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In-situ transmission electron microscopy has evolved to be a unique technique to study process dynamics down to
the atomic scale. Here, we show that in-situ Joule heating of carbon nanofilms facilitates the investigation of the
nucleation, annealing, diffusion and evaporation of PtSi nanoparticles in a controlled way. The nanoparticles
form from Pt-based hydrocarbon molecules and silicon oxide present on the amorphous carbon nanofilm.
The in-situ transmission electron microscopy approach permits shedding light on the interaction between the

nanoparticles and the carbon support, crucial information when aiming for stable catalytic applications. The
method is versatile, allows reaching very high temperatures and could be applied to study many different
combinations of bimetallic and even multimetallic high-entropy alloy nanoparticles.

1. Introduction

Understanding and controlling the synthesis of metallic and alloyed
nanoparticles (NPs) is crucial for a successful application [1,2]. For
a high catalytic activity, small, multimetallic NPs, also called high-
entropy alloys, have shown to be a highly promising approach [3-5].
Within the area of bimetallic NPs, transition metal silicides, such as
platinum silicide [6-8], are promising for catalytic applications due to
their interesting electrical properties [9]. Often, the NPs are desired
on a carbon-based substrate, which can be obtained directly by py-
rolisis of metal-containing precursors on carbon compounds. A rapid
increase of the synthesis temperature of precursor and substrate to
2000-3000 K for a short time (s to ms) by either micro-wave as-
sisted heating, Joule heating or laser has proven an efficient means
for NP synthesis [10-15]. Transmission electron microscopy (TEM) is
an important technique to analyze the obtained NPs, giving chemi-
cal and structural information down to the nanoscale. Using dedicated
sample holders, in-situ TEM can be a way to study the NP synthesis dy-
namics [16-18] as well as the interaction with the (carbon) support
materials, which is crucial when aiming for long-term stability of the
NPs under application-relevant catalytic conditions or confinement ap-
proaches [19,20]. However, the preparation of in-situ TEM samples for
the promising approach to study the on-carbon synthesis by Joule heat-
ing [16] remains challenging.
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Amorphous carbon (aC) nanofilms have a long history as sample
support or physical phase plate [21-25] for TEM, even before nano-
technology emerged at the end of the last century. A large variety
of materials can be described as “amorphous carbon”, here we re-
fer to films prepared under high-vacuum conditions by physical vapor
deposition techniques. Such films are disordered, typically exhibit ap-
proximately 70% of sp? bonds, contain up to 10 at% of oxygen and
negligible amounts of nitrogen [26]. aC nanofilms with a thickness be-
low 20 nm are employed on a day-to-day basis in TEM as they allow
high-resolution studies.

Following the investigation of the in-situ TEM reduction of graphene
oxide [27], we have investigated the pyrolisis of such aC nanofilms by
Joule heating. Although a recently developed transfer method permits
the reproducible preparation of nanomaterial specimens for electrical
in-situ TEM studies with minimum damage and contamination [28],
even a minute amount of (semi-)metallic non-carbon atoms is sufficient
to observe them forming NPs during the pyrolisis experiment. After this
serendipitous observation, we investigated in detail the NP formation
and found that the aC film permits such investigations in a controlled
way and without limitation of the microscopes’ capabilities, being a
methodological improvement compared to previous studies [16]. As an
example experiment, we describe the dynamical evolution of PtSi NPs
during Joule heating of aC nanofilms including nucleation, agglomera-
tion, annealing, diffusion and evaporation.
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Fig. 1. Overview of the sample preparation. (a) TEM image of the aC nanofilm suspended on a holey SiN, membrane. (b) SEM image of the same membrane and aC
nanofilm after cutting by FIB. (c) SEM image of the membrane with aC nanofilm held by the microneedle above the contacts of the in-situ microchip. (d) SEM and
(e) TEM images of the final device. (f) Comparison of defocused high-resolution TEM images and SAED patterns of the aC nanofilm before (left) and after (right) the
transfer process. Scale bars are (a, ) 500 nm, (b, ¢) 3 um, (d) 2 um and (f) 9 nm. SAED patterns in (f) have a width of 20 nm™.

2. Materials and methods
2.1. Transmission electron microscopy techniques

The major part of the in-situ transmission electron microscopy (TEM)
studies were conducted in an aberration-corrected (image) Titan3
(Thermo Fisher Scientific) operated at 80 keV. Selected-area electron
diffraction (SAED) patterns were acquired under parallel illumination.
The SA apertures were also used to acquire electron energy-loss spec-
troscopy (EELS) data under parallel illumination in diffraction mode.
The complete energy-loss range up to 600 eV was acquired with an ac-
ceptance angle of 19.7 mrad with a Gatan Image Filter (GIF) Tridiem
863 at a dispersion of 0.2 eV/channel. The energy axis of the EEL spec-
tra has been calibrated by setting the onset of the carbon K edge to
282 eV. All EELS data throughout the experiment were acquired under
identical illumination conditions (illuminated area of 1.2 um), allow-
ing a quantitative comparison of the intensities. Quantification of the
Si L, the C K and the O K edges was done by integration of background-
subtracted spectra (power-law) in a 30 eV window and theoretical cross
sections [29]. The dose rate for SAED and EELS data acquisition was
10 e'A2s1 and was limited to approximately 200 e'A2s1 for the high-
resolution (HR) imaging prior to nucleation. After nucleation, the dose
rate was slightly increased to better resolve the crystal structure of the
NPs. Damage inflicted on the sample by the electron beam could not
be detected. TEM image series were acquired during the application of
electrical current every 4 seconds with an Ultrascan 1000 CCD camera
(Gatan).

For additional spatially-resolved chemical analysis, a second aber-
ration-corrected (probe) Titan Low-Base (Thermo Fisher Scientific) with
a high-brightness gun (X-FEG) operated at 80 keV was used. Energy-
dispersive X-ray spectroscopy (EDX) was performed with an Oxford
Instruments Ultim X-MaxN 100TLE detector and EELS in STEM mode
(convergence angle 25 mrad) with a GIF Tridiem 865 at an acceptance
angle of 68 mrad. EDX data was quantified with the Aztec software (Ox-
ford Instruments) and theoretical k factors. EELS data was analyzed in
a custom program written for Matlab (The Mathworks).

In-situ TEM experiments were conducted with a DENSsolution Wild-
fire in-situ sample holder (4 pins) and custom microchips (vide infra).
Electrical current was applied to the aC nanofilm (denoted as I, in the

following) using a Keithley 2450 SourceMeter (Tektronix). The current
ramps were performed without delay in static mode, the readout time
per measurement point is approximately 140 ms in the used current
range.

2.2. Sample preparation

The aC nanofilm was prepared by electron-beam physical vapor de-
position of a graphite target (PVD75, Lesker) on a freshly cleaved mus-
covite mica substrate. The aC nanofilm then was transferred to the back
side of a carbon-coated holey silicon nitride (SiN,) TEM grid (PELCO)
by a water-based floating process. We used two grids with different
diameters of the holes, one with multiple diameters between 70 and
1250 nm and a second one with equally-sized holes with 2.5 pm diam-
eter. The thickness of the aC nanofilm was determined to be 10 nm from
a cross-section TEM lamella prepared from a simultaneously coated Si
wafer.

Following a recently described support-based transfer process [28],
the aC nanofilm suspended on the SiN, TEM grid was transferred to a
custom in-situ microchip (vide infra) by a Ga* focused ion beam (FIB).
Fig. 1 describes this process starting from the aC nanofilm suspended
on the holey SiN, support (hole diameter 900 nm) seen in a transmis-
sion electron microscope (Fig. 1a). A piece of the SiN, support with
aC nanofilm is cut free by FIB and transferred to the electrical con-
tacts of the in-situ microchip with the help of a microneedle (Fig. 1b, c).
Contacting is achieved by FIB-induced deposition of a Pt-based precur-
sor (CsH4CH3Pt(CH;)3). Finally, the SiN, support is removed by FIB
so that the aC nanofilm is the only bridge between the electrical con-
tacts (Fig. 1d, e). In the example shown in Fig. 1, an observable amount
of the Pt/C-based precursor gas was deposited on the aC nanofilm as
seen in the defocused TEM image after the transfer (Fig. 1f). In addition
to the Pt/C molecules, a minor amount of Ga is implanted in the film,
which however could not be detected by spectroscopic techniques. The
aC structure is conserved as shown by the SAED patterns and the com-
parison of EEL spectra before and after the transfer (Figure S1 in the
supplementary information (SI)).

A second in-situ sample was prepared similarly with the identical
film suspended on a SiN, grid with larger hole diameters (2.5 pm),
which is described in Figure S2 (SI). In this specimen, Pt contamination
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Fig. 2. TEM images of specimen (a) before in-situ experiment, (b) after NP nucleation, (c) after NP annealing at I, =40 pA and (d) after NP diffusion/evaporation.
Green circles in (b) and (d) indicate acquisition locations for SAED patterns displayed in Figs. 5b and 8b, respectively. Orange square in (b) indicates the area of the
HRTEM image in Fig. 5c and blue and purple frames in (c) and (d) indicate positions of the TEM image series in Fig. 7. The small orange frame in (d) indicates the

position of the TEM image series shown in Fig. 8a. Scale bar is 90 nm.

was strongly reduced and we therefore focus on the specimen described
in Fig. 1 in this manuscript as it allows to better illustrate the formation
of the NPs.

The custom in-situ microchips were fabricated in-house from a p-
doped Si wafer double-side coated with 1 pm low-stress SiN, as de-
scribed in detail elsewhere [28]. The chips contain two electrodes and a
heating element on a SiN, membrane. The on-chip heating element was
calibrated by measuring the Al plasmon energy by EELS in dependence
of the applied heating current, however, as the individual chips can dif-
fer slightly between each other and the resistance is measured only in a
two-terminal setup, the temperature can only be approximated.

3. In-situ synthesis and dynamics of Pt/Si nanoparticles

This article presents results mainly obtained from the in-situ ex-
periment conducted with the specimen described in Fig. 1. Data was
obtained on both the NPs’ synthesis and the graphitization of the aC,
but here we focus on the NPs and their interaction with the aC. The re-
sults on the evolution of the carbon structure will be presented together
with additional samples in more detail in a separate article.

The in-situ experiment was composed of five phases:

1. Pre-heating: Heating of the sample up to approximately 250 °C us-
ing the on-chip heating element.

2. NP nucleation: Application of electrical current ramps with increas-
ing maximum currents up to I, = 50 pA.

3. NP annealing: Application of a constant electrical current of
I,c = 40 pA.

4. NP diffusion/evaporation: Application of an electrical current ramp
from I, = 40 to 50 pA.

5. 2" annealing: Application of an electrical current ramp from
I,c = 441046 pA.

Figs. 2-4 give an overview of the experiment. Fig. 2 shows TEM im-
ages of (a) the initial state of the aC nanofilm after transfer to the in-situ
chip, (b) after NP nucleation, (c) after annealing and (d) after NP dif-
fusion/evaporation. The rounded black parts at top and bottom of the
images are the borders of the SiN, membrane, which sustains the free-
standing aC nanofilm. The dark spots that first appear in (b) correspond
to PtSi NPs, as discussed in detail in this section. The electrical mea-
surements during steps 2-5 are shown in Fig. 3. EELS data was acquired
at different steps of the in-situ experiment and the spectra are shown
in Fig. 4 including the low-loss region and the core-loss regions of the
Si L, C K and O K edges. The overall decrease in intensity of all the
spectra during the experiment is evident, the details will be discussed
throughout the manuscript.

3.1. Initial state and pre-heating

During the transfer of the aC nanofilm to the in-situ microchip,
a small amount of the precursor gas (hydrocarbonated Pt molecules)
used for contacting the film to the contact pads was deposited on the
aC nanofilm by secondary electrons/ions generated during the transfer
process. Such focused-ion or electron-beam deposits typically contain
a high amount of carbon of up to 80% [30], especially for low elec-
tron/ion doses, which was the case for the presented sample. These
deposits are not visible in a focused TEM image but become visible with
slight defocus (Fig. 1f). The clusters have a size of below 1 nm in diam-
eter and the density of Pt atoms is estimated by counting the clusters to
be below 1 atom per nm? for a Pt:C ratio of 1:3 in the deposits. Assum-
ing a low estimate for the density of aCof 1 g cm3 [31], the number
of C atoms in a 10 nm thick film is approximately 500 atoms per nm?,
leading to a Pt:C ratio of <1:500. In addition to the Pt-based contami-
nation inflicted during the sample preparation, the aC nanofilm exhibits
a contamination by SiO, stemming from the mica substrate. Quantifi-
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Fig. 3. Electrical measurements during the four main steps of the in-situ experiment. (a) Applied current and measured resistance over time of the current ramp in
the nucleation step. (b) Resistance over time for a constant I, = 40 wA during the annealing step. (c) Applied current and measured resistance over time of the
current ramp in the diffusion/evaporation step. (d) Applied current and measured resistance over time of the current ramp in the second annealing step.
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Fig. 4. EEL spectra acquired in TEM-diffraction mode at different stages of the
experiment. (a) The low-loss region containing surface and bulk plasmon. (b-d)
Background-corrected spectra of (b) the Si L edge, (c) the C K edge and (d) the
O K edge. Acquisition times were (a) 0.001 s, (b) 0.1 s, (¢) 0.3 s and (d) 0.5 s.
Spectra in (c and d) have been smoothed by a moving-average filter over five
pixels.

cation using core-loss EEL spectra indicates a concentration of 4 at% of
Si, 14 at% of O and 82 at% of C (Fig. 4). Due to the low amount of Pt
and the weak cross section (scattered intensity) of the O and N edges of
Pt, quantification of the Pt concentration by EELS was not conducted.
Implanted Ga could not be detected by EELS suggesting a concentration
of less than 1 at%. It is noted that H will also be present but cannot be
traced by EELS nor EDX.

It is of interest to compare the quantities of elements with high melt-
ing point (C, Si, Pt) in the initial state, as the specimen is exhibited to
high temperatures during the in-situ experiment. C is the dominant con-
tribution but EELS analysis indicates a considerable presence of Si (Si:C
~ 1:20), which strongly outweighs Pt (Pt:Si < 1:25).

In the first step, the on-chip heating element was used to heat the
sample up to approximately 250 °C to remove adsorbed species (H,O,
hydrocarbons) from the specimen. Fig. 5a shows a TEM image and
SAED pattern of the aC nanofilm after the heating phase. They in-
dicate that the nanofilm still possesses an amorphous structure. The
PtC-cluster appear with slightly increased contrast, suggesting a slightly
higher concentration of Pt atoms due to removal of hydrocarbons. EELS
intensities indeed indicate a reduction of the C content by 40% and also
the O content is reduced by 25%, while the Si contribution remains con-
stant. The loss of C and O is attributed to desorption of hydrocarbons
and water, respectively.

3.2. Nanoparticle nucleation

After pre-heating of the sample, electrical current ramps with
increasing maximum current were applied to the sample. Up to
I,c = 25 pA (1-10° Acm? in the central film area), no structural
change could be observed. After the following current ramp up to
I,c = 50 pA (2.6-10% Acm™2) shown in Fig. 3a, several modifications
of the sample are observed: The width of the aC nanofilm at its thinnest
part decreases by 20 nm from 245 nm to 225 nm (Fig. 2b) and small NPs
have formed. The EEL spectra show a rather homogeneous decrease of
all the constituents (C, Si and O) by 35% (Fig. 4). The C K edge starts to
show a more defined pre-peak related to n* bondings indicating a start-
ing graphitization process (Fig. 4c). Furthermore, the Si L edge changes
in shape with a shift of intensity from the peak at 105 eV to higher en-
ergies around 112 eV suggesting a structural change of the chemical
bondings of the Si atoms (Fig. 4b).

Fig. 5 shows an analysis of the structure of the NPs. In comparison to
the sub-nm sized amorphous Pt/C clusters homogeneously distributed
over the aC nanofilm after pre-heating (Fig. 5a), the NP distribution is
heterogeneous after the application of the current ramp up to 50 pA
(Fig. 5c, d). The SAED pattern displayed in Fig. 5b was acquired from
the central part of the film (as marked in Fig. 2b) and shows the two
amorphous rings corresponding to the aC nanofilm and several small
reflections linked to the NPs. The first three lattice distances of Pt fcc
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Fig. 5. Study of the NP nucleation: (a) TEM image of the central part of the
sample before NP nucleation with inset SAED pattern (20x20 nm2) showing
the amorphous nature of the specimen. (b) SAED pattern after NP nucleation
acquired from green area in Fig. 2(b) showing two diffuse carbon rings and
several reflections caused by the nucleated NPs. Pt rings are marked in purple
and two spatial frequencies attributed to Si-based clusters in red. (¢, d) HRTEM
images show the heterogeneous appearance of the NPs with different sizes and
lattice spacings only partially corresponding to Pt. Scale bars are (a, ¢) 9 nm,
(b) 3 nm-1 and (d) 3 nm. Power spectra in (d) have a width of 25 nm!.

(Crystallography Open Database (COD) No 9008480) have been indi-
cated in the SAED pattern and some of the reflections indeed correspond
to these values. However, a strong contribution is observed at 0.25 nm
distance and many reflections are visible at 0.18 nm, which cannot be
attributed to pure Pt NPs. Instead, these values could correspond to
the 120 (0.25 nm) and 020 (0.18 nm) lattice planes of PtSi (COD No
2106969). The lattice distance of 0.25 nm could also be linked to the
111 reflection of SiC (0.25 nm, COD No 9008856).

Fig. 5¢ and d show high-resolution TEM images of the NPs reveal-
ing their inhomogeneous size and structure distribution. Some NPs still
possess sub-nm sizes while larger ones reach diameters of 6 nm and
clearly exhibit faceted surfaces. When measuring lattice distances in
the NPs and from the power spectrum, both Pt-fcc (111: 0.22 nm, 200:
0.196 nm) and PtSi (020: 0.28 nm) planes can be observed. In addition
to the crystalline NPs, several amorphous NPs are visible, which have
been marked by blue circles (Fig. 5d). When calculating a power spec-
trum selecting only these NPs (lower power spectrum in blue frame in
Fig. 5d), a broader ring becomes visible. The ring is centered at 0.23 nm
but extends to 0.25 and 0.21 nm, a range where quartz SiO, exhibits
four lattice planes (110: 0.25 nm, 102: 0.23 nm, 111: 0.25 nm and 200:
0.21 nm, COD No 1011097). We therefore attribute the amorphous NPs
to mostly SiO, with some incorporated Pt suggested by the darker spots
in the inside of some of the NPs. Additionally, the graphitization of the
aC nanofilm is seen in Figs. 5c and d, where several NPs, including the
bigger NP in Fig. 5d, are partially covered by a graphitic layer.

Supplementary Movie S1 shows the evolution of the TEM images
during the application of the current ramp and indicates that the NPs
do not appear at every location at the same time. They are first observed
at the borders of the central part of the film already below 40 A and
NPs are also largest at the border at the end of the step (Fig. 2b). Once
a current of 45 pA is reached, NPs have appeared in the entire cen-
tral area. It is noteworthy that once the NPs have formed at a specific
place, the local NP arrangement on the film stays rather stable even
though the applied current continues increasing. With increasing cur-

Carbon Trends 15 (2024) 100348

rent, the NP also form in outer regions of the film. Together with the
NP formation, the contrast of the film is reduced. This is linked to the
observed material loss by EELS and can be explained by a densification
and thinning process, as discussed below. The observed behavior dur-
ing this step indicates that the process is step-like and once this process
is completed, the situation stabilizes and only slower processes follow.

Several chemical processes happen during this phase, which we de-
nominated as nucleation, as the formation of the crystalline Pt-based
NPs from amorphous Pt-C clusters involves a phase transformation,
typical for a nucleation process. This nucleation is accompanied by
agglomeration and growth of the NPs. The exact sequence of the nu-
cleation process is still in debate despite numerous studies on Pt NPs
[32]. Here, the situation is different to typical chemical synthesis routes
and more closely related to carbothermal shock heating approaches by
Joule heating [11,14] as the specimen stays only for a few seconds at
high temperature (Fig. 3a). Going in hand with the nucleation is the
graphitization and densification of the aC nanofilm, likely assisted by
the catalytic activity of Pt and Si, as well as the clustering of SiO, and
the incorporation of Si into the Pt NPs to form PtSi. Weakly bond C
from the aC film and O released upon the incorporation of Si in the
NPs can form CO, and evaporate, while the remaining C atoms form
stronger and denser sp2 bonds. Although not measurable by EELS, we
assume that any Ga implantation has diffused out of the central area
during this nucleation step due to its low melting point.

To give an estimation of the temperature, several previous stud-
ies from literature can be considered. Studies on PtSi NP formation
under high vacuum from Pt thin films deposited on various Si-based
substrates (crystalline Si, SiO,, SiC, SiC+graphene) indicate a temper-
ature of 800 °C necessary for PtSi formation [6,7]. As the SiO, is not
completely reduced, the temperature will be well below the onset tem-
perature of about 1750 °C for direct carbothermal reduction of quartz
at bulk scale [33]. Studies on catalytic graphitization by metals also
indicate a temperature of between 750 and 850°C [34,35], suggest-
ing that the temperature reached in the nucleation phase will be in
this temperature range. As SiC forms from carbon and silicon oxide at
considerably higher temperatures above 1500 °C [36], its formation is
discarded. Once the electrical current is switched off, the temperature
rapidly decreases to room temperature, which represents a fast quench-
ing of the specimens’ state.

3.3. Nanoparticle annealing

After the nucleation phase, an annealing step at constant electrical
current of I, = 40 pA (2.1 10% Acm™2) was carried out. Supplemen-
tary movie S2 shows the evolution of the NPs during the annealing
phase and Fig. 6 depicts the initial state (Fig. 6a), the first image after
application of the electrical current (Fig. 6b) and the state after the com-
plete annealing phase (Fig. 6¢) without applied current. In both, initial
and final image, the lattice fringes of the NPs are revealed, as also vis-
ible from the power spectra (Fig. 6d). A comparison of the reflections
before and after the annealing step shows that the crystal structure of
the NPs has changed, indicating a restructuring of the NPs. The cor-
responding lattice distances nevertheless correspond in both cases to
either Pt or PtSi crystal structures: In Fig. 6a, lattice planes correspond-
ing to the 021 (0.22 nm) orientation of PtSi and the 200 (0.20 nm)
orientation of Pt can be identified and in Fig. 6¢ the orientations 101
(0.31 nm) and 111 (0.27 nm) of PtSi as well as again the 200 (0.20 nm)
of Pt are visible.

The evolution from a large number of NPs with heterogeneous size
distribution to a reduced number with larger diameters is clearly vis-
ible in the images. To emphasize this evolution, the NPs have been
segmented into NPs with diameters below 2 nm (blue circles), between
2 and 4 nm (orange circles) and larger NPs (not marked). The number
of each group of NPs is marked in the lower right corner of each im-
age. The initial change upon application of I, is strong, leading to the
almost complete disappearance of the smallest NPs and a considerable
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Fig. 6. Comparison of three TEM images (a) before, (b) at the start and (c) after the annealing phase with (d) the corresponding power spectra. NPs have been
segmented into three different size classes: below 2 nm (blue), between 2 and 4 nm (orange) and above 4 nm (unmarked/black). The number of each class is
indicated in the lower right corner. Scale bars are (a-c) 9 nm and the power spectra in (d) have a width of 12 nm!.

Fig. 7. Analysis of diffusion/evaporation step. Evolution of the TEM image appearance from (a) the central and (b) the lower area of the specimen as marked by
respectively colored areas in Fig. 2c¢ and d. The different currents applied during the images are indicated. Video sections have a width of 140 nm.

increase in number of the larger NPs. This strong change and rearrange-
ment of the NPs can be partially linked to coalescence and Ostwald
ripening processes. After this strong modification at the beginning of
the electrical current application, the modification rate per image is re-
duced and only a few movements of entire NPs and uptakes of smaller
NPs by larger ones can be observed (Supplementary movie S2). More-
over, as the total amount of NPs is decreasing throughout the sequence,
a diffusion process out of the central region is observed, which happens
more strongly in the next phase.

The strong modification in the NP arrangement seen in the first im-
age with applied current is linked to the fast increase of the current
directly to 40 pA, which can be seen as a thermal shock. This thermal
shock stimulates the thermodynamical conditions for the observed fast
Ostwald ripening and coalescence processes. During the buildup of the
current flow, heat is generated fast and highly localized at sites posing
barriers for the current flow, which can be different to the ones during
the last application of electrical current. Once the flow is stabilized, the
heat generation is more uniform and characteristic for a conventional
annealing step.

In contrast to the clear imaging of lattice fringes before and after the
annealing step, the high-resolution signal of the NPs is lost during the
application of the electrical current and they appear with a more homo-
geneous dark contrast. This signal loss is not attributed to the electrical
current itself or a related generated magnetic field as we have observed
atomic resolution at much higher currents. Instead, it is attributed to the
high sample temperature, a considerable fraction of the melting point
of PtSi (1229 °C), which causes a strong phonon excitation leading to
the smearing out of the lattice fringes in an image with an exposure
time of 0.5 s.

The TEM images shown in Fig. 6 also give an insight in the inter-
action between NP and carbon support. Already before the annealing
phase, several NPs are covered by graphitic planes, an observation
which is even more true for the situation after the annealing, where
all of the larger NPs are surrounded at least partially by one or even
several graphite sheets. This graphitic encapsulation increases the sta-
bility of the NPs limiting their further rearrangement. The observation
of an encapsulation is not surprising as Pt is well known as catalyst
for graphene production. However, a graphitization is also observed in
NP-free areas, e.g., in the lower left part of Fig. 6¢c.

In the central area, the processes happening during the annealing
phase are thus the crystallization and growth of PtSi NPs and a contin-
uing graphitization of the C nanofilm. A comparison of the TEM images
of the whole film area before (Fig. 2b) and after (Fig. 2c) the annealing
shows an additional shrinking of the film width by 25 nm to 200 nm.
Moreover, the area with nucleated NPs has extended to a larger region
of the film. As also observed in the next section, this further nucleation
is different from the initial ones as NPs and clusters already nucleated in
the central part start diffusing to outer areas and can act as nucleation
centers.

3.4. Nanoparticle diffusion/evaporation

Fig. 7 gives an overview of the diffusion/evaporation phase, which
consists in a current ramp from I, = 40 A up to 50 wA (Fig. 3c). The
TEM images before and after the diffusion/evaporation step (Fig. 2c and
d) show that the central area of the film has been completely “cleaned”
from the NPs. Supplementary movie S3 shows the evolution of the TEM
image appearance at intermediate resolution and Fig. 7a and b shows
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1.5
Energy / keV

Fig. 8. Specimen analysis during and after the 20 annealing phase. (a) TEM images acquired during the 2"¢ annealing phase. (b) Blend of two SAED patterns
acquired of the NP-free film (left) and of a region with NPs. (c¢) EDX analysis of NP-free area (blue line and frame in (a)) and big NP (purple line and frame in (a))
acquired from areas marked in inset TEM image (height 100 nm). Scale bars are (b) 3 nm™.

excerpts of the movie from two specimen regions marked in Fig. 2. It
can be observed that the NPs gradually disappear from the central area
(Fig. 7a) and nucleate and grow in the outer regions (Fig. 7b).

EEL spectra acquired in the central area show that both Si and O
are completely removed after the diffusion /evaporation phase. The
intensity in the C edge is further reduced by 40%, leaving only 25%
compared to the initial state. A further graphitization can be inferred
from the analysis of the EEL spectra: the emerging plasmon peak at
6 eV (Fig. 4a) and the increasing prominence of the pre-peak at 285 eV
in the C K edge (Fig. 4c).

Although the applied maximum current was the same as for the ini-
tial nucleation step (I, = 50 pA, Fig. 3a, c), the reduced thickness
(3 nm) and width (195 nm) of the film cause a more than threefold in-
crease of the current density to 8.5 10% Acm2). This increase in current
density results in a further increase of the sample temperature, which
leads to the complete disappearance of NPs in the central area of the
film (Fig. 7a) and the shift of nucleation and growth of NPs to outer re-
gions on both upper and lower side of the specimen (Figs. 7a and b). In
Fig. 7b, the path of a NP is indicated by a blue line, after nucleation at
I, = 41.8 pA. On its way, an Ostwald ripening process is observed,
where the NP acts as nucleation center and takes up smaller clusters
and its diameter grows from 3 nm to about 11 nm.

The fact that no apparent difference between upper and lower part
of the film area can be observed indicates that electromigration only
plays a minor role, as it would be linked to the direction of the elec-
trical current. This shows that the electrical current flows through the
nanofilm and that there is no direct interaction between the NPs and
the electrical current.

While individual NPs diffuse entirely in the outer regions, the sit-
uation is different in the hotter, central part. A detailed look at the
disappearance of the NPs in the central part (supplementary movie S3)
shows that most of them first start to shrink in size before disappearing
completely. This behavior is explained by a spatial confinement of those
NPs by graphitic planes, as seen in Fig. 6, which reduces their mobility
and inhibits their diffusion to colder, outer areas. Due to the increased
current density, the temperature in the central part is further increased,
leading to the evaporation of the confined PtSi nanoparticles. The va-
por pressure curve of Pt indicates a temperature in the central part
of above 1450°C (at 107 mbar) [37], which is noteworthy, as such
high temperatures cannot be obtained by conventional in-situ heating
chips.

3.5. 2" annealing phase

Following the current ramp of the diffusion/evaporation phase, an-
other annealing step was conducted by employing a current ramp with
a small increase from I, = 44 pA to 46 pA (Fig. 3d), while acquiring
an image series of the central specimen area at higher magnification.
Supplementary movie S4 shows this image series and Fig. 8a depicts
several images of the series in the area marked by a frame in Fig. 2d.
The following observations can be made: The C network remains almost
completely stable during this annealing step except in the lower part,
where three larger NP are evaporated and continuously shrink in size,
leaving graphene sheets behind. Two of these NPs are visible in Fig. 8a.
Another NP in the central part disappears within a single frame while
yet another stays completely stable throughout the series. This again
illustrates the importance of the interaction between NP and substrate.

Fig. 8b shows a SAED pattern obtained from a NP-free carbon film
as marked in Fig. 2d in comparison to a SAED pattern acquired from a
region with NPs (right side of Fig. 8b). The two rings corresponding to
the carbon structure have strongly sharpened indicating an untextured
graphitic structure. This graphitized nanofilm remains stable under am-
bient conditions and could thus be reused at this stage for a similar
study by deliberately depositing, e.g., precursor molecules or metal salts
on the film. The reflections visible in the pattern acquired from car-
bon film + NPs can be attributed to PtSi, with the 120 lattice distance
(0.25 nm) exemplary marked, confirming thus the alloyed structure of
the NPs.

3.6. Electrical properties

As the heating is performed by Joule heating induced by electrical
current, the resistance of the specimen is monitored during the exper-
iment. The resistance is measured in a two-probe setup and includes
the contacts and the whole aC nanofilm. The central part possesses
the thinnest width and will therefore be a significant contribution to
the measured resistance. Figure S3 in the SI shows two electrical mea-
surements at low currents conducted after heating and after the diffu-
sion/evaporation step. The resistance after heating is 800 kQ, which
can be approximately separated into the central part (600 k<) and the
outer, wider parts of the sample (200 kQ) by geometrical analysis of
the sample (Figure S3). The contact resistance is typically in the range
of 150 Q and is thus only a negligible contribution to the overall resis-
tance.
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Fig. 9. TEM and STEM-EELS analysis of NPs obtained from a similar specimen and in-situ experiment. (a) TEM image of NPs on a carbon nanofilm nucleated and
grown during in-situ application of electrical current. (b) HRTEM image of the three NPs marked in (a) with inset power spectrum (width 14 nm). (¢) HAADF-STEM
image of the identical specimen area after contact to air showing a separation of two small NPs from the large NP. The contrast of the image has been adjusted
non-linearly to visualize both Pt-based NPs and the carbon support. (d) DF-STEM image at lower magnification with the area selected for spectrum imaging marked.
(e) Chemical spectrum image obtained from factorization showing the C (green), Pt (red) and SiO, (blue) contributions. Scale bars are (a) 30 nm, (b) 3 nm, (c) 5 nm

and (d) 20 nm.

A look at the evolution of the resistance during the nucleation and
annealing phases shows a strong decrease to less than 100 kQ during
the nucleation phase (Fig. 3a), while basically remaining constant dur-
ing the annealing phase at a constant I, = 40 pA, showing only a
minor decay of less than 1% (Fig. 3b). The decrease during the nucle-
ation phase is attributed to the graphitization of the aC nanofilm and to
the increasing film temperature, which causes an improvement of the
semiconducting nanofilms’ conductance. The trend is similar for the fol-
lowing phases (Fig. 3¢, d) with the lowest resistance of less than 90 kQ
measured at I, = 50 A at the end of the diffusion/evaporation step.
A comparison between initial and final state is given by the measure-
ments at low currents (Figure S3), which shows a resistivity of 350 kQ
after the diffusion/evaporation phase, indicating a strong increase of
the conductivity due to the graphitization in the central part. The elec-
trical measurements and resulting analysis of the conductivity of the aC
nanofilm will be discussed in more detail in a later article. However, the
observed transitions in the electrical measurements at high currents are
smooth, suggesting that the NP nucleation and annealing has no effect
on the electrical conductivity.

3.7. Chemical analysis

To confirm the composition of the NPs, STEM-EDX and EELS analy-
ses were performed in another microscope after the in-situ experiment.
Fig. 8c shows the comparison of two EDX spectra acquired from the NP-
free region of the carbon nanofilm (blue line and frame in inset TEM
image) and from the large NP (purple line and frame). While carbon is
the major contribution in the NP-free region (75 at%), a considerable
amount of silicon dioxide (25 at%) is found as well. In the NP region,
Pt (36 at%) and Si (37 at%) are found in equal parts confirming a PtSi
structure. The oxygen content (16 at%) suggests a partial oxidation of
the Si at the NPs’ surface caused by the contact to air between the in-situ
experiment and the analytical studies. Ga could not be detected indicat-
ing that any implanted ions have diffused out of the investigated area.

Fig. 9 shows the analysis of NPs formed on a carbon nanofilm during
an additional, similar in-situ experiment performed with the specimen
described in Figure S2 (SI). A TEM image after the nucleation phase
again shows a rather inhomogeneous size distribution with smaller NPs
on the film and larger NPs at its edge (Fig. 9a). The crystalline structure
of the NPs is analyzed by HRTEM (Fig. 9b), where the lattice planes of
the big NP fit to PtSi (020: 0.28 nm and 220: 0.20 nm) and the small
show contributions from both Pt-fcc (111: 0.23 nm) and PtSi (200:
0.30 nm). This experiment was stopped after the nucleation of PtSi
NPs to perform spatially-resolved EELS analysis in the probe-corrected
microscope and the specimen was in contact to air during the sample
transfer. This led to a separation of two small NPs from the larger one
(Fig. 9c). STEM-EELS data was acquired from a larger region and a non-
negative matrix factorization was conducted to determine the different
contributions as the EELS signal of Pt in the investigated energy range
is weak. The spectral data could be separated into three factors, which
were identified to correspond to the carbon substrate, Pt and SiO, (de-
tails in the SI, Figures S4-S7). The resulting chemical map is shown in
Fig. 9e and reveals that all the NPs, including the small ones, contain
Pt as well as contributions from SiO,, in many cases in the form of a
shell. This analysis confirms the formation of PtSi NPs, which however
oxidize and de-alloy at ambient conditions.

4. Conclusion

The in-situ transmission electron microscopy (TEM) experiment
based on Joule heating induced by the application of electrical cur-
rents shows that PtSi nanoparticles (NPs) are synthesized on an amor-
phous carbon (aC) nanofilm. The NPs form from SiO, residues (4 at%)
stemming from the mica substrate used for the preparation of the aC
nanofilm and hydrocarbonated Pt molecules (<1 at%) deposited by sec-
ondary electrons/ions generated during the transfer of the specimen to
the in-situ microchip. Nucleation of Pt NPs is accompanied by incorpora-
tion of Si and a graphitization and densification of the C nanofilm. The
NPs crystallize and grow during an annealing step and start diffusing
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out of the hot central area of the film, where graphitization continues.
The graphitized film was found to be stable under ambient conditions
after the in-situ experiment, while the PtSi NPs partially oxidize after
contact with air.

The presented experiment illustrates the possibility of performing
synthesis and NP dynamics experiments by in-situ TEM at high spatial
resolution and high temperatures using a carbon nanofilm as support
and heat source. The experiments are facilitated by a recently devel-
oped support-based sample transfer and contacting allowing to min-
imize damage and contamination [28]. Although demonstrated here
with contamination material, a deliberate preparation with numerous
and various precursors is possible.

Control over the process is given by the electrical current, with the
critical value being the current density in the part of the aC nanofilm
with minimum cross section. The threshold for initiation of structural
changes in the sample was approximately 2-106 Acm2. The approach is
also compatible with studies of carbothermal shock synthesis methods
by the application of electrical current pulses.
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