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Abstract

Some electrode materials for intermediate temperature proton-conducting fuel cells are analysed from the
perspective of surface reaction and ionic conductivity type. The performance of H,/O, fuel cells using these
materials as electrodes with LiNaSO4—Al,O5 as the electrolyte indicates that Ni—Al alloy, Ni-Al,O5 catalyst and Ni—
YSZ cermet are potential candidates for anode materials and that LiNiO», LiCoO,, Ag-SnO, and Lag 3Sry ,MnOj3
are good candidates for cathode materials. Among the tested electrode materials, for the same electrolyte, the
LiNiO,/Ni-Al,Oj; electrode pair gives the best cell performance.

1. Introduction

Intermediate temperature fuel cells are currently attract-
ing interest [1-5]. For high temperature oxygen-ion-
conducting fuel cells using YSZ as electrolytes it was
demonstrated that LaggSro,MnO; and Ni-YSZ are
ideal cathode and anode materials, respectively. How-
ever, reports involving electrode materials for interme-
diate temperature proton-conducting fuel cells are
scarce. According to current investigation, only few
materials exhibit high proton conductivity at interme-
diate temperatures [3, 4]. The proton conduction of
LiNaSO,4 was demonstrated in a hydrogen concentra-
tion cell to be the same, as described elsewhere, for
NaCl-Al,O5 composite [6]. In this work, the selection of
electrode materials for intermediate temperature fuel
cells are discussed, the effects of conductivity types on
the electrode processes for proton-conducting fuel cells
are analysed and, the performance of cells incorporating
different electrode materials and using LiNaSO4—Al,O3
as the electrolyte are presented.

2. Experimental details

The electrolyte LiNaSO4,—~Al,O; was prepared as fol-
lows. Analytically pure Li,SO4.H,O and Na,SO,4 with a
1:1 molar ratio was mixed and ground in an agate
mortar for 30 min. The mixture was calcined at 700 °C
for 12 h, quenched to room temperature and ground to
powders again. X-ray diffraction test indicates that the
obtained powders are composed of pure LiNaSOy4 [7]. A
calculated amount of a-Al,O5 was then added to the as-

prepared LiNaSO, powders. The mixed powders were
ground, pressed as pellets and calcined at 700-800 °C
for a furhter 12 h.

The eclectrode materials were prepared by various
methods, such as solid state reaction for preparation of
the YSZ in Ni-YSZ and sol—-gel processes for Ni-Al,O3,
Ag*SHOZ, LlNlOz, LiCOO2, LiMIl204, LaOAgSI'OAzMHO:;
[8-10].

The fuel cells were constructed by pressing the
electrode and electrolyte powders, sandwiched layer by
layer. In general about 10 wt % of carbon powder was
added to the electrode materials to ensure porosity to
facilitate the diffusion of gases into the three-phase
boundary (TPB). The cell configuration was

O, | cathode | LiNaSO4—Al, O3 | anode | H, (1)
where the H, and O, were commercially pure.

The set-up for measurements was a single cell as
described in [5]. The electrolyte layers were 13 mm in
diameter and 1.2 mm in thickness. About 0.6 cm? of the
cell area was exposed to the gases. The I/V curves of the
cells were obtained through TakedaRiken TR6840
digital multimeters (Japan) under various loads at
different operating temperatures.

3. Results and discussion
3.1. Selection of anode materials
For the anode material of a proton-conducting fuel cell

high electronic conductivity and good catalytic activity
to the following electrode reaction are necessary:
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H,— 2 —2H' (2)

Generally, precious metals (e.g., Pt or Pd) are good
choices from this point of view but their application is
limited due to their cost. The alternative choices are
certain transition metal elements, such as Co and Ni,
although Co is relatively expensive. Therefore, nickel is
usually selected as the main component of the anode
materials of fuel cells. As a metal, nickel powders,
particularly those with small particle sizes, are easy to
sinter at high temperature. Two methods are available
to prevent the coarsening of nickel particles: the
addition of a second support phase, as in the case of
Ni—YSZ cermet for high temperature ceramic fuel cells
[11], and the formation of alloys, such as Ni-Cr or Ni—
Al, as have been applied in molten carbonate fuel cells
(MCFQ) [12]. In our experiments, Ni—Al alloy was used
as the anode. When used with LiNaSO4—Al,O5 as the
electrolyte, LiCoO, was used as the cathode. The
performance of such a cell shown in Figure 1 indicates
that Ni—Al alloy is a candidate for anode materials for
intermediate temperature fuel cells. Ni-YSZ, which has
been used in high-temperature ceramic fuel cells, was
also used as anode material for our intermediate
temperature proton-conducting fuel cells as shown in
Figure 2. Eguchi et al. [13] reported that, below 950 °C,
Ni—Al,O5 catalysts absorb much more hydrogen than
Ni—YSZ, which would be beneficial to the catalytic
activity of Reaction 2. In an oxygen—ion conducting fuel
cell using YSZ as the electrolyte, the oxygen—ion
conductivity of YSZ in the Ni-YSZ cermet allows the
electrode processes to occur over the entire anode
surface [14]. If Ni-YSZ is used as the anode in a fuel
cell using a proton conducting electrolyte, the beneficial
effects that the oxygen—ion conductivity of YSZ has on
the anode reaction process in an oxygen—ion conductor
fuel cell [12], may not be occurred. Therefore, from this
point of view, there may be no difference between using
YSZ or Al,O; as the second phase for a proton
conductor fuel cell, as shown in Figure 3(a) in which
the black profile represents YSZ or Al,O; support. The
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Fig. 1. Performance of cell LiCoO,/LiNaSO4~Al,0;/Ni-Al in H,/O,.
Key: (x) 450, (+) 500, (&) 550, (V) 600, (A) 650, (O) 700 and ()
730 °C.
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Fig. 2. Performance of cell LajgSrg,MnO3/LiNaSO4-AlL,O3/Ni-YSZ
in H,/O,. Key: (<) 600, (V) 650, (A) 700 and (O) 750 °C.

anode reaction (Reaction 2) is expected to occur only at
the three-phase (electrode, electrolyte and gas) boundary
(TPB) sites. By analogy, a cermet anode composed of
nickel and a support with high proton conductivity may
benefit the anode reaction processes in fuel cells using
proton conductors as electrolytes, because Reaction 2
can occur at both the TPB sites and the boundary sites
between nickel and the support particles (Figure 3(b)). It
is supposed that both YSZ and Al,O5; do not exhibit
proton conduction. As shown in Figure 3(a), Reaction 2
can occur at the TPB sites. Under these circumstances,
the main difference of this anode material may be
attributed to its catalytic activity to Reaction 2. Refer-
ring to the experimental results of [13], Ni-Al,O3 was
selected as the anode. The chemical and thermal
compatibility between the electrolyte (LiNaSO4~Al,03)
and the anode (Ni-Al,O3;) was also considered in the
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Fig. 3. Schematic diagram of the anode surface (a) without and (b)
with a proton-conducting support for a proton-conducting fuel cell.



selection of Al,Oj3 as the support for the composite
anode because of the same component Al,O; [9].
Figure 4 shows the measured 7/V curves of a H,/O,
fuel cell using Ni-Al,O5; as the anode material. The
performance is better than that of the cell using the Ni—
YSZ as anode mateial (Figure 2). This can be seen in the
output current density at the same temperature even
though the same cathode and electrolyte materials were
used in the experiments. This may have been mainly a
result of the difference in the catalytic activity of anodes
as previously described. In brief, Ni—Al alloy, Ni-Al,O3
and Ni—YSZ can be good candidates for anode mate-
rials of intermediate temperature proton-conducting
fuel cells. Fuel cells using Ni-Al,O5 as the anode exhibit
superior performance than those using Ni-YSZ.

3.2. Selection of cathode materials

Candidate cathode materials for proton-conducting fuel
cells must exhibit high electronic and proton or oxygen—
ion conductivity and, good catalytic activity for the
following electrode reaction:

2H" +10,4+2¢” — H,0 (3)
As shown in Figure 5, Reaction 3 occurs not only at the
three-phase boundary (TPB), but over the entire surface
when an O*~/e” mixed conductor (Figure 5(a))oraH"/e”
mixed conductor (Figure 5(b)) is used as the cathode.
When a H " /e” mixed conductor is utilized, the cathode
reactions could be,

10 +2e” — O (4)

2H' +0* — H,0 (5)
Reaction 4 occurs at the cathode surface, but Reaction 5
occurs at the TPB when an O* /e™ mixed conductor is
used, as shown in Figure 5(a). In this case, the yielded
water has to flow out from the three-phase boundary,
which is not as easy as in the case where a H ™ /e” mixed
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Fig. 4. Performance of cell LaggSrg,MnO;/LiNaSO,~Al,O3/Ni—

ALO; in Hy/O,. Key: (+) 500, (O) 550, (V) 600, (A) 650, (O) 700
and (0J) 730 °C.
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Fig. 5. Schematic diagram of the cathode surface (a) with an Oz’/e’
and (b) with a H" /e~ mixed conductor as cathode for a proton-
conducting fuel cell.

conductor is used. The produced water can only diffuse
from the TPB sites when an O* /e mixed conductor is
used as the cathode in a proton-conducting fuel cell
(Figure 5(a)). However, the water can diffuse over the
whole cathode surface, including the TPB sites, when a
H" /e~ mixed conductor is used, as shown in Fig-
ure 5(b). From this point of view, theoretically, a
proton-conducting fuel cell using a H" /e~ mixed con-
ductor as the cathode (Figure 5(b)) would exhibit faster
electrode processes and, therefore, superior cell perfor-
mance than the case where an O>~/e” mixed conductor is
used (Figure 5(a)).

In general, three types of cathode material can be
considered for proton-conducting fuel cells: the simple
electronic conductors, 02_/6_ mixed conductors and
H™" /e~ mixed conductors. In the electronic conductor
category, silver is usually chosen because of its good
catalytic activity to Reaction 4. However, similarly to
the case of using pure nickel as the anode, pure silver
particles tend to sinter or agglomerate, resulting in the
loss of specific surface area, which directly affects their
catalytic activity. Therefore, a support is needed to
prevent the coarsening of the silver particles.

The particle size of SnO, is around 10 nm at 750 °C
when prepared by a sol-gel process. Moreover, it can
absorb different species of oxygen and oxygen-ions at
the surface, which might be beneficial to the electrode
reactions at the cathode [15]. Therefore, a Ag—SnO,
composite was tested as the cathode. The cell perfor-
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mance is shown in Figure 6. The Ag-SnO, cathode
exhibits relatively good properties above 700 °C, which
may have resulted from the catalytic activity related to
silver at that temperature.

The second category of cathode materials are O* /e~
mixed conductors, for example, perovskite-type oxide
LaggSrg,MnO3. The performances of cells using
Lag gSrg,MnOj3 as cathode shown in Figures 2 and 4
are acceptable.

The third category of cathode materials for proton-
conducting fuel cells are H' /e~ mixed conductors.
These are theoretically superior to the ionic-conducting
type and the electrode process is shown in Figure 5(b). It
has been reported that protons can insert into layered
transition metal oxides [16, 17]. It is assumed that if
there is a potential difference between the two sides and
that the interactions between protons and transition
oxides are not very strong, the inserted protons in the
oxides may become mobile resulting in protonic con-
duction. These oxides may not be chemically stable in
hydrogen, but they would be stable as cathodes in a
mainly oxygen-containing environment. Protons from
the electrolyte are assumed to insert into the oxides and
transport to the other side where they can react with O,
or O° according to Reactions 3 or 5, respectively, as
shown in Figure 5(b). The cell is expected to exhibit the
best performance when a H™ /e~ mixed conductor is
used as the cathode because the entire surface can be
used for cathode reactions and it is also easy for the
diffusion of water. The cell performance using LiCoO,
as the cathode, as shown in Figure 1, is reasonable.
Figure 7 shows performance of a H,/O, fuel cell using
LiNiO, as cathode material. Among the tested cells, that
using LiNiO, as the cathode and Ni—-Al,Oj3 as the anode
exhibited the best performance. In our experiments,
LiNiO, was found to be a better cathode than LiCoO,,
which is partially due to the difference in electronic
conductivity [10]. The electronic conductivity of Lig gs.
NiO, is generally an order of magnitude higher than
that of LiCoO, above 350 °C [10]. The cell performance
using LiMn,O4 as the cathode is shown in Figure 8.
Compared to the results in Figure 1 for a cell with the
same electrolyte and counter anode material, the cell
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Fig. 6. Performance of cell Ag—SnO,/LiNaSO4Al,03/Ni-Al in Hy/
0,. Key: (+) 500, (<) 550, (A) 600, (V) 650, (O) 700 and ([7) 730 °C.
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Fig. 7. Performance of cell LiNiO,/LiNaSO4~Al,03/Ni-Al,O3 in H,/
0,. Key: (x) 450, (+) 500, (<) 550, (V) 600, (A) 650, (O) 700 and ()
730 °C.

performance using LiMn»Qy is inferior. This is because
of the three layered transition metal oxides LiCoO,,
LiNiO, and LiMn,04, LiMn,O, exhibits the lowest
electronic conductivity [8]. However, LiNiO, exhibits
the highest electronic conductivity, which might relate to
the good cell performance when used as cathode.
Therefore, of the layered transition metal oxides,
LiNiO, and LiCoO, are good candidates for cathode
materials for intermediate temperature proton-conduct-
ing fuel cells. In summary, LiNiO,, LiCoO,, Ag-SnO,,
Lag sSrg>MnO; are potential materials for cathodes for
proton-conducting fuel cells.

4. Conclusion

From theoretical analysis, and according to tentative
experimental results, among the tested electrodes pairs,
the LiNiO,/Ni—-Al,O3 pair was found to be the best.
Other factors such as the microstructure, porosity, pore
size, interface integration between electrode and elec-
trolyte materials have not been seriously considered, and
require further investigation. Based on theoretical ana-
lyses, the materials with good catalytic activity, ideally
with high proton conductivity for the anode and with
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Fig. 8. Performance of cell LiMn,04/LiNaSO4~Al,O3/Ni-Al in H,/
0,. Key: (V) 600, (A) 650, (O) 700 and (O) 750 °C.



0% /e~ or H" Je” mixed conductivity for the cathode, are
good candidates for proton-conducting fuel cells. The
experimental results for fuel cell performance indicate
that this analysis is valid although the assumed proton
conductivity of layered transition metal oxides at
evaluated temperatures still needs to be demonstrated.
Unfortunately, the long-term performance of the cells
was not satisfactory, effective operation being limited to
several hours only.
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