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T
he ability to control structure and
composition at the nanoscale has gen-
erated opportunities to create novel

materials with properties by design. Concur-
rent advances in synthesis,1 characterization,2

and computational modeling3 of nano-
particles (NPs) with precise size,4 shape,5,6

and composition have provided valuable
scientific insights and improved our under-
standing of fundamental structure property
relationships.7�10 Moreover, the successful
application of NPs as building blocks in a
variety of prototype devices has under-
scored their immense potential in emerging
nanotechnologies.11,12

Heterogeneous NPs combining multiple
functionalities of dissimilar materials have
emerged as versatile materials with novel
properties emerging from complementary
and synergistic interactions among the

nanostructure components. A variety of
core/shell,13,14 dot/rod,15,16 and Janus-like17

heterostructures havebeen createdanddem-
onstrated toexhibituniqueoptoelectronic,18,19

catalytic,20,21 and biomedical22 properties.
While highly promising,many basic thermo-
dynamic and kinetic aspects governing the
formation of heterostructured NPs remain
poorly understood, which renders progress
largely empirical.
Thin film growth and epitaxial techniques

established for planar surfaces present in-
teresting analogies to the growth of hetero-
structured NPs. In planar geometries, the
formation of islands (i.e., Volmer�Weber or
Stranski�Krastanov growth) or conformal
layer-by-layer (i.e., Frank�van der Merwe
growth) is well understood and depends
on the chemical potential of the deposited
layers. The emergence of nanostructured
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ABSTRACT High-temperature in situ electron microscopy and X-ray diffraction have

revealed that Au and Fe2O3 particles fuse in a fluid fashion at temperatures far below their

size-reduced melting points. With increasing temperature, the fused particles undergo a

sequence of complex structural transformations from surface alloy to phase segregated and

ultimately core�shell structures. The combination of in situ electron microscopy and

spectroscopy provides insights into fundamental thermodynamic and kinetic aspects governing

the formation of heterogeneous nanostructures. The observed structural transformations

present an interesting analogy to thin film growth on the curved surface of a nanoparticle.

Using single-particle observations, we constructed a phase diagram illustrating the complex

relationships among composition, morphology, temperature, and particle size.
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materials introduces the question of how these con-
cepts and fundamental relationships apply in the case
of thin layer growth in nanostructured systems, e.g., on
the curved surface of a spherical NP. In light of growing
interest in heterostructured nanomaterials, addressing
this knowledge gap could provide the most valuable
insights. Specifically, we need to understand how
thermodynamic and kinetic aspects of the formation
relate to the structure of the thin shell formed on the
surface of colloidal NPs.
Size effects are known to significantly alter the

physical and electronic properties of single-component
NPs; however, the impact of size on phase behavior
of heterogeneous NPs is less well understood. The
sensitive relationship between the structure of hetero-
geneous NPs and their properties provides strong
motivation to better understand and ultimately control
their formation. Fusing dissimilar NPs under controlled
conditions is an advantageous approach to study
these processes in detail. To a first approximation,
homogeneous and heterogeneous NP fusion can be
described in terms of the average Gibbs free energy
change associated with the NP surface energy. How-
ever, this simplification fails to capture complexities
that arise from faceting of theNP surface and variations
in the atomic composition of the core relative to the
surface. These size-dependent effects may introduce
significant perturbations relative to the known phase
equilibrium of the corresponding bulk materials.
In situ transmission electron microscopy (TEM) at

variable temperatures, detailed in this paper, allowed
us to directly monitor the NP fusion in real time and
to establish the size-dependent phase behavior of
heterogeneous NPs. In situ X-ray diffraction (XRD)
experiments confirmed similar trends in thin films of
NPs. Using Au and Fe2O3 NPs as a model system,
we demonstrate the evolution of structure and com-
position of heterogeneous Au:Fe2O3 particles at ele-
vated temperatures. On the basis of the detailed in situ

structure analysis presented in this paper, we submit
the hypothesis that the heterogeneous fusion of Fe2O3

and Au particles can be explained by the sequence of
events illustrated in Figure 1. First, Au, from a smaller
NP, spreads across the surface of a partially reduced
hematite particle. The amount of Au in the initial fusion
product is insufficient to form a monolayer. Upon
further addition of Au NPs, the Au:Fe surface alloy layer
transforms into a well-defined core/shell structure.
Experimental insights, detailed below, allowed us to
establish a temperature-dependent phase diagram of
Au and Fe2O3 NPs to illustrate the complex interplay of
NP composition, morphology, temperature, and size.
The large difference in melting points makes Au and

Fe2O3 NPs an advantageous model system for the
present study. The smaller Au NPs (6.6 nm diameter)
melt in the range 850�900 �C, which is lower than that
of the bulk value due to the contributions of surface

energy described by the Gibbs�Thomson effect.23 The
larger Fe2O3 NPs (15 nm diameter), on the other hand,
exhibit minimal melting point reduction and are ex-
pected to melt near their bulk value of 1566 �C. We
deliberately focused on NPs of different diameters for
two reasons: first, as a means to favor heterogeneous
sintering through Ostwald ripening, the process by
which larger particles (i.e., Fe2O3) grow at the expense
of smaller ones (i.e., Au) to lower their surface free
energy,24 and second, to form thin films of thematerial
from the smaller Au NP (lower surface energy) spread
across the surface of the larger Fe2O3 NP (with larger
surface energy).
Disordered films of Au and Fe2O3 NPs were formed

by drop-casting a dilute suspension of Au and Fe2O3

NPs (ratio 1:1) onto a heating chip. We studied a field of
view with a diverse range of local NP stoichiometries
and morphologies to gain insights into NP sintering
behavior as a function of local nanoscale environment
rather than bulk composition. TEM images of the
starting materials as well as detailed size analysis are
provided in the Supporting Information (Figure S1).

RESULTS AND DISCUSSION

Figure 2 summarizes in situ TEM observation of the
evolution of NP structure and morphology during the
heating experiment. We heated the NP film from room
temperature to 900 �C over the course of 4 h (a detailed
temperature profile is provided in the Supporting
Information, Figure S4) and monitored structural
changes of the binary NP film in real time using high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM). In situ TEM studies with
extended beam exposure times must be performed
with careful attention to the possibility of beam
damage effects. On the basis of a detailed analysis of
the electron beam dosage and careful control experi-
ments detailed in the Supporting Information, we can
confidently conclude that irradiation-induced artifacts
are not a factor in the experimental observations
detailed below. All experiments were captured in
video, excepting only short recesses to capture stills
and perform elemental analysis by energy dispersive
X-ray spectroscopy (EDX). Due to Z-contrast from the

Figure 1. Schematic illustration of heterogeneous Au/
Fe2O3 NP fusion. Au dissolves into the Fe-rich surface layer
to form a Fe2O3/Au:Fe surface-alloyed structure. Further
addition of Au leads to the formation of a phase-segregated
Au shell.
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incoherent signal from HAADF-STEM imaging,25 Au is
expected to be about 10 times brighter than Fe and O.
We included several movies of the NP fusion events in
the Supporting Information (see movies S1�S3).
For temperatures up to 450 �C, the particles ap-

peared stable, and we did not observe any NP fusion.
At 500 �C, the film morphology changed dramatically
and Au NPs fused with Fe2O3. Our detailed in situ

observations revealed three remarkable trends: (1)
during fusion, NP heterostructures undergo fluid shape
transformations at temperatures several hundred de-
grees below their size-reduced melting point; (2) het-
erogeneous fusion of Au and Fe2O3 NPs is significantly
favored over homogeneous fusion of either Au or
Fe2O3 particles; (3) the structure of heterogeneously
sintered Au:Fe2O3 NPs evolves from a particle with
uniform contrast to a phase-segregated (Janus or
core�shell) morphology upon addition of further Au.
Below, we discuss each of these observations in the
context of underlying energetic and kinetic factors
driving the transformation of particle shape and
composition.
As shown in movies S1 and S2, the heterogeneous

Au/Fe2O3 fusion leads to structures that rapidly deform
in a fluid fashion. Figure 2b provides several snapshots
illustrating the dynamics of the quasi-fluid particle
fusion. Careful analysis of the video data shows that
particles formed by heterogeneous fusion of Au and

Fe2O3 NPs often appear to be “activated” for a period of
approximately 60 s, participating in a rapid series of
subsequent fusion events. Remarkably, this quasi-fluid
fusion occurs at temperatures approximately 1000 �C
below the expected melting point of Fe2O3 NPs. De-
tailed structural analysis (vide infra) confirms that the
core of the fused Au:Fe2O3 particle maintains the
hematite crystal structure.
The fluid-like deformation of NP particles during

the fusion event is intriguing and uncharacteristic of
crystalline particles. Nearby NPs that were not involved
in the fusion remained relatively stationary. The
physical process that initiates the apparently sponta-
neous fusion is not yet fully understood but may be
related to phase transitions in the iron oxide particles.
Variable-temperature XRD experiments (see Support-
ing Information, Figure S6) revealed a maghemite-to-
hematite phase transition to occur near 500 �C, the
same temperature atwhichweobserve the initiation of
heterogeneous NP fusion events. Further investigation
is required to understand the possible role of the lattice
structure transformation in initiating the NP fusion.
Heterogeneous fusion of Au and Fe2O3 NPs is sig-

nificantly favored over homogeneous fusion of either
Au or Fe2O3 NPs based on extensive in situ TEM
observations. We interpret the preference for hetero-
geneous fusion in the context of the change in Gibbs
free energy. In the case of homogeneous fusion of two

Figure 2. In situHAADF-STEM images acquired during the thermal annealing experiment. (a) Video stills of two regions of the
NP sample at 500 �C, forming alloy NPs. In the stills, particles that are taking part in the next fusion event are colored, red for
iron oxide, green for gold, and yellow for composite particles. (b) Overview of the primary viewing region at 200, 500, and
700 �C. (c) Video snapshots of particles undergoing a phase transition from alloy to phase segregated at 650 �C (left) and from
alloy to core/shell at 750 �C (right). All scale bars represent 50 nm.
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similar NPs the Gibbs energy change is given by dG =
σ dA. Similarly, the Gibbs free energy change asso-
ciated with the heterogeneous fusion, e.g., Au and
Fe2O3, is given by dG = σ1 dA1 þ σ2 dA2 þ σ12 dA12,
where σ presents the corresponding surface or inter-
face energy and dA1, dA2, and dA12 represent the
change of the Au and Fe2O3 NP surface area and the
Au/Fe2O3 interface, respectively. On the basis of the
observed preference for heterogeneous fusion at
500 �C, we can infer that the adhesion energy of Au
on Fe2O3 is larger than the surface energy of Au,
specifically σ12 > (1 þ φ)σ1, where φ is a geometric
factor accounting for the radius of the two NPs
involved in the fusion (see Supporting Information).
The preference for heterogeneous fusion of Au and
Fe2O3 on a TEM grid is consistent with previous
reports of Au/Fe2O3 NP heterostructures formed
via coalescence of colloidal particles in a heated
suspension.26

The sequence of structural transformations of het-
erogeneous Au:Fe2O3 NP fusion products from initial
structures with uniform contrast to phase-segregated
particles merits more detailed discussion. Figure 2c
illustrates how a fused particle with initially homo-
geneous contrast evolves to phase segregate into
bright (Au-rich) and dark (Au-lean) regions at 650 �C
over the course of about 2 min. The right panel
illustrates the transformation of a fused particle with
uniform contrast into a well-defined core�shell struc-
ture at 750 �C. At the highest temperatures (800 �C),
nearly all NPs redistributed their contrast to form a
core�shell morphology. We observed this to be the
final transient state before the particles decomposed
and were subsequently lost to the vacuum of the
instrument. Collectively, these observations illustrate
the complexity of shape and composition transforma-
tions of heterogeneous NPs. We investigated the
temperature-dependent evolution of composition
and structure using a suite of characterization tech-
niques including electron energy loss spectroscopy,
energy dispersive X-ray spectroscopy, and X-ray
diffraction.
In situ EDX analysis during the course of the anneal-

ing experiment provides important insights into the
evolution of the composition of the sintered NPs. NPs
with a uniform contrast exhibited a homogeneous
distribution of Fe and Aumeasured across the particle
(Figure 3a�d). If the NP fusions were approximated as
a constant volume process, spreading a 6.6 nm dia-
meter Au particle across the surface of a 15 nm Fe2O3

particle would yield a Au layer with a thickness of
approximately 0.2 nm. This thickness is too small to
form a coherent film of pure gold.27 On the basis of
the isochoric model, we calculated that approxi-
mately 5 Au NPs would be required to form a co-
herent 1 nm thick Au shell (see Supporting Informa-
tion Figure S8).

To explain the uniform contrast of the fused Au:
Fe2O3 particles, we formulated several alternative hy-
potheses. First, theuniformcontrast couldbe interpreted
as a homogeneous AuxFeyOz alloy NP. In the bulk, such
alloys have not been reported. We discarded the
possibility of a homogeneous AuxFeyOz alloy on
the basis of highly unfavorable energetics. Density-
functional theorycalculations (seeSupporting Information)
showed that formation energies for Au within the
hematite lattice were in excess of 1.8 eV. As a second
hypothesis, we considered the possibility that the uni-
form contrast in the fused NP may be due to phase
segregation in the direction of the beam, i.e., with the
gold-rich region either at the top (toward the electron
beam) or at the bottom of the particle. In projection,
this would look similar to an even distribution of gold
throughout the particle. Such a structure could be
driven by an energetic preference for Au wetting of
the Fe2O3 of the particle as opposed to the silicon
carbide (SiCx) substrate. However, this interpretation
fails to fully explain the size and shape changes of the
particles, as well as the liquid-like behavior. In particu-
lar, particle deformation to initiate the event and
movement across the substrate cannot be explained
with the interpretation as a particle with vertical phase
segregation.
The third alternative interpretation of the uniform

contrast is as a thin Au�Fe alloy layer coating the

Figure 3. Compositional analysis of surface alloy (sa-NP)
and phase-segregated (ps-NP) structures. (a) HAADF-STEM
image of a region composed of alloy particles and its
corresponding EDX mapping of (b) Fe, in red; (c) Au, in
green; (d) composite of both. (e�h) A different location
composed of a phase-segregated structure.
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surface of the fused particle; we refer to these struc-
tures as surface alloy nanoparticles (sa-NP). At 500 �C,
the bulk solubility of Au in Fe is less than 1 at. %,
whereas the solubility of Fe in Au is near 15 at. %.28 To
better understand the structure of the fused heteroge-
neous NP and to test the hypothesis of Au�Fe surface
alloys, we performed a detailed analysis of structure and
composition of the fused particles as discussed below.
NPs with clearly discernible phase segregation

in the brightness of HAADF-STEM images exhibit a
different compositional profile. EDX analysis of phase-
segregated nanoparticles (ps-NP) revealed a clear seg-
regation of the gold distribution within the particle,
consistent with the distribution of the bright contrast
(Figure 3e�h). Interestingly, by comparing the O:Fe
ratio in the EDX spectrum of the fused and unfused
particles, we observe a relative decrease in the ratio for
the fused NP relative to the starting material (see
Supporting Information Figure S11). We point to this
comparison of composition as an indication that NPs
with a lower O:Fe ratio (i.e., Fe-rich stoichiometry) are
more likely to sinter. This trend further supports the
hypothesis of the role of a Fe-rich surface layer in
initiating the heterogeneous NP fusion.

The peculiar NP fusion and metamorphosis moti-
vates the study of the evolution of the NP composi-
tion in real time. Unfortunately, time-resolved EDX
analysis is impractical given the long acquisition time
for the spectra (e.g., 200 s for Figure 3). We resolved
this limitation by calibrating the contrast in the
HAADF-STEM images relative to the composition of
the particles determined from EDX based on the
Z-contrast in HAADF-STEM imaging.25 This approach
provided detailed, real-time insights into the concur-
rent shape and composition changes during NP
sintering, allowing us to connect the contrast redis-
tributions we observed in STEM to chemical changes
in the compositional distribution of the particle itself.
Specifically, the metamorphosis from sa-NPs to ps-NPs
commonly observed above 600 �C was indicative
of migration and segregation of gold atoms on the par-
ticle surface that could be detected in real time
(Figure 2e, Movies 2S, 3S).
To provide a quantitative description of NP fusion at

elevated temperatures, we analyzed STEM video data
to determine the specific phase behavior of individual
particles within the sample as a function of composi-
tion (percentage of Au and Fe2O3), temperature,

Figure 4. Phase diagram of composite particles made of Fe2O3 and Au. Each point corresponds to a specific particle
present in the video data. The composition is estimated by observing fusion events in the real-time video. The color of the
data point corresponds to its degree of phase segregation, as estimated by the standard deviation of the contrast within
the particle. The size of the point is proportional to the cubed root of the number of atoms estimated to be within the
particle.

A
RTIC

LE



BAUMGARDNER ET AL . VOL. 8 ’ NO. 5 ’ 5315–5322 ’ 2014

www.acsnano.org

5320

morphology (uniform or phase segregated), and size
(diameter). To obtain this information, we performed a
geometric analysis to approximate the atomic compo-
sition of each individual NP at the beginning of the
experiment. We carefully tracked the video data frame-
by-frame and catalogued each NP fusion event (see
Supporting Information Figure S12). Using this ap-
proach, we determined the composition of new sa-
NPs or ps-NPs based on the composition of the pre-
cursor particles from which it formed.
To estimate the inhomogeneity in atomic distribu-

tion and, hence, phase of each particle, we indexed the
contrast histogram of each NP. Using the correlation
between HAADF contrast and atomic distribution es-
tablished by EDX above, we measured the standard
deviation of contrast within each stable NP at each
temperature, with higher values indicating more di-
verse contrast values and hence phase-segregated NP
morphology. Finally, we tabulated the comparative
“size” of the particle as the cubed root of the total
number of atoms within each particle (a detailed
description of the methodology is provided in the
Supporting Information).
Figure 4 summarizes the phase behavior of Au:Fe2O3

NPs as a function of composition, temperature, and
particle size as the parameters. In the diagram, each
data point represents a specific particle that was

tracked throughout the experiment. All particles within
the viewing region were included. The color of the
points correspond to the phase of the NP (sa-NP red,
ps-NP blue, and core�shell NP gray), determined by
the method described above. The diameter of the
point is proportional to the NP diameter. The abscissa
and ordinate are the particle composition and the
temperature at which it was observed to be stable,
respectively.
The phase diagram illustrates a number of important

trends. The sa-NPs with uniform image contrast are
generally more common with lower gold content (i.e.,
toward the left of the phase diagram) and at lower
temperatures. Phase segregation appears to be more
likely in larger fused particles compared to smaller
particles with similar overall composition. This trend
is corroborated by basic geometric arguments of the
isochoric core�shell mode detailed in the Supporting
Information. For a given composition, larger particles
formed by the fusion of multiple Fe2O3 and Au NPs will
exhibit a relatively thicker shell. Comparison of the
experimental data summarized in the phase diagram
(Figure 4) and the theoretical model suggests that a
shell thickness of approximately 2 nm is required to
observe phase segregation in heterogeneous NPs. To
the best of our knowledge, this is the first observation
and analysis of analogous Stranski�Krastanov growth
on the surface of spherical NPs (see Supporting Infor-
mation, Figure S9).
The formation of sa-NPs naturally leads to ques-

tions about the chemical and structural nature of the
heterogeneous NP surface. We investigated the core
electron-bonding environment of the Fe atomswithin
the alloy using electron energy loss spectroscopy
(EELS) (Figure 5a�c). We acquired EELS spectra of
Au, Fe2O3, sa-NP, and ps-NPs at 550 �C (see Supporting
Information, Figures S15, S16). While the Au signature
is too broad to reveal fine structure, the Fe-L edge
signal confirmed the hematite-like valence of the
Fe2O3 particles. In sa-NPs, we observed a 0.4 eV red-
shift in the Fe-L3 peak and a 1.0 eV red-shift in the Fe-L2
peak, indicating an overall reduction in the Fe oxida-
tion state upon alloying. The ps-NPs displayed similar
shifts in the Fe-L edge absorptions at the gold-rich
edges of the particle compared to the gold-deficient
sections. EELS data confirm that the formation of
sa-NPs causes a change in the chemical and bonding
environment of the Fe atoms compared to pure Fe2O3,
resulting in an average decrease in the Fe oxidation
state.
We applied STEMnanodiffraction to gain detailed in-

sights into the structure of the NPs. Analysis of the dif-
fraction patterns of sa-NPs revealed their crystalline
hematite Fe2O3 structure with small strains in the
angles or spacing of the diffraction disks (Figure 5d,e
and Supporting Information Figure S19). In the case of
ps-NPs, we observed different diffraction patterns

Figure 5. In situ EELS andnanodiffraction at 550 �C. (a) STEM
image of an Fe2O3 particle. (b) STEM image of a sa-NP. (c) Fe-
L edge EELS spectra of particles in (a) and (b). (d) STEM
image of sa-NP. (e) Indexed diffractograms of particle (d).
The spots index the hematite Æ110æ zone axis.
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based on the region of the particle that was being
measured. In addition, real-space atomic-resolution
images also confirm that the products after the hetero-
geneous sintering;ps-NPs and core�shell NPs;still
have crystalline structure,withnonoticeable amorphous
structure on any particle that is reasonably steady after
the sintering (see Supporting Information, Figure S18).
In situ variable-temperature XRDmeasurements corro-

borated that the structural evolution of Au:Fe2O3 NPs
described above is not unique to thin films on TEM
supports but also occurs on thin films prepared on ar-
bitrary substrates (see Supporting Information Figure S6).
XRD revealed hysteresis in reflection of the (104) spacing
of the hematite crystal when cycled from ambient tem-
perature to 1000 �C. Control experiments with neat
hematite NPs showed no hysteresis. The lattice expan-
sion relative to the bulk is attributed to a reduction of
surface energy accompanying the formation evolution
from surface alloy, to phase-segregated and ultimately
core/shell metamorphs detailed above. Interestingly, the
Fe2O3NPs contained amixture of small-domain hematite
and maghemite crystals, which transformed into single-
crystal hematitebetween500and550 �C (seeSupporting
Information Figure S6). The maghemite-to-hematite
phase transition may play a key role in the initiation of
the NP fusion observed in our experiments. Further
studies are required to test this conjecture.

CONCLUSION

We have investigated the rich phase diagram of a
binary NP assembly. In the Au/Fe2O3 system, we
found that heterogeneous fusion readily occurred at
elevated temperatures, resulting in new crystalline
particles with a surface-alloyed or phase-segregated
morphology. Further increases in temperature caused
nearly all sa-NPs to transform into ps-NPs, through
either additional Au fusing with the particle or tem-
perature-induced segregation of the Au. As the tem-
perature increased further, the NPs formed an
unstable core�shell phase before sublimation within
the vacuum. Using these data, we were able to
produce the first ever individual-particle nanosized
binary phase diagram combining information on
composition, temperature, and particle size. From this
diagram we obtained information about the stable
compositions and sizes of this new, bulk-forbidden
phase and provided a blueprint for how to construct
similar diagrams for new systems. These observations
prompt many other exciting opportunities: What
other phases might be possible, how might they be
used, and what are the physical processes governing
their formation? In answering these questions, the
field is poised to greatly expand the functional mate-
rials library and broaden our knowledge of chemistry
at the nanoscale.

EXPERIMENTAL SECTION
Gold trichloride (99%), oleylamine (technical grade, 70%),

1,2-dichlorbenzene (anhydrous, 99%), 1,2-hexadecanediol
(technical grade, 90%), nonane (anhydrous, 99%), hexadeca-
nethiol (99%), oleic acid (high purity, 99%), trioctylamine (98%),
iron pentacarbonyl (99.99%), and trimethylamine n-oxide (98%)
were purchased from Sigma-Aldrich and used without purifica-
tion. Common solvents, such as hexanes, ethanol, or 2-propanol
come from a variety of sources and are usedwithout purification.

Gold NP Synthesis. Gold nanocrystals were synthesized and
ripened according to slightly modified versions of literature
methods.29 Briefly, 721 mg of hexadecanediol was mixed with
15 mL of dichlorobenzene and heated to 150 �C under a
nitrogen atmosphere for 30 min. In a separate solution, 81 mg
of AuCl3 was dissolved in 3 mL of oleylamine and 6 mL of
dichlorobenzene and sonicated for 15 min or until clear. The
gold solution was then injected into the hexadecanediol solu-
tion at 150 �C and heated to 165 �C for 7 min. After growth, the
solution was cooled and cleaned by washing with hexane and
ethanol as solvent and antisolvent, respectively. Next, the
resultant gold particles were dissolved in 18 mL of nonane
and 2 mL of hexadecanethiol and heated under nitrogen to
reflux for 1 h for digestive ripening based size focusing. The size-
focused particles were then cooled, cleaned, and stored in
hexane under nitrogen for future use.

Fe2O3 NP Synthesis. Fe2O3 particles were synthesized accord-
ing to literature methods.30 Briefly, 780 μL of high-purity oleic
acid was dissolved in 12 mL of trioctylamine and heated to
250 �C under nitrogen for 30 min. Then, 0.2 mL of iron
pentacarbonyl was injected at 250 �C and allowed to remain
at that temperature for 15 min. Next, the solution was heated to
320 �C, and the particles were allowed to grow for 1 h. After that
hour, the solution was cooled to 120 �C and was opened to air.

Then 140 mg of trimethylamine n-oxide was added to the
solution. The solution was stirred at 120 �C for 30 min, then
cooled and cleaned using hexane and 2-propanol.

Film Characterization. Binary films were generated by mixing
together gold and iron oxide nanocrystals in a solution of
hexane and drop casting onto a TEM chip or silicon wafer.
The heating experiment was carried out using a Schottky-
field-emission-gun Tecnai F20 scanning transmission electron
microscope (STEM) operated at 200 keV. A high-angle annular
dark field (HAADF) detector provided an incoherent projection
image of the specimen with a signal intensity proportional to
the amount of material and its atomic number, which is also
known as Z-contrast. The in situ heating substrate (E-AHA21)
and the heating TEM holder (Aduro System) are manufactured
by Protochips, Inc. The heating chip contains a resistive ceramic
membrane so the set temperature can be attained in less than
a second after changing the set point. The calibration of
temperatures was performed by using a thermocamera prior
to the experiment, and the stability of the temperature was
determined to be (1 �C. The EDX analysis was performed
during the in situ experiment, at a beam current of roughly
1 nA. To avoid excess beam-induced effect, we limit the
acquisition time (less than 200 s) as well as frequency
(performed only three times across the entire experiment).
The heating experiment was performed three times, with
a-NP and ps-NP formation being observed each time.

X-ray Diffraction. X-ray diffraction experiments were per-
formed using a Rigaku Smartlab X-ray diffractomer using
1.54 Å Cu KR radiation in a θ�2θ geometry. The diffractometer
was equipped with an Anton Parr DHS 1100 heating stage
insulated by a graphite dome. The heating stage was controlled
by an Anton Parr TCU 200 heating controller and was operated
under a vacuum at 10�2 Torr. Films were fabricated by drop
casting of NP or BNC solutions onto cleaned monocrystalline
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silicon substrates. The materials were heated at a rate of
200 �C/min and held at each set temperature (0.1 �C for
15 min before a diffraction scan was performed. Each scan took
22 min to perform. After reaching the final scan temperature,
the materials were cooled by air flow across the graphite dome
(while the film itself was still under vacuum).
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