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Abstract: Metal foams are promising materials for the flow fields of proton exchange membrane fuel
cells (PEMFCs) because of excellent mass transport characteristics and high electronic conductivity.
To resolve the corrosion problem in the acidic environment under high temperature, nickel/graphene
(Ni/G) composite coatings with hierarchical structures were electrodeposited on the surface of Ni
foam. The effect of grain size and the distribution in the double layer was discussed. It was found
that Ni/G5-10, with larger inner size and middle outer size, exhibited the best corrosion performance.
Meanwhile, the corrosion current in the Tafel plots and the steady current density in constant potential
analysis was lower than that obtained under steady and gradient currents. Combined with the results
of XRD, XPS, and SEM, it was proven that a uniform and dense protective film was produced
during the two-step electrodeposition. Moreover, the ICR value was 8.820 mQ-cm?, which met the
requirement of 2025 DOE.

Keywords: PEMFC; metal foam; flow field; electrodeposition; corrosion resistance; nickel/graphene
composite

1. Introduction

With the increasing global demand for renewable energy and low-carbon technolo-
gies [1,2], fuel cells, as an efficient and environmentally friendly energy conversion tech-
nology, are receiving increasing attention. Fuel cells directly convert chemical energy into
electrical energy during operation, with water as the only byproduct [3]. Among various
types of fuel cells, proton exchange membrane fuel cells (PEMFCs) are favored for their high
energy conversion efficiency, rapid start-up response, and low-temperature operation [4,5].

Among the main components of PEMFCs, the bipolar plate (BP) accounts for approx-
imately 80% of the total mass and 45% of the cost, serving essential functions in mass
transport, water management, and as a mechanical support in the stack [6,7]. Currently, the
materials commonly used for bipolar plates (BPs) include graphite, composite materials,
and metals. Graphite, as the first material developed for BPs, possesses good electrical
conductivity and corrosion resistance; however, it suffers from low mechanical strength
and processing difficulties [8,9]. Composite materials combine lightweight properties with
excellent conductivity, making them suitable for high-performance applications [10-12].
Nonetheless, existing composite BPs face challenges such as high interfacial contact resis-
tance and elevated costs. In contrast, metallic BPs offer advantages such as good mechanical
properties, electrical conductivity, thermal conductivity, and ease of processing, making
them a primary choice for BPs [9]. However, under the high-temperature and acidic
operating conditions of PEMFCs, metallic materials are prone to corrosion, releasing corro-
sive metal ions that adversely affect fuel cell performance. Therefore, the introduction of
protective coatings to enhance corrosion resistance is crucial [13,14].
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Noble metal coatings exhibit excellent corrosion resistance and electrical conductivity;
however, their high cost limits widespread application [15]. Consequently, non-noble
metal coating materials such as tin (Sn) [16] and nickel (Ni) [17] are receiving increasing
attention. For instance, Kim et al. [18] prepared a pure niobium (Nb) coating on a 316 L
stainless steel substrate using pulsed direct current magnetron sputtering. Their study
revealed that the Nb coating significantly improved the corrosion behavior of the substrate,
increasing polarization resistance and reducing corrosion rate by more than 100 times and
50 times, respectively. Kumaravel et al. [19] applied nickel coatings on weathering steel
via electroplating, finding that the Ni-coated samples exhibited the lowest corrosion rate
when compared to copper and zinc coatings. Wang et al. [20] developed a Ni/Sn composite
coating on nickel foam through electrodeposition, which showed no significant pitting after
8 h of corrosion testing compared to the uncoated samples.

Additionally, an increasing number of non-metal coatings are being used in corrosion-
resistant coatings [19]. Among these, graphene is gaining traction as a protective coating
due to its unique chemical inertness and impermeability [21]. Lee et al. [22] prepared tin,
gold, and nanoscale graphene coatings on porous nickel foam, and through Tafel analysis
at 80 °C, they found that the graphene-coated nickel foam exhibited the lowest corrosion
current density (0.65 pA/ cm?) and a corrosion potential of —0.22 V. Compared to the other
two materials, the performance of the graphene coating is superior. Graphene coatings were
prepared on titanium-based bipolar plates, which demonstrated significantly enhanced
corrosion resistance and stability in PEMFC environments [23,24]. Feng et al. [25] utilized
chemical vapor deposition to create vertically aligned graphene coatings on titanium
substrates, achieving a corrosion rate reduction in one to two orders of magnitude and a
decrease in interfacial contact resistance (ICR) by approximately 100 times compared to
uncoated samples.

Graphene-metal composite coatings not only addressed the limitations of single-
layer coatings but also reduced costs and improved mechanical stability [26,27]. Rekha
et al. [28] electrodeposited Cr-graphene composite coatings on low-carbon steel substrates
and conducted corrosion studies using a 3.5% NaCl solution as the electrolytic medium.
Their findings revealed an 80.4% reduction in corrosion current and a 72.8% decrease
in ICR, significantly enhancing both corrosion resistance and conductivity compared to
pure chromium coatings. Punith Kumar et al. [29] prepared Zn-graphene composite
coatings through electrodeposition and conducted experiments in a 3.5% NaCl solution.
The results indicated that the Zn—graphene coatings exhibited smaller grain sizes and
fewer surface defects, leading to enhanced corrosion resistance. Abdul et al. [30] also
developed Ni-graphene composite coatings through electrodeposition, investigating the
effects of different deposition temperatures on coating performance, with optimal corrosion
resistance achieved at 45 °C in a 3.5% NaCl solution. Sun et al. [31] prepared a Ni-graphene
composite coating by direct current electrodeposition. Under the test condition of pH = 3,
the coating showed good corrosion resistance and stability. Electrodeposition is widely
used as a low-cost and easy-to-control coating method. In the process of electrodeposition,
the larger the current, the smaller the particles.

Metal foam is used as the flow field to replace traditional BP plates with ribs and
channels because of lightweight advantages and high mass transfer efficiency. However,
it suffers more severe corrosion issues in the operating environment on account of high
temperatures and the presence of acids. Meanwhile, due to the complex internal structure
and high surface roughness, the electrodeposition mechanism is different from that on the
flat plate. In this work, nickel/graphene (Ni/G) composite coatings with a hierarchical
structure are employed by the electrodeposition method. While a larger grain size is ob-
tained under a lower electrodeposition current, the coatings with various size distributions
are compared. Their physical properties are analyzed along with their impact on corrosion
resistance, ultimately identifying the coating with optimal performance.
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2. Results and Discussions
2.1. XRD Analysis

The XRD spectrum of the Ni/G composite coating is shown in Figure 1. The spectrum
exhibited three main diffraction peaks at 26 values of 44.4°, 51.8°, and 76.3°, corresponding
to the Ni (111), (200), and (220) planes, respectively, which closely matched the reference
pattern for the face-centered cubic nickel. Each coating displayed a strong Ni (111) peak,
indicating that during the deposition process, nickel tended to grow preferentially in the
(111) orientation [32].

(111)
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Figure 1. XRD patterns of composite coatings.

Using the Scherrer equation, we calculated the average crystallite sizes for Ni/G5-10,
Ni/G5-15,Ni/G10-15, and Ni/G10-5 based on the Ni (111) peak, yielding values of 31.3 nm,
29.2 nm, 28.7 nm, and 31.3 nm, respectively, which was larger than that of Ni/G10 and
Ni/GO0-10 in our previous work [32]. As Ni/G5-10 had the same size as Ni/G10-5, we
concluded that the grain size was not only related to the upper layer, but the average size
of the two layers.

2.2. XPS Analysis

As to Ni/G5-10, the XPS spectrum of Ni 2p, C 1s, and O 1s is shown in Figure 2a. To
accurately identify the chemical phases presented in the samples, peak fitting analysis was
performed on the Ni 2p spectrum. As shown in Figure 2b, the main peaks of Ni 2p3/2 were
located at approximately 856 eV, 857.5 eV, and 862.5 eV, which corresponded to the nickel
compounds such as Ni(OH);, NiSOy, and NiCly, indicating that nickel existed in a divalent
state [33-35]. Additionally, a Ni(0) peak appeared around 852 eV, confirming the presence
of metallic nickel in the coating [36]. The OH!,50,72, and Cl ! ions might be derived
from the plating solution used during coating preparation.

2.3. Tafel Analysis

The Tafel curves for the Ni/G composite coatings in pH 3 sulfuric acid are shown in
Figure 3, with testing temperatures of 50 °C and 80 °C, respectively. The data for corrosion
potential (Ecorr), corrosion current (Icorr), and corrosion rate (Veorr) obtained from the Tafel
analysis are presented in Table 1. Ecqy is defined as the intersection of the anodic and
cathodic polarization curves, indicating the self-corrosion potential of the coating. Iorr is
a kinetic parameter obtained through extrapolation [37]. According to the corrosion rate
equation, the corrosion rate coefficient is derived from the corrosion current.
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Figure 2. XPS of Ni/G5-10 (a) and Ni 2p (b) fitting spectrum.
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Figure 3. Tafel curves for Ni/G composite coatings tested at 50 °C (a) and 80 °C (b).

Table 1. Tafel polarization parameters for Ni/G composite coatings at 50 °C and 80 °C.

Tcore (HA'Cmiz) Ecorr (V) Veorr (x10—2 mm-y*l)
50 °C 80 °C 50 °C 80 °C 50 °C 80 °C
Ni/G5-10 26.14 43.80 —0.159 —0.278 0.283 0.473
Ni/G5-15 52.51 62.25 —0.348 —0.355 0.568 0.673
Ni/G10-15 66.27 71.70 —0.289 —0.366 0.716 0.775
Ni/G10-5 73.54 81.14 —0.312 —0.368 0.795 0.877

As shown in Table 1, with increasing temperature, all samples exhibited an increase in
Icorr, @ more negative shift in Eqorr, and an increased Vo, indicating that higher tempera-
tures correlated with more severe corrosion and accelerated corrosion rates. At 50 °C, the
gradient coatings Ni/G5-10, Ni/G5-15, and Ni/G10-15 outperformed Ni/G10-5. Ni/G5-10
exhibited the lowest Iorr and the most positive Eqorr, with the values of 26.14 tA-cm~2 and
—0.159 V, respectively. Compared to the values of Ni/G10-5, its Iorr decreased by 64.45%
and Ecorr improved by 24.46%. The same trend was observed at 80 °C.

2.4. Constant Potential Analysis

The stability of Ni/G coatings was tested at a constant potential of 0.6 V and 50 °C,
with the current versus time changed shown in Figure 4. All samples quickly reached
a stable current state within the first few minutes, exhibiting no significant fluctuations
over 120 min and thus indicating a rapid self-repair process of the materials [38]. The
current densities of Ni/G5-10, Ni/G5-15, Ni/G10-15, and Ni/G10-5 are 0.12, 0.38, 0.42, and
0.58 mA-cm 2, respectively. Among them, Ni/G5-10 has a positive stable point voltage,
indicating that the corrosion resistance is better, which has the same rule as Tafel analysis.
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Figure 4. Constant potential curve for Ni/G composite coatings.

2.5. EIS Analysis

Figure 5 presents the results of all samples tested in a 0.5 M H,SO4 solution with 2 ppm
HF at 50 °C. As shown in Figure 5a, the Nyquist plots for all coatings exhibit a semi-circular
arc, indicating a similar corrosion mechanism across the samples. Among them, Ni/G5-10
displays the largest impedance semicircle radius. The Randles circuit was chosen as the
equivalent circuit, as illustrated in Figure 5b, which consists of solution resistance (Rs),
coating resistance (Rcoat), and a constant phase element (Ccoat). The fitted values are summa-
rized in Table 2. Compared to the uncoated foam nickel (Reoat = 5.27 Q-cm?) [21], the Ni/G
composite coatings exhibit significantly higher Reoat values, indicating better corrosion
resistance. Notably, the gradient coating Ni/G5-10 has the highest Rcoat, demonstrating the
strongest corrosion resistance among the samples.
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Figure 5. EIS analysis results for Ni/G composite coatings: (a) Nyquist impedance plots; (b) equiva-
lent circuit; (c,d) Bode impedance plots.
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Table 2. EIS fitting results for Ni/G composite coatings.
Ccoat
Samples Rs (Q-cm?) Reoat (Q-cm?)
Ccoat—T Ccoat—P
5-10 4.28 221 x 1073 0.87 19.79
5-15 3.72 1.06 x 1073 0.85 16.09
10-15 3.02 28 x 1073 0.88 12.26
10-5 8.35 1.05 x 1073 0.91 9.78

In Figure 5¢,d, all Bode plots display high-frequency (102-10* Hz), mid-frequency
(10'-102 Hz), and low-frequency (10-1-10' Hz) regions, which correspond to the corrosion
processes at the coating surface, within the coating system, and at the metal/coating
interface, respectively. In Figure 5¢, Ni/G5-10 shows the highest log(Z) values across the
entire frequency range, indicating the best corrosion resistance of the coating. In Figure 5d,
the phase angles for Ni/G5-10, Ni/G5-15, and Ni/G10-15 are all greater than that of
Ni/G10-5, which correlates with improved corrosion resistance.

2.6. SEM Analysis

The stability of the Ni/G composite coatings was studied by testing for 8 h at a
constant potential of 0.6 V. The SEM images before and after the test are shown in Figure 6.
As depicted in Figure 6a—d, the surface of the composite coatings is smooth and uniform,
with no significant aggregation observed. In our previous work, the gain sizes of the
coatings that were electrodeposited at 5, 10, and 15 mA-cm 2, were found to be 37.0 nm,
33.2 nm, and 24.9 nm, respectively. In the schematic diagrams, colored particles were
used to represent the grains in the hierarchical coatings. The graphene layer covered the
surface of nickel ions, hindering further growth during the electrodeposition process while
providing more nucleation sites for the reduction of nickel ions, resulting in smaller and
more uniform composite coatings [39,40]. After the corrosion test, more sheet graphene
was exposed, as shown in Figure 6a—d.

% (b)NI/G5-15 &% (©Ni/G10-15

Figure 6. SEM images of Ni/G composite coatings and schematic diagrams with colored particles for
hierarchical coatings before (a-d) and after (e-h) the 8h corrosion (purple, red, and green represents
grains electrodeposited at 5, 10, and 15 mA-cm™2, respectively).
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2.7. EDS Analysis

The atomic composition of the main elements in the Ni/G5-10 composite coating
before and after corrosion was analyzed using energy dispersive spectroscopy (EDS). As
shown in Figure 7a, the presence of carbon confirmed the incorporation of graphene
into the coating, which at the same time aided the reduction of nickel ions during the
electrodeposition process, leading to the formation of metallic nickel [41]. Higher oxygen
content might be attributed to the oxidation reaction, especially that of the nano-particles,
occurring at the coating surface.

(a) Element  Atomic %|| (D) Element_|Atomic %
c 20,04 ¢ 71.99
o 2313 Ni o 344
Ni 56.84 Ni 2157
Ni
Ni
(0]
C Ni
Ni (6]
C Ni
1 2 3 4 5 6 T 8 9 10 0 1 2 3 4 S 6 7 8 9 10

Figure 7. EDS of Ni/G5-10 before (a) and after (b) 8 h corrosion.

As shown in Figure 7b, after 8 h of corrosion, the carbon content in the coating
increased significantly from 20.04% to 71.99%, while the nickel content decreased from
56.84% to 21.57%. During the corrosion process, metallic nickel gradually dissolved and
converted to Ni2* ions, which then entered into the solution. In contrast, graphene, with
superior corrosion resistance and stability, played a protective role on the surface.

2.8. ICR Analysis

In addition to corrosion resistance, the interfacial contact resistance (ICR) is also a
critical parameter for bipolar plates. A high ICR leads to additional resistance to current
flow within the cell, resulting in reduced efficiency and negatively impacting the fuel cell’s
output power. In Figure 8a, the values of all the samples decreased with the pressure.
Ni/G5-10 exhibited the lowest ICR value, which might be attributed to the formation of a
uniform and dense coating. In Figure 8b, the value at a pressure of 150 N-cm 2 (the typical
assembly pressure for PEMFCs) of Ni/G5-10 was 7.16 mQ-cm?, which met the 2025 DOE
standard requirement (<10 mQ-cm?) [17].
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Figure 8. ICR of Ni/G composite coatings under various compaction force (a) and the values under
150 N-cm 2 (b).
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3. Experimental
3.1. Electrodeposition

The foam nickel used in the experiment was obtained from Kunshan Green Creation
Electronics Technology Co., Ltd. (Kunshan, China), with a thickness of 1 mm and a
pore diameter around 600 um. Prior to electrodeposition, the foam nickel underwent
pretreatment and activation [42]. The Ni/G composite coating bath consisted of 12.9 g-L~!
(SO3NHy),-4H,0 (Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai, China),
9.51 g-L~! NiCl,-6H,0 (Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai,
China), 40 g-L_1 H;3BOs3 (Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai,
China), 0.05 g-L~! C;pH,5504Na (Shanghai Macklin Biochemical Technology Co., Ltd.,
Shanghai, China), 10 g-L’1 CgHsNa3zOy (Shanghai Macklin Biochemical Technology Co.,
Ltd., Shanghai, China), 0.048 g-L ! graphene (Shanghai Macklin Biochemical Technology
Co., Ltd., Shanghai, China) powder (97%), and 100 mL-L~! CsHgNO. In the three-electrode
system using a CHI660E (Shanghai Chenhua Co., Ltd., Shanghai, China), the foam nickel
served as the cathode while a nickel plate (99.9%, Chen Shuo Co., Ltd., Fuzhou, China)
acted as the anode. The electrodeposition was conducted at a temperature of 328 K for
a duration of 20 min, under various current densities: 5, 10, and 15 mA-cm—2. The
hierarchical structure was obtained by depositing under two current densities with each
current deposited for 10 min. The coated samples were named Ni/G5-10, Ni/G5-15,
Ni/G10-15, and Ni/G10-5, respectively. Following electrodeposition, the samples were
dried in an oven at 60 °C for 8 h.

3.2. Morphology Investigation

X-ray diffraction (XRD) was tested using an X-ray diffractometer model (Kuraray Co.,
Ltd., Tokyo, Japan) KYOWAGLAS-XA H-12 using Cu K« radiation at operating voltages of
40 mA, 40 kV, and 20 = 5~80°.

X-ray photoelectron spectroscopy (XPS) analysis was performed using Horiba LabRAM
HR X-ray (HORIBA SAS Co., Ltd., Palaiseau, France) photoelectron spectroscopy.

Field emission scanning electron microscopy (SEM) was conducted using a Phenom
Pro X model from Funa Scientific Instruments (Shanghai, China) Co., Ltd., with an applied
voltage set between 10 and 15 kV. Prior to testing, the samples were gold-coated and then
placed on the microscope sample stage for analysis.

The elements in the samples were identified and quantitatively analyzed by EDS
detection. In this study, SU1510 (Hitachi High-tech Company, Tokyo, Japan) was used
to test the foam metal sample. The voltage was set at 15.0 kV, the working distance was
15 mm, and the mode was selected as surface scan. The content and distribution of carbon,
oxygen, and nickel were the main areas of study.

The experimental method of interface contact resistance (ICR) was the same as Liu
et al.’s [24] The test sample was placed between two sheets of carbon paper, then between
copper electrodes, and the two electrodes were fixed on the TS-C40L-B (Tycoway Automa-
tion Systems Co., Ltd., Shenzhen, China) press, and 3 mA constant current was output
through the MP3030D (MAISHENG Co., Ltd., Shenzhen, China) voltage regulator power
supply. At the same time, the press applied pressure from small to large, and the ICR value
of each sample was obtained under different pressures.

3.3. Corrosion Resistance Measurements

Electrochemical testing was conducted in a traditional three-electrode configura-
tion [22], with a platinum sheet (Chuxi Industry Co., Ltd., Shanghai, China) as the counter
electrode, an Ag/AgCl (Chuxi Industry Co., Ltd., Shanghai, China) reference electrode,
and a working electrode comprising a foam nickel with an area of 1 cm?. The Tafel test
was performed in H,SO; solution with pH = 3, the voltage range was set to —1 to 0.5, and
the scan rate was 1 mV-s~!. A potentiostatic test was performed at 50 °C, with a voltage
of 0.6 V and air pumped into the sulfuric acid solution to simulate the fuel cell cathode
environment. The electrochemical impedance spectroscopy (EIS) test was performed at
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50 °C and in a 2 ppm HF (Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai,
China) solution containing 0.5 mol-L~! HySO, (Shanghai Macklin Biochemical Technology
Co., Ltd., Shanghai, China), with a set frequency range from 10 kHz to 0.1 Hz and an
amplitude voltage of 10 mV.

4. Conclusions

This study successfully fabricated Ni/G composite coatings with hierarchical struc-
tures on foam nickel using electrodeposition under different current densities. During the
co-deposition of Ni and graphene, the effect of the grain size in the inner layer and the outer
layer was discussed. It was found that Ni/G5-10, with larger inner size and a middle outer
size, exhibited the best corrosion performance, with the lowest dynamic and steady-state
corrosion currents, as well as the highest coating resistance. Compared with the coatings
obtained under the steady and gradient current, the hierarchically electrodeposited coating
improved the stability of the foam metals. Although the grain size was larger than that of
the former coatings, the composite of NiO and graphene covered the surface of metal foam
and formed a uniform and dense protective film. Moreover, its ICR value was 7.16 mQ-cm?,
with a 11.8% reduction relative to the US DOE 2025 goal, resulting in lower ohmic resistance
and less heat power in the fuel cell operation.
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