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ABSTRACT: Temperature is a fundamental physical quantity
important to the physical and biological sciences. Measurement of
temperature within an optically inaccessible three-dimensional
(3D) volume at microscale resolution is currently limited. Thermal
magnetic particle imaging (T-MPI), a temperature variant of
magnetic particle imaging (MPI), hopes to solve this deficiency.
For this thermometry technique, magnetic nano-objects (MNOs)
with strong temperature-dependent magnetization (thermosensi-
tivity) around the temperature of interest are required; here, we
focus between 200 K and 310 K. We demonstrate that
thermosensitivity can be amplified in MNOs consisting of
ferrimagnetic (FiM) iron oxide (ferrite) and antiferromagnetic
(AFM) cobalt oxide (CoO) through interface effects. The FiM/
AFM MNOs are characterized by X-ray diffraction (XRD), (scanning) transmission electron microscopy (STEM/TEM), dynamic
light scattering (DLS), and Raman spectroscopy. Thermosensitivity is evaluated and quantified by temperature-dependent magnetic
measurements. The FiM/AFM exchange coupling is confirmed by field-cooled (FC) hysteresis loops measured at 100 K. Magnetic
particle spectroscopy (MPS) measurements were performed at room temperature to evaluate the MNOs MPI response. This initial
study shows that FiM/AFM interfacial magnetic coupling is a viable method to increase thermosensitivity in MNOs for T-MPI.
KEYWORDS: magnetic nano-objects, FiM/AFM exchange coupling, colloidal synthesis, thermal magnetic particle imaging,
thermosensitivity

■ INTRODUCTION
Measurement of temperature is critical to every scientific
discipline. As technology advances, thermometry with spatial
resolution becomes crucial to fully develop applications in the
areas of biomedicine,1 integrated photonic devices,2 fuel cells,3

combustion engines,4 microelectronics,5 and additive manu-
facturing,6,7 to name a few. Remote thermometry, within an
optically opaque 3D volume, with microscale resolution, is
generally not possible. Thermal magnetic particle imaging (T-
MPI),8 which is based on the nonlinear magnetic response of
magnetic nano-objects (MNOs), is currently at the forefront of
possible solutions. However, T-MPI requires MNOs that
exhibit strong temperature-dependent magnetization (thermo-
sensitivity) near room temperature (200 K to 400 K).
Commercially produced colloidal nanoparticles typically
show minimal change in magnetization with temperature in
this temperature range. Here, we focus on the development of
MNOs with good thermosensitivity around room temperature.

Core−shell and bimagnetic nano-objects of ferromagnetic/
ferrimagnetic (F(i)M) and AFM materials have been
previously studied due to their potential to exhibit exchange
bias (EB). EB is an interfacial coupling effect between the

F(i)M and AFM, which can lead to changes in the coercivity of
the MNOs. These effects have been studied in Co/CoO
formed by controlled oxidation;9−13 Fe3−dO4/CoO14−17 and
CoFe2O3/CoO18 produced by seed-mediated growth; and
FeO/Fe3O4,

19−22 MnO/Mn3O4,
23 CoO/Fe3O4,

24 CoO/
CoFe2O4,

25 CoO/Co1−xZnxFe2O4,
26 and CoyFe1−yO/

CoxFe3−xO4
27 synthesized by a variety of colloidal method-

ologies. Despite some fundamental studies on these materials,
no new technologies have emerged to utilize this type of
exchange coupling in MNOs. Recent computational work has
suggested that in core−shell nanoparticles of ferromagnetic
iron and gadolinium with antiferromagnetic interfacial
exchange coupling, a sharp change in the magnetization with
temperature can occur.28 This temperature feature shows
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tunability, with the core radius and core/shell thickness ratio as
independent parameters.

We synthesized ferrite/CoO MNOs by a seed-mediated
colloidal growth approach. The FiM/AFM MNOs were
physically characterized by X-ray diffraction (XRD), dynamic
light scattering (DLS), Raman spectroscopy, and (scanning)
transmission electron microscopy (STEM/TEM). The mag-
netic and thermal properties of the MNOs were characterized
by direct current (DC) and alternating current (AC)
magnetometry measurements as a function of temperature
plus room-temperature magnetic particle spectroscopy (MPS).
The results show the proof-of-concept of amplified thermo-
sensitivity through interface effects.

■ SIZE AND STRUCTURAL CHARACTERIZATION
The MNOs produced in this work were synthesized by a seed-
mediated colloidal growth approach. Ferrite particles were first
synthesized and used as seeds to grow the antiferromagnetic
CoO in a second synthesis step. Details are given in the
Material Synthesis and Characterization Methods section.
Crystal structures, d-spacing, lattice parameters, crystallite
sizes, and qualitative phase quantities were evaluated by
powder XRD, as shown in Figure 1. The ferrite MNOs were

indexed to the inverse spinel structure and the CoO MNOs
were indexed to the cubic rock salt structure. All ferrite/CoO
samples show both the inverse spinel and cubic rock salt
structures, but the relative peak intensity differs according to
the synthesis conditions. One sample (using 48 mg ferrite
particles) has a majority inverse spinel ferrite phase, showing
the (311) peak with the highest intensity, and is labeled as
nanoflowers. The other (using 32 mg ferrite particles) has a
majority of CoO cubic rock salt phase, showing the (200) peak
with the highest intensity, and is labeled as clusters. The lattice
parameters of the ferrite particles were determined to be
approximately 0.837 nm compared to the ferrite phase in the
nanoflowers and clusters of about 0.838 and 0.837 nm,
respectively, determined from the (311) peak. Comparing the

lattice parameter of CoO, approximately 0.425 nm, with the
CoO phase in the nanoflowers with a lattice parameter of
about 0.424 nm and 0.425 nm for the clusters, a similarly small
difference is observed, determined from the (111) peak. The
minimal changes in lattice parameters between the nanoflowers
and clusters to that of the reference ferrites and CoO suggest
minimal diffusion of Co into ferrites. However, XRD is not
reliable in differentiating ferrite from Co ferrite due to the
small difference in atomic size between Co and Fe atoms.
Interface diffusion will be investigated in more detail by Raman
spectroscopy and STEM further in the text. The crystallite
sizes were estimated based on the broadening of the (311)
peak for the ferrite phases, with the ferrite particles and the
nanoflowers and clusters all having an approximate size of 8
nm. Alternatively, CoO synthesized without ferrite particles
has a crystallite size of approximately 19 nm compared to 9 nm
for the nanoflowers and clusters estimated from the (111)
peak. The significant change in crystallite size due to the
presence of the ferrite particles suggests that they affect the
nucleation and growth of the CoO phase, leading to interfaced
materials, as will be observed in the TEM data. Table S1
summarizes synthesis details including the morphology and the
corresponding quantity of ferrite seeds, precursors, crystallite
sizes, TEM size, and DLS size when available.

The size, morphology, and interface between the crystal
structures were investigated by TEM. Figure 2a is a TEM
image of the ferrite particles with corresponding size
distributions from TEM and DLS. The mean size determined
from TEM is 10 nm with a standard deviation of 2 nm. The
mean hydrodynamic size is approximately 12 nm (main peak).
The nanoflower sample with majority ferrite phase is
composed of irregular shaped particle-like objects with a
mean cross section of 13 nm and standard deviation of 3 nm
(Figure 2b). The mean hydrodynamic size from DLS was
found to be approximately 22 nm. The difference between the
TEM size and DLS size is most likely due to a combination of
the organic surfactants on the surface and the nonspherical
nature of the nanoflowers leading to additional errors in size
estimation by DLS. The cluster sample with the majority of the
CoO phase shows tightly packed polycrystalline objects
(Figure 2c). In this case, the mean hydrodynamic size was
found to be approximately 74 nm, suggesting that these objects
remain intact when dispersed in hexanes.

The next step is to examine the interface between the ferrite
and CoO using high-resolution (HR)-TEM. Figure 2d shows
HR-TEM of a single ferrite particle. The d-spacing of this
particle was determined by averaging across the line indicated
by arrows and was found to be approximately 0.254 nm; a
similar value of 0.2523 nm was determined from XRD for the
(311) plane of the inverse spinel structure. In Figure 2e, the
nanoflower sample is shown, which has clear crystalline
interfaces between the ferrite center with the (311) plane
and the cubic rock salt CoO phase identified by the (111)
plane. In this case, it appears as if CoO forms an interface with
the ferrite and grows from the faceted sides of the particle. The
d-spacing of about 0.253 nm for the (311) plane determined
from HR-TEM agrees with the value determined by XRD of
0.2526 nm; likewise, the d-spacing values of approximately
0.242 nm and 0.243 nm for the (111) CoO plane are close to
the value of 0.2447 nm from XRD measurements. The cluster
sample shows a similar ferrite center with CoO growing from
the surface of the particle, creating a crystalline interface
between the two phases (Figure 2f). A d-spacing value of about

Figure 1. XRD of the representative ferrite seed material indexed to
the inverse spinel structure, ferrite/CoO nanoflowers with majority
ferrite phase, ferrite/CoO clusters with majority CoO phase, and
CoO indexed to the cubic rock salt structure. The background has
been subtracted from the data.
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Figure 2. TEM images and corresponding size distributions determined from TEM and DLS of ferrite particles (a, d), ferrite/CoO nanoflowers (b,
e), and ferrite/CoO clusters (c, f). The large (>100 nm) object observed in the TEM image of the nanoflowers is most likely a drying artifact from
sample preparation. Values for TEM and DLS size were rounded to whole numbers. Red circles with arrows indicate the length measured and show
the approximate objects that remain intact when dispersed in hexanes. In the high-resolution TEM images, the d-spacings were determined by
averaging over the line indicated by the sets of two arrows. The crystal planes are labeled.

Figure 3. STEM image, the STEM image generated with mapping, and the superposition of cobalt (red) and iron (blue) elemental mapping of the
nanoflower sample showing an irregularly shaped particle (a) and a more spherical particle (b).
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0.255 nm was found for the (311) plane of the ferrite
compared to 0.2522 nm determined from XRD; for the (111)
plane of CoO, the value of approximately 0.246 nm is in
similar agreement with the XRD value of 0.2452 nm.

To further elucidate what is occurring at the interface after
the growth of CoO on the ferrite particles, high-angle annular
dark-field (HAADF) scanning transmission electron micros-
copy (STEM) imaging, energy-dispersive X-ray spectroscopy
(EDXS) elemental mapping, and Raman spectroscopy were
performed. Figure 3 shows STEM images and corresponding
elemental maps of representative morphologies in the ferrite/
CoO nanoflower sample. In Figure 3a, cobalt-rich protuber-
ances are shown growing from the iron-rich ferrite center. This
image closely matches the particle shown in HR-TEM image in
Figure 2e, with these cobalt regions being identified as the
cubic rock salt structure of CoO and the iron-rich region
having the inverse spinel structure. Figure 3b shows a more
spherical particle that has a cobalt-rich surface with a similar
iron-rich core. At the interface, there appears to be diffusion
between the cobalt- and iron-rich regions. Line scans of these
particles in Figure S1 reveal a relatively uniform signal of cobalt
coming from the iron-rich cores, with the largest protuberance
in the irregular particle and the surface of the more spherical
particle being nearly all cobalt. An additional STEM image and
elemental map of another particle from the nanoflower sample
is shown in Figure S2 with similar features. The STEM
elemental mapping results suggest cobalt may diffuse into the
ferrite particles, followed by the growth of the CoO phase.
Alternatively, the cobalt signal coming from the iron-rich
regions may simply reside on the surface of the particles.

Raman spectroscopy in Figure 4 was used to identify
structural features not detectable by XRD. Figure 4 shows
Raman spectra of representative ferrite particles, nanoflowers,
clusters, and CoO. The ferrite particles have two primary
modes at 664 cm−1 and 701 cm−1. These can be identified as
the A1g modes of magnetite and maghemite; the values are in
relatively good agreement with what has been reported in iron
oxide thin films,29 and in previous work including both
computational and experimental data.30 The highest-intensity
mode in the CoO spectra is at 529 cm−1. Previous reports on
single-crystal samples31,32 have identified a one-phonon
longitudinal optical (LO) mode in the range of approximately
540 cm−1 to 560 cm−1 by reflectivity measurements,33 but in a
nanocrystalline sample with a cubic rock salt structure, a value
of 530 cm−1 has been reported, for this mode,33 in close
agreement with our findings.

In the nanoflower sample, two primary peaks can be
identified at 667 cm−1 and 534 cm−1; in the clusters, these
peaks are found at 666 cm−1 and 537 cm−1. The peaks at 666
cm−1 and 667 cm−1 are the highest intensity mode of the
ferrite and the peaks at 534 cm−1 and 537 cm−1 are that of
CoO. Comparing these spectra to the spectra of ferrite
particles, the most striking feature is the clear disappearance of
the A1g maghemite shoulder on the main A1g magnetite peak.
Additionally, the mode at 368 cm−1, Tg, is no longer present,
which also belongs to the maghemite phase. Maghemite
typically exists on the surface of ferrite particles in a
magnetite−maghemite core−shell or Fe3O4−Fe3−xO4 config-
uration,34,35 and the disappearance of these peaks after the
growth of CoO strongly supports Co diffusion into the surface
of the ferrite particles leading to the formation of a Co ferrite
phase. Therefore, the shifts in these peaks may be related to

diffusion at the interface leading to the formation of a lightly
doped Co ferrite phase.

At lower wavenumbers, two additional modes are observed
in the nanoflowers, 302 cm−1 and 461 cm−1, and in the
clusters, 300 cm−1 and 460 cm−1. These modes are similar to
those reported in Co ferrites.36,37 The modes at 460 cm−1 and
461 cm−1, labeled T2g and with dotted lines, are the most
distinct to the Co ferrite phase, and it can be observed that all
four spectra clearly have modes in the range of 300 cm−1 to
307 cm−1. Comparing the 460 cm−1/461 cm−1 modes to the
CoO spectra, there is a similar shoulder on the main mode of
CoO; however, the fitting of the spectra produced a value of
447 cm−1. To ensure this value was outside of experimental
uncertainties, three measurements were performed on the
nanoflower sample yielding a mean and standard deviation of
this mode to be 466 cm−1 ± 5 cm−1, suggesting this is a
different mode not coming from the CoO phase. Lastly,
compared to the ferrite spectra, a mode is identified at 491
cm−1; however, the fit is poor due to the low intensity and
broadness, but this most closely matches the Eg mode of
maghemite.29,30 As a note, the fitting of this peak in the ferrite
spectra may also include the Tg peak of magnetite, which is
near 540 cm−1.29,30 Since we have already concluded that the
maghemite phase is no longer present in the nanoflowers and

Figure 4. Raman spectra measured at an excitation wavelength of 785
nm and focused power of 3.8 mW of representative ferrite particles
(black), ferrite/CoO nanoflowers (blue), ferrite/CoO clusters (red),
and CoO (pink). The background has been subtracted from the data
and normalized between 0 and 1.
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clusters, the mode at 460 cm−1/461 cm−1 gives further support
to the formation of a Co ferrite phase. Fittings of the Raman
spectra are presented in Figure S3.

Based on the Raman spectra and STEM elemental mapping,
the following model is proposed. Co diffuses into the surface
layer of the ferrite particles, followed by growth of the CoO
phase, leaving nano-objects with three distinct phases: CoO, a
Co-doped ferrite region/layer, and a magnetite core. The
Raman spectra support the formation of a lightly doped Co
ferrite due to the disappearance of the maghemite modes and
the presence of a low-intensity mode near 460 cm−1. STEM
mapping shows that the core remains iron-rich, and we can
conclude that the center of the particles is most likely still
magnetite.

■ MAGNETIC CHARACTERIZATION
Zero-field-cooled (ZFC) temperature-dependent magnetiza-
tion measurements and temperature-dependent AC suscepti-
bility (ACS) were used to investigate the thermosensitivity of
the MNOs. The magnetometry measurements presented in the
main text were all performed on samples in solution (hexanes),
as our initial interest is to study materials for T-MPI in their
colloidal state. The ZFC measurements of liquid samples

(hexanes) of the nanoflowers and clusters are shown in Figure
5a. The samples have an approximate concentration of 10 mg/
mL and are normalized by the total mass of the samples, both
solid material and solvent. The magnetization of the clusters
increases with increasing temperature in the range of 200 K to
285 K. In contrast, the nanoflower sample shows an entirely
different behavior, with a sharp increase in magnetization
between 200 K and 220 K and a decreasing trend from 220 K
to 310 K. Due to a factor of two difference between the ferrite
particles and nanoflowers/clusters concentration, the relative
changes in magnetization with temperature for the nanoflowers
and clusters were compared to the ferrites by normalizing by
the maximum magnetization in the 200 K to 310 K
temperature range (Figure 5b). The bare ferrite particles
show a nearly linear drop in magnetization between 200 K and
310 K, compared to the sharper rise in magnetization over
nearly the entire range for the clusters and a sharp change in
magnetization at the low end of this range for the nanoflowers.
The ZFC and field-cooled (FC) measurements normalized by
the total sample mass of the ferrite particles, nanoflowers, and
clusters are shown in Figure S4. Additional magnetic
measurements of samples with Ni doping are shown in Figure

Figure 5. ZFC magnetization vs. temperature measured in a DC field of 10 mT (a), ZFC measurements normalized by the maximum
magnetization between 200 K and 310 K (b), exchange bias magnetization vs. field hysteresis loops measured at 100 K after cooling in a DC field of
1 T (c), and magnetization vs. field hysteresis loops measured at 300 K (d). All samples were colloids, with the particles dispersed in hexanes, and
are in a liquid state between 200 K and 310 K and frozen solid at 100 K. The nanoflowers and clusters had an approximate concentration of 10 mg/
mL; the ferrite sample had an approximate concentration of 20 mg/mL. Error bars are shown for panels (a,c,d) but are smaller than the data point.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c19673
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c19673/suppl_file/am2c19673_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c19673/suppl_file/am2c19673_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c19673/suppl_file/am2c19673_si_002.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c19673?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c19673?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c19673?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c19673?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c19673?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
fma
Rectangle

fma
Rectangle



S5. These samples have similar temperature-dependent
magnetization behavior as the clusters.

To probe the exchange interactions between the FiM ferrite
and AFM CoO, an exchange bias measurement was performed
on the liquid samples. The samples were field-cooled in 1 T to
100 K, below the freezing point of hexanes, to immobilize the
MNOs from physical rotation, after which a 7 T hysteresis loop
was performed (Figure 5c). The nanoflowers show a square
hysteresis loop with an exchange bias field of approximately 50
mT. It is likely that the particles form chains during the field
cooling causing a cascading magnetic reversal resulting in the
loop squareness. Alternatively, the clusters show a more
rounded hysteresis suggesting less uniformity in the magnetic
reversal. The clusters have an approximate exchange bias field
of 643 mT. The difference in exchange bias is most likely
related to the uniformity of coverage and thickness of
antiferromagnetic CoO.10 The highest exchange bias is
measured for the sample with the largest amount of the
CoO phase. The saturation magnetization is higher in the
nanoflowers since it is majority ferrite phase compared to the
clusters, which are majority CoO phase (Figure 5c,d).

To further investigate the temperature-dependent behavior
of the nanoflowers, ACS measurements were performed
between 200 K and 310 K. At 200 K, there is a sharp decrease
in the ACS signal in the low-frequency range, suggesting that
the drive field is not flipping the magnetization or energy is not
entering the system (Figure 6a). At 210 K, there is an increase
followed by a steady decrease with increasing frequency and
between 220 K and 300 K, the ACS signal is nearly flat,
suggesting a balance of energy in the system. Since the
magnetocrystalline anisotropy is likely not changing signifi-
cantly over the range of 200 K to 220 K, we think the change
in the ACS signal is related to a change in the exchange bias
field between the ferrite and CoO. Figure 6b shows the ACS at
1 kHz as a function of temperature, along with the DC ZFC
measurement of the nanoflowers. The same trend is observed
between the ACS and DC ZFC, and the sharp change in
magnetization and susceptibility is most likely related to a
reduction of the exchange coupling due to passing through the
Neél temperature of CoO. The Neél temperature of bulk CoO
is close to room temperature (289 K for a single-crystal
sample);32 however, in nanomaterials, finite size effects are
known to reduce the antiferromagnetic to paramagnetic

Figure 6. AC susceptibility of the colloidal nanoflowers at temperatures between 200 K and 300 K (a) and DC ZFC plotted alongside the ACS at 1
kHz as a function of the temperature of the nanoflowers (b). Error bars are shown but are smaller than the data point. The sample was measured in
the colloidal state dispersed in hexanes.

Figure 7. Room-temperature MPS measured at a drive peak amplitude of about 14 mT (10 mT RMS) and a frequency of 1 kHz (a) and a drive
peak amplitude of about 21 mT (15 mT RMS) and a frequency of 1 kHz (b). The samples were colloids with the nanoparticles dispersed in
hexanes and normalized by the mass of solid material in kilograms, estimated based on the approximate concentration of the samples.
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transition. In CoO particles with sizes of 42 and 74 nm, values
of 225 K and 280 K, respectively, have been reported.38 These
values are consistent with the observed maximum in the ZFC
and ACS data of 220 K and 225 K for the nanoflowers.

Room-temperature liquid (hexanes) magnetic particle spec-
troscopy (MPS) measurements were performed to test the AC
magnetic response of the MNOs under more realistic AC field
conditions that will be used for T-MPI. Most notably, the AC
drive field amplitudes are typically much higher than what is
used in ACS. The chosen drive field amplitudes are in the
range of typical values used in MPI. Figure 7 shows the MPS
measurements at a frequency of 1 kHz with drive field peak
amplitudes of approximatly 14 mT (10 mT root mean square
(RMS)), as shown in Figure 7a, and 21 mT (15 mT RMS), as
shown in Figure 7b. The samples were normalized by the total
mass of solid material in kilograms. At 14 mT (10 mT RMS),
the MPS intensity seems to be proportional to the amount of
ferrite in the nano-objects, with the nanoflower sample having
a higher signal than the clusters. At the higher drive field peak
amplitude of 21 mT (15 mT RMS), the MPS intensity of the
nanoflower sample is comparable to that of the bare ferrite.
With a drive field peak amplitude of 14 mT (10 mT RMS), the
nanoflower MPS intensity was determined to be about 73% of
the ferrite particles, and at 21 mT (15 mT RMS), the signal
increased to about 93% of the ferrite particles MPS intensity.
The Fourier transforms of the 21 mT, 1 kHz data are shown in
Figure S6. Additionally, MPS measurements were performed at
7 kHz with a 14 mT (10 mT RMS) drive field peak amplitude,
as shown in Figure S7, which shows an increase in the overall
signal with improved signal-to-noise ratio.

■ THERMOSENSITIVITY OF MNOS
Thermosensitivity is a change in magnetization with temper-
ature, but this needs to be defined more clearly to compare
materials. Using the definition from thermometry,39,40 but
replacing the changing property of resistance with magnet-
ization,41 we get the following
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where M is magnetization and T is temperature. However, it is
important to note that thermosensitivity is only one parameter
that will affect the performance of a material for T-MPI.
Thermosensitivity is also not the same as the temperature
uncertainty obtained when the MNO is used in T-MPI, as the
uncertainty must include the inherent noise in the measure-
ment system itself.

Using eq 1, thermosensitivity curves as a function of
temperature are calculated from the liquid DC ZFC measure-
ments, shown in Figure 8. The thermosensitivity of the ferrite
particles is nearly constant, being close to approximatly 1 over
the measured range. In contrast, thermosensitivity is greatly
enhanced in some ranges of temperature in the FiM/AFM
nano-objects. The nanoflowers show a large thermosensitivity
of greater than 10 at 200 K, which rapidly decreases to be in
line with the ferrite particles at higher temperatures. In the
clusters, the mean thermosensitivity is approximatly 6 between
200 K and 260 K, decreasing to about 1 at 275 K. The results
show that thermosensitivity can be increased by interface
effects and can be greatly affected by sample morphology
(particle-like nanoflowers vs. clusters) in liquid samples.

The observed enhancement in thermosensitivity in the
nanoflowers and clusters compared to the bare ferrite particles
can be directly related to exchange coupling between the ferrite
and CoO and possibly due to changes in magnetic anisotropy
due to Co diffusion into the ferrite. Both of these effects at low
temperatures will increase the coercivity of the materials. As
temperature increases, thermal energy allows the moments of
the particles to be aligned more easily with the small applied
field, increasing the magnetization and reducing the coercivity.
More importantly, crossing the Neél temperature of the CoO
results in sharp changes in magnetization with temperature. As
shown in the ZFC data, this transition occurs over different
temperature ranges between the nanoflowers and clusters.
Specifically, the observed maximums in the ZFC data for the
nanoflowers of 220 K and 285 K for the clusters agree well
with reported values of the Neél temperature of CoO
nanoparticles of different sizes.38 These values are in excellent
agreement with the transition from enhanced thermosensitivity
to a thermosensitivity of about 1 (similar to the ferrite particles
alone). While the nanoflowers and clusters studied here have
similar sizes of individual crystals, they have widely varying
amounts of surface contact between CoO and the ferrite,
resulting in an enhancement of the exchange coupling in the
clusters as compared to the nanoflowers. This means that the
nanoflowers can see a significant loss of exchange coupling very
rapidly near the Neél temperature of 220 K (as shown in
Figure 8), while the clusters do not see it until a higher
temperature of 285 K.

The enhanced thermosensitivity was only observed at lower
temperatures and not around room temperature (300 K); Ni
doping was considered, with the aim of increasing the Neél
temperature of the CoO. However, as shown in the Supporting
Information, we observed that these Ni-doped samples had
similar sharp changes in magnetization in the ZFC data as the
clusters without Ni. The maximum in the ZFC of the Ni-
doped samples (Figure S5a,c) is nearly the same as that of the
undoped clusters, at 280 K, 285 K, and 290 K for the three
samples. We speculate the Ni preferentially enters the ferrite
particles rather than the CoO or possibly sits at the interface.
Raman spectroscopy showed that increasing the power

Figure 8. Thermosensitivity curves calculated from the DC ZFC
measurements for the colloidal ferrite particles, nanoflowers, and
clusters dispersed in hexanes. The thermosensitivity of a platinum
resistance thermometer (PRT) is shown for comparison to the
magnetic thermosensitivity of the nano-objects.
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resulted in enhancement of the T2g peak at 464 cm−1 (Figure
S3f), which did not occur at the same power for the samples
without Ni. This suggests that Ni enters the ferrite structure as
opposed to or in addition to CoO, which agrees with the
minimal change in ZFC maximum, which we attribute to being
related to the Neél temperature of the antiferromagnet.

To expand upon this initial study, two other potential
solutions may exist which would allow for tunability of the
thermosensitivity around and above room temperature. The
first is to consider using already doped ferrites such as Zn,
which would increase the magnetization and possibly result in
the Ni entering the CoO as opposed to the core material.
Alternatively, moving away from ferrite to magnetic transition
metal alloys such as FeCo cores interfaced with CoO may also
allow the doping of Ni into CoO. In addition to the
consideration of new materials, we suspect that the sharp
changes in magnetization observed in the DC ZFC measure-
ments will shift to higher temperatures with high-frequency AC
MPS measurements.

■ CONCLUSIONS
We have demonstrated that thermosensitivity can be increased
in FiM/AFM exchange coupled ferrite/CoO nano-objects
produced through a seed-mediated colloidal synthesis
approach. The observed changes after CoO growth in
temperature-dependent magnetic measurements are most
likely related to exchange coupling caused by the interface
interactions between the FiM and AFM as well as Co diffusion
into the surface of the ferrite particles.

We show that FiM/AFM MNOs can have comparable MPS
intensities to the starting ferrite seed particles depending on
the AC drive field amplitude. The thermosensitivity for MNO-
based thermometry is defined and used to quantify the
amplified thermosensitivity due to these interface effects in the
synthesized MNOs. This initial study on creating thermosen-
sitive MNOs through FiM/AFM exchange coupling lays a
foundation for the further development of these MNO-based
thermometers, which will enable the success of T-MPI.

■ MATERIAL SYNTHESIS AND CHARACTERIZATION
METHODS

Synthesis of Ferrites Particles. The ferrites were synthesized by
thermal decomposition of iron(III) acetylacetonate,42,43 Fe(acac)3, in
a mixture of 9 mL of oleylamine (70%) and 1 mL of oleic acid.44

Fe(acac)3 was combined with the organic compounds at room
temperature with a magnetic stir bar and put under vacuum, followed
by the addition of an Ar blanket. Under continuous Ar flow and
stirring at 73.3 rad/s, the mixture was heated to approximatly 393 K
(set point) for 30 min and heated to approximatly 573 K (set point)
for 1 h. After cooling, the particles were precipitated with ethanol and
separated by centrifugation. The particles were redistributed in
hexanes and precipitated again with ethanol and then separated again
by centrifugation before finally being dispersed in hexanes.
Synthesis of CoO. CoO was synthesized by thermal decom-

position of cobalt(III) acetylacetonate, Co(acac)3, in 10 mL of
olelyamine (70%). The Co(acac)3 was combined at room temper-
ature with the oleylamine using a magnetic stir bar, the temperature
controller was set to 393 K, and vacuum was pulled as the mixture was
heated while stirring at 73.3 rad/s. Vacuum was held at approximatly
393 K (set point) for about 15 min, followed by the addition of an Ar
blanket. The mixture was then heated to approximatly 413 K (set
point) for 20 min, followed by heating to approximatly 488 K (set
point) for 1 h. Once cooled, the material was precipitated by the
addition of ethanol and separated by centrifugation. The materials

were dispersed in hexanes for storage. The synthesis of CoO materials
was adapted from the work of Shi and He.38

Synthesis of Ferrite/CoO Nano-Objects. The ferrite/CoO
nano-objects were grown by adding the ferrite particles in a hexanes
colloidal suspension to the mixture of Co(acac)3 and oleylamine at
room temperature. In detail, approximatly 32 mg or 48 mg of ferrites
in hexanes (mass values based on estimated concentrations) were
added by micropipette to 1 mmol or 0.75 mmol of Co(acac)3 in 10
mL of oleylamine (70%) while the mixture was continuously stirred at
73.3 rad/s by a magnetic stir bar. The reaction vessel was sealed, and
the temperature was set to 393 K while vacuum was pulled. During
heating, vacuum was carefully controlled as the hexanes began to boil
off, and vacuum was maintained at approximatly 393 K (set point) for
15 min to ensure the hexanes were completely removed. The heating
procedure was then performed in the same manner as the synthesis of
the CoO synthesis. Once cooled, the material was precipitated by the
addition of ethanol and separated by centrifugation and dispersed in
hexanes for storage.
Characterization of Magnetic Nano-Objects. Powder X-ray

diffraction (XRD) was performed with a Bruker D8 Discover X-ray
diffractometer utilizing a Cu Kα radiation source. Bright-field TEM
images were taken with an FEI Titan 80-300 at 300 kV. HAADF-
STEM images and EDXS elemental maps were collected using a
different FEI Titan 80-300 TEM operating at an accelerating voltage
of 300 kV and equipped with an EDAX r-TEM spectrometer. For
EDXS analysis of the data, K-shell transitions, which do not
appreciably overlap, were chosen. Samples were drop-casted onto
300-mesh carbon-Formvar copper grids (Ted Pella). Dynamic light
scattering (DLS) was measured using a Malvern Instruments
Zetasizer Nano operated in backscatter mode at 173° with a 633
nm wavelength laser. The DLS was performed on dilute samples
(≤0.1 mg/mL) in hexanes. Raman spectra were collected on samples
drop-casted on an Au-coated Si/SiO2 wafer using a Renishaw inVia
system (1200 grooves/mm grating, 2.54 cm CCD detector) with a
785 nm excitation wavelength and at different powers as indicated.
Liquid magnetic characterization was performed on a Superconduct-
ing Quantum Interference Device Vibrating-Sample Magnetometer
(SQUID-VSM, Quantum Design). Liquid samples (about 70 μL)
were mounted in LakeShore capsules and sealed using epoxy. The
maximum applied field was 5 .6 MA/m (70 000 Oe) for M vs. H and 8
kA/m (100 Oe) for M vs. T measurements. AC susceptibility was
made using AC fields of 8 A/m (0.1 Oe) and 80 A/m (1 Oe) in a
frequency range from 1 Hz to 1 kHz. For temperature-dependent AC
susceptibility, the measurement temperature was changed from 200 K
to 310 K. Magnetic particle spectroscopy (MPS) measurements were
performed on a National Institute of Standards and Technology
(NIST) built system and the drive field peak amplitudes were
measured directly by a Hall probe for a given frequency, voltage, and
amplifier gain. MPS was measured on samples in hexanes of
approximatly 1 mL volume in 2 mL capped vials. The estimation of
nano-object concentrations is based on the total mass of dried
materials for a given volume of the solvent.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.2c19673.

Table summarizing the synthesis of various materials
produced in this work, additional structural and
magnetic characterization, including STEM elemental
map line scans, additional STEM image and elemental
map, fitting of Raman spectra, liquid ZFC and FC
measurements, ZFC/FC, exchange bias of Ni-doped
samples, Fourier transforms of MPS data, higher-
frequency MPS data, and DC ZFC, and real part of
the ACS of powder samples with a brief discussion
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