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ARTICLE INFO ABSTRACT

Keywords: Nanoalloys combining magnetic and plasmonic properties are interesting systems for catalysis and photo-
Nanoalloys catalysis, magneto-optics, nanomagnetism and fundamental studies. Nevertheless, their synthesis is chal-
Intermetallics

lenging due to the immiscibility of Au and 3d magnetic metals at mild temperatures in equilibrium conditions. In
this work we prepared through colloidal chemistry synthesis AusLixM;x (M = Fe, Ni or Co) nanoalloys and
studied the synthetic conditions that affect the transition between a disordered and an ordered L1, intermetallic
alloy crystal phase. We found that Au seeds act as templates for the formation of the intermetallic nanoalloys,
and that lithium (coming from the Butyllithium reducing agent injected after the seeds formation) plays a
fundamental role in the stabilization of the intermetallic phase. By tuning the synthetic parameters, we were able
to tune the Fe content in AugLiyFe; intermetallic nanoalloys from 0.6 to 2.6 %, also tuning the magnetic
moment of the nanoalloys. All the synthesized nanoalloys were able to sustain a plasmonic resonance in the
visible range, which is blue shifted and broadened with respect to Au NPs. Our results can open colloidal syn-
thesis to novel crystal phases and nanomaterials combining plasmonic and magnetic functionalities at the
nanoscale.

Inorganic nanocrystals
Colloidal chemistry
Magnetic-plasmonic nanocrystals

1. Introduction some cases, ordered alloys can be formed, which have different prop-

erties than the randomly arranged alloys.[10] It is the case of FePt or

Bimetallic inorganic nanocrystals are fascinating nanostructures
[1,2] that can merge different properties within a single object, enabling
multifarious functionality such as magnetic guiding,[3] exotic magnetic
properties,[4] optical and magnetic hyperthermia,[5] peculiar elec-
tronic and optical properties,[6] and catalytic activity.[7,8] Such mul-
tifunctionality can find application in nanomedicine, catalysis,
permanent magnets or sensing.

Among inorganic nanocrystals, metal alloys present unique struc-
tural and functional properties which arise from the presence of
different metal atoms within the same nano-object.[9] Remarkably, the
resulting properties are usually significantly different with respect to
bimetallic heterostructures where the two metals form separate do-
mains, such as core@shell or dumbbell nano-heterostructures, resulting
in the hybridization of the properties of the single elements involved. In

CoPt alloys, which upon annealing can form an ordered crystal phase
where Pt and Fe (or Co) layers alternate in the unit cells (for this reason
ordered alloys are also called intermetallics), also leading to a dramatic
increase in the magnetic coercivity with respect to the random alloys,
arising from the increased crystalline anisotropy.[11,12] In other cases a
significant difference in catalytic activity is observed between interme-
tallic and random nanoalloys.[13,14] Polar intermetallics made of Au
and alkali metals are interesting for the impact of the relativistic
bonding interactions on their stabilization,[15-18] with AuLi being the
one in which the effect is expected to be more significant,[17] despite it
has been poorly investigated with respect to other polar intermetallic
compounds made of other alkali metals.[19-22] Therefore, the order-
—disorder transition represents an important degree of freedom which
increases the interest in intermetallic nanoalloys synthesis for both
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fundamental and applied research.

The formation of an alloy is often challenging or requires high
temperatures (above 700 °C) due to the low miscibility of the metals
involved, such as in the case of the alloys between Au and magnetic
metals (Fe, Co or Ni).[23] However, the miscibility of the two metals
changes at the nanoscale and a few examples of synthesis of out-of-
equilibrium nanoalloys such as AuFe or AuNi have been reported
through laser ablation in solution[24,25] or through chemical methods.
[26] However, the studies on AuM (M = Fe,Ni,Co) nanoalloys reported
in the literature are limited, and the characterization is often incomplete
and the synthesis poorly reproducible. The control of the structure and
composition of AuM nanoalloys, as well as the elucidation of the
mechanism of the alloy formation and order/disorder transition is thus
an important task in nanoscience.

The different redox potentials of M and Au introduce additional
challenges in the synthesis of the alloy, since the approach of simulta-
neous co-reduction seems hardly possible in this case, as gold precursors
are much easier to reduce with respect to the 3d metal precursors unless
a strong reducing agent is used. To this aim, Zhou et al.[27] first pro-
posed the use of butyllithium (BuLi) as strong reducing agent to reduce
simultaneously Au and Ni precursors, obtaining AuNi alloy NPs for ap-
plications in catalysis. Their approach involves the addition of BuLi to a
solution of the metal precursors (Au and Ni) and heating up to 250 °C.
The authors obtained nanoalloys with atoms of Ni and Au randomly
distributed inside the NP, and an average size of about 4.4 nm. Suc-
cessively, Schaak group[28] reported a slight modification of this
approach to prepare AugM; x (M = Fe, Ni, Co) intermetallic alloys with
size around 8 nm, and a M content around 18% for Fe, 5-10% for Co and
15-10% for Ni. In a further paper, the same group reported the forma-
tion of Augli intermetallic compound through the same synthetic
mechanism and proposed its role as intermediate in the formation of the
alloy with Ni, Fe or Co.[29] Non-stoichiometry in the AugsM formula may
thus be caused by the insertion of Li atoms in the lattice which are not
completely replaced by M atoms. If this is the case, a AugLiyM;.4 stoi-
chiometry would be more appropriate for these nanoalloys. However, no
evidence of the presence of Li atoms in AugM alloys was reported by
Schaak group. This may be ascribed to the fact that the analysis of the
chemical composition was done through Energy Dispersive X-ray spec-
troscopy (EDS), a technique which does not allow the detection of Li due
to its low atomic number.

In this work, we report a thorough investigation of the synthetic
route based on Buli to obtain AusLiyM;.x (M = Ni, Fe, Co) intermetallic
alloys. To this purpose we decided to deliberately introduce lithium in
the AugM lattice, thus we prepared and studied AusLiyM; x intermetallic
nanoalloys, investigating the effects of several synthetic parameters on
the final properties of the nanoalloys. We examined the structural and
morphological features of the nanoalloys with a multi-technique
approach. The full metal content of the nanoparticles (NPs) was deter-
mined by Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES), a technique which is also sensitive to lithium. We found that
the intermetallic phase is composed mostly of lithium (20-25 %) with a
minor amount of M metals (below 1%), despite a precursor stoichiom-
etry of AugM. By investigating the effect of synthetic parameters on the
crystal structure of the final product, determined through X-ray Powder
Diffraction (XRPD), we identified the conditions that allows obtaining
selectively the random alloy or the intermetallic phase. Moreover, we
confirmed that the reaction mechanism that yields the intermetallics
involves first the formation of Au seeds by reduction with oleylamine.
The seeds act as templates for the formation of the nanoalloys after the
injection of BuLi. We also investigated the stability of the intermetallic
nanoalloys with heating time at 250 °C, revealing that loss of M metals
from the NPs occurs after prolonged heating. A plasmonic resonance was
observed for the synthesized intermetallic alloys, blue shifted and
broadened with respect to Au NPs. The amount of Fe atoms in the
nanoalloys was found to increase up to 2.6% by increasing the tem-
perature of the final step of the reaction to the boiling point of the
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reaction mixture (265 °C), resulting also in an increase in the magnetic
moment of the nanoalloys.

2. Results and discussion

The synthetic procedure employed was adapted from the method
developed by Bondi et al..[28] Briefly, M(acac)y (M = Ni, Fe or Co) and
Au precursor (HAuCly) were dissolved in diphenyl ether (DPE) in the
presence of oleylamine (OLAM) and heated to an initial temperature T;
after which an excess of BuLi was quicky injected to this solution and the
temperature was raised to a dwell temperature Ty (initially set to 250 °C)
over 80 min. After the temperature reached T, the heating source was
removed, and the mixture was cooled down to room temperature. All the
synthetic steps were carried out in air-free conditions, under Ar atmo-
sphere. The detailed synthetic protocol is reported in Methods.

The obtained nanoalloys were characterized with a multi-technique
approach: X-ray powder diffraction (XRPD) was used to confirm the
presence of the alloy and determine whether it is an intermetallic or a
random alloy, Transmission Electron Microscopy (TEM) to study the size
and the morphology of the NPs, and ICP-AES to determine the atomic
composition.

The heating program is crucial for the formation of the alloy, and to
control the formation of random or intermetallic phases. The effect of
heating time and temperature in the first step of the synthesis was
investigated for the AusLixNij.x system, as well as the stability of the
intermetallic phase by increasing the time of the final step of the reac-
tion at 250 °C. Finally, the last step of the temperature protocol was
modified for the AusLixFe; x system, aiming at increasing the Fe content
in the nanoalloys, as well as their magnetic moment. The general scheme
of the synthesis is depicted in Fig. 1, in which the conditions that yield
the random and intermetallic alloys are indicated with a green or blue
line respectively.

Effect of the injection temperature of BuLi. The first step of the re-
action involves the dissolution of the precursors and the heating of the
reaction mixture before the injection of BulLi, which is crucial to control
the final size of the NPs. In particular, the temperature of the reaction
mixture before BuLi addition is an important parameter to control both
size, polydispersity and crystal phase of the nanoalloys.

According to the nucleation and growth theory,[30] the stronger is
the reducing agent, the faster is the reduction process and the smaller are
the initial seeds formed, which then grow forming the final NPs during
the following step. In the reaction mixture, two reducing agents are
present: OLAM, which is known to be a good reducing agent to form Au
NPs in organic solvents[31,32] even at mild temperatures and Buli,
much stronger than OLAM, necessary to reduce M (M = Fe, Co, Ni) ions,
which are characterized by large and negative redox potentials. In first
instance, the use of such a strong reducing agent is expected to produce
smaller NPs due to the co-reduction of both metal precursors. However,
we must take into account that, depending on the reaction conditions,
the presence of OLAM could lead to the formation of Au NPs before the
injection of Buli, thus strongly influencing the dynamics of the nucle-
ation and growth. In this framework, the heating temperature of the
initial stage is crucial to form Au NPs before BuLi injection. In fact, by
heating the Au and M precursors at 60 °C, no formation of NPs was
observed, but when the temperature was raised to 70-80 °C the reaction
mixture became dark red, indicating the presence of Au NPs.

Therefore, when the BulLi solution was injected at 60 °C, a fast
reduction of HAuCl, and Ni(acac); occurred, leading to NPs of around 4
nm (Fig. 1). At 60 °C the reduction of HAuCl, has not started, and
simultaneous reduction of the two metals is likely to occur upon the
addition of BuLi. In this case, superlattice peaks typical of an ordered
intermetallic phase are not observed in the XRPD diffraction pattern
(Fig. 2 ¢), indicating a random arrangement of the metals in the alloy.
This is consistent with the work by Zhou et al.,[27] where BuLi was
injected at low temperature (40-50 °C) and random AuNi alloys were
obtained.
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Fig. 1. Scheme of the synthetic route for obtaining the random AusLi,M( ) nanoalloy (indicated with a green line), and the optimized temperature program for the
intermetallic AusLiyMx) nanoalloy (indicated with a blue line). The inset highlights the differences in the XRPD pattern of the two synthesized nanoalloys, where
the superlattice peaks of the L1, intermetallic phase are highlighted by the vertical dashed pale-blue lines. The heating times of each synthetic step is indicated in the
bottom axis in green for the random and in blue for the intermetallic alloy synthesis. In the first case BuLi is injected when the precursors are still unreacted (60 °C),
while for the latter case the Buli is injected after the Au seeds are formed by in situ reduction with OLAM for 1 h at 90 °C.
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Fig. 2. Size distributions (A), TEM images (B), and X-ray Diffraction pattern (C) of AusNi nanoalloys prepared by injecting BuLi at 60 °C, 80 °C and 90 °C. Scale bar
in TEM images is 50 nm. Au and Ni reference patterns are shown as vertical black and orange lines, respectively. The superlattice peaks typical of the L1, inter-
metallic phase are marked with an asterisk in (C). A Cu k, X-ray source was used for XRPD analysis.

On the other hand, when the injection of BuLi was performed after
heating the reaction mixture at 80 °C for 30 min, two size populations of
NPs were obtained, as reported in Fig. 2 a, b. The superlattice peaks
typical of the L1, intermetallic alloy are now visible in the XRPD pattern
(Fig. 2 ¢). The temperature and time at which the precursors were heated
before BuLi addition is thus a crucial parameter to obtain random alloys
or intermetallic NPs: by short heating time at low temperature (60 °C)
random alloys are obtained, while heating for longer time at higher
temperature (30 min at 80 °C) induces the growth of the intermetallic
phase.

The formation of two populations of NPs is probably related to the

presence of two successive nucleation events: (i) the first at 80 °C with
OLAM as mild reductant, a slow process that gives rise to larger Au NPs
(~25 nm); (ii) the second after the addition of BuLi, a fast nucleation of
the unreacted precursors which results in the formation of smaller NPs
(~5 nm).

Such a double population of NPs suggests that not all the Au pre-
cursor was reduced by OLAM in the first step. In order to make sure that
all the HAuCly is consumed in the first step of the synthesis, the amount
of OLAM was increased to 0.5 mL and the temperature T; was raised to
90 °C. An aliquot of the reaction mixture was taken every 10 min and the
particles were separated from the reaction mixture by centrifugation in
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ethanol. By keeping the ethanol supernatant solution overnight, if Au
precursor is still present in solution, it will react slowly with OLAM
leading to the formation of a dark precipitate, which consists of large
and aggregated Au NPs due to the destabilizing action of ethanol. Fig. S1
shows pictures of the supernatant solutions of different aliquots taken at
different reaction times, a day after the synthesis. In the aliquots taken
before 40 min, a dark precipitate was formed at the bottom of the vials,
indicating that unreacted Au precursors were still present in the reaction
mixture when the aliquot was taken. The dark precipitate disappeared
only in the aliquots taken after 40 min at 90 °C, resulting in clear yellow
solutions. Based on these findings, we modified the synthetic route as
follows: the reaction mixture was heated at 90 °C for 1 h with 1 mL of
OLAM in the first step of the reaction, to ensure that all Au precursor
reacted before the addition of BuLi, avoiding the secondary nucleation.
In situ formation of Au seeds, with size around 12 nm, and a diffraction
pattern consistent with that of pure Au (Fig. S2) was obtained in this first
step. With these modifications, it was possible to obtain a single popu-
lation of NPs with size around 8.5 nm, and with an intermetallic crystal
structure (inset in Fig. 1). All the successive syntheses were performed
with these adjustments in the first step of the synthetic protocol.

In summary, direct BuLi injection at 60 °C gives rise to random
nanoalloys with size around 4 nm, while heating for 1 h at 90 °C the
reaction mixture before BuLi addition leads to intermetallic NPs with a
diameter around 8.5 nm (Fig. 1). Injection temperature is thus a key
parameter to control the size and the crystal phase of the synthesized
nanoalloys. Our findings suggest that a critical size needs to be exceeded
to obtain the ordered intermetallic phase, while small nanoalloys tend to
keep the random configuration. This is consistent with a size-dependent
driving force for the disorder-order transition in nanoalloys.[33] Such
size-dependence is affected both by thermodynamic and kinetic pa-
rameters.[14] From a thermodynamic point of view, the change in free
energy is usually negative going from a disordered to an ordered phase,
thus representing the driving force for the formation of an ordered alloy.
[14] However, the total surface free energy of NPs increases with
decreasing size, thus reducing the driving force for the formation of the
ordered phase. From the kinetic point of view, phase transitions are
facilitated if atom diffusion is faster, and the barrier for atom diffusion is
smaller for NPs with respect to the bulk. In summary, smaller NPs enable
faster atom transport but restrict the formation of a new phase, which
suggests there is an optimal size in which the intermetallic phase is
achieved at a given temperature, as also reported for different alloys.
[34]

Optimized synthetic protocol: chemical and structural character-
ization. On the basis of the results of the investigation reported in the
previous section an optimized synthetic protocol (indicated in blue in
Fig. 1) was designed to obtain selectively the intermetallic AusLi,Ni; x
nanoalloy, rather than the random one.

The synthesis of the intermetallic nanoalloy was then extended to
other magnetic metals, namely Fe and Co, and a control synthesis was
performed with the same protocol but without M(acac)y (in the
following labelled as AugLi-0). In the control synthesis the formation of
Au seeds was faster and BuLi was added after 40 min at 90 °C (instead of
1 h). Elemental analysis (ICP-AES) highlighted an AusLi stochiometric
nanoalloy. The XRPD patterns (Fig. 3) of all the samples show the
superlattice peaks typical of the L1, intermetallic phase, even in the
absence of M(acac)y. This suggests the initial formation of an interme-
tallic compound between Au and Li, followed by the incorporation of M
(Ni, Fe or Co) in the crystal lattice. ICP-AES analysis indicated that only a
small amount of M was incorporated in the NPs, while a significant
amount of Li atoms (around 20-25%) was present (Table 1).

Size distributions of the samples are reported in Fig. 4, together with
the mean diameter and its standard deviation. AusLi-O is more poly-
disperse than the AusLixM(1.x-0 NPs synthesized in the presence of M
(acac)y. This suggests a possible role of the metal acetylacetonate in the
size control of the NPs. Furthermore, the polydispersity strongly in-
creases in the second step of the reaction, after the addition of BuLi (see
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Fig. 3. X-ray Powder Diffraction pattern of the synthesized intermetallic
nanoalloys (a), where the superlattice peaks typical of the intermetallic phase
are marked with an asterisk. Panel (b) highlights the region of the superlattice
peaks. A Cu k, X-ray source was used.
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Table 1
Elemental composition determined by ICP-AES for the AusLiyM(;_y) nanoalloys.

Atomic % (ICP-AES)

Sample Au M Li

AusLi-0 70.04 0 29.96
AugLiyFe(; 5)-0 78.89 0.56 20.55
AuzLiyCo(1.5)-0 79.67 0.17 20.16
AugLi,Ni(.,9-0 78.74 1.74 19.52

size distributions in Fig. 4 d).

On the basis of XRPD and TEM investigations, the presence of
(Table 2) a separate Li rich phase in the sample can be excluded. We can
thus conclude that the synthesized nanoalloys are trimetallic AugLixM.-
x) alloys.

Optical properties. Metallic NPs typically exhibit a localized surface
plasmon resonance (LSPR), whose spectral position may range from the
UV-vis (noble metals[35]) to the infrared (heavily doped semi-
conductors[36]) depending on the type of material. LSPR can be
exploited for photo-catalysis,[37] heat generation,[38-40] or sensing.
[41,42] The LSPR peaks of AusLixM(x) and AugLi (Fig. 5) are broadened
and blue shifted with respect to the Au seeds, as already found in pre-
vious investigations for AuFe alloy NPs.[24,25] This can be explained
with a modification of the dielectric function of the alloy with respect to
Au: the introduction of 3d metals (Fe, Ni or Co) results in higher optical
losses due to interband transitions that damp the plasmonic resonances.
Such a blue shift of the plasmonic resonance is a clear fingerprint of the
formation of an alloy, ruling out the formation of heterostructures or a
thin metal oxide shell at the surface of the nanoalloys. Indeed, in a
core@shell structure one would expect a surface oxidation of the mag-
netic metal shell upon air exposure to form Au@MOy NPs, leading to a
red shift of the plasmonic resonance, as previously observed in
Au@FeOx NPs.[5,43] On the other hand, the formation of the alloy
seems to protect magnetic metal ions from oxidation, as suggested by the
blue shift and broadening of the LSPR peak. Indeed, the onset of inter-
band transitions can change upon alloy formation with respect to the
bare metals. A similar effect is probably caused by the presence of
lithium, as it is observed also in AugLi. Experimental observation of
plasmonic properties in such intermetallic alloy has not been reported in
the literature. However, ab initio calculations have revealed a modifi-
cation of the band structure for AuLi, with the onset of the interband
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transition red shifting to lower energy (0.3 eV compared to 2.25 eV of
Au),[44] suggesting an overlap with the plasmonic resonance that can
be responsible of the plasmon broadening.

A reduced broadening and blue shift of the plasmonic peak is
observed for the AusLiyCo;x nanoalloy, coherently with the lower
amount of magnetic metal (Co, 0.17%). The addition of an excess of
OLAM enhances the stability of the dispersion, avoiding aggregation,
that usually causes a broadening and red shift of LSPR peaks (Fig. 5 b.)
[45] This treatment was used to collect all the spectra of the nanoalloys.

Stability of the intermetallic phase with time at 250 °C. The stability
of the intermetallic phase was investigated for the AusNi,Li(; x) alloy by
tuning the final heating time (t4) at 250 °C from 0 to 60 min. The
intermetallic crystal phase is still present if the reaction mixture is kept
at 250 °C for 40 min. After 50 min at 250 °C, the superlattice peaks
disappear, and the diffraction peaks of the NPs shift to lower 20 (see the
inset in Fig. 6 a), with a decrease of the lattice constant which becomes
close to that of pure Au. This is consistent with a lower Ni content of the
alloy, or with a phase segregation of the two metals (Au and Ni). In
particular, the metal content obtained through ICP-AES suggests that the
Ni content decreases with the increase of heating time up to 40 min —
thus suggesting that the intermetallics incorporates less Ni - while it
increases again after 1 h, suggesting a segregated Ni phase.

The UV-vis spectra (Fig. 6 b) show the increase in intensity and
decrease in peak width as well as a red shift of the plasmonic absorption,
which looks closer to the one of pure Au NPs, confirming the hypothesis
of phase separation between Au and Ni.

Effect of the increase of the dwell temperature on the Fe content.
With the aim to increase the amount of Fe incorporated in the

Table 2
Reaction conditions and metal composition for the AusLixNi; 4 alloys.
t3mig "Treo “ta@mn  Au%  Ni%  Li%
(ICP) (Icp) (ICP)
AusLixNi; -0 80 250 °C 0 78.74 1.74 19.72
AusLigNij 420 80 250 °C 20 79.15 0.93 19.92
AuzLixNi; 4-40 80 250 °C 40 86.45 0.25 13.3
AusLixNi; -50 80 250 °C 50 N.A. N.A. N.A.
AusLigNij 60 80 250 °C 60 87.61 2.94 9.45

a) reaction parameters are defined according to the temperature program shown
in Fig. 1.
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Fig. 4. Representative TEM images (bottom panel) and size distributions (top panel) of AusLixFe; x-0, AusLiyNij -0, AuzLixCo; -0 and AusLi-0. Average diameter (D)
+ standard deviation is reported on the graph. In the case of AusLi, also the size distribution of Au seeds formed in-situ before BuLi injection is reported. Scale bar in

TEM images is 50 nm.
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Fig. 5. UV-vis spectra (a) of the synthesized AusLiyM.x) nanoalloys dispersed in toluene and effect of the addition of an excess of OLAM on the plasmonic

properties (b).
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Fig. 6. XRPD (a) and UV-vis spectroscopy (b) characterization of AugLixNi.x) nanoalloys kept at 250 °C for a different time. The inset in the (a) highlights the

change of the position of the most intense diffraction peak.

intermetallic NPs, the final temperature T was modified in the heating
program, according to Table 3. ICP analysis revealed that increasing Ty
from 250 °C to the boiling temperature of the reaction mixture (264 °C),
the amount of Fe in the intermetallic alloy increases from 0.6 to 2.6 %,
while maintaining the intermetallic crystal structure, as confirmed by
the presence of the superlattice peaks in the diffraction pattern (Fig. 7 a).
Nevertheless, a considerable amount of lithium is still present in the
nanoalloys. Plasmonic properties are maintained, with a broadening and
blue shift with respect to pure Au NPs, similarly to the previous samples
(Fig. 7 c). No significant changes in the morphology and size of the NPs
are observed in these samples (TEM images of some of the samples are
reported in Fig. 7 b).

A further increase in the final temperature Ty was achieved by
changing the solvent from diphenyl ether to octyl ether, which has a
boiling temperature of 292 °C, but no increase in the amount of Fe
incorporated in the nanoalloys was observed.

The use of a lithium-free reducing agent such as tetrabutylammo-
nium borohydride (leaving all the other reaction parameters un-
changed) resulted in the formation of pure Au NPs of larger size, without
incorporation of Fe, as confirmed by the XRPD pattern which is com-
parable to the reference pattern of Au (Fig. S3). These findings confirm
the crucial role of lithium incorporation in the formation of the inter-
metallic alloy.

Magnetic and magneto-optical properties. The magnetic properties
of some of the AusLisFe(;x) nanoalloys were studied through SQUID
magnetometry (Fig. 8). The magnetization detected at 5 Tesla is rela-
tively low, even at 2.5 K, due to the low Fe content of the alloy, and it
increases nearly linearly with the iron content (Table 3).

The Magnetic Circular Dichroism (MCD) spectrum of AusLiyFe; x-
264 °C dispersed in toluene was collected at 1.4 Tesla at room temper-
ature and is reported in Fig. 9, together with the extinction spectrum of
the same solution. Magnetic modulation of the plasmonic resonance has
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Table 3

Modification of the temperature program, final metal composition determined through IPC-AES and magnetization at 5 Tesla and 2.5 K detected through SQUID

magnetometry.

2 t3 (min) AT o) 2 tg (min) Au % Fe % Li % Msr @ 2.5 K
(emu/g)

AugLixFe;.x —0 80 250 0 78.72 0.57 20.71 0.10
AugLiyFe; 4-264 °C 80 264 0 74.93 1.28 23.79 0.15
AuglisFe; 4-264 °C-30 min 80 264 30 74.88 2.66 22.45 0.32
AugsLiyFe; 5292 °C 80 292 0 80.19 0.52 19.29 N.A.

a) reaction parameters are defined according to the temperature program shown in Fig. 1.

been demonstrated in different systems, including nonmagnetic plas-
monic NPs (such as noble metal[46,47] and transparent conductive
oxide[48]), magnetic nanostructures such as ferromagnetic Ni nano-
disks,[49] and more complex architectures prepared by lithographic
techniques such as metal-dielectric hyperbolic NPs and non-concentric
ring-dot nanostructures.[50-52] In the simplest case of noble metal
NPs, such effects arise fundamentally from the magnetic field driven
Lorentz force experienced by conduction electrons, which in MCD re-
sults in a derivative-like signal centred at the LSPR.[46] Also in our
nanoalloys a MCD signal ascribed to the LSPR is observed, with the
typical derivative-like shape, crossing the zero at the LSPR maximum. At
higher energy, a negative MCD contribution appears, which can be
ascribed to the interband transitions of the alloy, modified for the
presence of Li and Fe. The magneto-optical response at the plasmon
resonance energy is consistent with a model based on magnetic field
induced energy shift of circular magnetoplasmonic modes.[46] Scan-
ning the magnetic field at different photon energies reveals a linear field-
dependence of the MCD signal, typically observed in noble metal NPs up
to very high fields,[53] thus ruling out the presence of a magnetic
coupling between Au and Fe (consistently with magnetometric data),

a

* superlattice peaks

Counts (A. u.)

Au,Fe
30

40 50 60 70 80
2 Theta (°)

20

Extinction (A.u.)

which has been observed on different bimetallic plasmonic-magnetic
hetero-nanostructures.[54-57].

3. Conclusions

In this work we study the formation of AusLixM;.x (M = Ni, Fe, Co)
intermetallic nanoalloys, confirming the critical role played by lithium
in stabilizing the intermetallics. By tuning the synthetic parameters, it is
possible to synthesize random alloy, or the intermetallic phase. In the
case of the random alloy, 4 nm NPs are formed by co-reduction with
BulLi, while for the intermetallic phase larger NPs are formed (8-9 nm).
We also investigated the stability of the intermetallic phase with the
heating time at 250 °C, demonstrating that the intermetallics is stable up
to 40 min, while at longer heating time the intermetallic peaks disap-
pear, leading to a diffraction pattern consistent with Au NPs. Moreover,
we demonstrate the possibility to increase the amount of iron loaded in
the alloy (from 0.6 % to 2.6 %) by increasing the final heating tem-
perature to 264 °C. The presence of lithium in the alloy is ubiquitous in
all the investigated systems, as demonstrated by the control synthesis
performed without the 3d magnetic metals. Our findings suggest that

b

—250°C
—264°C
= 264°C-30min
—292°C

15 20 25
Energy (eV)

3.0 35

Fig. 7. X-ray diffraction pattern (a) of the AusLiyFe;, samples, representative TEM images (b) for three samples (scale bar is 50 nm), and corresponding UV-vis

spectra (c).
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the total mass of sample, and the diamagnetic contribution of the Teflon support was subtracted.
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Fig. 9. a) UV-vis extinction spectrum and room temperature, and MCD spectrum at 1.4 Tesla for sample AusLi,Fe; «-264 °C dispersed in toluene; b) magnetic field
dependence of the MCD signal collected at different photon energies, indicated in (a) with a dot of the corresponding color.

Augsli nanoalloys are easily synthesized by reacting Au seeds with Buli,
which acts as source of lithium. A plasmonic resonance around 500 nm
is observed for AusLiyM;x nanoalloys, blue shifted with respect to pure
Au NPs. The possibility to incorporate 3d magnetic metals suggests
interesting applications in catalysis or photo-catalysis exploiting the
plasmonic resonance to thermally activate chemical processes on the
nanoalloy surface. Moreover, our findings open colloidal chemistry
synthesis to unusual synthetic approaches that exploits Au, AugLi or
AugMLi seeds as reactive templates for the synthesis of nanoparticle
heterostructures or alloys.

4. Methods

Materials. Fe(acac)s (99%), Ni(acac), and HAuCly-3H,;0 were pro-
vided by Strem. Diphenyl ether (DPE) (99%), Co(acac)y, (OLAM, 98%),
Butyllithium (BuLi) (2.5 M in hexane), EtOH, and toluene were provided
by Merck.

Synthesis of AugLi;M;., nanoalloys. All the synthetic steps were
performed in an Ar atmosphere and under continuous magnetic stirring.
In a 100 mL flask, 0.008 mmol of metal (Fe, Ni or Co) acetylacetonate
and 0.025 mmol of HAuCl4-3H50 were dissolved in 10 mL of DPE with 1

mL of Oleylamine to prepare the metal precursor solution. In another
flask, the reductant solution was prepared by adding 0.9 mL of BuLi
solution (2.5 M in hexane) to 5 mL of DPE under Ar atmosphere. The
hexane was removed from the flask under vacuum. The temperature of
the precursor solution was increased up to 90 °C, and kept for 90 min,
after which the reductant solution was added, and the temperature was
raised to 250 °C during 80 min. The reaction mixture was then cooled to
room temperature by removing the heating source, and the NPs were
washed three times by centrifugation in EtOH (4400 g) and redispersion
in toluene. Synthetic parameters were optimized as described in the
results and discussion section.

X-ray Powder Diffraction. Powder X-ray Diffraction (XRPD) mea-
surements were carried out using a Bruker D8 Advance diffractometer
equipped with a Cu Ka radiation and operating in Theta-Theta Bragg
Brentano geometry at 40 kV and 40 mA.

Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES). ICP-AES measurements were performed in triplicate by
using a Varian 720-ES Inductively Coupled Plasma Atomic Emission
Spectrometer, on samples (~3 mg) digested in concentrated aqua regia
(HCI suprapure and HNOj3 sub-boiled in 3:1 ratio) and in the presence of
H0,, diluted with ultrapure water (>18 MQ/cm) and analyzed using
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Ge as internal standard. Calibration standards were prepared by gravi-
metric serial dilution from monostandard at 1000 mg/L. According to
previous studies performed with the same instrument, the standard
deviation on the measurements can be considered below 10% for all the
metal atoms used in this study.[58].

Transmission Electron Microscopy. Transmission Electron Micro-
scopy (TEM) analysis was performed using a Philips CM12, operating at
100 kV. The samples were prepared by drop drying a dilute suspension
of the nanoalloys in toluene onto 200 mesh carbon-coated copper grids.
The mean size, standard deviation and size distribution were obtained
from statistical analysis performed over at least 300 NPs.

Optical characterization. The UV-Vis absorption spectra were
collected at room temperature with a V-670 (Jasco) spectrophotometer,
using quartz cuvettes.

SQUID Magnetometry. Magnetic properties were investigated using
a Quantum Design MPMS SQUID magnetometer on randomly oriented
pressed powder pellets. The field was always applied parallel to the
pellet plane. The magnetization was normalized for the total mass of the
sample, and the diamagnetic contribution of the Teflon support was
subtracted.

Magnetic Circular Dichroism. Magnetic Circular Dichroism (MCD)
spectra were recorded at room temperature and with 1.4 Tesla of applied
field on a dispersion of the nanoalloys in toluene, using a in-house built
setup, which modulates the polarization of light between left-handed
and right-handed using a photo-elastic modulator and takes advantage
of phase sensitive detection with a lock-in amplifier. For further infor-
mation on the magneto-optical setup see reference [43].
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Appendix A. Supplementary data

Picture of the aliquots taken during the synthesis of the nanoalloys. A
representative TEM image and the XRPD diffractogram of Au seeds
synthesized in situ in the first step of the synthetic route. A represen-
tative TEM image and the XRPD diffractogram of the nanoparticles
obtained using a lithium-free reducing agent. Supplementary data to this
article can be found online at https://doi.org/10.1016/j.ica.2023.121
545.
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