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Abstract: Size, composition, and pattern formation are crucial
elements in the fabrication of functional multicomponent nano-
particles (NPs). Self-assembly techniques provide relevant control
over NP size distribution (down to a few nanometers in diameter),
but more importantly, such techniques are amenable for practical
applications since the resulting NPs (and arrays thereof) are
programmed in the molecular structure of the precursors. Here,
the diblock copolymer micelle nanolithography concept of achiev-
ing monodisperse NPs is extended to direct the synthesis of
multicomponent core-shell NPs arranged in a triangular lattice.
Special emphasis is set on Cocore@Feshell and corrosion resistant
(FeCo)core@Aushell NPs. Electron microscopy analyses show a
variety of core-shell geometries spanning a wide range of oxide,
metal, and alloy combinations.

The most important factor in the synthesis of functional multi-
component nanoparticles (NPs) is the precise control over the
architecture of the system, i.e., size, composition, structure, and
pattern formation. The vast field of NP synthesis can be classified
in two main architectural groups: (a) dense assemblies of interacting
NPs and (b) dilute noninteracting NPs. The former profits from
the fact that the constitutive NPs act as artificial atoms, thus creating
materials that rely mainly on the collective response of the system.
Such configurations serve well in photonic,1,2 photovoltaic,3 and
energy storage systems.4 The dilute NP scheme, on the other hand,
depends on the properties and performance of the individual NPs,
as in biomedical (e.g., imaging5 and tumor therapy6-8) or catalytic9

systems, where size and structure of the individual components
dictate efficiency and functionality. Two-dimensional arrays of NPs
on substrates provide an interesting and exciting regime where the
individual and collective properties of the constitutive NPs can be
exploited simultaneously. Such architectures are the cornerstone
for NP-based magnetic data-storage devices,10 biosensors,2 as well
as functional interfaces to tailor cell-matrix interaction.11,12 In
particular, the individual properties of NPs can be tailored by
changing the average size and composition (alloy systems). In recent
years, the latter step has been actively investigated since alloy
core-shell (CS) NPs are ideal multifunctional structures; i.e., shell
and core provide different, sometimes synergistic functions.13

The synthesis of monodisperse CS NPs is, however, challenging,
typically involving successive reduction of the corresponding metal
precursors,14,15 scaling of the reduction rates of the individual
materials, purification steps, implementation of ligands for NP
stabilization, and, when needed, an inert atmosphere for the
preparation of nonoxidized NPs.3,9,13,14,16,17 In addition, the
controlled deposition of the NPs on surfaces is far from trivial.
This particular step is, however, crucial for devices such as NP-
based magnetic data-storage systems. A promising avenue to control
deposition of NPs on surfaces is micelle nanolithography. The

strength and appeal of the micelle technique lie in its applicability
to nearly any wetable (e.g., Si, Al2O3, etc.) large surface area. So
far, the technique has mainly been used to synthesize single-
component18,19 NPs with fine control over their size (<10 nm in
diameter) and lateral spacing (20-200 nm) on substrates. Initial
attempts to achieve bimetallic NPs such as FePt with this technique
have not reported the existence of a CS structure.20,21 This most
likely resides in the high temperature steps (T g 500 °C)
incorporated in the NP processing chain premicroscopy studies
which modified the overall NP architecture. Temperatures of ∼250
°C have been used in other NP systems to transit from a Co@Fe
CS to FeCo alloy architecture.22

In this communication, we advance the diblock copolymer
nanolithography approach to the self-assembly of multicomponent
(binary and ternary) CS NPs on surfaces that render well-defined
2D NP arrays of tunable architecture. Our approach to achieve CS
NPs is as follows: Initially, polystyrene (x)-block-poly(2-vinylpy-
ridine)(y), PS-b-P2VP diblock copolymer (PS(1200)-b-P2VP(556),
polydispersity index ) 1.05, is dissolved to 4 mg/mL in toluene
and stirred for 12 h. Depending on the NP architecture of interest,
commercially available metal salts such as HAuCl4 · 4H2O,
Co(NO3)2 ·6H2O, and Fe(NO3)3 ·9H2O are added (with defined
molar ratios of each salt with respect to pyridine depending on the
desired core or shell size) to the micelle solution and stirred for
another 72 h. The proportion of each metal salt added to the micelle
solution determines the architecture (i.e., core and shell size
distribution) of the resultant NPs. All reactions proceed at room
temperature and atmospheric pressure. At this point, only
metal-pyridine complexes form within the micelles. A monolayer
of metal-loaded micelles is obtained by spin-coating a drop of the
solution at 2000 rpm on a clean dry wetable substrate. For
transmission electron microscopy (TEM) samples, the solution is
drop-cast on a standard Si3N4 TEM grid and the excess solvent is
retracted with filter paper. A subsequent plasma treatment (300 W,
0.4 mbar; 60 min) etches away the micelles leaving behind CS
NPs on the surface. It is worth noting that the synthesis procedure
adopted here is not the classical case which involves the sequential
growth of the core and shell materials.13,14,17 Here, all salts are
mixed in the micelles and the NP CS architecture self-assembles
during the plasma process.

The superb magnetic properties of Fe-Co alloys and their
possible implementation in biomedical23,24 and magnetic data-
storage applications5,8,10,13 instigated our synthesis of NPs made
of Fe, Co, and Au. The upper row of Figure 1 shows a schematic
view of the metal-loaded micelles before plasma treatment (Figure
1a) and the corresponding multicomponent NPs obtained thereafter
(Figure 1b and 1c). The corresponding scanning electron micros-
copy (SEM) images (45° tilted view) reveal metal-loaded micelles
with average diameters D ≈ 50 nm and projected spacings l ≈
125 nm, in a quasi hexagonal array (Figure 1d). SEM images of
the binary (Fe-Co: D ≈ 14 nm, l ≈ 90 nm) and ternary
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(Fe-Co-Au: D ≈ 11 nm, l ≈ 125 nm) NPs are shown in Figure
1e and 1f, respectively. Figure 2 shows the binary and ternary NPs
as imaged by TEM. Low magnification profile and high-resolution
imaging of the Fe-Co system on a Si3N4 TEM grid reveals a
relatively ordered pattern (Figure 2a) of NPs consisting of a core
with lattice constant of ∼3.5 Å corresponding to fcc Co surrounded
by an ∼3 nm thick (most likely an oxidized Fe) shell (Figure 2d).
For the ternary NPs, Figure 2b shows a bright-field zero-loss-filtered
electron micrograph with the corresponding elemental mapping
(Figure 2c) revealing a Au shell (blue) surrounding the Fe-Co core
(yellow) structure. Fourier transforms of the HRTEM images are
shown in the respective insets of Figure 2e and 2f. The 4 nm thick
shell has a lattice spacing of 2.35 Å corresponding to the (111)
interplane spacing of Au. The lattice constant of the core is 2.05
Å, consistent with a bcc-based Fe-Co alloy. The darker appearance
of the NP core region in the TEM images is assigned to the
diffraction contrast achieved when the core region is aligned to
the zone axis and also is due to higher electron absorption within
the core region of the NP due to the thickness of the material in
comparison to the thinner peripheral shell. Control over NP
architecture by scaling the proportion of the different metal salts is
exemplified in Figure 3 for Fe-Co@Au NPs. The Au shell
thickness was maintained at 1.7 ( 0.2 nm while the core was

tailored to adopt diameters of about 11, 9, 7, and 5 nm as shown
in Figure 3a-3d, respectively.

This work illustrates the pertinence of the micellar technique to
precisely control CS NP architecture. The stirring process enables
uniform dissolution of the metal precursors into the micelle cores.
The plasma treatment plays the multiple role of etching the organic
constituents of the micelle film, reducing the metal ions and
inducing a segregation of the individual metallic components to
enable a CS architecture. The CS architecture achieved during the
plasma process is rationalized to be driven by the bulk surface
energies of the metallic species in the system. The respective bulk
surface energies of each element are Au (1.51 J/m2), Fe (2.42 J/m2),
and Co (2.52 J/m2).1 Under the self-assembly conditions within
our system, it is apparently energetically favorable for the material
with a higher surface energy to adopt the core position and that
with a lower surface energy to adopt the peripheral one within the
CS configuration. This is particularly evident in the ternary system
where Au, which has a lower surface energy than both Fe and Co,
adopts the peripheral position in the CS configuration. Achieving
the reverse architecture, e.g. Co@Fe NPs, represents a current
challenge for the technique.

In conclusion, a novel simple methodology to achieve mono-
disperse multicomponent CS NPs in one reduction step, with fine-
tuning of the NP architectural details, has been demonstrated. The
current challenge of the technique lies in the achievement of a
reverse architecture (e.g., FecoreCoshell). The appealing nature of the
technique nevertheless lies in the simplicity of the reaction
conditions and its applicability to a vast range of material
combinations. The additional asset of independently manipulating
the size and lateral distribution of the NPs on surfaces provides an
attractive configuration for the fundamental study of material- and
size-dependent dipole interactions between NPs.17
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Figure 1. (a) Schematic cross section of metal-loaded micelle before plasma
treatment and the obtained (b) binary and (c) ternary NPs thereafter. The
corresponding SEM images of each system (d-f), respectively.

Figure 2. TEM images of the binary and ternary NPs. (a) Low-
magnification profile of Fe-Co NPs, (b) bright-field zero-loss-filtered image
and the corresponding elemental mapping in (c), in which Au (blue) was
found surrounding Fe-Co alloys (yellow). (d) HRTEM images showing
lattice details of the cores of the (d) Fe-Co and (e-f) Fe-Co@Au NPs.
Fourier transforms of the HRTEM images shown in the insets (d) (core),
(e) (core), and (f) (shell) indicate the Co, Fe-Co alloy cores and a Au
shell of the respective NPs.

Figure 3. TEM images of Fe-Co@Au NPs with constant Au shell
thickness and variable core size. The total NP diameters are D ≈ (a) 14,
(b) 12, (c) 11, and (d) 8.5 nm. The Au shell of the NPs is 1.7 ( 0.2 nm
thick.
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