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Summary

High-temperature-type proton conductive solids are favorable materials
as electrolytes for fuel cells and steam electrolysis cells for the production of
hydrogen gas.

An attempt has been made to construct a high temperature fuel cell and
a steam electrolysis cell using an SrCeO;-based solid electrolyte, which we
found to be a protonic conductor in the presence of hydrogen or water vapor.
Both cells could be operated stably at 800 - 1000 °C. The major limitation of
the cell system was the resistance of the solid electrolytes.

1. Introduction

High temperature steam electrolysis using solid electrolytes has been
considered to be an effective method of large scale hydrogen generation.
When such an apparatus (an electrochemical cell) is operated inversely, it
generates electric power by consuming the stored hydrogen, that is, it acts as
a fuel cell. This device may be regarded as a promising direct energy converter
in a future hydrogen energy system. As solid electrolytes for such a cell,
oxide ion conductive ceramics, such as stabilized zirconias, have been studied
by many workers [1 - 3]}.

High-temperature-type proton conductive solids are also favorable
materials as electrolytes for such cells, and, as described below, the cells have
unique advantages. However, few good high-temperature-type proton con-
ductors are known, although several investigators have studied proton con-
duction in some oxides in the presence of hydrogen or water vapor at high
temperatures [4 - 11]. Recently, we found that some sintered oxides based
on strontium cerium trioxide exhibit appreciable proton conduction under a
hydrogen containing atmosphere at high temperatures [12]. SrCegg5Yo,05-
03_a’ , SrCeo_9 5SCo_0503_a, SrCeo_g 5Yb0.0503_a, etc., belong to this type of
conductor. (a is the number of oxygen deficiencies per perovskite-type oxide
unit cell.)
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In this paper, some attempts to apply these materials as the electrolyte
for a fuel cell and a steam electrolysis cell are described.

2. Operating principles — Advantages of a proton conductive solid as an elec-
trolyte for fuel cells and steam electrolysis cells

Figure 1 illustrates the difference between the proton conductor and
the oxide ion conductor in the cases of a fuel cell and steam electrolysis. In
general, solid electrolytes for such cells perform the dual function of pro-
viding both ionic conduction and a diaphragm between the anode and
cathode compartments. Both faces of the electrolyte have porous electrodes.
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Fig. 1. Schematic illustrations of a high temperature Hy fuel cell ((a), (b)) and a steam
electrolysis cell ((c), (d)). Electrolyte: oxide ion conductor, (a), (¢); proton conductor,

(b), (d).

2.1. Hydrogen—air fuel cell

In the case of an oxide ion conductor, a hydrogen—air fuel cell generates
water molecules at the hydrogen electrode since oxide ions in the electrolyte
migrate toward the anode, where they react with hydrogen ((a) in Fig. 1).
Electrode reactions are given by

Cathode:
1
3 O, (gas) + 2e™ (electrode) -~ Q7 (electrolyte) (1)

Anode:
O~ (electrolyte) + Hy(gas) -~ HyO(gas) + 2e™ (electrode). (2)
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As a result, the fuel gas is diluted by water vapor, and the cell performance
deteriorates unless the fuel gas is circulated to remove water vapor.

In the case of a proton conductor, on the other hand, the hydrogen—air
fuel cell gives rise to water molecules at the air electrode since protons mi-
grate from the hydrogen electrode to the air electrode, where they react with
oxygen gas ((b) in Fig. 1). Electrode reactions are

Anode:
Hy(gas) » 2H"(electrolyte) + 2e”(electrode) 3)
Cathode:
1
2H* (electrolyte) +—2- O, (gas) + 2e” (electrode) > HyO(gas). (4)

In this case it is unnecessary to recycle the fuel gas because water is not
formed at the hydrogen electrode.

Of course, it is necessary to allow air to flow through the cathode
compartment in order to avoid an accumulation of water vapor in the air
electrode. However, the necessity for air flow is essential even in the case of
an oxide ion conductor cell, because accumulation of nitrogen gas at the
air electrode is inevitable due to the consumption of oxygen by the cell
reaction.

Since the overall reaction for both cases can be written as

1
Hj(gas) + Eoz(gaS) - H,O(gas), 5)

the e.m.f. of the cell can be written as

(6)

where Py, 0, Py, and Po, are the partial pressures of water, hydrogen and
oxygen, respectlvely, and E° is determined from the change of free energy in
reaction (5) at the given temperature. However, it should be noted that the
meaning of Py o is different in the two cells; Py ¢ refers to the cathode com-
partment in the case of a proton conductor, and to the anode compartment
in the case of an oxide ion conductor.

2.2. Steam electrolysis

In steam electrolysis using an oxide ion conductor ((¢) in Fig. 1), steam
is supplied to the cathode compartment of the cell, and oxygen is electro-
chemically extracted from H,O in the form of oxide ions, which are forced
to migrate toward the anode by the electric field applied to the electrolyte.
Oxide ions discharge to produce oxygen gas at the anode. These reactions are
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Cathode:
HyO(gas) + 2e™(electrode) ~ Hy(gas) + O~ (electrolyte) (7)
Anode:
1
O=(electrolyte) - -2—02(gas) + 2e7 (electrode). (8)

In this electrolysis, hydrogen gas obtained at the cathode is accompanied by
unreacted water vapor.

Conversely, when a proton conductor is used as the electrolyte for such
a cell, the steam must be introduced into the anode compartment and hydro-
gen is electrochemically extracted from H,O in the form of protons, which
are forced to migrate towards the cathode by the electric field ((d) in Fig. 1).
Protons discharge to generate hydrogen at the cathode.

Anode:
1
H,O(gas) >~ 2H* (electrolyte) + —2—02(gas) + 2e " (electrode) 9)
Cathode:
2H* (electrolyte) + 2e~(electrode) - Hy(gas). 10)

Therefore, pure hydrogen without water vapor can be taken from the
cathode compartment.

Consequently, the use of proton conductive solids instead of oxide ion
conductors will have the following advantages: (1) pure hydrogen free from
steam is available from the electrolysis; (2) fuel circulation is not necessary
in the fuel cell because water molecules are not generated at the fuel electrode.

3. Experimental

The specimens used in this experiment consisted of SrCe; _,M,O3_,
(M = Sc, Yb, x = 0.05 or 0.10). They were prepared by the solid state reac-
tion of cerium dioxide, strontium carbonate and scandium trioxide or ytter-
bium trioxide. The powdered raw materials were mixed and calcined at
1300 - 1450 °C for 10 h in air. The calcined oxides were ground and
moulded by hydrostatic pressure into a column (13 mm dia.) and sintered
under the above mentioned conditions. The dense sinters thus obtained were
sliced into thin disks (thickness about 0.5 mm) to provide test specimens.

The construction of the solid electrolyte—gas cell (Gas I, Pt/specimen
disc/Pt, Gas II) is illustrated in Fig. 2. The electrode compartments . were se-
parated by the solid electrolyte, each face of which was smeared with platinum
paste and baked at 1000 °C to provide porous electrode materials. Each
electrode compartment was sealed by a glass ring packing, as shown in Fig. 2.
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Fig. 2. Schematic diagram of test cell.

A platinum wire was attached to the side of the specimen as the reference
electrode.

For the steam electrolysis cell, water vapor at 1 atm was supplied to the
anode compartment, and argon gas, dried over P,0O5, was passed through the
cathode compartment to carry the evolved hydrogen gas to a detector. The
hydrogen content of the exiting argon gas was from 0.3 to 8%, measured by
a conventional gas chromatograph (Shimazu, Model GC-3BT, column
packing: active carbon 30 - 60 mesh).

The electrode potential of the cell was measured by a conventional
electrometer, a current pulse generator (Hokuto Denko, Model HC-110)
was employed to correct for ohmic losses.

4. Results and discussion

Details of the conductivity of the specimen have been described else-
where [12]. The protonic conductivities of these ceramics were 1072 - 1072
ohm™! ¢cm™! at 700 - 1000 °C, and p-type conduction was dominant in an
atmosphere free from hydrogen or water vapor.

4.1. Hydrogen—air fuel cells

A hydrogen-—air fuel cell was constructed using the sintered specimen as
the electrolyte diaphragm and porous platinum as the electrode materials.

Typical cell performances are shown in Fig. 3. A steady and stable cur-
rent could be drawn from the cell, indicating that the ceramic diaphragm
could be employed as the solid electrolyte of a hydrogen—air fuel cell. Above
800 °C, the relation between terminal voltage and current output is linear.
When this cell was discharged at constant current for a few hours, detectable
water vapor, which condensed at the air exhaust pipe, was observed. This
fact is in accordance with the protonic conduction in the specimen. As is
clear from Table 1, the cell e.m.f. decreased when the cathode gas was
moistened but was unaffected when the anode gas was moistened. This
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Fig. 3. Performance of the Hy, Pt|SrCeqg5Ybg 0503 «|Pt, Air fuel cell at 800 °C (0),
900 °C (9) and 1000 °C (2).

Fig. 4. Polarization of the fuel cell (excluding ohmic loss). Symbols as in Fig. 3.

TABLE 1

Effect of water vapor on the e.m.f. of the fuel cell at 800 °C
H,, PtlSpecimen electrolyte |Pt, Air.

Cell type Electrolyte

Anode gas  Cathode gas SrCe.955¢0.0503 SrCeggsYbo.0503-«
Wet Hy Dry air 1057 (mV) 1098 (mV)

Dry Hy Wet air 1047 1073

Wet Hy Wet air 1047 1072

Wet gas: saturated with HoO at room temperature (16 - 17 Torr).
Dry gas: dried over P2Oj in the case of SrCeq g5Ybg 0503 and saturated with HoO at
0 °C (4.6 Torr) in the case of SrCeq 955¢0.0503--

indicates that water molecules, the product of the cell reaction, are formed
at the air electrode and that protons migrate across the solid electrolyte from
the hydrogen electrode to the air electrode. This is further evidence that
these ceramics have protonic conduction.

Figure 4 shows the polarization characteristics of the hydrogen and air
electrodes. The potential of the hydrogen electrode corrected for ohmic loss
exhibits an almost constant value against the reference electrode within the
range of current output examined. At 1000 °C, little polarization was obser-
ved and cell performance depends mainly on the resistance of the electrolyte.
At 800 °C, polarization of the air electrode was apparent at high current
densities. Such polarization may be caused by: (1) the adsorption or
accumulation of generated water molecules in the electrode reaction zone;
(2) diffusion limitation of oxygen from the air to the electrode reaction zone
through the pores of the electrode materials. When oxygen gas was used
instead of air, a decrease in the cathodic polarization was observed. There-
fore, limited oxygen diffusion may be the dominant factor in the polariza-
tion of the air electrode.
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4.2. Steam electrolysis cell

Steam electrolysis was carried out at 700 - 900 °C, as described in the
Experimental section, using SrCeq 90S¢¢.1003-¢ sinters as the solid electro-
lyte. The evolution of hydrogen gas at the cathode on passing direct current
through the cell, was confirmed by gas chromatography. The evolution of
oxygen gas was also detected at the anode at half the hydrogen evolution
rate. When the anode gas (1 atm water vapor) was substituted by argon dried
over P,0Og, no hydrogen was detected in the cathode gas. This supports the
existence of protonic conduction in the electrolyte specimen, since the pro-
tons formed from the H, O molecules at the anode (see eqn. (9)) must migrate
across the electrolyte to discharge at the cathode (eqgn. (10)).
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Fig. 5. Hydrogen evolution rate vs. current density at 700 °C (2), 800 °C (®) and 900 °C
(©). Electrolyte; SrCep goScg.1003— (broken line shows theoretical rate).

Fig. 6. Polarization curve of the steam electrolysis cell, 1 atm H20, PtiSrCegg0Sco.10-
O3 |Pt, dry Ar at 900 °C, with (a), and without (b), correction for ohmic loss.

Figure 5 shows the dependence of the hydrogen evolution rate V
(ml min™* ¢cm™2) on the electrolytic current density. The evolution rate was
determined from the concentration of hydrogen, C (%), in the argon carrier
gas and its flow rate u (ml/min),

uC
V =
(100 — C)S

where S is the projected electrode area (cm?). The theoretical evolution rate,
Viheo, Was calculated according to Faraday’s law and is shown in Fig. 5 by a
broken line.

The current efficiencies for H, evolution were about 0.9 in the range
0.1-0.8 A/cm?. Up to 0.2 A/cm? the current efficiency seemed to be in-
dependent of the operating temperature. Current losses may be ascribed to

(11)
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the electronic (hole) conduction, since the ion (proton) transport number of
the specimen is not unity, as mentioned elsewhere [12].

Figure 6 shows the relation between the electrolytic current and the
applied voltage with, and without, correction for chmic loss at 900 °C. A
rather high voltage was necessary to electrolyze the water vapor due to insuf-
ficient conductivity of the electrolyte specimen. However, the polarization,
except for ohmic loss, was rather low, as indicated by curve (a) in Fig. 6.

The theoretical decomposition voltage for water vapor is also given by
eqn. (6), in similar manner to the e.m.f. of the Hy—air fuel cell. Using the
thermodynamic data [13], E® was calculated as 0.94 V at 900 °C. In order
to calculate the second term of eqn. (6), the pressures of each gas (Py, and
Pg,) evolving at the electrode during electrolysis must be known. We estima-
ted the values at an electrolysis current density of 0.4 A/cm? to be Py, =
0.044 atm, Py = 0.022 atm and Py o = 0.978 atm, taking the flow rate of
both electrode gases to be 30 ml/min. Substituting these values into eqgn. (6),
we calculated the decomposition voltage of water vapor at 900 °C tobe 0.7 V.

The experimental decomposition voltage obtained by extrapolating
curve (a) in Fig. 4 back to zero current was 0.8 V, which was somewhat
higher than that estimated from eqn. (6). However, the experimental value
may be considered as being in reasonable agreement with the theoretical
value if the errors caused by estimation of the partial pressures and by extra-
polation of the curve are considered.

The actual applied voltage, excluding ohmic loss, was 0.95V at
0.2 A/em2,1.0 V at 0.4 A/em? and 1.2 V at 0.6 A/cm2. This indicates that
the resistance due to polarization is fairly small compared with that of
conventional water electrolysis. Although the conductivities of these protonic
conductors are not sufficiently high (e.g., 5X 1073 271 cm™ at 900 °C for
SrCep.90S¢€0.1003- [12]), they may be prospective materials if they can be
used as thin films to reduce ohmic loss. For example, if the thickness of the
electrolyte can be reduced to 10 um, the required applied voltage is 1.08 V
at 0.4 A/cm?® and 1.32 V at 0.6 A/cm?.

5. Conclusion

High temperature H,—air fuel cells and steam electrolysis cells could be
constructed by using the high-temperature-type proton conductive solid
electrolyte SrCe,; _,M,O3_,. The cells have, in principle, the following unique
advantages: (1) fuel circulation is not necessary in the fuel cell because water
molecules are not generated at the fuel electrode; (2) pure hydrogen, free
from steam, is obtained from the electrolysis cell. In these cells, the polariza-
tions, excluding ohmic loss, were relatively low compared with cells using
aqueous electrolytes..

' Although the conductivities of these protonic conductors are not suf-
ficiently high, they may be prospective materials if they can be used as thin
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films to reduce ohmic loss. Such a solid electrolyte cell may be used as a
reciprocal direct energy converter for hydrogen « electricity with high con-
version efficiency in a future hydrogen energy system.
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