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The bipolar plate (BP) serves as one of the crucial components in proton
exchange membrane fuel cells (PEMFCs). Among BP materials, metallic BPs
are widely employed due to their outstanding comprehensive properties.
However, the interfacial contact resistance (ICR) between BP and gas diffusion
layer together with corrosion of metallic BP under acidic operating conditions
degrades the performance and stability of PEMFCs. Herein, an approach is
proposed for the surface reinforcement of titanium (Ti) alloy BPs, relying on

a directly grown vertical graphene (VG) coating via the plasma-enhanced
chemical vapor deposition method. Compared with bare Ti alloy, the corrosion
rate of VG-coated Ti alloy reduces by 1-2 orders of magnitude in the simulated
PEMFC operating environments and ICR decreases by =100 times, while its
thermal conductivity improves by =20% and water contact angle increases by
68.1°. The results can be interpreted that the unique structure of VG ena-

bles excellent electrical and thermal conduction in PEMFCs, and the highly
hydrophobic VG coating suppresses the penetration of corrosive liquid as well
as contributing to water management. This study opens a new opportunity to
reinforce metallic surfaces by the robust and versatile VG coating for high-
performance electrodes used in energy and catalyst applications.

membrane electrode assembly, collecting
current, transporting gas reactants, and
enabling thermal and water manage-
ment.?l In terms of these functions, a
good BP material is required to possess
the characteristics of reliable mechanical
strength, high electrical and thermal con-
ductivities, low gas permeability, good
hydrophobicity, etc. Traditional graphite
BPs are hindered from the mass produc-
tion and long-term use by their brittle-
ness and large gas permeability.3¥ In
contrast, metallic BPs, such as stainless
steel, aluminum, titanium (Ti), and their
alloys, can satisfy the requirements nicely,
making them the attractive BP material
candidates for PEMFCs.’) Among these
metals, Ti and its alloys have received
widespread attention in recent vyears
owing to their high specific strength and
anticorrosion performance.’l However,
there remain two major challenges for the

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have
emerged as the considerably promising energy conversion
devices due to their high efficiency, zero pollution, and quick
refueling.!. As one of the crucial components in PEMFCs,
the bipolar plate (BP) plays a significant role in supporting

practical application of Ti and its alloys:

i) their surfaces are naturally covered with
a nonconductive passivation layer, which hampers the power
density of PEMFCs due to the interface contact resistance
(ICR) between BP and gas diffusion layer (GDL); ii) although
the passive oxide layer benefits the anticorrosion performance
of Ti and its alloys, corrosion will inevitably occur in the acidic
operating environment of PEMFCs, leading to the degradation
of PEMFCs’ performance.[®”]
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To overcome these two challenges, conductive and protec-
tive coatings have been generally adopted. As for Ti and its
alloys, the coatings can be divided into three main categories,
including pure metal, metallic nitrides or carbides, and carbon-
based materials. For instance, noble metallic coatings, such
as Pt Ag,”l and Au,l1% were reported to effectively reduce
the ICR and improve the corrosion resistance of Ti-based BPs.
However, their commercialization is impeded by the high
cost of noble metals. As an alternative, coatings of transition
metallic nitrides or carbides (TiN,>™ Ta,N,[ TiC,l®l ZrC 7]
etc.) were extensively investigated thanks to their high electrical
conductivity and chemical stability. Besides, carbon-based coat-
ings often have a lower cost and a better performance, therefore
displaying a great prospect of commercial application.'®! For
example, Toyota in 2014 launched its first commercial fuel cell
electric vehicle, Mirai, which utilized amorphous carbon-coated
Ti for the cathode flow field.

Particularly, the rise of graphene, a monolayer of hexagonal
carbon atoms, provides a new opportunity for enhancing the
interfacial electrical conduction and corrosion resistance of
metallic BPs.’2!l On the one hand, the highest mobility of
charge carriers and recorded thermal conductivity make gra-
phene film an attractive interface material, so as to enhance
electrical and thermal conductivities in PEMFCs.?224 On the
other hand, graphene film has been successfully demonstrated
to protect various metals from corrosion and oxidation due to its
impermeability to molecules.>?% Along with its chemical sta-
bility and excellent mechanical strength, graphene film shows
significant potentials as a conductive and protective coating
for Ti-based BPs. Compared with common horizontal gra-
phene, vertical graphene (VG) is characterized by a unique 3D
structure, resulting in its excellent electrical and thermal con-
ductivities in both the horizontal and vertical directions.?%-32
Moreover, the improved surface roughness endows VG with
high hydrophobicity,?¥! so as to provide an effective barrier to
preventing the penetration of corrosive liquid. However, to the
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best of our knowledge, the investigation of VG film functioning
as the conductive and protective coatings for metallic BPs in
PEMFC operating environment has not been disclosed.

Herein, we report the direct growth of VG film on Ti alloy
(TC4) by the plasma-enhanced chemical vapor deposition
(PECVD) route. With the multifunctional VG coating, three
benefits are reaped (Figure 1): i) as-grown VG exhibits strong
interaction with Ti alloy substrate through a compact transition
layer of Ti carbides; ii) the vertically oriented structure of VG
enables superior electrical and thermal conduction between BP
and GDL; iii) the highly hydrophobic VG coating effectively sup-
presses the penetration of corrosive liquid onto the substrate, as
well as contributing to the water management in PEMFCs. As
a consequence, VG-Ti alloy BP shows significantly enhanced
interfacial electrical and thermal conductivities, corrosion
resistance, and hydrophobicity compared with bare Ti alloy
BP, which will be beneficial to the performance and stability of
PEMEFCs. Our findings contribute to the surface reinforcement
of metals by the robust and versatile VG coating for the critical
industrial applications.

2. Results and Discussion

PECVD has emerged as an important method of synthesizing
graphene at a relatively low temperature.?*3¢ A radio frequency
(RF)-PECVD system was used in this work, which coupled
energy from the RF fields to the plasma via an inductive coil
(Figure S1, Supporting Information). The plasma was ignited by
using CH, as the carbon source at an RF power of 300 W. After
the growth with 20 sccm CH, for 2 h at 600 °C, the surface of
VG-Ti alloy turned tawny in contrast to the silver-gray surface
of bare Ti alloy (Figure 2a). Interestingly, as-grown graphene is
characterized by vertically oriented morphology, named VG. As
revealed by scanning electron microscopy (SEM) and atomic
force microscopy (AFM) images in Figure 2b,c, the vertical

H.O

~ Ti-Complexes

Figure 1. Schematic of VG-Ti alloy with enhanced electrical and thermal conductivities, corrosion resistance, and hydrophobicity.
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Figure 2. Direct growth of VG on Ti alloy by PECVD route. a) Photograph of bare Ti alloy and VG-Ti alloy. Growth conditions: 20 sccm CH, for 2 h at
600 °C. b) SEM image of VG. Inset: side-view SEM image of VG; scale bar: 200 nm. c) AFM image of VG. d) XRD patterns of bare Ti alloy and VG-Ti
alloy. e) Typical Raman spectrum of VG. f) XPS signal of C 1s of VG. Ti refers to Ti alloy and VG-Ti refers to VG-Ti alloy in all figures of this paper.

heights and lateral sizes of VG are =100-230 and 200-300 nm,
respectively. For the VG layer, an average thickness of =200 nm
is observed from the inset of Figure 2b. As for the growth pro-
cesses of VG, various active carbon species (CH,, C,H,, atomic
C and H, etc.) dissociated by CH, precursor were absorbed
quickly onto the Ti alloy surface at the initial stage, leading to
the formation of a horizontal carbon film (Figure S2a, Sup-
porting Information).l”:38 Subsequently, the carbon film began
curling upward caused by the factors of temperature gradient,
intense ion bombardment, and lattice mismatch, giving rise to
graphene nanowalls (Figure S2b, Supporting Information).[3%4%
With the increasing growth time, graphene nanowalls extended
into VG that fully covered the Ti alloy surface.

X-ray diffraction (XRD), Raman spectroscopy, and X-ray
photoelectron spectroscopy (XPS) characterizations were car-
ried out on VG, as presented in Figure 2d—f. After the plasma-
enhanced process, the typical peak of pristine graphite can be
identified at 26 = 26.6° (d spacing = 0.335 nm) in the XRD pat-
tern (Figure 2d), corresponding to the stacking of graphene
layers. Likewise, the Raman spectrum in Figure 2e displays
the characteristic peaks of graphene at 1341 cm™ (D band),
1575 cm™ (G band), and 2681 cm™ (2D band). The chemical
composition of VG characterized by XPS measurement shows
a strong sp? carbon peak (=284.4 eV) (Figure 2f), indicating its
high crystallinity at a relatively low growth temperature. Notice-
ably, a peak of =281.9 eV appears for VG-Ti alloy, related to the
formation of Ti—C bonds, which will be discussed later.*!

The controlled growth of VG with desirable characteristics is
significant for its applications in gas sensors, supercapacitors,
lithium-ion batteries, electrochemical transducers, etc.#2#I
The influences of growth temperature and methane flow rate
were investigated by SEM and Raman characterizations. With
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the temperature rising from 500 to 600 °C, the lateral sizes and
vertical heights of VG increased obviously (Figure S3a,b, Sup-
porting Information). It is believed that a higher growth tem-
perature can promote the dissociation of CH,, thus favoring
VG growth rate. However, further increase of tempera-
ture to 700 °C led to smaller and more interlaced graphene
nanosheets (Figure S3c, Supporting Information), which could
be attributed to the massive increase of nucleation sites. Raman
spectra reveal that the best crystal quality can be obtained
at 600 °C with the lowest Ip/Ig and the highest I,p/I; inten-
sity ratios (Figure S3d, Supporting Information). In addition,
denser nanosheets are observed with the increase of CH, flow
rates from 5 to 20 sccm because more active carbon species
are introduced into the PECVD system (Figure S4, Supporting
Information).

To clarify the interfacial structure, cross-sectional transmis-
sion electron microscopy (TEM) characterization was conducted
on Ti alloy before and after the VG growth. Figure 3a—c reveals
the formation of VG after the plasma-enhanced process, which
is composed of a horizontal carbon film and vertical graphene
nanowalls. Noticeably, a bright passive oxide layer with the
thickness of =3 nm (outlined by black dashed lines in Figure 3a)
existed on bare Ti alloy but disappeared after the growth of VG
(Figure 3b,c), stemming from the reducing atmosphere in the
PECVD system. This finding suggested that the VG coating can
isolate air from the Ti alloy surface and therefore prevent its
natural oxidation, which will benefit the electrical and thermal
conduction between Ti alloy BP and GDL in PEMFCs.

More importantly, a compact and continuous transition layer
with a thickness of =8 nm appeared between the VG coating
and Ti alloy substrate of VG-Ti alloy sample (outlined by white
dashed lines in Figure 3b,c). The chemical composition of the
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Figure 3. Characterization of the interface between the VG coating and Ti alloy substrate. a) Cross-sectional TEM image of bare Ti alloy. The black
dashed line highlights the location of the passive oxide layer. b,c) Cross-sectional TEM images of VG-Ti alloy. Chromium (Cr) layers in panels (a)
and (b) were thermally deposited to protect samples from possible damage during sample preparation. d—g) EDS elemental mappings of d) C, e)
Ti, f) O, g) Cr, and h) corresponding HAADF image of VG-Ti alloy. The white dashed lines in panels (b—h) show the locations of the transition layer.

i) ToF-SIMS analysis of VG-Ti alloy.

transition layer was investigated by energy-dispersive X-ray
spectroscopy (EDS) elemental mappings (Figure 3d—g) corre-
sponding to the high-angle annular dark-field (HAADF) image
(Figure 3h). There displays an overlap between the Ti and C
mappings (outlined by white dashed lines in Figure 3d,e), illus-
trating that the transition layer contains the elements of Ti and
C. Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
was further employed to verify the surface chemical composi-
tion. The depth profiles of C, Ti", and TiC™ ions are presented
in Figure 3i. It can be seen that the intensity of C ion decreases
along the depth and finally stabilizes, while the intensity of Ti~
ion increases to a constant level. Interestingly, the decrease of
C™ intensity and increase of Ti~ intensity both go through a
gradually transforming stage instead of sharp variation within
the depth of about 45-54 nm, where the intensity of TiC™ ion
reaches the maximum value. Similarly, XPS depth profile anal-
ysis of VG-Ti alloy shows the C concentration slowly decreases
and Ti concentration gradually increases with the sputtering
time of =500-2000 s (Figure S5, Supporting Information), sug-
gesting that there is no sharp interface between the VG layer
and Ti alloy. Hence, the formation of the TiC transition layer
can be confirmed, which is expected to provide the VG coating
with stronger adhesion with the Ti alloy substrate.[*]

Adv. Mater. 2022, 34, 2110565

2110565 (4 of 8)

The ICR between the BP and GDL will greatly influence the
power density of PEMFC due to undesired Ohmic loss.l*! We
anticipate that the introduction of the VG coating onto Ti alloy
will enhance the electrical conductivity between the BP and
GDL (Figure 4a). As displayed in Figure 4b, the ICR measure-
ment was performed on bare Ti alloy and VG-Ti alloy at the
compaction pressure of 10-170 N cm~2. For both the samples,
the ICR values decrease strikingly at low compaction pressures
but slowly at high pressures, which reveals that the surface
composition replacing effective contact area becomes the deci-
sive factor to interfacial conduction with the increase of pres-
sure. Obviously, the ICRs of VG-Ti alloy (<10 mQ cm?) are
rather lower than those of Ti alloy within the entire pressure
range, meeting the DOE 2025 technical target (Table S1, Sup-
porting Information).*) Significantly, the ICR of VG-Ti alloy
reaches 1.48 mQ cm? at the pressure of 140 N cm™ (typical
compaction pressure for commercial PEMFCs), just =1% that
of bare Ti alloy (150 mQ cm?). The lower ICR of VG-Ti alloy
results from the excellent out-of-plane electrical conductivity of
VG endowed by its vertically oriented structure, as well as the
absence of the passivation layer on Ti alloy surface.

Efficient thermal management is indispensable for allowing
rapid heat dissipation in PEMFC and, therefore, avoiding its

© 2022 Wiley-VCH GmbH
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Figure 4. a) Schematic of the enhancement of interfacial electrical conduction for Ti-VG alloy. b) ICR as a function of compaction pressure for bare
Ti alloy and VG-Ti alloy. ¢) Thermal conductivity as a function of temperature for bare Ti alloy and VG-Ti alloy. d,e) Water CAs of d) Ti alloy and
e) VG-Ti alloy. f) Potentiodynamic polarization curves and g) Bode plots of bare Ti alloy and VG-Ti alloy in 0.5 m H,SO, and 5 ppm HF solution at

room temperature.

local overheating. As measured by the laser flash method," the
thermal conductivities of VG-Ti alloy are always higher than
those of bare Ti alloy within the measuring temperature range
of 300400 K (Figure 4c). At the typical temperature of 350 K
in PEMFCs, the thermal conductivity of VG-Ti alloy increases
from 8.19 to 9.62 W m™ K7, an improvement of =20% com-
pared with that of bare Ti alloy. The results show the enhanced
thermal transport property of VG-Ti alloy, brought by the high
thermal conduction of the VG coating.

Besides thermal management, good water management is
also required for PEMFCs to transport the reaction product
water.’!l Therefore, the hydrophobicity of BP materials plays
important roles in preventing the accumulation of water and
distributing gaseous along flooding channels. The wettability
of bare Ti alloy and VG-Ti alloy was assessed by using contact
angle (CA) measurements. As displayed in Figure 4d,e, the
water CA of VG-Ti alloy is =142.2°, which is greatly larger than
that of Ti alloy (=74.1°). The excellent hydrophobicity of VG-Ti
alloy benefits from the vertically oriented rough surface of VG,
which will contribute to the water management in the PEMFC
system.

The hydrophobic VG coating is also expected to enhance
the corrosion resistance of the underlying Ti alloy substrate,
because the penetration of corrosive liquid can be restrained by
the air layer existing between the VG surface and solution. The
potentiodynamic polarization technique was employed on bare
Ti alloy and VG-Ti alloy to qualitatively evaluate their corrosion
resistance. The electrochemical reaction under kinetic control
follows the Butler—Volmer formula, according to which the cor-
rosion current density (J.,) can be obtained by extrapolating
the linear portion of the anodic and cathodic Tafel curves to
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the corrosion potential (E,;). A lower J.,, and a more positive
E o suggest better corrosion resistance of samples. Figure 4f
shows the Tafel curves collected from bare Ti alloy and VG-Ti
alloy in 0.5 m H,SO, and 5 ppm HF solution at room tem-
perature. Compared with Ti alloy, the Tafel curve of VG-Ti
alloy presents a lower [ o, (=0.0434 vs 0.523 HA cm™) and a
higher E,, (=261 vs 50.3 mV). Furthermore, the corrosion rate

(CR, um yr™) can be calculated with the J ., valuel®
KXxE
CR= w (1)

where the corrosion rate constant K = 3272 mm A~ cm™ yr),
the equivalent weight EW = 11.768 g for TC4 alloy, and the
material density p = 4.45 g cm™ for TC4 alloy. The calculated
corrosion rate of VG-Ti alloy reduces by =12 times compared
with that of bare Ti alloy (=4.52 vs 0.376 um yrY), indicating
the greatly enhanced corrosion resistance of Ti alloy coated by
VG. Electrochemical impedance spectroscopy (EIS) measure-
ment was further carried out to determine the impedance, as
presented by Bode plots in Figure 4g. In general, the coating
with the impedance higher at the lowest frequency and the
minimum phase angles closer to —90° is considered to offer
better anticorrosion performance.’3l From Bode impedance
plots, the impedance at the lowest frequency of VG-Ti alloy
(=1050 kQ cm?) is about five times greater than that of bare
Ti alloy (=200 kQ c¢m?). Meanwhile, Bode phase plots exhibit
a slightly negative shift of the minimum phase angle after
the introduction of the VG coating. And no obvious changes
occurred on the surface of VG-Ti alloy in contrast to bare Ti
alloy after EIS tests (Figure S6, Supporting Information). In
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Figure 5. Anticorrosion performance of VG-Ti alloy under the simulated PEMFC operating environment. a,b) Potentiodynamic polarization curves for
bare Ti alloy and VG-Ti alloy in 0.5 m H,SO4 and 5 ppm HF solution at 80 °C bubbled with H, or air to simulate the a) anodic or b) cathodic environ-
ment, respectively. c) Comparison of corrosion current density (y-axis) and ICR (x-axis) of various reported Ti-based BP materials. d,e) Potentiostatic
polarization curves for Ti alloy and VG-Ti alloy in the simulated d) anodic and e) cathodic environments. f-i) SEM images of bare Ti alloy and VG-Ti
alloy after the potentiostatic polarization measurement corresponding to the samples in panels (d) and (e). Scale bars: 2 um.

brief, the electrochemical tests reveal VG as an effective and
robust corrosion barrier for Ti alloy. This can be mainly inter-
preted that the hydrophobicity of VG together with its intrinsic
impermeability suppresses the diffusion of corrosive liquid
onto the Ti alloy surface. Additionally, the compact and contin-
uous TiC transition layer forming between the VG coating and
Ti alloy substrate may function as an extra diffusion barrier, as
similarly reported for improving the corrosion resistance of Ti
alloy (TA1) by the TiC-modified layer.['®!

To investigate the actual performance of VG-Ti alloy as a BP
material, potentiodynamic and potentiostatic polarization were
performed under the simulated PEMFC operating environ-
ment (0.5 M H,SO, solution and 5 ppm HF solution at 80 °C
bubbled with H, or air to simulate anodic or cathodic environ-
ment, respectively). As presented in potentiodynamic polari-
zation curves (Figure 5a,b), VG-Ti alloy presents markedly
lower corrosion current densities than those of bare Ti alloy
(=3.06 vs 32.9 HA cm™? in the simulated anodic environment
and =0.200 vs 26.2 HA cm™ in the simulated cathodic environ-
ment). Moreover, the E,, values of VG-Ti alloy show a positive
shift compared with those of bare Ti alloy in both anodic and
cathodic environments, suggesting a better thermodynamic
stability of VG-Ti alloy. Significantly, the calculated corrosion
rate of VG-Ti alloy is =1.73 um yr! in the simulated cathodic
environment, which is approximately two orders of magni-
tude less than that of bare Ti alloy (=227 um yr). It is evident
that the VG coating can enhance the corrosion resistance of Ti
alloy under the PEMFC operating environment, confirming
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the impressive potential of VG-Ti alloy to serve as an anticor-
rosive BP material in PEMFCs. The corrosion current density
and ICR of VG-Ti alloy and previous Ti-based BP materials are
summarized in Figure 5c.[®1277195458] Compared with previ-
ously reported values, VG-Ti alloy exhibits the best interfacial
electrical conductivity and satisfactory corrosion resistance.
Figure 5d indicates the potentiostatic polarization curves
of bare Ti alloy and VG-Ti alloy at the anode potential of
—0.1 Vscg, from which the current density stabilizes at
~90 HA cm~? for bare Ti alloy and =~30 pA cm™ for VG-Ti
alloy. The negative current density of VG-Ti alloy suggests that
the VG coating can effectively protect Ti alloy from being cor-
roded in the simulated anodic environment. Likewise, the cur-
rent density of VG-Ti alloy is about one-seventh that of bare
Ti alloy (=10 vs 70 HA cm™?) in the simulated cathodic environ-
ment with a potential of 0.6 V¢, revealing a lower corrosion
rate for VG-Ti alloy during the potentiostatic test (Figure 5Se).
Therefore, the VG coating exhibits long-term protection for
Ti alloy, which will contribute to the stability of PEMFCs. The
surface morphologies of Ti alloy and VG-Ti alloy after the
potentiostatic polarization measurement are presented in SEM
images (Figure 5f-i). As for bare Ti alloy samples, apparent
cracks occurred after the exposure to an acidic testing environ-
ment at 80 °C for 8 h. In contrast, negligible corrosion trace
could be observed on the surface of Ti alloy coated by VG, con-
firming the long-term corrosion protection of the VG coating.
Notably, the VG coating remained intact after the polarization
test in the simulated anodic environment (Figure 5h), therefore
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still keeping a fairly low ICR for VG-Ti alloy (2.42 mQ cm? at
the pressure of 140 N cm™) (Figure S7, Supporting Informa-
tion). Although the VG coating partially broke in the simu-
lated cathodic environment (Figure 5i), the slightly increased
ICR of 9.74 mQ cm? can meet the DOE 2025 technical target
(Figure S7, Supporting Information). These results suggest that
the robust VG coating can play a durable role in enhancing
corrosion resistance and electrical conductivity for Ti alloy BP
materials in PEMFCs.

3. Conclusion

In summary, we demonstrated a robust and facile approach
for the surface reinforcement of Ti alloy BP with the directly
grown VG coating. The vertically oriented structure of VG ena-
bled the excellent electrical and thermal conductivities between
Ti alloy BP and GDL. Moreover, the VG coating exhibited high
hydrophobicity and strong interaction with Ti alloy substrate,
therefore, enhancing the corrosion resistance of Ti alloy in
the simulated PEMFC environment. The VG-Ti alloy BP as
designed can serve as a conductive and protective coating to
improve the performance and stability of PEMFCs. This study
provides an orientation-engineered strategy for graphene
growth to reinforce metal surfaces, which may help to expand
the applications of metals in high-performance electrodes, elec-
tronic devices, and industrial parts.

4. Experimental Section

PECVD Growth of VG: Commercially available Ti alloy (TC4) foil with
a thickness of =100 um was first ultrasonically cleaned in acetone and
ethanol, successively. After being dried in blowing nitrogen gas, Ti alloy
foil was placed at the hot center of the furnace. In a typical procedure,
the RF-PECVD system (13.56 MHz) was evacuated to the base
pressure (<1 Pa) using a mechanical vacuum pump and then heated to
500-700 °C under a H, flow of 20 sccm. Subsequently, 5-20 sccm CH,
replacing H, was introduced into the system, and the plasma generator
was turned on with a power of 300 W to generate CH, plasma. The
growth of VG lasted for 0.5-2 h, followed by the natural cooling process
to room temperature with 100 sccm Ar.

ICR Measurements: The ICRs of bare Ti alloy and VG-Ti alloy were
measured before and after corrosion in the simulated PEMFC operating
environment. The samples were sandwiched between two GDLs and
then placed between two Cu electrodes plated with Au. The details of
ICR measurements could be found in the literatures.>>6%

Electrochemical Tests: Electrochemical tests were carried out using
a three-electrode method on a CHI760C electrochemical workstation.
The three-electrode system included the investigated sample with an
exposure area of 0.785 cm? as the working electrode, platinum tablet
as the counter electrode, and saturated calomel electrode (SCE) as the
reference electrode. Potentiodynamic polarization and EIS tests were first
performed in 0.5 M H,SO, and 5 ppm HF solution at room temperature.
Open-circuit potential (OCP) was monitored for 1 h to confirm its
stability. Potentiodynamic polarization was conducted at a scan rate of
1.0 mV s7. EIS data were recorded at the frequency range from 10° to
0.01 Hz by using a sinusoidal perturbation of 10 mV amplitude around
the OCP. Potentiodynamic and potentiostatic polarization were further
measured in 0.5 m H,SO, solution and 5 ppm HF solution at 80 °C
bubbled with H, or air to simulate the anodic or cathodic environment,
respectively. Potentiostatic polarization for 8 h was applied at the anodic
(—0.1 Viscg) and cathodic (0.6 Vscg) operating potentials.
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Characterization: The prepared samples were characterized using
SEM (Thermo Scientific Quattro S, acceleration voltage 10 kV), AFM
(Bruker Dimension Icon with ScanAsyst mode), XRD (Bruker D8
ADVANCE), Raman spectroscopy (Horiba, LabRAM HR800, 532 nm
laser wavelength), XPS (Kratos Analytical Axis-Ultra spectrometer with
Al Ka X-ray source), ToF-SIMS (ION-ToF ToF.SIMS 5-100), CA system
(DataPhysics OCA20), and TEM (FEI Titan, acceleration voltage 200 kV).
The cross-sectional TEM samples were fabricated using a focused
ion beam system (FET Strata DB 235). The thermal conductivity was
determined using a laser flash analyzer (NETZSCH LFA 467 HyperFlash).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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