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Abstract

Ni@TiO, core-shell nanoparticles were synthesized by magnetron sputtering and their structure
verified by HRTEM and EDS analysis. The thermal stability of these particles was investigated using
in situ TEM annealing and compared with that of pure Ni nanoparticles. While pure Ni particles
sinter already at 450 °C and exhibit significant growth at 800 °C, Ni@TiO2 nanoparticles remain stable
up to 700 °C, with the sintering onset between 700 and 800 °C. A simple thermal-mismatch model
was applied to explain the stabilizing effect of the TiO: shell, demonstrating that differences in
thermal expansion between Ni and TiO: generate interface stresses sufficient to crack the shell after
the amorphous-rutile transformation. The TiO: coating effectively delays Ni coalescence by 250 °C
relative to bare Ni, highlighting its role as a protective shell against high-temperature sintering.

Keywords: nickel nanoparticles; TiO: coating; core-shell nanoparticles; thermal stability; sintering;
in situ TEM

1. Introduction

Nanotechnology has significantly broadened capabilities in numerous fields over the last decade
by creating functional systems at the nanoscale, primarily in the form of nanoparticles [1]. Notably,
Nickel nanoparticles (NiNPs) have attracted significant interest due to their distinctive magnetic,
chemical, and physical properties, including high reactivity, operational simplicity, biocompatibility,
bacterial resistance, cost-effectiveness, abundance, anti-inflammatory effects, and environmental
compatibility [2]. These properties offer a potential for their applications in a variety of fields,
including catalysis [3], production of batteries [4], applications in optical switches [5], direct
immobilization of biomolecules via magnetic properties [6], or sintering additives in coatings,
plastics, and fibers [7, 8].

Nickel nanoparticles are prone to agglomeration due to their high surface energy [9]. This
agglomeration can reduce effectiveness in applications where high surface area is critical, such as
catalysis and sensor technologies. NiNPs sintering is particularly problematic at elevated
temperatures [10, 11], which are often required in industrial processes. The particles lose their distinct
nanoparticle properties, effectively diminishing their catalytic activity, primarily due to changes in
their surface area [12] and magnetic properties [13] as their magnetic domain structures change.

A variety of strategies have been developed to address these issues, including surface
modification [14, 15] and incorporating nanoparticles into or onto stable matrices [16]. For instance,
carbon-coated Ni nanoparticles remain ferromagnetic up to 127 °C [17]. Additionally, Ni@SiO:
nanoparticles can withstand high temperatures up to 700 °C [18]. Alumina-coated NiO nanopowders
also show a significant enhancement in catalytic activity at elevated temperatures ranging from 700
to 800 °C [19], compared to their uncoated counterparts.

In this study, the impact of an amorphous titanium dioxide (TiOz) shell on the sintering behavior
of nickel (Ni) nanoparticles is explored. Magnetron sputtering was used to fabricate Ni@TiO: core-
shell nanoparticles, employing two planar magnetron sources for deposition. In situ transmission
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electron microscopy (TEM) was used to observe and analyze sintering behavior directly. This
observation enabled a comparative analysis of the behavior of pure Ni nanoparticles and their
Ni@TiOz core-shell counterparts.

2. Materials and Methods

The system for producing core-shell nanoparticles consisted of a primary gas aggregation cluster
source (GAS) for producing Ni NPs and a secondary chamber for coating them with a Ti film. The
primary GAS featured a water-cooled aggregation chamber, 100 mm in diameter, and a DC planar
magnetron, 81 mm in diameter, equipped with a 1.5 mm thick Ni target. The corresponding working
pressure was 48 Pa. The secondary chamber contained another DC magnetron with an 81 mm
diameter and a 4 mm thick Ti target (purity 99.2%). Both magnetrons operated under constant
current, using Ar (purity 99.996% ) as the working gas. More details about the experimental setup
can be found in the work by Hanus et al. [20].

The nanoparticles were sputtered on a glass substrate. The TEM samples were prepared by
dropping the nanoparticles, suspended in methanol, onto a grid with a lacey carbon support film. A
transmission electron microscope JEOL 2200FS (JEOL Ltd., Japan), operating in TEM and STEM
(scanning transmission electron microscopy) modes, with bright-field (BF), high-angle annular dark
field (HAADF), and secondary-electron (SE) detectors, was used. The annealing was done in a Gatan
in situ heating holder. Selected-area electron diffraction (SAED) patterns were analyzed using the
JEMS software package [21].

For the simulation part, polycrystalline rutile shells were constructed using Atomsk [22]. The
shells were stabilized at 700 °C, while a spherical indenter placed inside the empty shell expanded at
a rate of 2 nm/s. All simulations were performed using the LAMMPS software [23], Ti-O interactions
were modeled with the Matsui-Akagoi potential [24], which has been widely applied to TiO:
polymorphs [25]. The results were visualized and analyzed using OVITO [26].

3. Results

3.1. Pure Ni Nanoparticles

The characterization of Ni nanoparticles (Figure 1) revealed a mean diameter of approximately
9 nm. The diffraction pattern analysis confirmed that the nanoparticles possess a face-centered cubic
(fco) structure. Additionally, energy-dispersive X-ray spectroscopy (EDS) maps indicated that the
nanoparticles have a Ni core surrounded by a thin oxidized shell.

The particles were annealed to 100 °C, then in 50 °C increments to 850 °C. Each temperature was
held for 5 minutes. The annealing process and its effects on an agglomerate of NiNPs are documented
in Figure 2. The particles maintained their original shape up to 400 °C. At 450 °C, significant sintering
commenced, as evidenced by the necking between neighboring nanoparticles and the coalescence of
smaller particles into larger ones. This coalescence increased the average nanoparticle size to 13 nm.
These results are consistent with other studies, which report substantial sintering of Ni nanoparticles
with mean sizes of 9 nm and 20 nm at around 450 °C [27, 11]. A further notable change in the shape
of the nanoparticles occurred at 800 °C, when they grew to diameters ranging from 15 to 30 nm.
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Figure 2. Annealing of the pure Ni nanoparticles, BF STEM images. The details of the area in the white rectangle
are shown under the image for each temperature. Orange arrows indicate necking of the particles, while newly

formed particles with increased size are indicated by green arrows.
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3.2. Core-Shell NiTi Nanoparticles

The core-shell structure of nanoparticles, consisting of a nickel core coated with titanium using
magnetron sputtering, was confirmed by STEM analysis (Figure 3). The nanoparticles have a mean
diameter of 24 nm, with a core diameter close to 20 nm and a shell thickness of 2 nm. The HAADF
detector showed a brighter core in the image, indicating that the atoms in the core are heavier. This
finding aligns with the EDS analysis, which clearly distinguishes the Ni core from the Ti shell (Figures
3f and 3g). Additionally, oxidation of the Ti shell was observed (Figure 3h).

Figure 4 shows HRTEM images of the structure of the nanoparticles. The hexagonal close-
packed (hcp) structure of the core is confirmed by Fast Fourier Transform (FFT) images, which were
compared to JEMS-simulated diffraction images in several orientations. No crystalline structure was
detected in the shell, indicating that the titanium oxide (TiOz2) shell is amorphous.

c) d)

L )

Figure 3. TEM images of NiTi nanoparticles: a,b) TEM BF, c¢) STEM BF, d) STEM HAADF, e) STEM BF — image
of EDS map area, f-h) EDS analysis.

e) ® (0,2,0)
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Figure 4. a) HRTEM image of core-shell Ni@TiO:z nanoparticles: b-d) FFT images are taken from respective areas
inside the blue rectangles, e) simulated diffraction patterns of fcc Ni in the corresponding orientation consistent

with the FFT image in d). The core-shell structure of the particles is indicated.
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Figure 5 shows the annealing process of an agglomerate of core-shell Ni@TiO: nanoparticles.
Bright-field and secondary-electron detectors were used to capture the projection and surface of the
agglomerate. The agglomerate remains stable up to 700 °C, with no visible changes in particle shape,
size, or surface characteristics. Initial sintering occurs between 700 °C and 800 °C, with considerable
necking and particle merging observed at 800 °C. The particles further grow as the temperature
increases to 900 °C.

Figure 5. Annealing of Ni@TiO2 core shell nanoparticles in the temperature range RT — 900 °C: a-d) and i-1) STEM
BF, e-h) and m-p) STEM SE detector. .

The analysis of the particles formed after the sintering of Ni@TiO: core-shell nanoparticles
(Figure 5) reveals a separation of Ni and Ti components. EDS analysis confirmed that newly formed
particles, with diameters reaching up to 100 nm, are primarily composed of Ni. The HAADF image
shows that the TiOz shells have merged into the background, forming a thinner TiO: layer.

Figure 6. Images of a representative nanoparticle cluster after annealing: a) STEM HAADF, b-d) EDS maps of
different elements (Ti, Ni, O), e) overlay of the EDS maps (Ti, Ni, O).
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Figure 7 presents a detailed analysis of the core-shell evolution at elevated temperatures.
HRTEM images reveal that the initially amorphous shell begins to crystallize between 500 and 600
°C, with lattice spacings indicative mainly of the rutile phase. A detailed analysis of the diffraction
pattern from a larger area (Figure 7e) confirms the presence of nickel along with a rutile and minor
brookite shell.

R(111)

R(110)

RN o JILLINE

B (200)
R (011)

Figure 7. a-d) HRTEM images of particles annealed between 300 and 700 °C, e) SAED diffraction pattern at 700
°C.

4. Discussion

The in-situ TEM experiments show that Ni@TiO: particles remain morphologically stable up to
~700 °C, with the shell failure and the Ni coalescence emerging between 700 and 800 °C. This
stabilization window aligns with earlier reports that TiO, coatings substantially suppress Ni
sintering. Specifically, TiO,-coated Ni powders/compacts prepared by wet chemistry exhibit
markedly reduced sinterability and require temperatures 2150-200 °C higher than bare Ni to achieve
comparable densification [28]. Likewise, for Ni@TiO, nanocapsules’, thermomechanical and short-
dwell annealing data show that, relative to bare Ni (shrinkage onset ~657 °C), the TiO; shell shifts the
observed sintering onset by ~200-300 °C [29].

For tens-of-nanometer Ni cores with few-nanometer shells, TiO, performs on par with SiO, and
AlO; prepared by atomic layer deposition in delaying coalescence into the high-temperature
window. In our case (~2 nm TiO; on ~20 nm Ni), sintering is held off until ~700-800 °C. With a
comparably thin alumina overcoat, an ~4 nm AlLOs; layer on Ni/SiO. confines Ni growth and
maintains stability during high-temperature operation (700-800 °C range), attributed to the overcoat
physically restraining Ni migration [30]. Likewise, thin-shell Ni@SiO, core—shell particles developed
for high-temperature solar absorbers remain morphologically stable at ~700 °C, indicating a similar
level of thermal suppression with silica at a few nm thickness [31]. Altogether, when shell thickness
is kept in the ~2—4 nm band, and Ni cores are ~10-30 nm, the onset temperature for visible sintering
clusters is around ~700-800 °C across TiO,, SiO», and Al,O;, with exact thresholds shifting with shell
porosity, continuity, and atmosphere.

Sintering of pure Ni and TiO: nanoparticles within this temperature range is generally
considered to be a process controlled by surface diffusion [10, 32]. The onset of sintering observed
between 700 and 800 °C occurs well below the temperatures typically required for TiO, nanoparticles
to sinter [33-35]. In the experiment, the formation of large Ni particles was observed without
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interaction with the TiO: shell. This observation suggests that the Ni was trapped in the cores, and
sintering was possible after the deterioration of the TiO:2 shell. This suggestion is supported by the
HRTEM images captured at elevated temperatures (Figure 8), which show that shell deterioration is
already evident at several locations, exposing the Ni core.

/no shell 3 '/ no shell =
! g A%

“hosh i

Figure 8. HRTEM images of representative areas at temperatures between 600 and 700 °C.

The deterioration is therefore caused by the combination of mechanical rupture of the shell due
to thermal expansion differences and consequent diffusion-based shrinking of the ruptured shell to
minimize surface energy. The rupture of the shell due to mechanical stress at elevated temperatures
was further examined using molecular dynamics simulations. At a core expansion of approximately
2 A, corresponding to the end of the elastic regime, the stress reaches about 100 MPa. With further
expansion, the stress increases to approximately 250 MPa at around 9 A, where the onset of a large,
visible crack and the opening of the shell are observed.

In the intermediate expansion range between these two values, local damage in the form of small
microvoids within the shell is observed. These defects do not fully penetrate the shell but are
accompanied by irregular thinning of the shell and changes in surface morphology. In the presence
of the nickel core, such defects are expected to enhance diffusion pathways locally prior to complete
shell failure.

The stress at the core-shell interface can be evaluated using a simple model based on the
differences in thermal expansion coefficients of Ni and TiO2. At room temperature, it is assumed that
a contact layer exists between the Ni core and the surrounding TiO2 shell. Notably, the linear thermal
expansion coefficient ot of nickel is greater than that of TiO2 (arioz in the range (8.4 — 11.8)*106 K- and
ani = (12 - 13.5)*10¢ K1) [36, 37]. This difference in thermal expansion increases tension in the contact
layer as temperature rises.

The maximum pressure that causes volumetric deformation of the Ni core and contraction of the
Ni side of the contact layer can be approximated as the tensile strength of TiOz. Then, the deformation
eni that leads to the total deformation observed in the inner part of the TiO: layer at the point of

fracture can be calculated as:
1 AV 1 o
N3 Y T3 B M
We assume that the mechanical properties, namely the Young's modulus Erioz (value in the range
230 - 288 GPa), and the bulk modulus of Ni Bni (value in the range 162 - 200 GPa) [38, 39], remain
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constant across the temperature range considered. Additionally, we assume that the linear
coefficients of thermal expansion remain constant. Then we can estimate the interface pressure as:
O_(T) — (ani— ‘:Tioz)i— TO)‘ (2)

Erioz2 3BNi
On the nanoscale, elastic constants may deviate from bulk values. Using the bond energy model

of Pandey and Kumar [40], the bulk modulus of Ni nanoparticles decreases only slightly (from 180
to 170 GPa for 20 nm), suggesting minimal size effect. Young's modulus is also reduced in thin films,
but even for shell thicknesses <5 nm, it remains above ~80% of the bulk value [41, 42].

250 -

200 -

150 1

100 1

Stress [MPa]
3

C D

—50 A

0.0 25 5.0 75 10.0 12.5 15.0 17.5
Core Radius Expansion [A]

Figure 9. Average shell stress as a function of core radius expansion for a 10 nm large shell with 2 nm thickness.
Visualizations of the shell sliced in half at the initial state and after the appearance of a visible crack are shown

(A, D). 5 nm thick slices are shown for 4 different radius values (A-D).

The temperature dependence of the interface pressure computed from the average values of the
material constants is shown in Figure 10. The pressure limit for crack formation (250 MPa) is reached
at around 600°C, which is close to the temperature at which the first cracks were observed in the
experiment. Despite the simplicity of the model and the absence of explicit phase transformations,
the estimated cracking temperature is in reasonable agreement with the experimental observations.
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Figure 10. Interface pressure estimated from equation (2) for average values of constants (ario2= 8.4 - 11.8 *10-¢
K7, ani= 12 -13.5*10° K, Erio2= 230 - 288 GPa, Bni= 162 - 200 GPa). The stress required for the shell cracking,
as estimated from the MD simulation (Figure 9), is highlighted by vertical lines (100-250 MPa).

5. Conclusions

In this study, the sintering behavior of Ni@TiO, core-shell nanoparticles was investigated, with
a focus on how the TiO; shell affects their stability and sintering resistance. Compared to pure Ni
nanoparticles that began to sinter at 450°C, the Ni@TiO, nanoparticles remained stable up to 700°C,
with initial sintering observed between 700°C and 800°C. After shell rupture, the Ni cores coalesce
into larger Ni particles, confirming that the shell acts as a confinement barrier up to its mechanical
failure. Molecular dynamics simulations and a thermal-mismatch model indicate that the interfacial
stresses induced by the thermal expansion difference between Ni and TiO; are sufficient to drive shell
cracking once the amorphous shell crystallizes to rutile. Overall, the TiO; shell effectively suppresses
sintering, extending the operational stability of Ni nanoparticles by ~250 °C and offering a promising
route for designing thermally robust core—shell nanostructures.
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