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In situ laser heating with transmission electron microscopy (ILH-TEM) is utilized as a neoteric method to probe the thermal
behavior and stability of metal- (Pt, Au-) metal oxide (Fe;O,) heterodimer (HD) nanoparticles. Two different supporting
membrane types are used for the laser heating: pure-carbon and silicon-nitride, requiring different amounts of laser power to
induce morphological changes. Diffraction pattern analysis and scanning transmission electron microscopy (STEM) and
electron energy loss spectroscopy (EELS) are utilized to analyze reduction of the iron oxide under laser heating, which has
differing effects depending on the support film heating mode and the heterodimer particle. A unique wetting behavior of Pt and
Au onto Fe;O, is observed in both heterodimers of Au and Pt. However, this wetting behavior is found to be partially reversible
only in the case of the Au-Fe;O, HD system, whereas for the Pt-Fe;O, HD system, this wetting process was found to be
irreversible under the applied experimental conditions. This observation of a novel wetting behavior has future implications for
understanding the performance of oxide supported metal nanoparticles in high temperature applications, such as catalysis.

1. Introduction in a loss of active surface area of the nanoparticles, causing
an undesired catalyst deactivation. An unwanted shape change

Metal nanoparticles supported on oxides have long been of ~ may further pose a threat to the activity. Apart from the shape/

paramount importance in catalysis for water purification,
emission reduction in cars, the water-gas shift reaction and
the methane/propane oxidation reaction [1-7]. In this
regard, size and shape of the nanomaterials have been shown
to play a crucial role in improving catalytic activity [8-10].
Reduction in size leads to higher activity per unit mass of the
catalyst, but due to concomitant increase in surface free
energy, there is a higher tendency to sinter. The high
temperature and reactive conditions encountered during
catalysis often accelerate the sintering process, which results

size, tuning the metal-support interaction (MSI) has been a
key factor in improving functionality of catalytic systems
[11]. Over the past two decades, there have been plenty of
studies on the bonding between gold/platinum and metal
oxide supports showing not only high catalytic activities [12,
13] but also high stability [14] against sintering. Often abrupt
change in activity has been observed at higher temperature
[15, 16]; therefore, studying the evolution of shape/size with
temperature is important to correlate the high temperature
catalytic activity with its respective shape/size.
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To investigate this stability behavior, we employ a study
involving the use of plasmonics, a growing field of nanotech-
nology where the interaction between the electromagnetic
fields and the free electrons in metal nanostructures are
being studied [17, 18]. Many exciting research directions
have emerged by the virtue of the wide variety of chemical
and physical processes that can be induced by light
[19-22]. The advent of lasers provided a useful system to
investigate and control plasmonic materials. Along with
the development of the novel nanomaterial synthesis route
called laser ablation [23, 24], the ability of laser pulses to
heat locally in a controlled and eflicient way also makes it
promising for architecting nanomaterials with good preci-
sion. The synchronized use of electron microscopy and
lasers resulted in the possibility of in situ laser heating trans-
mission electron microscopy (ILH-TEM), which has enabled
spatial and temporal studies of structural dynamics with
nanoscale resolution [25-31]. Real-time data was achieved
with ILH-TEM utilizing different electron microscopy tech-
niques, such as real-space imaging, diffraction, and electron
energy loss spectroscopy (EELS) [25, 26]. In order to further
investigate samples after ILH-TEM imaging, scanning trans-
mission electron microscopy (STEM) is used since it pro-
vides a unique advantage for imaging. Through the
exploitation of high angle scattered electrons, detectible by
a high angle annular dark field (HAADF) detector, which
depends on strong atomic number (Z%) contrast (incoherent
imaging), direct interpretation of an image is possible. While
HAADE-STEM imaging is very valuable in imaging local-
ized nanoscale regions with Z-contrast, ILH-TEM imaging
exploits the utilization of lasers which give rise to a profound
way to study laser-matter interactions, such as a plasmonic
study of nanomaterials. Therefore, utilization of both tech-
niques offers the full potential of electron microscopy in
providing direct images and precise characterization of local
nanostructures in real-time to achieve a fundamental under-
standing of dynamic processes occurring in nanomaterials.

Here, we report the use of in situ laser heating experi-
ments to probe the dynamic behavior and stability of Pt-
Fe,0, heterodimer (HD) and Au-Fe;O, HD particles. The
laser heating causes the Pt particles to undergo complete
wetting onto Fe,O,, proving evidence for strong metal sup-
port bonding (MSB). A partial dewetting after cooling is
observed in the Au-Fe;O, HD system while no noticeable
dewetting after cooling was observed for the Pt-Fe,O, HD
system, which could be understood by thermodynamic
analysis. Understanding the nature of how these particles
behave under heating gives insights into the precise control
of the metal oxide supports in rational design of a stable
metal catalyst.

2. Methods

In this experiment, two types of materials were used: Au-
Fe,O, HD and Pt-Fe;O, HD with two different kinds of
TEM support membranes, a copper grid with an amorphous
carbon support membrane (referred to as carbon support
membrane) and a silicon-nitride support membrane (Ted
Pella, Inc.). Synthesis of Au-Fe,O, HD and Pt-Fe,O, HD
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nanoparticles was made possible by inaugurating the epitax-
ial growth of Fe on Au and Pt nanoparticles (NP) seeds
followed by Fe oxidation in an organometallic solution
synthesis [25-27]. The main objective of employing organic
methods of synthesis was to ensure regulation of the nano-
particles and a controlled uniform growth of Fe;O, on the
exposed (111) facets of the Au and Pt seeds.

For both Au-Fe;O, HD and Pt-Fe;O, HD nanoparticles,
the nanoparticles were dispersed in hexane (3-6 mg/mL)
which was then further diluted with hexane in a separate
container to avoid surplus of samples on the grid. The
purpose of hexane was to prevent any agglomeration and
clump formation of the nanoparticles when the sample is
loaded on the grid.

Two drops of hexane mixed with the heterodimers were
then drop casted on both the grid types before they were
placed in the sample holder. In situ TEM images and videos
were obtained by using a modified FEI Tecnai T20 200kV.
Samples were heated via pulsed frequency doubled Nd-
YAG laser beam with a wavelength of 532nm, pulse
frequency of 25kHz, a pulse duration of 1ns, and 1/e” spot
size of ~80 um. The laser was first set at a minimum power
of 3mW. After loading the holder with either grid contain-
ing HD nanoparticles (copper grid with an amorphous
carbon membrane or a Si;N, membrane) into the goniome-
ter, the sample was irradiated with a laser excitation pulse
starting from a minimum power of 3mW, which then is
gradually increased with a step size of 0.44mW up until
reaching to a power where the heterodimers show some
structural or positional changes via TEM. The region of
interest (ROI) was selected in such a way as to utilize effec-
tively the Gaussian heating profile of the laser. The samples
were also imaged for only 30 minutes for each ROI (much
more than the time required to induce wetting under these
laser heating conditions) to ensure that the structural
changes in the HD nanoparticles were induced by laser heat-
ing and not by the electron radiation required for TEM
imaging. No changes in the HD nanoparticles were observed
via only electron radiation in this time scale.

SAED diffraction patterns were collected both before
and after the laser irradiation. The corresponding patterns
were then analyzed to index the spots to determine the
materials or phases present in the sample.

HAADEF-STEM images were collected at 300 kV on a FEI
Titan ETEM 80-300kV in an ex situ condition. STEM-EELS,
as well as some of the HAADF-STEM imaging, was
performed on a JEOL JEM-ARM200cF utilizing a GIF
Quantum SE Imaging Filter operated in Dual-EELS mode
in an ex situ condition as well. Ex situ scanning TEM
(STEM) electron energy loss spectroscopy (EELS) was
performed after the laser irradiation of the Au-Fe,O,
HD and Pt-Fe;O, HD nanoparticles to probe “local”
chemical nature of the nanoparticles through point scans
and spectrum imaging.

Figure 1 displays the experimental set up of the ILH-
TEM, which was utilized to study the laser-assisted anneal-
ing of the HD nanoparticles. The setup consisted of a
specialized TEM with a port of entry for the laser beam
and an optical bench, wherein the laser beam was generated
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FIGURE 1: (a) Schematic diagram of the experimental set up of an in situ laser heating transmission electron microscope. (b) HAADF-STEM
image of Pt HD system. (c, d) HR-STEM images of Pt and Fe,;O, nanoparticles at atomic resolution.

and processed before entry into the TEM. In regular opera-
tion of an ILH-TEM, a sample excitation laser is used to
induce change in the sample. Herein, the sample excitation
laser (532 nm Nd-YAG laser operating at 25kHz with pulse
duration of ~1ns) along with continuous thermionic emis-
sion mode of the ILH-TEM is utilized to carry out the
laser-assisted thermal annealing study on the HD nanoparti-
cles. The HD nanoparticles were synthesized using a wet
chemical route reported elsewhere [32-34]. Fe is grown
epitaxially on (111) facets of Au or Pt nanoparticles and is
subsequently oxidized to form the metal-Fe;O, HDs.
Figures 1(b)-1(d) show low magnification and atomic reso-
lution HAADF-STEM images of a typical Pt-Fe;O, HD
nanoparticle sample. The spacing between the array of Pt
atoms was precisely measured to be 2.2 A, which corre-
sponds to the (111) plane of Pt.

3. Results and Discussion

Figure 2(a) shows bright field- (BF-) TEM images of Pt-
Fe,O, HD nanoparticles supported on a carbon support
membrane before laser irradiation. Laser irradiation of this
region at a power of 7mW (Figures 2(b)-2(e)) reveals that
the Pt nanoparticles (NPs) spread and cover the Fe O,
nanoparticles at higher temperatures, which would indicate
wetting of the Fe;O, NPs by the epitaxial Pt NPs. The rele-
vant particles in Figure 2 are color coded for clarity. In addi-
tion, the HD particles are seen to undergo sintering
(Supporting Movie-1). After completion of the laser irradia-

tion process, there was negligible amount of dewetting of Pt
from Fe,O,, indicating that such a transformation is irre-
versible under the experimental conditions. It can be noted
that there is a cavity left by the sintering nanoparticles; this
is seen for both the Si;N, and the carbon film case
(Figures 2(e) and 3(d)) and can be due to etching of the sup-
port by the nanoparticles. It can also be noted that there is
some carbon contamination present in this system that
could potentially affect the reduction process of Fe and even
potentially form iron carbides [35]. However, carbon XPS
studies in the literature show that there is no iron carbide
formation under similar conditions [36], making the poten-
tial for iron carbide formation unlikely.

Similar experiments were carried out with Au-Fe,O, HD
nanoparticles, in which a laser power of 5 mW was needed to
undergo transformation (Figures 2(h)-2(1)). We can esti-
mate that the temperature for Au wetting is on the order
of ~500°C by comparison with a previously published result
[36]. Since the laser power required to induce the transfor-
mation for the Pt HD system is higher, temperatures in
excess of 500°C would be expected for the Pt HD system.
It is well known that for an Au film grown on single crystal-
line Fe,O,, the interfacial adhesion between the Au and
Fe;O, is weaker compared to the Au-Au bonding, shown
by the formation of 3D island shapes, following a Volmer-
Weber growth mode [37, 38]. Indeed, to create a 2D film
of Auon (111) Fe;O, via UHV sputtering, the Au film thick-
ness must be as high as 7nm, at temperatures below 200°C.
Such 2D films, however, can be created with Pt with a film
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FiGurg 2: TEM micrographs displaying the heterodimer wetting behavior on a carbon support membrane (a, h) bright field- (BF-) TEM
images of Pt and Au heterodimers, respectively, before laser irradiation. (b-e, i-1) Frames taken from the in situ laser heating TEM
movie which illustrates the wetting process of the Pt and Au, respectively, onto the Fe;O,. (f, g, m, n) HAADF-STEM images of Pt and

Au heterodimers, respectively, after laser irradiation.

thickness as low as 2nm and are stable to a much higher
temperature of 750°C [37, 38]. However, this effect is con-
trary to our results for the Au-Fe,;O, HD system: Au parti-
cles spread onto the Fe;O,, wetting the Fe,O, NPs at
higher temperatures above 200°C and lower film thickness
than 7nm. Also, unlike the Pt HD system, partial dewetting
of Au from Fe;O, was observed after the laser irradiation
was stopped. To further investigate this result, HAADF-
STEM images were acquired from different regions which
clearly shows the partial dewetting of Au resulting in forma-
tion of two-faced Janus particles (Figures 2(m) and 2(n)).
Some of the particles in TEM and STEM images are color
coded for clarity.

The notable difference between the dewetting behavior
of Au and Pt onto Fe;O, could be due to the difference in
the strength of the metal support bonding (MSB). An
estimate of MSB strength under annealing conditions can
be obtained using Young-Dupre equation:

Eadhzynp(l_cos 0)’ (1)

where 0 is the contact angle and y,,, is the surface energy of

the supported nanoparticle.

In both cases (Au and Pt), complete wetting of the sur-
face of Fe;O, is observed, making the contact angle, 9, equal
to 180°. But, since the surface energy of (111) Pt (2.489 J/m?)
is higher than Au (1.506 J/m?) by a factor of 1.65 [39, 40],
the interfacial adhesion of Au is expected to be lower than
Pt by a factor of 0.61. It can also be noted that Au has a
lower melting point (1064°C or 1337 K) than Pt (1768°C or
2041K) [41]. Pt is also known to form many different full
alloys with Fe, while Au will only form dilute solid solutions,
indicating that the Pt-Fe interfacial energy is lower, or more
relevant than for the Au-Fe system, hence making the Pt-Fe
wetting more stable [42, 43]. Therefore, surface energy and
bulk phase diagrams support the experimental result that
Au dewets from Fe,O,, while Pt does not.

Pt heterodimers were required to be exposed more laser
power (7mW) to show viable occurrence of visible dynamics
than Au heterodimers (5mW). The higher power require-
ment in Pt could be explained by two main effects: a differ-
ence in energy required to induce wetting and a difference in
laser absorbance of the two HD systems. Although the HD
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Figure 3: TEM micrographs displaying the heterodimer wetting behavior on a silicon nitride support membrane (a, f) bright field- (BF-)
TEM images of Pt and Au heterodimers, respectively, before laser irradiation. (b-d, g-i) Frames taken from the in situ laser heating
TEM movie which illustrates the wetting process of the Pt and Au, respectively, onto the Fe;0,. (e, j) HAADF-STEM images of Pt and

Au heterodimers, respectively, after laser irradiation.

particles have complex nanostructures in which the exact
surface energies are difficult to compute, the planar surface
energy ratio of Pt and Auis 1.65: 1 and is a rough model that
can be used for a baseline, supporting the observed higher
power requirements for the Pt system. Moreover, from the
literature, the absorbance of Pt-Fe;O, HD at 532nm (the
wavelength of the laser used in this experiment) is lower
(~1.8x) than the absorbance of the Au-Fe;O, HD nanopar-
ticles [44, 45]. The reduced absorbance of the Pt heterodimer
system paired with the Pt:Au planar surface energy ratio of
1.65:1 (similar to the absolute melting point ratio of
1.53:1) elucidates the higher power requirement of the Pt
heterodimer system.

Figure 3 demonstrates the result for laser heating of the
HD nanoparticles on the silicon nitride (Si;N,) support
membrane. For both the Pt-Fe;O, HD and Au-Fe;O, HD
systems, it was observed that the laser power required to
visualize any possible dynamics (such as wetting) was lower
for the carbon support membrane compared to the Si;N,
support membrane by a factor of 2.88 averaged over the
two sample types. This laser power Si;N,/carbon is remark-
ably similar to the carbon/Si;N, DRUV-VIS Kubelica-Munk
function ratio of 2.68 (shown in Fig. S-1). This indicates that
the laser heating mechanism for both of these support types
is dominated by laser absorption of the support and not the
nanoparticles themselves. This conclusion is further made
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FIGURE 4: (a, b) SAED diffraction patterns of Au-Fe;O, HD on a Si;N, support membrane of a region of interest before and after laser
irradiation, respectively. (¢, d) SAED diffraction patterns of Pt-Fe;O, HD on Si;N, support membrane of a region of interest before and
after laser irradiation, respectively. (e, f) EELS spectra showing Fe L, and L, edges before and after laser irradiation on Au-Fe;O, HD on
Si;N, support membrane, respectively. (g, h) EELS spectra showing Fe L, and L, edges before and after laser irradiation on Pt-Fe,O, HD

on Si;N, support membrane, respectively.

solid by the observation that the Pt/Au required laser power
ratio on silicon nitride is 1.38, which is similar to the ratio on
the carbon membrane. If laser heating was performed mainly
by direct plasmonic heating of heterodimer nanoparticles, the
required Pt/Au laser power ratio would be closer to 2.97:1 as
indicated in the previous paragraph. Thus, laser heating on
silicon nitride is also dominated by laser absorption of the
support and not by the heterodimer nanoparticles.

To investigate any potential differences in chemistry
between the two different support membranes, diffraction
pattern analyses were carried out on both kinds (Pt-Fe,O,
HD and Au-Fe,O, HD) of samples. Figures 4(c) and 4(d)
and 5(c) and 5(d) show diffraction patterns of Pt heterodi-
mers supported on the silicon nitride and carbon support
membranes, respectively, before and after laser irradiation.
The appearance of rings indicates the presence of multiple
nanocrystals of the heterodimers inside the selected area dif-
fraction (SAED) aperture. Indexing of the spots shows the
presence of Pt and Fe,O, crystal phases upon laser irradia-
tion of Pt-Fe,O, HD on both the silicon nitride and carbon
support membrane. In this case, distinct diffraction spots
corresponding to Fe were observed after laser irradiation
indicating partial reduction of Fe;O, to Fe after laser irradi-
ation. This auto reduction behavior is well known in the
literature and is known to be directly proportional to the
temperature under vacuum [46]. A very similar result was
observed for the case of Au-heterodimers which has been
shown in Figures 4(a) and 4(b) and 5(a) and 5(b), wherein
faint spots corresponding to Fe were observed along with
that of Au and Fe,O, in both the systems comprising
Si;N, and carbon support membrane grids, indicating
partial reduction of Fe,O, to Fe.

The reduction of Fe;O, after laser treatment was further
investigated using STEM-EELS. Figures 4(e)-4(h) show the

EELS spectrum of the Pt-Fe;O, HD and Au-Fe;O, HD sam-
ples before and after laser irradiation on a Si;N, support
membrane. The peaks were identified using the EELS atlas,
Fe L, edge being the more intense peak at ~715eV, and Fe
L, edge being the less intense peak at ~725eV [47]. Since
calculation of the oxidation state of Fe by the use of chemical
shifts is not reliable when there are systems of mixed Fe oxi-
dation states [48], the white-line intensity method was used
to visualize the overall oxidation state. The peaks were first
background subtracted using an inverse power law method,
then deconvoluted by using the Fourier ratio method so that
thickness effects were removed from the peak intensities. A
double-atan function with a sharpness of 1eV was fitted to
the continuum, so that the continuum was subtracted from
the white-line peaks [49]. The intensity of each peak was
then measured with an energy window of 8eV, and the
resulting ratio of the L, intensity over the L, intensity was
used to track the change in the average oxidation state of
the Fe [50]. Reference peaks from HD nanoparticles before
laser heating and from standard samples of Fe,O, and
metallic Fe (bulk form) were obtained for comparison to
demonstrate that the white-line intensity ratio will reduce
upon reduction. However, since these bulk structures do
not have the same fine structure as the HD nanoparticles,
their white-line intensity values cannot be directly compared
to those in the HD systems. A tabulated form of the quanti-
fication data in Table 1 shows the white-line intensity ratios
of Fe L, and L, edges of the reference samples of Fe and
Fe,0O; and the HD before and after laser irradiation. It can
be clearly seen that after laser treatment, the Pt-Fe,O, HD
system undergoes a more rigorous reduction as the white-
line intensity ratio undergoes a larger percent change of
63% compared to the Au-Fe;O, 13% change in peak ratio,
as well as having a higher percent difference from the initial
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FIGURE 5: (a, b) SAED diffraction patterns of Au-Fe;O, HD on a carbon support membrane of a region of interest before and after laser
irradiation, respectively. (c, d) SAED diffraction patterns of Pt-Fe;O, HD on a carbon support membrane of a region of interest before

and after laser irradiation, respectively.

TaBLE 1: Tabulated values of the integral ratio of the Fe L, and L, edges of the heterodimers before and after laser irradiation with included

Fe reference states.

Sample Initial Laser-treated % difference
Fe,O, ref. 4.36 £ 0.44 — —

Fe ref. 3.18+0.13 — —
Pt-Fe;O, HD on Si;N, membrane 3.89+0.33 2.03+£0.73 63.02%
Au-Fe;O, HD on Si;N, membrane 3.29+0.39 2.89+0.23 13.03%

HD white-line intensity peak ratio than the carbon support
membrane. This behavior can partly be explained by the fact
explanation for why the Au-Fe,O, HD wetting is semirever-
sible where the Pt-Fe;O, HD wetting is not, fine-structure
changes that would change the white-line intensity ratio.
However, this difference in the amount of reduction is likely
simply due to higher laser power and thus higher tempera-
ture, required to induce morphological changes in the Pt-
Fe,O, HD system.

4. Conclusions

In conclusion, we have probed the thermal behavior and
stability of Pt-Fe;O, HD and Au-Fe;O, HD nanoparticles
utilizing the in situ capabilities of an ILH-TEM. It was found
that both Pt and Au nanoparticles undergo wetting onto
Fe,O,, an indication of strong metal support bonding. In
situ BE-TEM and SAED analyses, ex situ HAADE-STEM
imaging, and STEM-EELS spectroscopy were used to
analyze the wetting/dewetting process. Au-Fe;O, HD nano-

particles undergo a partial dewetting procedure that can be
used as a way to produce Janus particles, which is not under-
gone by the Pt-Fe,O, HD particles. Furthermore, reduction
of Fe;O, to Fe was detected when experiments were per-
formed on both silicon nitride and carbon support mem-
branes, and the extent of reduction was more rigorous for
Pt heterodimer nanoparticles. The laser heating technique
was shown to be a useful and novel method to undergo such
in situ heating experiments to underpin future development
of functional heterodimer nanoparticles.
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