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Metastable alloy nanoparticles are investigated for their variety of appealing properties

exploitable for photonics, magnetism, catalysis and nanobiotechnology. Notably,

nanophases out of thermodynamic equilibrium feature a complex “ultrastructure”

leading to a dynamic evolution of composition and atomic arrangement in response to

physical–chemical stimuli. In this manuscript, metastable Au–Fe alloy nanoparticles

were produced by laser ablation in liquid, an emerging versatile synthetic approach for

freezing multielement nanosystems in non-equilibrium conditions. The Au–Fe

nanoalloys were characterized through electron microscopy, elemental analysis, X-ray

diffraction and Mössbauer spectroscopy. The dynamics of the structure of the Au–Fe

system was tracked at high temperature under vacuum and atmospheric conditions,

evidencing the intrinsic transformative nature of the metastable nanoalloy produced by

laser ablation in liquid. This dynamic structure is relevant to possible application in

several fields, from photocatalysis to nanomedicine, as demonstrated through an

experiment of magnetic resonance imaging in biological fluids.
Introduction

Metastable alloys can be found in multicomponent nanoparticles (NPs) made of
thermodynamically immiscible elements, when non-equilibrium synthetic
processes are adopted.1–3 This is possible by bringing precursors and educts to
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high energy states, such that products initially adopt metastable structures, i.e.
structures with higher thermodynamic free energy than in the most stable
conguration.1,4,5 The resultingmetastable compositions are useful to benchmark
the current modelling and experimental assessment abilities.4 Besides, the
portfolio of functional nanostructures is sensibly widened by the inclusion of
metastable phases, enabling a list of applications in several key technological
elds such as quantum technologies, sustainability, energy conversion and
healthcare.1–4,6–9

Metastable phases are oen associated with a complex “ultrastructure” due to
incomplete element segregation and chemical coordination, leading to glassy
regionsmixed with ordered crystalline arrangements of atoms.10–13 This “slippery”
atomic conformation is difficult to observe even with advanced electron micros-
copy techniques.13,14 Nonetheless, it is intrinsically connected to the dynamic
evolution of the composition, atomic arrangement, and properties of metastable
nanoalloys upon response to physical or chemical external stimuli.5,10,15 Hence, in
the realm of condensed matter, metastable nanoalloys can be seen as a special
type of so matter, namely of materials that are structurally altered by external
physical stimuli of the magnitude of thermal uctuations.16 The prediction of the
equilibrium morphology in metallic NPs has been performed by various
computational approaches.17–24 Such an example are Monte Carlo simulations
based on semi-empirical potentials derived from the individual potentials
calculated for each atom type by density functional theory. However, this
approach is limited at a few thousand atoms and on a short timescale compared
to most of the real world applications of nanoalloys.18 On the other hand, there is
still a gap between modelling abilities and the complex chemistry experienced by
nanoalloys under operation. In fact, metastable nanoalloys have a multicompo-
nent nature and are exposed to compositional alterations in response to chemical
stimuli.15,25 This is the case, for instance, for the selective reactivity of one element
of the alloy with chemical species in the surrounding, typically involving redox
reactions. Both thermodynamics and kinetics govern the transient dissolution of
a metal during its oxidation, which is relevant for nanoalloy stability in biological
environments as well as for the stability of electrocatalysts during operation in
fuel cells.26,27

In this study, metastable Au–Fe alloy nanoparticles are produced by laser
ablation in liquid (LAL) of a bulk Au–Fe target. LAL proved to be an efficient and
versatile synthetic technique for the preparation of nanoalloys.28–32 LAL has the
advantages of a self-standing set-up, the absence of chemical precursors and
compatibility with the principles of green chemistry.33 Besides, in case of ther-
modynamically immiscible alloys, laser ablation synthesis is known to create
nonequilibrium morphologies, frozen in metastable states representing relative
thermodynamic minima.18,33 LAL allowed the synthesis of homogeneous bime-
tallic NPs in systems showing both miscibility only at high temperature such as
Au–Fe and Au–Co systems,34–39 and complete immiscibility at any temperature
and even in the liquid state such as the Ag–Fe and Ag–Co systems.11,12,40 For
instance, for a transition metal content below 20 at%, the Fe and Co nanoalloys
obtained by LAL are structurally stable in the ambient atmosphere and water and
exhibited the magnetism expected for the doping of Au and Ag with magnetic
centers.34,36,37 The physical and chemical properties of these alloys are interesting
for a variety of applications.41 For instance, enhanced electrocatalytic oxygen
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 242, 286–300 | 287

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2fd00087c


Faraday Discussions Paper
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 2
4 

M
ay

 2
02

2.
 D

ow
nl

oa
de

d 
on

 3
/1

8/
20

26
 8

:4
5:

26
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
evolution compared to single-element constituents was observed.35 In the case of
photothermal nanostructures such as metal-coated silica core–shells, it was
calculated that Au–Fe nanoalloys can convert near-infrared light into heat with an
efficiency 90–100% higher than that of pure gold equivalents.42 This is due to the
electronic structure of the nanoalloys, which was correlated to their plasmonic
response by electron energy loss spectroscopy on individual NPs.43 The Au and Ag
nanoalloys exhibit also the local electric eld enhancement features suitable for
the generation of bright surface-enhanced Raman scattering signals from mole-
cules located at the junction between two NPs.36 Au–Fe NPs behaving as multi-
modal contrast agents have been developed,15,44 also with a 4-D behaviour leading
to spontaneous size reduction and facilitated clearance of the NPs in living
organisms.15

However, there is still much to explore about the dynamic evolution of Au-
based alloy NPs in typical operating conditions for catalysis, plasmonics and
nanomedicine. The comprehension of the time evolution of metastable nano-
alloys is the key for enabling new applications and functions where the trans-
formation of the nanomaterial during the process can be a high-value-added
feature, which leads to a future generation of dynamic nanotechnologies.6 At
the same time, the investigation of alloy formation during LAL promises to shed
light on the main parameters required for the successful control of metastable
phases.

Here, to obtain information on the formation process of the nanoalloy during
the LAL synthesis, Au–Fe NPs have been characterized as obtained and aer
thermal aging in vacuum or in the ambient atmosphere. The morphological and
structural changes are intimately related to the complex composition of the Au–Fe
NPs produced by LAL. The dynamics of the Au–Fe nanoalloy structure emerges
also in realistic operating conditions, such as by ageing in aqueous solutions of
relevance for nanomedicine applications.

The results conrmed the intrinsic transformative nature of the Au–Fe nano-
alloy and the importance of using a synthetic approach such as laser ablation in
liquid that can freeze multielement nanosystems in non-equilibrium conditions.
Overall, the results are relevant to the many fundamental scientic questions and
challenges about nanoalloys, such as the evolution under operating conditions,
the control and tailoring of nanoalloy formation processes in liquid phases and
the determination of transformation and ageing processes of nanoalloys in
realistic environments.

Materials and methods

Au–Fe NPs were synthesized by laser ablation of an Au/Fe 25/75 at% bulk target
(99.9% pure, from Mateck GmBH) placed at the bottom of a cell containing
0.04 mgmL�1 PEG-SH (2000 Da, Laysan Bio) in ethanol (HPLC grade, from Sigma-
Aldrich). The laser pulses (1064 nm, 6 ns, 50 Hz) were focused at a uence of 18 J
cm�2 by a lens with focal length f ¼ 100 mm. The colloid was then stored at
�20 �C overnight and collected by centrifugation at 1000 rcf for 15 min at 5 �C.
Finally, the NPs were dried and resuspended in ethanol or in water.

UV-visible absorption spectroscopy was performed with a JASCO V770 UV-vis-
NIR spectrometer in 2 mm quartz cells. Bright eld transmission electron
microscopy (TEM) analysis was performed with an FEI Tecnai G2 12 operating at
288 | Faraday Discuss., 2023, 242, 286–300 This journal is © The Royal Society of Chemistry 2023
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100 kV and equipped with a TVIPS CCD camera. Room temperature Mössbauer
spectra were collected using a conventional constant acceleration spectrometer
with a 57Co source, nominal strength 1850MBq. The hyperne parameters isomer
shi (d), quadrupole splitting (D) or quadrupole shi if magnetic coupling is
present (3), and half linewidth at half maximum (G+) were expressed in mm s�1,
with the internal magnetic eld in Tesla (T), while the relative area (A) in % was
obtained by means of standard least-squares minimization techniques. d is
quoted relative to a-Fe foil. Specic magnetization (M) as a function of applied
magnetic eld (H) at room temperature was obtained using a vibrating sample
magnetometer (LakeShore 7404), operated with maximum applied elds of 1.5 T.
Magnetic measurements were performed on the lyophilised NP samples previ-
ously dispersed in Milli-Q water. The colloid suspension was sealed into a heat-
shrinkable tube to prevent sample evaporation and spills.

In situ X-ray diffraction (XRD) patterns were collected on a Bruker D8 Advance
Plus diffractometer equipped with a non-ambient chamber (MTC-FURNACE) that
allows heating and can be used in a vacuum (3 � 10�3 mbar), inert gas or air. The
diffractometer was operated at 40 kV and 40 mA using a Cu Ka radiation source.
To trace the structural changes, the samples were prepared by drop-casting on
a silicon zero-background plate; this latter was then loaded into the Al2O3 holder.
Each measurement step comprised four stages: heating/cooling to the set
temperature at a rate of 10 �C min�1; holding for 10 min for temperature stabi-
lization; re-alignment of the sample to compensate for thermal expansion;
measuring the symmetric (q–2q) diffraction pattern in the 2q range of 30–70�. The
crystallographic phase identication was performed by a search/match procedure
using Bruker DIFFRAC.EVA soware and the COD database while the diffracto-
grams were analyzed with TOPAS Academic V6 (Bruker AXS). Rietveld renements
were carried out by tting the background with a Chebychev function, a broad
Gaussian peak due to the amorphous phase, and the required phases (Au COD
9008463, Au1�xFex COD 9008463, a-Fe2O3 COD 2101169, Fe-BCC COD 4113936).
The thermal expansion at various temperatures was considered in the Rietveld
renement of the lattice parameters by considering the lattice expansion values
reported in the literature for Au, a-Fe2O3 and Fe-BCC. The shape of the reections
was modelled through the fundamental parameter approach incorporated in the
program, separating the instrumental and the sample contributions. Fit indica-
tors Rwp, Rexp, and GoF (Goodness of Fit) were used to assess the quality of the
rened structural models.

Scanning electron microscopy (SEM) was performed with a Zeiss Sigma HD
microscope, equipped with a Schottky FEG source, one detector for backscattered
electrons and two detectors for secondary electrons (InLens and Everhart
Thornley). The microscope is coupled to an EDX detector (from Oxford Instru-
ments, x-act PentaFET Precision) for X-ray microanalysis, working in energy
dispersive mode.

Magnetic resonance imaging (MRI) was performed with a Bruker system
operating at 7 T (Bruker Biospin, Ettlingen, Germany). In phantom measure-
ments, the samples were dispersed in aqueous solution by serial dilution starting
from a solution with an Fe concentration of 2.83 mM. The transversal relaxivity (r2
value) was calculated from the slope of the best t line of relaxation rates (1/T2)
versus iron concentrations. The T2 map phantom images were acquired using
a multislice multiecho sequence with the following parameters: TR ¼ 2000 ms,
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 242, 286–300 | 289
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TE ¼ from 6.5 to 170.43 ms, FOV ¼ 55 � 55 mm, matrix size ¼ 128 � 128, slice
thickness ¼ 1 mm, number of echoes ¼ 25.
Results and discussion

The Au–Fe NPs were produced by LAL of a bulk Au/Fe 25/75 (atomic%) target in
ethanol with ns laser pulses (Fig. 1A). The NPs were analysed without any further
purication, except solvent evaporation when required. In this way, all the
synthesis products remained in the sample. The UV-vis spectrum of the colloid
(Fig. 1B) exhibits an absorption edge in the near UV and no peaks in the visible
range ascribable to the surface plasmon resonance of gold NPs. These features are
typical of Au–Fe alloys with iron content exceeding 25 at%.42,43 On the other hand,
the TEM analysis (Fig. 1B) shows the presence of NPs with size up to tens of nm, in
addition to a multitude of ultrane NPs with size of only a few nm. The NPs are
not grouped together into aggregates on the TEM grid, despite solvent evapora-
tion, which suggests the presence of non-crystalline material in between them,
typically due to iron oxidation. Indeed, iron oxidation has been systematically
observed during the LAL of targets containing iron, even in organic
solvents.11,33,38,39

Given the complexity of the laser-generated product, Mössbauer spectroscopy
is an ideal method to assess the crystalline and chemical state of iron in a sample
of NPs. In this case, the room temperature Mössbauer spectrum (Fig. 2A) shows
the presence of a broad, poorly resolved sextet, in the �5 mm s�1 to 5 mm s�1

range, together with a well dened, intense doublet, centered at z0.30 mm s�1.
The relative intensity of lines in the magnetically split component suggests the
presence of a relaxation process near TC. This signal could originate from an Au–
Fe solid solution. Despite the magnetic component undergoing a magnetic
ordering, and therefore the hyperne parameters being unable to thoroughly
describe the system, a tting is proposed by using Lorentzian lines. The t
consists of three subcomponents: two broad sextets and a doublet. The two
Fig. 1 Sketch of LAL synthesis (A), UV-vis spectrum and TEM image of the resulting Au–Fe
NPs (B).

290 | Faraday Discuss., 2023, 242, 286–300 This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2fd00087c


Fig. 2 (A) Room temperature Mössbauer spectrum of Au–Fe NP powder (black circles)
and fit (black line). Three components were used for the fit: a doublet typical of Fe(III)
species (red line) and two broad sextets representative of Fe–Au alloys (blue and green
lines). (B) Hysteresis cycles at room temperature obtained by VSM measurements on Au–
Fe NPs, after subtraction of the diamagnetic contribution.
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sextets (G+: 0.44 mm s�1 and G+: 0.25 mm s�1), showing an internal eld ofz28 T
andz21 T respectively, could be representative of an Fe rich alloy. Usually Fe–Au
alloys, with an Fe content lower than 20–25 at%, show a complex non-
magnetically split absorption at room temperature,45 while a magnetic pattern
results upon increasing the Fe load. For instance, Borg and coworkers46 estimated
an ordering temperature close to RT when the Fe content is higher than 20 at%,
while other authors47,48 reported the existence of magnetically ordered patterns at
higher Fe concentration. It is worth observing that the two sextets show positive
isomer shis (z0.2 mm s�1 for both) suggesting a decrease of the charge density
at the nucleus due to the Au neighbors.49 Concerning the intense doublet, the
hyperne parameters are typical of Fe(III) species (d: 0.32 mm s�1, D: 0.84 mm s�1,
A: 40%). The presence of Fe(III) species can be reasonably attributed to non-
crystalline paramagnetic ferric oxide, as already inferred from TEM analysis,
and ferric centers located at the alloy surface as a result of a surface oxidation. The
presence of the Au–Fe alloy in a paramagnetic state, that is above the Curie
temperature, can be excluded: the shape and the parameters of the doublet do not
t with the literature.45,50

To obtain further evidence of the formation of Au–Fe alloy domains near to
magnetic order, room temperature magnetometry was performed on the sample
resuspended in water and lyophilized (Fig. 2B). The hysteresis cycles evidenced
a superparamagnetic behavior of the alloy NPs, indicating that it is above the
percolation threshold for ferromagnetism in Au–Fe crystals.34,51 The magnetiza-
tion at room temperature (M) as a function of the applied magnetic eld (H) was
tted using a Langevin function weighted with a log-normal distribution of
magnetic moments, resulting in a saturation value of 22.30 � 0.13 Am2 per kg Fe.
This value is sensibly lower than that in pure Fe.34,51 These ndings are compat-
ible with a partial dissolution and oxidation of the Au–Fe NPs redispersed in
water, but are also expected from the surface effects in NPs, the disorder intro-
duced by alloying with Au and the fraction of non-crystalline ferric oxide identi-
ed by Mössbauer spectroscopy.34,52
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 242, 286–300 | 291
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LAL allows freezing the Au–Fe NPs in a metastable state but the resulting
sample contains structural heterogeneities such as the ultrane NPs and the
Fe(III) component, evidenced respectively by TEM and Mössbauer analysis.
Furthermore, the mechanism of ejection of the material from the target involves
at least two simultaneous processes, which are the expulsion of molten drops and
vapours from the target, which is followed by cooling and condensation in the
nal product.53,54 An experiment of thermal aging can provide further information
on the evolution of the ablated material and can help understanding whether it
was subjected to rapid cooling by thermalization with the surrounding liquid or
interaction with oxygen dissolved in solution. Hence, the structural evolution of
the Au–Fe sample at temperatures from 30 to 700 �C in an inert (vacuum) and
oxidizing (air) environment was monitored by powder XRD and Rietveld rene-
ment (Fig. 3).

The Rietveld renement of the XRD data collected in vacuum at 30 �C (Fig. 3A
and B) fully conrms the characteristics previously indicated by UV-vis, TEM and
Mössbauer: the reections correspond to those of the Au FCC cell but with a cell
parameter reduced to 3.983 Å (Au–Fe I phase) instead of the 4.079 Å of pure Au
(Fig. 4A). This contraction is due to the presence of Fe atoms as substitutional
impurities in the Au lattice.34,55 Furthermore, there is an evident background of
non-crystalline material, which can be estimated to be 72 wt% (Fig. 4B). The low
Fig. 3 XRD patterns collected on the Au–Fe NP sample heated in vacuum (A and B) or in
air (C andD) up to 700 �C. Rietveld refinements are reported as red lines for all patterns and
single components are shown in (B) and (D) for the heating in, respectively, vacuum and
air. Intensities were not normalized but the spectra were shifted for clarity. (E) TEM images
of Au–Fe NPs after the annealing experiment in the two environments.
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Fig. 4 Cell parameters (A and D), degree of crystallinity (B and E) and average size of
crystalline domains (C and F) estimated from the Rietveld refinement of the XRD patterns
in vacuum and in air. For a-Fe2O3 only the a cell parameter of its trigonal lattice is reported.
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crystallinity is accompanied by a rather small size of the crystalline domains,
estimated at 5.7 � 0.6 nm from XRD spectrum renement (Fig. 4C). This is
somehow expected considering the composition of the ablated target (Au : Fe
25 : 75 atomic%) and the immiscibility of the two elements according to their
binary phase diagram.56 By increasing the temperature, a clear evolution of the
crystalline and amorphous components of the sample is observed, indicative of
the annealing process. The degree of crystallinity reaches 100% at 700 �C and
remains 100 wt% even aer cooling to 30 �C. Sample annealing is accompanied by
an increase in the size of the crystalline domains, which reaches 67 � 9 nm at
700 �C and then stabilizes at 36 � 6 nm at 30 �C. In the XRD pattern, these
features correspond to the remarkable increase of the intensity of FCC peaks (note
the intensities in Fig. 3 were not normalized and can be quantitatively compared).
The thermal activation of atomic diffusion and the consequent alloying with iron
agree with previous experimental observations and theoretical simulations and
are explained by the relaxation of structural stress of the disordered phases into
metastable states closer to equilibrium, when sufficient thermal energy is
applied.17 The crystallization of the amorphous phase begins at 250 �C, when the
degree of crystallinity increases from 30 to 69 wt%. This is an indication of
a relatively good thermal stability of the material. Notably, the average size of the
crystalline domains drops from 5.6 � 0.6 nm to 3.1 � 0.3 nm when the temper-
ature increases from 100 �C to 250 �C, indicating the crystallization of the
amorphous phase, and then rises to 12.4 � 0.9 nm at 400 �C. Other important
structural changes are observed at 400 �C, because the lattice parameter of the
Au–Fe I phase starts to decrease and the Rietveld renement indicates the
appearance of a second phase of the Au–Fe alloy (Au–Fe II) with a higher cell
parameter, corresponding to a lower content of Fe (6 at%). These ndings and the
concomitant detection of Fe-BCC indicate that above 400 �C atomic diffusion
between phases plays a dominant role as expected based on the diffusivity
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 242, 286–300 | 293
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calculation of Fe and Au into Au-fcc and Fe-bcc.17 Since the size of the crystalline
domains of the Au–Fe II phase is only 2.7 � 0.6 nm, this component is attributed
to a segregation process whereby heterostructures of gold-rich and metallic Fe-
rich phases form.

The Au–Fe I, Au–Fe II and Fe BCC components remain in the XRD patterns up
to 700 �C, even if the cell parameter of the Au–Fe II phase decreases, converging
towards that of the Au–Fe I phase. However, a lower size of the crystalline domains
(7.6 � 1 nm) is measured, with the estimated Fe content in the alloy being 43 at%
for Au–Fe I and 35 at% for Au–Fe II. This is further evidence that the high
temperature entropically and diffusively favours the formation of the Au–Fe alloy
at the interface with the Fe BCC crystals. At 30 �C, the three phases maintain the
characteristics assumed at 700 �C, apart from the reduction of the size of the
crystalline domains of Au–Fe I from 67 � 9 nm to 36 � 6 nm, which can be
ascribed to the increase of the mixing enthalpy at lower temperature and the
consequent tendency for element segregation. It should be noted that the lattice
parameter measured for BCC iron (2.873 Å) is slightly larger than the literature
value of 2.856 Å,17 suggesting that Au atoms have been partially included in the Fe
BCC lattice. TEM images of the Au–Fe NPs aer the heating experiment (Fig. 3E)
show how the morphology of the sample was sensibly modied by the thermal
annealing, with the disappearance of ultrane NPs and their replacement with
NPs of several tens of nm.

SEM analysis on the sample annealed in vacuum (Fig. 5) permitted better
identication of the localization of alloy and iron phases indicated by the
renement of the XRD patterns. The annealed sample is composed of a pop-
ulation of NPs with size of tens of nm, appearing homogeneous in the electron
micrograph, mixed with NPs of hundreds of nm and inhomogeneous in
composition. EDX analysis on the electron bright and opaque regions suggests
the segregation of Fe and Au in the submicrometric particles. The morphology of
submicrometric particles resembles that of Fe cubes capped with Au prisms,
Fig. 5 SEM backscattered image of Au–Fe NPs after annealing at 700 �C in vacuum and
EDX spectra collected at various points.
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which was observed by thermal annealing in vacuum and modelled by the Bar-
cikowski,18 Langlois57 and Ferrando19 groups. The gold islands grow at the (001)
facets of Fe because of the lower interface energy.18,19,57 The precipitation of the Fe
BCC from alloy crystals has been observed prevalently for iron content above 50 at
%.17,18 Instead, it is not reported for equimolar or Au-rich Au–Fe NPs, where
thermal aging resulted in alloying.18 This suggests that NPs with size of hundreds
of nm contain signicantly more iron than NPs of tens of nm.

For the thermal aging in air, a sharp increase of the degree of crystallinity is
again observed when the temperature goes from 100 �C (27 wt%) to 250 �C (64 wt
%), reaching 100% crystallinity at 700 �C as well as aer cooling back to 30 �C.
Besides, also in this case the average size of crystalline domains at 250 �C (3.9 �
0.6 nm) is smaller than that at 100 �C (5.6 � 0.6 nm), indicating the beginning of
crystallization in the amorphous phase. However, at 400 �C the size of the crystals
remains relatively small (4.7 � 0.6 nm), suggesting that oxidation is hampering
the grain coalescence which was possible in vacuum at the same temperature.
Importantly, at 250 and 400 �C, a second Au–Fe phase (Au–Fe II) is required for the
Rietveld renement of the XRD patterns, with a cell parameter close to that of
pure Au. Also, the cell parameter for the Au–Fe I phase is increased to 4.079 Å,
from the initial value of 3.986 Å at 30 �C. All these data point to the oxidation of Fe
and its extraction from the Au–Fe alloy, which is denitively conrmed by the
XRD spectrum at 500 �C, indicating the presence of a-Fe2O3. Iron oxidation
certainly begins at the interface between the Au–Fe NPs and the external envi-
ronment. Therefore, complete oxidation will rst be achieved in small NPs, likely
identied as the Au–Fe II phase, as suggested by their large lattice parameter and
small size of the crystalline domains estimated by Rietveld analysis.

At 700 �C, as well as aer cooling at 30 �C, only pure Au and a-Fe2O3 are
detected according to the Rietveld renement, indicating the complete oxidation
of Fe in the sample. As in vacuum, the thermal annealing in air is associated with
a remarkable increase of the intensity of the diffraction peaks, as shown in Fig. 3C
and D. TEM images of the Au–Fe NPs aer the heating experiment in air (Fig. 3E)
match with a sample composed of a mixture of Au NPs (more electron-dense) and
of Fe oxide NPs (less electron-dense), both with size of tens of nm.

Overall, the picture emerging from the above experiments suggests that laser
ablation of the Au–Fe target would lead to the formation of Au–Fe alloy NPs
because of the high temperature and rapid cooling of the ablatedmaterial, but the
presence of oxygen in the liquid solution induces the oxidation of part of the Fe
(likely the atomic component) with the formation of a partially oxidized and
substantially amorphous material in which the Au–Fe alloy NPs are embedded. In
a previous study, this amorphous component was removed by washing in
a centrifuge to isolate the crystalline NPs.15 Given that the drops of molten
material ejected from the target tend to coalesce, it is likely that a certain degree of
oxidation is also present at the interfaces between these grains in the nal NPs,
which in fact have a defective structure, as previously reported by high resolution
TEM.15 This type of ultrastructure can further enhance the reactivity of the laser
generated Au–Fe NPs, contributing to their transformative nature, which is
known to play an important role in operating conditions. For instance, Au–Fe NPs
have been recently considered for nanomedicine applications due to their
prominent properties for multimodal imaging, biocompatibility and size reduc-
tion in biological uids.15 Intrigued by this set of features, we exploited the
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 242, 286–300 | 295
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Fig. 6 (A) Transversal relaxivity for Au–Fe NPs incubated at 37 �C in FCS at pH 4.5 for up to
60 days. (B) MRI images of phantoms' cross-sections for Au–Fe NP samples at variable
dilution (a: 0 mM Fe; b: 2.833; c: 1.417; d: 0.708; e: 0.354; f: 0.177; g: 0.088; h: 0.044; i:
0.022) and at two time points (0 and 30 days). (C) Room temperatureMössbauer spectrum
of Au–Fe NPs aged for 30 days at 37 �C in citrate buffer – pH 4.5 (black circles) and fit (blue
line).
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magnetism at room temperature of the Au–Fe NPs to track the transformative
behaviour in biological uids by measuring their performance as contrast agents
for magnetic resonance imaging. The sample was kept for 60 days at physiological
temperature (37 �C) in foetal calf serum (FCS) containing citrate buffer to
reproduce the acidic lysosomal environment (pH of 4.5) which is typical of in vivo
operating conditions.58 The MRI contrast ability (Fig. 6A) was assessed by
measuring the transverse relaxation time of protons in water in a series of
phantoms with variable concentration (Fig. 6B), with a preclinical 7.0 T MRI
scanner. The transversal relaxivity (r2) measured at different timepoints shows
a clear reduction over time which should be ascribed to the degradation of the
alloy in the acidic FCS environment. This is a desirable property for a nano-
medicine agent which is supposed to be cleared from the organism aer use.15,25

The effect is also qualitatively appreciable from the contrast reduction of the T2-
weighted cross-sectional images of phantoms analysed aer 30 days (Fig. 6B). The
structural modication occurring in the alloy dispersed in aqueous solution at
mild acidic conditions (pH 4.5) and 37 �C can also be well monitored with room
temperature Mössbauer spectroscopy (Fig. 6C). Despite the high number of
counts (z6.5 � 106) in the spectrum, only a narrow central absorption is well
identiable beyond a weak, and undened, broad absorption in the range
between �4 mm s�1 and 4 mm s�1. No clear evidence of magnetically ordered/
relaxing components was detected, suggesting that the Au–Fe alloy lost iron, in
agreement with the decrease of r2 measured with MRI. A t was obtained by
means of a single component, a doublet whose parameters can be ascribed to
Fe(III) nuclei in a distorted octahedral geometry (d: 0.47 mm s�1 and D: 0.52 mm
s�1). According to the literature, these parameters can be assigned to Fe(III)
complexes with the citrate ions of the acidic aqueous solution.59

Conclusions

We reported on the study of laser-generated metastable Au–Fe compounds with
the aim of extracting precious information on NP formation and atomic
arrangement. This is possible thanks to the modication of morphology and
296 | Faraday Discuss., 2023, 242, 286–300 This journal is © The Royal Society of Chemistry 2023
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crystalline phase in the metastable nanoalloys and to the different reactivity of
elements like Au and Fe with oxygen. To this end, the Au–Fe NPs were exposed to
physical (thermal) and chemical (oxidising environment) stimuli. The initial NPs
have high crystalline disorder and present a remarkable fraction of oxidised iron.
Thermal annealing in vacuum or in air shows that the NPs evolve towards larger
nanoparticles of, respectively, the Au–Fe alloy or Au–iron oxide heterostructures.
In vacuum above 400 �C, the submicrometric Au–Fe NPs undergo element
segregation into the Au–Fe alloy and BCC Fe. Although the exact picture of how
nanomaterials form by LAL is still missing some key steps, these results indicate
that iron oxidation is crucial in determining the nal composition and phase of
products. The disordered structure of the Au–Fe NPs plays a role in their stability
in biological uids, facilitating NP dissolution over time as desirable for a nano-
medicine agent. Thus, the level of iron oxidation during the laser synthesis
emerged as a key parameter for tuning properties such as magnetism, chemical
stability, and size distribution of the Au–Fe NPs.

The effects of Au–Fe NP ultrastructure on their transformative behaviour
represent an intriguing way to realize transformable nanoparticles with dynamic
properties. Improving our knowledge of the laser-assisted processes is crucial to
identify new and appropriate strategies to obtain full control of the laser-
generated products. We expect that, to answer these questions, the develop-
ment of modern computational techniques up to the long timescales of realistic
experiments, and their integration with and the accurate design of experimental
investigations, will be mandatory.
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