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Enhancing the durability of Au-coated Ti porous
transport layers (PTLs) with a thin Pt top layer
for PEM water electrolyzer applications

Sukhvant Singh, Aditya Singh, Muhammad Azhar Iqbal and
Samaneh Shahgaldi *

The porous transport layer (PTL) is an integral component of the proton exchange membrane water

electrolyzer (PEMWE), ensuring the supply of water, electrical conduction, and the removal of produced

oxygen. The applied positive potential and acidic nature of the proton exchange membrane (PEM) in the

PEMWE lead to an acidic environment, which promotes the formation of passivated TiOx on the surface

of the Ti PTL. The limited conductivity of TiOx results in an increase in contact resistance and cell

voltage. The precious metal coatings prevent TiOx formation, ensure low interfacial contact resistance

(ICR), and provide long-term stability. In this work, a durable bilayer coated Ti PTL was prepared by

applying a thin Pt sputtered coating onto Au-electroplated PTL. The bilayer coating of Au/Pt reduced

the loading of precious metals to a low level (overall 0.14 mg cm�2) while exhibiting outstanding

corrosion resistance and cell performance. The coated Pt layer with 0.06 mg cm�2 loading on Au

coated Ti PTL exhibited a stability number 50 times higher than that of Ti PTL coated with Au alone. The

balanced residual shear stress at the Au/Pt interface assisted to improve the charge transfer resistance

against acid based corrosive environment. Employing the TiH/Au/Pt-0.06 coating on the Ti-PTL, a

PEMWE cell performance of 1.716 V at 2.0 A cm�2 was achieved at 80 1C under ambient pressure.

1. Introduction

Due to ongoing initiatives to cut carbon emissions, hydrogen is
set to play an increasingly vital role in energy networks, with
worldwide demand expected to surge significantly.1 Hydrogen
produced through electrolysis is considered a viable potential
option due to its high energy content and reputation as a
sustainable fuel.2–6 The electrical form of energy can be effec-
tively transformed into the chemical form of energy using
the water electrolysis process, where water molecules are split
into their elemental components, oxygen and hydrogen, using a
PEMWE cell. At the core of the PEMWE single cell is the
membrane electrode assembly (MEA), a crucial component that
facilitates the water-splitting reactions. The MEA is tightly
sandwiched between two essential layers: a porous transport
layer (PTL), typically composed of metal, which allows for
efficient movement of water and gases, and a gas diffusion
layer (GDL), usually made from carbon-based materials,
designed to evenly distribute gases across the catalyst surface.
These components are held together and supported by bipolar
plates (BPPs), which not only provide mechanical stability but

also help in current collection and gas separation, ensuring the
system operates with high efficiency and durability.2,7–11 In the
presence of externally applied electrical power, water molecules
undergo oxidation and yield oxygen and protons as well as
electrons at the anode side of the PEMWE cell. These produced
protons then migrate through the solid electrolyte (proton
exchange membrane) to the cathode side and react with
electrons to produce molecular hydrogen gas.10 Under standard
conditions, the thermo-neutral voltage at the anode of a
PEMWE cell is approximately 1.480 V; however, the actual
operating voltage may exceed 2 V because of various system
losses.12 This increase is primarily due to various energy losses
within the system, including activation losses at the electrodes,
ohmic losses from resistance in the membrane and other cell
components, and concentration losses resulting from mass
transport limitations. These inefficiencies necessitate a higher
applied voltage to maintain efficient hydrogen production.
Specifically prolonged and high current density operations of
PEMWE cell produced considerable concentration of protons at
the anode side. As a result, the MEA creates a highly acidic and
corrosive environment, primarily caused by sulfonic acid func-
tional groups with fluorinated polymer chains.12–16 Moreover,
the highly acidic and oxygen-rich conditions induced by the
elevated positive voltage significantly speed up the corrosion
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and deterioration of metal components such as BPPs and
PTLs.3,14 The PTL is more susceptible to degradation due to its
immediate accessibility to the catalyst coated membrane.17–19 The
immediate exposure of PTLs to acidic corrosive environments
causes degradation and result in the high ICR through a less
conductive passivated layer and the potential to contaminate the
catalyst layer, one of the costliest components in a PEMWE
cell.18,20

Consequently, an exemplary PTL is intended to demonstrate
excellent corrosion resistance, high thermal as well as electrical
conductivity, and minimal mass transport limitations.2,9,21–24

The titanium (Ti) based metallic fibers, are prominent for their
exceptional resistance to corrosion, are widely employed in the
fabrication of different types of PTLs for the application of
PEMWEs. However, the Ti PTL passivates when subjected to
prolonged high anodic potentials. This process leads to the
formation of oxide layers and the gradual breakdown of
electron-conductive materials, resulting in increased electrical
resistance.14 In PEMWE systems, precious metals such as Au, Pt
and Ir are applied as anti-corrosive coatings on the Ti based
PTLs to reduce severe passivation effects on the titanium
surface.20,25,26 This accounts for its significant capital expendi-
ture, despite the method’s effectiveness in enhancing electrical
conductivity, improving corrosion resistance, and reducing the
ICR.25–27 Kang et al. reported that the Ti PTLs electroplated
with 180 nm thick Au can decrease the cell voltage to 1.6328 V
from 1.6849 V at 2.0 A cm�2 and 80 1C temperature.28

Singh et al. explored the engineered electroplating method to
deposit an anti-corrosive layer of Au on the Ti-based substrates
for PTL applications, and a single-cell performance of 2.0 A cm�2

at 1.74 V was demonstrated by utilizing 1 mg cm�2 Ir catalyst
loading under 80 1C temperature and ambient pressure.20 Liu et al.
explored Ir coated Ti PTL by DC sputtering technique for the
application of PEMWE.29 The study identifies degradation effects
in PEMWEs due to Ti PTL after 4000 hours of operation and
reported that the Ir-sputtered Ti PTL exhibited a stable durability
profile achieved with a 0.1 mg cm�2 Ir thin layer. Toni et al.
studied Au, Ir and Pt coatings on the Ti based PTLs as a protective
layer and reported that Pt offers high stability initially, but a 10 nm
Ir coating provides superior stability for 500 hours of PEMWE
operations.27 As uses of precious metal coatings increase the
capital expenditure of PEMWEs, in this aspect, a lot of develop-
ment has been accomplished to reduce the loading of protective
coatings. The pretreatment of the Ti-PTL may serve as a potential
approach to reduce the amount of precious metal coating required
in the ultra-low loading range. Proper pretreatment to remove TiOx

from Ti-PTL is crucial for strong adhesion of precious metal
coatings. The removal of TiOx layer ensures the uniform nuclea-
tion sites for the better adhesion of subsequent coating. Electro-
chemical etching in acidic media dissolves TiOx from Ti fibers,
promoting TiHx formation with a more electrically conductive and
hydrophilic surface.30,31 Bautkinova et al. reported that the intro-
duction of TiHx layer on Ti PTL lowers the contact resistance and
increase the energy efficiency of PEMWE.31 Similarly, Stein et al.
also reported that the TiHx layer on Ti PTL improves the electrical
conduction and reduces degradation rate by 49% overall compared

to the uncoated one.32 Au, a precious metal, has the lowest
tendency to oxidize under atmospheric conditions.33 A thin Au
coating on the hydrophilic surface of TiHx effectively prevents TiOx

formation. The electroplating technique is a straightforward and
practical strategy to deposit an Au layer on the PEMWE cell
components.25,28 This well-established electroplating method,
being a mature and scalable technology, reduces processing costs
and enables low Au loading.34,35

Under anodic polarization, Au does not form a persistent,
protective oxide layer specifically in acidic environments; as a
result, it continuously dissolves into the acidic electrolyte as
soluble Au3+ ions throughout the prolonged operation.33 There-
fore, a conformal coating of an anticorrosive precious metal on
the top of the Au layer is essential for developing a stable Ti-PTL
for PEMWE applications in acidic environments. Platinum
forms a stable and adherent oxide (like PtO2) at high potentials,
especially in acidic environments. This oxide layer slows down
further oxidation (and hence dissolution).

The sputtering technique offers precise control over the
deposition process, allowing for uniform and consistent Pt
coatings as the top layer at the low loading scale.36 By accurately
controlling the thickness and distribution of the Pt layer,
sputtering enhances material efficiency and significantly reduces
overall costs, making it a highly attractive method for scalable and
cost-effective production of high-performance PTLs. A detailed
investigation of low loadings in precious metal-based coatings
and comprehensive stability studies under acidic environments is
important to produce reliable Ti PTLs for the applications
of PEMWE.

As so far conducted studies on Ti PTLs have explored, the
single-layer precious metal (Pt, Ir, and Au) coatings modify and
surpass the TiOx passivation, but long-term durability with the
low loading of precious metals still is a challenge for the scale-
up of cost-effective Ti PTLs. Perhaps there is still a gap in the
available literature about the potential of bilayer coatings of
Au and Pt to improve the corrosion resistivity, conductivity, and
durability with low loading. The interlayer of Au can facilitate
high electrical conductivity, and a thin Pt film can ensure the
electrochemical stability as well as low ICR of the Ti PTLs. The
combination of Au/Pt coating on Ti PTL can surpass the dual
challenge of electrical conductivity and high durability with
low loading. In this context, this work focuses on a detailed
evaluation study of the corrosion and electrochemical perfor-
mance of Au and Au/Pt coated Ti-PTLs. The comprehensive
study was performed using a conventional PEMWE single cell
and three-electrode system under PEMWE simulated conditions.

2. Experimental section
2.1. Pre-treatment of Ti PTL substrates

The Ti fiber-based substrates (Bekaert, 68% porosity) with a
thickness of 250 mm were selected as PTL for the pretreatment
and coating of the precious metals. During the manufacturing
process and handling of Ti PTLs, exposure to the ambient
environment allowed the natural passivation of TiOx on the
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surface of substrates. Prior to electroplating of Au and deposi-
tion of Pt layers, the passivation layer of TiOx is etched through
an electrochemical etching technique, as shown in Fig. 1.
Which will further help to enhance the effectiveness of Au
electroplating. During the electrochemical etching process,
Ti PTL fixed at the cathode electrode holder as a working
electrode and a Ti mesh coated with Pt (fuel cell store) were
fixed at the anode side as a counter electrode (cylindrical) in an
engineered two-electrode system. The Ti PTL was exposed
under 0.1 A cm�2 current density for 3 min, 6 min, 9 min,
and 12 min in a 0.5 M H2SO4 acidic electrolyte at 60 1C
temperature.

2.2. Au coating on Ti PTLs

An engineered electroplating method was utilized to deposit
the Au protective layer on the Ti PTLs. To enhance the exposure
of the Au electroplating solution to the porous Ti PTLs, the
working electrode (Ti PTL) is rotated at 50 rpm throughout the
Au electroplating. The rotation mechanism of Ti PTL not
only enhanced the exposure of the Au electroplating solution
to the internal arrangements of Ti fibers, but it also made
the neutrality of hydrogen bubbles easier throughout the
electroplating.20

A two-step process is utilized for the coating of the Au layer
on Ti PTLs, which includes electro striking and electroplating
of Au. In the first step of Au coating, a 24 K acidic Au striking
electrolyte (TriVal, Gold Plating Services) was maintained at
22 1C temperature. The etched Ti PTL as a working electrode
and cylindrical Ti mesh coated with Pt as a counter electrode
are exposed to the Au strike solution under an applied negative
potential of 5 V for 30 s. After the 30 s exposure to negative 5 V,
the etched Ti PTL surface was nicely adhered and evenly coated
with a thin layer of Au that had a little yellow color. During the
further electroplating process, this thin electrostriked Au layer

offered the highly electrically conductive regions essential for
the appropriate coating of the final protective Au layer. Further,
during the Au electroplating process, an Au strike Ti PTL was
immersed in bright-colored 24 K Au electrolyte (Gold Plating
Services) with a similar setup configuration to the Au electro
striking. The working electrode (Au strike Ti PTL) was exposed
to a negative potential of 3 V for the duration of 300 s at a 40 1C
temperature to electroplate the 80 nm Au layer on Ti PTLs.

2.3. Deposition of Pt thin film onto the Au electroplated
Ti PTLs

A DC magnetron sputtering technique was utilized to deposit Pt
onto the Au coated Ti PTLs, as mentioned in Fig. 1. The Pt thin
film was sputtered both sides of the Au coated Ti PTLs using
the Pt target (purity: 99.95%). The coating of Pt was conducted
on both sides of Au coated Ti PTLs individually, under a base
pressure of 1 � 10�5 Torr and a deposition pressure of 3.4 �
10�3 Torr, using Ar gas. The desired loading of the Pt coating
was achieved by controlling the deposition time at constant
power as shown in Table 1. The sample notations TiH/Au/
Pt-0.02, TiH/Au/Pt-0.04, TiH/Au/Pt-0.06, and TiH/Au/Pt-0.08
show loading of 0.02 mg cm�2, 0.04 mg cm�2, 0.06 mg cm�2,
and 0.08 mg cm�2 of Pt, respectively, on the Au coated Ti PTL
substrates. On the other hand, commercially available Pt coated
Ti PTL contains almost 0.22 mg cm�2 loading.

2.4. Physical characterization

A focused ion beam scanning electron microscope (FIB-SEM;
ThermoFisher Helios-5, an accelerating voltage of 20 kV) was
used to examine the thickness and elemental composition
of Au/Pt bilayer coatings, and the loading of precious metals
(Au, and Pt) was analyzed using an X-ray fluorescence spectro-
meter (XRF; Niton XL2 XRF Analyzer) before and after the
corrosion analysis. The X-ray photoelectron spectroscopy
(XPS) was utilized to obtain the area percentage of the oxidation
state of Au and Pt of the coated PTLs. The XPS was conducted
using a Thermo Scientific ESCALab-250 XPS with 150 W Al Ka
radiation source (hn = 1486.6 eV; monochromatic X-Ray source
with an ultimate energy resolution of 0.5 eV). The contact angle
measurements were conducted at room temperature after dry-
ing the Ti PTLs in vacuum for 2 h at 50 1C. X-ray diffractometer
measurements also conducted at room temperature using XRD
(Bruker D8 Focus; Source: Cu Ka X-ray tube, l = 1.5406 Å).
For the measurements of contact resistance of the Au coated,
and Au/Pt bilayer coated Ti PTLs, ICR measurements were per-
formed under different compressions. A press system (Zwickroel,
Germany) of Au-plated copper plates was employed to compress

Fig. 1 Schematic diagram of complete treatments of Ti PTLs including Au
and Au/Pt bilayer coating.

Table 1 Sputtering parameters for Pt deposition on Au coated Ti PTLs

Sample
Sputtering
power (W)

Sputtering
time (s)

Pt loading
(mg cm�2)

TiH/Au/Pt-0.02 120 90 0.02
TiH/Au/Pt-0.04 120 180 0.04
TiH/Au/Pt-0.06 120 270 0.06
TiH/Au/Pt-0.08 120 360 0.08
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the Ti PTLs for the ICR measurements. Tests were conducted
at room temperature while the samples were compressed in
a dry state. The compression that was applied ranged from
0.5 to 5 MPa.

2.5. Electrochemical characterizations

Using potentiodynamic and potentiostatic polarization techni-
ques, the corrosion resistance properties of Au, and Au/Pt
bilayer coated Ti PTLs were investigated under 0.5 M H2SO4

solution at 80 1C temperature. A conventional corrosion setup
was used with a three-electrode configuration, including
a working electrode (Ti PTL), reference electrode (saturated
Hg/Hg2SO4), and counter electrode (platinum wire) and con-
trolled with a Biologic SP-150 potentiostat. The corrosion cell
was open to atmosphere and utilized without any further
saturation of O2 or N2. The working electrode (Ti PTL) with a
1 cm2 active area was exposed to the 0.5 M H2SO4 acidic
solution at 2.0 V vs. RHE potential to evaluate the corrosion
resistance characteristics. The corrosion that Ti based PTLs
experienced in a real PEMWE cell could be assessed according
to the applied potential range. To assess the stability behavior
of corrosion resistance, a 15 h long potentiostatic test was
conducted at 2.0 V vs. RHE potential.20,30 Following the poten-
tiodynamic and potentiostatic tests, an electrochemical impe-
dance spectroscopy (EIS) investigation was also performed
at OCV, applying the perturbation amplitude of 10 mV and a
frequency range of 100 kHz to 0.1 Hz.

The lifetime of the coating was investigated using the
galvanostatic method (constant current density of 2.0 A cm�2)
in a two-electrode setup under simulated PEMWE conditions.
An anode working electrode (Ti PTL) with 1 cm2 of active area
and a cathode counter electrode of a Pt wire were fixed in a
0.5 M H2SO4 acidic solution at 80 1C temperature. The duration
from the beginning of the experiment and the abrupt rise in
voltage to 10 V throughout the galvanostatic test is considered
as the coating’s overall lifetime.

2.6. In situ characterizations

Using a single PEMWE cell unit (Cell-5, Scribner Electrolyzer),
the in situ characterizations of electrochemical performance of
Au, and Au/Pt bilayer coated Ti PTLs were executed. In a single
PEMWE cell, a graphite BPP was utilized at the cathode side,
whereas Ti BPP with Pt coated single serpentine channels was
employed at the anode side. The Coated Ti PTLs (TiH/Au/Pt-
0.02, TiH/Au/Pt-0.04, TiH/Au/Pt-0.06, and TiH/Au/Pt-0.08) were
used as an anode side PTL, and carbon fiber paper (Fuel
Cell Store, thickness 225 mm with MPL) was used as GDL.
A commercially purchased 5 cm2 electrolyzer MEA (Nafion 115;
Ion Power) was utilized, with an anode-side catalyst layer of
1.0 mg cm�2 Ir and a cathode-side catalyst layer of 0.4 mg cm�2

Pt/C. On both the anode and cathode sides, PTFE gaskets with a
thickness of 250 mm at the anode and 150 mm at the cathode
were utilized for assembling the PEMWE cell. A fully automatic
controlled electrolyzer test station (E30; Greenlight Innovation)
was used to run the assembled single PEMWE cell to obtain
polarization curves and EIS spectra. Only the anodic side of the

cell was exposed to the flowing deionized water, which was
delivered at a steady 40 mL min�1 flow rate at 80 1C. To validate
the reproducibility of the results, all the coated Ti PTLs were
tested 3 times using the same PEMWE cell under similar
operating conditions. Prior to the I–V polarization curves and
EIS measurements, all cells were conditioned at current den-
sities from 0.2 to 1.0 A cm�2 with the increment of 0.2 A cm�2

for 30 minutes at every individual current density. Then, by
gradually increasing the current density from 0.0 to 4.0 A cm�2,
potential was monitored to obtain the I–V polarization curves.
The galvanostatic EIS spectrums were recorded at different
current densities from 0.0 to 2.0 A cm�2 with the increment
of 0.2 A cm�2 at the 100 kHz to 0.1 Hz frequency range and
20% perturbation amplitude. The validation of all measured
EIS spectrums confirmed through a Kramers–Kronig test using
LIN-KK tool.

3. Results and discussion
3.1. Effect of pre-treatment and surface morphology analysis

The sample etched for 9 min exhibited the lowest contact angle
value of 251, in contrast to 601 for the pristine Ti PTL sample,
as shown in Fig. 2(a). The electrochemical etching of the PTLs
reduced the contact angle compared to the pristine Ti PTL. The
formation of titanium hydride (TiH) during the electrochemical
etching on the surface improved the hydrophilic properties of
the Ti substrate.37,38 This enhanced surface wettability of the
bare Ti PTL promoted better accessibility to electrochemically
active regions throughout the Au electrostriking and electro-
plating processes.20 Prolonged electrochemical etching of the
Ti PTL for 12 min resulted in a further increase in contact angle
to 301 compared to the 9 min etching. Extended cathodic
polarization may lead to hydrogen embrittlement, potentially
causing surface cracking and exposing areas of the pristine Ti
PTL.39 The ICR analysis was carried out under a range of
compression pressures to evaluate the electrical conductivity
of the electrochemically etched samples. Fig. 2(b) shows the
ICR plots for pristine Ti PTL and samples etched electroche-
mically for 3, 6, 9, and 12 min. The low contact resistance
observed in the etched samples is a result of the development
of a conductive TiHx layer on the Ti PTL.31,32 The most favor-
able etching duration was found to be 9 min, yielding the
lowest ICR value. However, extending the etching time to
12 minutes resulted in an increase in ICR.

The thickness measurements of Au and Au/Pt bilayers coat-
ing were conducted on the top surface of each coated Ti PTL
fiber. The thickness of the Au coating was approximately the
same, around 80 nm for each sample. The thickness of the Pt
was approximately 60 nm, 45 nm, 30 nm, and 15 nm for the
Au/Pt 0.08, Au/Pt 0.06, Au/Pt 0.04, and Au/Pt 0.02 samples,
respectively (Fig. 3(a–d)). The SEM images in Fig. 3(a–c)
confirmed that the surface of the Au coated Ti PTL fiber
was uniformly covered with a layer of Pt, while Fig. 3(d)
depicts that Pt did not completely cover the Au surface. The
SEM images suggest that a minimum Pt coating thickness of
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30 nm is required to achieve complete coverage of the under-
lying Au surface. The cross-sectional SEM-EDS analysis of
the coated Ti PTLs is provided in the SI in Fig. S1. The
quantification of the deposited amount of Au and Au/Pt is
not scientifically sensible by utilizing the SEM-EDS technique.
Therefore, XRF measurements confirmed each sample’s Au
loading as 0.08 mg cm�2. The loading of Pt was 0.085 mg cm�2,
0.06 mg cm�2, 0.04 mg cm�2, and 0.02 mg cm�2 for the Au/Pt-
0.08, Au/Pt-0.06, Au/Pt-0.04, and Au/Pt-0.02 coated Ti PTLs,
respectively.

3.2. Corrosion analysis of Au and Au/Pt bilayer coated Ti PTL

In addition to examining the surface morphology and physical
characteristics of the Au coated Ti PTL and the Au/Pt bilayer
coatings on Ti PTLs, it is essential to investigate the specific
role of the Pt coating on the surface of the Au coated Ti PTL.
In this work, corrosion analysis was conducted using simulated
PEMWE conditions, including 0.5 M H2SO4 solution at 80 1C
temperature. The potentiodynamic and Potentiostatic studies
were performed to examine the effect of sputtered Pt thin layer

onto the Au coated Ti PTLs. As mentioned in Fig. 4(a), the
corrosion current density of the Au coated Ti PTL (TiH/Au), TiH/
Au/Pt-0.02, TiH/Au/Pt-0.04, TiH/Au/Pt-0.06, and TiH/Au/Pt-0.08
PTL samples is 0.11 mA cm�2, 0.098 mA cm�2, 0.085 mA cm�2,
0.065 mA cm�2, and 0.066 mA cm�2, respectively. The corrosion
current density of TiH/Au/Pt-0.06 is 1.7 times, 1.5 times, and
1.3 times lower than that of the counterparts TiH/Au, TiH/Au/
Pt-0.02, and TiH/Au/Pt-0.04, respectively. The potentiodynamic
polarization curve showed similar corrosion current densities
of TiH/Au/Pt-0.06 and TiH/Au/Pt-0.08 PTL samples, because
beyond the critical thickness, adding more Pt doesn’t signifi-
cantly enhance protection, so the corrosion current remains
unchanged. On the other hand, the observed downward peak in
Fig. 4(a), which corresponds to the corrosion potential, is also
consistent with the findings of corrosion current densities
in the case of the bilayer coating of Au/Pt. The TiH/Au/Pt-0.06
and TiH/Au/Pt-0.08 PTL samples demonstrated more positive
corrosion potential than the TiH/Au, TiH/Au/Pt-0.02 and TiH/
Au/Pt-0.04 samples. A thin top layer of Pt with high corrosion
potential might also form a stable passive layer that resists
breakdown. This passivity leads to long-term corrosion resis-
tance, even in harsh acidic media.40 The performed potentio-
dynamic test exhibited that the Au/Pt bilayer coated Ti PTL
demonstrated an excellent corrosion resistance characteristic
at the applied potential range under acidic environmental
conditions. As compared to the only Au coated PTL sample,
this excellent corrosion resistance may be accountable for
the exceptional stability of Au/Pt bilayer coated Ti PTLs and
further enhanced the restoration of passivation characteristic
through Au/Pt bilayer coatings; similarly, other authors have
also indicated.41

In Fig. 4(b), TiH/Au, TiH/Au/Pt-0.02, TiH/Au/Pt-0.04, TiH/Au/
Pt-0.06, and TiH/Au/Pt-0.08 coated Ti PTL showed an OCV of
0.41 V, 0.63 V, 0.74 V, 0.79 V, and 0.81 V vs. RHE, respectively.
The TiH/Au/Pt-0.06, and TiH/Au/Pt-0.08 samples demonstrated
high positive values of OCV than TiH/Au, TiH/Au/Pt-0.02, TiH/
Au/Pt-0.04 samples. This indicates that the uniform coating of
Pt is highly vulnerable to passivation under an acidic environ-
ment, while it releases at most a minimal number of sacrificial
electrons.42,43 In comparison to Au, the Pt exhibited high OCV
values because Pt has a greater work function than Au.44 As a
result, Pt resists electron loss (oxidation), and it stabilizes the
electrode at a greater positive potential.9,23,45

Furthermore, the anti-corrosive properties of the only Au
coated, and Au/Pt bilayer coated Ti PTLs were investigated at
OCV utilizing the EIS technique. As mentioned in Fig. 4(c), the
RCT denotes the charge transfer resistance between the coated
Ti PTLs and the acidic solution, CDL denotes the double layer
capacitance, and RS stands for the resistance of the acidic
solution.20,23,30,45 The surface coating’s inhomogeneity is the
cause of the constant phase element (CPE), while in addition
the Au/Pt bilayer coated Ti PTL’s anti-corrosive coating is
responsible for the added corrosion resistance (RACR). The
Nyquist plots of Au/Pt bilayer coated Ti PTL exhibited greater
semicircle diameter than those of TiH/Au in simulated PEMWE
conditions; it shows that higher corrosion resistance (RACR)

Fig. 2 (a) Contact angle analysis, (b) ICR measurement of pristine Ti PTL
and electrochemically etched samples.
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improves the charge transfer resistance at OCV in between the
Au/Pt bilayer coated Ti PTL and 0.5 M H2SO4 solution.42,43

Table 2 contains the values of RCT, RS, and RACR obtained from
the equivalent circuits of EIS (fitted EIS plot and parameters are
provided in SI Fig. S2 and Table S1). The TiH/Au/Pt-0.06 coated
Ti PTL presented the lowest value of RS, which is due to the
conformal coating of a highly conductive Pt layer on the Au
coated Ti PTL, resulting in high electron transfer. In the case of
TiH/Au/Pt-0.06 coated Ti PTL, the RCT value is higher than that
of TiH/Au, TiH/Au/Pt-0.02, TiH/Au/Pt-0.04, and TiH/Au/Pt-0.08
coated Ti PTLs, which indicates that the thin layer of Pt with
0.06 mg cm�2 loading on the Au coated Ti PTL exhibits superior
corrosion resistance. The noble and anti-corrosive nature of
Au/Pt bilayer coating led to the observation of the function of
an extra charge transfer resistance (RACR). The highest value of
RACR regarding the TiH/Au/Pt-0.06 coated Ti PTL indicates that
sputtered Pt coating on the Au coated Ti PTL can enhance the
anti-corrosion properties of the protective film. This protective
film effectively blocks the penetration of aggressive ions (like
H+) from reaching and attacking the underlying Au or Ti fibre.
The results obtained from the Nyquist plot agree with poten-
tiodynamic polarization analysis.

Based on the potentiostatic polarization curves at 2.0 V vs.
RHE, the current density of the Au coated Ti PTL decreases
quickly within the first 30 to 40 minutes, as shown in Fig. 4(d).
This abrupt reduction in current density might be caused by
electrochemical cleaning of the coated Ti PTL surface and
erosion of the oxide layer due to the generated oxygen bubbles.
Subsequently, the increase in potentiostatic current was observed,
possibly due to the nucleation of the gold oxide (Au3+) under
positive applied potential.46 In addition, the TiH/Au/Pt-0.02 and

TiH/Au/Pt-0.04 Ti PTL samples show an exponential decay in the
current at applied potential. The exponential decrease might be
due to the gold oxide (Au3+) layer dissolution in acidic
electrolyte.33,47 Regarding the TiH/Au/Pt-0.06 coated Ti PTL,
the current density at potentiostatic polarization reduced
rapidly, obtaining the steady-state and lowest current density.
It is observed that the nominal thickness of Pt on the Au coated
sample shows better stability. This is often due to forming a
stable passive film that protects the underlying metal in acidic
solution. Therefore, forming a stable bilayer of Au/Pt-0.06 could
notably boost the corrosion resistance of the Ti PTL.

3.3. The ICR measurement before and after potentiostatic test

The ICR measurements were performed under different com-
pression pressures to investigate the electrical conductivity of
the Au and Au/Pt bilayer coated Ti PTL samples. Fig. 5(a)
depicts the ICR values of TiH/Au, TiH/Au/Pt-0.02, TiH/Au/
Pt-0.04, TiH/Au/Pt-0.06, and TiH/Au/Pt-0.08 PTL samples both
prior and after the potentiostatic test for 15 h. The low
ICR values of each sample were attributed to an electrically
conductive, conformal coating on Ti PTLs. The fresh samples
did not show a significant difference in ICR values due to an
identical conductive coating (Au, Pt) on Ti PTLs. The Au/Pt
bilayer coated Ti PTL demonstrated a low ICR of 5 mO cm2

at a compression of 1.5 MPa. The Au coated Ti PTL presented
a slightly higher ICR value within the compression range between
0.5 and 2.0 MPa. The decreased ICR of Au/Pt coated Ti PTLs is
attributed to forming a compatible bilayer system; the interface
between them can help reduce electron scattering.7,9,23

Although the Au/Pt coated Ti PTL significantly reduced the
ICR, maintaining low contact resistance after the potentiostatic

Fig. 3 Cross-sectional SEM images obtained from FIB-SEM of (a) TiH/Au/Pt-0.08, (b) TiH/Au/Pt-0.06, (c) TiH/Au/Pt-0.04, and (d) TiH/Au/Pt-0.02
coated Ti PTLs.
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test in acidic media remains the primary challenge. Even with
the potentiostatic test, the ICR values of the TiH/Au/Pt-0.06
sample remained as low as 9.1 mO cm2. The TiH/Au, TiH/Au/Pt-
0.02, TiH/Au/Pt-0.04, and TiH/Au/Pt-0.08 coated Ti PTLs exhib-
ited significantly high ICR values of 27 mO cm2, 19 mO cm2,
12 mO cm2, and 10.7 mO cm2 at 1.5 MPa, respectively.
In conclusion, the conformal coating of the Pt thin layer on
the Au coated Ti fiber effectively prevented the gold’s dissolu-
tion. Moreover, the ICR results are consistent with the observa-
tion of potentiodynamic and potentiostatic tests during
corrosion analysis.

In Fig. 5(b), the XRD analysis of the Au coated Ti PTLs
exhibited diffraction peaks associated with (311), (220),
(200), and (111) at 2y angles of 77.51, 64.71, 44.21, and 381.

The diffraction peaks corresponding of the Au crystal structure
are consistent with JCPDS file number [04-0784].48 The TiH/Au/
Pt-0.06 coated Ti PTL showed precise additional peaks at 461
and 67.61 2y angles, referred to as Pt (200) and Pt (220) planes,
respectively (JCPDS file number [04-0346]). In the case of
TiHx/Au sample, after the potentiostatic test, the intensity of
peaks corresponding to Au has decreased, possibly due to the
Au dissolution in acidic electrolyte under positive applied
potential. The Au layer’s detachment from the Ti PTL increases
ohmic and mass transfer resistance in the PEMWE.12,15

In addition, after the potentiostatic test, the Au coated Ti PTL
showed diffraction peaks at angles of 25.81 and 49.11, corres-
ponding to TiO2, which may be attributed to the oxidation of
the Ti PTL substrate at exposed sites on the Au coated Ti PTL.
The TiH/Au/Pt-0.06 coated Ti PTL showed negligible change in
the diffraction pattern after the potentiostatic test. The top
layer coating of Pt on the Au coated Ti PTL showed a strong
anti-corrosion property in acidic media under positive applied
potential.

Importantly, XPS analysis (Fig. 5c and d) revealed that the
oxidation states of Au and Pt after the potentiostatic tests were
significantly influenced by the most favorable Pt coating on the
Au coated Ti PTL. The proportion of metallic Au0 content

Fig. 4 (a) Potentiodynamic polarization curve (b) open circuit voltage (OCV) (c) EIS at OCV (d) potentiostatic polarization for 15 h at 2.0 V vs. RHE of the
TiH/Au, TiH/Au/Pt-0.02, TiH/Au/Pt-0.04, TiH/Au/Pt-0.06, and TiH/Au/Pt-0.08 PTL samples.

Table 2 Values obtained from the fitted equivalent circuit model

Samples RS (O cm2) RCT (O cm2) RACR (O cm2)

TiH/Au 1.38 490 —
TiH/Au/Pt-0.02 1.42 620 45
TiH/Au/Pt-0.04 1.4 1100 120
TiH/Au/Pt-0.06 1.25 4200 1500
TiH/Au/Pt-0.08 1.1 4100 1250
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decreased to 10% in the Au coated Ti PTL (TiH/Au), whereas it
increased to 90% in the case of low Pt loading of 0.06 mg cm�2

(TiH/Au/Pt-0.06). Similarly, the Pt film exhibited a less oxidized
state in the optimally coated TiH/Au/Pt-0.06 sample, with the
proportion of metallic Pt0 reaching 75%. In contrast, the TiH/
Au/Pt-0.02, TiH/Au/Pt-0.04, and TiH/Au/Pt-0.08 samples showed
lower metallic Pt0 contents of 8%, 40%, and 69%, respectively.
This trend was further supported by lifetime analysis, which
quantified the remaining metallic Pt and Au on the bilayer
coating. The results of the XRD and XPS analyses indicate that
the most favorable Pt loading of 0.06 mg cm�2 on the Au coated
Ti PTL effectively reduced the oxidation states of both Au and Pt
under potentiostatic testing conditions. Evidently, the reduced
oxidation state of Au was vital for retaining the structural
integrity of the top Pt coating. Although the presence of Pt2+

contributes to the stability of the top layer, the presence of
metallic Pt is also essential for maintaining the desirable
electrical conductivity of the film, as supported by the ICR
results of the coated Ti PTL after the potentiostatic tests.

3.4. Ex situ lifetime testing of the Au and Au/Pt bilayer coated
Ti PTLs

The lifetime of the coating is investigated using the galvano-
static method in a two-electrode setup including an anode

working electrode (Ti PTL) with 1 cm2 of active area and a
cathode counter electrode of a Pt wire. The duration from the
beginning of the measurement and the abrupt rise in voltage to
10 V throughout the experiment is considered as the coating’s
overall lifetime.18,23,24,32 The rapid increase in voltage is due to
the oxidation and dissolution of the Au and Au/Pt metal coating
under the applied current.9,23,49 Fig. 6(a) contains information
on the ex situ lifetime of the coatings. At identical testing
conditions, the coating of TiH/Au/Pt-0.06 exhibited 23 times,
3.5 times, 1.6 times, and 1.2 times improved ex situ lifetime
compared to the TiH/Au, TiH/Au/Pt-0.02, TiH/Au/Pt-0.04, and
TiH/Au/Pt-0.08, respectively. In the case of TiH/Au/Pt-0.02 and
TiH/Au/Pt-0.04 coated Ti PTL, the interlayer Au is not ade-
quately covered with Pt. Under a positive potential, Au metal
oxidizes, forming metal ions (Au3+) that dissolve into the acidic
solution. The TiH/Au/Pt-0.08 coated Ti PTL showed poor life-
time as compared to TiH/Au/Pt-0.06, due to the presence of a
thick Pt layer on the surface of the Au coated Ti PTL. The thick
Pt layer may cause excessive residual shear stress at the Au–Pt
interface, leading to poor adhesion between the Pt and Au
layers.50,51

It is assumed that the durability of coated Ti PTLs is
significantly affected by the dissolution of coating layers, such
as Au and Pt.20 An oxidative environment created by an applied

Fig. 5 (a) ICR plots of TiH/Au, TiH/Au/Pt-0.02, TiH/Au/Pt-0.04, TiH/Au/Pt-0.06, and TiH/Au/Pt-0.08 coated Ti PTL before and after the potentiostatic
test, (b) XRD spectra of TiH/Au and TiH/Au/Pt-0.06 before and after the potentiostatic test, (c) and (d) XPS-derived area percentage of oxidation state of
TiH/Au, TiH/Au/Pt-0.02, TiH/Au/Pt-0.04, TiH/Au/Pt-0.06, and TiH/Au/Pt-0.08 coated Ti PTL after the potentiostatic test.
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current generates oxygen at the coated Ti PTL. As the coating
dissolves, the exposed Ti PTL becomes more susceptible to
corrosion, increasing ICR and reducing energy efficiency, which
makes it harder to drive the oxygen evolution reaction (OER).
The quantity of precious metals dissolved from the protective
layer of Ti PTLs is expressed relative to the amount of evolved
oxygen, forming a self-sustaining metric known as the stability
number as mentioned in SI.30,52,53 Geiger et al. utilized concept
of the stability numbers to assess the dissolution behavior of
OER electrocatalysts in acidic environments, including the Ir
metal from Sr2PrIrO6, SrIrO3, and amorphous and crystalline
IrOx.53 Fundamentally, the stability number facilitates direct
evaluation of coating lifespan, allows for rapid comparison of
durability, and provides the information on the degradation
mechanisms under specific operating conditions.30,52,53 The
stability number of the Au and Au/Pt bilayer coated Ti PTLs is
calculated under the same acidic conditions to validate the
ex situ durability results. The TiH/Au/Pt-0.06 (1.5 � 105) coated
Ti PTL showed a higher stability number than the stability
numbers of TiH/Au (3.0 � 103), TiH/Au/Pt-0.02 (2.0 � 104), TiH/
Au/Pt-0.04 (1.0 � 105), and TiH/Au/Pt-0.08 (1.4 � 105) coated Ti
PTL, as shown in Fig. 6(b). The high stability number of TiH/
Au/Pt-0.06 indicates that the coated titanium PTL can with-
stand an oxidative environment with minimal dissolution of
Au/Pt coating.

3.5. In situ performance evaluation of Au and Au/Pt bilayer
coated Ti PTL

The Au, and Au/Pt bilayer coated Ti PTLs were analysed for their
durability in acidic environments (0.5 M H2SO4) through corro-
sion testing, as well as in long-term trials using a controlled
two-electrode simulation setup. In addition to isolated perfor-
mance testing, it is essential to understand how these coated
PTLs behave under realistic operating conditions, including
variations in applied pressure, temperature, and interactions
with electrolytes. Real-time cell testing provides valuable
insights into the operational behavior of the coated PTLs and
enables evaluation of their performance when integrated with

other electrolyzer components, such as the membrane elec-
trode assembly (MEA) and bipolar plates. This comprehensive
approach helps confirm the coating’s reliability in a fully
operational system. The I–V pol-curves for Au coated (TiH/Au)
and bilayer (TiH/Au/Pt) coated Ti PTLs were recorded using a
PEMWE single cell. The protective layer coating was applied to
the same Ti PTL substrate; therefore, the pore structure of the
aforementioned PTLs is nearly identical. The coating thickness
ranges from 80 to 140 nm, while the average pore size of the Ti-
PTL is approximately 20 mm. Due to the significant difference
between coating thickness and pore size, each coated PTL
exhibits similar mass transport losses.

In Fig. 7(a), the TiH/Au/Pt-0.06 coated Ti PTL exhibited
better single cell performance than TiH/Au, TiH/Au/Pt-0.02,
and TiH/Au/Pt-0.04 coated Ti PTLs. The I–V polarization curves
strengthen the superior electrical conductivity of TiH/Au/Pt-
0.06 coated Ti PTL as a result of excellent interfacial contact
between Au and the Pt layer. The most favorable low Pt loading
of 0.06 mg cm�2 on Au coated Ti PTL balances stress between
the Au and Pt layers while potentially reducing the cell voltage
in a PEMWE single cell. The balanced stress at the Au/Pt
interface offered the accelerated electron transfer from Pt to
Au.51 The TiH/Au/Pt-0.06 coated Ti PTL exhibited enhanced
PEMWE single cell performance of 1.716 V at a current density
of 2.0 A cm�2, which is exceeding those reported in open
studies.7,21,49,54–57 The high ohmic resistances of the TiH/Au
TiH/Au/Pt-0.02, and TiH/Au/Pt-0.04 coated Ti PTLs elevated the
potential to 1.826 V, 1.792 V, and 1.778 V, respectively, at
2.0 A cm�2. The TiH/Au/Pt-0.02 and TiH/Au/Pt-0.04 coated Ti
PTLs contain ultra-low loadings of Pt, may not be sufficient to
cover the Au coating uniformly. The inhomogeneity of the Pt
coating resulted in a localized area that does not facilitate efficient
electron transfer. The TiH/Au/Pt-0.06 and TiH/Au/Pt-0.08 coated Ti
PTL have shown nearly identical performance. Similar perfor-
mance indicates that Pt loadings above 0.06 mg cm�2 do not
contribute to a further reduction in ohmic resistance at the
PTL/CL interface. Although the TiH/Au/Pt-0.06 and TiH/Au/Pt-
0.08 coated Ti PTLs exhibited similar performance in a single

Fig. 6 (a) Full lifetime test, (b) stability numbers of TiH/Au, TiH/Au/Pt-0.02, TiH/Au/Pt-0.04, TiH/Au/Pt-0.06, and TiH/Au/Pt-0.08 coated Ti PTL.
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cell, the TiH/Au/Pt-0.06 demonstrated superior long-term dur-
ability in acidic media under simulated operating conditions.
The PEMWE single cell performance of coated Ti PTLs
was consistent with ICR results and the electrochemical
corrosion study.

The most favorable loading of Pt on the Au coated Ti PTL
offered strong contact at the CL/PTL interface, improving
kinetics and reducing the value of high-frequency resistance
(HFR). Generally, the HFR comprises both the membrane
resistance and the electrical contact resistance.7,29 In this work,
the resistance associated with the membrane is identical in the
case of all five assembled cells, due to the use of similar MEA.
The protective layer of bilayer coating has increased the elec-
trically conductive sites in contact with the CL while minimiz-
ing the degradation of catalyst under compression.27,29 The
best TiH/Au/Pt-0.06 coated Ti PTL enabled an improved catalyst
utilization as compared to other PTL counterparts. As shown in
Fig. 7(b), the HFR values of TiH/Au/Pt-0.06 and TiH/Au/Pt-0.08
coated PTLs were lowest and remained constant, while HFR
values of TiH/Au, TiH/Au/Pt-0.02, and TiH/Au/Pt-0.04 coated Ti
PTL samples were high at similar current densities. The EIS
measurements at different current densities (low, medium, and
high) can provide insightful information about enhanced
PEMWE cell performance using bilayer coated Ti PTLs. In
Fig. 7(c), the HFR vs. current density curve was derived by the
galvanostatic EIS study performed at different current densities
from 0.0 to 2.0 A cm�2. In the initial measurements at 0.0 to
0.2 A cm�2 current densities, the HFR values were slightly
decreases in the case of all samples, this is a typical phenom-
enon which is related to the heating, and hydration of PEM
results in the high proton conductivity.23,58–60 The PEM, which
is mainly responsible for H+ conduction between the anode and
cathode side of the cell, contains an inherent proton transport
resistance. As PEM is a solid electrolyte of PEMWE cell, this
resistance can be referred to as electrolyte ohmic resistance. At
very low current densities (0.0–0.1 A cm�2), the rate of H+

formation is relatively lower than high current densities, result-
ing in an insignificant osmotic drag of water throughout the
PEM, and slightly high HFR. In the case of increased current
density to 0.2 A cm�2 due to significant hydration of PEM,

results in lower HFR values.20,61,62 On the other hand increase
in the HFR values of TiH/Au and TiH/Au/Pt-0.02 coated Ti PTLs,
can be related to the non-uniformly coated Ti fibers and
exposed Ti surface which causes the baubles accumulation
results in high HFR values after the 1.2 A cm�2 current density.

As shown in Fig. 8(a), in the case of EIS at low current
density (0.2 A cm�2), TiH/Au sample exhibited highest dimeter
of the semi-circle, compared to the TiH/Au/Pt coated samples.
Which is clearly sign of poor conductive interface between PTL/
CL, and less catalyst utilization results in low OER activity. On
the other hand, while increasing the Pt loading at TiH/Au
coated Ti PTLs, results in high catalyst utilization, specifically
for OER activity at low current density (0.2 A cm�2) where mass
transport losses are considered negligible. As shown in
Fig. 8(b), in the case of medium current density (1.0 A cm�2),
the addition of second semi-circle at low frequency range
attributes to minor mass transport losses, as well as at high
current density also (2.0 A cm�2) these losses are lower and
identical shown in Fig. 8(c). Which is a clear sign of negligible
porosity alteration during the electroplating of Au and sputter-
ing of Pt with different loadings. Furthermore, Kramers–Kronig
test was also conducted using LIN-KK tool to validate the
linearity and stability of all measured EIS spectrums. The
residuals of all spectrums were in the range of 0.2 to 0.3%
which is considered normal.63,64 All the residual and Nyquist
plots are provided in the SI Fig. S3–S5.

Although a high loading of Au/Pt bilayer on PTLs may
significantly reduce the HFR, it can also result in poor adhesion
and increased production costs. A platinum loading above
0.06 mg cm�2 may result in low HFR, but it can also lead to poor
stability of the coated PTLs during long-term operation. The
limited durability of PTLs with high Pt loading (0.08 mg cm�2)
has been observed in the previously discussed chronoamperome-
try, lifetime, and stability number analyses. It can be concluded
that the most favourable TiH/Au/Pt-0.06 coating on the Ti PTL
substrate significantly enhances electrical contact at the CL/PTL
interface. In-terms of durability analysis, TiH/Au/Pt-0.06 sample
were tested for prolonged is-situ operation at 2.0 A cm�2 current
density under similar operating conditions for 217 h. As shown in
SI Fig. S6, TiH/Au/Pt-0.06 sample exhibited superior durability

Fig. 7 (a) Polarization curve, and (b) HFR at 2.0 A cm�2 current density, (c) HFR values at different current densities.
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then TiH/Au coated Ti PTL. The degradation rate was 7.1 mV h�1

observed in the case of TiH/Au/Pt-0.06, which is 11.4 times lower
compared to TiH/Au sample. Surprisingly, degradation rate of
TiH/Au sample reached 81.4 mV h�1 in just 70 h in situ operation.
On the other hand, one common tread is observed in both
samples, cell performance was slightly increased in initial 15 h,
which can be primarily referred to the conditioning or activation
of the MEA.65 This approach demonstrates strong potential for
improving performance of PEMWE and owing to the ability to
utilize low loadings of precious metals.

The Au/Pt bilayer coating on the Ti PTL substrate exhibited
superior electrochemical performance for the PEMWE systems.
Its corrosion-resistant characteristics effectively shielded the Ti
fibers from deterioration in acidic environments, while the
synergy between Au and Pt layers presents a viable route to
minimize the use of expensive precious metals. This method
decreases dependence on high-cost materials, enhancing the
economic feasibility of PEMWE technology. The outlined
approach supports major progress toward scalable and afford-
able hydrogen generation, positioning PEMWEs as essential
elements in the transition to sustainable energy infrastructure.

4. Conclusions

Herein, a bilayer coating of Au/Pt was applied to control the
degradation of Ti felt-based PTLs for the application of PEMWE.
The sputtered Pt top layer effectively suppressed the dissolution of
the electroplated Au underlayer in an acidic environment (0.5 M
H2SO4). The bilayer coating effectively reduced the loadings of Au
and Pt to a low level (overall 0.14 mg cm�2) but also exhibited
excellent anti-corrosion characteristics under simulated PEMWE
conditions. The most favorable loading of Pt of 0.06 mg cm�2 on
the Au coated Ti PTL presented an enhanced charge transfer
resistance. The stability number as a metric was utilized to quickly
compare the robustness of various coatings, allowing for a straight-
forward assessment of their longevity under applied current. The
TiH/Au/Pt-0.06 bilayer coated Ti PTL showed a stability number
that was 50, 7.5, 1.5, and 1.1 times higher than the stability
number of the TiH/Au, TiH/Au/Pt-0.02, TiH/Au/Pt-0.04, and TiH/
Au/Pt-0.08 samples. In the case of 0.08 mg cm�2 loading of Pt
effectively reduced the adhesion on the Au coated Ti PTL, causing
limited stability during long-term operation and significantly
increasing production costs. The TiH/Au/Pt-0.06 coated Ti PTL
showed high PEMWE performance of 1.716 V at 2.0 A cm�2,
employing a commercial MEA with 1 mg cm�2 Ir catalyst. The Au/
Pt bilayer coating enhanced the high electrically conductive sites at
the PTL/CL interface, owing to the efficient utilization of the
catalyst. The Au/Pt bilayer coated Ti PTL showed excellent stability,
demonstrating the potential of bilayer coatings for increasing the
performance as well as scalability of PEMWE applications.
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65 A. Z. Tomić, I. Pivac and F. Barbir, Impact of power profile
on activation of proton exchange membrane electrolyzer
cell, J. Power Sources, 2025, 632(2024), 236308. Available
from: https://linkinghub.elsevier.com/retrieve/pii/S0378775
325001442.

Energy Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 0

6.
02

.2
02

6 
11

:1
6:

35
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://linkinghub.elsevier.com/retrieve/pii/S0360319923034419
https://linkinghub.elsevier.com/retrieve/pii/S0360319923034419
https://linkinghub.elsevier.com/retrieve/pii/S030626192301262X
https://linkinghub.elsevier.com/retrieve/pii/S030626192301262X
https://linkinghub.elsevier.com/retrieve/pii/S0360319911013760
https://linkinghub.elsevier.com/retrieve/pii/S0360319911013760
https://linkinghub.elsevier.com/retrieve/pii/S0013468616314372
https://linkinghub.elsevier.com/retrieve/pii/S0013468616314372
https://linkinghub.elsevier.com/retrieve/pii/S001346862030596X
https://linkinghub.elsevier.com/retrieve/pii/S001346862030596X
https://iopscience.iop.org/article/10.1149/2.0411816jes
https://iopscience.iop.org/article/10.1149/2.0411816jes
https://linkinghub.elsevier.com/retrieve/pii/S0013468614001005
https://linkinghub.elsevier.com/retrieve/pii/S0013468614001005
https://iopscience.iop.org/article/10.1149/1.2044210
https://iopscience.iop.org/article/10.1149/1.2044210
https://linkinghub.elsevier.com/retrieve/pii/S0378775325001442
https://linkinghub.elsevier.com/retrieve/pii/S0378775325001442
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ya00274e



