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In this study, a cobalt coating was deposited onto stainless steel bipolar plates used in proton
exchange membrane fuel cells (PEMFCs) via the direct current electrodeposition technique. The
coating’s surface morphology and phase composition were assessed using field emission scanning
electron microscopy (FESEM) coupled with energy-dispersive spectroscopy (EDS) and X-ray
diffraction (XRD), respectively. The corrosion behaviour of both coated and uncoated samples was
evaluated by potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) in
simulated cathodic and anodic environments of the PEMFC. The chemical states of the samples’
surface before and after corrosion were analyzed using X-ray photoelectron spectroscopy (XPS). To
assess changes in electrical performance, the interfacial contact resistance (ICR) of each sample was
determined before and after corrosion. The potentiodynamic polarization results demonstrated that
the application of the cobalt coating on the steel substrate led to a reduction in the corrosion current
density by approximately 31 and 25 times in the simulated cathodic and anodic environments,
respectively. XPS analysis confirmed the formation of cobalt oxide on the coated steel surface after
corrosion, while the corrosion layer on the bare steel consisted of iron and chromium sulfides and
hydroxides. The results revealed that under a clamping force of 1.4 MPa, the coated specimen
exhibited a lower ICR (2.42 mQ cm?) compared to the bare sample (30.49 mQ cm?). Moreover, an
increase in ICR values was observed for both specimens after the potentiodynamic polarization test.

1. Introduction

connected through conductive bipolar plates [4,5]. These
plates significantly influence the overall weight, cost, and

Renewable energy generation via electrochemical
systems like PEMFCs is a promising approach to address
fossil fuel depletion and environmental issues. PEMFCs
offer key advantages including low-temperature operation
(~70°C), a wide power output range (1W-500kW), and
portability [1-3].

A single PEMFC unit, consisting of an anode, cathode,
and polymer membrane, typically produces a voltage of
0.5-0.7 V. To achieve higher efficiency, individual cells are
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mechanical strength of the fuel cell stack, often more so
than other components [6-10]. Graphite, carbon-polymer
composites, and metals are the three common categories
of materials used for bipolar plates [11-14]. Among these,
metallic bipolar plates offer superior mechanical strength,
high thermal and electrical conductivity, lower production
costs, and easier fabrication [15]. However, their
susceptibility to corrosion remains a major drawback. The
release of metal ions during corrosion can poison the
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polymer membrane and deteriorate cell performance
[16,17]. In addition, the formation of surface oxide films
on metallic plates, particularly stainless-steel ones,
increases interfacial contact resistance and adversely
affects electrical conductivity [18,19]. Although stainless
steels exhibit adequate corrosion resistance in corrosive
environments, the acidic conditions, and moderate
temperatures (~70 °C) of PEMFC operation can degrade
the passive film on the steel surface, leading to accelerated
corrosion [20,21]. In fact, fluoride ions released via
membrane degradation induce the corrosion of steel
bipolar plates. Furthermore, the dissolution of these
metallic plates leads to the liberation of metal cations,
which subsequently contaminates the fuel cell membrane.
An additional constraint of steel bipolar plates involves
the rise in ICR resulting from the development of passive
layers on their surface [22,23]. To address these
limitations, various protective coatings such as nitrides,
carbides, metal oxides, carbon-based films, transition
metals, noble metals, and conductive polymers have been
proposed to improve the corrosion resistance of stainless-
steel bipolar plates [24]. However, transition metal
coatings have emerged as superior alternatives due to
their exceptional electrochemical stability and enhanced
electrical conductivity. The improved durability of steel
plates coated with transition metals is largely attributed
to the formation of stable and adherent metallic oxide
layers on the steel surface [25,26].

Several deposition techniques, including electroplating
[27], magnetron sputtering [28], pack cementation [29],
ion implantation [30], chemical vapor deposition (CVD)
[31], physical vapor deposition (PVD) [32], and electroless
deposition [33] have been employed to produce such
coatings.

Both mono-metallic and multi-metallic electroplated
coatings of transition metal have exhibited significant
efficacy for use in steel bipolar plate applications. Chiang
et al. [34] demonstrated that an electroplated nickel layer
significantly enhanced the corrosion resistance of carbon
steel. This behaviour can be ascribed to the nickel
coating’s ability to suppress iron oxide formation on the
steel substrate under fuel cell operating conditions.
Rashtchi et al. [35] found that Ni-Mo coating reduced both
the corrosion current density and ICR of 316L stainless
steel. They found the Ni-Mo coating exhibiting a corrosion
potential within the stainless steel’s passive region, which
effectively mitigated the risk of localized corrosion
occurrence.

The utilization of transition metals such as Cr, W, Ta,
Nb for the surface modification of steel bipolar plates,
employing techniques such as plasma, has also been
extensively studied [36-39]. Li et al. [36] demonstrated
that in simulated PEMFC cathodic environment, the
corrosion current density of uncoated 316L stainless steel
bipolar plates was 63 pA cm'?2 whereas this value
decreased to 13 pA cm? in the presence of a tantalum
coating.

Recently, bimetallic, as well as, multilayer coatings
composed of transition metals have been utilized to
improve the performance of steel bipolar plates [40-43].
Gago et al. [43] demonstrated that ICR value of Au/Ti-
coated bipolar plate reduced to 8.6 m{ cm? at a clamping

force of 1.4 MPa, which has been attributed to the
enhancement of surface roughness provided by the
coating.

To the best of the authors’ knowledge, the influence of
pure cobalt coatings on the performance of steel bipolar
plates has not yet been investigated. Furthermore, the
application of metallic cobalt coatings via electrodeposition
enables the maintenance of the surface electrical
properties at a satisfactory level. Additionally, it is
expected that the formation of cobalt oxides on the steel
bipolar plates surface in the corrosive environment will
provide a protective barrier [44].

2. Experimental
2.1.Coating Preparation

In this work, ferritic stainless steel Crofer 22 APU,
containing 22.7wt% Cr, 0.38wt% Mn, 0.02 wt% Si,
0.01wt% C, 0.02wt%Ni, 0.02wt%Al, 0.07 wt% Ti,
0.06 wt% La, and the balance Fe, was chosen as the
substrate material for PEMFC bipolar plates. For cobalt
(Co) electrodeposition, steel cathodes (10 mm x 10 mm x
2 mm) and a platinum-coated titanium anode (20 mm x
20 mm) were employed in the electroplating setup. Prior
to coating, the steel samples underwent a multistep
surface preparation procedure consisting of:

(1) mechanical grinding with SiC abrasive papers of
400,800, 1200, 1500, 2000, and 2500 grit sizes;

(2) ultrasonic cleaning in acetone to
contaminants;

(3) electropolishing in phosphoric acid at a current
density of 500 mA cm-2 for 2 min; and

(4) surface activation in a mixed acid solution
containing 5wt% HNOz and 25 wt% HCl for 1 min. The
composition of the electroplating bath and the deposition
parameters are summarized in Table 1.

remove

Table 1. The composition and conditions of the electrolyte used for the
electrodeposition of cobalt coating.

Materials and conditions details

Cobalt sulphate, heptahydrate 1
(C0S0,.7H,0) 28.11gL~ (0.1 M)

Boric acid (H;B05) 61.84gL" (1 M)

Ammonium sulphate (NH,),SO, 132g L1 (0.1 M)

Current density 150 mA cm™
Temperature 25°C
pH 2
Time 45 min

2.2.Surface Characterizations

The surface morphology of the samples before and
after corrosion, as well as the cross-sectional analysis of
the coated sample, was examined using a field emission
scanning electron microscope (FESEM, model MIRA3
TESCAN-XMU) equipped with EDS. Phase analysis of the
coating was performed using XRD with a Philips X'Pert
High Score diffractometer employing Cu Ka radiation (A =
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1.5405 A). The identification of phases and their
associated characteristic peaks was carried out via Xpert
Highscore Xpert 3.05 software. The chemical state of the
coating surface before and after corrosion was
investigated by XPS using a SPECS instrument; specifically,
as-coated sample was cleaned using argon sputtering
prior to XPS characterization, whereas post-corrosion
analysis was performed immediately on the as-received
samples.

2.3.Electrochemical Measurements

For corrosion testing, an electrochemical cell was
configured using a saturated calomel electrode (SCE) as
the reference electrode, a platinum electrode as the
counter electrode, and the test specimen - either uncoated
or coated - as the working electrode. The corrosive
medium for all experiments was a 0.5 M H;SO4 solution
containing 2 ppm HF, maintained at 70°C. To better
replicate the operational conditions of a PEMFC, the
simulated anodic and cathodic environments were made
by purging hydrogen and air into the electrolyte,
respectively. Prior to testing, the samples were placed in

the corrosive solution for 1h to ensure stable
electrochemical condition.
Potentiodynamic and potentiostatic polarization

measurements were conducted using a Metrohm Autolab
PGSTAT302N potentiostat/galvanostat system.
Potentiodynamic polarization curves were generated by
sweeping the potential at a rate of 1mV s1, and the
resulting data were analyzed using CorrView 3.3b
software.

During potentiostatic testing, the temporal variation of
current was recorded at -0.1V and +0.6V for the
simulated anodic and cathodic conditions, respectively.

EIS measurements were performed at the open-circuit
potential with a Wonatech ZIVE SP1 system over the
frequency range of 0.01 Hz to 100 kHz, and the impedance
spectra were fitted using ZView 3.1 software.

2.4.ICRs Measurements

Two experimental configurations were employed [45]:
in the first (Figure 1a), a gas diffusion layer (GDL) was
placed between two copper current collector plates; in the
second (Figure 1b), two GDLs were positioned between
the copper plates, with the tested sample inserted
between them. A compressive load ranging from 0.3 MPa
to 5MPa was applied using a hydraulic system. Under
each pressure, a current of 0.1 A was imposed, and the
corresponding voltage drop was measured to calculate the
electrical resistance according to Ohm'’s law (Eq. 1).

R:% (1)

In this equation, R denotes the resistance, V is the
voltage drop, I is the applied current, and As denotes the
surface area of the sample.

The resistance values obtained from the setups shown
in Figures 1la and 1b are represented as R1 and R2,
respectively, and are calculated using Eq. 2 and Eq.3.

Ry = 2R¢y + 2Rcyj6p1 + 2Rep1 (2)

Ry = 2Ry, + 2Rcyj6pr + 2Repr + 2Rpyp 6o + 2Ry (3)

Since the intrinsic resistance of the BP is negligible, the
ICR at the interface between the BP and the GDL was
determined based on Eq. 4.

Ry—R
Rpp/epL = 22 . (4)
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Fig. 1. A schematic of ICR measurement setup (a) without specimen and
(b) with specimen.

3. Results and Discussion

3.1. Microstructure of Coating

Figs. 2a and 2b display the surface morphology of the
cobalt coating applied on the substrate at different
magnifications. The coating exhibits a cauliflower-like
structure composed of grains approximately 20 um in size.
The elemental mapping analysis (Figure 2c) shows a very
low content of substrate elements (Fe and C), confirming
the high density and continuity of the deposit.
Furthermore, the EDS elemental map (Figure 2d)
demonstrates a uniform spatial distribution of cobalt
across the coating.
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The XRD pattern of the coated specimen (Figure 3)
reveals diffraction peaks at 20 = 41.68°, 44.8°, 47.56°,
75.96°, 84.2°, 90.64°, 92.56°, 94.72°, and 98.72°, which
correspond to the (100), (002), (101), (110), (103), (200),
(112), (201), and (104) planes of hexagonal cobalt (JCPDS
Card No. 05-0727). The formation of hexagonal cobalt
rather than its fcc phase is attributed to the pH of the
electrolyte (pH = 4.5) used during electroplating [46].
Substrate-related peaks corresponding to Fe (JCPDS Card
No. 00-001-1262) were also observed at 20 = 44.8° and
82.36°.

W, 98 %
SEM MAG: 500 x | Det: SE

WD: 15.04 mm | BI: 10.00
View field: 415 ym | Date(m/dly): 08/09/22
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The  high-resolution XPS spectrum of the
electrodeposited cobalt layer (Figure 4) exhibits binding
energy peaks at 778.16 eV (Co 2p3/2) and 793.09 eV (Co
2p1/2), characteristic of metallic cobalt, which are
consistent with the values reported by Kerrigan [47]. The
absence of cobalt oxide peaks is attributed to the surface
sputtering conducted prior to analysis. Cross-sectional
imaging of the coating and its line-scan profile (Figures 5a
and 5b) reveal a dense cobalt-rich layer approximately
15 pm thick.

.A}\ '7;. =

8 o
SEM MAG: 2.00 kx Det: SE

WD: 15.04 mm BI: 10.00
View field: 104 um |Date(m/dly): 08/09/22

20 ym

1 ColLa

Elt  Int W% A%
. cr 38 053 0.69
o0d-3 Fe 25 0.56 0.63
Co 32877 98.91 98.68

CoKa
FeKp

5 10

HT =201V 9
CoKa

Fig. 2. (a and b) FESEM micrographs at different magnifications, (c) EDS analysis and (d) EDS mapping of the Co-coated steel.
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Fig. 3. X-ray diffraction pattern of the cobalt coating electrodeposited on Crofer 22 APU bipolar plate.
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Fig. 4. High-resolution spectra and fitted curve of the cobalt coating electrodeposited on Crofer 22 APU bipolar plate.
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Fig. 5. (a) FESEM cross-section micrograph and (b) EDS line scan of Co-coated Crofer 22 APU steel.

3.2.Electrochemical Analysis

3.2.1.  Open Circuit Potential

The open-circuit potential (OCP) variations of the
samples during one hour of immersion in simulated
anodic and cathodic environments at 70 °C are depicted in
Figures 6a and 6b, respectively. For the uncoated
specimen, the potential in both environments initially
increased sharply toward more noble values, reaching
peaks at around 900s and 650s in the cathodic and
anodic media, respectively, before gradually declining to a
steady-state  potential. This transient behavior,
characterized by an initial rapid rise followed by a gradual
decline, is attributed to the formation and subsequent
partial breakdown of passive oxide films on the surface
[48].

The coated samples display a similar initial increase
before reaching stable and nearly constant potentials.
This trend can be attributed to the formation of a passive
film on the coating surface during the initial stages of
exposure (as reflected by the potential increase) and then,
the stability of the formed passive film, which leads to
potential stabilization [49]. The steady-state OCPs for the
uncoated specimen are -0.05V (cathodic) and-0.01V
(anodic), whereas those for the coated sample are -0.03 V
and 0.05V, respectively. The more active potential
observed for the uncoated sample in both environments
indicates its higher susceptibility to corrosion under the
simulated fuel cell conditions [50].

3.2.2.  Potentiodynamic Polarization

The potentiodynamic polarization curves of the
samples tested in cathodic and anodic environments at
70 °C, are illustrated in Figures 7a and 7b, respectively,
and the associated electrochemical parameters are
summarized in Table 2. The polarization resistance values
were estimated using the Stern-Geary equation. Tafel
extrapolation of the potentiodynamic polarization curves
was carried out in triplicate via CorrView 3.3b software.

The results in Table 2 are reported as the mean value +
standard deviation of these data.

As observed in Figure 7, Tafel curve of the uncoated
sample exhibits three distinct regions: active, passive, and
trans-passive. The presence of the trans-passive region
signifies the instability of the passive film formed on the
sample surface. In the Tafel curves of the coated samples,
the active-passive transition is not observed; however, the
anodic Tafel slope (B.) for these samples is greater than
the cathodic Tafel slope (Bc), indicating the coated
sample’s tendency toward passivation in the corrosive
environment [51]. A comparison of the polarization curves
reveals that the coating predominantly influences the
anodic reaction kinetics compared to the cathodic process,
signifying that the anodic dissolution of the substrate is
more strongly inhibited than the hydrogen evolution
reaction. This behavior leads to a transition of Ecorr toward
more noble values, suggesting a decrease in the
thermodynamic drive for corrosion. Since the shift toward
more noble potentials is predominantly governed by the
polarization of the anodic reactions, the coating
demonstrates an anodic inhibition mechanism that
effectively suppresses the dissolution rate of the steel
substrate [52,53].

It is worth noting that the corrosion potentials of the
coated samples fall within the passive potential region of
the bare steel, which significantly mitigates the risk of
localized corrosion initiation on the coated surfaces [54].
Moreover, in both simulated media, the coated sample
demonstrates a lower corrosion current density,
compared to the uncoated one, indicating that the cobalt
coating significantly inhibits anodic dissolution of the steel
substrate due to its superior chemical stability in the
corrosive electrolyte [55]. The corrosion current density
of the coated bipolar plate in both cathodic and anodic
environment closely approaches the 2025 technology
targets stipulated by the U.S. Department of Energy (DOE)
for PEMFC applications.



F. Mohsenifar / Progress in Physics of Applied Materials 7 (2027) 47-61 53

0.025 Cathodic environment
a v = == Co-coated sample
T .
voor 4 & & Uncoated sample
4
A Y
0 :. v
< e
< w
4 »
< v
VOIS sapreetturineds
[~ 3 = or ottt
Z »J’ ’, et
= |’. : Mﬂ"‘qu" M i ™,
005k ; " e
L
N
0.075
B
01 L 1 1 L 1
0 1000 2000 3000 4000
Time ()
0.1
b - Anodic environment
I,
o = mm Co-coated sample
0.075 - A 4 4 4 4 Uncoated sample
: "y
v LS
« v
0.05F- < MNO“’Wmonnummnu-.‘u-um
(
.- 'm
o
UG L9
< : "v-nq'
= v,
= ok : m
< 'W'
<
-0.025 «
“
7
-0.05
ke
-0.075 : . : . . :
0 1000 2000 3000 4000
Time (s)

Fig. 6. Variation of corrosion potential with time for uncoated and Co-
coated Crofer 22 APU steel in 0.5 M H2S04 + 2 ppm HF solution at 70 °C
in (a) cathodic and (b) anodic environments.

A comparison of the corrosion current densities of the
steel bipolar plates coated in this study (1.79 pA cm?)
with previously reported transition metal coatings for
PEMFC applications [56-61] demonstrates that the
current coating effectively enhances the corrosion
resistance of the bipolar plates. Nevertheless, it is
suggested that incorporating alternative transition metals
alongside cobalt, or employing multi-layered cobalt-based
coatings, could potentially yield even greater
improvements in corrosion resistance.

3.2.3. Potentiostatic Polarization

The long-term electrochemical performance of the
coatings in fuel cell cathodic and anodic environments was
further evaluated through potentiostatic polarization
tests. In these tests, the current density was continuously
recorded as a function of time over a 2-hour period
(Figure 8).

The current-time responses for both samples in the
cathodic and anodic electrolytes initially showed a sharp
decrease, followed by stabilization at nearly constant
values. Notably, the coated sample exhibited smaller
current fluctuations in the steady-state region compared

with the uncoated sample. The steady-state current
densities were approximately 63 and 26 pA cm2 in the
cathodic environment, and 36and 19 pA cm=? in the
anodic environment for the uncoated and coated samples,
respectively. The obtained results verify the protective role
of the cobalt layer in limiting corrosive attack on the steel
surface.

Table 2. Electrochemical data derived from potentiodynamic
polarization curves of uncoated and coated samples.

Sample Uncoated sample Co-coated sample
Environment Cathodic Anodic Cathodic Anodic
Ecorr -0.049 -0.003 -0.035 0.041
(mV) +0.007 +0.001 +0.004 +0.01
fcorr 56.3 36 1.79 1.43
(LA cm2) +2.1 +1.8 +0.05 +0.02
Be -166 -155 -372 -519
(mV dec?) +5.2 +3.5 +11.4 +6.7
Ba 773 1308 493 527
(mV dec?) +3.1 +14.6 +3.9 +7.8
Rp 1056 1675 51400 79500
(2 cm?) +22.7 +8.8 +14.4 +20.6

3.2.4.

The EIS results for the samples tested in simulated
cathodic and anodic environments are illustrated in
Figure 9. The impedance spectra were acquired over a
frequency range of 0.01 Hz to 100 kHz. The equivalent
electrical circuits employed for modeling the impedance
data of the uncoated and coated specimens are presented
in Figures 10a and 10b, respectively. In these circuits, Rs
denotes the solution resistance between the reference
electrode and the working electrode; Rct denotes the
charge-transfer resistance of the steel substrate; Rcoat
corresponds to the resistance of the coating to electrolyte
penetration; and the constant phase element (CPE)
accounts for non-ideal capacitive behavior.

The CPE is characterized by its admittance parameter
(CPE-T) and power-law exponent (CPE-P). The CPE
components associated with the coating and the substrate
are designated as CPEdl and CPEcoat, respectively. The
parameters extracted from curve fitting using ZView
software are summarized in Table 3. The appearance of
two distinct peaks in the Bode-phase plots of the coated
sample indicates the presence of two electrochemical time
constants.

The time constant at high frequencies reflects the
behavior of the coating layer, while the low-frequency
time constant arises from electrochemical processes at the
coating-substrate interface [62].

The intersection point of the Nyquist curve with the real
axis of the impedance plot (Z') at high frequencies
represents the solution resistance (Rs) [63].

Electrochemical Impedance Spectroscopy
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Fig. 7. Potentiodynamic polarization curves for uncoated and Co-
coated Crofer 22 APU steel in 0.5 M H2S04 + 2 ppm HF solution at 70 °C
in (a) cathodic and (b) anodic environments.

The measured charge-transfer resistance (R for the
uncoated and coated specimens were 6583 and 18300 Q
cm?, respectively, in the anodic environment,
and 6451 and 16920 0 cm?, respectively, in the cathodic
environment. While R characterizes the ion-transport
resistance through the coating in coated specimens, it
denotes the stability of the passive film in uncoated ones
[64]. The significantly higher R of the coated samples in
both conditions demonstrates the beneficial effect of
cobalt deposition in enhancing the corrosion resistance of
the steel substrate.

Furthermore, the larger phase angle observed at high
frequencies for the coated sample confirms its improved
electrochemical stability [65]. The lower double-layer
admittance values in both simulated environments also
indicate that the surface passivation of the cobalt coating
effectively impedes the penetration of aggressive ions
toward the steel substrate. Sulfuric acid dissociates in an

aqueous medium according to the following
reactions [66]:

H,S0, —» HSO,™ + H* (5)
HSO,” - S0,*” + H* (6)

The dissociation constant of reaction (5) is
significantly —higher than that of reaction (6).
Consequently, in dilute and moderately concentrated
solutions, sulfuric acid fully dissociates according to
reaction (6), making the S04* ion the predominant
corrosive species. In the presence of these ions, iron can
dissolve into the solution as FeSO4 [66].

Owing to the high chromium content in ferritic
stainless steels, protective surface films composed of
chromium oxide-hydroxide compounds are formed
through the following reactions, leading to the surface
passivation and enhanced corrosion resistance [67]:

Cr + H,S0, » CrOOH + SO, + H* + e~ (7)
4Cr + 3H,S0, — 2Cr,0; + 350, + 6H* + 6e~ (8)
500
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Fig. 8. Potentistatic polarization curves for uncoated and Co-coated
Crofer 22 APU steel in 0.5 M H2SO4 + 2 ppm HF solution at 70 °C in (a)

cathodic and (b) anodic environments.

However, as shown in the subsequent reactions, the
dissolution of this protective layer can expose the metal
substrate to the corrosive environment again [64]:

CrOOH + H,S0, + H* + e~ - CrS0, + 2H,0 (9)

Cr,05 + 2H,S0, + 2H* + 2e~ - 2CrSO, + 3H,0  (10)
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Fig. 9. Nyquist, Bode and Bode-phase curves for uncoated and Co-
coated Crofer 22 APU steel in 0.5 M H2SO4 + 2 ppm HF solution at 70 °C
in (a) cathodic and (b) anodic environments.

The application of surface coatings, particularly those
based on transition metals such as cobalt, can further
improve the corrosion resistance of steel. This
improvement stems from the formation of a stable
protective layer, typically consisting of oxides or hydrated
oxides of the coating metal. When cobalt-coated steel is
exposed to corrosive conditions, a film of CoO or Co(OH):
develops on the surface. If these layers dissolve in the

corrosive medium, the steel substrate becomes
susceptible to corrosion. In such cases, corrosion often
initiates at high-energy sites within the coating structure,
including grain boundaries and triple junctions [68,69].
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Fig. 10. The equivalent circuit used to adjust the EIS data of the (a)
uncoated and (b) Co-coated Crofer 22 APU steel.

3.3.XPS Study

XPS analysis was performed to examine the chemical
states of the sample surfaces following potentiostatic
polarization in a cathodic medium for 2 hours. The high-
resolution spectra for iron, chromium, sulfur, and oxygen
(in the uncoated sample) are presented in Figure 11. The
Fe2p spectrum (Figure11a) shows peaks at binding
energies of 706.7, 708.9, 710, 710.9, 712, and 714.7 eV,
attributed to FeO, Fe304 FeO or FeS, Fe;0s, FeSO4 and
Fez(S04)3, respectively. These peaks in the XPS analysis of
steel alloys after exposure to sulfuric acid environments
have also been reported by other researchers [67, 69, 70].
These species have also been documented in previous XPS
studies of steel alloys exposed to sulfuric acid media.

The Cr 2p spectrum (Figure 11b) exhibits four distinct
peaks corresponding to metallic Cr (574 eV), Cr203 or
CrOOH (576.5 eV), Cr(OH)s (577.4 eV), and Crz(S04)3
(578.6 eV) [67, 69, 71]. The S 2p1/2 peaks at 163.1 and
169.8 eV, along with the S2p3/2 peaks at 162 and
168.7 eV (Figure 11c), suggest S2- and S042- species within
the surface layer [67, 72].

In the O 1s spectrum (Figure 11d), peaks observed at
530.2, 531.4, and 532.6 eV match metal-oxygen (M-0)
bonds, hydroxide ions (OH-), and sulfate ions (S042%),
respectively.

The hydroxide peak indicates the formation of Cr(OH)3
phases within the passive layer, whereas the S04 peak
evidences the incorporation of compounds such as FeSO4
and Cr2(S04)3 into the protective film [69].

Fig. 12 presents the high-resolution XPS spectra of the
coated surface after polarization. The binding energy
separation of 15.8 eV between the Co2p1/2 (795.9eV)
and Co 2p3/2 (780.1 eV) peaks in Figure 12a suggests the
presence of CoO on the surface [73]. Additionally, the O 1s
spectrum (Fig. 12b) displays three peaks at 530.2, 531.4,
and 532.6eV, corresponding to 0% ions in CoO, OH-
groups, and adsorbed H,0 molecules, respectively [74].
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Table 3. Electrochemical data derived from EIS curves of uncoated and
coated samples.

Sample Uncoated sample Co-coated sample
Environment Cathodic Anodic Cathodic  Anodic
Rs 6.78 4.14 13.4 11.9
(@ cm?) . . . .
Ret 6451 6583 16920 18300
(Q cm?)
CPE-Taix106
(Q-1 cm2 Sn) 552 320 103 91.4
CPE-Pal
(@1 cm2 S) 0.596 0.639 0.656 0.682
Rcoat
@ cm?) - - 4740 5123
CPE-Tcoatx106
(Q1 cm2 Sn) - - 47.6 32.2
CPE'Pcoat
(@1 cm-2 1) - - 0.64 0.673

3.4.Interfacial contact resistance (ICR)

Fig. 13 presents the variation in ICR of the tested
samples before and after potentiodynamic polarization in
both cathodic and anodic media. As applied pressure
increases, the ICR values initially drop drastically and
then gradually stabilize. This trend stems from the
enlargement of the effective contact area between the
sample and the GDL under higher pressures.

The enhanced contact area facilitates more uniform
current distribution, thereby improving electrical
conductivity [75]. According to the U.S. Department of
Energy (DOE) specifications, the ICR of bipolar plates
should remain below 10 mQcm?2 at an applied pressure
of 1.4 MPa. At this pressure, the uncoated and coated
samples exhibited ICR values of 30.49 and 2.42 mQcm?,
respectively, prior to polarization. After testing, these
values increased to 45.68 and 3.87 m{) cm? in the cathodic
environment, and 38.45 and 3.25 mQ) cm? in the anodic
environment.

The increase in ICR following polarization is a
consequence of the nature and thickness of the passive
films formed on the sample surfaces. Before polarization,
passive layers form in ambient air, while during
polarization, they develop in oxygen-rich conditions,
producing thicker layers and consequently higher ICR
values [30, 76]. The higher electrical resistance observed
for the uncoated steel after corrosion results from the
formation of insulating phases such
as Crz03 and CrOOH within the passive layer. In contrast,
the cobalt oxide film formed on the coated sample surface
demonstrates superior electrical conductivity, accounting
for its lower ICR values [77, 78].

The ICR values of the coating developed in this study,
both before and after polarization, exhibited superior
stability and lower magnitudes compared to many
coatings reported in the literature. This enhanced
performance can be attributed to the intrinsic metallic
nature of the cobalt coating [79-84].
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spectra, and (d) O1s spectra.



F. Mohsenifar / Progress in Physics of Applied Materials 7 (2027) 47-61 57

a @®@Experimental data o)

Satellite

Intensity (a.u.)

Co2p e
T T T T T T T T T
812 808 804 800 796 792 788 784 780 776 772

Binding Energy (eV)
b @I xperimental data s 530.2 eV
P

531.4eV

Intensity (a.u.)

532.6 eV

Ols =
L | | B | | [T [ T | T
536 535 534 533 532 531 530 529 528 527
Binding Energy (eV)
Fig. 12. High-resolution XPS results for Co-coated Crofer 22 APU steel
after potentiostatic polarization in 0.5 M H2S04 + 2 ppm HF at 70 °C in
cathodic environments for (a) Co2p spectra and (b) O1s spectra.

400

Uncoated sample
a after polarization (cathodic environment)
350 after polarization (anodic environment)
before polarization

250

ICR (mQ.em?)
3
=3
<
T

-

h

<
T

1.4 1.6 1.8 2 22 24 2.6 2.8 3
100 [~ Compaction pressure (MPs)

S0

Compaction pressure (MPa)

Co-coated sample
after polarization (cathodic environment)

after polarization (anodic environment)
before polarization

70

60 -

s0 ssk

nw

ICR (mQ.cm?)

14 16 L8 2 22 24 26 28 3
Compaction pressure (MPa)

Compaction pressure (l\;l’a)
Fig. 13. ICR before and after potentiostatic polarization in 0.5 M H2S04
+ 2 ppm HF at 70 °C in cathodic and anodic environments for the (a)
uncoated and (b) Co-coated steel.

Although controlled laboratory experiments offer a high
degree of precision, they remain constrained in their
ability to fully replicate real-world operating conditions.
In practical applications, abrupt variations in temperature
and humidity, the presence of environmental
contaminants, non-uniform water and gas distribution,
and stresses arising from repeated start-stop cycles may
collectively give rise to discrepancies between laboratory-
scale results and actual fuel cell performance. Therefore,
long-term durability testing is strongly recommended to
provide a more robust and reliable assessment of fuel cell
behavior under realistic operating conditions. Moreover,
for a more comprehensive evaluation of bipolar plate
performance, detailed investigation of surface
hydrophobicity and surface topography should also be
taken into consideration.

4. Conclusions

A metallic cobalt coating, characterized by a
cauliflower-like morphology and a thickness of 15 um, was
successfully electrodeposited on a Crofer 22 APU stainless
steel substrate. Experimental results indicate that the
coated samples exhibited corrosion potentials overlapping
with the passive region of the bare substrate. This
phenomenon enabled the coating to serve as an efficient
barrier against the corrosive environment, resulting in a
significant reduction in the measured current density.
Furthermore, post-polarization XPS analysis revealed that
the formation of cobalt oxide contributed to the enhanced
corrosion resistance of the coated sample. The cobalt
coating significantly improved the electrical performance
of the steel substrate by inhibiting the formation of low-
conductivity passive films, which typically emerge on the
bare steel during polarization and lead to elevated ICR
values.
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