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A B S T R A C T

Polymer electrolyte membrane water electrolyzer (PEMWE) integrated with renewable energy sources is a 
crucial technology for energy transition. However, the high cost of precious metal-coated porous transport layers 
(PTLs) is one of the limiting factors for the widespread use of PEMWE. Multi-layered coatings with cost-effective 
Nb as an interlayer and thin layer of precious metal (one-fourth of commercial) as a top layer could serve as a 
potential alternative to commercial PTL in PEMWE. This study explored the impact of different thicknesses of Nb 
interlayer (150, 200, 350 nm) on the electrochemical behavior of multi-layered NbPt coatings, by comparing 
them with two single layered Pt-coated PTLs (in-house Pt-coated PTL and commercial Pt-coated PTL) under 
PEMWE simulated condition. The result showed that the Ti PTLs with Nb as an interlayer (150, 200, 350 nm) 
performed better than the single layered in-house Pt-coated PTL. The best performing multi-layered NbPt (Nb =
350 nm, Pt = 50 nm) sample was finally compared with commercial Pt (200 nm) coated PTL in the in-situ 
condition of PEMWE. The multi-layered NbPt coating showed an equivalent performance (1.967 V@3.0 A 
cm− 2) compared to commercial Pt coating (1.958 V@3.0 A cm− 2), making Nb as a promising cost-effective 
interlayer for PTL coating.

1. Introduction

Water electrolysis coupled with renewable energy source is the most 
promising technique available for producing high purity hydrogen (H2) 
with zero emission of greenhouse gases during its production route [1]. 
Proton exchange membrane water electrolyzer (PEMWE) offers the 
advantage of high current densities, low gasses crossovers, compact 
design, quick dynamic response and high operating pressure, making 
them suitable for integration with highly volatile renewable energy 
source. But due to the higher usage of expensive Pt-group metals (PGMs) 
in the preparation of stack components, only a small fraction of world H2 
is being produced through PEMWE, limiting its worldwide imple
mentation [2]. Therefore, to reduce the cost of PEMWE, it is crucial to 
decrease either the operation expenditure (OPEX) or the capital 
expenditure (CAPEX) by decreasing the overpotential losses and the 
amount of expensive materials used inside the cell, respectively. The 
porous transport layer (PTL), a key component of PEMWE, serves as 
both the electrical and thermal link between the membrane electrode 
assembly (MEA) and the bipolar plate (BPP). In addition to this, it 
provides the channels for the movement of water and gas molecules on 

the anode side of the cell. In view of this, previous studies have inves
tigated the influence of gradient pore structures [3], bubbles dynamics 
[4,5], clamping pressure [6], etc. on PTL-related OPEX while 
surface-engineered PTLs [7] have been reported to account for CAPEX.

Due to the presence of harsh oxidizing environment, PTLs are made 
of corrosion resistant Ti metal, which forms a stable passive layer (TiO2- 

x) on its surface. But since the interfacial contact resistance (ICR) of the 
TiO2-x layer deteriorates the performance of PEMWEs, several groups of 
researchers have previously investigated the use of PGMs-coated PTLs to 
improve the performance of the cell. For example, Rakousky et al. [8] 
showed that 78% of the degradation in the cell performance was caused 
by an increase in ohmic resistance of the uncoated Ti PTL, which on 
coating with Pt showed lower degradation rate (12 μV h− 1) than before 
(108 μV h− 1). Likewise in the separate study [9], it was observed that the 
surface area of PTL, where the Pt-coating had peeled off, showed an 
increase in ICR, thereby raising the cell voltage by 50%. Moreover, Liu 
et al. [10] showed that sputtering Ir on Ti PTL reduced the ICR by 70 mΩ 
cm2, resulting in an increase in cell performance. Hence based on these 
studies, it can be stated that to decrease the CAPEX related to PTL 
coatings, PGMs must be replaced with non-precious transition metals 
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coatings, exhibiting comparable cell performance and durability as 
former.

The transition metals [11,12] and their respective compounds such 
as nitrides [13,14], carbides [15], oxides [16,17] etc. have been 
extensively studied as a coating material for metallic BPPs and PTLs in 
both proton exchange membrane fuel cells (PEMFCs) and PEMWE. For 
instance, Lettenmeier et al. [12] investigated the thermally sprayed 
macro-porous Ti layer on Ti-based PTL in PEMWE. The authors observed 
an ICR reduction of 20 mΩ cm2, which in-turn resulted in the higher cell 
performance for coated Ti PTL (2.6 V@5.0A cm− 2) than uncoated Ti PTL 
(2.75 V@ 5.0A cm− 2). Next, Liu et al. [18] nitridated Ti felt to produce 
TiN/TiOx composite layer, which leads to an improvement in corrosion 
resistance (0.920 μA cm− 2 vs 20 μA cm− 2), superior stability (up to 200 
h) and lower ICR (1.0 mΩ cm2 vs 3.20 mΩ cm2) compared to uncoated Ti 
felt. However, according to Hwang et al. [19] the PTL performance re
mains unaffected by variation in Ti powder loading(110, 200 and 300 
mg cm− 3) on Ti felt. This was attributed to similar flow and bubble size 
in each case. Next, Fan et al. [16] thermally deposited IrO2− RuO2−

(0.43 mg cm− 2)TaOx on Ti felt with the goal of reducing anode catalyst 
loading. The authors reported an enhanced performance (1.83 V @ 2.0 
A cm− 2) at lower loading (1.0 mg cm− 2) compared to commercially 
electroplated Ti felt (1.87 V @ 2.0 A cm− 2) operated at higher loading 
(2.0 mg cm− 2). Similarly, in the separate study, Doan et al. [17] 
demonstrated that spray-coating, followed by thermal treatment of IrO2 
(0.60 mg cm− 2)/TiO2 on Ti PTL improved the performance (2.720 A 
cm− 2 @2.0 V) compared to uncoated Ti PTL (2.183 A cm− 2 @2.0 V), 
indicating prevention of passivation in former. Deng et al. [15] 
demonstrated that TiC sintered layer on Ti PTL showed better perfor
mance compared to uncoated counterpart by 42 mV@2.0 A cm− 2, 
however, no significant difference was observed in their ICR values. 
Similarly, in the separate study [11], Ti sintered layer on Ti PTL showed 
an increase in cell performances (2.5 V@2.0 A cm− 2) compared to un
coated PTL (2.5 V @6.0 A cm− 2), the reported ICR (58 mΩ cm2@1.4 
MPa) was still higher compared to other transition metals such as 
Nb-based [13] and Ta-based coatings [14]. The reason being the lower 
conductivity of TiO2(10− 6 S cm− 1) compared to Nb2O5(10− 4 S cm− 1) 
and TaOx = 2.21 (1.9 × 10− 4 S cm− 1), respectively. Moreover, it has been 
reported [14,20] that besides the conductivity, the corrosion resistance 
of both sputter-coated Nb-based and Ta-based coatings is also higher 
than Ti in the PEMWE operating conditions. However, it needs to be 
mentioned here that these studies lacked crucial simulated lifetime an
alyses test [16,21], which would have offered a better understanding of 
the long term durability of the coatings. Nevertheless, the above 
research findings showcase an excellent protective capabilities of Nb 
and Ta based coatings in both BPPs and PTLs in PEMWEs; however, their 
reported ICR values [13,14] were still found to be higher than PGMs 
coatings [10]. In view of this, multi-layered coatings with Nb or Ta as an 
interlayer and thin layer of precious metal as the top layer could serve a 
dual purpose, reducing the CAPEX while also keeping the performance 
and ICR of coatings in check. Note that in the present study, due to the 
lower cost of Nb (25% of Ta) compared to Ta, Nb is used as an interlayer 
between Pt and Ti PTL.

Compared to single layered, multi-layered coatings provide promi
nent characteristics such as better adhesion, lower residual stress, higher 
toughness and higher hardness [22,23]. Holleck et al. [23] showed that 
the cracks generated in the top layer got deflected at the interface of 
TiC/TiB2 multi-layered coatings, causing an energy dissipation in 
interface zone, thereby increasing the toughness of coatings. It has been 
reported [22] that due to the presence of alternate layers of hard and soft 
materials, dislocations pile up at the interfaces, resulting in an increase 
in hardness of the multi-layered coatings. Lastly, because of their 
compact structure, multi-layered coatings such as TiN/Ti [24] inhibit or 
delay the diffusion of electrolyte to the substrate, thereby increasing the 
corrosion resistance of the coatings.

Based on the literature above-mentioned, the objective of the present 
study is to investigate the role of Nb as an interlayer between Pt (50 nm) 

and Ti PTL by comparing the electrochemical performances of the each 
of the samples with and without Nb interlayer. The thickness of Nb 
interlayer is then investigated to compete with the ex-situ performance 
of commercial Pt-coated (200 nm) Ti PTL. Finally, the best performing 
multi-layered NbPt sample is compared with commercial Pt-coated in 
the in-situ conditions of the PEMWE cell. It is worth mentioning that all 
the coatings are sputtered through magnetron sputtering technique, 
which besides being user friendly and cost effective process, is known for 
producing uniform, dense and well adherent layers. Moreover, to the 
best of author's knowledge, no prior studies have ever investigated the 
effects of varying Nb interlayer's thickness on the electrochemical per
formance of the multi-layered coating. The present study places 
emphasis on the CAPEX reduction by reducing the loading of PGMs 
coatings on Ti-based porous transport layers (PTLs). Note that although 
work [7] has been done in the past to reduce CAPEX related to PTL 
coatings, the authors [7] focused on lowering Ir loading in catalyst layer 
by depositing Ir directly on the surface-engineered PTL. Hence the 
reduced material as well as the procedure adopted for CAPEX reduction 
significantly differs from that of present study.

2. Materials and methods

In this study, six PTL samples with different configurations are pre
pared as follows:

First, the water-soluble contaminants were removed from the un
coated PTLs by dipping them in the heated (80 ◦C) deionized (DI) water 
for 15 min. Then, they were ultrasonicated in acetone and 2-propanol 
solution for another 15 min to remove the organic surface contamina
tions followed by the 15 min reheating in DI water at 80 ◦C. Finally, they 
were dried in the air at room temperature [2].

Next, DC magnetron sputtering was used to deposit Nb and Pt on the 
uncoated PTLs. The deposition power, base pressure and working 
pressure were kept at 150 W, 1.33 × 10− 4 Pa and 6.66 × 10− 1 Pa, 
respectively. Since the sputtering procedure adopted was thickness- 
controlled, a 14 mm gold crystal was used to monitor the thickness of 
the sputtered material. Table 1 shows the detailed information about the 
materials and coatings used in each of the 6 cases of PTLs whereas Fig. 1
displays their schematic forms.

Thermo Scientific Helios 5, a focussed ion beam instrument was then 
used to measure the thickness of the coated materials through cross 
sectional imaging. Fig. S1 in the Supplementary Information shows the 
milling operation.

It is to be noted that the corrosion (open circuit potential (OCP), 
potentiodynamic and potentiostatic/chronoamperometry (CA) polari
zation, simulated lifetime test) and characterization (scanning electron 
microscopy (SEM), energy dispersive x-ray spectroscopy (EDS), x-ray 
photoelectron spectroscopy (XPS), surface roughness and ICR before and 
after corrosion tests) techniques used in this study are discussed in detail 
at the end of the Supplementary Information.

Table 1 
Types of samples investigated in the current work.

Sample 
name

Sample details

UN-Ti Uncoated Ti PTL (2GDL06N-015 BQ), purchased from Bekaert
SL-Pt Single layered coating of Pt (50 nm) on Ti PTL
ML-1 Multi-layered coating, with Nb as an interlayer (150 nm) and Pt as a 

top layer (50 nm) on Ti PTL.
ML-2 Multi-layered coating, with Nb as an interlayer (200 nm) and Pt as a 

top layer (50 nm) on Ti PTL.
ML-3 Multi-layered coating, with Nb as an interlayer (350 nm) and Pt as a 

top layer (50 nm) on Ti PTL.
CM-Pt Commercially coated PTL (Bekaert 2GDL06N-0150-PT200), with 

single layer of Pt (200 nm)
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3. Results and discussion

3.1. Surface characteristics

Fig. 2 shows the SEM micrographs of surface of all the samples. 
Fig. 2a represent the surface morphology of the uncoated Ti PTL (UN- 
Ti). Fig. 2b–e shows that in the case of sputtered coated samples, the top 
surfaces of Pt have no visible cracks, pores or pinholes. The coatings look 
compact and are uniformly distributed across the surface. Moreover, 
since all the sputtered samples are well-bonded and have sharp in
terfaces between them (Fig. 3), Ti, Nb, and Pt seems to be well-adhered 
with each other in all the samples. Based on all the above observations, it 
can be assumed that these coatings will prevent the surface passivation 
of Ti by acting as a barrier between the Ti substrate and the acidic 
medium, present inside the PEMWE cell. The SEM micrographs of each 

of the samples at 100× magnification are shown in the Supplementary 
Information (Fig. S2). It should be noted that since commercial CM-Pt is 
deposited using an electroplating method, its morphology (Fig. 2f) 
seems completely different from sputter-coated samples. However, 
because of the limited information regarding the coating parameters 
used in the case of CM-Pt, the authors refrain from making any com
ments on its surface morphology.

3.2. Electrochemical tests

3.2.1. Open circuit potential (OCP) measurement
OCP is used to measure the corrosion potential, which gives an idea 

about the thermodynamic susceptibility of material towards corrosion. 
Fig. 4 shows the OCP curves for the uncoated/coated samples. The order 
of OCP values after 4.0 h of exposure is UN-Ti (− 1.15 V) < SL-Pt (0.125 

Fig. 1. Schematic of each of the six samples with their respective coatings' thicknesses.

Fig. 2. Scanning electron microscopy (SEM) images of surface of each of the pristine samples at 1000× magnification.
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V) < ML-1 (0.142 V) < ML-2 (0.148 V) < ML-3 (0.157 V) < CM-Pt 
(0.232 V). It implies that thermodynamically, the samples with Nb as an 
interlayer (ML-1, ML-2 and ML-3) are less susceptible to corrosion than 
the sample with no Nb i.e. SL-Pt. Moreover, as the Nb thickness in
creases, anti-corrosion tendency of the sample increases. Besides this, 
the OCP value of CM-Pt and ML-3 stabilizes earlier (1.0 h) than the ML-2 
(2.0 h) and ML-1 (3.2 h), which indicates the faster kinetics of oxide 
formation on the surface of the former. Interestingly, SL-Pt hasn't 
reached the complete stability even after 4.0 h of exposure, which can be 
explained by the study done by Chipatecua et al. [25] They reported that 
in the case of magnetron sputtered Cr/CrN on steel substrate, the sample 
with lower coating thickness allows the electrolyte to reach the substrate 
earlier than the higher thickness multi-layered coated samples. In view 
of this, similar phenomenon could be assumed to be true for SL-Pt. Due 
to the lowest thickness of SL-Pt, the continuous formation of TiO2-x 
passive film delays the position of voltage stability in the OCP curve. It is 
to be noted that the above-mentioned explanation is only valid for 
sputtered coated samples as electroplated CM-Pt sample, despite having 
lower total thickness (200 nm), stabilizes earlier than ML-2 (250 nm) 
sample. The reason behind this is unclear but could be attributed to 
lower pinhole density in CM-Pt compared to ML-2. As sputtering is a 
‘line of sight’ depositing process, the possibility of shadowing increases 
during the sputtering process. Since the surface of the Ti PTL is intrin
sically rough (as observed in Fig. 2a), the shadowing effect results in a 
non-uniform coating of the substrate area, prompting the generation of 

micro-pinholes. These pinholes then allow the electrolyte to reach the 
substrate, resulting in galvanic corrosion of lesser noble metal among 
the coating and substrate. However, in the case of electroplating tech
nique, samples are usually submerged in an electrolyte solution con
taining the metal ions that needs to be deposited. Hence, the probability 
of metal ions penetrating the shadowed region of PTL fibers increases, 
resulting in a uniform coating all across the PTL. In view of this, faster 
stability of OCP in the case of electroplated CM-Pt could be attributed to 
its lower pinhole's density compared to ML-2. Moreover, before depos
iting any metal through electroplating, researchers typically employ 
acid ‘pickling’ treatment to remove Ti oxide passive layer by immersing 
them in appropriate etching solution. Besides oxide removal, Singh et al. 
[26] has shown that the electrochemical etching of Ti PTL (before 
electroplating Au) results in titanium hydride (TiHx) formation on Ti 
surface. Since the formed TiHx prevents the excessive re-oxidation of Ti, 
electroplated CM-Pt sample (assuming pickling as a pretreatment) will 
provide better kinetic stability compared to sputter-coated ML-2 sample. 
Note that this statement is only valid if the electrolyte has reached the 
substrate in both CM-Pt and ML-2, as ML-3 (despite being 
sputter-coated) shows rapid OCP stability (1.0 h) with no fluctuation in 
voltage, indicating no evidence of electrolyte penetration. Nevertheless, 
because of the limited information about the pretreatment and pinhole 
density of CM-Pt compared to sputter-coated ML-2, the exact cause re
mains uncertain.

It is to be noted that despite the above advantages, electroplating is 

Fig. 3. Coating thickness for SL-Pt, ML-1, ML-2 and ML-3 samples, measured through FIB-SEM cross-section imaging technique.

Fig. 4. (a) Open circuit potential (OCP) curves of the samples in 0.5 M H2SO4 solution at 80 ◦C (b) Enlarged view for SL-Pt, ML-1, ML-2, ML-3 and CM-Pt depicting 
the OCP and stability time for each sample.
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not feasible for Nb metal deposition in aqueous solution. This is due to 
the preferential evolution of H2 (0 V) compared to Nb reduction reaction 
(Nb+5/Nb (− 0.96 V vs SHE); Nb+3/Nb(− 1.10 V vs SHE)), which leads to 
hydrogen embrittlement [27]. Moreover, due to its high affinity for 
oxygen, Nb is prone to oxidation during electroplating [28,29]. To 
tackle this issue, researchers have tried to electroplate Nb in 
non-aqueous solution. However, these methods require high tempera
ture (>750 ◦C) and complex multistep pretreatments involving cyanide 
bath [28], causing environmental contamination [29]. Hence, Nb 
sputtering (in the current study), not only mitigates oxidation (Nb and Pt 
are coated sequentially without breaking vacuum) but also offers a user 
friendly and cost effective alternative.

3.2.2. Potentiodynamic polarization measurement
Potentiodynamic polarization curve for the UN-Ti, SL-Pt, ML-1, ML- 

2, ML-3 and CM-Pt samples is shown in Fig. 5. During the potentiody
namic polarization test, the potential of the working electrode is varied 
while the corresponding current density is being recorded to evaluate 
the kinetic parameters of the corrosion process (Table 2). Tafel slopes (βa 
and βc) are determined using EC lab software, within 60 mV range on 
either side of the Ecorr while the Icorr and RP are obtained using Tafel 
extrapolation method and Stern-Geary equation respectively. Since, Ti 
has a higher affinity for O2 than that of Pt, the uncoated PTL (UN-Ti) has 
the lowest RP than all the coated samples (Table 2). Note that, at this 
point of a time, no comparison can be made between the corrosion 
resistance of ML-1, ML-2 and ML-3 since the RP values in each of the 
cases are quite similar. However, it is evident from Table 2, that all the 
samples with Nb as an interlayer (ML-1, ML-2 and ML-3) showed greater 
RP values than the sample without Nb interlayer (SL-Pt and CM-Pt). The 
possible reasons behind this are explained hereafter, separately for SL-Pt 
and CM-Pt samples. First, due to the shadowing effect in the case of 
sputtered SL-Pt (as discussed in section 3.2.1), the generated pinholes 
will allow the electrolyte to reach the substrate, resulting in galvanic 
corrosion of Ti. Hence it can be stated that the corrosion of Ti gets 
accelerated because of the large cathodic area provided by the noble 
metal Pt, present on the surface. In view of this, use of Nb as an inter
layer eventually breaks the continuity of pores and pinholes, which 
leads to the formation of densely compacted structure in multi-layered 
coatings compared to single layered counterpart. The second possible 
reason could be attributed to the poor adhesion of Ti with Pt (in SL-Pt 
and CM-Pt sample) compared to the adhesion of Nb with Pt and Ti in 
the multi-layered samples, which would again contribute to galvanic 
coupling in the case of former. It is to be noted that the issue related to 
the adhesion of Pt and Ti will be discussed in depth in section 3.4.

3.2.3. Potentiostatic polarization (CA) measurement
To investigate the corrosion resistance of PTLs in the anodic PEMWE 

operating condition, the potentiostatic polarization test was conducted 
in 0.5 M H2SO4 solutions for 6.0 h under application of constant voltage 
of 2.0 V [2,30]. Fig. 6a shows the CA curves for the uncoated/coated 

samples. The order of current densities after 6.0 h of CA is CM-Pt (137 
mA cm− 2) > SL-Pt (126 mA cm− 2) > ML-1 (100 mA cm− 2) > ML-2 (94 
mA cm− 2) > ML-3 (90 mA cm− 2) > UN-Ti (0.68 mA cm− 2). It is to be 
noted that although the current density of CM-Pt is higher than all the 
sputtered coated samples, it doesn't specify the lower corrosion resis
tance in the case of former. According to the study done by Gupta et al., 
[30] the current density in CA, is a combination of both metal oxidation 
and the oxygen evolution reaction (OER), which in turn depends on the 
surface roughness and percentage of Pt-coated area. In view of this, 
higher OER activity in the case of CM-Pt could be attributed to the large 
percentage of Pt-coated area compared to sputter-coated samples. As 
seen from Fig. S3a and b, the fibers located in the deeper section of 
commercial PTL are also coated with Pt, however in the case of Fig. S3c 
and d, sputtering is confined to the top surface. These observations are 
consistent with the typical methodology adopted for electroplating 
deposition (as discussed in section 3.2.1). Since samples are submerged 
in an electrolyte solution, the metal ions penetrate through the PTL 
pores, resulting in a uniform coating all across the PTL. Similar phe
nomenon is likely to hold in the case of CM-Pt, which explains its higher 
OER compared to sputtered coated sample. However, based on the 
roughness data (Fig. S4) of CM-Pt (Average roughness (Sa) = 7.99 μm) 
and SL-Pt (Sa = 9.21 μm), OER should have been higher for sputtered 
coated SL-Pt. The contrary results indicates higher contribution of 
Pt-coated fibers (present below the surface) to the overall OER in the 
case of CM-Pt. Nevertheless, CA was performed at 1.0 V for coated 
samples to remove the contribution of OER (since minimum required 
voltage for OER is 1.23 V). Fig. 6b shows that the order of current 
densities after 6.0 h of CA at 1.0 V is SL-Pt (0.029 mA cm− 2) > CM-Pt 
(0.024 mA cm− 2) > ML-1 (0.013 mA cm− 2) > ML-2 (0.012 mA cm− 2) ~ 
ML-3 (0.012 mA cm− 2). However, since Pt-coated area (including inner 
fibers) is greater in CM-Pt (as discussed above), the exposed surface 
would be significantly greater than 1.0 cm2. As a result, the current 
density (shown above) is an overestimated value (since it's been divided 
by 1.0 cm2), which still does not indicate the true corrosion behavior of 
CM-Pt. Hence for comparison of samples with different Pt-coated area or 
electrochemical surface area, the evaluation of SEM images after CA 
would provide a better picture of corrosion resistance rather than 
analyzing CA data. It can be observed from Fig. 7 and Fig. S5 (at lower 
magnification) in the supplementary information, CM-Pt shows higher 
amount of peeling than multi-layered samples i.e. ML-1, ML-2 and ML-3, 
indicating lower corrosion resistance in commercial PTL.

Contrary to the CM-Pt, all the sputtered coated samples (SL-Pt, ML-1, 
ML-2 and ML-3) could be assumed to have identical top layer (Pt) with 
similar roughness, which suggests that the activity of OER must be 
uniform in all the sample. Therefore, the difference in the current den
sity, as seen in Fig. 6a would solely be due to the resistance provided by 
the coating. This explains the similar order of current density for sput
tered coated samples in both Fig. 6a and b. It can be concluded that the 
corrosion resistance of each of the samples with Nb as an interlayer (ML- 
1, ML-2 and ML-3) is greater than the sample without Nb i.e. SL-Pt. 

Fig. 5. (a) Potentiodynamic polarization curves of the samples in 0.5 M H2SO4 solution at 80 ◦C (b) Enlarged view for SL-Pt, ML-1, ML-2, ML-3 and CM-Pt.
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Moreover, based on the degradation rates of less than 0.001 A cm− 2 h− 1 

(Fig. 6a), the current density values in case of ML-3 (2.0 h), ML-2 (3.0 h) 
and ML-1 (3.0 h) stabilize much earlier than SL-Pt (5.0 h), further 
confirming the galvanic corrosion protection in the multi-layered cases. 
These trends are consistent with the SEM micrographs (Fig. 7) obtained 
after CA for each of the cases. It is observed that in the case of SL-Pt 
(Fig. 7b), top layer of Pt is chipped off from the certain places 
compared to the much lesser peeling in the case of ML-1, ML-2 and ML-3 
(Fig. 7c–e), indicating lower corrosion resistance of former than the 
latter.

However, it should be noted that in the case of SL-Pt and CM-Pt, even 
though the peeling is greater than that of samples ML-1, ML-2 and ML-3, 

most of the coating remains intact even after 6.0 h of CA (Fig. S5b and f
in the Supplementary Information). We therefore increased the time of 
CA to 15 h to examine the degradation behavior of each sample in a 
more effective way. But even after 15 h of CA, no appreciable difference 
was found in the overall coating morphology of any of the samples 
(Fig. S6 in the Supplementary Information) except for a few places in the 
case of SL-Pt and CM-Pt where significant peeling was observed. These 
higher durability of the samples at 2.0 V can be explained based on 
results of simulated lifetime (SLT) analysis (will be discussed in section 
3.4) of each of the samples. It is observed that during the SLT test, each 
sample lasted for more than 34 h at the externally applied current 
density of 2.0 A cm− 2, which results in a much higher voltage output 

Table 2 
Electrochemical parameters (mean ± standard deviation) of all the samples obtained from Tafel plot (potentiodynamic polarization curve).

Samples Ecorr [V] Icorr [μA cm− 2] βa [mV decade− 1] βc [mV decade− 1] Rp [Ω cm2]

UN-Ti − 1.125 ± 0.077 2404.08 ± 138.35 157 ± 5 89 ± 2 10.3 ± 0.7
SL-Pt 0.141 ± 0.012 19.85 ± 1.15 105 ± 2 100 ± 3 1119.1 ± 70.8
ML-1 0.170 ± 0.007 16.96 ± 0.58 103 ± 4 125 ± 2 1445.6 ± 51.5
ML-2 0.172 ± 0.004 16.96 ± 0.65 109 ± 3 125 ± 5 1492.4 ± 59.6
ML-3 0.204 ± 0.018 13.12 ± 0.39 92 ± 2 91 ± 1 1518.2 ± 44.3
CM-Pt 0.224 ± 0.011 22.24 ± 0.71 133 ± 6 131 ± 4 1287.9 ± 68.1

Fig. 6. Potentiostatic polarization curves along with their degradation rate for (a) all samples at 2.0 V and (b) coated samples at 1.0 V in 0.5 M H2SO4 solution 
at 80 ◦C.

Fig. 7. (a–f) represents the Scanning electron microscopy (SEM) images of UN-Ti, SL-Pt, ML-1, ML-2, ML-3 and CM-Pt, respectively after the chronoamperometry 
(CA) test of 6.0 h.
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than the constant 2.0 VRHE that was employed in the CA test. Therefore, 
it is evident that even if the duration of CA is increased by few hours, it is 
highly likely that the coating will remain intact, and the observable 
corrosion would be negligible. Hence, it can be stated that the SEM re
sults (obtained after CA test) are not conclusive enough to compare the 
corrosion resistance of ML-1, ML-2 and ML-3 with each other. Moreover, 
the final current densities i.e. 100, 94 and 90 mA. cm− 2 @ 2.0 V and 
0.013, 0.012 and 0.012 mA. cm− 2 @ 1.0 V respectively for each of these 
three samples are relatively similar after 6.0 h. Hence, SLT test is needed 
to observe the appreciable change in the surface characteristics of the 
samples.

3.3. Interfacial contact resistance (ICR) measurement

Besides having superior corrosion resistance, PTL must have low ICR 
to reduce the ohmic overpotential inside the PEMWE. It has been re
ported that the ICR at MEA/PTL and BPP/PTL interfaces is the main 
cause of ohmic overpotential, which directly affects the cell performance 
[30]. Fig. 8 indicates the ICR of all the six samples both before and after 
6.0 h of polarization (CA) test. The light blue region highlights the range 
of clamping pressures (1.2–2.0 MPa) that are most frequently used in
side the commercial PEMWE stack. In Fig. 8a, the order of the ICR for the 
entire range of clamping pressure is UN-Ti > ML-3 > ML-2 > ML-1 >
SL-Pt > CM-Pt. Since the electrical conductivity of TiO2 (10− 6 S cm− 1) 
passive layer is lower compared to the Pt metal (105 S cm− 1), the ICR is 
observed to be higher in the case of UN-Ti than the coated samples. In 
addition to this, it can be observed that as the thickness of Nb increases, 
the ICR of the coating increases in the case of multi-layered samples. It is 
to be noted that in the case of single layered samples, despite having 
higher thickness of Pt (200 nm), the CM-Pt is observed to have lower ICR 
than that of SL-Pt. The reason behind this is unclear but could be 
attributed to lower roughness of CM-Pt compared to SL-Pt (Fig. S4), 
which would lead to higher contact area and reduced ICR in former. 
Nevertheless, similar decrease in ICR with increase in Ir loading was 
reported by Liu et al. [31] in their study on Ti PTLs. The authors asso
ciated this behavior with lower loading on Ti PTLs. Apart from this, 
based on the assumption that CM-Pt underwent acid ‘pickling’ treatment 
before electroplating, the higher electrical conductivity of TiHx (1.16 ×
106 Ω− 1 m− 1) compared to TiO2 (10− 4 Ω− 1 m− 1), could be attributed to 
lower ICR of CM-Pt compared to SL-Pt (here Pt was coated on bare Ti felt 
without etching). Please note that the amount of TiHx on the surface of 
Ti would also depend on the duration of pickling. Hence the insufficient 
treatment of CM-Pt may contain residual Ti phase, which can still be 
oxidized to TiO2 through air or electrolyte penetration.

Next, Fig. 8b shows the ICR of all the samples after 6.0 h of polari
zation (CA) test. The order of ICR remains same except SL-Pt exhibited 
higher ICR compared to ML-1 and CM-Pt sample in the range of 1.2–2.0 
MPa. The reason behind this could be linked to the lower amount of 

galvanic corrosion in ML-1 and CM-Pt compared to SL-Pt, which due to 
its lower thickness allows the electrolyte to reach the substrate earlier 
than that of the former. Nevertheless, the ICR of all the coatings meet the 
U.S. Department of Energy technical target for fuel cell (similar value of 
technical target might be anticipated for electrolyzers as well), recon
firming the fact that there is a negligible corrosion after 6.0 h of CA at 
2.0 V. The ICR at 1.4 MPa for UN-Ti, SL-Pt, ML-1, ML-2 and ML-3 and 
CM-Pt before CA (Fig. 7a) is 5.34 mΩ cm2, 0.73 mΩ cm2, 1.54 mΩ cm2, 
1.74 mΩ cm2, 1.88 mΩ cm2 and 0.52 mΩ cm2, respectively, which after 
CA (Fig. 7b) has risen to 8.12 mΩ cm2, 2.47 mΩ cm2, 2.15 mΩ cm2, 2.47 
mΩ cm2, 2.67 mΩ cm2 and 1.79 mΩ cm2, respectively.

3.4. Simulated lifetime test

Simulated lifetime test (Fig. 9) is performed at 2.0 A cm− 2 to 
compare the long-term durability of each of the samples. It is observed 
that the order of durability obtained using the SLT is ML-3 (102 h) > CM- 
Pt (68 h) > ML-2 (59 h) > ML-1 (45 h) > SL-Pt (35 h) > UN-Ti (2.5 min).

UN-Ti shows life span of only ~2.5 min (Fig. 9b), indicating the early 
formation of non-conductive TiO2-x oxide layer, which caused a rapid 
surge in the output voltage. Next, the lower SLT (35 h) for SL-Pt 
compared to other multi-layered samples can be explained by the 
higher amount of galvanic corrosion between Ti and Pt in the former 
than the latter. This statement is consistent with the SEM (Back scattered 
electron (BSE)) micrographs of SL-Pt (Fig. 10a) and ML-1 (Fig. 10c) after 
35 h of exposure time, which is also the SLT for SL-Pt. At first glance, it 
looks like that even after 35 h, there is no peeling or spalling of the Pt 
coating in the case of SL-Pt whereas the ML-1 shows considerable 
amount of peeling off the surface. However, EDS image (Fig. 10b) shows 
that in the case of SL-Pt, the considerable amount of Pt is being removed 
and only traces of Pt are left, compared to the higher amount of Pt 
observed in ML-1 (Fig. 10d). Therefore, the smooth surface observed in 
the case of SL-Pt is not Pt but the TiO2-x passive layer. This indicates that 
the Pt has relatively better adhesion with Nb compared to that with Ti, 
which explains the higher amount of galvanic corrosion, as mentioned 
above, in SL-Pt compared to other multi-layered samples. The complete 
EDS mappings and quantitative analysis of all the elements present in 
SL-Pt and ML-1 are provided in Figure S7 and Figure S8, respectively of 
the Supplementary information. Note that the higher adhesion of Nb 
with Ti can be explained by its ability to strongly react with TiO2 even at 
room temperature. It has been reported [32] that during the early stage 
of growth, Nb forms 0.6 nm of NbOx layer by reducing 2–3 nm of TiO2 to 
Ti2O3 at Nb/TiO2 interface. The Gibbs free energy (ΔG) for the forma
tion of NbO, NbO2 and Nb2O5 are − 36 kJ mol− 1, − 57 kJ mol− 1 and − 59 
kJ mol− 1, respectively at 25 ◦C. Furthermore, the transition layer be
tween NbOx and reduced TiO2 was found to be 1 nm, indicating inter
diffusion between two species. A similar reaction at the Nb/Al2O3 [33] 
interface at 600 ◦C, has been shown to enhance the adhesion of Ag to the 

Fig. 8. Interfacial Contact Resistance (ICR) measurements of UN-Ti, SL-Pt, ML-1, ML-2, ML-3 and CM-Pt (a) before and (b) after 6.0 h of chronoamperometry (CA). 
The error bars represent the standard deviation associated with each value.
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Al2O3 substrate on the application of Nb interlayer. In view of this, while 
thin passive layer of TiO2 on Ti PTL typically reduces the adhesion with 
other metals, it enhances the adhesion with Nb. The statement is 
consistent with the high SLT of multi-layered samples, particularly 
ML-3. Note that although the mechanism behind an enhanced adhesion 
in Nb and Pt is unknown, Chellehbari et al. [34] has confirmed the 
excellent adhesion of sputtered Pt on Nb-based bipolar plates.

Despite being a single layered Pt coating, CM-Pt performs better than 
two of the multi-layered samples i.e. ML-1 and ML-2, which seems 
counterintuitive from the perspective of galvanic corrosion. Therefore, 
to understand the reason behind this, the SEM (BSE) micrographs 
(Fig. 11a–c) of ML-2 and CM-Pt are compared after their respective SLT 
i.e. after 59 h and 68 h, respectively. It is observed that in the case of CM- 
Pt, like SL-Pt, top layer of Pt is peeled off to a greater extent compared to 
ML-2, where negligible peeling is observed on the surface. However, the 
total amount of retained Pt (including the inner fibers) in CM-Pt may still 
be comparable to the Pt in ML-2, where coating is restricted to top 
surface (Fig. S9). Hence XPS is done (Fig. 11b–d) to investigate the 
oxidation state of Pt on each of their surfaces after the SLT tests. The 
characteristic peak positions for the Pt 4f 7/2 electron peaks of Pt (0), Pt 
(OH)2 (+2), PtO (+2) and PtO2 (+4) are 71.4 eV, 72.6 eV, 72.3 eV, and 

74.6 eV, respectively with each having spin orbit splitting (Δ) of 3.3 eV. 
Table 3 shows that in the case of ML-2, all the Pt is oxidized to PtO 
(41.99 %) and PtO2 (58.01 %) whereas in the case of CM-Pt, 40.87% of 
the Pt is still unoxidized and the rest is oxidized to Pt(OH)2 (35.96%), 
and PtO2 (22.17%), respectively. Since the conductivities of Pt(+2) (103 

S cm− 1) and Pt(+4) (1.0 S cm− 1) are lower compared to Pt(0) (105 S 
cm− 1) [35], CM-Pt coating (assuming a similar area coverage as ML-2) 
facilitates enhanced electron transport by providing additional 
conductive pathways compared to ML-2. This explains the earlier point 
of voltage surge in case of ML-2 than CM-Pt. Nevertheless, ML-3 shows 
the higher SLT (102 h) compared to CM-Pt (68 h), which is supported by 
the SEM (BSE) images (Fig. 11c–e) of both the samples after 68 h of 
exposure time. It is observed that in the case of ML-3, in addition to the 
negligible peeling, most of the Pt (94.96 %) (Table 3) is still unoxidized, 
thereby resulting in the higher SLT compared to CM-Pt. However, to 
understand the corrosion mechanism in multi-layered and single layered 
coatings, cross-sectional analysis (Fig. 12) is done for ML-2, CM-Pt and 
ML-3 after 59 h, 68 h, 68 h, respectively. ML-2 (Fig. 12a) exhibits 
nanoscale voids (highlighted in red circle), indicating electrolyte pene
tration into Ti substrate. The observation aligns with the presence of 
TiO2 peaks at Nb/Ti interface after 59 h (Fig. S10a). Moreover, the 

Fig. 9. Simulated Lifetime of (a) SL-Pt, ML-1, ML-2, ML-3, CM-Pt and (b) UN-Ti @ 2.0 A cm− 2 in 0.5 M H2SO4 solution at 80 ◦C.

Fig. 10. Comparison of morphology of SL-Pt and ML-1 after 35 h of exposure time @ 2.0 A cm− 2 using (a, c) SEM (Back scattered electron (BSE) image) and (b, d) 
Energy dispersive x-ray spectroscopy (EDS) mapping (Pt).
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thickness of top layer is found to be greater than 50 nm(Fig. 12b), which 
could be attributed to expansion caused by Pt oxides in ML-2 (Fig. 11b). 
Note that due to the non-uniformity and intermixing of Pt and Nb at 
Pt/Nb interface, the actual thickness may vary slightly than being re
ported here. Next, compared to ML-2, CM-Pt (Fig. 12c) shows acceler
ated Ti degradation, indicating higher amount of galvanic corrosion 
(discussed in section 3.2.2) in latter. A similar mechanism of 
micro-galvanic corrosion has been reported by Feng et al. [36] in the 
case of epoxy coatings. Nevertheless, the difference in corrosion of 
CM-Pt and ML-2 can be explained by the greater potential difference 
(ΔEcorr) between Pt/Ti metals (0.224 V vs − 1.125 V) (Table 2) than that 
between Pt/Nb (0.224 V vs − 0.452 V) and Nb/Ti (− 0.452 V vs − 1.125 
V) [34] metals in 0.5 M H2SO4 solution at 80 ◦C. In addition, the 
thickness of Pt (Fig. 12d) is found to be lower than 200 nm, which is a 
consequence of both oxidation (Fig. 11d) and delamination of Pt 

(Fig. 11c). Lastly, in the case of ML-3 (Fig. 12e), though there is a 
presence of few nanoscale voids in Ti (highlighted in red circle), the 
Nb/Ti interface looks sharp, indicating minor penetration of electrolyte 
to the Ti substrate. Moreover, thickness of Pt and Nb (Fig. 12f) are close 
to the pristine ML-3, indicating minor damage or oxidation of Nb and Pt. 
It is to be noted that even though XPS (Fig. S10b) shows the partial 
oxidation of Ti at Nb/Ti interface in ML-3, it might be related to the thin 
passivation layer on Ti felt before coating. Nevertheless, multi-layered 
coatings of ML-2 and ML-3 shows lower corrosion compared to CM-Pt. 
However, 40.87% of unoxidized Pt (assuming a similar area of 
retained Pt as ML-2) on CM-Pt explains its higher SLT compared to ML-2, 
as discussed above.

Among the multi-layered samples i.e. ML-1, ML-2 and ML-3, the 
order of SLT is consistent with the order of corrosion resistance observed 
during potentiodynamic and potentiostatic polarization tests. The 
reason behind the order is explained hereafter. In the case of physical 
vapor deposition such as sputtering, the density of pinholes and pores is 
dependent on the thickness of the coating deposited [37]. It has been 
reported that in the case of sputtered TiN, the density of pinholes de
creases from approximately 1000 to 0.1 (number mm− 2) on increasing 
the thickness of TiN from 1.1 μm to 60 μm. Moreover, in another study 
done by Uchida et al., [38] the area of pinholes decreases from 3.0% to 
0.1% when the thickness of TiN is increased from 100 nm to 1000 nm. 
Therefore, it can be assumed that in the case of ML-1, ML-2 and ML-3, as 
Nb thickness increases, the density of pinholes in the interlayer 

Fig. 11. Comparison of morphology of ML-2, CM-Pt and ML-3 after 59 h, 68 h and 68 h of exposure time, respectively @ 2.0 A cm− 2 using (a, c, e) SEM (BSE image) 
and (b, d, f) X-ray photoelectron spectroscopy (XPS) technique.

Table 3 
X-ray photoelectron spectroscopy (XPS) quantitative analysis data (atomic %) of 
Pt and its oxides for ML-2, CM-Pt and ML-3 after 59 h, 68 h and 68 h of SLT, 
respectively.

Samples Pt [%] PtO [%] Pt(OH)2[%] PtO2 [%]

ML-2 – 41.99 – 58.01
CM-Pt 40.87 – 35.96 22.17
ML-3 94.96 5.04 – –
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decreases, resulting in the higher corrosion resistance. Note that, 
although the SEM micrograph of ML-2 (Fig. 11a) shows slightly greater 
peeling than the ML-3 (Fig. 11e), both samples look similar as none of 
them have shown greater spalling or peeling of the coating. But as seen 
from cross-section (Fig. 12) and XPS results(Fig. 11), only 5.04% of Pt is 

oxidized in ML-3 compared to complete oxidation in ML-2, the SLT 
period turns out to be higher in the case of former than latter. The 
observed difference in Pt oxidation between ML-2 and ML-3 could be 
attributed to the disparity in measured voltage corresponding to each 
sample. As indicated in Fig. 9, both samples start at similar voltage, 

Fig. 12. FIB images of (a, b) ML-2, (c, d) CM-Pt and (e, f) ML-3 after 59 h, 68 h and 68 h, respectively.

Fig. 13. (a) Polarization curve showcasing the total cell voltage and IR free voltage of ML-3 and CM-Pt (b) Contribution of each of the three overpotentials (ohmic, 
kinetic and mass transport) for ML-3 and CM-Pt (c) High Frequency Resistance (HFR) for ML-3 and CM-Pt (d) IR-free curve depicting the line fitting to obtain the 
kinetic overpotential.
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however since the early penetration of electrolyte (as confirmed by 
Fig. S10a) reduces the conductivity in ML-2, higher voltage is required 
to sustain 2 A cm− 2. Hence, compared to ML-3 (~6.5 V), ML-2 remains 
at higher voltage (~7.5 V) throughout 59 h test, which enhances the rate 
of Pt oxidation in latter [39,40].

Hence, in consideration of its higher ex-situ performance, ML-3 is 
compared next with CM-Pt in the in-situ conditions of PEMWE.

3.5. In-situ testing

The single cell performance and the overpotential analyses in the 
case of ML-3 and CM-Pt are shown in Fig. 13a and b, respectively. It is 
observed that at 3.0 A cm− 2, although ML-3 (1.967 V) shows slightly 
inferior performance than the CM-Pt (1.958 V), the voltage free from 
ohmic losses (VIR-free) is lower in the case of former (1.552 V) than the 
latter (1.557 V). This higher drop in voltage in the case of ML-3 (0.414 
V) than that of CM-Pt (0.400 V) is attributed to its higher ohmic over
potential (ƞohmic) loss (Fig. 13b), which is subtracted from total cell 
voltage to obtain VIR-free. Moreover, the higher ƞohmic of ML-3 compared 
to CM-Pt, is in alignment with the trend observed in the ex-situ mea
surement of ICR (as discussed in section 3.3). But, since the operating 
conditions such as temperature, current density, materials, pressure etc. 
is different in both ex-situ as well as in-situ measurement, the values of 
resistance are different between the two situations [8].

Note that the ƞohmic, kinetic (ƞkt) and mass transport (ƞmt) over
potential is evaluated by the method adopted by Suermann et al. [41] 
According to which, ƞohmic is calculated by Equation (2), 

ƞohmic = I × HFR                                                                            (2)

where I is the current density and HFR is the corresponding high fre
quency resistance (Fig. 13c), which is obtained by measuring the x- 
intercept of high frequency arc in EIS curves (Fig. S11 in the Supple
mentary Information). As evident from Fig. 13c, the HFR for both ML-3 
and CM-Pt samples shows a decreasing trend with increasing current 
density. This can be explained based on the previous study done by 
Suermann et al. [41] The authors attributed this decreasing trend of HFR 
to the enhanced waste heat production at higher current densities. They 
further reported that irrespective of the pressure difference across the 
membrane, the trend remained constant, however the rate of decrease in 
HFR was less pronounced at higher temperature. Nevertheless, accord
ing to their findings, the HFR decreased by approximately ~10.0 mΩ 
cm2 as current density was increased from 0 to 3.0 A cm− 2 at 70 ◦C. 
Similar range of ΔHFR (~7.0 mΩ cm2 at 80 ◦C for ML-3) is observed in 
our study (Fig. 13c). The slight difference in value could be due to the 
different operating conditions in both the study. Next, IR-free plot 
(Fig. 13a) is replotted as Tafel plot, and the tafel equation has been used 
to fit the curve in low current density region, as shown in Fig. 13d ƞkt is 
then derived by deducting thermodynamic cell voltage (Equation (3)) 
from the fitted line. 

E◦ (V) = 1.5184–1.5421 × 10− 3 T + 9.523 × 10− 5 T ln(T) + 9.84 × 10− 8 

T2                                                                                                 (3)

where T (K) is the temperature. Finally, ƞmt is obtained by deducting the 
total of ƞkt and E◦ from the VIR-free.

As seen from Fig. 13b, despite having similar top layer of Pt in both 
the cases, ML-3 exhibits lower ƞkt and ƞmt compared to CM-Pt. The 
reason behind this is unclear but could be attributed to the higher 
toughness and hardness of ML-3 compared to CM-Pt. It has been re
ported [42] that the deflection of cracks at the interface of multi-layered 
coatings dissipates energy in the interfacial region, hence enhancing 
their toughness. In addition to this, the presence of alternate layers of 
hard (Nb) and soft (Pt) materials would cause the dislocations to pile up 
at the interfaces [22], resulting in an increase in hardness of the ML-3. 
Considering this, it can be stated that in the presence of high clamping 
pressure inside the cell, the tendency of crack initiation and propagation 

would be higher in the case of CM-Pt compared to ML-3. These cracks in 
CM-Pt would effectively reduce the contact point of Ti PTL with CL, 
impacting the catalyst utilization or ƞkt in the case of membrane 
swelling. This statement is consistent with the study done by Liu et al., 
[43] where the authors intentionally left Pt-coatings gaps in thin strips 
on Ti PTL to study their impact on cell performance. They reported that a 
reduction in the Pt-coated area led to decreased catalyst utilization, 
which was reflected by the increase in tafel slopes and ƞkt. Next, 
regarding ƞmt, it has been reported [44] that the cracks generated in 
Pt-coated PTLs leads to O2 gas accumulation inside the crack, resulting 
in delamination of coatings in the simulated PEMWE environment. 
Similar phenomenon is likely to hold at PTL/CL interface, which could 
increase the ƞmt in case of CM-Pt due to its higher tendency of crack 
formation than multi-layered ML-3, as discussed above.

It is worth mentioning that although the total thickness of ML-3 (Nb 
= 350 nm, Pt = 50 nm) is higher than CM-Pt (Pt = 200 nm), the cost of 
the coatings is lower in the case of former than the latter. This is 
attributed to the significant price difference between the Pt and Nb, i.e. 
as per March 2025, the cost of Pt and Nb is 32247.20 USD kg− 1, and 
81.10 USD kg− 1, respectively. Note that since coating represents a major 
proportion of overall manufacturing cost of PTL, the impact of these 
price differences becomes particularly important on a large industrial 
scale. According to National renewable energy laboratory (USA) [45], 
the cost contribution of PVD's coating has increased from ~50% to 
~60% from 2019 to 2024 at a production rate exceeding 1000 uni
ts/year. However, since both samples (CM-Pt and ML-3) are produced 
through different methodology i.e. electroplating (non-PVD) and sput
tering (PVD), respectively, it's important to understand the total cost of 
both coating methods to ensure a fair comparison to CAPEX. Merlo et al. 
[46] reported that for depositing 20 μm-thick Cr coating on 1.0 m2 cy
lindrical area, although the electricity and equipment costs were greater 
for magnetron sputtering, its labor cost was comparatively lower than 
that of electroplating. This resulted in similar cost outcome. Assuming 
the same to be true for industrial PTL (0.1–0.3 m2) the difference in 
CAPEX would solely be due to the price variation in the coating material. 
Hence, considering the coating price, mentioned above, 200 nm of Pt 
replaced with 50 nm of Pt and 350 nm of Nb would amount to ~75% 
decrease in cost of coating and ~45% reduction in overall 
manufacturing cost of PTL. It is to be noted that while Nb has shown 
considerable potential in the present study, it has been regarded as 
critical raw material by European commission in 2023 [47]. In addition, 
~99% of Nb production are concentrated in Brazil and Canada, high
lighting its geographical scarcity. Hence, to limit the Nb usage, the more 
abundant alternatives such as Zr, V etc. (having high oxygen affinity) 
need to be investigated in combination with Nb. For instance, addition 
of 1%Nb in Zr has shown to improve its corrosion resistance and is being 
widely used in nuclear reactors [48].

4. Conclusions

In this study, Nb was investigated as an interlayer between thin layer 
of Pt coating (50 nm) and Ti PTL to reduce the overall cost of commercial 
Pt coated (200 nm) Ti PTL. Three different thicknesses of Nb interlayer 
were deposited and was compared with two single layered Pt samples i. 
e. SL-Pt (having similar Pt loading) and commercial CM-Pt (having 
higher Pt loading) in both ex-situ as well as in-situ conditions of PEMWE. 
The results showed that the samples with Nb as an interlayer (ML-1, ML- 
2 and ML-3) performed better than the sample without interlayer (SL-Pt) 
in a PEMWE simulated conditions. This was attributed to the inhibition 
of galvanic corrosion and the better adhesion of Pt with Nb than that 
with Ti in the case of multi-layered samples compared to single layered, 
SL-Pt. Next, it was observed that with the increase in the thickness of Nb 
interlayer, the SLT of the multi-layered samples increased in the 
following order i.e. ML-1 (45 h) < ML-2 (59 h) < ML-3 (102 h). This was 
due to the higher amount of peeling in ML-1 compared to ML-2 and the 
complete oxidation of Pt in ML-2 compared to ML-3 (5.04 %). 
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Nevertheless, the ICR of all the multi-layered samples after CA were 
found to be quite low (<10 mΩ cm2) in the entire range of 1.2–2.0 MPa.

Compared to commercial CM-Pt sample, only ML-3 demonstrated 
higher SLT than the former, which could be attributed to the higher 
number of pinholes in ML-1 and ML-2 compared to ML-3. The in-situ 
results indicated that multi-layered ML-3 showed slightly lower per
formance (1.967 V@3.0 A cm− 2) than CM-Pt (1.958 V@3.0 A cm− 2). 
This was due to the higher ohmic overpotential in the case of ML-3 than 
CM-Pt, which opens door for the future work to lower the HFR in the 
case of former. The results obtained from this study effectively empha
size the importance of a Nb based middle layer for increased durability 
and an economically feasible pathway for PTL coating fabrication with 
low Pt utilization.
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Nomenclature

Ecorr corrosion potential, V
Icorr corrosion current density, μA cm− 2

βa, βc tafel slopes, mV decade− 1

RP polarization resistance, Ω cm− 2

VIR-free IR-free voltage, V
HFR high frequency resistance, Ω cm− 2

I current density, A cm− 2

ƞohmic ohmic overpotential, V
ƞkt kinetic overpotential, V
ƞmt mass transport overpotential, V
E◦ thermodynamic cell voltage, V

Abbreviations

PTLs porous transport layers
PEMWEs proton exchange membrane water electrolyzers
MEA membrane electrode assembly
OPEX operation expenditure
CAPEX capital expenditure
PGMs pt-group metals

BPPs bipolar plates
ICR interfacial contact resistance
OCP open circuit potential
CA chronoamperometry
SLT simulated lifetime
SEM scanning electron microscopy
EDS energy dispersive x-ray spectroscopy
XPS x-ray photoelectron spectroscopy
GDLs gas diffusion layers
EIS electrochemical impedance spectroscopy
BSE backscattered electron
OER oxygen evolution reaction

Data availability

Data will be made available on request.
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[46] A. Merlo, G. Léonard, Magnetron sputtering vs. Electrodeposition for hard chrome 
coatings: a comparison of environmental and economic performances, Materials 14 
(2021), https://doi.org/10.3390/MA14143823/S1.

[47] Milan Grohol, Constanze Veeh, Study on the Critical Raw Materials for the EU 
2023, final report, 2023, p. 152.

[48] A.V. Nikulina, Zirconium-niobium alloys for core elements of pressurized water 
reactors, Met. Sci. Heat Treat. 45 (2003) 287–292, https://doi.org/10.1023/A: 
1027388503837/METRICS.

Anurag et al.                                                                                                                                                                                                                                    Renewable Energy 262 (2026) 125373 

13 

https://doi.org/10.1016/J.JPOWSOUR.2022.231370
https://doi.org/10.1016/J.JPOWSOUR.2022.231370
https://doi.org/10.1021/ACSAMI.1C22639
https://doi.org/10.1016/J.JPOWSOUR.2011.11.041
https://doi.org/10.1016/J.JPOWSOUR.2011.11.041
https://doi.org/10.1007/S11665-020-05026-Y
https://doi.org/10.1007/S11665-020-05026-Y
https://doi.org/10.1016/J.SURFCOAT.2018.03.095
https://doi.org/10.1016/0257-8972(94)02407-3
https://doi.org/10.1016/0257-8972(90)90166-A
https://doi.org/10.1016/J.SURFCOAT.2014.09.058
https://doi.org/10.1016/J.SURFCOAT.2014.09.058
https://doi.org/10.1016/J.VACUUM.2012.01.016
https://doi.org/10.1016/J.IJHYDENE.2025.02.047
https://doi.org/10.1016/J.IJHYDENE.2025.02.047
https://doi.org/10.1016/J.ELECTACTA.2019.134600
https://patents.google.com/patent/US4632734A/en
https://surfacetreatments.infn.it/literature-review-of-nb-electroplating-dmytro-chirkov-tfsrf-2010/
https://surfacetreatments.infn.it/literature-review-of-nb-electroplating-dmytro-chirkov-tfsrf-2010/
https://doi.org/10.1016/J.JPOWSOUR.2024.236088
https://doi.org/10.1016/J.JPOWSOUR.2024.236088
https://doi.org/10.1021/acsami.0c20690
https://doi.org/10.1016/S0039-6028(99)01172-3
https://doi.org/10.1007/BF00182545/METRICS
https://doi.org/10.1007/BF00182545/METRICS
https://doi.org/10.1016/J.MTENER.2025.101913
https://doi.org/10.1016/J.MTENER.2025.101913
https://doi.org/10.1143/JJAP.38.2092
https://doi.org/10.1016/J.PORGCOAT.2020.105799
https://doi.org/10.1016/J.PORGCOAT.2020.105799
https://doi.org/10.1016/S0257-8972(99)00551-4
https://doi.org/10.1016/S0257-8972(99)00551-4
https://doi.org/10.1016/S0921-5093(97)00233-5
https://doi.org/10.1016/J.ELECOM.2015.09.017
https://doi.org/10.1016/J.ELECOM.2015.09.017
https://doi.org/10.1021/JACS.8B12284
https://doi.org/10.1021/JACS.8B12284
https://doi.org/10.1016/J.ELECTACTA.2016.06.120
https://doi.org/10.1016/0921-5093(93)90337-E
https://doi.org/10.1016/0921-5093(93)90337-E
https://doi.org/10.1016/J.APENERGY.2023.122274
https://doi.org/10.1021/ACSAMI.5C08467
http://www.nrel.gov/publications
https://doi.org/10.3390/MA14143823/S1
http://refhub.elsevier.com/S0960-1481(26)00198-9/sref47
http://refhub.elsevier.com/S0960-1481(26)00198-9/sref47
https://doi.org/10.1023/A:1027388503837/METRICS
https://doi.org/10.1023/A:1027388503837/METRICS

	Effect of Nb interlayer thickness on the performance of porous transport layers for proton exchange membrane water electrol ...
	1 Introduction
	2 Materials and methods
	3 Results and discussion
	3.1 Surface characteristics
	3.2 Electrochemical tests
	3.2.1 Open circuit potential (OCP) measurement
	3.2.2 Potentiodynamic polarization measurement
	3.2.3 Potentiostatic polarization (CA) measurement

	3.3 Interfacial contact resistance (ICR) measurement
	3.4 Simulated lifetime test
	3.5 In-situ testing

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Nomenclature
	Abbreviations
	Data availability
	References


