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We report the colloidal synthesis of hybrid dumbbell-like nanocrystals (NCs) which feature a plasmonic metal
domain (M) attached to a morphologically-tunable magnetic oxide domain (MOx). We highlight how the

modulation of the amount of oleic acid (OlAc) in the synthesis mixture influences the final composition of

the M domain, the morphology of the MOx domain and, consequently, the magnetic properties of the

hetero-structures. In the presence of high amounts of OlAc, a crystalline, magnetite MOx is mainly formed,
coupled with a partial dealloying between Au and Cu in the M domain. Decreasing the amount of OlAc
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preserved the AuCu alloy and resulted in the formation of core-shell structures in the MOx. Here,

a disordered, poorly crystalline, glass-like maghemite shell was coupled with a highly disordered iron rich
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1. Introduction

Hybrid magnetic nanocomposites have attracted the attention
of many researchers with regards to their potential use in
various technological applications, ranging from biomedical
ones to electronic, waste water treatment and catalysis ones,
due to their intriguing multifunctional properties."” Single-
phase nanomaterials can be combined in different morpho-
logical arrangements, forming multi-phase nanocomposites in

“Nanochemistry Department, Istituto Italiano di Tecnologia, Via Morego 30, 16163
Genoa, Italy. E-mail: massimo.colombo@iit.it

*Nanomaterials for Biomedical Applications, Istituto Italiano di Tecnologia, Via
Morego 30, 16163 Genoa, Italy

‘Elettra Sincrotrone, 34149 Basovizza, Trieste, Italy

“Materials Characterization Facility, Istituto Italiano di Tecnologia, Via Morego 30,
16163 Genoa, Italy

°Electron Microscopy Facility, Istituto Italiano di Tecnologia, Via Morego 30, 16163
Genoa, Italy

JUniversita degli Studi di Genova, Via Dodecaneso, 31, 16146, Genoa, Italy

<Institut fiir Physik der Kondensierten Materie, Technische Universitit Braunschweig,
38106 Braunschweig, Germany

T Electronic supplementary information (ESI) available: HAADF-STEM images of
as prepared dumbbell NCs, TEM image and XRD pattern of the AuCu seeds,
HRTEM image of a dumbbell-like NC with an Fe-rich core, absorption spectra
of the dumbbell and AuCu, XANES spectra of the NCs, k*weighted EXAFS
functions of NCs, details of the EXAFS simulation, the structural parameters of
the NCs from EXAFS simulation, Mdssbauer hyperfine parameters. See DOL
10.1039/c8ra03399d

This journal is © The Royal Society of Chemistry 2018

core. An investigation into the magnetic properties revealed that the disordered phase was likely
responsible for the observed exchange bias, rather than the interfacial stress between the M and MOx.

order to successfully combine the functionalities of each indi-
vidual phase. Furthermore, synergetic properties, which are
either not present in the single phases or not significant, can be
obtained. For example, electronic or mechanical properties can
be improved using a core/shell morphology.?® In the case of
magnetic nanocomposites, the core/shell morphology has
shown potential technological value in a wide range of appli-
cations such as recording media'* and spintronic devices'>*?
with respect to an exchange coupling at the core/shell interface
which emanate from the different magnetic properties of the
core and the shell, typically observed as an exchange bias.**
More specifically, Fe/Fe oxide core/shell nanoparticles (NPs) are
also considered valuable in biomedical applications such as
magnetic hyperthermia, magnetic resonance imaging, and drug
delivery.”> The main reason for this lies in the synergy that is
provided by the high magnetization of the core along with the
stability and the biocompatibility of the shell,** as the Fe oxide
shell behaves like a protecting layer which prevents the Fe cores
from oxidation.! A metal oxide domain (MOx) can be also
epitaxially grown on a metal NP (M), forming a dumbbell
morphology to achieve interesting interfacial properties. The
high anisotropic magnetic properties of such materials make
them valuable in biological applications,**** while the presence
of a specific metal may provide additional catalytic**?>* and
plasmonic features,***” or dual surface functionalization prop-
erties exploitable for targeting and drug delivery or dual pH and
thermo-responsive coatings.***® For instance, Peng et al. have
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reported the synthesis of bifunctional Ag/Fe oxide hybrid
nanomaterials, specifically dumbbells, using Fe/Fe oxide core/
shell NPs as seeds for the further growth of the Ag.*® They
have investigated the effects of different synthetic conditions on
the size and number of Ag domains as well as on the
morphology of the oxide domain. Similar NPs have also been
synthesized by Mao et al.** Chandra et al. studied the Au/Fe
oxide nanocomposites and reported a tunable exchange bias
for magnetic properties through manipulating the sizes of two
domains.?® Other similar heterostructures have shown prom-
ising features for use as dual magnetic and optic probes for cell
imaging applications®" or have been successfully used for the
sensitive and selective turn-on fluorescent detection of
cyanide.>® The use of bifunctional catalytic-magnetic hetero-
structures in liquid phase reactions is also reported. Using such
nanocomposites, the catalysts can be simply separated and
recovered with an external magnet.**

With regard to the wide variety of potential applications of the
aforementioned hybrid nanocomposites, it is important to explore
the synthesis of new materials that have these characteristics. In
this work, we report a procedure for the synthesis of colloidal
dumbbell-like nanocrystals (NCs) that feature a plasmonic metal
domain (i.e. AuCu bimetallic phase) and a magnetic metal oxide
domain that is characterized by a core/shell morphology. In this
regard, we established the relationship between the conditions of
the synthesis and both (i) the final composition of the AuCu
domain and (ii) the morphology of the oxide domain. In the
presence of a low amount of OlAc, the AuCu domain was preserved
from partial dealloying, and the MOx domains mainly developed
a core/shell morphology. The core was made of a highly disordered
Fe-rich phase, and the shell was constituted by a poorly crystalline,
glass-like maghemite phase. The presence of a highly disordered
glass-like phase undesirably suppressed the magnetic properties
of the NCs. Increasing the amount of OlAc in the synthesis mixture
caused a partial dealloy in the AuCu domains and resulted in the
subsequent formation of heterostructures with a crystalline
magnetite MOx domain, leading to enhanced magnetic properties.
The results of our work provide insight into the synthesis of
complex nanocomposites and their intrinsic properties, and they
are potentially of value e.g. to biomedical applications due to their
combined plasmonic and magnetic properties.

2. Experimental

2.1. Chemicals

Oleylamine (OlAm, 70%), HAuCl,-3H,0, 1-octadecene (ODE,
technical grade 90%), oleic acid (OlAc, technical grade 90%), iron
pentacarbonyl (>99.99% trace metals basis), solvents (ethanol,
isopropanol, toluene and n-hexane) were purchased from Sigma-
Aldrich while CuCl, dihydrate (99+%) was purchased from Alfa
Aesar and v-Al,O; from Strem Chemicals. All chemicals were
used as received without further purifications.

2.2. Synthesis of AuCu-iron oxide (AuCu@FeOx) NCs

AuCu@FeOx NCs were synthesized using a seed-mediated
growth method,* starting from pre-made AuCu NCs as
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Scheme 1 Schematic illustration of the synthesis procedure. Indeed,
all conditions were similar except for the content of OlAc in the
reaction mixture.

described elsewhere.** In order to induce different oxidation of
Fe, a different volume of OlAc was used in the syntheses i.e. 1.0,
0.5 and 0.2 ml while the rest of the conditions were kept similar
to those that we have previously reported.> The samples were
tagged as D1-F, D2-F and D3-F, corresponding to the NCs
synthesized using 1.0, 0.5 and 0.2 ml of OlAc, respectively. The
simplified synthesis procedure is schematically illustrated in
Scheme 1, highlighting the difference in the synthetic
conditions.

2.3. Characterization

2.3.1. Transmission electron microscopy (TEM). Overview
bright-field (BF) TEM images were acquired with a JEOL JEM-
1011 instrument equipped with a thermionic W source oper-
ating at 100 kV. Energy-filtered TEM (EFTEM) and high-
resolution TEM (HRTEM) images were obtained using an
image-Cg-corrected JEOL JEM-2200FS TEM with a Schottky
emitter, equipped with an in-column image filter (Q-type) and
operating at 200 kV. The elemental maps were obtained by
using the three-windows method at the O K, Fe K and Cu Lj;
core-loss edges. Overview high-angle annular dark field- scan-
ning TEM (HAADF-STEM) images were acquired on a FEI Tecnai
G2 F20 TWIN TMP TEM.

2.3.2. Elemental analysis. The chemical composition of the
NCs was measured by Inductively Coupled Plasma-Optical
Emission Spectroscopy (ICP-OES) using an iCAP 6000 Thermo
Scientific spectrometer. A specific volume of the colloidal
solution was digested in HCI/HNO; 3 : 1 (v/v) overnight, diluted
with deionized water (14 pS) and filtered using a PTFE filter
before the measurement.

2.3.3. Optical absorption spectroscopy. The measurements
were performed using a Varian Cary 5000 UV-visible-NIR spec-
trophotometer in a single path configuration in the range of
200-800 nm at a scanning rate of 10 nm s '. Initially, the
background signal was collected from the solvent in a 1.5 ml
cuvette. Then, a specific volume of the colloidal solution was
added and mixed to get a homogenous mixture from which the
spectrum was collected. The spectra were finally normalized to
have an intensity between 0-1 in order to get a better
comparison.

2.3.4. X-ray diffraction (XRD). XRD patterns were recorded
on a Rigaku SmartLab X-ray diffractometer equipped with a 9

This journal is © The Royal Society of Chemistry 2018
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kW Cu Ka rotating anode (operating at 40 kv and 150 mA) and
a D\teX Ultra 1D detector set in X-ray reduction mode. Samples
were prepared by drop casting the solution on a zero-diffraction
silicon wafer. The diffraction patterns were collected at room
temperature in a Bragg-Brentano geometry over an angular
range: 20 = 20-85°, with a step size of 0.02° and a scan speed of
0.2° min~'. XRD data analysis was carried out using PDXL
2.7.2.0 software from Rigaku.

2.3.5. X-ray absorption fine structure spectroscopy (XAFS).
Measurements were performed at the XAFS beamline at the
Elettra synchrotron light source® in Trieste, Italy. The NCs were
initially deposited on alumina, then diluted with a poly-
vinylpyrrolidone (PVP) powder and pressed into pellets. The
pellets were mounted onto a special motorized sample holder
so that the desired sample could be exposed to the beam
without opening the sample chamber. The X-ray absorption
near edge structure (XANES) and the extended X-ray absorption
fine structure (EXAFS) spectra were collected at the Fe K-edge
(7112 eV), Cu K-edge (8979 eV) and Au Ls-edge (11 919 eV) in
transmission mode using ion chambers detectors. The spectra
of the references Fe;O, (magnetite), y-Fe,O; (maghemite), o-
Fe,O; (hematite), Fe foil, Cu and Au foils were collected for
comparison and/or signal calibration. The analysis was per-
formed according to standard procedures.*® The data were
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normalized after background subtraction using the Athena
code within the Demeter package (version 0.9.25).>” The EXAFS
signals were extracted from the spectra by using the Athena
software, removing the background by a cubic spline poly-
nomial fitting and normalizing the magnitude of the oscilla-
tions to the edge jump. The corresponding pseudoradial
distribution function around the photoabsorbing atom was
obtained by performing the Fourier transform, FT. The data
fitting was then accomplished in both the R space and g-space,
considering the selected models using the Artemis code within
the same Demeter package.

2.3.6. Mobssbauer spectroscopy. °>’Fe absorption Mdssbauer
spectroscopy was performed on materials from D1-F and D3-F
in a standard spectrometer. We used about 25 mCi of
a gamma radiation source of *’Co in a rhodium matrix which
was kept at room temperature. The absorbers had a few mg of
material yielding less than 0.1 mg cm ?> *’Fe. Absorber
temperatures could be varied using a He-flow cryostat (CRY-
OVAC). Data analysis was performed using MOSSWINN
software.?

2.3.7. Magnetic measurement. Field and temperature
dependent magnetic measurements were carried out using
a Magnetic Property Measurement System (Quantum Design
MPMS-XL EverCool) on immobile particles. The immobile

Fig. 1 HAADF-STEM image of the as-prepared AuCu@FeOx colloidal NCs; scale bars = 20 nm. Some of the NCs which had a core/shell
morphology in the MOx domains are marked with red arrows, while the homogeneous oxide domains are highlighted by the green arrows.

This journal is © The Royal Society of Chemistry 2018
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samples were prepared by mixing 100 pL of a particle solution at
an iron concentration of approx. 0.5 gg. L' with 60 mg gypsum
in a designated polycarbonate capsule and letting it thoroughly
solidify. Zero-field-cooled (ZFC) and field-cooled (FC) magneti-
zation measurements vs. temperature were performed on
identical samples in 5 mT cooling fields. The magnetization
curves were corrected with respect to the diamagnetic contri-
butions of Au, Cu, water, and gypsum using the automatic
background subtraction routine. The curves were normalized to
the iron concentration, as obtained from the elemental
analysis.

3. Results and discussion

3.1. Structural properties

The successful synthesis of dumbbell-like AuCu-Fe;0, NCs had
already been reported by our group.* In the present work, we
further explored the role of a specific surfactant, namely OlAc,
and the impact it has on the final properties of the NCs. It has
been shown that the surfactant ratio can control the
morphology of the NCs.*® No other surfactants or polymers (e.g.
polyvinylpyrrolidone,* ethanolamine*') have been investigated
in this study, as the simple modification of the OlAc volume was
sufficient to trigger the properties of the NCs in the desired
direction. Three different volumes of OlAc were used in the
synthesis protocol in order to manipulate the properties of the
heterostructures. A similar approach has been reported for the
synthesis of Fe NPs.*” The three different volumes of OlAc
resulted in three samples that were characterized by a different
population of dumbbell-like NCs having a MOx domain with
a core/shell morphology. The HAADF-STEM images of the
synthesized NCs are shown in Fig. 1. Examples of NCs that had

Fig. 2 Zero-loss filtered BF-TEM image and corresponding elemental
maps for Cu Cyan), Fe (green) and O (red), showing an Fe-rich core in
the metal oxide domain. The data was collected from D3-F sample.

22414 | RSC Adv,, 2018, 8, 22411-22421
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a MOx domain with a core/shell morphology are marked with
red arrows. Examples of NCs in which the MOx domains were
characterized by a uniform composition are instead highlighted
with green arrows (see Fig. S17 for lower-magnification images
along with the size distributions of both the M and MOx
domains). The mean size of the M domain and the diameter of
MOx domain were obtained by statistical analysis on the TEM
images, and they were ~5.7 and ~15.7 nm, respectively (see
Table 1 for details). It is noteworthy that the size of M domains
was close to the value that was obtained from the initial AuCu
seeds (see Fig. S21), as has already been reported elsewhere.?* By
means of EDS, we have previously shown that the Au and Cu
would stay localized in the M domain while the Fe and O were
detected within the boundary of the MOx.** Additionally, the
EFTEM analysis here also revealed a higher density of Fe
coupled with a lower density of O in the core region of the core/
shell MOx domains (see Fig. 2). By HRTEM, we found out that
the MOXx shell of these NCs was most frequently composed of
few nanometer-sized crystalline domains, most of them
matching a cubic spinel structure of magnetite/maghemite, two
phases not distinguishable by HRTEM (see Fig. S31). While an
EFTEM map is not shown for Au in Fig. 2, due to the high energy
of the optimum core-loss edge for elemental map acquisition
(M45 edge at 2206 eV), the Cu was localized in the M domain.
The elemental composition of the samples was also analyzed by
ICP-OES, and it revealed that the Au : Cu ratio was the same as
the initial seeds, as is summarized in Table 1. In addition, the
(Au + Cu)/Fe ratio was similar among the samples.

The plasmonic response of the AuCu domains in the NCs
was investigated by UV-visible light spectroscopy, and it was
compared with that of the AuCu seeds (see Fig. S41). While no
significant difference could be observed among the nano-
dumbbells, a shift was observed for the plasmon peak of the
AuCu, which is indicative of a change in the local dielectric
environment as a result of its attachment to iron oxide.**

The structural properties of the NCs were analyzed by XRD
and the results are shown in Fig. 3. The XRD patterns of all three
samples were representative of two major phases, ie. tetra-
auricupride (a tetragonal AuCu phase) and an inverse spinel
iron oxide phase, which matched with magnetite (see discus-
sion below for further details on this assignment). From the
normalization of the XRD patterns based on the most intense
diffraction peak (26 = 40.466, ICSD: 42574), it is evident that the
intensity of the peaks associated to the spinel phase decreased
from D1-F to D3-F (i.e. by a decrease in the amount of OlAc). As
the samples contained the same (Au + Cu)/Fe ratio (see Table 1),
and since no other Fe-containing crystalline phases could be

Table 1 Summary of NCs' properties from statistical and elemental
analyses

Sample tag D1-F D2-F D3-F

M mean size 5.7 £ 1.4 nm 5.5+ 0.8 nm 5.7 £ 1.2 nm
MOX mean size 15.2 +2.4nm 16.4 +54nm 15.5 + 3.6 nm
Au : Cu (molar) 54.3 :45.7 53.5:46.5 54.3 : 45.7

(Au + Cu)/Fe (molar) 0.14 0.14 0.13

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 X-ray diffraction (XRD) pattern of the as-synthesized AuCu@-
FeOx dumbbell NCs. Experimental data are compared with the Inor-
ganic Crystal Structure Database (ICSD) patterns.

detected, the decrease in the signal intensity has to be related to
an increase in the amorphous nature of the sample. It is note-
worthy that such an increase in the amorphous nature corre-
lates with the increase in the population of NCs with a core/shell
morphology in the MOx domains. From the analysis of the XRD
patterns, it is also possible to observe that the position of the
AuCu main peak (around 26 = 40°) slightly shifted to lower 26
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(less than 1°), from D3-F to D1-F. This behavior could be
indicative of a partial, but minor, dealloying between Au and
Cu,* probably due to the oxidizing nature of the OlAc.
Further insights into the local structural properties of the
NCs were provided by XAFS. The spectra were collected at
different absorption edges, namely at the Au L;-edge (11 919
eV), Cu K-edge (8979 eV) and Fe K-edge (7112 eV). The XANES
spectra of the NCs at different edges are presented in Fig. S5.1 It
is evident from the data at the Au Ls-edge (Fig. S5af) that the
samples had quite similar absorptions spectra that resemble
the XANES spectrum of a AuCu alloy,** and there was no shift in
the absorption edge among the samples. Interestingly, with
respect to the high sensitivity of XANES to small structural and
electronic changes,** a very small decrease in the white line
intensity was observed from D3-F to D1-F. The comparison with
the Au foil suggested a partial dealloying in the samples by
increasing the OlAc content, which is in-line with the XRD
results. The same trend, which eventually became more visible,
was observed in the XANES spectra at the Cu K-edge (Fig. S5bt).
Indeed, D1-F showed a less intense pre-edge peak at an energy
of 8980 eV than those of D2-F and D3-F. This decrease in the
intensity (Fig. S5bt) suggested a decrease in the fraction of Cu
alloyed with Au, which is in agreement with the increase in the
volume of OlAc, which acted as the oxidizing agent in the
synthesis. The XANES spectra of the fresh samples at the Fe K-
edge were all representative of magnetite. This is evident by the
comparison with the reference spectra. Furthermore, a decrease
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Fig. 4 The magnitude of the Fourier transforms of the k?x(k) for the fresh NCs at different edges of (a) Au-Ls, (b) Cu—K and (c) Fe-K. The
scattered points are the experimental data while the solid lines represent the fitted profiles.
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Fig. 5 Madssbauer absorption spectra taken at different temperature for samples D1-F (a) and D3-F (b).

in the intensity of the white lines is observed from D1-F to D3-F
(Fig. S5ct). This decrease could be attributed to the lower
crystallinity of the sample when the population of the NCs with
a core/shell morphology in the MOx increased, as is also sug-
gested by XRD. All samples also featured a pre-edge peak at an
energy of ~7114 eV which could be attributed to the 1s to 3d
transition, suggesting the existence of non-centrosymmetric
absorption sites such as tetrahedral positions,**® which exist
in the magnetite crystalline structure.

The EXAFS functions were also analyzed (see Fig. S67). The
©®x (k) of the fresh NCs at the Au L;-edge and the magnitude of
their Fourier transforms (|FT|) are shown in Fig. S6at and 4a,
respectively. The k*x(k) and |FT| were quite similar, though
a small shift was observed in the data of the & space, suggesting
that there is a slightly different environment around the Au
absorbers. This can be in line with the XRD results, from which
we found that the AuCu phase was more preserved at the lowest
level of OlAc i.e. for D3-F. On the other hand, the first peak of the
FT reduced from the D1-F to the D3-F. In agreement with this,
the results of the fitting procedure demonstrated a decrease in
the Au-Cu coordination number, though the error of the
calculated CN should be taken into account while making an
assessment (see Table S1t). The same applies to the CN of the
Au-Au first shell, which is representative of the Au phase (see
Table S1t). Nevertheless, the considerable contribution of the
Au phase in the scattering, which was almost 50% in all cases,
suggested the existence of clusters of Au or Au-rich phases that

22416 | RSC Adv., 2018, 8, 22411-22421

were not detectable by XRD, resulting in a local deformation of
the ordered alloy.

A similar trend for the partial dealloying of AuCu was also
observed from the data at the Cu K-edge. As shown in Fig. S6b,
the oscillations slightly shifted to higher energies from D1-F to
D3-F. This indicates that there are fewer scattering contribu-
tions from the atoms in the first shell in the vicinity of Cu
absorbers at a low radial distance. Indeed, the |FT| revealed
a peak at a low radial distance of 1.4 A (see Fig. 4b) which is
typically observed for oxygen-coordinated metal absorbers.*>°
The presence of CuO could be discarded by the XANES results,
particularly by the position of the edge feature of the spectra.’>*
It is noteworthy that the simulations of the EXAFS signal were
successful only considering the AuCu and Cu,O phases, rather
than CuO. The simulation of the EXAFS showed an increase in
the CN of the Cu-Au shell in the AuCu phase from D1-F to D3-F,
which was coupled with a decrease in the CN for the Cu-O shell
in the Cu,O phase (see Table S27). Furthermore, in this case, the
magnitude of the o> factor for the Cu atoms suggests the
disordered nature of the alloy in our samples, with a deviation
from the model cluster of an ordered alloy.

The k¥*x(k) at the Fe K-edge (Fig. S6ct) showed a shift to
higher energies from D1-F to D3-F, which suggests that there is
a decrease in the oxidation extent of Fe in the samples. The |FT)|
of the samples at the Fe K-edge (Fig. 4c) showed a profile that is
typical for a structure that has both octa and tetrahedral cation
positions, which is consistent with the presence of the
magnetite/maghemite phase. The CNs for the shells relating to

This journal is © The Royal Society of Chemistry 2018
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the Fe and O scatterers at the octahedral and tetrahedral
absorbers both showed a decrease from D1-F to D3-F. However,
considering the uncertainty in the estimation of these param-
eters, a clear trend cannot be ascertained (see Table S37).
Nevertheless, the o factor for the Fe increased from D1-F to D3-
F, indicating a more inhomogeneous distribution of Fe in the
NCs, which arises from the increasing contribution of the
amorphous iron-containing phase. Only in the D3-F sample,
a small contribution of ~20% was observed in the EXAFS from
the Fe-Fe shell, corresponding to a metallic Fe phase, which
was not detected by other techniques but is still in line with the
observed shift of the EXAFS in the k space.

3.2. Results from Mossbauer spectroscopy

We performed Mdssbauer spectroscopy to learn more about the
composition and magnetism as viewed by the hyperfine inter-
actions at the *’Fe local probe. Spectra from D1-F and D3-F were
taken at various temperatures and are shown in Fig. 5a and b. As
expected from the complex structure of the materials, the
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Magnetization (emu/gFe)
o

View Article Online

RSC Advances

hyperfine spectra are complicated by the presence of various
local surroundings of Fe and from fits to the spectra one can
only expect information on the major components.

At 250 K, the spectrum of D1-F reveals a superposition of
several subspectra with a prominent non-magnetic quadrupole
doublet (labeled A) in the center. In addition, a background of
magnetic sextets can be seen. The asymmetric character of the
absorption intensities with an apparent stronger absorption of
the most positive absorption lines is an indicator for the pres-
ence of magnetite. In Table S4,1 we give the hyperfine param-
eters that were used for the fit. The main contribution to this
magnetic part of the spectrum consists of two spectra, attrib-
uted to octahedral and tetrahedral sites (M1 and M2), that have
the expected center shifts and area ratios of about 2 : 1 as ex-
pected for magnetite. The magnetic hyperfine fields are slightly
smaller than those of well-crystallized magnetite, and they show
a distribution which is assumed to have a Gaussian profile that
can be related to the irregular morphology of nano-sized
domains. Also, timely fluctuating local magnetization may
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show the magnified loops at small fields for (a) and (b), respectively.
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play a role. These fluctuations are, however, not fast enough to
lead to a superparamagnetic collapse of the magnetite pattern.
This is in keeping with the relatively large size of magnetite
domains that were seen in HRTEM. In addition to A, M1 and
M2, we need a further strongly broadened magnetic pattern
(M3) with a magnetic hyperfine field of 20 T and a center shift in
the trivalent or even metallic range for the fit. The spectrum
taken at 150 K can be fitted with the same strategy, yet at 80 K
the doublet A has disappeared and the magnetic structures have
become even more complex. One reason for this is that we are
below the Verwey temperature of magnetite (7y, = 120 K), in
which the two sites for Fe’" in the tetrahedral (M2) sites and
mixed-valent Fe*> in the octahedral (M1) sites are differenti-
ated to at least 5 magnetically inequivalent sites. In nano-sized
magnetite, even more sites have to be introduced.*® Another
reason is that, in our nano-compounds, one has to expect a wide
distribution of Verwey transitions due to the locally inhomo-
geneous structure. For the fit attempt shown in Fig. 5, we
introduced the hyperfine parameters derived in** for nano
magnetites. The resonance area covered at higher temperatures
under the doublet pattern is now contained in a sextet (AM, see
Fig. 5a) with a magnetic hyperfine field of 49 T and a distribu-
tion with ¢ = 0.6. The hyperfine parameters of both the doublet
at high temperature and the sextet developing at low tempera-
ture from it, suggest that they are due to an amorphous trivalent
oxide close in composition to Fe,0; as discussed, for example,
in ref. 54. This is also in line with the poorly crystalline nature of
the shell in our dumbbells-like NCs with core-shell MOx. The
anomalously large linewidth 0.8 mm s~ of the doublet and also
the quadrupole splitting are supposed to be caused by a distri-
bution of highly distorted oxygen coordination around the Fe®*,
A magnetic order of this kind of amorphous iron oxides typically
occurs below 100 K, which is also consistent with our data. The
fitting of the spectra of D3-F could be achieved in the same way.
Notably, the contribution of magnetite decreased in compar-
ison with D1-F (see Table S47) at the expense of an increase in
the amorphous oxide, which is consistent with the findings
from XRD, XANES and EXAFS. Surprisingly, we were not able to
resolve a signal of a-iron. We suppose that the reason for this is
the very small size (only a few nanometers) which causes
a superparamagnetic relaxation down to low temperatures, and
the irregular shape of these particles having large surface frac-
tions of iron that are bound to oxygen, resulting in a wide
distribution of hyperfine parameters.

In both D1-F and D3-F, we could not trace a signature of FeO
which above its magnetic transition around 200 K should show
a doublet pattern with a center shift around 1.5 mm s~ '.%°

The nature of the magnetic component M3, with a magnetic
hyperfine field around 20 T and a relative resonance area of
about 10% of the total iron for both D1-F and D3-F, remains
unclear. Admittedly, it could be a fit artifact since, due to the
inhomogeneous size of nano-sized domains of magnetite, there
may be a distribution of fluctuation frequencies that was not
taken into account. However, the hyperfine parameters are close
to those reported for nano Fe-Cu alloys produced by ball-
milling.%¢
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3.3. Static magnetic properties

The maximum magnetization M,,, shows a decreasing trend
from sample D1-F to D3-F (Fig. 6). The observed trend indicates
that there should be phase/structural differences between the
three particles since they have identical iron oxide domain sizes.
To gain deeper insight into magnetization, field-cooled (FC)
hysteresis loops were recorded at 10 K in 5 T cooling magnetic
fields (Fig. 6a and c). The FC loops reveal a shifted hysteresis loop
towards negative field values. This phenomenon is the fingerprint
of exchange bias Hgg interactions. The Hgp is estimated to be 20
mT for the D3-F which is comparable to the Hgg reported by
Chandra et al. for Au-Fe;0, dimers.* The Hgg is negligible for the
D2-F, and it diminishes in the D1-F sample. The exchange bias
(EB) interaction appears in magnetic systems that consist of two
phases behaving differently in magnetic fields, one which is
reversing opposite to the field (e.g. antiferromagnetic phase, FeO)
and the other one does not (e.g. ferrimagnetic phase, Fe;0,). It
has, however, been shown that Hgp can appear due to external
strain,” disordered spins,™ and interfacial stress at the interface of
Au and Fe;0, in heterostructured nanoparticles.*® To clarify the
origin of the EB in the studied system, FC loops of the D3-F sample
were recorded at 100 and 250 K (see Fig. 6b and d). The fact that
the Hgp disappears at 100 K rules out the presence of FeO as its
magnetic transition temperature (the Néel temperature) is around
198 K, matching the Mossbauer spectroscopy results. Since there
is a comparable Au-Fe;0, interface volume in all the samples, the
interfacial stress cannot account for the EB. As extracted from the
Mossbauer spectroscopy, there is 65% amorphous (glass-like) y-
Fe,0; in the D3-F sample and the magnetic transition is below 100
K. The glassy spins are frozen in an anisotropic configuration as
the temperature drops below its transition temperature, behaving
like a pinning layer, so they are presumably responsible for the
appearance of the EB interaction. At 100 K, which is above its
magnetic transition temperature, the spins become highly disor-
dered and show no anisotropic configuration, thus causing no EB.
The existence of EB as a result of super spin glass-like states has
been demonstrated in hollow y-Fe,05."

4. Summary and conclusions

To summarize, we have highlighted the significance of the OlAc
in the synthesis of AuCu-Fe oxide dumbbell-like NCs and its
effects on their final structural and magnetic properties (illus-
trated schematically in Scheme 2).

Using the highest amount of OlAc resulted in the formation
of AuCu-magnetite dumbbell-like heterostructures. The pres-
ence of magnetite rather than maghemite was distinguished by
XANES and Mossbauer as they provide the finger-print for the
present phases. The magnetic properties were indeed consis-
tent with those of magnetite NPs, due to the presence of
a crystalline magnetite phase. The combination of XRD and
XAFS analyses clearly evidenced a partial dealloying between the
Au and Cu, which resulted in the formation of an inhomoge-
neous AuCu alloy coupled with the minor presence of a Cu,O
phase. This is in line with the oxidizing nature of the synthetic
conditions in the presence of high amounts of OlAc.

This journal is © The Royal Society of Chemistry 2018
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Oleic Acid Content in the Synthesis

e Fe eO Au Cu .. > Magnetization Vector

Scheme 2 Schematic summary of effect of changing the OlAc
content in the synthesis.

Consistently, using the lowest amount of OlAc resulted in
a better preservation of the AuCu alloy, as was evidenced by
XAFS and XRD, but it considerably affected the magnetic
properties. In this case, dumbbell-like NCs with a core-shell
morphology in the MOx domain were formed. The core was
richer in iron while the shell was more oxidized, consistent with
the EFTEM results which showed a higher O density coupled
with a lower Fe one in the MOx shell. Nevertheless, both the
core and the shell in the MOx were poorly crystalline and highly
disordered, as was evidenced by XRD and XAFS. Such a disorder
caused a significant suppression of the magnetization. In this
regard, Mossbauer results could indicate the presence of
a glass-like maghemite phase which was likely distributed in
the shell-region of the MOx. This highly disordered phase was
also likely responsible for the observed exchange bias.

To conclude, the results herein reported highlight the
importance of OlAc in defining the oxidation extent of Fe
species, the crystallinity of the iron oxide domain and subse-
quently the magnetic properties of the synthesized nano-
composites. We claim that our results evidence a trade-off
between obtaining a MOx domain with good magnetic proper-
ties and the preservation of alloys in the M domain in this type
of heterostructures. If preserving the alloy in the M domain is
desired, and such an alloy is sensitive to an oxidizing environ-
ment, one should keep the synthetic environment poorly
oxidizing by reducing the amount of OlAc. This, in turn, has the
drawback of obtaining poor magnetic properties. These find-
ings can be potentially used as a guideline for the synthesis of
similar nanocomposites to prevent a loss of desired properties.
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