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The sustainable development of proton exchange membrane water electrolysis (PEMWE) requires a dra-
matic reduction in Ir while maintaining good catalytic activity and stability for the oxygen evolution reac-
tion (OER). Herein, high-surface-area Ta,Os with abundant oxygen vacancies is synthesized via a facile
process, followed by anchoring IrRuO, onto a Ta,Os support (IrRuO,/Ta,Os). IrRUO, and Ta,Os work
synergistically to afford excellent catalytic performance for the acidic OER. At 0.3 mg,, cm™2, IrRuO,/
Ta,Os only needed an overpotential of 235 mV to deliver 10 mA cm™ in an acidic half cell and needed a
cell potential of 1.91 V to deliver 2 A cm™2 in a PEM water electrolyzer. The characterization results show
that doping Ir into RuO, significantly improves the stability and the electrochemically active surface area
of RUO,. In IrRUO,/Ta,0s, IrRUO, interacts with Ta,Os through more electron-rich Ir, indicating strong
synergy between the catalyst and the support. The use of a metal oxide support improves the catalyst dis-
persion, optimizes electronic structures, facilitates mass transport, and stabilizes active sites. This work

Received 5th December 2023,
Accepted 7th April 2024

DOI: 10.1039/d3nr06211b

demonstrates that compositing Ir with less expensive Ru and anchoring catalyst nanoparticles on plati-
num-group metal (PGM)-free metal oxide supports represents one of the most promising strategies to
reduce Ir loading and achieve an activity—stability trade-off. Such a strategy can benefit future catalyst

Published on 29 4 2024. Downloaded on 2026-02-14 1:51:23.

rsc.li/nanoscale

1. Introduction

The development of hydrogen energy is critical for becom-
ing a sustainable society." As a raw material and an energy
carrier, hydrogen can be used to decarbonize many sectors,
such as industry, transportation, and power.> In hydrogen-
driven scenarios, hydrogen production technology lays the
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design for other energy storage and conventional processes.

foundation for determining whether hydrogen energy can be
implemented at large scales.® Water electrolysis driven by
renewable electricity is promising due to its high efficiency
and emission-free nature.* In particular, proton exchange
membrane water electrolysis (PEMWE) can produce highly
pure hydrogen at a high current density and can work easily
with intermittent renewable electricity.” Unfortunately, the
anodic oxygen evolution reaction (OER) of PEMWEs is kine-
tically sluggish and requires a highly oxidative and acidic
environment.® The current catalyst of choice uses a high
loading of Ir, which has a lower crustal reserve than Pt and
causes an extremely high cost hurdle for
commercialization.””® Therefore, reducing the Ir loading
while maintaining the OER activity and stability is necessary
for the sustainable development of PEMWEs.’ !

One popular strategy for developing low-Ir catalysts is alloy-
ing with Ru. Although Ru is also a platinum-group metal
(PGM), it is much more affordable than Ir. In the acidic OER,
Ru is more active but less stable than Ir;'* thus, precisely con-
trolling the IrRu composition can achieve an activity-stability
trade-off."*™"> However, carefully designed alloy nanoparticles
always agglomerate into large clusters whose surface is unable
to fully participate in the OER. To overcome this problem, cata-
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lyst supports are often introduced to better disperse nano-
particles and generate catalyst-support interactions to stabilize
the active sites.'®'” In particular, the PGM-free support in the
anode will significantly reduce the PGM loading, thus improv-
ing the competitiveness of the PEMWE cost. Unfortunately,
the harsh conditions of the acidic OER make it impossible to
use conventional PGM-free supports with good electronic con-
ductivity, such as carbonaceous materials and transition
metals.'® These supports will be oxidized or dissolved under
working conditions. The dissolved transition metal ions pene-
trate the membrane under an electric field and block the
proton transfer path. Therefore, finding stable and conductive
PGM-free supports is quite meaningful but challenging.'**°

A few insightful studies have used Ti-, W-, and Sn-based
oxides as PGM-free supports.”’>* These oxides are relatively
stable in acids, and the main idea behind using these supports
is to construct metal-metal oxide interactions to modify the
electronic structures and optimize binding energies with the
oxygen intermediates.>>*® Ta oxides are also attractive candi-
dates for exploration due to their tunable electronic structures
and excellent stability against corrosion and dissolution.?”
Recent studies demonstrated that oxygen-induced Ta,Os *® and
Fe-doped Ta,Os>° have good OER activity in alkaline media,
suggesting that they are active toward water oxidation. In terms
of catalyst supports for the acidic OER, Xu and co-workers™°
designed an IrO,-Ta,0Os anode and found that different calci-
nation temperatures had a great impact on the exposed crystal
plane of IrO,. Amano and co-workers®' coated Ti felt with
amorphous IrO,-Ta,0s layers and found that the acidic OER
activity was dependent on the calcination temperature. In a
more recent study, Pak and co-workers®® supported Ir with
mesoporous Ta,Os to improve Ir utilization, electronic conduc-
tivity, and the electrochemically active surface area. Despite
these insightful studies, Ir supported by Ta oxides for the
acidic OER still requires an overpotential of 300 mV at 10 mA
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em™? in half cells, and the loading of Ir is still higher than
0.5 mg;, cm ™2 to achieve satisfactory single cell performance.
Therefore, the potential of the Ta,Os support to reduce Ir
loading and achieve high catalytic activity has not yet been
fully demonstrated.

Herein, we composited IrRuO, with Ta,Os to reduce Ir
loading and further improved the OER and PEMWE perform-
ance. The Ta,05 support developed in this work was confirmed
to be amorphous with a high surface area and a high concen-
tration of oxygen vacancies, and such advantageous structures
resulted in uniformly distributed IrRuO, with intimate
contact. In the active IrRuO, phase, Ir atoms were doped into
RuO, and coupled with Ta to form strong interactions. As
tested in half cells, at 0.03 mg;, cm >, the catalyst needed only
a 284 mV overpotential to deliver 10 mA cm™>. By improving to
0.3 mg;, cm 2, IrRuO, only needed an overpotential of 235 mV
to deliver 10 mA cm™2 in a half cell and needed a potential of
1.91 V to deliver 2 A cm™? in a PEM water electrolyzer. The
good dispersion of the catalyst with high utilization, the close
contact between IrRuO, and Ta,0s;, and the modified elec-
tronic structures of the active sites are responsible for the
enhanced electrochemical performance.

2. Experimental

To synthesize the samples studied in this work, dihydrogen
hexachloroiridate(wv) hydrate (H,IrCle-6H,0, Ir >39%) was pur-
chased from Sigma-Aldrich. Tantalum ethoxide (C;oH,505Ta,
99.99%), ruthenium(m) chloride (RuCls, 99.5%, Ru: 47%),
sodium borohydride (NaBH,, >95%), ethylene glycol (C,HgO,,
>99.5), and tantalum oxide (Ta,Os, 99.99%) were purchased
from Adamas-Beta. Ammonium fluoride (NH,F, >98.0%) was
purchased from Greagent. All chemicals were used as received,
without further purification.

2.1 Synthesis of Ta,05

To prepare Ta,Os, 0.3 g of tantalum ethoxide was dissolved in
6 mL of 0.1 M NH,F in ethylene glycol. The resulting solution
was mixed with 6 mL of water in an inner Teflon tube under
rapid stirring, and the inner Teflon tube was sealed in a stain-
less-steel autoclave and placed in an oven. The oven was
heated to 220 °C, maintained for 20 h, and naturally cooled to
room temperature. The precipitate was collected by centrifu-
gation and washed with water 3 times and then with ethanol 3
times to remove the unreacted residues. Ta,Os powder was
finally obtained after vacuum drying at 60 °C for 10 h.

2.2 Synthesis of IrRuO,/Ta,05

To composite IrRuO,, Ta,0s, RuCl; hydrate, and H;IrClg with
a mass ratio of 1/2.07/0.44 were dissolved in 10 mL of water to
form solution A. In a subsequent step, 20 mg of NaBH, was
dissolved in 6 mL of ice-cold water to form solution
B. Solution B was then added to solution A, and the resulting
mixture was magnetically stirred for 6 h at room temperature.
After the reaction, the solid sample was collected by centrifu-
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Scheme 1 Synthesis procedure for Ta,Os and IrRuO,/Ta,0s.

gation and washed with water 3 times and then with ethanol 3
times, followed by vacuum drying at 60 °C for 10 h. The
IrRuO,/Ta,05 catalyst was finally obtained after heat treatment
in a tube furnace, which was heated to 350 °C and maintained
for 2 h under an air atmosphere. The overall process of catalyst
synthesis is schematically shown in Scheme 1. For compari-
son, IrO,/Ta,05 and RuO,/Ta,05 were also prepared following
the same synthesis procedure except for the addition of only
Ru and Ir precursors, respectively. To study the PGM loadings
and their impact on the acidic OER, 0.5IrRu0,/Ta,Os (half Ir
and Ru precursors added) and 1.5IrRu0,/Ta,Os (1.5-fold Ir and
Ru precursors added) were also prepared following the same
synthesis procedure. The sample-C used in this work refers to
a commercially available sample.

2.3 Materials characterization

The crystalline structures of the studied samples were exam-
ined using an X-ray diffractometer (XRD, Rigaku Co. Ltd,
Japan) employing Cu Ka radiation (4 = 1.54056 A) operated at
40 kV. A JEM-2100F high-resolution field-emission trans-
mission electron microscope (FETEM, JEOL, Japan) and a
SIGMA 500/VP scanning electron microscope (Zeiss, Germany)
were used to observe the morphology of the samples. X-ray
photoelectron spectroscopy (XPS) measurements were con-
ducted on an EscaLab 250Xi spectrometer (Thermo Fisher
Scientific, USA), and the spectra were processed by calibrating
C 1s to 284.8 eV. The specific surface area was measured by N,
adsorption-desorption at 77 K with an ASAP 2460 gas sorption
analyzer (Micromeritics, USA). Bulk oxygen vacancy signals
were detected by low temperature electron paramagnetic reso-
nance (EPR, Bruker, EMXplus-6/1, Germany) under liquid
nitrogen conditions, and the sample dosage was approximately
10 mg.

The experimental details for synchrotron and electro-
chemical characterization are available in the ESL
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3. Results and discussion
3.1 Physical characterization of the catalysts

The crystalline structures of the prepared samples were deter-
mined by XRD. According to Fig. 1A, the diffraction peaks of
the Ta sample developed in this work are indexed to Ta,Os
(JCPDS, PDF no. 08-0225). However, compared with commer-
cial Ta,05 powder (Ta,0s5-C), Ta,Os has broader diffraction
peaks. After integration with the IrRuO, active species
(Fig. 1B), all the Ta,05 peaks were retained, with several new
broad peaks emerging at (26=) 28.6°, 35.5°, and 54.5°. While
IrO, (JCPDS, PDF no. 43-1019) and RuO, (JCPDS, PDF no. 43-
1027) show similar XRD peak positions, the new peaks on
Ta,Os are closer to those of RuO,, indicating that Ir is doped
into the RuO, phase.

The morphologies of the studied samples were observed by
TEM. The Ta,Os sample consists of sphere-like particles
agglomerated into large clusters (Fig. 1C and Fig. S1, see the
ESIf). There are no other notable features on its smooth
surface. HRTEM further revealed the (210) lattice plane of
Ta,0s5 with a lattice spacing of 0.233 nm (Fig. 1c). After intro-
ducing the IrRuO, active species, IrRuO,/Ta,Os showed a
bumpy surface, which was caused by IrRuO, growth on the
Ta,0s5 surface (Fig. 1D). However, no individual well-defined
IrRuO, nanoparticles were observed, suggesting a uniform dis-
tribution of IrRuO, on the Ta,O5 substrate. HRTEM revealed a
lattice spacing of 0.325 nm, which is assigned to the (110)
lattice plane of RuO, but is larger than the standard value of
RuO, (Fig. 1d). This was caused by Ir doping, which slightly
expanded the lattice. To determine how the elements were dis-
tributed within the IrRu0O,/Ta,05 sample, EDS was performed,
and the resulting elemental mapping images are shown in
Fig. 2. According to the images, Ta, Ir, Ru, and O are uniformly
distributed, and IrRuO, and Ta,Os are undistinguishable,
which is evidence of intimate contact and synergy. Uniform
element distributions were also observed for RuO,/Ta,Os

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (A) Comparison of XRD patterns between Ta,Os and Ta,Os-C. (B) Comparison of XRD patterns between Ta,Os, IrO,/Ta,0s, RuO,/Ta,0s, and
IrRuO,/Ta,0s. (C) TEM image and (c) HRTEM image of Ta,Os. (D) TEM image and (d) HRTEM image of IrRuO,/Ta,Os.

(Fig. S2, see the ESIf) and IrO,/Ta,05 (Fig. S3, see the ESIT).
The atomic ratio of O/Ru/Ta/Ir in IrRuO,/Ta,Os was deter-
mined to be 69.68/16.45/11.75/2.12 by EDS. This ratio was
used to determine the catalyst loading on the electrodes.

To assess the surface areas and pore structures, the studied
samples were tested at 77 K for N, adsorption-desorption be-
havior. The resulting isotherms are displayed in Fig. 3A, and
the parameters are summarized in Table S1 (see the ESIY).
Notably, Ta,0s-C has little N, adsorption, and its BET surface
area was determined to be extremely low at 2.92 m”> g~'. By
using the method developed in this work, the as-prepared
Ta,Os showed a much greater N, uptake, confirming its
porous nature, and its BET surface area significantly improved
to 231.56 m> g~'. Such a high surface area is favorable for
Ta,Os to serve as a catalyst support to confine the catalyst size
and improve the catalyst dispersion. After integration with
IrRuO,, the IrRuO,/Ta,Os sample shows a decreased BET
surface area of 98.18 m” g™, suggesting that the IrRuO, nano-
particles are nonporous. Overall, owing to the highly porous
Ta,Os support, IrRuO,/Ta,05 still possesses a high surface
area as an anode catalyst. To determine the pore structures in
the studied samples, pore size distributions were plotted as
shown in Fig. 3B. Unsurprisingly, Ta,Os-C has no pores. Ta,0s
and IrRuO,/Ta,0Os have pores primarily distributed in widths
ranging from 2 to 20 nm and 2 to 7 nm, respectively, confirm-
ing that they are both mesoporous. The pore volumes of Ta,05
and IrRu0O,/Ta,05 were determined to be 0.097 cm® g~ and
0.043 cm?® ¢!, respectively (Table S1, see the ESI}). IrRuO,/

This journal is © The Royal Society of Chemistry 2024

Ta,05 also shows a small number of macropores with pore
widths greater than 50 nm, which results from the stacking of
the agglomerates. The abundant hierarchical pores of IrRuO,/
Ta,O5 will facilitate mass transport during the PEMWE.**

To gain further insight into the as-prepared Ta,Os struc-
ture, EPR was conducted to examine the Ta-O coordination
environment and the unpaired electrons. Ta,0s-C was also
tested as a reference. As shown in Fig. 3C, Ta,O5-C shows a
flight curve without any EPR response. However, Ta,Os syn-
thesized in this work has a high signal density, suggesting the
existence of a high concentration of oxygen vacancies in Ta,Os.
Abundant oxygen vacancies are usually favorable for catalyst
growth and often result in interactions between the catalyst
and support. Additionally, Ta oxides with oxygen vacancies are
more electronically conductive than regular oxygen-saturated
Ta,05.>* After compositing with IrRuO,, the signal intensity
decreased, but vacancies were still detectable in IrRuO,/Ta,Os.
Since Ta,Os was fully covered by IrRuO, and underwent air
treatment, the remaining oxygen vacancies also originated
from IrRuO, clusters due to their high surface-to-volume
ratios.*

The surface compositions of the studied samples were
examined by XPS, and Ta, Ir, Ru, and O were all detected in
the full spectrum of IrRuO,/Ta,O;5 (Fig. 3D). The atomic com-
position obtained by XPS is in good agreement with that
obtained by EDS (Table S2, see the ESI}). Fig. 3E shows the
deconvoluted Ta 4f spectra and the fitted results for Ta,0s-C,
Ta,0s, and IrRuO,/Ta,Os. The Ta 4f spectra for all three
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Fig. 2 (A) TEM image of the selected area to perform EDS. (B) Element mapping image with all elements overlapped. Individual element mapping of

(a) Ta, (b) Ir, (c) Ru, and (d) O.

samples can be fitted into two peaks, with the one at a lower
binding energy assigned to Ta 4f,,, and the other to Ta 4f;,.*
Compared to Ta,05-C, Ta,Os developed in this work showed
lower Ta 4f binding energies, indicating a lower Ta valence in
Ta,0s, and the abundant oxygen vacancies in Ta,Os were
responsible for these results, as confirmed by the EPR experi-
ments. After integration with IrRuO,, the Ta 4f spectra of
IrRuO,/Ta,05 retained similar features but showed slightly
higher binding energies than those of Ta,Os. This is an indi-
cation of interactions between the PGM catalyst and the Ta,O5
support. Fig. 3F shows the deconvoluted Ir 4f spectra and the
fitted results for IrRuO,/Ta,0s and commercial IrO, (IrO,-C).
Even though IrRuO,/Ta,05 was fully oxidized in air during its
preparation, the Ir 4f spectra of IrRuO,/Ta,0s showed slightly
lower binding energies compared to those of Ta,0s, confirm-
ing the strong interactions between the PGM catalyst and the
Ta,Os support. It can be concluded that Ir active sites were
more electron-rich compared to Ir0,-C.>>** Ir with a lower
valence state usually shows better sustainability with higher
stability.?” Fig. 3G shows the deconvoluted Ru 3p spectra and
the fitted results for IrRuO,/Ta,Os and commercial RuO,
(RuO,-C). These two samples show similar peaks, indicating
similar Ru valence states. No binding energy shifts were
observed, which was not expected from the Ir results, indicat-
ing that interactions mainly occur between Ta and Ir. Fig. S4

9386 | Nanoscale, 2024, 16, 9382-9391

(see the ESIt) shows a comparison of the Ru 3d spectra and
the fitting results for IrRuO,/Ta,05 and RuO,/Ta,0s. In the
figure, Ru 3ds;,, Ru 3dj;, and their satellite peaks were
observed. The other three peaks are related to carbon species.
However, the Ru 3ds, and Ru 3djz, binding energies of
IrRuO,/Ta,05 were positively shifted (~0.1 eV) compared to
those of RuO,/Ta,0s, suggesting that the Ru in IrRuO,/Ta,0s
had a higher oxidation state. Previous studies have indicated
that a higher valence state of Ru is more favorable for the
OER.38’39

Since the oxygen electronic structures are critical in this
study, we further fitted the deconvoluted O 1s spectra as
shown in Fig. 3H, and the resulting parameters are summar-
ized in Table S3 (see the ESIT). To understand the differences
between the individual components, Ta,0s-C, IrO,-C, and
RuO,-C were also tested as references. The O 1s spectra of
Ta,0s5-C can be fitted by four peaks centered at 530.0 eV, 531.1
eV, 532.1 eV, and 533.2 eV, which are assigned to lattice O,
vacant O, water, and adventitious species, respectively. For the
Ta,Os5 sample developed in this work, the four peaks still exist
with similar positions but different ratios compared to Ta,Os-
C. One noticeable feature is that the peak at 531 eV becomes
dominant in Ta,0Os, which indicates a high concentration of
oxygen vacancies on its surface and reconfirms the EPR
results. After integration with IrRuO,, the O 1s spectra of

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) N, adsorption—desorption isotherms and (B) the resulting pore
samples. (D) XPS full spectrum, (E) deconvoluted Ta 4f, (F) deconvoluted |
studied samples.

IrRu0O,/Ta,05-C can be fitted into five peaks, centered at 529.1
eV, 530.2 eV, 531.0 eV, 532.0 eV, and 533.3 eV. By comparison
with the peaks for IrO,-C and RuO,-C, it can be concluded that
the peak at 529.1 eV in IrRuO,/Ta,0s-C is assigned to the
lattice O of RuO,; the peak at 530.2 eV contains the lattice O of
IrO,, Ta,0s, and the hydroxyl species on Ru; and the peak at
531.0 eV still refers to vacant O, as confirmed by EPR. The
aforementioned results indicate strong interactions between
Ta and Ir, which could be due to the similar binding energies
of lattice O in IrO, and Ta,Os.

To better understand how the loaded active species
impacted the Ta,O5 support, we conducted synchrotron X-ray
absorption characterization of IrRuO,/Ta,Os. The standard
Ta,0s power sample and the Ta foil were also tested as refer-
ences. Fig. 4A displays the X-ray absorption near edge structure
(XANES) results to show the Ta-L3 edge of the samples. The
peak intensity of the white line in the IrRuO,/Ta,Os catalyst is

This journal is © The Royal Society of Chemistry 2024

size distributions for the studied samples. (C) EPR spectra of the studied
r 4f, (G) deconvoluted Ru 3p, and (H) deconvoluted O 1s spectra for the

between Ta (Ta’) and Ta,Os (Ta"), indicating that the average
Ta oxidation state of the catalyst is between Ta® and Ta" but
closer to Ta". This observation agrees well with the XPS results.
The Fourier transform extended X-ray absorption fine structure
(EXAFS) spectra are shown in Fig. 4B-D, from which the local
coordination environments of Ta can be interpreted. The bond
length of Ta-O is 1.53 A in the standard Ta,Os sample.
However, that length in IrRuO,/Ta,Os was determined to be
1.46 A. Similar results were also observed from the wavelet
transform EXAFS as shown in Fig. 4E-G. While the coordi-
nation number of Ta-O in IrRuO,/Ta,05; was close to 6 and
similar to that in the Ta,0Os standard sample, the difference in
the numbers of Ta-O in the first shell and the second shell
still suggested different coordination configurations (Table S4,
see the ESIT). Therefore, the decrease in the Ta-O bond length
in IrRuO,/Ta,05 was mainly due to the interactions between
Ta,O5 and IrRuO,.*°
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3.2 Electrochemical evaluation of the catalysts

To evaluate the OER catalytic responses of the studied samples, a
mixture of the catalyst and ionomer was deposited onto the elec-
trode surface with the catalyst loading precisely controlled. Linear
sweep voltammetry (LSV) was first conducted for the electrodes
with a total catalyst loading of 0.4 mg cm™ in 0.5 M H,SO,
(Fig. 5A). Ta,Os showed negligible OER activity but displayed a
slight current improvement after integration with IrO,. However,
after integrating with RuO,, the RuO,/Ta,05 sample had an excel-
lent OER catalytic response and only needed an overpotential of
326 mV to deliver 10 mA cm™>. After integration with both Ir and
Ru, the OER catalytic activity of IrRuO,/Ta,Os significantly
increased, and the overpotential decreased to 284 mV at 10 mA
em™. To understand whether the catalyst loading had a great
impact on the catalytic performance, all catalysts with a total cata-
lyst loading of 4 mg cm™ were also evaluated under the same test
conditions. Even at a high total catalyst loading of 4 mg cm™>, the
Ir loading of IrRuO,/Ta,05 was still fairly low (ca. 0.3 mg; cm™>).
According to Fig. 5B, increasing catalyst loading did not help the
Ta,0s5 and IrO,/Ta,05 samples but further improved the OER cata-
lytic activity of RuO,/Ta,0s and IrRu0O,/Ta,05 with overpotentials
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of 240 mV and 235 mV at 10 mA cm™>, respectively. We also

adjusted the catalyst-to-support ratios to understand their impact
on the catalytic performance of the OER. The results showed that
IrRu0O,/Ta,0s was optimal, and further increasing or decreasing
the ratio suppressed the OER activity (Fig. 5C). To understand the
OER Kkinetics, Tafel curves were plotted as shown in Fig. 5D. The
Tafel slopes of IrO,/Ta,0Os, RuO,/Ta,0s, and IrRuO,/Ta,05 were
determined to be 94.2, 47.8, and 32.3 mV dec ™", respectively, fol-
lowing the same trend as the OER voltammograms. With increas-
ing current, IrRu0O,/Ta,0s, which had the smallest Tafel slope,
had the smallest overpotential, confirming its excellent OER cata-
Iytic activity.

The electronic conductivity of the catalyst is critical for maxi-
mizing the participation of active sites in the OER. Therefore, the
four studied samples were tested by electrochemical impedance
spectroscopy (EIS), and the resulting curves are displayed in
Fig. 5E. All four curves showed a similar starting point, which
refers to the solution and connection resistance, indicating the
reliability of the electrochemical testing system. The diameter of
the semicircle in the high-frequency zone refers to the charge-
transfer resistance of the catalyst. The diameter was the largest for
both Ta,O5; and IrO,/Ta,0s, decreased for RuO,/Ta,0s, and the

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3nr06211b

Published on 29 4 2024. Downloaded on 2026-02-14 1:51:23.

View Article Online

Nanoscale Paper
1004(A) 1004(B) 1004 (C)
&
< 80+ & 804 § 80
£ £ <
o o
< < —0—Ta,04 é
EB01 _o 1a0 € 604  —&—1r0,Ta,0, 3.60] ——0siRuOTa0;
= ot z”s ; —o—Ru0/Ta,0, D —0—IrRu0,/Ta,04
= r0,/Ta,05 £ o— IrRUO./Ta.0 S —b—1.5IrRu0,/Ta,0,
c 404 —o—Ru0,/Ta,0; 2 404 i © 40
% —0—IrRu0,/Ta, 0, % ;é;
& 204 5 20- 3 201
3 3
0 0 0+
1.0 1.2 14 16 1.8 2.0 1.0 1.2 1.4 1.6 1.8 20 1.0 12 1.4 1.6 1.8 2.0
Potential (V vs. RHE) Potential (V vs. RHE) Potential (V vs. RHE)
22 4 20
©) (E) B
] 1.8
E.T 20 34 GJ\
= T
o n o
2 18 = —o—Ta,0, 2
> S 24 >
= c —4—1r0,/Ta,04 =
£ 5 —o0—Ru0,/Ta,04 g 14
G 1.6+ : —o—IrRuO,/Ta,0, 8
8 1" &
A& Ir0/Ta,04 1.24
1.4 O RuO,/Ta,04 0 IrRu0,/Ta,04
o IrRu0/Ta,0, 0 O Ru0,/Ta,04
T T T T 1.0 T T T T
0.4 0.6 0.8 0 1 2 3 4 5 0 20 40 60 80
Log (j/mA cm?) Zre (ohms) Time (h)

Fig. 5 OER LSV curves for the samples tested at (A) 0.4 mg cm~2 and (B) 4 mg cm™2, and (C) different PGM/Ta ratios at 4 mg cm™2 in 0.5 M H,SO,.

(D) Tafel plots derived from OER voltammograms recorded at 4 mg cm™

2

Chronopotentiometric curves of 4 mg cm~2 IrRuO,/Ta,05 RuO,/Ta,Os at 10 A cm™2 for 90 h.

. (E) EIS curves of the studied samples at 4 mg cm™2. (F)

22
(A) (B)
Graphite plate ccMm Pt-coated Ti plate 207 RuO,Ta,0, 5
‘\ S et IrRUO,/Ta,0;
GDL . PTL 5184 :
5 :
o i
I 916 i
3 i
O I
1.44 i
. 1
12 S S—
Gasket Gasket 00 05 10 15 20 25 30 35
Current density (A cm?)
40 22
(C) IrRuO,/Ta,0, 10_(D) (E)
B0 o RUO,/Ta,0, —~
30 DODO Too e E 2.0 RuO,/Ta,0
o —
—_ % “o ° =40 :(J 01 >
E 2 o’ a® = g%
6 1 o 5 o® %-10- §
= ) 50 S Q
i\gj Big B = =16 IrRuO,/Ta,0
b J = rRuO,/Ta,
01 §¢ 59 § 20 3 20
3 1.4
% % 9 IrRUO /Ta,0,
04 -304
RuO,/Ta,04
T T T T T T T T T T T 1.2 T T T T
40 60 80 100 120 140 00 02 04 06 08 1.0 1.2 1.4 0.0 0.2 0.4 0.6 0.8 1.0
Zre (Ohms) Cell potential (V) Time (h)
Fig. 6 (A) Scheme of a PEM water electrolyzer studied in this work. (B) Polarization curves, (C) EIS curves, (D) CV curves, and (E) chronopotentio-

metric curves at 500 mA cm™2 for IrRuO,/Ta,Os and RUO,/Taz0s i 2.

This journal is © The Royal Society of Chemistry 2024

Nanoscale, 2024, 16, 9382-9391 | 9389


https://doi.org/10.1039/d3nr06211b

Published on 29 4 2024. Downloaded on 2026-02-14 1:51:23.

Paper

smallest for IrRuO,/Ta,O0s. The results suggested that IrRuO,/
Ta,0s5 possessed the best electronic conductivity, which explained
its excellent OER activity and fast kinetics. Adding RuO, or
IrRuO, actually decreased the electron transfer resistance of
Ta,0s, suggesting that the catalyst was more charge conductive
than the support. This also explains why the catalyst and support
required an optimal ratio to afford the best catalytic activity
(Fig. 5C). To understand how the loaded catalyst impacted the
Ta,05 double layer capacitance (Cpy), CV curves were recorded at
different scanning speeds, and the results are shown in Fig. S5
(see the ESI}). The Cpy, of Ta,O5 was determined to be 4.8 mF
em™?, which improved to 56.3 mF cm > after integration with
IrRuO,, which explains the enhanced OER catalytic performance
of IrRu0O,/Ta,0s. To understand the OER stability of the samples
with and without Ir, chronopotentiometry was conducted at
10 mA cm™ for RuO,/Ta,05 and IrRuO,/Ta,Os. According to
Fig. 5F, IrRu0O,/Ta,0s maintained stable performance for up to
90 h, and RuO,/Ta,Os showed a slightly greater performance
decay. Both catalysts have reasonable stabilities, benefiting from
catalyst-support interactions, in half cells. The IrRu0O,/Ta,0;5 cata-
lyst developed in this work is among the best-performing Ta-sup-
ported catalysts reported in the literature as shown in Table S5
(see the ESIf).

The top two samples of IrRuO,/Ta,05 and RuO,/Ta,05 in
half-cells were further evaluated in a PEM water electrolyzer. CCM
was prepared and assembled with a cathodic gas diffusion layer
and an anodic Ti felt porous transport layer, as schematically
shown in Fig. 6A, and a photograph of CCM with gaskets is
shown in Fig. S6 (see the ESI}). The catalyst loading for IrRuO,/
Ta,05 was 4 mg cm™> (ca. 0.3 mgy, cm™>); and for 60 wt% Pt/C,
the loading was 0.2 mgp, cm ™. The V-I polarization curves were
first recorded as shown in Fig. 6B. An electrolyzer with the
IrRuO,/Ta,05 catalyst only needed 1.71 V to deliver 1 A cm™ and
1.91 V to deliver 2 A cm™>. However, the electrolyzer with the
RuO,/Ta,0s5 catalyst needed higher cell potentials to deliver
1 Acm™> (1.72 V) and 2 A ecm ™ (1.94 V). Therefore, RuO,/Ta,05
showed less activity than IrRuO,/Ta,Os, following the trend
observed in half-cell tests. By comparing the EIS curves (Fig. 6C),
it was found that both samples have a similar starting point and
diameter of the semicircle, indicating a similar ohmic resistance
in MEAs. The double layer capacitance between the catalyst and
ionomer in the catalyst layer is important for enabling the partici-
pation of active sites in the OER. To evaluate this, cyclic voltam-
metry (CV) was conducted for both MEAs, and the resulting vol-
tammograms in Fig. 6D indicate that the doping of Ir in RuO,
improved the electrochemically active surface area. The Ir dopants
also improved the stability of the catalyst in MEA. Although RuO,/
Ta,05 showed decent stability in a half cell at 10 mA ecm™, it
showed a fast performance decay when tested in MEA at 500 mA
cm™? (Fig. 6E).

4. Conclusion

In summary, a Ta,O5 support with an amorphous structure, a
high surface area, and a high concentration of surface oxygen
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vacancies was synthesized by a facile method. After integration
with the IrRuO, catalyst, strong interactions were found and
they mainly occurred between Ir and Ta, and Ir became more
electron-rich. In the IrRuO, active species, the doping of Ir in
RuO, improved the electrochemically active surface area and
stability of RuO,; therefore, IrRuO,/Ta,05 outperformed IrO,/
Ta,0s5 and RuO,/Ta,05 in catalytic activity and stability. All the
components in IrRuO,/Ta,0s worked synergistically to catalyze
the OER so that a high loading of Ir was no longer needed. At
0.3 mgy, cm™?, IrRu0O,/Ta,05 only needed a 235 mV overpoten-
tial at 10 mA cm ™2 in a half cell and a 1.91 V cell potential at 2
A cm™? in a PEM water electrolyzer. This work opens up a new
avenue for designing PEMWE catalysts supported by PGM-free
metal oxides to reduce Ir loading while offering excellent
activity and stability.
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