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Laves phase Ir,Sm intermetallic nanoparticles as a highly
active electrocatalyst for acidic oxygen evolution reaction

Rare earth alloys are significant for fundamental explorations
and promising for practical applications. Herein, Ir,Sm
nanoparticles were synthesized as acidic oxygen evolution
reaction catalysts. Ir,Sm alloy with ordered atomic
arrangement is a new phase belonging to the C15 cubic
MgCu,-type in the Laves phase family. Alloying Sm with

Ir atoms modulates the electronic nature of Ir, thereby
enhancing the oxygen evolution reaction activity. This study
provides a new perspective on the rational design and
practical application of high-performance rare earth alloy
catalysts.
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Rare earth (RE) intermetallic nanoparticles (NPs) are significant for fundamental explorations and promising
for practical applications in electrocatalysis. However, they are difficult to synthesize because of the
unusually low reduction potential and extremely high oxygen affinity of RE metal-oxygen bonds. Herein,
intermetallic Ir,Sm NPs were firstly synthesized on graphene as a superior acidic oxygen evolution
reaction (OER) catalyst. It was verified that intermetallic Ir,Sm is a new phase belonging to the C15 cubic
MgCus, type in the Laves phase family. Meanwhile, intermetallic Ir,Sm NPs achieved a mass activity of
124 A mg|,*1 at 1.53 V and stability of 120 h at 10 mA cm™2 in 0.5 M H,SO4 electrolyte, which
corresponds to a 5.6-fold and 12-fold enhancement relative to Ir NPs. Experimental results together with

density functional theory (DFT) calculations show that in the structurally ordered intermetallic Ir,Sm NPs,
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Accepted 15th April 2023 the alloying of Sm with Ir atoms modulates the electronic nature of Ir, thereby reducing the binding

energy of the oxygen-based intermediate, resulting in faster kinetics and enhanced OER activity. This
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Introduction

In catalytic reactions, the electronic structure of the active sites
plays a key role in the overall reactivity and selectivity of the
catalysts. Alloying provides an effective strategy for modulating
the electronic structure to improve the catalytic performance.'
RE alloys can integrate the unique electronic structure of RE
into materials, resulting in significant changes in the electronic
structure of catalytic materials.*” The unusually negative
alloying energy and alloy formation enthalpy provide RE alloys
with excellent stability under harsh conditions (strong acid or
high-temperature environments).*® In addition to the stable
structure of RE alloys, lanthanide contraction makes it possible
to precisely tailor the electronic structure of the active site.'***
The robust and tuneable catalytic properties of RE alloys make
them one of the most promising advanced catalytic materials.*®
However, the synthesis of RE alloy NPs for practical applications
is still hindered by many factors. For example, the RE elements
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have an extremely low standard reduction potential (—2.30 V for
Sm**/Sm) and demand a strong reducing agent to be reduced to
a metallic state; thus the traditional wet chemical synthesis
route is not applicable.’* In addition, RE elements show
extremely high oxygen affinity, and the alloying process needs to
be carried out in an inert atmosphere.*® For the above reasons,
the theoretical research and practical application of RE nano-
alloys are severely limited.'®'*"” Therefore, it is necessary to
deepen the understanding of the intermetallic RE systems and
explore their application directions.

Iridium-based materials are considered to have strong
potential for use as OER catalysts in acidic media, but the
problems of low mass activity and abundance hinder their wide
application.'®* Alloying with transition metals addresses these
critical issues in two ways. Firstly, alloying greatly changes the
electronic structure of Ir, thereby optimizing the adsorption and
desorption of the surface adsorbates. Secondly, the introduc-
tion of foreign atoms can also reduce the use of Ir metal and
thus reduce the cost of the catalyst. However, due to the disor-
dered arrangement of solid solution alloys, corrosion and
dissolution would inevitably occur, which compromises the
benefits of alloying. Therefore, the development of an improved
Ir alloy catalyst to exhibit higher activity and durability under
acidic operating conditions is urgently needed.**** Theoreti-
cally, constructing an intermetallic with an ordered atomic
arrangement can enhance the electrocatalytic activity and
durability, and reduce the use of noble metals.”>** Alloys modify
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the electronic state of catalytically active elements through
electronic effects, and the degree of modification depends
largely on the nature and composition of the second metal.>” RE
elements have a unique electronic structure of [Xe]4f" *5d° "6s>
(n = 1-15), which can provide an additional route for adjusting
the electronic structure of catalytically active elements.”®* The
electronic perturbation caused by RE doping in transition
metals could optimize the valence band of transition metal-
based materials.**** Due to the difference in electronegativity,
electron transfer occurs between Sm and adjacent Ir atoms,
which can optimize the electronic structure of Ir. The outer
electron shell arrangement of Sm atoms is 4f°6s>, which makes
it possible to induce the 4f electron configuration to participate
in the optimization and regulation of the Ir d-band center (eq)
through alloying.

Herein, we synthesized a new phase of intermetallic Ir,Sm
NPs on graphene through a facile solid-state synthesis strategy.
The structure of Ir,Sm has been confirmed to be a cubic system
belonging to the Fd3m space group.***® The synthesized catalyst
exhibited enhanced acidic OER activity. To further improve the
performance of the catalyst, we optimized the particle size of the
intermetallic Ir,Sm NPs. The Ir,Sm NPs achieved a much lower
OER overpotential of 275 mV at 10 mA cm ™2, better than those
of the commercialized Ir/C benchmark (378 mV) and most
documented Ir-based alloy catalytic materials. Meanwhile,
intermetallic Ir,Sm NPs with 1-2 atomic layers of IrO, have
robust stability, showing long-term stability with a current
density of 10 mA cm > for more than 120 h. The alloying-
induced electronic interaction between Sm and Ir tunes the ¢4 of
the Ir in intermetallic Ir,Sm, thereby accelerating the rate-
determining step (RDS) of the OER and enhancing the OER
activity.

Results and discussion

In this study, sodium vapor was used to obtain intermetallic
Ir,Sm NPs supported on graphene. As shown in Scheme 1,
a mixture of graphene, H,IrCls-6H,0, SmCl;, and cyanamide
was used as the precursor. After annealing treatment, the gra-
phene-supported intermetallic Ir,Sm NPs could be obtained by
pickling and drying. Intermetallic Ir,Sm NPs with high crystal-
linity (denoted as Ir,Sm-L/G) were obtained using an annealing
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time of 6 h, which facilitated the determination of the crystal
structure by XRD Rietveld refinement (Fig. 1a). The lattice
parameters are summarized in Table S1.1 Fig. 1b shows the unit
cell structure, which indicates that Ir,Sm belongs to the C15
cubic MgCu,-type phase in the Laves phase family.
HAADF-STEM images show that the Ir,Sm-L/G are dispersed
on the graphene and exhibit a roughly spherical shape (Fig. 1c
and d). Statistical analysis of 300 nanocrystals showed that
Ir,Sm-L/G have an average concentration size distribution of
26.4 nm (ESI, Fig. S1%). As shown in Fig. 1e, the spatial distances
between the two atoms measured along two orthogonal direc-
tions are 0.439 and 0.268 nm, corresponding to the interplanar
spacing of the (111) and (220) planes, respectively. The HAADF
image was analyzed along the [1T12] zone axis of the interme-
tallic Ir,Sm NPs. To confirm that the experimentally resolved
atomic configuration is consistent with that of the cubic crystal
system (space group: Fd3m), a HAADF image of [112] was
simulated (Fig. 1g),*® and the results show the same brightness
pattern as Fig. 1f. Furthermore, elemental mapping tested by
energy-dispersive X-ray spectroscopy (EDS) revealed that Ir and
Sm elements are homogeneously distributed in individual
intermetallic NPs (ESI, Fig. S2 and S37). In previous work on
intermetallic NPs, under acidic conditions, the non-noble metal
elements on the surface were etched to form a noble metal
surface layer with a thickness of 1-2 atomic layers. Benefiting
from higher thermodynamic stability, the inner alloy will
stabilize the noble metal elements on the surface layer, thereby
increasing the stability of the catalyst.’” There is a small amount
of O atoms on the surface of the intermetallic Ir,Sm NPs, which
may be caused by the oxidation of Ir element on the NPs surface.
The atomic resolution HAADF-STEM (Fig. 2a) image of the
Ir,Sm-L/G shows that the Ir,Sm NPs have an orderly atomic
arrangement, and the nanopore structure existing on the NPs
still shows the intermetallic structure of Ir,Sm NPs, which
indicates that the intermetallic NPs after pickling still main-
tained the intermetallic compound structure. The surface of the
intermetallic NPs has only about 0.23-0.42 nm of amorphous
structure (Fig. 2b), and the phase structure of the Ir,Sm NPs is
still well maintained. ICP measurement showed that the atomic
ratio of Ir and Sm is about 2:1 (ESI, Table S2}). These results
indicate that the alloy can exist stably under acidic conditions.
Considering the presence of few oxygen atoms on the catalyst
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Scheme 1 Schematic illustration of the synthesis method for intermetallic Ir,Sm NPs on graphene.
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Fig. 1 Structural characterization of Ir,Sm-L/G. (a) XRD Rietveld refinement result, (b) the corresponding crystal structure, (c—e) aberration-
corrected HAADF-STEM images at different magnifications, (f) HAADF image, and (g) simulated HAADF image. Inset is the atomic model of Ir,Sm,

where green and blue spheres are Ir and Sm atoms, respectively.

amorphous skin

Fig.2 HAADF-STEM images of Ir,Sm-L/G. (a) Crystal face information
and (b) nanoporous and amorphous skin distribution.

surface (ESI, Fig. S2¢t), the amorphous surface layer of the NPs
consists of Ir and O atoms. To explore the reason for the
formation of porous structures in the intermetallic NPs, the EDS
elemental mapping of the sample Ir,Sm-L/G precursor (after
sodium vapor reduction, without acid etching) was investigated

© 2023 The Author(s). Published by the Royal Society of Chemistry

(ESI, Fig. S4 and S51), where the sample was prepared for TEM
testing with ultradry tetrahydrofuran in an argon atmosphere.
STEM-EDS line scan showed that Na element is distributed in
the intermetallic NPs, which indicates that the nanoporous
structure on the alloy surface is caused by the dissolution of the
Na remnant during the pickling process.

After confirming the structure of the intermetallic Ir,Sm, the
synthesis process was optimized to obtain smaller intermetallic
NPs and further increase the number of active sites of the
catalyst (ESI, Fig. S61). As shown in Fig. S7 (ESI}), the average
concentrated size distribution of the 300 nanoparticles statis-
tically analyzed was 5.9 nm (denoted as Ir,Sm-S/G). STEM
images show that the intermetallic Ir,Sm NPs are uniformly
dispersed on the graphene. The lattice stripes shown in Fig. S6¢c
(ESIY) easily point to the (311) and (111) planes of the inter-
metallic Ir,Sm, and the EDS elemental mapping shows that the
Ir and Sm elements are uniformly distributed in a single
intermetallic particle.

Furthermore, pure Ir NPs were also prepared in the absence
of Sm precursor and characterized (denoted as Ir/G). X-ray

Chem. Sci., 2023, 14, 5887-5893 | 5889
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photoelectron spectroscopy (XPS) analysis showed partial
spontaneous oxidation on the intermetallic NPs surface (Fig. 3).
Compared with the Ir*" valence state signal of Ir/G, the Ir 4f
signal of the intermetallic Ir,Sm is shifted to lower binding
energies, which indicates the existence of electron transfer from
Sm to Ir in the intermetallic.***° In the Sm 3d spectrum, the
main peak AE of 27.5 eV indicates that Sm is mainly in the
metallic valence state.*

Next, the OER performance of Ir,Sm-L/G, Ir,Sm-S/G, It/G and
commercial Ir/C catalysts was investigated using a typical three-
electrode setup in 0.5 M H,SO, (see ESIt for more details).
Fig. 4a shows the linear sweep voltammetry (LSV) curves at 5 mV
s~ for various catalysts. It can be observed that the over-
potentials at a current density of 10 mA cm ™ are 275 mV (Ir,Sm-
S/G) and 310 mV (Ir,Sm-L/G), which are much lower than those
for Ir/G (389 mV) and Ir/C (379 mV), respectively, indicating that
the alloying of Sm and Ir effectively enhances the OER activity in
acidic medium. Compared with other Ir-based alloy materials,
including Ir-Cu, Ir-Ni, and Ir-Rh, Ir,Sm-S/G could work at much
lower overpotentials (Table S37).2***~** As shown in Fig. 4b, the
intermetallic Ir,Sm NPs exhibit lower Tafel slopes (72.9 mV
dec™* for Ir,Sm-S/G and 81.3 mV dec™* for Ir,Sm-L/G), indi-
cating that the Sm element effectively modulates the reaction
kinetics of Ir in the acidic OER.

The double-layer capacitance (Cyq;) of the catalysts derived
from the cyclic voltammetry (CV) curves (ESI, Fig. S81) was used
to calculate the electrochemically active surface area (ECSA).***
As shown in Fig. 4c, Ir,Sm-S/G has the largest ECSA, which
indicates that the synthesis of small-sized intermetallic NPs
effectively increases the ECSA (Fig. 4d). To quantitatively eval-
uate the OER activity of Ir in the catalyst, the current density and
the mass activity of Ir at 1.53 V (vs. RHE) were compared. Ir,Sm-
L/G yielded a current density of 8.47 mA cm > and a mass
activity of 0.59 A mgy ' at 1.53 V (vs. RHE). Ir,Sm-S/G has
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Fig.3 High-resolution XPS spectra and local structure analysis. (a) Ir 4f
core levels of Ir,Sm-S/G, Ir,Sm-L/G and Ir/G, (b) Sm 3d core levels of
Ir,SMm-S/G, (c) Sm 3d core levels of Ir,Sm-L/G.
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a current density of 18.27 mA cm ™ > and a mass activity of 1.24 A
mg;, ', which are 5.2 and 5.6 times higher than that of Ir/G
(3.52 mA cm™>, 0.22 A mg;, ), respectively. This confirms the
significant enhancement of the electrocatalytic activity after the
increase of the number of active sites in the intermetallic Ir,Sm
NPs. In addition, the EIS results of Ir,Sm-S/G, Ir,Sm-L/G, Ir/G
and Ir/C in Fig. 4e exhibit semicircular curves. The semicircle
radius of the intermetallic Ir,Sm NPs is smaller than that of Ir/G
and Ir/C, which indicates that the alloying of Ir with Sm atoms
effectively accelerates the electron transfer in OER electrolysis.
There was little difference in the solution resistances (R;) of all
of the samples. Ir,Sm-S/G has the smallest charge transfer
resistance (R.) of 157.5 Q, compared with Ir/G (603.0 Q), Ir/C
(532.9 Q) and Ir,Sm-L/G (206.8 Q), indicating the excellent
charge transfer rate and electron conductivity (Table S47).

The chronopotentiometry curve was used to test the stability
of the catalyst. Ir,Sm-S/G showed long-term stability with
a current density of 10 mA cm ™~ for more than 120 h (Fig. 4f),
while Ir/G started to deactivate after 10 h. After 120 h of OER
testing, the stability of Ir,Sm-S/G was determined from the
crystal structure and chemical state of the samples. As shown in
Fig. S9a and b,T the morphology and phase of the Ir,Sm NPs
catalyst remained stable, similar to the pristine sample. XPS
analysis (ESI, Fig. S9c and d) showed that the Ir 4f and Sm 3d
spectra of Ir,Sm-S/G were similar before and after electro-
catalysis, except for a slight increase of Ir*" species. These
results further demonstrated the stability of Ir,Sm-S/G. The
above results indicate that the alloying of Ir with Sm atoms
improves both the catalytic activity and the stability.

To further understand the properties of intermetallic Ir,Sm
NPs towards the acidic OER, DFT calculations were employed to
reveal the active sites and the reaction mechanisms. Based on
the surface features obtained from experiments, the Ir (111) and
Ir,Sm (111) were used to simulate the surfaces. Considering the
slight oxidation of the intermetallic NPs surface and the
corrosion of the Sm atoms in the surface layer, Ir atoms are
enriched on the surface of Ir,Sm (111). The Ir atoms on the
intermetallic NPs surface are slightly oxidized, but mainly keep
a metallic state before and after the OER test, thus allowing
partial oxidation of the surface of the model (ESI, Fig. S107).
First, by comparing the PDOS of the Ir-5d orbital, the ¢4 was
identified, revealing the binding strength and catalytic activity
of the Ir sites (Fig. 5a). The f-d orbital coupling further shows
that Sm modified the d-band center of Ir through the ligand and
strain effect. Compared with pure Ir metal (¢4, —2.72 eV), the ¢4
of the Ir,Sm intermetallic is shifted up to —2.14 eV, and the Ir-
5d orbitals become less dispersed, which is attributed to the
ligand and strain effect in Ir,Sm.

In intermetallic Ir,Sm, the Sm-4f orbitals show splitting near
the Fermi level (Eg), which indicates the existence of electronic
interaction between Ir and Sm atoms, and the overlap of the Ir-
5d and Sm-4f orbitals supports fast electron transfer and
protects Ir sites under acidic media (Fig. 5b). The ¢4 is enhanced
by alloying and the electrocatalytic activity of Ir is activated.
Furthermore, the Ir-5d orbitals are up-shifted and relatively
localized, supporting enhanced electrical activity to guarantee
an efficient OER process. For OER, free energy maps of the Ir

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The electrochemical performance of Ir,Sm-L/G, Ir,Sm-S/G, Ir/G and Ir/C in 0.5 M H,SO4 electrolyte. (a) IR-corrected OER polarization
curves and (b) Tafel plots. (c) Overpotentials at a current density of 10 mA cm™2 and current density at 1.53 V vs. RHE. (d) Cq curves by plotting
current density versus scan rate. (e) The Nyquist plots. Inset is an equivalent circuit. (f) Chronopotentiometry curves for Ir,Sm-S/G and Ir/G.

(111) and Ir,Sm (111) surfaces at U = 0 V vs. RHE and 1.23 V vs.
RHE are shown in Fig. 5c and d, respectively. The first step is the
adsorption of water molecules on the Ir,Sm (111) surface to
form OH*, and the second step is the deprotonation of OH*
species to form O*. Then, the adsorption of another water
molecule occurs to form OOH*. Finally, molecular oxygen is
generated. The free energy diagrams (Fig. 5¢ and d) show that
the step of forming the *OOH group from the *O group is
strongly suppressed, which is considered to be the RDS. The
initial adsorption and dissociation of H,O is more favored on

the Ir,Sm than the initial oxidation step on Ir, indicating
a stronger reaction tendency. The AG value of the RDS corre-
sponding to Ir (111) is 1.54 eV, and the AG value of the RDS
corresponding to Ir,Sm (111) is 1.45 eV, indicating that the OER
of Ir,Sm is more favorable. The alloying-induced electronic
interaction between Sm and Ir changes the position of the Ir ¢4
in the Ir,Sm alloy, which affects the adsorption strength of the
adsorbate on the catalyst surface. The DFT calculations are in
good agreement with the experimental results.
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Fig.5 Theoretical calculations. (a) Density of states of d-orbitals of the Ir sites on Ir (111) and Ir,Sm (111) surfaces. (b) The PDOS of Ir-5d and Sm-
4f orbitals in Ir,Sm (111). (c) Pathways of the acidic OER at U = 0 V and (d) U = 1.23 V (vs. RHE).
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Conclusions

In summary, a new Laves phase of intermetallic Ir,Sm NPs was
successfully synthesized, which belongs to the Fd3m space
group. Through optimizing the NPs size, the Ir,Sm-S/G exhibits
enhanced OER activity in 0.5 M H,SO, electrolyte. Specifically,
the Ir,Sm-S/G delivers a mass activity of 1.24 A mglr_1 at 1.53 V
and excellent stability for 120 h at 10 mA cm ™. Experimental
results together with theoretical studies show that the alloying
of Ir and Sm atoms tailors the electronic properties of Ir,
resulting in favorable adsorption energies for OER intermedi-
ates and further lowering the reaction barrier for the RDS. The
synthesis of intermetallic RE NPs will inspire a new strategy for
the rational design of efficient electrocatalysts.
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