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ABSTRACT: The ability to heat nanocrystalline materials through magnetic
induction has been used in the fields of catalysis, biomedical sciences, and polymer
degradation. However, the working temperature to which the inductively coupled
material rises is still poorly understood. Herein, we use extended X-ray absorption
fine structure spectroscopy in conjunction with thermal imaging to improve the
understanding of heating in inductively coupled systems. After extraction of the
Debye—Waller factor from the spectroscopy, we obtain the temperature of
inductively heated nanocrystals from the correlated Debye model. We combine
carbon-supported iron oxide nanocrystals as induction heating agents with platinum
nanocrystals as thermal probes. By testing these nanocrystal species as both
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unattached nanocrystals and heterodimers, we report that nanostructured systems
show a significant temperature difference of up to 73.60 °C when compared to their local support environment. This result has
implications for inductively heated catalysis, magnetic hyperthermia for targeted cell death, and polymer synthesis.

B INTRODUCTION

Induction heating is the process of heating materials by
exposure to high-frequency alternating current (AC) magnetic
fields. For nearly SO years, induction heating of nanocrystalline
materials has been used in a range of fields, including inductive
catalysis,' ™ hyperthermia treatments for the death of cancer
cells,” ™" organic12 and solid-state'>'* chemical reactions, and
more recently, polymer sciences.'”'® The emergence of
induction heating as an alternative form of thermal excitation
represents a valuable method to maintain the activity of a
catalytic reaction while operating at reduced temperatures and
pressures.”'® Additionally, using magnetically heated sys-
tems for polymer _Szlnthesis allows for the use of a magnetically
separable catalyst” ” as a means to synthesize a useful product.

Nanocrystals (NCs) reEresent an important class of
materials for catalysis'~>~"'*'® due to their large surface-
to-volume ratio. Pt and Pt alloy NCs are of particular interest
as they show high levels of catalytic activity for a variety of
electro-'""*" and thermo-">* catalytic reactions. Since Pt NCs
are paramagnetic, their temperature is often regulated through
radiant and conductive, herein called conventional, heating.
However, these NCs may indirectly benefit from induction
heating when in thermal contact with magnetic NCs, such as
Fe;0,. Fe;04 NCs are magnetic, resulting in induction heating
due to ma%netotherrnal hysteresis losses at ambient con-
ditions.”””'*** Eddy currents also contribute to the amount of
heating that the system will experience.”>™>" Due to the
combination of these two mechanisms, accurately predicting
magnetothermal losses experienced by the NCs during
induction heating is a challenging problem. Therefore,
experimental methods at the nanoscale must be developed to
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improve our understanding of the thermal properties of NCs
under induction heating.

Here, we design heterodimers, consisting of epitaxially
attached Pt and Fe;O, NCs, as a model system to demonstrate
the efficacy of induction heating of catalytically relevant and
paramagnetic species, such as Pt.** ! Fe;0, NCs operate as a
nanoscale inductive heat source, while Pt NCs remain nearly
unaffected by the induction field and therefore act as a probe
material for nanothermometry, while Fe;O, has the potential
to undergo phase transformations at higher temperatures and
is therefore not directly measured. We design this combination
of NC species to investigate the temperature difference of the
NCs as compared to their local support environment. In the
future, more advanced heterodimer systems could be studied
such as PtCo—Fe;0,, Au—Fe;0,, or others. For this study, we
choose conditions relevant to both thermo->*'®** and
electro->** catalysis, including a Vulcan XC-72R carbon
support background, under N,, in the presence of 1-propanol,
as described in the Materials and Methods section. Unraveling
the relationship between induction heating and the working
temperature of a material is crucial for the applications
discussed previously. In catalysis, the temperature of the
catalyst provides the thermal energy needed to overcome the
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activation barrier of the desired reaction."”>*** Despite the

importance of inductive heating of NCs, the understanding of
the relationship between nanoscale induction heating and the
final temperature remains poor,”'”'*~"* with specific examples
reported for iron alloys®”'®** and iron oxide.'"'* This is
especially true in studies that focus on the inductive heating of
NCs.""7"*=% Some studies report a uniform temperature
distribution between NCs and their local support environ-
ment,>>3H30A404246,48,50=54 (ohile  others report a thermal
difference between the two.*> "% Many of the studies reporting
a uniform temperature distribution come from experimental
hyperthermia treatments® ~> while those reporting a temper-
ature difference come mainly from theory, especially with
arguments for ballistic heat transfer at the nanoscale.**™>"¢!

To resolve this contention, we implement thermometry on
the scale of several nanometers, or nanothermometry, to
understand the thermal properties of NCs.°”®® These
techniques have been applied to a variety of materials from
Au,®*% Pt,°® rare earth elements,®”’°® and iron
oxide."'O71#334749%9 Nanothermometry can be performed
using temperature-dependent luminescence’”™”* or phosphor-
escence, 76780 high-resolution thermal imaging,gl‘82 and
scanning thermal microscopy.”” We implement in situ
extended X-ray absorption fine structure (EXAFS) spectros-
copy as a method of nanothermometry. Recent reports have
shown that fitting the Debye—Waller factor extracted by
EXAFS allows for the experimental determination of the
temperature of the material under investigation.””>%*~°%% [
section S2, we show that the sensibility of an EXAFS-based
nanothermometer is comparable to that of luminescent
nanothermometers®”® and nearly 3 orders of magnitude
higher than that of X-ray diffraction (XRD)-based nano-
thermometry methods.””***> The extraction of Debye—Waller
factor is performed by fitting the spectroscopic data to the
EXAFS equation (eq 1).

NS)f (k
X(k) = Z (E{#Sin(lk& + 5i(k))e_2q2kze_m'“(k)
i i
(1)
In eq 1,776986 X (k) is the scattering waveform at
wavenumber k, N is the number of nearest-neighbor atoms,
R is the distance to the nearest-neighbor atom, F; is the
scattering factor of the ith element, Sy, is a many-body
amplitude reduction factor, § is a phase shift, 6> is the Debye—
Waller factor, and 4 is the wavelength. We use this EXAFS-
based nanothermometry to probe inductively heated NC
systems and extract the temperature of the NCs. After
extraction of the Debye—Waller factor from the temperature-
dependent EXAFS, we use the correlated Debye model, seen in
eq 2,°*% without approximation, to determine the temperature
of the inductively heated NCs and heterodimers.

o2 = 3t |1 + ( T ]Z/HD/T X4k
T ™ - e x
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In eq 2, M is the mass of the scattering atom, 7 is Planck’s
constant, and kg is Boltzmann’s constant. The Debye
temperature (0p) and the thermally dependent dynamic
component of the Debye—Waller factor (o7 are also present
in eq 2. The static component of the Debye—Waller factor, o,

can be extracted through temperature-dependent EXAFS
analysis. By simultaneously using EXAFS-based nanothermom-

etry and thermal imaging as nano- and macroscale
thermometry, respectively, we demonstrate experimentally,
for the first time, that a temperature difference exists between
inductively heated NCs and their local support environment,
with a maximum difference shown here to be 73.60 + 14.50 °C
at a magnetic field of H = 16.8 mT operating at 263 kHz.

B MATERIALS AND METHODS

Materials. For this study, we used platinum(II) acetylacet-
onate [Pt(acac),, Sigma-Aldrich], iron (0) pentacarbonyl
[Fe(CO)s, Sigma-Aldrich], octadecene (ODE, 90%, Sigma-
Aldrich), oleylamine (OLAm, 70%, Sigma-Aldrich), oleic acid
(OAc, 90%, Sigma-Aldrich), hexane (reagent grade), iso-
propanol (IPA, reagent grade), nitrosonium tetrafluoroborate
(NOBF,, 97%, Acros Organics), and dimethyl formamide
(DMF, 99%, Sigma-Aldrich).

NC Synthesis and Support Deposition. Pt NCs were
synthesized via solvothermal methods.”’ Briefly, 0.5 mmol
Pt(acac), was combined with 10 mL of ODE, 0.5 mL of
OLAm, and 0.5 mL of OAc in a 50 mL three-neck flask. The
solution was degassed on a Schlenk line under 120 °C for 20
min. After switching to a N, atmosphere, the temperature was
raised to 180 °C degrees, and 10 L of Fe(CO); was injected
swiftly. The reaction was maintained at 180 °C for another 1 h
until it was cooled down to room temperature. The NCs were
collected by centrifugation with the addition of IPA as the
antisolvent and dispersed in 10 mL of hexane after synthesis.
For the following growth to heterodimers, the Pt NCs were
dispersed in 10 mL of ODE.

Pt—Fe;0, heterodimers were synthesized through a
modified procedure that is described by Hodges et al.** In a
50 mL three-neck flask, 10 mL of ODE was combined with 1
mL of OLAm and 1 mL of OAc. The solution was degassed on
a Schlenk line under 120 °C for 20 min. After switching to a
N, atmosphere, 100 yL of Fe(CO); and 1 mL of Pt NC in the
ODE solution mentioned above were injected swiftly, and the
temperature was raised to 300 °C. The reaction was
maintained at the targeted temperature for 1 h to allow the
second growth. Finally, the heterodimers were transferred to
centrifuge tubes and the addition of IPA caused the NCs to
precipitate from the suspension. For Fe;O, NCs, only the
Fe(CO); was injected as compared to both Pt NCs and
Fe(CO); for Pt—Fe;0, heterodimers.

The NCs were then loaded on Vulcan XC-72R carbon at
10% of Pt, or for pure Fe;O, 10% of NC, by weight and
combined under sonication for 1 h.*****° The NCs were
collected by centrifugation. NOBE, was applied to remove the
extra ligands on the surfaces of NCs as described by Dong et
al.” The carbon-supported NCs were dispersed in 20 mL of
ethanol, and 10 mL of 0.01 M NOBF, in DMF solution was
added under sonication. After 10 min, the NCs on carbon were
collected by centrifugation. The supernatant was then
discarded, and extra NOBEF, residue was washed using ethanol.
The NCs on carbon were dried overnight at 70 °C under
vacuum at 100 + 10 Torr.

NC Characterization. Transmission electron microscopy
(TEM) was performed on a JEOL JEM-1400 microscope
operating at 120 keV. High-resolution micrographs, scanning
transmission electron micrographs, and energy-dispersive
spectroscopy images were obtained using a JEOL F200
electron microscope with a cold-FEG emission source
operated at 200 kV. The composition of the NCs was
determined through inductively coupled plasma-optical
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Figure 1. (A—C) shows TEM micrographs of as-synthesized Pt NCs, Fe;0, NCs, and Pt—Fe;0, heterodimers, respectively, while (D—F) shows Pt
NCs, a physical mixture of Pt and Fe;O, NCs, and Pt—Fe;0, as deposited on carbon supports, respectively. Scale bars seen in the bottom left of
each image are S0 nm. (G) shows XRD spectra for the heterodimer samples; blue indicates Pt peaks, while gold indicates Fe;O,. Reference XRD
spectra are Pt—PCPDS: 70-207S and Fe;O,—JCPDS: 00-003-0863. H shows magnetic hysteresis measurements, while I shows the obtained

values of H..

emission spectrometry performed on a Spectro Genesis
spectrometer with a concentric nebulizer. XRD was collected
in the 26 range of 15.0—60.0° using a Rigaku SmartLab high-
resolution diffractometer with Cu Ka radiation (4 = 0.15416
nm, 40 mA and 30 kV) at a resolution of 0.02° 26 and a scan
speed of 0.15 °/s. DC magnetic characterization was
performed on a quantum design MPMS-XL7 superconductive
quantum interference device magnetometer, and the sample
hysteresis was measured at 15.0 K from 3.0 X 10* mT to —3.0
X 10* mT.

Thermal Characterization. Conventional thermal heating
was performed using a custom sample cell in conjunction with
a J-Kem Apollo temperature regulator. Heating cartridges were
purchased from BriskHeat and operated at 120 V and between
75 and 300 W to allow for temperatures between 70.0 + 1.4
and 370.0 + 7.4 °C to be obtained. Inductive heating was
performed using an Ambrell Easy Heat 1.2 kW induction
heater with custom-turned water-cooled coils operating
between the frequency range of 263 and 296 kHz, with exact
frequency values for each power level given in Table S5. The
induction sample holder was custom-designed and mounted

on a rotational stage. Thermal imaging was performed using a
Fluke model TiS75 + thermal camera with an infrared
resolution of 384 X 288 pixels with a 40 X 30° field of view;
calibration allows for the thermal sensitivity of 40.0 mK and an
accuracy of the greater value of either +2 °C or 2%. At 0.5 m
focal distance from the sample, the spot size of the TiS75+ is
1.0 X 1.0 mm. Each sample was loaded into polyimide tubing
with an inner diameter equal to 2.77 mm and plugged with
glass wool; subsequently, the samples were sealed under N,.
Inductively heated samples were sealed in N, with the addition
of 0.25 mL of 1-propanol to resemble typically flow catalytic
reaction conditions more closely.*””' ="

EXAFS Measurements. EXAFS was performed at the
beamline for materials measurements (BMM), Beamline 6-BM
at NSLS-II in the Brookhaven National Laboratory. Broadband
X-rays were generated via a 3-pole wiggler source with energies
ranging from 4.0 to 23.0 keV and a spot size of 300 um. A
Si(111) monochromator was used with a resolution of 1.2 X
10~ AE/E and a flux of 2 X 10'? at 10.0 keV. For Pt samples,
the L; edge was used with E; equal to 11563.8 eV and a
pseudo-channel-cut energy of 11868.6 eV. All data reported
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here were taken in transmission mode at the Pt edge. The
absorption data can be collected either in transmission or in
fluorescence mode, or it can be collected for a reference foil.
For the data we evaluate in this study, the absorption spectra
were collected from the transmission chamber, besides the Pt
foil reference, whose absorption was measured by the reference
chamber. The reference Pt foil was used only in the
determination of Opy and the basic EXAFS fitting parameters
such as Sj and the number of nearest neighbors. Data were
analyzed using the Demeter software package.94 Overall, fits to
the data show a statistical significance of @ < 0.04. Additional
thermal images of the samples are shown in Figures S3 and §4,
while the temperature values extracted from thermal imaging
are reported in Table S4. The error bars for the EXAFS fittings
were determined as described in Section S2 of the Supporting
Information. The error could be decreased given additional
repeated trials of data collection for each spectrum. For
additional fitting data, see Figure SS.

Theoretical Modeling of Temperatures with EXAFS.
After fitting the Debye—Waller factor values from the EXAFS
equation (eq 1), previous literature reports show temperature
dependence of the Debye—Waller factor through approxima-

tion methods, such as a first-order Taylor series method (eq
3).296586

.2 A{L,l]
T o\ 4 0p (3)

In eq 3, o7 is the thermal component of the Debye—Waller
factor, O is the Debye temperature, and A is a constant.” In
this report, we demonstrate, for the first time, a numerical
method to obtain the temperature of NCs from the Debye—
Waller factor directly using the correlated Debye model (eq
2)%%7 as a method of nanothermometry. The static
component of the Debye—Waller factor, o, can be extracted
through the temperature-dependent EXAFS analysis. Addi-
tionally, as 0 varies from bulk- to nano-scale materials,®’ the
Op of the bulk material is altered to correspond to that of the
nanomaterial based on eq 4. Equation 4 applies to any
spherical NC and will reduce the material’s @p. It is further
changed based on experimentally determined thermal non-
uniformities.””*”

ap, V2
QDN — Db[l _ Datom]

NC

(4)

In eq 4, the difference between the 0}, of a bulk crystalline
material versus that of a NC of spherical morphology is
differentiated by the notation O, and @py, respectively. D,
is the diameter of the scattering atom, while Dy is the average
diameter of the NC being used, assuming a spherical geometry.
This is the first EXAFS-based nanothermometry study to
extract temperatures using the correlated Debye model without
Taylor series or similar approximations.'?*%>¢%%

B RESULTS AND DISCUSSION

NC Characterization. Using the procedures described in
the Materials and Methods section,””**” we synthesized 7.3
+ 0.9 nm Pt, 18.3 + 0.6 nm Fe;0,, and 18.5 + 1.0 nm Fe;0,
components of the heterodimers (Pt—Fe;O,) with Pt
components equal in size to pure Pt NCs, as shown in Figure
S1. The NCs are nearly monodisperse at approximately +5.0%
standard deviation, as shown by the TEM micrographs in

Figure 1A—C. Following their synthesis, the NCs were
deposited on Vulcan carbon XC-72R supports at 10.0 wt %
Pt loading, as shown by the TEM micrographs in Figure 1D—
F. Figure 1G shows the existence of the Fe;O, phase of iron
oxide in the as-synthesized heterodimer samples before
heating. Below the blockin% temperature of 18.5 nm Fe;0,
NCs, approximately 250 K,”* Fe;O, NCs are superparamag-
netic, as shown in Figure 1H. See Figure S9 for additional
magnetic characterization. Superparamagnetic behavior is
observed as the amount of applied magnetic field required to
decrease the remnant magnetization to zero, or coercivity (H)
of the material, is nonzero below the blocking temper-
ature."'*"*® Provided that the magnetic field exceeds the H,,
the amount of hysteresis losses contributing to the inductive
heating is proportional to the H, of the sample; otherwise, the
heating will be proportional to the area of the hysteresis loop
within the bounds of the applied magnetic
field. 771 #3349639697 Consequently, Fe;O, will undergo
magnetothermal losses causing induction heating.”~**** As
Pt is paramagnetic and Fe;O, is superparamagnetic, we choose
Pt NCs to act as local thermal probes, while Fe;O, NCs act as
local heat sources. We measure the H, of Pt and Fe;O, NCs to
be 4.0 and 74.8 mT, respectively, at 15.0 K. The hysteresis
displayed at 15.0 K is representative of the magnetic properties
of the NCs under high-frequency AC magnetic fields at room
temperature as the phonons in the material are unable to
couple rapidly to the field, thus mimicking conditions of a
lower temperature; this phenomenon is often referred to as
magnetic viscosity.”>”” The H, of Pt—Fe;0, is lower than that
of the iron oxide NCs, which is thought to be due to the
epitaxially attached nature of the Pt and Fe;O,
NCs.**?097100191 Thig results in a Pt—Fe;0, H, of 9.5 mT.
The values of H. are determined as the intercept of the
hysteresis curve with zero magnetization.

To better show the morphology of the heterodimers, we
perform high-resolution microscopy as shown in Figure 2A,B.
Figure 2C,D additionally shows high-resolution micrographs of
a physical mixture of Pt and Fe;O, (Pt + Fe;O,) after
deposition onto a Vulcan XC-72R carbon support material. In
Figure 2A, Pt—Fe;O, is shown at three different angles,

Figure 2. High-resolution TEM of (A,B) Pt—Fe;O, and (C,D) Pt +
Fe;0, after the deposition of Vulcan XC-72R carbon supports. All
scale bars are 20 nm.

https://doi.org/10.1021/acs.jpcc.2c00608
J. Phys. Chem. C XXXX, XXX, XXX=XXX



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

\5

1) lon. Chamber
2} Trans. Chamber
Chamber
4) Position of IR Camera

5} Fluorescence Chamber or RF Coils
6) Sample Holder

7) Reference Foils

3j Ref.

110

21.0

Figure 3. In (A), the experimental apparatus is seen, which corresponds to the schematic seen in (B). Arrows indicate X-ray direction. (C,D) shows
examples of thermal imaging for inductively and conventionally heated samples, respectively. In (C), each hot spot in the center of the image is
indicative of the sample location and temperature. All temperature scales are in Celsius.
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Figure 4. Real-space EXAFS data for (A,B) Pt (top/blue); (C,D) a physical mixture of Pt and Fe;O, (Pt + Fe;0,, middle/green); and (E,F) the
heterodimer samples (Pt—Fe;O,, bottom/red). Samples were either heated conventionally (A,C,E) or inductively (B,D,E).

demonstrating the epitaxially attached nature of the hetero-
dimers. In Figure 2C, a single NC of both Pt and Fe;0, is
shown as representative of Pt + Fe;O,. The smaller, higher-
contrast species is Pt, while the other is Fe;0,, as verified with
energy-dispersive spectroscopy in Figure S12.

EXAFS Measurements. To perform in situ EXAFS, we
used the experimental apparatus shown in Figure 3A—D

All samples used in this study were taken in transmission
mode or number 2 in Figure 3A,B. Figure 3C,D shows
representative thermal images for both inductively heated
samples and conventionally heated samples, respectively. In
both cases, custom sample holders were used, as seen in Figure
S2. For the inductive sample stage (Figure 3C), each thermal
image contains data for three samples, and thermal imaging

https://doi.org/10.1021/acs.jpcc.2c00608
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was done for each EXAFS scan. In the case of the thermal stage
shown in Figure 3D, the temperature of each sample is read
directly from the images. Thermal imaging allows for the
determination of the temperature of the local support
environment, while temperature-dependent EXAFS allows for
nanoscale temperature measurements.

We collected the nanothermometry EXAFS data on the Pt
L-edge. To fit the data, we take a Fourier transform of the
absorption spectra. The Fourier transform gives us a spectrum
closely related to the radial distribution of atomic shells around
the absorbing atom, in this case Pt. These real-space spectra
allow us to probe the local atomistic structure of the absorbing
species. Through observation of the real-space data, we can see
general thermal trends under both conventional and inductive
heating of the NCs, as seen in Figure 4A—F.

Increasing the temperature of the NCs results in increased
disorder at the atomic level due to lattice vibrations, as
captured by an increase in the Debye—Waller factor. As
apparent from the EXAFS equation (eq 1), increasing the
Debye—Waller factor causes a decrease in the peak intensity of
the spectra while leaving the peak positions nearly unaffected.
The conventionally heated samples of Pt, a physical mixture of
unattached (independent) Pt + Fe;O,, and epitaxially attached
Pt—Fe;0, heterodimers confirm this general trend, as shown
in the conventionally heated samples in Figure 4A,CE,
respectively. Additional changes in the EXAFS spectra appear
when heating the heterodimers above 220 °C, as shown in
Figure 4E, as well as peak shifts to lower radial distances at
temperatures above room temperature. We attribute these
features to compositional changes in the heterodimers, likely
due to interdiffusion of the Pt and Fe;O, components,
therefore changng the overall atomic structure of the Pt
atoms.' 3% As we will show later, even at the highest H
in this study, 16.8 mT, the inductively heated samples only
reach 108.85 + 12.50 °C. Therefore, we do not expect the
inductively heated samples to undergo any compositional
changes.

For the inductively heated samples, the peak intensity of the
Fourier transform of the absorption spectra decreases with
increasing field in both Pt + Fe;O, NCs and Pt—Fe;0,
heterodimers, as shown in Figure 4D,F, respectively, indicating
an increase in temperature at higher levels of the magnetic
field, above 14.7 mT. The only sample that does not show a
trend with the applied field is the inductively heated Pt NC
sample in Figure 4B; this is consistent with the paramagnetic
character of Pt, as seen in Figure 1H. This can additionally be
seen in the extracted Debye—Waller factors shown in this
report.

Thermal Computation. We use the EXAFS data in
conjunction with the correlated Debye model described in eq
3,°%7 and the material parameters shown in Table S2, to
determine the steady-state temperature reached by the
inductively heated samples. Figure S shows that the average
experimental results deviate systematically from the correlated
Debye model.

As shown in eq 2, the Debye—Waller factor results from
structural disorder, or atomic displacements, of both static and
dynamic nature. Here, we are interested in the temperature-
dependent dynamic component of the Debye—Waller factor.
Therefore, to determine the temperature the NCs reach under
induction heating, we first need to understand the static
component from the experimentally obtained values of the
Debye—Waller factor. In the absence of structural alteration,

pubs.acs.org/JPCC
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Figure 5. Correlated Debye model®®®” for single-crystal Pt seen in the
solid blue curve. Experimentally determined average values of the
Debye—Waller factor for Pt, Pt + Fe;O,, and Pt—Fe;0, are seen as
symbols.

we expect the static component of the Debye—Waller factor to
be independent of temperature. This is indeed the case here
since based on the EXAFS analysis seen in Figure 4E, we have
observed an onset for structural alteration in the hetero-
dimers'”'**7'* only at temperatures higher than 220 °C,
which is greater than the maximum temperature extracted from
the induction heating of Pt—Fe;0, at 16.8 mT, 108.85 + 12.51
°C. As there is no structural alteration, we derived the value of
the static disorder as the average difference between the
Debye—Waller factor values obtained through fitting (symbols
in FS) and through the correlated Debye model (line in FS).
Values for the static disorder and a description of values
determined for @ for each sample are shown in Table S3.
Alternately, the static component can be determined by
extrapolation of the experimental Debye—Waller factors to
zero Kelvin," %7 as shown in Table S6. After removing the
static disorder, the experimentally determined values of the
Debye—Waller factor correlate to the theoretical values of the
correlated Debye model®™®” at R? = 0.995, which is used to
convert the Debye—Waller factor to a corresponding temper-
ature, as shown in Figure 6A—D. Specifically, we use the
corrected values of the Debye—Waller factor with known
values of atomic mass, atomic diameter, and 0}, to extract the
temperature of the NCs from the correlated Debye model in

eq 3°780%7 using the MATLAB code provided in Section S3 of
the Supporting Information.

By converting the temperatures from the Debye—Waller
factor values in Figure 6A through the method established
here, we demonstrate a correlation between the expected
temperatures from conventional heating determined from
thermal imaging and EXAFS-determined temperatures of 1.01
+ 0.09 with an R? factor of 0.995, as shown in Figure 6B. This
result highlights the reliability of our approach using EXAFS as
a method of nanothermometry As described in Section S2, the
relative thermal sensitivity***> (S,) of our nanothermometer is
found to be 3.58 X 1072 +/— 6.71 X 1073% K7, this result is
comparable to other lanthanide-based nanothermometers,®
and it is 3 orders of magnitude higher than the sensitivity of
XRD-based nanothermometers.” For the inductively heated
samples seen in Figure 6C,D, no difference is demonstrated for
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Figure 6. Thermally obtained results can be seen for (A) Debye—Waller factor values and (B) temperature values. In (B), the dashed line
represents a 1—1 correspondence. Inductively heated results for the same can be seen in (C,D), respectively.

the pure Pt NCs, while the samples characterized by a positive
value of H, show heating especially at H greater than 14.7 mT.

By using the extracted values of temperature obtained
through EXAFS, we can directly compare the temperature of
the NCs to that of their local support environment. This
comparison is shown in Figure 7.
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Figure 7. Description of temperatures reached through induction
heating on both the scale of the NC, < 10 nm, and the macroscopic
scale measured by thermal imaging, > 0.5 mm.

We observe the temperature of the local support environ-
ment through thermal imaging, as demonstrated in Figure
3C,D. The temperature of the local support environment is
sensitive to the type of sample used, resulting in slightly
different temperatures of the local support environment for Pt
+ Fe;0, and Pt—Fe;O, NC samples; however, these
temperatures are statistically equivalent.

. 32,33,50—54
In contrast to a range of previous reports,”” » we show

that induction heating results in a significant temperature
difference between the NCs and their local support environ-
ment of up to 73.60 + 14.50 °C. The measurement of a
temperature difference between NCs and the support is
observed for the Pt—Fe;O, heterodimers at applied fields
greater than 10.5 mT, which yields a difference of 28.50 + 9.50
°C. It is also observable in the Pt + Fe;O, at applied fields
greater than 14.7 mT, which yields a difference of 55.25 +
11.80 °C. After an initial onset of inductive heating at 14.7 mT,
the temperature reached by the physical mixture, 86.85 + 9.80
°C, matches that of the heterodimer samples, 75.85 + 7.25 °C,
within the error bounds. We believe that the late onset of
inductive heating for the physical mixture of magnetic and
inert NCs is caused by thermal losses to the nearby support
environment, which yields less thermal excitation of Pt as
compared to samples with good thermal contact between Pt
and Fe;O,. We see this trend again when observing a physical
mixture of PtFe + Fe;0, and heterodimer samples of PtFe and
Fe;0,. As shown in Figure S8, these samples, which have
similar compositions to the pure Pt + Fe;0, samples’’ as seen
in Table S1, demonstrate once again that we can achieve a
temperature difference of up to 46.31 + 9.54 °C at the H of
18.9 mT with the heterodimer samples, while the physical
mixture displays no heating. We attribute the lack of heating
once again to ballistic heat transfer’” " between the Fe;O,
and the PtFe NCs in the PtFe + Fe;O,4 samples.

For the highest H used in this study for the Pt + Fe;O, NCs
and Pt—Fe;0, heterodimers, 16.8 mT, the Pt component of
the samples reaches a temperature of 104.85 + 29.60 °C for Pt
+ Fe;0, and 108.85 + 12.51 °C for Pt—Fe;0,. In contrast, the
local support environment of Pt—Fe;O, maintains a temper-
ature of 35.25 + 2.00 °C, resulting in a temperature difference
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of 73.60 + 14.50 °C between the heterodimers and their local
support environment. This result has significant implications
for hyperthermia treatment since the placement of inductively
active NCs close to cancer cells may lead to their death more
efficiently while preserving the surrounding healthy
cells, 0344147486370 Wwhile the product of the applied field
and frequency used in this study, which is approximately 6 X
10'° A/m s, exceeds the maximum limit for safe exposure to
humans, known as the Brezovich limit, it remains below the
level seen in other studies, therefore maintaining clinical
relevance through magnetic short pulse field exposure
methods.' "> We additionally performed EXAFS-based nano-
thermometry under ambient conditions as seen in Figure S7,
observing no changes compared to the samples measured
under N, in the presence of 1-propanol.

We attribute the disagreement between our results, showing
a thermal difference between the NCs and their local support
environment and other reports demonstrating a uniform
temperature distribution,****°°™>% to the determination of
the Debye—Waller factor through temperature-dependent
EXAFS analysis in conjunction with the correlated Debye
model.***” Our approach allows for a significance of & < 0.04
and an accuracy in correlation of temperatures extracted from
EXAFS and those extracted from the thermal imaging of 1.01
+ 0.09 with R* = 0.995. In one example, the reporting of a
uniform temperature distribution between NCs and their local
support environment under induction heating may possibly be
due to the use of supports embedded with Ni dopants at a
non-negligible concentration in addition to NCs without good
thermal contact. This likely results in an inductive-heating-
based increase of the support material and probe material,
therefore decreasing the temperature difference between NCs
and their local support environment.””'”® Commonly, the
temperature of the NCs under induction heating is determined
through conventional calorimetry,'******%47#%63 45 seen in
Figure S6. Calorimetry enables an accurate bulk determination
of the intrinsic loss parameter (ILP),**’~*" allowing for the
characterization of thermal loss under magnetic induction.
However, the accuracy of this approach is limited by the
measurement of the temperature of the bulk support
environment, without considering the difference in temper-
ature between the NCs and their local support environment.
With only ILP values, it is difficult or nearly impossible to use
these species in scenarios such as catalysis of thermally
sensitive compounds or targeted cell death, where a thermal
difference is a key aspect of the work, »1848,6370109=111 prqp0
we have shown that the correlated Debye model can be used
directly to calculate the temperature of the NCs, while the
values of ILP can be used to extract the local support
environment temperature.47’48’86’87 Experimentally, the ILP of
the local support environment was directly observed with a
thermal imaging camera, and the thermal difference between
the local support environment and the NCs was directly
compared for complete thermal understanding of the system.
Therefore, this study is not only the first to use in situ EXAFS-
based nanothermometry to extract thermal measurements in
inductively heated systems but also the first to jointly use
temperature-dependent EXAFS and the unapproximated
correlated Debye model for the determination of temperature.

B CONCLUSIONS

We have demonstrated experimentally, for the first time, the
presence of a temperature difference between heterodimers,

Pt—Fe;0,, and their local support environment of up to 73.60
+ 14.50 °C. To show this, we used temperature-dependent
EXAFS spectroscopy in conjunction with thermal imaging to
allow for nanothermometry and macroscopic scale thermom-
etry, respectively. The ability to determine the temperature
differences observed in this study represents a capability
enabled by in situ EXAFS-based nanothermometry. The
determination of a temperature difference has implications in
inductive catalysis,l_8 hyperthermia treatments for the death of
cancer cells,”™"" and polymer sciences.'”'® In catalysis, the
ability to determine the temperature difference between the
NCs and their support material under induction heating is a
key step toward performing catalytic reactions on stability-
limited reactants. Performing catalysis at room temperature
without external heat sources, termed “cold catalysis”,33 is
enabled through the thermal understanding of induction
heating.'***'*~""" Using NCs as localized sources of heat
through induction paves the way to performing low-temper-
ature reactions without compromising on activity and presents
a valuable area of research to explore. The observation of a
temperature difference between NCs and the local support
environment of up to 73.60 °C significantly improves our
thermal understanding of inductive heating in NCs and is a
necessary step toward applications in cold catalysis.
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