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Here the synthesis of magnetic aerogels from iron platinum and cobalt platinum nanoparticles is pre-
sented. The use of hydrazine monohydrate as destabilizing agent triggers the gelation directly from
organic solution, and therefore a phase transfer to aqueous media prior to the gelation is not necessary.
The aerogels were characterized through Transmission Electron Microscopy, Scanning Electron
Microscopy, Powder X-Ray Diffraction Analysis and Argon Physisorption measurements to prove the for-
mation of a porous network and define their compositions. Additionally, magnetization measurements in
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terms of hysteresis cycles at 5 K and 300 K (M—H-curves) as well as zero field cooled-field cooled
measurements (ZFC-FC measurements) of the dried colloids and the respective xero- and aerogels were
performed, in order to analyze the influence of the gelation process and the network structure on the
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Introduction

Magnetic nanoparticles have applications in various different
fields such as catalysis, data storage, hyperthermia or drug
delivery."™ 1In particular, superparamagnetic nanoparticles
have attracted a lot of attention due to their unique properties.
Because of their small size these particles are single domain
and the magnetic moments are randomly oriented due to
thermal fluctuations; their net magnetization is zero in the
absence of an applied magnetic field, which avoids their aggre-
gation. In addition, superparamagnetic nanoparticles dissipate
energy in the form of heat when they are subjected to alternat-
ing magnetic fields, which makes them especially interesting
for biomedical applications such as magnetic hyperthermia.*™®
There are also first reports on implementing magnetite nano-
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particles to improve the mechanical stability of conductive
concrete.’

Various magnetic alloys from transition metal alloys such
as CoPt;, FePt, FePd, CoPd and FeCo to metal phosphides, fer-
rites and rare earth metal alloys such as SmCos, Nd,Fe;,B,
Sm,Fe;,N;, NdFeB' or (Nd, Ce)-Fe-B'" are of great interest for
various applications, because of high magnetic anisotropy,
large coercivity and enhanced magnetic susceptibility.*
Additionally, also magnetic semiconductors and half-metallic
materials such as CrSI'*> have been investigated recently.

FePt shows two different phases, namely, the ordered fct
and the disordered fcc-phase are known. While the ordered
fct-phase shows ferromagnetic behavior with high magnetic
saturation and a high magnetic anisotropy™® the disordered
fce-phase shows a low magnetic saturation as well as a low
magnetic anisotropy resulting in superparamagnetic behavior
at room temperature.'* As-prepared nanoparticles (NPs)
exhibit the disordered fcc-phase. To convert the NPs from the
disordered to the ordered-phase thermal annealing is necess-
ary."® Cobalt platinum alloys are chemically stable'® and epi-
taxial films of these alloys show a strong perpendicular mag-
netic anisotropy, which makes them interesting as magneto-
optical recording media."” Similar to iron platinum nano-
particles, cobalt platinum nanoparticles show a disordered fcc
structure after the synthesis as well as no hysteresis in the M-
H-curve at 300 K."® In addition to that, the magnetic properties
of nanoparticles are also highly dependent on their shape. The
shape anisotropy has an influence on the coercivity and the
blocking temperature, as it contributes to the effective an-
isotropy constant.*'® Up to now, mostly not connected mag-
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netic nanoparticles are used for various applications.'™®
Instead, the combination of the high specific surface area,
high porosity and low density®® > of porous structures, such
as aerogels, with the magnetic properties of the colloidal nano-
particles would lead to materials with interesting properties
that might be applicable for drug delivery or filtering systems.

An aerogel is considered as a porous network structure
filled with air. Through controlled destabilization of the col-
loidal solution, the lyogel is formed. The pores of lyogels are
filled with solvent, which has to be removed while drying
without a collapse of the gel structure. Therefore, supercritical
drying with CO, is performed to obtain aerogels out of lyogels.
If lyogels are dried under ambient conditions, the capillary
forces while drying lead to a collapse of the gel structure and
therefore a compact structure (xerogels) is obtained.>***

For noble metal*® and metal chalcogenide nanoparticles,?®
a lot of different techniques to induce the self-assembly into
networks were demonstrated*>*”*® and the aerogel fabrication
of semiconducting®®?® and plasmonic****?*° nanoparticles
has been extensively investigated. Instead, the research into
magnetic aerogels is still scarce and only some reports
describe the formation of magnetic aerogels.*’ ™ Anastasova
et al.*>* as well as Ganonyan et al.>* describe the synthesis of
magnetite aerogels with the use of propylene oxide, following
a sol-gel approach. In addition to that, Altenschmidt et al.*®
described the aerogelation of polymer-coated iron oxide nano-
particles through addition of calcium cations. While Berestok
et al®' and Hettiarachchi et al®* already describe the for-
mation of self-supported aerogels out of maghemite or
Fe, 3Niy ;P nanoparticles. In self-supported aerogels the par-
ticles are in direct contact with each other and the backbone
only consists of nanoparticles as buildings blocks. Self-sup-
ported aerogels exhibit a large surface area and porous struc-
tures. Therefore, efficient mass transport and easy access to
catalytic active sites are provided. The large surface area con-
sisting only out of the catalytically active species leads to an
improved catalytic activity of the material.”>*” Nevertheless,
more variety in magnetic aerogels is still needed, as well as a
thorough magnetic characterization of the nanoparticles when
they are part of a gel network.

For most gelation techniques, a phase transfer of the nano-
particles from organic to aqueous solution or a polar medium
is necessary. The phase transfer is a time-consuming step and
has to be adjusted for each type of nanoparticle separately. In
addition to that, the ligand exchange, which is in most cases
necessary to induce this phase transfer, might affect the
surface of the nanoparticles and lead to undesirable property
changes prior to gelation e.g. decrease of the quantum yield in
case of semiconducting nanoparticle gels,® or spin canting
and lower saturation magnetization for magnetic nano-
particles due to defects.>® In the present work, a method
described by Naskar et al.>®> was used to induce the assembly
of platinum nanoparticles directly out of organic solution
through hydrazine monohydrate as destabilizing agent.
Hydrazine was discussed to bind to the platinum on the nano-
particle surface and leads to an oxidation and detachment of

4230 | Nanoscale, 2024,16, 4229-4238

View Article Online

Nanoscale

the ligands.>® In this work, we present the formation of porous
aerogels out of iron platinum and cobalt platinum nano-
particles directly out of organic solution. The aerogels are
characterized by scanning and transmission electron
microscopy to prove the formation of a porous network out of
interconnected nanoparticles. Measurements on a Super
Conducting Quantum Interference Device (SQUID) were per-
formed to investigate the influence of the gelation procedure
and the network structure on the magnetic properties. It was
found that for both discussed FePt-NPs (quasi-cubic and quasi
spherical particles) a change from paramagnetic to superpara-
magnetic behavior occurs after gelation. Instead, the superpar-
amagnetism observed for CoPt;-NPs is preserved through
gelation.

Experimental

Reagents

Platinum(u) acetylacetonate (Pt(acac),, 98% ABCR, stored in
glovebox), iron(0) pentacarbonyl (Fe(CO)s, 99.99% Sigma
Aldrich, stored in fridge inside glovebox), hydrazine monohy-
drate (N,H,-H,O, 98% Sigma Aldrich), 1-octadecene (ODE,
90% Sigma Aldrich), oleic acid (90% Sigma Aldrich, stored in
fridge), oleylamine (90% Sigma Aldrich), benzyl ether (98%
Sigma Aldrich), 1,2-hexadecanediol (98% Sigma Aldrich),
1-adamantanecarboxylic acid (99% Sigma Aldrich), diphenyl
ether (99% Acros), 1,2-dichlorobenzene (99% Sigma Aldrich,
stored in Glovebox), hexadecylamine (HDA, >94% Merck),
cobalt carbonyl (Co,(CO)s, >90% moisted with 1-10%
n-hexane Sigma Aldrich, stored in fridge inside glovebox), iso-
propanol (>99.8% Sigma Aldrich), n-hexane (>99%
Honeywell), acetone (>99.5% Sigma Aldrich), ethanol (>99.9%
Sigma Aldrich), toluene (>99.7% Sigma Aldrich), dried acetone
(dried over molecular sieves 3 A, distilled and stored in glove-
box), hydrochloric acid (>37% Sigma Aldrich), nitric acid
(trace >99.999% Sigma Aldrich), liquid CO, (Linde 30 kg with
riser tube). These chemicals were used without further
purification.

Synthesis FePt nanoparticles (FePt-NP)

Quasi spherical FePt-NPs with an average size of 5 nm were
synthesized following a procedure from Schladt et al
0.1967 g platinum-(u)-acetylacetonate, 10 mL benzyl ether and
5 mL ODE were degassed and stirred under vacuum for 1 h at
70 °C. Afterwards the flask was flushed with argon, and the
temperature was increased to 120 °C. 264 pL Fe(CO)s; and
1.6 mL oleic acid were injected under fast stirring. After
5 minutes, 1.6 mL oleylamine were injected. The mixture was
heated up to 205 °C and kept for 1 h at this temperature. After
that, the mixture was cooled down to room temperature, and
subsequently 20 mL ethanol were added. The mixture was cen-
trifuged for 10 min at 10 752 relative centrifugal force (RCF).
The nanoparticles were redispersed in 5 mL n-hexane and
20 mL ethanol were added to continue the cleaning process.
After centrifugation for additional 10 min at 10 752 RCF, the
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nanoparticles were redispersed in 2 mL n-hexane. To stabilize
the nanoparticles 25 pL oleic acid and 25 pL oleylamine were
added. The nanoparticles were stored under ambient con-
ditions in a glass vial.

Synthesis CoPt; nanoparticles (CoPt;-NP)

Quasi spherical CoPt;-NPs with an average size of 7 nm were
synthesized following a procedure by Shevchenko et al'®
Briefly, 0.033 g Pt(acac),, 0.13 g 1,2-hexadecanediol, 0.25 g
1-adamantanecarboxylic acid, 4.95 mL HDA and 2 mL diphe-
nyl ether were degassed under stirring for 30 min at 65 °C.
Afterwards the flask was flushed with argon and the mixture
was heated up to 205 °C. After reaching the desired tempera-
ture, a solution of 0.014 g Co,(CO)g in 700 pL of 1,2-dichloro-
benzene, was injected and the mixture was kept at 205 °C for
1 h. The mixture was then heated up to 290 °C for 1.5 h. After
the mixture was cooled down to 50 °C, 5 mL toluene as well as
20 mL isopropanol were added and the mixture was centri-
fuged for 10 min at 10 752 RCF. The nanoparticles were redis-
persed in 5 mL toluene, 20 mL isopropanol were added and
the centrifugation was performed again for 10 min at 10 752
RCF. At the end the nanoparticles were redispersed in 2 mL of
toluene and stored in a glass vial under ambient conditions.

Synthesis FePt nanocubes (c-FePt-NP)

FePt nanocubes were synthesized following a procedure from
Chou et al.*® 0.047 g Pt(acac),, 0.525 g 1,2-hexadecanediol and
2 mL oleic acid were degassed for 1 h at 70 °C under vacuum.
After flushing the flask with argon the mixture was heated to
120 °C and 33 pL Fe(CO)s were injected. The temperature was
raised to 240 °C and kept for 1 h. After cooling down to room
temperature 20 mL ethanol was added and the mixture was
centrifuged for 10 min at 10 752 RCF. The nanoparticles were
redispersed in 5 mL n-hexane and 20 mL ethanol were added.
After centrifugation for 10 min at 10 752 RCF the nanoparticles
were redispersed in 2 mL n-hexane and stored under ambient
conditions in a glass vial.

Synthesis of nanoparticle aerogels

In all three cases a nanoparticle solution containing 12 mg of
platinum was centrifuged for 3 min at 10 752 RCF. The plati-
num concentration was determined by Inductively Coupled
Plasma Optical Emission Spectroscopy measurements
(ICP-OES). Afterwards the nanoparticles were redispersed in
400 pL of n-hexane (FePt) or toluene (CoPt;). The gelation
experiments were performed in 2 mL Eppendorf tubes. In case
of FePt-NPs and c-FePt-NPs 30 pL of hydrazine monohydrate
were added to the nanoparticle solution, while for CoPt;-NPs
320 pL hydrazine monohydrate were added. The mixture was
shaken for a few seconds and stored free from vibrations for
2.5 h (FePt) or 4 h (CoPt3). Right after shaking a phase separ-
ation could be observed. A small clear phase can be seen on
top of a black phase containing the nanoparticles. To stop the
gelation the vials were carefully filled with the previous used
solvent. Afterwards the solvent was replaced 6 times in inter-
vals of 30 min with new solvent. Therefore about 1 mL of
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solvent was removed by use of a plastic pipette and replaced
with 1 mL of fresh toluene (CoPt;-NPs) or n-hexane (FePt-NPs/
c-FePt-NPs). Afterwards the gel was stored for three days free
from vibrations. The subsequent solvent exchange was per-
formed over 2 days by gradually exchanging the solvent
through ethanol (FePt) or acetone (CoPt;). For this purpose,
0.5 mL of solvent were replaced through 0.5 mL of acetone
(CoPt3) or ethanol (FePt) with help of a plastic pipette. This
procedure was repeated 5 times per day. Afterwards 1 mL of
solvent above the gels were replaced five times a day for 5 days
with 1 mL of fresh ethanol (FePt) or acetone (CoPt;). Finally,
1 mL of solvent was replaced by 1 mL of dry acetone (stored
inside a glovebox) with the help of a plastic pipette. This pro-
cedure was repeated 5 times a day for 3 days to remove any
remaining water or other solvent to prevent a collapse of the
gel structure during supercritical drying. The supercritical
drying was performed in a E3100 from Quorum technologies.
The acetogels were placed into anhydrous acetone inside the
autoclave. Inside, the acetone was replaced with liquid CO,
and stayed in the dryer over night to ensure the diffusion of
CO, into the pores. The dryer was then flushed for 5 minutes
before heating up to 32 °C, so a pressure of 76 bar was
reached. After CO, reached the supercritical state it was care-
fully released from the dryer as a gas.

Scanning electron microscopy

The measurements were performed using a JOEL JSM-6700F
with an acceleration voltage of 2 kV. For the measurement a
small amount of the aerogel was deposited on a sticky carbon
film and placed on a brass holder.

Transmission electron microscopy

A Tecnai G2 TEM from FEI with an acceleration voltage of 200
kV was used for the measurements. The nanoparticle solutions
were centrifuged 3 times before the sample preparation.
Afterwards the nanoparticles were redispersed and diluted.
10 pL of the redispersed and diluted nanoparticles were drop
casted onto a carbon coated copper TEM-grid (300 mesh) from
Quantifoil. In case of the acetogels a small amount of the gel
was removed from the vial and sonicated for a few seconds.
Afterwards the small fragments of the sonicated gel were drop
casted onto the TEM-grid and dried under ambient
conditions.

Powder X-Ray diffraction analysis (XRD)

The measurements were performed with a Bruker D8 Advance.
The nanoparticle solution was drop casted onto a single crys-
talline silicon wafer and dried under ambient conditions. The
measurements were performed at room temperature with 40
kv and 30 mA of Cu K, radiation.

IR measurements

The measurements were performed with a Cary 630 FTIR from
Agilent Technologies. Oleylamine and oleic acid were mixed
with hydrazine in a glass vial and a drop of this mixture was
casted onto the device sample holder. In case of the ligands
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present on the CoPt;-NPs surface, hexadecylamine and 1-ada-
mantanecarboxylic acid were mixed with hydrazine and the
mixture was placed onto the sample holder.

Inductively coupled plasma optical emission spectroscopy
(ICP-OES)

The platinum, iron and cobalt concentrations were determined
through Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) measurements with a 5110 ICP-OES
from Agilent Technologies using argon as conductive gas for
the plasma. 20 pL of sample were decomposed overnight in
0.5 mL of aqua regia. A calibration curve was obtained by
using Pt, Fe and Co standards for AAS to prepare 6 standards
with concentrations between 0 and 7.5 mg L™ for Fe and Pt,
and concentrations between 0 and 2.5 mg L™ for Co.

Argon physisorption measurements

A Quantachrome Nova 3200e at 77 K was used for the physi-
sorption measurements. The samples with masses between 2
and 6 mg were degassed for 30 h at room temperature. To esti-
mate the specific surface area the Brunnauer-Emmett-Teller
(BET)* equation was used.

Magnetic measurements

Magnetic measurements were performed on a Quantum
Design MPMS3 SQUID magnetometer on the dried nano-
particles, the regarding aero- and xerogels. The zero-field-
cooled (ZFC) and field-cooled-measurements (FC) were per-
formed with an applied 100 Oe DC field from 5 K to 300 K.
The M-H-curve was measured at 5 K and 300 K from —70 kOe
to +70 kOe in DC mode. All samples were measured in VSM
Powder Sample Holders from Quantum Design. For all nano-
particle samples, the particle solution was casted dropwise in
the sample holder and dried under ambient conditions. For
preparation of xerogel samples small pieces of the acetogel
were transferred by use of a pipette to the sample holder and
dried under ambient conditions. Aerogel samples were pre-
pared by placing small pieces of the aerogel into the sample
holder.

Results and discussion

Magnetic FePt and CoPt; nanoparticles were synthesized fol-
lowing the procedures from Schladt et al.,"* Chou et al.,*® and
Shevchenko et al.,'® respectively. To prove the formation of the
desired particle shape and phase, XRD and TEM measure-
ments were performed (Fig. 1A-C). All nanoparticles show a
narrow size distribution with average sizes of 5 nm + 0.8 nm
for FePt quasi-cubic and quasi spherical NPs and 7 nm +
0.9 nm for the quasi spherical CoPt;-NPs. From the XRD pat-
terns it can be seen that all three nanoparticles match well
with the reflexes of their corresponding unordered fcc-phase,
which was expected as no thermal annealing was performed
(Fig. 1D-F).

4232 | Nanoscale, 2024,16, 4229-4238

View Article Online

Nanoscale

In order to find the best gelation parameters, different gela-
tion experiments were performed. In all experiments, hydra-
zine was used to destabilize the solution. At first, different
gelation times with a fixed amount of hydrazine solutions were
used. The gelation times with the most voluminous gels were
obtained after 2.5 h for iron platinum and 4 h for cobalt plati-
num (Fig. S11). Experiments with varying amounts of hydra-
zine volumes were performed as well. The most voluminous
gels with least shrinkage were observed after the addition of
30 pL hydrazine for FePt and 320 pL for CoPt; (Fig. S2 and
S37t). To prove the successful formation of networks out of con-
nected nanoparticles, TEM measurements as well as SEM
measurements were performed (Fig. 2). The TEM images of
the lyogels show a network structure in the lower magnifi-
cation pictures (Fig. 2A-C) and a connection mostly through
the nanoparticle surface in the higher resolution images
(Fig. 2D-F). By comparison of the TEM pictures before and
after the gelation it can be seen that no significant change in
shape or size occurs during the gelation process. The nano-
particles retain their initial size and no melting together was
observed. The SEM images (Fig. 2G-I) were taken after super-
critical drying and therefore show the resulting aerogels. All
samples show a porous structure, which indicates that both
supercritical drying and gelation were successful. A similar
structure for quasi spherical CoPt;-NPs and quasi spherical
FePt-NPs were observed, while the structure for quasi cubic
FePt-NPs appears to be slightly different. The quasi cubic
sample appears to consist out of connected, porous small
balls, while the quasi spherical samples show larger and less
defined compartments. As this behavior is observed for both
quasi-spherical samples out of different materials and
different ligands, this behavior may be attributed to the par-
ticle shape. An influence of the facets cannot be excluded. As
it can be seen in Fig. 2D-F the quasi-cubic sample is mainly
connected through the edges and corners of the particles and
shows a smaller contact area with neighboring particles in
comparison to the quasi-spherical samples. The particle shape
and the different type of connection during gelation can influ-
ence the structure of the aerogel®* and may lead to the here
observed structural differences. In general, a more compact
structure compared to Naskar et al.>® was obtained.

As mentioned above, the gelation technique that Naskar
et al.”® used to gel pure platinum nanoparticles was applied
for the gelation experiments reported here. It was suggested by
Naskar et al.>® that the hydrazine binds onto the nanoparticle
surface which results in oxidation and detachment of the pre-
vious ligands. The hydrazine then decomposes on the catalyti-
cally active surface of the platinum nanoparticles into hydro-
gen and nitrogen. It is suggested that hydrogen stays adsorbed
onto the nanoparticle surface while nitrogen leaves the vial.
This can be seen by small bubbles leaving the vial shortly after
addition of hydrazine, which was also observed for all of the
here described gelation experiments. The oxidation and
detachment of the previous long chained organic ligands leads
to a decrease of the steric repulsion. This causes a controlled
destabilization of the platinum particles in the organic media,

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 TEM images of (A) as synthesized quasi spherical CoPts-NPs, (B) F
distributions and (D—F) XRD patterns.

a decreased distance between the individual particles and
finally results in the formation of Pt-Pt metal bonds, which
connect the individual particles to a porous network, the so
called lyogel. Through solvent exchange to acetone and super-
critical drying afterwards the lyogel is transformed into an
aerogel. The gelation mechanism was described for oleylamine
and oleic acid as ligands, which are present on the surface of
the synthesized FePt-NPs. Therefore, a similar mechanism to
the one proposed for pure platinum nanoparticles was
expected. To proof this assumption, IR measurements were
performed. The resulting IR spectra show no difference to the
spectra observed by Naskar et al.>® indicating that the mecha-
nisms are similar for platinum and iron platinum (Fig. S47).
The carboxylic group of oleic acid binds onto the iron atoms
on the surface of the iron platinum nanoparticles and forms an
iron carboxylate, while oleylamine is coordinated onto the plati-
num atoms.** On the other hand, for the CoPt;-NPs, a similar be-
havior is observed even with different ligands on the surface
(Fig. S41). The carboxylic acid (1-adamantanecarboxylic acid)
binds onto the cobalt atoms while the amine (hexadecylamine)
binds to the platinum atoms.'®*>** Schematic drawings of the
ligands as well as the proposed gelation mechanisms are shown
for both nanoparticle composition in Fig. 3. For both ligand mix-
tures, the signals from the amine can still be found, while the
characteristic signal around 1700 cm™" from the carboxylic acid
is not recognizable anymore. Instead, a signal around 1500 cm™"
appears which is attributed to the O—C-N-H group and proves
the formation of a hydrazinium complex.”® This indicates that
the hydrazine only reacts with the carboxylic acid and not with
the amine. The spectra for both ligand mixtures are similar to
each other suggesting a similar gelation mechanism for both
nanoparticle compositions.

This journal is © The Royal Society of Chemistry 2024
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To evaluate the porosity and specific surface area of the
aerogels, argon physisorption measurements were performed.
The resulting isotherms as well as the regarding BET surfaces
for all three aerogels are shown in Fig. 4. The FePt aerogels
show a specific inner BET surface of 9758 m> mol™" (39 m?
¢~ 1) for quasi-cubic and 9417 m* mol™" (38 m” g™ ') for spheri-
cal NPs, while the aerogel from CoPt;-NPs shows a BET-surface
of 26566 m*> mol™" (41 m> g'). In comparison to the
maximum surface area for each sample, estimated for spheri-
cal and cubic nanoparticles from a geometric approximation
with the corresponding sizes obtained via TEM, 48% in case of
c-FePt-NPs, 46% in case of FePt-NPs and 85% of surface in
case of CoPt;-NPs are still available after formation of the
aerogel. It can be seen in Fig. 2D-F that the quasi-spherical
samples show a larger contact area with neighboring particles
in comparison to the quasi-cubic sample. The quasi-cubic par-
ticles are connected mainly through the edges and corners of
the cubes with smaller contact areas with neighboring par-
ticles. This leads to more accessible surface area after gelation
in case of the quasi-cubic sample, and therefore a larger BET-
surface is observed. Naskar et al.>* obtained BET surface areas
of 35 m*> ¢”' and 33 m® g™ for aerogels of Pt cubes and Pt
dots out of colloidal solutions with the same Pt concentration
and nanoparticles size range as it was used here. The BJH**
cumulative pore volumes are 0.119 cm® g™' (FePt-NPs),
0.117 cm® g~' (CoPt;-NPs) and 0.182 cm® g~ (c-FePt-NPs) and
the porous structures consist mainly of micro- (>2 nm) and
meso pores (2-50 nm). The BET surface areas and isotherms
clearly indicate the formation of porous aerogels with a high
specific surface area as well as successful supercritical drying.

To investigate the influence of the gelation process on the
magnetic properties, hysteresis cycles at 300 K (Fig. 5) and 5 K
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Fig. 2 (A-C) TEM and (G-I1) SEM images of porous structures formed through gelation and (D—F) HR-TEM images of the connected nanoparticles
after the gelation for (A, D and G) quasi spherical CoPtz-NPs, (B, E and H) FePt quasi-cubic and (C, F and I) quasi spherical NPs.
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(Fig. S5t1) were performed before and after gelation.
Measurements were acquired for the dried nanoparticle col-
loids, xero- and aerogels. In all cases, the magnetization is nor-
malized to the total mass of the dried sample. For all samples,
no annealing steps were performed on the particles and the
particles show the disordered fcc-structure. This leads to
superparamagnetic behavior at room temperature and in
general much lower coercivity compared to annealed particles
of the same species.*>™° The hysteresis cycles of both nano-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

particle compositions performed at 300 K are shown in Fig. 5.
For all nanoparticle colloids the maximum magnetization at
300 K and 5 K is in agreement with the values found in litera-
ture for nanoparticles with similar size.**>*%*! For all the
samples, a decrease of the maximum magnetization after gela-
tion compared to the nanoparticle colloids is observed at 5 K
as well as for c-FePt-NP and CoPt;-NP at 300 K (Fig. 5A, B and
S5t), which indicates that the decrease is caused by the gela-
tion process itself.*?'73?

The gelation process is induced by hydrazine addition in all
cases. This leads to oxidation and removal of the ligands.
During this process, etching of the surface might occur.?? This
leads to a decrease of the individual magnetic moment which
in the case of c-FePt-NPs at 300 K is more pronounced than for
CoPt;-NPs at 300 K. While the decrease after the gelation is
about 33% for CoPt;-NPs, the decrease for c-FePt-NPs is
around 57%. This can be explained by the smaller size of the
FePt-NPs in comparison to the CoPt;-NPs, which goes along
with a higher specific surface (c-FePt-NPs: 1.5 x 10*° m* per
particle; CoPt;-NPs: 1.45 x 110" m® per particle), and there-
fore etching has a higher impact on the c-FePt-NPs. In the case
of CoPt;-NPs, all measured hysteresis cycles at 300 K show
superparamagnetic behavior. In contrast, the quasi spherical
FePt-NPs and quasi-cubic nanoparticles show superpara-
magnetic behavior only after gelation. The curves for the xero-
and aerogel for quasi-cubic FePt sample saturates at high
fields. Instead, we still observe a slope at high fields in the
case of spherical FePt-NPs. This might be due to the shape
difference of both nanoparticles. In the case of both FePt
nanoparticles, the hysteresis cycle at 300 K shows an almost
linear behavior which is typically observed for paramagnetic
materials.>® Similar behavior for small fcc FePt nanoparticles
is already known in literature.?®>*** One contribution to this
behavior could be the presence of a nonmagnetic layer at the
surface of the nanoparticles due to oxidation of the oleic
acid.>®***® The thickness of this layer is dependent on the
chain length and pKj-value of the ligand. With higher basicity
the electron donation from the ligands to the d-band of Fe
increases. Therefore, the thickness of the dead layer is
increased and the magnetic saturation of the nanoparticles in
comparison to the bulk material is further decreased.*** In
case of the 5 nm FePt nanoparticles, the thickness of the so-
called dead layer was calculated to be around 1.64 nm. In
addition to that, the as synthesized nanoparticles show a com-
position of Feg,sPty,5, which was obtained from ICP-OES
measurements. This phase has been reported to have a Curie
temperature near to room temperature.”” A combination of
those two factors leads to the high paramagnetic contribution
which can be observed for the M-H-curve of FePt nano-
particles at 300 K, leading to no saturation at high fields and
an almost constant slope.

The ZFC-FC curves measured with a DC field of 100 Oe and
shown in Fig. 5D-F, prove that all analyzed gels are in the
superparamagnetic regime at 300 K. For the measurement of
ZFC curves the sample was cooled down to 5 K without any
field applied. Afterwards the sample was heated to 300 K and
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during this step a magnetic field of 100 Oe was applied. To
make sure that the measurements are comparable with each
other the same method was used for all samples. The FePt
nanoparticles show for both shapes a low magnetization at
300 K and only a small shift of the blocking temperature from
34.9 K (quasi-cubic) and 28.9 K (quasi spherical) before to
38.9 K and 40.9 K after gelation. The slightly higher blocking
temperature in case of the quasi-cubic nanoparticles compared
to the spherical ones with similar size is attributed to the
higher volume of the quasi-cubic shaped nanoparticles (1.5 x
107"® m?) compared to the quasi spherical nanoparticles (7.85
x 107" m?).”® Both curves show a narrow peak, which indi-
cates that all nanoparticles in the sample have a similar block-
ing temperature and therefore, a narrow size distribution
which is in agreement with the TEM images (Fig. 2 and
Fig. S11). The TEM images show that the nanoparticles are in
close contact after the gelation. The effective anisotropy Kes
increases while decreasing the distance between the nano-
particles due to the increased dipolar interactions, and there-
fore, the blocking temperature is increased.>® Interestingly, the
blocking temperature of the xerogels, in all cases, is higher
than that of the respective aerogels, originating from the more
compact structure and therefore from a reduced effective dis-
tance between the nanoparticles in the material.®® Also in case
of the CoPt; nanoparticles, a shift of the blocking temperature
after gelation is observed. This can be attributed as well to a
closer contact of the nanoparticles and therefore an increased
Kegr. The shift of the blocking temperature to higher tempera-

4236 | Nanoscale, 2024, 16, 4229-4238

tures through gelation is more pronounced for the CoPt; nano-
particles than for the FePt-NPs. The blocking temperature
shifts from 32.9 K before to 74.7 K after the gelation. The
blocking temperature depends on the volume of the nano-
particles and on the magnetic anisotropy. The nanoparticles
retain their size during gelation, as can be seen from the
HRTEM images (Fig. 2). Because of the larger nanoparticle
size of CoPt;-NP, the percentage of surface atoms is decreased
in comparison to the FePt-NPs. The influence of surface
etching through the gelation process is decreased as well and
therefore a higher percentage of atoms can interact with sur-
rounding nanoparticles. In addition to that the CoPt; nano-
particles are in closer contact after the gelation (Fig. 2) than
the FePt nanoparticles, leading to a stronger increase of Keg
and therefore a stronger shift of the blocking temperature.

Conclusion

In conclusion, we not only proved that the gelation procedure
by Naskar et al.>* is also applicable for alloys containing plati-
num, but also reported, to our knowledge, the first synthesis
of self-supported FePt and CoPt;- aerogels and investigated
their magnetic properties in comparison to their xerogels and
their nanoparticle building blocks. Additionally, the influence
of the gelation procedure on the magnetic properties was
investigated and we observed a strong influence on the mag-
netic properties of materials through the gelation process. In

This journal is © The Royal Society of Chemistry 2024
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all cases a decrease of the saturation magnetization was
observed after the gelation. This is attributed to surface
etching through oxidation and removal of the ligands and is
more pronounced in case of the smaller FePt particles. In
Addition to that, we also observed for both FePt samples
measured at room temperature a change from almost para-
magnetic behavior before the gelation to superparamagnetic
behavior afterwards, because of their small particle size and
closer particle contact in the gel network. We therefore showed
the non-negligible influence of gelation procedures on the
magnetic properties of materials. This knowledge is necessary
to develop and tailor new materials suitable for various future
applications combining their magnetic properties with the
huge surface area of gels.
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