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Abstract

One of the primary challenges for proton exchange membrane (PEM) electrolyzers
is the sluggish kinetics of the oxygen evolution reaction (OER) at the anode, which requires
the use of precious metals or metal oxides, such as iridium (Ir) or iridium oxide (IrOy), as
the OER catalyst. This study introduces a one-pot surfactant-free polyol reduction method
to disperse iridium nanoparticles on tungsten doped titanium oxide (WxTi1-xO2) support.
The polyol reduction approach for the Ir/WxTi1.xO2 catalyst synthesis was systematically
investigated to determine the influence of synthesis parameters on the catalysts’ physical
properties, and its electrochemical activity and durability. The most promising synthesized
catalyst with 38 wt.% Ir (Irse/WxTi1xO2) demonstrated five times higher mass activity
than an Ir-black baseline (the industry standard catalyst) based on rotating-disk electrode
(RDE) studies. When tested in a real water electrolyzer system, the synthesized catalyst
enabled the Ir loading to be lowered by an order of magnitude while retaining a similar
electrolyzer performance found for the baseline Ir-black catalyst. The Irsge/WxTi1-xO2
catalyst also demonstrated remarkable stability, e.g., only small voltage (<20 mV) increase
was observed during a 1200-hour durability test at a constant current density of 1500

mA/cm?2.
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1 Introduction

Proton-exchange membrane (PEM) water electrolyzers have been widely used for
the production of highly pure hydrogen and oxygen for industrial, residential, and military
applications. Most recently, PEM electrolysis has led to the wide adoption of power to gas
(P2G) or power to mobile (P2M) when combined with renewable energy sources such as
hydro, wind, and solar energies during off-peak periods [1, 2]. For the PEM water
electrolysis, the anodic oxygen evolution reaction (OER) requires a much higher
overpotential compared to its cathodic hydrogen evolution reaction (HER) [3, 4]. Iridium
(Ir) or iridium oxide (IrOx) are the most widely used catalysts for the OER due to a
combination of high activity and durability [5-7]. However, large-scale implementation
and commercialization of PEM electrolyzers currently require substantial amounts of Ir,
which is both scarce and expensive. Therefore, improving the activity of Ir-based catalysts
to lower the catalyst loading is a priority for the wide-scale implementation of affordable
electrolysis systems.

Significant research efforts have been undertaken to disperse precious metal
nanoparticles on chemically stable supports with high surface areas to improve their mass
activities; however, unlike supported Pt electrocatalysts for the oxygen reduction reaction
(ORR) in fuel cells [8-13], which has been extensively studied, research into the synthesis
of supported Ir catalysts is much less reported in the literature. A significant difference
between the support materials traditionally used for Pt for the ORR and those used for Ir
for the OER is the high electrochemical stability or oxidation resistance required for the
OER catalyst support, which strictly limits the use of carbon black support for the OER

catalyst, as illustrated in Fig. 1. The surfaces of carbon black particles can be



electrochemically oxidized at potentials above 0.207 V vs. normal hydrogen electrode
(NHE), as shown in Equation 1 [14, 15]:
C + 2H20 — CO2(g) + 4H* + 4e™, E° = 0.207 V (Equation 1)

Thus, carbon black supports are intrinsically unstable even under normal fuel cell operating
conditions, which has raised some concerns for long-term application for PEM fuel cells
[16]. In the highly oxidizing environment of PEM electrolyzers, oxidation/corrosion of the
carbon support may occur rapidly, which then leads to the collapse of the catalyst layer
porous structure, affects the electrical conduction in the catalyst layer, and can affect water
management.
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Figure 1. Schematic of catalyst support comparison for ORR in fuel cells and OER in

electrolysis cells.

Therefore, rather than using carbon black support materials, various conductive or
semi-conductive metal oxides such as modified titanium oxide, niobium oxide, tin oxide,
and antimony-doped tin oxide (ATO), have been investigated as possible support
candidates for OER catalysts in PEM electrolyzer applications to (1) decrease the overall

catalyst loading and cost of the catalyst or (2) manipulate and control the dispersion of Ir



to improve the catalyst activity and durability [9, 17-19]. This combined strategy can serve
to stabilize the initial catalyst surface area and also significantly improve the mass activity
of the catalysts. Many supported OER catalysts achieve a high initial OER mass activity
due to an increase in the Ir nanoparticle surface area. However, a more critical challenge is
establishing the long-term durability of supported Ir electrocatalyst during real PEM
electrolysis operation, which has been largely neglected. Most of the data reported in the
literature has focused on rotating-disk electrode (RDE) results with chronopotentiometry
curves acquired at a current density as low as 10 mA/cm?, rather than reporting
performance and durability data for a full electrolysis cell.

In this study, we introduce a template-free and surfactant-free polyol reduction
method to deposit Ir nanoparticles onto tungsten-doped titanium oxide (WxTi1.xOz2) particle
supports, due to the excellent stability exhibited by WxTi1xO2 in strongly oxidizing
environments. The deposited Ir was systematically investigated in the polyol reduction
reaction in terms of the influence of different synthesis parameters on the resultant Ir
particle size and distribution on the W«Ti1-xO2 support particles. These physical properties
were correlated to the catalyst’s electrochemical properties measured by both RDE and in
operating electrolyzer cells. The synthesized catalyst with 38 wt.% Ir (Irage/WxTi1xO2)
demonstrated a five times higher mass activity than the industrial standard Ir-black baseline,
based on RDE studies. When tested in a PEM water electrolyzer cell, this same catalyst
enabled the Ir loading to be lowered by an order of magnitude (0.3mgi/cm?) while it
retained a similar electrolyzer performance as the baseline Ir-black (3mgi/cm?). Long-term
durability test (up to 1200 hours) of the selected catalyst Irsgs/W-TiO- in the electrolysis

cell exhibited less than 20 mV performance decay at a current density of 1500 mA/cm?.



2 Experimental Section

2.1 Synthesis of Iridium/Iridium-Oxide Catalysts Supported on Tungsten-doped Titanium
Oxide through Template- and Surfactant- free Polyol Reduction

Typically, 1.2 g of sodium hydroxide pellets were ground and dissolved into 150
ml ethylene glycol to produce a 0.2 M NaOH solution under continuous stirring overnight.
0.7 g of a commercially available tungsten-doped titanium oxide (WxTi1.xO2) support (c.a.
30 nm in diameter) was added and the solution was sonicated while being stirred for 45
minutes. Then, 0.7 g of the metal precursor (IrCls.xH20) was added to the solution and
stirred for three hours. A homogeneously dispersed, caramel-yellow colored, liquid
mixture was obtained, which was heated to 175°C on a hot plate and reacted for three hours.
The resulting mixture was cooled naturally to room temperature and then mixed into 1.5 L
of deionized (DI) water. During mixing, nitric acid was slowly added until the pH of the
solution was approximately 1~2. The solution was then stirred for three additional hours.
After Ir precipitation, the Ir/WxTi1xO> particles were separated and washed through
centrifugation three times until clear supernatant was obtained. The collected Ir/WxTi1.xO2
nanoparticles were dried in a vacuum oven at 110°C for four hours. Several synthesis
parameters, such as the precursor to support ratio, initial pH value, and reaction
temperature, were varied to manipulate the Ir catalyst nanoparticle size and distribution on

the WyTi1xO2 support particles, as discussed in Section 3.2.

2.2 Physical Characterizations
The crystal structure of the Ir-based electrocatalysts were evaluated by using a
Bruker D8 Advance X-ray diffractometer (XRD) with a Cu Koz ceramic X-ray tube (A=

0.1540562 nm) and a LynxEye Super Speed detector. The diffraction angle (26) was varied



from 5° to 90° at a scan rate of 0.0285°/second. The bulk elemental composition of the
supported Ir catalysts were determined by energy dispersive X-ray spectroscopy (EDS)
fully integrated in a Phenom ProX desktop scanning electron microscope (SEM) equipped
with a field emission source. Images were captured using a backscatter electron detector
with the SEM operated at an accelerating voltage of 15 kV. The microstructure of the
Ir/WxTi1xO2 and Ir particle sizes were investigated by transmission electron microscopy
(TEM) using an FEI Tecnai T12 and by high-resolution TEM using a JEOL JEM-2010
(instruments located at the Institute of Materials Sciences, University of Connecticut).
Samples for TEM were prepared by ultrasonically dispersing particles in ethanol and
dispersing the solution on 3mm holey carbon-coated copper grids. Pre- and post-test
membrane electrode assemblies (MEAS) and changes in catalyst distributions were studied
by scanning transmission electron microscopy (STEM). Samples for STEM were prepared
by diamond knife microtomy (Leica UCT). High angle annular dark field (HAADF)
STEM imaging and high-resolution with EDS mapping were conducted using a JEOL
JEM-2200F aberration-corrected STEM (instrument located at Oak Ridge National

Laboratory).

2.3 Electrochemical Characterization in Rotating Disk Electrode (RDE) System
Electrochemical experiments were carried out in a three-electrode electrochemical
cell with a water jacket. A Pt wire and a Hg/HgSOs electrode (Pine Research Instruments)
were used as the counter and reference electrodes, respectively. Polarization curves for the
OER were recorded using a VersaSTAT 3 potentiostat (Princeton Applied Research). The
electrolyte used in the electrochemical tests was 0.1 M perchloric acid (HCIOs) solution

prepared from 1 M perchloric acid (>85.0% Sigma-Aldrich). All the polarization curves



for activity comparisons and the intermediate curves for durability tests were collected at
a scan rate of 5 mV/s and electrode rotation rate of 1600 rpm. The reference electrode was
converted to reversible hydrogen electrode (RHE) by calibrating the Hg/HgSO4 electrode
with hydrogen reference electrode (eDAQ, ET070 Hydroflex™ Hydrogen Reference
Electrode) before each experiment. Preparation for the working electrode was to disperse
the electrocatalyst onto a mirror-polished 5 mm-diameter Au electrode (Pine Research
Instrumentation). The Au electrode was polished to a mirror finish using a 0.05 pm
alumina-particle suspension (Buehler) on a moistened polishing microcloth (Buehler) and
washed ultrasonically with ultra-pure 18.2 MQ DI water (from a Millipore Direct-Q 3UV
purification system) for 4 minutes prior to each experiment. The catalyst ink dispersion
was prepared (2 mg catalyst: 0.3 mL isopropanol: 0.7 mL DI water: 8 uL 5 wt% Nafion
solution) by sonication for 20 minutes, forming a uniform suspension. 8 ul of the
suspension was added dropwise onto the Au electrode with a micropipet and then dried in
air for 60 minutes on an inverted RDE at 300 rpm (Pine Research Instrumentation). A
homogeneous black thin film was obtained on top of the Au electrode. The loading of

catalyst on the working electrode was approximately 16 pg/cm?.

2.4 Electrochemical Characterizations in PEM Electrolyzers

Full cell operation was conducted at 80°C, in ambient pressure, and a liquid water
feed to the anode. The cell hardware was standard Fuel Cell Technologies 50 cm?
hardware, except the anode flow field was Pt-plated Ti rather than graphite. MEAs were
fabricated by hot-pressing catalyst decals onto a Nafion® 115 membrane (at 185 °C and 6
MPa for 15 min). For all cell testing, the cathode catalyst was Pt/C at a loading of 0.4

mge/cm?.  Several experimental anode catalysts were evaluated and compared with a



‘standard” anode made using a blend of 2 mg/cm? Ir-black and 2 mg/cm? Pt-black. The cell
resistance was measured in situ using a simplified version of electrochemical impedance
spectroscopy analysis known as high-frequency resistance (HFR). For this technique, the
operating current of the cell was rapidly pulsed at 1 kHz to 10% above the baseline current.
The resulting pulsation in voltage was related to the pulsation in current and used to
calculate the real component of the cell impedance. For durability testing, the cells were

operated at a current density at 1.5 A/cm?.
3 Results and Discussion
3.1 Down-Selection of Support Materials

Table 1. Conductivity and electrochemical stability of different support candidates for

Ir/IrOx oxide for OER catalyst in PEM electrolyzers.

Material Conductivity Electrochemical Stability
Titanium Carbide High Poor
ITO (90% In203: 10% SnO,) High Poor
Titanium Nitride Medium Poor
W-doped TiO, (WyTi1xO2) Medium Good
TiO2 Nanowire Low Good

The two most critical properties for a support material for Ir/IrOx for use as an OER
catalyst for PEM electrolyzers are conductivity and electrochemical stability under a strong
acidic environment and an oxidizing voltage as high as 2 V. A few support candidates that
have been intensely studied [13, 17, 20-22] are listed in Table 1 with their corresponding
properties and levels rated as follows: conductivity: high (>0.1 S-cm™), medium (0.001-

0.1 S-cmY) and low (<0.001 S-cm™); electrochemical stability: poor (surviving < 5000



cycles, from 1.2 V to 2 V in acid) and good (surviving > 10,000 cycles, from 1.2 Vto 2 V
in acid). Only the titanium oxide based support (TiO2 nanowires) survives under harsh
oxidizing and acidic environment, but exhibits a low conductivity. However, surface and
bulk doping of TiO. structures have been used successfully to alter the ionic/electrical
conductivity of TiO2 by introducing intrinsic vacancies into the crystalline structure. For
example, W/NDb substitutional-doping and V/Fe interstitial-doping in TiO2 can create anion

vacancies that improve the conductivity [23-25].
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Figure 2. (a) OER activity comparing different supported Ir catalysts and raw support

materials; (b) catalyst durability for commercial Ir-black and supported Ir catalysts.

Based on the results shown in Table 1, Ir was supported on tungsten-doped TiO2
(Ir/WxTi1xO2) for evaluating the OER activity using RDE, the results of which are shown
in Fig. 2a. For comparison, Au (RDE baseline), WxTi1-xO2 without Ir, commercial Ir-black,
and Ir supported on TiO> (Ir/TiO2) were also evaluated and are also shown in Fig. 2a. The
Ir/WxTi1xO> catalyst showed the lowest onset potential for OER and highest current
density at a fixed voltage of 1.6 V, even compared to the commercial Ir-black catalyst; the

catalyst activity (defined as current density @ 1.6 V) was improved from 0.05 A-mg for



the Ir-black to 0.25 A-mg™; for the Ir/WxTi1xO- catalyst, a five-fold increase. However,
Ir/TiO2 showed an inferior current density compared to standard Ir-black due to the low
electrical conductivity of the TiO> support material. The Au baseline and support only,
WxTi1xO2, barely exhibited any OER activity. Furthermore, the durability of the two
supported Ir catalysts, Ir/WxTi1-xO2 and Ir/TiO2, were compared with standard Ir-black
using RDE cycling from 1.4 V to 1.8 V at a scan rate of 500 mV/s in 0.1 M perchloric acid.
The current densities at 1.6 V were recorded after different numbers of cycles and
converted to percentages of original activity (Fig. 2b). The activity of the Ir/WxTi1.xO2
catalyst remained ca. 90% of the original current density after 10,000 cycles, which was
comparable to that for the standard Ir-black catalyst, while the Ir supported on TiO only
retained 80% of the original activity. Based on these preliminary RDE results, Ir/WxTis-

xO2 was selected as the support for further study.

3.2 Synthesis-Property Relationship Analysis

The physical properties of the as-synthesized Ir/WxTi1.xO> catalyst produced using
the procedure [26, 27] provided in Section 2.1 were further investigated. The crystal
structure and phases present in the Ir/WxTi1.xO2 were evaluated by XRD, as shown in Fig.
3. The Ir-black exhibited the standard face-centered-cubic crystallographic peaks of (111),
(200), (220), (311), and (222) for 20 between 20°-90°, and these XRD data were used as a
baseline for evaluating the XRD data acquired from the Ir/WxTi1.xO.. The corresponding
Ir peaks for the Ir/WxTi1-xO2 showed metallic Ir formed on the WxTi1-xO2 support surfaces,
consistent with data obtained for Ir-black except with much broader peak widths due to the
smaller size of the Ir nanoparticles on WxTi1.xO2. Other than the major peaks observed for

Ir, the Ir/WiTi1-xO2 also exhibited (211) and (002) peaks that corresponded to the support



and were consistent with the rutile phase/structure of TiO,. EDS was used to determine the
average Ir wt.% on the different catalyst samples, which are labelled as Ir2s50/WxTi1-xO2,

Ir2806/Wx Ti1-xO2, 13896/ WxTi1:xO2, 1r7306/WxTi1.xO2, Irg7o6/Wx Ti1-xO2.
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Figure 3. XRD pattern for Ir-black and Ir/WxTi1xO>.

The catalyst synthesis parameters were varied to study the relationship between
physical properties and electrochemical performance of the Ir/ WxTi1-xO catalyst. The Ir
particle size and distribution can be tuned by manipulating key parameters, such as pH of
the solution, reaction temperature, and Ir loading. For the template- and surfactant- free
polyol reduction of precious metal, Ir** ions were reduced to metallic Ir with the oxidation
of ethylene glycol to aldehydes, followed by oxidation of glycolic and oxalic acid, and
finally to CO2 or carbonate when OH- groups of ethylene glycol interact with Ir3* ion sites.
During the reaction process, the glycolate anions formed in the presence of NaOH act as
good stabilizers for Ir colloids, possibly forming chelate-type complexes via its carboxyl
groups that prevent agglomeration of the Ir particles on the support [28, 29]. This was

followed by the addition of dilute acid to separate and redisperse the Ir particles without



changing their size [30]. Lowering the initial pH of the solution may cause more Ir
nanoparticle agglomeration and growth, as evidenced by the TEM images comparing
Ir2806/Wx Ti1-xO2 (formed using 0.03 M NaOH) in Fig. 4b with Irase/WxTi1xO2 (formed
using 0.2 M NaOH) in Fig. 4a. The Ir particle size increased to about 3-4 nm and Ir

nanoparticles became more agglomerated using 0.2 M NaOH.

It is also well known that the reaction temperature influences the final Ir particle
size, e.g., higher temperature reactions produce smaller particle sizes due to the much faster
Ir nuclei formation rate than the Ir particle growth rate; at lower temperatures, the formation
of Ir nuclei is more difficult, thus, newly reduced Ir grows on existing Ir nuclei and yields
larger particles [26]. Higher Ir loadings can also lead to larger particles due to the
abundance of reduced Ir and agglomeration of nanoparticles. The TEM images of
Ir7306/WxTi1xO2 and Irg7e/WxTi1xO2 in Figs. 4c and 4d directly proved this with the

average particle size increased to around 5-6 nm.



Figure 4. TEM images of Ir nanoparticles supported on WyTi1.xO2 resulting from different
synthesis procedures: (a) Ir2s0/WxTi1xO2; (B) Ir2g06/WxTi1-xO2; (C) Ir730/WxTi1-xO2; (d)

Irg706/ Wy Ti1.xO5.

The Ir loadings for samples shown in Fig. 4 ranged from ~25wt.%-87 wt.% (Fig.
4a-d); however, Ir/WxTi1xO2 prepared with a medium Ir loading of 38 wt.% was also
synthesized. Fig. 5 shows HAADF-STEM images (5a, 5c¢) and corresponding EDS
elemental maps (5b, 5d) of the Irsgw/WxTi1xO> catalyst. HAADF-STEM imaging is
commonly referred to as Z-contrast imaging, where the contrast displayed in the image

scales as a function of the atomic number squared, Z?; e.g., heavier elements image brighter



(Ir nanoparticles will image brightly) and lighter elements exhibit less contrast (the W-
doped TiO2 support particles appear darker in the image). The HAADF-STEM image
presented in Fig. 5¢ shows the typical morphology of the Iragw/WxTi1xO2; a network of
linked Ir nanoparticles forms on the surface of a single ~30 nm WxTi1.xO2 support particle.
Most of the WTi1.xO2 particles are thin plates and exhibit a “bean-shaped” or elongated
geometry, and the Ir nanoparticles tend to be somewhat aggregated rather than highly
dispersed on the surface. The corresponding EDS maps show clearly that the Ir does not
form a continuous coating on the surface of the WxTi1.xO2 particles, but forms as a “lacey”
or “chain-like” network of interconnected nanoparticles on the surface of WxTi1.xO2. The
formation of conductive Ir chain can facilitate electron transfer between the active Ir
particles on the surface of the electrode, even if the support does not possess sufficient
conductivity. A higher magnification HAADF-STEM image of an Ir chain region is shown
in Fig. 5e; the lattice spacing within individual nanoparticles (see green circle) confirms
the formation of metallic Ir nanoparticles that are linked together forming a chain or island
of Ir nanoparticles. There are also isolated single Ir atoms scattered/dispersed across the

WxTi1-xO2 surface between the inter-connected chain-like networks of Ir nanoparticles.
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Figure 5. (a) (c) HAADF-STEM images and (b) (d) corresponding EDS elemental map of
Ir3gee/ W-TiO2 (Ti=red; Ir=green); (e) Atomic-resolution HAADF-STEM image showing
interlinked chain/island of Ir nanoparticles with dispersed single atoms of Ir (bright dots
designated by yellow arrow) on the surface of the WyTi1xO2 support particle (darker

background).

3.3 Activity in RDE Studies

Ir/WxTi1xO2 samples with different Ir loadings and Ir particle sizes were RDE
tested for OER activity. The OER linear sweep curves in Fig. 6a were collected at a scan
rate of 5 mV/s at 1600 rpm in 0.1 M HCIO4. All samples exhibited similar onset potentials
for the OER, but the current density at fixed voltages followed the trend of Irase/WxTi1-
xO2 > Ir2goe/ Wy Ti1:xO2 > Ir3ges/ Wy Ti1:xO2 > Irg796/Wyx Ti1.xO2 > Ir7306/WxTi1.xO2 > standard
Ir-black. This current density trend is correlated to the trend of Ir particle size, which
becomes smaller as the Ir loading on the WxTi1-xO2 support decreases. However, for the
catalysts with 73% and 87% Ir loading, the current density increased only slightly

compared to the baseline Ir-black, likely due to the much larger Ir agglomerates that formed



at these higher Ir loadings. The performance was significantly improved when the Ir
loading was lowered to 38%, where a better Ir dispersion and smaller Ir particle sizes were
observed. To better compare the catalysts with different Ir loadings, the current densities
at 1.5 V and at 1.8 V were measured, where the lower voltage represents intrinsic Kinetic
activity while the higher voltage represents the ohmic and transport losses. These two
current densities vs. the Ir loading are plotted in Fig. 6b; for Ir/WxTi1.xO2 with an Ir loading
at lower than 38%, the intrinsic Kinetic activity was clearly better than that of the catalysts
with higher Ir loadings or for Ir-black. A higher current density was also observed at the
higher voltage (1.8 V) on catalysts with medium or low Ir loadings, which is likely due to
greater access to the active surface area of much smaller Ir particles and less Ir nanoparticle
agglomeration. The durability of the Ir/WxTi1.xO> catalysts with different Ir loadings was
also screened by RDE. Irsgy/WyTi1.xO2 showed the best durability among all the catalysts,
which may be due to the unique chain-like network formed by the Ir nanoparticles. Cycling
in RDE was from 1.4 V to 1.8 V at a scan rate of 500 mV/s in 0.1 M perchloric acid. The
current density at 1.6 V retained ca. 90% of the original current density after 10,000 cycles

for Irage/WyxTi1xO2 (Fig. 6¢).
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Figure 6. (a) OER activity comparison in RDE setup; (b) current density comparison at

1.5V and 1.8 V of Irase/WxTi1:x02, Iragee/WxTi1-xO2, r3ee/WxTi1:x02, 1r7306/WxTi1-xO2,
Irs706/WxTi1xO2, and Ir-black; (c) durability test of Irsse/WxTi1xO2 in RDE by cycling

voltage from 1.4 to 2.0 V at 500 mV/s at room temperature.

3.4 MEA Test

The catalysts with different Ir loadings were integrated with a Nafion 115
membrane and gas diffusion media to fabricate MEAs. The MEA performance was
compared in an operating electrolyzer single cell against the performance of the standard
Ir-black used as a baseline, the results of which are shown in the polarization curves in Fig.

7a. The HFR for Ir2se/\WxTi1-xO2, 113806/ WxTi1-xO2, 1r7306/\WxTi1-xO2, Irg7ee/WxTi1-xO2 and



Ir-black are 0.118 Ohm-cm?, 0.115 Ohm-cm?, 0.205 Ohm-cm?, 0.16 Ohm-cm?, and 0.11
Ohm-cm?, respectively. Only Irsss/WxTi1xO2 (the medium Ir loading) demonstrates better
activity than Ir-black, unlike the RDE measurements where all catalysts showed a higher
activity than Ir-black. The catalytic performance difference between RDE and MEA is
mainly reflected by the HFR value since the internal resistance-corrected (IR-Corrected)
curves (Fig. 7b) manifest a similar trend after accounting for the resistance factor. The
higher HFR for Iras0/WxTi1.xO2, Ir7306/WxTi1-xO2, and Irg7e6/WxTi1xO2 compared to the
HFR for Irsge/WxTi1xO2 may be due to the higher interfacial resistance of the former
resulting from more exposure of the support material WxTi1xO2 due to aggregation and
migration of Ir during decal transfer. This morphology change occurs in the samples with
low Ir loadings due to less coverage across the support material surfaces, as well as those
samples with higher Ir loadings since there is so much Ir nanoparticle aggregation. Only
the Irage/WxTi1-xO2 catalyst with medium Ir loading retained better activity than the Ir-
black baseline in both RDE and an operating electrolyzer, indicating only slight

morphological changes occur in this catalyst structure during MEA fabrication process.
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Figure 7. (a) Single cell MEA performance in electrolyzers (raw voltage) and (b) IR-

corrected polarization curves for Irase/W-TiO2 (pink), Ir2gw/W-TiO2 (blue), Irzgew/W-TiO:



(purple), Ir73%/W-TiO2 (green), Irszs/W-TiO2 (yellow) (0.4 mgi/cm?), and standard Ir-

black (2 mge/cm?+2 mgi/cm?) with Pt/C cathode (0.4 mge/cm?) at 80 °C.

To further assess the performance of the Ir/WTi1.xO> catalyst, we tested the MEA
with Irsse/WxTi1xO2 (Ir loading 0.4 mg/cm?) directly with the commercial Ir-black (Ir
loading 0.4 mg/cm?) and a Giner standard MEA (2 mge/cm? + 2 mgi/cm?), the results of
which are compared in Fig. 8. Irsse/WxTi1xO2 exhibits outstanding performance in a full-
cell PEM electrolyzer. At 0.4 mg/cm? Ir loading, it nearly matches the performance of the
Giner standard anode (2 mge/cm? + 2 mgi/cm?) while reducing the Ir loading by a factor
of five and the precious metal loading by a factor of 10. In a comparison with 0.4mg/cm?
Ir-black, Irsge/WxTi1-xO2 improves the OER activity (current density at 1.5V) by a factor
of eight. The improved OER activity can be directly correlated with the decreased Ir
nanoparticle size in the Irzge/WxTi1-xO2. Ir is well dispersed on WxTi1.xO2 (see Fig. 5a),

which increases the electrochemical surface area (ECSA) of Ir nanoparticles.
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Figure 8. Single cell IR-corrected polarization curves comparing MEAs with low Pt group
metal (PGM) loading (0.4 mgi/cm? - red), Irsss/W-TiO2 (0.4 mgi/cm? - green), and
industry standard Ir-black (2 mge/cm?+2 mgi/cm? - black) with Pt/C cathode (0.4

mget/cm?) at 80 °C.

In addition to initial performance tests, the long-term durability of the same MEA
with the Irsge/WxTi1xO2 anode was investigated (Fig. 9). Two approaches were used to
explore MEA durability: (1) voltage cycling from 1.4 V to 1.8 V and dwelling time 30
seconds for each voltage. (2) a constant current density test. The MEA incorporating
Ir3gee/WxTi1xO2 demonstrated remarkable durability; in the voltage-cycling test, the
polarization curves after 1500 cycles, 3000 cycles, and 10,000 cycles nearly overlap with
the initial curve and no appreciable performance decay was observed. In the constant
current density test at 1500 mA/cm?, slightly less than 20 mV performance degradation
was observed after 1200 hours with a steady HFR (0.115 Ohm-cm?), as shown by the trend
line (> 300 hours) in Fig. 9b. Transient performance during the initial 300 hours was due

to repeated system shutdowns caused by unsteady system operating conditions.
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Figure 9. Electrolysis durability of Irage/WxTi1.xO2 (a) after 10,000 cycles between 1.4-1.8
V (at 0.0167 Hz) in water electrolyzer single cell and (b) at constant current density of

1500 mA/cm? for 1200 hours at 80 °C.

To understand the mechanism responsible for the slight activity decay observed
during the electrolyzer durability tests, the tested MEAS were analyzed in cross-section
using analytical electron microscopy to assess changes in the catalyst layer morphology
and elemental distributions. Primary observations of the 15 um thick anode Irsgo/WxTi1-
xO2 catalyst layer (Figs. 10a and 10b) after the durability test are the accumulation of Ir at
the anode/membrane interface (note that the interface exhibits bright contrast — circled in
red in Figs. 10a and 10b) and the oxidation of metallic Ir nanoparticles to form a dense
layer of IrO, ~0.5 pm thick directly at the interface (Fig. 10b, which is a higher
magnification of the region within red circle in Fig. 10a). In addition, the IrO2 migrated
from the anode side toward the cathode side across the membrane (note bright
spots/particles in membrane in Figs. 10b and 10c), and the Ir migration (elemental) profile
exhibited a gradient across the membrane, where the amount of IrO2 was greatest near the
anode side, and in fact was highest directly at the interface. Fig. 10b inset shows that there
is not only oxidation of Ir and migration of IrO, from the anode into the membrane, but Pt
also migrated from the cathode side across the membrane to the anode side. From the
HAADF-STEM images (Figs. 10a and b) and corresponding EDS map (Figs. 10c and d),
it is clear that the particles within the membrane close to the anode side form “Pt-1rO> core-
shell” dendritic-shaped particles, where the Pt has migrated from the cathode and the IrO;
migrates from the anode and preferentially nucleates on the pre-existing Pt particles in the

membrane, as shown in Fig. 10d insert. Therefore, the slight performance degradation



observed can be attributed to Ir (notably as IrO2) migration from the anode into the
membrane over time during the test. The structural changes and elemental migration did
not have a devastating effect on the performance, likely because of the relatively high Ir
loading of 0.4 mgi/cm?2. New results show that when we further lower the loading to 0.2
or even 0.1 mgi/cm?, the impact of Ir migration and agglomeration on the performance has
been manifested.

The Ir3g/WxTi1xO2 catalyst layer microstructural changes before and after the
1200 hour, constant current density test (1500 mA/cm?) were also characterized by cross-
sectional TEM, as shown in Fig. 11. The interconnected Ir nanoparticle chain-structure of
the Irage/Wx Ti1-xO2 catalyst observed in the anode of the fresh MEA (Fig. 11a) after decal
transfer was very similar to that observed in the Irzse/WxTi1-xO2 catalyst powder,
confirming the reason for the consistent activity measured in both RDE and single cell tests
(Fig. 7a). However, after constant current density testing for 1200 hours, agglomeration of
Ir nanoparticles and oxidation of Ir to IrO2 occurred primarily on the surfaces of pores and
at the anode/microporous-layer (MPL) interface (e.g., surface of the anode) after MEA
testing (Figs. 11b and 11c) in addition to Ir accumulation at the anode/membrane interface.
A similar trend of Ir/IrO2 migration into the membrane from the anode and Pt migration
into the membrane from the cathode was observed after the constant current density test as

was observed for the 1.4-1.8 V cycling test.
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Figure 10. (@) HAADF-STEM image of the post-test MEA with Irsge/WxTi1xO2 anode
after 10,000 cycles between 1.4-1.8 V; (b) HAADF-STEM image of anode/membrane
interface at higher magnification from red circled area in (a); inset in (b) is HAADF-STEM
image of membrane/cathode (Pt/C) interface; (c) HAADF-STEM image of
anode/membrane interface with corresponding (d) EDS elemental map of Pt (yellow) and

Ir (green).



Figure 11. TEM images of (a) fresh MEA with Iras/WxTi1xO2 anode layer; (b) TEM
image of anode Irsge/WxTi1xO2 layer surface (adjacent to MPL) showing agglomeration
of Ir/lrO2 and (c) TEM image of highly agglomerated Ir/IrO, at pore surfaces of anode

Irss06/ Wy Ti1-xO2 layer after durability testing at 1500 mA/cm? for 1200 hours at 80 °C.

4 Conclusions

In this study, various synthesis parameters were altered to evaluate the template-
free and surfactant-free polyol reduction method to disperse Ir nanoparticles on WxTi1.xO>
supports. The resulting morphologies and effects of the Ir loading were characterized using
high-resolution analytical electron microscopy and electrochemical testing. It is concluded
that initial electrochemical mass activity for the OER was influenced by the Ir particle size;
however, long-term durability was mostly controlled by the Ir loading on the support
material. Samples with low Ir loadings tended to expose much more of the WyTi1.xO2
support surface area after Ir migration and particle coalescence, whereas higher Ir loadings
suffered from a significant performance change at initial stage due to the agglomeration of
the larger amount of Ir. However, the material with a medium Ir loading, e.g. 38% Ir or
Irsss/WxTi1xO2, exhibited a steady and high mass activity compared to the industry

standard, Ir-black, due to its conductive Ir nanoparticle chain-like structure and a high Ir



surface area. For the first time, long-term durability tests were performed using MEAs
fabricated with the Ir3ge/WxTi1xO2 anode catalyst in the highly oxidizing environment of
operating eletrolyzers, with low Ir loading of 0.4 mg/cm?, and at high current density and
voltage. No performance decay was observed during cycling between 1.4 V and 1.8 V for
10,000 cycles. Under even harsher testing conditions (holding the current density at 1500
mA/cm? for 1200 hours), less than 20 mV was sacrificed. Therefore, this work provides a
good low PGM-loading OER catalyst candidate for industrial application and a synthesis-
property-performance relationship discussion for polyol reduction of Ir for future Ir-based
OER catalyst design. In addition, a viable, scalable, highly active, and durable low-PGM

catalyst is available for the industrial implementation of PEM electrolyzers.
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