
Chapter 8
Proton-Responsive Nanomaterials
for Fuel Cells

Xi Xu and Lei Bi

Abstract Proton-conducting oxides receive more and more attention in the current
world because of its wide applications in renewable and sustainable devices. Among
all these applications, the use of proton-conducting oxide for fuel cells is becoming
quite a hot topic as it avoids the problems for traditional fuel cells using oxide elec-
trolyte and also lowers the working temperature of fuel cells, making them possible
for practical applications. With the framework of proton-conducting solid oxide fuel
cells, the utilization of nanomaterials now playing an essential part in the whole com-
munity, and this chapter will briefly summarize the nanomaterials for protonic oxide
fuel cells that are also known as proton-conducting solid oxide fuel cells (SOFCs).

8.1 Proton Conduction in Oxides

Ionic conduction has been discovered in oxides long back, and for a long period,
people can only find the migration of oxygen ions in the oxide at high temperatures,
and there is no evidence suggesting proton could migrate in the oxide. However,
Iwahara et al. [1] discovered that some oxides exhibit proton conductions under a
wet atmosphere which opens a new door in the solid-state ionic’s field. Although
the proton migration mechanism in oxides is not completely revealed, most of the
evidence suggests thatH2O incorporates into the lattice and fills the oxygen vacancies
to form the proton defects [2]:

H2O + V• •
o + O×

o ⇔ 2OH•

Compared with the traditional oxygen-ion conductors, proton-conducting oxides
have smaller activation energies that are helpful for their low-temperature operations
[3]. It should be noted that the low-temperature operation of SOFCs is important
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Fig. 8.1 Scheme for the
proton transportation in
polycrystalline electrolyte

as it could extend the lifetime of the fuel cells and also provide the possibility for
the quick start-up of fuel cell devices [4]. In addition, the fuel cells using proton-
conducting electrolyte offer another advantage of producing H2O at the cathode side
that will not dilute the fuels that always happens for the oxygen-ion conducting
SOFCs, making the development of proton-conducting SOFCs becomes a hot topic
in the community [5]. As a fuel cell device, it usually contains the components
including electrolyte, anode, and cathode. In the following sections, we will briefly
introduce the state-of-the-art as well as the recent development of nanomaterials for
protonic SOFCs.

8.2 Proton-Conducting Electrolytes

Proton conduction was firstly found in doped SrCeO3 materials [1] and then different
oxides are reported to show proton conduction in the past four decades [6–8]. How-
ever, themost classical proton-conducting oxides are still theABO3-based perovskite
oxides, and they are usually used as electrolytes for proton-conducting SOFCs [9].
As the fuel cell electrolyte, it is desirable to have a low resistance which could avoid
the high ohmic loss in the fuel cell operations. This requires high conductivity for the
electrolyte materials. According to the classical “brick-layer model,” the solid-state
electrolyte consisted of grain interiors (also called as “bulk”) and the grain bound-
aries, and protons have to pass through the grains and the grain boundaries for the
transportation [10], as schemed in Fig. 8.1. It has been demonstrated that the resis-
tance of the grain boundary is a few orders of magnitude of larger than that of the
grains, suggesting the reduction of the grain boundary resistance is the key for the
improvement of the overall electrolyte conductivity [10]. Generally, there are two
routes to improve the grain boundary conductivity. One is to decrease the thickness
of the grain boundary so that protons can pass through less distance with the high
resistance grain boundaries. In this case, the specific grain boundary resistance could
be decreased. The other approach is to increase grain size which decreases the vol-
ume of the grain boundaries. Although the specific grain boundary resistance is not
changed with this strategy, the total grain boundary resistance is reduced because
of the reduced grain boundary volume that allows the protons to meet fewer grain
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boundaries during their transportation. Nanotechnologies and nanomaterials play an
important role in both strategies and let us introduce them in detail.

8.2.1 Reducing the Specific Grain Boundary Resistance

Comparing with the grain which has typically a size of a few micrometers, the grain
boundary usually has a thickness of a few to tens of nanometers. Therefore, tailoring
the thickness at the nanoscale is quite challenging in early studies but now some
effective strategies have been used to reduce the specific grain boundary resistance
by tailoring the grain boundaries. Y doped BaZrO3 (BZY) is one of the most inves-
tigated proton-conducting oxides in the field but its conductivity is highly hindered
by its grain boundary resistance [11]. To overcome this drawback, Sun et al. [12]
have used Li2O as the sintering aid to improve the sinterability of BZY. Different
to other sintering aid-modified BZY materials that have large grains, the Li2O mod-
ified BZY pellet shows a small grain size of a few hundred nanometers. However,
electrochemical measurements indicate that the conductivity of Li2O modified BZY
shows high conductivity compared with other sintering aids-modified BZY. Further,
material analysis reveals that there are two factors helping the conductivity for the
Li2O modified BZY. One is that Li2O participates in the sintering procedure but it
evaporates leaving the sample without Li element. In this case, the electrochemical
properties of the sintered BZY electrolyte are free of the influence of the Li element.
It has been demonstrated that although sintering aids could improve the sinterability
of the samples, they impair the electrical properties, so the dense sample free of the
sintering aid could maintain the high conductivity of BZY. Second, the microstruc-
ture analysis reveals that the formed BZY pellet has a very clear and thin grain
boundary, as shown in Fig. 8.2. The thickness of the grain boundary is about 4 nm,
which narrows the distance that protons must pass through for each grain boundary
and thus improves the conductivity.

One may think how about the complete removal of the grain boundaries; although
this task is difficult for traditional protonic SOFCs, it becomes feasible in the filed
thin-film SOFC. Pergolesi et al. [13] have fabricated a grain boundary-free BZY thin
films by the pulsed laser deposition (PLD) method on the MgO substrate and found
that the conductivity of the BZY film is much larger than that of the polycrystalline
BZY pellet and the conductivity value is also higher than most of the oxygen-ion
conductors, implying the advantage in electrochemistry by using proton conductors.
Furthermore, the measured conductivity of the BZY films matches well with the the-
oretical bulk conductivity of BZY, suggesting the grain boundary is indeed removed
and the total conductivity is equal to the bulk conductivity. This study demonstrates
for the first time that the grain boundary of proton conductor could be removed from
an experimental way, achieving high conductivity for the sample. It should be noted
that this BZY thin film is fabricated on theMgO substrate that is not the configuration
for fuel cell devices, so the fabrication of nanoscale electrolyte on the conventional
NiO-based electrolyte is necessary to explore the possibility of using BZY thin films



248 X. Xu and L. Bi

Fig. 8.2 Microstructure of BZY electrolyte sintered with the addition of Li2O, showing clean and
thin grain boundaries [12]. Reproduced by permission of the PCCP Owner Societies

for fuel cell applications. Fabbri et al. have employed to PLD method to fabricate a
thin BZY film on the NiO-based anode and tested in the fuel cell condition. How-
ever, the fuel cell performance of this fuel cell is not high, due to the use of the
single-chamber mode. In addition, the BZY electrolyte film was fabricated on the
NiO-based anode. Unlike the single-crystal MgO cathode used in the previous study,
the NiO-based anode did not have a specific orientation that made the growth of
single-crystal BZY film difficult. Therefore, although the thin-film BZY has been
fabricated by the PLDmethod, the grain boundary still existed for this electrolyte and
decreased the conductivity of the electrolyte and thus decreased the overall fuel cell
performance [14]. Similarly, the BZY thin film was also fabricated on the sintered
BCY electrolyte, forming the bilayer electrolyte structure [15]. The main purpose of
this structure is to shield the unstable BCY electrolyte with the stable BZY thin film,
making this electrolyte has better chemical stability. Although the conductivity of the
bilayer electrolyte is obviously larger than that of the pure BZY electrolyte, the value
is still apparently lower than that of the BCY electrolyte from the protective layer. In
spite of the thin BZY electrolyte used, the polycrystalline BZY electrolyte still influ-
ences the overall conductivity of the electrolyte. Recently, Bae et al. [16] have tried
to solve this problem by fabricating the BZY column-like crystalline electrolyte. As
seen in Fig. 8.3, different from the conventional polycrystalline BZY electrolyte, the
column-like grain allows the transportation of protons from the anode side to the
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Fig. 8.3 Microstrure for the BZY thin-film electrolyte with columnar structure grain boundaries,
facilitating the migration of protons. Reproduced with permission from [16]

cathode side without passing through the grain boundaries, facilitating the migration
procedure and thus improves the electrolyte conductivity. Although this work and
that work presented in [14] both use PLD fabricated thin-film BZY electrolyte, the
current work shows much higher fuel cell performance, suggesting the removal of
the grain boundary during the proton transport is essential for its high performance.
However, it should be noted that all these works have to rely on the PLDmethod and
PLD is an advanced physical deposition method that is more suitable for small-scale
applications. The tailoring of the grain boundary at the nanoscale with the traditional
processing method could be more significant for fuel cell applications.

The above strategies have been proposed to reduce the grain boundary thickness
or eliminate the high resistance grain boundaries, but these methods did not aim
to improve the conductivity of the specific grain boundary conductivity at a given
thickness, while it is reasonable to assume that the conductivity of the grain boundary
could be enhanced if the grain boundaries becomes conductive. Although the high
resistance of grain boundary is recognized, the reason for this high resistance is still
debating, and the most popular opinion is that the form of the space charge layer is
the main reason for the high resistive grain boundaries [17, 18]. The formation of the
space charge layer is due to the accumulation of positive charge of the core of the
grain boundary that blocks the transportation of protons. Therefore, neutralizing the
positive charge at the grain boundary core to suppress the space charge layer could
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be an effective way to improve the grain boundary conductivity. However, the grain
boundary is only a few nm, while the thickness of the grain boundary core is only a
few Å that makes the modification difficult. Recently, high-temperature treatments
were found to be a possible way to tailor the properties of the grain boundary [19,
20]. After sintering the pellet by spark plasma sintering (SPS), the sample was further
treatment at high temperatures that allowed the diffusion of the dopant to the grain
boundary region. The SPS method was used here to guarantee the high densification
of the pellet as well as almost no grain growth in further heat treatment. In this case,
the difference in grain size (the grain boundary volume) contribution to the grain
boundary conductivity is negligible. Due to the negative charge of the dopant (M′

Zr),
the accumulation of the dopant at the grain boundary core could mitigate the block-
ing effect of the grain boundary. The microstructure analysis has confirmed that the
dopant indeed diffuses into the grain boundary region, while the electrochemical
studies indicate that the conductivity of the sample is dramatically improved com-
pared with the sample without tailoring the grain boundary. This evidence suggests
that tailoring the grain boundary at nanoscale to suppress the space charge layer
effect is the key to improve the grain boundary properties.

Besides tailoring the grain boundary itself, the introduction of noble metal
nanoparticles is reported to be an effective method to improve the grain bound-
ary conductivity. Tong et al. [21] have reported the conductivity enhancement for
the BZY electrolyte with the use of nano-ionic composite. They have used Pd metal
nanoparticles as the dispersed phase and the Pd has little effect on the conductiv-
ity when it incorporates into the BZY lattice. After reducing in H2 atmosphere, Pd
nanoparticles exsolve from the BZY lattice, forming the nanocomposite, and the
exsolved Pd nanoparticles are found to accumulate at the BZY grain boundaries, as
shown in Fig. 8.4. Although all the BZY-Pd nanoparticle composites show higher
conductivity than that of BZY without exsolved Pd, the sample with the small Pd
nanoparticles (5–10 nm) shows the best conductivity which is 2.7 times higher than

Fig. 8.4 The use of Pd nanoparticles at the grain boundary of BZY could enhance the conductivity.
Reproduced from [21] with permission from Elsevier B.V.
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that of the pure BZY sample, suggesting the smaller Pd particle size could better
promote the conductivity of the whole sample.

8.2.2 Reducing the Overall Grain Boundary Resistance

The other strategy to improve the electrolyte conductivity is to increase the grain size
of the electrolyte and thus decreases the volume of the grain boundaries and thus
reduces the overall grain boundary resistance. According to the ceramic sintering
principle, the oxide powder with small particle size having high surface energy could
be easily sintered and the better growth of grain size could be expected [22]. Proton-
conducting oxides are traditionally synthesized by a solid-state reaction, in which
metal oxides powders are mixed together and then co-fired at a high temperature to
achieve the desired phase for the target proton-conducting oxides. The solid-state
reaction method provides a simple and straightway to prepare proton-conducting
oxides, but high calcination temperatures have to be used in this method to accelerate
the inter-diffusion between the starting oxide materials, and the high calcination
temperature inevitably leads to the formation of coarse powders [23]. It is recognized
that the coarse powder is not good for the later material sintering procedure, and
ultra-high sintering temperature has to be used to density the pellet and sometimes
causes the material evaporation because of the too high sintering temperature used.
In contrast, the nano-sized powder is more desirable for the electrolyte fabrication
and wet chemical routes are used to prepare nano-sized proton-conducting oxides.
It has been reported that the solid-state reaction prepared BZY powder has to be
sintered at 1800–2200 °C, while the sintering temperature of 1600 °C is sufficient
for sintering the nano-sized proton-conducting powders [23]. Yamazaki et al. [24]
have used the sol–gel method to prepare nanometric BZY powder and the dense BZY
electrolyte pellet could be obtained after sintering at 1600 °C. In addition, the grain
size of the BZY pellet is around 1 μm that dramatically reduces the volume of the
grain boundaries and thus leads to high total conductivity of 0.01 S cm−1 at 450 °C.

Similar results are also obtained by Fabbri et al., who use Pr and Y co-doped
BaZrO3 (BZPY) as the electrolyte for protonic SOFCs [25]. The combustion method
was employed to prepare nano-sized BZPY powders. The sinterability tests indicate
that the incorporation of Pr into BZY can significantly promote the sinterability of
the material, leading to not only the higher shrinkage but also the large grains. As
a result, the BZYP pellet shows higher conductivity than that of the BZY pellet
without using Pr, leading a conductivity value of 0.01 S cm−1 at 600 °C, without
impairing the chemical stability. Furthermore, the introduction of 10 mol% Pr into
BZY does not bring obvious electronic conduction at intermediate temperatures.
Recent work reveals that evenwith a small addition of Pr (5mol%) forming the nano-
sized particles, the sinterability and conductivity could be significantly improved
[26].

NiO also plays a similar role in the sinterability and conductivity improvements
for BZY. Shafi et al. [27] use NiO as the dopant instead of external sintering aid for
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BZY. It is found that the doping concentration of NiO in BZY is less than 10 mol%
and the sinterability of the material greatly improves with an only doping amount of
4 mol%. As a result, the electrolyte can be easily sintered at 1400 °C and the anode
supported fuel cell generates a peak power density of 428 mW cm−2 at 700 °C which
is one of the largest power outputs for BZY-based cells at the time reported.

Apart from the use of wet chemical routes, the utilization of proper calcination
method is recently found to be feasible for further reducing the initial particle size of
the powder that helps the electrolyte densification and grain growth in the later sin-
tering procedure. Microwave sintering is a sintering method that has been employed
in ceramic sintering and it offers the advantage of fast sintering, eco-friendly, and
low sintering temperatures [28]. Although the phrase “sintering” usually refers to
the heat treatment to densify the material, the basic working principle of microwave
sintering makes it also feasible for the calcination of the powder, in spite it has not
been used for proton-conducting oxides before. However, a recent study indicates
that the use of microwave sintering to calcine the BaZr0.1Ce0.7Y0.2O3−δ (BCZY)
proton-conducting oxide powder could lower the phase formation temperature and
also reduce the dwell time, which leads to small particle size for the initial powder
[29]. It has been reported that the BCZY powder forms a pure phase at 900 °C with
a dwell time of 1 h when the microwave sintering method was used. In contrast,
the BCZY powder calcined in the conventional condition needs a thermal treatment
condition of 1000 °C and 5 h for getting a pure phase. Both the calcination temper-
ature and the dwell time are larger than those used in the microwave condition. As
a result, the particle size of the microwave sintering method prepared BCZY pow-
der is about 25 nm, while the corresponding value for the conventionally calcined
BCZY powder is 100 nm, as shown in Fig. 8.5. The small initial powder size for the
microwave method prepared BCZY allows the densification of the BCZY electrolyte
membrane at 1300 °C. Although the electrolyte membrane with the conventionally
calcined BCZY powder appears to be dense after firing at 1300 °C, the grain size
of this electrolyte is much smaller than that of the electrolyte with the microwave
prepared BCZY powder. This is because the small initial powder with small particle
size could be better sintered in the later sintering step, leading to improved grain
growth of the electrolyte. The large grain is desirable for the electrolyte which could
reduce the volume of grain boundaries and thus improve the fuel cell performance.
As a result, the single cell with the BCZY electrolyte started from the microwave
prepared powder generated a peak power density of 791 mW cm−2, which is at the
high level for protonic SOFCs. All these evidences suggest that nanomaterials used
in the electrolyte materials are beneficial for the overall fuel cell performance of
protonic fuel cells.

8.3 Anode Nanomaterials for Protonic SOFCs

In fuel cells, the anode should be catalytic active for H2 that splits H2 into protons.
Then protons pass through the electrolyte to react with O2 at the cathode side. For
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Fig. 8.5 The particle of BCZY material prepared under different thermal treatment conductions,
showing the microwave method could reduce the initial size of the BCZY powder. Reproduced
from [29] with permission from Elsevier B.V.

SOFCs, the anode is not only used as the electrode for catalytic purposes but also
serves as the support for the complete cell. Therefore, the anode is normally thicker
than the electrolyte layer and the cathode layer to guarantee the mechanical strength
for the complete cell. Up to now, the most used anode is the NiO-based anode in
which NiO powder is mixed with the electrolyte powder to assure first the thermo-
compatibility with the electrolyte and second improved the triple-phase boundaries
(TPBs). In protonic SOFCs, the anode is usually the composite anode consisted of
NiO and proton-conducting oxides. As the anode research is relatively mature and
there are nomany other materials that could compete with the NiO-based anode now,
the research on anode for protonic SOFCs is much less than that for electrolytes and
cathodes. However, it is that the use of nanomaterials in the anode could be beneficial
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for the anode performance aswell as for the cell fabrications. The anode powder is tra-
ditionally prepared by the mechanical mixing method, in which NiO powder and the
proton-conducting oxide powder were mixed by ball milling. Although this method
is straightforward and cost-effective, themixing of NiO and proton-conducting oxide
might not be homogenous. In addition, the size of the NiO is relatively large. Some
attempts have been carried out to prepare anode powder in wet chemical routes that
could make the powder in a nanometric scale with homogenous distribution of two
phases. Bi et al. [30] have used the NiO-BZY composite anode prepared by the com-
bustion method for protonic SOFCs. In their study, the preparation of the NiO-BZY
anode powder by the wet chemical routes offered a small particle size as well as
a homogenous distribution of NiO and BZY. As a result, the nano-sized NiO-BZY
anode powder showed better performance than that of the NiO-BZY anode powder
with the same composition prepared by the traditional solid-state reaction method. In
addition to the improved electrochemical performance, the nano-sized anode powder
showed better sinterability that allowed the densification of the deposited electrolyte
during the co-sintering procedure. It is known that the BZY suffers from its very
poor sinterability and the sintering for BZY is difficulty, usually requiring high tem-
peratures. However, the high sintering temperature is not feasible for use in the fuel
cell fabrication as the BZY electrolyte is usually co-sintered with the electrode, and
the high sintering temperature could lead to severe interfacial reactions. It is found
that the BZY electrolyte cannot reach dense if the electrolyte film is deposited on
the traditional mechanically mixed BZY-NiO anode, even after sintering at 1400 °C.
However, the situation was changed by employing the wet chemical route prepared
BZY-NiO anode. As the wet chemical route prepared BZY-NiO anode powder is
nano-sized powder, it shows better sinterability than that of mechanically mixed
BZY-NiO anode powder, leading to a higher shrinkage. During the cell fabrication
procedure, the electrolyte and anode are co-sintered and shrink together. The high
shrinkage of the anode could promote the deposited BZY film, allowing the densifi-
cation of the electrolyte without deliberately adding the sintering aids [31]. Similar
workwas also carried out forNiO-BCYanode for protonic SOFCs, and the composite
NiO-BCY also showed excellent electrochemical performance [32].

However, it is also noted that the anode nanomaterials have to be prepared by
wet chemical routes, which are more complicated and less straightforward than the
traditional mechanical mixing routes. The mass production of this kind of powder
is challenging and its application in the practical application seems limited. There-
fore, the use of these nano-sized anode materials as the functional layer instead of
the whole anode could be more proper for practical applications. Bi et al. [33] have
investigated the effect of the anode functional layer on the performance of protonic
SOFCs. In this study, the nano-sized anode functional layer power was prepared
by a combustion method and then fabricated on the anode substrate as a transition
layer for the cell. One can see that the use of the anode functional layer significantly
improves the microstructure for the cell. Obvious cracks appear for the cell without
the anode functional layer, which is probably due to the inhomogeneous distribu-
tion of proton-conducting phase and NiO phase as well as the coarse powder used.
When the anode functional layer was used, the interface of the anode/electrolyte,
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where the electrochemical reaction happens, becomes the interface of the anode
functional layer and the electrolyte. The nano-sized anode functional layer extends
the TPBs compared with the anode due to its small particle size. Furthermore, the
anode functional layer makes an improved contact between the anode part with the
electrolyte layer by eliminating macro-pores at the interface. As a result, both ohmic
resistance and polarization resistance of the cell with the anode functional layer have
been greatly reduced, leading to higher fuel cell performance compared with the
traditional cell without the anode functional layer. It is also true that many high-
performance protonic SOFCs now tend to use an anode functional layer to improve
the electrolyte/anode interfacial contact and thus to enhance the fuel cell performance
[34].

8.4 Cathode Nanomaterials for Protonic SOFCs

Compared with the relatively few researches on anode for protonic SOFCs, the
research on cathode materials for protonic SOFCs is now becoming the major
research topic in the field. Different materials and microstructures are proposed,
aiming to improve cathode performance. For protonic SOFCs in the early years,
people just take the cathode materials that work well in oxygen-ion SOFCs for
protonic SOFCs [35]. Although these cathodes can generate reasonable fuel cell per-
formance, it is not a rational way. In oxygen-ion SOFCs, oxygen ions and electrons
participate the cathode reactions, and the electronic conduction in the cathode is
usually a few orders of magnitude larger than that of the oxygen-ion conduction.
Therefore, the design and discovery of cathode materials with high oxygen-ion con-
duction are critical for cathodes for oxygen-ion SOFCs [36]. However, the cathode
reaction for protonic SOFCs is different from that of oxygen-ion SOFCs, making the
design of the cathode different. Peng et al. [37] have investigated the cathode process
for protonic SOFCs and found that both oxygen-ion migration and proton migration
are involved at triple-phase boundaries (TPBs). Therefore, the development of cath-
ode materials with both oxygen-ion conduction and proton conduction is essential
for high-performance protonic SOFCs. Although most traditional cathode materials
have oxygen-ion conduction and electronic conduction, the proton conduction is not
revealed before and the search of cathode materials with proton conduction is a hot
topic in the community but also quite challenging. Figure 8.6 shows the scheme
for the cathode reaction for protonic SOFCs using oxygen-ion and electron mixed
conductor as the cathode; one can see that the TPBs are restricted at the cathode
and electrolyte interface, which limits the reaction active area and thus restricts the
cathode performance. In order to improve the cathode performance, one of the most
feasible approaches is to couple the cathode material with the electrolyte material,
which could extend the TPBs to the connections where electrolyte and cathode meet.
In this case, the TPBs are extended compared with the single-phase cathode. This
method is widely used in the past decade and even now for protonic SOFCs and
the use of nanomaterials is critical for the enhancement of cathode performance as
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Fig. 8.6 Scheme for the
cathode reaction using
traditional oxygen-ion and
electron mixed conducting
cathodes. Reproduced from
[60] with permission from
The Royal Society of
Chemistry

nanomaterials could enlarge the TPBs compared with the large size cathodes. In the
past two decades, many studies have been carried out to find the suitability of the
cathode for protonic SOFCs and most of the studies use the nano-sized compos-
ite cathode [38]. Usually, wet chemical routes are employed to prepare the cathode
nanomaterials as well as the proton-conducting electrolyte materials, and then, these
two nanomaterials are mixed together to form the composite cathode [39, 40]. Many
different cathode materials were evaluated for protonic SOFCs and they generally
produced decent fuel cell performance [9]. In order to furthermaximize the TPBs, the
impregnation method was employed to coat cathode nanoparticles on the electrolyte
backbone, which allows a further improvement in TPBs and thus higher electro-
chemical performance [41]. This method receives more attention these days due
to its demonstrated suitability of improving the fuel cell performance for protonic
SOFCs. Da’as et al. [42] have used the impregnated Sr-doped LaMnO3 nanopar-
ticles as the cathode for BZY-based fuel cells and the performance is impressive.
In their study, LSM precursor was deposited on the BZY backbone forming the
LSM-BZY composite cathode by an ink-jet printing method (Fig. 8.7). LSM is the
first-generation cathode for SOFCs and it is regarded not appropriate for intermediate
temperature SOFCs due to its pure electronic conducting feature [43]. It is true that
most LSM-based SOFCs have to work at high temperatures (above 700 °C) and the
performance of LSM cathode for BZY-based fuel cells is reported to be low [44].
However, in the study of Da’as et al., the peak power density of the BZY cell using
the LSM nanoparticles reaches 200 mW cm−2 at 600 °C. The power output value
is one order of magnitude larger than that of the same cell using the mechanically
mixed LSM cathode, suggesting the extension of the TPBs by tailoring the particle
size of LSM to nanoscale is the key for the much-improved fuel cell performance.
This study somehow turnovers the traditional thinking that LSM is not proper to
use at intermediate temperatures, extending the application of the LSM material. It
also should be highlighted that although impregnation method for preparing cathode
nanoparticles is widely reported in the community, this study presents an interesting
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Fig. 8.7 Scheme for the preparation of nanoparticles cathodes for proton-conducting SOFCs with
the impregnation method integrated with the ink-jet printing technique. Reproduced from [42] with
permission from Science China Press and Springer-Verlag GmbHGermany, part of Springer Nature

strategy of using ink-jet printing for impregnation [42]. Different from the traditional
manual impregnation method that confronts difficulties in controllability and repro-
ducibility, the impregnation with ink-jet printing technique allows the fabrication of
nanostructured cathodes in a controllable manner in which the whole impregnation
process is carried by the machine. In this case, the cathode fabrication is independent
of the people once the parameters for the ink-jet printer are fixed. Furthermore, the
traditional impregnation method is only suitable for small-scale applications and the
impregnation, and firing procedure has to be repeated several times until the required
loading amount of LSM has been achieved. In the ink-jet printing procedure, only
one step of impregnation and firing procedure is used, saving much time and effort.
Also, the ink-jet printing can precisely control the volume of the drops, and the use of
very tiny drops in the impregnation procedure is feasible. In this case, the backbone
could be coated with a large number of tiny drops that could guarantee the homo-
geneity of cathodes. Although the performance of the fuel cell with the impregnated
LSM cathode has been dramatically improved with the traditional study, the power
output is still not at the top level of the reported protonic SOFCs which is mainly
due to the pure electronic conduction nature of LSM. By using LSM nanoparticles
covering the BZY backbone, indeed the TPBs are extended and the performance is
enhanced. However, it is also noticed that the oxygen-ion can only transport via the
LSM surface while the transportation of oxygen-ion through the bulk is unlikely for
LSM. Therefore, it is reasonable to assume that the fuel cell performance could be
further improved by using the oxygen-ion and electron mixed conductors. Bi et al.
[45] have attempted to use the impregnated Sm0.5Sr0.5CoO3(SSC) cathode for BZY-
based protonic SOFCs. Compared with the almost pure electronic conductor LSM,
SSC is a well-known mixed conductor that allows the diffusion of oxygen ions and
the cathode reaction activity could be much improved with the use of SSC cathode.
By using the SSC nanostructured cathode, the BZY cell generates a high peak power
density of 602 mW cm−2 at 600 °C and this value is one of the largest ever reported
for BZY cells and it is also at the high level for protonic SOFCs (Fig. 8.8). To further
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Fig. 8.8 BZY cells with impregnated SSC as the cathode: a surface and b cross-sectional view.
Reproduced from [45] with permission fromWILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

demonstrate the feasibility of using nanostructured mixed conductors for protonic
SOFCs, the impregnated PrBaCo2O5+x(PBCO) material is also used for BZY-based
cells. It is interesting to find that the PBCO without obtaining the pure phase shows
better performance than that of the cell with pure phase PBCO cathode. Unlike the
SSC material that can form the pure phase at 800 °C, the formation of the PBCO
phase requires a high firing temperature of 1200 °C.However, with the increase of the
calcination temperature, the size of cathode powder inevitably increases. Although
the calcination temperature of 1200 °C could allow the formation of pure phase
PBCO impregnated particles, such a high firing temperature also leads to the loss
of the nanostructure for the cathode. In contrast, the PBCO precursor fired at 800°C
cannot achieve the pure PBCO double perovskite phase but form the BaCoO3 and
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PrCoO3-based intermediates, while the nanostructured of the cathode is maintained.
The BZY cell with the 800 °C fired PBCO cathode shows a record-high performance
of 650 mW cm−2 at 600 °C. This study suggests that the formation of the nanos-
tructured for the cathode sometimes is more important than the formation of the
pure phase of the target cathode material, provided the intermediates still have the
catalytic activity for protonic SOFCs.

However, it should be noted that although nanomaterials were used in these stud-
ies, the extension of TPBs is still limited at the interface of the proton-conducting
phase (normally the electrolyte material in the composite cathode) and electron-
oxygenmixed conducting phase. The use of impregnated nanoparticles as cathode for
protonic SOFCs just further improves the TPB area compared with the mechanically
mixed two-phase composite cathode and it is a microstructure optimization without
using the new materials. According to the reaction mechanism of protonic SOFC
cathodes, the ideal cathode for protonic SOFCs should have the proton, oxygen-
ion, and electron conductions which could extend the reaction active area to the
whole electrode surface instead of only the connection between the cathode phase
and the proton-conducting electrolyte phase, as schemed in Fig. 8.9. Although the
advantage of using materials with proton, oxygen-ion, and electron conductions is
evidently recognized, the development of materials with proton, oxygen-ion, and
electron conductions is quite challenging. Unlike the oxygen–electron mixed con-
ducting materials that are widely available [36], few materials are reported to have
proton, oxygen-ion, and electron conductions and the situation is changed only in
recent years.

The mixed proton-electron conducting materials were firstly designed by tailor-
ing the traditional proton conductor with proper dopants. BaCeO3, which is a well-
known proton conductor, is doped with Bi-element, allowing the material to show
both protonic and electron conduction. Ba(Ce1−xBix)O3 (x = 0.0–0.5) are reported
to show both electronic conduction and protonic conduction [46], although the total

Fig. 8.9 Scheme for the use
of triple-conducting material
(proton, oxygen-ion, and
electron) as the cathode for
proton-conducting SOFCs,
extending the reaction active
area to the whole cathode
surface. Reproduced from
[60] with permission from
The Royal Society of
Chemistry
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conductivity of these materials is relatively low, reaching only about 0.1 S cm−1 at
600 °C. The following work has demonstrated that the use of BaCe0.5Bi0.5O3 mate-
rial as cathode could allow reasonable performance for protonic SOFCs, reaching
321 mW cm−2 at 700 °C with a polarization of 0.28 � cm2 at the same temper-
ature [47]. This power output value is at the high level for protonic SOFCs at the
time reported and the polarization resistance is similar to many composite cathodes
in the literature. It should be noted that only single-phase BaCe0.5Bi0.5O3 material
was used as the cathode instead of the conventional composite cathode, implying
protonic conduction in this material. Otherwise, the polarization resistance could be
huge due to the absence of proton conduction in the cathode [48]. These studies
suggest that the modification of existing proton conductors could be a feasible route
to design cathode materials with proton and electron mixed conductivity. Following
this idea, other materials have been designed and prepared. Compared with the mild
electronic conduction potential of Bi-doping materials, the modification with tran-
sition metal oxides could be a more straightforward way due to the valence change
of the metal elements. Similar to BaCe0.5Bi0.5O3 material, Fe was used as a dopant
to modify the BeCeO3 proton conductor forming the Fe doped BaCeO3 materials
as cathodes for protonic SOFCs [49]. Different phase structures have been obtained
with the different Fe-doping level and the BaCe0.5Fe0.5O3 material shows the best
electrochemical performance. It is also noted that doped BaCeO3 is a well-known
proton conductor but also gets criticized for its poor chemical stability. Therefore, the
modification of stable proton conductors could be a more rational way of designing
the cathodes with proton condition. Rao et al. [50] have used Co-doped BaZrO3 as
the cathode materials for protonic SOFCs. In their research, they have demonstrated
the BaZrO3 material with 40 mol% Co-doping shows superior performance than
that of Sm0.5Sr0.5CoO3-based composite cathode, even though Sm0.5Sr0.5CoO3 is
regarded as one of the most promising cathode materials for intermediate tempera-
ture SOFCs, implying the proton conduction in the material. A similar approach has
been used to dope Pr in BaZrO3, finding that the high concentration of Pr-doping
allows the appearance of electronic conduction for BaZrO3.Moreover, the ionic con-
duction is still maintained for these materials, making them attractive as cathodes for
protonic SOFCs [51]. However, it should be noted that the Pr-doping strategy does
not introduce sufficient electronic conduction to make Pr-doped BaZrO3 to be used
independently, and they have to be used together with other electronic conductors
as the composite cathode. Even in this case, the 30 mol% Pr-doped BaZrO3 used in
the cathode allows an encouraging electrochemical performance [52], making the
use of proton-electron mixed conductor as one of the most interesting directions for
developing cathode materials for protonic SOFCs.

It should be mentioned that the direct measurement of proton conduction in the
cathodematerial is still quite challenging. The directmeasurement of the conductivity
of the material can only give the value of the total conductivity, including electronic
conductivity, oxygen-ion conductivity, and protonic conductivity. In a mixed con-
ductor, such as the cathode material, the electronic conduction is usually a few orders
of magnitude larger than that of the ionic (both oxygen-ion and proton) conductivity,
which makes the value of the total conductivity almost equals to that of the electronic
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conduction. The oxygen-ion conductivity in the mixed conductor could be further
separated by using some strategies, such as oxygen permeation tests or concentra-
tion cell tests in oxygen-containing atmospheres. However, such strategies cannot
be applied for the separation of the protonic conductivity from the total conductiv-
ity. The cathode material tends to decomposes in the reducing atmosphere, so the
tests, such as hydrogen permeation tests or hydrogen concentration cell tests, are
not feasible. As a result, it is difficult to use conventional experimental methods to
measure the specific proton conduction in the cathodes. In order to overcome this
technical difficulty, theoretical approaches have been employed to investigate the
proton mobility in the cathode materials from an atomic point of view.

The density functional theory (DFT) method has been recently employed in the
field of protonic SOFCs to calculate the proton migration ability in the cathode,
which could avoid the technical problems that appeared in experimental approaches
[53, 54]. Wang et al. [55] have evaluated the performance of Sr3Fe2O7−δ as the
cathode for protonic SOFCs. Although Sr3Fe2O7−δ shows similar oxygen-ion con-
duction with the traditional oxygen–electron mixed conductor, its application in
protonic SOFCs shows superior performance suggesting the possible proton migra-
tion in this material. DFT method is employed to investigate the proton migration
energies in this material, suggesting feasibility for proton migration in this mate-
rial. In addition, the Sr3Fe2O7−δ shows a decreased performance when coupling it
with proton-conducting oxide as the composite cathode, indicating the occupancy of
the Sr3Fe2O7−δ by proton-conducting oxide impairs the fuel cell performance. Gen-
erally, the composite cathode using a certain amount of proton-conducting oxide
shows improved electrochemical performance than that of the single-phase cathode,
and this study shows an opposite trend which suggests the different electrochemical
reaction for the Sr3Fe2O7−δ cathode.

To introduce proton conduction in the cathode materials, the evaluation of
hydration ability is another rational approach to screen the possible cathodes
with proton and electron conduction. Poetzsch et al. [56] have measured the pro-
ton uptake of Ba0.5Sr0.5Fe0.8Zn0.2O3−δ from the hydration ability tests, suggesting
Ba0.5Sr0.5Fe0.8Zn0.2O3−δ is a mixed conductor with protonic conduction and the
hydration ability is the key for the protonic conduction. Based on this concept, some
newmaterials have been proposed for protonic SOFCs, aiming to improve the hydra-
tion ability and thus the proton migration ability. Ba0.5Sr0.5Co0.8Fe0.2O3−δ, which is
a high-performance cathode for oxygen-ion SOFCs [57], does not show similar high
performance in protonic SOFCs [58]. It is well known that Ba0.5Sr0.5Co0.8Fe0.2O3−δ

has good oxygen-ion migration ability and the lack of sufficient proton mobility
could be the reason for the low performance for Ba0.5Sr0.5Co0.8Fe0.2O3−δ in pro-
tonic SOFCs. To enhance the proton mobility, one straightforward strategy could
be the improvement of hydration ability in the material. Therefore, K was used as
the dopant for Ba0.5Sr0.5Co0.8Fe0.2O3−δ and K partially replaced Ba in the mate-
rial, aiming to enhance the hydration ability of the material [59]. As K has stronger
basicity than that of Ba, the K-doped Ba0.5Sr0.5Co0.8Fe0.2O3−δ material could pos-
sess higher hydration ability than that of the K-free sample. The hydration abil-
ity tests indicate the Ba0.4K0.1Sr0.5Co0.8Fe0.2O3−δ has higher hydration ability than
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that of Ba0.5Sr0.5Co0.8Fe0.2O3−δ material. The improved hydration is also demon-
strated from theoretical point of view, in which Ba0.4K0.1Sr0.5Co0.8Fe0.2O3−δ has
lower hydration energy than that of Ba0.5Sr0.5Co0.8Fe0.2O3−δ. In addition, the pro-
ton mobility investigation carried out by DFT calculations also suggests that the
K-doping strategy changes the proton hopping and rotation energies, leading to an
easier proton migration in Ba0.4K0.1Sr0.5Co0.8Fe0.2O3−δ. As a result, the protonic
SOFC using the Ba0.4K0.1Sr0.5Co0.8Fe0.2O3−δ cathode shows an encouraging fuel
cell performance of 1275 mW cm−2 at 700 °C.

Sn and Bi co-doping strategy also shows a similar impact on the cathode. Xia et al.
[60] have usedSn andBi as the co-dopant for traditionalBaFeO3-based cathodemate-
rials. The material shows higher hydration ability with an increased Bi-doping level
until 30 mol%. After that doping concentration, the material cannot maintain a single
phase. Although the doping of Bi could reduce the total conductivity of the sample,
the conductivity value is still higher than 1 S cm−1 at the SOFC testing temperature
range, making it suitable as the electrode for fuel cells.Moreover, the oxygen-ion and
proton migration ability improve with the Bi-doping, allowing the triple-conduction
in the target material. As a result, the cell using the BaFe0.5Sn0.2Bi0.3O3 cathode gen-
erates a high peak power density of 1277 mW cm−2 at 700 °C, which is the highest
ever reported for protonic SOFCs using cobalt-free cathodes.

Besides the design of new materials as cathodes for protonic SOFCs, interfacial
engineering is demonstrated to be important for cell performance. Choi et al. have
used PrBa0.5Sr0.5Co1.5Fe0.5O5+δ as the cathode for protonic SOFCs [61]. Due to the
proton and electron conduction nature of PrBa0.5Sr0.5Co1.5Fe0.5O5+δ, the cell exhibits
high fuel cell performance reaching 800 mW cm−2 at 600 °C. Further, tailoring the
cathode/electrolyte interface with a thin layer of dense PrBa0.5Sr0.5Co1.5Fe0.5O5+δ

(around 100 nm) could boost the fuel cell performance, leading to a peak power
density of 1098 mW cm−2 at the same testing temperature. The fuel cell per-
formance is record-high for protonic SOFCs until now. The addition of the thin
PrBa0.5Sr0.5Co1.5Fe0.5O5+δ layer could improve the contact at the cathode/electrolyte
interface, reducing the ohmic resistance of the cell and thus improving the overall fuel
cell performance. In addition, the improvement in fuel cell performance by adding
the dense PrBa0.5Sr0.5Co1.5Fe0.5O5+δ layer also demonstrates the protonic conduction
in the PrBa0.5Sr0.5Co1.5Fe0.5O5+δ. If the material has no proton conduction, the dense
layer could block the migration of proton from the anode to the cathode side and
then dramatically reduces the fuel cell performance. All the above evidence suggests
that the development of new materials with proton conduction and the optimization
of microstructure are now two hot directions for the cathode designs for protonic
SOFCs

8.5 Conclusions

The discovery of proton conduction in some oxides opens a new door in the solid-
state ionic field and many devices based on proton-conducting oxides have been
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developed. Among all these devices, protonic SOFCs become a hot topic recently
due to their unique advantages over the traditional SOFCs. Nanomaterials now play
more and more important roles in protonic SOFCs, including the utilization of nano-
materials in electrolyte, anode, and cathode. The electrolyte powder is preferred to be
restricted at the nanoscale that will be beneficial for later sintering procedures to pro-
duce high-quality electrolyte membranes. Different methods have been employed to
produce nano-electrolyte powders and wet chemical routes are more favorable than
the traditional solid-state reaction methods. In addition, the microwave method has
been recently used for the synthesis of proton-conducting oxide powders. It is found
that the microwave sintering method could allow the formation of pure phase at
relatively low temperatures with a shorter dwell time compared with the traditional
calcination method. As a result, the size of the electrolyte powder could be further
reduced. Although microwave sintering is not widely used in the community of pro-
tonic SOFCs, its advantages over traditional sintering make it appealing not only in
nano-sized powder preparation but also in electrolyte membrane preparations. The
low preparation temperature not only reduces the particle size for the initial powders
but also depresses metal element evaporations during the co-sintering procedure,
leading to high membrane conductivity and thus high fuel cell performance. Also,
the tailoring of the grain boundary core at sub-nanoscale has been demonstrated to
improve the specific grain boundary conductivity, although now the high-temperature
thermal treatmentmethod is the onlyway to tailor the grain boundary core. The devel-
opment of proper strategies to design the core of grain boundary could be interesting
but also challenging for the improvement of proton-conducting electrolyte materials.

Anode materials are less studied due to the maturity of NiO-based anode. NiO-
based anodes are widely used in protonic SOFCs due to their good catalytic activity
and chemical compatibility. Rather than the investigations on the materials as anode
for protonic SOFCs, the optimization of the microstructure of the anode is critical
for the overall fuel cell performance. The use of the composite nanomaterials as
the anode functional layer is found to be beneficial for the cell performance. The
nano-sized composite anode provides a more active reaction area compared with the
traditional mechanically mixed anode. In addition, the anode functional layer serves
as a transition layer which improves the interfacial contacts between the anode and
the electrolyte layer, reducing the overall ohmic resistance and thus improving the
fuel cell performance.

Among all the key components for protonic SOFCs, cathodes are mostly inves-
tigated. Nanomaterials are widely used in this aspect, including the fabrication of
nano-sized cathode particles and the design of novel cathode materials with protonic
conduction. The use of the impregnation method could deposit cathode nanoparti-
cles on the electrolyte backbone, allowing the extension of TPBs compared with
the traditional mechanically mixed composite cathode. Moreover, one recent study
demonstrates that the maintenance of nanoparticles for the cathode is somehowmore
important than the formation of targeting structure, provided the intermediates still
have sufficient catalytic activities. Due to the different reaction mechanisms of cath-
odes for protonic SOFCs compared with that for traditional oxygen-ion conducting
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SOFCs, the introduction of proton conduction is the key to the development of high-
performance cathodes for protonic SOFCs. Different strategies have been proposed,
aiming to enhance the proton migration ability and also the hydration ability of the
materials, and it is believed that this area will be still the hot topic for protonic SOFCs
in the following years.
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