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ABSTRACT: The cell performance and durability of polymer
electrolyte membrane (PEM) water electrolyzers are limited by the
surface passivation of titanium-based porous transport layers
(PTLs). In order to ensure stable performance profiles over
time, large amounts (≥1 mg·cm−2) of noble metals (Au, Pt, Ir) are
most widely used to coat titanium-based PTLs. However, their
high cost is still a major obstacle toward commercialization and
widespread application. In this paper, we assess different loadings
of iridium, ranging from 0.005 to 0.05 mg·cm−2 in titanium PTLs,
that consequently affect the investment costs of PEM water
electrolyzers. Concerning a reduction in the precious metal costs,
we found that Ir as a protective layer with a loading of 0.025 mg·
cm−2 on the PTLs would be sufficient to achieve the same cell
performance as PTLs with a higher Ir loading. This Ir loading is a 40-fold reduction over the Au or Pt loading typically used for
protective layers in current commercial PEM water electrolyzers. We show that the Ir protective layer here not only decreases the
Ohmic resistance significantly, which is the largest part of the gain in performance, but moreover, the oxygen evolution reaction
activity of the iridium layer makes it promising as a cost-effective catalyst layer. Our work also confirms that the proper construction
of a multifunctional interface between a membrane and a PTL indeed plays a crucial role in guaranteeing the superior performance
and efficiency of electrochemical devices.
KEYWORDS: PEM water electrolyzers, porous transport layer, porous transport electrode, iridium, sputtering

1. INTRODUCTION

Electrolysis-generated hydrogen is the most promising energy
carrier as it possesses high specific energy and is considered an
environmentally friendly fuel.1,2 Currently, hydrogen is mostly
produced from fossil-based sources and therefore incurs a
carbon signature during its production process.3,4 However,
water electrolysis coupled with renewable energy sources such
as solar and wind is regarded as the technology of choice for
sustainable energy conversion and posterior short- and long-
term storage.5,6 Among other types, a polymer electrolyte
membrane (PEM) water electrolyzer primarily consists of a
catalyst-coated membrane (CCM) sandwiched between two
porous transport layers (PTLs) and bipolar plates. The PTL
situated on the anode side is subjected to harsh oxidizing
conditions as a result of the high cell overpotential, low pH,
and oxygen gas evolution. Such conditions demand the use of
highly corrosion-resistant PTLs and bipolar plates on the
anode side. To circumvent this, PEM water electrolyzer
components are typically made of titanium due to its excellent
chemical stability, good conductivity, and high corrosion
resistivity.7,8 A variety of titanium-based PTL architectures
including titanium felt,9−12 mesh,13,14 foam,14,15 as well as

sintered titanium powders16−18 can be used in PEM electro-
lyzers. In recent decades, several research groups have
investigated the effects of different parameters, such as
thickness, particle size, pore diameter, and porosity in
PTLs.18−21 However, the passivation of titanium-based PTLs
that occurs under real cell conditions is one of the essential
factors that restricts their application in the absence of any
surface modifications. Ti0 changes its oxidation state over time
due to the harsh anodic conditions, which leads to drastic
degradation of PEM water electrolyzer cells.22−24 For instance,
in our previous studies, we observed a significant degradation
rate of 194 μV·h−1 from a durability test over 1000 h and
found that 78% of the degradation originated from titanium-
based PTL degradation.25
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As a mitigation strategy, different methods of surface
modification have already been reported in the literature.
The titanium oxide layer of PTLs can be removed by means of
etching. Compared to an untreated PTL, the TiHx on the
surface of a titanium PTL improved the electrical resistance
and thus the cell’s performance and durability.24 Another more
conventional and scalable approach is to use platinum group
metal coatings as the protective layer on titanium-based PTLs.
Noble metals such as platinum and gold are typically used to
coat the titanium-based PTLs in PEM water electrolyzers.25−27

A novel titanium PTL modified with an Au thin film achieved
superior multifunctional performance and good short-term
stability compared to conventional titanium PTLs.26 In our
previous study, platinum used as a protective coating exhibited
a degradation rate of only 12 μV·h−1 and decreased Ohmic
resistance, which confirmed that the Pt coating showed a
positive effect on cell performance.25 Nevertheless, the
amounts of noble metal used as the protective layer in these
studies were still very high, which significantly increased the
cost of the PEM electrolyzers they focused on. Recently, we
reported a scalable and simple method that entailed sputtering
20 nm-thick iridium layers to PTLs, which significantly
decreased the contact resistance by 60 mΩ·cm2 and the
overpotential of the cells by 81 mV at 2 A·cm−2. The total
amount of iridium added was only 0.1 mgIr·cm

−2, which is
around 10 times lower than the Au or Pt protective layers
applied in other studies and current commercial electro-
lyzers.9,28 More recently, we found that 4000 h of stable
durability profiles are achieved when titanium-based PTLs are
coated with only 0.1 mg·cm−2 of Pt or Ir. The results of this
work show how the interface of a well-protected titanium fiber
behaves against passivation after long-term operation under
real electrolysis conditions.29

Iridium-based electrocatalysts are most commonly used in
the anodes of PEM electrolyzers in terms of the oxygen
evolution reaction (OER) due to their superior activity and
durability; the use of the Ir layer on the PTL raised the
question as to whether the Ir discussed here also features some
activity that is beneficial to increasing the cell’s performance.
Few studies have shown the performance efficiency of thin
catalyst layers on titanium-based PTLs for PEM water
electrolyzers.30,31 However, the thin layers on PTLs in these
studies are for this study of less relevance as they were either
applied on the cathode side of the electrolyzer or for high-
temperature electrolysis applications.
Here, we show for the first time that the Ir coating on the

PTL can be used not only as a protective layer to protect the
titanium-based PTL from passivation but also to enhance the
overall OER rate in order to gain additional cell performance.
This offers a promising means to develop cost-effective PTLs
for PEM water electrolyzers. Sputter-coated Ir thin films on
titanium-based PTLs are not only proposed as a protective
layer to protect titanium from passivation but also exhibit
electrocatalytical properties, which makes them promising as

cost-effective catalyst layers. From a broader perspective, the
results of this work shed light on the importance of
constructing a multifunctional interface between a membrane
and a PTL in guaranteeing the superior performance of a water
electrolyzer.

2. EXPERIMENTAL SECTION
2.1. Cleaning Procedure for the PTLs. The cleaning procedure

for titanium-based PTLs was aimed at removing organic contaminants
and substances. The PTLs were immersed in deionized water (Milli-
Q) (18.2 MΩ cm) at 80 °C for 15 min. Then, they were immersed in
2-propanol and acetone in an ultrasonic bath at ambient temperature
for 15 min. After that, they were rinsed twice in deionized water at 80
°C for 15 min and finally air-dried at ambient temperature overnight.9

2.2. Sputtering Step. The iridium layers were deposited on the
PTLs by a plasma-sputtering instrument (Quorum Q150T). They
were coated on each side with metallic iridium using a current of 30
mA and 0.7 Pa under Ar. The loading and thicknesses of the iridium
layers were controlled by varying the sputtering time (30, 90, 180,
360, 720, and 1440 s, respectively). The loadings of iridium were
calculated by weighing the PTL before and after sputtering, the results
of which are shown in Table 1. The final Ir loading of the PTLs was
calculated only for one side of them.

2.3. Manufacturing of CCMs. The CCM manufacturing process
has been reported in our previous work.9 The Nafion 117 membrane
was used as the electrolyte. 60% Pt/C (HiSPEC 9100, Johnson &
Matthey) and IrO2 (Alfa Aesar, Premion, 99.99%) were used as the
cathode and anode catalysts, respectively. To prepare the catalytic
inks, the ionomer solutions (15% Nafion for the cathode and 10% for
the anode) and catalyst powders were dispersed in mixtures of 2-
butanol and water. The procedure was then followed by agitating the
mixtures in an ultrasonic homogenizer for 5 min. The catalytic inks
were then coated onto the inert decal substrates by an automated bar-
coating device (CoatMaster 509 MCI, Erichsen GmbH & Co. KG,
the dimension of the bar coating: L 610 mm,W 425 mm, H 210 mm).
The electrode layers were dried at ambient temperature for 30 min.
Finally, the dried electrode layers were hot-pressed on the Nafion 117
membrane at 130 °C, 16 MPa, and for 3 min. The final catalyst
loading was ∼0.8 ± 3% mgPt·cm

−2 Pt/C for the cathode and ∼2.2 ±
10% mgIr·cm

−2 IrO2 for the anode. The ratios of the ionomer and the
catalyst were 1:4 for the cathode and 1:3 for the anode.

To investigate the OER activity of the Ir layer on the PTLs, the
CCMs assembled using these Ir-coated PTLs were manufactured
without IrO2 on the anodic side but only with 0.8 mgPt·cm

−2 on the
cathodic side. The Ir-coated PTLs discussed here are referred to as
porous transport electrodes (PTEs). The low loading CCMs, with
only ∼0.1 mg·cm−2 IrO2 at the anode and ∼0.8 mg·cm−2 Pt at the
cathode, were used as a reference CCM when comparing the cell
performance with the PTEs.

2.4. Single Cell Components and Assembly. Titanium felts
from Bekaert, with a porosity of 68% and thickness of 350 μm, were
used as the PTL at the anode of a PEM water electrolyzer cell. In all
tests, Toray papers (TGP-H 120) with a thickness of 350 μm were
used as the cathodic PTL. Pt-coated bipolar plates with pin-type flow
fields were used in the anode. Nevertheless, the cathode’s flow-field
was also coated with gold in order to avoid the embrittlement of
hydrogen. The cells were compressed using PEFE gaskets with a
thickness of 0.3 mm at both the anode and the cathode at a torque of

Table 1. Ir-Coated PTL Parameters and Corresponding Contact Resistance and Cell Voltage at 1 A·cm−2

sample sputter time/s Ir loading/mg·cm−2 contact resistance@3000 kPa/mΩ·cm2 E@1 A·cm−2/V

uncoated PTL 0 0 11.92 1.78
Ir-PTL0.005 30 0.005 5.50 1.73
Ir-PTL0.013 90 0.013 3.78 1.71
Ir-PTL0.025 180 0.025 3.06 1.70
Ir-PTL0.05 360 0.05 2.98 1.70
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8 N m on each of the six bolts. The active area was 25 cm2. The
electrolyzer cell design used in this study is presented in Figure 1.

2.5. Electrochemical Measurements and Electrochemical
Impedance Spectroscopy. All the single cell experiments were
performed using E60 electrolyzer test benches from Greenlight. High-
purity feed water (18.2 MΩ cm) was circulated through both the
cathode and anode compartments in separate water circuits at flow
rates of 50 mL min−1. The temperature of the cell during operation
was controlled by the flow of heated water supplied to the cell. Water
and water/gas temperatures were sensed at the cell inlet and outlet.
The temperature setpoint was defined as the cell inlet temperature. In
addition, the cell was also heated by two heating cartridges which are
inserted directly into the flow fields. Prior to the electrochemical cell
tests, a break-in procedure was performed for each membrane
electrode assembly (MEA). The single cell was heated up to 80 °C by
applying temperature set points to the water flowing through both the
cathode and the anode. A current density of 0.2 A·cm−2 was then
applied to the cell for 30 min once the temperatures were reached.

The current density was increased to 1.0 A·cm−2 for another 30 min
thereafter. The single cell was operated at a constant voltage of 1.7 V
until the current variation was less than 1% per hour. The
measurement commenced from the open circuit. The current density
was first increased in 0.0125 A·cm−2 steps to 0.25 A·cm−2 and then in
0.25 A·cm−2 steps until a limiting cell voltage of 2 V was achieved.
The polarization curves were conducted in 5 min steps.

Electrochemical impedance spectroscopy (EIS) was conducted
using a potentiostat (HCP 1005 from Biologic) following the
polarization curve measurement at 80 °C. In the first section,
regarding iridium on the PTL only working as a protective layer, EIS
was conducted at a DC-bias of 0.15 A·cm−2 between 100 kHz and 100
mHz. The current perturbation was ±5% of the cell current, and the
maximum voltage perturbation was 10 mV. In the second section, to
investigate the OER activity for the Ir-coated PTLs (PTEs) in the
second section, the EIS was conducted at DC-biases of 0.025, 0.05,
0.075, 0.1, 0.125, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, and 2 A·cm−2 for
all the CCM samples. It should be noted that the EIS spectra of the
PTE samples were analyzed up to a maximum DC current density of
only 0.25 A·cm−2 (PTE0.05) or 1 A·cm−2 (PTE0.1 and PTE0.2). This
is because either the cell performance was very poor (PTE0.05) or the
PTE samples spectra recorded at a DC current density >1 A·cm−2

were rather noisy and a simulation was not possible.
2.6. Physical and Chemical Characterizations. Scanning

electron microscopy (SEM) (Zeiss Gemini Ultra Plus) was used to
investigate the surface morphology of the PTLs. Energy-dispersive X-
ray spectroscopy (EDX) was employed to investigate the chemical
composition and mapping provided by the elemental distributions of
the PTLs. A focused ion beam (FIB) (Zeiss Crossbeam 540 dual
beam microscope) was applied to prepare the cross sections of the
samples. On top of each PTL, two Pt coatings were deposited using
an electron beam and ion beam, respectively. A double deposition
process was conducted in order to protect the sample surface and the
prepared cross section from the scattered ions, thus reducing the
artifacts of the FIB milling (the so-called “curtaining effect”).32

Contact resistance measurements were performed on all the PTLs
at 25 °C. The samples were sandwiched between two Au-coated
plates at a defined compression and probed for their through-plane
resistance with a four-wire resistance measurement. The applied
contact pressure was then varied from 800 to 6000 kPa by an electric
press. The sum of the PTL resistance and two contact resistances
between the PTL and Au-coated plates was determined using the

Figure 1. Schematic illustration of the 25 cm2 PEM water electrolysis
cell.

Figure 2. (a) Schematic illustration of the key components inside a PEM electrolyzer; (b) Ir-coated PTL assembled with a standard CCM, with the
Ir layer on the PTL serving as a protective layer here (Ir-PTL); (c) Ir-coated PTL assembled with a CCM without IrO2 on the membrane: the Ir
layer served as a catalyst layer (PTE).
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applied DC current at 4 A along with the measured voltage and
Ohm’s law.9

3. RESULTS AND DISCUSSION

3.1. Iridium on the PTL as a Protective Layer. The
main components of a PEM water electrolyzer cell are
presented in Figure 2a. The anode titanium-based PTL is a
key component and serves to transport water to the anode’s
electrode, conduct electrons, and remove the produced oxygen.
Figure 2b shows the conventional approach of Ir-coated PTLs
using state-of-the-art CCM with 2.2 mgIr·cm

−2 IrO2 at the
anode and 0.8 mgPt·cm

−2 Pt/C at the cathode in a PEM water
electrolyzer assembly. In Section 3.1, the effects of the Ir
loadings on the Ir-PTLs will be investigated.
The PTLs were coated with 0.005, 0.013, 0.025, and 0.05

mg·cm−2 of iridium. Our recent research showed that the Ir
layer coated on the Ti fiber is mostly in the metallic state and
has an atomic ratio of 98:2 (Ir/O) prior to operation.29 The
elemental composition (wt %) of all of the Ir-coated PTLs
measured using SEM−EDX is shown in Table S1. The
concentration of Ir is nearly proportional to the sputtering
time. The EDX mapping of Ir-coated PTLs in different Ir
loadings revealed that the surfaces of the PTL fibers were all
homogeneously covered with iridium (see Figure S1 in the
Supporting Information). The brighter spots on the Ir
mapping figures indicate an increase of the Ir concentration.
This was also confirmed by the SEM images of the FIB-

prepared cross sections of an Ir-PTL (Figure 3). Compared to
the uncoated sample, a 7 nm-thick continuous and
homogeneous Ir film can be observed in Ir-PTL0.005, which
is the sample with the lowest degree of iridium loading. The
FIB-prepared cross sections of Ir-PTLs in all the different Ir
loadings show a continuous film (Figure S2 in the Supporting
Information), which demonstrates that the entire surfaces of Ir-
coated PTLs are homogeneously covered with Ir. The
thicknesses of the iridium layers of Ir-PTL0.013, Ir-
PTL0.025, and Ir-PTL0.05 are around 10, 13, and 27 nm,
respectively, and the thickness of the Ir-PTLs increases nearly
proportionally with the sputtering time.
To characterize the electrical conductivity properties of the

PTLs, interfacial contact resistance (ICR) measurements were
performed under different pressures. Figure 4a shows that the
contact resistance of uncoated PTLs was higher throughout
the entire compression ranges than all iridium-coated ones.
This was caused by a naturally formed TiOx surface-passivation
layer due to the exposure to ambient air during the fabrication
process and shelf storage.9 For iridium-coated PTLs, the
contact resistance gradually decreased with the increase in the
Ir loading, which indicates that the amount of Ir, especially at
low loadings, has a significant impact on the ICR. Moreover,
Ir-PTL0.025 and Ir-PTL0.05 had identical resistances over the
entire compression pressure, which is in accordance with the
polarization curves and impedance spectra presented in Figures
4b and 5a (polarization curves and EIS will be discussed in the

Figure 3. SEM images of FIB-prepared cross-sectional images of (a−c) an uncoated PTL and (d−f) an Ir-coated PTL0.005mg·cm−2.

Figure 4. (a) Contact resistance of uncoated PTL, Ir-PTL0.005mgIr·cm−2, Ir-PTL0.013mgIr·cm−2, Ir-PTL0.025mgIr·cm−2, and Ir-PTL0.05mgIr·
cm−2. Background: There is no sample between the two gold-coated plates. (b) Polarization curves of PEM water electrolyzer single cells assembled
with Ir-PTL0.005mgIr·cm−2, Ir-PTL0.013mgIr·cm−2, Ir-PTL0.025mgIr·cm−2, Ir-PTL0.05mgIr·cm−2, and an uncoated PTL.
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next section). At lower compaction forces (800−2000 kPa),
there are overlaps of the standard deviation at lower
compressions. The pressure used to clamp the test cells for
electrochemical measurement is the shaded interval of the X-
axis in Figure 4a, which was the recommended pressure range
for assembling single PEM water electrolyzer cells.33

Figure 4b compares the cell performance of the uncoated
and coated PTLs with different loadings of the Ir protective
layer. Compared to the cell assembled with an uncoated PTL,
the cell performances with Ir-PTL0.005 and Ir-PTL0.013 were
improved by 53 and 70 mV at 1 A·cm−2, respectively. The Ir-
PTL0.025 and Ir-PTL0.05 samples exhibit an identical,
improved cell performance with a significantly decreased cell
voltage of, for example, 80 mV at 1 A·cm−2. Clearly, there is a
threshold of Ir loading value of around 0.025 mgIr·cm

−2. When
the Ir loading corresponds to this, the cell’s performance does
not improve with the further increase in the Ir loading. The
threshold loading value corresponds to the minimum amount
of iridium coating required to obtain good contact and
electronic conduction between the PTL and the electrode. The
EDX results corresponded well with the cell performance and
ICR results, which indicate that the higher coverage of iridium
leads to lower contact resistance and so improved the cell’s
performance.
To investigate the effect of the protective layer’s loading on

the Ohmic resistance and electrochemical processes, electro-
chemical impedance spectra were recorded (Figure 5a). The
Nyquist plots in the figure show strongly distorted semiarcs,
which suggest the presence of two badly resolved processes
with similar time constants, that is a smaller semiarc at high
frequencies and a larger semiarc at low frequencies. Both
semiarcs are associated with charge transfer in the rate-
determining step of the OER and double-layer charging in the
anode catalyst layer. However, the reason for the appearance of
two semiarcs is still unclear. The electrochemical impedance
spectra were modeled by means of the equivalent electrical
circuit, as shown in Figure 5a. The equivalent circuit includes
the Ohmic resistance, RΩ, and two kinetic resistances, Rhf and

Rlf, connected in parallel with the constant phase elements
(CPEs), CPEhf and CPElf, which result in two semiarcs. The
fitting parameters of EIS of different PTLs at 0.15 A·cm−2 are
shown in Table 2. The low overall fitting error of less than 1%
results in a good match of the fitting curves and the
experimental data.
By utilizing the Brug equation,34,35 the approximate values of

the double layer capacitances, Cdl,hf, and Cdl,lf, can be
determined from the CPE values, their exponents n, and the
corresponding resistances. The Cdl values shown in Table 2 are
normalized to the geometric area. In the potential range where
faradaic reactions such as OER take place, Cdl is not only
proportional to the active surface but also depends on the
coverage and properties of the adsorbed intermediates.
Considering a roughness factor of several hundred up to
thousands per milligram of catalyst, the Cdl values correspond
to pseudo-double-layer capacitances of up to more than 100
μF/cm2. These relatively high values are comparable with
literature results: in case of OER on Pt in acid solutions,
Conway and Liu observed a potential-dependent decrease of
the pseudo-capacitance from values of more than 300 μF/cm2

at U/RHE < 1.5 V down to values of less than 100 μF/cm2 at
potentials higher than 1.6 V.36 These pseudo-capacitances are
much higher than the capacity values in the range of some tens
of μF/cm2 obtained under non-faradaic conditions. This
means that the pseudo-capacitance of the (OER) active area
is higher than the double-layer capacitance of those parts of the
catalyst/ionomer interface, which are less active or even
inactive with respect to the OER. Less active areas are the
outer parts of the catalyst layer close to the PTL. The reduced
OER activity is caused by the resistance of proton transport in
the catalyst layer. Inactive parts of the catalyst/ionomer
interface have no contact with continuous paths of electron
and/or proton conduction.
In any case, even the lowest Ir loading of the PTL causes a

significant increase in the Cdl. If an increase in the active
surface of the PTL would be the only reason for the higher Cdl
values, a smaller effect would have been expected because the

Figure 5. (a) EIS results at 0.15 A·cm−2 and equivalent circuit fitting; (b) kinetic resistances, Rhf/Rlf, and double layer capacitances, Cdl,hf/Cdl,lf,
obtained from the fits of the impedance spectra shown in (a). The error bars represent the individual fitting errors of each value.
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active area of the catalyst layer should be much larger by
comparison to the sputtered Ir layer on the PTL. Rather, it can
be assumed that the contact resistance plays an important role
because the largest decrease of the ICR is obtained when
impregnating the PTL with only 0.005 mgIr·cm

−2. If a poor
contact between the PTL and catalyst layer would impede the
electron supply to Ir particles in the catalyst layer, the catalyst
utilization and thus the active area and the double layer
capacitance would decrease. Correspondingly, the catalyst
utilization and the Cdl values increase when applying the Ir
coating.
The relatively small effect of higher Ir loadings on the ICR

would also explain why a further increase in Ir loading does not
have a major impact on Cdl. The fitting error (see the error bars
in Figure 5b) and approximate values derived from the Brug
equation must also be taken into account. When impregnating
the PTL with 0.005 mgIr·cm

−2, the relative decrease of CPE
and Cdl is larger for the high-frequency capacitance. This
means that the influence of the impregnation is larger and
suggests that the high-frequency semiarc may be associated
with processes on Ir catalyst sites in the outer part of the
catalyst layer and the PTL, respectively. However, the main
impact of the ICR is on the Ohmic resistance. Thus, the largest
part of the gain in performance when sputtering a protective
layer of the Ir on the PTL is due to a considerable decrease in
RΩ (compare this with the high-frequency intercepts). In
contrast, RK, the kinetic resistance of OER that is the sum of
the resistances Rhf and Rlf, decreases to a much smaller degree
(compare the differences between the low- and high-frequency
intercepts in Figure 5a).
In general, the Ohmic loss of a PEM water electrolyzer cell is

the sum of the Ohmic resistances originating from the bulk
resistances of each component, including the membrane,
catalyst layers, PTLs, bipolar plate, and so forth, as well as the
interfacial resistances between the components. Usually, most
of the Ohmic loss stems from the membrane and interface
between each component.26 Because the same bulk compo-
nents were used for the different MEAs and only the surface of
the anode PTL was modified by the Ir coating, it is logical to
conclude that the decrease in the Ohmic resistance was caused
by that of the interfacial resistance of the PTL (see Figure 4a).
Although the Ohmic resistance decreases almost linearly with
decreasing interfacial resistance, the effect of Ir loading on RΩ
is nearly 1 order of magnitude higher than the effect of Ir
loading on the ICR (compare this with the change in the RΩ
and ICR values in Tables 1 and 2). According to our
previously published study, this result can be explained by the
considerable difference in the ex situ conditions of the ICR
tests and the electrolyzer cell’s operating conditions regarding
compression force, temperature, materials, and so forth.25

As is shown in Figure 6 and Tables 1, 2, the Ohmic
resistance (RΩ), ICR at 3000 kPa, and cell voltage at 1.5 A·
cm−2 decrease exponentially with increasing Ir loading. At Ir
loadings of 0.025 mg·cm−2 and above, RΩ, the ICR and cell
voltage remain virtually constant. Hence, concerning a
reduction in the precious metal costs, the Ir loading of 0.025
mg·cm−2 would be sufficient to achieve the same cell
performance as PTLs with a higher Ir loading. A decrease in
the overall kinetic resistance RK for each current density can be
calculated from the overall decrease of the cell voltage (Table
2). The contribution of the sputtered Ir layers to the overall
performance can be calculated from the DC resistance, RDC,
which is the sum of the Ohmic and the kinetic resistances, thatT
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is, RDC = RΩ + Rhf + Rlf = RΩ + RK. This is evident if RDC of
each sample is normalized to RDC of the uncoated sample. The
resulting percentage values are shown in Table 2. Compared to
an uncoated sample, the overall DC resistance of Ir-coated
PTL0.025 decreased by about 26%.
As mentioned above, most part of the gain in performance is

due to the decrease in Ohmic resistance. With increasing
current density, the ohmic contribution of the DC resistance,
RΩ, increases more strongly than the kinetic part, RK. However,
the small decrease of Rhf and Rlf cannot be neglected, as Figure
5b shows. Both resistances decrease by about 10% when
increasing the Ir loading from 0 to 0.025 mg·cm−2. Together,
they contribute approximately 13% of the overall decrease in
the total resistance (87% is due to the decrease in RΩ). This
additional gain in performance can be explained by the
electrochemical activity of the Ir coating layer toward the OER,
which is demonstrated in Figure 7a and will be discussed in the
next section. It should however be noted that the additional
OER activity of the Ir-coated PTL is an effect that is observed
in particularly small current densities. This is because with
increasing current density, the Ohmic resistance becomes
increasingly dominating. Moreover, the resistance of proton

Figure 6. Ir loading of the Ir-PTL (mgIr·cm
−2) vs the cell voltage (V)

at 1.5 A·cm−2; 10 × Ohmic resistance@0.15 A·cm−2 (Ω·cm2) and
ICR (mΩ·cm2)@3000 kPa.

Figure 7. (a) Polarization curves of single PEM water electrolyzer cells assembled with PTE0.05, PTE0.1, PTE0.2 as the anodic catalyst layer and
0.8 mg·cm−2 Pt at the cathode [reference: CCM0.1 (0.1 mg·cm−2 IrO2 and 0.8 mg·cm−2 Pt) and CCM2.2 (2.2 mg·cm−2 IrO2 and 0.8 mg·cm−2

Pt)]; (b) cell voltage corrected by the high frequency resistance (HFR); inset: kinetic region of the iR-free cell voltage; (c) Tafel plot of the iR-
corrected voltage data from (b) for different anode loadings of iridium coating. The Tafel slope is obtained from a linear fit of the values between
0.0125 and 0.1 A·cm−2; (d) mass activity at 1.5 V (iR-corrected).
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conduction in the anode catalyst layer increases and the OER
proceeds mainly in the inner part of the catalyst layer adjacent
to the Nafion membrane.
3.2. Iridium on the PTL as Both the Protective Layer

and PTEs. In order to (1) explain the additional gain in
performance by the reduction in the kinetic resistances and (2)
more importantly, to investigate the OER activity of the Ir-
coated PTL and whether it is beneficial to increase the cell
performance, the Ir-coated PTLs were assembled with a half-
side CCM without an IrO2 catalyst layer on the anode side, but
with 0.8 mgPt·cm

−2 Pt on the cathode side, on the Nafion
membrane (Figure 2c). The Ir-coated PTLs in this section are
referred to as PTEs. The performances of two reference CCMs
with 0.1 or 2.2 mgIr·cm

−2 are compared with those of three
PTEs with 0.05, 0.1, and 0.2 mgIr·cm

−2 of iridium. When the
PTE is pressed on the soft Nafion membrane, the latter will
penetrate into the porous Ir-coated PTL to some extent (and
vice versa), supposedly forming a three-phase boundary of the
Ir, Nafion membrane, and gas phase, which represents the
active area. However, the electrochemically active area of the
PTE samples shall be significantly smaller than that of a normal
catalyst layer because the (pore) structure is much coarser and
there is no additional ionomer to extend the catalyst/ionomer
contact area (compare this with the top view of the PTE and
CCM samples in Figure 8).

Figure 7a shows that electrochemical activity is observed for
all the PTE samples although their cell performance was, as
expected, lower than that of the reference CCMs. Compared to
the PTE samples, both reference CCM samples feature a
higher active area. This is especially apparent in a comparison
of the CCM0.1 and PTE0.1 samples: despite the same Ir
loading, the anode catalyst layer in the CCM0.1 showed a
significantly better performance than the sputtered Ir layer. For
the PTE samples, the cell performance increased significantly
by increasing the Ir loading from 0.05 to 0.1 mgIr·cm

−2 but
changed only minimally when the loading was further
enhanced (Figure 7a). This suggests an asymptotic depend-
ency of the active area versus the Ir loading of the PTE, with a

saturation value near the loading of 0.1 mgIr·cm
−2. Because the

OER rate of the PTE samples is smaller than that of the CCM
samples, the OER of the PTE samples dominates the overall
performance even more than in the case of normal CCMs.
Therefore, the potential differences can be solely attributed to
the anode reaction. For example, the onset potential of the
PTE samples is approximately 50 mV higher than that of the
CCM0.1 and about 100 mV higher than that of CCM2.2. This
can be explained with reference to the strongly different active
areas and intrinsic activities. In their recent publication, Zhao
et al.37 reported an electrochemical surface area (ECSA) of
1.81 m2 for an PEM electrolyzer MEA with an Ir oxide catalyst
layer on the anode side and an area of 25 cm2, which
corresponds to a roughness factor of 724. Although we have no
ECSA data for the PTE samples, roughness factors of much
more than 10 are very unlikely because only those parts of the
sputtered Ir oxide layer which are in contact with the Nafion
membrane can be active toward OER. Therefore, the active
area of the CCM anode catalyst layer must be orders of
magnitude higher than that of the PTE samples, which results
in a corresponding decrease in the apparent exchange current
density of the OER/oxygen reduction reaction (ORR).
In order to eliminate the influence of Ohmic resistances, the

iR-corrected cell voltages versus the current density are plotted
in Figure 7b. The 50−250 mV lower voltages of reference
samples CCM0.1 and CCM2.2 compared to those of PTE0.1
and PTE0.2 can partly be attributed to the above-mentioned
shift in the onset potential due to the higher active surface area.
Tafel slopes b1 and b2 were determined in the low and high
current density ranges, apart from the PTE0.05 sample, where
high current densities could not be achieved. At low current
densities, the CCM2.2 sample shows an apparent Tafel slope
of 51 mV/dec, which is close to the intrinsic OER Tafel slope
of 40 mV/dec proposed for a rate-determining second charge-
transfer step (deprotonation of adsorbed OH, i.e., OHad → Oad
+ H+ + e−) and within the range of apparent Tafel slopes of
38−55 mV/dec reported by Slavcheva et al.38 The same is true
for high current densities, where CCM2.2 shows a b2 value of
58 mV/dec, which is close to the b1 value and does not
indicate a change in the rate-determining step (r.d.s.). In
contrast, the CCM0.1 sample shows a pronounced increase in
the Tafel slope from 70 to 102 mV/dec. The b2 value of 102
mV/dec is close to the intrinsic Tafel slope of 120 mV
predicted for a rate-determining first charge-transfer step
(deprotonation of the adsorbed water, i.e., H2Oad → OHad +
H+ + e−). Thus, the pronounced change in the Tafel slope for
the CCM0.1 sample may be interpreted as a change in the rate-
determining deprotonation step of water instead of OH.
However, different catalyst sites are present in the catalyst
layers, including crystalline and amorphous IrOx phases or
surface and subsurface sites on/inside the IrOx layers. As
pointed out by Slavcheva et al.38 and Marshall et al.,39 the
apparent Tafel slopes may be regarded as an average value
originating from different catalyst sites over which the OER
may proceed via different mechanisms, r.d.s.’s or even different
charge-transfer coefficients deviating from 0.5.
The Tafel slopes (b2) of the PTE0.1 and PTE0.2 samples in

the high current density range are apparently high, in the range
of 110−220 mV/dec, as obtained by Slavcheva et al.38 As the
b2 value is nearly twice as high as the value predicted for a rate-
determining first charge-transfer step, it is highly questionable
as to whether this Tafel slope can be ascribed for a rate-
determining deprotonation of adsorbed water. Therefore, there

Figure 8. High-resolution SEM images of (a) CCM0.1mgIr·cm−2; (b)
CCM2.2mgIr·cm

−2; (c) an uncoated PTL; (d) PTE0.05mgIr·cm
−2;

(e) PTE0.1 mgIr·cm−2; and (f) PTE0.2 mgIr·cm−2.
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must be other reasons that explain the high apparent Tafel
slopes at low Ir loadings. Although the b values were
determined from linear fits, it should be noted that the Tafel
slopes tend to continuously increase at current densities higher
than 0.1 A·cm−2, except for the CCM2.2 sample. In light of the
above discussion, the following features of Figure 7b,c must be
explained

(i) The difference in the iR-corrected cell voltages of
PTE0.1, PTE0.2, and CCM0.1 increases steadily by
increasing the current density, which corresponds to a
considerable increase in the Tafel slope.

(ii) The same is true when comparing the PTE0.05 and
PTE0.1 samples: the voltage difference increases by up
to 126 mV@0.25 A·cm−2 (and would further increase at
higher current densities) when decreasing the Ir loading
from 0.1 to 0.05 mg·cm−2.

(iii) There is only little difference in the (iR-corrected) cell
voltages and Tafel slopes of the PTE0.1 and PTE0.2
samples and virtually no difference at low current
densities.

(iv) The iR-corrected (and non-corrected) cell voltages of
the PTE samples at low current densities and their onset
potentials of OER little depend on the iR-loading (see
the kinetically dominated current region in the inset
picture).

Ad (i) and (ii):
In the case of the low Ir loadings, Bernt et al. obtained an

unexpectedly high increase in the iR-free cell voltage as well,
leading to higher Tafel slopes.40 They explained this effect by
reference to an inhomogeneous distribution of catalyst
particles in very thin catalyst layers (≈1 μm) on the membrane
in combination with a rough pore structure in the PTL. This
leads to electronically poorly accessible catalyst particles on the
membrane surface and means lower utilization of the catalys, as
well as higher Ohmic resistance. Clearly, there is a substantial
difference between their samples and ours: the Ir films are
sputtered on the PTL and not prepared on the membrane.
Thus, in contrast to their model, this means a poor accessibility
of protons instead of electrons: a lower utilization would be
due to the poorly utilized Ir sites, which have no contact with
the Nafion membrane. These sites may be located on the
surface and/or in the subsurface region of the sputtered Ir
layers. In the case of the former, there would be access of water
via the voids between the Ti fibers. In the latter case, cracks or
small pores in the Ir films would be necessary to enable access
of water and the removal of oxygen and protons to/from
subsurface catalyst sites. For the Ru0.7Ir0.3O2 catalyst, Xu and
Scott observed an additional charge in the cyclic voltammo-
grams at low scan rates, which they attributed to the utilization
of catalyst sites beneath the surface through slow proton
diffusion.41

Slavcheva et al. have shown that the morphology, perform-
ance, and utilization of sputtered Pt layers depend on the
sputtering conditions, especially the Ar pressure and sputtering
time, which affects the Pt loading and film thickness.42

Increasing Pt loading leads to an increase in the thickness,
surface roughness, and voids of/in the sputtered Pt layers. This
in turn increases the number and accessibility of subsurface
catalyst and adsorption sites on the Pt surface and thus the
active surface area, the ORR performance, and catalyst
utilization. Higher catalyst utilization in the case of the
PTE0.1 and PTE0.2 samples may explain the lower Tafel

slopes compared to the PTE0.05 sample. Moreover, the
surface roughness of the Ir layers increases with increasing Ir
loading. This effect, together with a higher number of
subsurface sites, should lead to a higher overall number of
active Ir sites and thus to better performance. According to
Slavcheva et al.,42 the utilization of Pt decreases at film
thicknesses higher than 125 nm because of the limited
penetration depth of the oxygen species. Thus, there seems
to be a “utilization maximum” at a certain film thickness that
should depend on the type of catalyst, the sputtering
conditions, the morphology of the sputtered films, and the
electrochemical reaction, including the type of diffusing species
(small atoms/ions such as H/H+ or molecules such as H2O
and O2). In a previous paper, Slavcheva et al. identified a
decreasing utilization of sputtered Ir oxide layers with
increasing film thicknesses.38 However, their lowest film
thickness was 250 nm, that is, about three times higher than
that of the PTE sample with the highest Ir loading of 0.2 mg·
cm−2 and two times higher than the critical Pt film thickness at
maximum utilization. If the very thin Ir films prepared in this
work have a thickness below the critical value corresponding to
the maximum utilization, an increasing utilization may be the
reason for the pronounced decrease in the Tafel slope when
increasing the Ir loading from 0.05 to 0.1 mg·cm−2.
An increase in utilization is associated with an extension of

the active area and vice versa. This is important because the
current densities shown in Figure 7 are normalized to the
geometric area and not to the active, utilized one. If the catalyst
utilization and active area decrease with increasing current, this
would lead to a higher increase in the OER overpotential than
that expected for an active area independent of the current
density. In the case of the CCM2.2 sample, the relatively high
Ir loading and large triple phase boundary resulting from the
microporous structure and the addition of ionomers causes
only a small increase in the Tafel slope at higher current
densities. As was expected, the effect is more pronounced when
decreasing the catalyst loading and thus the active area of the
CCM by more than 1 order of magnitude (see the CCM0.1
sample). The highest increase in the Tafel slope is observed for
the PTE samples because at the same catalyst loading level, the
sputtered Ir layers have a smaller active area than the
microporous catalyst layers and so there is no “‘buffer effect”
of a large triple phase boundary, especially at high current
densities. In the case of the PTE0.05 sample, a dramatic
increase in cell voltage is observed. Moreover, the continuous
increase in the slope even starts at current densities below 0.1
A·cm−2 and apparent slopes of more than 250 mV/dec are
reached at higher current densities.
In essence, an extension of the reaction zone could be

achieved by water, oxygen, and proton diffusion in the
catalyst/membrane interface or in the catalyst/pore interface.
A slow diffusion of water and oxygen in small pores or gaps
may also cause an additional mass transport/diffusion
resistance. An extension of the reaction zone to the catalyst/
pore interface by, for example, a slow surface diffusion of
protons would only play a role if the surface properties of the Ir
layers would depend on the film thickness, which in turn could
influence the surface diffusion coefficient of the protons. In any
case, an increase in surface roughness with increasing film
thickness is evident from Figure 8. The subsurface Ir sites in
the sputtered layers can only be utilized if cracks or pores are
present. However, the FIB images shown in Figure S3 in the
Supporting Information reveal dense and homogeneous Ir
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layers without any porosity. This excludes the accessibility of
subsurface sites for water or oxygen. Nevertheless, differentially
oriented crystallites (grains) of Ir are visible, which might
enable the slow diffusion of protons along the grain
boundaries.
Because the iR-corrected polarization curve of the CCM2.2

sample shows only a slight increase in the Tafel slope at higher
current densities (see Figure 7c), a mass transport limitation
of, for example, water in the pores of the anode catalyst layer

does not play a considerable role. This is supported by the
polarization curve of the CCM0.1 sample: because their anode
catalyst layer is much thinner, a possible mass transport effect
in the pores should be even smaller and there should be
virtually no increase in the Tafel slope at higher current
densities. Indeed, the converse is true. In the case of the PTE
samples, a slow mass transport of water and oxygen in the
interface of the Ir-sputtered Ti fibers and the Nafion
membrane has to be considered. For example, the transport

Figure 9. (a) EIS results at 0.25 A·cm−2 and equivalent circuit fitting; (b) EIS results of PTE0.1 at different current densities and equivalent circuit
fitting; inset panel: EIS results of PTE0.1 at 0.5, 0.75, and 1.0 A·cm−2; (c) fitted Ohmic resistance at different current densities; (d) charge-transfer
resistance at different current densities; inset panel: logarithmic plots of charge-transfer resistance; (e) capacitance (Cdl) at different current
densities; (f) Warburg resistance (Rw). All of the EIS measurements were performed at 80 °C.
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of water to the active sites might be hampered by trapped
oxygen gas bubbles in the Ir/Nafion interface, resulting in
higher Tafel slopes. Because a change in Ir loading leads to a
change in the structure and properties of the Ir surface (see,
e.g., Figure 8) and the Ir/Nafion interface, this in turn should
influence the mass transport in the interface and thus the Tafel
slope. In fact, the slope of the polarization curves increases
significantly if the current density increases and the Ir loading
decreases. Conversely, there is no reason why very thin Ir
layers should influence the mass transport in the large voids of
the PTL. If the latter effect would be the dominant mass
transport process, the Tafel slope would be independent of the
Ir loading, which is not the case. Hence, a possible diffusion
limitation can only result from the diffusion of species such as
water and oxygen in the membrane/catalyst interface or a slow
surface diffusion of protons on Ir sites that have no contact
with the proton conducting membrane.
Ad (iii) and (iv):
As stated above, the surface of the sputtered Ir layers

becomes rougher when increasing the Ir loading (Figure 8),
leading to a larger membrane/catalyst interface and,
considering an extension of the active area into the
membrane/catalyst interface, a higher electrochemically active
area and thus to better performance. A similar effect has been
reported by Slavcheva et al.42 and Kang et al.30 in the case of
sputtered Pt thin films. At small film thicknesses similar to
ours, the roughness value increases by approximately a factor
of 2 when doubling the Ir loading and thus the film thickness.42

If the active area is also doubled when, for example, increasing
the Ir loading from 0.05 to 0.1 mg·cm−2, the voltage would
only decrease by ≈14 mV, assuming an intrinsic Tafel slope of
47 mV (see eq 3 in Bernt et al.).40 These small differences in
voltage explain why the onset potentials of the OER of the
PTE samples little depend on the Ir loading. Kang et al.
observed a decrease in performance at the highest levels of Pt
film thickness and roughness. They explained this unexpected
effect on the basis of a decrease in the number of contact
points between the catalyst particles and membrane due to the
coarse surface structure.30 Another explanation lies in a
decreasing extension of the reaction zone because of the
closer contact of a rougher catalyst surface and the membrane,
which may “close” possible diffusion paths for water and
oxygen. In any case, the mutual compensation of two opposing
effects may explain why the polarization curves of the PTE0.1
and PTE0.2 samples are almost identical at low current
densities. Obviously, the iR-corrected cell voltage of PTE0.2 at
higher current densities is slightly higher than that of PTE0.1.
A tentative explanation can be derived from the model of Kang
et al. (see above). Because the surface properties of the
sputtered Ir layers will have a great impact on the properties of
the Ir/Nafion interface, it appears likely that an unfavorable
change in surface and interface properties will have a larger
impact on the OER kinetics than on the Ohmic resistance. If,
for example, an increase of the Ir loading from 0.1 to 0.2 mg/
cm2 increases the Ohmic resistance a little, but increases the
resistance of the OER kinetics to an even larger extent, the
observed effect would be explainable.
If the OER current densities shown in Figure 7b,c are

normalized to the Ir loading, the resulting mass activities
depend very much on the chosen iR-corrected voltage as well
as the actual active area and utilization of the Ir catalyst. As an
example, the calculated mass activities calculated at 1.5 V (iR-
corrected) are shown in Figure 7d. Because the microporous

structure of the catalyst layers in the CCM samples allows
much better utilization of the Ir catalyst, the mass activity of a
CCM sample is higher than that of a PTE sample with the
same catalyst loading. This is indeed the case if one compares
the mass activities of, for example, CCM0.1 (545 A g−1) and
PTE0.1 (211 A g−1). The lower mass activity of CCM2.2
compared to CCM0.1 can simply be explained by the fact that
especially in the case of thick catalyst layers, the outer part of
the CCM anode catalyst layer close to the PTL is less utilized.
For a similar reason, the mass activity of the PTE samples
decreases when increasing the Ir loading from 101 to 305 A
g−1: because only the Ir sites at the surface of the Ir films are
active for OER and thus the inner Ir sites are non-utilized and
wasted, higher mass activities are achieved with thin Ir layers.
As explained above, a small active surface in combination with
low catalyst utilization leads to smaller and smaller current
densities when increasing the cell voltage. Therefore, the mass
activity of the PTE samples relative to that of the CCM
samples correspondingly decreases. This is evident from a
comparison of the mass activities of CCM0.1 and PTE0.1: for
an iR-corrected cell voltage of 1.5 V (see above), the ratio of
mass activities is 3.6 (756:211 A g−1) and increases to a ratio of
4.0 (1827:460 A g−1) at 1.525 V. If a critical iR-corrected cell
voltage is exceeded (here: 1.544 V), the mass activity of the
PTE0.05 sample falls even below that of the PTE0.1 sample.
The intersection of the mass activities of the PTE0.05 and
PTE0.1 samples at 1.544 V can be seen in the semilogarithmic
plots of the iR-corrected cell voltage versus the logarithm of
the mass activity (see Figure S4 in the Supporting
Information). The decrease in mass activity with decreasing
Ir loading was also reported by Bernt et al.40

Because the structure and properties of the active ionomer-
free Ir catalyst layer in the PTEs significantly differ from those
of common anode Ir catalyst layers with ionomers, the
impedance spectra should be different as well. This is indeed
the case, as is shown in Figure 9a,b with the examples of 0.25
A·cm−2 and PTE0.1 at different current densities (more EIS
results can be found Figure S5 in the Supporting Information).
Contrary to the spectra shown in Figure 5a, two distinct
semiarcs with very different time constants are observed (time
constant τ = R × C is reciprocal to the peak frequency of a
semiarc). Using the same equivalent circuit as for the PTL
samples, the capacitance fit values of the low frequency (l.f.)
semiarc were surprisingly higher than those obtained for the
CCM samples. However, the (pseudo) double-layer capaci-
tance of the electrodes is proportional to the electrode/
electrolyte interface. Because the latter was significantly higher
for the CCM anode catalyst layer compared to the PTE, a
much lower capacitance is expected for the PTE samples.
Hence, an interpretation of the l.f. semiarc as a charge-transfer
resistance in parallel to double-layer capacitance is not
appropriate. However, it can be assumed that the small active
area of the PTEs may be extended by, for example, the
diffusion of water and oxygen to/from Ir particles in the
catalyst/membrane contact. This could either be a diffusion in
small pores between the Ir/IrOx surface and the Nafion
membrane or within the membrane itself. Therefore, it seems
reasonable to correlate the l.f. semiarc with a diffusion process
and thus to attribute the high frequency (h.f.) semiarc to the
OER charge-transfer process in parallel with the double-layer
capacitance. An appropriate equivalent circuit is shown in the
inset of Figure 9a. Apart from the h.f. cable inductance and the
Ohmic resistance, this consists of a charge-transfer resistance,
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Rct, a double-layer capacitance represented by a CPE element
and a finite Warburg element representing the diffusion
process. Because the charge-transfer process on the PTE anode
occurs at much higher frequencies than that of the CCMs, the
h.f. charge transfer semiarc of the CCMs is likely masked by
the unavoidable inductive effects. This might explain why only
one semiarc associated with the charge transfer is observed for
the PTE samples.
For the PTE samples, the semiarc associated with the OER

charge-transfer process appears at frequencies more than 2
orders of magnitude higher than those of the CCM samples.
This can be explained as follows: because the (differential)
double-layer capacitance is roughly proportional to the
catalyst/ionomer interface and the latter decreases by more
than 1 order of magnitude when substituting a normal CCM
catalyst layer by an Ir sputtered PTE catalyst layer, the Cdl
value should correspondingly decrease. The charge-transfer
resistance Rct represents the slope of the iR-corrected
polarization curve in the kinetically controlled region and
should therefore increase proportionally with the Tafel slope b1
determined in the low current density range. As can be seen in
Figure 7b,c, the slopes of the PTE 0.1 and 0.2 samples are
somewhat higher than those of the CCM2.2 sample but close
to that of the CCM0.1 sample. This results in similar Rct values
and, respectively, diameters of the dominating semiarc of the
CCMs and the h.f. semiarc of the PTE samples (see Figure
9a,b). Hence, the significant decrease in the double-layer
capacitance dominates the time constant of the h.f. semiarc and
leads to the pronounced shift to higher frequencies.
The fit results of the Ohmic resistance as a function of the

current density are shown in Figure 9c. As expected, RΩ only
slightly depends on j. In general, a higher contact area between
the electrode and membrane should suppress in-plane proton
transport beneath the membrane surface and thus decrease the
Ohmic resistance. It turns out that the Ohmic resistance of the
PTE samples decreases with increasing Ir loading. This can be
explained by higher surface roughness, which leads to better
contact between the catalyst layer and membrane. At the same
time, the abovementioned effect of a decreasing number of
contact points can be excluded. If considering the dependence
of the contact resistance from the Ir loading shown in Figure
4a, a much smaller effect on the Ohmic resistance would be
expected. However, the contact of the PTL with the wet,
swollen Nafion membrane will differ from the contact PTL/
gold. The contact resistance could also be the reason for the
higher RΩ value of the CCM samples compared to the PTE0.2
sample: because the CCM samples imply the anode catalyst
layer, that is, two functional electrode layers (PTL + CL)
instead of one such as the PTE samples, additional contact
resistance must be considered.
The exponential decrease in Rct (see Figure 9d) corresponds

to the Butler−Volmer kinetics of the OER, that is, an
exponential increase in the OER current density with
increasing overpotential (increasing iR-corrected cell voltage).
The increase of Rct (Rct = Rhf + Rlf in case of the CCMs) is in
the following order: CCM2.2 < CCM0.1 ≈ PTE0.2 ≈ PTE0.1
< PTE0.05, which follows the order of the b1 values, as
explained above. The decay in the double-layer capacitance
with increasing current density (see Figure 9e) can be
explained by a decreasing utilization and active area, as is
noted above. In the case of the CCM samples, this effect is less
pronounced because of the large triple phase boundary, which
is especially true for the CCM2.2 sample. In contrast, the Cdl

values of the PTE samples dramatically decrease by 1−2 orders
of magnitude. For the same reason, the capacitance decay
becomes stronger, as the Ir loading of the PTE samples
decreases. It should be noted that the Brug equation used for
the calculation of Cdl only provides approximate values and the
error becomes larger with increasing deviation of the
exponents n from one. Because the n values decrease with
increasing current for all samples (see Figure S6a in the
Supporting Information), this certainly has a substantial impact
on the observed decay of the capacitance. However, even if the
n value would be independent of the current density, the
capacitance decreases with increasing current density. For
comparison, the n and CPE values versus the current density
are shown in Figure S6 in the Supporting Information.
Whereas the CPE values of the PTE samples tend to decrease,
even though not quite as much as their corresponding
capacitances, the CPE values of the CCM samples exhibit no
clear tendency.
As is stated above, the spectra of the PTE reveal a low-

frequency semiarc associated with a diffusion process. The
strong decrease in the diffusion resistance Rw with increasing
current density (see Figure 9f) may be perplexing at first glance
as it would normally show the opposite behavior. For instance,
the mass transport resistance associated with the transport of
water in the space between the Ti fibers or the pores of
common anode catalyst layers would increase with the current
density and can be excluded here. However, it must be
considered that the low-frequency diffusion process and Rw
only occurs if the reaction zone is extended at the expense of
additional resistance due to the diffusion of active species such
as water, oxygen, and protons in the catalyst/membrane
interface. With increasing current density, the OER occurs
closer to the triple phase boundary and the diffusion of species
in the membrane/catalyst interface becomes ever less
important. A definite identification of the species associated
with the diffusion limitation (protons, water, and/or oxygen) is
not possible on the basis of the results presented here.
However, the fast bulk diffusion of protons in the fully
hydrated membrane via the Grotthuss mechanism (DH

+ ≈
10−4 cm2 s−1,43) would contribute to the Ohmic resistance.
Only a slow surface diffusion of protons on Ir sites that have no
contact with the Nafion membrane would cause additional
diffusion resistance. The most probable reason for the
appearance of the low-frequency semiarc is the slow diffusion
of water and oxygen at the interface of the Ir-sputtered Ti
fibers and Nafion membrane.
It should be noted that the decrease in the Warburg

resistance with increasing current density is not due to the
fitting model. A similar decrease would be obtained if the low
frequency process was fitted with a simple (R-CPE)
combination, that is, an equivalent circuit with two (R−
CPE) combinations in series. In case of the PTE samples, two
distinct semiarcs with well-separated time constants are
obtained. An appropriate impedance model must contain
elements that best represent parameters of the electrochemical
processes taking place in the system investigated. In our case,
the most probable interpretation of the low-frequency process
is a diffusion process in the Ir oxide/membrane interface, as
explained above.

4. CONCLUSIONS
In this study, titanium-based PTLs were sputter-coated with
iridium as protective layers. We confirmed the specific
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thicknesses of the iridium layer with different loadings and
found that even the lowest loading of 0.005 mg·cm−2 reduces
the contact resistance between the PTLs and catalyst layers
considerably. The Ir protective layer not only decreases the
Ohmic resistance, which is the biggest portion of the gain of
performance, but also decreases the resistances associated with
charge transfer because it is electrochemically active regarding
the OER. The Ir-coated PTL, with only 0.025 mg·cm−2 of Ir, is
sufficient to show the identical cell performance as the Ir-
coated PTL with the higher loading. The cell’s performance no
longer depends on the loading when the Ir loading is above
this value, which is 40 times less compared to the Au or Pt
loading typically used for protective layers in current
commercial electrolyzers. Compared to an uncoated PTL,
the voltage loss of the cell with only 0.025 mgIr·cm

−2 to the
PTL is smaller by 80 mV at 1.0 A·cm2. The significant increase
in the OER onset potential and of the apparent Tafel slope,
especially at low-Ir loading, is attributed to a decrease in the
active area and utilization of the catalyst. If Ir-coated PTLs are
pressed onto the Nafion membrane, another mass transport
process has to be considered, which is most probably the slow
diffusion of oxygen and water in the IrOx/Nafion interface.
This work not only demonstrates an easy and scalable
approach to reducing interface resistivity between the PTL
and the electrode but also may provide a promising means to
develop catalyst layers for low-temperature PEM water
electrolyzers. Future work will be performed to optimize the
iridium layer properties, such as optimizing the sputtering
parameters, the triple phase boundary of Ir, Nafion, and the gas
phase to further increase the catalyst utilization and active area.
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