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Abstract Protonic ceramic fuel cells (PCFCs) have been

attracting increasing attention because of their advances in

high-efficiency power generation in an intermediate-tem-

perature range, as compared to the high-temperature solid

oxide fuel cells (SOFCs). The greatest difference between

PCFCs and SOFCs is the specific requirement of protonic

(H?) conductivity at the PCFC cathode, in addition to the

electronic (e-) and oxide-ion (O2-) conductivity. The

development of a triple H?/e-/O2- conductor for PCFC

cathode is still challenging. Thus, the most-widely used

cathode material is based on the mature e-/O2- conductor.

However, this leads to insufficient triple phase boundary

(TPB), i.e., reaction area. Herein, an efficient strategy that

uses a * 100 nm-thick proton conductive functional layer

(La0.5Sr0.5CoO3-d, LSC55) in-between the typical

La0.8Sr0.2CoO3-d cathode (a mature e-/O2- conductor,

LSC82) and BaZr0.4Ce0.4Y0.1Yb0.1O3-d electrolyte

(11 mm in diameter, 20 lm in thickness) is proposed to

significantly enhance the reaction area. Reasonably, the

ohmic resistance and polarization resistance are both

decreased by 47% and 62%, respectively, compared with

that of PCFCs without the functional layer. The power

density of the PCFC with such a functional layer can be

raised by up to 2.24 times, superior to those described in

previous reports. The enhanced PCFC performances are

attributed to the well-built TPB and enhanced reaction area

via the functional layer engineering strategy.

Keywords Protonic ceramic fuel cell (PCFC); Cathode

functional layer (CFL); Power density; Triple phase

boundary (TPB)

1 Introduction

With the optimization of the global energy structure, it is

extremely urgent to develop and utilize clean energy, e.g.,

hydrogen. Solid oxide fuel cells (SOFCs) at high temper-

ature (typically 800-1000 �C) have gained much attention

as a high-efficiency technology to convert hydrogen into

electrical energy [1, 2]. Although the high working tem-

perature improves the high energy efficiency, the harsh

conditions usually lead to short lifetime and high main-

taining cost of SOFCs. Alternatively, the protonic ceramic

fuel cells (PCFCs) have recently emerged. PCFCs work is

based on protonic conducting electrolyte, other than the

SOFCs based on oxide-ion (O2-) conducting electrolyte.

Because the activation energy for proton conduction is

0.3-0.6 eV, which is much lower than that for O2- con-

duction (* 0.8 eV), PCFCs can function below 700 �C. In
this regard, PCFCs are a promising device to utilize clean

hydrogen energy [3–7].

Developing high-performance PCFCs that operates at a

relatively low temperature is particularly desired, e.g., at

600 �C [8–10]. However, two obstacles at decreased

working temperature must be considered: one is the high
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ohmic resistance (Ro) of the electrolyte and the other is

high polarization resistance (Rp) of the cathode. Great

efforts have been devoted to decreasing Ro by using a

thinner electrolyte. For example, by decreasing the thick-

ness of the BaZr0.1Ce0.7Y0.2O3–d electrolyte from 18 to

10 lm, the Ro can be decreased from 0.66 to 0.24 X�cm2 at

500 �C [11, 12]. Other works suggest that the Ro can be

optimized to 0.1–0.15 X�cm2 if the electrolyte thickness

can be controlled at *2.5 lm [13, 14]. However, con-

trolling the electrolyte to be thin is challenging in terms of

both the electrolyte production and PCFC fabrication.

Exploring advanced strategies to decrease Ro is thus

attractive [5].

On the other hand, it is essential to decrease Rp is to

facilitate the kinetics at cathode side. The design and

synthesis of cathode materials have been thus intensively

investigated. So far, oxides with double O2-/e- conduc-

tivities, such as La0.6Sr0.4Co0.2Fe0.8O3–d (LSCF),

Ba0.5Sr0.5Co0.2Fe0.8O3–d (BSCF), and La0.8Sr0.2CoO3–d

(LSC82) [15, 16], have been widely used as the cathodes

in PCFCs, because these types of oxides are well-under-

stood in the field of SOFCs. However, as previously

mentioned, the protonic conductivity is important in a

PCFC cathode. Otherwise, protons from the electrolyte

cannot transfer across the cathode, leading to fewer

cathode-electrolyte-gas triple phase boundaries (TPBs),

a low reaction area and low kinetics. Accordingly, the

non-existence or insufficiency of proton conductivity in

these double oxides demonstrates high Rp ([ 0.4 X�cm2)

at the temperature below 600 �C [3, 15, 16]. An effective

solution to address this issue is to develop oxides with

simultaneous triple H?/O2-/e- conductivity [17–24].

However, the development of a triple H?/O2-/e- con-

ductor is at its preliminary stage because the proton

conductivity in oxides is still limited by the insufficient

hydration reaction, e.g.,[ 1 9 10-5 S�cm-1 is required

to active the electrode [5, 8, 25–27].

Herein, a strategy based on a cathode functional layer

(CFL) with triple conductivity is proposed to decrease both

Ro and Rp. Significantly, this is accomplished without

employing a thinner electrolyte or triple H?/O2-/e- con-

ducting cathode. Specifically, a thin La0.5Sr0.5CoO3–d

(LSC55) layer is fabricated in-between the conventional

BaZr0.4Ce0.4Y0.1Zr0.1O3–d (BZCYYb) electrolyte and

La0.8Sr0.2CoO3–d (LSC82) cathode. Because of the signif-

icantly decreased Ro and Rp, the output power density of a

PCFC cell is remarkably improved by 2.24 times compared

with that without this functional layer. Moreover, this study

investigated the mechanisms for the extended reaction area

and enhanced performance. The results demonstrated the

potential of this functional layer engineering strategy for

developing advanced PCFCs.

2 Experimental

2.1 Synthesis of LSC82 cathode powder

La0.8Sr0.2CoO3–d (LSC82) powder was synthesized using a

previously reported citrate precursor method referring to

Refs. [28, 29]. Briefly, La(NO3)3�6H2O, Sr(NO3)2, and

Co(NO3)2�6H2O (high purity chemicals, 99.99%, used

without pretreatment) following the required stoichiometry

were dissolved in H2O (Milli-Q). Citric acid (CA;

C6H8O7�H2O) was then added as a chelate agent at a mole

ratio of CA:LSC82 = 2:1. The obtained solution was

heated to 60 �C and maintained for 3 h under vigorously

stirring in order to evaporate H2O and promote polymer-

ization. The obtained gelatinous product was calcinated at

500 �C for 1 h in the air, which yielded a precursor with

deep color. Finally, the precursor was annealed at 800 �C
for 15 h in pure O2 in a tube furnace, producing the LSC82

cathode powder.

2.2 Synthesis of electrolyte and anode precursors

BaCO3 (high purity chemicals, 99.95%), ZrO2 (high purity

chemicals, 98%), CeO2 (high purity chemicals, 99.99%),

Y2O3 (high purity chemicals, 99.99%), and Yb2O3 (high

purity chemicals, 99.99%), along with 3.56 wt% of

Zn(NO3)2�6H2O (Wako chemicals, 99.9%) were ball-mil-

led in ethanol for 48 h and subsequently dried at 80 �C to

obtain the precursor powder for BZCYYb electrolyte. The

BZCYYb electrolyte precursor and NiO were mixed in

ethanol at a weight ratio of 40:60 and ball-milled for 48 h

to obtain the anode precursor.

2.3 Fabrication of functional layer and PCFCs

A specific amount of anode precursor was uniaxially

pressed under 20 MPa and subsequently pressed isostati-

cally under a hydrostatic pressure of 100 MPa. After that,

green anode pellets (* 12 mm in diameter, * 1.2 mm in

thickness) were obtained. Then, an electrolyte precursor

slurry was prepared by dispersing the electrolyte precursor

powder into a solution containing a dispersant (20 wt%

polyethylenimine (molecular weight (Mw) = 28,000) dis-

solved in a-terpineol) and binder (5 wt% surfactant dis-

solved in a-terpineol). The electrolyte precursor slurry was

spin-coated on both sides of the anode pellets, followed by

co-sintering at 1450 �C for 12 h in an air atmosphere.

Accordingly, the compact ceramic disks in ca. U
9 mm 9 1 mm were obtained. The backs of the ceramic

disks were polished with a mechanical grinder to remove

the electrolyte. Thus, the anode | electrolyte configuration

was obtained.
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A functional layer of La0.5Sr0.5CoO3–d (LSC55, * 100

nm) was coated on the electrolyte side using radio fre-

quency (RF, 40 W) sputtering at 500 �C for 2 h in Ar

atmosphere, prior to post annealing at 700 �C for 1 h in O2

atmosphere. The cathode slurry was prepared by dispersing

2 g LSC82 cathode powder in isopropanol (5 ml), a-ter-
pineol (5 ml), molding aids (1 ml) and ethylene (0.3 g).

Then the cathode slurry was coated on the LSC55 func-

tional layer by screen printing, forming a configuration of

anode | electrolyte | functional layer | cathode. Pt paste was

applied to the anode as a current collector, just as in our

previous reports [24, 28]. Finally, the cell was annealed at

700 �C for 1 h in air. As a reference, the cell without the

functional layer was also prepared.

2.4 Physical characterization

X-ray powder diffraction (XRD,Rigaku,Ultima IV)was used

to evaluate the phase purity using Cu Ka radiation (40 kV,

20 mA) in a 2h rangeof5�–90�. The scan rate and2h stepwere
5 (�)�min-1 and 0.02�, respectively. Scanning electron

microscopy (SEM) and energy dispersive X-ray spectroscopy

(EDX) were performed on a SIGMA500 (ZEISS).

2.5 PCFC performance test

The PCFC cathode was sealed in a glass tube filled with

synthetic air (20 vol% O2 and 80 vol% Ar fed bubbled

through water at 30 ml�min-1 (H2O pressure of 2330 Pa)),

while humidified H2 (10 ml�min-1) with 3% water was fed

into the anode side. The same gas flows were used in

electrolysis mode tests. The impedance spectra of the

PCFCs were obtained with a Solartron 1260A frequency

response analyzer implemented with a Solartron 1287

potentiostat in the frequency range of 106–0.1 Hz with an

AC amplitude of 30 mV under an open circuit voltage

(OCV) condition in a temperature range of 500–700 �C.
The current–voltage (I–V) and current–power (I–P) char-

acteristics were recorded on the same apparatus.

3 Results and discussion

3.1 Phase structure and microstructure

Figure 1a shows XRD pattern of the La0.8Sr0.2CoO3–d

(LSC82) cathode powder, which was annealed at 800 �C
for 15 h in a pure oxygen atmosphere. The LSC82 powder

exhibited a single perovskite structure without the

appearance of any second phase. Meanwhile, all the

diffraction peaks were identical to those of rhombohedral

La0.9Sr0.1CoO3–d (PDF No. 28-1229). The microstructural

features of the LSC82 powder are shown in Fig. 1b, where

the grain size was evenly distributed. The calculated

average size based on this SEM image was about 82 nm,

which was smaller than those of previously reported

cathode materials [30–33]. The small size usually benefits

high available surface area. In addition, EDX images

shown in Fig. 1c–f suggest that the La, Sr, Co, and O were

uniformly distribute in the whole sample. Reasonably, it

was desirable to use this LSC82 as the PCFC cathode

because it could provide more active sites for the cathodic

reaction.

We fabricated PCFCs with and without the CFL in-be-

tween the electrolyte and cathode (see the details in Sect.

‘‘Experimental’’). Figure 2a shows the cross-sectional

SEM image of the PCFC with the CFL. It is clearly to

observe three distinct layers: the anode BZCYYb ? NiO,

20 lm-thick electrolyte BZCYYb (including the LSC55

CFL), and LSC82 cathode from bottom to top. The LSC55

CFL was difficult to be directly observed due to the

extremely thin film with the thickness of about 90 nm,

which is prepared by the same method with our previous

report [34]. SEM image of the electrolyte (Fig. 2b)

demonstrates a dense surface while the anode remains good

porous structure (Fig. 2c) to provide enough active sites for

hydrogen diffusion and reduction. XRD patterns of the

anode, electrolyte (BZCYYb) and electrolyte with CFL

(BZCYYb ? LSC55) are presented in Fig. 2d. The anode

exhibits the peaks of NiO and pure perovskite structure.

Although the BZCYYb and BZCYYb ? LSC55 have the

same diffraction features assigned to the pure perovskite

structure, the lattice constants are different, as implied from

the peak shifts (Fig. 2e and f) for the two cells. The above

results suggest that there was no impurity in the anode and

electrolyte.

3.2 Electrochemical performances of PCFCs

In order to evaluate the role of the CFL, the electrochem-

ical performances of PCFCs with and without the CFL

were tested at the temperature range of 500–700 �C. The
obtained I–V curves are shown in Fig. 3a, b. The evolution

of the OCV versus operating temperature based on these

two curves is presented in Fig. 3d. By decreasing the

operating temperature from 700 to 500 �C, the OCV

increased from 0.99 to 1.14 V for the PCFC without the

CFL and from 0.99 to 1.11 V for the PCFC with the CFL.

The theoretical OCV could be calculated according to the

Nernst equation, which changes from 1.14 to 1.16 V at

decreasing temperature from 700 to 500 �C. The gap

between the theoretical and practical OCV values was

attributed to the hole conduction in the BZCYYb elec-

trolyte [24].

On the other hand, the power densities of the PCFCs

with the CFL were much higher than those for PCFCs
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without the CFL at specific temperatures (comparing

Fig. 3a with Fig. 3b). The changes of peak power den-

sities (PPDs) vs. temperature for different cells are

illustrated in Fig. 3c. The PPDs of PCFCs without the

CFL were 414, 233, 162, 137 and 80 mW�cm-2 at 700,

650, 600, 550 and 500 �C, respectively. These values can

be significantly improved to 783, 520, 364, 255 and 159

mW�cm-2, respectively, by applying the CFL strategy.

What should be emphasized is that the PPD at 600 �C is

raised by 2.24 times after introducing CFL. Such an

improvement is remarkably better than previous reports

[8, 35, 36]. For example, the PPD was increased by 0.37

times by introducing (Pr,Ba,Sr)(Co,Fe)O3 interlayer [8],

by 0.8 times when using a BZCYYb1711 layer [35].

We list the published PPD values of typical and recent

PCFCs in Table 1 [5, 15, 37–42]. Except for those PCFCs

with excellent PPDs [5, 41, 42], most PCFCs using a Zr-

rich BZCYYb electrolyte usually exhibited limited power

densities, and most of the PPDs were lower than 400

mW�cm-2 at 700 �C. The PPD of a PCFC based on a

BaZr0.4Ce0.4Y0.2O3 (BZCY442) cathode was 360

mW�cm-2 at 700 �C, [37] while that with the renowned

Ba0.5Sr0.5Co0.2Fe0.8O3 (BSCF) cathode presents 381

mW�cm-2 [15]. This comparison indicates that the PPD

(783 mW�cm-2) at 700 �C obtained in this study is among

the best as compared to those found in the literature.

The electrochemical impedance spectra (EIS) were

measured under the OCV condition at 700–500 �C for the

PCFCs with and without the CFL. The recorded results

and fitting curves are shown in Fig. 4. In general, the x-

axis intercept at the high frequency represents the ohmic

resistance (Ro) of the cells, which includes the resistance

of proton conduction in the electrolyte (main contribu-

tion), the contact resistance is associated with the inter-

face, and the electronic resistance of the electrodes. The

diameter of the semi arc provides the Rp at the cathode

side. It has been widely accepted that the semi arc

includes two distinct semi arcs, named as R1 and R2.

Accordingly, it is reasonable to fit the EIS with an

equivalent circuit model with the configuration of Ro–(R1-

CPE1)–(R2-CPE2) as depicted in the inset of Fig. 4a,

where R and CPE represent the resistance and constant

phase element (i.e., pseudo-capacitance), respectively. S1
and S2 as shown in Fig. 4b are interpreted by the parallel

components of (R1-CPE1) and (R2-CPE2), respectively

[24, 34]. Therefore, R1 and R2 provide the polarization

resistance related to S1 and S2, so that they are renamed as

Rp1 and Rp2. The Rp1 from 1 9 105 to 1 9 102 Hz rep-

resents the charge transfer resistance (electrochemical

proton incorporation, Reaction (3)), and the Rp2 from

1 9 105 to 1 9 10-1 Hz usually reflects the resistance of

mass transfer on the cathode (the surface diffusion or

association desorption of oxygen species on the cathode

side, Reactions (1, 2, 4)) during the cathodic reacting

process. Accordingly, EIS curves of the PCFC with and

without the CFL at different temperatures are fitted, as

shown in Fig. 4a–e; meanwhile, the fitted results of Ro

(and calculated proton conductivity), Rp1, Rp2 and Rp are

plotted against the temperature, as shown in Fig. 4f–i,

respectively.

Fig. 1 a XRD pattern, b SEM image and EDX images of c La, d Sr, e Co, and f O for LSC82 powder annealed at 800 �C in O2

atmosphere for 15 h
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O2(g) ! 2OTPB ð1Þ

OTPB þ 2e� ! O2�
TPB ð2Þ

2Hþ
electrolyte ! 2Hþ

TPB ð3Þ

2Hþ
TPB þ O2�

TPB ! H2OTPB ð4Þ

As shown in Fig. 4f, after applying the LSC55 CFL, the

Ro decreased from 0.34 to 0.2 X�cm2, 0.47 to 0.25 X�cm2,

0.59 to 0.31 X�cm2, 0.75 to 0.39 X�cm2, and 0.95 to 0.5

X�cm2, respectively. The corresponding proton

conductivities increase from 0.0059 to 0.01 S�cm-1,

0.004 to 0.008 S�cm-1, 0.0033 to 0.006 S�cm-1, 0.0027

to 0.005 S�cm-1, and 0.002 to 0.004 S�cm-1 at 700, 650,

600, 550 and 500 �C, respectively. Even though the proton

conductivities were lower than that recently report (0.028

S�cm-1 of BZCY442 at 700 �C) [43], the significant

decreases in terms of Ro and proton conductivity strongly

Fig. 2 SEM images of a cross section, b surface of electrolyte, and c anode for PCFC consisting of LSC82 cathode, BZCYYb
electrolyte, CFL, and NiO-BZCYYb anode; d XRD patterns of anode, electrolyte, and electrolyte with sputtered CFL for PCFC; e–g
enlarged XRD peaks of electrolyte and electrolyte with sputtered CFL
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suggests the improved proton conductivity in the PCFCs if

using CFL.

On the other hand, the Rp1 (Fig. 4g) and Rp2 (Fig. 4h) of

PCFCs with the CFL were smaller than those without the

CFL. For example, Rp1 and Rp2 are sharply decreased from

0.55 to 0.11 X�cm2 and from 0.58 to 0.32 X�cm2 at 600 �C
(Rp1 and Rp2 are decreased by 80% and 45% after using the

CFL). These results indicate that the CFL can dramatically

promote the proton incorporating process, as well as the

surface diffusion or association desorption of oxygen spe-

cies. Specifically, at a low temperature, e.g., 500 �C, the
CFL also played an essential role in promoting mass

transfer. At this temperature, the Rp1 and Rp2 decreased by

26% and 70%, respectively, indicating that the Reactions

Fig. 3 I–V curves and corresponding power densities measured in temperature range of 500–700 �C for PCFCs a without and b with
CFL (anode: wet hydrogen with 3% water (10 ml�min-1); cathode: wet air (20 vol% O2 and 80 vol% Ar, H2O pressure of 2330 Pa;
30 ml�min-1); c PPD as function of temperature; d comparison of theoretical and measured OCVs for two PCFCs

Table 1 A comparison of PPDs at 700 �C of PCFCs using similar Zr-rich BZCY(Yb) electrolyte and various air electrodes

Air electrodes Electrolytes PPDs / (mW�cm-2) Refs.

LSC BZCYYb 414 This work

LSC(CFL) BZCYYb 783 This work

PBSCF BZCYYb 1350 (650 �C) [42]

BCFZY BZCYYb 650 [5]

NBSCF BZCYYb1711 1370 [41]

LSCF BZCY442 381 [15]

BSCF BZCY442 360 [37]

Pr2NiO4 BZCY442 234 [38]

BZCY-BSCFT BZCY442 281 [39]

BSCF BZCY442 360 [37]

BSCF BZCY442 480 [40]

PBSCF:Pr(Ba0.5Sr0.5Co1.5Fe0.5)O5?d, BCFZY: BaCe0.4Fe0.4Zr0.1Y0.1O3–d, NBSCF: NdBa0.5Sr0.5Co1.5Fe0.5O5?d, LSCF: La0.6Sr0.4-
Co0.2Fe0.8O3–d, BSCF: Ba0.5Sr0.5Co0.2Fe0.8O3–d, BZCY-BSCFT: Ba0.5Sr0.5(Co0.8Fe0.2)0.9Ti0.1O3–d
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(1, 2) may be the rate-determining step for the cell without

the CFL. Furthermore, Rp is the sum of Rp1 and Rp2, rep-

resenting the total resistance of cathodic reaction. Rea-

sonably, the obtained Rp values were 0.34, 1.13, 1.63, and

3.84 X�cm2 for PCFCs without the CFL, while those for

PCFCs with the CFL significantly decline to 0.25, 0.43,

0.86 and 1.59 X�cm2 at 650, 600, 550 and 500 �C,
respectively (Fig. 4i).

The Arrhenius plots of Ro
-1 and Rp

-1 for the PCFCs

with and without the CFL were performed (Fig. 5). As

shown in Fig. 5a, the activation energies (Ea) of Ro
-1 were

0.29 and 0.32 eV for PCFCs with and without the CFL.

The decreased Ea of Ro
-1 for PCFC with CFL suggested

that the CFL contributed greatly to the proton conduction

of the PCFCs. On the other hand, the Ea of Rp
-1 also

greatly declined from 1.60 to 1.12 eV when the CFL was

sputtered on the electrolyte (Fig. 5b). The dramatically

decreased Rp indicated that the CFL can greatly promote

hole/proton transfer, water formation and the surface

kinetics of the cathode. This Ea value was lower than the

widely used cathode materials, such as LSCF6428

(1.40 eV) [15], even comparable to that of the state-of-the-

Fig. 4 Fitting results of EIS at a 700 �C, b 650 �C, c 600 �C, d 550 �C, and e 500 �C under OCV condition for comparison of PCFCs
with and without CFL; f Ro and proton conductivity, g Rp1, h Rp2, and i Rp as function of temperatures for two PCFCs
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art triple conducting (La0.7Sr0.3)(Mn0.7Ni0.3)O3 (1.13 eV)

[44].

In this work, we also preliminarily studied the applica-

tion of the CFL strategy in protonic ceramic electrolysis

cells (PCECs), which works under the reverse mode of fuel

cell [45]. The I–V curves for PCECs with the CFL were

recorded from 1.8 V to OCV at 500–700 �C, as shown in

Fig. 6a. In detail, the current densities at 1.3 V were 1390,

706, 460 and 283 mA�cm-2 at 700, 650, 600 and 550 �C,
respectively (Fig. 6b). Interestingly, the current density at

700 �C can reach 1390 mA�cm-2, which was higher than

that of the reported Zr-rich BZCY based electrolysis cells

in the literatures (Table 2 [46–50]).

Based on the above results, the functional layer strategy

proposed in this work plays an efficient role in promoting

Fig. 5 a Arrhenius plots of Ro
-1 and b Rp

-1 for PCFCs with and without CFL from 500 to 700 �C

Fig. 6 I–V curves of PCFC with CFL operating in electrolysis mode at range of 500–700 �C with cathode of 30 ml�min-1 wet synthetic
air, 20 vol% O2 and 80 vol% Ar (H2O pressure of 2330 Pa; 3% water partial pressure), and anode of 10 ml�min-1 humidified H2 with
3% water

Table 2 Current densities at 1.3 V for protonic ceramic elec-
trolysis cells based on BZCYYb electrolyte at 700 �C

Electrolytes Anode Current densities /
(mA�cm-2)

Refs.

BZCYYb4411 LSC 1390 This work

BZCY442 SSC 30 [46]

BZCY532 SEFC-
BZCY53

1000 [47]

BCZYZn53 LSCM-
BCZYZn53

960 [48]

BCZYZn53 LSCM 22 [49]

BZY91 LSCF-
BZY82

200 [50]

LSCM: La0.75Sr0.25Cr0.5Mn0.5O3-d; BCZYZn53: BaCe0.5Zr0.3Y0.16

Zn0.04O3
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the electrochemical performance of PCFCs at intermediate

temperatures. Both Ro and Rp were essentially lowered by

using the CFL. For PCFCs, particularly those using a

double e-/O2- conductor as cathode (like the LSC82 used

in this work), the performance is significantly determined

by the cathode-electrolyte-gas TPB. As shown in Fig. 7a,

the proton transfers from the anode to the cathode side

through electrolyte. Since the double e-/O2- conductor is

not conductive for protons, the ORR can take place only on

the electrolyte/cathode interface. In this regard, some

protons cannot directly and immediately participate in the

ORR, resulting in the slow kinetics at cathode. By contrast,

once a functional LSC55 layer is applied (Fig. 7b), which

was reported to be a proton-electron-oxide ion triple

conducting phase [34], the O2- and e- can transfer in the

whole CFL. Therefore, the protons from the electrolyte can

be directly reacted and form water as products. Reason-

ably, the reaction area is largely expanded to all the

interface between the CFL and the electrolyte, thus

resulting in the decreased Ro and Rp of PCFCs and

improved power density.

4 Conclusion

In summary, BaZr0.4Ce0.4Y0.1Yb0.1O3–d electrolyte-based

PCFCs with a sputtered ultra-thin CFL, i.e., * 90 nm

La0.5Sr0.5CoO3–d, was designed and successfully prepared.

The PPD can reach 783 mW�cm-2 at 700 �C. At a lower

temperature, e.g., 600 �C, the PPD increases by 2.24 times,

and the ohmic and polarization resistance declines from

0.59 to 0.31 X�cm2 and 1.12 to 0.43 X�cm2, respectively, as

compared with the PCFC without the CFL. The enhanced

electrochemical performances are attributed to the func-

tional layer between the electrolyte and the cathode, which

plays the significant role in expanding the cathodic reaction

area. We assume that if the CFL with rough surface where

the cathode particles can be embedded inside, the electro-

chemical performance can be further improved, which is

still pending in our group. These results indicate that the

functional layer engineering strategy holds promise for the

development of advanced PCFCs.
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