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ABSTRACT: A millifluidic reactor with a 0.76 mm internal

diameter was utilized for the synthesis of monodisperse, high . I TA——T
magnetic moment, iron carbide (Fe,C,) nanoparticles by thermal

decomposition of iron pentacarbonyl (Fe(CO)) in l-octadecene . octagecene

in the presence of oleylamine at 22 min nominal residence time. ° S;gg’;"”e

The effect of reaction conditions (temperature and pressure) on ’

the size, morphology, crystal structure, and magnetic properties of

the nanoparticles was investigated. The system developed

facilitated the thermal decomposition of precursor at reaction Fumace at 180-300°C  Fe,C, NPs
conditions (up to 265 °C and 4 bar) that cannot be easily achieved

in conventional batch reactors. The degree of carbidization was enhanced by operating at elevated temperature and pressure. The
nanoparticles synthesized in the flow reactor had size 9—18 nm and demonstrated high saturation magnetization (up to 164 emu/
gr.)- They further showed good stability against oxidation after 2 months of exposure in air, retaining good saturation magnetization
values with a change of no more than 10% of the initial value. The heating ability of the nanoparticles in an alternating magnetic field
was comparable with other ferrites reported in the literature, having intrinsic loss power values up to 1.52 nHm” kg™".

KEYWORDS: continuous synthesis, flow reactor, iron carbide, hyperthermia, magnetic saturation

H INTRODUCTION which is comparable to iron oxide nanoparticles, while offering
superior heating abilities.”

The desired properties of magnetic nanoparticles required
for their biomedical applications are high magnetic moment,
monodispersity, stability against oxidation, and ability for
biofunctionalization. As these properties are intrinsically
dependent on their size and shape as well as crystal structure
and composition, it is crucial that their synthesis is precisely

The synthesis of well-controlled magnetic nanomaterials has
been of great interest during the past couple of decades as
these materials have a plethora of applications in the field of
high-density magnetic recording media and biomedical nano-
technology.'~* In particular, magnetic nanoparticles have been
receiving increased attention due to their suitability as
therapeutic and diagnostic agents in magnetic resonance
imaging (MRI) and magnetic particle imaging (MPI)® as
well as thanks to their potential for cancer treatment via
magnetically induced hyperthermia." Magnetic fluid hyper-
thermia causes the increase of temperature locally upon
application of an alternating magnetic field that can destroy
mostly the tumor tissue, without harming surrounding healthy
cells."® The most common magnetic nanoparticles studied for
hyperthermia cancer treatment are iron oxide nanoparticles
(IONPs). Nevertheless, they display lower magnetic moments
than their metallic (nonoxidized) counterparts. Single metal

controlled. Magnetic nanoparticles are mostly manufactured in
batch from suitable precursors in organic solvents in the
presence of surfactant-stabilizing agents and with a reducing
agent when necessary.””'" These synthetic routes offer
somewhat limited control over the monodispersity of nano-
particles” as the inherently fast nucleation and growth
associated with thermal decomposition renders these processes
hard to control.'> Additionally, minor variations in reaction
conditions can affect the structural characteristics of the

nanoparticles (NPs) such as Fe, Co, or FeCo alloys have much Received:  April 4, 2020
higher magnetic moments, but they are inherently unstable as Accepted:  May 7, 2020
they are prone to oxidation. Recently, iron carbide nano- Published: May 7, 2020

particles were given considerable attention for their potential
use in biomedical applications.7 They are reported to offer a
trade-off between the stability against oxidation in solution,
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nanoparticles. Thus, there is a need of better control over the
synthesis conditions to achieve the desired particle properties.

Continuous flow micro- and millireactors (here referring to
the channel diameters) offer excellent homogeneity over
reaction conditions as well as tight control over critical
parameters, such as the reaction temperature and pressure;
therefore, they can enhance synthesis reproducibility. A
number of reviews and book chapters have described
continuous flow synthesis routes of nanostructured materials.
In particular, already in 2008, Kumar and co-workers had
reviewed the advances, up to that time, on the microfluidic
synthesis of metallic and silica NPs as well as quantum dots."*
Soon after that, Marre and Jensen discussed the application of
microfluidic techniques for achieving size and shape control in
the produced nanoparticles (metals, metal oxides, silica,
quantum dots, and heterostructures).'* Luo et al. presented
and compared a variety of single-phase and multiphase
microfluidic synthetic strategies of NPs."> In 2013, Kumar’s
group highlighted the differences between chip-based as well as
millifluidic systems in the synthesis of metal, metal oxide,
nanocomposite, and quantum dot nanostructures targeted for
biomedical applications.'® Myers et al. presented the flow
chemistry of quantum dots, luminescent hybrid NPs, oxides
(ZnO and Ce0,), and metal NPs such as Ag and Au.'” In
2014, Phillips et al. demonstrated that the use of two-phase
flow reactors helped toward improved reaction control, even
though the microfluidic reactor was still a long way from
displacing the round-bottomed flask as the principal reaction
environment for nanocrystal synthesis.'® Santamaria and co-
workers presented several reaction engineering strategies,
discussing that a trade-off between maintaining the ability to
control the desired nanoscale features and achieving high
production rates must be often reached.'” In another more
recent review, Sebastian et al. provided also some examples on
the flow synthesis of magnetic NPs (primarily Fe;O,-based),
which were typically synthesized in relatively moderate
temperatures.”’ Other reviews focused mostly on the synthesis
of noble metal nanostructures, which are usually synthesized at
lower temperatures and are destined typically for applications
in catalysis, not excluding other fields.”' ~**

Previous work on the synthesis of magnetic nanoparticles in
micro/millifluidic reactors mainly concentrated on the
formation of iron oxide nanoparticles via coprecipitation.
Typical setups utilized channels or capillary tubes with a
critical dimension in the scale of micrometers or millimeters
and were broadly categorized in single-phase flow reactors or
segmented flow reactors.'” Several research groups utilized
such systems to successfully synthesize monodisperse iron
oxide nanoparticles, mostly using the coprecipitation method
of two different iron salts.”*~>* Apart from coprecipitation,
thermal decomposition is a common method to produce iron-
based nanostructures. It involves the chemical decomposition
of a precursor at a certain temperature, which is the
decomposition temperature of the precursor under certain
conditions, thus inducing nucleation. For example, Miyake et
al. synthesized Fe,O; fine particles with rather polydisperse
size and irregular shape by the decomposition of ferric nitrate
nonahydrate in formamide at 150 °C.*° Concerning the
utilization of flow systems to synthesize Fe® nanoparticles,
there are limited studies because of the high temperatures
associated with thermal decomposition of the Fe(CO); as well
as system limitations in terms of fouling. Recently, Uson et al.
successfully synthesized ultrasmall IONPs via a high-temper-
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ature synthesis utilizing continuous microfluidic reactors for
the thermal decomposition of Fe(acac); in tetraethylene glycol
(TEG) solution.”" In another report, the continuous synthesis
of ~7 nm iron oxide NPs was achieved by pumping a precursor
solution of presynthesized iron oleate through a stainless steel
tubing which was submerged in a salt bath. The reaction
temperature employed was up to 340 °C with a 86 min
residence time.*” In another work, the flow synthesis of ~5 nm
IONPs was published by Jiao et al.: their approach involved
pumping a precursor solution of Fe(acac); via a Hastelloy
tubing which was heated to 250 °C and pressurized to 33 bar
at the outlet at 0.19—6.6 mL/min. A residence time of 2—30
min was employed.*

Herein we demonstrate the continuous synthesis of Fe,C
nanoparticles at high temperature and pressure in a millifluidic
reactor which performs under inert gas conditions. In addition,
our system permits short reaction times as well as efficient heat
and mass transfer. The effect of temperature on the size,
polydispersity, magnetic response, and magnetic heating
efficiency of the synthesized particles is presented. In
particular, we illustrate the formation of an iron carbide
phase at temperatures >230 °C. The nanoparticles demon-
strated good stability against oxidation after 2 months of
storage.

B MATERIALS AND METHODS

Materials. 1-Octadecene (ODE, 90%), oleylamine (OAm, 70%),
and iron(0) pentacarbonyl (Fe(CO)s, >99.99%) were obtained from
Sigma-Aldrich Ltd.,, UK. All the reagents were used as purchased
without further purification.

Millifluidic System for the Continuous Synthesis of Iron
Carbide Nanostructures. The setup employed for the synthesis of
magnetic Fe-based nanoparticles is shown in Figure 1. PTFE tubing

— 1 4 bar
lw_ i [1 2 =1
! : A
! 4
ODE + OAm +Fe(CO); < T i [ ' ' y =
Oven Waste Fe,C, NPs

Sample collectlon

Figure 1. Schematic representation of the setup employed for the
continuous synthesis of Fe,C, nanoparticles including the chemical
reagents used in the reaction (ODE: l-octadecene; OAm: oleyl-
amine).

and fittings were used to connect the capillary reactor to the syringe in
order to introduce the reaction mixture in the reactor. A 4 m long,
0.76 mm internal diameter stainless steel tube was used as a capillary
reactor placed in a gas chromatograph oven (Trace GC 2000,
ThermoQuest) to achieve temperatures ranging from 190 to 300 °C.
At the exit point of the oven the capillary reactor was extended by 10
cm to take advantage of the rapid cooling associated with millifluidic
systems. The product then flowed via PTFE tubing to either the waste
container or the sample collection vial (PEEK) via a three-way PTFE
valve both kept at room temperature during normal operation. Both
the waste container and the sample collection vial were kept under
pressure during normal operation. The sample was obtained via a
PEEK valve connected at the exit of the collection vial.

https://dx.doi.org/10.1021/acsami.0c06192
ACS Appl. Mater. Interfaces 2020, 12, 28520—28531


https://pubs.acs.org/doi/10.1021/acsami.0c06192?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c06192?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c06192?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c06192?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c06192?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

In a three-neck flask fitted to a Schlenk line, the solvent (ODE, 28
mL) and the stabilizer/surfactant (OAm, 0.34 g, 1.27 mmol) were
added. The mixture was degassed under vacuum for 20 min, followed
by nitrogen purging for S min. The procedure was repeated three
times under vigorous magnetic stirring (800 rpm). Afterward, the
solution was heated to 120 °C for 30 min under nitrogen flux and
vigorous magnetic stirring to remove water through a septum-fitted
needle on the side neck of the flask. The mixture was allowed to cool
to room temperature. Fe(CO); (7.65 mmol) was then injected into
th§4above mixture, following a modified protocol derived by Peng et
al.

The precursor solution was pumped through the capillary reactor
using a syringe pump (Legato210, KD Scientific) equipped with a 25
mL gastight syringe (SGE syringes, TRAJAN). The reactor outlet was
pressurized using a back-pressure regulator (K type, Swagelok) to 4
bar to minimize gas formation. For the experiments presented here,
the nominal residence time (based on the reaction mixture inlet flow
rate) was fixed at 22 min. The flow rate used for all experiments was
0.083 mL/min, and the reaction temperature varied in the range
190—300 °C. The as-prepared nanoparticles were washed three times
with a mixture of hexane and ethanol (1:3 v/v) and isolated by
magnetic separation, before being dispersed in hexane.

Batch Synthesis of Iron Carbide Nanostructures. In a three-
neck flask fitted to a Schlenk line, the solvent (ODE, 28 mL) and the
stabilizer/surfactant (OAm, 0.34 g, 1.27 mmol) were added. The
mixture was degassed under vacuum for 20 min, followed by nitrogen
purging. After heating at 120 °C, further degassing for 20 min took
place. The mixture was then heated at a given temperature (e.g., 250
or 280 °C) at a rate of S °C/min under stirring (700 rpm). Fe(CO);
(7.65 mmol) was injected, and the solution stayed at the same
temperature for 20 min. The mixture was allowed to cool at room
temperature, and the washing of the particles was done as in the case
of the flow-synthesized nanoparticles.

Characterization of the Nanoparticles. The mean size and the
morphology of the resulting NPs were investigated by using a JEOL
1200 EX transmission electron microscope (TEM) with a 120 kV
acceleration voltage. TEM samples were prepared by depositing a
drop of a colloidal dispersion of NPs in hexane onto carbon-coated
copper grids. A JEOL JEM-ARM 200F microscope operating at 200
kV with a spherical aberration corrector and a nominal resolution of
0.8 A was utilized to obtain high-resolution TEM (HRTEM), high-
angle annular dark field (HAADF)—scanning transmission electron
microscopy (STEM) images and to study the crystallinity and the
elemental composition of the as-synthesized NPs, with the aid of
energy-dispersive X-ray spectroscopy (EDS).

The crystal structure of the NPs was examined with a PanAlytical
X-ray diffractometer (X'Pert Pro) using Co Ka radiation (1 =
1.789010 A). The diffraction patterns were collected from 26 = 20° to
100°. Samples were prepared by depositing dried powders of the
acquired NPs on a zero-background silicon wafer, which has no
background noise from 10° to 120°.

The magnetic properties of the NPs were evaluated by using a
vibrating sample magnetometer (VSM) (Model 6000, Physical
Property Measurement System, Quantum Design). The magnetic
response to a sweeping field was tested at 5 and 300 K. The inorganic
metal mass (Fe amount) was identified by measuring the iron content
of a dispersion of NPs with known concentration determined via an
Agilent 4210 microwave plasma—atomic emission spectrometer (MP-
AES).

The heating ability of the NPs was quantified using a calorimetric
analyzer (G2 driver DS Series, nB nanoScale Biomagnetics). This
instrument recorded the temperature using a fiber-optic temperature
probe immersed into 1 mL of the NP solution in a vial which was
placed inside an evacuated sample holder. The sample holder was
placed in the center of a current-carrying solenoid generating the
alternating magnetic field which was set to a frequency of f = 303 kHz
and a field strength of H = 24500 Am™"' G. The specific absorption
rate (SAR) was determined by using the initial slope after the AC field
was applied (dT/dt) by®

_car
m dt

SAR

where C is the specific heat capacity of the sample solution (assuming
a dilute solution, 4.185 J L' K7, as for water) and m is the
concentration of iron (g L™). The SAR [W/kg of iron] value was
then normalized with the magnetic field H and frequency f amplitudes
used in the measurement to obtain the intrinsic loss power [ILP
(nHm® kg™')] as defined in® (H units: kA/m, f units: kHz)

SAR
H x f

ILP =

Fe Mossbauer spectra were obtained at room temperature on a
conventional constant acceleration spectrometer in transmission
geometry operating in a triangular wave mode. The spectrometer
contained parts from Wissel (MR-260 drive, MVT-1000 transducer,
DFG-500 function generator, LND 45431 gas counter, PEA-6
preamplifier, and AMP-1000 main amplifier), while its recording
system was a Canberra PCA-2k. The radiation source consisted of
’Co in rhodium matrix. The isomer shift and the speed scale were
calibrated with an a-Fe sample as a reference.

Bl RESULTS AND DISCUSSION

Effect of Temperature on the Size of the Nano-
particles. A modified thermal decomposition reaction was
employed to synthesize Fe,C, nanoparticles. Following the
protocol by Peng et al,** Fe(CO)s was decomposed in a
mixture of ODE and OAm, which acts as a ligand in this
reaction. In batch syntheses, the method of hot injection is
employed, where Fe(CO)j is injected in a preheated solvent/
ligand mixture typically at 180 °C under an inert atmosphere.
This system was translated to flow with some modification: all
the reactants were premixed under an inert atmosphere and
then introduced to the capillary reactor that was heated to the
required temperature. In this way the flow reactor mimics a
hot-injection method, as widely used for the thermal
decomposition of metal carbonyls by employing the extremely
rapid heating offered by the flow setup. Temperatures ranging
from 190 to 300 °C were tested, while the reactor operated at
an elevated pressure of 4 bar. This kept low the volume of the
CO generated from the thermal decomposition of Fe(CO)s. It
should be noted that at the elevated pressure employed no
decomposition was observed at temperatures lower than 190
°C (data not shown). This effect is attributed to a possible
alteration of the decomposition temperature of the Fe(CO); at
the pressure employed under flow conditions.>”*°

The reaction temperature was varied to evaluate its effect on
size, polydispersity, morphology, and resulting magnetic
properties of the synthesized nanoparticles. Severe fouling
was observed for temperatures over 265 °C, which was
attributed to the increased magnetic attraction of nanoparticles
synthesized at higher temperatures that leads to partial
aggregation: although some particles remain at colloidal
state, precipitation of particle aggregates also occurs. At
temperatures lower than 265 °C, the reactor operated for
more than 1 h continuously, without any pressure buildup that
would signify fouling. For the conditions reported here, the
TEM images of samples synthesized at 190, 250, and 265 °C
are presented in Figure 2 (further images for reaction
temperatures of 200, 215, 230, and 240 °C can be found in
Figure S1 of the Supporting Information). For all conditions
tested, a distinct core—shell morphology was observed, as can
be seen more clearly at the HRTEM image of Figure 3,
indicating the formation of an iron oxide layer upon exposure
of the nanoparticles to air. It is noteworthy that sizes reported
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Figure 2. (a—c) TEM images with size and size distributions of
nanoparticles (insets) synthesized at 190, 250, and 265 °C,
respectively. d is the diameter of the nanoparticles measured from
the TEM images, and n is the number of nanoparticles measured for
each histogram.

here correspond to the total diameter of the core—shell
nanostructures, accounting for both the shell and the core. The
NP size increased with temperature up to 250 °C. The mean
diameter of the resulting nanoparticles synthesized at 190 and
200 °C was measured to be 9.3 + 1.6 and 9.9 + 1.8 nm,
respectively. Further increase of the temperature to 215 and
230 °C resulted in an increase of the mean diameters to 13 +
2.1 and 14.7 + 2.4 nm, respectively. When the reaction
temperature was increased even more, the size of the resulting
nanoparticles appeared to reach a maximum at 250 °C, where

Figure 3. (a) HRTEM and (b) STEM images for nanoparticles
synthesized at 265 °C.

the mean diameter was 18.1 & 2.7 nm. At 265 °C, the highest
temperature tested where no catastrophic fouling was
observed, the NP size decreased to 14.5 + 1.2 nm.

It should be noted that the relative standard deviation
(RSD) of the size (defined as the ratio between the standard
deviation of the particle size distribution over the mean
diameter) was below 20%; the sample synthesized at a reaction
temperature of 265 °C had an RSD of 8.3%. It is suggested that
increasing the reaction temperature leads to an increase of the
mean size of the nanoparticles, as according to Wen et al,, at
higher temperatures the nucleation rate of iron nanoparticles is
reduced due to the lack of a quick consumption pathway of the
Fe atoms formed.”” Therefore, because of the fast decom-
position of Fe(CO); and a reduced number of nuclei present,
any Fe atoms formed are used to produce larger clusters.”” It
should be noted that nanoparticles synthesized in our reactor
at temperatures higher than 240 °C were prone to aggregation.

As seen in Figure 4, batch reactions performed at higher
temperatures indicate that smaller particles were generated
compared to those in the millifluidic system. Batch experi-
ments reported by Peng et al.’* showed the formation of
nanoparticles with a mean diameter of 6.5 nm via the thermal
decomposition of iron carbonyl in octadecene at 180 °C. Our
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Figure 4. Nanoparticle diameters obtained as a function of reaction
temperature for both flow and batch experiments. The standard
deviation of the mean diameter is plotted as error bars.

system has the ability to synthesize larger nanoparticles with
good size control and high magnetic properties, as shown in
the following sections. To shed light on the different results
between the two systems (batch and flow), one should
consider the mechanism of nanoparticle formation. In batch,
when the carbonyl precursor is injected in the hot solution, it is
rapidly decomposed to form a large number of nuclei. When a
critical concentration of nuclei is attained, Fe atoms are
subsequently deposited on the formed nuclei resulting in
growth of the nuclei to clusters and then to nanoparticles, as
described by the LaMer model.”® However, in the millifluidic
reaction system, it is hypothesized that the pressure applied on
the system has a suppressing effect on the thermal
decomposition rate of the Fe(CO)s.*® Therefore, the number
of nuclei formed is smaller than that in a batch system operated
at atmospheric pressure. Thus, the delayed thermal decom-
position of the Fe(CO); due to the increase in pressure led to
the formation of larger nanoparticles in the flow system
compared to batch. In addition, it seems that the increase of
temperature, at least up to 250 °C, was associated with a
reduction of the nucleation rate, as mentioned above,*
resulting in a size increase. The reactor yield and the
productivity in mgg./min are reported in Table SI.

In terms of scalability in this case the most relevant option
would be to increase the diameter of the reactor up to the
critical diameter where the associated hydrodynamics and heat
transfer is not affected. In case of need for further scaling up,
the scaling out of the designed reactor can be considered. The
current setup can accommodate several reactors in parallel,
thus permitting the scaling up in numbers, that altogether
could reach a production of a few hundreds of milligrams of
nanoparticles in less than an hour of synthesis. In this manner
the scale of nanoparticle production can be significantly
increased without compromising the heat and mass flow
control of the system.

Effect of Temperature on the Chemical Composition
and Crystal Structure of the Nanoparticles. It was found
that increasing reaction temperature produced NPs with higher
crystallinity as seen in the XRD patterns of three representative
samples synthesized at various temperatures (Figure S2).
Reaction temperatures below 190 °C did not produce any NPs

under flow conditions. In the literature, batch synthesis at 180
°C caused the formation of mainly amorphous NPs.** In our
work, the peaks for the sample produced at 215 °C imply a
rather low degree of crystallinity, while the samples synthesized
at higher temperatures have sharper XRD peaks. The XRD
measurements were performed a few hours after the synthesis
to minimize the particles contact with air, as Fe is extremely
sensitive to oxidation. In fact, the signal of the NPs prepared at
215 °C is quite noisy, while the measurements of the NPs
synthesized at 230 and 265 °C seem to denote the
simultaneous presence of iron carbides and Fe;O,.

To perform a better phase-composition analysis of the
samples synthesized at 230 and 265 °C, Rietveld refinement of
the XRD patterns was performed using the FullPROF software
(Figure 5).** According to the Rietveld analysis, the primary
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Figure 5. Rietveld refinement of the powder XRD patterns of samples
synthesized by flow synthesis at (a) 230 and (b) 265 °C. The
experimental patterns are shown as red circles and the calculated
patterns as black lines. The Bragg reflection positions for iron carbide
and magnetite components are shown as short green bars below the
diffraction patterns (see also Figure S3). Blue lines represent the
difference patterns.

phase of both samples is found to be Fe;C, and the secondary
phase is Fe;0, (Figure S3). However, the y* values are 16.9
and 14.7 for the samples synthesized at 230 and 265 °C,
respectively. In general, it is regarded that the Rietveld
refinement is very satisfactory when > < 4. The reason for the
ill fit is mainly due to the peak broadening. It has to be noted
that a significant percentage of magnetite may be present in an
amorphous state and cannot be detected by XRD (which
determines only crystallite entities).

The XRD measurements were performed a few hours after
synthesis, which would possibly justify a relatively low degree
of oxidation (especially the sample prepared at 230 °C was
measured at XRD right after its washing and drying procedure,
and the sample of 265 °C followed a few hours later). It seems
that the formation of an oxide layer was very fast, and it took
place soon after particle synthesis, as suggested also by the
brighter contrast of the outer shell of the particles at the TEM
(acquired 2 days after synthesis) and HRTEM images (Figures
2 and 3). The main finding of the XRD analysis is that the
increase of synthesis temperature seems to favor the formation
of iron carbide phases, since the sample synthesized at 215 °C
does not show any clear sign of crystallinity or carbidization
(Figure S2). Figure S3 includes also the simulated reference
patterns for the different carbide compositions and magnetite
together with the XRD measurements for the two samples
prepared at 230 and 265 °C. Iron carbides are normally
regarded as metallic crystals with interstitial carbon atoms. Our
observation of the generation of iron carbide phases at high
temperatures is in agreement with the literature, for instance
with a report using octadecylamine (ODA), cetyltrimethyl-
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ammonium bromide (CTAB), and iron pentacarbonyl in a
batch synthesis.”” In our case, the organic medium used in the
synthesis, composed of ODE and OAm, was the source of
carbon atoms. In another work, Yang et al. used ODE, ODA,
OAm, NH,Br, and Fe(CO); in their batch synthesis, similarly
reporting that higher temperatures favor the production of
carbon-rich phases.*’

It is interesting to note that these authors state that the
carbidization process results in slightly larger nanoparticle sizes
(a conversion of body-centered-cubic Fe—also known simply
as bce-Fe or a-Fe—to hexagonal-Fe,C resulted in an average
size increase from 14.0 to 14.9 nm). This was due to a lattice
distortion caused by C atom penetrations, which expanded the
whole particle volume; this tendency for size increase during
the carbidization process is in agreement with our TEM
results, although in our case this tendency is even more
profound.”® Other reports, for example by Schaak and
colleagues in the case of Ni-based NPs, have demonstrated
that reaction time is another parameter, apart from reaction
temperature, that can be tuned for the synthesis of metal
carbides (in that case, Ni;C,_.)."'

Although the peak deconvolution of the XRD measurements
helped us to get a better idea of the samples composition and
confirmed the presence of iron carbides and magnetite, the
numerous phases of possible iron carbide structures in nearby
peak positions made necessary to employ additional character-
ization techniques. In particular, the HRTEM image of an
isolated Fe;C, nanoparticle from the 265 °C sample (Figure
3a) reveals its characteristic core—shell structure, with a clear
contrast between the core and the shell regions. The lattice
spacing in the core was measured at £0.205 nm, attributed to
the (510) plane of Fe,C,. The shell seems to consist of
amorphous entities with numerous small crystalline domains,
in principle attributed to magnetite, taking into account the
XRD measurements. Amorphous carbon, crystalline Fe;O,, or
even a mixture of amorphous and crystalline phases of iron
oxides has been reported to compose the shell around the iron
carbide core in several cases in the literature.*”**** The STEM
image at Figure 3b corroborates the core@shell structure
whereas a careful look at the EDS elemental mapping (Figure
6) reveals that the core is rather Fe-rich, as expected, and the O
is mostly located at the outer layers of the NPs.

Carbon is abundant in the whole particle volume because of
the presence of the surfactant (OAm) and possibly also due to
the existence of traces of solvent (ODE), despite thorough
washing, and due to the use of a C-coated TEM grid. Similar
observations can be made for the sample synthesized at 230 °C
(Figure S8; for example, in Figure S8d a Fe-rich core can be
barely noticed). In our samples, the presence of a tiny void
layer between the Fe-rich iron carbide core and the shell is
faintly observed in the STEM images. Such void space has
been suggested to act as a possible reactive zone for the carbon
penetration process, indicating the occurrence of a Kirkendall
effect through the lattice transition. The Kirkendall effect is
manifested through the void formation caused by the
imbalance of diffusion rates, when cations diffuse outward to
react with reactive anions. According to this effect, atomic
diffusion occurs through vacancy exchange and not by the
direct interchange of atoms. The generation of numerous
hollow materials in the nanoscale has been described through
this effect.*"*

Although XRD and HRTEM shed some light on the
composition of our samples, the particles’ composition was not
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Figure 6. (a) HAADF-STEM bright-field image. (b—e) EDS
elemental mapping images of the nanoparticles synthesized at 265
°C: (b) O K edge, (c) Fe K edge, (d) C K edge, and (e) overlay.

fully conclusive based on those measurements alone. An
advantage of the XRD measurements is that they examine the
whole population of a powder sample. However, in our case,
not all XRD peaks can be assigned clearly to specific crystal
phases. HRTEM is more precise when studying the crystal
structure of individual particles, but it suffers from the fact that
it is not macroscopic, as it only studies a limited number of
particles. Also, if some NPs are polycrystalline or consisting of
small crystalline domains, it becomes quite difficult to identify
their composition by HRTEM alone. Therefore, we used
Mossbauer spectroscopy to examine the samples further. This
technique is one of the powerful tools to discriminate Fe, Fe
oxide, or Fe carbide phases in the complex metastable Fe,C,

https://dx.doi.org/10.1021/acsami.0c06192
ACS Appl. Mater. Interfaces 2020, 12, 28520—28531


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06192/suppl_file/am0c06192_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06192/suppl_file/am0c06192_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c06192?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c06192?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c06192?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c06192?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c06192?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

system.”* S’Fe Mossbauer spectra were collected at room
temperature for the samples synthesized at 265 and 230 °C,
and they are presented in Figure 7.

Relative Intensity (a.u.)
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Figure 7. Mdssbauer spectra for the sample synthesized at (a) 265
and (b) 230 °C. Colored subspectra for the main individual sextets
which contribute to the overall spectrum are included, one for each Fe
species in different crystallographic position as shown in Tables 1 and
2.

Many different models were applied to obtain the best fit.
For the 265 °C sample a composite model that included y-
Fe;C, and magnetite Lorentzian sextets gave the best results.
As seen from the shape of the large central peaks, two doublets
with nonzero and distributed quadruple splitting were
necessary to fit the spectrum. They may be attributed to
unreduced paramagnetic ferrous ions or size-induced super-
paramagnetic relaxation effects. The carbide can be described
with three sextets corresponding to three different Fe
crystallographic positions for the Fe ions. According to the
population of the ions, a 2:2:1 area ratio of the total three
sextets area is expected, and the obtained relative areas for y-
Fe;C, were 2:2:0.7, which are close to the theoretical values.
Hyperfine fields (Byp) for the sextets were close to the
literature™>™** with a normalized average value of 18.5 T,
which is lower than a-Fe due to the Fe—C bonds. Both isomer
shift (§) and quadruple splitting (&) were slightly smaller, with
average values of 0.27 and 0.04 mm/s, respectively. The isomer
shift value is relative to a-Fe and is related to the s electrons’
density on the nucleus, which in turn is affected by the
oxidation state of Fe atoms: a smaller isomer shift relates to
lower Fe oxidation state. Magnetite sextet parameters were
kept constant during the fit apart from the density areas only to
be released in the final fit stages. The weight ratio between the
two phases (Fe;C, and magnetite) was found to be S:1 for the
265 °C sample.

The proportion of magnetite cannot be estimated with high
certainty with the Rietveld study for three reasons: (a) The
samples were measured just after their synthesis, washing, and
drying stages, within a few hours. Possibly during this time
they were not oxidized to a significant degree, while Mdssbauer
analyses were performed 2 months after synthesis. (b)
Mossbauer analysis can also detect the noncrystalline iron
oxides, unlike XRD which can identify only the crystalline
phases. (c) The peak broadening at the XRD patterns induces
an uncertainty factor in the Rietveld analysis, and thus the
actual percentage of magnetite cannot be precisely determined
through that method. The possibility for the presence of traces
of other carbide phases could be barely suggested by the
Rietveld analysis, but this was not confirmed by Mossbauer
analyses. In both measurements, the dominant iron carbide
phase is the Fe;C,, in accordance also with the HRTEM.

The fact that Fe is extremely prone to oxidation resulted in
the lack of any evidence for possible Fe(0) presence among
our samples. With regard to the presence of iron carbides, Yao
et al. reported that only at temperatures above 310 °C iron
carbides could be formed, when decomposing Fe(CO); in a
mixture of octadecylamine and CTAB. Octadecylamine is in
liquid form at high temperatures and acted as the solvent
(apart from its surfactant role).” In a similar synthetic process,
Hou and co-workers reported the synthesis of Fe;C, NPs at
350 °C,"* whereas Ma and coauthors showed also that similar
high temperatures are indeed needed for the generation of iron
carbides.”’ In a very recent work, Tzitzios and co-workers
reported that carbidization took place at reaction temperatures
higher than 300 °C for Fe;C nanostructures prepared in
oleylamine in the presence of Fe(acac),, palmitic acid, and 1,2-
hexadecanediol.”

Wheatley and colleagues presented a two-step protocol that
involved the use of Fe seeds, with otherwise similar reagents as
in our work (iron pentacarbonyl, oleylamine, and octadecene),
and they synthesized Fe@Fe;O, NPs without observing any
carbide phase for reaction temperatures up to 250 °C.>> In
another report, iron carbides could be synthesized at 260 °C,
employing a seed-mediated route involving bcc-Fe NPs as
seeds, in the presence of long-chain alkylamines and halides.*’

Table 1. Hyperfine Parameters of the Mossbauer Spectra of
the Nanoparticles Synthesized at 265 °C

area per  area per
o € Byg w Fe site phase
(mm/s) (mm/s) (T) (mm/s) (%) (%)
doublet 0.24 1.08 0.40 38
doublet 0.01 1.06 0.40 6
Fe,C, 0.24 0.03 18.1 0.30 21 47
0.31 0.05 21.6 0.30 19
0.23 0.02 11.6 0.25 7
magnetite 0.28 —0.02 49.0 0.20 6 9
0.55 0.01 44.3 0.20 3

It seems that our synthetic process in flow provides
conditions that allow to initiate the carbidization process at
temperatures as low as 230 °C, even without the use of halides.
It is expected that in the closed flow system the solubility of
CO in octadecene is increased compared to a conventional
batch system due to the elevated pressure. Because the amount
of iron pentacarbonyl used was 7.65 mmol, the concentration
of CO cannot exceed 0.0382 mol/L (calculated taking into
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Table 2. Hyperfine Parameters of the Mossbauer Spectra of
the Nanoparticles Synthesized at 230 °C

iron species has been shown to be responsible for the
generation of Fe;C, NPs: an intermediate FeO phase has also
been observed in the course of the synthetic reaction; however,
that work involved batch synthesis with much lower heating
rate in comparison to our flow conditions.’” With regard to the
passivating oxide shell, as discussed before, it is formed as soon
as the particles are exposed to air. Similarly, in our previous
work on Fe@Fe,O, NPs, no change in the core—shell structure
was observed by TEM a few months after synthesis.”* The
synthetic approach by Chaudret and co-workers, which usually

area per  area per
o € Bur w Fe site phase
(mm/s) (mm/s) (T) (mm/s) (%) (%)
doublet 0.25 1.01 0.40 38
Fe,C, 0.22 0.04 17.7 0.30 18 46
0.26 0.04 22.3 0.30 18
0.19 0.03 13.5 0.25 10
magnetite 0.29 —0.06 49.5 0.20 10 16

account the decomposition of the Fe(CO); molecule, the
residence time, and the dimensions of the reactor). Because of
lack of data in the literature for Henry’s law constant for CO in
1-octadecene, the CO solubility was compared to that in 1-
octene, heptane, and hexadecane, as seen in Figure S9. Using
this information, we estimated the solubility of CO to be
0.02—0.04 mol/L. Figure S9 supports that the solubility of CO
at the lower CO partial pressures encountered in batch systems
is significantly smaller than at higher partial pressures,
assuming that CO is the only gas present. Therefore, it is
postulated that in our millifluidic system the increased amount
of CO present might enhance the carbidization at lower
temperature, acting as an additional carbon source (apart from
OAm). The suggested pathway for the formation of the core—
shell morphology includes first the decomposition of iron
pentacarbonyl to provide Fe(0), and a subsequent carbidiza-
tion step yields Fe;C, NPs. The latter is caused by penetration
of carbon atoms into the a-Fe lattice, which can also result in
lattice distortion. In our case, oleylamine acts as the main
carbon source in high temperatures.””>” It is worth mentioning
that in other works a more complicated structural evolution of

includes H, reduction and moderate temperatures (150 °C),
can also result in the formation of different iron carbide NPs
with compositions such as Fe;C, and Fe,,C.>¥%® Their
approach involves reactions that last many hours, up to 48 h
or more. As mentioned before, a prolonged reaction time is
another factor that has also been shown to favor the
carbidization process, apart from the high temperature.”'
Magnetic Properties of the Nanoparticles. The
magnetic response of the NPs synthesized at temperatures
230—265 °C was analyzed via VSM within 1 week of
formation. Samples formed at lower temperatures (<230 °C)
did not show any magnetic response when tested by using
VSM. This can be attributed to the fact that those NPs were
potentially fully oxidized before the VSM measurement was
performed as a result of their amorphous structure,”’ which
was demonstrated by XRD measurements. Their smaller size,
with a higher surface-to-volume ratio, compared to the samples
synthesized at higher temperatures, may also have somewhat
contributed as a secondary factor to their tendency to oxidize
easily. Therefore, VSM measurements were performed for
samples synthesized at higher temperatures, and the results are
shown in Figure 8. For the lowest decomposition temperature
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Figure 8. Magnetization measured at different temperatures and at different time intervals plotted against the magnetic field for the nanoparticles
synthesized at (a) 230, (b) 240, (c) 250, and (d) 26S °C. The insets show the hysteresis loop at low fields.
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of 230 °C the saturation magnetization (M) value measured at
room temperature was 157 emu/gg, (92 emu/ggmye). An
increase of the reaction temperature to 240 °C led to a
magnetic saturation value of 167 emu/gg, (101 emu/ggme)-
However, further increase of the reaction temperature to 250
and 265 °C resulted in a decrease of the magnetic saturation,
with values for samples synthesized at these temperatures
plateauing at 138 emu/gg, (97 emu/g ) and 136 emu/gg,
(100 emu/ gsample). The observed decrease of the Fe content-
normalized magnetic saturation values for samples synthesized
at higher temperatures can be attributed to the high degree of
carbidization of the NPs. As discussed above, increasing the
reaction temperature results in the formation of iron carbide
phases. This effect is more prominent at the two highest
reaction temperatures, and this is reflected in the magnetic
saturation values measured. The trend of the magnetic
saturation value is in agreement with results presented by
Meffre et al,”> who observed a decrease in the magnetic
saturation values in the case of iron carbides compared to
Fe(0) samples. Our iron carbide NPs show higher magnetic
saturation values than magnetite, in agreement with literature
reports. For example, iron carbide NPs have demonstrated
saturation magnetization values of 125—140 emu/g, 1, While
the corresponding values for magnetite and a-Fe are 70—80
and up to 200 emu/gympler respectively.*”*>°17%% Especially
for the bulk Fe;Cy, a M value of 143 emu/g . has been
reported.”

In what concerns the coercivity exhibited by the four
samples presented, its value tends to increase with increasing
reaction temperature. The measured coercivity was 121 Oe for
the NPs synthesized at 230 °C, while it decreased to 72 Oe for
the NPs synthesized at 240 °C. Further increase of the reaction
temperature to 250 and 265 °C resulted in increasing the
measured coercivity value to 151 and 254 Oe, respectively.
This increase can be attributed to the increase of the carbon
content. The dependence of coercivity on the C content has
been reported by Meffre et al.>* and Yu et al.>® In particular, a
minimum coercive field of ~150 Oe at an iron percentagg
composition near 80% was found for iron carbide-based NPs.””
In addition, the coercivity is size dependent.”® No exchange
coupling is noticed because both iron carbide and iron oxide
phases are soft magnetic materials with comparable coercivity
values in the nanoscale.”’

The stability of the resulting NPs was also examined. VSM
measurements were performed 2 months post synthesis.
Results in Figure 9 demonstrate that the magnetization
saturation values for all samples decreased by <10% of the
original value. These relatively stable magnetic properties may
be attributed to the formation of iron carbide phases. As iron
carbide displays higher stability against oxidation, the magnetic
saturation values are not significantly affected when the
samples are exposed in air even for 2 months. It has to be
noted that such iron carbide nanoparticles are stable against
oxidation despite the fact that they are in a zerovalent
state.*>*> Tt seems that the fast formation of the oxide shell
as soon as the particles are exposed to air “passivates” the
surface of the NPs, hindering further oxygen insertion into the
iron carbide core. In this way, good magnetic properties are
kept for prolonged time.**>*° It has been proposed that the
formation of a polycrystalline Fe-based shell and the presence
of a carbonaceous interface between the shell and the iron
carbide core prevent epitaxial growth of the latter and provide
a barrier against its further oxidation.>® In contrast, the
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Figure 9. Magnetization values of different samples plotted against
the reaction temperature. Measurements were performed at room
temperature.

environmental oxidation of Fe NPs would be mostly expected
to yield an epitaxial metal—oxide boundary. For example,
purely amorphous Fe NPs are very easily oxidized.”' While it is
not that clear how the passive oxidation of the iron carbide
core proceeds to generate carbonaceous material internal to
the particle structure, the entrapment of OAm from the ligand
coating is believed to be involved.>

Magnetic Hyperthermia Performance of the Nano-
particles. The heating ability of the synthesized nanoparticles
was evaluated via magnetic hyperthermia measurements during
the exposure to AC (alternating current) magnetic fields, and
the results are summarized in Table 3. It is apparent that an

Table 3. Specific Absorption Rate and Intrinsic Loss Power
Values for the Nanoparticles Synthesized at Different
Temperatures in the Millifluidic Reactor

reaction temp  specific absorptioln rate, SAR intrinsic loss power, ILP
(Wg~

(°C) (nHm? kg™")
230 30.8 0.17
240 49.3 0.27
250 18.7 0.10
265 278.1 1.52

increase in the reaction temperature resulted in higher ILP
values of nanoparticle solutions, measured directly upon
collection from the reactor. The magnetic hyperthermia
measurements were repeated twice for each sample, and the
RSD was <5% for all samples. The values presented
correspond to the heating efficacy of nanoparticles dispersed
in ODE (reaction solvent). The highest ILP value of 1.52
nHm? kg™' was obtained for the sample prepared at the highest
reaction temperature (265 °C). Recent work published by
Asensio et al.”" has highlighted the effect of agglomeration on
the heating properties of iron carbide NPs. The authors
commented on the absence of heating properties for
nanoparticles that are strongly and irreversibly aggregated.
However, this was not apparent in the properties of the iron
carbide NPs in our work. Even though aggregation was
observed for samples synthesized at temperatures higher than
240 °C, nanoparticles demonstrated sufficient heating perform-
ance.

Differences between the observed heating properties could
be attributed to the different particle sizes and carbidization
extents among the different samples. Furthermore, the
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significant increase of the SAR value and thus of the ILP value
for the sample synthesized at 265 °C can be correlated to the
decreased particle size distribution, as the heating efficiency of
NPs significantly decreases with any increase of the
polydispersity.”**> Comparing the magnetic hyperthermia
performance of our nanoparticles with different core—shell
ferrite nanoparticles from the literature, we observed that the
ILP value measured for the particles synthesized at 265 °C is
higher than the ILP values reported for core—shell nano-
particles CoFe,O, and MnFe,0, (0.6 nHm? kg™') for core
sizes of 9 and 15 nm, respectively.”® The SAR value for the
sample synthesized at 265 °C is comparable to the SAR values
of other reports on iron carbide nanoparticles, as shown in a
review by Yu et al. In that review, SAR values between 250 and
300 W g™' or somewhat higher than 300 W g™' were reported
for iron carbide and iron oxide/iron carbide core/shell
nanostructures, respectively.”® We tested also the heating
ability of our batch-prepared nanoparticles. The samples
prepared at 250 °C with both methods (batch and flow)
showed similar heating efficiencies. In what concerns the
samples synthesized at the highest temperatures (280 °C for
batch, 265 °C for flow), a considerably lower ILP value was
noticed for the batch sample (Table S2), in comparison to the
flow sample (Table 3). It seems that above 250 °C a
combination of larger particle size (see Figure 4) and a
probably higher degree of carbidization for the flow-prepared
sample is responsible for the remarkable differences of the ILP
values between the samples synthesized from the two methods
(1.52 vs 0.34 nHm® kg™!, respectively). The sample
synthesized at 220 °C in batch showed a tendency to sedimen
easily during hyperthermia measurements, probably due to its
relatively big particle size; therefore, unfortunately its perform-
ance could not be evaluated in a reliable way.

B CONCLUSIONS

In this study, we have investigated the synthesis of Fe,C,
nanoparticles in a continuous millifluidic system. The effect of
the reaction temperature on the size, morphology, and
magnetization of the produced nanoparticles has been
presented. Results demonstrate that increasing the reaction
temperature for the flow system that operates under pressure
leads to increasing the diameter of the nanoparticles. Despite
the fact that a higher amount of dissolved CO could impede
particle growth, we did not observe any such effect in our flow
system, although a weak size decrease at 265 °C was noticed
after a size maximum at 250 °C synthesis temperature. Still,
flow-prepared particles had a larger size compared to batch-
prepared ones. Additionally, an iron carbide phase was partially
formed at temperatures as low as 230 °C. Increasing the
reaction temperature resulted in an enhanced degree of
carbidization, as demonstrated by XRD and Mossbauer
measurements. A naturally formed passivating oxide layer
helped to maintain a stable core—shell morphology for a
prolonged time with associated practically intact magnetic
properties. The synthesized nanoparticles had ILP values up to
1.52 nHm® kg™' measured directly upon collection in 1-
octadecene. Only a <10% drop of the initial magnetic
saturation after 2 months of air exposure was observed,
rendering these particles suitable for different applications that
dictate a longer shelf life.
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