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H I G H L I G H T S

Noble metal free Ti–Nb alloy coatings 
for anode PTLs in PEMWE.
Sputtered alloy coatings enable stable 
PEMWE operation for at least 144 h.
TEM investigation detects the presence 
of niobium and titanium in oxide layer.
Mixed oxide layer maintains sufficient 
conductivity.

 G R A P H I C A L  A B S T R A C T

 R T I C L E  I N F O

eywords:
reen hydrogen
TL coating
EMWE
itanium
iobium

 A B S T R A C T

One of the most cost-intensive components of proton exchange membrane water electrolyzers (PEMWE) are 
the anode-side Porous Transport Layers (PTLs), often comprised of titanium with a noble metal coating 
such as platinum. Replacing the noble metal coating is crucial to reduce the manufacturing costs of PEM 
electrolyzers. This study aims to replace conventional platinum coatings with titanium-niobium alloy coatings 
using magnetron sputtering. To evaluate the performance and stability of the coated PTLs, laboratory-scale tests 
have been conducted with PEMWE single cells. Post-mortem analysis of the PTLs included scanning electron 
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), transmission electron microscopy (TEM) and 
resistance measurements. So far, the best results were achieved with alloy coatings consisting of 94 at.% 
titanium and 6 at.% niobium, as these coatings enabled stable PEMWE operation for 144h at 2.0V. TEM 
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confirms that niobium is incorporated into the growing oxide scale. We assume that the pentavalent niobium 
atoms serve as donator sites in the oxide increasing its electric conductivity.
1. Introduction

Due to the highly oxidative conditions at the anode side in PEM 
water electrolysis cells, the catalyst-facing side of uncoated titanium 
PTLs form TiO2 scales resulting in an increased contact resistance and 
overvoltage. To prevent the formation of titanium oxide, PTLs are 
usually coated with precious metals such as platinum or iridium. These 
precious metals exhibit excellent electrochemical stability under the 
operating conditions. The stability and degradation of PTL coatings 
are primarily influenced by two factors: polarization by the electro-
chemical potential needed for the water splitting reaction to occur 
and contact with the highly acidic sulfonic acid groups of the polymer 
electrolyte (pKa = −6 [1]). Although the stability of precious metals is 
unsurpassed [2], research into the reduction or replacement of precious 
metal coatings is important to lower the investment costs for PEM 
electrolysers [3–5].

To date, only two reports exist about noble-metal free PTL coat-
ings for anode PTLs consisting of niobium. Stiber et al. [6] presented 
electrolysis operation for 1500h with a niobium and sub-layer tita-
nium coated stainless steel expanded mesh yielding an approximate 
ageing rate of 267 μVh−1. Stein et al. [2] reported an ageing rate 
of 162 μVh−1 with a Nb-coated PTL in the second half of a 2000h 
experiment. These ageing rates might be caused by the fact that the 
thermodynamic equilibrium of niobium lies on the oxide side [7] at po-
tentials of up to 1.5V to 1.8V vs. RHE (Reversible Hydrogen Electrode), 
which are to be expected at the anode catalyst [8–11]. Therefore, an 
increase in the resistance of the coating is expected during prolonged 
operation [12].

In addition to the search for pure metallic materials that are re-
sistant to corrosion and oxidation, another viable approach could be 
to maintain the conductivity of the PTL surface by modifying the 
titanium surface in such a way that the oxide growth rate is decreased 
and the conductivity of the forming oxide layer remains sufficiently 
high. For example, Ramos et al. [13] reported a significant increase in 
the electrical conductivity of rutile TiO2 upon niobium implantation. 
Furthermore, Pérez et al. [14] found that the growth of an oxide scale 
on titanium at 800 °C in dry and humidified argon atmosphere with 
20 % oxygen is significantly decreased when titanium is alloyed with 
4 at.% Nb compared to pure titanium. Aukland et al. [15] investigated 
conductive Nb–Ti-alloys for fuel cell bipolar plate coatings with 1 at.%, 
1.5 at.% and 3 at.% Nb where the latter exhibited the lowest resistance. 
Alloying elements like Ta and Nb are reported to reduce the solubility 
of oxygen in titanium [16] and to reduce the oxide thickness [14]. 
Gesesse et al. also report that doping TiO2 films with niobium signif-
icantly reduces the resistivity of the thin films [17] and Frisch et al. 
[18] calculated that for doping TiO2, niobium is the element with the 
highest potential to enhance the electrical conductivity of the oxide.

However, studies about Ti–Nb alloy coatings on anode PTLs have, to 
the best of the authors’ knowledge, not yet been published. Therefore, 
we investigated short- and midterm performance developments during 
144h or 672.5 h electrolysis operation at 2.0V with magnetron sput-
tered Ti–Nb alloy coatings with 3 at.%, 6 at.% and 28 at.% Nb on two 
different types of titanium PTLs. These ratios were selected as Aukland 
et al. [15] found the lowest surface resistance for coatings containing 
3 at.% Nb on bipolar plates and Frisch et al. [18] reported a maximum 
conductivity of Nb doped mesoporous titanium oxide with a Nb mole 
fraction of 33 at.%.
2 
Table 1
Deposition parameter of Ti-Nb alloys via magnetron sputtering.
 Ti97Nb3 Ti94Nb6 Ti72Nb28 
 Initial pressure /mbar 4 ⋅ 10−5 4 ⋅ 10−5 4 ⋅ 10−5  
 Process pressure /mbar 580 580 580  
 Ar-flow/sccm 280 280 280  
 Kr-flow/sccm 200 200 200  
 Cathode power 3x Ti-Target /W 5000 5000 4000  
 Cathode power 1x Nb-Target /W 500 1000 5000  
 Bias /V −200 −200 −200  
 Sputter duration /s 4000 4000 4000  

2. Materials and methods

2.1. Magnetron sputtering

All PTLs were cleaned before they were coated using an oil re-
moving program operating at 95 °C in a laboratory dishwasher (Miele 
Professional PG 8583). Afterwards, the samples were dried using com-
pressed air. The titanium expanded metals and felts were coated using 
a CC800/9 sputtering system from CemeCon AG. The samples were 
placed in the centre of the chamber on a rotating columnar sample 
holder. Three titanium and one niobium targets were arranged on the 
four sides of the rectangular chamber. First, the system was evacuated 
to an initial pressure of 4 ⋅10−5 mbar and then heated to approximately 
550 °C at the sample holder. Following an initial sputter etching step, 
the deposition process was initiated. The coating parameters for the 
three different coatings are summarized in Table  1. The coating com-
position was controlled by adjusting the power applied to the individual 
sputter targets. A higher target power results in a higher deposition rate 
and thus a higher contribution of the respective element to the coating. 
The coatings were deposited on (100) silicon wafers, titanium expanded 
metals (TiEM) and titanium felts (TiF).

2.2. Electron microscopy

To analyse the morphology and thickness of the alloy coatings, 
metallographic cross-sections were prepared and examined via SEM 
using a Zeiss EVO 15 instrument equipped with an Oxford Instruments 
Ultim Max 100 EDS detector. Coating thicknesses were measured using 
the software ImageJ. In addition, a TEM lamella from a sample was 
prepared by using a focused ion beam (FIB, Helios Nanolab 660) after 
electrolysis to investigate the oxide layer on the MEA-facing side. 
For this purpose, the sample was first galvanically coated with nickel 
before the lamella was cut and EDS analysis was performed. The TEM 
characterization and local chemical analysis were carried out on Talos 
2 F200X equipped with EDS detector.

2.3. PEMWE test cells

In order to assess the newly produced PTLs under PEMWE condi-
tions, the samples were installed in in-house-build laboratory-scale test 
cells (see Fig.  1c). A cell comprises two meander flow fields (FF, see 
Figure S1 in the supplementary information): one located on the anode 
side and the other on the cathode side providing water for the active 
cell area of 17.64 cm2. The membrane electrode assemblies (MEAs) 
were produced inhouse by means of the decal method with Nafion™ 117 
membrane (≈ 180 μm in dry state, The Chemours Company FC, LLC). 
The preparation of the catalyst layers (CLs) and MEAs has already been 
described in a previous study [19]. The catalyst loadings amounted for 
0.99± 0.15mgIrcm−2 (anode side) and 0.23± 0.05mgPtcm−2 on the 
cathode side. Commercially available carbon PTLs (TGP-H-120 from 
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Fig. 1. (a) 3D X-ray tomograms of titanium felt from Bekaert, details about measurement parameters of computer tomography are given in the supplementary 
information, (b) Light microscopy image of titanium expanded mesh from Bender (TiEM) and (c) Illustration of the laboratory sized PEMWE test cell.
 

TORAY INDUSTRIES, INC.) with a thickness of 370± 6 μm and porosity 
of 78% served as PTLs on the cathode side. This carbon PTL consists of 
a carbon fibre composite material with 5 wt% polytetrafluoroethylene 
(PTFE). The anode PTLs used are described in the following subsection. 
All PTLs were sealed by PTFE gaskets, with a thickness matching the 
thickness of the anode PTLs by ± 5 μm and on average 100 μm less than 
the thickness of cathode PTL to achieve a compression of 29% of the 
carbon PTL at dry state.

2.4. Anode porous transport layers

Within this work, two different types of titanium grade 1 PTLs were 
used: Commercially available titanium felts (TiF) with a thickness of 
363± 8 μm, a porosity of 68% and a fibre diameter of 20 μm (NV 
Bekaert SA, Belgium), and titanium expanded metals (TiEM) from 
Bender GmbH Maschinenbau & Streckmetallfabrik (Germany) with a 
thickness of 136.5± 3.5 μm (see Fig.  1a and b). The expanded metals 
exhibited an opening of 336± 10 μm 𝑥 190± 15 μm and open area of 
approximately 24.9 ±2.5%. Table  2 provides an overview of all the 
anode PTLs that were tested in PEMWE operation. After the PTLs were 
coated with Ti-Nb alloys on the MEA-facing side, the FF-facing side 
was coated with platinum to minimize oxidation and other forms of 
degradation on the back of the PTL and consequently to ensure that 
the performance and degradation of the novel alloy coating could be 
assessed independently from other corrosion effects. The platinum coat-
ing was deposited using a Quorum Q150T ES (Quorum Technologies 
Ltd). A thickness of 37.5± 0.2 nm was achieved, corresponding to a 
platinum loading of 0.06mgPtcm−2. The same Pt coating was deposited 
on both sides of the reference PTLs to investigate the cell performance 
with noble metal coated samples. To asses the performance with un-
coated, pure Ti PTLs, Ti PTLs that were only coated with Pt on the 
FF-facing side were used.
3 
Table 2
Overview of the substrate and coating of all tested PTLs..
 Sample Substrate Front coating 
 TiF_uncoated Ti felt uncoated  
 TiF_Pt Ti felt Pt  
 TiEM_uncoated Ti expanded metal uncoated  
 TiEM_Pt Ti expanded metal Pt  
 TiF_Ti97Nb3 Ti felt Ti97Nb3  
 TiEM_Ti97Nb3 Ti expanded metal Ti97Nb3  
 TiF_Ti94Nb6_1 Ti felt Ti94Nb6  
 TiF_Ti94Nb6_2 Ti felt Ti94Nb6  
 TiEM_Ti94Nb6 Ti expanded metal Ti94Nb6  
 TiF_Ti72Nb28 Ti felt Ti72Nb28  
 TiEM_Ti72Nb28 Ti expanded metal Ti72Nb28  
The backsides of all PTLs were coated with Pt.

2.5. PEMWE test bench

An in-house built test bench providing five test places was used [19].
Each place was equipped with a peristaltic pump (Ismatec ISM832C) 
delivering water to the anode and cathode side at a rate of
25.0± 1.5mLmin−1 on the anode and 24.0± 2.5mLmin−1 on the 
cathode. The water supply on the cathode side prevents partial drying 
of the membrane near the cathode at high current densities, supports 
gas removal, and ensures uniform temperature conditioning of the 
cell. The water supplied to the cells was purified by a water treat-
ment system (Merck Millipore) to a conductivity of 0.055 μS cm−1 
and a total organic carbon content (TOC) of less than 3ppb. As the 
excess water from the cell outlets returns to the tanks, ion exchangers 
(Amberlite™ IRN-150) were installed between the water storage tank 
and the cell inlet to ensure that no impurities enter the cells. Ni-
Cr-Ni thermocuples were installed in each flow field plate and the 
temperature measured and controlled to 80 °C by an in-house built 
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heating box. A TDK Lambda GEN-20-76 DC power supply was used 
as current source (accuracy of voltage output: 10mV; current output: 
152mA; readback current: 228mA). Cell voltages were recorded using 
a Keithley model 2701 multimeter with an accuracy readback voltage 
of 10mV. Further details about the test bench are given in [19].

2.6. PEMWE test protocol

Following the assembly of the cells, the cells and purified wa-
ter were heated to the operating temperature of 80 °C. After 1h of 
heat up, the cell voltage was increased to 1.7V in 0.05V-steps per 
minute and held for a period of 15h for conditioning as proposed 
by Lickert et al. [20]. Subsequently, the first I–V curves were recorded 
to compare begin-of-test (BOT) performances. The I–V curves were 
recorded potentiostatically in 50mV-steps from 1.3V to 2.0V, whereby 
the intervals between the voltage steps were chosen closer (between 
20mV to 30mV) in the low voltage range to depict the initial curvature 
of the curve. Each voltage step was held for 5min. The I–V curves 
were then generated from the mean values of the last 10 measuring 
points of a voltage step. Furthermore, electrochemical impedance (EIS) 
spectra were recorded. To record the spectra, the power supply from 
the test bench had to be interrupted and disconnected to connect the 
cell to a Biologic HCP 1005 potentiostat, including a booster unit to 
allow currents up to 100A. Furthermore, the sense lines of the test 
bench were also removed to connect the potentiostat’s sense lines. As 
only one cell could be connected to the potentiostat, all other cells that 
were not subject to the EIS measurement stayed at 1.45V to protect 
the cells from a decreasing open circuit potential (OCP), as cycling 
between OCP and potentials above 1.40V vs. RHE promotes iridium 
dissolution [21]. Spectra were recorded potentiostatically at 1.45V, 
1.50V, 1.55V, 1.60V, 1.65V, 1.70V, 1.80V, 1.90V and 2.0V in a 
frequency range between 100mHz and 10 kHz and an amplitude of 
5mV. Impedance measurements were predominantly carried out to 
determine the high-frequency resistance (HFR), as the HFR represents 
the sum of all purely ohmic resistances composed of the resistance of 
the proton transport through the membrane and all transition resis-
tances of metallic components. An increase of the HFR indicates, for 
example, increased contact resistance between the PTL and the CL, as 
the resistance of proton transport through the membrane is assumed to 
be constant under constant temperature conditions and without taking 
membrane creep into account. The HFR therefore provides a diagnostic 
tool for monitoring the PTL resistance. For the determination of HFR, 
the software ZView® from Scribner was used with the Calc-Modulus as 
type of data weighting where the error for the HFR always amounted 
for less than 1%. The equivalent circuit model used is displayed in the 
supplementary information (SI) in Figure S3. Afterwards, potentiostatic 
operation at 2.0V was conducted for up to 672.5 h and interrupted 
for the recording of three consecutive I–V curves after 40h, 144h and 
at the end of test as well as for the recording of impedance spectra. 
Measurements with reference cells without Pt coating were conducted 
for 1005h and with Pt coating for 457h.

2.7. Interfacial contact resistance

A 4-wire setup was used to determine an approximation of the 
interfacial contact resistance (ICR) of the PTLs independently of all 
other cell components. For this purpose, the PTLs were placed between 
two compressible carbon PTLs (TGP-H-120 from Toray) under a gold-
plated copper stamp. As the carbon PTLs are compressible, they served 
to compensate for inhomogeneities of the PTLs under investigation and 
thus to increase the contact area between the carbon PTLs and coated 
PTLs. The stamp was screwed to a pneumatic cylinder which is used 
to apply a constant force. For the measurements a pressure of 5.8 bar 
was applied, resulting in an average contact pressure of 1.53MPa on the 
sample. To determine the through plane resistance, currents of 100mA, 
200mA, 300mA, 400mA, 500mA, 600mA, 700mA and 790mA were 
4 
Table 3
Overview of the coatings including the proportions of the elements determined 
by EDS and the layer thicknesses measured on the Si-wafers using ImageJ.
 Coating Ti/at.% Nb /at.% Thickness/μm 
 Ti97Nb3 97.3 ± 0.04 2.6 ± 0.04 3.5 ± 0.01  
 Ti94Nb6 93.8 ± 0.04 6.1 ± 0.04 4.1 ± 0.01  
 Ti72Nb28 71.5 ± 0.1 28.5 ± 0.1 4.4 ± 0.1  

applied between both gold-plated copper plates by an SP-150 poten-
tiostat from Biologic and the voltage drop at every current step was 
measured by the same potentiostat with two voltage sensing cables, one 
attached to the upper, one attached to the lower stamp. Figure S2 shows 
a schematic representation of the setup and the upper stamp that is 
attached to the pneumatic cylinder. The through plane resistances were 
then calculated from the slope of the I–V curves. The measurements and 
calculations were repeated three times and the slopes were averaged. 
To calculate the ICR, the system resistances were determined with the 
two carbon PTLs before and after each measurement and subtracted 
from the measured values with PTL. As the ICR between the two 
carbon PTLs cannot be determined, this unknown resistance comprises 
a systematic error in the determination of the PTL resistance. However, 
this error is expected to be similar for all measurements and is therefore 
assumed to not influence the determination of the change in ICRs of 
the PTLs. Furthermore, as the resistance of titanium in the bulk of the 
PTL is assumed to be negligible compared to the resistances of the PTL 
surface and coating, the calculated resistance can be approximated as 
interfacial contact resistance and assumed to be a property of the PTL 
surface.

3. Results

3.1. Coating deposition

Fig.  2(a) shows the three different coatings deposited as described in 
Section 2.1 on (100) oriented Si-wafers. Additionally, a magnified area 
of the Ti72Nb28 coating acquired with a backscattered electron detector 
highlights the lamellar structure. This structure is representative of all 
coatings and becomes visible upon sufficient magnification. The ratio 
between titanium and niobium fractions of the coatings was determined 
using EDS point measurements. Minor amounts of oxygen detected by 
EDS were disregarded in the determination of the coating composition. 
The element percentages and coating thicknesses on the Si-wafers are 
summarized in Table  3. The coating thickness on the PTLs that were 
tested in the electrolyzer were in the same order of magnitude, but 
varied to a greater extent as the PTLs have more irregular surfaces, 
shown in the supplementary information Figure S4 and Figure S5.

Fig.  2(b) shows the SEM image and EDS analysis of a lamella that 
was cut out of a polished cross section of TiEM_Ti94Nb6. The individual 
lamellae are approximately 35± 5nm thick. EDS point analysis show 
a range for the niobium content between 1 ± 0.4 at.% (red lamellae) 
to 10 ± 2 at.% (turquoise lamellae) and an overall niobium content of 
6 ± 1 at.% measured over several lamellae using a line scan. Overall, 
this indicates that niobium is not homogeneously distributed within 
the coating, and that the amount of niobium present at the surface 
in contact with the MEA may differ. As can be seen in Figure S6 in 
the supplementary information, the lamellar structure of the coating 
remains intact after PEMWE operation.

3.2. PEMWE performance and impedance spectroscopy

To benchmark the novel coatings, PEMWE performance was first 
evaluated using titanium PTLs with and without Pt coatings towards 
the CL-facing side, with the latter serving as the performance target. I–
V curves with uncoated and Pt coated titanium felt (TiF) and titanium 



T. Sievert et al. Journal of Power Sources 664 (2026) 238944 
Fig. 2. (a) SEM images (secondary electron) of the different coatings with 3 at.%, 6 at.% and 28 at. % niobium, deposited on (100) oriented Si-wafers. The 
individual coatings were deposited in the same run in which the felts and expanded metals were coated. (b) SEM image and EDS analysis of a lamellar cut from 
TiEM_Ti94Nb6. In the images, a distinct lamellar microstructure of the Ti94Nb6 coating is visible.
expanded metal (TiEM) are displayed in the supplementary information 
(Figure S7).

With Pt coated Ti felt (TiF_Pt, Figure S7a), the maximum current 
density at 2.0V stayed at 2.9A cm−2 after an operation period of 457h 
at 2.0V. Likewise, with TiEM_Pt, a stable performance of 2.3A cm−2 
at 2.0V was observed (Figure S7c). Without Pt coating, significantly 
lower current densities were reached as expected and a decrease in 
performance was observed, especially within the first 157h. During 
the experiment with uncoated TiF (Figure S7b), the water supply 
was interrupted unexpectedly, leading to superimposed MEA and PTL 
ageing. Nevertheless, a significantly reduced initial performance with 
uncoated TiF is evident in comparison to the performance with TiF_Pt.

The initial current density at 2.0V with TiF_Ti97Nb3 was 1.1A cm−2 
below the experiment with TiF_Pt (c.f. Fig.  3a and Figure S7a). A similar 
trend was observable with TiEM_Ti97Nb3, where the initial current 
density at 2.0V after conditioning lay 0.55A cm−2 below the current 
density reached with TiEM_Pt (Figure S7c). As visible from the I–V 
curves displayed in Fig.  3, the performance with TiF and TiEM was un-
expected close and in the same range within the expected measurement 
inaccuracy, most likely caused by manufacturing-related fluctuations. 
In contrast, the performance difference between the two Pt coated PTL 
substrates was considerably greater and amounted for 0.6A cm−2 (c.f. 
Figure S7a and c). After 144h PEMWE operation at 2.0V cell voltage, 
the maximum current densities dropped by 140± 10mAcm−2 and 
HFRs increased between 20mW cm2 to 70mW cm2, whereby the HFR 
increase was less pronounced at small cell voltages (Fig.  3b and d).

Furthermore, while the ohmic resistance followed a clear trend, no 
clear trend was observed for kinetic overvoltages, as charge transfer 
resistances estimated from Nyquist plots decreased in the lower current 
density range, but trends in the higher current density range differed 
slightly between the two samples (Figure S12).

A more distinct difference in performance between the coated ex-
panded metal and felt was observed with Ti97Nb3 coatings than with 
Ti94Nb6 coatings. The difference in current densities at 2.0V between 
TiF_Ti94Nb6_1 and TiEM_Ti94Nb6 amounted for 0.44A cm−2 (Fig.  4). 
However, this only applied with TiF_Ti94Nb6_1. The performance with a 
second sample, TiF_Ti94 Nb6_2, was decreased (Fig.  4a) and below that 
of the similarly coated TiF. Furthermore, when comparing the HFR in-
crease with TiF_Ti94Nb6_2 (60mW cm2 to 25mW cm2, see Fig.  4c) with 
the HFR increase with Ti97Nb3 coated PTLs ranging from 69mW cm2

to 22mW cm2 (Fig.  3c and d), it is noticeable that the performance 
development with TiF_Ti Nb _2 was closer to the observations with 
94 6

5 
Ti97Nb3 coated samples than to the other two Ti94Nb6 coated samples. 
The same trend is reflected in the observed current density loss with 
these three samples (see Table  5). Nevertheless, with TiF_Ti94Nb6_1 
and TiEM_Ti94Nb6, an improved preservation of the PTL conductivity 
and thus stability could be observed compared to uncoated PTLs, as the 
current densities with these two PTLs decreased only by 30mAcm−2, 
corresponding to an ageing rate of 0.2mAcm−2 h−1, whereas the 
current density with uncoated TiEM decreased by 1.9mAcm−2 h−1. 
For the calculation of the current density degradation with uncoated 
TiEM, the first 157h were considered (c.f. Figure S7d) to enable a 
comparison with the alloy coatings that were polarized for 144h.

Increasing the niobium content to 28 at.% resulted in similar current 
densities at the beginning of the test as with other coatings investigated 
(c.f. Table  5), but after 144h a significantly greater increase in cell 
resistance and associated decrease in cell performance was observed 
(Fig.  5).

3.3. PTL resistances

ICRs of the PTLs were determined to identify trends and changes 
of the PTL conductivity. Although the ICR does not equal the contact 
resistance between PTL and CL during electrolysis operation, an in-
creasing ICR due to oxidation or corrosion of the PTL surface adds to 
the overvoltages by increased ohmic losses.

Fig.  6 displays ICRs of all PTLs with alloy coatings. While the 
ICRs of pristine samples with Ti97Nb3 and Ti94Nb6 coatings ranged 
from 12mW cm2 to 22mW cm2, ICRs of PTLs with Ti72Nb28 coatings 
accounted for around 41.5mW cm2. ICRs of pristine PTLs with Ti97Nb3
and Ti94Nb6 coatings were close, as was expected due to their similar 
niobium content.

ICRs of pristine and aged uncoated TiEM as well as Pt coated 
TiEM are displayed in the supplementary information for comparison 
(Figure S8). The ICR of pristine uncoated TiEM was in a similar range 
than of TiEM coated with Ti97Nb3 and Ti94Nb6 and amounted for 
11mW cm2. With uncoated TiEM, the ICR increased to 105mW cm2 
after 1005h at 2.0V, while the ICR with Pt coating stayed at 3mW cm2 
after 670h. After 144h of operation, resistances of samples with 
Ti94Nb6 coating increased by around 50mW cm2. The strongest in-
crease was found with Ti72Nb28 coatings amounting for 92± 2mW cm2 
and 103± 18mW cm2.
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Fig. 3. I–V curves with Ti97Nb3 PVD coated PTLs: (a) titanium felt and (b) titanium expanded metal. Sub-figures (c) and (d) display corresponding HFRs extracted 
from EIS by means of equivalent circuit fitting. EIS was not performed after 672.5 h, but only after 521h.

Fig. 4. I–V curves with Ti94Nb6 PVD coated PTLs: (a) two titanium felts and (b) titanium expanded metal. Sub-figures (c) and (d) display corresponding HFRs 
extracted from EIS by means of equivalent circuit fitting.
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Fig. 5. I–V curves with Ti72Nb28 PVD coated PTLs: (a) titanium felt and (b) titanium expanded metal. Sub-figures (c) and (d) display corresponding HFRs extracted 
from EIS by means of equivalent circuit fitting. HFRs with larger error bars (10%) could not be determined using a fit as described in Section 2.6 due to capacities 
at high frequencies (see Figure S15). In these cases, the HFR was determined manually using a linear fit and extrapolation of the intersection with the real axis 
and is therefore subject to an augmented error.
Fig. 6. ICRs of all investigated pristine and aged Ti-Nb-coated Ti PTLs with 
indication of the increase in resistance in blue. The measurements were carried 
out at 5.8 bar corresponding to a contact pressure of 1.53MPa. The resistance 
of the Pt coated TiEM amounted for 3mW cm2 (see Figure S8).
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When PEMWE was conducted for 672.5 h, the ICR increase with 
Ti97Nb3 coatings and Ti94Nb6 coatings were more pronounced with 
75± 5mW cm2 and 83± 2mW cm2, compared to shorter experiments.

As increasing ICRs were observed with all alloy coatings, none of 
the alloy coatings could provide the same conductivity as a noble metal 
coating.

3.4. Post-mortem physico-chemical characterization

To investigate oxidation and degradation of the coatings and PTLs, 
they were examined by SEM, EDS and TEM after PEMWE operation.

SEM
EDS measurements were carried out on the surface of the MEA-

facing side of the PTLs, compare Table  4. No clear correlation between 
the electrolysis operation and the determined oxygen content could be 
derived with the present standard deviation of the measurements.

Even though large parts of the PTLs, including the coatings, seemed 
to be unchanged after visual inspection, various spots of degradation, 
e.g. coating delamination or oxidation, were found on both the front 
and back of the PTLs. Furthermore, corrosion was found at some spots 
between the protective coating and the PTL, indicating that the coating 
was not sufficiently dense at all points to protect the underlying PTL. 
Fig.  7 shows the corrosion between the coating and the PTL on (a) 
TiEM_Ti97Nb3 and on (b) TiF_Ti97Nb3. Furthermore, (c) TiEM_Ti72Nb28
shows a large amount of vertical cracks in the coating, which were 
not observed in other coatings, including TiF_Ti72Nb28, which was 
coated simultaneously. On some of the coated fibres of the titanium 
felts a pronounced columnar structure can be observed on the edges 
perpendicular to the front, compare TiF_Ti94Nb6 (d) that can also affect 
the protective effect of the coating.
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Fig. 7. SEM images of (a) TiEM_Ti97Nb3, (b) TiF_Ti97Nb3, (c) TiEM_Ti72Nb28 and (d) TiF_Ti94Nb6_1 after operation.
Table 4
EDS measurements of the MEA facing side of the PTLs after PEMWE operation.
 Sample Ti/at.% Nb/at.% O/at.%  
 TiEM_Ti97Nb3 85 ± 2.3 2.5 ± 0.3 13 ± 2.3 
 TiF_Ti97Nb3 86 ± 4.5 2.3 ± 0.4 11 ± 4.5 
 TiEM_Ti94Nb6 85 ± 5.9 5 ± 0.9 11 ± 5.1 
 TiF_Ti94Nb6_1 85 ± 6.7 5 ± 0.5 10 ± 7.2 
 TiF_Ti94Nb6_2 80 ± 1.4 5 ± 0.3 15 ± 1.4 
 TiEM_Ti72Nb28 53 ± 10.3 18 ± 5.7 29 ± 9.4 
 TiF_Ti72Nb28 59 ± 5 25 ± 1 16 ± 5.8 

TEM
In order to examine the oxide layer of TiEM_Ti94Nb6 more closely, 

a piece of the sample was electroplated with nickel, embedded and 
a cross-section was produced. Subsequently, a TEM lamella was cut 
out at the upper end of the coating, which was then analysed with 
EDS, see Fig.  8. The images and spectra revealed that a crack had 
formed between the nickel layer and the sample, most likely caused 
by the epoxy contracting during curing. This process pulled the oxide 
layer from the coating leaving it stuck on the nickel plating. As can 
be seen from the EDS mapping, this detached oxide layer contains 
homogeneously distributed titanium, oxygen and niobium. The results 
of the TEM analysis thus confirms that the introduction of Nb into 
titanium leads to the presence of niobium in the forming oxide layer.

4. Discussion

4.1. PTLs and coatings

The setup of the CC800/9 sputtering system, as described in Sec-
tion 2.1, resulted in varying angles and distances between the targets 
and the rotating substrates, thereby influencing local growth rates and 
the composition of the coatings. This led to the formation of a lamellar 
structure composed of alternating layers with different niobium con-
tents, as shown in Fig.  2. The inhomogeneous distribution of niobium, 
particularly near the surface, may affect the formation of the oxide 
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scale as well as the reproducibility of PEMWE experiments. However, 
the influence of the niobium distribution on oxide scale formation 
and experimental reproducibility was not examined within this study. 
Regarding the analysis of oxygen using EDS, it should be noted that 
the technique is not fully quantitative in this context, as oxygen is a 
light element and its signals partially overlap with those of titanium 
at low energies. In addition, the interaction volume includes both the 
oxide layer and parts of the underlying metallic coating, which may 
contain dissolved oxygen. The high standard deviation in the oxygen 
measurements makes interpretation difficult but also aligns with the 
observation that corrosion, or in this case oxidation of the PTLs, during 
operation may have occurred in a more localized and heterogeneous 
manner. The complex geometry of the PTLs, particularly their cur-
vature, poses a significant challenge for uniform coating deposition. 
Although the coatings are largely dense, regions with cracks or pinholes 
remain, potentially compromising the protective effect, see Fig.  7. 
The inhomogeneous degradation of the PTLs was presumably caused 
by variations in contact pressure resulting from the land-and-channel 
structure of the flow field and defects in the coating structures such 
as pinholes or cracks, shown in Section 3.4. The degradation of the 
backside of the PTLs was not included in the presented results, as this 
study focuses on coatings on the CL-facing side and the measurements 
of performance and ICR on PTLs with Pt coating on both sides showed 
no degradation.

4.2. Electrolysis performance

The following Table  5 provides an overview of performance pa-
rameters from all PEMWE experiments. In addition, I–V curves and 
HFRs given in Section 3.2 and overviews of charge transfer resistances 
provided in the supplementary information in the figures S12 to S14 
and serve as a base for the subsequent discussion of the results.

Comparative experiments with uncoated, pure Ti PTLs demon-
strated that their initial performance is strongly influenced by their 
surface properties as well as storage times and the associated presumed 
differences in oxide scale thicknesses. Furthermore, the performance 
decrease with uncoated PTLs was caused by a growing titanium oxide 
layer at the PTL surface facing the CL [22], reflected by increasing 
HFRs (Figure S9b and S10b) and ICRs (Figure S8). Further comparative 
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Fig. 8. TEM analysis of TiEM_Ti94Nb6 after 144h of PEMWE operation. Part of the PTL was nickel plated before a lamella was cut out of a cross section and 
EDS was conducted showing the presence of O, Ti and Nb in the oxide layer.
Table 5
Overview of performance parameters from PEMWE experiments.
 Sample Current density at 2.0V

BOT/A ∗ cm−2
Current density drop at 2.0V
after 144h/mA ∗ cm−2

HFR increase1,2
/mΩ ∗ cm2

 

 TiEM_Ti94Nb6 1.69 30 20-11  
 TiF_Ti94Nb6_1 2.07 30 42-10  
 TiF_Ti94Nb6_2 1.63 190 60-2  
 TiEM_Ti97Nb3 1.75 150 68-22  
 TiF_Ti97Nb3 1.80 130 69-27  
 TiEM_Ti72Nb28 1.47 490 288-100  
 TiF_Ti72Nb28 1.73 380 124-45  
 TiF_uncoated 0.826 not applicable not applicable  
 TiF_Pt 2.91 <0.04 /  
 TiEM_uncoated 1.37 2903 not applicable  
 TiEM_Pt 2.31 <0.05 /  
1: after 144h, 2: ranges due to distribution between low and high cell voltages, 3: after 157h.
experiments with state-of-the-art Pt-coated PTLs showed that the Pt 
coating not only influenced the contact resistance between PTL and CL 
and thus the ohmic resistance, but also the kinetics of water splitting, 
as impedance spectra revealed increasing low-frequency resistances for 
uncoated PTLs (see Figure S9b and Figure S10b). A degradation process 
of IrO2 in combination with uncoated Ti PTLs leading to increased CT 
resistances was suggested by Liu et al. [22] involving oxygen that is 
transferred from IrO2 to titanium forming unstable iridium species, 
whereby this hypothesis is not experimentally validated, but also 
conceivable for alloy coatings. In addition, a feature at high frequencies 
appeared in the Nyquist plots with uncoated PTLs. An increasing 
imaginary impedance at high frequencies was also reported by Siracu-
sano et al. [23] and attributed to capacitive behaviour caused by a high 
contact resistance and junction effect between the electrode and bipolar 
plate. This capacitive effect at high frequencies caused by charge 
accumulation at the TiOx-layer impedes the imaginary impedance to 
become zero and consequently the Z’-axis is not reached in the Nyquist 
plot, unlike with Pt-coated PTLs, where an ohmic contact between the 
PTL and the CL is present. The same capacitive effect was observed with 
TiEM_Ti72Nb28 after 144h (Figure S15). Hence, a similar oxidation 
behaviour and thus a similar ageing pathway can be assumed for this 
alloy coating as for pure Ti coatings.

Furthermore, with uncoated and Ti72Nb28-coated PTLs, a shifting 
HFR towards lower resistances at higher cell voltages was observed, 
presumably caused by the production of heat [24]. As the thermal 
conductivities of titanium and niobium oxides are lower compared to 
the pure metals and Pt [25–29], local hotspots can form when the 
coatings oxidize. Although thermal conductivities are not available 
for Ti-Nb mixed oxides, it is likely that the thermal conductivities of 
the mixed oxides are also decreased compared to the pure metallic 
alloy. Even though hotspots can increase the proton conductivity of the 
membrane and thus reduce the cell resistance [30], local temperature 
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increases pose the risk of membrane thinning [31], leading to MEA 
failure during prolonged operation.

Regarding the surface oxygen content of the alloy coatings, a trend 
became apparent, suggesting a correlation between an increasing sur-
face oxygen content and decreasing current density during electrolysis. 
With the sample TiEM_Ti72Nb28, which exhibited the highest oxygen 
content post-mortem, also the most pronounced performance loss was 
observed after 144h, followed by TiF_Ti72Nb28, which ranked second 
in both post-mortem oxygen content and current density decline (see 
Fig.  5 and Table  5). The higher niobium content of 28 at.% might have 
led to an even more pronounced heterogeneous distribution of niobium 
within the coating compared to coatings with lower niobium content 
and an oxide phase separation in the scale.

In contrast, TiEM_Ti94Nb6 and TiF_Ti94Nb6_1 contained the lowest 
post-mortem oxygen concentrations of 10 at.% and 11 at.% (Table 
4) and enabled the maintenance of stable current densities (see Fig. 
4). However, these promising results with TiF_Ti94Nb6_1 could not be 
reproduced with a second sample (TiF_Ti94Nb6_2), that was operated 
for 672.5 h instead of 144h where a notable drop in current density and 
increased ICR was measured. EDS analysis revealed, that TiF_Ti94Nb6_2 
exhibited a post-mortem oxygen content that was approximately 5 at.% 
higher than at the surface of TiF_Ti94Nb6_1. Furthermore, increasing 
charge transfer resistances were also observed with TiF_Ti94Nb6_2 (Fig-
ure S13b) like with uncoated PTLs (c.f. Figure S9b and S10b), leading 
to the conclusion that the underlying ageing pathways are similar.

It can therefore be concluded that the performance differences 
between the formally identical coatings with 6 at.% Nb are attributable 
to the properties of the coatings and not to other effects of the ex-
periments, such as different test cells, MEAs, or temporal factors. 
Results from experiments demonstrating the reproducibility of PEMWE 
single-cell tests with Pt-coated standard PTLs are included in the sup-
plementary information Figure S11.
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TiF_Ti97Nb3 and TiEM_Ti97Nb3 exhibited slightly lower post-
mortem oxygen contents than expected based on the fact that they 
were also operated for 672.5 h, where a drop in current density was 
observed, similar to TiF_Ti94Nb6_2.

As increasing ICRs were observed with all alloy coatings, none of 
the alloy coatings could provide the same conductivity as a noble metal 
coating. However, with regard to the ICR measurements, a discrepancy 
was observed: despite the ICR of two of the Ti94Nb6-coated samples 
increased, only a negligible loss in current density of 30mAcm−2 was 
recorded. Consequently, no direct correlation between the ex-situ mea-
sured ICR and the electrochemical performance could be established. 
This discrepancy between the ex-situ measured ICRs and the actual 
contact resistances between the PTL and CL in the PEMWE cell may be 
attributed to locally higher contact pressures in the PEMWE cell caused 
by the channel–land structure of the meander flow field. At the edges 
of the land areas, the contact pressure can reach values between 3 MPa 
to 3.5 MPa [32], exceeding 1.5 MPa that were applied in the ICR setup. 
These locally elevated pressures can lead to lower contact resistances 
in the cell, partially compensating for the differences observed in the 
ex-situ measured ICRs.

In summary, the observed decrease in current density during elec-
trolysis with Ti97Nb3, Ti72Nb28 and one Ti94Nb6 coating is most plau-
sibly attributed to a combination of oxidation processes decreasing the 
conductivity of the Ti-Nb-based protective layers and localized corro-
sion phenomena, which are likely facilitated by defects in the deposited 
coatings and may be further exacerbated by the unevenly distributed 
contact pressure. Furthermore, we assume that the additional presence 
of niobium in the oxide layer, detected through TEM (Fig.  8) provides 
additional donor sites which improve the conductivity of the oxide 
layer [15,17,18] and presumably is the reason that TiEM_Ti94Nb6 and 
TiF_Ti94Nb6_1 showed almost no decrease in current density during 
144h of PEMWE. The results with the Ti94Nb6 coatings indicate the 
potential of Ti-Nb alloy coatings for anode PTLs. However, further im-
provements have to be made with regards to the coating homogeneity, 
alloy composition and oxide scale adhesion.

5. Conclusion

Three new titanium-niobium-alloys with 3 at.%, 6 at.% and 28 
at.% niobium were investigated as potential protective layers for anode 
PTLs for PEM water electrolyzers. PTLs coated with alloys containing 6 
at.% Nb (Ti94Nb6) reached promising current densities of 2.1A cm−2 at 
2.0V and the stability of PEMWE operation was enhanced compared to 
uncoated PTLs and close to the stability achieved with Pt coated PTLs. 
Almost stable PEMWE operation for 144h with titanium expanded 
mesh and felt PTLs with Ti94Nb6 coatings was reflected by a minor 
drop in current density at 2.0V of only 30mAcm−2 and supported by 
impedance measurements. After electrolysis operation, it was possible 
to detect the presence of niobium in the oxide layer. We assume that 
the presence of Nb in the titanium oxide layer lead to donor sites 
in the scale for conduction as niobium has a higher valence than 
titanium. Furthermore, it is possible that the presence of niobium in 
the coating inhibited oxide growth on the coating as described in the 
literature [14]. Unfortunately, it was not yet possible to reproduce the 
results with Ti94Nb6 coatings. This might stem from the heterogeneous 
distribution of niobium or could result from the complex geometries of 
the PTLs, complicating the formation of a fully dense and well-adhering 
coating and might be also related to the low adherence of the formed 
oxide scale. Although the performance with alloy coatings was not yet 
competitive to noble metal coatings, their stability outperformed all 
other noble metal free coatings so far and showed a very promising 
approach to coat PTLs without precious metals in the future.
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6. Outlook

Our results open up further avenues of research into other alloys 
with elements of different valence. Additionally, the coating process 
should be further investigated regarding the coating density and the 
impact of the distribution of elements. These improvements could be 
achieved by sputtering with a pre-alloyed target, thermal annealing 
after sputtering or a sputtering system in which the targets are on 
the same side of the sample and keep a rather constant distance. This 
would enable a systematic investigation of the effect of the lamellar 
structure on the coating performance. Once the most suitable alloy has 
been identified, the next step could be to produce powders with the 
same composition to use for coating deposition via cold gas spraying, as 
cold gas spraying has already been proven to be suitable for deposition 
on expanded metals and would enable a highly scalable vacuum-free 
coating method [33].
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