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a b s t r a c t

To lower the operation temperature and increase the durability of solid oxide fuel cells (SOFCs), increasing

attentions have been paid on developing cathode materials with good oxygen reduction reaction (ORR)

activity at intermediate-temperature (IT, 500–750 °C) range. However, most cathode materials exhibit

poor catalytic activity, or they thermally mismatch with SOFC electrolytes and undergo severe degen-

eration. Infiltrating catalysts on existing backbone materials has been proved to be an efficient method

to construct highly active and durable cathodes. In this mini-review, the advantages of infiltration-based

cathode compared with new material-based cathodes are summarized. The merits and drawbacks of dif-

ferent backbones are illustrated. Different types of catalysts for infiltration are depicted in detail. Sugges-

tions on the material/structure optimization of the infiltrated cathodes of IT-SOFC are provided.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Solid oxide fuel cells (SOFCs) are considered sustainable high-

efficient hydrogen-based energy production devices. The advan-

tages of SOFCs include: (i) High power generation efficiency (>60%

for electricity, >85% for electricity-heat cogeneration); (ii) Widely

adaptable to a variety of fuels, such as H2, biogas, nature gas,

and methane; (iv) Precious-metal catalysts are not necessary; (v)

High volumetric power density and gravimetric power density (~10

W/cm3 and ~3 kW/kg) [1]. A SOFC consists of three key com-

ponents: a dense electrolyte, a porous cathode and a porous an-

ode. The working principle of SOFC is shown in Fig. 1. The hy-

drogen oxidation reaction (HOR) occurs at the anode and releases

electrons. The generated electrons move to the anode surface and

travel along the external circuit to the cathode. The oxygen reduc-

tion reaction (ORR) occurs at the active sites of the SOFC cath-

ode and produces O2− ions. The O2− ions transfer to the cath-

ode/electrolyte interface, and migrate in the electrolyte to the an-

ode/electrolyte interface. The dissociated H+ ions in the active area

of the anode combine with oxygen ions to finally produce H2O.

SOFCs are typically operated above 800 °C to ensure the good

catalytic activity, acceptable ionic and electronic conductivity. High
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operating temperatures bring challenges on sealing issue, slow re-

sponse to start up and cooling down, high total system cost and

fast material degradation [2]. To solve the challenges, SOFCs work-

ing at intermediate temperature range (500–750 °C) are desired

(IT-SOFC). At IT temperature ranges, the performance and out-

put power of SOFCs strongly depend on the ORR catalytic activ-

ity of cathode materials. In the ORR process, there are two criti-

cal steps, the reduction of oxygen at the surface active sites and

the transport of oxygen ions away from the sites [3,4]. In addi-

tion, the cathode materials should be chemically compatible, and

have matched thermal expansion coefficient (TEC, α) with other

components of SOFCs. Cathode materials should be in low cost

and show long-term stability. There are two strategies to enhance

the cathode performance: developing new materials and modify-

ing the existing cathode materials. The conventional lanthanum

strontium magnesium (LSM) cathode exhibits good performance

above 800 °C, but cannot work at the IT temperature range. As

shown in Fig. 2, the TEC values of commonly used electrolytes

such as yttrium stabilized zirconia (YSZ), strontium-/magnesium-

doped lanthanum gallate (LSGM), gadolinia doped ceria (GDC),

samarium-doped cerium (SDC) and BaZr0.8-xCexY0.2O3-δ (BZCY) are

in the range of 8.4 × 10−6 ~ 12.8 × 10−6 K−1 [5–10]. Among

the cathode materials developed [8,11–36], the commercial cath-

ode of lanthanum strontium cobalt ferrite (LSCF) exhibits accept-

able TEC (α100~600 ˚C = 15.3 × 10−6 K−1) [19,20] and good cat-

alytic activity at the IT temperatures, but the performance of LSCF
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Fig. 1. Schematic of a SOFC based on an O2− conducting electrolyte.

drops dramatically with decreasing temperature due to Sr segre-

gation [37]. Although new cathode materials with high ORR cat-

alytic activity at low temperatures have been developed, such

as Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) and Sm0.5Sr0.5CoO3-δ (SSC), their

thermal stability and compatibility are far from satisfactory [38].

Surface modification on some traditional commercialized cathode

materials is considered to be a very promising strategy for IT-

SOFCs cathodes with high ORR activity and durability [39].

Surface modification can be achieved by several techniques, in-

cluding atomic layer deposition (ALD) [40,41], pulsed laser depo-

sition (PLD) [42] and solution infiltration. Among all the meth-

ods, infiltration/impregnation has been proved to be an effective

method to construct SOFC in large scale without using any expen-

sive equipment. The coating materials for infiltration are versatile

and diverse [43]. In a typical infiltration process, a liquid solution

containing the desired electrocatalyst precursors is introduced into

a previously sintered porous backbone formed on the electrolyte.

Infiltrated phases are formed upon calcination at a certain temper-

ature. Performing the process once or several times can achieve a

desired electrocatalyst loading within the pores of the porous back-

bones. In this minireview, an overview of the infiltration method

will be provided, including the advantages and the disadvantages,

the developed backbones, the coating materials, the existing issues

and the perspectives.

2. The advantages of infiltration for IT-SOFC cathodes

The main advantages of infiltration for IT-SOFC cathodes in-

clude: (1) A wide range of active materials for surface coating are

allowed to be used, even for the material which is not intrin-

Fig. 2. The thermal expansion coefficient (bar chart in left), polarization resistance (bar chart in right) and electronic conductivity (blue star) of cathode materials at

600 ˚C. The cathode materials are Ba0.5Sr0.5Co0.8Fe0.2O3-δ [11,12], BaCo0.4Fe0.4Zr0.1Y0.1O3−δ (BCFZY) [13], Ba1-xCo0.7Fe0.2Nb0.1O3-δ (0≤x≤0.1) (BCFN) [14,15]; La0.5Ba0.5CoO3-δ

(LBC) [8,16], La0.2Ba0.8Co0.7Fe0.3O3-δ (LBCF) [17], LaBa0.5Sr0.5Co2O5+δ (LBSC) [18], La0.6Sr0.4Co0.2Fe0.8O3-δ (x = 0.4) [19,20], La2NiO4-δ (LNO) [21], NdBaCo2O5+δ (NBC) [22],

NdBaCo1.5Fe0.5O5+δ (NBCF) [22], NdxBa1-xCo0.7Fe0.3O3-δ (NBCF) [17], NdBa0.5Sr0.5Co1.5Fe0.5O5+δ (NBSCF) [23,24], GdBaCo2O5+δ (GBC) [22], GdBa0.5Sr0.5Co2O5+δ (GBSC) [25],

GdBaCo1.5Fe0.5O5+δ (GBCF) [22], GdBa0.5Sr0.5Co1.5Fe0.5O5+δ (GBSCF) [26], PrBa1−xCo2O5+δ (0≤x≤0.08)(PBC) [27], PrBa0.5Sr0.5Co2O5+δ (PBSC) [28], Pr0.1Ba0.9Co0.7Fe0.3O3-δ (PBCF)

[17], PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) [29], Sm0.5Ba0.5CoO3-δ (SBC) [16,30], Sm0.45Ba0.05Sr0.5Co0.8Fe0.2 O3-δ (SBSCF) [31], Sm0.35Ba0.15Sr0.5Co0.8Fe0.2 O3-δ (SBSCF) [31],

SmBa0.5Sr0.5Co2O5+δ (SBSC) [25,30], SrCo0.8Fe0.1Nb0.1O3-δ (SCFN) [32], SrCo0.9Ta0.1O3-δ (SCT) [33,34], and Sm0.5Sr0.5CoO3 (SSC) [30,35,36]. The data for the thermal expan-

sion coefficient of some common electrolyte materials are added in the bar chart in left. Electrolyte materials includes (Y2O3)0.08(ZrO2)0.92 (YSZ) [5], Ce0.8Sm0.2O2−δ (SDC)

[6], GdxCe1-xO2−δ (GDC) (x = 0.1, 0.2) [5,7], La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) [8], and BaZr0.8-xCexY0.2O3-δ (0.1≤x≤0.5) [9].
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Table 1

Summary of infiltrated cathodes with enhanced performance and durability in the literature from 2012 to 2021.

Backbone Infiltrate phases Enhanced tolerance in contaminates Ref.

Ba0.5Sr0.5Co0.8Fe0.2O3-δ LaCoO3-δ CO2 [53]

LaNi0.6Fe0.4O3-δ LaxSr1-xCoyFe1-yO3-δ Cr [51]

LaNi0.6Fe0.4O3-δ Ce0.8Gd0.2O2 Cr [52,54]

La0.6Sr0.4Co0.2Fe0.8O3 -δ Gd0.1Ce0.9O1.95 Cr [55]

La0.6Sr0.4Co0.2Fe0.8O3-δ BaCeO3 sulfur [56]

La0.6Sr0.4Co0.2Fe0.8O3-δ BaO Cr [57]

La0.6Sr0.4Co0.2Fe0.8O3 PrNi0.5Mn0.5O3 and PrOx Cr [58]

La0.6Sr0.4Co0.2Fe0.8O3 BaCoO3-x Cr and H2O [59]

(La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ Ba1-xCo0.7Fe0.2Nb0.1O3 and BaCO3 Cr in humidified air [20]

(La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ-Ce0.8Gd0.2O1.9 SrCo0.9Ta0.1O3-δ Cr [44]

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ La2NiO4+δ Cr [60]

sic a good cathode material due to TEC mismatch [8,44]. For in-

stance, the electronic conductivity of La0.5Ba0.5CoO3-δ (LBC) at 600

˚C in air is relatively high (σ =1400 S/cm) as shown in Fig. 2.

However, the application of LBC (α100-900 ˚C = 26.4 × 10−6 K−1)

has been limited since its thermal incompatibility to most elec-

trolyte materials (e.g., the TEC of La0.8Sr0.2Ga0.8Mg0.2O2.8 (LSGM)

electrolyte is 12.0 × 10−6 K−1) [8]. LBC infiltrated LSGM is a

thermally stable SOFC cathode. The TEC of LBC infiltrated LSGM

(α100-900 ˚C =12.5 × 10−6 K−1) is close to that of the LSGM elec-

trolyte, and even lower than LBC/LSGM composite (16.2 × 10−6

K−1). (2) Both the surface composition and the surface structure

can be altered after surface infiltration [45,46]. The catalyst coat-

ing enables the formation of nano structures with high electro-

catalytic activity due to the increased surface area and the enlarged

triple-phase boundary (TPB) areas [43,47–50]. (3) The infiltration

method allows relatively low heat treatment temperatures (<900

°C) which avoids the reduction of electrocatalyst/gas and electro-

catalyst/ionic conductor (IC) interfacial areas induced by the crys-

tal particle coarsening, and minimizes reactions between the in-

filtrated coating material and the backbone phase. (4) Infiltration

can increase the durability of cathode and the tolerance to con-

tamination as shown in Table 1 [20,44,51–60]. The degradation of

SOFC cathode is commonly caused by the formation of secondary

phases or the reactions of the segregated phases with the gas

species [56]. These secondary phases result in decreased surface

(bulk) electronic conductivity [61–65]. The contaminants such as

CO2 [66], H2O [67], SO2 and H2S [56,68] from environmental gas

phases, the volatile chromium species [55,58] from interconnector

and boron species from the sealing materials [69] will accelerate

the degradation [68]. The surface coating introduces a surface bar-

rier layer, which suppresses the contamination to the surface of

backbones. For instance, the segregated Sr on the LSCF cathode re-

acts with CrO3 to form insulating SrCrO4, which blocks the cath-

ode ORR active sites. Surface coating can effectively suppress the

surface segregation and improve the tolerance to chromium [55–

60,69–71]. Yang et al. [44] found that SrCo0.9Ta0.1O3-δ acted as a

Cr getter on the LSCF surface, which can mitigate Cr poisoning. In

our previous work, we found that the infiltrated BaCO3 phase was

almost inert to Cr species [20]. Currently most studies are focused

on the Cr contamination of the cathode (Table 1) [20,44,51–55,57–

60]. In addition to Cr contamination, water also influences dramat-

ically the durability of IT-SOFCs, especially for SOFCs based on pro-

ton conductors [72]. In future, more attentions should be paid on

the water-tolerance performance of cathodes.

3. Backbones for the surface infiltration

The infiltration method is a multi-step preparation process,

consisting of the formation of a pre-sintering porous backbone and

the deposition of an active catalyst (the infiltrate). The electrode

performance is influenced by the composition and the morphology

Fig. 3. The schematics of (a) an electrolyte-based backbone, (b) a single-phase

electrode-based backbone, (c) a multi-phase composite backbone. The dense box

stands for the electrolyte of SOFC. The porous structure stands for the infiltration

backbones. EC represents electronic conductor, MIEC represents mixed ionic and

electronic conductor.

of both the infiltrate and the backbone. Pre-sintering of backbones

at high temperatures is important since it ensures the high effec-

tive electron or oxygen-ion conduction. Backbones with continuous

pore structure are favorable for infiltration. In addition, the back-

bone material should be thermally and chemically compatible with

electrolyte to achieve the structure and chemical stability. Three

types of common backbones are widely used, including the single-

phase electrolyte-based backbone, the single-phase cathode-based

backbone and the multi-phase (MP) composite backbone, as shown

in Fig. 3.

3.1. Single-phase electrolyte-based backbones

Many researchers have studied the infiltration based on the

backbones of electrolyte materials. The advantages of the elec-

trolyte backbones include the facile preparation process and the

compatible TEC with electrolyte. For example, the porous-dense-

porous electrolyte backbone can be fabricated by one-step sinter-

ing of the green tape through pressing method or tape casting

method [73]. The commonly used electrolyte-based backbone ma-

terials in SOFCs are ionic conductors (IC) including YSZ [73–77],

SDC [78], GDC [79–81], LSGM [8,82,83], scandia-stabilized zirco-

nia (ScSZ) [84], (Bi0.8Er0.2)2O3 (ESB) [2] and so on. Proton con-

ductors (e.g., BaZr1-xYxO3-δ (BZY), BaCe1-xYxO3 (BCY) and doped

BZY (BCY)) are also used as backbones in SOFCs based on proton-

conducting electrolytes [85]. The infiltrated cathodes based on

electrolyte backbones show relatively low Rp as shown in Table 2

[8,73–83,85,86]. However, electrolyte-based backbones only con-

duct oxygen ions (or proton), sufficient amounts of electroni-

cally conductive materials must be infiltrated on electrolyte back-

bones by increasing the infiltration cycles to enhance the TPB

length and to minimize the cathode electronic resistance. For in-

stance, in some studies, researchers infiltrated up to 40 cycles or

with catalyst amount over 45 wt% for sufficient loading [76,79].
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Table 2

The performances of electrolyte-backbone based infiltrated cathodes in the past 10 years.

Backbone Materials for infiltrate Loading Performance (Rp, � cm2) Temperature (˚C) Ref.

LSGM SmBa0.5Sr0.5Co2O5+δ 21 wt% 0.013 600 [82]

LSGM La0.5Ba0.5CoO3-δ 50 wt% Infiltrated: 0.22; LBC-LSGM composite: ~ 2.3 650 [8]

LSGM La0.5Ba0.25Sr0.25Co0.8Fe0.2O3-δ 40 wt% 0.010 700 [83]

GDC La0.6Sr0.4Co0.2Fe0.8O3 40 times 0.71 700 [79]

GDC La0.6Sr0.4Co0.2Fe0.8O3

-Ce0.9Gd0.1O2-δ

30 times 0.47 700 [79]

10 times 1.82

GDC La0.8Sr0.2Co0.8Ni0.2O3-δ 30 wt% Infiltrated: 0.176; LSCN: 1.219 650 [81]

GDC Pr6O11 30 wt% 0.028 600 [80]

SDC PrBaCo2O3-δ ~30 wt% Infiltrated: 0.082; PBC-SDC composite: 0.25 600 [78,86]

YSZ PrBa0.5Sr0.5Co1.5Fe0.5O5+δ 22 wt% 0.03 700 [73]

3.7 wt% >10 700

YSZ La0.6Sr0.4Co0.2Fe0.8O3 -δ ~ 40 wt% 0.34 700 [75]

YSZ Ga0.5Ba0.25Sr0.25Co0.8Fe0.2O3-δ 45 wt% 0.006 700 [76]

YSZ La0.8Sr0.2FeO3-δ (LSF) 25 wt% 0.72 700 [74]

YSZ LSF and La0.6Sr0.4Co0.8Fe0.2O3 -δ 45 wt% 0.19 700 [74]

YSZ GDC and La0.6Sr0.4CoO3-δ 15 times 0.031 700 [77]

YSZ GDC and LaNi0.6Co0.4O3-δ 15 times 0.037 700 [77]

BZY Sm0.5Sr0.5CoO3 66 wt% 0.08 600 [85]

Therefore, the electrolyte backbone-based infiltration is typically

a time-consuming multi-step process to infiltrate a considerable

amount of material to ensure good electronic conductivity and suf-

ficient TPB. The increased cost on raw materials such as some Co-

containing infiltrates should not be ignored [87–89]. To reduce the

infiltration time, new infiltration methods have been developed.

For instance, The layer-by-layer (LbL)-assisted infiltration has been

proposed to enhances surface wetting and to decrease the infil-

tration time [88]. The ultrasonic spray infiltration and the inject

printing infiltration techniques are viable in industrial or commer-

cial level to produce large-area catalyst coated cathodes for SOFCs

with high and stable performances [90,91]. Atomic layer deposi-

tion (ALD) has been used to fabricate conformal and uniform cat-

alyst coatings with atomic-scale thickness on backbones but still

far from large-scale production [40,92]. The infiltration followed

by chemically-assisted electrodeposition allows us to achieve de-

sired loading of cathode catalyst with reduced infiltration cycles

and without using any expensive equipment [93,94].

3.2. Single-phase cathode-based backbones

The backbones made of cathode materials guarantee good elec-

tron transport. The infiltrations of various materials into either

the porous electronic conductive (EC) or a mixed ionic–electronic

conductive (MIEC) cathode backbones have been widely studied.

Infiltrating ionic conductive materials into porous cathode back-

bones with low ionic conductivity, such as LSM or LaNi0.6Fe0.4O3-δ

(LNF), can enhance the cathode ionic conduction and the effective

three-phase boundary (TPB) area. At high temperatures (>800 °C),
the LSM cathode has a high electronic conductivity, good chemi-

cal stability, high electrocatalytic activity, and matched TEC with

many electrolyte materials [3,95–98]. However, as the operating

temperature decreases, the polarization resistance (Rp) of LSM and

LSM/YSZ cathodes increases significantly due to the sluggish ORR

kinetics. Infiltrating catalysts into porous LSM backbones can im-

prove the cathode performance of IT-SOFCs. Akbari et al. [99] in-

filtrated La2NiO4 into the LSM backbone, and found that Rp is

reduced by 90.5% to 2.5 � cm2 at 650 °C and the ORR activa-

tion energy is decreased from 130 kJ/mol to 103 kJ/mol. How-

ever, the polarization resistance (or area specific resistance, ASR)

is still much higher than the requirement for practical applica-

tions (<0.15 � cm2) in IT-SOFCs [99,100].

Different from electrolyte-based backbones and EC cathode-

based backbones, MIEC cathode-based backbones show both good

ionic conduction and electronic conduction, which broaden the

types of infiltrated materials to even some non-electronic and

non-ionic conducting oxides (e.g., CaO, MgO, BaO). LSCF has al-

ready been a commercial cathode at the intermediate temperatures

from 600 °C to 750 °C [101,102]. LSCF is also one of the widely

used MIEC cathode backbones with both high ionic conductivity

and good electronic conductivity and exhibits much better electro-

chemical performance as compared with most other cathode ma-

terials due to the relatively good ORR activity and the enlarged

electrochemical active areas than traditional TPBs [102]. LSCF have

matched TEC with most electrolyte materials [58]. All these prop-

erties make LSCF one of the most popular cathode candidates.

However, at low temperatures (< 650 °C), the relatively slow ORR

kinetics limits the performance of LSCF cathode, resulting in in-

creased Rp of the electrodes (> 0.15 � cm2). Therefore, consider-

able efforts have been made to develop catalysts on LSCF surface

with high electrocatalytic ORR activity through infiltration. In ad-

dition, the long-term durability is another challenge for LSCF. The

surface SrO segregation/enrichment alters the structure and com-

position of LSCF and is detrimental to the electro-catalytic activ-

ity and durability [95]. The segregated SrO readily reacts with con-

taminants such as vaporized Cr species from the Cr-containing al-

loy. The surface infiltration of LSCF can not only increase the sur-

face activity, but also inhibit the segregation of Sr or radiality re-

action of Sr with contaminants. Due to the good MIEC property of

LSCF backbone, there is no need for multiple infiltration cycles for

high-loading catalyst. For instance, Namgung et al. [103] reported

a one-step-infiltration for discrete SSC nanoparticles on the LSCF

backbone by adopting of cetrimonium bromide (CTAB)-amino acid

(glycine) in the stock solution. Chen et al. [58,104] demonstrated

that using one-step infiltration process can significantly reduce the

Rp of the LSCF cathode.

There are also some studies based on the infil-

tration of other MIEC cathode backbones, such as

BSCF [53], PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) [60], and

Ba1−xCo0.7Fe0.2Nb0.1O3−δ (BCFN) [105]. These cathode back-

bones are not widely used due to the higher content of Co and

mismatched TEC with electrolytes (Fig. 2, α > 20 × 10−6 K−1).

Ruddlesden-Popper perovskite like La2NiO4-δ (LNO) has matched

TEC with common electrolytes [106,107], the low-temperature

performance of LNO cathodes has been improved by infiltration,

but the performance still cannot meet the pratical requirements

due to the large polarization resistance of the pristine LNO at low

temperatures (Fig. 2, Rp =3.86 � cm2 at 600 ˚C) [21]. In addition

to the oxide cathodes mentioned above, the metal cathodes such

as Ag are also used as backbones for infiltration. Metal backbones
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own matched TEC with other parts, high electrical conductivity

and good formability. However, metal backbones are chemically

unstable in oxidative atmosphere.

3.3. Multi-phase composite backbones

The composite backbones include IC-EC, IC-MIEC and EC-MIEC

composites [108]. Compared with the single-phase IC electrolyte

backbones and the single-phase EC cathode backbones, IC-EC com-

posite backbones (e.g., LSM/YSZ [109–111]) have prolonged three-

phase boundary. Wang et al. [112] co-infiltrated PdO and ZrO2 on

the LSM/YSZ electrode and obtained a polarization resistance of

0.40 � cm2 at 750 °C, which was 1/10 of that for bare LSM/YSZ

cathode. For composite backbones, the chemical compatibility be-

tween composite materials needs to be considered. For exam-

ple, many researchers found that La from LSM reacts with Zr

from YSZ phase, forming an electrically insulating pyrochlore phase

(La2Zr2O7) as the sintering temperature is higher than 900 °C
[113–116]. In recent years, extensive studies on composite back-

bones are based on GDC or SDC. GDC and SDC show less active

with La in IC-MIEC composites. The combination of LSCF and GDC

as backbone has been proved to be an ideal backbone to reduce

the operating temperature [44,117,118].

In summary, different types of infiltrated backbones are intro-

duced in this section. For the electrolyte backbones, reducing the

infiltration time is desired by developing new infiltration methods.

For the single-phase cathode-based backbones, most studies still

focus on conventional cathode materials such as LSCF. Other MIEC

backbones are restricted by either their high price or their intrin-

sic properties. For the multi-phase composite backbones, since this

type of backbones have elongated TPBs, their performances are

very promising. Since the research on such backbones are still in-

adequate, there is a huge space to develop high-performance cath-

odes by infiltrating on such backbones.

4. Catalysts for surface infiltration

Several types of catalysts have been developed, including pre-

cious metals, oxygen ion-conducting oxides [55,119,120], mixed

ionic and electronic conductors [70,121,122], non-ionic and non-

electronic conducting oxides [57,123]. Besides, according to the

chemical composition of the electro-catalysts, the catalyst on the

surface can be divided into single-phase catalysts and multi-phase

catalysts [104,124]. The morphologies of the infiltrated catalysts

on the surface of cathodes are diverse, including uniform coating

layers, discrete nanoparticles, and conformal coating with discrete

particles, as shown in Fig. 4. The discrete nanoparticles have larger

surface area for ORR than conformal coatings. However, the confor-

mal coating has better durability and contaminants tolerance than

the discrete nanoparticles coating since the conformal coatings can

cover the entire cathode surface and avoid the coarsening issue

of nanoparticles [44,58]. The conformal coating with nanoparticles

can achieve both high activity and durability than the aforemen-

tioned coatings.

4.1. Precious metals

Noble metals (e.g., Ag, Pd, Rh and Pt) have been used as cata-

lysts coating on the cathodes due to the high catalytic activity, high

oxygen solubility and permeability [125,126]. In addition, precious

metals such as silver can minimize the ohmic resistance due to

their excellent electronic conductivity. Ag infiltration is frequently

reported to enhance the performance of the cathodes such as LSM

[127], LSCF [128] and LSCF/YSZ [129]. However, the agglomeration

of low-melting-point Ag decreases metal surface area and deterio-

rates the long-term stability of Ag-impregnated cathodes [130]. To

Fig. 4. Schematics of the structures of the backbone and coatings. From (a) an as-

fired electrode backbone to three typical morphologies of infiltrated electrode after

thermal treatment: (b) particle deposition, (c) thin film coating, and (d) conformal

coating with nanoparticles.

solve the agglomeration problem, it is found that co-infiltration of

Ag and CeO2 is an efficient way to inhibit Ag agglomeration on the

surface of cathodes [130,131]. CeO2 has a high melting point which

makes it stable under high temperature. Hence, ceria nanoparticles

serving as a physical barrier against Ag agglomeration to ensure

the excellent long-term stability. Pd and Pt have also been infil-

trated on cathode surfaces [127,131,132]. Adding a small amount

of Pd catalyst (0.08 mg/cm2) can reduce the overpotential of LSM

cathodes. Jiang et al. [127] found that co-infiltration of Pd with ei-

ther Ag (Pd0.8Ag0.2) or Co (Pd0.95Co0.05) into porous LSM can en-

hance both the ORR activity and the stability. For instance, the ini-

tial overpotential for Pd0.8Ag0.2 coated LSM (≈ 20 mV) is reduced

by 8% as compared with the pure Pd coated LSM measured at 850

°C and 200 mA/cm2. The co-infiltration shows negligible degrada-

tion within the initial 2500 minutes at 850 °C. The main drawbacks

of precious metals are their high cost and the low tolerance to con-

taminations (e.g., CO and H2S) [133]. In recent years, most studies

are focused on noble-metal-free coating materials since the perfor-

mances of the cathodes coated with noble metals are commonly

not better than the performances of noble-metal-free cathodes.

4.2. Oxygen ion conducting oxides

Ion-conducting oxides including YSZ [134], SDC [119] and GDC

[55,120] were introduced as coating materials by the infiltra-

tion/impregnation techniques. When the electrolyte materials are

used as coating materials, the backbones should be electronic con-

ductive, or mixed ionic and electronic conductive. The introduc-

tion of the ionic conductor is expected to improve the electrode

ionic conductivity of the cathode and increase the TPB. Wang

et al. [134] infiltrated electrolytes (YSZ, SDC) into the LSM back-

bone and studied their effect on the surface exchange coefficient

(Keff) by electrical conductivity relaxation (ECR). They found that

IC nanoparticles on LSM promote the surface exchange kinetics.

The oxygen surface exchange coefficient at 1000 °C for YSZ coated

LSM is 2.45 × 10−4 cm/s, which is 2.7 times higher than that

for bare LSM. Moreover, the Keff for SDC coated LSM (7.92 × 10−4

cm/s) is 3 times higher than that for YSZ coated LSM. Jiang group

[55,135] and dos Santos-Gómez et al. [120] coated Gd0.2Ce0.8O1.9 on

the LSCF surface through infiltration. They found that the electro-

chemical performance and the Cr-tolerance property of the coated

cathode were both improved [55,120]. The GDC coating serves as

a barrier layer to enhance the tolerance of LSCF against chromium

deposition and poisoning, but the performance in wet air was not

given.
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4.3. EC and MIEC conductors

Infiltrated electronic conducting phases can act as catalysts for

the ORR [122,136]. Despite LSM is not applicable for IT-SOFC cath-

odes or backbones, the commercial cobalt-free LSM was found

to be a good infiltrating catalyst. Huang et al. [2] infiltrated

La0.85Sr0.15MnO3±δ into the Bi1.6Er0.4O3 backbone. The cell with the

coated cathode exhibited a maximum power density (MPD) of 1.18

W cm−2 (1.8 times higher as compared with the non-coated cell)

and a low Rp (0.107 � cm2) at 600 °C. Kang et al. [51] infiltrated

La1-xSrxMnO3-δ into the LaNi6Fe4O3-δ backbone. They found that

the Rp was greatly reduced by 77.9% to 0.49 � cm2 at 700 °C.
However, the infiltrated LSM catalyst shows the largest Rp than the

infiltrated materials including LaNi1-xFexO3-δ , LaxSr1-xCoyFe1-yO3-δ

(LSCF), Gd1-xCexO2-δ (GDC) and Pr6O11.

Compared with IC materials, MIEC catalyst coated cathodes

have been studied extensively (e.g., LSCF [121], Sm0.5Sr0.5CoO3−δ

[121] and PrSrCoMnO6−δ [70]). MIEC materials such as

Sm0.5Sr0.5CoO3−δ [121], SrCo0.9Ta0.1O3-δ (SCT) [44] and

LnBaCo2O3-δ [8,137] have comparable electronic conductivity,

higher oxygen diffusion/exchange coefficient, better ORR activity

and durability than LSCF, but cannot be directly used as cathodes

due to the mismatched TEC with most electrolytes [8]. In addition,

the use of above materials in large amounts is not cost competitive

due to the expensive component (e.g., Co, Sm). But the low-loading

infiltrated catalysts can reduce the TEC mismatch and save the

cost on the materials [8].

4.4. Non-electronic and non-ionic conducting oxide

The non-electronic and non-ionic conducting phases, including

alkali-earth metal compounds (CaO [138], MgO [139], BaO [57],

BaCO3 [123,140,141] and SrCO3 [142,143]) or transition metal ox-

ide (NiO [144], CuO [117]), have been reported as coating materials

on the backbones of MIEC or composite materials. These infiltrat-

ing materials are considered ORR inactive, but they may influence

backbones. Bidrawn et al. [145] fabricated (La,Sr)FeO3 (LSF) infil-

trated YSZ (LSF-YSZ) and calcined at 1100 °C. Then LSF-YSZ back-

bone is infiltrated by CaO (or K2O) and followed by re-calcined

at 700 °C. They found that the CaO (or K2O) infiltrated cath-

odes exhibited better performance than the pristine cathode, but

the mechanism is not clear. Xia groups infiltrated LSCF with sev-

eral inert phase materials, which showed both decreased polariza-

tion resistance and improved stability in air or contaminants (e.g.,

chromium, H2O) due to the increased chemical oxygen surface ex-

change coefficient [123,141,143]. Mutoro et al. [146] proposed that

the increased ORR kinetics is attributed to the hetero-interface of

Ruddlesden–Popper (La,Sr)2CoO4-δ between La0.8Sr0.2CoO3 and in-

active Sr-phases (SrCO3/Sr(OH)2/SrO). In the report of Li et al. [143],

SrCO3 was infiltrated on LSCF. As shown from the high resolution

transmission electron microscopy (HRTEM) and selected area elec-

tron diffraction (SAED) images in Figs. 5a-d, no obvious solid-state

reactions or new phases occur at the interface between SrCO3 and

LSCF. The density functional theory (DFT) calculations in Fig. 5e in-

dicates that SrCO3 can influence the charge density distribution of

Fe and Co, which increases the O2 adsorption energy from -0.32

eV to -0.74 eV and decreases the dissociation energy barrier of O2

molecule from 1.01 eV to 0.33 eV on SrCO3 coated LSCF. Chen et al.

[92,147] investigated BaO coated PrBa0.8Ca0.2Co2O5+δ (PBCC) and

found that barium cobaltite in-situ formed on the PBCC surface,

which contributed to the enhanced ORR kinetics.

Inert oxide is in low cost compared with other infiltration

species. However, inactive oxides must be coated as discrete par-

ticles rather than conformal coating, otherwise inert oxides will

block ORR reactions. The Sr segregation from LSCF cannot be well

suppressed by the discrete inert oxide particles. The inert oxides

Fig. 5. (a,b) HRTEM images and (c, d) SAED patterns of SrCO3 coated LSCF. (e) The

dissociated energy profiles of the O2 molecule on the SrCO3-modified LSCF. Blue

balls and red balls represent the adsorbed oxygen molecules and the crystal oxygen.

Copied with the permission [143]. Copyright 2017, Royal Society of Chemistry.

coated LSCF cathodes still suffer from high polarization resistances

(>0.15 Ω cm2 at 650 °C) [148,149].

4.5. Multi-phase catalyst

Multi-phase catalysts coatings have been proved to be more ef-

ficient than single-phase catalysts. The morphology of the multi-

phase catalyst infiltrated cathodes could be obtained by carefully

controlling the composition and wettability of the solution, the

drying rate of infiltrating process, as well as the firing tempera-

ture. There are mainly two ways for multi-phase catalyst infiltra-

tion: co-infiltrating different materials at once (or separately), and

in-situ decomposing. Seyed et al. [131] co-infiltrated Ag-Ceria cat-

alysts into the LSM backbone. The infiltrated cathode showed de-

creased polarization among all the single-phase catalysts (Ag, Ce-

ria, LSF-coated LSM) due to the high electronic conductivity of Ag

and oxygen vacancy rich ceria. Tong et al. [150] co-infiltrated GDC

and Pr6O11 into the porous cobalt-free (La0.6Sr0.4)0.98FeO3-δ (LSF)

backbone. The solution for infiltration contains Pr(NO3)3 and col-

loidal GDC nanoparticles. At 750 ˚C, the Rp of GDC and Pr6O11 co-

infiltrated LSF cathode (0.017 � cm2) is about one tenth of the

bare LSF (0.197 � cm2), one fifth of GDC coated LSF (0.089 � cm2),

and 60% of the Pr6O11-coated LSF (0.028 � cm2). The unique ac-

tivity of the co-infiltrated LSF electrode is attributed to the accel-

erated oxygen surface exchange kinetics by Pr6O11, and enhanced

active surface area by GDC nanoporous architecture.

In-situ exsolving, segregating or decomposing oxide from the

bulk coating phase is another strategy for MP catalysts. Chen et

al. infiltrated the catalyst precursor solution with a stoichiomet-

ric ratio of Pr2Ni0.5Mn0.5O4+δ onto the porous LSCF cathode sur-

face [58,124]. A perovskite PrNi0.5Mn0.5O3(PNM) conformal coating

with exsoluted PrOx nano-particles (PNM-PrOx MP) on LSCF are

formed (Fig. 6a) during the cell start-up process at the fire tem-

perature of 800 ˚C. The fast Fourier transform (FFT) pattern at lo-

cation 1 indicates that PrOx nanoparticles are rich in oxygen vacan-

cies. From the DFT calculations, the O vacancy energy for PrOx is

1.04 eV, which is smaller than that for LSCF (2.38 eV). The smaller

O vacancy energy promotes the O2 reduction and the diffusion of
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Fig. 6. (a) High-resolution TEM image of PrOx exsoluted from PNM as SOFC cath-

ode. The insets are the FFT patterns from the exsoluted nanoparticles (location

1) and the conformal coating (location 2), and the EELS spectra from location 1

and 2. (b) Schematic representation of the ORR mechanism on the MP (PrOx/PNM)

coated LSCF cathode. (a,b) Copied with permission [104]. Copyright 2018, Else-

vier. (c) Impedance spectra of single cells at 650 °C and the equivalent circuit

R1(RHCPEH)(RLCPEL) used to fit the spectra. (d) Plots of the surface exchange coeffi-

cients (Keff) as function of temperatures. (c,d) Copied with permission [151]. Copy-

right 2018, Elsevier.

dissociated O as illustrated in Fig. 6b. The O migration barrier for

PNM structure with Pr deficiency is 0.45 eV, which is much lower

than that for bulk PNM structure (1.26 eV). This indicates that

PNM with Pr deficiency facilitates the oxygen-ion transfer (Fig. 6b).

EIS and ECR measurement reveal that the PNM-PrOx MP catalyst

accelerates the oxygen-ion transfer and the oxygen dissociation-

absorption processes [124,151]. For example, by coating PNM-PrOx

MP catalyst on bare LSCF, the Rp is significantly reduced from 1.02

� cm2 to 0.25 � cm2 at 650 °C as shown in Fig. 6c. The EIS spectra

is fitted by the equivalent circuit, where the high frequency arc re-

sistance (RH) and the low frequency arc resistance (RL) correspond

to the oxygen-ion transfer process and the oxygen dissociation ab-

sorption process, respectively. Compared with bare LSCF, both RH
and RL is reduced in the cathode with PNM-PrOx MP coated. At

650 °C, the Keff for PNM-PrOx MP coated LSCF (1.51 × 10−5 cm/s)

is twice of that for bare LSCF (Fig. 6d), indicating that the oxygen

dissociation-absorption process (oxygen surface exchange) is accel-

erated. More importantly, the PNM-PrOx MP catalyst enhances sig-

nificantly the tolerance to Cr poisoning even in humidified air with

a degrading rate of 0.0434% h−1 at 0.7 V in 3% H2O, which is 1/10

of that for the bare LSCF cathode [58]. Similarly, PrCoO3-x(PCO) and

BaCoO3-x (BCO) nanoparticles segregated from the conformal PBCC

[104], SrMoO4 (SM) phase exsolved from the Sr2MnMoO5-δ (SMM)

phase have been reported [152].

Fig. 7a compares Rp for LSCF cathodes infiltrated with var-

ious materials, including MP catalysts (PBCC MP catalyst [104],

Ba1-xCoFe0.2NbO3-δ (BCFN) and BaCO3 [20]), MIEC conductors (SSC

[121], LSCF [121], BaCoOx [59]), ionic conductors (SDC [119], GDC

[55,135]), electronic conductors (LSM [153]), inactive oxides (MgO

[139], SrCO3 [143], BaCO3 [123]) and precious metal (Rh and Pd

[126]). MP coated LSCF exhibits a lower Rp than most of the cath-

odes. Improving factor (fp), the ratio of the polarization resistance

of the bare cathode to that of the coated cathode [97], is used

Fig. 7. (a) The temperature dependance of Rp and (b) the improving factor for LSCF

cathodes coated with different materials. PBCC MP coated LSCF is reproduced with

permission [104]. Copyright 2018, Elsevier. BCFN and BaCO3 multiphase coated LSCF

is reproduced with permission [20]. Copyright 2021, Wiley-VCH GmbH. Both SSC

coated and LSCF coated are reproduced with permission [121]. Copyright 2009, El-

sevier. BaCoOx coated is reproduced with permission [59]. Copyright 2020, Else-

vier. SDC coated is reproduced with permission [119]. Copyright 2010, Elsevier. GDC

coated is reproduced with permission [55,135]. Copyright Elsevier. LSM coated is

reproduced with permission [153]. Copyright 2013, Elsevier. MgO coated is repro-

duced with permission [139]. Copyright 2018, Elsevier. SrCO3 coated is reproduced

with permission [143]. Copyright 2017, Wiley-VCH GmbH. BaCO3 coated is repro-

duced with permission [123]. Copyright 2016, Wiley-VCH GmbH. Both Rh coated

and Pd coated are reproduced with permission [126]. Copyright 2008, Elsevier.

to describe the performance improvement. As shown in Fig. 7b,

among all the coated LSCF, MP coated LSCF shows much higher

fp as compared with the other infiltration species. The improving

factor for infiltrated LSCF follows the order: MP > MIEC > inactive

oxide or precious metal. This indicates that multi-phase catalysts

are advantageous over the other infiltration species. Among the MP

coated cathodes, the fp for BCFN and BaCO3 coated LSCF at 650 °C
(fp = 8.66) shows the highest value among all the catalysts.

The ORR activity and the tolerance to contaminations (Cr and

H2O) are significantly improved by the MP coating. Another ex-

ample through utilizing the instability of the coating materials on

the backbone to in-situ form MP catalyst was from Nicollet et al.

[154] They infiltrated Pr2NiO4+δ into the GDC backbone and ob-

tained Pr6O11 and NiO phases at 900 °C in N2 since GDC back-

bone inhibited the crystallization of Pr2NiO4+δ . The Pr6O11 and NiO

phases coated cathode exhibited a low Rp of 0.078 � cm2 at 600 °C
[152,154]. To date, there are few studies on how to control the dis-

tribution and size of the exsolved nanoparticles. Due to the com-

plexity of the structure and the component of MP coating materi-

als, it is difficult to reveal the ORR catalytic mechanism. In the fu-

ture, more MP catalyst materials with different morphologies and

compositions with specific properties need to be exploited.

To summarize section 4, different types of infiltrated cata-

lysts or materials are overviewed. The correlations among the

composition, structure and performance of infiltrated catalysts or
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materials are illustrated according to the classification of the infil-

trated catalysts. The MP catalysts are highly desired to developed

high-performance and durable cathodes. The variety of backbones,

morphologies and compositions greatly broaden the application of

infiltrated cathodes. By careful design, the catalyst for surface in-

filtration can greatly enhance the catalytic activity at low and in-

termediate temperatures and improve the tolerance to contamina-

tions.

5. Summary and prospective

Infiltration on the existing backbones has been proved to be an

efficient method to construct highly active and durable cathodes.

The infiltration process and the performance depend on many fac-

tors. In this mini-review, we emphases on the backbones and the

coating materials. MIEC and composite backbones are more com-

petitive as compared with the electrolyte backbones due to the in-

creased TPB areas. The choice of the infiltrate material is versatile,

including precious metals, oxygen ion-conducting oxides, mixed

ionic and electronic conductors, and non-ionic and non-electronic

conducting oxides. In particular, infiltrated multi-phase catalysts

on LSCF backbone exhibit better ORR catalytic activity and ther-

mal/chemical stability. The infiltration method allows us to use a

wide range of infiltrated materials into various backbones, and en-

dows the coated cathodes with desired properties.

Although the infiltrated cathodes have many advantages, these

challenges should be addressed in future research: (1) The infil-

tration cycles should be largely reduced and large-scale infiltration

techniques need to be developed. (2) Due to the limitations of the

measurable scale, the underlying mechanism of the original perfor-

mance improvement and the heterostructure between the infiltra-

tion materials and the backbones is still unclear. Further investiga-

tion on ex-situ and in-situ characterization are needed to illustrate

the reactions or catalytic mechanisms. (3) The composition and

morphology of the infiltrated cathode surface should be rationally

designed and well controlled, such as the thickness, the distribu-

tion of the particles and the multi-phase components. The corre-

lation between the composition/structure of the infiltrated mate-

rial and the cathode performance should be explored extensively.

(4) New infiltrated materials should be explored, such as semicon-

ductor materials. For instance, TiO2 is found to enhance catalytic

activity of the anode towards simulated biogas and the coking re-

sistance due to the infrared light driven photocatalytic removal of

deposited carbon [155]. However, there are few studies on semi-

conductors as infiltration materials. (5) The infiltration concept can

be expanded to other electrochemical energy devices. For example,

the infiltrated electrodes can also be applied in solid electrolysis

cells, metal-air batteries, photo-catalysis devices and so on.
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