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ABSTRACT: Metal nanocrystals exhibit unique properties due to their high surface-to-volume ratio and have great potential for ap-
plications in the fields of electronics, magnetics, optics and catalysis. However, their high specific surface area leads to easy coarsening
in operation, which may greatly degrade their performances, especially when they are exposed to various chemical environments
or at high temperatures. Therefore, the direct visualization of nanocrystals' structural evolution when they are coarsening is crucial
to gain insight into the mechanism and develop more effective means to improve the size stability of nanocrystals. In this work,
we investigated the structural evolution of Pt nanocrystals with sizes of ~4 nm on SiN_film in both oxidizing and reducing atmo-
spheres at a moderate temperature (300°C) in the aberration-corrected environmental transmission electron microscopy (ETEM).
The sizes of nanocrystals remain almost unchanged when annealed in the oxygen atmosphere with volatile PtO,_formation on the
surface, hindering nanocrystals sintering and leading to Pt loss. On the other hand, obvious coarsening of nanocrystals resulting
from Ostwald-ripening and nanocrystal migration and coalescence was observed in the reducing atmosphere. Our findings reveal
the dynamic structural evolution of nanocrystals in different atmospheres and provide possible ways to improve the size stability
of nanocrystals.
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INTRODUCTION

he size of metal nanocrystals is one of the key factors

determining their physical and chemical properties
and applications in the fields of electronics, magnet-
ics, optics, and catalysis.'-> Many strategies have been
proposed to prepare small nanocrystals successfully,
whereas their high specific surface area also leads to easy
coarsening in operation which may significantly degrade
their performance, especially when they are exposed to
some chemical environments or at high temperatures.®*
Therefore, the size control of nanocrystals is of great sig-
nificance not only in the synthesis process but also in the
specific operational environment.
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The prerequisite of realizing the size control is to
achieve a detailed understanding of the influence factors
and mechanisms that govern the nanocrystal coarsen-
ing. Extensive ex-situ experiments have been carried out,
which characterize the structure and size of the nanocrys-
tals before and after the treatment in certain environments
to deduce the physical process of coarsening, providing a
lot of useful information to understand the coarsening.” '
However, there are always inconsistencies between differ-
ent experimental results and deviations of experimental
results from predicted models. Therefore, ex-situ experi-
ments could not give an unambiguous physical picture
of coarsening."" ? In-situ techniques could provide an
ideal platform to perform direct observations of dynamic
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structural evolution and properties changes in various
surroundings.” Environmental transmission electron
microscopy (ETEM) is one of the most effective in-situ
techniques to study the nanocrystal shape, size and struc-
tures in various gas environments and can obtain real-time
and dynamic evolution data at the atomic scale.'*"

In this work, we in-situ investigated the evolution of
the Pt nanocrystals in both reducing and oxidizing atmo-
spheres at a 300°C by ETEM. Several works have studied
the coarsening phenomenon of Pt nanocrystals supported
by oxide substrate and carbon in different gas atmospheres.
In all these studies, the substrates can strongly interact
with Pt nanocrystals or even react with them and thus in-
fluence their coarsening behaviors.”®-2° But the effects of
substrates were always not taken into consideration when
they discussed the results and thus inconsistent conclusions
were obtained.” In this work, we selected SiN_film as the
substrate, which is chemically stable and inert, and thus it
has negligible effects on coarsening.

Our in-situ TEM observation found that in the oxidiz-
ing atmosphere, a PtO_shell may form on the surface of
nanocrystals which can greatly restrain the migration and
coarsening of the nanocrystal. Therefore, the nanocrystals
annealed in O, exhibited high size stability. By contrast,
the nanocrystals coarsened obviously when they were
annealed in the reducing atmosphere where Ostwald-
ripening, and migration and coalescence of nanocrystals
occurred. Our direct observations of the dynamic evolu-
tions of nanocrystal size and structure can give useful
information to deeply understand the coarsening phe-
nomenon of metal nanocrystals, and propose possible
strategies to improve the size stability of nanocrystals.

METHODS AND MATERIALS

The ETEM FEI Titan G2 80-300 kV equipped with
objective lens spherical aberration corrector was applied
to investigate the evolution of Pt nanocrystals in differ-
ent atmospheres. The Pt nanocrystals were prepared by
heating the chloroplatinic acid (H,PtCl,) precursor at an
elevated temperature in ETEM. In a typical experiment,
1 ¢ H,PtCl, (AR, Pt > 37.5%) was dissolved in 50 mL
ethanol and dispersed onto a heating chip with SiN_film.
After being dried for 24 hours in vacuum, the H,PtCI,
crystals precipitated out on the SiN_film and then were
loaded at a heating holder. The sample loading area of the
heating chip is 75 um in diameter with 22 holes covered
with porous SiN _ film, as shown in Fig. la—c. The tem-
perature was elevated to 300°C with a heating rate of and
then kept at 300°C for 2 hours. The 200 Pa 20% H,/Ar
and pure O, environments were applied respectively at
different heating processes. The in-situ observation was
recorded by a dynamic camera with 4096x4096 pixels un-
der adjustable integration time from 0.1 to 5.0 s. Statistical
analysis was carried out by OriginPro Learning Edition

software. The statistical results were expressed as the mean
standard deviation values and tested by t-test. The quanti-
fied average size for each set of data was confirmed to be
a normal distribution. A p-value of < 0.05 was considered
to be statistically significant.

RESULTS

The typical H,PtCI, crystals precipitated out on SiN_
film at room temperature are shown in Fig. 1d. It is found
that the H,PtCI, crystals with a size of about 100 nm are
more likely to form around the SiN_film-free area. The
zoom-in bright-filed image of the H PtClI, crystal reveals
a nonuniform mass and diffraction contrast as shown in
Fig. le. It is implied that the existence of crystal defects
and depressed surface in the crystallite.

The corresponding H,PtCl, crystal space group is
Fm3m and stands along the [001] direction with exposed
{100} facets as confirmed by the previous work.” The
energy-dispersive X-ray spectroscopy (EDS) elemental
mappings of H,PtCl, crystal were obtained by scanning
TEM (STEM) mode. As shown in Fig. 1f, g, the crystal-
lite exhibits a uniform distribution of Pt and Cl elements.

Then we heated the system with a heating rate of
1.0 °C/s and then kept the temperature at 300°C for 2 hours
in different atmospheres. In both the oxidizing and reduc-
ing gas environments, the H,PtCl, precursor started to
decompose and form Pt nanocrystals when the temperature
was up to 270°C. The detailed process of decomposition of
solid-phase H,PtCl, precursor, the nucleation and early-
stage growth of Pt nanocrystals have been studied in our
previous work."”” Here we intend to investigate the size sta-
bility of Pt nanocrystals in atmospheres, and so we focus on
the size and structure evolution of Pt nanocrystals during
the annealing process at 300°C.

The oxidizing atmosphere was applied by introducing
200 Pa O, to the ETEM. Fig. 2a displays the ETEM image
acquired when the temperature just reached 300°C, show-
ing the almost uniformly distributed Pt nanocrystals. The
inserted statistical particle size distribution (PSD) shows
a single-peak profile and most of the Pt nanocrystals are
2~5nm in size. The calculated average size is 3.5+ 1.1 nm.
Upon in-situ annealing in this oxidizing atmosphere for
60 min, the average nanocrystal size is found to remain
nearly unchanged as shown in Fig. 2b, c. Besides, we can
see the positions of the Pt nanocrystals barely change by
comparing these images. These results imply that under
this oxidizing environment (200 Pa O,, 300°C), the nano-
crystals can maintain their size and their diffusion on the
substrate is largely hindered as well.

In the case of the reducing atmosphere, we introduced
200 Pa 20% H,/Ar into the ETEM and followed the same
experimental procedure. Fig. 2d shows the Pt nanocrystals
at the beginning of annealing in the reducing gas. Most
nanocrystals were in the size of 3~6 nm and some larger
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Fig. 1. Scheme of the heating holder and heating chip (a); Morphology of sample loading area and thin SiN_film
of a heating chip (b, ¢); TEM images (d, e) and EDS mappings (f, g) of the H,PtCI crystal.
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Fig. 2. In-situ TEM images of Pt nanocrystals annealed in O, environment (a—c) and in H,/Ar environment (d—f)
for different annealing times. Inset: particle size distribution.
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nanocrystals can also be observed. The counted PSD
still showed a single-peak profile, and the calculated av-
erage size of 150 counted nanocrystals was 4.1+1.0 nm.
Compared with the nanocrystals treated in O,, this larger
average nanocrystal size indicates that nanocrystal coars-
ening may already occur in the preceding heating-up pro-
cess in the reducing atmosphere. We also calculated the
nanocrystal density before the annealing process, which
was 9.1xX1073 nenm~2. After annealing for 30 min, the
average nanocrystal size and density obviously changed
(Fig. 2e). The calculated average size of nanocrystals was
4.441.0 nm with an increase of 7.3% and particle density
was 5.2x1073 nenm~2, which decreased by 42.9%. By the
PSD results, we can find the proportion of nanocrystals
with size in the range of 2~4 nm decreased from 51.2%
(Fig. 2d) to 38.3% (Fig. 2e), while the one with a size
larger than 5 nm increased from 19.2% to 23.4%. The
ETEM image and statistical results indicate that after
the 30 min annealing in the reducing atmosphere, the
nanocrystals coarsened by Ostwald-ripening, where small
nanocrystals were eaten by the larger ones. Also, we can
observe in the ETEM image that two neighboring large
nanocrystals migrated toward each other and coalesced
(Fig. 2d,e). For the further 30 min annealing, the average

i
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size of nanocrystals increased a little by 12.2% and the
nanocrystal density had hardly changed (Fig. 2f).

Above studies of the Pt nanocrystal coarsening phe-
nomenon were performed over a large region that con-
tained a large number of nanocrystals and by statistical
results. We have achieved a primary understanding of
the nanocrystal coarsening behaviors in both oxidizing
and reducing atmospheres. Next, in order to get a deeper
insight into the atomic structural evolution of the nano-
crystal coarsening process, we applied in-situ high-reso-
lution TEM (HRTEM) observation to reveal the atomic
structural evolution of the nanocrystal coarsening process
under O,and 20% H,/Ar environments.

As shown in Fig. 3a-c, we traced three nanocrystals
and recorded an in-situ HRTEM image under the 200 Pa
0, at 300°C. The clear lattice fringes on the three particles
can be identified as Pt {111} or {200} crystal planes. In
addition, we found that there were several orientations in
one nanocrystal (for example, the nanocrystal marked by
the number 2, 2# nanocrystal), implying a polycrystal-
line structure as shown in Fig. 3a. 3# nanocrystal had
a cashew-like morphology which may form by the ag-
gregation of two nanocrystals during the heating stage.
As the annealing proceeded, we found that there was an
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Fig. 3. In-situ HRTEM images of Pt nanocrystals annealed in O, (a-c) and in H,/Ar (d-f) for different times.
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amorphous shell structure with a weaker phase-contrast
formed on the Pt nanocrystal surface (Fig. 3b) and further
annealing led to the thickening and crystallizing of the
shell structure (Fig. 3e). Fringes in the crystallized shell
structure on 3# nanocrystal can be identified as the PtO
{111} and {200} crystal planes (ICSD PDF#47-1171). Ac-
cordingly, we can speculate that the amorphous shell is
also the Pt oxide, where the introduction of the O element
into the Pt lattice obviously weakens the phase contrast.

It is worth noting that the coalescence and aggregation
were not observed in this case, which can be ascribed to
the Pt oxide formation on the nanocrystal surface. What’s
more, as the annealing continued, the nanocrystal size
decreased a little (Fig. 3e), resulting from the volatility
of Pt oxide.

We also recorded in-situ HRTEM images of Pt nano-
crystals annealed under the 200 Pa 20% H,/Ar at 300°C
(Fig. 3d—f). The nanocrystals exhibited a specific shape
morphology, different from those in O, environments.
As we mentioned above, the Pt nanocrystals were more
vulnerable to coarsening under the H,/Ar environments.
As marked with red dash circles in Fig. 3, a complete

migration and coalescence process of nanocrystals was
recorded and this behavior can be explained by coales-
cence and aggregation growth mechanisms. These results
again confirmed the coarsening of Pt nanocrystals in the
reducing atmosphere.

We further prolonged the annealing time in both
oxidizing and reducing atmospheres and characterized
the structure of the nanocrystals. After being annealed
for 2 hours under O,, some Pt nanocrystals were com-
pletely transformed into PtO_nanocrystals, and some
larger nanocrystals kept an obvious Pt/PtO_core-shell
structure as shown in Fig. 4a. The sclected area electron
diffraction (SAED) pattern in Fig. 4b revealed the coex-
istence of a variety of PtO_crystal structures and pure Pt
nanocrystal. The PtO#1 {111} (ICSD PDF#47-1171),
PtO#2 {002} (ICSD PDF#42-0866), Pt,0, {211} (ICSD
PDF#21-1284) and Pt {200}{111} (ICSD PDF#04-0802)
can be clearly identified. The HRTEM image shows the
sub-nanometer-thick PtO_shell was formed on the Pt
nanocrystal surface, and the thinnest region only con-
tained a few atomic layers (Fig. 4c). The two nanocrystals
in the lower-left corner are attached but not merged under

Fig. 4. Atomic structures of Pt nanocrystals annealed for 2 hours in oxidizing (a-c) and reducing atmosphere (d—f).
Low-magnification TEM images (a, d) and corresponding SAED patterns (b, e¢), and HRTEM images (c, f) exhibit
the distinct size, structures, and morphologies of nanocrystals annealed in different atmospheres.
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the 2 hours of heating. This is possible that the preceding
formation of a thin layer of PtO_blocked the progress of
their coalescence.

After heating for 2 hours in a reducing gas environ-
ment, the Pt nanocrystals exhibited a specific shape mor-
phology with smooth and flat exposed crystal surfaces, as
shown in Fig. 4d. The SAED in Fig. 4e reveals a pure Pt
phase formed under the reaction condition. The HRTEM
image shows clear lattice fringes and confirms a single
crystal structure of Pt nanocrystal along the [110] crystal
direction (Fig. 4f).

DISCUSSION

The size stability of Pt nanocrystals in the reaction
condition or operational environment depends on many
factors, including the temperature, atmosphere, and also
the supported substrates. Here the SiN _film was selected
as the supporting substrate of Pt nanocrystals because of
the chemical stableness and inertness which may impose
negligible effects on the nanocrystal coarsening process.
In this case, we can figure out more reliable influences of
the atmosphere. Our results demonstrated that the size
of Pt nanocrystal is more stable under an O, environment
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