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ABSTRACT
Magnetic heating, namely, the use of heat released by magnetic nanoparticles (MNPs) excited with a high-frequency magnetic field, has so far
been mainly used for biological applications. More recently, it has been shown that this heat can be used to catalyze chemical reactions, some
of them occurring at temperatures up to 700 ○C. The full exploitation of MNP heating properties requires the knowledge of the temperature
dependence of their heating power up to high temperatures. Here, a setup to perform such measurements is described based on the use
of a pyrometer for high-temperature measurements and on a protocol based on the acquisition of cooling curves, which allows us to take
into account calorimeter losses. We demonstrate that the setup permits to perform measurements under a controlled atmosphere on solid
state samples up to 550 ○C. It should in principle be able to perform measurements up to 900 ○C. The method, uncertainties, and possible
artifacts are described and analyzed in detail. The influence on losses of putting under vacuum different parts of the calorimeter is measured.
To illustrate the setup possibilities, the temperature dependence of heating power is measured on four samples displaying very different
behaviors. Their heating power increases or decreases with temperature, displaying temperature sensibilities ranging from −2.5 to +4.4% K−1.
This setup is useful to characterize the MNPs for magnetically heated catalysis applications and to produce data that will be used to test models
permitting to predict the temperature dependence of MNP heating power.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0038912

I. INTRODUCTION

The magnetic heating of nanoparticles (NPs) by a high-
frequency magnetic field has been widely used in the last few
decades, mostly as a cancer treatment, the so-called magnetic hyper-
thermia.1 In 2008, Ceylan et al. proposed a new application of this
phenomenon: the activation of a chemical reaction.2 The magnetic
heating of chemical reactions had already been studied with a first
patent dating from 19633 but, at the time, without making use of
NPs. Ceylan et al. took advantage of the NP nanometric size and
of their ability to deliver heat in order to perform several chemical
reactions in a microfluidic system.2,4–6 This new application of NP

magnetic heating has, since then, been studied by several groups,
including ours.7–14 One should note that the temperatures required
for chemical reactions are much higher than the ones used for hyper-
thermia treatment. Indeed, most studied reactions occurred between
150 and 650 ○C, whereas hyperthermia target temperatures range
from 40 to 45 ○C.

The heating mechanism and the maximum temperature
reached by MNPs depend on several parameters, such as their mag-
netic and structural properties, as well as the heat losses of the system
in which they operate. Since NP magnetic properties are tempera-
ture dependent and as possible sintering or a phase change can occur
at high temperatures, one expects the NP heating power to evolve
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with temperature T. The ability of NPs to heat is characterized by
their “specific absorption rate” (SAR), which is their heating power
per unit mass. It is possible to measure the SAR using two different
methods: calorimetric measurement and magnetometric measure-
ment. The calorimetric method consists in measuring the tempera-
ture rise in a sample under a high-frequency magnetic field in order
to deduce its heating power. The magnetometric one deduces the
heating power from high-frequency hysteresis loops since the heat-
ing power is directly proportional to area. Both have been used to
measure the SAR(T), i.e., the temperature dependence of the NP
heating power.

To our knowledge, the first experimental study of the SAR(T)
of MNPs was reported by Veverka et al.15 They used the magneto-
metric method to measure the properties of cobalt ferrite samples
but did not provide many details on the setup and the method
used. The SAR measured at a field amplitude μ0Hmax = 35 mT
and frequency f = 50 kHz increased with temperature from 27
to 80 ○C. This was interpreted as resulting from the reduction
of the NP anisotropy. Garaio et al.16 used the same method on
four iron oxide samples under varying field conditions (ampli-
tude and frequency) for temperatures ranging from 10 to 60 ○C.
They observed for field amplitudes larger than μ0Hmax = 18.8 mT
a decrease in SAR with temperature whatever the frequency
(75–1030 kHz). These two examples show that different samples can
show opposite behaviors.

Calorimetric measurements have also been performed on var-
ious types of samples. Since the sample produces heat during the
experiment, the deduction of SAR(T) is less obvious than in the
magnetometric measurement. Thanks to an adiabatic setup, Nativi-
dad et al.17 performed such measurements on magnetite samples for
temperatures in the range 120–320 K. They measured the increase
in temperature from Ti to Ti+1 when applying the external field dur-
ing a certain time t and then associated the SAR deduced from this
increase to the mean temperature (Ti + Ti+1)/2. The heating power
of the sample itself allowed them to perform this measurement at
different temperatures. The SAR(T) measured on their sample pre-
sented a bell shape. They pointed out an important characteristic
of the calorimetric method: the requirement to know accurately
the heat capacity of the sample, which varies with temperature. In
a recent publication, the same group exploited in a clever way an
external heating system initially used to guarantee the adiabaticity
of their setup to suppress the constraint in knowing the tempera-
ture dependence of heat capacities.18 Another calorimetric method
has been used by Coïsson et al.19 on a non-adiabatic setup: they
measured the heating curve and the cooling curves for temperatures
ranging from 25 to 50 ○C and fitted the heating regime with a the-
oretical function considered to model the SAR(T). Their method
assumed an already known behavior of the SAR with temperature,
which is very unlikely in practice.

Most of these studies were performed at rather low tempera-
tures (up to 80 ○C) since they were made in the scope of magnetic
hyperthermia studies. The use of NPs for catalysis implies study-
ing their behavior up to temperatures as high as possible since
different catalytic processes are activated at different temperatures.
Some experiments have been performed with this in mind. Vinum
et al.11 performed magnetometric measurements up to 950 ○C on
CoNi NPs. This was performed using a vibrating sample magne-
tometer (VSM) apparatus so that the quasi-static hysteresis loops

were measured. In other words, the hysteresis loop was measured
at a frequency of the order of 1 mHz since the typical measurement
time of a hysteresis loop in a VSM is 10 min. With the NP magnetic
properties varying with frequency, this type of measurement is not
necessarily representative of the high-frequency behavior. Varsano
et al.20 published a calorimetric heating power measurement up to
850 ○C of a micrometric CoNi powder. To do so, they recorded
the temperature rise during the heating period and the temperature
decrease during the cooling period, thanks to the pyrometer. They
computed the SAR by subtracting the slope of the cooling curve
from the slope of the heating curve, multiplied by the temperature-
dependent heat capacity of their sample. Their work was however
focused on the catalytic properties of their sample, and only few
details were provided on the measurement method itself and on the
setup.

We present here a setup and a method to probe the temper-
ature dependence of NPs up to high temperatures. This method
has already been used to characterize FexCo1−x samples for cataly-
sis applications.14 We provide here all the technical details of this
setup, which is suitable for measurements under controlled atmo-
sphere up to 900 ○C. After a presentation of the setup, its limitations
and artifacts, and the analysis method, we illustrate its capacity by
presenting several results obtained on very different samples, con-
firming the importance of such a study for a better understanding of
the heating behavior of NPs in magnetically heated catalysis.

II. SETUP AND METHOD
A. Setup design

The setup consists of two main parts: a calorimeter and a
pyrometer (see Fig. 1). The calorimeter can be made of borosili-
cate or quartz, quartz being more suitable for very high tempera-
tures, since quartz glassware can be used up to 1050 ○C compared to
500 ○C for the borosilicate one. The one used in this work is made
of quartz and was built by a glassblower following our own design
(Avitec, France). The calorimeter comprises two compartments, the
sample being placed in the inner one. Each compartment is equipped
with a valve, which allows gas evacuation through a vacuum line.
This allows reducing the heat losses by convection from the sam-
ple to its environment. Depending on whether the pyrometer is
directly mounted on the calorimeter or not, the inner part can be

FIG. 1. Photo and scheme of the setup used to measure the temperature
dependence of the heating power of NP based samples.
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closed on its upper face by a ZnSe window enclosed in a support
dedicated to fit the pyrometer (LumaSense Vacuum support KF16,
Series 5) or by a simple ZnSe window enclosed in a KF16 vac-
uum flange (Neyco). The calorimeter can be manipulated without
the pyrometer: it can for instance be placed in a glove box for the
introduction of air sensitive samples. The calorimeter can then be
closed with the vacuum support inside the glove box and taken out
of the glove box for heating power measurements. This ensures that
the atmosphere inside the calorimeter is not contaminated until the
end of the experiment. In order to maximize the space under vac-
uum around the sample, the outer chamber of our calorimeter has
been chosen as wide as possible to fit in our magnetic coil, which
has a 4 cm inner diameter. An AC magnetic field is generated by
a commercial setup (MP12, Fives Celes, France). It is a standard
water-cooled induction oven in which the magnetic field is gener-
ated by a two-turn coil made of a hollow copper tube. The magnetic
field has a frequency of 300 kHz and a maximum peak amplitude of
μ0Hmax = 91.9 mT, as calibrated by the manufacturer.

The temperature is measured by a pyrometer (IN-5-Plus,
LumaSense Technologies), which converts infrared light into tem-
perature and can be controlled by a computer by a RS-232 serial port.
This pyrometer is calibrated to deduce the temperature from light in
the wavelength range of 8–14 μm. In this wavelength range, borosil-
icate and quartz are highly absorbing materials.21,22 On the contrary,
ZnSe has a transmission factor of 0.7, the fully transparent case being
1. Therefore, ZnSe is most of the time chosen as the window mate-
rial for the pyrometric measurement in this wavelength range. The
emissivity of the sample has to be provided to the pyrometer before
the measurement. The pyrometer has been tested with two differ-
ent lenses supplied by the constructor displaying, respectively, focal
lengths of 120 and 300 mm. The height of the pyrometer must be
adjusted to have its focal point on the surface of the sample. With the
short focal length, the pyrometer is placed directly inside the vacuum
support (as illustrated by Fig. 1), which ensures a reproducible and
good optical alignment between the sample and the pyrometer, but
imposes the position of the focal point inside the calorimeter. Thus,
the height of the sample in the calorimeter must be the same for each
experiment in order to coincide approximately with the focal point
of the pyrometer. However, one could be interested in measuring
different volumes of the sample in different calorimeters. With this
aim in mind, it is possible to use a pyrometer with a longer focal
length (300 mm) and a ZnSe window without the dedicated support
that fits the pyrometer. When using this configuration, the pyrome-
ter is not connected to the calorimeter anymore. Thus, two supports
are needed: one for the pyrometer and one for the calorimeter, which
forces the user to fulfill the optical alignment between them for
each experiment. This solution permits to measure different quan-
tities of samples and also permits to measure easily the temperature
inside different kinds of calorimeters or reactors, provided that they
are compatible with the ZnSe window. For this work, the lens with
300 mm focal length was chosen. Finally, homemade software
in Python language has been written for data acquisition and
treatment.

B. Measurement method and limits
In this section, the protocol, artifacts, and the influence of

vacuum on the measurements are presented. To describe them,

we use a sample of Naturally Expanded Graphite (NEG), which is
extensively described in Sec. III A 1.

1. Method
The measurement method is a calorimetric one. The heat-

ing power is deduced from the temperature rise in the sample
under field. The measurement procedure—illustrated in Fig. 2—is
the following: (i) ambient temperature measurement (black straight
line); (ii) field application, during which temperature increases (red
dashed curve); and (iii) field is switched off and the temperature is
recorded until it is back to room temperature (blue dotted curve). It
can be noted that the maximum temperature reached during such
an experiment depends on the sample and on the field (the more the
sample heats, the higher is the maximum temperature).

The data treatment to retrieve the temperature dependence of
the heating power is based on the heat transfer equation. When
applied to our sample, it gives

ρVCp
dT
dt
= Pem − Pcond − Pconv − Prad, (1)

with ρ being the volumetric mass density of the entire sample (in
kg m−3), V being its volume (in m3), Cp being its mass heat capacity
(in J kg−1 K−1), T being its temperature (in K), t being the time (in
s), and Pi being the different power contribution of the heat transfer.
Pem corresponds to the heat power brought to the sample by elec-
tromagnetic heating, which is what one wants to determine. Pcond,
Pconv , and Prad correspond to the heat transfer from the sample to
its environment via conduction, convection, and radiation, respec-
tively. When the field is off, Pem is zero. Thus, by subtracting Eq. (1)
when the field is off to the same equation when the field is on, and by
considering that the heat transfer via conduction, convection, and
radiation from the sample to its surrounding is the same for each

FIG. 2. Typical temperature measurement of the heating of a sample under a
high-frequency magnetic field and the cooling after the field is turned off. Data are
separated in three parts: (i) The external magnetic field has not yet been turned
on (black plain curve). (ii) The field is turned on and the sample heats (red dashed
curve). (iii) The field is turned off and the sample cools down (blue dotted curve).
The time derivative of the temperature at T = 80 ○C of the heating curve (red plain
straight line) and of the cooling curve (blue plain straight line) are illustrated.
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temperature, the subtraction gives

ρVCp(T)(
dT
dt
(T)∣

H−ON
− dT

dt
(T)∣

H−OFF
) = Pem(T). (2)

As the sample is made of several components (NPs but also poten-
tially ligands and matrices), the prefactor reads

ρVCp(T) =∑imiCp,i(T), (3)

with mi being the mass of element i and Cp,i(T) being its heat capac-
ity, which varies with temperature. The SAR of the NPs is most of
the time expressed in terms of heating power per unit mass. The
final equation used to calculate the SAR(T) from raw data is thus
the following:

SAR(T) = ∑imiCp,i(T)
mmag

(dT
dt
(T)∣

H−ON
− dT

dt
(T)∣

H−OFF
), (4)

with mmag being the mass of the magnetic material.
The concrete implementation of the method is made via python

scripts in the following way: (i) Data acquisition of the complete
curve (heating and cooling curves) with a time step of 0.5 s, as
exemplified in Fig. 2. (ii) Numerical smoothing of the curve with
potentially variable parameters. The method used is a savgol filter
already implemented in Python, with time windows from 1 to 3 s
and typical polynomial order between 5 and 9. (iii) Time derivation
of the heating and cooling curves made with the gradient function
of the numpy library in Python (see the documentation for more
details).23 (iv) Interpolation of the two derivative curves to recon-
struct them with a given temperature step. (v) Subtraction of the
cooling derivative curve to the heating derivative curve for each tem-
perature (which is why the previous step is mandatory). (vi) Multi-
plication of the result by the heat capacity and mass prefactor [see
Eq. (4)].

2. Limits and uncertainty
a. Uncertainty on temperature measurements and on the

deduced SAR. According to the specification of the pyrometer,24

the temperature is known with an accuracy of ΔT∣pyro = ±1. Sev-
eral other errors can arise on the temperature measurement. First,
the temperature at the sample surface is lower than the mean
temperature of the whole sample since radiative and convective
losses originate from the surface. The temperature measured here
is thus slightly underestimated, as well as the deduced SAR. We
have not attempted to quantify and correct this error. Second, the
infrared measurement implies a knowledge of the material emis-
sivity. It is hard both theoretically and in practice to know this
parameter and its temperature dependence. The best way would
be to calibrate the emissivity for each sample: the sample temper-
ature should be measured with the pyrometer using an oven in
which the temperature would be accurately known by an inde-
pendent method; for several steps of temperature, the emissivity
of the sample would be modified until the two values of temper-
ature match. This would permit to obtain the emissivity value as
a function of the temperature. However, this is very time con-
suming and can degrade the sample before measuring it under
a high-frequency magnetic field. We have thus used a simpler
method: the samples were let into our magnetic coil for 1 h

until they reach an equilibrium temperature. The latter is known
and reproducible due to the fact that the coil is cooled by a flow of
water at 18.5○; the emissivity of the samples was then deduced at this
temperature, and the temperature dependence of its emissivity was
neglected. It should be noted that this dependence is rather weak.
For example, the emissivity of graphite varies from 0.7 to 0.8 in the
temperature range 0–3600 ○C. The emissivity of cobalt varies from
0.13 to 0.23 between 500 and 1000 ○C and that of iron oxides varies
from 0.85 to 0.89 between 500 and 1200 ○C.25 We consider that the
emissivity of the material, which is in the range [0–1], is estimated at
±0.05 with this technique. In our temperature range, changing the
emissivity parameter of ±0.05 leads to a change in temperature of
ΔT∣emi = ±1 ○C. We have thus two quantifiable error sources on the
temperature measurement (the one given by the pyrometer itself and
the one arising from emissivity), which are uncorrelated. When such
ranges are known without more information, the range divided by
the square root of three is an upper limit of the uncertainty.26 Then,
using the classical uncertainty combination formula in the case of
uncorrelated error sources, the final uncertainty on the temperature
measurement is given by

u(T)∣meas = ((1
○C/
√

3)
2
+ (1 ○C/

√
3)

2
)

1/2
= 0.8 ○C. (5)

To deduce the SAR value of the sample, we are interested in
a temperature difference. Any systematic error on the temperature
is thus canceled. Only the variability of the temperature measure-
ment is relevant in this case. We have deduced the latter via the
statistical method on temperature measurements. To do so, we have
heated a piece of Naturally Expanded Graphite (NEG) at differ-
ent thermal equilibria, thanks to different applied fields. We have
acquired between 20 and 40 temperature measurements for each
equilibrium and calculated the variability of the measurements. The
highest uncertainty is at low temperature, and we have decided to
use this one for the whole temperature range as a high estimation.
The resulting uncertainty, here the square root of the variance of the
measurements,26 is u(T)∣var = 0.07 ○C.

The sample masses were measured with a quartz balance with
microgram precision, and the heat capacities were obtained from
the literature.27,28 Hence, we assume that the heat capacities and
masses of the different elements are known with sufficient accu-
racy to consider the temperature measurement as the main source
of error. Starting with Eq. (4), we have used the propagation law of
uncertainties, considering first the variability of the temperature as
the only source of error and then that the numerical derivative of
the temperature is equivalent to a subtraction of two temperatures
divided by the time step dt. The error on the derivative difference is
thus four times the error on the temperature, and the uncertainty on
the SAR(T) is given by

u(SAR) =

¿
ÁÁÀ(∑imiCp,i(T)

mmag
)

2

× 4 × u2(T)∣var
dt

. (6)

b. Transient regime. Concerning the model used to treat the
data, we have made the approximation that the heat transfer at a
specific temperature during the heating period is the same as dur-
ing the cooling period at the same temperature. This approxima-
tion needs to be discussed. The following discussion is qualitative
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and more experimental data are needed to verify it, such as tem-
perature measurements simultaneously on different parts of the
calorimeters.

Let us consider the heat transfer via conduction from the sam-
ple to the surrounding glass. Figure 3 shows an example of raw tem-
perature measurements where the data points that will be discussed
below are marked. At a very short time after starting the experiment,
when the temperature is close to the ambient one and the field is on
(point A in Fig. 3), the sample heats very fast, faster than the glass, so
these two elements are not at the same temperature. Long after the
field has been switched off, near the end of the experiment (point D
in Fig. 3), the temperature of the sample and of the glass are expected
to be similar and close to room temperature. The thermal losses are
thus different for those two temperatures. However, we subtract the
slope of the second to the slope of the first assuming that the losses
are the same in both cases. This reasoning is also valid when con-
sidering two data points at high temperatures: when the sample has
been heated near high-temperature thermal equilibrium (point B in
Fig. 3), the glass and the sample have similar temperatures. When the
field is shut off (point C in Fig. 3), the glass temperature decreases
faster than that of the sample, leading to a temperature gradient
between the two. However, we subtract the slope at point C to the
slope at point B assuming that the losses are the same. This reasoning
is also true for the convection process and for the gradient occur-
ring between the reactor glass and the ambient atmosphere. Thus,
we suffer from a lack of quantification of those heat transfer param-
eters, which vary for each sample, with the temperature range and
the time scale.

Another phenomenon has been observed when the field has
just been applied or shut down. We illustrate it with the sample of
Natural Expanded Graphite (NGE). In Fig. 4, the time derivative of
the temperature cooling curve is plotted, i.e., when the sample has
been heated and the field is turned off, for three different applied
field intensities. If those curves are multiplied by the heat capacity
prefactor, the heat transfer from the sample to its environment is
obtained [e.g., glass and outer air; see Eq. (1) with Pem = 0]. The heat

FIG. 3. Typical raw temperature measurement curve. The points A, B, C, and D
show different times of interest of the heating and cooling curves (see the text for
details).

FIG. 4. Time derivative of the temperature as a function of temperature after turning
off the field for three different field amplitudes. Measurements were taken on a
sample of naturally expensed graphite (NGE) measured at atmospheric pressure.

transfer from the sample to its environment at a specific tempera-
ture is not supposed to change with the previously applied field. Only
the maximum temperature reached is higher when a higher field is
applied (see Fig. 4). The losses, as expected, overlap well. However,
for the three regions highlighted by black circles, this is not the case.
Those regions correspond to the time after switching off the field,
close to the maximum temperature reached during each experiment.
In the example shown in Fig. 4, the time period during which the
curves do not overlap lasts 4 s after turning off the field. This phe-
nomenon is also observed with the same temporality directly after
turning on the external field. Thus, we do not take into account this
short time (few seconds) after turning on or off the field in our data
treatment.

c. Influence of vacuum. Thanks to the valves, we are able to
put under vacuum one or both parts of the calorimeter. The pur-
pose is to reduce the heat transfer via convection from the sample
to the gas present in the calorimeter or to the atmosphere. To study
the influence of this parameter on our measurements, we have per-
formed three experiments on the same NGE sample both in the
presence and in the absence of air in the different chambers of the
calorimeter.

The results are shown in Fig. 5 for three different configura-
tions: atmospheric pressure in both chambers, vacuum in the outer
chamber, and vacuum in both chambers (see Fig. 1 for the position
of the chambers). In Fig. 5(a), raw temperature data are depicted.
Figures 5(b) and 5(c) show the time derivative of the temperature
as a function of the temperature for the three configurations when
applying the field and after turning off the field. Evacuating the
outer chamber has a significant influence only above ∼100 ○C [see
the red and blue curves in Fig. 5(c)]. Vacuum in the inner cham-
ber does not produce any modification in the heat losses experi-
enced by the sample [see the overlap between the blue and green
curves in Fig. 5(c)]. This indicates that the heat transfer via convec-
tion from the sample to the gas present in the inner chamber is not
the main mechanism of losses, at least at those temperatures. More
likely, heat losses seem to occur via conduction from the sample to
the reactor glass and then via convection from the reactor glass to
the environment.
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FIG. 5. (a) Raw temperature measure-
ment on a sample of NGE with an applied
field of intensity μ0Hmax = 68.7 mT and
frequency f = 300 kHz for three config-
urations: ambient pressure in both com-
partments (red curve), vacuum in the
outer chamber of the calorimeter (blue
curve), and vacuum in both chambers of
the calorimeter (green curve). (b) Time
derivative of the temperature as a func-
tion of temperature just after the field
has been turned on. (c) Time deriva-
tive of the temperature as a function of
the temperature after turning off the field.
(d) SAR(T) deduced from the measure-
ments.

In Fig. 5(d), the SAR is plotted as a function of the tempera-
ture for the three different configurations. In principle, the SAR(T)
curves are supposed to be the same whatever the heat losses since our
data treatment is supposed to eliminate the influence of losses on the
final result. The main difference between the three cases is the maxi-
mum temperature reached, which is 165 ○C at ambient pressure and
186 ○C when both chambers are under vacuum. The three curves
match well, but a slight difference between the three curves can be
observed: the SAR at ambient pressure is slightly lower than the
SAR obtained under vacuum in the outer chamber, which is slightly
lower than the SAR with vacuum in both chambers. This gives us a
hint on the error made when it is assumed that the heat losses from
the sample to its surrounding are equal for the same temperature
between the heating and cooling period. The difference is 0.5 W g−1

in this case, larger than the calculated source of the uncertainty for
the SAR, estimated with Eq. (6) at 0.1 W g−1. In the graphs, which
will be shown in this paper, the error bars on temperature are cal-
culated with Eq. (5) and the error bars on the SAR are calculated
according to Eq. (6). This uncertainty is underestimated because of
the other sources of error detailed above.

III. SETUP POSSIBILITIES: EXPERIMENTAL STUDY
We present here the experimental results aiming at illustrating

the possibilities of this setup and of our analysis protocol. Measure-
ments on four different samples, expected to behave very differ-
ently, were performed. Figure 6 presents images of three samples
used in this paper (NEG, Fe3O4 MNPs, and cobalt nanorods) and
basic magnetic characterization of two of them. The fourth sample,
FeCo nanoparticles, is extensively characterized in Ref. 14 and is not
shown in this figure.

A. Naturally expanded graphite: A non-magnetic
conducting sample
1. Sample description

NEG (naturally expanded graphite) is a common material used
mostly as a heat insulator at high temperatures or as a primary mate-
rial to obtain graphite foils. It is obtained from natural graphite
treated by nitric acid and sulfuric acid.29 It is a diamagnetic mate-
rial and a thermal and electrical conducting material.29 Our samples
were prepared from a circular piece of NGE (4 cm diameter and
0.5 cm thick; see Fig. 6(a)]. The piece was cut along its diameter in
order to measure its resistivity. Then, a 0.5 cm cubic sample was cut
in order to perform SAR measurements in our calorimeter.

As a diamagnetic conducting material, NEG heating under an
alternating magnetic field is only due to eddy currents, which depend
on the material conductivity. The conductivity of NEG is anisotropic
and varies depending on the preparation, and very few data con-
cerning its temperature dependence can be found. Hence, we mea-
sured it using a hot plate and our pyrometer in the range 30–165 ○C.
The four-point resistivity was measured using a multimeter (Keith-
ley 2400) along the 4 cm length of the sample. The temperature
dependence of the resistivity was not significant compared to the
variability of our measurement. The mean resistivity in the temper-
ature range 30–165 ○C was 7.2 × 10−4 Ω m−1. We assumed that the
heat capacity of our sample and its temperature dependence were
the same as those of graphite.30

2. Expected SAR(T)
The temperature dependence of eddy current heating mainly

originates from the temperature dependence of the resistivity and
strongly depends on whether the electromagnetic power is com-
pletely absorbed by the material or not. When the incident wave
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FIG. 6. Samples used as examples to show the capability of the setup: (a) NEG raw
piece. (b) TEM image of the Fe2O3@SiO2 NPs; the scale bar is 100 nm wide. (c)
SQUID measurements at T = 10 K. (d) TEM image of cobalt nanorods supported
on Siralox-5©; a residual non-rod-shaped particle is highlighted by a red circle. (e)
VSM measurements performed at T = 300 K.

is weakly absorbed (weak skin effect), the heating power decreases
with resistivity.31 However, if the wave is fully absorbed (strong skin
effect), it is rather constant since all the energy is transferred to
the absorbing material; only the thickness on which it is absorbed
varies.32 Here, in the case of NEG, considering an applied field of
frequency f = 300 kHz, the previously measured resistivity, and
the basic formula of penetration depth,32 the penetration depth is
28 μm. Our sample being in the millimeter range, the whole inci-
dent wave is thus absorbed. Moreover, this material is a good ther-
mal conductor,29 which reduces the potential temperature inhomo-
geneity. This means that the regime is the one where the energy is
fully absorbed, and the heating power is expected to be temperature
independent.

3. SAR(T) results
We measured the evolution of the sample temperature when

it was submitted to three different field intensities (μ0Hmax
= 34.2, 68.7, and 91.9 mT) at a field frequency of 300 kHz, follow-
ing the protocol detailed in Sec. II B 1. The temperature measure-
ments were done under ambient air condition. These raw data were

FIG. 7. Heating power as a function of the temperature for a sample of NEG for
three different magnetic fields at a frequency f = 300 kHz. Since we deduce the
first 4 s of measurement, which brings the material to a higher temperature if a
higher field is applied, the starting temperature of the treated data is higher with a
higher applied field.

converted into the SAR(T) using Cp(T) curves for graphite from
the literature.27 Figure 7 shows the SAR variation as a function
of temperature obtained with three different field intensities. We
observe that, as expected, the higher the field, the higher is the SAR.
At μ0Hmax = 34.2 mT, the SAR varies between 0.44 ± 0.1 W g−1 at
T = 29.5 ○C and 0.58 ± 0.1 W g−1 at T = 57.5 ○C. At μ0Hmax = 91.9
mT, the SAR varies between 5.1 ± 0.1 W g−1 at T = 99 ○C and
7.2 ± 0.1 W g−1 at T = 245 ○C. For this highest applied field in
the temperature range T = [99–245] ○C, the mean increase in the
SAR per Kelvin in this range is Δ(SAR)/ΔT = +0.014 W g−1 K−1

or +0.28% K−1. This variation is weak, as will become obvious by
comparison to that measured on other samples.

This difference, as compared to the expected behavior, can arise
from our lack of knowledge concerning Cp(T) of our sample, the
variation of which with temperature might be lower than that of
raw graphite. This example shows that the setup permits to mea-
sure the heat released by a non-magnetic sample and its temperature
variation.

B. Fe2O3@SiO2 NPs: Superparamagnetic sample
1. Sample description

Iron oxide is the most widely used material as NPs for hyper-
thermia treatment. Our sample is made of clusters of ∼6 γ–Fe2O3
NPs encapsulated into a silica shell. The iron oxide cores were
synthetized by Massart’s method,33 coated with citric acid and re-
suspended in water. The silica coating was performed in a 71%
ethanol solution with 0.3 mol/l of ammonia by the addition of TEOS
and 24 h stirring in seven consecutive steps. A TEM image of the
sample is shown in Fig. 6(b). Each γ–Fe2O3 NP is spherical and has
a diameter of 10.4 ± 2.1 nm. Dynamic light scattering (DLS) mea-
surements indicate that the hydrodynamic diameter is 115 ± 11 nm
for the complete γ–Fe2O3@SiO2 NPs, in good agreement with the
TEM images.

Magnetic characterizations have been performed using a super-
conductive quantum interference device (SQUID) on 10.6 mg of
powder. The magnetization curve at T = 10 K is shown in Fig. 6(c),
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evidencing that a coercive field at T = 10 K is μ0Hc = 21 mT. The
sample used for the SAR measurement consists in 60 mg of powder,
composed of 3.9 mg of Fe2O3 and 56.1 mg of silica.

2. SAR(T) results
The heating power as a function of the temperature was mea-

sured with an applied field of μ0Hmax = 91.9 mT at a frequency of
f = 300 kHz. The temperature measurements were performed with
vacuum in both chambers of the calorimeter. The result is presented
in Fig. 8, where Fig. 8(a) is the raw temperature and Figs. 8(b) and
8(c) are the derivatives of the temperature as a function of the tem-
perature with the field on and off, respectively. The SAR of this
sample decreases from 21.1 ± 1.5 W/g at T = 43 ○C to 5.0 ± 1.5 W/g
at T = 73 ○C. Within this range of T = [43–73] ○C, the SAR variation
is ΔSAR/ΔT = −0.54 W g−1 K−1 or −2.5% K−1, which is significant.

We attribute this decrease to the reduction in the coercive
field with temperature. As the coercive field at T = 10 K is only
μ0Hc = 21 mT, we infer that it is smaller than our applied field of
μ0Hmax = 91.9 mT at our starting temperature T = 43 ○C, even for
a frequency f = 300 kHz. If the coercive field at 300 kHz is already
smaller than our applied magnetic field at the starting temperature,
its decrease induces a decrease in hysteresis area and thus of the
heating power of the sample.34

One can see that the maximum temperature reached is only
73 ○C, compared to 245 ○C obtained with the NEG sample, even if
the SAR values are comparable (∼7 W g−1 for NEG and ∼5 W g−1

for the present sample). This is due to the small amount of heat-
ing material: only 3.9 mg. This example illustrates that, with our
setup, measuring at high temperatures requires using a large enough
amount of the heating agent. Potentially, samples with a very low
heating power cannot be measured at high temperatures.

C. Cobalt nanorods: Ferromagnetic sample
1. Sample description

Cobalt nanorods (Co-NRs) are studied as candidates for mag-
netic recording applications and as building blocks for rare-earth
free magnets.35 Recently, our laboratory used them combined with
other softer NPs as the heating agent for chemical reaction cataly-
sis.36 They have a great potential for this application due to the high
Curie temperature of cobalt. Indeed, Curie temperature provides an
upper limit to the temperature reachable via magnetic heating for a
particular material. Their high-temperature heating behavior is thus
of double interest: studying them as the heating agent for chemical
reactions requiring high temperatures and comparing them with the
previously described soft Fe2O3@SiO2 NPs.

The synthesis methods of the cobalt nanorods have been pub-
lished elsewhere36 (see the supplementary material ESI-1.4 in this
reference). It is based on the thermal decomposition of a cobalt pre-
cursor in the presence of acid and amine ligands. The synthesis is
performed at T = 110 ○C. It leads to 90 nm long cobalt nanorods
with a diameter of 5 nm, with residual spherical NPs of cobalt. The
cobalt nanorods have a monocrystalline hcp structure with their
hard axis (c axis of the hcp-shell) along the length of the rod, as
previously observed by HRTEM.37

Magnetic characterizations have been performed using a
vibrating sample magnetometer (VSM). The hysteresis loop at T
= 300 K is shown in Fig. 6(e). This sample is clearly ferromagnetic at
room temperature, with a coercive field μ0Hc(T = 300 K) = 553 mT,
as expected for hcp-cobalt, which has a strong room temperature
magnetocrystalline anisotropy.38,39 Moreover, in our case, shape and
surface anisotropies add to the magnetocrystalline one because of
the coincidence between the rod long axis and the c axis of the
hcp-shell.

FIG. 8. (a) Raw temperature curve
of the Fe2O3@SiO2 sample for a
field μ0Hmax = 91.9 mT at frequency
f = 300 kHz. Both calorimeter chambers
were under vacuum. (b) Time derivative
of the temperature as a function of tem-
perature for both regimes: when the field
is on (red squares) and when the field is
shut off after the heating (black dots). (c)
SAR as a function of temperature.
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The Co-NRs were supported on Siralox-5©, composed of
mesoporous silica-alumina microparticles. This has been done here
for two reasons: (i) to be as close as possible to the catalytic con-
ditions and (ii) to have more material to test with the pyrometer.
Indeed, 10 mg of Co-NRs were not enough to fill the 2 mm wide
measurement spot of the pyrometer. The typical samples used were
composed of ∼100 mg of powder (10 mg of Co-NRs and 90 mg of
Siralox-5©). A TEM image of the final sample is shown in Fig. 6(d).
A residual particle that is not a nanorod has been marked with a red
circle.

2. SAR(T) results
SAR(T) measurements on this sample were performed under

the same field conditions as before, i.e., μ0Hmax = 91.9 mT and
f = 300 kHz, but with argon at ambient pressure in both calorimeter
chambers. Raw temperature curves are shown in Fig. 9. In Fig. 9(a),
the temperature evolution during the first measurement run is plot-
ted. It can be seen that, at first, temperature increases smoothly from
T = 20 ○C at t = 100 s (field on) to T = 121 ○C at t = 226 s. At this
time, a thermal runaway where the temperature sharply increases
from T = 121 ○C to T = 260 ○C within only 6 s is observed. The
temperature curve then oscillates randomly before showing another
sharp increase in temperature up to T = 324 ○C at t = 248 s after
which the field has been stopped. Figure 9(b) shows the tempera-
ture curve of the second and third measurements performed just
after the first one. The behavior is not the same. During the sec-
ond run (blue plain curve), the temperature increases sharply up
to more than 300 ○C and oscillates randomly. On the third experi-
ment (green dotted curve), the temperature grows following a classic
damped exponential behavior. This complete behavior was observed
also for three other measurements (not shown here) on three fresh
samples. Each time, the first measurement shows a thermal runaway
at approximately the same temperature at the same time, followed
by oscillations and irreversible changes of the sample.

We attribute those irreversible changes to a sintering of the
cobalt nanorods. They are stable at least up to T = 110 ○C, temper-
ature of the synthesis, so that a fast sintering of the NPs occurring
at 120 ○C only could appear surprising. However, it should be taken
into account that due to heat diffusion inside the sample, the temper-
ature of the NPs themselves might be higher than the mean temper-
ature of the sample. In addition, this sharp increase might also have
a purely magnetic origin (decrease in the coercive field) or be a com-
bination of magnetic effects and sintering, the former appearing at
low temperature, being followed by sintering at high temperatures.

Previous data are not suitable for our mathematical treatment
as they do not only contain the heating behavior of the sample but
also its irreversible degradation. To avoid this, we have performed
another experiment on a fresh sample stopping the field right before
the thermal runaway. The results are shown in Fig. 10. The raw
temperature measurements presented in Fig. 10(a) show no thermal
runaway. No irreversible changes occurred during this experiment.
The time derivative of the temperature as a function of the tempera-
ture with and without the field is depicted in Fig. 10(b). The deduced
SAR as a function of the temperature is plotted in Fig. 10(c). The
SAR increases from 4.9 ± 1 W g−1 at T = 40 ○C to 14.0 ± 1 W g−1

at T = 82 ○C. In this temperature range, the variation in SAR is
ΔSAR/ΔT = +0.22 W g−1 K−1 or +4.4% K−1.

This increase is attributed to the decrease in coercivity of
the sample with temperature. Two processes are involved in this
decrease: (i) the very strong reduction in the first order magne-
tocrystalline anisotropy of hcp-cobalt in this temperature region38,39

and (ii) the ease of magnetic reversal via the thermal energy. These
effects, combined, give a sharply decreasing coercivity of cobalt
nanorods with temperature. At room temperature, our applied field
is lower than the coercive field, leading to a small SAR. As the coer-
cive field gets closer to the applied field, the magnetic reversal is
facilitated and the hysteresis of sample starts to open, leading to
an increase in the heating power. In such a sample, the following
behavior is theoretically expected: the more it heats, the higher the
temperature, and as the temperature increases, it heats even more.
We cannot truthfully attribute the thermal runaway to this “snow-
bowl effect” since it leads to irreversible changes of the samples, as
already mentioned previously.

This example and its comparison with the Fe2O3@SiO2 sample
show how interesting are high-temperature heating power measure-
ments. The same effect (reduction in the coercive field with tem-
perature) leads to opposite heating behavior. Our results show that
the thermal stability of the sample is mandatory to get reproducible
high-temperature behavior but also reveal a side use of this setup:
studying the NP’s thermal stability, which is also of great interest for
chemical reaction catalysis application.

D. FeCo and chain formation
We have used this setup to study a series of NPs of different

FexCo1−x alloys. The NPs, the size of which varies between 10 and
23 nm, are here again dispersed onto Siralox-5©. These samples have
been used to heat different chemical reactions, mostly hydrocarbon

FIG. 9. Raw temperature measure-
ments of Co-NRs on Siralox-5© with an
applied magnetic field intensity of μ0Hmax

= 91.9 mT at a frequency f = 300 kHz:
(a) First experiment run on a fresh sam-
ple. (b) Second and third measurements
performed just after the first one.
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FIG. 10. (a) Raw temperature mea-
surement on a second Co-NRs on
Siralox-5© sample under a field
μ0Hmax = 91.9 mT at a frequency
f = 300 kHz, with the field stopped
right before the thermal runaway. (b)
Time derivative of the temperature
as a function of the temperature for
both regimes: when the field is on (red
squares) and when the field is shut
off after the heating (black dots). (c)
SAR(T) deduced from the temperature
measurements.

reforming reactions. This is the main subject of another publica-
tion in which the detailed SAR(T) of the samples can be found.14

The measurements were performed under argon at ambient pres-
sure in both calorimeter chambers. From the data shown in that
work, the coefficient of SAR variation can be inferred. For x = 0.5,
the variation of SAR is ΔSAR/ΔT = −0.76 W g−1 K−1 or −0.4% K−1.
For x = 0.8, the variation of SAR is ΔSAR/ΔT = −4.2 W g−1 K−1

or −0.29% K−1.
We will here focus on the fact that, in some samples, the NPs

form chains, which has a strong influence on the measurement
results. The sample of interest here is the sample x = 0.8. As shown
in our previously published paper,14 in this sample, the NPs form
chains in spite of being supported on Siralox-5©. We have been
able to measure the temperature of the sample and move the mea-
surement point once the equilibrium temperature was reached. We
moved it from a point on the sample without chains to a point where
we observed chains (which was possible using the laser integrated to
the pyrometer since chains were visible to the naked eye). This dis-
placement was of ∼2 mm. The results are shown in Fig. 11, where (b)
is only a zoomed-in view of (a) in the region where the measurement
point has been moved.

The first observation is that the maximum temperature reached
is T = 549 ○C, which shows the capability of the setup to mea-
sure high temperatures without any problem. The second observa-
tion is that, when we moved the measurement point, the tempera-
ture increased from T = 446 ○C to T = 549 ○C. This is an additional
experimental proof that the formation of chains within an assem-
bly of MNPs leads to a strong increase in their heating power. This
behavior has been shown previously by other groups and ours by
studying different samples. However, using this pyrometer, we were
able to show that, within the same sample, regions with chains are
much hotter than regions without, inducing temperature gradients,
which are in our case larger than 100 ○C.

IV. CONCLUSION
We report in this paper a method and a setup for the mea-

surement of NP heating power and the temperature variation of this
heating power. It is expected that the setup works up to 900 ○C as it is
the detection limit of the pyrometer, here we present measurements
up to 549 ○C, under vacuum or under a controlled atmosphere.
We have described in detail the setup, its ability, and limitations.

FIG. 11. (a) Temperature measurements
of the Fe0.8Co0.2 sample with a dis-
placement of the measurement spot. (b)
Zoomed-in view of the same curve on the
temperature difference due to the spot
displacement.
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The setup versatility was checked with the measurements of highly
disparate samples. We have shown that the setup permits to mea-
sure, as expected, both non-magnetic (NEG sample, displaying a
weakly temperature-dependent SAR) and magnetic materials. Three
different nanostructured magnetic materials have been assessed. Soft
magnetic Fe2O3@SiO2 NPs show a decrease in SAR with tempera-
ture, whereas hard magnetic cobalt NRs show an increase in SAR
with temperature. Both behaviors were attributed to the same ori-
gin: the decrease in coercivity with temperature. Abrupt increases
in temperature in the Co nanorod samples were also observed and
attributed to the irreversible structural evolution of the sample.
Importantly, our setup is suitable to detect variations in physical
properties such as the coercivity and the thermal stability, which are
key factors for a proper use of magnetic NPs in magnetically heated
catalysis reactions. Our last experiment on FeCo MNPs shows that
strong temperature gradients can arise in the calorimeter due to the
presence of chains, leading to temperature gradients within the sam-
ple and non-treatable data. In addition, it is important for us to say
that the setup and method are easily implementable in other labora-
tories as its cost is limited, and the method is fully described. Finally,
it is expected that this setup will allow monitoring a magnetically
heated catalytic process (work currently under process) by replacing
the calorimeter by a catalytic reactor and by regulating the tempera-
ture with a PID (proportional integral derivative) loop. Notably, this
new type of measurement will offer a better control of the temper-
ature of the chemical reaction, leading to improved chemical yields
and less power consumption.
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