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In this study, a commercial IrO2/TiO2 catalyst (75 wt% Ir, named “Benchmark”) for the oxygen evolution reaction (OER) is
compared to a newly developed IrO(OH)x/TiO2 catalyst (45 wt% Ir, named “P2X”). Due to its lower Ir packing density and higher
OER activity vs the Benchmark catalyst (440 vs 12 A gIr

−1 at 1.43 ViR-free), the P2X catalyst shows an improved PEM (proton
exchange membrane) water electrolyzer performance at ≈9 times reduced Ir loading, however, only if a platinum-coated porous
transport layer (PTL) at the anode is used. While the performance of membrane electrode assemblies (MEAs) with the Benchmark
catalyst is unaffected when using an untreated titanium PTL, MEAs with the P2X catalyst perform poorly, which can be attributed
to a contact resistance at the anode/PTL interface due to the low electrical conductivity of the P2X catalyst (0.7 S cm−1) vs the
Benchmark catalyst (416 S cm−1) and the passivation of the Ti-PTL. A heat treatment procedure is used to transform the
amorphous IrO(OH)x of the P2X catalyst into crystalline IrOx and, hence, increases its electrical conductivity. The optimum
temperature for heat treatment to maximize electrical conductivity, OER activity and MEA performance will be evaluated.
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Hydrogen as a medium for large-scale energy storage will
become an important factor in a future energy scenario mainly
based on renewable energy sources. Proton exchange membrane
water electrolysis (PEM-WE) with its high power density and
excellent load following capability seems to be a perfectly suited
technology to facilitate hydrogen production from renewable
electricity.1 However, high investment costs still present a major
challenge for a large-scale application of the technology.2,3 Since
costs for flow fields and separators, which up to now represented the
major part of the stack costs, could recently be reduced by up to
80%, the membrane electrode assembly (MEA) is now the biggest
cost contributor with ≈40% of the total stack costs.4 Here, typically
carbon-supported platinum catalysts (Pt/C) are used for the hydrogen
evolution reaction (HER) on the cathode, while catalysts based
on iridium (Ir) are used for the oxygen evolution reaction (OER)
on the anode. Since catalyst loadings are still very high (several
mg cm−2),1,4,5 a reduction of the catalyst loading, especially of the
iridium loading on the anode, is of great importance to enable a
large-scale application of PEM-WEs, not only because of the high
costs of the catalyst materials, but also in the context of the limited
availability of iridium.5 Here it should be noted that the required
platinum loadings on the cathode are comparatively negligible
(⩽0.1 mgPt cm−2), due to the fast HER kinetics in the PEM
environment.6 In a recent study, we estimated that a reduction in
iridium loadings from currently ≈2 mgIr cm

−2 to ≈0.05 mgIr cm
−2

would be required in order to allow installation capacities of
⩾100 GW year−1 that would be required for a global hydrogen
economy based on H2 generation by water electrolysis.6,7

A typical approach to enable lower anode catalyst loadings is to
increase the activity of the OER catalyst and, consequently, most
research in the field aims at finding materials that provide an
improved mass activity for the OER compared to conventional
iridium-based catalysts. Ruthenium or RuOx has a higher OER

activity compared to Ir/IrOx,
8,9 but is not sufficiently stable to be

used as a catalyst in PEM-WEs.10 Mixed Ir-Ru oxides have been
proposed to combine the high activity of Ru with the high stability
of Ir,11 however, dissolution of the Ru species is still an issue.12

For Ir based catalysts itself, a strong dependency of catalytic activity
and oxidation state has been found.13 Typically, amorphous IrOx

with a high concentration of Ir3+ surface species shows a higher
OER activity compared to crystalline IrO2, which is usually prepared
by calcination at higher temperatures.14,15 To further increase the
mass activity of Ir-based catalysts, core–shell structures, e.g., based
on a dealloyed IrNi core with an IrOx shell concept or even more
advanced structures, such as Ir-Ni two dimensional nanoframes16,17

as well as Ir–Ni and Ir–Co nanowires have been proposed.18 These
catalysts show much higher mass activities compared to typical
commercial Ir-based catalysts. However, most of the studies solely
rely on measurements in model systems such as rotating disk
electrodes (RDE) and the high mass activity obtained there does
not guarantee a good performance at low Ir loadings in a real PEM-
WE system.

When OER catalyst materials are used to fabricate MEAs for the
use in an actual PEM-WE, besides of their OER activity, several
other factors are critical to obtain high and stable performance. One
factor is the requirement that no significant amount of transition
metals are being leached from the catalyst, as they would ion
exchange with the protons in the proton exchange membrane and
deteriorate the PEM-WE performance,19,20 particularly at higher
current densities (note that this effect is absent in RDE measure-
ments due to the large proton inventory in the electrolyte in this
case).

A second factor are the structural properties of the catalyst
that are critical to obtain a good performance at high current
densities and, most importantly, at low iridium loadings. In a
previous study, we identified the iridium packing density, i.e., the
amount of iridium packed into a given catalyst layer volume (in units
of gIr cm

−3
electrode) as a crucial parameter to enable low Ir loadings.6

Typical commercial Ir based catalysts have a high volume fraction of
Ir and, consequently, low Ir loadings would result in extremely thin
catalyst layers. For example, the commercial OER catalyst used aszE-mail: maxbernt@freenet.de
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benchmark in this study, viz., crystalline iridium oxide deposited as
a thick layer on an electrically non-conductive titanium oxide
support (c-IrO2/TiO2, with 75 wt% Ir from Umicore; furtheron
referred to as “Benchmark” catalyst) has an iridium packing density
of ≈2.3 gIr cm−3

electrode,
7 resulting in an electrode thickness of

≈9 μm at the typically used loading of 2 mgIr cm
−2, while at Ir

loadings of <0.5 mgIr cm
−2, the electrodes are too thin (<2 μm) and

inhomogeneous, which results in a significant performance drop.6

Thus, while a kinetic analysis shows that a reduction of the Ir
loading from 2 mgIr cm

−2 (used today) to the long-term target of
0.05 mgIr cm

−2 (required for a global H2 economy where H2 is
produced by PEM-WE) would only incur a OER kinetic penalty of
≈80 mV, practically such low loadings cannot be realized.6 This
illustrates the importance of a low Ir packing density to reduce the Ir
loading in a PEM-WE.

The third critical factor is the electrical conductivity of the
catalyst, an important property which is often not taken into account
when new catalysts are developed. A sufficient electrical conduc-
tivity is required for the transport of electrons to/from the active
OER catalyst sites and across the thickness of the catalyst layer that
is much thicker in a PEM-WE (≈5 μm) than what is used in RDE
experiments (typically less than ≈0.5 μm). Particularly when used in
MEAs for a PEM-WE, a high electrical conductivity of the catalyst
is also required: i) to reduce the contact resistance between the anode
catalyst layer and the porous transport layer (PTL) at the anode side
of a PEM-WE and ii) to assure a sufficiently small in-plane electrical
resistance across the ≈10–20 μm wide pores in the PTL.6 The
contact resistance is particularly critical, if a pure titanium PTL
without conductive coating is used, so that in some instances thin
platinum coatings are applied to titanium PTLs to minimized this
contact resistance.4 Other approaches to improve the interface
properties between catalyst layer and PTL include the fabrication
of multilayer PTL structures with a reduced surface roughness
compared to conventional PTLs21 as well as the application of a IrOx

nanofiber interlayer between PTL and catalyst layer.22

The electrical conductivity of iridium oxide strongly depends on
its crystallinity: amorphous and/or hydrous iridium oxide have low
electrical conductivities, but upon thermal annealing (≈300 °C–
550 °C) of these materials to form crystalline iridium oxide, the
electrical conductivity increases by several orders of magnitude.23,24

At the same time, the OER activity of amorphous/hydrous iridium
oxide is found to be at least an order of magnitude larger than that of
crystalline iridium oxide.14,15 While typical commercial OER
catalysts use high loadings of crystalline iridium oxide (c-IrO2) to
provide good electrical conductivity, they currently suffer from high
Ir packing densities that prevent their use at low iridium loadings in
MEAs for PEM-WEs, as discussed above and in Ref. 6 low Ir
packing densities could be achieved, if iridium oxide nanoparticles
could be supported on a conductive support material, as is done for
platinum based fuel cell catalysts that are supported on high surface
area carbons (e.g., ≈0.08 gPt cm−3

electrode
6,7 for a 15 wt% Pt/C

catalyst). However, since carbon based support materials are not
stable at the high potentials on the anode of a PEM-WE25,26 and since
most oxides have a low electrical conductivity, the choice of possible
materials is limited. Antimony doped tin oxide (ATO),16,27–31 niobium
doped titanium oxide (NTO),32 or tungsten doped titanium oxide
(WxTi1−xO2)

33 have been proposed as potential candidates, but there
are still concerns whether their long-term stability in the PEM-WE
environment and their electrical conductivity is sufficient. In the
absence of suitable conductive support material, TiO2 has often been
used as a support for Ir based catalysts, since it is stable, commercially
available, and inexpensive.34 However, since TiO2 itself is not
conductive, the electrical conductivity needs to be provided by the
iridium oxide that is deposited on the TiO2 support. Since a contiguous
network/film of Ir or IrO2 nanoparticles is required in order to provide
sufficient conductivity across the entire catalyst layer, typically high
amounts of Ir or IrO2 are used.35–37 Unfortunately, this results in
catalysts with a high iridium mass fraction which again leads to

relatively high Ir packing densities. This can be illustrated for a
commercial OER catalyst that consists of a thick layer of crystalline
iridium oxide on a titanium oxide support (c-IrO2/TiO2, with 75 wt%
Ir; Elyst Ir75 0480 from Umicore, Germany) and that we had used in
previous studies,6,38 demonstrating that it cannot be used for MEA
anode loadings of <0.5 mgIr cm−2 as discussed above. Recently,
Regmi et al. developed a catalyst with a thin layer of platinum
nanoparticles covering a TiO2 support in order to provide high
electrical conductivity without the need of a contiguous network of
IrO2.

39 While first results are promising, future studies will have to
show whether low Ir electrode loadings (<0.5 mgIr cm

−2) are possible
based on this catalyst concept.

In this study, we present a new OER catalyst based on amorphous
hydrous iridium oxide supported on titanium oxide (a-IrO(OH)x/TiO2)
that was optimized with regards to its Ir packing density by reducing
the amount of Ir to only 45 wt% while still maintaining a contiguous
iridium oxide film on the support in order to provide sufficient
electrical conductivity. The performance of MEAs with low Ir loadings
based on the new catalyst in combination with conventional uncoated
titanium PTLs (Ti-PTL) or with platinum coated titanium PTLs
(Pt-PTL) will be compared to MEAs based on the above described
commercial c-IrO2/TiO2 catalyst with 75 wt% Ir. Furthermore, the
effect of an additional heat treatment of the new OER catalyst on its
activity and conductivity is discussed.

Experimental

Membrane electrode assembly (MEA) preparation and cell
assembly.—MEAs with an active area of 5 cm2 were prepared by
using a decal transfer method. The electrodes for the hydrogen
evolution reaction on the cathode were prepared from platinum
supported on Vulcan XC72 carbon with a metal loading of 45.8 wt
% (TEC10V50E, from Tanaka, Japan). For the oxygen evolution
reaction on the anode, crystalline c-IrO2/TiO2 (Elyst Ir75 0480 from
Umicore, Germany) with 75 wt% Ir or amorphous a-IrO(OH)x/TiO2

with 45 wt% Ir (from Heraeus Deutschland, Germany) were used. The
inks were prepared from catalyst powder, 2-propanol (purity ⩾ 99.9%,
from Sigma Aldrich), and Nafion® ionomer solution (SGE-10-0ICS,
20 wt% ionomer, D2021 from DuPont, USA). 5 mm ZrO2 grinding
beads were added and the ink was mixed for at least 18 h on a roller
mill (from Ratek, Australia). The ink was coated onto a 50 μm thick
PTFE foil (from Angst+Pfister, Germany) using a Mayer-rod coating
machine (Erichsen GmbH & Co. KG, Germany). After drying,
electrodes with an active area of 5 cm2 were punched from the
coatings and hot-pressed onto a Nafion® 212 membrane (50 μm, from
Quintech, Germany) for 3 min at 155 °C at a pressure of 2.5 MPa. The
weight of the electrodes was determined by weighing the PTFE foil
decals before and after the decal transfer on a microbalance (±15 μg,
from Mettler Toledo, Germany). For the cathodes, the platinum
loading was 0.38 ± 0.06 mgPt cm

−2. The iridium loadings on the
anodes were 2.33 ± 0.22 mgIr cm

−2 for the crystalline c-IrO2/TiO2,
with an Ir packing density of ≈2.3 gIr cm

−3
electrode

7 and a resulting
anode electrode thickness of ≈10 μm, for the amorphous
a-IrO(OH)x/TiO2, the loadings were 0.27 ± 0.04 mgIr cm

−2, with an
Ir packing density of ≈0.5 gIr cm−3

electrode and a resulting anode
electrode thickness of ≈5 μm.

Carbon fiber paper (TGP-H-120 from Toray, no MPL, 5 wt%
PTFE) with a thickness of 370 ± 10 μm was applied as a porous
transport layer (PTL) on the cathode side. On the anode, sintered
titanium (from Mott Corporation, USA) with a porosity of approxi-
mately 50% and a thickness of 280 ± 10 μm was used. Test cells
were built either with the untreated titanium PTLs (furtheron
referred to as Ti-PTL) or with platinum coated PTLs using the
same titanium sinter as a base material (platinum film thickness
≈0.5 μm, deposited by Umicore Galvanotechnik, Germany;
furtheron referred to as Pt-PTL). The MEA and PTLs were placed
between the flow fields of the electrolyzer test cell and sealed with
PTFE gaskets (from Reichelt, Germany) with an appropriately
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chosen thickness, so that a compression of ≈25% was achieved for
the carbon PTL (assuming the titanium PTL to be incompressible;
for details see Ref. 38).

Electrochemical characterization.—Tests were performed on a
self-built test station equipped with a BioLogic VSP 300 potentiostat
and a 20 A booster. The measurements were performed at 80 °C cell
temperature. Deionized (DI) water was preheated to 80 °C and fed to
the anode side of the cell at a rate of 20 ml min−1. Both the anode
and the cathode side were kept at ambient pressure. Once the cell
was warmed up to 80 °C while feeding water to the anode and dry
N2 to the cathode, a conditioning procedure was started, first by
ramping up the current to 1 A cm−2 and then holding this current for
30 min. Next, galvanostatic polarization curves were recorded at
current densities between 0.01 A cm−2 and 4 A cm−2. A hold time of
5 min was applied to reach a steady state before recording the cell
voltage. At each current setting, AC impedance measurements in a
range of 150 kHz − 1 Hz were carried out while applying a current
perturbation between ±20 mA– ±500 mA (the current amplitude was
chosen for each step to obtain a sufficient signal to noise ratio, while
keeping the perturbation small enough to ensure a linear system
response). The high-frequency resistance (HFR) was determined
from the zero crossing of the Nyquist plot with the real axis. Cyclic
voltammograms (CVs) of the anode electrode were recorded at the
beginning of a test, using a scan rate of 50 mV s−1 at 80 °C and a
voltage range of 0.1 − 1.3 V. The anode working electrode was
flushed with DI water at a rate of 20 ml min−1 and the cathode
counter electrode was purged with dry H2 at 50 ml min−1.

Heat treatment of the a-IrO(OH)x/TiO2 catalyst.—The heat
treatment of the a-IrO(OH)x/TiO2 catalyst was performed by placing
≈2 g of the catalyst in a ceramic vessel which was put into a tube
furnace (from Carbolite Gero, Germany). Every sample was heat-
treated under oxygen atmosphere with the flow rate of oxygen
adjusted to 0.8 l min−1. The furnace was heated up at a rate of
10 K min−1 until the final temperature, which was chosen between
330 °C–390 °C, was reached. This temperature was held for 3 h
before cooling the sample down to room temperature.

Catalyst powder conductivity measurements.—For these mea-
surements, 600–700 mg of the catalyst powder were filled into a
homemade sample holder consisting of a plastic cylinder (inner
diameter of 6 mm) sitting on a metal plate and being contacted with
a metal plunger from the top. This set-up was placed in a mechanical
press, so that the catalyst powder could be pressed into a pellet by
applying a compressive force of 1040 MPa. The thickness of the
compressed pellet could be determined from a scale at the side of the
metal plunger (for details, see Ref. 40). The electrical conductivity
of the catalyst powder was determined by measuring the voltage
response while applying a constant current at the applied pressure of
1040 MPa. For the as-received amorphous a-IrO(OH)x/TiO2 cata-
lyst, currents of 1, 1.5, and 2 mA were chosen, whereas for the
crystalline c-IrO2/TiO2 catalyst as well as for the heat-treated
a-IrO(OH)x/TiO2 catalysts, currents of 100, 250, and 500 mA were
applied; the voltages were recorded after a current hold time of 30 s
for each step (note that the currents were selected as to obtain
sufficiently high voltage readings). The voltage response was
measured with a BioLogic VSP 300 potentiostat contacting the
metal plunger pressing onto the top of the powder sample as well as
the metal plate at the bottom. The electrical conductivity (σel) of the
thus compressed powder can be calculated according to:

σ = · [ ]t

A

I

U
1el

where t is the thickness of the compressed pellet (ranging between
≈1–2 mm), A is the cross-sectional area of the pellet (A= 0.28 cm2), I
is the applied current, and U is the measured voltage response.

Catalyst Design Concept for TiO2 Supported OER Catalysts

In this section, we introduce the general concept proposed for the
development of TiO2 supported (hydrous) iridium oxide catalysts
that can provide a low Ir packing density; the same considerations
also apply to other support materials.

Rationale for the here developed OER catalyst.—The here used
commercial catalyst from Umicore consists of mostly crystalline
IrO2 on a TiO2 support (c-IrO2/TiO2) with an Ir content of 75 wt%,
and is referred to as “Benchmark” catalyst within this study.
Assuming that a TiO2 support with a BET surface area of BETTiO2

≈ 100 m2 g−1 was employed in the synthesis of the Benchmark
catalyst (the preferred range is given as BETTiO2 = 100 − 300 m2

g−1 in Ref. 37) and that this support is uniformly covered with IrO2

with a density of ρIrO2 = 11.7 · 106 g m−3, the nominal thickness of a
homogenously deposited IrO2 layer (tIrO2) can be determined from:

ρ

ρ
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where mIrO2 and mTiO2 are the mass of IrO2 and TiO2, respectively,
wt%Ir is the iridium mass fraction of the catalyst, and the molar mass
of IrO2 and Ir are MIrO2 = 224 g mol−1 and MIr =192 g mol−1. For
the Benchmark catalyst, this results in an estimated nominal iridium
oxide film thickness of tIrO2 ≈ 6 nm.

An obvious way to reduce the Ir content of an IrO2/TiO2 catalyst
without changing the TiO2 support is to reduce the thickness of the IrO2

film. In a series of experiments (data not shown), a nominal film
thickness of tIrO2 ≈ 2 nm was found as a lower practical limit that
would still yield a sufficiently homogeneous coverage of the TiO2

support, as indicated by the observation that catalysts with tIrO2 values
significantly smaller than 2 nm resulted in materials with very poor
electrical conductivity (this critical tIrO2 value may, of course, vary for
different synthesis processes). A closer inspection of Eq. 2 also shows
that the Ir mass fraction for a given targeted tIrO2 value decreases with
decreasing BETTiO2 values. In summary, minimizing the nominal tIrO2

value for a given TiO2 support BET and/or reducing the TiO2 support
BET for a given nominal tIrO2 value lead to a lowering of the iridium
mass fraction of the catalyst (wt%Ir) and thus to a decrease of the
iridium packing density (shown in more detail below). Hence, for the
development of a new OER catalyst with a low iridium packing density
(conducted in the framework of the Kopernikus—P2X project41), a
catalyst was developed by Heraeus Deutschland that consists of an
amorphous, hydrous iridium oxide (a-IrO(OH)x) layer deposited on a
TiO2 support (a-IrO(OH)x/TiO2), aiming at a nominal tIrO2 value of
≈2 nm (furtheron referred to as “P2X” catalyst within this study).

Table I gives an overview of the properties of the Benchmark and
the P2X catalysts. Due to the targeted nominally ≈2 nm thin iridium
oxide layer the Ir content of the P2X catalyst was reduced to 45 wt%
(consistent with the wt%Ir value that is predicted by a rearrangement
of Eq. 2), substantially lower than the 75 wt% for the Benchmark
catalyst. As expected, this results in a ≈5-fold lower Ir packing
density for the P2X catalyst with only ≈0.5 gIr cm−3

electrode

compared to that of the commercial Benchmark catalyst with ≈2.3
gIr cm

−3
electrode. The Ir packing density was obtained by dividing the

catalyst loading (mgIr cm
−2) by the electrode thickness determined

from cross-sectional SEM imaging (as explained in Ref. 6).
The OER mass activity (A gIr

−1) of the catalysts was determined
in a single-cell PEM-WE at an iR-corrected cell potential (EiR−free ≡
Ecell−i·HFR) of 1.43 V (i.e., at low current densities, where mass
transport resistances are usually negligible38 and the mass activity is
not affected by catalyst loading or electrode thickness) at 80 °C and
ambient pressure for MEAs with the respective catalyst in combina-
tion with a platinum coated PTL (cf Fig. 6). The results given in
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Table I show a ≈37-fold higher OER mass activity for the P2X
catalyst (440 A gIr

−1) compared to the Benchmark catalyst (12 A
gIr

−1). The majority of this difference can be explained by the
roughly one order of magnitude higher intrinsic activity of the
amorphous IrO(OH)x compared to the crystalline IrO2.

14,15 In
addition, a smaller part of this difference can be ascribed to the
higher iridium utilization for the P2X catalyst due to the lower
nominal iridium oxide film thickness (tIrO2 ≈ 2 nm) compared to the
Benchmark catalyst (estimated to be ≈6 nm), corresponding to an
estimated ≈3-fold difference in iridium utilization. However, this
advantage in catalytic activity of the a-IrO(OH)x/TiO2 based P2X
catalyst unfortunately comes along with a ≈600-fold lower electrical
conductivity (0.7 S cm−1) compared to the c-IrO2/TiO2 based
Benchmark catalyst (416 S cm−1), as determined by powder con-
ductivity measurements (see Table I, based on. Fig. 4). Again, this is
related to the nature of the iridium oxide, since a-IrO(OH)x is known
to have a lower conductivity compared to c-IrO2

23,24: in addition, the
lower nominal IrO2 film thickness of the P2X catalyst renders it
more likely that not all of the electrically insulating TiO2 is covered
by the a-IrO(OH)x species that are poorly conducting, but not
insulating. A detailed analysis of the nature of the iridium oxide
species and the coverage of the TiO2 support material will be
published in a separate study.42

With its ≈5-fold lower Ir packing density (≈0.5 gIr cm
−3

electrode)
compared to the Benchmark catalyst (≈2.3 gIr cm

−3
electrode), the P2X

catalyst allows for a lower Ir loading at a similar electrode thickness.
In a previous study, we found an electrode thickness of telectrode
≈5 μm to be the lower limit until which no negative effect on the
PEM-WE performance was observed, while thinner electrodes re-
sulted in a deterioration of the high current density performance.6 At
the measured Ir packing density of ρIr-packing ≈ 0.5 gIr cm

−3
electrode,

this translates into an Ir loading of only LIr ≈0.25 mgIr cm
−2 (from LIr

= telectrode · ρIr-packing), which is a ≈8-fold reduction compared to a
typical loading of ≈2 mgIr cm−2 for state-of-the-art commercial
PEM-WEs.1,4,5 Despite this significant advance, the projected
minimum iridium loading is still 5 times higher compared to the
≈0.05 mgIr cm−2 target required in order to allow for PEM-WE
installation capacities of ⩾100 GW year−1 that would be required for a
global H2 economy based on H2 produced by PEM-WE.6,7

Future design strategies for OER catalysts with low iridium
packing densities.—Since the nominal thickness of the iridium
oxide layer cannot be reduced below ≈2 nm without sacrificing the
contiguous iridium oxide network that is required to provide a
sufficiently high electrical conductivity across/within the catalyst
layer, another way to reduce the iridium packing density in the
electrode based on an IrO2/TiO2 OER catalyst concept is to use a TiO2

support with a lower specific surface area. This is illustrated in the
following, based on several simplifying assumptions: i) the packing
density of a lower specific surface area TiO2 support (ρTiO2-packing)
remains the same as that for the commercial TiO2 support used in this
section; ii) the molecular mass of the iridium oxide species which
would be deposited on the TiO2 support is reasonably close to that of
IrO2 (in the most extreme case, for Ir(OH)4-like species, the difference

is ≈16%); and, iii) the size of the TiO2 support is significantly less
than the targeted thickness of the electrode.

First, we determine the TiO2 support packing density (ρTiO2

-packing) for a commercially available TiO2 support (Aeroxide
® P25,

from Sigma Aldrich) with a BET surface area in the range of 35–65
m2 g−1 (for the calculations made in this section an average surface
area of BETTiO2 ≈ 50 m2 g−1 is assumed). For this purpose,
electrodes were fabricated with the TiO2 similar to the electrodes
with the actual catalyst materials and hot-pressed onto a Nafion® 212
membrane as described in the experimental section. The TiO2

packing density can be obtained by dividing the TiO2 loading
(mgTiO2 cm−2) by the electrode thickness determined from cross-
sectional SEM imaging (as explained in Ref. 6).

For the commercial TiO2 support a packing density of ρTiO2

-packing ≈1.18 gTiO2
cm−3

electrode was obtained, which corresponds to
a TiO2 volume fraction in the electrode of εTiO2 ≈ 0.28 (from ρTiO2

-packing/ρTiO2). This is much lower than the expected volume fraction
for closest packing of spheres (εCP ≈0.74), but higher than that of
the high-structure carbon blacks used for PEM fuel cells (εC-black
≈0.1643). In general, the volume fraction of the support material
depends on the shape of the TiO2 particles and, consequently, even
lower volume fractions might be possible for differently shaped
TiO2 particles. Based on a spherical approximation assuming
solid TiO2 spheres with a density of ρTiO2 = 4.23 · 106 g m−3 for
the 50 m2 g−1 TiO2 support, the average radius of the TiO2 particles
is rTiO2 ≈ 14 nm (rTiO2 ≈ 3/(ρTiO2 · BETTiO2)), which is large
compared to the nominal iridium oxide film thickness of tIrO2 ≈
2 nm. Therefore, the packing density of the final catalyst consisting
of the TiO2 support with a ≈2 nm thick iridium oxide film on its
surface should not be significantly affected by the deposited iridium
species.

In the following, we will assume that TiO2 supports with lower
specific surface area can also be obtained at comparable TiO2

packing densities (ρTiO2-packing ≈1.18 gTiO2
cm−3

electrode), resulting
in electrodes with a comparable TiO2 volume fraction (εTiO2 ≈ 0.28).
For a targeted electrode thickness of telectrode =5 μm (found to be the
ideal thickness for a PEM-WE anode6), the corresponding TiO2

loading (LTiO2) would then amount to:

ρ= · [ ]−L t 3TiO TiO packing electrode2 2

Using the above TiO2 packing density, this equates to a projected
TiO2 loading of LTiO2 ≈ 0.59 mgTiO2

cm−2. If this conceptual TiO2

support is coated with a nominally homogeneous IrO2 layer of
thickness tIrO2 (assuming tIrO2 = rTiO2), the resulting iridium loading
of the electrode can be calculated as:

ρ= · · · · [ ]L L t
M

M
BET 4Ir TiO TiO IrO IrO

Ir

IrO
2 2 2 2

2

For a TiO2 support BET area of BETTiO2 ≈ 50 m2 g−1 and an IrO2

film thickness of tIrO2 ≈ 2 nm, the predicted IrO2 loading of a 5 μm
thick electrode would be LIr ≈0.56 mgIr cm

−2.

Table I. Material properties of the Benchmark catalyst from Umicore and the P2X catalyst from Heraeus Deutschland: i) iridium content (wt%); ii)
nominal iridium oxide coating thickness (t ,IrO2 see Eq. 2), assuming a uniform coverage of the TiO2 support by IrO2 (for the Benchmark catalyst a
100 m2 g−1 BET was assumed); iii) iridium packing density (gIr cm

−3
electrode) in the catalyst layer. Additionally, the MEA mass activity (A gIr

−1)
determined at an iR-free potential of 1.43 V and the powder conductivity (S cm−1) are given.

iridium
content

nominal IrO2 coating
thicknessa)

iridium packing
density

mass activity at
1.43 ViR-free

b) powder conductivity

Benchmark (c-IrO2/TiO2) 75 wt% ≈6 nm 2.3 gIr cm
−3

electrode 12 A gIr
−1 416 S cm−1

P2X a-IrO(OH)x/TiO2) 45 wt% ≈2 nm 0.5 gIr cm
−3

electrode 440 A gIr
−1 0.7 S cm−1

a) based on Eq. 2, assuming a BET area of the TiO2 support for the Benchmark catalyst of 100 m2 g−1. b) measured with a platinized titanium PTL (Pt-PTL)
at 80 °C and ambient pressure (i.e., pH2 = pO2

≈ 53 kPaabs); Ir-loadings were ≈2.33 mgIr cm
−2 (Benchmark) and ≈0.27 mgIr cm

−2 (P2X).
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The relationship between the iridium electrode loading and the
TiO2 BET area for a 5 μm thick electrode is shown in Fig. 1 for a
nominal IrO2 film thickness of tIrO2 ≈ 2 nm (red line, right-hand y-
axis). This illustrates that for a ≈5 m2 g−1 TiO2 support, an Ir
loading of ≈0.06 mgIr cm

−2 (red line in Fig. 1) can be realized for a
5 μm thick electrode, fulfilling the target for Ir loading reduction
defined before. Based on a rearrangement of Eq. 2, the iridium
content of a catalyst based on a ≈5 m2 g−1 TiO2 support and a
nominal IrO2 film thickness of tIrO2 ≈ 2 nm would amount to ≈9 wt
%. Even if a slightly thicker iridium oxide layer of tIrO2 ≈ 4 nm
would be required (e.g., to provide better electrical conductivity), an
Ir loading of ≈0.11 mgIr cm

−2 at an electrode thickness of 5 μm
would be possible (the resulting iridium content would then be
≈16 wt%, based on Eq. 2) based on a ≈5 m2 g−1 TiO2 support
(purple line in Fig. 1). In general, reducing the surface area of the
TiO2 support means increasing the size of the TiO2 primary particles
that form the support. For the simplest assumption of spherical TiO2

primary particles, a reduction of the TiO2 surface area from ≈50 m2

g−1 to ≈5 m2 g−1 would result in an increase of the TiO2 primary
particle radius from rTiO2 ≈ 14 nm to rTiO2 ≈ 142 nm (see above), as
illustrated by the two sketches in Fig. 1. The approximate TiO2

primary particle radius of ≈142 nm still satisfies the above-men-
tioned requirement that it must be substantially smaller than the
targeted electrode thickness. This illustrates how a low surface area
TiO2 support in combination with a nominal iridium oxide layer
thickness between ≈2–4 nm could provide an OER catalyst with an
extremely low Ir packing density that would enable ultra-low iridium
loadings for sufficiently thick electrodes (≈5 μm).

Of course, reducing the TiO2 surface area and, hence, the iridium
loading while keeping the electrode thickness fixed at 5 μm will also
result in a lower IrO2 roughness factor, i.e., in a lower ratio of the
active IrO2 surface area to the geometric area of the electrode (in
units of cm2

IrO2 cm−2
electrode). As long as the nominal thickness of

the IrO2 film is small compared to the radius of the TiO2 primary
particles, the IrO2 roughness factor (rfIrO2) is approximately the
same as that of the TiO2 support:

≈ = · [ ]rf rf L BET 5IrO TiO TiO TiO2 2 2 2

The resulting relationship is shown as dashed black line in Fig. 1 (left-
hand y-axis) vs the BET area of the TiO2 support. For a reduction of
the TiO2 surface area from ≈50 m2 g−1 for the commercial TiO2

support to, for example, ≈5 m2 g−1, the IrO2 roughness factor will be
reduced by ≈10-fold. However, taking the typical OER Tafel slope of
an iridium based catalyst (45–50 mV dec−1),6,38 this will result in a
voltage increase of only 45–50 mV, which seems to be a relatively
small penalty considering the significant potential for Ir loading
reduction (for a more detailed discussion, see Ref. 7). In the following
section, the MEA performance of the P2X catalyst (2 nm iridium
oxide film on TiO2 support) will be compared to the commercial
Benchmark catalyst.

Results

MEA performance for different catalysts and PTLs.—The
MEAs based on the Benchmark catalyst (c-IrO2/TiO2 with 75 wt%
Ir from Umicore) have an Ir loading of ≈2.33 mgIr cm

−2, which
translates into an electrode thickness of ≈10 μm (packing density:
≈2.3 gIr cm

−3) and can be considered a typical loading for state-of-
the-art commercial PEM-WEs.1,4,5 On the other hand, for the MEAs
based on the P2X catalyst (a-IrO(OH)x/TiO2 with 45 wt% Ir from
Heraeus Deutschland), the goal was to reduce the Ir loading as far as
possible without sacrificing MEA performance that was observed
to decrease for catalyst layers much thinner than ≈5 μm.6

Consequently, an electrode thickness of ≈5 μm was aimed for
when using the P2X catalyst. At the finally obtained Ir loading of
≈0.27 mgIr cm−2, the electrode thickness was ≈5.4 μm, corre-
sponding to a packing density ≈0.5 gIr cm

−3. The Pt loading on the
cathode was ≈0.38 mgPt cm

−2 for all MEAs.

Figure 2a shows polarization curves for these two types of MEAs
with an untreated titanium PTL (Ti-PTL) as well as with a platinized
titanium PTL (Pt-PTL) on the anode, recorded in a 5 cm2 single-cell
PEM-WE at 80 °C and ambient pressure (i.e., at H2 and O2 partial
pressures of ≈53 kPa). For the MEAs based on the Benchmark
catalyst (blue curves in Fig. 2a), the polarization curves are similar,
with a slightly lower cell voltage at high current densities (ΔE ≈
26 mV at 3 A cm−2) for the platinized PTL (light blue dashed line
with open circles) compared to the untreated Ti-PTL (dark blue full
line and full circles). This can be explained by the ≈6.2 mΩcm2

lower high frequency resistance (HFR) for the platinized PTL
(46.9 ± 0.5 mΩcm2) compared to the Ti-PTL (53.1 ± 0.5 mΩcm2)
as shown in Fig. 2b. Since the membrane resistance should be
identical for both MEAs, the lower HFR for the platinized PTL
suggests a lower contact resistance between the anode catalyst
layer and the PTL for the Pt-PTL compared to the Ti-PTL. The
difference in HFR results in a difference in the ohmic overpotential
of ≈19 mV at 3 A cm−2 and, hence, almost completely explains the
potential difference between the polarization curves at 3 A cm−2

(ΔE ≈ 26 mV). Consequently, the iR-free cell voltage (not shown) is
similar for both tests with a difference of less than 10 mV, which is
expected since the Pt coating of the PTL should only have an
influence on the electrode/PTL contact resistance but not on any
other voltage losses.

For the MEA based on the P2X catalyst in combination with a Pt-
PTL (light red dashed line and open squares in Fig. 2a), the cell
voltage is even lower than for the MEAs with the Benchmark
catalyst (≈50 mV at 3 A cm−2) despite of the much lower Ir loading
of ≈0.27 mgIr cm−2 vs ≈2.33 mgIr cm−2 for the Benchmark

Figure 1. Upper Panel: projected iridium loading of a 5 μm electrode (right-
hand y-axis) as a function of the BET surface area of the TiO2 support
(BETTiO2) for a nominal iridium oxide film thickness of tIrO2 ≈ 2 nm (red
line) and tIrO2 ≈ 4 nm (purple line), based on Eq. 4 with an estimated TiO2

packing density of ρTiO2
≈ 1.18 gTiO2

cm−3
electrode (see text). The black

dashed line shows the IrO2 roughness factor (left-hand y-axis), i.e., ratio of
actual IrO2 surface area to the geometric area of the electrode (in units of
cm2

IrO2 cm−2
electrode) vs BETTiO2 at a fixed electrode thickness of 5 μm

(based on Eq. 5). Sketches in the lower panel: These illustrate the structure of
the catalyst layer for a TiO2 support with a BET surface area of 50 m2 g−1

(right-hand side), corresponding to an average TiO2 primary particle radius
of ≈14 nm (see text) as well as with 5 m2 g−1 (left-hand side), corresponding
to an average primary TiO2 primary particle radius of ≈142 nm (see text).
The projected iridium loading (LIr) at an electrode thickness of 5 μm as well
as the Ir content of the catalyst are also given.
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catalyst. Since the HFR is even slightly higher compared to that of
the MEAs based on the Benchmark catalyst (50.1 ± 0.9 mΩcm2 vs
46.9 ± 0.5 mΩcm2), this can be explained by a lower overpotential
for the OER due to the much higher mass activity of the catalyst (see
values listed in Table I; cf Fig. 6 for a detailed analysis of the OER
kinetics). On the other hand, if an MEA with the P2X catalyst is
combined with an untreated Ti-PTL, the MEA performance is very

poor, with a cell voltage of >1.8 V at a current density of only
0.25 A cm−2 (cf dark red full line and full squares in Fig. 2a). This
significantly lower performance can be explained by analyzing the
electrochemical impedance spectra, which were recorded at each
step of the polarization curve.

Figure 2c exemplarily shows the Nyquist plot of the impedance
spectra recorded at a DC current density of iDC = 0.1 A cm−2. In
general, the impedance spectra at this current density are expected to
consist mainly of a large semicircle which can be attributed to the
OER. Indeed, for the MEAs based on the Benchmark catalyst, only
one semicircle with a diameter of ≈200 − 250 mΩcm2 is visible for
both platinized and untreated PTLs (blue lines in Fig. 2c). To a first
approximation, the diameter of the semicircle corresponds to the
charge transfer resistance of the OER and should be proportional to
1/iDC; the charge transfer resistance of the hydrogen evolution
reaction (HER) for a Pt loading of 0.38 mgPt cm

−2 is expected to
amount to only ≈1 mΩcm2 and, hence, can be neglected (cf Ref. 6
for detailed calculation of HER charge transfer resistances). For a
detailed investigation of the impedance spectra, the proton transport
resistance in the electrodes and mass transport effects would have to
be analyzed as well, which, however, was not the goal of this study.

The impedance spectrum of the MEA based on the P2X catalyst
in combination with the platinized PTL (light red line in Fig. 2c)
shows a similar shape compared to the Benchmark catalyst, with a
slightly smaller semicircle diameter of ≈150 mΩcm2, indicating a
lower OER charge transfer resistance. For the MEA with the P2X
catalyst in combination with the untreated Ti-PTL (dark red line in
Fig. 2c), the impedance spectrum is completely different, showing
two semicircles. The semicircle at lower frequencies (the one at the
right-hand-side) has a similar size compared to the one observed for
the platinized PTL (light red line in Fig. 1c) and is recorded in the
same range of frequencies (≈1 kHz—1 Hz), hence, representing the
OER kinetics. On the other hand, the large semicircle observed at
high frequencies (>1 kHz, i.e., the one on the left-hand-side) can be
attributed to an electrical contact resistance (which can be described
by a RC-element). As the high frequency semicircle still does not
approach the x-axis in the Nyquist plot at the maximum frequency of
150 kHz (cf Fig. 2c; higher frequencies cannot be evaluated with
sufficient accuracy with the current setup), the HFR can only be
estimated by extrapolation (ranging in between ≈50–150 mΩcm2)
and thus is rather imprecise. The assignment of the high frequency
semicircle to a contact resistance is based on previous observations
and assignments for the behavior of electrodes in lithium-ion
batteries.44 For example, Landesfeind et al. detected a similar
semicircle at high frequencies for a lithium iron phosphate based
electrode that has a poor electrical conductivity, showing that the
diameter of the semicircle depends on the compressive force applied
on the electrode and, hence, can be attributed to a contact resistance
between electrode and metal substrate.45 Since the high frequency
semicircle can be observed only for the P2X catalyst in combination
with the untreated Ti-PTL, while at the same time it disappears
completely when a platinized PTL is used, it can clearly be attributed
to a contact resistance at the interface between catalyst layer and the
PTL. The value of this contact resistance can be estimated by the
diameter of the high frequency semicircle to ≈1 Ωcm2. This is ≈100
times higher than the electric contact resistance determined for the
Benchmark catalyst in combination with a Ti-PTL (≈10 mΩcm2) in
a previous study.38 The semicircle for such a low contact resistance
(≈10 mΩcm2) would appear in a ≈100 times higher frequency range
(i.e., at frequencies >100 kHz) and, hence, cannot be observed in the
recorded impedance spectra for the P2X catalyst in combination with
the Pt-PTL as well as for the Benchmark catalyst. In this case, the
HFR is generally considered to represent the sum of membrane
resistance and electric contact resistances.

The origin of the high electrical contact resistance for the P2X
catalyst in combination with the Ti-PTL can be found in the
combination of a catalyst layer with a relatively low conductivity
(a-IrO(OH)x/TiO2) and the untreated Ti-PTL which passivates at the
conditions on the anode of a PEM-WE, i.e., which forms a thin non-

Figure 2. (a) Ambient pressure polarization curves at 80 °C measured for a
5 cm2 single-cell PEM-WE with MEAs with a Nafion® 212 membrane and a
cathode catalyst loading of ≈0.38 mgPt cm

−2 at an anode water feed rate of
20 mlH O2 min−1. On the anode, either the Benchmark catalyst from Umicore
(blue) at a loading of ≈2.33 mgIr cm

−2 or the P2X catalyst from Heraeus
Deutschland (red) at a loading of ≈0.27 mgIr cm

−2 were used. Full symbols
along with full lines show the data measured with a platinized PTL (Pt-PTL),
while open symbols along with dashed lines represent measurements with
the untreated titanium PTL (Ti-PTL). (b) Corresponding HFR-values vs
current density obtained by electrochemical impedance spectroscopy. (c)
Nyquist plot of impedance measurements at a constant current density of iDC
= 0.1 A cm−2 for the Benchmark catalyst in combination with either a Ti-
PTL (dark blue) or a Pt-PTL (light blue), or for the P2X catalyst in
combination with either a Ti-PTL (dark red) or a Pt-PTL (light red). The
impedance data were recorded with a current perturbation of iAC =
0.012 A cm−2 in a frequency range of f = 150 kHz–1 Hz. Key frequencies
are marked by black lines for the P2X catalyst and the Benchmark catalyst
both in combination with a Ti-PTL.
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conductive layer of TiO2 on its surface as illustrated on the left side of
Fig. 3. Only the combination of these two factors (a low catalyst layer
conductivity + a poorly conducting PTL surface) leads to the
formation of a large electrical contact resistance and the resulting
poor MEA performance observed in Fig. 2a. If a highly conductive
catalyst is used (c-IrO2/TiO2, Benchmark), the electrical contact
resistance will remain low, even in combination with an untreated
Ti-PTL (cf bottom right part of Fig. 3); the difference in the electrical
contact resistance between the c-IrO2/TiO2 based catalyst layer and
either a Pt-PTL or a Ti-PTL is shown to be only ≈6 mΩcm2 (cf
Fig. 2b). This effect of the catalyst layer conductivity on the electrode/
PTL contact resistance could already be shown in a previous study,
where the combination of the c-IrO2/TiO2 Benchmark catalyst with a
Ti-PTL also resulted in a low electrode/PTL contact resistance.46

However, when the crystalline IrO2 was transformed into an amor-
phous IrO(OH)x with a lower electrical conductivity during an
accelerated stress test, the electrical contact resistance increased by
≈30 mΩcm2.46 A possibility to reduce this contact resistance even
for catalyst layers with a relatively low electrical conductivity
(e.g., a-IrO(OH)x/TiO2) is to prevent the passivation of the Ti-PTL
by applying a protective coating (cf top right sketch in Fig. 3).
Typically, platinum is used to coat PTLs which adds significant cost to
the PEM-WE stack.4 Other potential coating materials (especially non-
noble metal materials) are being investigated in order to minimize
costs, but of course the best option would be to entirely eliminate the
need for a coating. Since this is possible for catalyst layers with a high
electrical conductivity, we will investigate in the following section the
effect of a heat treatment on the electrical conductivity of the
a-IrO(OH)x/TiO2 P2X catalyst.

Heat treatment of the a-IrO(OH)x/TiO2) based P2X catalyst.—In
order to increase the electrical conductivity of the a-IrO(OH)x/TiO2

catalyst, a heat treatment at temperatures from 330 °C–390 °C in O2

atmosphere was applied as described in the experimental section. It is
well known that calcination at elevated temperatures leads to a
transformation of amorphous IrO(OH)x to crystalline IrO2,

14 which
has a lower catalytic activity but a higher electrical conductivity.23,24

In order to evaluate the electrical conductivity of the catalyst after

calcination, powder conductivity measurements were performed (cf
Fig. 4).

The untreated P2X catalyst (a-IrO(OH)x/TiO2) has a powder
conductivity of 0.7 S cm−1 (red triangle in Fig. 4), which is nearly
three orders of magnitude lower compared to that of the Benchmark
catalyst (c-IrO2/TiO2) with a conductivity of 416 S cm−1 (blue circle
in Fig. 4). Upon the heat treatment, the conductivity of the P2X
catalyst increases substantially (green triangles in Fig. 4) to
38 S cm−1 at 330 °C up to a maximum of 67 S cm−1 at 375 °C,
while it drops back to 41 S cm−1 for a heat treatment temperature of
390 °C. The increase of conductivity at higher temperatures can be
explained with an increasing degree of crystallization of the initially
amorphous IrO(OH)x. However, higher heat treatment temperatures
are also expected to lead to significant sintering of the iridium oxide
nanoparticles (e.g., for hydrous iridium oxide supported on antimony
doped tin oxide, substantial sintering was observed above 350 °C47),
and the formation of larger IrO2 nanoparticles would have to result
in a disruption of the initially more continuous iridium oxide
network that provides electrical conductivity throughout the catalyst
layer, a phenomenon that could explain the lower electrical
conductivity for temperatures above 375 °C. This effect is described
in more detail in a study by other partners in this project that also
investigates the effect of a heat treatment procedure on the
conductivity of the P2X catalyst.42 Even though a different heat
treatment procedure was used there, the same optimum in con-
ductivity for a calcination temperature of 375 °C was found.

The catalyst that was heat-treated at 375 °C (i.e., the material
with the highest conductivity among the heat-treated P2X catalysts)
was used to fabricate MEAs, which in the following will be
compared to MEAs with the Benchmark catalyst and the untreated
P2X catalyst. Cyclic voltammograms (CVs) of the catalysts incor-
porated into MEAs were recorded at the beginning of single-cell
PEM-WE tests in order to obtain insights into the surface chemistry
of the Ir-based anode catalysts (cf Fig. 5). The CV of the Benchmark
catalyst (c-IrO2/TiO2) does not show well-defined redox features,
which is characteristic of crystalline IrO2

15 (blue line in Fig. 5). On
the other hand, the untreated P2X catalyst (a-IrO(OH)x/TiO2) shows

Figure 3. Sketch illustrating the combination of material properties that is
required to prevent the formation of an electrical contact resistance at the
interface between the catalyst layer and the PTL. The passivation of an
untreated Ti-PTL in combination with a catalyst layer with a low electric
conductivity (e.g., the a-IrO(OH)x/TiO2 based P2X catalyst) leads to the
formation of an electrical contact resistance (sketch on the left). This contact
resistance can be avoided by: 1) preventing the passivation of the Ti-PTL by
applying a protective platinum coating (upper right-hand-side sketch) or by
2) using a highly conductive catalyst material like, e.g., the c-IrO2/TiO2

based Benchmark catalyst (lower right-hand-side sketch).

Figure 4. Catalyst powder conductivity measured at a compressive force of
1040 MPa for the untreated P2X catalyst (a-IrO(OH)x/TiO2) from Heraeus
Deutschland(red triangle), the Benchmark catalyst (c-IrO2/TiO2) from
Umicore (blue circle), as well as for the P2X catalyst after heat treatment
in pure O2 atmosphere for 3 h at temperatures from 330 °C–390 °C (green
triangles).
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redox features that can be attributed to the transition between Ir(III)/
Ir(IV) along with a much higher mass specific current at potentials
>0.7 V, which is characteristic for a hydrous a-IrO(OH)x

15 (red line
in Fig. 5). After the heat-treatment at 375 °C, these redox peaks
disappear and the shape of the CV is similar to the one of the
Benchmark catalyst, i.e., resembling that of mainly crystalline IrO2

(green line in Fig. 5). This strongly indicates the transition of the
amorphous IrO(OH)x to a crystalline IrO2 due to the heat-treatment
as discussed before.

While the shape of the CV of the P2X catalyst heated to 375 °C
(referred to as P2X (375 °C)) is similar to the one of the Benchmark
catalyst (blue line), the mass specific capacitive currents are ≈3 − 4
times higher for the P2X (375 °C) catalyst (green line). Assuming a
similar surface chemistry, this would translate directly into a ≈3 − 4
times higher electrochemical surface area (ECSA) normalized to the
Ir-loading (m2 gIr

−1) for the P2X (375 °C) catalyst compared to the
Benchmark catalyst. This significant difference, we believe, can
largely be attributed to the different nominal IrO2 film thickness on
the TiO2 support of the P2X catalyst (≈2 nm) compared to the
Benchmark catalyst (≈6 nm) that was estimated in the previous
section (see Table I). For the thick IrO2 layer of the Benchmark
catalyst, a relatively high amount of the Ir atoms is located in the
bulk of the IrO2 phase and, consequently, not electrochemically
accessible, while for the rather thin IrO2 layer of the P2X catalyst,
more Ir atoms are at the surface and thus lead to a higher catalyst
utilization.

These differences in the catalyst structure and the nature of the
iridium oxide have a significant impact on the OER activity of the
catalysts. Figure 6 shows the HFR-corrected cell voltage (EiR-free =
Ecell-i·HFR) of a 5 cm2 active area single-cell PEM-WE for the
different MEAs plotted vs the logarithm of the current density (i.e.,
as a Tafel plot). The Tafel slopes are obtained from a fit of the linear
region between 10–100 mA cm−2, where voltage losses due to
proton transport or mass transport are negligible,38 so that the iR-
free cell voltage directly represents the OER kinetics. The
Benchmark catalyst has a Tafel slope of 50 mV dec−1 (blue curve in
Fig. 6), which is in agreement with the values of 45–50 mV dec−1

found in our previous studies for the same catalyst.6,38 The untreated
P2X catalyst that has not undergone a heat treatment (red curve in
Fig. 6) has a Tafel slope of only 38 mV dec−1, indicating a different
reaction mechanism for the a-IrO(OH)x compared to the c-IrO2 of

the Benchmark catalyst. Additionally, the mass activity of the P2X
catalyst—determined at an iR-free cell voltage of 1.43 V—is much
higher with 440 A gIr

−1 compared to the Benchmark catalyst with
only 12 A gIr

−1 (see also Table I). There are two factors which can
explain this difference: i) a higher mass activity of the amorphous
IrO(OH)x compared to the crystalline IrO2

14,15; and, ii) a higher
utilization of the iridium oxide for the P2X catalyst due to the much
lower film thickness (≈2 nm) compared to the Benchmark catalyst
(estimated to be ≈6 nm, see Table I). After the heat treatment of the
a-IrO(OH)x/TiO2 based P2X catalyst at 375 °C, the Tafel slope of
the P2X catalyst increases to 46 mV dec−1 and the mass activity
drops to 167 A gIr

−1 (green curve in Fig. 6). Again, this can be
explained by the transformation of the amorphous IrO(OH)x to
crystalline IrO2, which is known to have a lower OER activity.14,15

A similar change in the OER Tafel slope (measured in 0.5 M H2SO4)
was observed by Karimi et al.47 upon heat treatment in air for
hydrous iridium oxide deposited on antimony doped tine oxide
(ATO), showing a gradual increase from ≈40 mV dec−1 for the
pristine material to ≈46 mV dec−1 for a the material heated to ≈380
°C, all the way to ≈57 mV dec−1 for a material heated to ≈700 °C,
where crystalline IrO2 had been formed; at the same time, the mass
activity decreased substantially with heat treatment temperature,
consistent with references14 and.15 Overall, while the OER mass
activity of the P2X (375°C) catalyst decreased compared to the
untreated P2X catalyst, its OER mass activity is still ≈14 times
higher compared to the Benchmark catalyst, more than one would
expect simply based on the higher ECSA determined from the CVs
(factor of ≈3–4, cf Fig. 5 ). Additionally, the Tafel slope is still
slightly lower compared to the Benchmark catalyst. Both findings
suggest that the heat treatment at 375 °C did not lead to a complete
transformation of the amorphous IrO(OH)x into crystalline IrO2 and
that there are still amorphous IrO(OH)x species present. This is also
supported by X-ray diffraction data and Raman spectroscopy results
published in a separate study.42

In summary, the heat treatment of the P2X catalyst in O2 at 375 °
C led to a partial transformation of the initially amorphous IrO(OH)x
into crystalline IrO2, resulting in a ≈100-fold increase of the
electrical conductivity, while the OER mass activity decreased by
only ≈2.5-fold. Nevertheless, the mass activity of the P2X (375 °C)

Figure 5. Ambient pressure cyclic voltammograms (CV) of the P2X catalyst
from Heraeus Deutschland (red), the Benchmark catalyst from Umicore
(blue), as well as the P2X catalyst after heat treatment at 375 °C (green). The
mass-specific current is plotted vs the applied potential. CVs were recorded
with 5 cm2 active area MEAs at a scan rate of 50 mV s−1 at 80 °C. H2O was
supplied to the anode at 5 mlH2O min−1, and dry H2 was supplied to the
cathode at 50 ml min−1 (the Ir-based anodes served as working electrodes,
and the Pt-based cathodes as counter and reference electrode).

Figure 6. Ambient pressure Tafel plot of the iR-free cell voltage of a 5 cm2

single-cell PEM-WE for MEAs with a Nafion® 212 membrane and a cathode
catalyst loading of ≈0.38 mgPt cm

−2 at a temperature of 80 °C. The blue
curve represents the Benchmark catalyst from Umicore at a loading of ≈2.33
mgIr cm

−2 in combination with an untreated Ti-PTL. The red curve shows
the untreated P2X catalyst from Heraeus Deutschland in combination with a
platinized PTL (Pt-PTL), while the green curve presents the average of three
MEAs using the P2X catalyst heat-treated in O2 at 375 °C in combination
with a Ti-PTL (anode catalyst loadings: ≈0.27 mgIr cm

−2). The Tafel slope
is obtained from a linear fit of the values between 10–100 mA cm−2.
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catalyst is still significantly higher compared to the Benchmark
catalyst, allowing for a lower iR-free cell voltage even at a
significantly lower Ir loading (≈0.27 mgIr cm

−2 for P2X (375 °C)
vs ≈2.33 mgIr cm

−2 for Benchmark; cf Fig. 6). In the following
section, we will discuss how the higher conductivity of the P2X (375
°C) catalyst after the heat treatment affects the cell performance in
combination with an untreated Ti-PTL.

Cell performance of the P2X catalyst heat-treated at 375 °C.—
The goal of the heat treatment of the P2X catalyst was to increase its
electrical conductivity to a level sufficient to avoid the formation of
a contact resistance at the electrode/PTL interface when using a Ti-
PTL and, hence, rendering a Pt coating of the PTL unnecessary.
Consequently, MEAs based on the P2X (375 °C) catalyst were tested
in combination with an untreated Ti-PTL and the results are
compared to MEAs based on the untreated P2X catalyst as well as
the Benchmark catalyst (cf Fig. 7). While the Benchmark catalyst
shows a good performance (blue curve in Fig. 7a) along with a low
HFR (blue circles in Fig. 7b) even in combination with a Ti-PTL
(same data as in Fig. 2), the untreated P2X catalyst only reaches a
high performance when it is combined with a platinized PTL (light
red curve in Fig. 7a; again, the same data as in Fig. 2). If an untreated
Ti-PTL is used, a large contact resistance forms at the electrode/PTL
interface (cf large semicircle in the Nyquist plot, dark red curve in
Fig. 7c) leading to an overall poor performance (dark red curve in
Fig. 7a) as already discussed before for Fig. 2. On the other hand,
after the heat treatment, the P2X (375 °C) catalyst in combination
with an untreated Ti-PTL (green curve in Fig. 7a) shows a similar
performance compared to the Benchmark catalyst, reaching an
essentially identical cell voltage of ≈1.76 V at 3 A cm−2. This
proves that the contact resistance at the electrode/PTL interface
leading to a poor performance for the untreated P2X catalyst could
be reduced significantly by the heat treatment in O2 at 375 °C and
the associated ≈100-fold increase in catalyst conductivity.

This is further confirmed by the Nyquist plot clearly showing the
absence of a second semicircle related to a contact resistance for the
P2X (375 °C) catalyst (green line in Fig. 7c). However, the
performance of the P2X (375 °C) catalyst in combination with a
Ti-PTL is still lower than for the untreated P2X catalyst with a Pt-
PTL (light red curve in Fig. 7a) which exhibits a ≈0.07 V lower cell
voltage of only ≈1.69 V at 3 A cm−2 at the same iridium loading of
≈0.27 mgIr cm

−2. This performance difference can be explained
partly by the lower activity of the P2X catalyst after the heat
treatment (167 A gIr

−1 vs 440 A gIr
−1 at an iR-free cell voltage of

1.43 V), but particularly at the higher current densities this differ-
ence is mostly due to a higher HFR (65.8 ± 3.9 mΩcm2) compared to
the untreated P2X catalyst in combination with a Pt-PTL (50.1 ± 0.9
mΩcm2), which is responsible for a ≈47 mV higher ohmic voltage
loss at 3 A cm−2 (i.e., i ·ΔHFR ≈ 47 mV). In general, a difference in
HFR is not surprising, since the usage of a platinized PTL will
always result in a lower contact resistance at the electrode/PTL
interface and, hence, in a lower HFR (assuming a similar membrane
resistance for both MEAs). In fact, when a platinized PTL was used
the HFR was in a range of 47 ± 5 mΩcm2 for all tested samples,
which is within the typical error range of a HFR measurement. This
means that the HFR and, hence, the electric contact resistance is
essentially independent of catalyst powder conductivity, which
varies between 0.7–416 S cm−1 for the different catalysts, when a
platinized PTL is used. However, when an untreated Ti-PTL is used,
the HFR of the Benchmark catalyst is significantly lower (53.1 ± 0.5
mΩcm2) compared to the P2X (375 °C) catalyst (65.8 ± 3.9 mΩcm2).
This shows that the lower electrical conductivity of the P2X (375 °
C) catalyst (67 S cm−1) compared to the Benchmark catalyst
(416 S cm−1) results in a ≈13 mΩcm2 increase of the electrode/
PTL contact resistance with the untreated Ti-PTL. For the P2X
catalyst heat-treated at 330 °C the conductivity is slightly lower
compared to the P2X (375 °C) catalyst at 38 S cm−1 resulting in an
HFR of ≈110 mΩcm2 (data not shown). This indicates that even
moderate changes of the catalyst conductivity can have a significant
effect on the electric contact resistance when using an untreated Ti-
PTL. In comparison to the Benchmark catalyst, the P2X (375 °C)
catalyst suffers from a ≈39 mV higher ohmic voltage loss at
3 A cm−2 due to its higher electric contact resistance. However,
this increase of the ohmic overpotential is compensated by the higher
mass activity of the P2X (375 °C) catalyst compared to the Benchmark
catalyst, so that a similar cell voltage of ≈1.76 V at 3 A cm−2 is
obtained. This is a very promising result, since the iridium loading is

Figure 7. (a) Ambient pressure polarization curves at 80 °C measured for a
5 cm2 single-cell PEM-WE with MEAs using the Benchmark catalyst in
combination with a Ti-PTL (dark blue, full symbols) and the untreated P2X
catalyst in combination with a Ti-PTL (dark red, full symbols) or a Pt-PTL
(light red, open symbols). The green curve along with the full symbols
represents the average of three MEAs employing the P2X catalyst heat-
treated in O2 at 375 °C (P2X (375 °C)) in combination with a Ti-PTL. (b)
Corresponding HFR-values vs current density obtained by electrochemical
impedance spectroscopy. (c) Nyquist plot of impedance measurements (iDC
= 0.1 A cm−2, iAC = 0.012 A cm−2, f = 150 kHz–1 Hz) for the Benchmark
catalyst in combination with a Ti-PTL (blue), for the P2X catalyst in
combination with a Ti-PTL (dark red), for the P2X catalyst in combination
with a platinized PTL (light red), as well as for the heat-treated P2X (375 °C)
catalyst in combination with a Ti-PTL (green). MEA specifications: Nafion®

212 membrane; cathode catalyst loading of ≈0.38 mgPt cm
−2; anode catalyst

loadings of ≈2.33 mgIr cm
−2 for the Benchmark catalyst and ≈0.27 mgIr

cm−2 for the untreated and the heat-treated P2X catalyst.
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significantly lower for the P2X (375 °C) catalyst (≈0.27 mgIr cm
−2)

compared to the Benchmark catalyst (≈2.33 mgIr cm
−2) and shows that

the P2X (375 °C) catalyst can provide high performance at very low Ir
loadings even in combination with an untreated Ti-PTL. The ohmic
overpotential penalty for the P2X (375 °C) catalyst may be reduced for
a higher nominal iridium oxide film thickness which, however, would
result in a lower iridium utilization and thus a proportionally lower
mass activity (e.g., doubling the nominal iridium oxide film thickness
by a factor of 2 is expected to lead to a ≈15 mV higher OER
overpotential (≡ log2 · Tafel slope)).

Conclusions

In this study, we compared a commercial crystalline IrO2/TiO2

“Benchmark” catalyst (75 wt% Ir, from Umicore) to a newly
developed amorphous IrO(OH)x/TiO2 catalyst (45 wt% Ir, from
Heraeus Deutschland, referred to as “P2X” catalyst) by studying
the MEA performance (based on a Pt/C cathode, and a Nafion® 212
membrane) in a 5 cm2 single-cell PEM water electrolyzer in
combination with different anode PTLs. The influence of a heat
treatment under O2 on the properties of the P2X catalyst was
discussed in terms of its electrical conductivity, OER mass activity,
and the resulting MEA performance.

First, the MEA performance of the untreated P2X catalyst was
compared to the Benchmark catalyst. Due to its lower Ir content, the
P2X catalyst exhibits a lower Ir packing density (≈0.5 gIr cm

−3)
compared to the Benchmark catalyst (≈2.3 gIr cm

−3), allowing for a
significant reduction of the Ir loading while maintaining a sufficient
electrode thickness. Additionally, the low Ir content and the
amorphous nature of the IrO(OH)x result in a higher mass activity
(440 A gIr

−1 at 1.43 ViR-free) but a lower electrical conductivity
(0.7 S cm−1) compared to the Benchmark catalyst (12 A gIr

−1;
416 S cm−1). This leads to an improved MEA performance for the
P2X catalyst (≈1.69 V at 3 A cm−2) at a ≈9 times reduced Ir loading
compared to the Benchmark catalyst (≈1.74 V at 3 A cm−2),
however, only if a platinized titanium PTL (Pt-PTL) is used.
While the performance of the MEAs with the Benchmark catalyst
is almost not affected when using non-platinized titanium PTL (Ti-
PTL), the low electrical conductivity of the P2X catalyst combined
with the passivated surface of the Ti-PTL leads to the formation of a
large contact resistance at the electrode/PTL interface, resulting in a
poor MEA performance.

In order to improve the conductivity of the P2X catalyst by
transforming the amorphous IrO(OH)x into a crystalline IrO2, a heat
treatment at temperatures of 330 °C–390 °C was applied. An
optimum was found at 375 °C, resulting in a ≈100-fold increase
of the electrical conductivity to 67 S cm−1, while the OER mass
activity decreased by only ≈2.5-fold (167 A gIr

−1) compared to the
untreated P2X catalyst. This increase in catalyst conductivity
resulted in significant reduction of the electrode/PTL contact
resistance for the P2X (375 °C) catalyst in combination with a Ti-
PTL, leading to a similar performance compared to the Benchmark
catalyst with ≈1.76 V at 3 A cm−2, even though the Ir loading for
the P2X (375 °C) catalyst (≈0.27 mgIr cm

−2) was ≈8-fold lower
compared to that of the Benchmark catalyst (≈2.33 mgIr cm

−2). An
even further reduction of the Ir packing density and, hence, the Ir
loading could in principal be achieved with the same catalyst design
concept by integrating TiO2 support materials with a lower surface
area in the future.
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