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bstract

To measure local phenomena in a PEMFC during a transitional state induced by changing of the feeding gas, a segmented cell was fabricated and
he local current and local potential distribution were measured under open-circuit conditions. The anode or cathode was divided into 97 segments
f 1.5 mm each. A change in the anode gas from nitrogen or oxygen to hydrogen induced momentary internal currents among the segments. The
otential distribution in the electrolyte was observed simultaneously using three quasi-reference electrodes located locally. The results supported the

everse-current decay mechanism, which is known to be a mechanism of cathode degradation. Furthermore, internal currents were observed when
he cathode gas was changed from nitrogen to oxygen. While the cathode was not subjected to a harmful potential, a large potential distribution
as induced in the anode.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Before proton exchange membrane fuel cells (PEMFCs) can
e commercialized, the short lifetime of the membrane electrode
ssembly (MEA) must be overcome. To achieve a long life of
p to several tens of thousands of hours, accelerated degradation
ests are required. However, there is so far no standard acceler-
ted test for degradation because the mechanisms of degradation
henomena are not yet clear. Aside from the mechanisms, there
re several conditions or procedures that are phenomenologi-
ally known to accelerate degradation, such as operation under
ow humidity [1–4], retention under an open-circuit condition
5–7], potential cycling of the cathode [5,8–10], and cycling

f start-up and shut-down [11]. It is important to elucidate the
henomena and mechanisms of such degradative conditions.

∗ Corresponding author. Tel.: +81 72 751 9653; fax: +81 72 751 9629.
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istribution; Segmented cell

Oxygen- and hydrogen-rich regions coexist in the anode
uring start-up (fuel introduction) and shut-down (air purge).

mechanism of degradation under such transient conditions,
alled the “reverse-current decay mechanism”, has been pro-
osed [12,13]. A similar mechanism was also proposed and
xamined by Farooque et al. [14] in the case of phosphoric acid
uel cells (PAFCs) when there is air leakage to the anode. In
heir experiment, oxygen was intentionally introduced to the
node to simulate cross-leaking from the cathode. According
o this mechanism, the existence of oxygen in a local region in
he anode leads to an abnormally high potential at the cathode
n that region, which in turn leads to corrosion locally. No pre-
ious reports have directly substantiated this mechanism, i.e.,
local current distribution and local potential distribution in
cell during a transient condition caused by a change in gas

eeding. In the present study, we examined the transient condi-

ion; we changed the anode gas from oxygen to hydrogen, and
rom nitrogen to hydrogen, and also changed the cathode gas
rom nitrogen to oxygen. Since the geometrical distribution of
ocal currents during a transient condition was uncertain before

mailto:siroma.z@aist.go.jp
dx.doi.org/10.1016/j.jpowsour.2007.07.062
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he experiment, we made a segmented cell with as many small
egments as possible.

. Experimental

A PEMFC with a segmented current collector on one side and
continuous current collector on the other side of a membrane-
lectrode assembly (MEA) was fabricated. The segmented side
as used for the anode or the cathode depending on the experi-
ent. Fig. 1 shows a schematic of the segmented cell when the

egmented side was used for the anode. The segmented current
ollector consists of 97 segments arranged as a triangular lattice
n a circular area of Ø 2.5 cm. For the counter side (cathode side
n this case), a normal flow-field plate made of titanium with
traight channels and ribs 1 mm wide was used. The gas dif-

usion electrode (catalyst layer and gas diffusion layer) on the
egmented side was also divided into 97 sections with the same
attern as the segmented current collector shown in Fig. 1(b)
o electronically isolate them from each other. Consequently,

ig. 1. (a) Schematic of a Ø 2.5 cm cell with a 97-fold segmented anode and (b)
ayout of the segments (both current collector and gas diffusion electrode).
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he active area of the anode was 34% of the Ø 2.5 cm area. A
ommercially available gas diffusion electrode (0.5 mg Pt cm−2,
-TEK) was used for both the anode and cathode. The MEA
as fabricated by hot-pressing of 97 pieces of anode, electrolyte
embrane (Nafion® 117), and cathode.
Segments of the anode current collector were all connected

o each other by a 100ch zero-shunt current/voltage converter
IVC-100MS, Ekurea) to obtain the current value without any
oltage loss. Since the cell was externally under open-circuit
onditions in every experiment, the cathode current collector
as left unconnected. The output of the current/voltage con-
erter was recorded using a data logger (8422, Hioki) every
.2 s. Local currents of same and opposite direction compared
ith the normal operation of the fuel cell are called “forward

urrent” and “backward current”, and expressed with plus and
inus signs, respectively. The segmented cell and humidifiers

or the feeding gases were kept at 80 ◦C. Gas feeding for both
he anode and cathode was performed at 50 sccm under atmo-
pheric pressure. Among the segments, three segments were
elected for use as reference electrodes at upstream, midstream,
nd downstream, respectively. These three segments were dis-
onnected from the current/voltage converter and their potentials
ere monitored directly using the data logger (input impedance

s 1 M�). Each of these segments acts as a reversible hydrogen
lectrode (RHE). When oxygen is fed to the segmented side, it
s expected to be a quasi-reference electrode which shows the
pen-circuit potential of the cathode of a PEMFC (ca. 1.0 V vs.
HE). Despite the accuracy and stability of these reference elec-

rodes, there is some question regarding about the interpretation
f values obtained by reference electrodes, as pointed out by
e et al. [15]. However, although these reference electrodes are

entative and may not show the potential exactly, any potential
ifference that may arise among them can be interpreted as a
otential difference in the electrolyte membrane in the in-plane
irection.

To substantiate the reverse-current decay mechanism, a
hange in the anode gas from 5% oxygen (diluted with nitrogen)
o hydrogen was examined. Furthermore, to investigate the phe-
omena at start-up from an initial stage with a nitrogen purge in
etail, two series of experiments consisting of changes in anode
nd cathode gas-feeding were performed. All sequences are

ummarized in Fig. 2. The latter two procedures differ according
o the order in which the active gases are introduced. This means
hat we can examine the effects of the atmosphere of the counter
lectrode; for example, the introduction of hydrogen into the

Fig. 2. Three procedures for changing feeding gases.
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node in sequences (b) and (c) is accompanied by feeding the
ounter electrode oxygen and nitrogen, respectively.

Generally, a period of a transient phenomenon induced by
hanging of the feeding gas depends on the sharpness of the
as boundary made in the feeding line; if mixing of two gases
roceeds before reaching to the inlet of the cell, the phe-
omenon becomes dull and takes a longer time. Although
he periods of the transient phenomena in our results var-
ed with each run, they were within several seconds in every
ase.

. Results

.1. Change in the anode gas from 5% oxygen to hydrogen
Fig. 3 shows the change in the cell voltage and current of
ach segment when the anode gas was changed from 5% oxygen
diluted with nitrogen) to hydrogen. The segmented side was the

ig. 3. Changes in the (a) voltage and (b) current of each segment of the anode-
egmented cell when the anode gas was changed from O2 (5%) to H2. To avoid
ongestion in the plot of the current values, 20 values were selected (one for
very five data points).
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node. The abscissa values (time from the beginning of this run
f the experiment) are not important in themselves but will be
eferred to in Fig. 4. A change in the gas in the anode induced
n increase in the cell voltage and a temporary current between
he segments (their sum was always zero). Fig. 4 shows the
hanges in the geometrical current distribution of 97 segments
uring this transient phenomenon, which allows us to image the
vent as an animation. First, the uppermost segments showed
omparatively large forward current, which was compensated
y the backward current shared by other segments. Next, the
oundary between the areas where the current flows forward
nd backward, respectively, shifted downward along with the
as flow.

Although Fig. 3(b) was drawn using 20 selected segments,
t is still hard to read qualitatively. To facilitate understanding,
everal segments in three typical regions (upstream, midstream,
nd downstream) were examined as shown in Fig. 5(a) and the
verage current value in each region was calculated as shown in
ig. 5(b). Throughout the event, the currents in the upstream and
ownstream segments were positive and negative, respectively.
he current in the midstream segments was initially negative,

ike downstream, then become positive, like upstream.
Fig. 6 shows the results of the same experiment as described

bove but where the segmented side was the cathode. In
his experiment, three reference electrodes were used dur-
ng the transient phenomena because the atmosphere around
hem was constantly oxygen. Therefore, not only the cell volt-
ge but also the potentials of the anode and cathode versus
ach of the three reference electrodes, i.e., local electrode
otentials, can be estimated as shown in Fig. 6(a). Each
ocal anode potential (i.e., anode potential versus each local
otential of the electrolyte) decreased from upstream to down-
tream in the order of the direction of gas flow. As a result,
he local cathode potentials temporarily showed high val-
es, except upstream. This is due to the fact that all parts
lways share a common cell voltage (potential difference of
he anode and cathode), as theoretically predicted by Reiser et
l. [12]. The geometrical distribution of the current, which is
ot shown, was qualitatively the same as the result shown in
ig. 4.

.2. Change in the cathode gas from nitrogen to oxygen,
ollowed by a change in the anode gas from nitrogen to
ydrogen

According to the procedure shown in Fig. 2(b), a cell that had
een deactivated by a nitrogen purge was started by sequential
eplacement of the cathode and anode gas by oxygen and hydro-
en, respectively. Fig. 7 shows the results when the segmented
ide was used as the cathode. In this case, the local reference elec-
rodes worked during the latter transition (t = 494 s), since the
tmosphere around them became oxygen after the former tran-
ition (t = 198 s). The former transition caused a small change in

he cell voltage and almost no local current. On the other hand,
espite the inert atmosphere in the anode downstream, a phe-
omenon similar to that shown in Fig. 6 was observed in the
atter transition.
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Fig. 4. Geometrical distribution of the current during the change shown in Fig. 3.
Gas flowed from the top to the bottom. The size of each circle indicates the
magnitude of the current. White circles indicate backward current compared
with the normal current of the fuel cell. Three crosses indicate the positions of
local reference electrodes.

Fig. 5. (a) Layout of three regions and (b) average current values of the segments
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n each region calculated from the data shown in Fig. 3(b).

.3. Change in the anode gas from nitrogen to hydrogen,
ollowed by a change in the cathode gas from nitrogen to
xygen

According to the procedure shown in Fig. 2(c), a cell that had
een deactivated by a nitrogen purge was started by sequential
eplacement of the anode and cathode gas by hydrogen and oxy-
en, respectively. Fig. 8 shows the results when the segmented
ide was used as the anode. In this case, the local reference elec-
rodes worked during the latter transition (t = 776 s), since the
tmosphere around them became hydrogen after the former tran-
ition (t = 353 s). The former transition caused a change in the
ell voltage accompanied by slight local current (note the mag-
itude of the ordinate in Fig. 8(c)). The local anode and cathode
otentials during the latter transition shown in Fig. 8(b) were in
omplete contrast to the results shown in Figs. 6(a) or 7(b): each
ocal cathode potential increased from upstream to downstream
n the order of the direction of gas flow, and local anode poten-
ials showed a temporary low value, except upstream. Fig. 9

hows the geometrical current distribution during the latter tran-
ition phenomenon. The magnitude of the local current shown
n Figs. 8(d) and 9 is as large as those in any of the other
ransitions.
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Fig. 6. Changes in the (a) voltage and local potentials and (b) average current in three regions of the cathode-segmented cell when the anode gas was changed from
O2 (5%) to H2.

Fig. 7. Changes in the (a, b) voltage and local potentials of the anode and cathode and (c, d) average current in three regions of the cathode-segmented cell when the
cathode gas was changed from N2 to O2 at t = 198 s, followed by a change in the anode gas from N2 to H2 at t = 494 s.
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ig. 8. Changes in the (a, b) voltage and local potentials of the anode and catho
node gas was changed from N2 to H2 at t = 353 s, followed by a change in the

. Discussion

The reverse-current decay mechanism supposes backward
urrent compared with the normal current in the fuel cell in
he region where oxygen exists in the anode. In such a region,
xygen exists at both sides of the electrolyte, which constitutes
n oxygen pump. Therefore, the whole cell can be assumed to
e a serial connection of two local cells, i.e., a fuel cell repre-
enting the “normal” region and an oxygen pump representing
he “abnormal” region, with a common cell voltage. An oxygen
eduction reaction (ORR) and oxygen evolution reaction (OER)
ccur in the negative and positive electrodes (cathode and anode
n this localized cell) of the oxygen pump, respectively. The
ocal potential of the positive electrode is unexpectedly high
nd is accompanied by the corrosion of carbon material. The
otential profile of such an inhomogeneous cell is illustrated
chematically in Fig. 10(a).

In the normal region, the potential of the cathode against the

lectrolyte is determined by subtracting the overvoltage of the
RR from the thermodynamic potential of the H2O/O2 redox

ouple (1.23 V). The potential of the anode against the elec-
rolyte is determined by adding the overvoltage of the hydrogen

H
e
h
p

d (c, d) average current in three regions of the anode-segmented cell when the
de gas from N2 to O2 at t = 776 s.

xidation reaction (HOR) to the thermodynamic potential of
he H2/H+ redox couple (0 V). The potential incline in the elec-
rolyte, or iR drop, is determined by the conductivity and current
alue. These three values decide the cell voltage of the nor-
al region. In the abnormal region, the potential of the positive

lectrode against the electrolyte is determined by adding the
vervoltage of the OER to 1.23 V. (Carbon corrosion may be a
ominant reaction depending on the potential. Here we assumed
t was a side reaction that accompanied OER to simplify the
xplanation.) The potential of the negative electrode against the
lectrolyte is determined by subtracting the overvoltage of the
RR from 1.23 V. The iR drop has an opposite sign because

he current direction is opposite. Let us consider the theoretical
rediction if hydrogen exists in the cathode locally, as shown in
ig. 10(b), for the convenience of the later discussion. In con-

rast to the case shown in Fig. 10(a), the abnormal region acts as
hydrogen pump. The potential of the positive electrode against

he electrolyte is determined by adding the overvoltage of the

OR to 0 V. The potential of the negative electrode against the

lectrolyte is determined by subtracting the overvoltage of the
ydrogen evolution reaction (HER) from 0 V, which is an unex-
ectedly low value (but not harmful). Ye et al. [16,17] reported
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Fig. 9. Geometrical distribution of the current during the latter change shown
in Fig. 8(b, d).

Fig. 10. Schematic of the potential profiles in a PEMFC when (a) there is oxygen
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n the anode locally and (b) there is hydrogen in the cathode locally. Dotted lines
ndicate the “abnormal” region in which oxygen exists in the anode or hydrogen
xists in the cathode.

ydrogen evolution from the anode of a direct methanol fuel cell
DMFC) under air-starvation conditions. In this case, the exis-
ence of cross-leaked methanol in the cathode is assumed to be
source of the reverse current. Besides the fuel, the principle is

dentical to what is shown in Fig. 10(b).
Our results shown in Figs. 3–6 are consistent with the reverse-

urrent decay mechanism illustrated in Fig. 10(a). Internal
urrent was observed not only when the segmented side was
sed as an anode (Figs. 3–5) but also when the segmented side
as used as a cathode (Fig. 6). This means that the potential dif-

erence which arises due to a difference in atmosphere makes an
nternal local current by way of the counter electrode. This is an
mportant feature of reverse-current. The reverse-current decay
echanism may be similar to the idea of a “local galvanic cell”

n the field of metal corrosion, albeit the local galvanic cell is
omposed of one electrode | electrolyte boundary with no addi-
ional electrode. Fig. 10 implies that there is a large potential
ifference in the electrolyte between the normal and abnormal
egions. Such a large potential difference can exist because the
lectrolyte membrane is very thin and has little ionic conductiv-
ty in the in-plane direction. If the electrolyte membrane were
o thick that ionic current easily flowed in the in-plane direction
n a cell, the resulting condition would be like a local galvanic

ell and the effect would not extend to the counter electrode.

A similar result was obtained when the preceding gas in the
node did not contain oxygen, as shown in Fig. 7(b and d). How-
ver, some reactions should be assumed to explain the source
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f the reverse current. There are two candidates for the source
f the reverse current. One is the reduction of the cross-leaked
xygen from the cathode. There is a slight difference in volt-
ge between the end of the former transition (t = 202 s) and the
eginning of the latter transition (t = 493 s). This is caused by the
enetration of oxygen from the cathode to the anode during this
eriod. Therefore, there was a small amount of oxygen in the
node before the latter transition. In practice, degradation by the
everse-current decay mechanism has been reported to occur not
nly when oxygen is introduced in the anode [18] but also when
he supply of hydrogen is suppressed [19]. Cross-leaked oxygen
as assumed to contribute to degradation in the latter case. The
ther candidate for the reverse current in our result is charging of
he electrical double layer. In contrast to steady-state phenom-
na, a transient current does not necessarily require a faradaic
rocess. In fact, a small amount of current was observed in the
ormer transition in the experiment shown in Fig. 8(c). In this
ase, the preceding atmospheres for both the anode and cathode
ere inert, so the current downstream should be nonfaradaic.
herefore, the description of the reverse-current decay mecha-
ism can be extended from Fig. 10(a) in the case of a transient
henomenon; reactions at the negative and positive electrodes in
he abnormal region are not limited to oxygen reduction and oxy-
en evolution, but include charging of the electrical double layer.
he magnitude of the double layer capacitance can be estimated
y cyclic voltammetry in an inert condition. Our segmented cell
hows ca. 1 mF per segment. Therefore, if a potential change of
V occurs during 1 s, a charging current on the order of 1 mA

s expected. It is reasonable to expect double layer charging to
lay a role in the internal current.

Our results shown in Figs. 8(b, d) and 9 are consistent with the
echanism illustrated in Fig. 10(b). There is no preceding hydro-

en in the cathode in this experiment. Again, there are at least
wo possible explanations for the source of the reverse current:
xidation of cross-leaked hydrogen from the anode and charging
f the electrical double layer. Therefore, strictly speaking, the
escription shown in Fig. 10(b) should also contain charging of
he electrical double layer in addition to faradaic processes in
he abnormal region.

Although the local potential of the cathode did not exhibit a
armful value at any position, a comparatively large overpoten-
ial of the anode was observed upstream, as shown in Fig. 8(b).
Usually the magnitude of this overpotential may be not nec-
ssarily so large, since at this stage the mechanism of such a
arge polarization is not clear.) This implies that the preferred
egradation of the anode upstream may be caused by repetitive
hanges in the cathode feeding gas if the anode catalyst contains
uthenium, which tends to dissolve under a higher potential.

Our technique using a segmented cell with many small seg-
ents was shown to be effective for mapping the internal current

istribution. Furthermore, the use of several reference electrodes
n a cell was effective for elucidating the mechanism of the
nternal current. These techniques may become powerful tools

or investigations not only during transient conditions, but also
nder steady-state operation, including local malfunctions and
mall spontaneous fluctuations of the reaction.

[
[
[
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. Conclusions

Transition phenomena induced by changes in the feeding gas
ere observed using a 97-fold segmented cell with three ref-

rence electrodes set at upstream, midstream, and downstream.
change in the anode gas from oxygen (diluted with nitro-

en) to hydrogen induced internal currents among the segments
nd transient local electrode potentials. In accordance with the
everse-current decay mechanism, the local cathode potential
ownstream became abnormally high, which should lead to car-
on corrosion. A change in the anode gas from nitrogen to
ydrogen induced similar phenomena. The presence of cross-
eaked oxygen in the anode and charging of the electrical double
ayer are assumed to be the source of the reverse current. In
ontrast, a change in the cathode gas from nitrogen to oxygen
nduced phenomena that were in contrast to the previous experi-

ents: the local anode potential downstream became abnormally
ow, which should lead to hydrogen evolution.
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