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Abstract: Magnetic oxides are promising materials for alternative health diagnoses and treatments.
The aim of this work is to understand the dependence of the heating power with the nanoparticle
(NP) mean size, for the manganite composition Lag 75519 ;s MnO3 (LSMO)—the one with maximum
critical temperature for the whole La/Sr ratio of the series. We have prepared four different samples,
each one annealed at different temperatures, in order to produce different mean NP sizes, ranging
from 26 nm up to 106 nm. Magnetization measurements revealed a FC-ZFC irreversibility and from
the coercive field as function of temperature we determined the blocking temperature. A phase
diagram was delivered as a function of the NP mean size and, based on this, the heating mechanism
understood. Small NPs (26 nm) is heated up within the paramagnetic range of temperature (T > T¢),
and therefore provide low heating efficiency; while bigger NPs are heated up, from room temperature,
within the magnetically blocked range of temperature (T < Tp), and also provide a small heating
efficiency. The main finding of this article is related with the heating process for NPs within the
magnetically unblocked range of temperature (T, > T > Tg), for intermediate mean diameter size of
37 nm, with maximum efficiency of heat transfer.

Keywords: magnetic hyperthermia; superparamagnetism; magnetic nanoparticles; heating efficiency;
mean nanoparticle size

1. Introduction

Local magnetic hyperthermia is one of the promising methods for cancer
treatment [1-5]. The therapeutic efficacy of this procedure is ensured by the possibility
of local heating of the tumor by an alternating magnetic field, due to the presence of
magnetic nanoparticles. The use of local hyperthermia in combination with radiation
and/or chemotherapy improves the treatment of cancer patients by 20-40% [6,7]. In 1957,
Gilchrist [8] used microparticles of Fe;O3 (0.02-0.1 um) for local heating of lymph nodes
in dogs, starting the history of the developments of this in vivo test method. Further
studies in animals have shown, as a result of heating by magnetic nanoparticles (NPs) in
an alternating magnetic field, the reduction in size and disappearance of tumors [9,10].

The ability to control the magnetic properties of NPs is of special importance. Namely,
the critical temperature of NPs, in practice, avoids overheating of the magnetic fluid. This
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nuance is strategic from medical point of view, since overheating of a few degrees can
damage living tissues. Blocking temperature (for superparamagnetic particles) depends
on relaxation time and determines the conditions in which thermal fluctuation energy is
comparable with magnetic anisotropy energy. It is shown in reference [11] that heating
of superparamagnetic particles is more efficient than heating blocked NPs. Accordingly;,
sample optimization for hyperthermia applications requires the blocking temperature and
the Curie temperature to be close to room temperature. This is the reason we have chosen
lanthanum strontium Lag 75510 25 MnO3 (LSMO) manganite for the present study, since the
critical temperature of the bulk material is close to 330 K [12].

In this work, our goal is to understand how the NPs size interferes on the heating
production, for hyperthermia applications. Thus, samples of LSMO with different NP were
produced, in order to change the heating parameters [13]. Thus, the study of the relation-
ship between the magnetic properties of LSMO NPs with different mean sizes and their
corresponding magnetic and heating properties was delivered and thoroughly analyzed.

2. Experimental Techniques and Methodology

Sample synthesis: Lag 75519 25MnO3; (LSMO) samples were synthesized by sol-gel
method (Pechini) [11,14], using: 0.0088 M Citric Acid, 0.0011 M Strontium Nitrate, 0.0033 M
Lanthanum Nitrate Hexahydrate, and 0.0062 M Manganese Acetate and 2 mL of Ethylene
Glycol as polymerizing agent. Considering our aim is to understand the dependence
of the heating power with the NPs size, we have prepared four different samples, each
one annealed at different temperatures: 600 °C, 800 °C, 900 °C and 1000 °C for 4 h in
order to produce different NP sizes [15]. For the thermal treatment, 15 mL of the gel were
introduced into an alumina crucible, resulting in 3 g of powder sample. These samples
were produced at Fluminense Federal University—UFF.

X-ray diffraction: The structural characterizations were performed through X-ray
diffraction using a Brucker D8 Advances, Brucker Corporation, Billerica, MA, USA (Cu-Kua
= 1.54184 A) at Fluminense Federal University—UFF. Rietveld refinements were performed
using the Fullprof suite Toolbar [16].

Microscopy: The morphology of the nanoparticles was evaluated by Transmission
Electronic Microscopy (TEM) JEOL 2100F, JEOL Ltd., Tokyo, Japan (200 kV) at Brazilian
Center for Research on Physics—CBPF. We have used the software Image]J to obtain the
NP distribution.

Magnetization: Magnetization was measured using a SQUID magnetometer from
Quantum Design at Laboratory of Materials and Low Temperatures, State University of
Campinas and Faculty of Physics, Lomonosov Moscow State University—MSU.

Heating-cooling curves: Heating power measurements were carried out at Faculty of
Physics-MSU on the reconfigurable setup for high frequency magnetothermal measure-
ments (Figure 1) made by LLC Pharmag (AMT&C Group). The AC magnetic field module
was comprised of a 400 W power supply and the generator connected in series with the
LC oscillating circuit, excited at resonance frequency. The LC circuit includes the recon-
figurable capacitor system (to switch the resonance frequency between 150, 200, 250, and
300 kHz) and the solenoid (with the inner diameter of 7 mm, where the test-tube was
placed). The temperature change of the sample is recorded using a thermocouple and a
voltmeter. To avoid parasitic heating of the coil, there is a water cooling system, consisting
of plastic pipes through which distilled water circulates. Heating curves represent the
difference between room temperature and the temperature of the ferromagnetic fluid in the
test tube (but can also be represented as the absolute value of temperature), as a function of
time. The root mean square value of the AC-magnetic field can be adjusted in the intensity
range from 70 Oe up to 200 Oe, by fine-tuning the frequency in the vicinity of resonance.
The experimental setup is shown in Figure 1.
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Figure 1. Experimental setup for heating power measurements: 1. Power supply; 2. Generator; 3.

SIS ]

Solenoid; 4. Water cooling system; 5. System of collecting and monitoring data. 6. Re-configurable
system of capacitors.

Since the conditions of the experiments are non-adiabatic, only the short initial frag-
ment of the T () heating curve has the conditions close to adiabatic. In order to make an
accurate estimate of AT /At (necessary for further evaluations), it is necessary to measure
also the cooling curve to estimate the heat losses of the test tube/setup system. The adi-
abatic value AT /At at a certain temperature is then calculated using the corrected slope
method, as the sum of the modules of the slope coefficients for the heating and cooling
curves at this temperature [17].

In order to estimate the parasitic due to inductive heating and residual heat transfer
from the coil; the heating curves of distilled water were also measured for the maximum
field amplitude. This AT/ At was then subtracted from the value of the corrected slope. The
parasitic heating at other amplitudes was supposed to be proportional to the amplitude of
the oscillating field.

3. Results and Discussion
3.1. Crystallography and Morphology

Normalized X-ray diffraction (XRD) patterns for all samples prepared and the refine-
ment results are presented in Figure 2a. We observed that all samples crystallize in the
desirable rhombohedral structure of the LSMO [18]. Sample 1 has a remarkable hump,
revealing the formation of an amorphous fraction [19] (88%). As can be noted in Figure 2a,
from samples 1 to 4, there is a shortening of the peaks and a shift of the Bragg positions
toward higher angles, indicating a reduction of the unit cell volumes with the annealing
temperature (T 4). This behavior is due to the increase of nanoparticle size for higher heat
treatment temperatures, as observed in previous mixed valence manganites nanostruc-
tures [20]. The Rietveld refinements were performed following the space group R-3c (# 161),
with the starting lattice parameters for the bulk 2 = b = 5.5165 A and ¢ =13.3743 A [21].
From these calculations, the lattice parameters were acquired and are summarized in
Table 1. The best calculated patterns from the refinements are given by the solid red curves
in Figure 2a.

From the XRD results, it is possible to estimate the mean crystallite size Dg for each
sample through the Scherrer equation:

kA
S~ Bcosb’

M

where k is a constant close to 1, A is the X-ray wavelength and 6 the diffraction angle of the
most intense peaks. Above, § is given by: vU tan2 0 + V tan 6 + W, where U, V and W are
related to the full width at half maximum (FWHM) of the Pseudo-Voight function used to
fit the XRD patterns [11]. The values calculated from Equation (1) for all samples analyzed
are also listed in Table 1. The increment on the mean crystallite size as the annealing
temperature increases is in agreement with the sharpening of XRD peaks discussed above.
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Figure 2. (a) X-ray diffraction for all samples prepared, along with the corresponding Rietveld
refinement. For these fittings we have considered the space group R-3c related with each annealing
temperature. Sample 1 presents a hump, typical of an amorphous sample. (b) Transmission Elec-
tronic Microscopy (TEM) images for sample 2 (37 nm) with the corresponding NP size distribution,
obtained using the software Image]J. The solid line is a LogNormal fitting curve. This morphology is
representative for all samples, except for sample 1, presenting a fraction of amorphous phase. Inset
of panel (b) also shows a magnification, revealing the fine crystalline feature of the structure. See
Table 1 for a correspondence between sample label, annealing temperature and mean diameter size.

In order to confirm the structural analysis, Transmission Electronic Microscopy (TEM)
images were acquired for all samples (see Appendix A). Figure 2b depicts the images
obtained for sample 2, revealing a rhombohedral-like morphology, with a fine level of
nanostructure agglomeration, as expected from this sample route of synthesis (see Section 2
and Reference [22]). Concerning biomedical applications, nanoparticles are required to
be suspended in a colloidal solution to be further coated and functionalized [23]. For
this reason, further experimental studies should be performed to enable the separation
of the nanoparticles through the use of chemical reactants and/or sonification, following
some procedures from the literature [24,25]. Moreover, the inset of this figure presents the
nanoparticle (NP) size distribution, as well the corresponding LogNormal fitting, given

by [26]:
' f(D)ziex {_UH(D)_V]Z} (2)
oDVar ¥ 202 [

Above, D represents the NP size, A stands for the amplitude; while the parameters y
(location) and ¢ (scale) define the mean size of the NPs, as [26]:

(D) = oHto7/2. 3)

Using these relations, the mean particle size was calculated for all samples prepared
and are presented in Table 1. Similar to the behavior of the mean particle size obtained from
XRD analysis, there is an increase of this quantity as the annealing temperature increases.
Smaller nanoparticles, samples 2 and 3, present a good match with the diameter obtained
from XRD analysis, suggesting that, on average, the particles are composed of a single unit
of cell volume. On the other hand, for the samples annealed at higher temperatures, those
two methods (Scherrer and TEM), reveal that the NPs are polycrystalline. From now on,
the samples will be labeled by their NP size.
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Table 1. Crystallographic and morphological parameters for produced NPs, obtained from Rietveld
refinement and TEM images. T4 represents the annealing temperature; (D) and Ds are, respectively,
the mean NP diameter obtained from NP size distribution and Scherrer equation; 4, b and c represent
the lattice parameters, obtained from Rietveld refinements, while V is the unit cell volume.

Sample T4 (°C) (D) (nm) D, (nm) a,b(A) c(A) V (A3)
1* 600 26 (1) 24.0 (4) 5.4926 (1)  13.3597 (3)  349.04 (4)
2 800 37 (2) 32.7 (1) 54753 (2)  13.3441 (1) 34897 (3)
3 900 58 (2) 30.3 (2) 545325 (4) 13.4611(1)  346.67 (3)
4 1000 106 (4) 87.0 (1) 5451 (1)  13.4598 (3)  346.51 (4)

* 88% amorphous.

Furthermore, a magnification reveals the fine crystalline feature of the structures
and allows the measurement of the d-spacing, depicted on the inset of Figure 2b. For all
samples, the diffraction plane related to the mean d-spacing corresponds to the (012) Miller
index, along the a-axis. As given in Figure 3, there is an increase of the djy; values as the
particle size expands from 26 nm to 58 nm. This evidence indicates that the nanostructures
growth and the crystallization of LSMO occur along the a-axis. For the particular case of the
106 nm sample, the high resolution images give a clear visualization that the super-lattice is
close to the observed for the bulk counterpart [27]. In addition, the obtained d-spacing for
all samples is related to the La/Sr-La/Sr distances into the structures. It is worth to mention
that the amorphous phases for the sample with 26 nm were confirmed from TEM analysis.

(c) 106 nm
K/

Figure 3. High-resolution images for the nanoparticles with (a) 26 nm, (b) 56 nm and (c) 106 nm with
the respective d-spacing. The super-lattice given on (d) is clearly observed for the bigger nanoparticle,
indicating a close behavior to their bulk counterpart. Vesta software was used to acquire the structural
image [28].

3.2. Magnetic Properties

Field Cooled (FC) and Zero Field Cooled (ZFC) curves for the samples under consider-
ation are shown in Figure 4a. Considering these samples are NPs and there is a remarkable
difference for the ZFC and FC protocols, the corresponding blocking temperature must be
determined. For this purpose, we measured the hysteresis curves for all samples below
the critical temperature, as shown in Figure 4b. The critical temperature was obtained
from the peak of the first derivative of the FC curve (not shown). From these isothermal
measurements, we could obtain the coercive field as a function of temperature H.(T)—
see Figure 4c. The temperature in which the coercive field vanishes gives the blocking
temperature [29,30].
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Figure 4. (a) ZFC and FC protocols for all samples prepared, with a clear difference for these two methods. It is a
direct influence of the NP size on the magnetic properties of these compounds, even being of the same composition.
(b) Magnetization as a function of magnetic field below the critical temperature, for several values of temperature. This
result is representative for the other samples. Note the hysteresis (inset). (c) Coercive field as a function of temperature, for
all samples prepared: from this result we determine the blocking temperature, as the one in which H, vanishes.

Figure 5 summarizes these experimental findings: the blocking and critical tempera-
ture as a function of the mean NP size, represented then as a phase diagram. Both charac-
teristic temperatures increase monotonically, with well defined temperature intervals:

T < Tg NP magnetic moments are blocked due to the anisotropic energy barrier;

T. > T > T NP magnetic moments are unblocked and free to rotate (superparamagnetic
region);

T > T, There is no local magnetic ordering into the NP (paramagnetic region).

Note the room temperature is an important reference temperature, because the heating
experiments start from this base point. Further discussion about this topic will be delivered
further in this article.
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Figure 5. Phase diagram based on blocking and critical temperatures as a function of mean NP
diameters for the samples prepared. Note the different regions in which the samples are heated up,
upon hyperthermia experiment: region with magnetically blocked NPs (bigger NPs), paramagnetic
NPs (smaller NPs) and magnetically unblocked NPs (intermediate size).

3.3. Specific Absorption Rate—SAR

Figure 6 illustrates the heating-cooling curves for the samples prepared, for several
values of AC-magnetic field and the background tube with 100 mg of distilled water (dotted
lines). These results have a direct connection with the phase diagram presented on Figure 5.
Samples with bigger NPs size of 58 and 106 nm are heated up, from room temperature,
within the magnetically blocked region (see the arrows in Figure 5). This region suffers
from magnetic blockage due to the anisotropy. From that phase diagram, we also expect no
heating efficiency for the sample with 26 nm, considering the heating curve runs within the
paramagnetic region. For the sample with 37 nm, this is heated up within the magnetically
unblocked region and therefore a maximum efficiency of heating is expected, as observed.

1(a@)—700e 110 Oe 150 Oe ’—|
3404(a) 80 0o 120 0e 170 0e (b unblocked NP
——90 Oe 130 Oe 1
3304 ——100 Oe 140 Oe ‘
Q 320 = = Distilled water at 170 Oe
N
310 o
-7 “\ 37 nm
300+ Phe N
290 T T T T T T
340_(‘:) blocked NP | (d) blocked NP
3304
~
X 3204
~ 106 nm
F 310
300
290+ T T T 1 T T T
0 400 800 1200 0 400 800 1200 1600
Time (s) Time (s)

Figure 6. Heating-cooling curves for all samples prepared, for several values of AC-magnetic field.
(a) presents the heating-cooling curves for sample 26 nm, (b) sample 37 nm, (c) 58 nm, and (d) 106 nm.
The most efficient heating sample is the one with 37 nm of mean diameter size, because these are
heated up, from room temperature, within magnetically unblocked region. See the phase diagram of
Figure 5 and the text for further details.



Nanomaterials 2021, 11, 1826

8 of 13

From these heating-cooling curves for all samples prepared, the Specific Absorption
Rate-SAR could be obtained through the following relation:

SAR = c— — 4)

where c is the specific heat of the distilled water, m and M represent, respectively, the
fluid and samples masses. In addition, AT /At is the initial slope of the heating curve [11],
obtained from the heating-cooling curve, as detailed in the Section 2. In order to further
explore this heating-cooling efficiency as a function of the NP size, we have looked upon
the theoretical model for relaxation mechanisms of heating [31], where the dependence of
the power dissipation with frequency can be described as follows:

2nft 1 (w7)?
1+ 2rfr)? "~ 2at 1+ (wr)2

P = muoxoHa f )

Above, f is the frequency of the radiation applied over the system, 7 is the characteris-
tic relaxation time of the magnetization, y is the magnetic permeability of the vacuum, xo
is the equilibrium magnetic susceptibility and Hy the amplitude of the AC-magnetic field.

The frequency dependence for SAR in Figure 7a corresponds to the model of
Equation (5), where the obtained fitting parameter was T = 0.9(1) ps, for the NP with 37 nm
of mean diameter size. From this result and the model proposed by R. Rosensweig [31],
considering this characteristic relaxation time 7, there are two concurrent heating mecha-
nisms: Néel and Brown. This assumption is confirmed by the field dependence of the SAR
measurement for this sample, presented in Figure 7b (log-log scale). From this figure, it is
possible to obtain the corresponding slope, related to the exponent of the magnetic field
(see Equation (5)). We found a quadratic slope of 2.0(1), as a confirmation for the Néel and
Brown relaxations for this sample.

16
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Figure 7. Specific Absorption Rate—SAR as a function of (a) frequency (sample with mean diameter size of 37 nm) and
(b) magnetic field (all samples prepared). Solid lines represent the theoretical model (Equation (5)).

Smaller NPs, with mean diameter size of 26 nm, were heated up within the param-
agnetic region and therefore the relaxation time is expected to be much faster than the
reference case above described. Thus, for this limiting case, we expect T < 1 us and the

ratio 1&’;);2 in Equation (5) tends to zero, minimizing the heat production. From the SAR
measurement as a function of magnetic field, presented in Figure 7b, we found a slope of
1.6(1), representing a sub-quadratic exponent for the magnetic field.

Bigger NP of mean diameter size of 58 nm and 106 nm are heated up within the
magnetically blocked region (T < Tg) and therefore we expect a slower relaxation time

in comparison with the reference case (37 nm). Thus, for this limiting case, we expect
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T > 1 ps and the ratio % in Equation (5) tends to the unity. Consequently, for these

larger NPs, the SAR values are smaller than the reference case due to the factor ﬁ From
Rosensweig’s model, this scale of relaxation time is dominated by Brown mechanism.
However, another mechanism must also be taken into account: hysteresis, considering
the heating process occurs for T < Tp (see Figure 4b). This assumption is verified from
the SAR measurement as a function of magnetic field, presented in Figure 7b, in which
we found slopes of 2.7(1) and 3.9(2), for the samples of 58 nm and 106 nm, respectively.
These values represent a super-quadratic exponent for the magnetic field (see Equation (5)),
emphasizing these samples have an extra mechanism of heating (hysteresis), in addition to
Brown relaxation.

Furthermore, to compare with the reported values in literature, Table 2 summarizes
a few important parameters of coated and un-coated nanoparticles with potential for
hyperthermia applications reported in the literature. As can be noted, Fe304 (magnetite) is
among the systems with the greatest potential for several biomedical applications [32,33].
The type of coating is also important to improve the SAR values, where for the magnetite a
100x of enhancement is observed from the coating with silica to PEG for the [34]. Similarly,
the Fe;O3 are also used for magnetic hyperthermia application due to its low toxicity,
high saturation magnetization and tuned Curie temperature [34]. The presence of Mn
on y-Fe,O3 suppresses the transition to the antiferromagnetic a-Fe,O3, but there is a
reduction on the magnetization. The antiferromagnetic suppression transition revealed
to be efficient in the destruction of cells, with the disruption of the cytoskeleton [35].
Regarding nanostructures without the surface coating, the GdsSiy in its way has a T¢ near
the therapeutic range that can be tuned so the heating would be self-regulated [1]. However,
although Si-based materials are potentially biocompatible, the system cytotoxicity has not
yet been evaluated [1,36]. As for the Lag755rg25MnO3 nanoparticles, they present low
toxicity, biocompatibility, and a high SAR value; however, they also tend to aggregate [11].
By increasing the particle size from 21 nm to 37 nm, which is a result of the present work,
there is an increase in the SAR values from 23 to 30 W /g. Further increasing particle size,
lead to a reduction in the SAR values, indicating a maximum due to the unblocked range
of temperature. Thus, the heat transfer can be maximized due to the room temperature
blocking temperature. In this regard, further experiments should be performed in LSMO
nanoparticles aiming colloidal stabilization and functionalization aiming practical use of
this system for magnetic thermal applications.

Table 2. Summary of suitable parameters of nanoparticles from the literature with potential for hyperthermia applications:

Diameter (D), type of coating, Curie temperature (T¢), blocking temperature (T), saturation magnetization (Mg) and

specific absorption rate (SAR).

Compound D (nm) Coated Tc (K) Tp (K) Ms (emu/g) SAR (W/g) Reference
Fe304 19 Yes (PEG) 713 270 80 2452 [34]
Fe304 10 Yes (Silica) 713 200 3 20 [33,37]

v-Fep O3 5 Yes (Silica) 520 - 2.5 20 [38]
Gd55iy 15 No 338 - 2 3.7 [1,36]
CuzoNiyg 30 No 315 - 1 12 [39]
Mnj 4 Fey_»,TixO4 20 No 318 250 8 2 [40-42]
La0_75Sr0_25MnO3 21 No 366 332 28 23 [11]
Lag 755r5.25MnQO3 26 No 300 190 4.8 5.6 This work
37 No 330 303 46.1 30 This work
58 No 370 350 259 6.9 This work
106 No 370 350 35.9 9.3 This work

4. Conclusions

We have prepared nanoparticles (NPs) of lanthanum strontium manganites with
the composition Lag 75519 25MnO3 by handling the annealing temperature of the sam-
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ples. We obtained four samples, with mean NP diameter size ranging from 37 nm up
to 106 nm—values obtained from Transmission Electronic Microscopy (TEM), with fine
crystalline features.

Magnetization measurements reveal a remarkable ZFC-FC irreversibility; and an
analysis of the coercive field as a function of temperature (below the critical temperature),
for all samples produced, allows the determination of the blocking temperature. From
these characteristic temperatures, we made a phase diagram for this system, as a function
of mean NP diameter size. We observed that the smaller NP (26 nm) is heated up within
the paramagnetic range of temperature (T > T), and for this reason, does not provide a
substantial heating efficiency. The bigger NPs, on the other hand, are heated up, from room
temperature, within the magnetically blocked range of temperature (T < Tp). For this
reason, we observed a small heating efficiency—comparable to the case of small NPs. The
main finding of this article is related to the heating process for NPs within the magnetically
unblocked range of temperature (T, > T > Tp), maximizing the efficiency of heat transfer.
Further description of these arguments can be found in the main text of the article.
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Appendix A. Transmission Electronic Microscopy

Figure Al presents complementary panels with Transmission Electronic Microscopy
(TEM) for the samples annealed at 600 °C (26 nm), 900 °C (58 nm), and 1000 °C (106 nm).
This figure also presents the NP counting and the corresponding LogNormal fitting. See
the main text for further information.



Nanomaterials 2021, 11, 1826 11 of 13

LogNormal Fit
(D) = 26 nm

0
50 nm 30 60 90 120 150
— Diameter (nm)

—— LogNormal Fit
(D) = 58 nm

30 60 90 120 150
Diameter (nm)

(c) 1000°C

LogNormal Fit

(D) = 106 nm

60 90 120 150
— Diameter (nm)

Figure A1. TEM images and particle size distribution for the samples prepared at (a) 600 °C (26 nm),
(b) 900 °C (58 nm), and (c) 1000 °C (106 nm).
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