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Abstract

Metallic alloy nanoparticles (NPs) are synthesized in situ in an environmental transmis-
sion electron microscope. Atomic level characterization of the formed alloy NPs is carried
out at synthesis conditions by use of high-resolution transmission electron microscopy,

electron diffraction and electron energy-loss spectroscopy.
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Introduction

Industrial catalysts based on metal alloy nanoparticles
(NPs) are usually synthesized chemically by dispersing the
NPs on a high surface area porous 3D support in order to
increase the active surface area [1]. Electron microscopy
(EM) is an excellent tool to provide important information
on size, morphology and dispersion of such NP-based cata-
lysts on the local scale [2-5]. However, the morphology of
the support may complicate interpretation of EM images of
the catalyst on the atomic level due to limited depth of field.
One way to circumvent this is to synthesize the NPs on
an electron transparent 2D support representing the high
surface area 3D support of the large scale catalyst [6]. Fun-
damental studies of catalysts NPs and the gas—solid inter-
action studies performed in the environmental transmission
electron microscope (ETEM) benefit significantly by having
a less complex model catalyst, which is representative for
the ‘real’ large scale catalyst system [7-11]. Changing the
synthesis procedure might, however, change the alloy prop-
erties such as the chemical composition or the particle size

distribution significantly and no longer resemble the ‘real’
catalysts in a desired way.

The present study shows an easy route to form alloy NPs
on a 2D support iz situ in an ETEM by use of the same syn-
thesis recipe as the corresponding large scale prepared high
surface area 3D supported catalyst. As a proof-of-concept,
this work presents results on Ni-Ga NPs which have proved
highly active as a catalyst for methanol synthesis [12,
I. Sharafutdinov, submitted for publication]. The same
approach has been used to form other alloy NPs in the
ETEM such as CuNi and PdGa.

Materials and methods

Sample preparation was performed by impregnating a plasma
cleaned 20 nm SiO, membrane suspended on a TEM grid
(Temwindows.com and plano-em.de) with a mixed aqueous
solution of nickel and gallium nitrates (Sigma Aldrich) in the
Ni : Ga molar ratio of 5 : 3 and subsequently heated in hydro-
gen flow at a temperature between 600 and 700°C. This exact
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impregnation method has successfully been used to form
highly active alloy NPs on 3D high surface area SiO, (Saint
Gobain NORPRO, 241 m%g) [ Sharafutdinov, submitted
for publication]. According to the phase diagram of Ni-Ga
alloys, the orthorhombic &-phase is the most stable phase in
the present temperature and composition range [13].

The 2D SiO, membrane was chosen in order to resemble
the same material as the 3D high surface area SiO, support.

Three different methods of impregnation were conducted
in order to disperse the solution on the 2D support and
achieve a sample with a high particle coverage and a narrow
size distribution comparable to the characteristics of the 3D
supported catalyst:

(i) drop casting (d.c.) followed by drying in air: Ni-Gay,,
(ii) d.c. followed by a spin coater step: Ni-Gapi, and
(iii) d.c. followed by a freeze drying step: Ni-Gagecge-

The spin coating was performed on a conventional spin 150
coater at 4000 rpm for 60 s. The freeze drying took place in
a home-made device consisting of a Peltier element in
contact with a copper plate (Fig. 1). The Peltier element is
water cooled on the backside, and dry nitrogen carries the
humid air away during sublimation. The sublimation was
performed at —12°C for 2 days.

After the final step following the d.c. as described above,
the TEM grids were dried in air at RT for several hours and
subsequently loaded in a Philips TEM heating holder and
inserted in an aberration-corrected FEI Titan 80-300 ETEM
operated at 300 kV [14]. The images are obtained at Scherzer
focus with C, < 50 um. The particle formation was performed
in situ at ~650°C in 130 Pa H, in the microscope.

Results and discussion

Figures 2 and 3 show the formation of particles during
heating in case of the Ni-Ga,;, and Ni-Gagee,e samples,
respectively. The field of view is the same in Figs. 2 and 3,
respectively. The large variations in contrast obtained for
NiGa,;, at RT shown in Fig. 2a are due to inhomogeneous
dispersion of the nitrate salt. At 300°C, small particles are
formed as observed in Fig. 2b. At 660°C, larger particles are
formed. The same particle formation mechanism is
observed for NiGag.e,e as shown in Fig. 3; however, the
nitrate salt distribution is much more homogenous and do
not give variation in contrast in Fig. 3a.

The final NP size distribution and dispersion varies
significantly with the preparation method as it is dependent

»
ahkanann

......................

Peltier element
Cooling block

Fig. 2. TEM images of sample Ni-Ga,;, during NP formation in 130 Pa H, at (a) room temperature, (b) 300°C and (c) 660°C, respectively.
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Fig. 4. (S)TEM images of Ni-Ga,;, (a), Ni-Gagpin (b) and Ni-Gayree,e (c) after NP formation in 130 Pa H, at 650°C.

on the initial distribution of the salt nitrate. As observed in
Figs. 2a and 3a, the initial salt nitrate distribution is clearly
different in the two cases. In the Ni-Ga,;, sample, the initial
distribution of the precursor material is driven by the surface
tension of the liquid salt solution deposited onto the SiO,
membrane. Furthermore, the exposed area of the TEM grid
decreases as the droplet evaporates and thus moves the pre-
cursor towards the middle of the initial droplet. During this
process precursor material is deposited around inhomogene-
ities on the SiO, membrane surface resulting in areas with
relatively high precursor concentration as seen in Fig. 2a. NPs
of various sizes are formed when reaching a temperature of
300°C. The varying concentration of nitrate salt in the
droplet results in the formation of differently sized particles
as higher concentration of salt results in larger particles.

In the sample, Ni-Gapin, the initial distribution of the
precursor material is driven by the formation of a thin pre-
cursor material layer across the complete TEM grid, evapor-
ating during the spinning process. Inhomogeneities on the
SiO, membrane surface influence on the thickness of the

Table 1. Coverage and average particle size for 3D high
surface area SiO,-supported NiGa catalyst and Ni-Gafeezer
respectively

Coverage (particles/m?) Particle size (nm)

3D supported NiGa NPs 1.3 x 10'5
2D supported Ni-Gageere 7.6 x 1015

52«15
49+1.5

The coverage of the 3D supported catalyst is calculated from the total mass of
Ni and Ga, the surface area of the support, the density of the NisGaj §-phase
and the average particle size.

precursor layer and thus changes the precursor concentra-
tion, but to a lesser degree than for Ni-Ga,,.

The initial distribution of the precursor material in the
Ni-Gageese is driven by the immediate freezing of the droplet.
The water is removed from the solution by sublimation
without changing the initial area of precursor material. In
this way, the final salt distribution is very homogeneous and
independent on the surface tension and inhomogeneities on
the TEM grid surface.
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Fig. 5. Size distribution histograms of 219 3D supported NPs (a) and 318 2D supported NPs (b). The diameters have been

Particle diameter (nm)

estimated by calculating the diameter of a circle with an area equivalent to the particle cross-sections measured by TEM.
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Fig. 6. High-resolution TEM image of a NP after the reduction cycle as well as an fast Fourier transform (FFT) of the NP region reveals a orthorhombic
structure resembling the Ni-Ga 8-phase. The crystal is viewed along the [011] zone axis. STEM-EELS of single nanoparticle. The Ni Ly3, Ni L, and Ga

L, ; ionization edges are clearly visible.

Figure 4 shows TEM images of Ni-Ga,;,, Ni-Gaspin and
Ni—Gageese after NP formation in 130 Pa H, at 650°C.
NiGa,; and NiGaygp, have a much broader size distribution
and a less uniform coverage than NiGagccye.

Freeze drying seems to be the best method to resemble
the 3D high surface area SiO;-supported catalyst regarding
coverage of NPs, particle size and size distribution as indi-
cated in Table 1 and Fig. 5. The initial precursor metal con-
centration was in this case 0.15 mol/l. The deviance in
coverage can to some extent be controlled by controlling the
precursor concentration without changing the size distribu-
tion of the NPs. Figure 5 shows that 2D supported NPs
with similar average size and an even more narrow size

distribution than the 3D high surface area SiO,-supported
catalyst can be achieved by use of freeze drying.

The orthorhombic 8-phase is found by high-resolution
transmission electron microscopy (HRTEM) in all three
types of 2D support samples and resembles nicely with the
ratio of Ni and Ga in the aqueous nitrate solution and the
phase found as the active phase in the 3D supported catalyst
by in situ x-ray diffraction (XRD) studies [I. Sharafutdinov,
submitted for publication]. The general phase composition
of Ni-Gagee,e was mapped out by phase analysis of single
NPs imaged by HRTEM. The analysis was performed on
11 NPs showing lattice fringes in at least two directions to
identify a corresponding crystal structure and zone axis.
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From the analysis, six NPs are uniquely described by the
d-phase, two NPs are uniquely described by the B-phase,
one NP could be described by either 8§ or B-phase and two
NPs could be described by either 8, B or o/-phase. The
observed structures could not be explained by metallic or
oxidic Ni. A similar phase mixture primarily 8-phase with a
small amount of o/-phase is observed for the high surface
area supported NPs by XRD [I. Sharafutdinov, submitted
for publication]. Figure 6a shows a characteristic HRTEM
image of a NiGagee,e NP formed during the in situ synthesis.
FFT of the image reveals reflections corresponding to the
orthorhombic Ni-Ga 3-phase along the [011] zone axis. As
an additional indication of the nature of the formed NPs,
electron energy-loss spectroscopy (EELS) has been per-
formed on individual NPs formed in the electron micro-
scope. Figure 6b shows the EELS signal from a single
particle revealing the Ni L, 5, Ni L; and Ga L, ;3 ionization
edges. Both the Ni and Ga edges are clearly visible and
prove that Ni and Ga are present in the NP.

Summary

In summary, the results described in this paper present an
easy and efficient way to synthesize an alloy NP 2D model
sample in the ETEM, by following a similar synthesis recipe
as for large scale synthesized 3D high surface area SiO,-
supported NPs. Three different preparation methods for
obtaining a homogenous dispersion of NPs have been
studied. Drop casting followed by freeze drying results in a
particle coverage and particle size distribution similar to the
3D supported catalyst. Individual alloy nanoparticle forma-
tion has been studied in the ETEM by means of HRTEM
imaging and EELS showing Ni-Ga alloy formation on a 2D
support within the same temperature range as the large scale
prepared 3D supported catalyst. The hydrogen pressure dif-
ference in the two set ups (130 vs. 10° Pa) and the morpho-
logical difference in the SiO, support used in the two
experiments have no apparent effect on the formation tem-
perature. In order to fully exploit the power of ETEM studies,
they have to be complemented by additional studies using dif-
ferent characterization techniques and in the case of catalysts,
catalytic tests — preferable on the 2D model catalyst.
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