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In this paper, a nitrited chromium composite coating is fabricated as a protective coating for the 316
stainless steels bipolar plates by a combination process of electrodeposition and liquid-phase plasma
electrolysis. The pre-treatment of chemical micro etching on the stainless steel substrate is also done to
improve the adhesion between the coating and the substrate before electroplating and give the coating a
rough surface with micro-nano structure.The electrochemical analysis revealed that the composite
coating remarkably improve the corrosion resistance of the 316 stainless steels bipolar plates. The
corrosion current density of the nitrited chromium composite coating in the simulated cathodic
environment of PEMFC is only less than 9.35x107 A/cm?, which nearly is three orders of magnitude
lower than that of stainless steels substrate. Moreover, the composite coating has good long-term stability
in corrosion resistance.After a long time of immersion, the corrosion current density of the coating
remains at the same level as that before immersion.The interface contact resistance value of nitrited
chromium composite coating is 4.9mQ-cm? under the pressure of 1.4MPa, which meets the conductivity
requirements of the bipolar plate.
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1. INTRODUCTION

Proton exchange membrane fuel cell (PEMFC) is a promising energy source, with the advantages
of high power density, low operating temperature and environmental protection [1-3]. The bipolar plate
is the main component of the PEMFC, accounting for 70% ~ 80% of the total weight of the battery and
45% of the cost. The function of the bipolar plate is to separate the gas, conduct the current, connect the
single cell, and maintain the stable operation of the PEMFC [4]. The ideal bipolar plate material must
have: electrical and thermal conductivity, gas barrier function, high mechanical strength, corrosion
resistance and easy processing [5,6]. Graphite is a traditional bipolar plate material with good chemical
stability [, but its brittleness leads to processing difficulties and increases production costs [8,9]. In
recent years, people are actively seeking new alternative materials, and stainless steel is a popular
candidate material for bipolar plates [10]. Stainless steel has good electrical and thermal conductivity
and chemical stability, high mechanical strength and gas barrier function, low cost, suitable for mass
production [11,12]. Therefore, stainless steel is the material of choice for bipolar plates. However,
stainless steel is prone to corrosion and passivation under the acidic conditions of PEMFC. The metal
ions produced by the corrosion will contaminate the electrode and affect the service life of the battery.
Passivation increases the contact resistance of the bipolar plate and reduces the conductivity of the
battery [13, 14]. Therefore, improving the corrosion resistance and conductivity of stainless steel is a
prerequisite for ensuring the commercial application of stainless steel bipolar plates.

Surface modification is the most feasible method to prevent corrosion and oxidation of stainless
steel bipolar plates. In order to improve the conductivity and corrosion resistance of stainless steel, a
large number of studies have been conducted on the surface modification coating of stainless steel at
home and abroad. Stainless steel modified coatings mainly include rare precious metal coatings, metal
oxide coatings, transition metal nitride coatings and conductive polymer coatings. Rare and precious
metal coatings were the first to be used for surface modification of stainless steel due to their good
chemical stability and electrical conductivity [15]. Rare precious metals mainly include gold, platinum,
niobium, silver [16,17], The coating effectively improves the corrosion resistance and conductivity of
the bipolar plate, but the high cost also limits its commercial application. Metal oxide coatings based on
tin and lead [18] improve the corrosion resistance of stainless steel, but the electrical conductivity is not
ideal. Therefore, the metal oxide coating cannot meet the requirements of the bipolar plate. Conductive
polymer coatings represented by polyaniline and polypyrrole have also been applied to the surface
protection of stainless steel.For example, Joseph [19] deposited polyaniline and polypyrrole on the
surface of 304 stainless steel by cyclic voltammetry, which significantly improved the corrosion
resistance, but the conductivity was low. Wang [20] and others added graphene nanoparticles to the
polymer coating, and the corrosion resistance and conductivity of the graphene / polyaniline composite
coating were significantly improved in the acidic environment of penfc. However, this method can
improve the conductivity of the composite, but only compared with the polyaniline coating, compared
with the metal substrate, its conductivity still can not meet the commercial needs of PEMFC. Compared
with other coatings, transition metal nitride coatings based on Cr and Ti have better corrosion resistance
and conductivity, so they are considered to be the best choice for bipolar plates. Lee [21] used PVD to
deposit CrN coating on 316 stainless steel, the corrosion current density decreased significantly under
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the simulated PEMFC working environment, and the interface contact resistance met the performance
index set by the U.S. Department of energy. Brady [22] Prepared chromium nitride coating on the surface
of stainless steel by arc ion plating, and the corrosion resistance and conductivity of the modified
stainless steel bipolar plate were better optimized. More and more studies have confirmed that the CrN
coating prepared on stainless steel by a similar physical vapor deposition method can effectively improve
the corrosion resistance and conductivity of the bipolar plate. The coating prepared by this physical
vapor deposition (PVD) usually has some defects, such as porosity, non compactness, easy peeling and
furthermore the production cost is high[23,24]. Therefore, it is necessary to find other processes to
prepare chromium based nitriding composite coating to improve the corrosion resistance and
conductivity of stainless steel bipolar plate.

In this paper, a liquid-phase electrochemical method involving electrodeposition and
electrochemical plasma nitriding is proposed to construct chromium based nitriding composite coatings
on the stainless steel bipolar plates because of its simple operation, flexible process control and low
preparation cost[25-28]. In this process, firstly, a layer of chromium coating was deposited on the surface
of stainless steel substrate by electroplating process, and then an electrochemical plasma nitriding
process was carried out to nitride the chromium coating.In addition, in order to improve the bonding
strength between the coating and the substrate to ensure the stable operation of the stainless steel bipolar
plate, a micro chemical etching process is also applied to the stainless steel bipolar plate substrate to
construct a micro nano structure surface before electroplating, in order to improve the bonding strength
between the coating and the substrate. The morphology, composition and crystal structure of the coating
were characterized by SEM, EDS and XRD, and the influence of the surface structure of the coating on
the hydrophobicity was analyzed. The corrosion resistance and conductivity of the nitrited chromium
composite coating were studied.

2. EXPERIMENTAL

2.1. Preparation of nitrited chromium composite coating

A nitrited chromium composite coating is prepared on the surface of 316 stainless steel by
electrodeposition and liquid-phase plasma electrolytic nitriding. First, the electrodeposition method is
used to deposit the chromium layer on the surface of chemically etched 316 stainless steel from an
electrolyte containing trivalent chromium on stainless steel surfaces, and subsequently the chromium
layer is nitridated in a nitriding solution including 500mL formamide, 100g/L urea and 1g/L potassium
chloride. Stainless steel samples with a size of 100 mmx10 mmx0.3 mm cut by an electric spark cutter
as the cathode plate, and the treated graphite plate is used as the anode. Before electrdeposition, the
samples of 316 stainless steel (20 mmx20 mmx3 mm) were polished with different specifications of
sandpaper (models 500# to 2000#) to remove the rust layer, then soaked in 20% sodium hydroxide
solution to remove the surface pollution, activated in 20% dilute hydrochloric acid solution for 10 s, and
finally washed with deionized water for standby.The cleaned 316 stainless steel is immersed in a
chemical etching solution composed of FeClz and HCI at a concentration ratio of 1:1 for 25 minutes. The
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composition of the chromium plating bath includes 105g/L CrCls, 37g/L HCOONHy4, 27g/L CH3COONa,
80g/L NH4ClI, 37g/L KCI, 9g/L NH4Br, 40g/L H3BOs3, 0.2g/L SDS. The deposition current density is 8-
15A/dm?, the bath temperature is controlled at 35°C and the mechanical stirring is 300 rpm, the
electrodeposition time can be flexibly controlled between 1-60min, and a chromium plating layer with
controllable thickness can be obtained on the stainless steel bipolar plate. For the liquid-phase plasma
electrolysis nitriding treatment, the chrome-plated 316 stainless steel acts as a cathode plate, and the
degreased platinum plate as a anode plate. Set the nitriding voltage to 300V, the nitriding current to
10A/cm?, and the reaction temperature is 0-20°C, after 10 minutes of electrolytic nitriding, a chromium
nitride composite coating can be prepared on the surface of 316 stainless steel.

2.2. Characterization

The surface morphology of nitrited chromium composite coating was observed by field emission
scanning electron microscopy (FE-SEM, JSM-7800F operated at 5 kV) and characterized by energy
dispersive spectrometer (EDS). X-ray diffraction (XRD, Cu Ka radiation, Bruker, D8 Advance,
Germany) was used to analyze the change of crystal structure,Use contact angle measuring instrument
to measure contact angle.

The electrochemical workstation (CHI1660) is used to conduct electrochemical tests on the test
samples. The test solution is a simulated corrosion solution of 0.5M H2SO4 + 5ppm NaF at a constant
temperature of 30°C, using a traditional three-electrode system, with a saturated calomel electrode and
a platinum electrode as the reference electrode and counter electrode, and the sample to be tested is the
working electrode. Before electrochemical measurement, oxygenate the acidic solution containing
fluoride ions for 30 minutes to make the test system more stable. The sample to be tested is immersed in
a saturated oxygen solution for 10 minutes, and the exposed area is constant at 4cm?, and then the open
circuit potential is measured for 400s. The sweep rate of the potential polarization curve is 2mV/s, and
the sweep potential range is -0.6V~1.0V; the frequency range of electrochemical impedance
spectroscopy is 0.01Hz-100kHz, and the 5mV AC excitation signal is selected and the open circuit
voltage is used as the input voltage for analysis. The immersion test experiment is to immerse the sample
in a 0.5M H2SO4 + 5ppm NaF solution in a PEMFC simulated environment for 1 hour, 3 days, and 7
days, and then conduct an electrochemical test.

The interface contact resistance test is to sandwich the sample between two pieces of conductive
carbon paper, and then put it between two gold-plated copper plates. After applying different pressures,
use the ZY9858 DC resistance measuring instrument to read the value and calculate it.

3. RESULTS AND DISCUSSION

3.1. Surface morphology

Unetched 316 stainless steel shown in figure (a) has a flat surface and a contact angle of only
75.94°. 1t can be seen from figure (b) that the etched 316 stainless steel has rough surface, and the overall
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structure is strip and honeycomb, and the contact angle increases to 123.17°. The surface morphology
of the chromium coating on the corroded 316 stainless steel is shown in Figure (c). The micro-nano
structure on the surface is mainly composed of spherical nodules with a contact angle of 122.77°. Some
literatures pointed out [29, 30] that the surface of Cr coating is prone to cracks, so that the coating loses
its protective ability. In this report, there are no cracks on the coating surface, which eliminates the
possibility of corrosive ions contacting the substrate. The surface morphology of nitrited chromium
composite coating on etched 316 stainless steel is shown in Figure (d). It can be seen from the figure
that after further nitriding, the coating surface has no obvious change and still maintains micro-nano
structure, with a contact angle of 124.73°. In this study, the contact angle of unetched 316 stainless steel
does not exceed 90°, it's a hydrophilic surface. The surface of the etched 316 stainless steel and its
modified coating has a unique micro-nano structure, so that the contact angle exceeds 120°, Showing
obvious hydrophobicity.

Figure 1. SEM surface morphology: (a) no etching of 316 stainless steel, (b) etching of 316 stainless
steel, (c¢) Chromium coating on etched 316 stainless steel, (d) nitrited chromium composite
coating on etched 316 stainless steel

3.2. Component analysis

The surface scan of nitrited chromium composite coating on etched 316 stainless steel is shown
in Figure 2. It can be seen from Figure 2 that the coating is mainly composed of chromium and nitrogen,
and the main element of the coating is chromium, and nitrogen is uniformly distributed in the chromium
coating. Figure 3 is a line scan of a cross-section of a chromium nitrogen composite coating. It can be
seen from Figure 3(a) that the overall nitrited chromium composite coating has a columnar structure with
a deposition thickness of 24um, the thickness of the coating can be adjusted by the reaction time. The
coating is tightly combined with the substrate, this is not only the etching increases the surface roughness
of the substrate, but also because the etching removes the interface oxide layer, which helps to improve
the adhesion of the coating [31]. The linear scan direction of Figure 3(b) is from the substrate to the
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coating. The main elements in the base material are Fe and Ni. After the scanning area enters the coating,
Fe and Ni elements are significantly reduced, the coating is mainly composed of Cr and N elements,
the element content is stable, and the element content in the coating is higher than the element content
in the substrate. The changing trend of the elements between the coating and the substrate is consistent
with related research reports [32]. Figure 3(c) is a cross-sectional scan of the coating. The surface scan
results are consistent with the line scan results, which indicates that nitrogen has successfully penetrated
into the chromium coating to prepare a chromium nitrogen composite coating.

-

Figure 2. EDS surface analysis of Cr/N Composite Coating on etched 316 stainless steel surface

(a) [Ty (b) 700

Figure 3. cross section of etched 316 stainless steel Cr/N Composite Coating: (@) cross section of etched
316 stainless steel Cr/N composite coating, (b) cross section of etched 316 stainless steel Cr/N
composite coating, and (c) cross section of etched 316 stainless steel Cr/N composite coating
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3.3. Structural analysis

Figure 4 shows the XRD diffraction pattern of the etched 316 stainless steel , chromium coating
on etched 316 stainless steel and Chromium nitrogen composite coating on etched 316 stainless steel. It
can be seen from the figure that 316 stainless steel is a typical crystalline structure. On the XRD
diffraction pattern of chromium coating, there is an obvious amorphous steamed bun peak at the
diffraction angle of about 43°[33], and the diffraction surface is (110), which is shown amorphous
structure. In the XRD diffraction pattern of Chromium nitrogen composite coating, the (111) diffraction
peak is added at the diffraction angle of about 36°, and it is still shown an amorphous structure. This
means that no nitride is formed in the chromium coating after nitriding. During nitriding, the reaction
voltage bombards the surface of the Cr coating, which provides an effective channel for the diffusion of
N atoms, and promotes more N atoms to be uniformly distributed in the amorphous chromium coating
in the form of solid solution through solid phase diffusion[34]. Meanwhile amorphous coatings are short-
range ordered and long-term disordered, and there are no crystal defects such as grain boundaries,
dislocations, and segregation, which is beneficial to improve the corrosion resistance of the coating.

Intensity(a -u)

30 40 50 60 70 80
2 Theta (degree)

Figure 4. XRD patterns of etched 316 stainless steel, Cr coating and Cr/N composite coating

3.4. Corrosion resistance test

To verify the corrosion resistance of nitrited chromium composite coating, potentiodynamic
polarization tests were carried out on 316 stainless steel and 316 stainless steel coated with nitrited
chromium composite coating under the oxygen-enriched condition of 0.5 M H2SO4 + 5 ppm NaF, and
the test results are shown in Figure 5. In the corrosion resistance test, the open circuit potential represents
the corrosion trend, and the corrosion potential and current density are two important parameters to
quantify the corrosion resistance of a material. Figure 5(a) shows the test results of open circuit potential.
It can be seen from the figure that the open circuit potential of 316 stainless steel is obviously lower than
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that of 316 stainless steel coated with nitrited chromium composite coating. A low open circuit potential
means a higher corrosion tendency, which indicates that the plating 316 stainless steel with chromium-
based nitride composite coating has good chemical stability in acidic environments. Figure 5(b) is the
polarization curve of the blank 316 stainless steel and the 316 stainless steel plated with nitrited
chromium composite coating. The polarization data is shown in Table 1. In this paper, the Tafel
extrapolation method is used to obtain the corrosion potential density and corrosion potential from the
slope intercept of the polarization curve [35,36]. The corrosion current density of 316 stainless steel is
1.1x10*A/cm?, and the corrosion potential is -0.342V. The corresponding corrosion current density of
316 stainless steel plated with nitrited chromium composite coating is 9.35x10'A/cm?, the corrosion
potential is -0.212V, the corrosion potential shifts in the positive direction, and the corrosion current
density is reduced by 3 orders of magnitude, which shows that Cr/N composite coating effectively
improves the corrosion resistance of 316 stainless steel. The corresponding calculation formula of
corrosion resistance efficiency (np) [37]:

Qo — 1
Mp (%) =% 100

ICOI'I‘

Among them, i’ and icor are the corrosion current density of 316 stainless steel and 316 stainless

corr

steel with nitrited chromium composite coating, respectively. The corrosion efficiency of 99.15% further
confirmed the excellent corrosion resistance of 316 stainless steel with nitrited chromium composite
coating.
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Figure 5. 0.5 M H2SO4+5ppm NaF oxygen rich 316 stainless steel and 316 stainless steel with Cr/N
composite coating: (a)Open circuit potential, (b)polarization curve, (c) Nyquist, (d)equivalent
circuit
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The impedance test result is shown in Figure 5(c). It can be seen that the impedance arc diameter
of the Cr/N composite coating is much larger than that of 316 stainless steel, indicating that the Cr/N
composite coating is an effective anti-corrosion barrier. At the same time, the impedance diagram of 316
stainless steel consists of a semicircle in the high-frequency region and an upward tail in the low-
frequency region. The diffusion tail of concentration polarization in the low-frequency region means that
the corrosive liquid contacts the substrate after passing through the surface passivation film. The Cr/N
composite coating has no diffusion arc, indicating that the corrosive solution does not pass through the
coating to contact the substrate, indicating that the Cr/N composite coating is dense and effectively
prevents the corrosive solution from contacting the substrate. Fit the corresponding equivalent circuit
diagram according to the impedance result, as shown in figure 5(d). In the circuit diagram, Rs represents
the solution resistance of the system, Rr represents the resistance of the stainless steel passivation film,
R¢ represents the charge transfer resistance of the stainless steel and the coating, CPE: represents the
non-ideal passivation film capacitor, and CPE> represents the non-ideal electric double layer capacitor
of stainless steel. W stands for Weber impedance. The fitting results are shown in Table 2. The charge
transfer resistance of the Cr/N composite coating is as high as 20950 Q-cm?2, which is much higher than
that of 316 stainless steel, indicating the excellent corrosion resistance of the Cr/N composite coating.

Table 1. electrochemical parameters of 316 stainless steel substrate and 316 stainless steel with Cr/N
Composite Coating under oxygen enriched condition of 0.5 M H2SO4+5ppm NaF

Icorr Ecorr np
SAMPIE (e V) (%)
316 1.1x10* -0.342 -
Cr/IN 9.35x1077 -0.212 99.15

Table 2. equivalent circuit fitting electrochemical parameters of 316 stainless steel and 316 stainless
steel with Cr/N Composite Coating under oxygen enriched condition of 0.5 M H2SO4 + 5 ppm

NaF
Rs CPE, Rf CPE. Rc Warburg
Sample Q cm? Y0 n Q cm? Y0, n Q cm? YO
pQlem2s" ! pQtem2 s ?
316 2.736 1.07x10* 0.9035 1285 8.76x10*  0.7259 6380 1.00x10*
Cr/N 2.343 4.08x10* 0.9089 - - - 20950 -

In order to verify the long-term corrosion resistance of the Cr/N coating, 316 stainless steel and
316 stainless steel plated with a nitrited chromium composite coating were immersed in 0.5 M H>SO4 +
5 ppm NaF solution under oxygen-rich conditions, and electrochemical tests were carried out. Figure 6
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shows the open circuit potential and potentiodynamic polarization curves of 316 stainless steel and 316
stainless steel plated with a chromium-based nitride composite coating in 0.5 M H2SO4 + 5 ppm NaF
solution for 1h, 3 days and 7 days. Table 3 shows the corresponding Polarization parameters. It can be
seen from figure (a) that the open circuit potential of 316 stainless steel plated with Cr/N composite
coating is much higher than that of the substrate. It can be seen from figure (b) and table 2 that long time
immersion has little effect on Cr/N composite coating. After immersion, the corrosion potential of Cr/N
composite coating is still very high, the corrosion current density is reduced by at least 2 orders of
magnitude, and the corrosion resistance efficiency is more than 99.6%, indicating that Cr/N composite
coating has long-term corrosion resistance.

0.10
p 2F
oosk () (b) e
0.00 | 4 \
—_— NA
% 005k S~ A | I
— [*]
- [ ——316 1h < &L V //_/
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Figure 6. Comparison of immersion time of 316 stainless steel and 316 stainless steel with Cr/N
Composite Coating in oxygen enriched condition of 0.5 M H2SO4 + 5 ppm NaF: (a)Open circuit
potential,(b)polarization curve

Table 3. electrochemical parameters of 316 stainless steel and 316 stainless steel with Cr/N Composite
Coating immersed in 0.5 M H2SO4 + 5 ppm NaF for different time

. Icorr Ecorr MNp
Soak time Sample (Alem?) V) (%)
1h 316 8.128x10” -0.349 -
Cr/N 6.723x107 -0.276 99.79
316 7.44x10° -0.393 -
3day
Cr/N 5.478x107 -0.294 99.67
316 3.8x10* -0.456 -
7day
Cr/N 5.628x107 -0.254 99.85

The Nyquist diagrams of 316 stainless steel and 316 stainless steel coated with Cr/N composite
coating in 0.5 M H2SO4 + 5 ppm NaF solution under oxygen-enriched conditions for 1 hour, 3 days and
7 days are shown in Figure 7, and Table 4 is the corresponding fitting parameters. It can be seen that 316
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stainless steel has a diffusion tail in the low frequency area, but as the immersion time increases, the
radius of the arc gradually decreases, and the slope of the diffusion tail weakens or even disappears,
indicating that 316 stainless steel does not have long-term corrosion resistance. The shape of the
impedance diagram of the Cr/N composite coating after immersion is the same as that before the
immersion, and the diameter of the arc of the Cr/N composite coating increases after long time
immersion, indicating that the Cr/N composite coating has long, stable and efficient corrosion resistance.
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Figure 7. Nyquist diagram of 316 stainless steel and 316 stainless steel coated with Cr/N composite
coating immersed in 0.5 M H2SO4 + 5 ppm NaF solution for a long time

Table 4. Fitting parameters of 316 stainless steel and 316 stainless steel with Cr/N Composite Coating
immersed in 0.5 M H2SO4 + 5 ppm NaF solution for a long time

CPE1 CPE2

Soak Samole Rs Yo Rf 02 Rc Warburg

time P qem? R ni Q cm? e n2 Q cm? YO
pQtem=s" pQ* cm=g"

1h 316 3.494 3.85x10° 1 36.94 7.58x10° 0.7898 3728 1.44x10°®
Cr/N 2.525 3.553x10* 0.9009 1473 4.387x10* 0.9986 16770 -

3da 316 2.353 8.75x10° 0.8871 96.87 3.99x10°  1.27x10° 5964 5.26x10*
y Cr/N 5.543 6.761x10° 1 86.42 1.027x10* 0.812 19430 -

7da 316 3.483 4.54x10* 0.8987 322.3 0.352 1 262 2.88x107
y Cr/N 1.913 1.556x10* 0.8205 26.96 4.34x10° 0.9011 224600 -

3.5. Conductivity test

The conductivity of Cr/N composite coatings was studied by interface contact resistance. The
ICR values of 316 stainless steel and 316 stainless steel coated with Cr/N composite coatings under
different pressures are shown in Figure 8. As the pressure increases, the ICR value decreases as the
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effective contact area increases. In the entire test range, the ICR value of 316 stainless steel with Cr/N
composite coating is lower than that of 316 stainless steel. When the contact pressure is 1.4MPa, the
contact resistance of the Cr/N composite coating is 4.9mQ-cm?, which is lower than the US Department
of Energy's requirement that the ICR value should be less than 10mQ-cm?. The low ICR of the coating
indicates that the Cr/N composite coating effectively improves the conductivity of the bipolar plate, this
phenomenon is consistent with the results of similar coating research reports [30,38].
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Figure 8. contact resistance curve of 316 stainless steel substrate and stainless steel with Cr/N Composite
Coating

4. CONCLUSIONS

In this paper, Preparation of nitrited chromium composite coating on micro etched 316 stainless
steel by a combination process of electrodeposition and liquid-phase plasma electrolysis. The coating
with micro-nano structure shows obvious hydrophobicity, and the contact angle of the Cr/N composite
coating is greater than 120°. Electrochemical analysis including Tafel curve and electrochemical
impedance revealed that the Cr/N composite coating has excellent corrosion resistance. In the simulated
PEMFC cathode environment, the corrosion current density of the Cr/N composite coating is 9.35%10"
"Alcm?, which is 3 orders of magnitude lower than that of 316 stainless steel. Even the coating has been
immersed for 1h, 3d, 7d, the corrosion current density of the coating is still in the range of 5.478x107’
Alcm?~6.723x107 A/lcm?. Meantime, the Cr/N composite coating also has low contact resistance. Under
the contact pressure of 1.4MPa, the ICR value of the Cr/N composite coating is 4.9mQ-cm?, the contact
resistance is one order of magnitude lower than that of the stainless steel substrate. The results show that
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the Cr/N composite coating can be used as a promising protective coating for the stainless steel bipolar
plate of the proton exchange membrane fuel cell.
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