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ABSTRACT: With high electrical conductivity and strong corrosion resistance,
amorphous carbon (a-C) films are essential for ensuring the durability of
metallic bipolar plates (BPs) in proton exchange membrane fuel cells
(PEMFCs). However, due to the lack of plasma diagnostics and in situ
electrochemical characterization, it is challenging to reveal the real-time
corrosion process and to provide theoretical guidance for a-C-coated BPs. Here,
we demonstrate a novel approach integrating a rotatable magnetic field with
magnetron sputtering to fabricate a-C films under optimized plasma
distributions. Results show that varying the magnetic field rotation angle
(−60° to 90°) alters the unbalanced coefficient, plasma potential, and electron
density. While the sp2/sp3-C ratio remained constant across films, the sp2 cluster
diameter changed significantly. The a-C film deposited at 30° exhibited the
largest sp2 cluster (La = 1.89 nm). Crucially, BPs coated with this 30° film
demonstrated exceptional long-term corrosion resistance during 48 h cathodic/anodic polarization, with interfacial contact
resistances of only 2.4 mΩ·cm2 before corrosion and 3.5 mΩ·cm2 after corrosion. In situ electrochemical impedance spectroscopy
and scanning vibrating electrode technique analysis confirmed that performance degradation stems from localized galvanic corrosion
initiation and subsequent corrosion product formation at the interface. This study emphasizes controlling sp2 clustering and density
as a key design principle for enhancing a-C film durability on BPs and advances practical protective film development for PEMFCs.
KEYWORDS: amorphous carbon, interfacial corrosion, sp2 cluster diameter, magnetic rotation angle, metallic bipolar plates

1. INTRODUCTION
Proton exchange membrane fuel cells (PEMFCs) have
emerged as a leading technology for fuel cell application
owing to their quick start-up time, low operational temper-
ature, and high energy density.1,2 Metallic bipolar plates (BPs)
play a crucial role in PEMFCs, serving to separate the oxidant
and reductant, conduct current, and support the membrane
electrode in order to maintain the stability of the cell stack
structure.3 Despite the fact that commonly used stainless steel,
Ti alloy, and Al alloy BPs exhibit good corrosion resistance, the
exposure to acidic (pH = 2−3) and high-temperature (60−80
°C) environments within PEMFCs can still lead to the
dissolution of metal ions and the formation of oxide layers on
the metallic BPs.4 As a result, the performance of the BPs
deteriorates and their service life is shortened.5

Recently, a multitude of films have been utilized for the
protection of metallic BPs, including noble metal films, metal
nitride films, metal oxide films, carbon-based films, and MAX-
phase films.6−8 Specifically, amorphous carbon (a-C) films
have garnered significant attention from both the academia and
industry due to their exceptional chemical inertness, superb
mechanical properties, high conductivity, and cost-effective-
ness for large-scale production.9 These films have been

integrated into the hydrogen-powered fuel cell electric car
Mirai by Toyota.10

Previous research has suggested that a higher sp2/sp3 ratio, a
larger sp2 cluster diameter, and lower hydrogen content are key
factors for achieving the high conductivity and corrosion
resistance of a-C films.6,11 Primarily, from the perspective of a-
C preparation, various parameters during the deposition
process, such as temperature, working pressure, sputtering
power, and substrate bias, have been explored to optimize
performance.12,13 It is worth noting that specific deposition
parameters correspond to distinct states and distributions of
plasma, which significantly influence the growth process and
microstructure of the a-C film.14−19 In the case of typical
magnetron sputtering, changes in magnetic and electric fields
can greatly impact plasma discharge characteristics, particularly
plasma density and ion kinetic energy.20,21 Therefore, adjusting
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the intensity and distribution of the magnetic field may serve as
an effective and straightforward strategy for obtaining
optimized a-C films.22 Furthermore, regarding the damage
mechanism, galvanic coupling between metallic BPs and a-C
can induce significant performance degradation, particularly
under high potentials.12,13,23 However, conventional electro-
chemical tests are limited to capturing the initial and final
corrosion states, thereby failing to reveal the initiation and
propagation processes of localized corrosion.24

Currently, owing to the absence of plasma diagnostics
during deposition and in situ electrochemical characterization,
establishing the relationship between plasma conditions, the
film microstructure, and the real-time corrosion process of a-C-
coated BPs remains challenging. Further research is imperative
to establish the theoretical foundation necessary for designing
high-performance a-C coatings capable of enduring long-term
service environments.
In this study, a rotatable-angle magnetic field was utilized in

the magnetron sputtering source to control the magnetic field
distribution, leading to the preparation of a series of a-C films
on 316L stainless steel (SS316L) substrates. The plasma state
during a-C deposition was investigated using a single Langmuir
probe. The performance of the a-C-coated SS316L was
assessed in a simulated PEMFC environment. Furthermore,
in situ electrochemical impedance spectroscopy (EIS) and
scanning vibrating electrode technique (SVET) were employed
to monitor the evolution of electrochemical characteristics and
reveal the roles of porosity and galvanic corrosion on the
performance degradation. This study offers a new strategy for
the large-scale application of high-performance a-C-coated
metallic BPs.

2. EXPERIMENTAL DETAILS

2.1. Sample Preparation
Commercial SS316L sheets with a thickness of 0.1 mm and P-type
monocrystalline silicon (100) sheets were utilized as substrates. The
a-C films were fabricated through direct-current magnetron sputtering
(DCMS) using a 99.99% pure graphite target (380 mm × 100 mm ×
7 mm). To enhance adhesion, a Cr transition layer was deposited by
high-power impulse magnetron sputtering (HiPIMS) with a 99.999%
pure Cr target of the same dimensions. Prior to being placed in the
chamber, the polished SS316L sheets were subjected to ultrasonic
cleaning in acetone and ethanol for 15 min to eliminate surface oil
and impurities. Once the vacuum reached 2 × 10−5 Torr, the
substrates were etched by Ar+ glow discharge at a bias of −500 V for
30 min to eliminate the surface oxide layer. Subsequently, the Cr
transition layer was deposited by HiPIMS at a bias of −100 V for 30
min. Following this, after setting the base magnetic field, an additional

external magnetic field was introduced, and its rotation angle was
adjusted to achieve different magnetic field distributions. In this setup,
a positive angle denotes an outward rotation of the magnetic field, as
illustrated in Figure 1. The rotation angles employed in this study
were −60°, −30°, 0°, 30°, 60°, and 90°. By rotating the external
magnetic component, both the geometry and local intensity of the
magnetic field near the target surface could be tuned without altering
the overall power input, thereby enabling independent control over
the magnetic field distribution and strength. The thickness of all a-C
films was maintained at approximately 180 nm by regulating the
deposition time.
The plasma behavior under varying magnetic field rotation angles

was investigated by a single Langmuir probe system (LP-500 ALP
system, Impedans Ltd.) with a 0.35 mm radius tungsten wire.25,26 The
exposed tip length of the Langmuir probe was 8.5 mm, with the
remaining components enclosed in a ceramic tube. The probe was
positioned 1 cm from the substrate surface. Current−voltage (I−V)
characteristics were obtained by applying a swept voltage from −10 V
to +15 V in the time-integration mode. The electron density (ne) and
plasma potential (Vp) were deduced from the plasma I−V
characteristics, providing insight into the incident ion energy.

2.2. Characterization of a-C Films
The study utilized scanning electron microscopy (SEM, Verios G4
UC, US) to examine the thickness and cross-sectional morphology of
the a-C films. Furthermore, the composition and atomic bond state
were analyzed by X-ray photoelectron spectroscopy (XPS, Axis
UltraDLD, JP) with monochromatic Al Kα irradiation. The C 1s
spectra were fitted using Casa2273 software with a combination of
Gaussian (20%) and Lorentzian (80%) functions after Shirley
background subtraction, in order to calculate the content of sp2-C
and sp3-C. No pretreatment was employed before XPS tests in order
to maintain the original surface chemical state. The carbon bond
structure of the a-C films was analyzed using a Raman spectrometer
(Renishaw inVia Reflex, UK) with a 532 nm wavelength laser. The
stretching vibration absorption peak (D-peak) at ∼1360 cm−1 and the
respiratory vibration absorption peak (G-peak) at ∼1560 cm−1 are
two typical characteristic peaks of a-C films.27 The ratio of sp2/sp3,
the diameter of sp2 clusters, and disorder degrees were evaluated by
analyzing the intensity ratio of the D-peak and G-peak (ID/IG), as well
as the G-peak position and full width at half-maximum of the G-peak
(G-fwhm).
A transmission electron microscope (TEM, Technai F20, US) with

an accelerating voltage of 200 kV and a point resolution of 0.24 nm
was utilized to investigate the microstructure and morphology of the
films. TEM samples were prepared using focused ion beam (FIB,
Auriga, GER) with a Ga ion beam. The sp2-C fraction of the films was
determined through electron energy loss spectroscopy (EELS) in
TEM. This was achieved by calculating the area ratio of the π* and σ*
states of the test samples using the double window method. Highly
oriented pyrolytic graphite (HOPG) served as the reference material
for these measurements.

Figure 1. Schematic diagram of magnetron sputtering deposition with a rotatable magnetic field.
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2.3. Electrochemical Measurements

The evaluation of the corrosion resistance of a-C coated BPs was
conducted in accordance with the 2025 standard of the U.S.
Department of Energy (DOE2025).28 Electrochemical corrosion
tests were carried out by a Gamry electrochemical workstation
(reference 600+, US) in pH = 3H2SO4 and 0.1 ppm HF at 80 °C. The
three-electrode system was used, in which the sample was the working
electrode, Pt was the counter electrode, and Ag/AgCl was the
reference electrode. The standard electrode potential of the KCl-
saturated Ag/AgCl reference electrode in this study was 0.1989 V vs
standard hydrogen electrode (SHE) at 25 °C. The potentiodynamic
polarization test was scanned from −0.3 to 1.2 V vs SHE at the speed
of 0.1 mV/s. The anodic potentiostatic polarization test was carried
out at 1.0 V vs SHE for 48 h in the solution aerated with air purge,
while the cathodic potentiostatic polarization test was carried out at
−0.1 V vs SHE for 48 h in the solution aerated with H2 purge.
In situ EIS was conducted with a 10 Hz sinusoidal perturbation,

within the frequency range of 100 kHz to 10 mHz, at different time
intervals (2, 6, 12, 24, and 48 h) during anodic potentiostatic
polarization tests.29 The current density distribution during
potentiostatic polarization at 1.0 V vs SHE was obtained using a
VersaSCAN microscanning electrochemical workstation (AMETEK,
USA). Simultaneously, Scanning Vibrating Electrode Technique
(SVET) scans were performed at consistent time intervals over a 4
mm × 4 mm area with 31 × 31 measurement points. A
microelectrode (50 μm in diameter) was vibrated perpendicular to
the surface at 80 Hz with an amplitude of 30 μm. Prior to testing, the
open-circuit potential (OCP) of all samples was monitored for 2 h to
ensure electrochemical equilibrium in all subsequent measurements.
After the 48 h anodic potentiostatic polarization test, the corrosive

solution was gathered, and the concentration of released ions in the
solution was analyzed using an inductively coupled plasma emission
spectrometer (ICP−OES, Spectro Arcos II, GER).
2.4. ICR Measurements

The interfacial contact resistance (ICR) was measured before and
after anodic potentiostatic tests at a compaction force of 1.38 MPa.
The BPs were sandwiched between two carbon papers (Toray 060) to
simulate the real conditions of PEMFCs. The ICR between the coated
samples and gold-coated copper plates was determined by using a DC
low-resistance tester (JK2511B).

3. RESULTS AND DISCUSSION

3.1. Magnetic Field Distribution and Unbalance
Coefficient

Based on the magnetic field structures, magnetrons can be
categorized into balanced and unbalanced types. In magnetron
sputtering discharge, the liberation of electrons from the
control of the magnetic field is determined by the zero point of
the magnetic field in the plasma above the surface of the target.
If the zero point of the magnetic field is positioned too far from
the target, the electrons are scarcely able to escape the confines
of the magnetic field, which is referred to as a balanced
magnetic field. Conversely, if the zero point of the magnetic
field is closer to the target surface, the electrons find it easier to
escape the constraints of the magnetic field, which is referred
to as an unbalanced magnetic field. The balanced field has the
ability to confine more high-energy electrons, thereby
enhancing the plasma density, while the unbalanced magnetic
field can lead to increased ion bombardment on the substrates,
at the cost of energy consumption by the electrons.20,30 In this
study, the approach proposed by Window and Savvides was
utilized to assess the magnetic field configurations using the
unbalanced coefficient of the magnetic field (g) as follows

=g Z W/0 1/2 (1)

where Z0 represents the distance from the magnetic zero point
above the central magnet to the target surface and W1/2
denotes the half-width or radius of the sputtering target.31 In
this study, the W1/2 of the rectangular target was 50 mm.
Figure 2 portrays the distribution of magnetic field lines, and
the unbalance coefficients at rotation angles of −60°, −30°, 0°,
30°, 60°, and 90° were 1.31, 1.09, 1.43, 1.63, 1.74, and 1.92,
respectively.
With varying distributions of magnetic fields, the typical I−V

characteristic curves were observed, and the corresponding
electron density and plasma potential were acquired. Generally,
the I−V characteristics can be categorized into three regions:
(1) ion-current saturation region (Iis), (2) transition region,
and (3) electron-current saturation region (Ies).

25,26 When the

Figure 2. Schematic diagram of magnetic field line distribution intervened by a rotatable magnetic field of (a) −60°, (b) −30°, (c) 0°, (d) 30°, (e)
60°, and (f) 90°.
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probe has the same potential as the plasma, the collected
current primarily originates from mobile electrons. As the
voltage surpasses the plasma potential, the current tends to
saturate and reaches the electron-current saturation value.
When the voltage is lower than the plasma potential, the
electrons will be repelled, in accordance with the Boltzmann
equation. As the voltage decreases to the floating potential, the
probe current mainly comes from the ion current, gradually
approaching the ion-current saturation value. The ion-current
saturation value is much smaller than the electron-current
value, given that ions have a significantly greater mass than
electrons. Both the electron density and plasma potential are
essential for analyzing the plasma characteristics during the
deposition process, hence the focus on the transition region
and Iis.

25,26 As the rotation angle increased from −60° to 90°,
the probe current exhibited a volcanic change trend, with the
maximum value appearing at −30°, as depicted in Figure 3a.
Intriguingly, this trend was positively correlated with the
unbalanced coefficient of the magnetic field, indicating that the
electron density increased with the rise of the unbalanced
coefficient of the magnetic field. The electron density (ne)
could be determined utilizing the following equation in quasi-
neutral unbalanced plasma

= ·n
es

M
kT

I
1

0.6
i

e
ise

(2)

where e represents the charge of the electron, s denotes the
area of the exposed probe surface,Mi stands for the ion mass of
the gaseous ion, k is Boltzmann’s constant, and Iis indicates the
ion-current saturation value.12 The role played by the kinetic
energy of ions in determining the microstructure of a-C films
was of great significance as it could be reflected by the plasma
potential. As the rotation angle increased from −60° to 90°,
the plasma potential decreased from 11.4 V at −60° to 10.9 V
at −30° and then increased to 12.3 V at 90°. This implies that
the kinetic energy of ions and the ionization degree of plasma
increased slightly with the increase of the unbalanced
coefficient of the magnetic field, as depicted in Figure 3b.
The electron density remained stable at approximately 1.14 ×
1017 m−3 within the balanced field range (g ≤ 1.5) due to the
strong binding ability of the balanced magnetic field to
electrons, resulting in few ions reaching the substrate. With a
further increase in the unbalanced coefficient of the magnetic
field (g ≥ 1.5), the magnetic lines of flux were able to penetrate
the substrate more, leading to a significant increase in the
electron density to 1.73 × 1017 m−3 at 90°. Generally, the
electron density theoretically equals the ion density in plasma,
indicating that the highest plasma ion density might appear at
90°.
3.2. Morphology and Characterization of Deposited Films
In order to mitigate the impact of thickness on subsequent
performance evaluations, the thicknesses of a-C layers and Cr
layers in all samples were maintained at 180 ± 5 nm and 100 ±

Figure 3. (a) Plasma I−V characteristic curves and (b) corresponding plasma potential and electron density at different magnetic field rotation
angles.

Figure 4. Cross-sectional morphology of films deposited at the magnetic field rotation angle of (a) −60°, (b) −30°, (c) 0°, (d) 30°, (e) 60°, and
(f) 90°.
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3 nm, respectively, as depicted in Figure 4. Irrespective of
magnetic field rotation angles, the cross-sectional morpholo-
gies of the deposited films exhibited uniformity with no
discernible macro-defects. The underlying Cr transition layer

displayed a distinct columnar growth trend, with no evidence
of cracking or peeling at the interface.
The XPS technique was employed for the quantitative

analysis of variations in carbon bonding content within a-C

Figure 5. (a) C 1s peaks, (b) Raman spectra, (c) ID/IG ratio, G-peak position, and G-fwhm, and (d) corresponding diameter of sp2 clusters of a-C
films deposited at various magnetic field rotation angles.

Figure 6. (a) Potentiodynamic polarization curves, (b) the calculated Rp and porosity, and (c) cathodic and (d) anodic potentiostatic tests curves
of the films deposited at various magnetic field rotation angles.
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films deposited at various angles of magnetic field rotation.
These films were primarily comprised of carbon and oxygen,
with the small quantity of oxygen likely stemming from
residual oxygen in the vacuum chamber during deposition and
oxygen absorption from the atmosphere.11,32,33 The propor-
tions of sp2-C (∼284.6 eV), sp3-C (∼285.2 eV), and C−O/C
= O (∼286.6 eV) were determined through the fitting of C-1s
spectra, as illustrated in Figure 5a.32−35 Across different angles
of magnetic field rotation, the sp3-C and sp2-C contents
remained consistently around 34% and 55%, respectively.
The carbon bonding structure of a-C films deposited at

various magnetic field rotation angles was further investigated
using Raman spectroscopy. After linear background sub-
traction, all a-C films exhibited two characteristic Gaussian
peaks: the D-peak and the G-peak, as illustrated in Figure 5b.
The ID/IG ratio, G-peak position, and G-fwhm provide insights
into the sp2-C content, sp2 cluster diameter, and structural
disorder, as shown in Figure 5c.36 As the magnetic field
rotation angle increased, the ID/IG ratio increased from 1.78 at
−60° to 1.96 at 30° and then declined to 1.55 at 90°,
indicating that the largest sp2 cluster diameter occurred at 30°.
Conversely, the G-peak position remained unaffected by the
magnetic field angle, suggesting that the sp2-C content was
stable, in agreement with XPS results. The G-fwhm decreased
from 171.8 cm−1 at −60° to 164.8 cm−1 at 30° and then
increased to 180.8 cm−1 at 90°, reflecting a decrease in
structural disorder followed by an increase. Due to the
diameter of the sp2 cluster in the films being closely related to
the ID/IG, the average cluster diameter (La) in the a-C films can
be calculated as follows

= ·I I C L/ ( )D G a
2

(3)

where C(λ) is the factor related to wavelength, which is C (532
nm) = ∼0.55 nm−2 here.30,37 As the magnetic field rotation
angle increases, La increases from 1.80 nm at −60° to 1.89 nm
at 30° and then decreases to 1.68 nm at 90° due to the
dispersion or aggregation of sp2 clusters caused by the variation
of the number and energy of C ions. Compared with the XPS
result, the diameter of sp2 clusters could be effectively adjusted
without influencing the contents of sp2-C by changing the
rotation angle of the magnetic field.
3.3. Electrochemical Properties and ICR

In Figure 6a, the corrosion current density of all a-C coated
SS316L did not exceed 1 μA/cm2 within the range of −0.2−
0.8 V vs SHE, and there was no discernible active peak. As the
rotation angle of the magnetic field increased from −60° to
90°, the free corrosion potential (Ecorr) of all samples remained
around 265 ± 50 mV, while the corrosion current density
(icorr) initially increased from 6.4 × 10−2 μA/cm2 at −60° to
8.1 × 10−2 μA/cm2 at −30° and then decreased to 2.0 × 10−2

μA/cm2 at 90°. All curves exhibited evident passivation in the
anode region, which may be attributed to the anodic
dissolution of the Cr transition layer or the SS316L substrate.38

Hence, the assessment of the corrosion resistance of the
deposited films hinged significantly on their porosity. The
polarization resistance (Rp) and porosity levels can be
determined by the Tafel extrapolation method to fit the
potentiodynamic polarization curve

=
+

R
i A2.303 ( )p

a c

corr a c (4)

i
k
jjjjjj

y
{
zzzzzz= | |R

R
porosity 10 Ep(substrate)

p(film)

( / )a

(5)

where βa and βc represent the anodic and cathodic Tafel
polarization slopes, respectively, icorr denotes the corrosion
current density, and A is the exposed area of the test samples,
which is 1 cm2 in this study. Rp(substrate) and Rp(film) signify the
polarization resistances of the substrate and coated samples
respectively, while |ΔE| represents the absolute value of the
potential difference between the free corrosion potentials of
the coated samples and the substrates.39 As the magnetic field
rotation angle increased, the Rp decreased from 391.87 kΩ·cm2
at −60° to 208.32 kΩ·cm2 at −30°, subsequently rising to
997.72 kΩ·cm2 at 90°. Conversely, the porosity exhibited an
opposing trend, aligning with the icorr results. Consequently, we
suggest that the insufficient corrosion resistance of the a-C film
deposited at −30° could be attributed to its high porosity
(0.66%).
In order to assess their long-term corrosion resistance, both

cathodic and anodic potentiostatic polarization tests were
conducted over 48 h, as illustrated in Figure 6c,d. Following
the completion of the cathode and anode potentiostatic
polarization tests, all specimens maintained a consistently low
icorr level, which satisfies the standards in DOE2025. Under
cathodic potentiostatic polarization conditions, the icorr values
exhibited a noteworthy variation with the rotation angle of the
magnetic field. Specifically, the icorr increased from 3.73 × 10−3

μA/cm2 at −60° to 1.03 × 10−2 μA/cm2 at −30°, subsequently
decreasing to 1.29 × 10−3 μA/cm2 at 90°, as depicted in Figure
6c. Intriguingly, a similar trend was observed during the anodic
potentiostatic polarization test, albeit at a higher level. The
lowest icorr value of 2.61 × 10−3 μA/cm2 occurred at 90°,
implying a greater susceptibility to damage under anodic
polarization conditions in an oxygen-rich environment.
To authenticate the anodic dissolution of the Cr transition

layer or the SS316L substrate, the corrosive solution was
retrieved and examined through ICP-OES subsequent to the
48 h anodic potentiostatic test, as depicted in Table 1. The

primary metallic ions identified were Fe and Cr, which
happened to be the most abundant constituents in SS316L,
thereby signifying the corrosion and dissolution of the
substrates. As the magnetic field rotation angle increased, the
concentration of metal ions initially ascended and subsequently
dwindled, with both Fe and Cr reaching their pinnacle at −30°,
measuring 2.84 and 1.48 ppm, respectively. This outcome was
consistent with the corrosion resistance of the deposited a-C.
Furthermore, it is noteworthy that the concentration of Fe
greatly surpassed that of Cr, as the latter had the propensity to
form the passive layer.12,40

The in situ EIS tests provided an effective means to monitor
the real-time corrosion process of a-C-coated SS316L in a
simulated environment of PEMFCs.12,29,40−42 Unlike passive

Table 1. Concentrations of Fe and Cr Ions in Corrosive
Solution after 48 h Anodic Potentiostatic Polarization Test

Released Metal Ions
(ppm) Magnetic Deflection Off-Angles (°)

−60 −30 0 30 60 90

Cr 0.52 1.48 0.19 0.05 - -
Fe 2.68 2.84 2044 1.55 0.39 0.34
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metals, the corrosion resistance of a-C films primarily
manifested in their physical shielding effect. The in situ EIS
tests were conducted on samples that had been corroded for 0,
2, 6, 12, 24, and 48 h as the corrosion reaction was initially
rapid and then stabilized, as depicted in Figure 7. The
capacitive loop diameter of all tested samples notably
decreased during the initial stage of anodic polarization and
then stabilized and slightly increased after 2 h, as evidenced by
the Nyquist diagram. Likewise, the absolute impedance value
at 0.01 Hz (|Z|0.01) followed the same trend, serving as an
indicator of the anticorrosion ability of the a-C films in this
study, as illustrated in the Bode diagram. The low-frequency
phase angle of all samples decreased significantly from
approximately 75° to 60° following polarization, while the
medium- and high-frequency phase angles showed no
significant difference. This observation suggested that the
corrosive solution continued to permeate through the defects
to the substrates or chromium transition layers, gradually
reinforcing the low-frequency electrode reaction.43

The in situ EIS data were accurately described by electronic
equivalent circuits containing two time-constants, as depicted
in Figure 8a. In this circuitry, Rs denotes the solution
resistance, Rpore represents the pore resistance of a-C films,
and Rct signifies the charge-transfer resistance at the surface of
the substrates. Recognizing the adverse impact of the coated
electrode’s rough surface on the scattering effect, the
substitution of ideal capacitor elements with constant phase
elements (CPE) was deemed necessary.38 The impedance of
CPE can be characterized as follows

= [ ]Z Y j f( )n
CPE

1 (6)

where j = −10.5, ω = 2π, f is the frequency, n and Y are the
parameters of the CPE. The nearer the value of n approaches
1, the more closely CPE to an optimal capacitance. As such,
CPEpore represents the capacitance exhibited by the films, while
CPEct denotes the capacitance associated with the dual layer at
the interface connecting the electrolyte and substrate. The

Figure 7. Nyquist and Bode impedance plots of a-C films deposited at the magnetic field rotation angle of (a) −30° (representing balanced field)
and (b) 90° (representing unbalanced field).

Figure 8. (a) Electronic equivalent circuits and the fitted (b) Rpore and (c) Rct.
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outcomes of the fitting process can be found in the Supporting
Information (Table S1, Supporting Information).
By examining the relevant parameters of the aforementioned

equivalent circuit, particularly Rpore and Rct, the mechanism
behind the performance evolution of the coated samples
during the process of anodic polarization can be illuminated.
Prior to the polarization test, it was observed in Figure 8b that
the sample at 90° exhibited the highest Rpore (397 Ω·cm2),
whereas the −30° sample displayed the lowest Rpore (103 Ω·
cm2), correlating with the porosity of the a-C films. In general,
a higher Rpore indicates greater compactness of the deposited a-
C films, thereby impeding the rapid diffusion of corrosive
solutions. As the polarization test commenced, the Rpore of all
a-C films swiftly decreased to approximately 30 Ω·cm2, likely
attributed to the rapid ion diffusion through internal defects
under the influence of the applied electric field.43

The Rct value represents the extent of the electrochemical
reaction at the interface between the film and substrate. Before
the polarization test, the a-C film deposited at 90° exhibited
the highest Rct value (36.7 kΩ·cm2), whereas the film
deposited at 30° displayed the lowest Rct value (16.9 kΩ·
cm2), as illustrated in Figure 8c. It should be noted that the
carrier concentration of a-C films, being a semiconductor
material, played a crucial role in determining the thickness of
the interfacial electric double layer and subsequently affecting
the Rct value.

44 Consequently, the 30° sample with a larger
cluster diameter showed a lower Rct value, suggesting that the
increased cluster diameter resulted in higher carrier concen-
tration and conductivity. Furthermore, the subsequent
significant decrease in Rct during the polarization test can be
attributed to the continuous corrosion of the underlying
metals.29,44 Interestingly, after 2 h, all samples showed a
gradual increase in Rct. Notably, the sample with lower porosity
exhibited a smaller rise in Rct. For example, the Rct of the 90°
sample increased only from 3.39 kΩ·cm2 at 2 h to 5.56 kΩ·cm2
at 48 h, while that of the higher-porosity 30° sample nearly
tripled, from 3.00 kΩ·cm2 to 8.04 kΩ·cm2, over the same

period. This trend can be attributed to the formation of
corrosion products at the interface, which contributed to its
long-term corrosion resistance.40,45

The double-layer capacitance CPEdl indirectly reflects the
extent of the substrate corrosion reaction. Given the
conductive nature of stainless steel, CPEdl is primarily
governed by the capacitance of the passive film.46 It can be
expressed as

=
A P

d
CPEdl

0 dl s

p (7)

where γ is the surface roughness factor, ε0 is the permittivity of
free space (8.845 × 10−12 F/m), εdl is the dielectric constant of
the passive film, P is the coating porosity, As is the exposed
substrate area, and dp is the passive film thickness. After long-
term corrosion, all samples exhibited a significant decrease in
CPEdl (Table S2), suggesting that the passive film thickened
over time and eventually stabilized.
The SVET tests were conducted at time intervals of 0, 2, 6,

12, 24, and 48 h during anodic potentiostatic polarization in
order to observe the in situ electrochemical activity of the a-C
films.47 As the electrochemical activity remained consistent
from 2 to 48 h, the typical SVET test data for 0, 2, and 48 h are
presented in Figure 9. Furthermore, the potential values
obtained from SVET tests can be converted into icorr for
analysis using the following equation

=i
k
dcorr (8)

where Δϕ is the electric potential drop, k is the electrolyte
conductivity, and d is the vibration amplitude.48,49

The electrochemical activity of all the a-C films exhibited a
rapid increase upon anodic polarization while remaining stable
throughout the polarization process, thereby consistent with
the findings of the potentiostatic polarization test. However, in
contrast to conventional polarization tests, SVET effectively

Figure 9. Current density distribution mappings of a-C films deposited at the magnetic field rotation angle of (a) −30° (representing balanced
field) and (b) 90° (representing unbalanced field) for 0, 2, and 48 h.
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discerned the disparities in local electrochemical activity.
Notably, after 48 h of anodic polarization test, the average icorr
of the −30° sample amounted to approximately 8.33 × 10−2

μA/cm2, yet the localized icorr soared as high as ∼0.53 μA/cm2,
as illustrated in Figure 9b. These sites exhibiting localized high
icorr will become critical locations for corrosion initiation. In
contrast, the average icorr results obtained through conventional
electrochemical corrosion testing may mislead researchers into
believing that the film retains superior corrosion resistance
until the occurrence of its catastrophic failure. Furthermore,
the samples possessing a larger sp2 cluster diameter (−60°,
−30°, 0°, and 30°) exhibited significantly elevated levels of
localized icorr compared to the other samples (60° and 90°).

Evidently, this observation indicated that the enhanced
conductivity resulting from larger sp2 clusters would exacerbate
galvanic corrosion during polarization, eventually leading to
the deterioration of their long-term performance.
The ICR is a crucial standard for assessing the properties

and longevity of BPs. Consequently, the ICR was measured
before and after anodic corrosion, as illustrated in Figure 10a.
Before polarization tests, the initial ICR of the coating showed
a significant correlation with sp2 cluster diameter (Figure 10c).
In contrast, the diameter of sp2 clusters did not exhibit a
significant effect on corrosion current density, which appears to
be more closely associated with coating porosity (Figure 4b).
Specifically, larger sp2 cluster diameters corresponded to lower

Figure 10. (a) ICR values of films deposited at various magnetic field rotation angles, before and after the corrosion durability test, (b) diameter
and content of sp2 clusters in a-C films deposited at different magnetic field rotation angles, and (c) initial ICR and current density show a linear
relationship with the diameter of sp2 clusters.

Figure 11. Cross-sectional TEM image and corresponding SAED and EELS spectra obtained from different points labeled a−c (a,b) before and
(c,d) after the potentiostatic test.
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initial ICR values, with the minimum value of 2.4 mΩ·cm2
observed in the sample deposited at 30°. After polarization
tests, although all ICR values increased significantly, they still
complied with the DOE2025 standard. The ICR of the −30°
sample peaked at 9.0 mΩ·cm2, attributable to its highest
porosity and the resultant abundant corrosion products at the
interface postcorrosion.12 Conversely, the 90° sample demon-
strated the smallest ICR increase, from 6.8 mΩ·cm2 to 7.4 mΩ·
cm2, due to its superior compactness and high resistance to
galvanic corrosion. The a-C film prepared at 30° exhibited the
lowest ICR of 3.5 mΩ·cm2 after 48 h of corrosion owing to its
initially lowest ICR and good corrosion resistance.
3.4. Microstructural Characterization after the
Potentiostatic Tests

To examine the microstructure of a-C films, the −30° sample
with the most severe damage was chosen. In Figure 11, the a-C
films exhibited a consistent and dense amorphous structure
before and after corrosion, with selected area electron
diffraction (SAED) only showing a diffuse halo. Using EELS,
the internal composition of the a-C films before and after
corrosion can be analyzed, as illustrated in Figure 11b,d. The
proportion of sp2-C (x) was determined using the double
window method, as follows

* *
* * =S S

S S
x

x
( / )

( / )
3

4
film

standard (9)

where Sπ* and Sσ* represent the π* and σ* peak integral
areas, as delineated by the gray regions in Figure 11b,d,
respectively.40,47,50,51 EELS fitting results indicated that the
carbon bond structure of a-C, detected at locations a, b, and c,
remained stable before and after the corrosion test.
3.5. Discussion

The magnetic field was a crucial factor influencing plasma
energy and distribution during film deposition, and the
composition and structure of a-C films can be precisely
tailored by a rotatable magnetic field under varying unbalanced
coefficients.20,30 In this study, under a balanced magnetic field
(g ≤ 1.5), the electron density remained stable throughout the
deposition process with increasing magnetic field rotation
angle. However, as the unbalance coefficient increased further
(g ≥ 1.5), the electron density rose sharply, indicating a higher
ionization rate.12 This implies that more ions reached the
substrate surface during unbalanced magnetron sputtering,

which in turn hindered the continuous growth of sp2 clusters,
as illustrated in Figure 10b.52 Consequently, as the rotation
angle of the magnetic field ranged from −60° to 90°, the sp2-C
and sp3-C contents of all a-C films remained stable.
Nevertheless, the sp2 cluster diameter initially increased to
1.89 nm at 30° before decreasing, resulting in the minimum
initial ICR of 2.4 mΩ·cm2.
During the protracted service of metallic BPs, the damage

inflicted by corrosion proved particularly severe, closely tied to
the compactness of the a-C film, as confirmed by XPS and
EELS analyses of a-C films before and after potentiostatic
polarization testing in simulated PEMFC environments.12,29,40

An increase in the unbalanced coefficient of the magnetic field
facilitated a rise in ion energy, resulting in a denser structure of
the a-C films.15 During the corrosion test, the −30° sample
exhibited the poorest corrosion resistance due to its highest
porosity, and its ICR also increased significantly, attributed to
exacerbated local galvanic corrosion and the accumulation of
corrosion products, as corroborated by in situ EIS tests and
metal ion concentrations.40,53,54 Specifically, employing an in
situ EIS technique, it was confirmed that at the initial stage of
corrosion under applied potential, the overall impedance of a-
C-coated BPs decreased rapidly but soon entered a plateau
stage. At this stage, both Rpore and Rct tended to stabilize and
even increased, indicating that a metal passivation film was
formed at the interface, which gradually reached a dynamic
equilibrium and thus inhibited further corrosion. However, the
high porosity of the −30° sample hindered the stable
formation of such a passivation film, leading to persistent
corrosion and a marked increase in ICR. Consequently,
samples with poorer corrosion resistance exhibited a more
pronounced increase in ICR following long-term polarization
testing.
In situ SVET measurements further confirmed that

corrosion occurs in the form of local initiation (i.e., localized
pitting). Compared with the average icorr, the local peak icorr is a
better indicator of the coating’s corrosion resistance.
Importantly, the conductivity near defects exacerbates galvanic
corrosion, which explains why films exhibiting high electrical
conductivity experience more severe localized galvanic
corrosion under these conditions. Therefore, reducing defects
while regulating the sp2-C clusters to shorten the carrier
hopping distance and form conductive pathways, compared to
simply changing the sp2/sp3 content, is more conducive to
achieving the synergistic improvement of conductivity and

Figure 12. (a) Schematic diagram of the carrier transport and corrosion failure mechanism of a-C films and (b) performance diagram of
representative films and a-C films in this work.
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corrosion resistance. This underscores the critical importance
of independently controlling the microstructural architecture
of a-C films, specifically the diameter of sp2-C clusters.
In summary, the unbalanced magnetic field coefficient has

the capability to alter the composition and characteristics of
the a-C films by controlling the energy and distribution of
plasma. While a balanced magnetic field facilitated the
deposition of highly conductive a-C films with increased
defect density, an unbalanced magnetic field proved to be
effective in producing a-C films with superior corrosion
resistance and lower initial ICR, as shown in Figure 12b.
Notably, the a-C film deposited under a low unbalanced
magnetic field (g = 1.63) achieved the lowest initial ICR along
with excellent corrosion resistance, demonstrating the most
promising potential for practical applications.

4. CONCLUSION
In this study, a range of magnetically rotated angles were
employed to prepare a series of a-C-coated metallic BPs.
Through the utilization of plasma diagnostics and in situ
electrochemical characterization techniques, the interplay
between the plasma state under diverse magnetic fields, the
microstructure, and the real-time corrosion process of a-C in
the PEMFCs environment was investigated. The obtained
results unveiled the following findings:
(1) Adjusting the unbalanced coefficient altered the
diameter of sp2 clusters without changing sp2 content;
the a-C film deposited under a low unbalanced magnetic
field (30°) exhibited the largest sp2 cluster diameter
(1.89 nm) and lowest interfacial contact resistance
(ICR) before and after corrosion. This arises from
increased influx of high-energy ions during magnetron
sputtering, yielding denser films with enhanced
corrosion resistance.

(2) In situ EIS revealed that initial corrosion under applied
potential caused rapid decreases in overall impedance of
a-C-coated BPs, followed by a plateau where Rpore and
Rct stabilized or increased. This indicates the formation
of a metal passivation film at the interface, which reaches
dynamic equilibrium to inhibit further corrosion.

(3) In situ SVET confirmed localized corrosion initiation,
with local peak icorr being a better indicator of coating
corrosion resistance than average icorr. Importantly,
conductivity near defects exacerbates galvanic corrosion
of the metal substrate. Thus, concurrently reducing
defect density while regulating the sp2-C clusters in a-C
synergistically improves the conductivity and corrosion
resistance.
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