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We report phase selective synthesis of intermetallic nickel silicide 

nanocrystals in inorganic molten salts. NiSi and Ni2Si nanocrystals 

are obtained by reacting a nickel (II) salt and sodium silicide Na4Si4 

in the molten LiI-KI inorganic eutectic salt mixture. We report that 

nickel silicide nanocrystals are precursors to active electrocatalysts 

in the oxygen evolution reaction (OER) and may be low-cost 

alternatives to iridium-based electrocatalysts. 

Introduction 

Transition metal silicides are an important class of refractory 

intermetallics with high thermal, chemical and mechanical 

stabilities.1,2 Depending on their constituent metals and 

stoichiometry, metal silicides can exhibit a range of crystal 

structures, electronic, magnetic and catalytic properties.3–5  For 

example, the six stable bulk phases of nickel silicides Ni3Si, Ni2Si, 

Ni31Si12, Ni3Si2, NiSi and NiSi2 show close stoichiometry but 

significantly different structures and functional properties. The 

investigation of their structure-property relationships has 

resulted in silicide materials performing in electronics,6 

thermoelectricity7 and catalysis.8 These properties are generally 

strongly influenced or improved (e.g. in catalysis) at the 

nanoscale. However, conventional synthesis of silicides involves 

high temperatures and long duration solid-state techniques 

using bulk elements as starting precursors.9 Hence, the usual 

solid-state chemistry routes1 are not suitable to produce 

nanoscaled metal silicides. Some efforts have been devoted to 

synthesize metal silicides at the nanoscale using chemical 

vapour deposition10,11 and very few reports have dealt with 

colloidal synthesis in organic solvents12,13 or molten salt-

assisted magnesiothermic reduction.14 Up to now, the latter 

techniques have resulted in low yield and a poor control over 

composition and phase purity. Synthesis in organic solvents 

result in materials surfaces covered with organic ligands, often 

strongly altering any catalytic activity and investigation of 

charge transport properties. The study of nanostructures of 

metal silicides then faces a synthetic bottleneck. 

We identified two major constraints in the currently 

available colloidal syntheses of silicides: (i) the available Si 

sources SiH4 and silanes are difficult to handle and often result 

in poor stoichiometry control;11,12 and (ii) the required 

temperatures to obtain various silicide phases are too high to 

be compatible with common organic solvents and ionic liquids.1 

Indeed, organic liquid-phase synthesis above ca. 200 °C may 

result in side reactions forming eg. metal carbides as side 

products or surface species difficult to detect.15,16 In the present 

work we addressed both of these aspects (Scheme 1) by 

employing (i) the reactive ionic Zintl solid Na4Si4 as Si source17 

and (ii) a carbon-free inorganic  

 
Scheme 1 (A) Reaction of the ionic Zintl solid Na4Si4 with different ratios of NiCl2 in 

molten LiI-KI eutectic mixture (pink spheres = Na+, green tetrahedra = [Si4]4-). (B, C) Phase 

selective synthesis of NiSi and Ni2Si (red sphere = Ni, green sphere = Si). (D, E) NiSi or 

Ni2Si embedded in LiI-KI matrix after reaction, and subsequent washing in acidic water 

to obtain the nanocrystals. 

molten salt as a high temperature solvent.18 We used the 

molten LiI-KI eutectic mixture (LiI:KI = 63:37 mol. ratio, m.p. = 

286 °C). Its viscosity comparable to water, it’s wide thermal 

stability window and its negligible vapour pressure at ~500 °C 

provide access to versatile temperature and composition 

conditions. Liquid media enhance atom diffusion and thus 

increase reaction rates and lower reaction temperatures 

compared to solid-state processes. Out of the six stable bulk 

nickel silicide phases mentioned above,1 Ni2Si and NiSi 

(Scheme 1) enable to validate our synthesis strategy.   

 Nickel borides19 and nickel phosphides20,21 have raised 

considerable interest during the last years as precursors to low-

cost earth abundant electrocatalysts. These materials may be 

alternatives to precious metal-based electrocatalysts of the 

oxygen evolution reaction (OER) in alkaline water 

electrolyzers.22,23 As another family of nickel-p-block element 

compounds, nickel silicides nanocrystals appear as potential 

candidates for OER electrocatalysis, although they have not 

been reported as such to date. More generally, metal silicides 

are largely underexplored as precursors to alternative OER 

electrocatalysts due to the synthesis bottlenecks detailed 

above.24 Synthesis in molten salts may yield nanocrystals with 

high surface area and with surfaces free of any insulating 

organic ligands, hence particularly suitable for charge transfer 

and then electrocatalysis. The present work is the first report on 

the use of nickel silicide nanocrystals in OER electrocatalysis.  



2  

Results and discussion 

Scheme 1 shows the synthesis process. The Na4Si4 precursor 

comprises covalently bonded [Si4]4- tetrahedra25 with Si(-I) 

species acting both as silicon source and reducing agent to react 

with a Ni(II) salt. We reacted different ratios of Na4Si4 and NiCl2 

at 300-500 °C in the LiI-KI eutectic mixture to obtain Ni2Si and 

NiSi nanocrystals, respectively. By using this molten salt 

synthesis approach, we gained significant control over the 

phase purity (see ESI for details of the synthesis conditions). 

Figure S1 (ESI) shows the powder X-ray diffraction patterns of 

the NiSi and Ni2Si products. NiSi crystallizes in the orthorhombic 

space group Pnma (62).26 Ni2Si is obtained predominantly as the 

orthorhombic Pbnm (62) polymorph with a low amount of the 

hexagonal P63/mmc (194) phase.27 All these structures consist 

in NiNi and NiSi bonds. NiSi and Ni2Si are reported to exhibit 

a metallic behaviour.28 

 Transmission electron microscopy (TEM, Figures 1 and S2) 

images indicate that Ni2Si is obtained as nanocrystals. The size 

distribution (Figure S3) shows a diameter between 7-16 nm  

 

Fig. 1 (A, B) High-angle annular dark-field (HAADF) and bright field (BF)-scanning 

transmission electron microscopy (STEM) images of Ni2Si nanocrystals. (C) STEM image 

of o-Ni2Si nanocrystals with a Fast Fourier Transform (FFT) indexed along the o-Ni2Si 

structure and showing the spots used to yield the FFT-filtered image of the o-Ni2Si 

nanocrystal in (D). (E) TEM and (F) HAADF-STEM images of NiSi nanocrystals. The 

corresponding FFT indexed along the NiSi structure shows spots used to yield the 

inserted FFT-filtered image.  

Ni2Si nanocrystals. Selected area electron diffraction (SAED) 

(Figure S2), high resolution TEM (HRTEM) and scanning STEM 

images (Figure 1C, D) confirm the crystal structure of Ni2Si 

(Figures 1C,D and S2). The uniform contrast observed by high 

angle annular dark field-STEM (STEM-HAADF, Figure 1A) and 

the uniform distribution of Ni and Si highlighted by STEM 

coupled to energy dispersive X-ray spectroscopy (STEM-EDX, 

Figure S4) confirm the compositional homogeneity of the Ni2Si 

nanocrystals. TEM images of NiSi nanocrystals are shown in 

Figures 1E and S5. Well-faceted 15-45 nm NiSi nanocrystals with 

an average particle size of ca. 30 nm (Figure S6) are observed. 

STEM-HAADF (Figure 1F) shows lattice fringes confirming the 

crystal structure and high crystallinity of the NiSi nanocrystals. 

Elemental STEM-EDX mapping provides further support to the 

compositional homogeneity of NiSi nanocrystals (Figure 2).  

 The Hume-Rothery rule29 states that one factor governing 

the  formation of intermetallic compounds through the lattice  

 

Fig. 2 (A) STEM-HAADF image and corresponding STEM-EDX mapping of NiSi 

nanocrystals. (B) Nickel (green), (C) silicon (red) and (D) combined Ni and Si maps.  

 

 

Fig. 3 (A) Ni 2p3/2 and (B) Si 2p core level regions of XP spectra of NiSi nanocrystals.  

energy gain is the electronegativity difference and the charge 

transfer between the different constituent atoms. This is 

reflected in the X-ray photoelectron spectra (XPS) of NiSi 

(Figures 3, S7 and Table S1) and Ni2Si (Figure S8 and Table S2). 
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The Ni 2p3/2 binding energy for NiSi and Ni2Si is 853.3 and 

853.1 eV, respectively. These values are higher than those 

observed for metallic Ni(0) at around 852.3 eV,30 and smaller 

than the values for Ni(II) species observed at around 856 eV 

(Tables S1 and S2). These observations are consistent with 

partial charge transfer from Ni to Si31 in the silicide nanocrystals. 

Likewise, the Si 2p binding energy of 99.2 eV can be attributed 

to the intermetallic NixSi compounds.31 NiOx and NixSiOy species 

are also detected in the Ni 2p3/2 region at 856.5 and 856.2 eV 

for NiSi and Ni2Si, respectively. Oxidized silicon species32 are 

also observed at Si 2p binding energies of 103.8 and 103.7 eV 

for NiSi and Ni2Si, respectively. Oxidized Ni and Si species 

originate from an oxidized layer formed during washing of the 

samples with water and further exposure to air.33,34 

Nonetheless, the nanocrystals are remarkably stable in contact 

with an alkaline aqueous medium, as shown by the absence of 

modification of the  XRD pattern of Ni2Si after exposure to a 

2 mol L-1 aqueous NaOH solution (Figures S9, S10).        

 Nitrogen sorption isotherms of NiSi and Ni2Si (Figure S11) 

show a typeII profile representative of non-porous solids.35 

The Brunauer-Emmett-Teller (BET) specific surface area was 

evaluated at 24 and 18 m2 g-1 for NiSi and Ni2Si, respectively. 

The relatively high specific surface area for such compounds, 

their chemical stability and the absence of insulating organic 

surface ligands motivated us to explore the properties of nickel 

silicide nanocrystals as potential earth abundant intermetallic 

electrocatalysts. We have assessed the electrocatalytic 

properties for the oxygen evolution reaction (OER) in a basic 

electrolyte (0.1 M KOH, see ESI). 

  

Fig. 4  (A) Cyclic voltammograms of (1) Ni2Si, (2) NiSi and (3) commercial reference IrO2 

in O2-saturated 0.1 M KOH at a scan rate of 10 mV s-1 and a constant electrode rotation 

of 1600 rpm. (B) Tafel plots of (1) NiSi, (2) Ni2Si and (3) IrO2. (C) Chronopotentiometry 

stability test of NiSi at a constant current density of 5 mA cm−2
disk and electrode rotation 

of 1600 rpm. For all curves, the potential was corrected for the iRs drop. (D) Ni 2p3/2 XPS 

spectrum of NiSi electrode after galvanostatic stability test. 

The materials were drop-casted on glassy carbon substrates 

from conductive inks comprising carbon black, Nafion®, and the 

electrocatalyst nanocrystals. Figure 4A shows cyclic 

voltammograms (CVs) recorded on rotating working electrodes 

for NiSi, Ni2Si and reference commercial IrO2 after correction for 

the resistance of the electrolyte (iRs corrected potential) with Rs 

the uncompensated ohmic resistance from the electrolyte. A 

current density of 10 mA cm2
disk was achieved at an 

overpotential of ca. 0.57 V/RHE for NiSi and Ni2Si, whereas we 

measured an overpotential of c.a. 0.50 V/RHE for commercial 

reference IrO2.  

The Tafel slopes for NiSi, Ni2Si and IrO2 is 119, 94 and 107 mV 

dec-1, respectively (Figure 4B). The reversible anodic peak at 

about 1.4 V/RHE (Figure 4A) is in agreement with an oxidation 

of Ni2+ species to Ni3+.36 Therefore, the native oxidized surface 

Ni2+ species are reversibly oxidized, most probably into a phase 

related to NiOOH, which is electrocatalytically active in 

OER.36,37,38 Thus nickel silicide nanocrystals in alkaline OER 

conditions undergo surface modification and formation of an 

electrocatalytically active NiOOH shell with a metallic NiSi or 

Ni2Si core (inset Fig. 4A).19 We hypothesize that the conducting 

metallic core promotes the formation of electrochemically 

active NiOOH shell while maintaining large charge percolation 

favourable to electrocatalytic activity.37,39,40 The long-term 

stability of nickel silicide NiSi was investigated by galvanostatic 

polarization at 5 mA cm-2
disk (Figure 4C). The required 

overpotential for NiSi decreases during the initial 4 h of 

operation, showing an increase in the activity. We then assign 

the observed electrocatalyst activation to the formation of an 

electrochemically active NiOOH surface layer. Later on, the 

activity appears to be very stable with no significant 

degradation for at least 17 h (the noise observed above 16 h of 

chronopotentiometry is attributed to unstable electrical 

contacts in the setup). The CVs recorded before and after 17 h 

chronopotentiometry (Figure S12) support the hypothesis of 

surface activation, since the reversible Ni3+/Ni2+ redox wave 

experienced a large area increase.41 The same behaviour was 

observed upon cycling of the o-Ni2Si nanoparticles (Figure S13). 

The potential difference between the anodic and cathodic 

waves also increased, showing that the change in Ni oxidation 

state is slowed down after chronopotentiometry. This evolution 

may originate from the increased proportion of Ni3+ 

(oxy)hydroxides surface species. Despite their electrocatalytic 

activity, these species are electrically insulating.38 Hence, an 

increase in the Ni3+ content should decrease the reversibility of 

the redox wave. The Ni 2p3/2 core level XPS spectrum of NiSi 

recovered after chronopotentiometry (Figure 4D) further 

corroborates the above proposed surface evolution with the 

emergence of a new contribution corresponding to NiOOH at a 

binding energy of 857 eV.38 No Si 2p signal could be detected 

after chronopotentiometry (Figure S14), showing that surface 

SiOx species were dissolved in the alkaline electrolyte and that 

the surface is composed mostly of a nickel oxyhydroxide-related 

phase. The inelastic mean free paths (IMFPs) calculated in 

NiOOH42,43 were used to evaluate the depth of analysis at the 

Si 2p and Ni 2p3/2 energies. IMFPs are ca. 0.6 and 2 nm, 

respectively. Although these values should be considered with 

care for the analysis of powdered samples, the detection of a Ni 

2p3/2 signal of Ni-Si compounds (Figure 4D) but the absence of 

the corresponding Si 2p signal (Figure S14) indicates that the 

nickel silicide phase is still present and buried below a NiOOH-

like layer, which protects the Ni-Si phase from further oxidation 

and Si dissolution. The covalent character of the metal-

metalloid bonds should impart nickel silicides with stability in 
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contact with the electrolyte. This could explain the small extent 

of oxidation, which occurs only through a thin surface layer 

while a conductive metal-silicon core is retained (Figure 4D). 

This remaining metallic core should enhance charge transfer 

through the electrode and enable faster electron transfer from 

the surface NiOOH electrocatalytically active species.37,44 Such 

geometries, made of a layer of OER catalyst formed in situ and 

supported by a metallic, highly conductive material enhancing 

charge transfer have been observed on other metal-p-block 

element compounds,45,46 such as metal borides,19,39,40 metal 

phosphides20,21 metal nitrides36,37 and metal selenides.47 The 

electrocatalytic activity normalized to the active catalyst mass 

and to the amount of nickel atoms – expected as the 

electrocatalytically active sites19–21,39,40 – are comparable to, if 

not higher than, those reported for most nickel-p-block element 

electrodes processed in a similar way (Table S3). Thus our 

present work brings into light a new family of earth abundant 

intermetallics, namely nickel silicide nanocrystals, for 

electrocatalysis of the oxygen evolution reaction. 

Conclusions 

In conclusion, we have successfully developed a molten salts-

assisted liquid-phase synthesis of nickel silicide nanocrystals 

with significant control of the phase purity. The surface ligand-

free nanocrystals act as precatalysts that transform into OER 

electrocatalytically active silicides/oxide nanocomposites with 

high stability of their electrochemical properties under alkaline 

conditions. The present synthesis strategy should be effectively 

extended to obtain other intermetallic silicides never reported 

at the nanoscale to date. This perspective is currently under 

study. We believe that our synthesis route paves the way 

towards other previously inaccessible nanoscale metal silicides 

and towards further exploring their functional properties. 
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