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Fundamental understanding of the synthesis of
well-defined supported non-noble metal
intermetallic compound nanoparticles†
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Access to well-defined, model-like, non-noble metal intermetallic compound nanomaterials (<10 nm) with

phase pure bulk, bulk-like 1st-atomic-layer surface composition, and unique electronic and surface

chemical properties is critical for the fields of catalysis, electronics, and sensor development. Non-noble

metal intermetallic compounds are compositionally ordered solid compounds composed of transition

metals and semimetals or post-transition metals. Their synthesis as model-like high-surface-area

supported nanoparticles is challenging due to the elevated reactivity of the constituent elements and their

interaction with the support material. In this study, we have developed a systematic understanding of the

fundamental phenomena that control the synthesis of these materials such that phase pure bulk

nanoparticles (<10 nm) may be produced with bulk-like surface terminations. The effects of the precursor

and support choice, chemical potential of H2, reduction temperature, and annealing procedures were

investigated to understand the fundamental kinetics of particle formation and interactions that dictate

phase purity and stability and 1st-atomic-layer surface composition. The understanding developed may

serve as a foundation for further developing advanced synthesis procedures for well-defined nanoparticles

with increasing compositional complexity.

1 Introduction

The science and technology of heterogeneous catalysis is
particularly important in the 21st century due to pressing
energy and environmental challenges that society faces.
Catalytic materials play a central role in the production of
nearly all fuels and chemicals and in the cleanup of the
unwanted side products that pollute the environment.1–6 For
over a century, the field of catalysis has focused on the
development of heterogeneous catalysts such as zeolites,
platinum group metals (PGM), and PGM derived PGM +
transition metal (TM) alloys.7–16 These catalysts have
exhibited sufficient, but not necessarily ideal catalytic

performance in many foundational industrialized catalytic
reactions. However, these classic catalytic materials often
struggle to perform new reactions that require markedly
different balances of surface chemistry. PGM-based catalysts
are also very costly and limit widespread application of
catalysis in distributed chemical and fuel production or
use.6,17–19 Therefore, the need for new, inexpensive non-noble
metal-based catalytic materials that exhibit a much more
diverse combination of surface chemistry towards C, O, and
H and the bonds that contain them still persists. Of specific
contemporary need are catalysts that exhibit elevated surface
reactivity towards oxygen and nitrogen, lower surface
reactivity towards unsaturated CC bonds, limited
hydrogenation kinetics, and activity in C–C, C–O, and C–N
bond formation reactions.15,18,20–35

In the development of new heterogeneous catalysts, it is
known that most pure elements outside of the noble metals
exhibit too high chemical reactivity towards the organic
elements (C, O, N, H, etc.) and bonds that contain them to be
efficient catalysts at reasonable temperatures (T < 600
°C).18,19,36 However, seminal ultra-high vacuum (UHV)
surface science studies performed on single crystal materials
clearly illustrated that the reactivity of non-noble metals (Mo,
W, and V) could be reduced through the formation of TM
solid compounds (Mo2C, Mo2N, VC, and W2C) via reaction
with p-block elements to produce surface chemistry similar
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to that of PGMs.37–43 Further insight into potential new non-
noble metal catalyst formulations was provided by studies
that focused upon modification of existing noble (Pd, Pt, Rh,
and Ru) and non-noble (Ni, Co, and Fe) metal catalysts with
p-block elements (B, Al, Ge, Sn, Pb, Bi, Sb, Te, and Tl) to tune
surface chemistry.4,20,22,25,44–51 Later UHV surface science
studies focused on the use of larger p-block elements in Pt3-
Sn, Pt2Sn, PtSn, Pd3Sn, and Pd2Sn single crystals solidified
the presence of unique surface chemistry presented by TM
solid compounds.4,22,47,52,53 These seminal studies illustrated
that surface chemistry could be tuned to be more ideal in
many catalytic reactions by the addition of p-block elements
and have propelled the community to investigate TM solid
compound catalysts. More recent studies have illustrated the
utility of many TM solid compound catalysts in a host of
classic and contemporary catalytic reactions with a notable
focus on TM carbides and phosphides and TMs bound with
post transition metals (Pd + Ga, Pd + In, Pd + Sn, Pt + Sn, Ni
+ Al, Ni + Ga, and Ni + Sn).2,21,28,30,32,54–65 However, to
systematically study and understand the surface chemistry
and fully realize non-noble metal compound catalysts, the
community needs high surface area materials that are well
defined both in bulk crystal structure (phase) and surface
composition. Herein, we focus on the fundamental aspects of
the synthesis of well-defined/model-like supported high-
surface-area binary non-noble TM solid compound
nanoparticles composed of one TM element and one post-
transition metal element. These atomically ordered TM solid
compounds composed of crystalline mixtures of transition
metals (TMs) and post-transition metals or semimetals
(pTMs) are intermetallic compounds (IMCs), but are also
known as ceramics in the materials science community and
are distinct from compositionally disordered alloys.

Traditional methods for production of an ingot of material
are through arc melting and high-frequency heating methods
at high temperature, followed by ball-milling to produce
particles with particle size on a scale of micrometers.66–77

Despite the ingot method providing phase-pure materials
initially, the method offers little control of morphology,
particle size, and particle surface composition when
producing particles from the ingot through grinding or ball
milling.66–68 In addition, the particles can be contaminated
and oxidized during the milling process due to the use of a
solvent. For example, Pd2Ga synthesized by ball milling
showed the formation of gallium oxide over the surface of
the IM during ball milling.78,79 This issue is often corrected
by utilizing a reductive pre-treatment step after particle
formation with and without additional annealing procedures.
However, the initial oxidation can drive element segregation
at the particle surface that may directly affect the particle
surface composition even after reductive and annealing
procedures.58,80

Low-temperature liquid phase methods such as co-
reduction, sol–gel, solvothermal, and hydrothermal synthesis
that produce IMC colloids have been developed and employ
strong reducing agents to drive precursor reduction and IMC

formation.81–91 However, this approach can easily lead to
kinetically trapped species and mixed-phase materials since
the reducing agent cannot provide enough vibrational energy
for structural relaxation of IMC crystallites. Likewise, highly
reactive reducing and capping agents can strongly influence
the particle surface composition and may drive the formation
of surface compositions that include elements from the
reagents when they are removed at elevated temperatures.

Supported IMC nanoparticles with a high surface area are
generally much more favorable catalytic materials and have
been prepared via incipient wetness impregnation,
deposition precipitation, and chemical vapor deposition
(CVD) methods.3,5,23,54,59,67,92–97 However, many studies have
produced multi-phase materials and have either not
measured or used less-surface-sensitive techniques such as
X-ray photoelectron spectroscopy (XPS) to measure IMC
surface composition.63,98–101 Nonetheless, some studies,
including our investigations, have produced phase-pure
materials to illustrate the effect of IMC composition on
catalytic performance. For example, using the synthesis
understanding presented herein, we prepared SiO2 and Al2O3

supported Ni + Ga IMCs with a single pure bulk phase for
dehydrogenation of alkane and propane steam reforming
reactions.28,30,32 Similarly, phase-pure Ni + Ga IMC catalysts
have been illustrated in CO2 partial reduction for the
production of small alcohols.3,5 Additionally, phase pure
Ni3Sn2 nanoparticles on Al2O3, ZnO, and TiO2 supports were
shown to exhibit higher catalytic activity and improved
selectivity in comparison to bulk Ni3Sn2 particles in the
selective hydrogenation of unsaturated aldehydes for the
production of unsaturated alcohols.54 In addition, a suite of
SiO2 supported Ni + Sn IMCs with a pure bulk phase (Ni3Sn,
Ni3Sn2 and Ni3Sn4) were prepared by using the CVD
method.67 These studies illustrate that phase-pure supported
IMC nanoparticle catalysts can be produced and the need for
phase purity.

Beyond bulk phase purity, IMC particle surface
composition must be similarly controlled and measured
using appropriately surface sensitive techniques (e.g., 1st
atomic layer). Because of the general lack of truly surface
sensitive characterization techniques, the dominant portion
of prior studies has utilized techniques that yield information
from the topmost several nanometers of the material (energy-
dispersive X-ray spectroscopy (EDS) line scans and XPS)
convoluting connections between surface composition and
catalytic performance.54,61,67,86,94,102–107 XPS has been
employed routinely for many decades to study the elemental
surface composition of solids and can be made to be more
surface sensitive by tracking core electrons in the energy
range of 50–250 eV, but still samples electrons from 1–5 nm
into the material surface.108–110 On the other hand, ablation
or ion scattering methods, such time-of-flight secondary ion
mass spectrometry (TOF-SIMS) and low or medium energy
ion scattering (LEIS and MEIS), are more appropriate to yield
more exact surface composition measurements.111–116

Despite TOF-SIMS providing compositional information for
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the first few atomic layers through the formation of free
clusters produced by ablation/sputtering, the stability of the
clusters can affect the suggested composition of the material
surface.114–117 On the other hand, ion scattering techniques
allow for the measurement of the true 1st atomic layer
surface composition. With a recent improvement in detector
technology, the sensitivity of the LEIS technique has been
dramatically improved and recoined as high-sensitivity LEIS
(HS-LEIS) and is becoming more available to the
community.112,113,118–123 In the design of catalytic or sensing
materials, it is vital to produce materials with measured and
controlled 1st atomic layer compositions such that clear
connections between surface composition and material
performance may be developed.

Herein, we present many years of work that have focused
upon understanding the critical fundamental aspects of the
synthesis of well-defined/model-like high surface area
supported nanoparticle late non-noble TM IMCs. Again, we
define “well-defined/model-like” materials as materials that
exhibit a single crystal phase and bulk-like surface
compositions. This report outlines understanding developed
through the synthesis of Ni + Ga, Ni + In, and Co + Ga IMCs.
Our studies focused upon understanding the effects of
precursor reduction kinetics, choice of inorganic precursor,
H2 chemical potential and temperature during reduction on
the formation of the IMCs and the role of extended annealing
environments in particle growth and particle surface
composition. The effect of support surface chemistry on the
formation of the IMCs was also investigated. These studies
have shed light on the fundamental kinetics of precursor
reduction, element diffusion across the support, and the
formation of IMCs. It should be noted that the techniques
developed in this study should enable the production of late
TM IMCs when both TM and p-element precursors can be
reduced at temperatures below 800 °C under pure H2.
Synthesis of IMCs composed of more reactive earlier TMs or
p-elements will likely require higher energy techniques and/
or organic precursors. Nonetheless, the understanding
developed has paved the way for the community to access a
large suite of model-like materials such that clear
connections between surface chemistry and catalytic
performance may be developed.

2 Method
2.1 Experimental method

2.1.1 Synthesis of supported intermetallic compounds.
SiO2 and partially oxidized carbon supported Ni + Ga IMC
catalysts with 3 : 1, 5 : 3, 1 : 1, and 2 : 3 nominal loadings (10
wt%) were synthesized via the wet impregnation
method. A defined amount of NiĲNO3)2·6H2O (Sigma
Aldrich) and GaĲNO3)3·xH2O (Sigma Aldrich) metal
precursors was deposited on SiO2 (Alfa Aesar, amorphous
fumed, 350–420 m2 g−1)124,125 or partially oxidized carbon.
Partially oxidized carbon was homemade via oxidation of
BLACK PEARLS® 2000 carbon black from CABOT corporation

(1200–1500 m2 g−1, 15 nm) in boiling 70% nitric acid solution
with a reflux setup for 2 h, and the potential surface oxygen
groups include CO- and CO2-evolving carboxylic groups (such
as C–OH, C–O–C, CO and C–OOH).126–128 GaĲNO3)3 was
first dissolved in a small amount of 30 wt% nitric acid
solution at 70 °C, then NiĲNO3)2 was added. After both
precursors were completely dissolved, the mixture was
deposited on the support. It is worth noting that
inappropriate deposition procedures may produce
inhomogeneous distributions of constituent elements on the
support surface leading to multiphase IMCs.129,130 Thus, the
paste needs to be continually stirred for around 20 min till
homogeneous and evaporative-transport of salts to
evaporation fronts is limited. Then, all the samples were
dried at 100 °C under Ar flow for 12 h.

Al2O3 (Alfa Aesar, 70% delta and 30% gamma, 50–100
nm)28,30 supported 1 : 1 Ni : Ga IMCs (10 wt%) were
synthesized via the hydroxide method using NiĲNO3)2·6H2O
(Sigma Aldrich) and GaĲNO3)3·xH2O (Sigma Aldrich) metal
precursors. A defined amount of GaĲNO3)3·xH2O was first
dissolved into 150 mL D.I. water at 70 °C. Then the pH value
was adjusted to 3.9 using diluted NaOH solution to transform
the Ga precursor into a hydroxy-nitrate. The support was then
added to the solution and aged for 0.5 h. Next, a specific
amount of NiĲNO3)2·6H2O (1 : 1 Ni : Ga nominal loading) was
introduced and transformed into the hydroxy-nitrate form at
the pH of 7.0. The solution was aged for another 0.5 h. The
sample was then washed, filtered, and then dried under air
at 100 °C for 3 h. SiO2 supported Ni + In (Ni2In3 and Ni2In)
IMCs were also synthesized using the same hydroxide
method except for transforming InĲNO3)3·xH2O to hydroxy-
nitrate species at pH = 3.

As-reduced samples were pretreated under pure H2 at 700
°C for 2 h, and the effect of H2 chemical potential (from 2%
to 100%) and reduction temperature (400–700 °C) on the
bulk composition, crystal phase distribution, and particle
surface composition was investigated. Two types of annealing
pretreatments including direct-annealing and freeze-
annealing were performed. With direct-annealing, samples
were annealed under 2% H2 in Ar or pure Ar at 700 °C for 12
h directly after reduction without cooling treatment. On the
other hand, freeze-annealing allowed particles to cool down
to room temperature under H2 to fully crystallize and then
they were heated again to 700 °C under 2% H2 for 12 h for
annealing. Directly-annealed Ni3Ga/SiO2 was prepared via
direct-annealing at 700 °C under 2% H2 in Ar for 12 h directly
after reduction of 3 : 1 Ni : Ga/SiO2 under 100% H2 at 700 °C
for 2 h. Freeze-annealed samples were produced via freeze-
annealing at 700 °C under 2% H2 in Ar for 12 h after the
reduction at 700 °C under 100% H2 with cooling down to
room temperature. To be clear, the temperature of the gas
switch from 100% H2 to 2% H2 in direct-annealing was at
700 °C, while freeze-annealing was at room temperature.

2.1.2 Characterization. X-ray powder diffraction (XRD) on
a PANalytical X'Pert Pro system using Cu Kα radiation (ORNL)
was performed to identify the bulk phase and crystal
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structure of particles. A long acquisition time of a minimum
of 3 h was used to improve the detection of minority phases
(the 2θ range is from 10 to 90° and the step size is 0.017°
with a 0.006° s−1 scanning rate). To obtain more details of
the crystal structure of the materials, high-resolution XRD
with synchrotron radiation was performed at the beamline
11-BM at the Advanced Photon Source (APS) with mail-in
service in Argonne National Laboratory, which uses an
average wavelength of 0.41 with a step size of 0.001° and a
scan speed of 0.01° s−1 and a 2θ range of 0.5–50°. With
respect to the characterization of surface composition, high-
sensitivity low energy ion scattering (HS-LEIS) spectroscopy
with an IONTOF Qtac100 spectrometer (Lehigh University)
was used. LEIS samples were prepared in our lab. After
cooling down to room temperature, they were passivated
under 2% O2/Ar atmosphere for 1 hour which is the normal
procedure used in the community to protect more reactive
samples from autocatalytic oxidation. The samples were then
transferred to a sealed sample tube filled with nitrogen.
Before LEIS measurement, samples were introduced to the
UHV chamber and exposed to room temperature low-energy
neutral H atoms for 30 min to remove any oxidation layer.
Both a surface survey scan and depth profiling were
performed using 5 keV Ne+ ions. In a surface survey scan, to
seek targeted elements with a better signal-to-noise ratio, an
ion dose of 5 × 1014 cm−2 with a wide energy range was used.
In depth profiling, a sputter beam of 0.5 keV Ar+ with 1 ×
1014 ions per cm2 was used for removal of approximately 0.1
nm atomic layer per cycle so that the ratio of integrated
scattering intensity of probe elements (such as Ni-to-Ga) in
each layer can be tracked and normalized to the bulk
stoichiometry for the estimation of elemental composition at
other layers. In this work, the depth profiling of SiO2

supported Ni3Ga and CoGa was performed to utilize them as
the normalized references for the analysis of surface
compositions of Ni + Ga and Co + Ga IMCs. Particle
morphology, size, and size distribution were characterized
utilizing transmission electron microscopy (TEM) and high-
resolution energy-dispersive X-ray spectroscopy (HR-EDS).
Samples were prepared by dispersing sample powder in
methanol and sonicated before being deposited on the TEM
grids. TEM measurements on all of the samples were
performed on a ZEISS LIBRA 120 operating at 120 kV at the
University of Tennessee, Knoxville. STEM HAADF and HR-
EDS measurements were performed on a Talos FEI F200X
operating at 200 kV at Oak Ridge National Lab (ORNL).

3 Results and discussion
3.1 Effect of salt choice on reduction dynamics

Studies first focused upon understanding the kinetics of
inorganic precursor reduction using temperature-
programmed reduction (TPR) by H2 with the expectation that
complete co-reduction of TM and p-element precursors was
needed to promote the formation of phase pure IMC
nanoparticles with stoichiometry that equalled that of

nominal loadings. The TPR of Ni, Ga, and In nitrate,
chloride, and hydroxide precursor salts deposited on Al2O3

and SiO2, alone and combined, was investigated in the
context of forming Ni + Ga and Ni + In IMC nanoparticles
(Fig. 1). In the individual TPR of the inorganic Ni and Ga
nitrate, chloride, and hydroxide or In nitrate and hydroxide
precursors, nitrate precursors exhibited more complete
reduction at lower temperatures. The Ni and Ga chloride
precursors required higher temperature for complete
reduction and likely left chlorine at the metal–support
interface.131–134 All hydroxide precursors exhibited significant
support-induced stabilization, which resulted in
inhomogeneous reduction dynamics (bi- or multi-modal) and
the need for higher temperatures for complete
reduction.135–137 The effect of support-induced stabilization
and spillover of dissociated H2 have been investigated and
understood by many others previously in the synthesis of
oxide-supported metal catalysts.138–140 In co-deposition TPR
studies, most of the same dynamics were observed, yet the
presence of Ni helped to promote the reduction of p-element
precursors likely via an atomic H spillover effect.141,142

However, in the co-deposition of Ni and Ga or In hydroxides,
support-induced stabilization resulted in even more
pronounced inhomogeneous/multi-modal reduction
dynamics. The effect of support choice, SiO2 vs. Al2O3, was
investigated for InĲNO3)3 alone and co-deposited NiĲNO3)2
and InĲNO3)3. Results indicated that InĲNO3)3 was stabilized
more over Al2O3 vs. SiO2 resulting in more significant
inhomogeneous reduction dynamics. However, when co-
deposited with NiĲNO3)2, reduction was dramatically
improved over both supports with complete reduction
achieved below 450 °C. Results agree well with prior studies
that investigated the TPR of various Ni inorganic
salts.132,143–145 In general, results indicated that nitrate salts
would likely be most ideal to achieve complete reduction of
both TM and p-element precursors at relatively low
temperatures. Additionally, utilizing supports with low
surface reactivity like SiO2 can aid in ensuring complete

Fig. 1 Temperature programmed reduction (TPR) of Al2O3- and SiO2-
supported Ni, Ga, and In inorganic precursors (nitrate, chloride, or
hydroxide) deposited alone or in binary couples (Ni + Ga or Ni + In). A
weight loading of 10 wt% of each precursor was utilized. The reducing
environment was 5% H2 in Ar.
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reduction of precursors. A similar conclusion was derived in
a study focused on producing Pd-based IMCs with Bi, Sn,
and Pb where PdBi/Al2O3 with a pure phase could be
produced, yet Pd3Sn and Pd3Pb exhibited multi-phase
compositions likely due to large differences in reduction
kinetics of Pd, Sn, and Pb salts.96

It is useful to note that when extending these results to
other precursors, one must be cognisant of and avoid the
unfavorable formation of hydroxides or oxides during
deposition when employing H2O. For example, the InĲNO3)3
precursor can react with H2O to form complexes that contain
hydroxide ligands that will stabilize the complex when in
contact with certain supports and inhibit complete
reduction.146 One approach to avoid the formation of
InĲOH)xĲNO3)x was to add a small amount of nitric acid to the
slurry during deposition. In the synthesis of Ge-based IMCs,
this issue is far more pronounced with GeO2 formation
occurring if aqueous deposition is attempted. Therefore, it
may be necessary to utilize organometallic precursors in a
water/air-free environment to produce IMCs from more
reactive elements, e.g., earlier TMs and later p-elements. For
example, Komatsu and coworkers showed that phase pure
Ni3Ge could be produced inside the mesopores of MCM-41
through the formation of reduced Ni species followed by CVD
of GeĲCH3)4 with H2.

59 Likewise, the formation of phase pure
IMCs of Mo, Ta, and Nb has only been achieved via the melt
method or physical vapor deposition because of the stability
of their inorganic salts and high oxophilicity leading to slow
reduction kinetics.71,73,74,147 In the end, production of IMCs
composed of late-TMs and early and larger p-elements that
are both easier to reduce when present as inorganic salts will
likely be more facile. Meanwhile, production of IMCs
composed of mid to early TMs or smaller or later p-elements
may require new energy delivery techniques like light- or
microwave-assisted reduction when using inorganic precursor
salts or the use of organometallic precursors in water/air-free
environments.

3.2 Effect of reduction temperature and support surface
chemistry

After identifying precursors and conditions that allow for
more complete reduction of precursors, we aimed to
understand the effect of support surface chemistry on the
formation of nanoparticle IMCs. We investigated the
formation of Ni + Ga IMCs on fumed silica, partially oxidized
carbon, and Al2O3 (70% delta, and 30% gamma) supports
under 100% H2 as a function of temperature. Ni + In IMC
formation was only studied using the SiO2 support. Nitrite
precursors were deposited via wet impregnation and reduced
using a minimum reduction temperature of 400 °C under
100% H2 to ensure complete precursor reduction and limit
any effects associated with limited H2 chemical potential.
Nominal loadings of 1 : 1 TM and p-elements were employed
with the expectation that off-nominal TM-rich or lean
stoichiometries could be produced if element diffusion or

IMC kinetics were limited at the temperature employed. In
the absence of kinetic limitations along the synthesis
mechanism, production of the 1 : 1 phases of IMCs was
expected, namely NiGa and NiIn. Long-acquisition time
pXRD (3.5 h) was utilized to analyze the IMC phases
produced (see Fig. 2a–d). The surface reactivity of the
supports is expected to increase in the order of partially
oxidized carbon < SiO2 < Al2O3 and influence reduced
element diffusion kinetics.

In the case of Ni + Ga IMC formation, a clear effect of
support surface chemistry in dictating reduced element
diffusion and IMC phase evolution was observed. The
stability of the Ni + Ga IMC phases can be estimated from
the phase diagram using melting points and is ordered from
most to least stable as Ni3Ga > Ni5Ga3 > NiGa.148 The order
of phase stability would also suggest the kinetics of
formation of each phase if a BEP-like correlation between
thermodynamics and kinetics exists. Indeed, Ni + Ga IMC
synthesis using SiO2 as a support illustrated that Ni3Ga was
the most kinetically preferred phase, as it formed readily in
phase-pure form at 400 °C. As the reduction temperature
increased to 500 °C, the next most stable phase of Ni5Ga3
dominated the sample with a minority of Ni3Ga persisting. At
700 °C, the NiGa phase could be produced in pure form.
These results suggested that the chemical potential of Ni and

Fig. 2 Long-acquisition-time pXRD of a) 1 : 1 Ni :Ga/SiO2, b) 1 : 1 Ni :
Ga/C, c) 1 : 1 Ni : Ga/Al2O3, and d) 1 : 1 Ni : In/SiO2 after reduction with
pure H2 at 400 °C, 500 °C, and 700 °C.
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Ga provided by the nominal loading was not sufficient to
overcome kinetic limitations associated with reduced element
diffusion at lower temperatures. However, it could dictate the
IMC phase if appropriate vibrational energy was supplied.
Utilizing a support with lower surface reactivity, namely
partially oxidized carbon, the BEP-like correlation was still
followed and phase pure Ni3Ga could be produced at 400 °C,
while pure phase Ni5Ga3 was produced at 500 °C and NiGa at
700 °C. Since the total metal loading was the same over SiO2

vs. carbon supports, the width at half maximum of the pXRD
reflections suggested that larger well-crystallized particles
were produced over the carbon support further suggesting
improved reduced element diffusion as support surface
reactivity was reduced. Utilizing a support with elevated
surface reactivity, namely Al2O3 (70% delta, and 30%
gamma), significantly limited diffusion of the constituent
elements inhibited the formation of Ni + Ga IMC at 400 °C.
As the reduction temperature increased to 500 °C, the most
kinetically preferred phase of Ni3Ga was observed, which
further confirms the effect of element availability on the IMC
phase formed. At 700 °C, diffusion kinetics could be
surmounted and the formation of NiGa could be achieved
once again. Studies of Ni + In IMC formation over SiO2

suggested that this phenomenon was general since a mixture
of Ni2In and Ni2In3 was produced at 400 °C, pure Ni2In was
produced at 500 °C, and Ni2In3 was produced at 700 °C,
which agrees with the predicted stability of the Ni + In IMC
phases in the studies of others.60,149,150 A similar
phenomenon was also encountered in the studies of
Furukawa and Komatsu groups in the production of Pd3Pb
over SiO2 and Al2O3 where phase pure Pd3Pb could be
achieved over SiO2 and not over Al2O3 using the same
reduction conditions (pure H2 at 400 °C).96,151 It is also
useful to note that the strength of bonding between the
constituent elements of the IMC and the support is species
specific and the late TM elements will be less strongly bound
than the more reactive p-elements. This phenomenon likely
also dictates the IMC phases observed in this study and will
become more prominent when more reactive constituent
elements are employed. In the end, results suggested that
utilizing supports with low surface reactivity towards the
reduced elements of the IMC favorably promotes the
formation of IMC phases that agree with nominal loadings.
Therefore, support choice is critical in the production of well-
defined supported IMC nanoparticles.

EDX elemental mapping in STEM of Ni + Ga IMC with 1 : 1
Ni : Ga nominal loading formation over and SiO2 and Al2O3

(see Fig. 3) further confirmed the effect of temperature and
support surface chemistry on element diffusion across the
support surface. At a reduction temperature of 700 °C over
SiO2, the spatial distribution of Ni and Ga on SiO2 indicated
well-dispersed elements. The same phenomena were
observed in the cases of Ni3Ga/SiO2 and Ni5Ga3/SiO2 (see Fig.
S1†). On the other hand, at 500 °C over Al2O3, Ni elements
are observed to accumulate in particles, yet portions of the
Ga loaded appear to remain dispersed across the support and

not incorporated in the IMC particles formed. These results
illustrate the difference in Ni vs. Ga diffusion and that Ga
diffusion appears to limit the formation of an IMC phase that
equals that of the nominal loading. As the p-element binds
more strongly to the support, this trend is expected in the
case of Ni-based IMCs.

3.3 Effect of H2 chemical potential

To understand if there was an effect of H2 chemical potential
on element diffusion and IMC nanoparticle formation, we
utilized Ni + Ga on fumed partially oxidized carbon, silica,
and alumina supports deposited using nitrate salts at a
loading of 1 : 1, reduced under at 700 °C in a range of H2

concentrations (from 2% to 100%), and tracked the evolution
of the IMC phases via p-XRD (Fig. 4). The percentage of the
target IMC phase (NiGa) was summarized as a function of H2

chemical potential in the ESI† (see Table S1). The reduction
temperature of 700 °C was motivated by prior results that
showed IMC phase formation that equaled nominal loading
under 100% H2. Gas phase flow conditions ensured that the
availability of hydrogen was not limiting even at 2% H2.

Results showed that the chemical potential of H2 directly
affected element diffusion and correlated well with the
expected stability of reduced elements on the supports
employed (partially oxidized carbon, SiO2, and Al2O3)
indicating a destabilizing effect of atomic H adatoms.
Starting with the least reactive support, partially oxidized
carbon, NiGa was achieved at a H2 concentration of 5%, with
a mixture of Ni13Ga9 and NiGa observed under 2% H2. On
the other hand, over SiO2, 10% H2 was needed to achieve
pure NiGa, with mixtures of Ni5Ga3, Ni13Ga9, and NiGa
observed at lower H2 concentrations. Over the most reactive
support utilized, Al2O3, an H2 concentration of 50% was
necessary to achieve phase pure NiGa. At lower H2

concentrations, the IMC phases of Ni5Ga3 and Ni3Ga were
observed on Al2O3, sequentially. Observations suggest that
atomic H adatoms either on the support or directly attached
to the reduced constituent elements promote their diffusion
across the surface of the support. If the H2 chemical potential

Fig. 3 EDX-mapping of a) NiGa (1 : 1 Ni :Ga nominal loading) over
SiO2, which was reduced at 700 °C with 100% H2 for 2 h, and b) Ni3Ga
(1 : 1 Ni : Ga nominal loading) over Al2O3, which was reduced at 500 °C
with 2% H2 for 2 h, then annealed at 700 °C with pure Ar for 12 h.
Element color code is: Ni (red), Ga (green), and Si or Al (blue).
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is not sufficient, diffusion of constituent elements and their
chemical potential with respect to IMC nanoparticle growth
will be reduced. The effect is most pronounced again for the
more reactive p-element, Ga, as evident by Ni-rich IMC
compositions when diffusion is limited. The exact
mechanism of the promotion of element diffusion cannot be
derived from these studies, but it is reasonable to suggest
that bonds between H and reduced elements weaken the
bonds to the support surface and promote diffusion. It is less
likely that the support surfaces become covered by H
adatoms and limit the interaction between constituent
elements and surface lattice elements. Further investigations
are needed to fully understand the fundamental mechanism
of this promotion. It is also reasonable to generalize these
results and suggest that as constituent element reactivity
increases, e.g., early TMs or lighter p-elements, elevated
chemical potentials of H2 will be required to facilitate phase

pure IMC nanoparticle formation. Utilizing supports with low
surface reactivity would also be beneficial.

Using the understanding developed, we were able to
synthesize suits of supported non-noble-metal IMC
nanoparticles with a pure phase (as shown in Fig. S2†),
including Ni + Ga (Ni3Ga, Ni5Ga3, NiGa, Ni2Ga3), CoGa, and
Ni + In IMCs (Ni2In and Ni2In3). In addition, the particle size
of the phase pure IMCs could be manipulated through an
annealing pretreatment, as shown in Fig. 5. The IMC particle
size of as-reduced IMCs was generally around 2–5 nm and
could be increased to 4–8 nm after 12 h of annealing at 700
°C under Ar or 2% H2 in Ar.

3.4 Fundamental setup for particle size growth and surface
termination adjustment

Upon achieving phase pure IMC nanoparticle synthesis, we
then focused upon developing annealing procedures to grow
IMC particle size to improve bulk phase stability and to
adjust particle surface composition to bulk-like where
needed. The compositional and structural stabilities of IMCs
are crucial if they are to be employed as catalysts, sensors, or
electronic components that may encounter reactive gas phase
environments at elevated temperatures or applied potentials.
The performance of the supported IMC nanoparticles in
catalytic, electronic, or sensing applications is affected by or
directly dependent upon the compositional stability of the
particle bulk,19,21,152–155 surface composition,64,80,156–159 and
morphology of the particle.91,160–162 Control of particle
surface composition is also paramount in heterogeneous
catalysis and sensing applications. Because the as-reduced Ni
+ Ga, CoGa, and Ni + In IMC nanoparticles exhibited average
particle size distributions around 2–5 nm, their bulk and
surface composition stability may be less than ideal for

Fig. 5 Electron micrographs and size distributions of as-reduced and
annealed SiO2-supported Ni + Ga IMCs: a) as-reduced Ni3Ga/SiO2; b)
directly-annealed Ni3Ga/SiO2; c) as-reduced Ni5Ga3/SiO2; d) freeze-
annealed Ni5Ga3/SiO2; e) as-reduced NiGa/SiO2; f) freeze-annealed
NiGa/SiO2. Minor particle size growth after 12 h at 700 °C illustrates
the stability of the IMC nanoparticles.

Fig. 4 Long-acquisition-time pXRD of a) 1 : 1 Ni : Ga/C, b) 1 : 1 Ni : Ga/
SiO2, and c) 1 : 1 Ni : Ga/Al2O3 after reduction with different
concentrations of H2 in Ar at 700 °C, which illustrated the effect of H2

chemical potential on bulk composition.
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applications that involve elevated temperatures (T > 250 °C)
and contact with reactive chemical environments due to the
nano-size effect. Moreover, the reactive environment used to
form the IMC nanoparticles may result in element
segregation to the particle surface.

Before discussing insights derived from developing
annealing procedures, we review the observed IMC particle
surface composition of the as-reduced IMCs synthesized. HS-
LEIS was utilized to characterize IMC particle surface
composition. HS-LEIS is a highly surface sensitive ion
scattering technique that provides compositional information
of the outermost 1st atomic layer of materials. The probe ion
beam was rastered across the sample to minimize ion
ablation effects, which are already fairly minimal and do not
affect the dominant portion of ions that successfully scatter
from the crystal surfaces.

HS-LEIS characterization of the as-reduced Ni3Ga, Ni5Ga3,
NiGa, CoGa, and Ni2In3 IMCs indicate that either the TM or
the p-element could segregate to the particle surface under
the preparation conditions (see Fig. 6). In the case of as-
reduced Ni + Ga IMCs, Ni3Ga exhibited a Ni-rich surface
(92% Ni) while Ni5Ga3 and NiGa exhibited a surface
composition close to that of the bulk (82% Ni and 46% Ni,
respectively). On the other hand, as-reduced CoGa and Ni2In3
exhibited slightly Ga-rich (39% Co) and In-dominated (nearly
100% In) surface compositions. Results show that a rich
energetic phase space determines the as-reduced IMC
particle surface composition. For example, the more stable
IMCs of Ni3Ga, Ni5Ga3, NiGa, and CoGa promote TM-rich or
near-bulk-like surface compositions. On the other hand, less
stable IMCs composed of p-elements that present
inordinately low pure-element surface energies, as in Ni2In3,
resulted in p-element-dominated nanoparticle surface
compositions. Comparing Ni3Ga, Ni5Ga3, NiGa, and CoGa

further suggested that the chemical potential of the elements
within the IMC bulk, as dictated by the TM-to-p-element
ratio, plays an energetically-similar role to the innate bulk
IMC stability in determining IMC particle surface
composition. This is evidenced by both NiGa and CoGa
exhibiting more bulk-like surface terminations.

3.5 Effect of direct and freeze-annealing on phase
disproportionation

Two annealing approaches were investigated to grow the
particle size and adjust the particle surface composition:
“direct-annealing” and “freeze-annealing”. In direct-
annealing, the as-reduced IMC was subjected to 12 h thermal
treatment at the original 700 °C under a modified gas phase
(2% H2 in Ar or pure Ar) or under pure H2 without
intermediate cooling. In freeze-annealing, the as-reduced
IMC was allowed to cool slowly to room temperature under
H2 then reheated to annealing conditions (700 °C for 12 h
under 2% H2 in Ar). A successful annealing procedure would
result in the retention of the as-prepared IMC bulk crystal
phase and a particle surface composition near that of the
bulk stoichiometry. To clarify, annealing under 2% H2 in Ar
is different from a longer reduction treatment since the
phase-pure IMC nanoparticles have already formed. In
addition, as Fig. 4 illustrates, 2% H2 in Ar is insufficient to
promote the formation of the pure bulk phase that agrees
with the nominal loading.

First focusing on the bulk crystal phase stability, we
investigated the effect of direct-annealing samples under Ar
at 700 °C for 12 h (see Fig. 7a). It was found that the
procedure induced phase disproportionation of all the as-
reduced Ni + Ga/SiO2 IMCs. The bulk phases of Ni3Ga/SiO2,
Ni5Ga3/SiO2, and NiGa/SiO2 disproportionated to a mixture of
Ni3Ga + Ni + NiO, Ni3Ga, and a mixture of Ni3Ga + Ga2O3,
respectively (Fig. 7a). The source of oxygen for formation of
NiO and Ga2O3 is likely from the SiO2 support or the nitrates,
which also has been observed in studies by other
investigators.163–166 When 2% H2 in Ar was utilized during
direct-annealing instead of pure Ar, disproportionation in
Ni3Ga was avoided, yet still occurred for the less stable
phases of Ni5Ga3 and NiGa (Fig. 7b). When utilizing pure H2

during direct-annealing, phase disproportionation was
avoided in all the Ni + Ga IMC cases (Fig. 7c). Phase
disproportionation driven by direct-annealing treatment was
also found to be support-dependent and that supports with
lower surface reactivity would limit constituent element spill
over and phase disproportionation. For example, when
utilizing a support with lower surface reactivity, e.g., partially
oxidized carbon, the phase purity of NiGa could be retained
after direct-annealing under pure Ar and 2% H2 in Ar (see
Fig. 7d).

These results suggested that the stability of the IMC
nanoparticles directly after their formation at 700 °C was
dependent upon the presence of atomic H adsorbates. It is
proposed that strong interactions between constituent

Fig. 6 First atomic layer surface composition characterization of as-
reduced SiO2 supported Ni3Ga, Ni5Ga3, NiGa, CoGa, and Ni2In3 IMCs
via HS-LEIS.
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elements and the support surface may drive a spill-over-like
effect that drives constituent elements back onto the support
promoting disproportionation when atomic H adsorbates
were absent. In the presence of atomic H adsorbates,
elements that spill over onto the support may be destabilized
via the same mechanism observed in the initial reductive
treatment to form the IMCs. This mechanism appears to
promote constituent elements to remain in the IMC particle.
Despite this favorable effect, using high H2 chemical
potentials during annealing may lead to element segregation
to the IMC particle surfaces because of strong H-element
interaction. Therefore, alternate annealing procedures that
avoid or minimize the need for H2 in the gas phase were
investigated.

The freeze-annealing procedure was developed through
systematic investigation of the effect of direct-annealing
temperature on phase disproportionation of SiO2 supported
as-reduced NiGa IMCs and revealed that allowing particles to

fully crystallize by cooling samples to room temperature
under H2 after initial reduction could aid in avoiding phase
disproportionation. As shown in Fig. 8a, with direct-
annealing at 700 °C, SiO2-supported NiGa was completely
transformed to a mixture of Ni3Ga, Ni2Ga, and Ga2O3 as a
result of the spill-over effect. Similarly, at 600 °C, NiGa
transformed to a mixture of Ni3Ga and Ga2O3. However, when
the direct-annealing temperature decreased to 500 °C and
400 °C, the NiGa phase could be maintained but still
coexisted with Ga2O3. Once the temperature was reduced to
300 °C, pure NiGa could be retained.

Shifting to allow the as-prepared IMCs to cool to room
temperature under H2 to allow them to fully crystallize before
increasing the temperature back up to 700 °C for annealing
allowed a lower concentration of 2% H2 to be utilized during
annealing. Using this approach, IMC particles of Ni3Ga,
NiGa, CoGa, and Ni2In3 remained phase pure after freeze-
annealing and enabled the growth of IMC particle sizes from
2–5 nm to 4–8 nm (see Fig. 9 and 5). In the case of Ni5Ga3,
disproportionation was observed even using the freeze-
annealing procedure using 2% H2 in Ar (see Fig. 8b). These
results indicate that the relative stability of the IMC and
support surface chemistry towards the constituent elements
play a role in IMC stability under annealing conditions and
that atomic H adsorbates can counteract spillover effects that
lead to phase disproportionation.

3.6 Annealing to adjust particle surface composition

Returning to focus upon IMC particle surface composition,
the direct- and freeze-annealing procedures developed were
able to adjust the particle surface composition to bulk-like in
the cases of Ni3Ga, NiGa, and CoGa while retaining the initial

Fig. 8 Effect of direct-annealing temperature on IMC phase stability:
a) direct-annealing of as-prepared NiGa/SiO2 at 300–700 °C under 2%
H2 in Ar; b) direct-annealing of as-prepared Ni5Ga3/SiO2 at 400–700
°C and freeze-annealing at 700 °C under 2% H2 in Ar.

Fig. 7 The effect of direct-annealing as a function of the gas phase H2

concentration and support on IMC initial phase stability: a) as-prepared
Ni + Ga/SiO2 at 700 °C under pure Ar; b) as-prepared Ni + Ga/SiO2 at
700 °C under 2% H2 in Ar; c) as-prepared Ni + Ga/SiO2 at 700 °C under
100% H2; and d) as-prepared NiGa/C at 700 °C under pure Ar and 2%
H2 in Ar.
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phase purity of the IMCs (see Fig. 9a and b). This
phenomenon was previously encountered by others in studies
where bulk phases of Pt + Ga were maintained under
annealing pretreatment and control of surface termination
was achieved via annealing at different temperatures in spite
of using less surface sensitive XPS.167,168 Ni2In3 was the only
case where annealing procedures could grow the particle size
and retain the initial phase purity, but not adjust the In-rich
surface composition back to bulk-like (see Fig. 9c).
Fundamentally, results further underscore that the innate
stability and relative chemical potential of constituent
elements as dictated by the bulk composition and nano-size
effects that destabilize bonding compete with surface energy
as a function of surface composition to dictate particle
surface composition. Despite the seemingly minor increase
in particle size from 2–5 nm to 4–8 nm after 12 h of

annealing at 700 °C, results suggest that the IMCs are
significantly stabilized, which may also help energetically
drive an adjustment to bulk-like surface composition. Prior
catalytic studies also illustrated the increase in Ni + Ga IMC
nanoparticle stability after annealing, as evidenced by phase
purity being retained even after experiencing gas phase
reaction conditions of direct ethane and propane
dehydrogenation and propane wet reforming up to 600 °C
with a very minor particle size increase after 35 to 82 h.28,30,32

In the case of less stable IMC compositions that contain
elements that exhibit markedly low surface energy in pure
form, e.g., Ni2In3, the freeze-annealing conditions used clearly
cannot readjust IMC particle surface composition and
alternate etching or preparation approaches may be
required.16,68,169 These results agree with calculated surface
energies of a pure In surface vs. a bulk-like terminated
Ni2In3Ĳ110) surface where the former is lower in energy.169

Another possible approach to control IMC particle surface
composition would be to utilize specific gas phase
environments that contain specific molecules that bind more
strongly to one of the constituent elements of the IMC.156 For
example, utilizing an olefin or CO in combination with H2

during the initial reduction or annealing procedure may
selectively promote higher concentrations of the TM element
at the IMC particle surface. This approach was successful for
Arenz and co-workers in the manipulation of the surface
composition of Pt3Co where a mixed PtCox surface
composition could be modified to Pt-rich by using CO during
annealing procedures.156,170 Likewise, the study of Fe–Cr
alloys by Park and co-workers indicated that increased H2

concentration of the annealing atmosphere modified the
surfaces from Fe-rich to Cr-rich due to the more significant
H–Cr interaction.170 Summarizing, we were able to achieve
particle growth and bulk-like surface composition of a
selection of IMCs using a freeze-annealing procedure that
employed low concentrations of H2 ultimately achieving well-
defined model-like materials.

4 Conclusion

This study developed a fundamental understanding of the
synthesis of well-defined supported IMC nanoparticles with a
pure bulk phase and controllable surface compositions. The
understanding can be applied to the entire field of synthesis
of well-defined IMCs and enable fundamental structure–
activity correlation studies in the fields of heterogeneous
catalysis, sensing, and electronics. The fundamental
phenomena determined to dictate the formation of well-
defined supported IMC nanoparticles were: i) reduction
kinetics of inorganic salt precursors, ii) formation kinetics of
IMCs as a function of the diffusion of constituent elements
on the surface, iii) the role of support surface chemistry, iv)
innate IMC phase stability, and v) the effect of H2 chemical
potential of the reducing and annealing environment. The
understanding developed herein can be applied and extended
to the entire TM + p-element IMC compositional space with

Fig. 9 Demonstration of well-defined IMCs with phase pure bulk and
controllable particle surface composition. Long-acquisition-time pXRD
and HS-LEIS characterization of: a) as-reduced and freeze-annealed
NiGa/SiO2, and as-reduced and directly-annealed Ni3Ga/SiO2; b) as-
reduced and freeze-annealed CoGa/SiO2; and c) as-reduced and
freeze-annealed Ni2In3/SiO2.
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the understanding that the availability of reduced constituent
elements and their diffusion across the support will be
significant factors when using earlier TMs or more reactive
p-elements. Careful choice of precursors and supports with
low reactivity will be necessary to realize the synthesis of the
entire IMC compositional space as supported nanoparticles.
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