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Electrolyte for Intermediate-Temperature Alkaline Fuel Cells**
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Alkaline fuel cells have received significant interest in recent
years relative to acid fuel cells, because of advantages when
operating under alkaline conditions, which include enhance-
ment of the electrode reaction kinetics, especially at the
cathode, as the cathode catalyst is not subjected to corro-
sion.[' Consequently, non-noble metals or inexpensive metal
oxides can be used as catalysts.”! In addition, high energy
density liquids and gases such as ethanol, hydrazine, and
ammonia can be adopted as fuels.’! Anion exchange polymers
are widely viewed as promising candidates for electrolyte
membranes; however, a major challenge in the development
of such polymers is their stability at high pH," because both
the main chain and functional groups are easily degraded by
hydroxide ion attacks. In addition, the poor chemical stability
of current anion exchange polymers means that the operating
temperature is limited to 80 °C or less; therefore, this type fuel
cell is typically operated between 50 and 60°C.P!

Operating a fuel cell at elevated temperatures provides
the anode catalyst with high tolerance to CO, which is useful
for both acid and alkaline fuel cells.! Additional benefits
include small polarization loss, good drainage at the anode,
and effective heat dissipation from the fuel cell system. A few
anion-conducting electrolyte materials capable of operating
at intermediate temperatures (100-200°C) have been
reported, such as KOH-doped polybenzimidazole (PBI)"
and hydroxide ion-intercalated Mg-Al layered double hy-
droxide (LDH)." However, the reaction of KOH in the
former electrolyte with CO, present in the air to form K,CO;
is a possibility, and the hydroxide ion conductivity of the latter
(0.03Scm™! at 200°C) is not sufficiently high to achieve
satisfactory cell performance. Further increases in chemical
stability and conductivity would enhance the position of
intermediate-temperature anion exchange membranes as the
preferred electrolyte material for practical alkaline fuel cells.

In this study, metal pyrophosphates (MP,0O,) were studied
as anion-conducting electrolytes for intermediate temper-
ature applications. The metal pyrophosphate structure can be
described as a network of MOy octahedra sharing corners
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with P,0O; units, characterized by the presence of intersecting
zigzag tunnels delimited by pentagonal windows."] This
unique crystalline structure provides many ion exchange
sites and transport pathways. To date, proton exchange
capability is typically introduced into the bulk of SnP,0O, by
the partial substitution of Sn*" cations with low-valency
cations, such as In**, AP, Mg?*, Sb**, Sc**, Ga**, and Zn>*.")
The resultant proton conductivity reaches approximately
0.1 Scm™" at 200°C." An opposite effect is expected by the
partial substitution of Sn*' cations with high-valency cations,
which would result in hydroxide ion exchange capability
because of charge compensation for the high-valency cations.
We demonstrate the hydroxide ion conduction of pentavalent
cation-doped SnP,0; at intermediate temperatures using
electrochemical measurements, including complex impe-
dance, gas concentration cells, and H/D isotope replacement
methods. Moreover, Sn; ¢,Sb, sP,O;, which exhibits the high-
est hydroxide ion conductivity among the tested compounds,
is characterized with respect to the hydroxide ion environ-
ment and the basicity of the compound. In addition, fuel cell
tests with the Snj,Sb,sP,O; electrolyte were conducted in
the temperature range of 50-200°C.

The crystalline structure of Sb**-doped SnP,O; as an
example of Sn, A ,P,0O, (AY=pentavalent cation dopants)
was identified using X-ray diffraction (XRD) measurement
(see Figure S1 in the Supporting Information). The XRD
pattern of the nondoped sample was assigned to SnP,O,
(72 mol %) and SnO, (28 mol % ). Tao interpreted the pres-
ence of the SnO, phase to be due to the use of large SnO,
particles as a raw material, which causes the formation of
a core-shell structure,”! although such a structure could not
be determined from transmission electron microscopy (TEM)
measurements (see Figure S2 in the Supporting Information).
(The content of SnO,, which has a negative effect on ionic
conduction, can be reduced when smaller SnO, particles are
used as a raw material.) Sn,_Sb,P,O, with an Sb>" content of
not more than 8§ mol % had the same pattern as that of the
nondoped sample. The peaks attributable to SnP,0; were
shifted slightly toward higher Bragg angles by an increase in
the Sb>" content, which is expected with substitution of Sn**
(0.69 A) with Sb°* (0.60 A) of a smaller ionic radius.'"! As
a consequence, the lattice constant of SnP,0O, decreased from
7.925 to 7.916 A with increasing Sb>" content from zero to
8 mol%. In contrast, Sn, ,Sb,P,O, with an Sb> content of
10 mol% or higher contained some peaks attributable to
Sn, sP;0,,, which indicates that 8 mol % Sb’* is the substitu-
tion limit.

The temperature dependency of the electrical conductiv-
ity for Sn,_Sb,P,0; was measured in air saturated with H,O
vapor at 50°C (Figure 1) and revealed two common features.
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Figure 1. Temperature dependence of the conductivity for Sn,_,Sb,P,0,
(x=0-0.2).

Firstly, the electrical conductivity for all the tested samples
except SnggsSbysP,05 initially increased and then decreased
with increasing temperature, and the temperature of max-
imum electrical conductivity was dependent on the Sb**
content. Secondly, the electrical conductivity increased with
increasing Sb°* content and reached a maximum at an Sb>"
concentration of 8 mol %, which corresponds well with the
substitution limit for Sb>" estimated from XRD measure-
ments. (Sn,sP;0,, was formed as an impurity when the
Sb>*content was > 8 mol %; see Figure S1 in the Supporting
Information.) Therefore, it is possible that such an impurity
interrupts the hydroxide ion transfer between Sn,_.Sb,P,0O,
particles. These results support that the doping of pentavalent
cations plays an important role in the appearance of
hydroxide ion conduction. As a result, Sng¢,Sby ¢sP,0; exhib-
ited the highest electrical conductivity over the temperature
range tested; 0.08 Scm™ at 100°C and 0.05 Sem™ at 200°C.
Note that the electrical conductivity is further enhanced by an
increase in the H,O vapor concentration; an electrical
conductivity of 0.07 Scm ™" at 200°C was obtained when the
air was saturated with H,O vapor at 70°C.

An effect similar to that of Sb>* doping was expected for
other pentavalent cations. Therefore, Sngg,V(P,07,
Sny ¢, Nby sP,O, and Sngg,Ta;xP,O,; were also synthesized.
These samples were indexed with a crystalline structure
similar to that of Sng¢,SbysP,O;, although Sng,Ta,sP,0;
contained a Ta,P;0,,s impurity phase. Significant enhance-
ment of the electrical conductivity was observed for all the
doped samples. The order of electrical conductivity was
(Sng.5,Sby0sP207 >) Sng.Nby sP,07 > Sng g, Vo 0sP,07 >
Sngg,TaysP,O; (>SnP,0;). The relatively low electrical
conductivity of Sn ¢, Ta, sP,O; is probably due to the presence
of the impurity phase. In contrast, the tetravalent cation-
doped SnP,O, (dopant=Si*' and Ce*") compounds had
comparable or lower electrical conductivities than that of
nondoped SnP,0,, which supports the effect of pentavalent
cation doping on the electrical conductivity. These results
confirm the validity of this approach to the design of
hydroxide ion-conducting materials. Sngg,SbyP,O; was
used as the test sample for subsequent experiments.
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The common valence states of antimony are Sb*" and
Sb**, which were clarified by X-ray photoelectron spectros-
copy (XPS) analysis of Snj ¢,Sb sP,O;. The binding energy of
antimony in Sny,Sby ,sP,O; was found to be 542.2 eV, which
corresponds to Sb°* 3d,,. (The binding energy reported for
Sb** 3d,, is about 539 eV.'¥) Therefore, it was confirmed that
at least all of the antimony present on the sample surface was
Sb>*.

The thermogravimetric analysis (TGA) curve of
Snge,Sby sP,O; indicated that a weight loss of about 4%
occurred in two steps between 50 and 400 °C, accompanied by
endothermic peaks at approximately 80 and 165°C in the
differential thermal analysis (DTA) profile. The two endo-
thermic peaks can be ascribed to the desorption of phys-
isorbed and chemisorbed water molecules, because these
peaks were also observed for nondoped SnP,0;.

Thus, the dehydration of hydroxide ions that are assumed
to be incorporated into Sn, ¢,Sb ,sP,O; does not occur until at
least 400°C. This is reflected in the high electrical conductiv-
ity of 0.03 Scm ™! for this sample, even at 300°C.

The microstructure of Sngg,SbyP,O; was investigated
using Fourier transform infrared (FT-IR) spectroscopy.
Sng9,SbysP,O; has a distinctive structure characterized by
three absorption bands assigned to an OH stretching vibra-
tion centered at 3375 cm~!, XOH bending vibrations centered
at 2820 and 2330 cm ™', and an OH bending vibration centered
at 1650 cm™! (Figure 2)."¥) The intensity of these bands was
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Figure 2. FT-IR spectra for Sn,_Sb,P,0; (x=0, 0.05, 0.07, and 0.08).

enhanced by an increase in the Sb>" content. While care was
taken to account for water molecules adsorbed on the sample
surface, the results suggest that the absorption bands are
mainly attributable to hydroxide ions present in the bulk and
on the surface of Sngy,Sb, sP,O;.

If Sng,SbysP,O; has anion exchange capability, then
hydroxide ions can be replaced with other anions, such as
chloride and bromide ions. The Sn;g,Sb,P,0; sample
powder was added to 1M KCI or KBr solution and stirred
magnetically at room temperature overnight. The electrical
conductivity of the obtained samples was four or five orders
of magnitude lower than that of the untreated sample over the
tested temperature range (see Figure S3 in the Supporting
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Information). The transport of hydroxide ions exhibits
Grotthuss behavior in these anion exchange membranes,
where hydroxide ions are naturally integrated into the
hydrogen-bonding network of water molecules."¥ However,
this mechanism is not applicable to chloride and bromide ion-
exchanged samples, which exhibit significantly low ion con-
ductivities.

To gain further insight into the hydroxide ion conduction
in Sny4,Sb sP,0O5, several characteristics were compared with
proton-conducting SnyyIn,;P,0,. The acidity and basicity of
both samples were measured using NH;- and CO,-desorption
(TPD) methods, respectively. In the NH; desorption profiles,
both samples had two major desorption peaks in the temper-
ature ranges of 150-250°C and 250-450°C (see Figure S4a in
the Supporting Information); the peak that appears in the
low-temperature region is caused by physisorbed and weakly
chemisorbed NHj;, and the peak that appears in the high-
temperature region is associated with Bronsted acid sites.!™!
Both peaks were much smaller for Snyg,SbysP,O; than for
SnyIng,P,0,, and considering the similar surface areas of the
samples, this result indicates that the acidity of Sn,4,Sb; sP,O-
is weaker than that of Sn,In,;P,0O; (Figure 3). On the other
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Figure 3. Increment of P(H,0) in the outlet gas from the anode
chamber for fuel cells with Sngq,Sbg 0sP,O; and Snyelng,P,0O; electro-
lytes.

hand, the CO, desorption profiles had small and broad peaks
between 50 and 200°C for both samples; however, the
intensity for Sng,Sb,sP,O,; was somewhat higher than that
for SnyIn,,P,0O; (Figure S4b in the Supporting Information).
More importantly, only Sn,,SbysP,O; had a relatively large
peak between 450 and 530°C. Although identification of
these peaks still remains unclear at the present time, it is
reasonable to conclude that the basicity of Snyg,SbsP,O; is
higher than that of Sn,,In,,P,0;.

Tonic conduction in Sngg,Sb, sP,O; and Sny,In,;P,O; was
investigated by fabricating a steam gas concentration cell
using the sample pellets as electrolytes. In the case of the
proton conductors, the following reactions occur by the
partial pressure gradient of H,O vapor between the two
electrodes [Egs. (1) and (2); P(H,0) = water pressure]:

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Electrode at the high P(H,0) side :
H,0 - 2H" +2¢ +1/20,

Electrode at the low P(H,O) side :

2
1/20,+2H" +2e — H,0 @
The resultant potential of the electrode at the high P(H,O)
side becomes negative against the electrode at the low
P(H,O) side. In the case of the hydroxide ion conductors, the
following reactions are proposed [Egs. (3) and (4)]:

Electrode at the high P(H,O) side :

3
H,0 +1/20, +2e — 20H" ®)

Electrode at the low P(H,O) side : A
20H — H,0+1/20,+2e" “)
These reactions cause an opposite polarity to that for the
proton conductors, so that the potential of the electrode at the
high P(H,O) side becomes positive against the electrode at
the low P(H,O) side."! As expected, the galvanic cell with
Sngolny,P,O; generated negative electromotive forces
(EMFs), and the galvanic cell with the Sngg,Sb,sP,O; had
inverse behavior (Figure S5 in the Supporting Information).

The H/D isotope effect on the electrical conductivity is
helpful to develop a more detailed understanding of the ionic
conduction in Sny ¢,Sb, sP,O; and Sn, yIn,;P,O,. The electrical
conductivity of SnyyIny;P,0, was reduced by replacing H,O
vapor with D,0 vapor (Figure S6 in the Supporting Informa-
tion), which confirms that protons function as the charge
carrier in this sample.'”) In contrast, the behavior observed for
Sny4,Sby 0sP,O; was complicated; the H/D isotope effect was
observed at 50 and 75°C, but disappeared at 100°C or higher
temperatures (Figure S6 in the Supporting Information),
which suggests that proton conduction is dominant at temper-
atures below 100°C, but that hydroxide ion conduction is
significant at 100 °C or higher. This complicated phenomenon
can be interpreted as a consequence of an additional transport
pathway for protons at low temperatures. The sample was
exposed to air saturated with H,O vapor at 50°C; therefore,
the relative humidity becomes higher as the temperature is
decreased. As a result, the adsorption of excess H,O vapor on
the surface of the sample powder produces transport path-
ways for protons. However, these pathways are lost by an
increase in temperature, so that hydroxide ion conduction
becomes predominant over proton conduction at high tem-
peratures.

More direct evidence is required to support the hydroxide
ion conduction of Sngg,SbysP,0;, especially at 100°C or
higher. H,O vapor is generally produced at the anode for
hydroxide ion-conducting fuel cells, and at the cathode for
proton-conducting fuel cells. This phenomenon was verified
for Sngg,SbysP,O,; and Snyeln,,P,O; by experiments con-
ducted at 200°C, at which a large quantity of current could be
drawn from the fuel cell, as described later. No H,O vapor
product was observed at the anode for the fuel cell with the
SnyeIng,P,0; electrolyte during cell operation, whereas the
partial pressure of H,O vapor in the outlet gas from the anode
chamber increased with current density for the fuel cell with
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Sng ¢, SbysP>O; (Figure 3). Although it is difficult to quanti-
tatively analyze the experimental data obtained from the low
sensitivity hydrometer, this result demonstrates that
Sny,Sby,P,O; functions as a hydroxide ion conductor
under the operation conditions employed, where the hydro-
gen oxidation reaction proceeds through Reaction (5):

Anode: H,+20H —2H,0+2e" (5)
This investigation has confirmed that hydroxide ions migrate
in the bulk and on the surface of Sn,Sb, sP,O,, especially at
100°C or higher, which is a large advantage over conventional
anion exchange polymers. Therefore, this compound is
suitable as an electrolyte material for an intermediate-
temperature alkaline fuel cell. Current—voltage (I-V) and
current—power (I-P) characteristics were measured for a fuel
cell fabricated with the Sn;g,Sb,P,O; electrolyte in the
temperature range of 75-200°C. Two particularly noteworthy
features were determined from these characteristics
(Figure 4). One feature is that the open-circuit voltages
(OCVs) at all the tested temperatures were between 950 and
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Figure 4. Cell voltage and power density as a function of current
density for a fuel cell with the Sngg,Sbg0sP,O; electrolyte. The thickness
of the electrolytes was about 1.0 mm.

1000 mV, which is lower than the theoretical value of about
1.1 V. The low OCVs are attributed to the physical leakage of
gas through the electrolyte, because the OCVs increased with
increasing electrolyte thickness. The other feature is that the
voltage drop became smaller at each current density as the
temperature increased, the effect of which was large, espe-
cially at 150 °C or higher. The resultant power density reached
a maximum at 200°C.

The internal resistances of the fuel cell were analyzed
using impedance spectroscopy. The resistance at all tested
temperatures was comprised of three components; ohmic,
polarization, and diffusion resistance (Figure S7 in the
Supporting Information). The ohmic resistance of the electro-
lyte was between 1.0 and 1.8 Q2 cm* and was dependent on the
temperature, which is consistent with the electrical conduc-
tivity results (Figure 1). In contrast, the polarization and
diffusion resistances were significantly affected by the tem-
perature, and were considerably large, especially at 125°C or
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lower. This can be explained by the transition of the charge
carrier species in Sngg,SbysP,0O;, because this material is
considered to transform from proton conductor to hydroxide
ion conductor with increase in the temperature. In addition,
the cathode exhibits low electrocatalytic activity for the
oxygen reduction reaction (ORR) under acid conditions,
which causes large polarization and diffusion resistances.
However, the electrocatalytic activity of this electrode for the
ORR is significantly improved under alkaline conditions,
which reduces the polarization and diffusion resistances. It
should be noted that the electrode properties obtained at
200°C were substantially larger than those reported for
alkaline fuel cells at low temperatures. The low electrode
performance is due to the lack of hydroxide ion conduction in
the entire cathode, because no ionomer was used in the
cathode. Another consideration is that the electrode was only
in physical contact with the electrolyte, which probably
resulted in a poor electrolyte/electrode interface. Therefore,
research is in progress to design a composite electrode based
on Pt/C and Sny4,SbsP,O, to improve both the hydroxide
ion conduction in the cathode and the electrolyte/electrode
interface properties.

In summary, a series of Sn,_.A ,P,O, (AY=V, Nb, Ta, and
Sb) compounds were synthesized, of which Sng,SbP,0,
exhibited the highest electrical conductivity in the temper-
ature range of 50-200°C. The anion exchange capability of
this compound was evaluated using spectroscopic and electro-
chemical analyses. The experimental results led to the
following conclusions. Hydroxide ions are incorporated into
the compound by charge compensation for the high valency
cation dopants; hydroxide ion conduction is predominant,
especially at temperatures of 100°C and higher. These
conclusions are also supported by the intermediate temper-
ature performance of a fuel cell constructed with the
Sng4,Sby sP,0O5 electrolyte.
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