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Synthesis of Single-Crystal Gold Nano- and Microprisms Using a Solvent-
Reductant-Template Ionic Liquid

Yanan Gao,!?l Andreas Voigt,*?! Min Zhou,'! and Kai Sundmacher!"!
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A single-step procedure to obtain variable-sized nano- and
microprisms of gold in ionic liquids is presented. Using an
ionic liquid, 1-butyl-3-methylimidazolium hexafluorophos-
phate (bmimPFg), as a solvent for the Au precursor as well as
the reducing reagent for the reaction, one can control the size
of the produced gold nanostructures. By varying the reaction
time, prismatic particles with a very broad size range of 3—
20 pm in diameter and 10-400 nm in thickness were ob-
tained. Using an alternative ionic liquid, 1-butyl-3-methyl-

imidazolium bis(trifluoromethanesulfonimide) (bmimTf,N),
uniform, single-crystal nano- and microprisms with an even
larger size of about 100 pum in diameter were prepared. Large
gold prisms of this type could be useful as a support for ad-
sorbed species, as functional thin films, or as a conducting
support for molecular electronics.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Ionic liquids (ILs) are molten salts that are becoming
increasingly important solvents due to their nonvolatility,
thermal stability, and designable miscibility with cosol-
vents.['l ILs have been widely used in various chemical reac-
tions,?! separations,®) materials synthesis,! and electro-
chemical applications,™ as well as a biopolymer!® and in
molecular self-assembly.l’l As alternative “green” solvents,
the advantages of ILs in different material-synthesis pro-
cesses have been realized and receive more and more atten-
tion. The synthesis of nanostructured materials, such as
mesoporous materials,*>81 hollow microspheres,”! CuCl
nanoplatelets,'” CoPt nanorods,''l nanocrystalline met-
als,['?l and nanoporous platinum!!3! in IL solvents/templates
is already known. Recent work related to the preparation
of nanomaterials in ILs has been reviewed.!'4]

Recently, nanostructured gold has attracted much atten-
tion because of its unique physical and chemical properties,
and its important applications in catalysis, photoelectronic
devices, and biomedicine.!'>! These properties and applica-
tions strongly depend on the morphology of the gold. How-
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ever, the production of nanostructures by a shape-con-
trolled procedure is still a challenge in the field of material
design, and there is great interest in developing new meth-
ods for fabricating shape-controlled nanomaterials. Up to
now, some gold nanostructures such as nanospheres,!
nanowires,['”l nanorods,['®! nanodisks,“*!] nanorings,*"!
nanoboxes,>'1 nanocubes,/??! and branched nanocrystals,]
have been routinely synthesized using various approaches.
Moreover, 2D gold nanostructures with large surface areas
have received considerable attention, mainly due to their
potential applications in efficient surface-enhanced Raman
scattering substrates,'*l as gas sensors,!*’! and as ideal de-
vices for photothermally triggered drug release in tis-
sues.'>3 These nano- or micrometer-sized gold plates and
prisms have been obtained by biological,*® photochemi-
cal,?”! wet-chemical,l'>! and microwave?®! methods. How-
ever, general synthetic approaches of 2D gold materials in-
volve the addition of various capping agents such as surfac-
tants, polyols, surface-regulating polymers, polyaniline, and
so on [13&:15¢.17.22291 Jp to now, a selective fabrication of
uniform, shape-controlled 2D gold nanostructures without
additional capping agents remains a challenge.

Herein we demonstrate a new and simple method for the
preparation of uniform, shape-controlled single-crystal gold
nano- and microprisms by a “green” route. No capping
agents were needed, and a common water-immiscible
“green” solvent IL, 1-butyl-3-methylimidazolium hexafluo-
rophosphate (bmimPFy), acted as both a solvent for the Au
precursor and as reducing reagent for the reaction as well
as a template to control the shape of Au nanostructures.
An important process parameter was the reaction time as
it affected the particle size significantly. The size of the pro-
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duced prismatic gold particles could be controlled in a very
broad range of 3-20 um in width and 10-400 nm in thick-
ness correspondingly.

Results and Discussion

Synthesis

In our process, a desired amount of gold precursor
HAuCl,-3H,0 was first dissolved in bmimPFy, followed by
the addition of small amounts of water. As bmimPF4 and
water are immiscible, the resulting solution phase separates,
with the lower layer as the bmimPF4-rich phase and the
upper layer as the water phase. After vigorous agitation and
equilibration at ambient temperature, the gold precursor
HAuCl,-3H,0 still resides in the lower bmimPF phase, as
indicated by the golden color of the lower part of the solu-
tion and the colorless solution in the upper part. The solu-
tion was kept at ambient temperature without stirring for
72 h. The formation of single-crystal Au nanostructures was
visible by the appearance of solid gold particles. More and
more Au material was obtained by prolonged reaction time.
Higher process temperature (i.e., about 90 °C) remarkably
accelerated the reaction process, and Au nano- and micro-
prisms were obtained within tens of minutes up to a few
hours. The process was mainly controlled by the concentra-
tion of HAuCl43H,O and by the temperature. The prod-
ucts were collected by centrifugation (10000 rpm) and re-
peatedly washed with acetone.[3]

Structural Characterization

A representative optical image of the synthesized gold
nanostructures (process temperature 7 = 90 °C, process du-
ration ¢ = 4 h) shows the presence of a large number of
triangular, hexagonal, and truncated triangular gold prisms
with a smooth surface morphology (Figure 1). The number
of nanoprisms is very high and is significantly higher than
what has been reported earlier.[!3-15¢,262.26b.29¢.29¢.31]1 The
average particle size is slightly less than 20 pm in diameter.

Figure 1. Optical microscopic image of the synthesized Au prisms
obtained at # = 4h and 7= 90 °C.
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A similar result was observed by scanning electron micro-
scopy (SEM, see Figure 2). The gold nanoprisms exhibit
sharp edges and a very narrow size distribution. Their sur-
faces are smooth with no obvious defects. AFM images of
several samples obtained in different reaction time with a
diameter between 3 and 20 um indicate that the particles
have a corresponding thickness from 10 to 400 nm (AFM
image of a gold particle with a diameter of about 20 um is
shown in the Supporting Information). Powder XRD of the
produced Au particles correspond to the well-known face-
centered cubic (fcc) gold crystal structure (Figure 3). The
relatively low diffraction intensity of the (200) and (220)
planes compared with that of the (111) plane can be attrib-
uted to a preferential orientation of the (111) plane perpen-
dicular to the supporting substrate. The (111) plane is in
fact the hexagonal plane seen in the microscopy pictures. A
typical transmission electron microscopy (TEM) image of
a single Au nanohexagon and the corresponding electron

Figure 2. Low magnification (a) and high magnification (b) SEM
images of the synthesized Au prisms obtained at t = 4h and 7 =
90 °C.
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Figure 3. The X-ray diffraction pattern of Au particles with Miller
indices at the corresponding intensity peaks (taken from the corre-
sponding database).
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diffraction pattern (SAED) are presented in Figure 4. The
SAED pattern clearly shows that the particle is highly crys-
talline. The hexagonal nature of the diffraction points indi-
cates again that the hexagonal gold nanoprisms are prefer-
entially oriented with their (111) plane normal to the elec-
tron beam. The diffraction points could be indexed based
on the fcc structure of gold. The presence of the 1/3{422}
reflections (circled point) indicates that the surface of the
gold hexagon is atomically flat.*? Similar results were also
obtained for nanoprisms with other shapes.

a) b)

Jum

Figure 4. (a) TEM image of an individual gold hexagon prepared
by t =4hand T = 90 °C. (b) SAED pattern of the gold hexagon
in (a).

Formation Process

We will now discuss the structuring process based on the
observations and results. We argue that the IL, bmimPFg,
plays a crucial role in the formation process of the gold
nano- and microprisms. It has been mentioned already that
HAuCl,3H,O resides in the lower solution part, the IL
phase, rather than in the upper aqueous phase. This means
that bmimPF first acts as a solvent for the reactant. The
special interaction between bmimPF¢ and AuCl;” may be
attributed to the formation of carbine complexes through
the C-2 of the bmimPFg cation and the metal ions.3! Also,
extended hydrogen bonding between the chlorine atoms of
AuCl; and C-H and N-CH, protons of the imidazolium
ring may lead to the enrichment of AuCl, in bmimPF.[34
The residence of AuCly in such an IL environment pro-
vides the possibility of reducing AuCl, into gold atoms, as
it is well known that HAuCl,-3H,O is stable in water with-
out any reducing agents even at a high temperature of 90 °C
(the decomposition temperature of HAuCl,:3H,O is about
150 °C). Therefore, one can assume that bmimPFq acts as
a reducing agent in the formation process of the Au nano-
particles. The reducing character of bmimPF4 can be re-
lated to the C=C olefinic bonds of the imidazolium cation.
FTIR spectra of pure bmimPF4 and oxidized bmimPF>3!
are presented in the Supporting Information. It shows that
the C-H stretching vibration of the imidazolium ring

HAuCl, +

+ N_ PFs —
N N 6 +HO
\/\/ \/ ~—
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(which appears at 3172 and 3126 cm™!) shifts to 3150 and
3092 cm™!, respectively. The bands at 2967, 2940, and
2878 cm™! [corresponding to the CH5(N) and CH, stretch-
ing vibrations] move to 2960, 2935, and 2873 cm™!, respec-
tively. The bands at 1575 and 1467 cm™! (corresponding to
the imidazolium ring stretching and the CH, and CH; bend
vibrations) shift to 1571 and 1463 cm™!, respectively. These
changes demonstrate that there are strong interactions be-
tween the imidazolium cation, bmim*, and the AuCl,
anion.’’d In addition, a few new bands appear after the
oxidation of bmimPF4. The peaks at 3120 and 1061 cm™!
indicate the formation of a C-OH group. The peaks at
1525, 1452, and 1371 cm™! suggest the appearance of a car-
boxyl group. Further, the appearance of two new bands at
1300 and 1250 cm ! can be related to the formation of ep-
oxide compounds. From these results, we can see that the
C=C olefinic bond of bmimPF4 was gradually oxidized into
an epoxide, alcohol, and finally to a ketone by AuCl; in
the presence of water. The existence of an oxygen element
was confirmed by EDS spectroscopy (see Supporting Infor-
mation). The resulting ketone can be absorbed onto the sur-
face of the Au particles as a capping agent and therefore
guide the formation of Au prisms (as discussed later). Our
contrast experiment revealed that Au nano- and microstruc-
tures were only obtained in the presence of water, indicating
that H,O is indispensable for the reduction of AuCl, . Al-
though water and hydrophobic bmimPF4 are immiscible, a
certain amount of water can still be partitioned into hydro-
phobic ILs phase because of special interactions between
water and ILs.[3®] Water has been shown to have a great
effect on the structural organization of ILs and thus the
outcome of chemical reactions.?”! In our case, the redox
reaction between AuCl, and bmimPF4 may occur accord-
ing to Equation (1).

The formation mechanism of the gold nano- and micro-
prisms in the AuCl, -bmimPF reaction medium was inves-
tigated by monitoring the growth process of gold nanopar-
ticles. Optical microscopy was chosen because it can be
used to directly observe gold particles in a solution state,
thus avoiding the particle aggregation induced by vacuum
when measured through SEM or TEM. Optical micro-
scopic images can be correlated with the time-dependent
spectroscopic observations and they reveal that the initial
tiny Au particles were gradually converted to prismatic
structures as triangles, hexagons, and truncated triangles
(see Figure 5). At a very early stage of the process (10 min),
small irregular-shaped gold particles had already formed
because of the initial reduction of AuCl,” by bmimPFg
(Figure 5a). These tiny gold particles aggregated into rela-
tively larger nanostructures, which then gradually evolved
into a quasiprismatic structure and finally formed crystal-
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line nano- and microprisms. The size and number of gold
nano- and microprisms increased with time, accompanied
by a corresponding decrease in the number of Au nanopar-
ticles (Figures 5b and c). After 2.5 h of reaction time, the
gold particles almost completely disappeared and were con-
verted into the Au microprisms. The size of the Au prisms
reached more than 10 um after 4 h of reaction time (Fig-
ure 5d). The transformation of tiny nanoparticles into
larger aggregates and into prismatic Au or Ag structures
with time was also observed by other groups.[262-298:321 Mir-
kin et al. reported the light-induced conversion of aggre-
gated silver nanoparticles into larger triangular nanoprisms.
They proposed that once the spherical Ag nanoparticles
and small nanoclusters are consumed, the reaction termin-
ates.[3?1 However, it is of particular interest that our result-
ant regular-shaped single-crystal Au nano- and microprisms
still successively grew with reaction time in the IL-based
process. Figure 6 shows that the relatively small Au prisms
possess a regular-shaped structure with a smooth surface
(2.5 h of reaction time). The regular shape of the structure
was always maintained during the successive growth of our
Au nanoprisms (2.5-4.5 h of reaction time). Hence, it is evi-
dent that the planar size of single-crystal gold nanoprisms
can be well adjusted by controlling the reaction time of this
process. Our process is therefore the first example where a
size control for single-crystal gold nanoprisms was achieved
over such a large range from 3 um up to 20 um. We believe
that both the weak reducing ability of bmimPF¢ and the
formation of carbine complexes or hydrogen bonding be-
tween bmimPF¢ and AuCl, would lead to the slow reaction
of AuCl, with bmimPF4; Au atoms can thus be continu-
ously provided by the reduction of unreacted AuCl, . As
a result, the initial gold nanoprisms may act as seeds and
gradually grow by incorporating these Au atoms.

Figure 5. Optical microscopic images illustrating the morphology
changes during the reaction. After 10 min (a), 30 min (b), 1 h (c),
and 4 h (d) of reaction time. The scale bar is 20 um for all images.
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Figure 6. Optical microscopic images illustrating the morphology
changes after 2.5 h (a), 3.5h (b), and 4.5 h (c) reaction time.

Influence of Ionic Liquid Type on Nanoparticle Aggregation

It is worth mentioning that the aggregation behavior of
the tiny gold nanoparticles was also important for their fur-
ther growth into single-crystal Au nano- and microprisms.
A recent study on the biological synthesis of triangular gold
nanoprisms revealed that single-crystalline gold nanoprisms
evolve from aggregated nanoparticles. The tiny nanopar-
ticles are in close contact and sinter into “liquid-like” spher-
ical gold nanoparticles. This process is followed by transfor-
mation to a quasitriangular shape and subsequent forma-
tion of crystalline nanoprisms.*° Moreover, the aggrega-
tion and fusion of small gold nanostructures and their fur-
ther evolution into large single-crystal nanoplates were also
observed by a more recent study.?*?! In our work, optical
microscopy clearly indicates that the tiny gold particles are
inclined to aggregate together in the bmimPFg-rich phase
and the single-crystal Au nano- and microprisms gradually
evolve from these small gold particles. In contrast, Au
nano- and microprisms were not obtained in two other
hydrophilic ILs, 1-butyl-3-methylimidazolium chloride
(bmimCl) and 1-butyl-3-methylimidazolium tetrafluoro-
borate (bmimBF,). They probably can not provide such an
aggregation environment for these tiny gold particles. To
prove that the aggregation behavior is necessary when using
a different imidazolium-type hydrophobic IL, we applied
the same procedure to another common hydrophobic IL,
1-butyl-3-methylimidazolium  bis(trifluoromethanesulfon-
imide) (bmimTf,N). Similarly, the uniform, single-crystal
gold nano- and microprisms were obtained, but with an
even larger size of about 100 pm in diameter (Figure 7).
Such large regular-shaped Au prisms have scarcely been re-
ported. The large gold surface area can be used as a support
for adsorbed species, as functional thin film in thiol chemis-
try and scanning probe microscopes (SPMs) for imaging or
force measurements, as well as a conducting support for
molecular electronics studies.[*®

Eur. J. Inorg. Chem. 2008, 3769-3775
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Figure 7. Optical microscopic images of synthesized Au prisms ob-
tained in a bmimTf,N-based process at 1 = 4 h and 7' = 90 °C.

Transfer Process from Aqueous Phase to IL

The phase transfer of Au nanoparticles from an aqueous
phase to a bmimPF solution was recently reported.*”1 The
alcohol-like polarity and ionic properties of bmimPF¢ are
considered to result in this particular transfer process.[*]
The aggregation behavior of Au nanoparticles was also ob-
served after the phase transfer; however, one should men-
tion that the Au nanoparticle morphology was preserved,°!
which is remarkably different from our observation that sin-
gle-crystal Au nano- and microprisms were converted from
the Au nanoparticle aggregates. We compared the two dif-
ferent systems and discovered that in the recent report, gold
nanoparticles were first prepared upon reduction of a
HAuCl, aqueous solution with citrate, but there were no
additional capping agents added to the system. However,
we obtained our gold nano- and microstructures by the re-
duction of AuCl,~ with bmimPFg. It is thus reasonable to
expect that the oxidation product of bmimPFy is also a key
to produce the Au nano- and microprisms. We suggest that
the resulting oxide serves as a capping agent and acts as a
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kinetic control of the growth rates of various faces of the
Au nanoparticles by selectively adsorbing onto different
crystallographic planes. This leads finally to the formation
of large single-crystal Au nano- and microprisms. Although
the synthesis of Au nano- and microprisms has been
widely proposed, capping agents like polyvinylpyrrol-
idone,[152-22,29¢,29£.40] polystyrene-block-poly(2-vinylpyr-
idine),*!1 actone,*'? lemongrass,>°*314  g-p-glucose,*?]
proteins,'?* salicylic acid,[*'® aspartate,/*°"! trisodium cit-
rate,*3 tartaric acid,*'l or ascorbic acid“ are generally
necessary. A common feature of these capping agents is the
existence of a ketone group in these aldehydes, ketones, and
carboxylic acids. The oxidation product of bmimPFy is es-
sentially a ketone, which therefore allows us to consider that
the obtained ketone actually plays the same role as the typi-
cal capping agents. The carbonyl oxygen atom of the cap-
ping agent can interact with the gold atoms of the gold
clusters by forming a backbond. This leads to a significant
flattening of the Au nanoparticles, and the surface Au—-Au
bond will break as a result of the adsorption of the ketone
molecules.*3] The growth rates of different faces of the Au
particles are thus kinetically controlled, which is reflected
by a rapid growth along the {111} direction and a relatively
slow growth along the {100} face. As a consequence, planar
single-crystal Au nano- and microstructures were formed.
Moreover, because of the adsorption of the ketone mole-
cules, the rearrangement of the surface Au atoms*’! will
restructure the gold nanoparticle surface to “liquid-like”
and activate it. This is also favorable for the observed sinter-
ing of tiny Au nanoparticles into the aggregated Au nano-
and microstructures.

The whole formation process of Au nano- and micro-
prisms in bmimPFs can be proposed as illustrated in
Scheme 1. The tiny Au particles are first formed by the re-
duction of AuCl,” with bmimPF4. These Au nanoparticles
aggregate in the bmimPF¢-rich phase and by absorption of
the oxidation product of bmimPFg, small gold particles
with a “liquid-like” surface are created. These “fluffy” Au
particles sinter into small single-crystal prismatic nano-
structures. The resulting small Au prisms successively grow
by incorporating Au atoms which are provided by the slow

e
W
¥

Sinter

£

growth
D —— e

=

Scheme 1. Schematic illustration of the formation of gold nano- and microprisms in the hydrophobic IL solutions.
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reduction of unreacted AuCl, . The growth rate of the
{111} face is higher than that of the other faces because of
the adsorption of the ketone molecules on those surfaces.
Finally, large single-crystal Au nano- and microprisms are
obtained.

Conclusions

We have demonstrated that hydrophobic ILs can be em-
ployed as a new and alternative medium to prepare regular-
shaped single-crystal Au nano- and microprisms without
the need for additional capping agents. The hydrophobic
ILs act as multifunctional molecules, that is, as a solvent
for the Au precursor, as a reducing agent for the reaction,
and as a template for the direct formation of single-crystal
Au prisms. Therefore, this work offers a significant new and
simple “green” route for selective synthesis of uniform sin-
gle-crystal Au nano- and microprisms. Moreover, the par-
ticle size of Au nano- and microprisms can be well con-
trolled in a very large range by controlling the reaction time.
The presented synthesis procedure may be a versatile ap-
proach that can be extended to fabricate other interesting
metal nanomaterials like specific catalysts or biosensor ma-
terial.

Experimental Section

In a typical synthesis, HAuCl;-3H,O (0.03 g) was dissolved in water
(1.0 g). The aqueous gold precursor solution was then mixed with
bmimPFg (3.0 g). The two phases separated into two layers: the
lower golden bmimPFg-rich phase and the upper colorless water
phase, that is, HAuCl:3H,O was extracted into the bmimPF
phase. The two-phase solution was kept at ambient temperature
without stirring for 72 h. Solid yellow particles were observed by
visual inspection. The amount of material increased with prolonged
reaction time. An additional experiment at a higher temperature of
90 °C was carried out where, by visual inspection, yellow particles
were observed after 10 min and after up to a few hours. The solid
particle products were separated from the solution by centrifuga-
tion with 10000 rpm. For additional analysis by microscopy, TEM,
and XRD, the gold particles were repeatedly washed with ace-
tone.? The microscopic pictures were taken with a Zeiss Axio Im-
ager.Al supplemented with an AxioCam digital camera. The TEM
pictures were obtained with a JEM-100CX II (JEOL) at 100 kV
acceleration where the washed particles were placed on a copper-
carbon grid. The XRD data were obtained with the powder dif-
fractometer X'Pert Pro from PANalytical B.V. (Cu-K,, radiation, A
= 0.154 A) by placing small traces of particles on a silica wafer.
SEM pictures were taken from nonsputtered samples placed on
carbon holders. AFM measurements were performed using a
Nanoscope I11a Multimode AFM (Digital Instruments Inc., USA)
at 25 °C, utilizing a silicon cantilever with a resonance frequency
about 200 kHz in tapping mode at a scan rate of 0.5 Hz. The sam-
ples were prepared by applying a drop of solution (approximately
1 mL) on a freshly cleaved mica surface and drying it in air. FTIR
data were taken with a Nicolet 6700 from Thermo Electron Corpo-
ration from small amounts of the ionic liquid solution before and
after the reaction.

Supporting Information (see footnote on the first page of this arti-
cle): AFM image of a single hexagonal Au prism prepared in
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bmimPFg at t =4 h and T = 90 °C (Figure S1), EDS of a Au prism
obtained in bmimPFg (Figure S2), and FTIR spectroscopic data of
bmimPF4 and the oxidized bmimPF after reaction (Figure S3).
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