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plates for PEMFCs. A typical type 316L was also employed as bipolar plates to compare the cell per-
formance. The Ni-saving HNS bipolar plate adopting cell obviously exhibited better cell performance at
various current densities. After 1000 h of cell operation, the tested metallic bipolar plates were analyzed
by scanning electron microscopy, inductively coupled plasma-mass spectrometry, X-ray photoelectron
spectroscopy, transmission electron microscopy-energy-dispersive X-ray spectroscopy, and transmis-
sion electron microscopy-electron energy loss spectroscopy to prove the superiority of the Ni-saving
HNS bipolar plates. As a result, the surface state of the bipolar plates exposed to the PEMFCs environment
is the critical factor that affects cell performance. Protection of the metal surface mainly with chromium
oxide-based surface layer, which was induced from a reaction of N from the Ni-saving HNS and H,0
generating proton, H*, that lowers local surface pH, was thus substantially effective to retain the voltage
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upon operation.
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1. Introduction

Applications of metallic bipolar plates such as Ti-based alloys
[1,2], Al-based alloys[1,3,4], Ni-based alloys [1,5,6], Cu-based alloys
[7,8], and stainless steels [2,5,6,9-21] have been examined because
of their low cost compared to graphite and because of the miniatur-
ization of proton electrolyte membrane fuel cells (PEMFCs). Among
them, considerable attention has been given to austenitic stain-
less steels because of their superior corrosion resistance, which
leads to improved cell performance. In general, there are detrimen-
tal factors that deteriorate cell performance. For instance, SO42~
and F~ ions released from the membrane during cell operation
tend to corrode the surface of stainless steel. The voltage drop was
also caused by the contamination of membrane electrode assem-
bly (MEA), which is mainly ascribed to the adherence of Ni2* ions.
It has known that the nickel ingredient is readily dissolved from
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the stainless steel bulk (type 316/316L) during cell operation, as
reported by Wind et al. [10].

For the reason, we hypothesized that, if the Ni concentration
decreased the resulting dissolution of Ni2* would be decreased
and it was realized by adopting Ni-saving HNS bipolar plate [21]:
the Ni-saving HNS bipolar plate employing cells exhibited very
promising cell performance during operation. Although the bipo-
lar plate gave convincing electrochemical results that are sufficient
to be commercialized, it is difficult to find out the conclusive rea-
sons affecting the superior performance. This necessitates surface
analyses of bipolar plates after along term operation, since the elec-
trochemical reaction occurs on the surface metallic bipolar plates.
In the present study, therefore, we revisit the Ni-saving HNS to
understand and to prove the detailed mechanism underlying the
enhanced cell performance.

2. Experimental

2.1. Specimen preparation

Commercial-type 316L stainless steel and the Ni-saving HNS
were used as the PEMFC bipolar plate materials. Melting tests for
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Table 1
Chemical compositions of stainless steels (mass%).
C Si S Mn Cr Ni Mo N Fe
Type 316L 0.012 0.50 0.001 0.83 17.32 12.03 2.01 - Balance
Ni-saving HNS 0.022 - 0.0005 3.09 24.07 3.88 1.94 1.06 Balance

the P-ESR were mainly conducted under 4 MPa in nitrogen gas pres-
sure, AC current of 2000-3000 A, voltage of 27-30V, and melting
rate of 0.5-0.7kgmin~!. FeCrN powders, which were used as a
nitrogen source, were packed in stainless steel pipes and then sin-
tered, followed by spot-welding on the surface of the electrode.
The flux used was CaF,, all of which was added to the crucible
before the melting test. Metallic calcium wire was also attached
to the primary electrode for de-oxidation. The chemical composi-
tions of the specimen are given in Table 1. Stainless steel plates
(80 mm x 80 mm x 6 mm) were machined into bipolar plates with
a single serpentine flow field, in accordance with the NEDO report
by JARI [22]. The surfaces of the bipolar plates were then finished
using diamond paste polisher (6 um) and cleaned ultrasonically in
hexane for 15 min.

2.2. Single cell operation

A single cell was assembled that adopted the type 316L stain-
less steel bipolar plates or the Ni-saving HNS and a commercially
available MEA (carbon cloth type gas diffusion layers [GDLs]) with
compressive force of 150N cm~2 controlled by a torque wrench.
The active electrode area was 50 mm x 50 mm. The single cell was
operated at 348 K under ambient pressure. The reactant gases were
fully humidified at 343 K. The utilization was 70% for the fuel gas
(H2) and 40% for air with flow rates of 0.124 NLPM and 0.520 NLPM,
respectively. The applied current density was 0.5Acm™2 (12.5A).

2.3. Characterization of bipolar plate surfaces after single cell
operation

Surfaces of the type 316L stainless steel and the Ni-saving HNS
were observed by SEM (JSM-6060LA, JEOL) at an acceleration volt-
age of 15 kV. The cross-sectional structure of the type 316L stainless
steel and the Ni-saving HNS was analyzed by TEM (HF-2000, Hitachi
High-Technologies) with EDS (NORAN System 6, Thermo Scientific)
at an acceleration voltage of 200 kV. The specimens for TEM were
prepared using a focused ion beam system (FIB, SMI3050MS2, SII
NanoTechnology) at an acceleration voltage of 30 kV. The nitrogen
soluted in the Ni-saving HNS was traced by TEM (JEM-2010F, JEOL)
equipped with an aberration called an EELS (Enfina, Gatan).

2.4. The contamination of MEA

The center of the operated MEA was first cut into a predeter-
mined area (10 mm x 10 mm). The MEA was then disassembled into
three parts: anodic and cathodic GDLs and membrane (together
with a catalyst, Pt). The components were consequently immersed
into aqua regia at room temperature to dissolve the adhered metal-
lic ingredients. The dissolved metallic ions, such as Ni%*, Fe?*, and
Cr3*, were analyzed by ICP-MS (ELEMENTZ, Thermo Fisher Scien-
tific).

2.5. X-ray analysis

After 1000 h of cell operations, the surfaces of the type 316L
stainless steel and the Ni-saving HNS were analyzed by XPS
(ULVAC-PHI 5600) with a monochromatic Al-Ka source. The ana-
lyzed position was the central part of the bipolar plate. The take-off

angle of the emitted photoelectrons was adjusted to 45° with
respect to the surface.

3. Results and discussion
3.1. Cell performance

Fig. 1a shows current density versus voltage curves of the type
316L stainless steel and the Ni-saving HNS bipolar plate employ-
ing cells after 24 h activation process. For the type 316L stainless
steel bipolar plate employing cell, the initial cell voltage was
approximately 0.65V at 0.5Acm~2 (12.5A). The initial cell volt-
age for the Ni-saving HNS bipolar plate was approximately 0.67 V
at 0.5 Acm~2, which is slightly lower than that of the graphite cell
(0.70V at 0.5 Acm~2). Fig. 1b depicts current density versus volt-
age curves of the type 316L stainless steel and the Ni-saving HNS
bipolar plate employing cell after 1000 h of cell operation. Volt-
age decay of the type 316L stainless steel bipolar plate cell was
approximately 48 mV, whereas that of the Ni-saving HNS cell was
approximately 17 mV. The Ni-saving HNS bipolar plate cell obvi-
ously shows better voltage retention to 1000 h, the voltage drop
in which is close to that of the graphite cell (14 mV) despite the
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Fig. 1. Comparison of i-V characteristics of cells with type 316L stainless steel, Ni-
saving HNS, and graphite bipolar plates at (a) initial state and (b) after 1000 h of cell
operation.
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Fig. 2. SEM images of the rib surfaces on (a) anodic side of type 316L stainless steel, (b) cathodic side of type 316L stainless steel, (c) anodic side of Ni-saving HNS, and (d)
cathodic side of Ni-saving HNS after 1000 h of cell operation. The scale bar indicates 10 pm.

slightly lower operation voltage. However, this problem can be
readily overcome through a surface modification, TIN-SBR hybrid
coating [23,24], which gives higher operation voltage comparable
to graphite adopting cells because of the reduced ICR achieved by
the TiN-SBR hybrid coating.

3.2. Corrosion behavior

After 1000h of cell operation, the type 316L
stainless steel and the Ni-saving HNS bipolar plate employing
cells were carefully disassembled and the resulting rib surfaces of
the bipolar plates were observed by SEM (Fig. 2). Corrosion traces
were not found on the surfaces of the anodic-side bipolar plates
for the type 316L stainless steel (Fig. 2a) and the Ni-saving HNS
(Fig. 2c). Meanwhile, general/crevice corrosion occurred on the
type 316L stainless steel surface for the cathodic side (Fig. 2b).
However, the cathodic side of the Ni-saving HNS did not experience
such corrosion during the cell operation (Fig. 2d). We previously
suggested that the chromium content is the crucial factor to ensure
corrosion resistance in the fuel cell operation environment [25].
From this point of view, we speculate that the higher content of
chromium in the present Ni-saving HNS seems to be the requisite
condition to ensure the corrosion resistance.

3.3. Contamination of membrane and GDL

The corrosion of metal usually accompanies the dissolution of
metallic ingredients. In the case of PEMFC, the dissolved metal-
lic components released from the stainless steel bipolar plates can

be trapped in the MEA during the cell operation. Given this, each
MEA component, membrane (together with catalystlayer)and GDL,
was immersed into aqua regia to completely dissolve the exist-
ing metallic elements adhered on the membrane and GDLs. Then,
the resulting solutions were analyzed by ICP-MS. Fig. 3 shows the
results of metallic ions such as Fe2*, Ni?* and Cr3* adhered on
the MEA after 1000 h of cell operation. For the membrane part,
the amount of Fe%* ions was approximately 0.08 p.gcm~2 for the
type 316L stainless steel bipolar plate employing cell. However,
the amount of Fe?* jons was nearly the detection limit for the
Ni-saving HNS one. It is reasonable to assume that the mem-
brane was somewhat polluted by Fe2* ions because the type 316L
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Fig. 3. The amounts of metallic ions fixed to the MEA after 1000 h of cell operation.
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stainless steel surface was corroded (Fig. 2b). The amount of Cr3*
ions was almost as little as the detection limit for both the type 316L
stainless steel and the Ni-saving HNS. The amount of Ni2* jons was
0.14 p.g cm~2 for the type 316L stainless steel bipolar plate employ-
ing cell, whereas the analyzed content was reduced to 0.06 p.g cm—2
for the Ni-saving HNS one. It is obvious that Ni2* jons adhere or
infiltrate into the membrane, but fewer Ni2* ions are found for the
Ni-saving HNS. This is a result of the less amount of Ni element
(below 4 mass %) in the Ni-saving HNS relative to the 316L stain-
less steel (ca. 12 mass%). It is known that this contamination of the
membrane by Ni2* ions affects the degradation of cell performance
[10,26]. In this point of view, the Ni-saving HNS, which releases
fewer Ni2* ions from the bipolar plate, is beneficial to maintain the
integrity of the membrane during cell operation.

For the anodic- and cathodic-side GDLs, the detected amounts
of Ni2* and Cr3* ions were negligible for both steels. For the 316L
stainless steel, however, the detected content of Fe?* ions was
approximately 0.27 g cm~2 for the anodic side and 0.25 g cm—2
for the cathodic side. Surprisingly, the amount of Fe2* ions for
the Ni-saving HNS after the operation was reduced as low as
0.05 g cm~2 for the anodic side and 0.06 g cm~2 for the cathodic
side GDLs. Because corrosion occurred for the type 316L stainless
steel, the amount of Fe2* ions adhered on the GDLs is approxi-
mately four- or five-fold greater than the Ni-saving HNS, which did
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Fig. 4. Cationic ratio of chromium versus iron oxide in the passive film based on XPS
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not undergo corrosion. Overall, dissolution of these metallic ions
was dramatically suppressed by adopting the Ni-saving HNS bipo-
lar plates. The lower dissolution of metallic ions from the bipolar
plates enabled the integrity of the MEA to be maintained and this,
in turn, resulted in enhanced cell performance, the voltage reten-
tion of which is comparable to the graphite bipolar plate employing
cell.

3.4. Surface layers of the steels

Fig. 4 shows the cationic ratio obtained from the chromium
oxide versus iron oxide in the passive layer for both steels
after 1000 h of cell operations, calculated from the XPS spectra
(Fig. 4a, b, d and e) after elimination of the metallic portion. The
chromium/iron ratio in the passive layer from the XPS analysis was
approximately 51:49 for the as-polished type 316L stainless steel
(Fig.4c)and 37:63 for the Ni-saving HNS (Fig. 4f), meaning thatiron
oxide constitutes the majority of the passive layer for the Ni-saving
HNS.

For the anodic side, the chromium oxide portion increased for
both steels, 67:33 (from 51:49) for the type 316L stainless steel
(Fig. 4c) and 47:53 (from 37:63) for the Ni-saving HNS (Fig. 4f)
after 1000 h of cell operation. As is known, the potential of the
anodic bipolar plate (—100 mV vs. SCE) corresponds to the active
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Fig. 5. Schematic of electrochemical reactions on stainless steel.

dissolution region for both steels (see S-Fig. 1). The iron oxide com-
ponent contained in the passive layer is selectively dissolved in such
an acidic condition, so the chromium oxide content becomes the
major component to constitute the passive layer. Leckie and Uhlig
[27] suggested that the soluted nitrogen follows the reaction in the
active region: N+4H"* +3e~ — NH4*. Namely, the soluted nitrogen
element is released from the Ni-saving HNS and the nitrogen con-
sequently reacts with H* ions in the aqueous solution, resulting
in the formation of NH4* ions on the surface of the passive layer.
The formed NH4* ions simultaneously cause the pH of the passive
layer to increase. Therefore, a relatively large portion of iron oxide
(chromium oxide:iron oxide =47:53) isretained in the passive layer
for the Ni-saving HNS. As we previously reported [19], iron oxide in
the passive layer is stable in the weak acidic condition (pH ~4.3).
The XPS results suggest that the resulting pH of the passive layer
for the Ni-saving HNS is higher than that of the type 316L stainless
steel.

For the cathodic side, the type 316L stainless steel was mainly
covered with iron oxide because of the surface corrosion after
1000 h of cell operation (Fig. 4c), whereas the Ni-saving HNS con-
sisted of chromium oxide-enriched passive layer after 1000 h of cell
operation (Fig. 4f). The cationic ratio of chromium versus iron in the
passive layer approximated to 57:43 for the Ni-saving HNS, indi-
cating that the chromium oxide content increased in the cathodic
side relative to the native passive layer. Because the operation envi-
ronment is situated in a weak acidic condition (pH ~4.3 [19]), the
passive layer is supposed to be enriched with iron oxide-based
passive layer. The reaction potential of the cathodic side is approx-
imately 600 mV (SCE). The potential lays the beginning point of the
transpassive dissolution of trivalent chromium to a hexavalent one
(see S-Fig. 1). Thus, the selective dissolution of the chromium ingre-
dient at the potential should have led to the formation of the iron
oxide-enriched passive layer. Nonetheless, the XPS results indi-
cate the chromium oxide-enriched passive layer. Yashiro et al. [28]
reported that nitrogen in the nitrogen-bearing stainless steel was
dissolved in a neutral chloride solution at around 550 mV (SCE)
prior to the transpassive dissolution of chromium by the follow-
ingreaction: N+3H;0 — NO3~ +6H* + 5e~ [28]. The formed H* ions
thus lead to a decrease in pH in the passive layer, which retards the
transpassive dissolution of chromium, and, in turn, facilitates the

selective dissolution of iron oxide by the generated H* ions. There-
fore, the outer surface of the passive layer could be preserved by
chromium oxide, which is expected to provide high corrosion resis-
tance. Schematic of electrochemical reactions on stainless steel is
summarized in Fig. 5.

3.5. TEM observation of the surface layer

To observe the cross-sectional images of the surface layer
directly the operated bipolar plate ribs (see S-Figs. 2a and b) were
etched by focused ion beams for the TEM observation. First, we
observed undamaged (Fig. 6a) and corroded (Fig. 6¢) parts of the
operated type 316L stainless steel to compare the passive layer
using EDS. As can be seen in Fig. 6a, the passive layer is obvi-
ously thicker (~9nm) for the undamaged part after 1000 h of cell
operation than that of the native state, which agrees with XPS
results (iron oxide-enriched passive layer: 7-9 nm) of the type 310S
stainless steel after 1000 h of cell operation [19]. Generally, the
thickness of passive layer on stainless steels is a few nanometers
thick. Hamada et al. directly observed [29] that a passive layer thick-
ness of a commercial-type 304 stainless steel was found to be 3 nm
using corrected STEM. We consider that the thickened passive layer
simultaneously derives an increase in the ICR between the stain-
less steel bipolar plate and GDLs, and it thus affects steep voltage
decay approximately 50 mV (Fig. 1). For the undamaged part, it is
suggested that the passive layer is not uniform (Fig. 6a (point 1)).
The interface region (Fig. 6a (point 2)) exhibits significantly reduced
intensity for oxygen (Fig. 6b (point 2)).

For the damaged part (Fig. 6¢), the surface of the stainless steel
no longer exhibited a uniform and smooth passive layer. In addi-
tion, the passive layer was severely damaged and the sediment of
corrosion products is evident on the passive layer (Fig. 6¢ (point 1)),
which is covered with corrosion products such as iron oxide (Fig. 6d
(point 1)), which is in agreement with the XPS results (Fig. 4c). The
corrosion was progressed not only on the surface of stainless steel
but in the depth direction (Fig. 6¢ (point 2)). The stronger intensity
of iron element also supports the formation of corrosion products
in the depth direction. Meanwhile, the bulk exhibited a similar EDS
spectrum (Fig. 6¢ (point 3) and d (point 3)), compared with the
undamaged bulk (Fig. 6b (point 2)). Therefore, the appearance of
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Fig. 6. TEM bright-field images of bipolar plate on the cathodic side after 1000 h of cell operation: (a) undamaged part for type 316L stainless steel and (b) the corresponding
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spectrum, (g) the corresponding EELS spectrum, and (h) an enlarged view of (g) at the nitrogen K-edge.

corrosion products on the bipolar plates is likely to result in a great
increase of the ICR and contamination of MEA, thereby affecting
inferior cell performance.

The extensively operated Ni-saving HNS (cathodic side) was
observed by TEM (Fig. 6e). The observed layer was thin and uniform,
showing that the thickness of the passive layer is estimated to be
3-4nm (Fig. 6e (point 1)). This indicates no significant change in the
passive layer thickness before and after long-term cell operation.
In the EDS spectra for the passive layer (Fig. 6f (point 1)), chromium
intensity was stronger than the iron signal, meaning that the

chromium oxide component composes the majority of the passive
layer, which coincides with the XPS results (Fig. 4d). At the interface
between the passive layer and the steel bulk (Fig. 6e (point 2) and
f (point 2)), the intensity of oxygen element decreased abruptly.
Unlike the passive layer, the iron intensity became stronger than
chromium. Except for the passive layer, both steels exhibited the
similar chemical states in bulk (Fig. 6d (point 3) and f (point 3)).
Although nitrogen, N, element is soluted in the bulk of the
Ni-saving HNS, it was not detected in the EDS spectra because
the content of nitrogen is not sufficient, approximately 1 mass%
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(Table 1). Thus, the same points in Fig. 6e were analyzed by EELS
(beam size 5nm) to determine the behavior of the nitrogen in the
Ni-saving HNS. Because the intensity of nitrogen was relatively
weak (Fig. 6g), the squared part was magnified (Fig. 6h). In the
passive layer, the nitrogen signal, which shows the characteristic
signals at around 400-410 eV, was negligibly observed. This result
demonstrates that the passive layer for the Ni-saving HNS is solely
composed of chromium and iron oxide. When the interface of the
passive layer and bulk was analyzed, the characteristic nitrogen
signal was most strongly observed (Fig. 6h (point 2)). This indi-
cates that nitrogen was concentrated at the interface between the
passive layer and the based material bulk in the Ni-saving HNS.
Water is always formed at the cathodic side because of the oxy-
gen reduction reaction. The generated water is drained through
the flowing channel of the bipolar plate. Here, the soluted nitro-
gen of the steel reacts with the water on surface of the bipolar
plate. The reaction gives rise to the formation of NO3~ ions, accom-
panying the generation of H* ions that locally reduces the pH on

the steel. Iron oxide is readily dissoluble at lower pH. Thus, the
iron oxide constituting the passive layer is selectively dissolved,
and the chromium-based oxide, thereby, is remained to protect
the steel bulk as the passive layer. The process is summarized in
Fig. 7.

According to the effect of the nitrogen in steel, the Ni-saving
HNS could control the dissolution of iron and nickel under the
PEMFC environment, compared with the type 316L stainless steel.
As a result, the Ni-saving HNS bipolar plate employing cell exhib-
ited superior cell performance, compared with the type 316L one.
Slightly lower operation voltage can be improved by surface modi-
fication using nanosized TIN-SBR hybrid coating that is an available
means to increase the operation voltage as high as graphite bipolar
plate employing cell [23,24].

4. Conclusions

Commercial-type 316L stainless steel and the Ni-saving HNS
were compared as bipolar plates for PEMFCs. The cell performance
of the Ni-saving HNS bipolar plate employing cell was excellent, of
which the voltage retention after 1000 h operation bares compari-
son with that of the graphite bipolar plate employing cell. The type
316L stainless steel, adopted on the cathodic side, was severely cor-
roded after 1000 h of cell operation, as confirmed by SEM. However,
corrosion products were not found for the Ni-saving HNS under the
same condition. Chemical analyses of the bipolar plates after 1000 h
of cell operation indicate that the presence of cations, such as NiZ*,
Fe2* and Cr3* ions dissolved from the bipolar plate, were markedly
reduced in MEA by employing the Ni-saving HNS, compared with
that of the type 316L stainless steel. We found that, although the
operation environment is similar for both the type 316L stainless
steel and the Ni-saving HNS, different kinds of passive layer forma-
tion resulted in significant improvement in the operation voltage
retention: iron oxide-based passive layer for the type 316L stain-
less steel and chromium oxide-based passive layer for the Ni-saving
HNS. The chromium oxide-enriched passive layer was maintained
throughout the cell operation for the Ni-saving HNS, which exhib-
ited approximately 3 nm in thickness. The soluted nitrogen element
in the Ni-saving HNS would be released to the interfacial solution
and they induce protons by reacting with water on the passive layer,
causing lowering of the local surface pH of the passive layer, and
this, in turn, gives rise to the formation of the chromium oxide-
enriched passive layer. Thus, the formed chromium oxide-based
passive layer greatly reduced the dissolution of transition metal ele-
ments and prevented corrosion, so that it consequently improved
the integrity of MEA, finally leading to excellent cell performance.
Paying attention to the corrosion resistance of stainless steel
bipolar plate, we suggested that the Ni-saving HNS is the most suit-
able alternative bipolar plate to graphite for PEMFC bipolar plates.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jpowsour.2011.11.033.
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