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Ir'W nanochannel support enabling ultrastable
electrocatalytic oxygen evolution at 2 A cm~—2 in
acidic media

Rui Li® 29, Haiyun Wang3'6, Fei Hu® 4™ K. C. Chan® 2%, Xiongjun Liu 5 Zhaoping Lu 5 Jing WangS,
Zhibin Li°, Longjiao Zeng?, Yuanyuan Li% Xiaojun Wu® 3™ & Yujie Xiong® 3>

A grand challenge for proton exchange membrane electrolyzers is the rational design of
oxygen evolution reaction electrocatalysts to balance activity and stability. Here, we report a
support-stabilized catalyst, the activated ~200 nm-depth IrW nanochannel that achieves the
current density of 2 Acm~2 at an overpotential of only ~497 mV and maintains ultrastable
gas evolution at 100 mA cm~2 at least 800 h with a negligible degradation rate of ~4 uV h=",
Structure analyses combined with theoretical calculations indicate that the IrW support alters
the charge distribution of surface (IrO,), clusters and effectively confines the cluster size
within 4 (n<4). Such support-stabilizing effect prevents the surface Ir from agglomeration
and retains a thin layer of electrocatalytically active IrO, clusters on surface, realizing a win-
win strategy for ultrahigh OER activity and stability. This work would open up an opportunity
for engineering suitable catalysts for robust proton exchange membrane-based electrolyzers.
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roton exchange membrane (PEM) water electrolyzers have

attracted growing attention owing to high current density,

excellent voltage efficiency, and ultrahigh gas purity!-3,
which are perfectly 0~100% adaptive for transforming and storing
renewable energy sources such as solar, wind, and hydro energy.
Although green hydrogen is deemed as a vital part of next-
generation energy sources®”, the large-scale implementation and
commercialization of PEM water electrolyzers in hydrogen pro-
duction are severely limited by delicate catalysts®’. In particular,
anodic oxygen evolution reaction (OER) electrocatalysts severely
suffer from their low stability in acid media®®. To facilitate the
practical industrial application of PEM electrolyzers, it is
imperative to develop highly active OER electrocatalysts that can
operate robustly in strongly acidic media. However, OER activity
and stability are often in a dilemma in electrocatalyst design.

Up to now, iridium (Ir) has been recognized as the best OER
catalytic material in acid media in terms of activity and
stability!0. For this reason, great efforts have been devoted to the
design and synthesis of nanostructured Ir-based electrocatalysts
for acidic OER, such as IrO,/carbon nanotubes, IrAg nanotubes,
IrRu nanoclusters, and IrW nanodendrites!!-1°. Yet, the
reported OER catalysts can hardly meet the strict criteria for
industrial application—high current densities over 2 A cm~2,
at low overpotentials (<500 mV)!7-18, The most recently
reported stable Ir-based nanostructured catalysts tend to lose
efficiency after 120 h at the current density of 10 mA cmfzgeo
under the acidic environment. As a matter of fact, the dissolu-
tion of Ir-based catalysts is unavoidable and is even severe for
nanosized particles as normalized by specific surface area. The
choice of support is highly important for PEM electrolyzer from
the perspective of engineering, but is long unfocused for catalyst
design. In 2016, Strasser and colleagues'® have revealed a
support-stabilizing effect for the contribution to the corrosion
stability of Ir catalyst in acidic water splitting, in which the
electronic interaction between catalyst and support can effec-
tively suppress the growth of higher-valent Ir oxides and the
subsequent dissolution. The catalyst-support interactions have
been investigated on various substrates such as carbon, Ni foam,
TiO,, and antimony-doped tin oxide (ATO)?0-24, However,
carbon and Ni can hardly be used in practice, as they would be
oxidized at relatively low anodic potentials. Even for the ATO
support materials, it may become unstable under harsh acidic
OER conditions?>. A right choice of support should be resistant
to corrosion and electronically tunable. As such, we decide
to focus on the high-valence metal W for investigating
catalyst-support interactions that may balance the OER activity
and stability in acidic medial>2°.

In this work, to elucidate the support-stabilizing effect from
bulk materials, we intentionally design a biphasic Ir'W-W,B (W-
Ir-B) alloy. By continuously undergoing selective corrosion on
W,B, an electrocatalytically active IrW nanochannel layer with
~200 nm depth is emerged as a highly efficient and ultrastable
electrocatalyst for acidic OER. The supported catalyst yields a
stable, high current density of 2 A cm™2,, with a low over-
potential of ~497 mV, which can maintain at least 800 h at 100
mA cm 2, with a negligible degradation rate of ~4pVh-1,
surpassing the state-of-the-art specification (14 pVh~!) in
strongly acidic media (pH 0)?7. As indicated by our density
functional theory (DFT) calculations, the impressive
catalyst-support interactions in the Ir'W nanochannels can alter
the charge distribution of surface Ir and O atoms (i.e., (IrO;),
clusters) and confine the cluster size of (IrO,),,. As a result, such
an effect prevents the Ir atoms from accumulating more O atoms
to form soluble high-valence state counterparts, as well as retain a
thin layer of electrocatalytically active IrO, clusters on the sub-
strate. This finding provides opportunities for designing an acidic

OER electrocatalyst with high activity and long-term stability at
industrial, large current densities for PEM-based electrolyzers.

Results

Material fabrication and characterizations. The biphasic alloy
was facilely fabricated by a water-cooling copper mold casting
method under a high-purity argon atmosphere. Figure la shows
the X-ray diffraction (XRD) pattern of the rapidly solidified W-Ir-
B alloy rod (atomic ratio, 60 : 20 : 20) with a diameter of 1 mm, a
characteristic of a two-phase alloy containing the crystalline
phases of orthorhombic IrW and tetragonal W,B. In agreement
with the XRD characterization, scanning electron microscopy
(SEM) image and energy dispersive X-ray spectroscopy (EDS)
mapping profiles also reveal the diphasic surface of the W-Ir-B
alloy sample(Supplementary Figs. 1 and 2). The crystallinity and
elemental distribution of the W-Ir-B alloy were further char-
acterized by transmission electron microscopy (TEM) and scan-
ning TEM (STEM) element mapping. TEM image (Fig. 1b) shows
that the separated crystalline phases present a bi-continuous and
interconnected structure in the alloy, mainly resulting from the
high cooling rate during melting. As revealed by EDS analysis
(Supplementary Fig. 3), region A and region B corresponds to the
IrW phase and the W-rich phase, respectively. The corresponding
selected area electron diffraction (SAED, Fig. 1¢) further confirms
that the two regions are orthorhombic IrW and tetragonal W,B,
respectively. In fact, the two crystalline phases can be identified by
the contrast difference in their high-angle annular diffraction field
STEM images. The elemental mapping (Fig. 1d) reveals the dis-
tribution of the constituent elements in the selected areas. The
line-scanning analysis in Fig. le also demonstrates the different
compositions of these two regions, further demonstrating the
phase separation of the produced W-Ir-B alloy. Moreover, the
high-resolution TEM image (Fig. 1f) shows clear lattice fringes for
the Ir'W and W,B phases with a well-bonded interface.

Evaluation of oxygen evolution activity and stability. Upon
forming the IrW-W,B biphasic structure, we evaluated the OER
catalytic activity and stability of the structure as a catalyst in
acidic media. The prepared catalyst was investigated using a
three-electrode system in 0.5 M H,SO, aqueous electrolyte. For
comparison, commercial powdery IrO, and Ir/C (20 wt%) cata-
lysts were also tested under the same conditions. The catalytic
activity and stability of the electrodes toward OER were first
recorded by linear sweep voltammetry (LSV) and cyclic voltam-
metry (CV). Figure 2a shows the linear polarization curves of
each catalyst before and after 5000 cycles. The initial W-Ir-B alloy
(i.e., I'W-W,B biphasic structure) catalyst exhibits superior OER
activity with a low overpotential of ~291 mV at a current density
of 10 mA cm*2geo (current normalized to the geometric surface
area of the electrode), which is ~11 mV and ~23 mV lower than
those of commercial IrO, and Ir/C catalysts, respectively. After a
5000-cycle CV test, the W-Ir-B alloy catalyst presents a nearly
unchanged linear polarization curve. In sharp contrast, positive
shifts are observed for the IrO, and Ir/C catalysts, demonstrating
the superior activity and stability of the produced W-Ir-B alloy
catalyst. The corresponding Tafel slopes are further analyzed as
shown in Fig. 2b. The W-Ir-B alloy sample exhibits a Tafel slope
of ~78 mV dec—], similar to commercial IrO, (82 mV dec~1) and
lower than that of Ir/C (93 mV dec™1). After cycling, the activity
of the W-Ir-B alloy catalyst remains constant, whereas the IrO,
and Ir/C catalysts show a marked increase of the Tafel slope to
101 and 116 mV dec™!, respectively, further manifesting the
stable OER performance of the W-Ir-B alloy catalyst under acidic
condition. In addition, electrochemically active surface areas
(ECSAs) of these catalysts are calculated from double-layer
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Fig. 1 Characterizations of the W-Ir-B alloy catalyst (atomic ratio, 60 : 20 : 20). a XRD patterns of the rapidly solidified alloy rod with a diameter of T mm.
b TEM image of the W-Ir-B alloy. € SAED patterns of the different regions marked in Fig. 1b. Region A: IrW phase (red solid box); Region B: W,B phase
(blue solid box). d HAADF-STEM image and the corresponding EDS elemental mapping of the W-Ir-B alloy catalyst. @ STEM-EDS line-scanning profile of
the separated phases of the W-Ir-B alloy catalyst. The inset shows the selected area for EDS line-scanning analysis. f HRTEM image of the phase-separated
W-Ir-B alloy. Scale bar: b 100 nm; ¢ 5 nm~"; d 100 nm; f 5 nm.
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Fig. 2 OER activity and stability comparison. a Linear polarization curves of the W-Ir-B alloy, commercial IrO,, and Ir/C catalysts before and after 5000
cycles in 0.5 M H,SQO4 electrolyte. The LSV curves of the pure W and the W,B alloy are also included. b Tafel slopes of the electrocatalysts before and after
5000 OER cycles. € Chronopotentiometry curves of the W-Ir-B alloy catalyst in 0.5 M H,SO, electrolyte at a current density of 100 mA cm*zgeo for 120 h.
The inset shows the LSV curves taken periodically during the test (every 24 h). d Activity degradations for the three catalysts at the current densities of 10
and 100 mA cm*zgeo, respectively. e Overpotential variations of the W-Ir-B alloy catalyst at the current densities in the range of 500 mA cm*zgeo to2A
cm—zgeo. The inset shows the voltage fluctuation caused by the O, bubbling. f Dissolution amount variation of Ir and W elements during the 120 h acidic
OER test at 100 mA cm= 2.
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capacitance according to the CV in a non-Faradaic region
(Supplementary Fig. 4). The Ir-W-B alloy catalyst exhibits higher
ECSA than the commercial catalysts, demonstrating that the alloy
catalyst can effectively expose more active sites to improve the
electrocatalytic activity and thus the OER performance, consistent
with the LSV results. The specific activity normalized to the
surface Ir mass in Supplementary Fig. 5 further estimates the
intrinsic activity of the W-Ir-B alloy catalyst. Specifically, the alloy
catalyst can reach an Ir mass-normalized current of 518 mA
mg;,~! with a surface Ir loading of ~78.9 pgcm™2 at an over-
potential of 300 mV, which is higher or comparable to the state-
of-the-art Ir-based materials reported to date (Supplementary
Table 1), further confirming the high OER activity.

To further compare the long-term OER stability of the different
catalysts in acid media, V-t relationships are recorded by
chronopotentiometry measurements at 100 mA cmfzgeo. As
shown in Fig. 2c, the W-Ir-B alloy catalyst can hold a nearly
constant potential for at least 120 h (recorded every 24 h) at the
current density of 100 mA cmfzgeo. For the commercial IrO, and
Ir/C (Supplementary Fig. 6), the efficacy loss can be due to the
catalyst detachment resulting from the dissolution of the carbon
support and the drastic attack of the continuous O, bubbles. This
result also proves the superiority of the self-supported W-Ir-B alloy
catalyst operated under a harsh acidic environment and it can
directly serve as a promising electrode for a robust PEM-based
water electrolyzer. The similar CVs taken periodically during the
120 h test further indicate the regeneration of activity, namely
electro-stability, in the acidic electrolyte (inset in Fig. 2¢). It should
be noted that even after an 800 h continuous OER test, the W-Ir-B
alloy catalyst can also keep an ultrastable activity (Supplementary
Fig. 7). Supplementary Table 2 summarizes the stability data of the
W-Ir-B alloy catalyst, in comparison with the previously reported
Ir-based OER catalysts in the acid electrolytes. To our best
knowledge, the produced W-Ir-B alloy catalyst is one of the most
stable OER catalysts in acidic media and its activity with an
overpotential lower than 300 mV at 10 mA cm ™2, also belongs to
the top-performing OER catalyst group. In Fig. 2d, the activity and
stability for the above three catalysts were further evaluated from
the polarization curves before and after CV cycling. At the current
density of 10 and 100 mA cm~2,,, the W-Ir-B alloy catalyst
exhibits the lowest activity decay (i.e., 0.006% and 0.019% vs. the
initial state, respectively) after the 5000 CV cycles as compared
with commercial IrO, and Ir/C catalysts. Moreover, according to
the chronopotentiometry test result, the W-Ir-B alloy catalyst
processes a negligible degradation rate of ~4uVh=! in over-
potential during the 800h OER test at 100 mA cm~2,,. The
obtained value is much lower than the state-of-the-art specification
of degradation rate (14 pV h=1) for PEM electrolyzers in practical
application?’, strongly demonstrating the superiority of the active
and ultrastable W-Ir-B alloy catalyst for PEM electrolyzer. To
exclude the influence of the amount of involved active sites, surface
area, or catalyst loading, we also introduce a metric of “stability
number (S-number, defined as the ratio between the amount of
evolved oxygen and the amount of dissolved Ir?8)” to estimate the
technological relevance of the OER catalysts, providing an
illustrative comparison for the stability of various reported
materials. Based on the dissolution amount of the Ir element
according to the inductively coupled plasma-optical emission
spectrometer (ICP-OES) data, as well as the measured and
calculated value of evolved oxygen volume?’, the S-number
variation for the produced Ir-W-B alloy catalyst under the current
density of 100 mA cm*Zgeo (potential: ~1.58 V vs. reversible
hydrogen electrode (RHE)) during the 120 h acidic OER process
is calculated. As shown in Supplementary Fig. 8, during the long-
term acidic electrolysis, the S-number of the alloy catalyst increases
as the reaction time prolongs, resulting from the ultralow

dissolution rate of the Ir. The S-numbers of the alloy catalyst
during the 120 h OER are calculated to be in the range of 5 x 104 to
249 x 10°, which are comparable or superior to the recently
reported IrO,-based catalysts such as Irg,Sng;O, nanoparticles
(1.6 x 105)30, Ir or Ir oxides (1 ~9.2 x 10°)28, IrO,@TiO, nano-
particles (1.0 x 10%)31, and Iry s Tiy 50, (1.5 x 10%)32, Tt is also noted
that considering the high current density and the super-long
duration time (i.e., 120 h), the stability of the alloy catalyst during
OER is further highlighted, demonstrating that the produced
biphasic alloy can be used as a promising catalyst for acidic OER
with both high activity and excellent stability. Toward industrial
applications, more strict criteria should be considered. For this
reason, we further investigated the OER activity and stability of the
W-Ir-B alloy catalyst under larger current densities. Figure 2e
presents the overpotential variations at different current densities
ranging from 500 mA cm*deO to2 A cm*Zgeo during a 12h OER
stability test. It turns out that the overpotentials keep stable
but oscillate as the increase of the current densities due to the
delayed diffusion. Notably, as the current density increases up to
2A cm_zgeo, the overpotential still maintains a low value of ~497
mV (inset in Fig. 2e), which further demonstrates the excellent
stability and activity of the catalyst with great potential for
application in PEM water electrolyzer under industrial conditions.

In-depth understanding of acidic OER stability. Given the
excellent OER stability, a puzzle naturally arises whether any part
of the W-Ir-B alloy plays a sacrificing role in ensuring the elec-
trochemical stability of the surface active sites. To elucidate the
puzzle, we probed the dissolution behavior of the catalyst during
the acidic OER, which employed an ICP-OES to quantify the
element dissolution into the H,SO, electrolyte (Fig. 2f). The
measurement indicates that trace amounts of Ir are dissolved (up
to 0.11mgL~!) in the acidic electrolyte along with the 120h
stability test, one-order of magnitude lower than the W leaching
(up to 3.25mg L) into the electrolyte. Moreover, the Ir and W
are dissolved continuously as a logarithmic function of the reac-
tion time (Supplementary Fig. 9), showing the self-stabilization of
the alloy catalyst. Supplementary Fig. 10 also presents the dis-
solution amount of the Ir in comparison with the initial Ir mass.
Only 2.49% Ir is dissolved from the surface during the 120 h OER
test, further demonstrating the stability. These results exhibit a
win-win strategy for electrocatalytic activity and stability,
which can be ascribed to the catalyst-support interactions.

Prior to our discussion on the catalyst-support interactions, we
have to confirm whether the W,B phase in biphasic W-Ir-B alloy
can be corroded during OER to form IrW nanochannels as we
designed. To this end, X-ray photoelectron spectroscopy (XPS)
concentration-depth profiling and electron microscopy observa-
tion were performed to investigate the variation of the
composition and microstructure of the catalyst surface after a
long-term oxygen production. Figure 3a depicts the XPS sputter
depth profiles of Ir, W, B, and O for the W-Ir-B alloy before and
after the OER catalysis (2 and 120 h). For the as-prepared alloy
catalyst, the constituent element contents are constant across the
entire sputter depth. Even after 120 h acidic electrocatalysis, the
leaching amounts of the constituent elements are not that
significant, demonstrating that the generated Ir oxide-based
active sites are rather stable during the long-term acidic
electrocatalysis. Specifically, the increase of O content from ~20
to ~60at% reflects the formation of abundant active Ir-based
oxides. The profile also indicates that a thin layer of ~200 nm
(marked by a red dotted rectangle) is both active and stable for
the acidic OER, in accordance with the dissolution behavior in
Fig. 2f. Such a finding was further proven by the SEM
characterization in Fig. 3b. The surface and cross-sectional

4 | (2021)12:3540 | https://doi.org/10.1038/s41467-021-23907-1 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-23907-1

ARTICLE

6O_Afhar120h ooé”o—o o ow
_40] : HogaofT
X 20
8 o]
S 601
S 40
g 20 : Ir
s o] ¢ Bomm == = = O
(8] 2 T T
9 804Bare" WIIi-B'alloy
E 601 gneee0—0—0—0—0—0—0 \|
S 40 B
<
20 - W—‘—A—A—A—A—A Ir
0 EEEE—N—N—E—N—Hn m O
0 100 200 300 400 500

sputter depth (nm)

600

< w“ 5y T
SN I

”~ ———

h: Cross section

Fig. 3 Surface active structure formed during the acidic OER and the characterizations. a XPS sputter depth profile measurements of the bare W-Ir-B
alloy catalyst, the alloy catalyst after 2 h OER test, and the alloy catalyst after 120 h OER test. The red dotted box indicates the depth of the surface active
thin layer. b Surface and cross-sectional SEM images of the W-Ir-B alloy catalyst after the 120 h acidic OER test. The inset shows the magnified cross-
section image of the nanochannel structure (yellow solid box). ¢ TEM image of the surface active oxides formed during the 120 h acidic OER. The inset
shows the SAED pattern. d STEM elemental mapping of the surface nanochannel structure. Scale bar: b 500 nm (top), 1pm (down); € 200 nm, 5 nm~!

(inset); d 100 nm.

images of the alloy catalyst after the 120 h acidic OER present a
nanoporous channel structure with a thickness of ~200 nm.
Looking into the specific size, we can recognize that the bi-
continuous channel structure possesses an average width of ~100
nm, approximately in correspondence to the separated phase of
Ir'W in the bare W-Ir-B alloy (Supplementary Fig. 1). As
demonstrated by the surface evolution of the W-Ir-B sample
(Supplementary Fig. 11), the interconnected W,B phase with
lower electrocatalytic activity (see Fig. 2a) is preferentially
dissolved in the acidic electrolyte during the incipient electro-
chemical reaction, resulting in the formation of an IrW channel
structure with nanopores. After the 120 h long-term acidic OER,
the nanochannel structure is almost unchanged in comparison
with the 2h reacted one (Supplementary Fig. 12), further
demonstrating the electrochemical stability. To gain more
information for the active oxides on the surface after the long-
term OER, we collected the TEM image and the SAED pattern on
the surface oxides (Fig. 3c), showing a polycrystalline channel
structure with a width of ~100 nm. STEM elemental mapping and
EDS analysis (Fig. 3d and Supplementary Fig. 13) further reveal a
uniform distribution of Ir, W, and O elements. These observa-
tions confirm that the Ir oxide species are rooted on the IrW
nanochannels. The Ir-O layer formed on the surface can serve
as the dominant active site, playing an important role in the

activity and stability of the catalyst in the subsequent OER
electrocatalysis33.

It is worth mentioning that the choice of elemental composi-
tions is critical to the OER stability, as alloy catalysts are
inherently stable in acidic electrolytes. As we know, Ru is more
OER active but less stable than Ir, which in turn affects the OER
stability of alloy catalysts. For comparison, a W-Ru-B alloy rod
electrode with the same configuration (diameter, composition,
fabrication method, etc.) was used as an electrode for OER in 0.5
M H,SO, electrolyte. The W-Ir-B alloy catalyst shows slightly
lower OER activity but significantly higher stability than that of
the W-Ru-B alloy catalyst (<6 h) in acidic media (Supplementary
Fig. 14). The W-Ru-B alloy electrode is gradually dissolved during
the long-term OER test, which finally turns the H,SO, electrolyte
brownish-black (Supplementary Fig. 15). This also infers that
improving catalyst stability is a more challenging task than
achieving electrocatalytic activity for PEM application.

Given the importance of elemental compositions, it is
imperative to further assess the element contribution during the
acidic OER. To this end, the surface chemical states and valence
status of the constituent elements were investigated by high-
resolution XPS. Figure 4a shows the Ir 4f spectra of the bare W-Ir-
B alloy surface, the activated surface (formed during six CV scans),
and the catalyst surfaces after 2 and 120h OER

NATURE COMMUNICATIONS | (2021)12:3540 | https://doi.org/10.1038/s41467-021-23907-1 | www.nature.com/naturecommunications 5


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

a b c
r WV (35.9 eV) WY (38.1 eV) droxyl (531.5 eV)
W 4f v v Y 01s N\
Ned R IATer 120 h B i _Aiter120h
I I(-Sastt(i]cg O\/Z) Water (532.7 V)
—_ — Le | J.
< & After2h| @ # %
3 2 2T -
g O |We(31.6eV) Vi k) H
: e § 0o s i Mol 3|
KN Bare W-Ir-B alloy /KJN&M% Baje W-Ir-B alloy
. — — T ; ; ; — . = T
58 60 62 66 68 70 30 32 34 36 38 40 528 530 532 534 536

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Fig. 4 XPS analyses for the surface structure during the acidic OER electrocatalysis. a Ir 4f, b W 4f, and ¢ O 1s deconvoluted core-level peaks of the bare
W-Ir-B alloy catalyst, the OER activated alloy catalyst, the alloy catalyst after 2 h OER test, and the alloy catalyst after 120 h OER test, respectively.

chronoamperometric test. The Ir 4f peaks of the bare W-Ir-B alloy
surface are centered around 60.9 (4f;,) and 63.9eV (4fsp),
corresponding to the metallic Ir. Notably, trace Ir is oxidized on
the alloy surface inevitably. It is also recognized that the Ir 4f-
binding energies are positively shifted with 0.1 ~02eV in
comparison with the standard Ir element?, resulting from the
high electronegativity difference between W and Ir3>36, which may
favor the electrocatalytic activity of Ir sites. After the alloy electrode
is anodically treated, a significant change is observed for the Ir XPS
spectra. The surface metallic Ir tends to form Ir oxides during the
anodic polarization. Specifically, the oxidation state of the Ir can be
assigned to the Ir'V and Ir'll species along with their respective
satellites®”, which are located at 61.8eV (64.8eV) and 62.2eV
(65.2 eV), respectively. The formation of the intermediate Ir'll may
undergo two pathways38: the metallic Ir0 is directly dissolved to
form soluble Ir'! and further IrO,, or transforms into Ir'! through
the decomposition of I'VO,0H with the release of O, and
formation of surface HIr'O, intermediates. Similar features have
been observed in the Ir-Ni% Ir-Sn3°, and Ir-Ti3? systems.
Moreover, the presence of the electronic defect-like Ir'll inter-
mediates with lower coordination numbers can also contribute to
the electrocatalytic activity of the alloy catalyst37+4, resulting in an
enhanced efficiency toward OER. After the 2h OER test in the
acidic electrolyte, the metallic Ir on the surface is completely
transformed into the Ir'V and IrIl. Moreover, a significant change
in the peak area of the Ir!V and Ir'll species can be observed in
comparison with the anodically treated electrode after six scans
and 2 h, as a large amount of stable Ir'V is formed during the OER
process38, Remarkably, in the next 120h OER test, there are no
obvious changes in the binding energies and the peak areas of the
I’V and Il species, demonstrating that the active Ir oxides
formed in the Ir'W nanochannels are rather stable during the long-
term stability test, consistent with the ICP-OES data.

As a matter of fact, various pathways have been reported for
the Ir degradation during OER in literature. As outlined in a
recent review?!, the dissolution of Ir species could be detected by
in situ measurement of 180-labeled samples. Moreover, Sanchez-
Casalongue et al.3> observed IrV surface species by in situ
ambient-pressure XPS; however, Pfeifer et al.3”-42 pointed out that
it should be the Ir'!! species. In parallel, Minguzzi et al.#3 reported
the presence of Ir'll and IrV species based on X-ray absorption
near-edge structure spectroscopy (XANES). Although Kasian
et al. 40 proposed that the Ir'IOOH directly contributes to the
oxygen evolution from the lattice by using 1°0O-containing oxides,
the degradation of Ir to a higher oxidation state (>IV) has been
observed based on the in situ XANES studies of Ir films*4, Rulr
oxides?>, and Ruthenate-Iridate pyrochlores?®. Furthermore, as
indicated by Kasian et al.40, the dissolution of Ir is related to the

potential; as the potential is sufficiently high, further oxidation of
IrV or IrV1 is preferable®. Thus, the pathways proposed for the
OER-triggered dissolution of Ir in literature are mainly the
formation of soluble Ir'!l or Ir(>IV) species. According to our
XPS spectra and ICP-OES result (Supplementary Fig. 11), the
oxidation and dissolution of Ir are inevitable, especially at the
initial OER stage. To enable the long-term stability of the catalyst,
it is imperative to form a stable structure that hinders the further
formation of the unstable Ir'l or IrVT species. In our case, the
observed IrW nanochannel-support layer with specific particle
size is an ideal configuration to achieve such a goal. We then
characterize the W 4f spectra during OER (Fig. 4b). The XPS-
peak differentiation result reveals the coexistence of metallic WO
and WYL demonstrating that the metallic W° state becomes
oxidized (WO;) during the OER process. The hypervalent
oxidation of W can adsorb redundant O atoms during
electrocatalysis and prevent active Ir oxides from further
oxidizing to higher valence (e.g., the unstable IrVT species) and
subsequently dissolving in acid. Figure 4c further shows the O 1s
XPS spectra, increasing intensities from the growth of oxygen
species are observed during the acidic OER electrocatalysis. The
fitting of the O 1s spectra reveals up to four different oxygen
species of the catalyst after the OER stability tests. The peaks at
532.8 and 531.5eV can be assigned to adsorbed water and
hydroxyl groups, respectively®. For distinguishing the lattice
oxygen that binds to different metals, the species at 530.8 eV can
be recognized to the W-O, whereas the peak appearing around
530.0 eV should be assigned to the Ir-O'%47. In this state, the W
elements with lower electronegativity are expected to bind oxygen
intermediates at the very start and then the in situ-formed IrW
support can effectively suppress the further electron loss and the
oxidation of surface active Ir oxides to soluble Ir, an intermediate
blaming for catalytic deterioration?s.

Although W,B is not electrocatalytically active for OER
(Fig. 2a), it is worthy of affirming the contribution of the B
element to OER performance. The detected B 1s XPS spectra can
be deconvoluted to two peaks at around 187.9 and 191.8eV
(Supplementary Fig. 16). The former is ascribed to the interaction
of B with W, whereas the latter can be assigned to the boron-oxo
species®®°0, Along with the acidic electrocatalysis process, the B
elements with low-valence state tend to be oxidized so that most
of them are dissolved. Nevertheless, the residual electron-deficient
B in the alloy substrate could generate a certain affinity to surface
metal atoms, to provide extra binding sites such as metal-B-O
bonds®!»>2, which also contributes to the superior OER activity.
For comparison, we also prepared two W-Ir catalysts with
different Ir contents for acidic OER activity and stability
evaluation (Supplementary Fig. 17), which shows that the W-Ir-
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B alloy catalyst exhibits an optimal OER performance with the
minimum usage of 20at%. These results demonstrate that the
addition of B makes a credible contribution to reducing the Ir
content and positively promoting the electrocatalytic activity.
More importantly, our theoretical calculation indicates that the
work functions of IrW and W,B surface are 4.467 and 3.915 ¢V,
respectively (Supplementary Fig. 18). Both the Ir and W
contribute to the electron density of Ir'W (002) surface around
the Fermi energy level, whereas the electron density of W,B (211)
surface is mainly offered by W atoms. The large number of
electrons near the Fermi level indicates that both the IrW (002)
surface and the W,B (211) surface are metallic, allowing efficient
electron transfer. As such, the introduction of B is essential to
form a biphasic alloy structure, in which the phase W,B with
lower work function tends to lose electron®® and can be
preferentially dissolved during the acidic OER, thereby forming
the IrW nanochannel structure. It should also be noted that in
comparison with previously reported glassy carbon-supported
IrW catalysts directly, which are fabricated by wet chemistry
methods!>1626, the IrW nanochannels with free-standing
structure in situ formed through the corrosion of the biphasic
IrW-W,B (W-Ir-B) alloy during the acidic OER process exhibit
unique stability in acidic media, except for the comparable
activity. Such long-term stability under harsh acidic condition is
strongly dependent on the specific particle size of the supported
IrW (i.e., 200 nm thickness). The good balance for activity and
stability of the IrW nanochannel support reveals its potential and
reliability for application in PEM electrolyzer from the perspec-
tive of engineering.

Theoretical investigation. Upon acquiring the key information,
we are now in a position to understand the support effect of the
IrW nanochannels by theoretical calculations. First, to study the
interfacial electron-transfer process, we simulated the differential
charge densities of the IrO, clusters adsorption on the IrW (002)
surface (Fig. 5a and Supplementary Fig. 19). With the support of
the IrW, the charge distribution of the Ir and O atoms is altered.
Specifically, Ir atoms lose electrons, whereas O atoms gain
electrons. As a result, the accumulation of positive charges at Ir
atoms could promote the formation of the catalytically active Ir-
O intermediates®®>>, thereby boosting the OER performance.
We further investigated the binding structures of Ir-O inter-
mediates by simulating the adsorption of the (IrO,), (n=1, 2,
4...) clusters on the IrW support. For the IrO, (n=1) cluster,
the binding energies of the adsorbed O-Ir at different sites are
calculated to be —6.03, —6.17, and —5.50 eV, weaker than that of
the single IrO, molecule (—6.91 eV) (Fig. 5b). This suggests that
the bond strength of O-Ir is reduced by the IrW substrate, due to
the electronic interaction between the catalyst and support!®.
When n =2, a similar result was obtained; the binding energies
of the IrW-supported O-Ir at different sites are mostly lower
than those of free (IrO,), (Fig. 5¢). However, the O-Ir bonds tend
to be broken when the cluster size further increases to n=4
(Fig. 5d). Combined with the differential charge density maps,
the binding energies indicate that the IrW support can prevent
the surface Ir atoms from accumulating more O atoms to form
unstable Trll or IrV1 species, as well as retain a thin layer of
electrocatalytically active IrO, clusters, thereby maintaining both
high activity and stability in the acidic catalytic process. Such a
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support-stabilizing effect can perfectly work in long term as the
IrW is thick enough (at least 200 nm) to balance activity and
stability.

Discussion

In summary, we have developed a biphasic W-Ir-B alloy catalyst
for high-performance acidic OER in light of the support-
stabilizing effect in PEM electrolyzers. The as-prepared catalyst
with in situ-formed IrW nanochannels exhibits a low and stable
overpotential of ~497 mV to achieve a high current density of 2 A
cmfzgeo, which maintains at least 800 h with negligible over-
potential degradation at 100 mA cm™ 2, Through surface
structure analyses and DFT calculations, we have revealed that
the IrW support can firm the surface-adsorbed active IrO,, pre-
venting the Ir from accumulating more O and leveling the valence
state. Essentially, this catalyst-support interaction retains a thin
layer of electrocatalytically active IrO, clusters layer, performing
excellent activity and ultra-stability toward the acidic OER. This
work not only provides a win-win alternative for industrial PEM-
based electrolyzer with high activity and stability, but also
enlightens the further exploration and design of high-efficiency
electrocatalysts based on support-stabilizing effect for other
energy-conversion applications.

Methods

Material fabrication. The W-Ir-B alloy ingots with different components were
prepared by arc-melting high-purity elements (>99.9 wt%) under a Ti-gettered
argon atmosphere. The alloy ingots were re-melted at least five times to ensure
chemical homogeneity. Then, the W-Ir-B cylindrical rods with a diameter of 1 mm
were fabricated by drop-casting of alloy melt into a copper mold under a high-
purity argon atmosphere.

Structural characterizations. Phase identifications of the as-cast samples were
determined by XRD (Rigaku DMAX-RB-12KW, Cu-Ka). Microstructures and
chemical compositions of the samples were characterized using SEM (Zeiss Auriga,
Germany) equipped with an EDS and TEM (Tecnai G2 F20). XPS (AXIS-ULTRA-
DLD, Kratos) with an Al Ka (mono, 1486.6 V) anode at an energy level of 150 W
in a vacuum of 107 Pa was employed to investigate the surface chemical states and
binding energies of the samples. Individual spectrums were corrected with the
reference to C 1s binding energy of eV and then deconvoluted using Gaussian
fitting. The contents of various elements including W, Ir, and B were determined
by ICP-OES (Prodigy, Leeman).

Electrochemical measurements. The electrochemical tests were performed using
an electrochemical workstation (CHI 660D) with a typical three-electrode system at
room temperature, where a standard Ag/AgCl electrode, a Pt plate, and the W-Ir-B
alloy rod with a fixed size of ® 1 mm x 1 cm were used as the reference electrode,
counter electrode, and working electrode, respectively. For the contrastive Ir/C
(20 wt%) and IrO, working electrodes, the Ir/C and IrO, catalyst inks were loaded
on a glassy carbon electrode, respectively. The overall catalyst loading amount was
about 0.25 mgcm™2. All the electrochemical measurements were performed in an
acidic electrolyte of 0.5 M H,SO, aqueous solution. LSV was conducted at a scan
rate of 1 mV s~! and corrected for iR losses (according to the solution resistance).
Before each LSV test, the catalyst electrodes were conducted with numbers of CV
cycles until a stable CV curve was obtained. For convenience, all potentials in this
study were converted to RHE by the Nernst equation of Epyg = Eag/agci + 0.197 +
0.0591 x pH and the overpotential (#) for OER was calculated using the equation of
# = Erug — 1.23. The electrochemical impedance spectroscopy was collected at
1.4V vs. RHE from 10° to 0.1 Hz with an amplitude of 10 mV for the calculation of
the solution resistance. The stability performances for the catalysts were recorded
by chronopotentiometry measurements, where constant current densities in the
range of 10 mA cm’zgco to 2 A cm*2360 were provided. Electrochemical double-
layer capacitance measurements were used to determine the ECSAs of the elec-
trocatalysts at non-faradaic overpotentials. By plotting the difference of current
density against the scan rate, a linear trend was observed. The slope of the fitting
line is equal to twice of the double-layer capacitance, which is proportional to the
ECSA of the catalysts. The amount of produced oxygen was measured in real-time
by a NeoFox Sport Oxygen Sensor (Ocean Optics).

Theoretical calculation. The XRD results show that the diffraction angles of the
IrW (002) surface and the W,B (211) surface are close to each other. Therefore, we
constructed the IrW (002) surface and W,B (211) surface based on the optimized
bulk lattice parameters. All geometric optimizations and density-of-states

calculations were performed based on the DFT method with the Vienna Ab-initio
Simulation Package®®>’. The exchange-correlation energy was described by the
generalized gradient approximation proposed by Perdew et al.>® with a cut-off
energy of 500 eV>%60 The IrW (002) substrate was constructed with a 5 x

3 supercell, in which the dimensional parameters of a and b directions are 13.47 A
and 13.94 A, respectively. The W,B (211) substrate was constructed with a 2 x

3 supercell, in which the dimensional parameters of a and b directions are 18.36 A
and 14.73 A, respectively. The Brillouin zone of IrW (002) and W,B (211) were
sampled by Gamma centered 3 x3 x 1 and 2 x 2 x 1 k-points, respectively. A
vacuum layer of 20 A was adopted in the z-direction to avoid the interaction
between periodic layers. The van der Waals interactions were described using the
empirical correction in Grimme’s scheme®!. The convergence criterion for the
energy and the maximum force for the optimization was set to 107> eV and

0.05 eV A1, respectively. The substrates of both IrW (002) surface and W,B (211)
surface consist of two layers. The bottom layer of the surface models was kept fixed
to hold the characteristics of realistic surfaces, whereas the atoms of the top layer of
the unit cells were allowed to be fully relaxed during the geometry optimizations.
For the (IrO,), cluster, the equation for calculating the binding energy of the O
atom is E, = E(Ir,,0,,_1) + E(O) — E(Ir,,O5,,), where E(Ir,O,,) is the total energy
of the optimized (IrO,), cluster, E(Ir,O,, 1) represents the energy of (IrO,),
cluster after losing one O atom, and E(O) represents the energy of O atom. For the
(IrO,),, cluster adsorbed on IrW (002) substrate, the calculation formula is E, = E
(substrate@Ir,,0,,) — E(substrate@Ir,O,,_,) — E(O), where E(substrate@Ir,O,,,) is
the total energy of the optimized (IrO,), cluster adsorbed on the IrW (002) sub-
strate, E(substrate@Ir,O,,_;) represents the energy of an (IrO,),, cluster after
adsorbed on the substrate and losing an O atom, and E(O) represents the energy of
O atom©263,
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