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Limiting current in a high-temperature hydrogen pump
with a SrCeQO;-based proton conductor
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Using a SrCeQ,-based proton conducting ceramic as a solid electrolyte, a high temperature hydrogen
pump was constructed and the performance was examined at 650-800°C. The limiting diffusion
current was measured as a function of hydrogen partial pressure at the anode by a potential sweep
method with an automatic iR-compensation system. The limiting current density was a good measure
of stable operating conditions for the hydrogen pump.

1. Introduction

The oxygen pump with solid oxide electrolyte has
been widely used to control oxygen partial pressure.
Recently, this device was noted as an interesting
reactor for oxidation and reduction of organic or
inorganic gases [1-9]. If one can use a high tempera-
ture proton conductor as a solid electrolyte, an elec-
trochemical hydrogen extractor (hydrogen pump) can
be constructed. Figure 1 shows the principle of oper-
ation of a hydrogen pump. Protons formed at the
anode are forced to migrate toward the cathode by the
electric field and discharge to generate hydrogen at the
cathode. Thus, this electrochemical cell is useful for
extracting pure hydrogen from gaseous mixtures and
may also be applied in hydrogenation or dehydrogen-
ation of various gases.

One of the candidates for the solid electrolyte in
such a cell is SrCeq;Ybys04_,, Which was found to
be a good proton conducting ceramic [10]. We have
already reported that the hydrogen pump could be
constructed with this ceramic electrolyte at high tem-
perature [11-17]. In this cell, hydrogen was extracted
from the pyrolyzed gas of a CO + H,0 mixture,
ethane, methanol vapour and steam. However, since
the current efficiency for hydrogen extraction decreased
at high current density, it is necessary to determine
the stable operating domain for efficient hydrogen
pumping.

In this study, using a Yb-doped SrCeO; proton
conducting solid electrolyte, a high temperature
hydrogen pump was constructied and the performance
was examined at 650-800°C. The limiting diffusion
current was measured as a function of hydrogen par-
tial pressure at the anode by a potential sweep method
with automatic iR-compensation. The limiting current
density was a good measure of stable operating con-
ditions for the hydrogen pump.

2. Experimental details

The solid proton conductor used in this experiment
was SrCeos Yby 4sO;_,, where « is the number of oxy-
gen deficiencies per perovskite type unit cell. The con-
struction of the solid electrolyte hydrogen pump was
the same as in [11, 12]. The dense ceramic disc (thick-
ness, about 0.5 mm; diameter, 12 mm) was used as the
electrolyte diaphragm. Porous platinum electrodes
were attached to both faces of the electrolyte disc
(projected area, 0.5 cm?). The electrode compartments
were separated by the ceramic electrolyte and each
compartment was sealed by a glass ring gasket.

A platinum wire was wound around the side of the
disc as the reference electrode (R.E.). The R.E. may
act as a hydrogen electrode, the potential of which
depends on the partial pressure of hydrogen produced
by the thermal dissociation equilibrium between water
vapour and oxygen in the atmosphere at clevated
temperature. Therefore, this electrode exhibited a dif-
ferent potential depending on the cell temperature and
the humidity of the air. All the electrode potentials are
referred to this electrode (R.E.) in this paper.

Pure hydrogen and a gaseous mixture of hydrogen
and argon were supplied to each compartment at
latm (1.013 x 10°Pa) in the wet state (Py,o ~
20 torr). The gas flow rate was 60-100 mlmin~'. The
hydrogen concentration in the gas was analysed by gas
chromatography (Shimazu, Model GC-3BT; carrier
gas, argon; column packing, molecular sieve 5A). In
the polarization measurements, to determine the limit-
ing current, hydrogen was extracted from the gas mix-
ture (H, 4+ Ar) to the pure hydrogen compartment.

Although a steady-state polarization method may
be desirable to determine the limiting current, this
may damage the electrolyte especially at high cur-
rent over a long term operation. As a simple, rapid
and direct measurement, we used a potential sweep
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Fig. 1. Concept of hydrogen pump with solid proton conducting
electrolyte.

method. Figure 2 shows the schematic diagram for
the measuring instruments, This system consisted of
normal potential-sweep units and instruments for
non-feedback type iR-compensation. We employed a
potentiostat (Nikko Keisoku, NPGS-301), a poten-
tial sweeper (Hokuto Denko, HB-103), an oscillator
(NF Circuit Block, FG-121B), an auto-phase lock-
in amplifier (NF Circuit Block, LI-574) and a per-
sonal computer (NEC, PC-8801 MkII SR) for data
processing.

The polarization measurements were carried out as
follows. Using a summing amplifier, a sine wave with
a constant amplitude, V. (0.1-2mV), from an oscil-
lator was superimposed on the signal for the potential
sweep. When the potential E was scanned against the
reference electrode, the cell current consisted of two
components, a d.c. component (pumping current,
lpump) and an a.c. component i, . From i, and V,,
we calculated the a.c. impedance R, . of the electrolyte
between the working and the reference electrode

(Rye. = V. /i) In order to measure R, for the bulk

ohmic resistance of the electrolyte, the frequency was
usually set at 10 kHz, since the a.c. complex impedance
of the cell converged to the real axis at around 10kHz
in the temperature range 600-800°C. Of the output
current signals from the potentiostat, only the i,
with the same frequency as the reference signal was
amplified by the lock-in amplifier. These signals (E,
fump» lac) Were treated with a personal computer
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Fig. 2. Schematic diagram of experimental apparatus for potential
sweep with iR-compensation: E,, potential; i, current (converted to
voltage signal by potentiostat).
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Fig. 3. Anodic polarization curves with and without iR-compen-
sation on single potential sweep for the hydrogen pump at 750°C:
Potential sweep rate, 50mVs™!; Electrolyte, SrCeqsYbg0sO;5_,5
Anode gas, H, + Ar (P4, = 6.9 x 1077 atm); Cathode gas, H,
(1 atm).

through 12 bit A-D converter (NEOLOG, PCN-1211).
The E-i curves with and without iR-compensation
and the E-R,. curve were drawn by using an X-Y
plotter (Roland, DXY-880).

3. Results and discussion
3.1. Polarization curve for hydrogen pump

When pure hydrogen and the gas (Ar + H,) mixture
were introduced to the cell with SrCeygsYbyosO5 .,
ceramic electrolyte, the cell gave rise to a stable e.m.f.,
the electrode with higher Py, being the negative elec-
trode. Since the e.m.f. of the hydrogen concentration
cell was close to the theoretical limit, the proton trans-
port number in this ceramic was close to unity under
hydrogen atmosphere [10-18].

Figure 3 shows typical anodic polarization curves
on potential sweep in the hydrogen pump, which
extracts hydrogen from Ar 4 H, into the pure hydro-
gen compartment. In order to measure a polarization
curve as rapidly as possible and to find a distinct
limiting current density i,,, various sweep rates were
examined. The most suitable sweep rate was 50mVs~'.
A single sweep was carried out from the rest potential
toward positive potential (3-4 V). Because of the rela-
tively large ohmic loss, the current varied gradually
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Fig. 4. Change in the impedance of the anode side in the electrolyte
on single potential sweep. Conditions are same as in Fig. 3. (Poten-
tial contains iR loss.)
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with the potential, although a shoulder-like limiting
current was observed at 1.5-2'V with respect to R.E.

When the ohmic loss was excluded, the profile of the
i~E curve became more definite as shown in Fig. 3.
The shape of the polarization curve (iR free) was
analogous to that observed in a zirconia cell under
cathodic polarization {19, 20]. With increasing poten-
tial, the pumping current increases smoothly near the
rest potential and reached a limiting current. After the
saturation region, the current increased again probably
because of partial electronic conduction, as described
later.

The change in R,, on potential sweep is shown in
Fig. 4. The impedance of the anode side of the elec-
trolyte increased with increasing potential. On the
other hand, at this time, a decrease in the impedance
was observed at the cathode side of the electrolyte.
When the potential was readjusted to the rest poten-
tial, each impedance returned to its original value.
These results may be explained as follows. The proton
conductivity ¢y varies with proton concentration [H* ]
in the electrolyte, since oy = [H*leuy, where e and
uy are the elementary charge and the mobility of
the proton, respectively. Therefore, the change in
impedance may be ascribed to a non-uniform distri-
bution of protons in the oxide under the influence of
the applied electric field. Since the source of protons
(hydrogen) was limited by diffusion, the applied
potential may cause a depletion of protons near the
anode (increase in the impedance). On the cathode
side, an increase in [H*] may give a AR, . of opposite
sign. As shown in Fig. 4, at high applied potential over
2V, the impedance may be decreased by partial elec-
tronic conduction.

Figure 5 shows polarization curves (iR free) under
various hydrogen partial pressures, Py, at 800°C.
A reversible behaviour of the pumping current was
observed near the rest potential in all cases. The limit-
ing current increased with increasing Py, .

3.2. Dependence of limiting current on Py, and
temperature

The limiting current density was plotted against Py, at
650-800° C in Fig. 6. When the limiting value was not
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Fig. 5. Anodic polarization curve (iR free) for the hydrogen pump
at 800°C under various By,: Sweep rate, 50 mVs~!; Anode gas,
H, + Ar (&, is shown on ¢ach curve); Cathode gas, H, (1 atm).
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Fig. 6. Plots of log i, against log Fy, in the hydrogen pump.

clear in the high Py, region, we determined a critical
value from the inflection point of the smoothed i-F
curve. A fairly good linear relationship was observed
between log i, and log Py, at each temperature. The
slope of each line was close to unity

lim OC PHZ' ey

This indicates that the limiting current density is con-
trolled by diffusion of molecular hydrogen rather than
by hydrogen atoms.

Figure 7 is a plot of E as a function of log [i/(§;, —
)] [19]. If 4, is a diffusion controlled current and the
charge transfer is reversible, the following equation
should be valid

E = E;,+ (RT/nF) In [if (i — )] @)

where E,, is the half-wave potential. In Equation 2, n
should be two when the diffusing species is the hydro-
gen molecule. The results in Fig. 7 almost satisfy
Equation 2 with n = 2, except at low current and near
the i, region, where errors are large in the calculation.
Hence, the iR-compensation was correctly made by
this method. From Figs 6 and 7, it was confirmed that
the limiting current density controlled by diffusion of
molecular hydrogen could be determined by the poten-
tial sweep method with automatic iR-compensation in
the hydrogen pump.

Figure 8 shows Arrehnius plots of i, at constant
P,,. The limiting current density, #,, increased with
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Fig. 7. Plots of E against log [i/(i;,, — )] at 800°C.
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Fig. 8. Arrhenius plot of i, against T~'.

temperature and the activation energy was about
0.5eV. At 800°C, the i, exceeded 100 mA cm~? at
Py, = 0.01 atm. Such relativley large i, is reasonable
because the anodic polarization in the fuel cell using
this electrolyte above 800° C was very small at high P,
[11, 12, 14, 17, 21].

It is difficult to compare the limiting current den-
sities with those reported in other solid electrolyte
systems since iy, depends on the morphology of the
electrode. However, iy, in this hydrogen pump seemed
to be higher than those for oxygen pumping [19, 20,
22, 23] and the activation energy was relatively small.

3.3. Change in current efficiency for hydrogen
pumping

Under various current density conditions we examined
the current efficiency, (%), for hydrogen pumping

& = uC/rtheo (3)

where # and C are the gas flow rate and the hydrogen
concentration (%) at the outlet of the cathode com-
partment, respectively. The theoretical evolution rate,
Fieo» 1N Equation 3 was calculated from Faraday’s
law. Hydrogen was extracted from diluted hydrogen
(3.3 x 107* atm) into the cathode. In order to carry
the evolved hydrogen to a gas chromatograph, dry
argon gas was passed through the cathode compart-
ment at a constant flow rate. Before hydrogen extrac-
tion, the Hmiting current for the cell was measured in
the manner described above. The limiting current den-
sity was about 40mA cm™? at 700°C as shown in
Fig. 9a. Then, the hydrogen pump was operated at
30-100 mA cm 2 and the hydrogen evolution rate was
measured at the cathode.

Below the limiting current density (30 mA cm™2),
the current efficiency was greater than 95% and was
stable with time. In our previous work, a similar high
efficiency was obtained in the hydrogen extraction
from various gases [12-15, 17], since the hydrogen
concentration was relatively high and the current den-
sity sufficiently low.

When the current was increased above i, , a decrease
in the current efficiency was observed due to a partial
electronic conduction as well as protonic conduction.
We have reported that the electronic conductivity in
these ceramics is about two orders of magnitude lower
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Fig. 9. Dependence of current efficiency on current density in the
hydrogen pump at 700°C: Anode gas, H, + Ar (Py, = 33 x
10~° atm); Cathode gas, dry Ar to carry evolved hydrogen. (a)
Anodic polarization curve (iR free) before hydrogen-pumping.
Sweep rate = 50mVs™'. (Symbols on the curve correspond to the
current density operated in (b).) (b) Change in current efficiency for
hydrogen-pumping with time.

than the protonic conduction in the hydrogen concen-
tration cell [15]. However, under a high applied poten-
tial, additional electronic conduction may appear
when the supply of hydrogen is limited by gas diffusion.
At the extremely high current range (~ 100 mA cm™?),
the current efficiency decreased gradually with time,
This means that operation with excess current may
damage the protonic conduction mechanism in the
electrolyte.

Consequently, the limiting current density deter-
mined by this method is a good measure of stable
operating conditions for hydrogen pumping. Studies
of a hydrogen pump with large electrode area for
practical applications are in progress.

4. Conclusion

Using a Yb-doped SrCeQ, proton conducting solid
electrolyte, a high temperature hydrogen pump was
constructed and the performance was examined at
650-800°C. The limiting diffusion current could be
easily measured by a potential sweep method with an
automatic iR-compensation system. The current effi-
ciency for hydrogen pumping was stable above 95%
below the limiting current density measured by this
method. Therefore, this method is effective in evaluat-
ing the critical current density for stable steady oper-
ation of the hydrogen pump.
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