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ABSTRACT

Nanoscale heterostructures of covalent intermetallics should give birth to a wide range of
interface-driven physical and chemical properties. Such a level of design however remains
unattainable for most of these compounds, due to the difficulty to reach a crystalline order of
covalent bonds at the moderate temperatures required for colloidal chemistry. Herein we design
heterostructured cobalt silicide nanoparticles to trigger magnetic and catalytic properties in
silicon-based materials. Our strategy consists in controlling the diffusion of cobalt atoms into
silicon nanoparticles, by reacting these particles in molten salts. By adjusting the temperature,
we tune the conversion of the initial silicon particles towards homogeneous CoSi nanoparticles
and core-shell nanoparticles made of a CoSi shell and a silicon-rich core. The increased
interface-to-volume ratio of the CoSi component in the core-shell particles yields distinct
properties compared to the bulk and to homogeneous nanoparticles. First, the core-shell
particles exhibit increased ferromagnetism, despite the bulk diamagnetic properties of cobalt
monosilicide. Second, the core-shell nanoparticles act as efficient pre-catalysts for alkaline
water oxidation, where the nanostructure is converted in situ into a layered cobalt silicon
oxide/(oxy)hydroxide with high and stable OER electrocatalytic activity. This work
demonstrates a route to design heterostructured nanocrystals of covalent intermetallic
compounds and shows that these new structures exhibit very rich, yet poorly explored,

interface-based physical properties and reactivity.



INTRODUCTION

Heterostructured nanoparticles provide distinct properties of large interest for many
applications like optoelectronics and catalysis.!> While the design of such nano-objects has
reached an exquisite control for metals, oxides and chalcogenides, ! it has not been achieved
yet for intermetallics that require high synthesis temperatures, especially those bearing

significant covalence in their bonding scheme.

Transition metal silicides are intermetallic compounds showing diverse properties for
microelectronics,’ thermoelectrics,* superconductivity,’ magnetism,® and (electro)catalysis'®-
4 These properties are deeply impacted by the nanoscale. For instance, unusual
ferromagnetism has been observed in nanowires of binary disilicides and monosilicides,®° like
cobalt silicide CoSi, as a result of crystal defects, undercoordinated metal atoms and dangling
bonds at interfaces.” Some silicides like CoSi are also topological semimetals at the surface of
which new transport and physical phenomena emerge.!>'® However the role of the shape and
of the internal structure of silicide nano-objects on their magnetic properties has not been
examined because of the scarcity of synthesis methods for silicide nanoparticles.'®!>!7
Nanoscaled metal silicides have also raised interest in hydrogenation catalysis'® and
electrocatalysis of the hydrogen evolution and oxygen evolution reactions (HER and OER)
involved in water splitting.!®!>!% Other compounds of p-block elements are attractive for
electrochemical water splitting, especially cobalt-p-block element compounds like carbides,
nitrides, phosphides, sulfides and borides as pre-catalysts for OER:'®*2* During OER
electrocatalysis, they undergo surface reconstruction into electrocatalytically active cobalt
(oxy)hydroxides, thus yielding highly active electrocatalysts. Cobalt silicide nanoparticles are

a missing piece in this compendium, which relates directly to the challenge raised by their

synthesis.



CoSi nanowires® and nanoparticles® %’

are currently achievable by chemical vapor
deposition (CVD) at ca. 800-1000 °C. A consequence of CVD growth is that these objects are
usually supported on graphene or other substrates. These supports can deeply impact magnetic
and catalytic properties of the nano-objects.’® Altogether, designing freestanding CoSi
nanoparticles with tunable surface states should provide original insights into the role of shape
and interfaces on the magnetic and electrocatalytic properties of silicides, and should bring the

ability to control these properties. However, the synthesis temperature must be drastically

decreased compared to the aforementioned CVD processes in order to isolate nanoparticles.

In this work, we bypass the current temperature threshold of cobalt monosilicide synthesis
by controlling the diffusion of cobalt atoms into Si nanoparticles dispersed in molten salts, to
design freestanding core-shell and homogeneous cobalt silicide nanoparticles (Figure 1). The
development of nanoparticles exempt of any support with adjustable internal heterostructure
provides the unique opportunity to address the role of interfaces on the magnetic and

electrocatalytic properties of cobalt monosilicide.
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Figure 1. Reaction pathway towards CoSi nanoparticles and the corresponding crystal
structure. The coordination polyhedral of Si and Co are shown. Yellow, grey and red bonds
display Co-Co, Co-Si and Si-Si bonds.



RESULTS AND DISCUSSION

To achieve a dramatic decrease in the temperature of reaction between silicon and cobalt
chloride compared to CVD,? we use silicon nanoparticles (diamond-like structure d-Si, ca.
40 nm) (Figure S1) and cobalt chloride as Si and Co sources, respectively. Silicon nanoparticles
provide a large reaction interface. We perform the reaction in the Lil-KI eutectic mixture
(melting point 286 °C), which provides a diluted and carbon-free reaction medium stable at
300-400 °C, thus enabling to increase the reagents mobility, enhance reaction rates and trigger
extensive nucleation.’! Besides, we use dynamic vacuum in order to extract the side-product

Sils4 during the reaction.

Design of homogeneous and core-shell silicide nanoparticles

Powder X-ray diffraction (XRD, Figure S2) indicates that CoSi (S.G. P2;3) is the main
crystalline phase for samples synthesized at 300 and 400 °C. d-Si is still detected in the sample
obtained at 300 °C, showing that the silicon nanoparticles are not totally converted at this
temperature. Transmission electron microscopy (TEM, Figure S2 and Figure 2) shows that the
400 °C sample is made of homogeneous 20-50 nm nanoparticles. High resolution TEM
(HRTEM, Figure 2) images, the corresponding Fast Fourier Transforms (FFTs), and scanning
TEM (STEM) coupled to high angle annular dark field (HAADF) detection (Figure 3) can all
be indexed along the CoSi structure (Figure 1l and Figure S3) and confirm that these
homogeneous nanoparticles are solely made of CoSi. Some zone axes yield composite atom
columns made of Co and Si atoms piled together (Figure S3), which can be detected from a
brighter HAADF contrast of these columns compared to Si-only columns (Figure 3c,e-f).
Complementary STEM imaging in annular bright field mode (STEM-ABF) sensitive to light
elements (Figure S4) confirms the Si distribution, as well as the chemical maps acquired by

electron energy loss spectrocopy (EELS, Figure 3g-1).



Figure 2. Homogeneous CoSi nanoparticles obtained at 400 °C. (a, ) Low and (b, f) high
resolution TEM images with (c, d) corresponding FFTs, indexed along the CoSi structure. (g)
Scheme of the CoSi structure with similar orientation as the (f) panel.
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Figure 3. Structural and compositional analysis of homogeneous CoSi nanoparticles. (a)
STEM-HAADF image and (b) corresponding FFT of the dashed labelled region. (d, €) STEM-
HAADF images ((e) corresponds to the dashed square in (d)). A scheme of the CoSi structure
oriented along the [111] direction is plotted in (c) and superimposed to the image in (d). (f)
Contrast intensity profile along the yellow line displayed on (d). (g) STEM-HAADF image
simultaneously acquired with (h) Co-L and (i) Si-K chemical maps on the green area in (d). (j)
shows the combined Co and Si maps. EELS sum spectra of Co-L and Si-K edges are displayed
in (k) and (1), respectively. (h-j) are displayed at the same scale as (g).

When the synthesis temperature is decreased to 300 °C, then the 20-50 nm nanoparticles
exhibit a core-shell structure, highlighted by STEM-HAADF (Figure 4a-b) and STEM-ABF
(Figure 4¢), contrary to the homogeneous particles obtained at 400 °C. STEM-HAADF

(Figure 4d) is consistent with the CoSi structure. HRTEM (Figure S5) indicates that the



~5 nm-thick shell is crystallized along the CoSi structure, with crystal domains of 2-5 nm,
smaller than the crystal domains of the homogeneous particles (10-15 nm, Figure 2b-f,
Figure 3a). Some domains in the core could be indexed along the d-Si structure according to
HRTEM (Figure S5). We have then further assessed the spatial distribution of Co and Si by
STEM coupled to energy dispersive X-ray spectroscopy (STEM-EDS) and by STEM-EELS
(Figure 4g-1). The contrasted shell is enriched in cobalt as expected from its CoSi structure. On
the opposite, the core is silicon-rich. Note however that we still detect cobalt in the core of the
particles. Although it may arise from the top and bottom CoSi shell that is inevitably probed
when analyzing the core, we do not discard the possibility of some cobalt atoms in the core,
despite the detection of d-Si structure domains, which may suggest cobalt-doped silicon in the
core. We then suggest that the core-shell nanoparticles are made of cobalt-doped silicon cores
(Si:Co) and CoSi shells. As expected, this inhomogeneity is not observed in homogeneous CoSi
nanoparticles. We also observe for both kinds of particles a poorly-contrasted passivation layer
rich in silicon and oxygen (Figure 4g-1). This layer is more clearly detected by TEM and
STEM-ABF (Figures S5 and 4¢) than by STEM-HAADF (see e.g. Figure 3a), which confirms
its constitution from light elements. We note that this layer is also thicker when the time of air
exposure increases (few minutes for Figure 2 versus few days for Figure S5), which indicates
its formation through a passivation mechanism. We further address more in-depth the exact

nature of this outer layer.
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Figure 4. Structure and composition of core-shell nanoparticles. (a, b) STEM-HAADF and
(c) STEM-ABF images. (d) Enlarged image of the dashed region in (b), with the corresponding
(e) FFT indexed along the CoSi unit cell and (f) the CoSi structure oriented along the same zone
axis. STEM-EDS linear profiles along the lines indicated in the insets, STEM-HAADF images
and corresponding EELS linear profiles for (g, h, i) homogeneous and (j, k, 1) core-shell
nanoparticles, respectively.



The evolution from original silicon nanoparticles to Si:Co-CoSi core-shell and then to
CoSi homogeneous particles upon an increase of the synthesis temperature, while maintaining
the overall particle size suggests a conversion of the initial Si particles by thermally activated
diffusion of Co atoms into the Si lattice.’? This interpretation is supported by the fact that some
of the smallest particles at 300 °C are fully converted into CoSi (Figure S6), in agreement with
the shorter Co diffusion length required for their transformation. Consistently, HRTEM images
confirm larger crystal domains in homogeneous CoSi nanoparticles obtained at 400 °C (12-

30 nm, Figure 2), than for the core-shell nanoparticles at 300 °C (4-8 nm, Figure S6).

We then performed STEM-EELS analysis (Figures S7 and S8) to address the electronic
state of cobalt and silicon into the homogeneous and core-shell nanoparticles. Into both kinds
of particles, the Co-L edge does not show features of oxidized cobalt like a L3 high energy tail
(Figure S9),>** which suggests cobalt in the metallic state. This is confirmed by the integration
of EEL spectra over 1 nm-thick layers from the surface to the core in a homogeneous particle
(Figure 5a-d). X-ray absorption spectra at the Co-K edge (Figure 5e) are identical for both
homogeneous and core-shell nanoparticles. They do not exhibit any feature of the reference
spectra of oxidized Co species. These spectra confirm that cobalt is in its metallic state, as
expected for an intermetallic compound, with no indication of oxidized cobalt. Likewise, the
XANES of the Si K-edge shows a main contribution of non-oxidic silicon. A second
contribution of oxidic Si is observed with a peak at 1847 eV, in agreement with the EELS Si
K- (Figure S7c¢-d and S8c-d), Co K- and O K-edges (Figure 5¢) indicating an outer 0.5 nm-
thick passivation layer made of oxygen and silicon. X-ray photoelectron spectroscopy (XPS)
(Figure S10) indicates the expected contributions of the cobalt silicide, with also some oxidized
silicon and cobalt, formed by air exposure. Overall, TEM, STEM-ABF (Figures S5 and 4c),
STEM-HAADF (Figure 3a) and STEM-EELS (Figure S7¢-d and S8c-d) indicate that the

amorphous layer is amorphous silica. The detection of oxidized Co by XPS may be ascribed to

10



extensive oxidation during exposure to air for several days before measurement. This
hypothesis is supported by three analyses: the thickening of the amorphous layer upon exposure
to air observed by TEM (vide supra), the absence of paramagnetic species detected when the
samples are handled and studied under inert atmosphere, and Extended X-ray Absorption Fine
Structure (EXAFS). Indeed, the Co K-edge EXAFS analysis for the homogeneous CoSi
nanoparticles measured after exposure to air for only few minutes fits with an excellent
agreement to the crystallographic structure of CoSi (Figure S11 and Table S1). These three
evidences show that Co in the homogeneous CoSi nanoparticle sample is present only in the
CoSi structure. This material can then be used as CoSi reference for further analysis of the Co

K-edge XAS acquired during electrocatalysis, as will be discussed latter.

11
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Figure 5. Electronic states in CoSi nanoparticles. (a) Homogeneous CoSi particle STEM-
HAADF image, the EELS line scan is shown with the different integration area. (b) EELS
spectra, (c) oxygen and cobalt relative contents, (d) Co-L edge and on the different positions
marked in a and c. XANES spectra at the (¢) Co K- and (f) Si K-edges recorded for
homogeneous, core-shell nanoparticles, and for some references.
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Unlike bulk CoSi, the nanoparticles obtained in this work respond to a magnet, especially
the core-shell nanoparticles. In order to eliminate the possible adventitious influence of
ferromagnetic elemental Co clusters not detected by XRD or local TEM analysis, the total X-
ray scattering pattern of the core-shell sample was analyzed by pair distribution function
(PDF).%-3 Fitting with only CoSi leads to a fairly acceptable (reliability factor R=20.9%) but
yet improvable solution. The addition of crystalline Si and amorphous silica (Table S2), in
agreement with TEM analysis, yields the best refinement (R=15.6%, Figure 6). Amorphous
and crystalline Co, as well as amorphous CoO and Co304, can be excluded since their addition
did not improve the reliability factor (Figure S12, see experimental methods for details of
refinement process). Therefore, the samples are mostly made of CoSi, and do not exhibit

elemental cobalt. The magnetic properties of this sample are then attributed to CoSi.

Model: CoSi + Si + amorph-SiO,

Experimental G(r)
R=15.6% —— Calculated G(r)
— Residual

'\’V‘/\/‘/\»-\/V\/\/J\/\N\/\/\/J\/\/\/\W\/Mm/

éIﬂlf'Eliléb1|0'1l2l1|4'1l6l1|8'20
r (R)

G(r) (a.u.)

Figure 6. Local structure analysis of core-shell particles. Full X-ray scattering PDF analysis
of core-shell CoSi nanoparticles. The calculated G(r) has been obtained with a mixture of

crystalline CoSi, Si, and amorphous SiOx.
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Enhanced ferromagnetism in cobalt silicide nanostructures

Both core-shell and homogeneous CoSi nanoparticles show ferromagnetic behavior at low
temperatures that persist close to room temperature (Figure 7a-b). The magnetic properties
were evaluated on samples not exposed to air. The core-shell nanoparticles show coercive fields
of 15 and 945 Oe at 300 and 5 K, respectively (Figure 7b). Similar coercivities were observed
for the homogenous sample (Figure 7a). The saturated magnetizations (Ms) of both samples
were further calculated through the law of approach to saturation.’** For core-shell particles,
linear fitting of M versus 1/H gives Ms values of 7.9 and 10.6 emu.g”' at 300 K and 5K,
respectively, corresponding to 0.17 and 0.22 us/Co. For homogeneous CoSi particles, the
saturated magnetizations of 2.6 (0.048 us/Co) and 3.6 emu g™ (0.067 ps/Co) at 300 and 5 K,
respectively, are below those of the core-shell particles. These values are much lower than that
of metallic Co (1.72 us/Co at 4 K),® in agreement with the absence of Co clusters deduced by
PDF analysis. Bulk CoS:i is reported as intrinsically diamagnetic (Table S3).*' CoSi thin films
are also diamagnetic,® while single crystal CoSi nanowires showed significant ferromagnetism
ascribed to Co atoms in some defective positions, e.g. interfaces, grain boundaries and crystal
defects.”® Herein, by designing polycrystalline core-shell nanoparticles, we maximize the
density of boundaries and interfaces and then interfacial ferromagnetism. This effect is
therefore 5-fold and 3-fold more pronounced than for reported CoSi single crystal nanowires
(0.03 ps/Co at 300 K)® and for the homogeneous CoSi nanoparticles prepared in the present
work (0.05 us/Co at 300 K), respectively. To evaluate the different contributions to
magnetization in the case of the core-shell particles, we analyzed the dependency of M versus
I/H up to 9T at 300 K by following the Honda-Owen approach (Figure S13). From these
measurements, we observe that about 83 % of the magnetization can be attributed to
ferromagnetic species. Some remaining paramagnetic or weakly interacting species may arise

from oxo species arising during the washing step.

14
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Figure 7. Magnetic properties of homogeneous and of core-shell nanoparticles. (a)
Magnetization curves for homogeneous CoSi nanoparticles at 300 and 5 K. (b) Magnetization
curves for core-shell nanoparticles (a) versus the magnetic field at 300 and 5 K, (b) as a function
of temperature at applied field of 20 Oe, recorded after cooling in a 20 Oe field (FC) and after
cooling in zero field (ZFC), respectively.

The zero-field cooled (ZFC) magnetization curve of the core-shell nanoparticles
(Figure 7¢) shows a maximum at ca. 275 K. In a polycrystalline CoSi sample, the spins of each
crystal domain are spontaneously oriented along their easy axis at room temperature. These

macroscopic disordered spin orientations are frozen at low temperature (5 K) before the ZFC

15



measurement, so that a low magnetization is recorded at the beginning of the ZFC measurement.
As the temperature increases, the spins are defrosted to align under the applied field, so the
magnetization increases. The rise of temperature also leads to thermal disturbance and decrease
of coercivity. As a result, after reaching the maximum magnetization, the field cooled (FC) and
ZFC curves converge above 300 K, where the sample no longer shows hysteresis, but an
unblocked state with no noticeable hysteresis, which resembles a superparamagnetic state likely
influenced by the interparticle dipole-dipole interaction in the powder sample where the

particles are not well isolated.

Water oxidation catalysis with cobalt silicide nanostructures

The impact of the homogeneous or core-shell structure of the nanoparticles on the alkaline OER
electrocatalytic properties has also been evaluated. A glassy carbon sheet covered with a drop-
casted nanoparticles/Nafion film was used as working electrode in a Fe-free 0.1 M KOH
electrolyte. The cyclic voltammograms (CVs) of the nanoparticles and of reference commercial
IrO2 nanoparticles are shown in Figure 8a-b. Bubbles forming at the surface of the working
electrode (not shown) demonstrate the occurrence of OER above 1.5V vs. the reversible
hydrogen electrode (RHE). The two types of silicide nanoparticles show different behaviors in
the first CV: the core-shell particles exhibit an irreversible anodic wave at ca. 1.2~1.6 V vs.
RHE. This wave is not observed in the homogeneous particles. We then assign it to the
oxidation of the silicon-rich core of the core-shell particles.*? After the first cycle, the core-shell
particles deliver a steady current density above 1.6 V vs. RHE, with two reversible redox
transitions (cathodic waves at ca. 1.1 and 1.4 V vs. RHE with constant area along cycling),
which could be respectively assigned to the Co(II)/Co(IIl) and Co(III)/Co(IV) couples.***

These two reversible waves were also observed with the homogeneous nanoparticles, but with

16



area increasing over cycling until stabilization after ca. 13 cycles (Figure S14). This suggests

that steady-state conditions are reached after these cycles.

After the electrochemical response is stabilized, the overpotential at current density of
10 mA ¢cm™is 370 and 440 mV for the homogeneous and core-shell nanoparticles, respectively.
The activities normalized versus the amount of Co were further calculated (Table S4).
Compared to compounds of cobalt and p-block elements previously studied as OER
electrocatalysts (Table S4 and Figure S15), homogeneous and core-shell CoSi nanoparticles
show superior normalized OER activity. The anodic potential was then monitored for 15 h at
10 mA cm™ (Figure 8c). The increment of potential is negligible over 15 h, testifying a

durability for at least 15 h of the properties, and confirming that steady-state conditions are

reached.
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Figure 8. OER electrocatalysis. Selected CVs of (a) core-shell and (b) homogeneous CoSi
nanoparticles and of reference commercial IrO2 nanoparticles in an aqueous Oz-saturated 0.1 M
KOH electrolyte. (c) Chronopotentiometry (CP) measurements at 10 mA cm™? for
homogeneous and core-shell nanoparticles. (d) TEM images and (¢) STEM-EDS chemical
mapping of the core-shell nanoparticles after 15 h CP measurement. The elemental maps in (e)
are displayed at the same scale as the STEM-HAADF image.
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TEM images (Figure 8d and S16) on post-OER samples show a conversion of the
nanoparticles to a layered nanostructure similar for homogeneous and core-shell nanoparticles.
STEM-EDS mapping (Figure 8e) shows that Co and Si are maintained into the evolved catalyst,
with an homogeneous distribution of oxygen. HRTEM (Figure S17) shows that the surface of
the particles has evolved into a rough layer that contains poorly ordered CoOOH-related nano-
objects. EDS and high resolution STEM-EDS (Figure S18) further confirm that cobalt, silicon
and oxygen are co-located into this layer. XPS analysis (Figure S19 and corresponding
discussion in SI) indicates species consistent with a cobalt oxyhydroxide containing silicon
oxoanions.* Hence, according to HRTEM, STEM-EDS and XPS, a silicon cobalt
oxyhydroxide is the active electrocatalytic species. The silicide nanostructures are then pre-
catalysts towards an efficient OER catalyst. According to cyclic voltammetry (Figure 8a-b),
the conversion to an oxyhydroxide occurs during the first 13 cycles, after which OER stays the

only oxidative process above ~1.5 V vs. RHE.

The evolution of the Co and Si oxidation states during OER was further assessed by
analyzing the X-ray absorption near edge structure (XANES) of the Si K-edge after OER
(Figure 9a) and of the Co K-edge (Figure 9b) operando and after OER. Co and Si K-edge
XANES show that the samples are only slightly modified during preparation of the electrodes.
Linear combination fittings (LCF) of the Co K-edge XANES of the processed electrodes
indicate that only a few percents of the pristine CoSi nanoparticles convert to cobalt(Il) oxide
(Figure 9a-c, Tables S5-S6).*° Operando XAS at the Co K-edge (Figure S20-21) was then
performed at different potentials with a custom-made cell (Figure S22), by starting at the open-
circuit voltage (OCV, 0.2 V vs. RHE). A down-shift of the Co-K edge energy is observed for
both homogeneous and core-shell nanoparticles, which could indicate that the content of

oxidized species in the processed electrodes decreases upon immersion, in agreement with LCF

18



(Tables S5-S6). This suggests potential leaching of Co®" species in the electrolyte. Then, 13
CVs (Figure S23) were carried out to activate the catalyst as describe above for ex situ
experiments. Subsequently, chronoamperometry (CA) was performed at 2.0 V vs. RHE for
40 min. The electrode was simultaneously analyzed by XAS. The materials converted
progressively to a mixture of CoSi and Co(II)/Co(IlI)-based oxide/oxyhydroxide, as shown by
LCFs of the successive scans (see LCF results in Tables S5-S6 and the corresponding phase
compositions plotted in Figure S24), the core-shell particles converting faster than the
homogeneous ones, in agreement with ex situ experiments. After operation, the electrodes were
brought back to the OCV (0.0 V vs. RHE). Overall, the materials remained oxidized, suggesting
that the conversion of CoSi to cobalt oxide/oxyhydroxide is irreversible. These results are
consistent with the ex situ XPS and TEM studies. To probe the evolution of silicon, which is
difficult to study by operando XAS due to the low energy of its K-edge, we analyzed the Si K-
edge XANES of an electrode previously subjected to OER for 15h (Figure 9¢c). The
corresponding spectra with a large signal-to-noise ratio indicate that silicon is maintained into
the electrode, in agreement with STEM-EDS mapping (Figure 8e), which indicates that Co, Si
and O are colocalized in the material. The sharp feature at ~1847 eV indicates Si oxoanions
(Figure 5f). A shoulder at lower energy shows the presence of more reduced Si species, which
can be ascribed to silicon bonded to oxygen and to Co, reminiscent of the silicide structure. The
Co K-edge EXAFS (Figure S25) of the material during OER electrocatalysis
(chronoamperometry at 2.0 V vs. RHE) shows predominant peaks corresponding to first Co-O
and Co-Co shells with short distances, indicating a Co oxidation state higher than +II, hence a
smaller ionic radius,*’ in agreement with XANES and the measured electrochemical behavior.
We also observe the emergence of a slight contribution at larger apparent distance, which could
be ascribed to a Co-Si distance through CoOs octahedra and SiO4 tetrahedra connected by

vertices.*” Kim et al.*’ showed that the incorporation of silicate moieties within amorphous
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cobalt phyllosilicates provides structural flexibility to cobalt oxyhydroxide layers. This enables
formation of H-bonds that stabilize the OOH* reaction intermediate and reduces the activation
energy of its formation, the rate-determining step of OER on cobalt-based catalysts. A similar
effect of Si oxoanions derived from the silicide structure may explain the high OER

electrocatalytic activity we observe.
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Figure 9. Evolution of cobalt silicide OER electrocatalysts. (a) XANES spectra at the Co K-
edge recorded on the homogeneous and core-shell nanoparticles and the corresponding as-
prepared electrodes. (b) Operando XANES spectra recorded at the Co K-edge during
chronoamperometry (CA) and at the open circuit voltage (OCV): Linear combination fits (LCF)
of XANES spectra at Co K-edge recorded on threfee electrode prepared with homogeneous
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CoSi electrocatalyst at different stages — as prepared electrode before use, and then operando
at the open circuit voltage (OCV), during chronoamperometry at 2.0 V vs. RHE, and then again
at the OCV. The LCF was performed by using as references the XANES spectra of the pristine
homogeneous CoSi nanoparticles displayed in (a) and in Figure Se, as we have demonstrated
that Co in this sample is present only as crystalline CoSi. (c) XANES spectra at the Si K-edge
showing oxidation of the silicon component after 15 h of OER operation.

CONCLUSIONS

Designing heterostructured nanoparticles of intermetallics with significant covalent character
is a challenge due to the high temperatures that these compounds request for structural
rearrangement. By using molten salts as high temperature media, we could control the diffusion
of cobalt atoms into silicon nanoparticles and then design selectively freestanding
homogeneous and core-shell CoSi nanoparticles. The heterostructured particles exhibit
increased interface-to-volume ratio and larger density of grain-boundaries in the core-shell
nanoparticles. This work shows how controlling the heterostructure of silicon-based
intermetallic nano-objects can trigger interface-driven properties, especially strongly enhanced
ferromagnetism, with a possible further impact in the science of topological materials.!> We
hypothesize that beyond cobalt silicide, transforming nanocrystals into compounds of metals
and p-block elements in molten salts will open the way to new families of heterostructured

nanomaterials.

Experimental section

Reagents. Lithium iodide (99%, Alfa Aesar), potassium iodide (99%, Sigma-Aldrich), silicon
nanoparticles (99%, Nanomakers®, France) and cobalt(II) chloride (99.7%, Alfa Aesar) were
stored and manipulated as received in an Ar-filled glovebox (H20 < 0.5 ppm, O2 < 0.5 ppm).

Methanol (VWR Normapur grade) was used for washing.
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Synthesis of core-shell and homogeneous cobalt monosilicide nanoparticles. 63.2 mg Si
nanoparticles (2.3 mmol), 194.8 mg CoClz (1.5 mmol), 2.9 g Lil (21.7 mmol) and 2.1 g KI (12.7
mmol) (molar ratio Lil:KI 0.63:0.37) were ball-milled during 2 min at 20 Hz (Retsch MM400
ball mill airtight vial of 50 mL, filled with one steel ball of 62.3 g with a diameter of 23 mm)
to get a well-mixed fine powder. The mixture was loaded in a quartz tube (¥28xH345mm)
which was then connected to a Schlenk line and was evacuated under vacuum. An intermediate
liquid nitrogen trap between the quartz tube and the Schlenk line was set to condensate the Sil4
byproduct. A vertical furnace from Eraly® was pre-heated to the reaction temperature 300 and
400 °C for core-shell and homogenous nanoparticles, respectively. Then, the quartz tube was
put in the furnace, followed by 6 hours of thermal treatment under dynamic vacuum (10 mbar).
Later, the hot quartz tube was taken out and cooled down to room temperature under vacuum.
The as-prepared mixture was washed in methanol by seven cycles of
centrifugation/redispersion and was later dried in a Schlenk tube under vacuum during the night.

The dried powder was transferred and stored in an Ar-filled glovebox.

Details of characterization methods are provided as supporting information.

ASSOCIATED CONTENT

Supporting Information Available: Experimental details, characterizaztion of the initial Si
nanoparticles (Figure S1), additional characterization of the homogeneous CoSi and core-shell
nanoparticles (Figures S2-S12, Tables S1-S2), literature survey (Table S3) of magnetic
properties and corresponding analyses, electrocatalytic (Table S4, Figure S14) properties of
CoSi-related materials, additional data with electrochemical properties (Figure S15) and the
characterization of electrocatalysts during OER and post-OER (Figures S16-S24 and

Tables S5-S6), additional references.
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Methods

Powder X-ray diffraction (XRD) diagrams were recorded on a Bruker D8 Advance diffractometer
operating at the Cu Ko wavelength (A = 1.5418 A). CoSi, Co,Sis, Co and Si were identified according to
the ICDD database and the reference cards 04-012-6522, 04-002-9806, 04-001-2681 and 00-001-0791
respectively.

Energy-dispersive X-ray spectroscopy (EDS) (Oxford Instruments — X-max) was performed on a
scanning electron microscope (SEM) HITACHI S3400N at 20 kV. Cobalt was used for calibration of
guantitative analyses. Powder samples were flatly smeared on a carbon adhesive tape on sample
holder. Spectra were recorded on three to six different zones for each sample.

High-resolution transmission electron microscopy (HRTEM) was carried out on a JEOL JEM 2100Plus
FEG microscope (Tokyo, Japan) operating at 200 kV with a spatial punctual resolution of 1.8 A equipped
with X-ray Energy Dispersive Spectroscopy (EDS) for chemical analysis and JEOL-JEM Grand ARM 300cF
microscope (Madrid, Spain) equipped with a Cs Corrector (ETA-JEOL) and CMOS camera (4096 x 4096
pixels, Gatan OneView) at 80 kV. Transmission electron microscopy (TEM) images were acquired on a
Tecnai Spirit 2 microscope operating at 120 kV. The samples were prepared by depositing a drop of
ethanolic suspension on carbon coated Cu grids.

Scanning transmission electron microscopy (STEM) and Energy Electron Loss Spectroscopy (EELS)
study was performed in JEOL JSM-ARM200F (Cold Emission Gun), probe spherical aberration corrected
microscope operating at 120 kV. High angle-annular dark field (HAADF) images were recorded at 68-
280 mrad inner and outer collection semi-angles. EELS study was performed by using a GIF-QuantumER
with a collection convergence semiangle of 18 mrad and 20.3 mrad, respectively. EELS spectra were
acquired by using spectrum line and 2D mode, with 0.25 eV dispersion and 0.05 s acquisition time and
an over an average of 100 points per particle. Principal component analysis (PCA) was performed on
EELS data to improve signal to noise ratio by using the multivariate statistical analysis (MSA) plugins
for GatanDMS software. !

Cobalt and silicon oxidation state have been qualitatively evaluated. In the case of silicon, the
Si K-edge shape drastically changes depending on the oxidation state, metallic silicon and silica (SiO3)
have been used as standards. On the other hand, the cobalt oxidation state has been studied by
considering Co-L,3 edge shape. Traditionally, in oxides the L,s; ratio and cobalt oxidation state
relationship is described by a monotonic dependence. However, this approach is not valid on non-
oxides materials, since metallic cobalt presents an intermediate L, 3 value between Co?* and Co*'. As a
consequence using the Ly 3 ratio is not suitable to study silicon intermetallics. Previous works have
described the use of the Co- L, 3 edge shape as oxidation state indicator. 24

Pair Distribution Function (PDF) X-ray scattering data were acquired on a Bruker D8 advance
diffractometer equipped with a Gobel mirror and a LYNXEYE detector, with Mo Ka radiation (mean
AMKala2) = 0.71073 A) at room temperature. The powder sample was loaded in a @0.5mm

borosilicate capillary. Measurements were performed from Qmin = 0.12 A to Qmax = 17.0 A1 ((Q =
47sin®

A
to optimize the counting rate at high Q. The final powder XRD diagram was thus obtained from the
combination of 7 patterns (26;(°)- 265 (°)- step size (°)- step time (°): 0.8-31-0.02-2, 29-61-0.04-6, 59-
91-0.06-15, 89-121-0.1-40 twice, 119-150-0.1-100 twice) for a total measuring time of 34 h. Additional
scattering measurements from the empty capillary were performed in the same conditions for
background subtraction. Raw data were treated using the PDFgetX3 program5 to obtain the total G(r)
function, using the following parameters: Qmin= 0.15 A, Qmax= 16.6 A, rpoy = 1.75.

) on rotating capillaries with evolving counting parameters as a function of the Q-range in order

PDF refinements. All refinement were performed for the core-shell CoSi nanoparticles using PDFGui®
in the range 1.3-20 A. The best local structure description is obtained when the calculated G(r)cai. from
the refined structure is the closest to the experimental G(r)exp, Where the reliability R factor is at its
lowest (Table S3). CoSi with 9 nm coherence length was used as a starting point. Cell parameters, scale
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factor, thermal parameters, atomic positions and peak broadening effect (sratio and rcut) parameters
were allowed to vary, and led to an acceptable but perfectible reliability factor of 20.9%.

Additional phases where then added, taking into account results from the core-shell CoSi XRD
pattern: presence of crystalline Siin small amounts and strict absence of any crystalline impurities such
as Co0, Cos304, Co,Sis, Kl or Sils. The addition of these compounds was thus tested during PDF
refinements as amorphous phases. Crystalline cobalt appeared highly unlikely according to XRD,
although it could not be totally excluded given the proximity and width of CoSi intense peaks.
Therefore, we used PDF analysis to assess the presence of crystalline or amorphous cobalt.

Crystalline Si and/or amorphous SiO, (coherence length 8A) were then added in the structural
model, by firstly adapting the fixed scale factor ratio between 0 and 1 with a step of 0.1 (only the
optimal ratios are presented in Table S3), then allowing the scale factors to be refined. The reliability
factor R for CoSi/amorphous SiO,/crystalline Si mixture decreased down to 15.6%, better than CoSi
alone, CoSi/amorphous SiO (R =20.1%) or CoSi/crystalline Si mixture (R = 19.7%). This is the decrease
of the reliability factor that allows us to validate the addition of a new phase in the mixture.

Crystalline cobalt was also tested as additional phase (in addition to CoSi, amorphous SiO, and
crystalline Si) with PDF analysis. The refinement got worse with this phase addition (R = 15.9% when
the Co amount was fixed, and negative scale factors when it was allowed to vary), meaning that the
presence of crystalline Co is highly improbable.

Amorphous Co was also tested in addition to the CoSi / amorphous SiO, / crystalline Si mixture.
It did not improve the refinement (R = 15.8% when fixed, negative scale factors when allowed to vary).
A CoSi and amorphous Co mixture was tested as well and compared with CoSi alone. This led to a
slightly worse reliability factor (21.0%) than CoSi alone. The degradation of CoSi-alone refinement
resulting from adding amorphous Co and the lack of improvement of the refined CoSi / amorphous
SiO, / crystalline Si mixture allow us to eliminate amorphous Co as a component of the material.

Similarly, the addition of amorphous CoO, Co304, K, Silsor Co,Sis did not improve the refinement
(increase of the reliability factors and/or negative scale factors when allowed to vary), thus excluding
their presence.

The lowest reliability factor has thus allowed us to validate the CoSi / amorphous SiO; /
crystalline Si mixture. In absence of a strong structural relationship (epitaxy) between the phases, the
refined scale factors are roughly proportional to the squared number of contributing electrons of each
phase within the scattering volume, or more roughly to its atomic number density weighted percent,
which is generally close to its mass percent.” The mixture can thus be semi-quantified as the 64 wt. %
CoSi / 26 wt. % amorphous SiO, / 10 wt. % crystalline Si mixture.

X-ray photoelectron spectroscopy (XPS) analyses were performed on an Omicron Argus X-ray
photoelectron spectrometer, equipped with a monochromated AlKa radiation source (1486.6 eV) and
a 280 W electron beam power. Binding energies were calibrated against the C 1s (C-C) binding energy
at 284.8 eV. Raw data were treated on Thermo Scientific™ Avantage.

Magnetic measurements. Vibrating sample magnetometry (VSM) on quantum design PPMS was used
to determine the curves of magnetization versus applied field at 5 and 300 K for the samples. Zero-
field-cooled and field-cooled magnetization versus temperature curves were acquired on a Quantum
Design MPMS-XL superconducting quantum interference device (SQUID) magnetometer at magnetic
field of 20 Oe from 5 K to 300 K. All measurements were performed on powder samples.

Electrochemical measurements. A typical three-electrode configuration was used, which includes a
working electrode, a Pt coil as counter electrode and an Ag/AgCl saturated KCl electrode as reference
electrode. Glassy carbon sheets were used for the working electrode. The working electrode was
prepared by drop casting. 3.4 mg of catalyst was sonicated in 480 pL absolute ethanol for 15 min,
followed by adding 20 pL of Nafion solution (5% in alcohols and water, Sigma-Aldrich) for another 10
min of ultrasonication. The well-dispersed ink was then dropped onto the GC sheet substrate to obtain
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a catalyst loading of 170 pgcatalyst CM Zelectrode, and then the substrate was dried for at least 30 min under
air.

The electrolyte was bubbled with O, for at least 20 min before measurement. Cyclic
voltammograms (CV) were recorded from 0 to 1.05 V vs. saturated KCl Ag/AgCl reference electrode at
scan rate of 20 mV s2, until overlapped cycles were obtained. For the chronopotentiometry (CP), the
current density was set at 10 mA cm™ to monitor the potential evolution.

The ohmic drop iR compensation was performed for the potentials reported, where the
resistance is approximately equal to the total impedance measured at a frequency of 50 kHz. The
potentials vs. the reversible hydrogen electrode (RHE) were obtained from conversion of measured
potentials based on the equation: Erue = Emeasured + 0.197 + 0.0591x pH.

Ex situ XAS experiments. XAS analysis were performed at synchrotron SOLEIL, on the LUCIA beamline
for the Si-K edge and on the SAMBA beamline for the Co-K edge, with a ring current of 500 mA and a
nominal energy of 2.3 GeV. At LUCIA, the incident beam energy was monochromatized using a Si 111
double crystal monochromator. Data were collected in a primary vacuum chamber as fluorescence
spectra with an outgoing angle of 5 ° using a Bruker silicon drift detector. The data were normalized
by the intensity of incident energy and processed with the Athena software. Powder samples were
measured as pellets prepared by pressing mixtures of nanoparticles and boron nitride powders.
Electrode samples were measured as prepared and as recovered for electrochemical measurement.
For the Co-K edge, the SAMBA beamline is equipped with a sagittally focusing Si 220 monochromator
and two Pd-coated mirrors that were used to remove X-rays harmonics. The powders were pelletized
as disks of 10 mm diameter with 1 mm thickness using 2 mg sample powder and 40 mg cellulose
powder as a binder.

Operando XAS experiments. operando XAS at the Co-K edge was performed at the SAMBA beamline
of SOLEIL. The spectra were acquired by recording the Ky X-ray fluorescence of Co with a Canberra 35-
elements monolithic planar Ge pixel array detector. The electrochemical methods were the same as
described above, except that the working electrode was installed in a different custom-made
electrochemical cell of three-electrode configuration where one of the faces of the working electrode
is exposed for X-ray analysis (Figure S22). Four electrochemical stages were programmed, including
successively a first OCV for 20 min, 13 cycles of CV from 1.0 to 2.0 V vs. RHE, chronoamperometry (CA)
at 2.0 V vs. RHE for 40 min, and a second OCV for 20 min. The ohmic drop iR correction was not carried
out in these measurements. Meanwhile, the XAS spectra were acquired at four different states of the
electrode and five scans were repeated for each state (acquisition time of 4 min for each spectrum).
Firstly, the installed dry electrode was measured before adding electrolyte in the cell. Then, the
electrode in contact with electrolyte was measured during the first OCV. A third measurement was
performed during CA. Finally, the XANES was measured when the electrode was brought back to the
OcCv.

Linear combination fitting (LCF) for XANES. XAS data processing were carried out with the Athena
software. Normalized u(E) spectra were fitted in the range from -20 to 60 eV (vs. Ep). The references
of CoO, Co(OH), and Cos0, were provided by the beamline laboratory. The CoSi reference used for
fitting was produced by the synthesis reported in this work.
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Figure S1. (a) Powder XRD pattern of Si nanoparticles used as reagents. Red drop lines indicate the
diamond-like structure Si reference. (b-c) TEM images of Si nanoparticles used as reagents.

S-5



* Si
* Co,Si,

400 °C

:

Intensity (a.u.)

2 Theta (Cu, a)

Figure S2. Comparison of (a) powder XRD diagrams of CoSi samples obtained at 400 and 300 °C. TEM
images of corresponding (b) homogeneous CoSi and (c) core-shell nanoparticles.
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Figure S3. Schematic drawing of the CoSi structure along (a) the [111] direction and (b) the
[110] direction perpendicular to [111]. (c) Cumulative atomic number of b atomic columns in a 2.15
nm-thick crystal.



Figure S4. (a) STEM-HAADF and (b) STEM-ABF images of a homogeneous CoSi particle oriented along
[111] zone axis. STEM-HAADF provides brighter contrast for heavy elements (Co), while STEM-ABF
provides brighter contrast for light elements (Si).

Figure S5. HRTEM images of core-shell CoSi nanoparticles and the FFTs of corresponding areas. Crystal
domains in the core and the shell are indexed along d-Si and CoSi structures, respectively. The lighter
contrast outer layer shows no crystalline feature and is ascribed to surface oxidation.
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Figure S6. Small homogeneous CoSi nanoparticles detected at 300 °C: (a, g) TEM, (b, c, e, h) HRTEM
images and (d, f, i) corresponding FFTs indexed along the CoSi structure. The amorphous layer in (a) is
consistent with a silica passivation layer, as discussed in the main text in relation with TEM, STEM-ABF
(Figures S5 and 4c), STEM-HAADF (Figure 3a) and STEM-EELS (Figure S7c-d and S8c-d).
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Figure S7. (a) STEM-HAADF image of a homogeneous CoSi nanoparticle obtained at 300 °C, showing
the STEM-EELS linear scan. (b) O-K, Co-L and (c) Si-K edge regions of the EELS spectra at the different
positions of the linear scan. (d) Si, Co and O EELS intensity profiles. () Normalized intensity Co-K EELS
spectra at the different regions.
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Figure S8. (a) STEM-HAADF image of a core-shell nanoparticle obtained at 300 °C, showing the STEM-
EELS linear scan. (b,) O-K, Co-L and (c) Si-K edge regions of the EELS spectra at the different positions
of the linear scan. (d) Si, Co and O EELS intensity profiles. (e) Normalized intensity Co-K EELS spectra of
the different regions.
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Figure S9. (a) EELS Co-L,; edge of metallic Co nanoparticles, CoO, Cos04 and LiCoO, standards. EELS Si-
K edge of (b) Si standard, (c) SiO; standard and (d) CoSi samples synthesized in this work. (a) is adapted
from a work of J. Sode?. The EELS data for Si and SiO, are provided from the core-loss Atlas library
implemented in the Gatan Microscopy Suite 3 software.®
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Figure S10. XPS of as-prepared core-shell nanoparticles: (a) Co 2p and (b) Si 2p regions. The peak at
100.2 eV is due to the photoelectron emission from the Co 3s state.’ The Co 2ps/, region shows peaks
at 778.0 eV and 781.7 eV, which can be ascribed to the cobalt silicide and to oxidized cobalt formed by
air exposure, respectively.’%?2 |n the Si region, a peak at 103.4 eV corresponds to silicates and SiO,.
The component at 98.6 eV can be assigned to metal silicides.>™*
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Figure S11. Co K-edge EXAFS analysis of homogeneous CoSi nanoparticles. Upper panel: the theoretical
signal (red line) superimposed to the experimental one (black line). Lower panel: the fit in the Fourier
transformed space, without phase-shift correction applied. Table S1 sums up the structural parameters
obtained from the fitting procedure.

The EXAFS analysis was performed with the GNXAS code.’®'” In the GNXAS approach the
interpretation of the experimental spectrum is based on the decomposition of the EXAFS x(k) signal
into a summation over n-body distribution functions y™ calculated by means of the multiple-scattering
(MS) theory. Each signal has been calculated in the Muffin-tin (MT) approximation using the Hedin-
Lundqvist (HL) energy dependent exchange and correlation potential model, which includes inelastic
loss effects. Least-square fits of the EXAFS raw experimental data have been performed by minimizing
a residual function of the type:

N

a N E;: Aq, A9, e, A,)]?
R; ({ﬂ}) _ Z [ exp(E;) mod(o-; 1,12 p)]
=1 i

where N is the number of experimental points, Ei = ( A1, Ay,..., A) are the p parameters to be refined
and o® is the variance associated with each experimental point aexp). Additional non-structural
parameters were minimized, namely Eq (core ionization threshold energy) and So? (amplitude reduction
factor) which considers intrinsic losses. The fit was carried out using the crystallographic structure of
CoSi as reported in the main text, then fixing the coordination numbers to crystallographic ones, and
only allowing the Co-Si and Co-Co distances to vary. The agreement between the experimental and
theoretical spectra is very good, and the bond metrics derived from the fitting procedure are in
excellent agreement with the reported crystallographic data from the ICSD database.
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Table S1. Best-fit parameters obtained from the analysis of the EXAFS spectrum of CoSi. CN is the
coordination number, R is the interatomic distance, & is the Debye-Waller factor. Errors are given in

brackets (for example 2.33(1) means 2.32-2.34).

CN (fixed) R (A) o2 (102 A?)
Co-Si 4 2.33(1) 3.9(5)
Co-Si2 3 2.41(3) 4.3(7)
Co-Cof 6 2.71(2) 1.1(2)
Co-Si3 3 3.62(1) 15(5)
Co-Co2 3 3.97(4) 6.7(1.5)
Co-Si4 3 4.17(1) 2.3(1.0)
Co-Si5 3 4.22(1) 5.3(9)
Co-Co3 6 4.37(1) 9.8(2)
Co-Co4 6 4.43(2) 6.6(1.0)
Co-Si6 3 4.65(3) 9.0(2)
Co-Co5 6 5.18(2) 10(5)
Co-Cob 6 5.95(2) 4.7(3)
Co-Co7 12 6.29(5) 2.3(3)

Table S2. Successive refinements that have led to the optimum CoSi / am SiO,/ cryst Si model. f stands
for “fixed parameters” and v for “variable parameter”.

Phases refined Scale factors Rw (%)
CoSi 1 20.9
CoSi/ cryst Si f.0.9/0.1 19.7
. . 0.90/0.10
CoSi/ cryst Si Vi x/ 1x 19.7
CoSi/am SiO, f.0.8/0.2 20.2
CoSi / am Si0; 0.75/0.25 20.1
v:x/1-x
CoSi/ am SiO / cryst Si f.0.7/0.2/01 15.8
. . . 0.64/0.26/0.10
CoSi/am SiO; / cryst Si v:x/y/1xy 15.6
CoSi/am SiO, / cryst Si / cryst Co f.0.6/0.2/0.1/0.1 15.9
. . . CoSi over 1
CoSi/am SiO, / cryst Si / cryst Co V:x/y/ 2/ 1-x-y-2
. . . 0.63/0.26/0.10/0.01
CoSi/am SiO; / cryst Si / cryst Co v 0.64x 7 0.26x / 0.10x / 1-x 15.7
CoSi/am SiO; / cryst Si/ am Co f.0.6/0.2/0.1/0.1 15.8
. . . CoSi over 1
CoSi/am SiO2 / cryst Si/ am Co V:x/y /2] 1-x-y-z
CoSi / am SiO; / cryst Si/ am Co 0.63/0.25/0.10/0.02 15.7

v:0.64x/0.26x/0.10x / 1-x
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Figure S12. The experimental data (blue dotted line) of core-shell nanoparticles superimposed with the
calculated PDFs (red line) of different models, and residual profiles (green).

Table S3. Comparison of the magnetic properties of different Co-based materials.

Temperature Coercivit Saturation
Phase Morphology P y magnetization Ref.
(K) (Oe) A
ps/Co emug
Polycrystalline 300 15 0.17 7.7 This
CoSi yerysiall ' ' work
core-shell This
nanoparticles 5 945 0.22 10.6
work
Polycrystalline 300 5 0.05 2.6 VT/QLT(
CoSi nanoparticles This
(40 nm) 5 1000 0.07 3.6
work
Single crystal
CoSi nanowires 300 460 0.03 1 18
(20-60 nm)
CoSi Thin film - non-magnetic 19
CoSi Bulk <20 diamagnetic 20
- - 21
Nanoparticles 300 1300
CosB " (10-20 nm)
5 1400 1.02 91 21
Co Nanoparticles 5 ) 194 185 22
(1.5 nm)
Nanoparticles
Co (1.50m) = g i 0.58 55 2
surface covered
by CO
Co Thin film 4.2 1000 1.72 166 23
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Figure S13. Magnetization versus 1/H up to 9 T for core-shell nanoparticles. Experimental points are
fitted (red line) according to the Honda-Owen approach: M/H = M/H + X. M and X are then evaluated
to 7.552 emu gt and 1.704846e-05 emu g* Oe’. Note that X > 0 precludes occurrence of diamagnetic
contribution that may have occurred from bulk CoSi impurities. The magnetization curve Figure 7b and
the data shown in Figure S13 indicate than the signal is a combination of a ferromagnetic component
(S-shape of the magnetization curve and saturation at high field) and a linear term, X*H, which
amounts at 20 % of the saturation magnetization at 9 T. This last contribution may account for
paramagnetic species or for weakly interactions spins.
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Figure S14. CVs of homogeneous CoSi nanoparticles in an agueous O,-saturated 0.1 M KOH electrolyte.

Table S4. Normalized OER electrocatalytic activity and stability of some previously reported cobalt-p-
block element compounds electrocatalysts in 0.1 M KOH on a glassy carbon substrate.

Loading Overpotential

Overpotential Stability

Catalyst amount (mV) (mV) (h) Ref.
(mgcm? @10mAcm? @40mA cm?gco”’

Core-shell CoSi 0.17 440 270 15 h This

work

Homogeneous CoSi  0.17 370 240 15 h VTvg'fk
Amorphous Co.B 0.21 380 370 60 h 24
CoSe; 0.20 484 420 / 25
CoB 0.21 370 390 51h 26
Co:B 0.20 405 360 1000 27

cycles
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Figure S15. Normalized OER overpotentials for non-oxide precatalysts based on cobalt and p-block
elements, taken from Table S3.

Figure $16. TEM images of the homogeneous CoSi nanoparticles after 15 h CP at 10 mA cm™.
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Figure $17. (a, b) TEM and (c, d) HRTEM images of CoSi nanoparticles after 15 h CP at 10 mA cm™. The
FFTs shown in (I-1V) correspond to the areas delimited in (c) and (d) and are indexed along the CoOOH
structure (R-3m, a: 2.8510 A, ¢: 13.1500 A). These images highlight poorly crystalline features that are
related to the CoOOH structure.
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Figure S18. (a) STEM-HAADF and (b-d) STEM-EDS chemical maps of CoSi nanoparticles after 15 h CP at
10 mA cm. (b) Co K-, (c) Si K-, and (d) O K-edges. (e) EDS sum spectrum recorded by STEM-EDS in the
(a) area. The white arrows indicate areas where Si is detected out of the CoSi core, corresponding to
the outer layer, hardly visible by HAADF detection due to low electron density, but better visualized by
TEM in Figure S16.
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Figure S19. XPS of the core-shell nanoparticles after 15 h of OER at 10 mA cm™: (a) Co 2p, (b) O 1s, and
(c) Si 2p regions. In (b), the Nafion® peaks are identified according to the literature.?! A shift of the Co
2ps/2 signal to high binding energy compared to the initial material (Figure S10) is observed. The
deconvoluted peaks at 780.1 eV and 781.2 eV and the satellite features indicate the presence of Co*,
which corresponds to CoOOOH and/or C0304.28731 In the O 1s region, the peak at the lowest binding
energy 529.5 eV is attributed to cobalt oxide. The component at 530.5 eV can be assigned to typical
non-stoichiometric oxygen in spinel (Cos0.) or cobalt hydroxide.?%32 The Si 2p region shows a peak at
102.9 eV, shifted to lower energy compared to the pristine sample. It can be attributed to Si
oxoanions,3? presumably in the interlayer regions of cobalt oxide/(oxyhydroxide), which may assist the
formation of the layered structure.3*
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Figure S20. XANES spectra at the Co-K edge of pelletized sample and XANES spectra recorded operando

for core-shell nanoparticles.
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Figure S21. XANES spectra at the Co-K edge of pelletized sample and XANES spectra recorded operando

for homogeneous CoSi nanoparticles.
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Figure S22. Custom-made electrochemical cell of three-electrode configuration for operando XAS

analysis.

Table S5. LCF factors, corresponding to mol. contents, for homogeneous CoSi nanoparticles. The CoSi
content is evaluated by using the XAS spectrum of the pristine homogeneous sample (Figures 5e, $21).

CoSi CoO Co(OH)2 C0304 Chi-square

As prepared electrode 0.943 0.057 0 0 0.119
OCV1 merged spectrum 0.978 0 0.022 0 0.190
CA merged spectrum 0.892 0 0 0.108 0.118
OCV2 merged spectrum 0.772 0 0 0.228 0.034
CA scan1 0.912 0 0 0 0.187

CA scan2 0.909 0 0 0 0.128

CA scan3 0.899 0 0 0 0.107

CA scan4 0.885 0 0 0 0.085
CAscanb 0.860 0 0 0 0.069

Table S6. LCF factors, corresponding to mol. contents, for core-shell nanoparticles. The CoSi content is
evaluated by using the XAS spectrum of the pristine homogeneous CoSi sample (Figures 5e, S21).

CoSi CoO Co(OH)2 C0304 Chi-square

As prepared electrode 0.997 0.003 0 0 0.019
OCV1 merged spectrum 1.000 0 0 0 0.011
CA merged spectrum 0.870 0 0 0.130 0.045
OCV2 merged spectrum 0.792 0 0 0.208 0.034
CA scan1 0.897 0 0 0.103 0.029

CA scan2 0.848 0 0 0.152 0.062

CA scan3 0.840 0 0 0.160 0.068
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Figure S23. CVs of homogeneous CoSi and core-shell CoSi nanoparticles measured during operando
XAS in an aqueous O,-saturated 0.1 M KOH electrolyte.
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Figure S24. The evolution of the ratio of cobalt oxide/oxyhydroxide from silicide nanoparticles during
chronoamperometry at 2.0 V / RHE, based on the LCF of XAS spectra by using Co30, as a reference, as

reported in Tables S5 and S6.
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Figure $25. Co K-edge EXAFS of (black) the pristine CoSi powder, (red) the material analyzed in situ
during OER electrocatalysis (chronoamperometry at -2 V vs. RHE), and (blue) a Co30, reference. No
phase-shift correction was applied, so that the distance measured is an apparent distance. Black
labeled Co-Si and Co-Co shells correspond to the CoSi structure. Red labeled Co-0, Co-Co and Co-O-Si
shells correspond to distances measured in the operating material and that can be ascribed to CoOg
octahedra and SiO, tetrahedra connected by vertices, as in a cobalt phyllosilicate.®
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