Journal of Power Sources 195 (2010) 2806-2809

Contents lists available at ScienceDirect

Journal of Power Sources

journal homepage: www.elsevier.com/locate/jpowsour

Short communication

Cell resistances of poly(2,5-benzimidazole)-based high temperature polymer
membrane fuel cell membrane electrode assemblies: Time dependence and
influence of operating parameters

K. Wippermann*, C. Wannek, H.-F. Oetjen, ]. Mergel, W. Lehnert

Institute of Energy Research — Fuel Cells (IEF-3), Forschungszentrum Jiilich GmbH, Helmholtzring, 52425 Jiilich, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 19 June 2009

Received in revised form 2 October 2009
Accepted 21 October 2009

Available online 13 November 2009

Time-dependent measurements of cell impedance of a HT-PEFC based on ABPBI were performed at con-
stant frequencies close to the high-frequency (h.f.) intercept of the corresponding Nyquist plots with
the real axis. The h.f. impedances approximate the ohmic resistance of the cell and they decrease, when
current (140 mA cm~2) is switched on. Steady-state values are attained after 10 min. Vice versa, when
current is switched off (OCV), the h.f. impedances instantaneously increase but reach steady-state values
only after about 1 h. These values rise with increasing gas flow rates. The results are discussed in terms

i;yljvgfrdS: of hydration/dehydration processes, changing the equilibrium between orthophosphoric and pyrophos-
Cell resistance phoric acid and thus the conductivity of the electrolyte as well as the mobility of molecules and charge
HT-PEFC carriers. Impedance spectra were recorded after each time-dependent measurement under OCV condi-
Impedance tions. The fit of these impedance data based on an equivalent circuit revealed ohmic resistances corrected

PBI by h.f. inductances and low frequency impedances associated with the cathode oxygen exchange reac-
Phosphoric acid tion. The charge transfer resistances deduced from the low frequency impedances strongly depend on

both air and hydrogen flow rates.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Polymer electrolyte fuel cells (PEFCs) with significantly higher
working temperatures than 100°C do not require high-purity
hydrogen as fuel, and therefore they are beneficial for devices that
run on hydrogen produced on-site by reforming of hydrocarbon
energy carriers, e.g. in the field of mobile and stationary applica-
tions where middle distillates (kerosene, diesel, fuel oil ) can be used
to provide the necessary hydrogen.

Most of today’s high temperature cells (HT-PEFCs) rely on mem-
brane electrode assemblies (MEAs) with phosphoric acid absorbed
in PBI (=poly(2,2’-(m-phenylene)-5,5-bibenzimidazole)) as elec-
trolyte [1]. Recently membranes based on the chemically related
ABPBI (=poly(2,5-benzimidazole)) have emerged as a promising
alternative [2-4].

Various aspects of the steady-state cell impedance of HT-PEFCs
based on PBI as membrane polymer at different operating con-
ditions have already been reported in the literature (e.g. [5-7]).
The influence of water activity on the steady-state conductivity
of the electrolyte [8,9] as well as the distribution of phosphoric
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acid within the membrane electrode assembly (MEA) [10,11] are
intensively studied at present.

We will not only discuss the influence of several testing param-
eters on the cell resistance of a MEA based on ABPBI instead of PBI,
but we will also turn our attention to its time dependence after
changes of the operating conditions.

2. Experimental

MEAs (A=14.4cm?) have been assembled from ABPBI mem-
branes (FuMA-Tech) and gas diffusion electrodes (~1 mgPtcm~2)
produced in-house which have been impregnated with appro-
priate amounts of phosphoric acid [4]. Except the experiments
with humidified hydrogen, where MEAs with 26 pwm thin ABPBI
membranes were used, all studies were performed with MEAs
including 38 pm thin ABPBI membranes. They have been charac-
terized in a single cell using pure hydrogen and air at ambient
pressure as the reactants. Under these conditions reasonable
power densities of ~250mWcm~2 are obtained at T=160°C
[4].

We have deduced the time-dependent ohmic resistances from
impedance measurements using a symmetric two-electrode con-
figuration. The experiments were run at a predefined frequency
of 5-10kHz close to the high-frequency intercept of the corre-
sponding Nyquist plots with the real axis. The advantage of such
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Table 1

Ohmic and charge transfer resistances obtained from impedance measurements (see Figs. 1, 2, 4 and 5).

Aair/AH, Final value of time-dependent h.f. impedance Impedance Fit of impedance spectra: Fit of impedance
values at constant frequency (‘ohmic spectra: Re(Z) @ R /mS2 cm?, fit code: spectra: Ree/mS2 cm?
resistance’): Re(Z) @ Im ~0/m$2 cm? Im=0/mS cm? RoL(R2Q2)(R3Q3)(RtQ4)

2/2 272 272 248 3010

42 289 288 252 4360

4/4 306 307 263 4020

6/2 311 307 267 6440

6/6 333 336 289 5360
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tances have tobe considered (see below). Before each measurement e i ) 1:2 =y 1
the MEA was run overnight with j=200mA cm~2 at T=160°C with & —_— 1::: =6, =21 P Y
hydrogen and air at flow rates corresponding to the stoichiometric é," 900 : v P . 7
factors Acathode/anode =2/2, only interrupted by the recording of 2 = N D R Y -
polarization curves. Exactly 2 h prior to the beginning of the time- 3; i ”"'
dependent measurements during which the current density was £ 250 - \ 4
changed from j=0 to 140 mA cm~2 and vice versa at 160 °C the cell 7 Current T,

was switched to OCV and the hydrogen and air flow rates were @ 1140 mAcm) ‘
changed to the values used for the respective experiment (A, = o

2/4/6, Ay, = 2/4/6). In case of OCV measurements, the indicated E 200\ o]
air and hydrogen stoichiometries refer to the corresponding flow © i i : \ :

rates at a current density of 140 mA cm~2. During time-dependent I "Cur(r)epi off
measurements, the phase angle of the impedance at constant fre- 150 (P

quency varied in the range of —3° to +3°. This deviation results
in a small error of the measured impedance of +2% (see Table 1,
comparison of data in columns no. 2 and 3).

A more serious source of error is the high-frequency inductance.
In order to eliminate this error, impedance spectra were performed
additionally after the end of each time-dependent experiment in
a frequency range of 10-2-10% Hz under OCV steady-state condi-
tions. The AC signal voltage amplitude was always +£10 mV. The
impedance spectra were fitted on basis of an equivalent circuit (see
Fig. 3) using the EQUIVCRT 3.0 Software written by Boukamp [12].
From the fit data, corrected data of the ohmic resistance, Rq, could
be obtained. In the following, the original impedance values will be
denoted as R, (‘ohmic resistance’) and the corrected fit data of the
ohmic resistance will be indicated as Rq. All the impedance mea-
surements were performed with an IM 6 unit of Zahner Elektrik.

3. Results and discussion

After changing the operating parameters of a HT-PEFC MEA it
takes several minutes up to a few hours before the ohmic resis-
tance reaches a steady state. This is particularly the case when
the current density is changed. While at OCV ohmic resistances
of 250-300 m§2 cm? have been observed, these values drop down
within a few minutes to about 200 mS2 cm? when current is drawn
from the cell.

Fig. 1 shows the time-dependent behaviour of the ‘ohmic resis-
tance’, more precisely the high-frequency impedance at constant
frequency at Im(Z) part of almost zero, for three different air flow
rates. The initial values of 250-300 m$2 cm? under OCV conditions
drop down within 10 min to about 200 m2 cm? when a current
density of 140mAcm~2 is switched on. The ‘ohmic resistance’
reaches steady-state values, which shows only a weak dependence
on the air flow rate. These results can be explained by the pro-
duction of water in the cathode, which increases the conductivity
of the electrolyte by increasing the amount of free phosphoric
acid compared to its less conductive dehydration products (mainly
pyrophosphoric acid H4P;07) [13] in the electrodes (especially the
cathode) and the membrane.

After 3 h of operation, the current was turned off. The instan-
taneous increase of the ‘ohmic resistances’ indicates a more or
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Fig. 1. Time dependence of the cell resistance after changing the current density
from j=0 to 140 mA cm~2 and vice versa at 160°C; variation of A, =2/4/6; An, =2
(constant).

less reversible hydration/dehydration process. Indeed, it takes the
resistances about 1 h, to reach steady-state values during the dehy-
dration process under OCV conditions. A simple explanation for the
much faster hydration process is the in situ water production at the
cathode, compared to the slow removal of water by diffusion pro-
cesses in case of dehydration process. Moreover, the water uptake
of both orthophosphoric and pyrophosphoric acid is a fast pro-
cess due to their hygroscopic nature. Similarly, rapid water uptake
but slow water removal has been observed by Daletou et al. dur-
ing thermogravimetrical experiments on free-standing acid-doped
HT-PEFC membranes [8]. The steady-state values of the ‘ohmic
resistances’ under OCV conditions exhibit a significant increase
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Fig. 2. Time dependence of the cell resistance after changing the current density
from j=0 to 140 mA cm~2 and vice versa at 160 °C; variation of A, = An, = 2/4/6.
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Fig. 3. Reversible change of the cell resistance depending on the humidity of hydro-
gen gas (0/5%); j=140mAcm~2, T=160°C.

with rising air flow rate. This effect is even more pronounced if
hydrogen flow rate is also enhanced (see Fig. 2). These results are
consistent with the idea of a dehydration process, which should be
promoted by increased gas flow rates at both electrodes.

On the long term, after complete dehydration of the cell, one
would expect a coincidence of the values of the ‘ohmic resis-
tances’. In this case, our ‘final’ values of the ‘ohmic resistances’
would represent a snap-shot in a very slow process. However,
due to non-negligible hydrogen and oxygen permeation through
the membrane and a subsequent, continuous production of water
within the MEA, a complete dehydration of the cell seems to be
improbable, as long as electrodes are supplied by hydrogen respec-
tively air. In the published literature there has been considerable
debate about the values measured for the gas permeabilities of acid-
doped PBI-type membranes, and some authors deny their relevance
to the fuel cell behaviour (e.g. [8,14]). Nevertheless, the values given
by He et al. [15] for doped PBI at 180°C are 25-30 times as high as
those observed with Nafion at 80 °C, and from Fig. 7 in [16] it could
be deduced that the loss current density due to hydrogen perme-
ation for a highly doped PBI membrane operated at T=150°C is in
the order of 5-10mA cm~2. This competition between hydration
by permeating gases and dehydration of the MEA by the different
gas flows may explain the ‘ohmic resistances’ reaching different
steady-state values during dehydration process. The comparatively
small effect of the flow rates during current flow can be explained
by a ‘weakening’ effect because of water production in the cathode.

Generally, the hydration/dehydration process should influence
the local equilibrium between free phosphoric acid and its dehy-
dration products in the electrodes and the membrane and thus have
impact on local physico-chemical properties of the HT-PEFC such
as proton conductivity, active catalyst surface and gas permeability
of the membrane. For example, if a current is drawn from the cell,
water is produced at the cathode and a concentration profile of the
water activity across the MEA is generated. Because the amount
of mobile H3PO4 is enhanced by an increasing local water activity,
phosphoric acid should move from the anode to the cathode under
current flow and vice versa, if current is switched off. This effect
should have a pronounced effect on the local ratio of orthophos-
phoric and pyrophosphoric acid and thus local physico-chemical
properties like proton conductivity, gas permeability and the active
surfaces of the electrodes.

Besides current density and gas flow rates, cell temperature
and humidity of supplied gases should play an important role
in the hydration/dehydration process. A first measurement with
humidified fuel gas is shown in Fig. 3. Starting the experiment

7 P o =

Re (Z) / Qcm?2

Fig. 4. Nyquist plots of the MEA impedance under OCV conditions; T=160 °C; vari-
ation of A,ir/An,; measured values: closed symbols, fit values: lines and open
symbols; frequency range: 10-2-10% Hz; AC amplitude: 10 mV.

with dry hydrogen gas, a constant resistance of 121 m£cm? is
reached at about ten minutes after switching on the current.
The resistance is only about 60% of that obtained in the previ-
ous experiments (see Figs. 1 and 2). This is mainly due to the
lower thickness of the ABPI membrane used in the humidifica-
tion experiment (26 wm instead of 38 wm). When starting the
humidification of hydrogen gas (5vol.% H,0 in H;) it takes only
seven minutes until the cell resistance drops to a constant value of
110mS2 cm?. After stopping the humidification of fuel gas, it takes
about half an hour until the initial value of cell resistance is re-
established. This result supports again our reasoning based on a
reversible hydration/dehydration process. In future experiments,
the influence of these parameters has to be investigated in more
detail.

After each time-dependent measurement, impedance spectra
were recorded under OCV conditions in the frequency range of
0.01Hz to 10kHz. Figs. 4 and 5 show Nyquist plots of the MEA
impedance at different flow rates of air and hydrogen. The indi-
cated air and hydrogen stoichiometries refer to the corresponding
flow rates at a current density of 140 mA cm~2. Measured values are
marked by closed symbols and fit data are indicated by lines and
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Fig. 5. Enlarged view of the high-frequency impedances shown in the Nyquist plots
in Fig. 4.
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open symbols. The fit values were obtained by using the equivalent
circuit shown in Fig. 4. The measured values and selected fit data
are summarized in Table 1.

Rq, is the sum of membrane resistance, the ohmic resistance of
the electrodes, contact resistances and other ohmic contributions.
The columns 2-4 of Table 1 compare three different values of ohmic
resistance dependent on the gas flow rates: (i) final value of time-
dependent h.f. impedance values at constant frequency, so-called
‘ohmic resistance’, R, (see Figs. 1 and 2), (ii) real part of impedance
for Im(Z)=0 (see Fig. 5), (iii) fit value Ry based on the equiva-
lent circuit shown in Fig. 4. Because the values of (i) and (ii) are
almost identical, it is evident that the small deviation of phase angle
from zero during the course of time-dependent measurements (see
Section 2) can be neglected. The fit values Rg, (iii) are about 10%
smaller than those of R{,, because the high-frequency inductance
is taken into account. Insofar, R, reflects the true ohmic resis-
tance of the cell. However, the dependence on the gas flow rates
is the same.

The high-frequency (h.f.) inductance, L, is mainly due to arte-
facts originating from the cables and the measuring device. The h.f.
elements, R1, CPE1 (CPE = constant phase element), R2 and CPE2
have no physical meaning. They simply describe the linear slope of
the spectra at high frequencies. Such behaviour can be explained
by a dominating proton transport and double layer charging in the
h.f. part caused by the mixed (proton +electron) conductivity of the
electrodes (see e.g. [17-21]). The 40° angle of the straight lines is
close to the predicted value of 45°. In future work, we will calculate
the proton conductivities of the HT-PEFC electrodes from the h.f.
linear part of the impedance spectra considering the ‘transmission
line’ model [17].

In a first approximation, limiting mass transport processes
under OCV conditions and limitation of hydrogen reaction rate
can be neglected. Under these assumptions, the large semi-arc at
medium and low frequencies (see Fig. 4) is mainly attributed to the
charge transfer resistance, R, of the oxygen exchange reaction.
If air flow rate is enhanced (A=2 to A =6) at constant hydrogen
flow rate (A =2), R increases from 3.0 to 6.4 2 cm~2 (see Table 1
and Fig. 4). Interestingly, this effect is slightly diminished, if hydro-
gen flow is also increased, i.e. hydrogen and air stoichiometries are
equal: In this case, R¢ increases from 3.0 to only 5.4 Q2 cm™2 (see
Table 1 and Fig. 4).

On basis of the results presented here, the following tenta-
tive explanation may be given: If air flow rate is increased, the
water content of the MEA decreases and the amount of pyrophos-
phoric acid in the equilibrium between 2H3;P04 — H4P,0- +H,0(g)
increases. For this reason, the proton conductivity of the MEA
decreases, causing a decrease of catalytic activity especially in the
outer part of the cathode. Because the solubility of oxygen in H3PO4
is much lower than in water [22], the oxygen concentration nearby
the platinum catalyst decreases, in spite of the higher air flow rate.
Both effects decrease the exchange current density of the oxygen
equilibrium reaction and thus increase the charge transfer resis-
tance, R, as observed.

By increasing the hydrogen flow rate, more hydrogen permeates
from the anode through the membrane to the cathode. Although
hydrogen ‘consumes’ a part of the oxygen which is present at the
cathode, the increased formation of water causes a much better
solubility of oxygen and a more thorough wetting of the inner sur-
face of catalyst layer, leading to an enhanced oxygen concentration
respectively a higher activity of the cathode. Hence, the exchange
current density of the oxygen equilibrium reaction increases and
Rct decreases.

4. Conclusions

It turns out, that time-dependent measurements of cell
impedance at different operating conditions are crucial since
they provide a valuable insight into the hydration/dehydration
processes of HT-PEFCs. We attribute the fact that high water pro-
duction by the fuel cell reaction, high water insertion and its low
removal by the gas flows (i.e. the water content in the cell) lowers
the ohmic resistance to the increasing amount of mobile H3PO4 in
the electrolyte. The hydration process is fast because of the water
production inside the cathode, compared to the slow removal of
water by diffusion processes through the gas diffusion layer into
the channel. In general, ohmic resistances become small when (i)
the current density is increased, (ii) the gas flows are reduced, (iii)
the cell is run at elevated temperatures and (iv) when the fuel gas
is humidified.

Furthermore, the hydration/dehydration processes are believed
to influence the local distribution of free phosphoric acid in the cell
and thus local physico-chemical properties of the HT-PEFC, like pro-
ton conductivity, oxygen gas solubility and inner active surface of
the electrodes. For future studies, it is therefore important to inves-
tigate the local distribution and composition of the phosphoric acid
electrolyte depending on the operation conditions of HT-PEFC in
more detail.
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