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HIGHLIGHTS

e Ru-core Ir-shell electrocatalysts were prepared on Ti-based porous transport layers.
e The activation overvoltage was significantly lower compared to pure Ir electrocatalysts.
e The durability of the electrocatalyst was improved by increasing the Ir-to-Ru ratio.

« This unique electrode can operate at high current densities up to 10 A cm 2.
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Porous transport electrode
High current density operation
Low iridium loading

PEMWE cell operation with low iridium loading and high current density, potentially
reducing the cost of green hydrogen.
© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The Intergovernmental Panel on Climate Change (IPCC) has
strongly requested continuous actions in response to the
climate crisis [1]. The necessity of reducing greenhouse gas
emissions caused by human activities and realizing carbon
neutrality is clear for the mitigation of climate change. There
are several strategies towards carbon neutrality, including
improvement in energy efficiency, increasing the fraction of
renewable energy, a transition from fossil fuels to alternative
decarbonized fuels such as hydrogen, and the introduction of
carbon capture, storage, and utilization technologies [2].
Regarding renewable energy, chemical energy carriers are
necessary due to the fluctuation in power generation of solar
and wind power, depending on the weather conditions or time
of day. Hydrogen is a prospective candidate as an energy carrier
for renewable energy storage and transportation [3,4]. Green
hydrogen, which is defined as originating from renewable en-
ergy sources, can be produced via the electrolysis of water.

Polymer electrolyte membrane water electrolysis (PEMWE)
can operate at relatively low temperature and high current
densities with quick load response, enabling compact and
robust electrolysis systems. However, the higher capital
expenditure (CAPEX) of PEMWEs prevents widespread
commercialization compared to alternatives such as alkaline
water electrolysis systems. One of the origins of such high
CAPEX is the use of platinum group metal (PGM) catalysts such
as iridium and platinum.

Other components in PEMWE cells besides the catalysts are
also relatively expensive, such as the polymer electrolyte
membranes, the platinum-coated titanium-based PTLs, and
the separators. Operation at a high current density can reduce
the cost of green hydrogen by decreasing the overall required
electrode area, materials cost, and thus the CAPEX. Mean-
while, alkaline water electrolysis is widely used for commer-
cial hydrogen production, but has material-related limitations
due to, e.g., high ohmic resistance, under high current density
operation. In contrast, PEMWEs can be operated at higher
current densities, which is advantageous compared to other
types of water electrolysis technologies. In demonstration of
this, Villagra et al. studied the relationship between CAPEX
and operating expense (OPEX) in PEMWE cells at high current
densities. They found an optimal operating current density of
2-3 A cm™? at < 2 V (the voltage selected to prevent IrO,
dissolution). If cell performance can be improved, a higher
optimum value of around 10 A cm~2 may be expected [5].
Therefore, lower PGM loading and overall electrode area
reduction by increasing current density are essential for the
reduction of CAPEX in PEMWEs.

Decreasing the anode catalyst loading is particularly crit-
ical for CAPEX reduction, because a large amount of PGM
catalysts with iridium loading around 5 mg cm ™ is often used
for the rate-determining anodic reaction. A significant
reduction in PGM catalyst loading to <0.2 mg cm 2 is required
in the future, according to an International Renewable Energy
Agency report [6]. Ru-based and Ir-based catalysts have been
applied as anode catalysts by many researchers [7—16]. Ru has
the highest oxygen evolution reaction (OER) activity [17] but a
low stability in the strongly acidic and high-potential PEMWE
environment. Therefore, Ir-based catalysts, which have a
lower OER activity but higher stability compared to Ru-based
catalysts, are generally used in commercial PEMWE cells.

However, applying highly active and inexpensive Ru-based
catalysts may be attractive for highly efficient and low-cost
water electrolysis systems [18—20]. Researchers have studied
to improve the stability of Ru-based catalysts by alloying,
mixing with oxides, and structural control [21-23]. For
example, Wu et al. developed Ru—Ir catalysts with a unique
coral-like structure consisting of 3-nm-thick sheets. The
Ru—Ir catalysts exhibited higher OER activity and remained
stable for 120 h at 1.485 V, compared with the single-element
catalysts of Ir and Ru [24]. Besides tailoring composites and
alloying, Ru catalysts coated with protective Ir, i.e., employing
a core-shell structure, have been developed to improve cata-
lytic activity and stability [25]. Seow et al. [26] and Shan et al.
[27] both prepared Ru—Ir core-shell catalysts, and their core-
shell catalysts exhibited higher OER activity and durability
compared to Ir-based, Ru-based, and Ir—Ru alloy catalysts.
However, all of these evaluations were performed in half-cell
tests, and the stability of these catalyst systems under prac-
tical operating conditions between 1.5 V and 2.0 V at the single
cell level has not yet been demonstrated to the best of our
knowledge.

In addition to optimizing the catalyst structure, optimiza-
tion of the porous transport electrode (PTE) structure can also
improve catalyst utilization and simplify the manufacturing
process [28,29]. For example, Kim et al. deposited Ir catalyston a
dendritic gold structure on a carbon-based PTL, resulting in
high electrolysis performance with low Ir loading of 10 ug cm 2
[30]. Similarly, Laube et al. developed PTEs with high electrol-
ysis performance, where Ir catalyst was deposited on a Ti-
based PTL via atomic layer deposition [31]. Our research
group has previously developed PTEs, where Ir catalysts were
deposited on Ti oxide nanotubes on Ti-based PTLs [32-36].
Such PTE exhibited relatively high electrolysis performance,
despite low Ir loading of around 0.2 mg cm 2. Depositing binary
catalysts such as alloys or core-shell structures on this PTE
structure is a promising strategy for further reducing iridium
loading and increased catalytic activity.
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Here, we investigate Ru-core Ir-shell electrocatalysts on the
surface-modified Ti-based PTLs, as schematically shown in
Fig. 1. The performance and durability of such electrocatalysts
are evaluated under practical operation conditions with a sin-
gle cell setup. Ru-core Ir-shell electrocatalysts are deposited on
the PTLs via APD, which is a type of physical vapor deposition.
The surface-modified PTLs are prepared by NaOH treatment
forming titanium oxide nanofibers, increasing specific surface
area, and acting as catalyst supports [32—34]. Our previous
study determined the optimal NaOH treatment conditions to
increase specific surface area and catalytic activity. Moreover,
PGM catalyst layers in this structure can eliminate the need for
platinum coatings on the PTL. In PTEs, the electrocatalysts act
as an electron-conductive coating, and the PTL itself acts as the
catalyst support. Electrodes designed in this way therefore do
not have a thick catalyst layer made by conventional noble-
metal powder catalysts, enabling high current density opera-
tion by suppressing the mass transport overvoltage.

In this study, the I-V characteristics beyond 12 A cm ™2 are
measured, the performance and durability of Ru-core Ir-shell
catalyst-integrated PTEs are evaluated, and remaining tech-
nological issues are clarified.

Experimental and calculation procedure
Preparation of Ru-core Ir-shell catalyst-integrated PTEs
The procedure for preparing the PTEs is summarized in Fig. 2.

Titanium microfiber sheets with nominal porosity of 70%
(Nikko Techno, Ltd., Osaka, Japan) were used as starting

materials for the PTLs. Meanwhile, the average porosity of
the samples calculated from their thickness and weight
was 75.1 + 2%. The discrepancy between these two values
may arise from, e.g., the surface roughness of such porous
materials, affecting their thickness as measured by a
micrometer. The titanium microfiber sheets are ca. 200 um
thick, which are made of interconnecting titanium micro-
fibers with individual cross sections of approximately 10 um
by 10 um.

In order to increase the surface area of the titanium PTLs,
chemical etching with NaOH solution was performed [30].
First, titanium sheets were etched in an aqueous 1 M NaOH
solution (Kishida Chemical Co., Ltd., Osaka, Japan) at 60 °C
for 1 h. After that, the etched titanium sheets were washed
under ultra-sonication in 0.01 M HNO; solution (Kishida
Chemical Co., Ltd., Osaka, Japan) for 30 min and then washed
in deionized water at room temperature for 10 min for
complete neutralization. The samples were then heat
treated at 400 °C in 5% H,—N, gas (50 ml min ") for 30 min,
with a heating rate of 5 °C min™'. Results reporting the
optimization of NaOH etching conditions have been pub-
lished elsewhere [36].

Iridium and ruthenium were deposited onto the NaOH-
etched titanium sheets at room temperature via arc plasma
deposition (APD-S, Advanced RIKO, Inc., Yokohama, Japan)
[37], in a vacuum at a pressure of 107> Pa; a discharge voltage
of —100 V; a capacitance of 1080 pF; and a discharge frequency
of 3 Hz. Iridium and ruthenium loading was controlled by
varying the number of APD pulses [36]. The Ru-core Ir-shell
catalyst structure was prepared by Ru deposition followed by
Ir deposition.

T1 micro-fiber sheet

Ti-oxide formed
by NaOH etching

Ru-core
layer

Ti-oxide

nano-fiber

Fig. 1 — Schematic diagrams showing the concept of the core-shell catalyst-integrated porous transport electrode (PTE) with
a titanium porous transport layer (PTL), nanostructured titanium oxide as a catalyst support, and a Ru-core Ir-shell layer

acting as an electrocatalyst.
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Porous Ti sheet

1.0 M NaOH treatment (60 °C, 1 h)

0.01 M HNO, washing (30 min) and
deionized water washing (10 min)
(room temperature)

Heat treatment
(5 %H,-N,, 400 °C, 30 min)

Porous Ti sheet with
nanostructured Ti-oxide surface

Arc plasma deposition of Ru

Arc plasma deposition of Ir

Ru-core Ir-shell catalyst-integrated
porous transport electrode (PTE)

Fig. 2 — Preparation procedure for the Ru-core Ir-shell catalyst-integrated porous transport electrode (PTE).

Characterization of electrodes

The microstructure of the electrodes was observed by scan-
ning transmission electron microscopy (STEM, JEM-ARM200F,
JEOL Ltd., Tokyo, Japan) in combination with energy dispersive
X-ray spectroscopy (EDS). The acceleration voltage was
200 kV. The crystal structures of iridium and ruthenium
related materials were identified by analyzing their selected-
area electron diffraction patterns (SAEDPs).

Ir and Ru loadings deposited on the Ti sheets by APD were
derived using a calibration curve. This calibration curve was
prepared by measuring Ir loading per unit area on carbon
paper instead of Ti sheets, using thermogravimetry in air
(Thermo Plus TG8121, Rigaku Co., Tokyo, Japan) [36]. First,
iridium and ruthenium were deposited onto carbon papers via
APD with various numbers of pulses, and then the Ir and Ru
loadings per unit area and unit number of pulses were

obtained by measuring the weight of iridium remaining after
oxidative removal of the carbon papers during TG measure-
ments. The measured Ir and Ru loading per 1000 APD pulses
were 0.043 mg.;, cm 2 and 0.039 mg.g, cm 2, respectively.

Thermochemical equilibrium calculation

Pourbaix diagrams for evaluating the stability of materials ata
given pH and potential were calculated using HSC Chemistry
ver.9.0 software (Outotec Research Oy., Pori, Finland). Ir—H,0
and Ru—H,0 materials systems are derived and analyzed.

Preparation of membrane electrode assemblies (MEAs)
MEAs were prepared with an electrode size of 1.0 cm? (1 cm by

1 cm) and a Pt loading of 0.5 mg.p, cm 2 for the PEMWE cath-
ode. To evaluate the effect of the Ir/Ru loading ratio on the cell

Table 1 — Specifications of the various Ir/Ru/Ti electrodes.

Samples Iridium Ruthenium Total PGM
(Element - APD pulses) loading/mg cm 2 loading/mg cm 2 loading/mg cm 2
Ir-4000 0.172 (none) 0.172
Ir-3000 0.129 (none) 0.129
Ir-3000/Ru-1000 0.129 0.039 0.168
Ir-2000/Ru-2000 0.086 0.078 0.164
Ir-1000/Ru-3000 0.043 0.117 0.160
Ru-4000 (none) 0.156 0.156
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performance, the Ir and Ru loadings on the anode were
adjusted as compiled in Table 1.

An electrocatalyst paste for the PEMWE cathodes was
prepared by dispersing Pt/C (Pt 46.5%, TEC10E50 E, Tanaka
Kikinzoku Kogyo Co., Tokyo, Japan), 99.5% ethanol, deionized
water, and 5% Nafion solution using an ultrasonic homoge-
nizer. The Nafion ratio (the weight ratio of Nafion in the total
weight of Nafion and the Pt/C catalyst) in the cathode elec-
trocatalyst layer was set to be 28 wt%. This electrocatalyst
paste was printed onto the electrolyte membrane (Nafion117,
E. I. du Pont de Nemours and Co., Wilmington, USA) using a
spray printing system (C-3 ], Nordson Co., Westlake, USA).

The PTEs decorated with the Ru-core Ir-shell catalysts were
applied as PEMWE anodes. MEAs were prepared by hot-
pressing the PTEs with the cathode catalyst-coated electro-
lyte membranes at 140 °C and 0.3 MPa for 180 s. Carbon paper
(EC-TP1-060T, ElectroChem Inc., Raynham MA, USA) was used
as the PTL on the cathode side. No additional PTL was used at
the anode, since the catalyst-integrated PTE acts as an inte-
grated PTL. The tightening torque was typically set to 4 N m for
assembling an MEA in a PEMWE cell holder.

Characterization of MEAs

The I-V characteristics of the electrolysis cells were evalu-
ated at 80 °C by supplying deionized water (5 ml min ') using
a commercial cell holder (Eiwa Co., Osaka, Japan). Before the
electrochemical measurements, deionized water was sup-
plied for 2 days to sufficiently hydrate the polymer electrolyte
membrane. I-V curves were obtained by measuring the cur-
rent density with increasing cell voltage applied from 1.3V to
2.0 V using an electrochemical analyzer (SI 1287, AMETEK
Inc., Berwyn, USA). I-V curves in the high current density
range up to ca. 12 A cm~2 were analyzed with increasing cell
voltage from 1.3 V to 3.5 V using a bipolar power supply
(PBZ20-20A, Kikusui Electronics Corp., Yokohama, Japan) and
a data logger (midi LOGGER HV GL2000, Graphtec Corp.,
Yokohama, Japan).

An alternative current (AC) impedance analyzer (1255B,
AMETEK Inc., Berwyn, USA) was used to extract the ohmic
resistance. The activation overvoltage and concentration
overvoltage were then separated along with the procedure
used for PEFC evaluations as follows [38]. A Tafel plot was first
created with current density on a logarithmic x-axis and the
IR-free cell voltage on the y-axis. In the low current density
region, 6 values were fitted with linear regression. The dif-
ference 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 mass transport overvoltage [38].

The electrode durability of single cells was evaluated at
constant potential of 1.6 V for 100 h, whilst I-V curves and
impedance spectra were recorded before and after durability
tests.

All these electrochemical measurements were performed
twice or more to check their reproducibility. Representative
data is shown in figures. The average and standard deviation
of overvoltages are derived and further analyzed.

Results and discussion
Deposition of Ru-core Ir-shell catalyst via APD

Ru-core Ir-shell electrocatalysts were deposited on the tita-
nium oxide nanofibers generated via NaOH etching [30]. Ru-
core layer deposition followed by Ir-shell deposition via APD
created a core-shell structure on the titanium oxide nano-
fibers grown on the titanium-fiber-based PTL.

Fig. 3a and b shows a STEM image and a corresponding EDS
elemental intensity map of the electrocatalysts consisting of
the Ru-core formed via 3000 APD pulses (Ru loading:
0.117 mg cm?) and the Ir-shell formed via 1000 APD pulses (Ir
loading: 0.043 mg cm ). Red, green, and blue dots indicate Ir,
Ru, and Ti in elemental EDS maps of Fig. 3. The number after
Ru and Ir in the sample names represents the number of APD
pulses, denoted here as Ir-1000/Ru-3000/Ti. Fig. 3a and b
confirm that the Ir-1000/Ru-3000/Ti has a Ru-core layer
deposited on the NaOH-etched titanium oxide nanofiber of
5—10 nm in diameter, and the Ir layer deposited on the Ru
layer. The core-shell structure is clearly observed in Fig. 3b, in
which the distributions of Ir, Ru, and Ti are shown. The
diameter of the Ru-core-coated fibrous structure is ca.
30—50 nm. The thickness of the Ir-shell layer on the Ru-core
layer is ca. 3—4 nm.

Fig. 3c to f shows (c,e) STEM images and (d,f) corresponding
EDS elemental intensity maps of Ir, Ru, and Ti for (c,d) the Ir-
2000/Ru-2000/Ti electrode and (e,f) the Ir-3000/Ru-1000/Ti
electrode. Increasing Ir/Ru ratio increases the thickness of
the Ir-shell layer. The Ir-2000/Ru-2000/Ti and Ir-3000/Ru-1000/
Ti electrodes have Ir-shell layers with a thickness of ca.
4—6 nm (Fig. 3c and d), and ca. 7-10 nm (Fig. 3e and f),
respectively. Therefore, varying the number of APD pulses in
Ir and Ru deposition can control Ir-shell layer thickness.

Fig. 4 shows a selected area electron diffraction pattern
(SAEDP) of the Ir-1000/Ru-3000/Ti electrode. SAEDP analysis
can identify the material's crystalline structure in the local
area within a few hundred nanometers: the spacing of crystal
lattice planes (d) is calculated from the equation of d = LA/R,
where L is camera length in the microscope, 2 wave length of
electron beam depending on accelerating voltage (200 kV), and
R a distance between the center spot and the diffraction spot
in the electron diffract pattern. In Fig. 4, the different radii of
diffraction spot rings are attributed to the lattice spacings of Ir
and Ru metal crystals. This indicates that the electrocatalyst
has a true core-shell structure, rather than forming an alloy,
with metallic Ir as a protective layer covering metallic Ru on
the titanium oxide nanofiber support.

Thus, this section demonstrated that a core-shell structure
consisting of two elements, Ru and Ir, can be fabricated using
the APD method on titanium oxide nanofibers on PTLs and
that the APD conditions can control such nanostructure. This
shows the possibility of fabricating similar nanostructures
from other elemental species. It should be noted however that
APD is a relatively expensive process for mass production,
despite being suitable for fabricating such interesting struc-
tures. Fabricating a similars structures by applying more
inexpensive procedures such as magnetron sputtering [39,40]
is therefore an essential task of future studies.
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Fig. 3 — STEM images with line analysis data and the corresponding elemental EDS maps of composited Ir, Ru, and Ti for (a,
b) the Ir-1000/Ru-3000/Ti, (c,d) the Ir-2000/Ru-2000/Ti, and (e, f) Ir-3000/Ru-1000/Ti electrodes before the durability test. Red,
green, and blue dots indicate Ir, Ru, and Ti, respectively in elemental EDS maps.

Electrochemical performance: effect of Ir/Ru ratio compiled in Table 1, and their electrode performance was

evaluated. Fig. 5 shows the corresponding (a) I-V character-
To evaluate the effect of Ir/Ru ratio on cell performance, istics, the comparison of (b) ohmic overvoltage at
electrodes were fabricated with various Ir/Ru loading ratios, as 1000 mA cm 2, and (c) activation overvoltages at 200 mA cm 2.
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Fig. 4 — SAEDP (selected-area electron diffraction pattern)
of the Ru-core Ir-shell catalyst (Ir-1000/Ru-3000/Ti
electrode). Each diffraction spot rings is attributed to the
lattice spacing of Ir or Ru metal crystal. The red and green
indices of lattice planes show those of Ir and Ru crystals,
respectively. (Ir has a face-centered cubic structure with a
lattice constant an of 0.384 nm; Ru a hexagonal structure
with a and c of 0.270 nm and 0.427 nm, respectively.)

Fig. 5 shows the results of the first (initial) and second mea-
surements because the I-V characteristics could differ, as
discussed below.

First, the electrochemical performance of the Ru-4000/Ti
electrode was analyzed (0.156 mg cm 2 Ru). In the I-V char-
acteristics (Fig. 5a), the current density starts to decrease
sharply at around 1.55 V as the cell potential (voltage) in-
creases. The decrease in current density during the I-V
measurement indicates a rapid degradation in electrode per-
formance because this measurement applied increasing po-
tential scanning. Moreover, the current density could not be
increased after the first -V measurement. This suggests that
irreversible degradation (such as detachment and dissolution
of Ru) may have occurred. Fig. 6a shows a Pourbaix diagram of
the Ru—H,0 system at 80 °C, calculated. The equilibrium po-
tential of Ru/RuO; is observed to be ca. 0.5 V at pHs ranging
from 0 to 1.0 (which corresponds approximately to the pH of
strongly-acidic Nafion), and above this value, oxidation of
metallic Ru to RuO; is expected to occur in the Ru/Ti electrode.
Meanwhile, from this Pourbaix diagram, Ru dissolution is
expected to occur above ca. 1.4 V at such pHs. Therefore, Ru
dissolution when scanning from 1.3 V to 2.0 V can be expected
to result in the atypical I-V characteristics. Similarly, Reier
et al. also reported a decrease in current density above 1.5 V
due to Ru dissolution in the rotating disk electrode measure-
ments [41]. The electrolysis voltage at 200 mA cm 2 (before Ru
dissolution occurs) is 1.45 V for the Ru-4000/Ti, and 1.51 V for
the Ir-4000/Ti, as shown in Fig. 5a. These results are consistent
because Ru has higher OER activity than Ir [17].
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Fig. 5 — (a) I-V characteristics of PEMWE cells using Ir/Ru/Ti
electrodes prepared via APD with different ratios of iridium
and ruthenium: Comparison of (a) ohmic overvoltage at
1000 mA cm~2 and (b) activation overvoltage at

200 mA cm~? of the Ru-core Ir-shell electrodes. The
number of APD pulses was varied from 1000 to 4000. The
results of both the first (initial) and second measurements
are shown.
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Fig. 6 — Pourbaix diagrams of (a) Ru—H,0 and (b) Ir-H,O systems at 80 °C, as a function of pH.

Second, the effect of potential scanning during I-V mea-
surements on the I-V characteristics of the Ru-core Ir-shell
electrode was investigated. Degradation in the I-V perfor-
mance of the Ru-core Ir-shell electrode was observed between
the first (initial) and second I-V measurements in Fig. 5a.
Meanwhile, Fig. 6b shows the Porbaix diagram of the Ir—H,0
system at 80 °C, showing that Ir is stable as an oxide (IrO,) up
to 2.0 V. Therefore, Ir dissolution is unlikely to occur during
this [-V measurement between 1.3 V and 2.0 V. This perfor-
mance degradation is attributed to the dissolution of exposed
Ru (which readily dissolves in the measured voltage range, as
mentioned above), in areas not sufficiently covered with Ir.
The increase in ohmic and activation overvoltages are pre-
dominant factors in the -V performance degradation, as

shown in Fig. 5b and c. Our previous study found that coated
metallic layers deposited on the PTL via APD not only act as a
catalyst but also improve the electronic conductivity, and thus
reduce ohmic resistance [36]. Therefore, Ru dissolution and
detachment from the Ru-core Ir-shell electrode (which acts as
both a catalyst and a conductive coating in the PTL) lead to an
increase in both ohmic and activation overvoltages after the
first I-V measurement.

Third, the effect of Ir/Ru loading ratio on cell performance
was evaluated. Fig. 5 shows (b) ohmic overvoltage at
1000 mA cm 2 and (c) activation overvoltage at 200 mA cm >
of the Ru-core Ir-shell electrodes before and after the I-V
measurements. The Ir-1000/Ru-3000/Ti electrode and the Ir-
2000/Ru-2000/Ti electrode exhibit a significant increase in
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ohmic and activation overvoltages after the first I-V mea-
surement, compared to the Ir-3000/Ru-1000/Ti, Ir-3000/Ti, and
Ir-4000/Ti electrodes, resulting in lower I-V performance
during the second potential cycle. This may be because the
ratio of Ir to Ru was lower than that of other electrodes, so that
a larger fraction of the Ru layer was not protected by the

Ir-shell, causing more significant Ru dissolution and thus cell
degradation. In fact, lower Ir-to-Ru (Ir/Ru) ratio caused an in-
crease in ohmic and activation overvoltages. Fig. 7 shows (a) a
STEM image and (b-e) corresponding EDS elemental intensity
maps of the Ir-1000/Ru-3000/Ti electrode after the I-V mea-
surement. The Ru-core Ir-shell structure was maintained.

Fig. 7 — (a) STEM image, and corresponding EDS elemental maps of (b) Ir + Ru + Ti, (c) Ir (red), (d) Ru (green), and (e) Ti (blue),
for the Ir-1000/Ru-3000/Ti porous transport electrode after the I-V measurement.
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Fig. 8 — Electrochemical properties of PEMWE cells using various Ru-core Ir-shell electrodes prepared via APD with different
ratios of iridium and ruthenium before and after a 100-h constant voltage durability test at 1.6 V: (a) I-V characteristics; the
comparison of (b) ohmic, (c) activation, and (d) mass transport overvoltage at 200 mA cm 2. The results using Ir-3000/Ti

electrode are also shown.

However, the atomic Ir/Ru ratio detected by EDS after the I-V
measurement was 0.45, indicating an increase in the Ir/Ru
ratio, compared to 0.28 before the I-V measurement. This
indicates that the Ir/Ru ratio increased due to the dissolution
of Ru uncoated by Ir during the I-V measurement. These re-
sults indicate that the Ir-shell acts as a protective layer for Ru,
but also that a sufficiently thick Ir-shell is needed to prevent
Ru dissolution.

The number of active sites on the catalyst surface could
depend on the Ir loading since Ru without Ir protection dis-
solved even after the first -V measurement. Therefore, the
number of active sites for the Ir-3000/Ti and Ir-3000/Ru-1000/
Ti electrodes may be similar due to the same Ir loading.
Fig. 5¢c compares the activation overvoltage of the Ir-3000/Ti,
Ir-4000/Ti, and Ir-3000/Ru-1000/Ti electrodes at
200 mA cm~2 The Ir-3000/Ru-1000/Ti electrode exhibited
lower activation overvoltage than the Ir-3000/Ti electrode, but

comparable to the Ir-4000/Ti electrode. Therefore, the lower
activation overvoltage of the Ir-3000/Ru-1000/Ti electrode
compared to the Ir-3000/Ti electrode can be attributed to the
improved specific activity due to the core-shell structure.

This section confirmed that the Ru-core Ir-shell structure
can partly prevent Ru dissolution, while Ru easily dissolved
during potential scanning. The core-shell structure may also
reduce the initial activation overvoltage. Ir-3000/Ru-1000/Ti (Ir
loading: 0.129 mg cm™?) exhibited the equivalent initial per-
formance compared with Ir-4000/Ti (Ir: loading:
0.172 mg cm~?); thus, this catalyst structure also contributes
to reducing the Ir loading in PEM electrolyzers.

Durability: effect of Ir/Ru ratio

Fig. 8 shows (a) I-V characteristics and the comparison of (b)
ohmic, (c) activation, and (d) mass transport overvoltages at
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Fig. 9 — (a) STEM image and corresponding EDS elemental maps of (b) Ir + Ru + Ti, (c) Ir (red), (d) Ru (green), and (e) Ti (blue),
for the Ir-1000/Ru-3000/Ti porous transport electrode after the 100-h durability test at 1.6 V.

200 mA cm™2 of the Ir-1000/Ru-3000/Ti, Ir-2000/Ru-2000/Ti, degradation was largest for the Ir-1000/Ru-3000/Ti electrode,
and Ir-3000/Ru-1000/Ti electrodes before and after the dura- followed by the Ir-2000/Ru-2000/Ti, the Ir-3000/Ru-1000/Ti,
bility test at 1.6 V fixed for 100 h. The cell performance and the Ir-3000/Ti electrodes. Especially, Ir-1000/Ru-3000/Ti
decreased after the 100-h durability test in all cases. The and Ir-2000/Ru-2000/Ti electrodes, with higher Ru ratios,
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Table 2 — The atomic ratio of Ir to Ru and Ti in each electrode. These ratios were obtained from the fibrous nanostructures

consisting of Ir-shell layer, Ru-core layer, and Ti-oxide nanofiber, schematically described in the right bottom sub-figure of
Fig. 1.

Ir-1000/Ru-3000/Ti

Ir-2000/Ru-2000/Ti Ir-3000/Ru-1000/Ti

Ir/Ru ratio before the durability test 0.28

Ir/Ru ratio after the durability test No Ru detected
Ir/Ti ratio before the durability test 3.18

Ir/Ti ratio after the durability test 17.76

0.92 2.0

No Ru detected No Ru detected
4.62 6.62

5.89 42.41

exhibited a greater degree of cell degradation. All overvoltages
increased after the durability test, but especially the activation
and mass transport overvoltages, as shown in Fig. 8b to d. In
particular, the use of the Ir-1000/Ru-3000/Ti and Ir-2000/Ru-
2000/Ti electrodes caused a significant increase in activation
and mass transport overvoltages. In contrast, the mass
transport overvoltage remains low in using the Ir-3000/Ru-
1000/Ti electrode, even after the durability test.

Fig. 9 shows (a) a STEM image and (b-e) corresponding EDS
elemental intensity maps of the Ir-1000/Ru-3000/Ti electrode
after the 100-h durability test. Table 2 shows the atomic ratio
of Ir to Ru (Ir/Ru) and the ratio of Ir to Ti (Ir/Ti) before and after
the durability test, as analyzed by EDS. After the durability
test, the Ir/Ru ratio of the Ir-1000/Ru-3000/Ti electrode
increased significantly from 0.28 due to Ru dissolution. The Ir/
Ru ratio of the other electrodes also increased by losing Ru.
This means that the observed protection of Ru by the Ir
coating was effective only within a short term, with the Ru-
core dissolving in the long-term durability test. Therefore,
optimizing the relative amounts of Ir and Ru loading and their
ratios will be a critical matter in future studies in terms of
improving the long-term durability.

Fig. 9 shows that the catalyst nanostructure changed
significantly after the durability test. Table 2 quantitatively
confirms a significant increase in the Ir to Ti (Ir/Ti) ratio,
indicating a certain dissolution of the nanostructured TiO,
fibers, leading to Ir detachment and therefore a decrease in
the availability of Ir-based active sites. Such structural
changes, including Ir detachment, increase the activation and
mass transport overvoltages, especially for electrodes with a
lower Ir ratio, as shown in Fig. 8c and d [42].

As shown in Table 2, both Ir and Ru coating may protect Ti
dissolution, especially in the Ir-2000/Ru2000/Ti electrode. But
the degradation may be caused mostly by Ru dissolution as
the protective Ir coating on Ru was insufficient due to the low
ratio of Ir to Ru. The ratio of Ir to Ru increased significantly in
the Ir-2000/Ru-2000/Ti and Ir-3000/Ru-1000/Ti electrodes even
with higher Ir ratios after the durability test, by Ru dissolution.
Therefore, these results indicate a difficulty in maintaining
long-term stability at 1.6 V, the dissolution potential of Ru,
even in such a core-shell structure. Cell operation below 1.6 V
may prevent such degradation associated with Ru dissolution.
Although the Ir-3000/Ru-1000 electrode maintained its cell
performance even after the durability test, the remaining Ir
only could contribute to the OER reaction after the Ru disso-
lution. Thus, the core-shell catalysts with metalliciridium and
ruthenium prepared in this study still have to improve their
durability.

In order to improve the durability, alternative fabrication
procedures should be considered to allow the Ir layer to fully

cover the Ru layer. Selective deposition of the Ir layer on the
Ru surface would be highly desired. In addition, the use of
iridium oxide and ruthenium oxide rather than metallic Ir and
Ru may improve their durability because these materials are
more stable in such severe cell conditions [43]. Developing the
RuO,-core IrO,-shell electrocatalyst deposited on the surface-
modified PTL is therefore a prospective strategy for improving
the stability of the core-shell structure. Much longer durability
tests beyond 100 h, e.g., at constant current/voltage will also
be needed for practical applications of such PEMWE
electrodes.

Performance at high current densities

Besides the reduction of PGM catalyst loading, high current
density operation is also an effective way to reduce CAPEX. To
evaluate the electrochemical performance of the core-shell
catalyst decorated PTE in the high current density region,
the I-V characteristics up to 12.5 A cm 2 were evaluated. The
electrode used for the evaluation in the high current density
range was the Ir-3000/Ru-1000/Ti electrode, which exhibited
the highest electrochemical performance and durability and
the lowest mass transport overvoltage compared to the other
electrodes. In the test up to a high current density, the water
supply flow rate was increased to 20 ml min~".

Fig. 10 shows the I-V characteristics of the cell with the Ir-
3000/Ru-1000 electrode, confirming that no limiting current
behavior was observed even at high current densities above

3.5
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Fig. 10 — I-V characteristics of the PEMWE cell using the Ir-
3000/Ru-1000/Ti PTE in the high current density region up
to 12 Acm~2,
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12 A cm™2, and that electrolysis was stable even at high volt-
ages above 3.5 V. It is however desirable to operate at a high
current density below an electrolysis voltage of 2.0 V to pre-
vent IrO, dissolution and below 1.6 V to prevent Ru dissolu-
tion. In this study, the electrolysis voltage in the high current
density region is still significantly high due to the high ohmic
overvoltage resulting from the use of a thicker electrolyte
membrane, Nafion 117 (178 pm thick). The use of a thinner
electrolyte membrane can reduce the electrolysis voltage in
the high current density region. As the I-V characteristics did
not show a significant increase in electrolysis voltage even at
high current densities, this PTE structure could be effective for
high current density operations leading to a reduction of the
CAPEX of PEM electrolyzers, by reducing the overall electrode
area.

Conclusions

Catalyst-integrated PTEs using Ru-core Ir-shell catalysts were
directly deposited on the PTLs. The core-shell catalyst-inte-
grated PTE exhibited higher electrolysis performance and
lower activation overvoltage compared to conventional PTEs
with the same iridium loading, indicating the possibility of
reducing the amount of iridium used in PEM water electrol-
ysis. Although the Ir-shell initially acted as a protective layer,
the dissolution of Ru and Ti resulted in performance degra-
dation during long-term durability tests, showing that an
effective coating of Ir layer on Ru core remains as an impor-
tant technical issue.

This highly porous electrode structure did not show a
limiting current density even at 12 A cm 2. Therefore, this
unique highly porous electrode can significantly increase the
current density of PEM water electrolysis. The total amount of
PGM used on a conventional anode is 2—10 mg cm~?, but the
total PGM loading in the novel anode reported here was
dramatically reduced to just 0.2 mg cm ™2, since no Pt coating is
used. Therefore, the combination of (i) using a Ru-core Ir-shell
structure to reduce the Ir loading (via a reduction in the acti-
vation overvoltage) and (ii) using a highly-porous catalyst-in-
tegrated PTE structure for reducing the overall electrode area
(enabling high current density operation) has a potential to
significantly reduce the CAPEX in PEM water electrolysis.
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