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Abstract
In here, we report on the pulse electrodeposition of nickel–chromium–phosphorous (Ni–Cr–P) coatings on AISI 1020 low 
carbon steel using an aqueous electrolyte consisting of  NiCl2,  CrCl3, and  NaH2PO2. We evaluated the effectiveness of Ni–
Cr–P coatings for polymer electrolyte membrane fuel cell metallic bipolar plates. Coatings deposited at pH 3.0 and room 
temperature show nearly three orders improvement in corrosion resistance compared to bare AISI 1020. The corrosion cur-
rent (Icorr) of Ni–Cr–P samples coated at 25 °C is 1.16 × 10−4 A/cm2, while that of bare carbon steel is 1.05 × 10−2 A/cm2. 
The improvement in corrosion resistance is due to the increase in Cr content in the Ni–Cr–P coatings. Cr forms a stable 
oxide barrier layer and inhibits pitting corrosion. The interfacial contact resistance increases with an increase in Cr content 
and immersion time in the corrosion media. The increase in interfacial contact resistance is also due to the formation of a 
stable oxide barrier.

Keywords PEM fuel cells · Bipolar plates · Pulse electrodeposition · Cyclic voltammetry · Potentiodynamic polarization · 
Interfacial contact resistance · AISI 1020 low-carbon steel

Introduction

Bipolar plate (BPP) plays a key role in a “polymer electrolyte 
membrane (PEM) fuel cell stack.” It prevents the interaction 
of the anodic and cathodic gases, distributes the anodic and 
cathodic gases uniformly, and electrically connects the adja-
cent cells. Material selection for the BPPs is crucial because 
the reactant and exhaust gases are humid and corrode the 
bipolar plates. Corroded BPPs exhibit high interfacial con-
tact resistance between the gas diffusion layer (GDL) and the 
bipolar plate [1]. Therefore, for most commercial applica-
tion, graphite is being used to date despite its high material 
and manufacturing cost. However, for large-scale adoption 

of PEM fuel cell in automobiles, it is essential to replace the 
graphite bipolar plates with cost-effective and durable mate-
rials. The US Department of Energy (USDoE) target for the 
year 2020 is $3.0/kW for automotive applications. The low 
target set by USDoE limits the use of exotic materials for 
BPPs [2]. Hence, low-cost metallic bipolar plates are more 
likely to replace graphitic plates.

Metals such as titanium [3], copper [4], aluminum [5], 
stainless steel [6], carbon steel [7–12], and various other 
alloys [13, 14] have been evaluated for PEM fuel cell BPPs. 
Most of these studies conclude that although the cost of 
manufacturing is low for metallic bipolar plates, the cor-
rosion resistance is also low and hence are not suitable for 
BPPs. The metallic bipolar plates corrode due to interac-
tion with humid gases. During PEM fuel cell operation at 
80 °C, the metal  (M+) ions tend to leach out from the surface 
of metallic BPPs. The sulfonate sites present in the poly-
mer electrolyte membrane have a high affinity toward  M+ 
ions than that toward  H+ ions [15], and this is detrimental 
to protonic conductivity of the polymer electrolyte mem-
brane. Further, when operated for longer duration  SO4

2− and 
 F− ions leach-out from the electrolyte {perfluorosulfonic 
acid  (C9HF17O5S)} and make an aggressive environment 
near the BPP accelerating the corrosion rate.
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Surface modification of the metallic BPPs increases the 
corrosion resistance and durability [16]. Although durability 
increases, it adds to the manufacturing cost. That said it is 
imminent that surface modification of metallic bipolar plates 
is necessary before they can be used in a PEM fuel cell stack.

Among all the proposed metals for BPPs, steel is the most 
promising candidates for surface-modified metallic BPP 
as it is inexpensive and widely available. Steel BPPs are 
fabricated by stamping the cathode gas and anode gas flow 
field on two ~ 0.2 mm thick sheets, followed by joining them 
via laser or spot welding [17, 18]. This method of making 
BPPs reduces not only the stack’s cost of manufacturing 
but also the volume significantly. The surface modification 
techniques required for improving the corrosion resistance 
of these steel bipolar plates are a pack-chromizing [7–9, 12], 
and closed field unbalanced magnetron sputter ion plating 
(CFUMSIP) [10] with Ni coating based pretreatment and 
electroplating.

In our previous work [19], we proposed a cost-effective 
and non-capital-intensive electroplating process to keep the 
cost of BPPs affordable. We reported on the microstruc-
tural, electrical, and corrosion properties of electrodepos-
ited Ni–Cr–P coatings on AISI 1020 low-carbon steel. Elec-
trodeposited chromium-based alloys show good corrosion 
resistance along with low interfacial contact resistance (ICR) 
suitable for PEM fuel cell application. Cr on the surface oxi-
dizes to form a barrier layer composed of  Cr2O3 and  CrO3, 
and these oxides improve corrosion resistance. Further addi-
tion of phosphorus into the coating improves the corrosion 
resistance of the coating. However, in a humid environment, 
 Cr2O3 and  CrO3 inhomogeneously convert into Cr(OH)3 
or other hydrated oxides. The  F− ions from the electrolyte 
membrane attack the hydroxides (or hydrated oxides) in the 
barrier layer to form pits at the surface [20]. Therefore, tun-
ing the composition and microstructure is crucial in improv-
ing the durability of the BPPs.

In this work, we report on the tuning of composition and 
microstructure via electrodeposition and its effect on the 
corrosion resistance and interfacial contact resistance. The 
amount of Cr in the coating is critical for deciding not only 
corrosion but also the interfacial contact resistance. With 
an increase in Cr content, the corrosion decreases but the 
interfacial contact resistance (ICR) between the gas diffusion 
layer (GDL) and the BPP increases.

Experimental

Substrate preparation

We procured and used a commercial-grade Fe-based AISI 
1020 low-carbon steel plate with a chemical composition (in 
wt %) of C-0.2, P-0.04, Mn-0.6, S-0.05 and balance Fe as the 

BPP substrate. We prepared the surface for electrodeposition 
by cutting AISI 1020 low-carbon steel plate into small cou-
pons of dimension 45 mm × 15 mm × 1 mm and polishing the 
coupons with SiC papers followed by 1 µm alumina suspen-
sion. Before the pretreatment process, we ultrasonicated the 
substrate using ethanol and washed it with distilled water.

Pretreatment and electroplating

We performed anodic cleaning and surface activation for 
better cohesion between the substrate and the coating. Dur-
ing the anodic cleaning process, we passed a constant anodic 
current of 0.05 A/cm2 through the substrate in an alkaline 
solution [21, 22]. Subsequently, we dipped the substrate for 
15 s in a dilute acidic solution containing HCl and  H2SO4 in 
a ratio of 3:1 (by wt%). Before Ni–Cr–P electroplating, we 
deposited an intermediate layer of nickel on the substrate 
using an aqueous solution containing  NiSO4·6H2O (0.8 M), 
 NiCl2·6H2O (0.5 M) and  H3BO3 (0.5 M) [23].

We prepared the electrolyte solution using a mixture of 
aprotic solvent (N,N-dimethylformamide) and water (1:1 
v/v). We used salts and additives, as mentioned in our pre-
vious work [19], to prepare a fresh electrolyte solution for 
each deposition cycle. We placed the beaker containing the 
electrolyte solution in an ice bath and stirred it at 200 rpm 
during the electroplating. We carried out the electroplat-
ing using Agilent N6700B DC low modular power source 
applying a pulse current density (ION) of 0.1 A/cm2 with 
repeated TON and TOFF for about 5 and 1 ms, respectively. 
We measured the temperature using a digital thermometer 
during the electroplating process.

Microstructural, compositional, phase 
and electrochemical characterization

We analyzed the microstructure and elemental composition 
using Carl-Zeiss Merlin II FESEM and EDS from Oxford 
Instruments, respectively. We studied phase analysis using 
PANalytical Empyrean X-ray diffractometer (XRD). To sup-
press the interference from the carbon steel substrate, we 
scanned the coating samples at a grazing incidence angle of 
1.5° over a 2θ range of 20°–95°.

We used Metrohm Autolab PGSTAT302N for cyclic vol-
tammetry and potentiodynamic polarization. We conducted 
cyclic voltammetry (CV) by sweeping between ± 1 V at a 
scan rate of 10 mV/s, of four different aqueous electrolytic 
solutions (10 mM  NiCl2·6H2O, 10 mM  CrCl3·6H2O, an equi-
molar mixture of both the solution and a combinational mix-
ture solution of 10 mM  NiCl2·6H2O, 10 mM  CrCl3·6H2O, 
and 10 mM  NaH2PO2·H2O). We used a platinum disk, plati-
num wire, and Ag/AgCl electrode as the working, auxiliary, 
and reference electrode, respectively.
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For potentiodynamic analysis, we chose an AISI 1020 
substrate with an area of 2.25 cm2 as a working electrode. 
We used platinum wire and Ag/AgCl as an auxiliary and a 
reference electrode, respectively. To simulate the PEM fuel 
cell environment, we used an electrolyte for corrosion testing 
comprising of 0.5 M  H2SO4 and 2.0 ppm HF at 80 °C. We 
conducted potentiodynamic scans (scan rate: 0.1 mV/s) by 
purging  H2 and air into the electrolyte to simulate the anodic 
and cathodic environment, respectively.

Interfacial contact resistance

Interfacial contact resistance (ICR) is the area-specific 
resistance between the BPPs and gas diffusion layer (GDL) 
in the PEM fuel cell. Researchers have standardized the 
method of measuring ICR between the BPPs and gas diffu-
sion layer (GDL) in the PEM fuel cell [24], and here we used 

a similar technique, reported in previous studies [19]. In this 
work, we prepared the surface of bare AISI low-carbon steel, 
and Ni–Cr–P coated AISI low-carbon steel with GDL after 
immersing them in an 0.5 M  H2SO4 and 2 ppm HF at 80 °C 
for a certain duration. We measured the contact resistance of 
the two layers by applying a compaction pressure of 150 N/
cm2 during the measurement.

Results and discussion

Cyclic voltammetry analysis

Figure 1 shows the current density vs. voltage plot for the 
four electrolytes and inset in each figure shows the area under 
the curve for the four electrolytes during the oxidation cycle. 
The cyclic voltammogram of electrolyte solution containing 

Fig. 1  Cyclic voltammograms of a 10 mM  CrCl3, b 10 mM  NiCl2, c 10 mM  CrCl3 and 10 mM  NiCl2, and d combination of 10 mM  CrCl3, 
10 mM  NiCl2, and  NaH2PO2 aqueous solution at scan-rate of 10 mV/s
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10 mM  NiCl2 (Fig. 1a) shows a prominent reduction peak at 
− 550 mV indicating the reduction of  Ni2+ to  Ni0 at the cath-
ode. In the case of 10 mM  CrCl3 (Fig. 1b), there is a sudden 
increase in current density during the reverse scan at around 
− 300 mV. The sudden increase in current density is most 
likely due to the reduction of [Cr(H2O)6]3+ to [Cr(H2O)6]2+, 
while change in slope at around − 600 mV is due to the for-
mation of [Cr(H2O)6]2+ from [Cr(H2O)6]+, and finally for-
mation of [Cr(H2O)6]0 at a potential of − 800 mV, which is 
close to hydrogen evolution potential [25]. Figure 1c shows 
the cyclic voltammogram of an equimolar mixture 10 mM 
 CrCl3 and 10 mM  NiCl2. It is similar to the cyclic voltam-
mogram of the electrolyte solution containing 10 mM  NiCl2. 
In an aqueous solution of  CrCl3,  Cr+3 ion exists in the form of 
solvated ion complex, [Cr(H2O)6]3+, and hence the reduction 
of [Cr(H2O)6]3+ complex is difficult [25].

Figure 1d shows the change in oxidation and reduction peak 
current density with the addition of equimolar  NaH2PO2 into 
a solution of 10 mM  CrCl3 and 10 mM  NiCl2. The oxida-
tion peak-current density, during the reverse sweep, decreases 
with the addition of phosphorus. Although we emphasize the 
details on corrosion analysis in a simulated fuel cell environ-
ment later, the reduction in current density in cyclic voltam-
mogram shows that the addition of phosphorus increases the 
corrosion resistance of the coating.

The overall reactions involved in the electro-reduction pro-
cess can be expressed as [26] follows:

The phosphorus generated in the above reaction reacts 
with Ni–Cr in the deposit to form a Ni–Cr–P coating on the 
substrate.

Electroreduction in an aqueous electrolyte is a nucleo-
philic substitution reaction where electron from the cathodic 
surface replaces  H2O molecule from the complex. Figure 2 
shows the schematic representation of the electroreduction 
process of nickel and chromium formation with the solvated 
metal ion in aqueous solution and desolvation (or dehydra-
tion) energy required for [Ni(H2O)6]2+ and [Cr(H2O)6]3+ 
solvated ions. The solvated complex is a compact regular 
octahedron structure and plays a major role in the electrore-
duction process [27, 28]. The distance between the  Cr3+ 
ion and the water molecule is ≤ 2.0 Å, while that between 
 Ni2+ ion and  H2O is ≥ 2.04 Å [27]. Nickel solvated ions 
[Ni(H2O)6]2+ require lesser dehydration energy as com-
pared to the [Cr(H2O)6]3+ solvated ion because of the 
larger  Ni2+–  H2O bond length compared to  Cr3+–H2O bond 
length. That said, the adding of complexing ligands (such as 
 HCOO−,  C2O4

2− or  C2H3O2−) to the electrolyte increases the 
 Cr3+–H2O bond length in the solvated ion, thereby increas-
ing the rate of  Cr3+ electroreduction.

(1)H2PO
−

2
+ H2O → H2PO

−

3
+ 2H+ + e−.

(2)

3H2PO
−

3
+ 3H2O + Ni2+ + Cr3+ + e−

→ Ni + Cr + H2PO
−

3
+ 2P + 4H+ + 2OH− + H2O + H2 ↑ .

Fig. 2  Schematic representation 
of desolvation (or dehydration) 
energy of [Ni(H2O)6]2+ solvated 
ion denoted by solid line; of 
[Cr(H2O)5HCOO]2+ solvated 
ion denoted by dotted line; and 
of [Cr(H2O)6]3+ solvated ion 
denoted by dashed line
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In a cyclic voltammogram, the area under the curve dur-
ing the oxidation cycle is directly proportional to the dif-
fusion of reduced species into the bulk of the electrolyte 
solution and vice versa. Comparing the insets in Fig. 1, we 
observe that the area under the curve with  CrCl3 is higher 
than  NiCl2. It indicates that Cr-containing complexes oxidize 
easily compared to Ni-containing complexes. On the other 
hand, the area under the curve for  CrCl3–NiCl2–NaH2PO2 
electrolyte is lower compared to only  CrCl3 or  NiCl2. 
The resistance to oxidation, particularly in the case of 
 CrCl3–NiCl2–NaH2PO2 electrolyte, suggests that reduced 
species of this electrolyte are more stable and may offer 
better resistance to corrosion compared to pure Ni or Cr in 
a harsher environment.

Electrodeposition

Figure 3 shows the micrograph of Ni–Cr–P coating depos-
ited from electrolytic baths at various pH. Figure 3a–c shows 
the surface microstructure of the coating electrodeposited 
at pH 2.0 (± 0.15), pH 2.5 (± 0.15), and pH 3.0 (± 0.15), 

respectively. It is evident that the coatings deposited at pH 
2.0 (± 0.15) and pH 2.5 (± 0.15) are non-uniform with sur-
face cracks. However, when pH is increased to 3.0 (± 0.15), 
the coatings are uniform and dense. The non-uniform deposit 
at pH 2.0 (± 0.15) and pH 2.5 coating (± 0.15) is most likely 
due to the high concentration of  H+ ions near the cathode 
surface at lower pH [29]. We infer that increasing the pH 
lowers the  H2 gas evolution during electrodeposition.

During the electrodeposition process, if we apply a 
potential across the electrodes, solvated metal ions migrate 
towards the cathode surface where they take up the elec-
trons and reduce to deposit as metal. However, due to the 
undesirable reaction, at the cathode surface, the pH of the 
electrolyte increases within the electrical double layer. The 
evolution of  H2 gas at the cathode surface creates cracks 
and voids in the coating. With further increase in pH, the 
hydroxyl ions near the cathode surface result in the forma-
tion of Cr(OH)3 and some amount of Ni(OH)2. The coating 
surface becomes dark in appearance and decrease in reduc-
tion rate as insoluble Cr(OH)3 blocks the cathode surface 
[30]. The rest of the insoluble hydroxides precipitate 

Fig. 3  FESEM image of pulse-electrodeposited Ni–Cr–P alloy at a pH 2.0 (± 0.15), b pH 2.5 (± 0.15), and c pH 3.0 (± 0.15); having constant 
temperature (25 °C)
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making the electrolyte solution sludgy. Therefore, even in 
the presence of an aprotic solvent, the accumulation of  H+ 
ions is inevitable at low pH. The evolution of  H2 decreases 
by increasing the pH, increasing beyond pH 3.0 (± 0.15), 
but it leads to precipitation of insoluble hydroxides.

Figures 4 and 5 show the microstructure and composi-
tion of the coatings, respectively, electrodeposited at a pH 
of 3.0 at various temperatures. Although the microstruc-
ture is similar, there is a change in the composition of the 
coatings. The Cr concentration in the coating increases 
with increase in electrodeposition temperature. The 
increase in Cr content with temperature is elucidated by 
combining the Butler–Volmer equation along with Fara-
day’s law of electrolysis [22]. For binary alloy system, per 
unit time the amount of metal deposited, W, is given by

where M is the atomic weight of the metal, n is the num-
ber of moles, F is the Faraday constant, i0 is the exchange 

(3)
W1

W2

=
i0,1M1n2

i0,2M2n1
exp

[

−
F

2RT
(n1j1 − n2j2)

]

,

current density, R is the gas constant, j is the overpotential, 
and T is the absolute temperature.

The rate constant for charge transfer during reduction Cr 
and Ni complexes is considered to be in the same order. 
Therefore, it is evident from Eq. (3) that the amount of Cr 
deposited increases with increase in temperature. Although 
the coating with high Cr content has a superior corrosion-
resistant oxide scale, the internal stress in the coating 
increases with an increase in Cr content. The increase in the 
internal stress increases the number of micro-cracks on the 
coating surface [30, 31]. Therefore, too much or too little 
Cr in the coating is harmful to the life of the bipolar plates.

Phase analysis

Figure 6 shows the X-ray diffraction (XRD) spectra of AISI 
1020 carbon steel substrate and the grazing incidence (GI) 
XRD of Ni–Cr–P alloys coated at different temperatures. 
The bare AISI 1020 substrate shows peaks at different 2θ, 
corresponding to the reference pattern [JCPDS 06-0696]. 
The GI-XRD spectra of different Ni–Cr–P coating samples 
show diffuse spectra at 2θ of 44.53°. The diffuse spectra 

Fig. 4  FESEM image of pulse-electrodeposited Ni–Cr–P alloy at a 10 °C (± 3 °C), b 15 °C (± 3 °C), and c 25 °C (± 3 °C); having constant pH 
(3.0)
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indicate the amorphous nature of different coating samples. 
The amorphous spectra are due to the presence of elemental 
phosphorus, which increases the crystalline defect in the 
coatings [19].

Corrosion analysis

Figure 7 shows the polarization curves of bare AISI 1020 
low-carbon steel and Ni–Cr–P coatings electrodeposited at 
various temperatures, in the anodic and cathodic operating 
environment. In the anodic and cathodic environment, AISI 
1020 carbon steel shows active behavior while Ni–Cr–P 
coatings show a relatively passive behavior. During poten-
tiodynamic polarization measurements in simulated anodic 
and cathodic PEM fuel cell environment, the current den-
sity with the voltage of AISI 1020 increases rapidly, while 
Ni–Cr–P coated samples show constant current density after 
an initial increase. This indicates that the bare AISI 1020 
shows an active behavior, while the Ni–Cr–P coated sample 
shows a passive behavior. Bare AISI 1020 low-carbon steel 
will dissolve in the electrolyte as it does not form any stable 
oxide layer. On the other hand, Ni–Cr–P coated plates are 
expected to form a protective oxide layer during the initia-
tion of corrosion and this oxide layer will protect the sub-
strate from corroding further.

Table  1 shows the polarization parameters of the 
bare substrates and coatings in both anodic and cathodic 

environments. Bare AISI 1020 is not corrosion resistant in 
simulated PEM fuel cell environment. The corrosion rate 
of AISI 1020 decreased with electrodeposition of Ni–Cr–P 
coatings on the surface. The reason for the increase in corro-
sion resistance is due to the formation of a protective oxide 
layer of Cr and precipitation of  Cr3P phase at the grain 
boundaries, which suppresses pitting corrosion. Although 
the corrosion resistance increases, the chromium present in 
the coating at times forms an incoherent cracked passive 
layer with a large number of cation vacancies. The fluoride 
ions present in the electrolyte migrate through the cation 
vacancies. Moreover, unwanted pinholes and micro-cracks 
in the coating surface act as the active sites for pitting cor-
rosion. We have elucidated the corrosion pathway Ni–Cr–P 
coatings in PEM fuel cell environment in our previous study 
[19].

The corrosion rate of Ni–Cr–P coatings in anodic and 
cathodic environment decreased with increasing the elec-
trodeposition temperature. Increasing the temperature 
increases the Cr content, and hence the amount of  Cr3P 
phase also increases in the coatings. It is well known that 
 Cr3P decreases the sites for pitting corrosion [19].

The corrosion rate obtained in this study for bare and 
coated AISI 1020 is somewhat higher compared to previ-
ous reports [7–12]. For instance, Bai et al. [7, 12] showed 
that the corrosion current of bare steel sample is 6.34 × 10−4 
A/cm2 while Ni-electroplated pack chromized carbon steel 

Fig. 5  Variation of chromium 
content with temperature during 
Ni–Cr–P electrodeposition
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Fig. 6  XRD spectra of a AISI 1020 low-carbon steel, and Ni–Cr–P alloy pulse-electrodeposited at b 25 °C (± 3 °C), c 15 °C (± 3 °C), and d 
10 °C (± 3 °C), having constant pH (3.0)

Fig. 7  Potentiodynamic polarization behavior of AISI 1020 low-carbon steel and Ni–Cr–P coated samples, electrodeposited at various tempera-
tures, in 0.5 M  H2SO4 and 2 ppm HF at 80 °C and scan-rate 0.1 mV/s, a anodic  (H2 purging) environment, b cathodic (air purging) environment
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sample shows in the order of  10−8 A/cm2. Similarly, Tsai 
et al. [8] and Chiang et al. [9] demonstrated the performance 
of Ni-electroplated pack chromized AISI 1045 low-carbon 
steel as BPPs. The corrosion current of Ni-electroplated 
AISI 1045 sample shows the corrosion current in the range 
of  10−6 A/cm2 and that of the pack chromized sample is 
8.37 × 10−8 A/cm2. Meanwhile, Jin et al. [10] showed that 
the corrosion current of both bare and Ni–P electroless 
coated mild steel samples is in the range of  10−6 A/cm2. The 
difference in corrosion resistance is due to the difference in 
the simulated PEM fuel cell environment used for testing the 
corrosion resistance. The corrosion test was carried out in 
0.5 M  H2SO4 at room temperature [7–9, 12] or 0.5 M  H2SO4 
with 0.07 M  Na2SO4 and 2 ppm HF at 50 °C [10]. These test 
conditions do not simulate the actual PEM fuel cell environ-
ment. PEM fuel cell operates at 80 °C and the  SO4

2−and 
 F− ions from the electrolyte create an aggressive environ-
ment near the BPPs surface. Therefore, to understand the 
actual corrosion resistance, we evaluated the bipolar plate 
in an aqueous electrolyte of 0.5 M  H2SO4 and 2.0 ppm HF at 
80 °C. Hence, the data reported here by us may give a better 
assessment of the performance of bare and Ni–Cr–P coated 
AISI 1020 steel.

Interfacial contact resistance

Figure 8 shows the variation of ICR values of bare AISI 
1020 and different Ni–Cr–P coatings electrodeposited at dif-
ferent temperatures varying the immersion time in a simu-
lated PEM fuel cell environment. In the case of AISI 1020 
low-carbon steel, ICR value decreased with time for the first 
1 h of immersion period. The decrease in ICR value is due 
to the absence of passive layer forming metal in AISI 1020. 
The polarization studies corroborate the lack of passive layer 
in AISI 1020. With further increase in immersion period, the 
low-carbon steel completely dissolves in the simulated PEM 
fuel cell environment solution.

Initially, all Ni–Cr–P coated samples show an increase 
in ICR value with time, but the ICR value of Ni–Cr–P 15C 
and Ni–Cr–P 10C samples decreases after 2 h and 1 h of 

immersion time, respectively. The initial increment in the 
ICR value is mainly due to the presence of Cr in the samples, 
which forms a barrier layer consisting of  Cr2O3. However, 
with an increase in immersion time,  Cr2O3 in the barrier layer 
possibly converts to an inhomogeneous Cr(OH)3 or hydrated 
oxide layer. These hydroxides or hydrated oxide layers dis-
solve in the solution and result in the formation of pits on the 
coating surface. In the case of Ni–Cr–P 25C coating, the ICR 
value increases gradually with immersion time. Similarly for 
Ni–Cr–P 25C coating, the ICR increases for the first 3 h of 
immersion and decreases thereafter. The increase in ICR is 
most likely due to the increase in the thickness of the passive 
layer. However, after 3 h of immersion period, the oxides in 
the passive layer most likely convert to hydrated oxides and 
dissolve into the solution. However, due to the higher amount 
of Cr in Ni–Cr–P 25C coatings, passive layer thickness does 
not decrease to that extent where it may affect the ICR value 
largely.

Table 1  Summary of chromium content, corrosion parameters, and ICR of AISI 1020 and Ni–Cr–P specimens, electrodeposited at various tem-
peratures

Samples Cr (wt%) Anodic environment  (H2 purging) Cathodic environment (air purging) Interfacial contact resistance (mΩ)

Immersion time (h)

OCP (V) Ecorr (V) Icorr (A/cm2) OCP (V) Ecorr (V) Icorr (A/cm2) 00 01 02 03 04

AISI 1020 – − 0.44 − 0.44 1.05 × 10−2 − 0.44 − 0.42 3.7 × 10−2 53.24 49.53 – – –
Ni–Cr–P 25C 7.75 − 0.26 − 0.25 1.16 × 10−4 − 0.17 − 0.21 1.4 × 10−4 49.22 51.35 54.98 59.75 60.02
Ni–Cr–P 15C 4.55 − 0.26 − 0.25 2.56 × 10−3 − 0.21 − 0.20 5.3 × 10−4 48.23 49.95 52.55 50.68 50.25
Ni–Cr–P 10C 1.75 − 0.26 − 0.24 8.4 × 10−3 − 0.26 − 0.24 2.0 × 10−3 45.48 49.81 48.23 46.55 45.05

Fig. 8  Variation of interfacial contact resistance (ICR) of Ni–Cr–P 
coating samples and AISI 1020 bare substrate with an immersion 
time of samples in 0.5 M  H2SO4 and 2 ppm HF at 80 °C
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Conclusion

Cyclic voltammetry shows that it is difficult to reduce  Cr+3 
while  Ni+2 directly reduces easily without any formation 
of intermediate complexes. The deposition rate of Cr was 
increased by adding ligands to the electrolyte. Ni–Cr–P 
coatings electrodeposited at pH 3.0 and room temperature 
(25 °C) were crack-free and adherent. Polarization stud-
ies show that the corrosion resistance of Ni–Cr–P coatings 
increases by several orders of magnitude with an increase in 
Cr content. The ICR of all Ni–Cr–P coatings increased with 
immersion time most likely due to the formation of hydrated 
oxide layers and subsequent formation of the pits on the 
surface of coated samples. The ICR of BPPs with Ni–Cr–P 
coatings is in the range, but the corrosion resistance is still 
one order lower than the US-DOE 2020 targets for PEM 
fuel cell bipolar plate. Although Ni–Cr–P coatings exhibit 
lower corrosion resistance and fractionally higher ICR value 
compared to US-DOE 2020 targets, this study shows that 
it is possible to reduce the overall manufacturing cost of 
BPPs using low-cost electroplating as a surface modifica-
tion technique, and there is a scope to improve the corro-
sion resistance of BPPs by modifying the composition. The 
corrosion resistance of the BPPs can be further improved 
by incorporating transition metals such as molybdenum and 
cobalt into the coating as they form stable conducting oxides 
upon exposure to a PEM fuel cell working environment.
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