C, f 600 �C.
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Figure 5a–b shows the ASR value of BCF and

BCFN from 700 to 600 �C. The change of ASR value

with temperature can be intuitively observed. Fig-

ure 5c–d shows the Arrhenius plots of the BCF and

BCFN in air. The activation energy (Ea) of BCF and

BCFN is similar in air. However, the Ea for BCFN

cathode is about 1.2 eV in H2, which is much lower

than that of BCF (1.5 eV). The data indicated that

BCFN electrode has lower potential barriers of reac-

tion and can achieve higher performance at lower

temperatures.

Figure 6a shows the voltage–current density char-

acteristics of BZCY-supported symmetrical cells with

BCF electrodes tested using wet H2 (3% H2O) as fuel

with an intake flow of 40 mL�min-1 and air as oxi-

dation from 700 to 600 �C. The open circuit voltage

(OCV) with BCFN is 1.085 V at 700 �C, which is

slightly improved than BCF (1.076 V) at same

temperature. These values are close to the theoretical

voltage due to the highly density of BZCY electrolyte.

Peak power densities (Pmax) of 82.7, 60.1 and 28.3

mW�cm-2 at 700, 650 and 600 �C were obtained from

single cell with BCF electrode, respectively. As

shown in Fig. 6b, corresponding Pmax of single cells

with BCFN electrode reached 141, 81.6 and 42.2

mW�cm-2 at 700, 650 and 600 �C, respectively, which

is almost twice than those with BCF symmetrical

electrode. The long-term testing of single cells with

BCF and BCFN symmetrical electrode were also

measured in H2 for 100 h as shown in Fig. 6c–d. It

can be clearly seen that the current density of both

BCF and BCFN cells under test condition for 100 h

without obvious degradation, indicating the promis-

ing application of BCF and BCFN electrodes in pro-

ton conducting SSOFCs. Notably, the abrupt change

of the curve at around 60 h in Fig. 6c is due to the

Figure 5 ASR of symmetrical cells with BCF and BCFN as electrodes a in air and b in H2; ASR in an Arrhenius diagram as a function of

temperature, c air and d H2.
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split of fuels that change the flow rate into the anode

chamber. And the whole system tended to be

stable after 7 h.

Shown in Fig. 7a–b is the AC impedance spec-

troscopy of the single cells with BCF and BCFN

symmetrical electrodes. The intercept of the spectrum

at high frequency and low frequency represents

ohmic resistance (Ro) and total resistance (Rt),

respectively. The difference between Rt and Ro rep-

resents Rp. As shown in Fig. 7a, the Rp of the cell

with BCF electrode was 0.7, 1.7, 4.9 X�cm2 at 700, 650

and 600 �C, respectively. And as expected, BCFN

exhibited relatively low Rp over the test temperature

range with recorded values of 0.5, 1.3 and 3.2 X�cm2

at 700, 650 and 600 �C in Fig. 7b, respectively. It

indicates that BCFN is a promising cathode material

for proton conducting SSOFCs.

The relaxation time distribution (DRT) method was

applied to further elaborate the polarization process

of BCFN electrode under SOFC mode, as shown in

Fig. 7c. Each deconvolution peak reflects one certain

electrochemical process based on the high resolution

of DRT method. It has been established that the P1

peak is related to the gas diffusion in porous anode.

While P2 and P3 peak are corresponding to the

oxygen reduction process and incorporation of O2- in

the electrolyte lattice, respectively. The diffusion of

protons to the electrolyte surface in anode can be

Figure 6 Current–voltage and power density curves of the single cell with a BCF, b BCFN cathode from 700 to 600 �C. Long-term
stability of BZCY-supported single cell with c BCF and d BCFN symmetrical electrodes.
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represented by P4 [42, 43]. By lowering the test

temperature, the rate limiting steps P1-P4 show dif-

ferent trends. The P1, P2 peaks approach the low

frequency regions and the P4 peak moves toward

high frequencies. In addition, a new polarization

peak Padd shows when the temperature drops to

650 �C. The Padd peak represents the hydrogen

adsorption/ dissociation process and proton forma-

tion reaction on anode [44, 45]. As shown in Fig. 7d,

the calculated resistance value of each part at differ-

ent temperature is expressed as percentages. Obvi-

ously, P2 and P3 impedance account for the main

proportion of total impedance at 700 �C. As the

temperature decreases, the peaks of P2 and P3

gradually separate and the ratio of P2 to P3 increases

significantly indicating that the process of oxygen

reduction becomes the rate limiting step at lower

temperature. As described above, the DRT results

reveal that the cathode reaction make a great contri-

bution to the total polarization resistance, which

provides a new perspective for further study on the

mechanism of proton conducting SSOFC.

The cross-sectional SEM of BCF and BCFN cells

after test is shown in Fig. 8. The dense BZCY elec-

trolyte layer is in good contact with the porous elec-

trode layer. And both the BCF and BCFN cathode

present a porous structure with inseparably

connected particles, which is consistent with the

stable ASR value. In addition, BCFN has a smaller

grains and finer microstructure than BCF, which is

helpful for surface catalytic reaction and ion trans-

port in the electrode. Figure 9 shows the SEM image

of the BCFN anode morphology after 100 h of long-

term testing. Obviously, plentiful nanoparticles pre-

cipitated on the surface of the BCFN anode, and did

not destroy the continuous three-dimensional net-

work. According to Fig. 6d, the performance of fuel

cell is slightly improved in the first 40 h due to in situ

formation of nanoscale particles. Combined with the

XRD results in Fig. 2d, it seems that an in situ process

of Fe–Ni alloy nanoparticles formation occurs on the

BCFN anode. Most of the particles are uniformly

dispersed and remain the size of 40 nm although

some agglomeration can be seen.

Conclusions

In summary, self-assembled cubic-orthorhombic

perovskite nanocomposites with the precursor com-

position of BaCe0.5Fe0.5O3-d and BaCe0.5Fe0.4Ni0.1O3-d

were prepared and investigated as symmetrical

electrodes for PCFC. The transportation of protons

and electrons in the two phases greatly increases the

Figure 7 Electrochemical impedance spectra of the single cell with a BCF, b BCFN symmetrical electrodes; c DRT analysis results of

BCFN-BZCY-BCFN single cell tested at various temperatures and d the proportion of each steps.
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conductivity and enlarges the three phases boundary.

The BaCeO3-based electrode and electrolyte materials

show good chemical compatibility, which is also the

basis for stable long-term operation of the cell. In

addition, BCFN shows much better electrical con-

ductivity and lower area specific resistance than BCF,

resulting from the partial substitution of Fe with Ni.

BCFN exhibits remarkable catalytic activity in air, the

ASR of symmetrical cells is only 0.067 X�cm-2 at

700 �C. The single cell with BCFN electrode achieves

the peak power outputs of 141 mW�cm-2 at 700 �C in

H2, which is almost twice than those with BCF

symmetrical electrode. The preliminary experimental

results can demonstrate that dual-phase perovskite

oxides are very promising symmetrical electrodes for

protonic ceramic fuel cells.
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