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Novel catalyst-integrated gas diffusion electrodes (GDEs) for polymer electrolyte membrane water electrolysis (PEMWE) cells are
presented, in which porous titanium microfiber sheets are etched in NaOH to generate a nanostructured TiO2 surface, followed by
arc plasma deposition (APD) of iridium nanoparticles. The porous titanium sheet acts as a gas diffusion layer (GDL); the
nanostructured TiO2 surface acts as a catalyst support with large surface area; and the iridium nanoparticles act as the
electrocatalyst. The performance of these unique GDEs in PEMWE cells was optimized by etching in different NaOH
concentrations to vary the nanostructure of the TiO2; and by varying the Ir loading via the number of APD pulses. The current-
voltage characteristics and the durability of the optimized GDEs were comparable to those reported in the literature using
conventional Ir-based electrocatalysts, and electrolysis was achieved with current density up to 5 A cm−2. The main advantages of
this catalyst-integrated GDE include the very low iridium loading (i.e. around 0.1 mg cm−2, or just one-tenth of the loading
typically used in conventional PEMWEs); high electrolysis current density; the fabrication of stacks with fewer components; and
the fabrications of thinner stacks. This could ultimately lead to smaller and lower cost PEMWE systems.
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Accelerating the introduction of renewable electricity is an
essential step towards the replacement of fossil fuels, the suppres-
sion of CO2 emissions, and the aversion of a climate crisis. To
achieve the 2 °C scenario agreed at the COP21 meeting in Paris, by
2050, global energy-related CO2 emissions must decrease consider-
ably. This will require a dramatic increase in the share of renewable
electricity.1,2 Renewable energy resources such as solar and wind
power are abundant, but their fluctuating nature is a major
roadblock,3–5 and renewable electricity supply depends on e.g. daily
weather conditions. Therefore, energy storage is becoming increas-
ingly important to act as a buffer for matching of renewable power
generation with energy demand.1,2

Hydrogen is a sustainable chemical energy carrier for efficient
energy conversion without the emission of carbon dioxide, and with
the potential for long-term, large-scale energy storage. The wide-
spread use of hydrogen will help to level out fluctuations in power
generation and consumption.6–9 In addition, hydrogen is attractive as
a fuel for transportation, power generation, and as an industrial
feedstock.1,2 The Hydrogen Council recently presented their vision
that hydrogen technologies will contribute to around a 20%
reduction in global CO2 emissions, and that hydrogen can cover
approximately 18% of total final energy demand by 2050.1

Electrolysis is becoming an increasingly important technology to
supply a growing demand for hydrogen, enabling the production of
CO2-free hydrogen directly from renewable electricity.

Polymer electrolyte membrane water electrolysis (PEMWE) is one
of the most attractive electrolysis technologies for high current density
operation with high efficiency, and for production of high purity
hydrogen to be used directly in e.g. fuel cell vehicles (FCVs).10–12

Many research groups are therefore focusing on PEMWE research and

development.10,13–20 Lowering the operational and capital costs,
improving the performance, and achieving sufficient durability are
all requirements for widespread commercialization of PEMWEs.
Power generation cost currently dominates the operating expense
(OPEX) for hydrogen production using PEMWEs. However, over the
past decade, the costs of solar and wind power have declined by over
60% and over 40%, respectively.21,22 As the price of renewable
electricity falls, the capital expense (CAPEX) will become predomi-
nant. This originates from the system cost, including e.g. the cost of
the noble metal catalysts, the electrolyte, the gas diffusion layers, and
the separators/bipolar plates.21,22 In terms of the electrocatalyst cost,
noble metals such as iridium (often in the form of iridium oxide), are
used as electrocatalysts in PEMWE cells, with high loading in the
anode (typically from 1 to 2 mg cm−2). Therefore, high materials cost
is an important technological issue. In addition, platinum is often used
to improve electrical contact with the titanium-based gas diffusion
layers (GDLs).23 Considerable reduction of the use of noble platinum-
group metals (PGMs) is therefore essential for widespread use of
PEMWEs with reasonable CAPEX. In support of this, e.g. in 2019, the
Hydrogen and Fuel Cell Strategy Council of the Japanese government
set specific targets for PGM loading in PEMWE technologies of
2.7 mgW−1 by 2020, and 0.4 mgW−1 by 2030.24

There are various approaches for reducing PGM loading in
PEMWEs, such as suitable control of novel Ir catalyst
morphologies,25,26 or Ir alloying with other metals.27–30 Currently,
unsupported Ir-based electrocatalysts are used as the industry
standard, typically made of IrO2 powders. However, the use of
supported Ir-based catalyst nanoparticles has the potential to
significantly improve the mass activity, creating structures analogous
to Pt/C electrocatalysts in polymer electrolyte fuel cells (PEFCs). To
date, several researchers have developed Ir-based electrocatalysts
dispersed on thermochemically stable supports. High surface area
carbons (e.g. carbon black) are widely used as catalyst supports for
PEFCs, but these cannot be applied in PEMWE cells due to the highzE-mail: sasaki@mech.kyushu-u.ac.jp
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potential (>1.5 V) and strongly acidic environment, which lead to
severe carbon corrosion.

In contrast, metal oxides and carbides such as titanium
oxide,31–33 tin oxide,34–37 tungsten oxide,38 niobium oxide,39 indium
tin oxide,40 tantalum carbide,41 titanium carbide,42 and silicon
carbide43 are relatively stable in such severe environments, and as
such they could be applicable as PEMWE catalyst supports. Metal
oxide supports have already been shown to have enhanced stability
against fluctuations in potential and start-stop cycling in PEMWEs
and PEFCs, and therefore their use could lead to improvements in
cell durability.44–49 However, the electrical conductivity of metal
oxides is relatively low compared with metals or graphitic carbons.
The grain boundary resistance in polycrystalline materials can
further suppress cell performance.34,35 Minimizing the overall
electronic pathway through metal oxides is thus desirable if metal
oxide supports are to be applied to PEMWE cells.47–49

In the case of titanium metal, the surface has a thin native oxide
layer, which is thermochemically stable in PEMWE anodes.
Furthermore, titanium oxide nanostructures with relatively large
surface area can be created on the surface of titanium via etching in
NaOH.50–53 As such utilizing surface oxidation of titanium GDLs is
a potentially interesting approach for the creation of novel electrodes
for PEMWE cells. Novel gas diffusion electrodes for PEFCs and
PEMWE cells have previously been developed, combining e.g.
porous titanium50–53 or carbon52,54,55 catalyst supports, the GDL,
and the current collector. In particular, preliminary studies using
porous Ti sheets for PEMWEs focused on comparison with carbon-
based sheets,52 and the effect of donor doping of TiO2 on porous Ti
sheets.53 However, systematical studies on the electrochemical
characteristics, electrochemical durability, and subsequent micro-
structural analyses are still needed to verify the applicability of such
new types of electrodes.

Here, we present an alternative concept for PEMWE cells,
namely “catalyst-integrated gas diffusion electrodes” (GDEs). As
liquid water in addition to gaseous oxygen is transported within such
PEMWE anode layers, these GDEs can also be denoted as “porous
transport layers” or “mass diffusion electrode”. Porous titanium
microfiber sheets are etched in NaOH to generate a nanostructured
titanium oxide surface, followed by arc plasma deposition (APD) of
iridium nanoparticles. The porous titanium sheet acts as a gas
diffusion layer (GDL) and an electron conducting pathway; the
nanostructured titanium oxide surface acts as a catalyst support with
large surface area; and the iridium nanoparticles act as the electro-
catalyst, as schematically shown in Fig. 1. In general, both Ti-based
and Ir-based materials are thermochemically stable under PEMWE
conditions.56 Despite the high resistivity of the titanium oxide layer,
the electronic pathway through it is relatively short. The integrated
nature of the GDEs is also expected to minimize interfacial
resistances between different components. The main advantages of
this catalyst-integrated GDE are expected to be a decrease in the
PGM catalyst loading; simplification of the PEMWE cell structure
and fabrication process; and a reduction in the number of separate
cell components, ultimately lowering the manufacturing cost. Metal-
based porous electrodes have already been applied in various
electrochemical systems, such as dimensionally stable anodes for
the chlorine-alkali industry,57 polymer electrolyte fuel cells,58 solid
oxide fuel cells,59 direct methanol fuel cells,60 and regenerative
polymer electrolyte fuel cells,61 where such electrodes could be
regarded as gas diffusion electrodes.

Experimental

Preparation of Catalyst-Integrated GDEs.—The procedure for
preparing the electrodes is summarized in Fig. 2. Three different
titanium sheets were used as substrates: (i) titanium microfiber
sheets with nominal porosity of ca. 70% (Nikko Techno, Ltd.,
Japan); (ii) titanium microfiber sheets with nominal porosity of ca.
50% (Nikko Techno, Ltd., Japan); and iii) titanium sintered sheets
with nominal porosity of ca. 40% (Toho Tech Co., Japan). Average

porosity values of these three kinds of (eight) samples by measuring
their thickness and weight were 75.1 ± 2%, 53.6 ± 3%, and 47.8 ±
2%, respectively. The inaccuracy may arise from e.g. the surface
roughness of such porous materials, affecting their thickness as
measured by micrometer. The titanium microfiber sheets have a
thickness of ca. 200 μm and are made up of interconnecting titanium
microfibers with individual cross sections of approximately 10 μm
by 10 μm. The titanium sintered sheets have a thickness of ca. 40 μm
and are made up of interconnecting titanium grains approximately
10 to 30 μm in diameter. Figure 3 shows representative scanning

Figure 1. Schematic diagram showing the concept of the novel catalyst-
integrated gas diffusion electrode (GDE) with a porous titanium sheet gas
diffusion layer (GDL), nanostructured titanium oxide as an electrocatalyst
support, and iridium-based nanoparticles as electrocatalysts.

Figure 2. Preparation procedure of the novel catalyst-integrated GDEs.
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electron microscopy (SEM) images of (a), (b) the surface, and (c),
(d) cross-sections of: (a), (c) the titanium microfiber sheet (70%
porosity), and (b), (d) the titanium sintered sheet (40% porosity).
The cross-sectional images were taken after infiltration with epoxy
resin (cold-setting epoxy resin, NER-814M, Nisshin EM Co., Ltd.,
Japan).

In order to increase the surface area of the titanium oxide surface
layer, chemical etching with NaOH solution was performed. First,
titanium sheets were etched in aqueous NaOH solution (Kishida
Chemical Co., Ltd., Japan) at 60 °C for 1 h. The NaOH concentra-
tion was varied between 0.1 M and 1.0 M. Thereafter, the etched
titanium sheets were washed under ultra-sonication in 0.01 M HNO3

solution (Kishida Chemical Co., Ltd., Japan) for 30 min, and then
washed in deionized water at room temperature for 10 min for
complete neutralization. Heat treatment was then performed at
400 °C in 5% H2-N2 gas (50 ml min−1) for 30 min, with a heating
rate of 5 °C min−1. The specific surface area of the titanium sheets was
quantified by Brunauer–Emmett–Teller (BET) nitrogen adsorption
measurements (BELSORP-mini II-VS, BEL Japan). Preliminary
results reporting the optimization of major preparation conditions
have been published elsewhere.51–54

Metallic iridium was deposited onto the NaOH-etched titanium
sheets at room temperature, via arc plasma deposition (APD,
Advanced RIKO, Inc., Japan),62 using a vacuum pressure of
10−3 Pa; a discharge voltage of −100 V; a capacitance of
1080 μF; and a discharge frequency of 3 Hz. The iridium loading
was controlled by varying the number of APD pulses.52

Characterization of Electrodes.—The microstructure of the
fabricated Ir/TiO2/Ti GDEs was observed by field emission scanning
electron microscopy (FESEM, SU-9000, Hitachi High-Technologies
Co., Japan), and scanning transmission electron microscopy (STEM,
JEM-ARM200F, JEOL, Ltd., Japan) in combination with energy
dispersive X-ray spectroscopy (STEM-EDS). The acceleration
voltages of FESEM and STEM were 30 kV and 200 kV, respec-
tively. Cross-sectional samples of electrodes were prepared by using

focused-ion beam scanning electron microscopy (FIB-SEM, Versa
3D, FEI). The particle size of iridium catalysts was quantified from
STEM images by using image analysis software (Scandium, Seika
Co., Japan). The crystal structure of iridium-based nanoparticles was
identified by analyzing fast Fourier transform (FFT) images in high-
resolution STEM analysis.

The dependence of surface structures on the specific surface area of
the titanium sheets after NaOH etching with different NaOH concen-
trations was evaluated using BET measurements. Ir loading was
calculated by using a calibration curve prepared by measuring the Ir
loading per unit area on carbon papers (instead of titanium sheets) by
thermogravimetry (Thermo Plus TG8121, Rigaku Co., Japan) in air.52

First, iridium was deposited onto the carbon papers via APD with
different numbers of pulses, and the Ir loading per unit area and per
pulse was obtained by measuring iridium mass after oxidative removal
of carbon papers in the thermogravimetry equipment.

Preparation of MEAs.—The specifications of the PEMWE cells
fabricated in this study are compiled in Table I. Membrane electrode
assemblies (MEAs) were prepared with an electrode size of 1.0 cm2,
and a Pt loading of 0.5 mg-Pt cm

−2 at the PEMWE cathode. To
determine the effect of Ir loading on cell performance, the NaOH
etching step used a fixed concentration of 1.0 M, and the Ir loading
was varied from 0.043 to 0.086, 0.172, and 0.258 mg-Ir cm

−2 at the
PEMWE anode (1,000, 2,000, 4,000, and 6,000 pulses APD pulses,
respectively). To evaluate the dependence of cell performance on
NaOH etching concentration, the anode Ir loading was fixed at
0.086 mg-Ir cm

−2 (2,000 APD pulses), and the NaOH concentration
was varied between 0.1, 0.5, and 1.0 M.

The electrocatalyst paste for the PEMWE cathodes was prepared
by dispersing standard Pt/C (Pt 46.5%, TEC10E50E, Tanaka
Kikinzoku Kogyo Co., Japan), 99.5% ethanol, deionized water,
and 5% Nafion solution (Sigma-Aldrich, 5 wt% Nafion in iso-
propanol), using an ultrasonic homogenizer. The Nafion ratio in
the cathode electrocatalyst layer was set to be 28 wt%. This
electrocatalyst paste was printed onto the electrolyte membrane

Figure 3. FESEM images of the porous titanium sheets, which act as the gas diffusion layer and current collector: (a), (b) surface images and (c), (d) cross-
sectional images of (a), (c) titanium microfiber sheet (porosity 70%); and (b), (d) titanium sintered sheet (porosity 40%). The cross-sectional images (c), (d) were
taken after infiltration with epoxy resin.
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(Nafion117, E. I. du Pont de Nemours and Co.) using a spray
printing system (C-3 J, Nordson Co.). Note that an MEA with a
Nafion 115 electrolyte membrane was also prepared for comparison
with data reported in the literature for commercial Ir-based catalysts.

The GDEs were applied as PEMWE anodes. The MEA was
prepared by hot-pressing the anode with an electrolyte membrane,
pre-coated with the Pt/C electrocatalyst layer on the cathode side, at
140 °C and 0.3 MPa for 180 s. Carbon paper (25BC, SGL Carbon)
was used as the GDL on the cathode side. No additional GDL was
needed for the anode. The tightening torque was typically set to be
4 Nm. MEAs with a smaller electrode size of 0.5 cm2 (ca. 8 mmφ)
were prepared for measuring cell performance up to 5 A cm−2. The
dependence of the cell performance on hot-pressing pressure (3 MPa

and 6 MPa), and tightening torque (from 2 to 12 Nm) in this cell
setup was also evaluated.

Characterization of MEAs.—Current-voltage (I–V) characteris-
tics of the PEMWE cells were evaluated at 80 °C using a
commercial cell holder (Eiwa Co., Osaka, Japan). Teflon sheets
with a thickness of 180 μm were used as gasket materials for gas
sealing in the cell holder. Deionized water was supplied at
5 ml min−1. Before the electrochemical measurements, deionized
water was flowed for 2 h and the electrolysis cells were pre-treated
by applying 5 triangular wave cycles between −0.5 V and 1.5 V at
600 mV s−1. I–V curves were obtained by measuring current density
with varying voltage applied from 1.3 V to 2.0 V at 50 mV s−1,
using an electrochemical analyzer (S11287, Solatron). Mass activity
was determined as the current at 1.55 V per unit Ir mass,63,64 and
was used as a parameter for optimizing NaOH concentration, the
number of APD pulses, and the Ti sheet structure.

An alternative current (AC) impedance analyzer (1255B,
Solartron) was used to separate the ohmic resistance from the I–V
characteristics. Activation overvoltage and concentration overvol-
tage were then separated following the procedure previously used for
PEFC evaluation.65 A Tafel plot was created with current density on
the logarithmic x-axis, and the IR-free (ohmic-resistance-free) cell
voltage on the y-axis. In the low current density region, 6 values
were fitted with a linear regression.65 The difference between the
theoretical electromotive force (1.17 V at 80 °C, at ambient pressure)
and the voltage of the linear regression line was taken as the
activation overvoltage at the current density of interest. The
deviation of IR-free voltage from the voltage in the linear regression
line in the Tafel plot was taken as the concentration overvoltage.
Concentration overvoltage was analyzed for optimizing the porous
titanium sheet structure and for evaluating the cell performance at
higher current densities. All electrochemical measurements were
performed twice or more, and representative data was shown and
further analyzed.

Electrochemical durability analysis.—The durability of the
electrodes prepared by APD was evaluated using two different
durability protocols, as described in Fig. 4. Protocol (I) consists of
triangular wave potential cycles (2,000 cycles at 50 mV s−1, between
1.5 V and 2.0 V), simulating fluctuations in renewable power
generation proposed by Muto et al.66 Protocol (II) consists of square
wave potential cycles (2.0 V for 30 s and 1.45 V for 30 s, up to
10,000 cycles) proposed by Alia et al.64 I–V curves and impedance
were evaluated every 500 cycles.

Results and discussion

Formation of Nanostructured TiO2 via NaOH etching.—The
surfaces of the porous titanium sheets were observed by FESEM in
order to clarify the effect of NaOH etching at different concentra-
tions (0.1 M, 0.5 M, and 1 M) on the nanostructure, as shown in
Fig. 5. After etching, the samples were washed in HNO3 and heat
treated at 400 °C. The as-received titanium fiber surface (Fig. 5a)
is featureless and smooth. After etching with 0.1 M NaOH,

Table I. Specifications of the PEMWE cells fabricated in this study.

Anode Cathode

Gas Diffusion Layer Porous Ti sheet after the surface treatment Carbon paper
Electrode Area/cm2 1
Electrocatalyst Ir-based electrocatalyst 46.5 wt.% Pt/C
Catalyst Loading/mg cm−2 Ir: 0.043 per APD 1000 pulses Pt: 0.5
Nafion Ratio/wt.% (none) 28
Cell Temperature/°C 80
Electrolyte Membrane Nafion®115 (127 μm thickness), or Nafion®117 (183 μm thickness)

Figure 4. Schematic diagrams of durability test protocols: (a) Protocol (I);66

and (b) Protocol (II).64
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nanostructures start to be formed on the surface (Fig. 5b). After
etching at 0.5 M NaOH, this nanostructure becomes more pro-
nounced (Fig. 5c), and the nanostructure is most developed after
1.0 M NaOH etching (Fig. 5d). The formed nanostructure is similar
to the titanium oxide nanosheets and nanofibers after NaOH etching
of titanium previously reported in the literature.67–70 The micro-
structure is further investigated in the following sections.

The specific surface areas measured by BET were 1.0, 1.2, 1.4,
and 1.7 m2 g−1, respectively, showing a clear trend of increasing
surface area with increased NaOH concentration, and confirming
that the surface area can be controlled by NaOH etching. At first
glance, a specific surface area of 1.7 m2 g−1 may seem too low to be
used as a catalyst support. However, it should be noted that this
measurement includes the mass of the porous titanium sheet. The
equivalent for PEFCs would be measuring the BET surface area of a
carbon fiber based GDL coated with a Pt/C electrocatalyst. Since the

surface area of such carbon fibers (geometrically < 1 m2 g−1 for ca.
10 μmφ carbon fibers) is similar to that of the titanium fibers used in
this study, the surface area of the whole electrodes would also be
relatively low. It follows that the effective surface area of the
nanostructured titanium oxide surface alone is much higher than this
measured value, however it cannot be measured independently from
the substrate. Given that complex nanostructure is clearly formed on
the surface of the titanium microfibers, it is assumed that the specific
surface area of this layer is sufficient to be useful as a catalyst
support.

Figure 6a shows a cross-sectional STEM image of the titanium
microfiber surface after 1.0 M NaOH etching and subsequent heat
treatment at 400 °C. The presence of nanofibers with lengths of ca.
200 nm can be distinguished. Figures 6b and 6c show the corre-
sponding EDS elemental intensity maps for titanium and oxygen,
respectively. These images reveal that the nanofibers are titanium

Figure 5. FESEM images of the surface of microfibers in titanium microfiber sheets: (a) without NaOH etching (as received); and with (b) 0.1 M; (c) 0.5 M; and
(d) 1.0 M NaOH etching. Samples (b) to (d) were heat-treated at 400 °C in 5%H2-N2 for 30 min after NaOH etching.

Figure 6. Cross-section of the nanostructured titanium oxide surface after 1.0 M NaOH etching and subsequent heat treatment at 400 °C: (a) STEM image; and
the corresponding EDS elemental intensity maps for (b) titanium and (c) oxygen.
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oxide. This is in agreement with Kawachino et al.70 who previously
reported that titanium oxide nanofibers prepared using similar
conditions had anatase structure (TiO2). The growth mechanism is
reported to involve the formation of nanosheets, which then curl to
form nanotubes.67–69

Deposition of iridium electrocatalysts via APD.—Iridium elec-
trocatalyst deposition onto the nanostructured TiO2 surface was
achieved via APD. For every 1,000 pulses, the corresponding Ir
loading was 0.043 mg-Ir cm

−2, confirmed by the thermogravimetric
analysis. The effect of iridium loading on the microstructure of the
electrocatalyst layers was investigated by using 2,000 or 4,000 APD
pulses (i.e. 0.086 or 0.172 mg-Ir cm−2). The NaOH etching
concentration was fixed at 1.0 M. APD is a line-of-sight technique,
and thus the resulting microstructure is different at the top surface or
the sides of the microfibers, with most of the deposited Ir
nanoparticles located at the top surface of the porous Ti sheets,
causing a certain inhomogeneity in the Ir distribution.70 All
micrographs in this paper are from the top surface of the titanium
sheets, where the local Ir loading is expected to be highest.

Figure 7a shows an STEM image of the titanium nanofiber
surface after 2,000 APD pulses, whilst Figs. 7b–7d show the
corresponding EDS elemental intensity maps for iridium, titanium,
and oxygen, respectively. While it is difficult to determine the
diameter of the titanium nanofibers from Fig. 6a, the STEM image in
Fig. 7a confirms that the diameter of the nanotubes formed via
NaOH etching is ca. 10 nm. The titanium and oxygen intensity maps
overlap, confirming that the nanostructured material is indeed

titanium oxide. Individual Ir nanoparticles are clearly observed as
bright spots decorating the TiO2 nanofibers, with an average
diameter of 2.2 nm. Meanwhile, Fig. 8 shows the surface after
4,000 APD pulses. In this case, there is a high degree of connectivity
between the iridium nanoparticles, forming an almost continuous
iridium-based film due to the much higher loading.50 But this leads
to very weak EDS intensity for oxygen in Fig. 8d. At a larger
number of APD pulses (e.g., 6,000 pulses), thicker iridium-based
films are expected to be formed.

Figure 9a shows a representative high-resolution STEM image of
an Ir nanoparticle decorated on a TiO2 nanofiber deposited (4,000
APD pulses). The presence of lattice fringes indicates a high degree
of crystallinity. As shown in Fig. 9b, a fast Fourier transform (FFT)
of the area highlighted in Fig. 9a corresponds to the (111̄) and (200)
planes of iridium metal with fcc structure, and a lattice constant of
0.3839 nm [PDF No. 00-006-0598]. Lattice angles between the (111̄)
and (200) planes indicate that the particle is observed from the [011]
direction (Fig. 9b). These results confirm that the as-deposited
iridium nanoparticles are in the metallic phase.

Electrochemical performance: effect of NaOH concentra-
tion.—PEMWE single cell measurements were performed for
NaOH concentrations between 0.1 and 1.0 M NaOH (Ir loading
fixed at 0.086 mg-Ir cm−2). The potential cycling durability was
evaluated using Protocol (I). Figure 10a shows the I–V character-
istics before and after durability tests. Especially at low current
density, the cell voltage decreases with increasing NaOH etching
concentration, indicating that NaOH etching is indeed useful in

Figure 7. (a) STEM image of the catalyst-integrated GDE prepared using 2,000 APD pulses. Corresponding EDS elemental intensity maps for: (b) iridium,
(c) titanium, and (d) oxygen.
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terms of improving electrochemical performance. The performance
after 0.1 M NaOH etching is similar to the case of no treatment.
However, for 0.5 and 1.0 M NaOH etching, there is a significant
improvement across the whole current density range. After potential
cycling, the performance becomes worse in all cases, especially for
lower concentration NaOH treatment. Meanwhile, the degradation is
not as pronounced for the case of 1.0 M NaOH etching. This may be
due to the higher surface area in this case, leading to better Ir
distribution and improved interaction between these nanoparticles
and the oxide surface, possibly preventing agglomeration and
detachment. Figure 10b shows IR-free cell voltages for the cells
after etching using 0.5 M and 1.0 M NaOH, before and after the
potential cycling durability tests. This figure reveals that IR-
corrected (i.e., IR-free) I–V characteristics for these cells are
identical before the durability tests, indicating that the difference
in cell performance arises mainly from the difference in ohmic
resistance. After the potential cycling tests, however, electroche-
mical activity of the cell after 1.0 M NaOH etching is better than that
after 0.5 M NaOH etching. Detailed microstructural analyses using
higher magnification STEM (Fig. 11) show that the nanoparticles
remain as metallic iridium, although the outermost surface of such
catalyst nanoparticles could be partially oxidized.

Figure 11c shows the mass activity measured at 1.55 V for
different NaOH etching concentrations. The mass activity (before
potential cycling) increases with increasing NaOH concentration,
which is attributed to improved dispersion of iridium electrocatalysts
on the nanostructured surface as the NaOH concentration, and

therefore the surface area increases. As such, 1.0 M NaOH etching
was selected as the optimal condition for subsequent measurements.

The ohmic resistance (before potential cycling) also increases
with increasing NaOH etching concentration (Fig. 10d). This is
attributed to the progressive formation of the nanostructured
titanium oxide layer, which is an electronic insulator. This increases
the resistance to electron transport between the underlying titanium
microfibers and the iridium electrocatalysts, as well as increasing the
contact resistance between the titanium microfibers and the external
cell components. As the effects of potential cycling on overvoltages
could be complicated, further electrochemical studies combined with
high-resolution microstructural analyses are made in a subsequent
section.

Electrochemical performance: effect of Ir loading.—The elec-
trochemical performance was also measured after varying the
number of APD pulses between 1,000 and 6,000 (Ir loading from
0.043 to 0.258 mg-Ir cm

−2). The NaOH etching concentration was
fixed at 1.0 M. The potential cycling durability was evaluated using
Protocol (I). Figure 12a shows the I–V characteristics before and
after durability tests. Before potential cycling, the cell voltage
decreases with increasing Ir loading (especially up to 4,000 APD
pulses) across the whole current density range, indicating a clear
improvement in performance as the Ir loading increases. After
potential cycling, certain degradation in performance is observed for
all of the electrodes. However, GDEs prepared using 4,000 and
6,000 APD pulses exhibit only a minor increase in cell voltage,

Figure 8. (a) STEM image of the catalyst-integrated GDE prepared using 4,000 APD pulses. Corresponding EDS elemental intensity maps for: (b) iridium,
(c) titanium, and (d) oxygen.
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suggesting that higher loading leads to improved durability. Based
on these results, the Ir loading for subsequent measurements was
fixed at 4,000 APD pulses (i.e., 0.172 mg-Ir cm

−2).
Figure 12b shows the change in mass activity with the number of

APD pulses, before and after potential cycling. Before potential
cycling, the mass activity steadily decreases as the loading increases.
This is a consequence of increasing agglomeration and connectivity
between the Ir particles as the loading increases, as observed in
Figs. 7 and 8, decreasing the iridium utilization. Meanwhile, the
retention of mass activity during potential cycling improves as the Ir
loading increases, due to the increased stability of larger and more
connected Ir nanoparticles.

Figure 12c shows the ohmic resistance of GDEs with increasing
Ir loading. Before potential cycling, there is a slight decrease in
ohmic resistance as the loading increases. Since the electronic
resistance of the nanostructured titanium oxide layer is relatively
high, this may indicate the formation of electronic conducting
pathways through the deposited iridium layer as the loading
increases, as seen in Figs. 7 and 8. After potential cycling, there is
a small increase in ohmic resistance in all cases, possibly due to
oxidation of the iridium nanoparticles. The ohmic resistances were
0.156 Ω and 0.168 Ω after 4,000 and 6,000 APD pulses, respec-
tively. These values are similar to the membrane resistance of a
fully-humidified Nafion 117 membrane (ca. 0.12 to 0.18 Ω71,72).
This fact suggests that the ohmic resistances of the GDEs measured
in this study are still relatively low. Conventional GDLs for
PEMWEs are often coated with a layer of platinum in order to
improve the electrical contact. We speculate that Ir or Pt contacts
deposited with low loading via APD could help further decrease the
PGM loading of the whole cell.

Figure 9. (a) Higher-magnification STEM image of iridium nanoparticles
deposited onto the catalyst-integrated GDEs by APD (4,000 pulses,
0.172 mg-Ir cm

−2). (b) Fast Fourier transform (FFT) of the region highlighted
in red in (a). The FCC crystal structure corresponds to that of metallic iridium.

Figure 10. Electrochemical properties of PEMWE cells using catalyst-
integrated GDEs prepared using 2,000 APD pulses and via NaOH etching
with different concentrations. (a) I–V characteristics and (b) IR-free cell
voltage before and after potential cycling using the Protocol (I); (c) initial
mass activity, measured at 1.55 V; and (d) initial ohmic resistance.
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Electrochemical performance: effect of porous titanium sheet
structure.—The microstructure and porosity of GDLs significantly
affect the electrochemical performance (e.g. mass transport, conduc-
tivity etc).73 Several researchers have previously studied the correla-
tion between the cell performance and the GDL structure.74,75

Therefore, the performance of PEMWE cells was evaluated for three
different titanium sheets with different porosity and microstructure, as
shown in Fig. 13: (i) a titanium sintered sheet with nominal porosity
of 40%; (ii) a titanium microfiber sheet with nominal porosity of 50%;
and (iii) a titanium microfiber sheet with nominal porosity of 70%. All
GDEs were prepared using 1 M NaOH etching and 4,000 APD pulses.
The I–V characteristics of all three cells are very similar, as shown in
Fig. 13a. This indicates that changes in the nanoscale structure of the
titanium oxide electrode surface, and the iridium electrocatalyst
loading have a much greater impact on the PEMWE cell performance
than the microstructure of the titanium supports. As such this
technique can be generalized to different porous titanium substrates.
The titanium microfiber sheet with 70% porosity exhibits the highest
I–V performance. This is due to improved mass activity (Fig. 13b),
possibly due to the larger available surface for NaOH etching in this
higher porosity sample, and low concentration overvoltage (Fig. 13c)
directly due to the higher porosity.

To gain further insight into the structure of the three different
GDEs, they were infiltrated with resin, and cross sections were
observed by FIB-SEM. Figure 14 shows cross-sectional SEM
images and EDS iridium intensity maps of: (a), (b) the titanium
sintered sheet with 40% porosity; (c), (d) the titanium microfiber
sheet with 50% porosity; and (e), (f) the titanium microfiber sheet
with 70% porosity. The top surface for APD deposition is facing the

left hand side. Regions of high iridium distribution are highlighted
with white lines added on the EDS maps, and the total lengths within
these images are 111.4 μm, 126.7 μm, and 139.9 μm, for the
titanium sheets with 40%, 50%, and 70% porosity, respectively.
This indicates improved dispersion of the electrocatalysts and an
increase in the triple-phase boundary for higher porosity GDEs, as
reflected in the mass activity data.

Figure 11. (a) Higher-magnification STEM image of iridium nanoparticles
deposited onto the catalyst-integrated GDEs by APD (2,000 pulses,
0.086 mg-Ir cm−2), after the I–V measurements (but before potential
cycling). (b) Fast Fourier transform (FFT) of the region highlighted in red
in (a). The FCC crystal structure corresponds to that of metallic iridium, even
after the electrochemical measurements up to 2.0 V.

Figure 12. Electrochemical properties of PEMWE cells using catalyst-
integrated GDEs prepared by varying the number of APD pulses. (a) I–V
characteristics before and after potential cycling using the Protocol (I);
(b) mass activity, measured at 1.55 V; and (c) ohmic resistance.
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Comparison with commercial Ir-based catalysts in the litera-
ture.—The best data obtained for the novel catalyst-integrated GDEs
(titanium microfiber sheet with 70% porosity, 1.0 M NaOH etching,
4,000 APD pulses) was compared with conventional PEMWE cells
from the literature. The data is shown in Fig. 15, in which the I–V
characteristics are described along with the average values and the
standard deviations, indicating the reproducibility of these measure-
ments. Two different comparisons were made: one for cells using
Nafion 115 (Fig. 15a); and another for cells using Nafion 117
(Fig. 15b). The reference electrocatalysts were Ir/WxTi1−xO2 (Giner
Inc.)76 and Ir oxide (Surepure® Chemetals Inc.)77 both of which used

Nafion 115, and also Ir oxide (Alfa Aesar)64 and Ir black (Johnson
Matthey plc, UK),64 both of which used Nafion 117. The Ir loading
for each cell is also shown. All the cited literature data presents the
I–V characteristics without correction for ohmic (IR) losses. For
direct comparison with the literature data, cells using Nafion 115 and
Nafion 117 were prepared, and the cell voltages without IR-
correction are shown in Fig. 15. Overall, the cell performance of
the GDEs is comparable to the previously published data using
commercial catalysts in conventional PEMWE cells. In the case with
Nafion 115, the catalyst-integrated GDE has better performance than
both Ir-oxide based electrocatalysts (despite having lower, or similar

Figure 13. Electrochemical properties of PEMWE cells using catalyst-integrated GDEs prepared using porous titanium sheets with different microstructure and
porosity. (a) I–V characteristics; (b) mass activity, measured at 1.55 V; and (c) initial concentration overvoltage measured at 2 A cm−2.
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Ir loading in this study). The GDE has slightly lower performance
compared with Ir/WxTi1−xO2, although this may be explained by
lower Ir loading. For Nafion 117, the electrochemical performance
with the GDE is comparable to that with Ir oxide and Ir black in the
low current density region, but slightly lower in the high current
density region, despite similar Ir loading.

Comparison with commercial Ir-based catalysts after potential
cycling.—The durability of the catalyst-integrated GDEs compared
with conventional PEMWE cells fabricated using commercially
available catalysts was investigated. The durability of the best-
performing GDE (i.e. titanium microfiber sheet with 70% porosity,
1.0 M NaOH etching, 4,000 APD pulses), was compared with the
literature data of conventionally prepared PEMWE cells using Ir
oxide (Alfa Aesar, USA) and Ir black (Johnson Matthey, UK)
catalysts.64 The Ir loading for the commercial catalysts was 0.1 mg-Ir
cm−2, and Nafion 117 electrolyte membranes were used in all cases.
The durability was evaluated using Protocol (II), which has been
previously used for PEMWE evaluation in the literature.64

Figure 16 shows the I–V characteristics for each electrode before
potential cycling, after 4,500 potential cycles, and after 9,000
potential cycles. Before potential cycling, in the low current density
region, the cell performance of the catalyst-integrated GDE is
comparable to the electrodes using commercial Ir-based catalysts
reported in the literature, indicating that the catalytic activity is

similar. However, in the high current density region, the cell voltage
with the GDE was slightly higher. This is likely due to higher ohmic
resistance, which generally dominates the overpotential in the high
current density region. Such difference in ohmic resistance could be
caused by differences in preparation and pre-treatment conditions
of e.g. electrolyte membranes in various studies (i.e. H2SO4

treatment72,78). In addition, the ohmic resistance of the catalyst-
integrated GDE could be higher due to the relatively insulating
nanostructured titanium oxide layer. After 4,500 potential cycles, Ir
oxide showed almost no degradation, whilst Ir black showed some
minor degradation.64 After 9,000 potential cycles, Ir oxide still only
showed minor performance degradation, whilst the cell voltage of Ir
black increased noticeably.64 These results suggest that Ir-oxide has
higher stability than Ir metal.64 Meanwhile, the performance of the
GDE decreased even after 4,500 cycles, but the overall increase in
cell voltage is only around twice that of Ir black.

As shown in Fig. 17, the change in mass activity (Fig. 17a) and
the ohmic resistance (Fig. 17b) of the catalyst-integrated GDEs
during potential cycling was recorded every 1,000 cycles. The
greatest decrease in mass activity is in the first 1,000 cycles, after
which the rate of degradation is much slower. Similarly, the ohmic
resistance increases rapidly in the first 1,000 cycles, after which it
increases at a slower rate.

To gain insight into the degradation mechanisms behind the loss
of mass activity and the increase in ohmic resistance during potential

Figure 14. Cross-sectional FIB-SEM images (left) and the corresponding EDS elemental intensity maps for iridium (right): (a, b) titanium sintered sheet
(porosity 40%); (c, d) titanium microfiber sheet (porosity 50%); and (e, f) titanium microfiber sheet (porosity 70%). APD was performed from the left side of the
images, and white lines are used to highlight regions of iridium deposition in the EDS maps.

Journal of The Electrochemical Society, 2020 167 124523



cycling, microstructural characterization was carried out after
potential cycling, as shown in Fig. 18. These STEM images show
the presence of newly-formed iridium nanoparticles with much

larger diameter (∼20 nm) than those originally formed by APD
(∼2 nm). Iridium dissolution is reported to occur above 1.8 V under
PEMWE conditions.79,80 Therefore, potential cycling between 1.45
and 2.00 V in Protocol (II) is expected to lead to repeated dissolution
and reprecipitation of iridium, leading to nanoparticle growth via
Ostwald ripening. In addition, the overlapping EDS elemental
intensity maps for iridium and oxygen (Figs. 18b and 18d) indicate
that iridium is partially oxidized during potential cycling. The EDS
intensity maps for titanium (Fig. 18c) and oxygen (Fig. 18d) also
hint at changes in the nanostructured titanium oxide support. Before
potential cycling, the atomic ratio of titanium to iridium was 0.21,
but this falls to 0.11 after potential cycling, suggesting a partial loss
of titanium relative to iridium. This quantitative analysis suggests
that the TiO2 nanofibers can gradually dissolve during the severe
durability tests up to 2.0 V.

The oxidization of iridium during potential cycling was con-
firmed by high-resolution electron microscopy. Figure 19a shows a
high-angle annular dark-field STEM (HAADF-STEM) image of the
Ir-based catalyst nanoparticles after potential cycling. The catalyst
nanoparticles remain on the electrode, with a crystallite size of 2 to
3 nm. The lattice spacing estimated from the FFT image (Fig. 19b)
of the highlighted region in Fig. 19a corresponds to the (111) planes
of metallic iridium. Meanwhile, the selected-area electron diffraction
(SAED) pattern in Fig. 19c taken from a 200 nm diameter region of
the Ir-based electrocatalyst layer in Fig. 18a shows the diffraction
pattern of metallic iridium overlapping with that of IrO2. These
results indicate that iridium metal coexists with IrO2 in the
electrocatalyst layer after potential cycling, possibly forming a

Figure 15. Electrochemical properties of PEMWE cells using catalyst-
integrated GDEs compared with reference data from the literature:
Ir/WxTi1-xO2,

71 and Ir oxide.59,72 The data is presented separately for
different membrane thickness: (a) Nafion®115 (127 μm) and Nafion®117
(183 μm).

Figure 16. I–V characteristics of PEMWE cells using catalyst-integrated
GDEs compared with conventional cells fabricated with commercial
catalysts, before and after potential cycling using the durability Protocol (II).

Figure 17. Variation of (a) mass activity measured at 1.55 V, and (b) ohmic
resistance for a catalyst-integrated GDE over 10,000 potential cycles,
following the durability Protocol (II).
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core–shell type structure where the outermost surface of metallic
iridium core is oxidized to form IrO2 shell.

As such, the decrease in mass activity for the catalyst-integrated
GDEs during potential cycling can be attributed to a decrease in
iridium utilization due to Ostwald ripening, iridium oxidization, and
dissolution of the titanium oxide support, leading to detachment. The
increase in ohmic resistance during potential cycling can be
attributed to partial oxidation of the metallic iridium electrocatalyst,
disrupting the electron conducing pathways. These results also
suggest that further optimization of the PEMWE cells using these
catalyst-integrated GDEs is needed, as well as more detailed
characterization of the distribution of IrO2 and Ir metal in the
electrocatalyst layer. These points will be dealt with in a future
study.

High current density operation.—Operation at high current
density is an attractive advantage of PEMWE compared with
alkaline water electrolysis and solid oxide steam electrolysis, and
will contribute to the development of more compact systems.
However, at high current density, the concentration overvoltage
generally dominates PEMWE cell performance. In this section, the
electrochemical performance of catalyst-integrated GDEs in
PEMWE cells is evaluated at high current density, and the
fabrication parameters (i.e. the tightening torque and the hot-
pressing pressure) are optimized. MEAs with an electrode size of
0.5 cm2 were evaluated up to 5 A cm−2. Other conditions remained
the same (i.e. titanium microfiber sheet with 70% porosity, 1.0 M
NaOH etching, and 4,000 APD pulses).

Figure 20 shows the concentration overvoltage evaluated at
3 A cm−2, using different cell tightening torques. The hot-pressing
pressure was fixed at 3 MPa. The concentration overvoltage
decreases significantly as the tightening torque increases. This is
contrary to the trend typically observed in the literature,81–84 and
may be unique to the GDE structures developed in this study. Here,
higher tightening torque is postulated to decrease the thickness of the
GDEs without compromising the porosity too much, thus leading to
improved mass transport. Higher tightening torque may also lead to
better electrical contact between the titanium microfibers, decreasing
the ohmic resistance. The hot-pressing pressure was also found to
have an impact on the cell performance. The concentration over-
voltage at 3 A cm−2 decreased from 0.109 V to 0.0521 V when the
pressure was increased from 3 to 6 MPa.

Figure 21 shows the I–V characteristics and overvoltages, at
80 °C, of an optimized catalyst-integrated GDE with the iridium
loading of 0.172 mg-Ir cm

−2 at the anode in a PEMWE fabricated
using a tightening torque of 12 N m, and a hot-pressing pressure of
6 MPa. These conditions result in the best performance and lowest
overvoltages obtained for this system to date. No significant
concentration overvoltage is observed even at 5 A cm−2 in the
high current density region, confirming that this unique GDE is
highly suited for PEMWE operation at high current densities. Water
electrolysis voltage of 1.7 V at 1 A cm−2 (1.7 W cm−2) and 2.5 V at
5 A cm−2 (12.5 W cm−2) with the iridium loading of 0.172 mg-Ir
cm−2 corresponds to an iridium loading per electric power of 0.1
mg-Ir W

−1 and 0.014 mg-Ir W
−1, respectively. These values are more

than one order of magnitude lower than the target of 2.7 mg-Ir W
−1

Figure 18. (a) STEM image of a catalyst-integtrated GDE prepared using 1.0 M NaOH etching and 4,000 APD pulses, after 10,000 potential cycles using the
durability Protocol (II). Corresponding EDS elemental intensity maps for: (b) iridium, (c) titanium, and (d) oxygen.
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by 2020, and the target of 0.4 mg-Ir W
−1 by 2030 has also been

achieved, as described in the Introduction.24 These facts confirm the
technological relevance of these unique catalyst-integrated GDEs for
PEMWEs.

Conclusions

Catalyst-integrated gas diffusion electrodes (GDEs) were devel-
oped for polymer electrolyte membrane water electrolysis
(PEMWE) cells. These comprised porous titanium metal supports
(acting as gas diffusion layers/current collectors) with nanostruc-
tured titanium oxide surfaces (acting as the catalyst support),
decorated with iridium metal nanoparticles (acting as the electro-
catalyst). The specific surface area of the nanostructured titanium
oxide surface was improved by optimizing the NaOH etching
conditions. The Ir loading was optimized by varying the number
of arc plasma deposition (APD) pulses. These GDEs exhibited
comparable performance for water electrolysis to commercial

iridium-based catalysts. The durability was reasonable, but requires
further improvement to compete with commercial electrocatalysts.
Meanwhile, suitable performance was obtained at high current
density up to 5 A cm−2 in a fully optimized PEMWE cell. This
unique GDE structure is an important proof-of-concept for simpli-
fied PEMWEs with decreased thickness, fewer components, and
lower iridium loading, and will eventually translate to lower cost
systems. The catalyst-integrated GDE concept presented could be
described as having a titanium/titanium oxide pseudo “core–shell
microstructure”, while the outermost surface of the metallic Ir
catalyst nanoparticles is oxidized, forming an iridium/iridium oxide
“core–shell nanostructure”.

Acknowledgments

Financial support from the Center of Innovation (COI) Program
Grant Number JPMJCE1318 by the Japan Science and Technology
Agency (JST) is gratefully acknowledged. A partial financial support
by the Fukuoka Strategy Conference for Hydrogen Energy is also
acknowledged.

Figure 19. (a) Higher-magnification STEM image of iridium nanoparticles
deposited onto titanium GDEs by APD (4,000 pulses), after potential cycling
using the durability Protocol (II). (b) Fast Fourier transform (FFT) of the
region highlighted in red in (a). The FCC crystal structure corresponds to that
of metallic iridium. (c) SAED pattern taken from Fig. 18a.

Figure 20. Variation of the concentration overvoltage measured at 3 A cm−2,
for catalyst-integrated GDEs prepared using different tightening torques. The
hot-pressing pressure was fixed at 3 MPa.

Figure 21. I–V characteristics and overvoltages, at 80 °C, of a PEMWE cell
using an optimized catalyst-integrated GDE, prepared using a tightening
torque of 12 N m, and hot-press pressure of 6 MPa. The iridium loading was
0.172 mg-Ir cm

−2 at the anode.
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