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Abstract

In this work, an electrophoretic deposition technique was used to deposit graphene oxide (GO) on 304 stainless steel. Its
corrosion performance was evaluated in a simulated polymer electrolyte membrane fuel cell environment. The corrosion
current density (i.,,,) and interfacial contact resistance (ICR) were measured at 8.9 pA/cm2 and 193 mQ cm?, respectively.
The i, of GO coated 304SS is several orders lower than bare SS 304. Similarly, the ICR of GO coated 304SS is nearly half
of bare 304SS at a compaction pressure of 150 N/cm?. The potentiodynamic polarization plot indicates the prevalence
of multiple corrosion mechanisms. A prolonged corrosion study for 30 days immersed in the simulated PEM cell environ-

ment shows the formation of rounded pits that corroborate the activity of pitting corrosion.
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1 Introduction

Bipolar plates (BPPs) are key components in a polymer
electrolyte membrane fuel cell (PEMFC) stack. Graphite
has been widely used to fabricate the BPPs. However, the
cost of graphite BPPs does not meet the cost targets of
the United States Department of Energy-2020, especially
for automobile applications. Graphite BPPs are expensive
because it is difficult to machine flow channels on the sur-
face due to their low flexural strength [1]. To prevent dam-
age during machining, thicker plates are used, adding to
the material cost and machining expense. Metallic BPPs
can potentially replace graphite BPPs, and towards that,
US-DOE has specified the weight, cost, flexural strength,
and corrosion resistance of the replacement material [2].
The cost of the BPP, including material and manufacturing,
should be less than $3/kW, weight < 0.4 kg/kW, corrosion

current density < 1 uA/cm2 in the cathodic environment,
and interfacial contact resistance (ICR) <20 mQ cm? as
per the US-DOE 2020 targets. Therefore, it is necessary to
develop cost-effective yet corrosion-resistant materials for
making the next-generation BPPs.

Metals, polymers, and composites have been widely
studied for replacing conventional graphite BPPs. Metals
like titanium, aluminum, and steel have been evaluated
both ex-situ and in-situ for BPP applications, and it is gen-
erally inferred that metals although are compliant in cost
and weight, do not meet the required corrosion resistance
[3]. Composites with graphite, carbon nanotubes, and gra-
phene reinforced polymer composites are corrosion resist-
ant but have poor electrical conductivity [4, 5]. With these
challenges, the most likely replacement of graphite BPP is
a coated or surface modified steel, stainless steel, and alu-
minum. The coating is expected to increase the corrosion
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resistance while keeping the ICR and cost within the US-
DOE targets [2].

Many sophisticated coatings and surface modifica-
tion techniques like physical vapor deposition (PVD) [6],
chemical vapor deposition (CVD) [7], plasma nitridation
[8] as well as cost-effective techniques like case carburi-
zation [8, 9], electrodeposition [10] etc. have been pro-
posed to improve the corrosion resistance of the metal-
lic BPPs. Using these techniques different variations viz.
alloys, amorphous or polymers, and composites have
been coated on the metallic BPPs. In our previous stud-
ies, we demonstrated a cost-effective electrodeposition
technique to deposit corrosion resistance amorphous Ni-
Cr-P[11, 12] and Ni-Mo-Cr-P [13] coatings for AISI 1020 low
carbon steel BPPs. Although the electrodeposited coat-
ings are cost-effective, corrosion resistance is still not in
the acceptable range of the US DOE target i.e. less than
1 uA/cm?,

In this work, we study the effectiveness of a carbon-
based coating as an anticorrosive layer on stainless steel
(304SS) BPPs. Graphene and its derivatives, such as gra-
phene-related materials (GRMs), few-layered graphene
(FLG), graphene oxide (GO), reduced graphene oxide (rGO),
stand out among carbon-based coatings [14]. They show
exceptional thermal, electrical, and anti-corrosive proper-
ties [15]. Several methods, such as CVD [7, 15], PVD [16],
spray pyrolysis [17], spin coating [18], superheat vapori-
zation of micro-droplet (SVM) method [19], and electro-
phoretic deposition (EPD) [20-22], have been proposed
to deposit graphene and GO coatings. Electrophoretic
deposition is not only a cost-effective method but also
can deposit uniform coatings on substrates with intricate
shapes [23]. This is critical because BPPs have complex and
fine flow fields on the surface.

Ho et al. [24] show that steel with electrophoretically
deposited GO coatings has better corrosion resistance
than steel with graphene coatings in the acidic marine
medium due to the formation of hydroxyl functional
groups in GO coatings. Raza et al. [25] have optimized the
electrophoretic deposition of graphene oxide on copper.
The GO-Cu samples coated at 5V and 10 s show ~ 6 times
lower corrosion rate as compared to the bare copper in
the marine environment. Jena et al. [23] reported the elec-
trophoretic deposition of GO on 316 SS using both acidic
(pH 3.4) and alkaline (pH 11) suspensions. The GO coating
from lower pH suspension exhibits a higher water contact
angle due to densely agglomerated wrinkled microstruc-
ture. However, the GO coated 316 SS samples from alka-
line suspension show lower water contact angle due to
the uniform network morphology of GO. Chen et al. [26]
also illustrate that the EPD technique can be used to coat
graphene on Ni-foams for applications such as electrodes
in supercapacitors.

SN Applied Sciences

A SPRINGER NATURE journal

Till date, to the best of our knowledge, there have been
no reports on the evaluation of electrophoretically depos-
ited GO coatings on steel/stainless steel for BPPs in PEMFC.
GO coating was electrophoretically deposited on 304SS,
varying the deposition voltage. The surface roughness,
contact angle, corrosion resistance (in a simulated PEMFC
environment), and ICR were evaluated and compared with
that of bare 304SS. These preliminary studies show that GO
coatings on 304 SS can be used for improving the corro-
sion resistance and lowering the ICR of 304 SS BPPs.

2 Materials and methods

Graphene oxide was electrophoretically deposited on
grade 304 Stainless Steel. The modified Hummer's method
was used to synthesize the graphene oxide from graph-
ite powder [27]. Here graphite flakes were crushed using
a mortar and pestle and mixed with equal amounts of
sodium nitrate dissolved in concentrated sulphuric acid.
The solution was mixed in an ultrasonic bath for two hours
and subsequently treated with an excess of potassium
permanganate. Gradually deionized water (DI) water was
added to dilute the solution till it reaches a brownish color
solution. This solution was filtered to obtain a light brown
solution of graphene oxide (referred to as GO) suspension
in water. The electrophoretic deposition was done on the
304 SS anode, using a colloidal solution of GO as the elec-
trolyte and a copper rod as the cathode. Prior to deposi-
tion, the 304SS substrate with the dimension of (40 mm
X 20 mm) and 2 mm thickness was polished and ultrasoni-
cally cleaned in DI water for 15 min, followed by surface
activation in 5 wt% H,SO, solution. The surface-activated
substrate was again cleaned using 2-propanol and deion-
ized (DI) water, kept drying at room temperature. Next, the
substrate was attached to anode and cathode and dipped
into prepared GO prepared suspension. During the EPD
process, as electricity is supplied to the setup shows the
negatively charged particles get attracted towards the
positive electrode side due to the influence of the electric
field; hence after a given deposition time, deposition takes
place [24].

A pre-determined voltage, between 1 and 12V, was
applied for 5 min for depositing GO on 304SS. The micro-
structure of the deposited coatings was analyzed using a
Carl Zeiss Merlin compact FESEM. The surface roughness
of the samples was evaluated by the Taylor-Hobson type
surface roughness tester (Surtronic 25). This method of
surface roughness measurement uses a contact type sty-
lus that traces a trail at a fixed load. The surface roughness
(R,) is the average set of measurements of heights of peaks
and valleys of surface profile. An average of three different
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trails across the area of the coating was done to obtain a
mean value and its standard deviation.

Corrosion resistance study was done by conducting
potentiodynamic polarization measurements at 70 °C and
purging air in an electrolyte solution consisting of 0.5 M
H,SO, and 2 ppm hydrofluoric acid {pH 2.25 (+0.15)} in
deionized water with electrode surface area of 0.785 cm?
attached. This testing method is generally used to simu-
late the PEMFC environment [28]. Potentiodynamic scans
were carried out at a rate of 0.17 mV/s, with Ag/AgCl and
Pt wire as the reference electrode and counter electrode,
respectively, using a Metrohms Autolab PGSTAT 302 N.The
corrosion mechanism responsible for the degradation of
the GO coated steel sample was evaluated by submerging
the GO coated sample in the aggressive and simulated fuel
cell electrolyte corrosion media for a prolonged period of
30 days to accelerate the corrosion process. The surface
morphology of the sample was re-evaluated after 30 days
using SEM.

The ICR was measured at a compaction force of 150
N/cm? using a previously described arrangement [29]. In
this method, the resistance of a set-up with a GO coated
BPP sandwiched between two gas diffusion layers (GDLs)
and without the GO coated BPP is measured by applying
a constant current of 0.1 A/cm? using Keysight N6700C
low modular DC power source. The difference in the resist-
ance is the ICR of the GO-coated BPPs. The water contact
angle plays an important role in the efficient removal of
water formed after the utilization of fuel. The water contact
angle was measured by a profilometer with a 10 pL droplet
of water. The angle was digitally measured using Image)
software.

3 Results and discussion

Figure 1 (a—e) show the scanning electron micrographs
of the GO coating on steel at low magnification range,
deposited at 1, 3, 5, 10, and 12V, respectively. The low
magnification range of SEM micrograph has shown a bet-
ter response to investigate surface properties than high
magnification range, and also very helpful for compari-
son purpose with surface roughness analysis. It is evident
from the micrographs that the surface defects decrease
with an increase in deposition voltage from 1 to 10V but
drastically increases at 12 V. The defects on the surface of
the coatings deposited at 12V are indicative of turbulence
in the electrolyte during the deposition process Although
it is difficult to comment on the closed porosity of coat-
ings, the coating deposited at 10 V is very uniform with
no visible surface pores. The uniformity and quality of the
coatings corroborate well with surface roughness meas-
urements, given in Table 1. The average surface roughness

of the GO coatings decreases gradually from 1 to 10V, with
a minimum of 0.16 um at 10 V. As observed in the elec-
tron micrograph, the coating deposited at 12 V exhibits a
roughness of 0.34 pm with visible delamination during the
roughness measurement. The increase in surface rough-
ness is an indication of instability and turbulent flow dur-
ing the deposition process.

Figure 2 shows the results of Raman spectroscopy per-
formed on different deposition voltages of 3V, 5V, 7 and
10 V. The broader D-band at 1351 cm™' shows the exist-
ence of structural disorder indicating the reduction in the
size of the sp? carbon domains in the basal plane due to
extensive oxidation. The higher disorder in graphite due
to oxidation leads to a broad G-band at 1596 cm™' corre-
sponding to the first-order scattering of E,4 phonon of sp?
C-atoms. Ideally, the absence of 2D-band in GO indicates
that all the graphitic layers have been oxidized during the
conversion of graphite to GO [30]. Hence, the Raman spec-
tra of the coated GO at 3 V show no significant reduction
in GO via EPD. The subsequent increase in D/G intensity
ratio from 0.96 to 0.99 with an increase in applied voltage
up to 10V indicates the presence of localized sp? defects
within the sp? carbon network due to reduction via EPD.
Here, a very broad and low intense 2D-band at around
2700 cm™ " confirms that the coated substrates were com-
posed of multi-layered GO nano-sheets (> 30 layers) [24].
The appearance of an additional band (D + G) at 2941 cm™!
shows lattice disorder in graphitic materials.

According to the previous reports [31, 32], single-layer
graphene shows a sharp 2D-band whereas multi-layer gra-
phene shows a very weak and broad 2D-band with a shift
in peak to higher wavenumbers. Furthermore, Akhavan
[33] reported that the 2D/G intensity ratio of graphene
oxide (GO) deposited on SiO, substrate typically decreases
with an increase in the number of graphene layers. In the
present work, the 2D/G intensity ratios of graphene oxide
deposited on 304SS with an applied potential of 3V, 5V,
7V, and 10V were found to be 0.066, 0.053, 0.041, and
0.037, respectively. This confirms that with an increase in
applied potential, the rate of deposition of GO increases,
forming multi-layered graphene oxide nano-sheets on the
substrate.

Potentiodynamic polarization test of GO coated on
304SS was conducted for chemical analysis at an acidic
medium. As discussed previously, the partially reduced GO
structure is expected to increase the corrosion rate, but in
this case, particularly coatings deposited at 10 V have a
very negligible amount of reduced GO, and hence it may
not adversely affect the corrosion resistance.

Figure 3 shows the potentiodynamic polarization plot
for bare 304SS and GO coatings on 304 SS deposited
10V in a simulated PEM fuel cell environment. Table 2
shows the corresponding values of corrosion potential
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Fig. 1 a-e. SEM micrographs of GO coated steel deposited ata 1

Table 1 Surface roughness of the graphene oxide coated 304SS

V,b3V,c5V,d10Vande 12V

(Ecory @and the corrosion current density (i,,,). The OCP
of bare 304 SS was found to be — 0.241 V, while that

Mean surface
roughness (R,)

Deposition Voltage (Volts)

of GO coated 304SS was found to be 0.011 V, indicat-
ing that the corrosion potential of 304SS is more than

that of GO coated 304SS. It is to be noted that the other
samples that were deposited did not have good adher-
ence as they delaminated during the surface roughness
measurement process, therefore corrosion tests were
only conducted for coatings deposited at 10 V. The cor-
rosion current density in the cathodic environment for

(um)
1 037 £0.05
3 0.42 +0.06
5 023 +£0.02
10 0.16 £0.01
12 0.34+0.01
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Fig.2 Raman spectrograph of GO coated steel samples deposited
at3to 10V

Table 2 Polarization scan parameters

Corrosion potential, Corrosion current
Ecorr (V) Vs Ag/AgCl  density, i, (MA/
2

cm?)
Bare 304 SS -0.29 468
GO Coated 304 SS -0.27 8.9
0 GO coated 304 SS Bare 304 SS

Applied Potential (V) Vs Ag/AgCI

-0.54

T T T T
1E-8 1E-7 1E6  1E5  1E4  0.001  0.01
Current density (A/cm?)

Fig.3 Potentiodynamic polarization curves of GO coated 304SS
and bare 304SS in simulated PEM cell electrolyte (0.5 M H,SO, and
2 ppm HF)

bare 304 SS and GO coated 304 SS is 468 uA/cm? and
8.9 pA/cm?, respectively. The GO coating improved the
corrosion current density by 2 orders in magnitude

and is close to the US-DOE requirement of 1 pA/cm?
requirement.

The mechanism of corrosion can be understood from
the polarization scan of the GO coated sample shown in
Fig. 3. The figure shows there are two peaks observed in
the scan, denoted by | and Il, at corrosion potentials of
— 0.3 and —0.1V, respectively. The occurrence of multiple
peaks, hence multiple corrosion potentials, during poten-
tiodynamic scans has not been discussed at all for either
graphene or graphene oxide coatings.

Some publications have reported that the presence
of multiple peaks in the polarization scan indicates the
multiple corrosion mechanisms activated in the simulat-
ing environment [34, 36]. Kelly et al. [34] have reported
as many as three different corrosion potentials for stain-
less steel in sulphuric acid, and it has been attributed to
the change in concentration of sulphuric acid and oxygen
in the electrolyte. Abdullah et al. [35] have also observed
two peaks during the potentiodynamic polarization study
of 304SS in 0.5 M H,SO, solution. The multiple peaks are
mainly due to the different oxidation mechanisms of Fe
and Cr in the steel sample in the acidic medium at differ-
ent potentials. Whereas Li et al. [36] have shown that the
occurrence of multiple corrosion potentials is related to
the potentiodynamic scan rate, the concentration of the
electrolyte, and also the microstructure of the material.
Here since both the corrosion potentials are negative, they
are both cathodic in nature. It may be construed in simi-
lar lines to previous publications on corrosion of stainless
steel in sulphuric acid, that two different corrosion mecha-
nisms are active here [34].

Figures 4 and 5 show the photographs and SEM micro-
graphs of the bare 304SS and GO coated 304SS, respec-
tively, after prolonged corrosion in simulated fuel cell envi-
ronment. The micrographs in Figs. 4b, 5b clearly shows the
presence of corrosion pits in the sample. The corrosion is
more pronounced for the uncoated bare 304SS. The EDS
data of the corroded sample, collected with the FESEM,
shows a significant increase in the C:O ratio. It increases
from 3.6:1 in the as-deposited sample un-corroded sam-
ple, to 5:1 after the prolonged immersion, which indicates
that the GO in the coating gets reduced to graphene dur-
ing the corrosion process.

The evolution of oxygen and hydroxyl groups from the
GO structure may be the dominant reason for the occur-
rence of the second peak in the Tafel plot in Fig. 3. How-
ever, pitting due to corrosion in the bare 304SS plates,
shown in Fig. 4, when exposed to prolonged period in the
simulated PEMFC environment has a different appear-
ance with enlarged pits non-uniformly distributed on the
exposed surface [37].

Corrosion in a fuel cell is mostly due to the water vapor
and water interaction with the bipolar plate. Therefore,
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Fig.4 aPhotograph and b
SEM micrograph bare 304SS (a)
after prolonged corrosion

Fig.5 aPhotograph and b
SEM micrograph of GO coated (a)
304SS after prolonged corro-
sion

corrosion of the BPPs can be minimized by making them
hydrophobic. The hydrophobicity of the GO coated 304SS
was tested by evaluating its water contact angle. Figure 6
shows the photograph taken for a drop of water float-
ing on the GO coated sample. The water contact angle,
as measured by the Image) software to be 94.5°. The
water contact angle is an indication of the hydrophobic
or hydrophilic nature of the coating [38]. The 304 SS is
normally highly wettable, i.e. hydrophilic in nature due
to the attached functional groups 38. The deposition of
GO improves the hydrophobicity of the sample, shown in
Fig. 6. It is commonly observed that GO is highly water
repellent [39]. The increase in hydrophobicity is attributed
to the presence of a non-covalent bond structure in gra-
phene oxide, which restricts the formation of hydrogen
bonding with the water molecule [7]. However, when
continuously in contact with water molecules or acidic
medium, as was conducted during the prolonged corro-
sion test, GO coated 304SS is likely to corrode and turn
hydrophilic in nature. It can be clearly seenin Fig. 7 i.e. con-
tact angle measured through ImagelJ software was 77.8°.
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Fig. 6 Photograph of a water droplet placed on GO coated 304SS
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Fig. 7 Photograph of water
droplet placed on GO coated
304SS after prolonged corro-
sion (6=77°)

The ICR with the GDL, compacted at 150 N/cm? for the
GO coated 304 steel was calculated to be 19.3 mQ cm?
while that for bare 304SS was calculated to be 35.9 mQ
cm?.The ICR value of the GO coated 304SS has decreased
by almost twice as compared to that of bare steel, and lies
close to that specified by DOE (<20 mQ cm?).

The GO coated 304 SS substrate, or any other low-cost
commercially available metal can be a suitable candidate
for PEM fuel cell BPP. The GO coating deposited at 10 V
shows a smooth surface, indicating fewer surface irregular-
ities. The coatings deposited at higher voltage (12 V) show
indication of turbulent behavior during a deposition that
increases its surface roughness and reduces its adherence,
and increases its surface roughness. However, all coatings
show the presence of partially reduced graphene oxide
in them. The resistance to fuel, oxidant, and exhaust gas
flow decreases with an increase in the smoothness of the
surface, which helps in uniform distribution of the react-
ing gases and lowering of the concentration polarization.
Although the result shows that the deposited GO surface
is smootbh, it is difficult to comment on the closed inter-
nal porosity. Closed pores may not adversely affect the
corrosion resistance, but they may affect the ICR due to
a decrease in the area of conduction. That said, ICR of GO
coated BPP does not show any increase compared to bare
304 SS, which confirms that the suitability of coatings for
metallic BPPs.

The metallic BPPs corrode when they react with
5042‘ and F~ ions {present in the polymer electrolyte}. This
study shows that corrosion resistance of the metallic BPPs
can be improved by coating them with electrophoreti-
cally deposited GO coating. The GO coating on the surface
prevents the simulated electrolyte solution from entering
and react with a metallic substrate. However, it has been
reported earlier that sp> carbon present in GO preferen-
tially oxidizes in the acidic medium [40]. This might be the

reason for the observation of corroded pits in Fig. 5b. The
inclusion of high oxygenated functional groups by the
addition of a strong oxidizing agent has been shown to
improve the corrosion resistance of graphene oxide coat-
ings in general [24]. The corrosion resistance can also be
improved by increasing the hydrophobic nature of the GO
coatings, which also helps in the easy removal of exhaust
gases.

4 Conclusion

Graphene oxide was successfully deposited on S5304 by
the electrophoretic deposition technique. The deposi-
tion voltage was systematically varied from 1 to 12 V. The
obtained GO coated 304SS was characterized system-
atically for surface morphology, composition, roughness,
and defects to test the coating quality. All coatings have a
smooth non-distinct surface morphology. In comparison
of the different coatings against their characteristics, the
GO coating deposited at 10 V had the lowest (R,) surface
roughness with consistent coating adhesion (there was
no delamination). Whereas that deposited at 12 V had
the highest roughness, with visible delamination on the
application of pressure. The Raman spectroscopy of the
samples shows that there is some un-oxidized graphene
present in the coatings that will affect its interaction with
water and water vapor. In this respect, the water contact
angle was 94.5° showing inclination towards hydrophobic-
ity of the GO coatings.

The GO coated sample deposited at 10 V was further
evaluated for corrosion by electrochemical testing by a
potentiostat. Potentiodynamic polarization scans were
conducted at the PEM fuel cell operating condition. The
results obtained from the Tafel polarization curve show
that the cathodic corrosion current density has improved
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by two orders and is close to the 1 pA/cm? mark set by
US-DOE. It should be noted here that the polarization scan
shows the presence of multiple peaks (I and II), which may
be attributed to two different corrosion mechanisms being
active at these scan rates. Accelerated corrosion by pro-
longed immersion in the simulated PEMFC media shows
that pitting corrosion is the prevalent corrosion mecha-
nism. The interfacial contact resistance of the GO coated
304 SS decreased by two times with that compared to bare
304SS.
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