
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 2
/6

/2
02

6 
9:

28
:5

8 
A

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
View Journal  | View Issue
Synthesis of plas
aInstitut für Anorganische Chemie und Str

Düsseldorf, 40204 Düsseldorf, Germany.

+49-211-81-12287; Tel: +49-211-81-12286
bMaterials Discovery and Interfaces, I

Maschinenbau, Ruhr-Universität Bochum,

Germany
cMax-Planck-Institut für Eisenforschung G

Düsseldorf, Germany
dMax-Planck-Institut für Chemische Physik fe

Dresden, Germany
eDepartment of Chemistry, Technische Un

Germany

† Electronic supplementary information (E
details of bottom-up and top-down synthe
DOI: 10.1039/d0ra01111h

Cite this: RSC Adv., 2020, 10, 12891

Received 5th February 2020
Accepted 19th March 2020

DOI: 10.1039/d0ra01111h

rsc.li/rsc-advances

This journal is © The Royal Society o
monic Fe/Al nanoparticles in ionic
liquids†

Alexa Schmitz, a Hajo Meyer,b Michael Meischein,b Alba Garzón Manjón, c

Laura Schmolke,a Beatriz Giesen, a Carsten Schlüsener,a Paul Simon,d Yuri Grin,d

Roland A. Fischer, e Christina Scheu, c Alfred Ludwig b

and Christoph Janiak *a

Bottom-up and top-down approaches are described for the challenging synthesis of Fe/Al nanoparticles

(NPs) in ionic liquids (ILs) under mild conditions. The crystalline phase and morphology of the metal

nanoparticles synthesized in three different ionic liquids were identified by powder X-ray diffractometry

(PXRD), X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), selected-area

electron diffraction (SAED) and fast Fourier transform (FFT) of high-resolution TEM images.

Characterization was completed by scanning electron microscopy with energy dispersive X-ray

spectroscopy (SEM-EDX) for the analysis of the element composition of the whole sample consisting of

the NPs and the amorphous background. The bottom-up approaches resulted in crystalline FeAl NPs on

an amorphous background. The top-down approach revealed small NPs and could be identified as

Fe4Al13 NPs which in the IL [OPy][NTf2] yield two absorption bands in the green-blue to green spectral

region at 475 and 520 nm which give rise to a complementary red color, akin to appropriate Au NPs.
Introduction

Bimetallic or alloyed nanoparticles (NPs) have attracted increasing
interest for a wide range of applications,1–8 especially showing
tuneable properties in terms of their catalytic behaviour.9However,
most of the studied bimetallic NPs are based on the combination
of noble or coinage metals and non-noble transition metals (e.g.
Pd/Ga,10 Cu/Fe,11 Pt/Fe,12 Ni/Fe,13 Pd/Fe12). The main disadvantage
of these combinations is the high costs associated with the use of
the noble metals, leading to a strong scientic and industrial
desire towards non-noble metal-based catalysts. Accordingly,
Cokoja et al. described the synthesis of non-noble bimetallic NPs,
e.g. CoAl,14 NiAl,15 CuAlx (x ¼ 1, 2)16 and CuE2 (E ¼ Al, Ga)17 by the
so wet-chemical hydrogenolysis of organometallic precursors.
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Schütte et al. reported the synthesis of Ni/Ga18 and Cu/Zn19 NPs
which were shown to be active catalysts for the semihydrogenation
of alkynes and methanol formation, respectively. Recently,
Schmolke et al. also showed the application of intermetallic Co/Al
NPs in alkyne hydrogenation.20 With regard to potentially low-cost
nano catalysts, iron aluminide NPs represent a particularly desir-
able option given that Fe and Al are both cheap and ubiquitous
metals. Furthermore, Armbrüster et al. have already shown that
bulk Fe4Al13 presents a possible low-cost alternative for Pd in the
heterogenous semihydrogenation of acetylene, referring to high
conversion and a very high ethylene-selectivity, which was only 6%
lower than that of an industrial benchmark catalyst.21

Furthermore, bulk FeAl and Fe3Al alloys are well known for
their good corrosion, suldation, carburization resistance,22,23

making them a sought-aer material for aggressive and corrosive
environments.24 The corrosion resistance is caused by an oxide
layer on their surface, thus protecting the bimetallic core from
oxidation.14 This amorphous oxide layer mostly consists of
alumina and iron oxide.25 Potential applications for Fe/Al alloys
include heating elements, insulation, tools, textiles, use as pipe
material and hot gas ltration.24 Yet, further applications of Fe/Al
materials are very limited as they exhibit a poor room-
temperature ductility, low high-temperature strength and
strong embrittlement caused by reactions with water vapor.24

Kim et al. have shown that FeAl NPs can positively inuence
the otherwise low ductility of aluminum steel by using them as
a second phase in the Al-rich steel when precipitated at grain
boundaries and shear bands. As a result, the steel becomes
RSC Adv., 2020, 10, 12891–12899 | 12891
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Scheme 1 Synthesis of [LiFe(btsa)3] from lithium bis(trimethylsilyl)
amide and iron(II) chloride.
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stronger because the NPs facilitate shearing akin to a ball
bearing.26 Deevi et al. have shown that in microstructured alloys
with the size of 4–10 mm the mechanical properties of the
material can be enhanced in terms of room-temperature ductility
and high temperature strength.27 Accordingly, these results as
well as catalytic applications of iron aluminides indicate a high
interest in the systematic synthesis of well-dened Fe/Al NPs.

In general, NPs can be synthesized either by bottom-up or top-
down processes. Bottom-up processes, in which NPs are gener-
ated by the reduction or decomposition of metal precursors, allow
to achieve a variety of different NPs28–32 but are accompanied by
the drawback of by-products from the decomposition.33 In the
case of iron aluminide NPs an additional fundamental problem of
such a synthetic approach is the formation of stable iron-centered
clusters even at low Fe concentration, which suppresses the
nucleation process and thus, the growth of crystalline particles.34

Therefore, even larger concentrations of Fe led to amorphous
nanomaterials, which may be interesting in terms of catalysis but
are much more difficult to analyze.34 Dutta et al. and Pithawalla
et al., who described the wet-chemical synthesis of FeAl or
Fe3AlC0.5 nanoparticles by reducing anhydrous iron(II) chloride
with lithium aluminum hydride, showed that a subsequent
thermal treatment at temperatures of over 500 �C is required for
the crystallization of the initial amorphous material.35,36

Therefore, ball-milling, as a top-down process, is the most re-
ported way for the preparation of Fe/Al NPs.36,37 This rather time-
consuming method, however, leads to a relatively high number
of defects and an oen very wide particle size distribution in
addition to particle impurities.22,37 As a result, other synthetic
methods have to be used to achieve high quality Fe/Al NPs. An
example of this is the laser vaporization-controlled condensation
(LVCC) method. Here, a macroscopic Fe/Al alloy is vaporized with
a laser and subsequently, the vapor is condensed in a controlled
manner in order to achieve a narrow particle size distribution and
high purity.22,35 For smaller batch sizes on a laboratory scale, the
LVCC method is well suited, but not for desired larger industrial
scales.36 Hence, the controlled synthesis of dened Fe/Al NPs,
possibly even as dispersion in a liquid medium, remains
a challenge.

In this work we aimed for the synthesis of Fe/Al NPs via
bottom-up and top-down processes, whereby the synthesis was
performed either by so wet-chemical reaction of organome-
tallic precursors in ionic liquids (ILs) or by co-sputter deposi-
tion from respective metal targets into the ILs. The use of ILs for
the stabilization of NPs as dispersion has proven to be prom-
ising in numerous cases.38–43 ILs offer unique stabilizing prop-
erties for NPs due to their high polarity, dielectric constant,
thermal stability, relatively low chemical reactivity.44–46 Espe-
cially since no further additives (ligands, polymers, surfactants)
are needed for the stabilization, and their negligible vapor
pressure, ILs enable the sputter deposition of multinary NPs.47

Experimental section
Materials

All synthesis experiments were carried out under nitrogen or
argon atmosphere using Schlenk techniques, since the
12892 | RSC Adv., 2020, 10, 12891–12899
organometallic precursors and the NPs are air and moisture
sensitive. Solvents were dried using an MBRAUN solvent puri-
cation system and stored over molecular sieves. The acetoni-
trile (ACN) used for the NP precipitation was dried, degassed
and stored under nitrogen. Lithium aluminum hydride (95%),
lithium bis(trimethylsilyl)amide, iron(II) chloride (98%) and
iron pentacarbonyl were obtained from Sigma Aldrich, diiron
nonacarbonyl (99%) from abcr chemicals. All commercial
chemicals were used without further purication. The precur-
sors (AlCp*)4 (ref. 48) and (CO)4FeAlCp* (ref. 49) were prepared
according to literature.

Lithium iron(II) bis(trimethylsilyl)amide, [LiFe(btsa)3].
Lithium bis(trimethylsilyl)amide (1.26 g, 7.5 mmol) and iron(II)
chloride (0.48 mg, 3.75 mmol) were reacted in molten lithium
bis(trimethylsilyl)amide (mp 83–86 �C) without solvent at 90 �C
in argon (Ar) atmosphere for 2 h (Scheme 1). Excess lithium
bis(trimethylsilyl)amide was removed from the reactionmixture
by sublimation at 60 �C (1 � 10�3 mbar) and subsequently the
iron(II) bis(trimethylsilyl)amide was sublimed at 120 �C (1 �
10�3 mbar). 1H-NMR (C6D6, 300 MHz, 298 K): d ¼ 0.14 (s,
Si(CH3)3).

13C-NMR (C6D6, 75 MHz, 298 K): d ¼ 2.38 (Fe–
N(Si(CH3)3)2–Li), 4.77 (Fe–N(Si(CH3)3)2).

IL synthesis. The ILs were synthesized following established
literature procedures. 1-Butyl-3-methylimidazolium bis(tri-
uoromethylsulfonyl)imide [BMIm][NTf2] was obtained from
the reaction of 1-methylimidazole and 1-chlorobutane to yield
[BMIm][Cl] followed by anion exchange with LiNTf2. 1-Butyl-
pyridinium bis(triuoromethylsulfonyl)imide [BPy][NTf2] and
1-octylpyridinium bis(triuoromethylsulfonyl)imide [OPy]
[NTf2] were synthesized by reacting pyridine with 1-chlor-
obutane and 1-chlorooctane to yield [BPy][Cl] and [OPy][Cl],
respectively followed by anion exchange with LiNTf2 (Scheme
S1†).50 The syntheses for the chloride intermediates were
carried out in a Mars 6 microwave (CEM). For [BMIm][Cl] the
reaction temperature was 160 �C and for [OPy][Cl] and [BPy][Cl]
180 �C, which was kept for 1 h.51 The nal NTf2-ILs were dried
under high vacuum at 80 �C for two days. Anion purity was
assessed by ion chromatography (Dionex ICS-1100, with Ion-
Pac® AS22, 4 � 250 mm column) to be >99% following a pub-
lished procedure.50 Water content was measured by coulometric
Karl Fischer titration (ECH/ANALYTIK JENA AQUA 40.00) (<10
ppm).

Bottom-up NP synthesis. All precursor decomposition reac-
tions induced by microwave heating were carried out under Ar
atmosphere. Amounts of the organometallic precursors were set
to yield 1.0 wt% dispersions of Fe/Al NPs in IL (Table 1). The
precursor-IL dispersion was stirred for 24 h and then brought to
This journal is © The Royal Society of Chemistry 2020
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Table 1 Starting amounts of precursors for wet chemical synthesis
approaches

Ionic liquid [g]
Fe-Precursor [mg]
(Fea [mmol])

Al-Precursor [mg]
(Ala [mmol])

[OPy][NTf2] 1.02 FeCl2 23 (0.22) LiAlH4 8 (0.18)
[OPy][NTf2] 1.01 [LiFe(btsa)3] 97 (0.18) LiAlH4 8 (0.18)
[BMIm][NTf2] 1.02 Fe(CO)5 24 (0.12) (AlCp*)4 21 (0.13)
[BMIm][NTf2] 1.1 Fe2(CO)9 22 (0.12) (AlCp*)4 21 (0.13)

Ionic liquid [g]
Fe/Al-precursor [mg]
(Fe and Al each [mmol])

[BMIm][NTf2] 1.01 (CO)4FeAlCp* 20 (0.06)

a Fe and Al [mmol] refer to the metal amount and were set for the
intended molar 1 : 1 Fe : Al ratio.
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reaction by microwave-induced heating (CEM, Discover micro-
wave, max. 50 W) for 30 min at 170 �C for FeCl2/LiAlH4 and for
30 min at 230 �C for the other precursors (Table 1). Aer the
synthesis the NPs were precipitated from the IL dispersion with
3 mL of ACN, separated by centrifugation (Hettich Zentrifuge,
6000 U min�1 for 20 min), washed up to ve times or until the
washing solution remained colorless with 3 mL each of ACN.
The resulting black materials were dried under high vacuum. If
the resulting product was still lumpy, the sample was washed
again with ACN.

Top-down NP synthesis. The sputter targets were received
from EvoChem and each had a purity of 99.99%. The synthesis
was performed in a magnetron sputter system (AJA POLARIS-5
chamber) with 1.5-inch diameter cathodes and a direct
current (DC) power supply. Ar was used as process gas with
a purity of 99.999%.

A multiple cavity holder was applied for sputtering into the
ILs with a volume of 35 mL per cavity as described elsewhere.47

With special designed covers, between 6 or a maximum of 64
cavities are available (Fig. 1). For cleaning, the holder was
ultrasonicated 20 minutes each in technical-grade acetone and
Fig. 1 (a) Cavity holder for the DC-sputter deposition with ILs in
cavities, photo taken after Fe/Al sputter deposition into three different
ILs (with IL regionsmarked 1–3). The lighter areas in the four quadrants
are regions where the Si/SiO2 wafer pieces were attached (photo taken
after removal). (b) Si/SiO2 wafer piece also showing the cross-
patterned reference regions for film thickness determination.

This journal is © The Royal Society of Chemistry 2020
isopropanol. The cavities were lled with the ILs [BMIm][NTf2],
[OPy][NTf2], [BPy][NTf2] under Ar atmosphere (Fig. 1). Pieces of
a patterned Si/SiO2 wafer (2 cm � 3 cm), photolithographically
structured with a photoresist li-off cross pattern for lm
thickness determination, were placed in each quadrant of the
cavity holder (Fig. 1).

The as-such prepared cavity-holder was stored in the vacuum
chamber overnight under a vacuum of 1.3� 10�4 Pa. DC sputter
deposition of Fe/Al NPs was performed as follows: Aer lling
with Ar to a pressure of 1.33 Pa and plasma ignition at 20 W for
a 2 min precleaning step, the Ar pressure was reduced to 0.5 Pa.
A cathode tilt of 12� relative to the normal of the cavity holder
was used for deposition (Fig. S1, ESI†). The deposition was
performed at 25 W (305 V, 82 mA) for Fe and 46 W (342 V, 134
mA) for Al over a period for 2 h. Aer sputter deposition, the
holder was removed and transported under Ar atmosphere to
a glove box. There the NP/IL dispersions were collected and
stored under Ar in the glove box.
Methods

Bottom-up samples. High-resolution transmission electron
microscopy (HR-TEM) imaging of the precipitated, separated
and washed bottom-up samples was performed on a FEI
Tecnai G2 F20 electron microscope (Gemeinschaslabor für
Elektronenmikroskopie RWTH-Aachen, Ernst Ruska-
Centrum für Mikroskopie und Spektroskopie mit Elek-
tronen, Jülich) operated at 200 kV accelerating voltage.52

Digital images were recorded by a Gatan UltraScan 1000P
detector. Samples were prepared using 200 mm carbon-coated
copper or gold grids. Energy-dispersive X-ray spectroscopy
(EDX) spectroscopy was also performed on the FEI Tecnai G2
F20 with a high angle energy dispersive X-ray detector
providing a resolution of 136 eV or better for Mn K-a radia-
tion. The exposure time of individual EDX spectra was 3 min.

Thermal analyses were performed on a NETZSCH TG Tarsus
209 F3 with a heating rate of 5 Kmin�1 under N2 atmosphere up
to a temperature of 1000 �C.

Atomic absorption spectroscopy (AAS) for metal analysis
were performed on a PerkinElmer PinAAcle 900T, equipped
with ame and graphite furnace and with automatic sampler
for the graphite-furnace mode. This AAS instrument has
a transversely heated graphite atomizer with longitudinal
Zeeman-effect background correction. Flame-AAS was used for
Fe and graphite-furnace AAS for Al. Samples were digested in
hot aqua regia two times. The residues were re-dissolved in aqua
regia (8 mL), ltered and brought with water to a total volume of
50 mL. For the iron measurements the samples were diluted
1 : 10 and for aluminum 1 : 100.

Scanning-electron microscope (SEM) images were recorded
with a JEOL JSM-6510LV QSEM advanced electron microscope
equipped with a LaB6 cathode. The microscope was equipped
with a Bruker Xash 410 silicon dri detector and Bruker
ESPRIT soware for EDX analysis. The samples were prepared
for SEMmicroscopy by coating them with gold using a JEOL JFC
1200 ne-coater. The samples were placed on brass sample
holders xed with a carbon tape.
RSC Adv., 2020, 10, 12891–12899 | 12893
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Powder X-ray diffractometry (PXRD) were measured at
ambient temperature on a Bruker D2 Phaser using a at sample
holder and Cu Ka radiation (l ¼ 1.54182�A, 35 kV). PXRDs were
measured for 30 min.

Top-down samples. The thin lm on the Si/SiO2 wafer was
analyzed by EDX (Oxford INCA XAct SiLi detector) in a SEM
(JEOL JSM-5800 LV) and revealed a composition of Al 76 at%
and Fe 24 at%.

Initial characterization of the NP/IL dispersion from DC
sputter deposition was performed with a FEI Tecnai F20 S/TEM
(Institut für Werkstoffe, Fakultät für Maschinenbau, Ruhr-
Universität Bochum). For these TEM investigations a holey
carbon-coated gold grid (200 mesh) was used and 2.5 mL of the
NP/IL sample was dropped on the C-coated side and le for NP
adhesion for 2 h. Dried ACN was used to wash the grid dropwise
for 1 h under inert conditions. The grid was stored in Ar
atmosphere. Further information can be found elsewhere.47

The as-deposited NPs in the ILs were crystallized ex situ
under vacuum (30 Pa) at 100 �C for 2, 5 and 10 h in a silicone oil
bath and then cooled down to room temperature in order to
verify a possible crystallization.

HR-TEM characterization of the sputter-deposited and heat-
treated sample in [OPy][NTf2] for 10 h was performed in a Titan
Themis 60-300 X-FEG (Max-Planck-Institut für Eisenforschung
GmbH, Düsseldorf) equipped with an image corrector, operated
at 300 kV. TEM images were recorded on a metal-oxide-
semiconductor (CMOS) camera with 4k $ 4k pixels. Beam-
induced in situ crystallization was achieved at 300 kV with
a dose rate �6 � 105 e nm�2 s�1, for a total time of 30 min, with
a magnication of 490 k�, spot size 3 and a screen current of
9.47 nA.

HR-TEM analysis was also carried out by the FEI Tecnai F30-
G2 (Max-Planck-Institut für Chemische Physik fester Stoffe,
Dresden) with super-twin and a eld emission gun at an
acceleration voltage of 300 kV. The point resolution amounted
to 2.0 �A, and the information limit amounted to about 1.2 �A.
The microscope is equipped with a slow scan CCD camera
(MultiScan, 2k$2k pixels; Gatan Inc., Pleasanton, CA, USA).

X-ray photoelectron spectroscopy (XPS) was performed with
an ULVAC-PHI VersaProbe II microfocus X-ray photoelectron
spectrometer. The spectra were recorded using a polychromatic
aluminum Ka X-ray source (1486.8 eV) and referenced to the
carbon 1s orbital with a binding energy of 284.8 eV. Fitting of
the experimental XP spectra was done with the program
CasaXPS (version 2.3.19PR1.0, copyright 1999–2018, Casa So-
ware Ltd).

Results and discussion

The synthesis of iron aluminide alloy NPs was attempted from
different Fe and Al starting materials by two methods and in
three ILs with an overview given in Table 2. The three ILs
[BMIm][NTf2], [BPy][NTf2] and [OPy][NTf2] (Fig. 1, Scheme S1†)
were used for the Fe/Al nanoparticle syntheses. The [NTf2]

�

anion was chosen because of its hydrophobic character and its
hydrothermal stability, since the anion [BF4]

� is well known to
form metal-uoride nanoparticles.53,54
12894 | RSC Adv., 2020, 10, 12891–12899
The IL cations can have a profound effect on the stabilization,
size and size distribution of the obtainedmetal nanoparticles.55,57

Imidazolium-ILs, in particular with the cation [BMIm]+ are well
established for the synthesis of small NPs.18,19,54,56–60 However,
[BMIm]+ contains a slightly acidic proton in the C-2 position
which can lead to metal-carbene formation.61 The cation [BPy]+

was included here because of the absence of such acidic protons.
The cation [OPy]+ was used because it is even more hydrophobic
than [BPy]+ and offers a better steric stabilization of the nano-
particles through its long alkyl chain.18
Bottom-up approach

Generally, our bottom-up so wet-chemical syntheses of Fe/Al
NPs in ILs yielded crystalline FeAl NPs either agglomerated or
only together with an amorphous background.

Following the literature,22,24,35,36 rst iron(II) chloride and
lithium aluminum hydride were suspended in IL and reacted by
microwave irradiation (Fig. S2†). According to the TEM images,
EDX analyses and PXRD, strongly agglomerated but crystalline
FeAl NPs could be found together with amorphous regions
(Fig. S3†). The latter probably consist of amorphous aluminum
and iron oxides, which is conrmed by a distinct oxygen signal
in the EDX spectra. Since it is known that the presence of halide
anions (here from FeCl2) induces the agglomeration of NPs,
other synthetic routes were pursued.62

Kelsen et al. and Amiens et al. were able to produce small
pure Fe NPs by hydrogenation of bis[bis(trimethylsilyl)amido]
iron(II) [[Fe(btsa)2]2].63,64 Our reaction of [LiFe(btsa)3] with
LiAlH4 (Fig. S4†) led to crystalline FeAl NPs on an amorphous
background (SAED in Fig. S5, ESI†). We note that the btsa ligand
is decomposed by heating to 170 �C to volatile products, which
can easily be removed from the reaction mixture.

Given the observed unsatisfactory results from the reduction
of Fe(II) salts with LiAlH4, we decided to follow a fully organo-
metallic approach avoiding the addition of a separate reducing
agent. Organometallic precursor compounds with labile
ligands, e.g. with CO and Cp* (pentamethylcyclopentadienyl)
have been frequently used successfully for the synthesis of
metal NPs.14,15,18,61,65-67 A recent related example was the
synthesis of CoAl NPs from Co2(CO)8 and AlCp*.20 Therefore, we
applied this route to the synthesis of Fe/Al NPs through the
reaction of the iron carbonyls [Fe(CO)5 or Fe2(CO)9] and
AlCp*(Fig. S6 and S8†). In case of Fe(CO)5, small FeAl2O4 NPs
could be identied which are immobilized on an amorphous
background material (SAED in Fig. S7, ESI†). From the reaction
with Fe2(CO)9 only amorphous products could be found
according to PXRD, EDX and FFT analyses (Fig. S9, ESI†).

The above dual-source approaches were complemented by
a single-source approach using the intermetallic complex
(CO)4FeAlCp* (Fig. S10, ESI†). The formation of bimetallic FeAl
NPs should be promoted by the already existing intermetallic
Fe–Al bond.68,69 Yet, the decomposition of (CO)4FeAlCp* (ref. 49)
yielded only amorphous phases (Fig. S11, ESI†) as seen before in
the dual source approach with Fe2(CO)9 and AlCp*.

The bottom-up NP/IL samples were also analyzed by TGA,
AAS and SEM-EDX for the amount of metal and content of the
This journal is © The Royal Society of Chemistry 2020
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Table 2 Overview of Fe/Al NP products from different synthesis routes in this worka

Method Ionic liquid Metal source Crystalline phaseb Size [nm]

Bottom-up [OPy][NTf2] FeCl2, LiAlH4 FeAl —c

[LiFe(btsa)3], LiAlH4 FeAl 10 � 2d

[BMIm][NTf2] Fe(CO)5, (AlCp*)4 FeAl2O4 1.0 � 0.5d

Fe2(CO)9, (AlCp*)4 None —c

(CO)4FeAlCp* None —c

Top-down [OPy][NTf2] Fe, Al target Fe4Al13
e 2–4f

[BPy][NTf2] n.a.g 2–4f

[BMIm][NTf2] n.a.g 2–4f

a 1 wt% metal-NP/IL dispersions obtained by microwave-assisted heating for 30 min at 230 �C. b The identity of the crystalline fraction of NPs was
determined by powder X-ray diffractometry (PXRD), selected area electron diffraction (SAED) or fast Fourier transformation (FFT) in the TEM. c No
separated particles were found. d Average diameter (Ø). See Experimental section for transmission electron microscopy (TEM) measurement
conditions, at least 100 particles were used for the size analysis. e Phase determination aer 10 h annealing at 100 �C. f Range of particle size
from various TEM images. g n.a. ¼ not available but the same synthesis conditions as for the sample in [OPy][NTf2] were used, albeit without
annealing so that the low crystallinity prevented a phase determination.
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adhering IL. This composition analysis showed more than
50 wt% of IL still adhering to the precipitated, separated and
washed samples from the NP/IL dispersions. At the same time
the Fe : Al ratio deviated from the 1 : 1 expectation (Fig. S12–
S15, Table S1 and S2, ESI†).

In summary, the attempted synthesis of the Fe/Al NPs in ILs
using a bottom-up method yielded unclear samples with
a presumably amorphous metal-oxide background.
Fig. 2 Magnetron sputter synthesized Fe/Al NPs dispersions, (a) in
[BMIm][NTf2], (b) in [BPy][NTf2] and (c) in [OPy][NTf2] in 1.5 mL
Eppendorf caps.
Top-down approach

As a top-down method, magnetron co-sputtering using
elemental metal targets and Ar as sputter gas enables the
synthesis of multinary NPs libraries without limits, e.g. related
to the chemical reactivity of the used metal precursors.47,70,71

This approach has led to the discovery of noble metal free
eletrocatalysts.71–73

The synthesis of the Fe/Al NPs was carried out in
a commercial co-sputter system with 1.5-inch diameter
magnetron sputter cathodes using DC power on the Fe and Al
targets. A cavity holder was used for the deposition of metals
into ILs (Fig. 1a). Each cavity was lled with 35 mL of IL. Next to
the cavities, photolithographically structured wafer pieces were
placed on the cavity holder lid for the thin lm analysis (Fig.
1b).

The chemical composition of the thin lms on the Si wafer
piece was analyzed by SEM-EDX on the patterned reference
regions of the Si/SiO2 wafer to yield a composition of 24 at% Fe
and 76 at% Al. However, the composition of the thin lm and
the NPs can deviate.74

XPS analysis of the lm on the Si substrate was done for
further compositional analysis (Table S3, Fig. S16–S18, ESI†).
The XPS survey spectrum (Fig. S16, ESI†) identies aluminum,
carbon, silicon, oxygen and iron in the sputtered sample in
[OPy][NTf2]. The O 1s orbital indicates two different oxygen
species (Table S3 and Fig. S18, ESI†). The rst species at
530.7 eV can be ascribed to a metal oxide and the second at
532.0 eV to SiO2.75 The Al 2p orbital binding energy of 74.3 eV
indicates Al2O3 (ref. 75) and at 72.0 eV Al0.76 For the Fe 2p3/2
This journal is © The Royal Society of Chemistry 2020
orbital the binding energy at 706.2 eV can be assigned to Fe0

and the bands between 707.1 eV and 710.1 eV to a mixture of
FeII and FeIII.77

A possible partial oxidation of the sample before XPS cannot
be excluded. The reason is a contact with air aer the synthesis
to transfer the samples into the glovebox. Since XPS is very
surface-sensitive, it shows an oxidation of the Fe/Al lm. The
quantication of Fe and Al over the entire substrate gave
a Fe : Al molar ratio of 1 : 3 in agreement with the EDX results.

Fig. 2 shows the NPs/IL suspensions directly aer the magne-
tron sputter synthesis. All NPs have a size between 2 and 4 nm as
determined from TEM images (Fig. 4a, b, S19 and S23, ESI†).

We exemplarily describe here the analysis of the Fe/Al NPs
obtained from the magnetron sputter synthesis in [OPy][NTf2].
For the characterization of the samples in [BMIm][NTf2] and
[BPy][NTf2] see ESI (Fig. S19–S23†).

The sputtered Fe/Al NPs in [OPy][NTf2] showed an unex-
pected red color, which remained aer thermal annealing (vide
infra) and which was examined by UV-vis spectroscopy
(Fig. 2c and 3). The NPs in the [OPy][NTf2] IL exhibit two
absorption bands in the green-blue to green spectral region at
475 and 520 nm which give rise to the complementary red color.
This absorption maximum at 520 nm and the resulting red
color is akin to the surface plasmon resonance of Au NPs,78
RSC Adv., 2020, 10, 12891–12899 | 12895
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Fig. 3 (a and b) UV-vis spectra from the Fe/Al NP/IL dispersion in [OPy]
[NTf2] measured over different wavelength regions.

Fig. 5 (a) Overview TEM micrograph of Fe/Al NPs (see red arrow)
embedded in the IL [OPy][NTf2]. (b) Zoom shows that the aggregate
consists of NPs. (c) Further enlargement reveals that the NPs consist of
an amorphous matrix. (d) At atomic resolution, poor crystallinity is
observed. (e) Fast Fourier transform (FFT) of (d) showsweak reflections,
which agree to a Fe4Al13 lattice. (f) FFT filtered image of (d) displaying
distorted crystal lattices.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 2
/6

/2
02

6 
9:

28
:5

8 
A

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
which suggest that Fe/Al NPs of the right size mimic the elec-
tronic surface structure of Au NPs including a similar band gap
width.79 At present there are limited reports on the electronic
band structure of bulk Fe/Al alloys80 but none on the nanoscale.
Even for Au NPs accurate computational approaches with good
agreement to experiments and a correct description of the
electronic situation appears still challenging.78,81

The characterization of Fe/Al NPs in [OPy][NTf2] by TEM
indicated the formation of small NPs together with amorphous
material (Fig. 4). The elemental analysis from the EDX spectrum
of the image region gives a Fe : Al molar ratio of 20 : 80. When
sample areas with a large amount of amorphous material were
investigated in the TEM, crystalline NPs were spontaneously
formed under the electron beam.82 In order to promote the
crystallization of the NPs outside of the TEM, the Fe/Al@[OPy]
[NTf2] sample was heated (annealed) for altogether 10 h at
Fig. 4 (a and b) TEM images of Fe/Al NPs sputtered in [OPy][NTf2] (c)
EDX spectrum of the image region of (b). The EDX spectrum shows the
remains of adhering IL with the sulfur signal originating from the IL
anion. Au and C signals in the EDX are caused by the TEM grid.

12896 | RSC Adv., 2020, 10, 12891–12899
100 �C in vacuum (see ESI for analyses of intermediate
annealing times with Fig. S24 and S25†).47

Aer a total annealing time of 10 h, embedded Fe/Al nano-
aggregates in the ionic liquid matrix (Fig. 5a and b) were
Fig. 6 (a) Overview TEM image of electron beam crystallized Fe/Al
NPs (indicated by red arrows) in the IL [OPy][NTf2]. (b) HRTEM of
a single particle. (c) FFT of the NPs and the assignment based on the
ICSD 151129 for (bulk) Fe4Al13.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01111h


Table 3 Comparison of the theoretical d-spacing values with the
measured ones

d-Spacing referencea (hkl) d-Spacing measured

3.54 (220) 3.53
2.46 (223) 2.48
2.01 (040) 2.01
1.79 (043) 1.77
1.59 (117) 1.58
1.25 (408) 1.24

a For bulk Fe4Al13 ICSD: 151129.
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susceptible to fast Fourier transform (FFT) analysis of the HR-
TEM images (Fig. 5e) and gave a clear indication of a Fe4Al13
phase (see ESI, Fig. S26 and S27† for further HR-TEM images
from other sample areas with FFT analysis and Fe4Al13 phase
assignment).

Also, the Fe/Al NPs were continued to be crystallized in
situ in the HR-TEM at 300 kV and a magnication of 490 kx.
Every 10 minutes a picture was taken (Fig. S28, ESI†) and
a FFT was generated to verify the crystallinity of the NPs.
Aer 30 min sufficiently crystalline NPs could be obtained
(Fig. 6a and b).

From the sample an FFT was generated and the reexes
could be assigned to the Fe4Al13 phase with the space group
C12/m1 (Table 3 and Fig. 6c).
Conclusions

We prepared Fe/Al NPs via a bottom-up and a top-down
approach. The bottom-up approach yielded FeAl NPs, albeit
with an amorphous background from the dual-source approach
with FeCl2 and LiAlH4 or with [LiFe(btsa)3] and LiAlH4. Very
small Fe/Al NPs from the dual-source approach with the iron
carbonyl Fe(CO)5 and (AlCp*)4 were apparently almost
completely oxidized and analyzed as FeAl2O4 NPs. The top-down
synthesis by magnetron co-sputtering using elemental metal
targets and Ar yielded very small Fe4Al13 NPs with a size of 2–
4 nm. Unequivocal phase determination was possible aer
thermal and electron-beam annealing which was exemplarily
carried out in the ionic liquid [OPy][NTf2]. The Fe/Al NPs in
[OPy][NTf2] showed a red color, before and aer thermal
annealing and the absorption maximum in the visible region at
520 nm is akin to the plasmon resonance of Au NPs, which
suggests a similar electronic structure for both Fe/Al and Au
NPs. We will continue to investigate the properties of Fe/Al NPs
in further studies.
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den Berg, W. Grünert and R. A. Fischer, Chem. Mater., 2006,
18, 1634–1642.

17 M. Cokoja, B. J. Jagirdar, H. Parala, A. Birkner and
R. A. Fischer, Eur. J. Inorg. Chem., 2008, 3330–3339.
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M. A. Iat̀ı, J. Phys.: Condens. Matter, 2017, 29, 203002.

79 V. G. Yarzhemskii, M. A. Kazaryan and E. N. Murav’ev,
Electronic structure and optical properties of gold
nanoparticles, Bull. Lebedev Phys. Inst., 2012, 39, 254–256.

80 Y. Li, Y. Liu and J. Yang, Opt. Laser Technol., 2020, 122,
105875.

81 J. Zhao, A. O. Pinchuk, J. M. McMahon, S. Li, L. K. Ausman,
A. L. Atkinson and G. C. Schatz, Acc. Chem. Res., 2008, 41,
1710–1720.

82 A. Garzón-Manjón, H. Meyer, D. Grochla, T. Löffler,
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