Building Ruddlesden-Popper and Single Perovskite Nanocomposites: A New Strategy to Develop
High-Performance Cathode for Protonic Ceramic Fuel Cells
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WILEY-VCH

ABSTRACT: The development of a highly active and robust cathode is a key step to realize the
Wicaﬁon of protonic ceramic fuel cells (PCFCs). Here we unveil a new strategy to develop
supcrior _cathodes for PCFCs by the formation of Ruddlesden-Popper (RP)-single perovskite (SP)
na ogites. We specifically design materials with the nominal compositions of
O10.5 (LSCFx, x = 2.0, 2.5, 2.6, 2.7, 2.8, and 3.0). RP-SP nanocomposites (x = 2.5, 2.6,
2.7, and 2.8), SP oxide (x = 2.0), and RP oxide (x = 3.0) are obtained through a facile one-pot
@Msynergy is created between RP and SP in the nanocomposites, resulting in more favorable
oX reduction activity compared to pure RP and SP oxides. More importantly, such synergy
effectively enhances the proton-conductivity of nanocomposites, consequently significantly improving
thef€athodi@iperformance of PCFCs. Specifically, the area-specific resistance of LSCF2.7 is only 40%
of on BaZr;;Ce7Y 2055 (BZCY172) electrolyte at 600 °C. Additionally, such synergy
t a reduced thermal expansion coefficient of the nanocomposite, making it better
ith BZCY172 electrolyte. Therefore, an anode-supported PCFC with LSCF2.7 cathode
BZCY172 electrolyte brings an attractive peak power output of 391 mW cm™ and

attrjability at 600 °C.
1. Introdu!on

Solmmel cells (SOFCs) have been paid enormous importance from both scientific and
industrial co ities during the past two decades because of their numerous advantageous
features as cEed to polymer electrolyte membrane fuel cells, such as high electrode reaction
kinetics use of precious metal-free electrode materials, simplified water management,
fuel erxibiI!' y, and potential co-generation of power and chemical."™ Typically, SOFCs are classified
into two typ cording to the different conduction mechanism of the electrolytes, i.e. oxygen ion
conducting@)-SOFCS) and proton-conducting SOFCs, also known as protonic ceramic fuel cells

(PCFCs). N@Wwadays, it is widely recognized that reducing operating temperatures of SOFCs to the

brin:
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intermediate-to-low temperature (ILT) range (i.e. 400-700 °C) can dramatically stimulate the

commercialization of this attractive technology, because such drop in operating temperature can

t

P

effectively 'Cut operating cost, prolong cell lifetime, and enable more flexible sealing.*® The power
output is parameter to determine the practical applicability of fuel cells. It is closely

related T0 the polarization resistance of electrodes and the ohmic resistance of the electrolyte in fuel

cells. Therefgre, there are great efforts to maintain low values for both of them at reduced operating

Cl

temperatu idering the ohmic resistance is in direct proportion to the electrolyte thickness

and in opposife Proportion to the conductivity of electrolyte, an anode-supported thin-film

$

electrolyte iguration is widely adopted for ILT-SOFCs. Given that the relatively low activation

U

energy of iffusion compared to oxygen-ion, in principle, PCFCs are more suitable than O-

SOFCs for §he operation at reduced temperatures.”® Based on the theoretical conductivity of

[)

benchmar conducting electrolytes, such as BaZry;Cey;Y1Ybo1035 (BZCYYb), the ohmic

d

resistance of¥a -film electrolyte with the thickness of ~10 um is still affordable for operating at a

temperatu to 450 °C.”* In the past decade, tremendous efforts have been made in the

M

d [11-14]

fabrica ilm proton-conducting electrolytes and significant progress has been gaine

For example, spray casting, spin coating, screen printing, and sintering aid have turned out to be

f

effective methods in preparing high-quality proton-conducting electrolytes with mass production

capabilitie ests that the development of efficient electrode materials is of particular

O

importanc izing high power outputs of PCFCs at ILT range. Since the cathodic performance

th
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decisively determines the electrode polarization resistance, the search for high-performance

cathodes that performs well in ILT-PCFCs has attracted more and more attention.*>?°

Th ic reactions in PCFCs are more complicated than that in O-SOFCs. For typical
cathodic p O-SOFCs, the oxygen is first adsorbed on the electrode surface, where it
I I

undergoesWissociation, diffusion, and charge transfer. If a mixed oxygen ion and electron conducting
(MIEC) eleftrode s applied, the charge transfer can occur across the entire exposed electrode
surface, and_ t the as-formed oxygen ion diffuses through the electrolyte to the anode side.
Therefore, lopment of MIEC cathodes is a general research trend for ILT O-SOFCs.?% As to
PCFCs, the cathodit processes involve the oxygen reduction reaction (ORR) and the production of
water by 0% d in the cathode and H" transported from the anode. It implies that an excellent
cathode olchould possess both high bulk proton conductivity and oxygen surface exchange
kinetics, v@en ion conductivity is not as important as in 0-SOFCs.”” Since the perovskite-
type pr tors usually show low thermal expansion coefficient (TEC), the cathode materials

should also h atively low TEC to ensure their good thermomechanical compatibility.?**® Single

perovskite (SP) oxides have been broadly applied as the electrodes for O-SOFCs. In particular, many
cobaIt—bass perovskite oxides exhibit superb mixed oxygen ionic and electronic conductivity and

oxygen sur hange kinetics, thus guaranteeing that they are excellent cathodes materials for

ILT O-SOFCs? owever, in general, the cobalt-based perovskite oxides have large TEC, and the

rich cobaltg the perovskites may suppress proton conduction.?**¥ Consequently, the cobalt-based

I This article 1s protected by copyright. All rights reserved.
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perovskite oxides usually display insufficient activity for PCFCs.?***! The Ruddlesden-Popper (RP)

perovskite oxides, which are layered structure with alternative perovskite layer and metal oxides,

t

P

have received considerable attention in recent years. Compared to SP oxides, some RP oxides show

[36-38]

higher pro ivity, thus displaying promising performance as the cathodes of PCFCs.

|| . . .
However, in comparison to SP oxides, RP oxides generally show poorer oxygen surface exchange

£

kinetics and loweg electronic conductivity.%*"!

Compared to single phase oxides, it has recently been found that many nanocomposites

o5C

have bette ic or electrocatalytic activity for various reactions, such as peroxymonosulfate

activation for wa$te water remediation, ORR at elevated temperature, and oxygen evolution

Ul

reaction (O kaline media at room temperature.”*** The strong interaction between the two

N

phases int omposites could inhibit the thermal expansion of the materials. Additionally, the

introducti ergistic effect can alter the electronic structure of both phases, thereby

d

optimiz diffusion and surface properties.*>**! It indicates that the strongly interacting RP-

SP nanocom may be potential cathodes for PCFCs. In the past, several nanocomposites have

\1

been successfully prepared through a one-pot synthesis using organic precursors.[47'5°] However, it is

a big chall@nge to precisely control the mass ratio of each phase in the nanocomposite. Very

[

recently, w eveloped a method of an A-site cation deficiency-promoted phase separation for

O

preparing anocomposites with an accurately controlled mass ratio of two phases. The as-

obtained ocomposite showed a promising performance as the OER eIectrocataIyst.[Sl] It provides

M

{
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a useful platform for studying the potential benefits of forming RP-SP nanocomposite to enhance

the ORR performance in PCFCs.

it

ral RP-SP nanocomposites, pure RP oxide, and pure SP oxide with the nominal

compositio L015Fe; 50105 (LSCFX, x = 2.0, 2.5, 2.6, 2.7, 2.8, and 3.0) were prepared and
||

explored aSithe cathodes for O-SOFCs and PCFCs for operating at ILT range. Compared to the single

RP (LSCF3 andh SP (LSCF2.0) perovskites, the as-obtained RP-SP nanocomposite with an

appropriate ratio of RP and SP can effectively enhance the ORR activity of PCFC, which is

S5G

attributed ificreased bulk proton conductivity and favorable oxygen surface exchange kinetics

by building a strong interacted nanocomposite. It thus provides a new strategy for the development

Ul

of alternati des for PCFCs operation at ILT range.

g

2. Results a ssion

e

2.1. Basic Properties of RP-SP Nanocomposites

In Figure S1, all X-ray diffraction (XRD) peaks of LSCF2.0 and LSCF3.0 can be well

Vi

indexed according to the SP with cubic lattice symmetry and the layered RP structure, respectively,

while the

1

samples can be indexed based on a mixture of RP and SP. According to Rietveld

refinemen RD patterns, LSCFx samples (x = 2.5, 2.6, 2.7, and 2.8) were the mixtures of

G

LSCF2.0 and 3.0 with the mass ratios of 5:5, 4:6, 3:7, and 2:8, respectively.[51] Based on the half

th
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width of the diffraction peaks at (111) plane for SP and (118) plane for RP, the average crystalline
size of RP and SP phases in LSCF2.5, LSCF2.6, LSCF2.7, and LSCF2.8 are found to be 94/45 (RP/SP),
65/66. MNSS nm, respectively. It suggests that RP and SP in these materials are both
nanocrystaming the formation of nanocomposites, which agrees well with our previous

studies.-” Elg -resolution transmission electron microscopy (HRTEM) images of LSCF2.7 also

confirm the formation of mixed phases of RP and SP (Figure S2).

To examine whether the RP-SP nanocomposites can present stably at the operating
w

temperatu -SOFCs, LSCF2.7 was selected as a representative nanocomposite to be further
calcined at 600 ° air for a prolonged period of 200 h. As shown in Figure 1a, the XRD pattern of
LSCF2.7 aftegsi ing for 200 h is almost the same as that of the fresh LSCF2.7, which can still be
indexed wtﬁng to the mixture of RP and SP, indicating the high thermodynamic stability of

the nanocdimp @ The N, adsorption/desorption isotherms of LSCF2.7 before and after sintering at

600 °C is shown in Figure 1b. Both curves are similar and can be assigned to type I,
implying the free nature of the materials. It suggests the specific surface area is mainly
contributed from the exposed external surface of the particles. After calcination at 600 °C for 200 h,

the specifiSurface area of LSCF2.7 only showed a slight decrease from the initial 2.03 to 1.84 m”’ g%,

signifying t ior sintering resistance of the nanocomposites.
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Figure 1. (a) XRD patterns and (b) N, adsorption/desorption isotherms of LSCF2.7 before and after

calcining asoo °C for 200 h.

In Q to chemical compatibility, thermomechanical compatibility between the
eIectronte e cathode is also a big concern for the stable operation of fuel cells. The TECs of
Th1s article is protected by copyright. All rights reserved.
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electrolyte materials, Smg,Ceq5019 (SDC) and BaZry1Ceq;Y0.20s.5 (BZCY172), were reported to be 12.6
x10° and 10.1 x 10° K, respectively, within the temperature range of 400-700 °C.**** Cobalt-based
perovskMsually show large TECs (20 x 10° - 30 x 10°® K™), which can be attributed to the
chemical lated to the easy change in oxidation state and spin state of cobalt ion.k>
Convers-elyw oxides generally exhibit relatively low TECs. On the basis of the dilatometric
curves (Figuge 2a), the TECs are calculated to be 27.7, 26.4, and 24.6 x 10°® K™ for LSCF2.0, LSCF3.0,

and LSCF2. tively. As expected, LSCF2.7 showed the smallest TEC among the three samples.

The low T s hakes LSCF2.7 more compatible with the electrolyte, which is beneficial for the

S

fuel cell a . We previously demonstrated that the intimate interaction between the SP and

U

double pe DP) phases in nanodomain can effectively suppress the oxidation state change of

transition Wetal elements in the oxides, thereby inhibiting chemical expansion.* The oxidation

A

state trans ability of these three samples were then examined by an oxygen temperature-

d

programmed'd ption (O,-TPD) technique. As shown in Figure 2b, LSCF2.7 has the lowest oxygen

release de nifying that the transition in oxidation state of transition metal elements is

I\

signific ned by the formation of RP-SP nanocomposite. Furthermore, the onset

temperature of oxygen release for LSCF2.7 is the lowest among the three samples, suggesting the

{

highest mobility of the oxygen in LSCF2.7.

tho
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Figure 2. (a) Thermal expansion and (b) O,-TPD curves for LSCF2.0, LSCF2.7, and LSCF3.0.

U

Th al conductivity is one of key indicators for evaluating cathode materials. As

1

shown in " the conductivity of all LSCFx samples decreases with increasing temperature,

indicating the allic conducting behavior. LSCF2.0 presents the highest electrical conductivity

d

within vestigated temperature range. For the RP-SP nanocomposites (LSCF2.5, LSCF2.6,

LSCF2.7, an .8), the higher the SP phase content (the smaller x value in LSCFx), the higher the

M

apparent conductivity. This is well understood considering the higher conductivity of SP LSCF2.0 than

that of RP ¥8CF3.0. Nevertheless, all samples still show the electrical conductivity of larger than 140

[

S cm™ wit LT range of 400-650 °C, which is sufficient to meet the requirements as the

¢

cathodes of Cs.

th
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Figure 3. The temperature dependence of the electrical conductivities of LSCFx (x = 2.0, 2.5, 2.6, 2.7,
2.8, and 3.

U

2.2. Electroge Activity

>
»

Ak

ed above, the cathodic reactions in PCFCs include the electrochemical reduction
of mol n to oxygen ions, and the formation of water from oxygen ions and proton

transported e anode side. For a proton-insulated electrode, the water formation only occurs

\

at the triple-phase-boundary (TPB) of electrode, air and electrolyte, while it can extend to the entire

cathode suface if proton conduction is introduced into the cathode bulk. However, in O-SOFCs, only

£

ORR occur cathode, while the water is produced in the anode. It suggests that both the

O

catalytic ac or ORR and the proton conductivity of the electrode determine the cathode

th
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performance in PCFCs. The poor proton conductivity of the cathode may cause a large polarization
resistance for the proton charge transfer across the electrolyte-electrode interface. Therefore, the

key step t! optimize the cathode performance in PCFCs is the introduction of sufficient proton

conductivi thode.
H I
(@) (b)
08
o LSCF2.0 < LSCF25 ~ LSCF2.6 095
LSCF2.7 v LSCF2.8 LSCF3.0 ’
LSCF-PM
0.6+ 0.20 1
g QPE! (] g 0.154
g 044 S
N = 0.10
1 10" Hz = ]
0.05 -
0.00
0.0 0.2 04 06 0.8 10° 10° 10" 10° 10° 107 10° 10
Z2' (@ em?) 1 (8}

’
C

Figure plots of LSCFx and LSCF-PM electrodes, and (b) DRT spectra of LSCFx electrodes
on the SDC ele te at 600 °C in humidified air.

To understand the effect of phase and composition on the catalytic activity for ORR, we first

tested the @lectrochemical performance of the LSCFx materials on oxygen ion-conducting electrolyte

[

(SDC) usin etrical cell configuration. Figure 4a shows the experimental and fitting results in

O

Nyquist plot e LSCFx electrodes on the SDC electrolyte in air at 600 °C, where suppressed and

th
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strongly overlapped semicircles appear. For comparison, we physically mixed LSCF2.0 and LSCF3.0

with a mass ratio of 3:7 based on the XRD analysis result of LSCF2.7 to form a mixture of RP+SP,

t

named LSCF-PM. Fitting parameters for LSCF2.0, LSCF3.0 and LSCF2.7 electrodes are listed in Table

S1. Typical icircle at different frequencies is related to different processes, including the

gas difft’si and surface adsorption (low frequency), the surface diffusion and oxygen dissociation

£

(intermediate freguency), and the charge transfer process (high frequency). All electrodes have no

such arcs a

C

guencies, which indicates that the polarization resistance from gas diffusion and

surface adsorpfionfprocesses is negligible. The arc at the high frequency range is smaller than that at

$

the inter equency range, suggesting that the polarization resistance of the LSCF series

U

electrodes SDC electrolyte mainly arises from the oxygen surface diffusion and oxygen

dissociatioR\processes. As shown in Figure 4a, the electrochemical impedance spectroscopy (EIS) of

[

all electro yed similar shapes, manifesting their similar mechanisms for ORR on the oxygen

d

ion-conductifig ‘@lectrolyte. This is also supported by the similar activation energies (E,) for area

specific res (ASRs) as shown in Fig. S2, i.e., the E, values are 118, 131, 126, 123, 123, 124, and

\l

120 kJ CF2.0, LSCF2.5, LSCF2.6, LSCF2.7, LSCF2.8, LSCF3.0, and LSCF-PM, respectively.

From Figure S3, we also find that the LSCF3.0 with a RP structure has the largest ASR, while the

{

LSCF2.0 SP shows much lower ASR. For example, the ASRs are 0.65 and 0.42 Q cm? for LSCF3.0 and

LSCF2.0 at @ espectively. It suggests that LSCF on the SDC electrolyte, the formation of the RP

structure a decreased oxygen reaction kinetics compared to the SP structure. After the

n

{
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creation of RP-SP nanocomposites, the ORR activity is highly dependent on the relative content of

the RP and SP phases. For instance, ASRs of 0.37, 0.44, 0.51, and 0.55 Q cm? were observed for the

t

P,

LSCF2.5, LSCF2.6, LSCF2.7, and LSCF2.8, respectively. The larger the SP phase content in the
nanocomp aller the ASR. Interestingly, the LSCF2.5 even showed a smaller ASR (0.37 Q

cm?) thzﬁl .0 (0.42 Q cm?). This is possibly because the strongly interacted RP and SP phases

[

leads to an enhagced oxygen mobility in the nanocomposite (Figure 2b), which effectively improves

n kinetics on the electrode surface.

C

the oxygen

S

performed distribution of relaxation times (DRT) analysis on EIS,”™ and the

results are shownfin Figure 4b and Figure S4. For all samples, two peaks appeared on DRT curves

U

within the of 10%-10" s (P1) and 10™-107 s (P2). The P1 is assigned to the charge transfer

1

associated incorporation of formed 0> into the surface oxygen vacancies, while the P2 is

related to the e oxygen diffusion and dissociation processes. It clearly shows that the intensity

dl

of P2 is r than that of P1, which further confirms that the polarization resistance of the

LSCFx electro the SDC electrolyte is mainly contributed by the oxygen surface diffusion and

M

dissociation processes.

thor
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By applying the LSCFx electrodes on the proton-conducting electrolyte (BZCY172), it can be

observed that the EIS trend of the electrodes is different from that on the SDC electrolyte, as shown

t

2

in Figure 5d. Both LSCF2.0 and LSCF3.0 showed relatively poor electrode performance. In fact, at the
entire inv perature range of 500-700 °C, the SP LSCF2.0 presented the largest ASRs,
while th-e .0 showed only slightly better performance than LSCF2.0 (Figure 5b). It is well

known that the LSCF2.0 has negligible proton conductivity, which may account for its poor electrode

Cl4

performan e BZCY172 electrolyte. According to density functional theory calculations and

experimengal Studies, it is believed that the formation of RP structure can improve the proton

-

conductivi mainly appears in the alkaline earth metal oxide layer.®®*® However, the

U

LSCF3.0 el displayed an unfavorable performance on the BZCY172 electrolyte, which may be

explained By the relatively poor ORR activity of LSCF3.0, as evidenced by the EIS results on the SDC

[F)

electrolyte tably, once RP-SP nanocomposites were formed, their electrode performance on

d

the BZCY1 rolyte has been substantially improved. Among all nanocomposites, LSCF2.7

delivered erformance with an ASR of only 0.44 Q cm? at 600 °C, while the ASRs of LSCF2.0

1

and LS .20 and 1.04 Q cm’ at the same temperature, respectively. As demonstrated

earlier, on the oxygen-ion conducting electrolyte (SDC), the ORR activity of the nanocomposites was

I

better than 3.0 and comparable to SP LSCF2.0. The performance of the LSCFx electrodes on

the proto m ing electrolyte was greatly improved, revealing that the creation of RP-SP

tho
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nanocomposites may also bring about a significant increase in proton conductivity compared with SP

LSCF2.0.
To this assumption, the EIS of various LSCFx electrodes on the BZCY172 electrolyte
was also a DRT, which can provide more in-depth information on the contribution of
H I

different parts of the electrode reactions to the polarization resistance, as shown in Figure 5c and

Figure S5. A8 mentioned, on the SDC electrolyte, all the samples showed two peaks, assighing to the
ncorporat% into surface oxygen vacancy and the oxygen surface diffusion/dissociation,
respectivel RT curves of the LSCFx electrodes on the BZCY172 electrolyte are much more
complicate@at on the SDC electrolyte. The main difference is the appearance of a strong
peak (P1’) range of 10°-10° s. Such peak in high frequency should be related to charge
transfer p well. In combination with the literature results, it is assigned to the proton
transfer amelectrolyte-electrode interface.®®Y As shown in Figure 5c, LSCF2.0 SP showed

the lar ity for P1’. This is easy to understand since LSCF2.0 is a proton-insulating material,

and the prot rge transfer only occurs at the TPB. Compared to LSCF2.0, LSCF3.0 showed a

lower intensity of P1’, suggesting an increase in proton conductivity. It agrees well with the easier

proton cor!uction in RP than in SP. Surprisingly, for all RP-SP nanocomposites, the intensity of P1’

was extreVQreased, indicating the substantial increase of proton conductivity within the

nanocompo ctrodes, which further confirms the creation of synergy between the SP and RP

phases in ge nanocomposites. The proton conduction in perovskite oxides is mainly through

his article is protected by copyright. All rights reserved.
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hydroxide defects that can be generated by the dissociative adsorption of water in oxygen

vacancies.” The peak (P2’) within the T range of 103-10™ s was also observed in the DRT curves for

t

P

the LSCFx €le des on the BZCY172 electrolyte, while its intensity was slightly increased compared
with that lectrolyte. As we all know, the air used in PCFCs is humidified, and the water

in the aE e competitively adsorbed in the oxygen vacancies of the electrode, thus inhibiting the

]

charge transfer gf oxygen ions. Nevertheless, the intensity of P2’ is still much lower than that of P1’.
Therefore, ge transfer of oxygen ions will have a decisive effect on electrode performance.

Another diffeg@ncg is that, in some cases, an obvious gas diffusion polarization peak (P3’) was

SC

observed i curve of the LSCF2.7 electrode on the BZCY172 electrolyte, but this peak did not

U

appear fo e electrode on the SDC electrolyte. Similarly, the water in the humidified air

probably hindered the oxygen diffusion under the operating conditions of PCFCs. Owing to the low

[}

intensity o ch gas phase diffusion polarization also did not play pivotal role in electrode

d

performanc ugh the peak shape became less symmetrical compared to that on the SDC

electrolyte, s peaks at the intermediate frequency range (t = 10-10” s) were observed for

]

the DR e LSCFx on the BZCY172 electrolyte, and the intensity of the peak is comparable

to that on the SDC electrolyte. Undoubtedly, this peak is related to the oxygen surface diffusion and

[

dissociation processes. On the basis of the DRT analysis, it is clear that the electrode performance on

the proto @ ing electrolyte mainly depends on the ORR activity and the proton conductivity

of the ele ~The electrode performance of the LSCFx nanocomposites is better than LSCF2.0

n

{
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and LSCF3.0, which is mainly due to the increase of the proton conductivity inside the electrode

bulk.
For, ison, we also analyzed the EIS of the LSCF-PM electrode on the BZCY172
electrolyte idified air (Figure 5a and 5b). Compared to LSCF2.0 and LSCF3.0 electrodes,
H I

the LSCF-PM electrode showed moderately improved activity. For example, their ASRs are 1.20, 1.04,

and 1.11 2 SCF2.0, LSCF3.0, and LSCF-PM at 600 °C, respectively. The enhancement is much

G

less obvious_in_comparison to the LSCF2.7 electrode. As we are aware, before physically mixing

S

LSCF2.0 a .0, although they are nanocrystallines, they have aggregated into micro-sized

grains due to the Righ-temperature sintering process. This is supported by the large intensity of P1’

b

in the DRT the LSCF-PM electrode on the BZCY172 electrolyte (Figure S5). It signifies that

the creati ngly interacted nanocomposites with abundant RP-SP interface is essential to

increase the p conductivity, so as to boost the electrode performance. Nonetheless, more in-

al

depth i is needed to understand the mechanism of such improvement.

2.3. Cel rmance

A

Theysuperior electrochemical performance of the RP-SP nanocomposite as the cathode of

[

PCFC was f verified by the single cell performance test. Figure 6a compares the /-V and I-P

polarizatio of three anode-supported single PCFCs with three different cathodes, i.e.,

O

LSCF2.0, LSCF3.0, and LSCF2.7. To ensure any difference in cell performance mainly originates from

£

{
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the cathode of fuel cells, we adopted the same fabrication technique and parameters for these three
cells, and the electrolyte thickness was found to be approximately 28 um. As expected, the PCFC

with the L*F cathode delivered the highest power outputs within the investigated temperature

range (500% ch as the peak power densities (PPDs) of 276, 289, and 391 mW cm™ were

achieveEa or the fuel cells with LSCF2.0, LSCF3.0, and LSCF2.7 cathodes, respectively. Figure

]

6b shows theg EIS;of these three cells

C

thor Manus
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Figure 6. (aH heJV—P curves and (b) EIS of PCFCs with different cathodes at 600 °C, (c) the /-V-P
curves and stalllity of the PCFC with LSCF2.7 cathode at 600 °C. The inset in Figure 6d is the SEM
image of t fter the stability test.

under opefgcircuit voltage (OCV) conditions. The PCFC with the LSCF2.7 cathode demonstrated the

[

smallest to ode polarization resistance. As noted above, these fuel cells we tested have the

d

same anode“and®electrolyte composition and thickness, so the performance difference is principally

attributed thode activity. In other words, the LSCF2.7 had the smallest cathodic polarization

VI

resista d with the DRT analysis above, the improved performance is largely due to the

introductionof proton conduction into the cathode of PCFC. Recently, many cathodes with triple-
[9,59,62]

conducting (e /O /H') have been developed for PCFCs and proved to have excellent activity,

because th @ e sites of such cathodes extend to the entire cathode surface. As shown in Figure

OF

6¢c, the PC e LSCF2.7 cathode generated favorable PPDs of 555, 524, 391, 239, and 162 mW

n

{
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cm? at 700, 650, 600, 550, and 500 °C, respectively. The power outputs are comparable to that of

PCFCs with many well-known high-performance cathodes reported in the literature, especially at

t

D

temperatufes below 600 °C.M***"%8 The polarization resistances of this PCFC were 0.05, 0.08, 0.21,
0.56, and 700, 650, 600, 550, and 500 °C, respectively (Figure S6), which are slightly

lower thanThat tested with symmetrical cells at the corresponding temperatures.

1

Begides catalytic activity, durability is another important indicator to evaluate a cathode

C

material. Phase transition, interface reaction between different cell components, surface poisoning,

S

and elect ering could all give rise to a degradation of electrode performance. The

operational stabilify of the LSCF2.7 cathode was investigated on the basis of cell performance at a

Ul

constant p ion current of 500 mA cm™. As shown in Figure 6d, no significant performance

1

degradatio served during the 120-hour test period, indicating the favorable durability of the

LSCF2.7 catho der the practical operating conditions of PCFCs. Moreover, from the scanning

d

electro (SEM) image of the cross-section of the PCFC after the stability test (the inset in

Figure 6d), t F2.7 cathode was still firmly adhered to the electrolyte layer without any

N

delamination. It suggests that LSCF2.7 has excellent thermomechanical compatibility with the

proton-con@ucting electrolyte (BZCY172). The strong interaction between the RP and SP phases in

[

the nanocg effectively suppresses thermal expansion of the material, which may contribute

O

to the fav thermomechanical compatibility of the LSCF2.7 electrode and the BZCY172

electrolyteQ As demonstrated above, the LSCF2.7 has good structural stability under operating

q

{
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conditions (Figure 1a). The combination of high structural stability and robust thermomechanical

stability then contributed to the satisfactory operational stability of the LSCF2.7 cathode in a single

3. Conclusion
| |
In

PCFC.

|

%, the new family of RP-SP nanocomposites, LSCFx (x=2.5, 2.6, 2.7 and 2.8), have
been succ@veloped as the potential efficient cathodes for PCFCs. After the formation of the
RP-SP nan@tes, the ORR activity over the proton-conducting electrolyte was enhanced. The
charge tra tween the cathode and the electrolyte was improved owing to the proton
conductiviﬁP-SP nanocomposites. The PCFC using LSCF2.7 as the cathode exhibited the best
electroche@rformance, with a PPD of 391 mW cm™ and a polarization resistance of 0.21 Q

cm’at 600 ° findings highlight the potential application of RP-SP composites as highly active
I d

and durabl

4, ExpeEtion

Ma®erials Synthesis: LSCFx cathode and BZCY172 proton-conducting electrolyte materials

es for PCFCs, which may greatly stimulate the development of PCFCs.

E

were synt

y a facile one-pot sol-gel method. Metal nitrates as the raw materials of cation

sources in oOxides were first dissolved in water, and then the complexing agents,

th
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ethylenediaminetetraacetic acid (EDTA) and citric acid (CA), were added at a molar ratioof 1 : 1:2
(total metal cations : EDTA : CA). The pH value of above solution was adjusted to around 7 using
ammonMWhen the solution became a clear gel, it was preheated at 250 °C for at least 5 h.
After that, r was further calcined in air at 1100 °C for 5 h to produce the oxide with the
thermogyrEWay stable phase structure. The SDC oxygen-ion conducting electrolyte material was

purchased ftm jelcellmaterials (USA). The anode powders were prepared by ball-milling 3.5 g of

electrolyte , 6.5 g of NiO, 0.3 g of polyvinyl butyral (PVB), and 0.5 g of starch in the ethanol

for 30 minw the anode slurry was dried and ground for the subsequent use.

Cell Fabni:tion: Symmetrical cells were adopted for evaluating the electrochemical
performan thode materials. First, dense electrolyte (SDC and BZCY172) discs with the

thickness and the diameter of 15 mm were fabricated by dry-pressing and sintering in air

at 1400 °mAfter sintering, the diameter of electrolyte discs was shrunk to ~12.5 mm. The

prepared by ball-milling the cathode powders in a mixed solution of isopropanal,

ethylene glyc d glycerol, and painted on both sides of the electrolyte discs. Then, the
symmetrical cells were calcined in the air at 1000 °C for 2 h. Anode-supported SOFCs with thin-film
eIectronteSere used for cell performance test. 0.35 g of anode powder was first dry-pressed into a
disc, and tQ g of electrolyte power was distributed homogeneously on the surface of the

anode disc. tained anode-electrolyte dual layer cells were co-sintered in air at 1400 °C for 5 h

to allow th!densification of the electrolyte layer. The cathode slurry was finally coated in the middle
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of the electrolyte surface with an effective area of 0.48 cm?, and then sintered in air at 1000 °C for 2

h. Silver and ceramic pastes were used as the current collector and the sealant, respectively.

.

Ch tions and Electrochemical Performance Measurement: The phase structure of
the as-syn des were confirmed by the XRD (Bruker D8 Advance) with filtered Cu-Ka
H I

radiation. si adsorption/desorption isotherms were collected on a Micromeritics TriStar |l
instrumentffand specific surface areas of oxides were attained using Barrett-Emmett-Teller (BET)

model. The T of materials were determined using a Netzsch DIL 402C/3/G dilatometer from

5C

200to 80 an air-purge flow rate of 50 mL min™ [STP]. The morphology of the SOFC was

observed using aYeiss 1555 field-emission variable-pressure scanning electron microscope. The

Ci

oxygen des ability of the materials was studied using O,—TPD technique.[63] The electrical

conductivi

n

asured by a 4-probe DC method as reported in our previous puincations.[63] For

the symmetri Il test, air passing through water at room temperature was introduced to the

d

cathod as conducted using Solartron 1260 frequency response analyzer combined with

Solartron 12 tentiostat. The measurement frequency was 10" to 10° Hz. For the cell
performance test, the cathode was exposed to ambient air, while hydrogen passing through water at

room tem@@rature was introduced to the anode. The gas flow rate was 60 mL min™. The /-V and I-P

[

polarizatio of fuel cells were collected by a Keithley 2440 sourcemeter.

tho
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[1] Ruddlesden-Popper and single perovskite nanocomposites (RP-SP) are synthesized by a
facile one-pot method. Due to the synergistic effect between the RP and SP phases, the
obtained nanocomposite possesses enhanced proton-conductivity. Therefore, compared
HP and SP cathodes, the protonic ceramic fuel cell with this new nanocomposite

cam the best cell performance.
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