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Growth and galvanic replacement of silver nanocubes in
organic mediat

Lakshminarayana Polavarapu*® and Luis M. Liz-Marzan*@P¢

Although metal nanoparticles with various shapes can be prepared in polar organic solvents, little has been
advanced toward the shape-controlled synthesis in non-polar solvents. We report a simple method for the
synthesis of nearly monodisperse single crystalline silver nanocubes in a non-polar solvent (1,2-
dichlorobenzene) by using oleylamine as both a reducing and capping agent. Mechanistic studies based
on the time evolution of Ag nanoparticles revealed that multiply twinned nanocrystals form at the
beginning of the reaction, which are gradually transformed into single crystalline Ag nanocubes by
oxidative etching. Control experiments showed that the solvent plays an important role in the
formation of such single crystalline Ag nanocubes. The effects of reaction temperature, oleylamine
concentration, solvent, and the nature of the silver ion precursor on the morphology and
monodispersity of the nanoparticles were systematically investigated. Additionally, the galvanic
replacement reaction with HAuCl4 in an organic medium was implemented to prepare hydrophobic
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Introduction

Controlling the morphology of noble metal nanoparticles, gold
and silver in particular, has been the subject of intense research
interest over the past several decades, owing to the strong size
and shape dependence of their properties,' leading to exciting
applications in a wide variety of fields such as plasmonics,"**®
catalysis,” electronics® and biosensing." Various synthetic
methods have been developed to prepare noble metal nano-
particles in a wide range of sizes and morphologies in hydro-
philic (polar) solvents>**'>** such as water, DMF and ethylene
glycol. It can be safely stated that one can synthesize Au and Ag
nanoparticles of any required morphology and dimensions by
using existing sets of rules for colloidal synthesis in aqueous
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hollow Au-Ag nanocages with tunable localized surface plasmon resonances.

solution.>*'* However, the size and shape controlled synthesis
of Au and Ag nanoparticles with tunable optical properties in
organic media is still challenging because the reduction of
metal ions in organic solvents typically yields multiply twinned
spherical nanoparticles due to fast homogeneous nucle-
ation.”™* In addition, most of the conventional precursors used
for nanoparticle synthesis are inorganic salts, which are insol-
uble in organic solvents.'® Surfactants (containing amines or
thiols) are thus required to pull such ions into organic solution
by forming organometallic complexes. However, the prepara-
tion of metal nanoparticles in organic media usually has several
advantages that include narrow size distribution,*>*® large scale
production,*® surface functionalization with a variety of organic
capping agents,'® catalysis for organic reactions,”®* self
assembly at the interface® and potential for the fabrication of
flexible plasmonic substrates.*

In spite of its difficulty, some examples exist on the synthesis
of single-crystalline ultrathin Au nanowires,**** Au-Ag bime-
tallic nanowires,” Au nanorods®® and various shapes of Pd
nanoparticles® in organic solution. In the particular case of Ag,
there is a strong tendency to form twinned seed particles during
the early stages of the reaction, both in hydrophilic and in
hydrophobic solvents.>* It is thus difficult to prepare single
crystalline Ag nanostructures with well defined-shapes. To
overcome this problem, Xia et al. reported the polyol reduction
method for the formation of single crystalline Ag nanocubes by
oxidative etching of twin defects in a hydrophilic solvent (the
polyol) using chloride containing salts such as HCI or NaCl.’
However, such oxidative etchants are immiscible with hydro-
phobic solvents, thereby limiting the synthesis of Ag nanocubes

Nanoscale, 2013, 5, 4355-4361 | 4355


http://dx.doi.org/10.1039/c3nr01244a
http://pubs.rsc.org/en/journals/journal/NR
http://pubs.rsc.org/en/journals/journal/NR?issueid=NR005010

Downloaded by 416096 on 14/05/2013 11:42:33.
Published on 21 March 2013 on http://pubs.rsc.org | doi:10.1039/C3NR01244A

in non-polar organic media. To the best of our knowledge, there
are only two reports in the literature for the synthesis of Ag
nanocubes in organic media.**** However, these methods are
rather sensitive to the concentration of oxidative etchants and
often result in a mixture of spherical and cubic Ag NPs. Peng
and Sun* reported the synthesis of Ag nanocubes in a binary
hydrophobic solvent by using an amphiphilic oxidative etching
agent, dimethyldistearylammonium chloride (DDAC), in the
reaction medium. Metal salts such as FeCl; and Fe(acac); have
also been used as oxidative etching agents for the synthesis of
13 nm single crystalline Ag nanocubes in isoamyl ether, as
reported by Xia et al.®** In the above two methods, ether was
chosen as the solvent to dissolve the inorganic salts as they can
interact with the oxygen atom in ether.

In this work, we demonstrate a simple and optimised method
for the synthesis of single crystalline Ag nanocubes in an organic
solvent (1,2-dichlorobenzene (DCB)) by using oleylamine as both
a reducing and capping agent, with no need for additional
oxidative etching inorganic salts. We found that the composi-
tions of the solvent and Ag precursor, as well as temperature, play
important roles on the final morphology of the obtained Ag
nanoparticles. Additionally, we demonstrate that Ag nanocubes
can be transformed into Au-Ag nanocages via a galvanic
replacement reaction with HAuCl,, even in organic solvents,
leading to accurate control of the LSPR position.

Experimental section
Chemicals

Silver nitrate (AgNOj;), silver acetate (CH;COOAg), silver tri-
fluoro acetate (CF3;COOAg), HAuCl,-3H,0, oleylamine (OA)
(technical grade, 70%), chlorobenzene, 1-octadecene and
toluene were purchased from Sigma-Aldrich. 1,2-Dichloro
benzene (DCB; 99% extra pure) was purchased from Acros
Organics. All chemicals were used as received. Caution: DCB is
highly toxic and should be handled with care in an appropriate
fume hood.

Synthesis of silver nanocubes

0.6 mmol of AgNO; and 6 mmol of oleylamine were dissolved in
50 mL (0.44 mol) of DCB and the reaction mixture was sonicated
until AgNO; was completely dissolved. The solution colour
changed from colourless to pale yellow upon sonication. The
resulting solution was transferred into an oil bath and the bath
temperature was slowly raised up to 165 °C at a rate of 5 °C
min~" and then the reaction solution gradually acquired a deep
yellow colour. The reaction mixture was kept for 48 hours at
165 °C with continuous stirring under atmospheric conditions
and then slowly cooled down to room temperature. The
resulting solution contained nearly monodisperse single crys-
talline silver nanocubes. To study the time evolution of Ag
nanoparticles during the reaction, small aliquots were taken
from the reaction mixture at different reaction times by using a
Pasteur pipette and analysed by UV-visible spectroscopy and
transmission electron microscopy (TEM). Control experiments
were carried out using the same procedure to investigate the
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effect of temperature (120, 140, 165 and 185 °C), solvent
(toluene, chlorobenzene, and octadecene), and amount of
surfactant (3 mmol, 12 mmol) on the morphology of the
obtained Ag nanoparticles. The effect of precursor on the
morphology of the obtained Ag NPs was tested by carrying out
the reaction (0.88 mol, DCB, 0.6 mmol of AgNO; and 6 mmol of
oleylamine) using CH;COOAg and CF;COOAg as precursors.

It was found that the reaction time and yield of Ag nano-
cubes strongly depends on the reaction volume. When the
reaction was carried out in 100 mL (0.88 mol) of DCB, while
keeping the amount of oleylamine and AgNO; constant, the
reaction was completed in 12 h and the monodispersity and
yield of Ag nanocubes were increased. However, when the
reaction was carried out in 25 mL (0.22 mol) of DCB, the product
mainly contained twinned Ag nanoparticles with a small
percentage of Ag nanocubes, even after 48 h of reaction time.

Galvanic replacement reaction

In a typical synthesis, 1 mL of the as prepared (using 0.6 mmol
AgNO;, 6 mmol oleylamine and 0.88 mol DCB) silver nanocube
solution was injected into a round-bottom flask containing
19 mL of toluene under magnetic stirring and the system was
heated to 100 °C in an oil bath. A fresh HAuCl, stock solution
was prepared by dissolving 9 mg of HAuCl,-3H,0 in 6 mL of
toluene and 0.4 mL of oleylamine and stored in the dark before
use. Different volumes (0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4 and
0.8 mL) of the HAuCl, stock solution were added to the boiling
reaction mixture under magnetic stirring, so that the final
Au : Ag molar ratios were ~6%, 9%, 12%, 15%, 18%, 21%, 24%
and 50%, respectively. After each addition of HAuCl, the stir-
ring was continued for another 10 min until the UV-Vis spectra
did not change further. Galvanic replacement was also carried
out at room temperature to study the effect of reaction
temperature, while keeping the other parameters unchanged.
The obtained particles were purified by centrifugation and
redispersed in toluene for TEM characterization.

Characterization

The Ag nanoparticles were characterized by UV-visible spec-
troscopy (Agilent 8543, 1 cm path length quartz cuvettes) and
TEM (using a JEOL JEM 2010F, field emission electron micro-
scope, operating at 200 kV). Energy-dispersive X-ray spectros-
copy (EDS) spectra were obtained by using an INCA X-Sight
spectrometer (Oxford instruments), within the TEM instru-
ment. For TEM analysis, the obtained Ag nanocubes were first
purified by centrifugation and re-suspended in toluene. Then, a
drop of the purified nanoparticle solution was spotted onto a
carbon coated copper grid and dried in a fume hood at room
temperature.

Results and discussion
Growth of Ag nanocubes

The synthesis of hydrophobic Ag nanocubes is based on the
reduction of AgNO; with oleylamine at high temperature in DCB
solution (see Experimental section for details). Fig. 1e shows a
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Fig. 1 TEM images of the Ag nanoparticles obtained at (a) 1, (b) 4, (c) 8, (d) 24
and (e) 48 hours of reaction time in 0.44 mol of DCB solution (0.6 mmol of AgNO3
and 6 mmol of oleylamine) and their corresponding extinction spectra (f). HRTEM
image of the Ag nanoparticles formed after 1 h of reaction time is shown in
Fig.52.1

typical TEM image of Ag nanocubes obtained after 48 h of
reaction in 0.44 mol of DCB solution (0.6 mmol of AgNO; and
6 mmol of oleylamine), clearly showing nearly monodisperse Ag
nanocubes with slight truncation and 26 + 2 nm average edge
length (standard deviation 1.6%). Additional TEM images
obtained under lower magnification confirm the mono-
dispersity, while HRTEM shows that they are single crystalline
(see Fig. S1t). The slight truncation of the Ag nanocubes arises
due to partial oxidation and release of Ag atoms at the corners
during the synthesis, but the cubic shape is preserved upon
storage in non-polar solvents for extended periods of time (at
least 10 months). This is in contrast with the tendency of Ag
nanocubes prepared by polyol reduction, which tend to become
increasingly rounded when they are stored in water for shorter
periods of time.*

To investigate the growth mechanism responsible for the
formation of single crystalline Ag nanocubes, we monitored
their growth by extracting aliquots from the reaction mixture at
different reaction times and analysing them by UV-visible
spectroscopy and TEM (after diluting 10 pL aliquots in 2 mL of

This journal is © The Royal Society of Chemistry 2013

View Article Online

toluene). Fig. 1 shows representative TEM images of Ag nano-
particles obtained at different reaction times, as well as their
corresponding extinction spectra. As shown in Fig. 1a, the Ag
nanoparticles formed after one hour of reaction are spherical,
with sizes ranging from 8 to 10 nm and with the corresponding
extinction maximum at 414 nm. High resolution TEM images
(Fig. S21) revealed a multiply twinned structure for these
nanoparticles. As the reaction progresses to t = 4 h, multiply
twinned quasi spherical Ag nanoparticles with a wider size
distribution (10-20 nm) coexist with a small population of
single crystalline polyhedral Ag nanoparticles, including nano-
cubes, as observed in the TEM images (Fig. 1b). During this
initial step, the extinction spectrum broadened due to a broader
particle size distribution and the LSPR maximum redshifted to
416 nm, which is attributed to an increase in both particle size
and anisotropy. As the reaction proceeds further, the pop-
ulation of twinned particles decreases whereas the population
of single crystalline polyhedral nanoparticles and nanocubes
gradually increases, as reflected in the TEM images (Fig. 1c-d).
The sample obtained after 24 h (Fig. 1d) essentially consists of
single crystalline Ag nanocubes with a small percentage of
multiply twinned particles and the corresponding extinction
spectrum exhibits a red-shifted sharp LSPR centred at 422 nm,
corresponding to Ag nanocubes of ~26 nm lateral size. These
results suggest that the size of the initially obtained multiply
twinned Ag nanoparticles increases by continuous reduction of
Ag" ions by oleylamine, but apparently the growth stops after
reaching a critical size and then the nanoparticles start to
transform into single crystalline nanoparticles by oxidative
etching of defect sites. As shown in Fig. 1d, the size of the
twinned particles formed after 24 h is the same as that of the
single crystal nanocubes. When the reaction time was further
extended to 48 h, all the twinned particles were completely
converted into single crystal nanocubes (a histogram of the
estimated population distribution of twinned vs. single crys-
talline NPs as a function of reaction time is shown in Fig. S37)
and thus the final product essentially contains truncated
nanocubes of ~26 nm average edge length, with an LSPR of
422 nm and a shoulder at 362 nm (Fig. 1e and f), which are
attributed to a dipolar plasmon resonance and a quadrupolar
mode, respectively.**** Regarding the observed crystallinity
change from multiply twinned nanoparticles to single crystals,
it has been previously reported for the synthesis of Ag nano-
cubes in aqueous solutions, in relation with the oxidative
etching of highly reactive defect regions by etchants such as HC1
or NaClL.>" In the present organic phase synthesis, additional
oxidative etchants were not added, but NO;~ and Cl™ ions from
the silver salt and the solvent (DCB), as well as dissolved oxygen,
could initiate the slow oxidative etching and dissolution of
defect sites at a relatively high temperature and prolonged
reaction time, thereby leading to the formation of the final
single crystalline Ag nanocubes.® In previous works it has been
reported that NO;~ and Cl™ ions could initiate the etching of
twinned Ag NPs and their transformation into single crystalline
NPs in the absence of dissolved oxygen.*** We tested this
hypothesis by means of a control synthesis in which the reac-
tion mixture was purged by bubbling nitrogen gas and then
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reaction was carried out under nitrogen while the other exper-
imental parameters were the same as indicated in Fig. 1. TEM
characterization (Fig. S41) showed that most of the obtained
NPs after 48 h of reaction are Ag nanocubes, with a small
population of twinned NPs and nanorods. These results suggest
that etching can indeed occur in the absence of oxygen, but the
presence of some twinned Ag NPs indicates the reaction was
slower. However, when the reaction was carried out in atmo-
spheric conditions all the twinned Ag NPs were converted into
single crystalline Ag nanocubes (Fig. S17).

Effect of reaction parameters

The reducing ability of oleylamine and the oxidative etching
capability of NO; ™ and CI™ ions usually increase with increasing
the reaction temperature.** Therefore, we studied the effect of
reaction temperature on the morphology of the Ag nano-
particles by running the reaction at different temperatures (120,
140, 165 and 185 °C) while other parameters were the same as
those used for the experiment described in Fig. 1. Representa-
tive TEM images are shown in Fig. 2, from which we found that
the optimum temperature for the synthesis of Ag nanocubes
was 165 °C (Fig. 2c). When the temperature was further
increased up to 185 °C, the product contained a mixture of
nanocubes, nanospheres and few nanorods (Fig. 2d), which
might be related to more extensive etching and truncation of
the nanocubes.

A similar effect was observed when the amount of oleylamine
was decreased to 3 mmol (Fig. S5af). In this case, insufficient
protection of the Ag nanocubes surface may lead to further
truncation into spherical nanoparticles. However, when more
oleylamine was used (12 mmol), polydisperse MT nanoparticles
were formed (Fig. S5bt), which is likely due to strong protection
of the initially formed NPs, preventing the etching of defect sites.

Interestingly, the nature of the solvent was found to play a
significant role on the morphology of the obtained nano-
particles. Indeed, when solvents such as toluene, chloroben-
zene and octadecene were used (Fig. S6T), an increase in the

Fig. 2 TEM images of the Ag nanoparticles synthesized at different reaction
temperatures: (a) 120, (b) 140, (c) 165 and (d) 185 °C, while other reaction
conditions were kept the same as in Fig. 1 (0.6 mmol of AgNO3 and 6 mmol of
oleylamine in 0.44 mol of DCB solution).
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Fig. 3 (a and b) Extinction spectrum and TEM image of nanocubes prepared in
0.88 moles of DCB solution by Ag NOs reduction. (c) TEM image of nanocubes
prepared in 0.88 moles of DCB solution using CF3COOAg as a precursor. Other
reaction parameters were the same as those in Fig. 1 (0.6 mmol AgNOs, 6 mmol
oleylamine). (d) HRTEM image of a Ag nanocube. The inset is the FFT spot pattern,
indicating highly symmetric spots, which can be indexed to (110), (200) and (020)
reflections of face-centred cubic silver.

reaction yield was noted for high boiling point solvents
(Fig. Seaf). However, the Ag nanoparticles obtained in such
solvents were polycrystalline and did not display cubic
morphology. The main difference between DCB and the other
solvents is a higher content of chloride atoms as well as a lower
C-Cl bond dissociation energy of DCB as compared to chloro-
benzene,* resulting in a higher tendency to release chloride
ions at high temperature, which can eventually etch the twinned
Ag nanoparticles.>"?

In addition, the influence of reactants concentration was
studied by carrying out the synthesis in different amounts
(0.22 and 0.88 moles) of DCB, while keeping the amounts of
AgNO; and oleylamine the same as in the experiment described
in Fig. 1. The extinction spectra and TEM images of the
obtained Ag nanoparticles in different amounts of DCB are
summarized in Fig. S7.T The results indicate that Ag nanocubes
with higher quality and yield can be prepared by reducing
0.6 mmol of AgNO; with 6 mmol of oleylamine in 0.88 moles of
DCB (Fig. 3b and S7df). Fig. 3a shows the extinction spectra of
the Ag nanocubes obtained in 0.88 moles of DCB, with a dipolar
LSPR at 424 nm and a quadrupolar band at 365 nm.** The TEM
image (Fig. 3b) clearly shows uniform contrast over each
nanocube, suggesting that they are monocrystalline, which was
confirmed by HRTEM on individual particles (Fig. 3d and S8t).
Finally, the reaction was tested with other silver ion precursors
such as CF;COOAg and CH3;COOAg. Monodisperse Ag nano-
cubes with 23 nm average edge length were obtained using
CF;COOAg (Fig. 3c), with high monodispersity and yield

This journal is © The Royal Society of Chemistry 2013
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(Fig. S97). In contrast, CH;COOAg produced quasi spherical Ag
nanoparticles (Fig. S107).

Galvanic replacement and formation of Au nanocages

Galvanic replacement reactions have been an effective strategy
for the preparation of nanostructures, in which two metals are
exchanged because of the difference in their electrochemical
potentials, so that a hole is generated due to oxidative disso-
lution of metal nanocrystals, which subsequently act as
templates.®®**® This strategy has been widely applied to the
reaction (in polar solvents) of Ag nanoparticles of various
shapes with HAuCl, to synthesize hollow nanoparticles with
tuneable optical properties.*®**>*! In this reaction, Ag reacts with
HAuCl, at an atomic ratio of 3 : 1. However, application of this
process in organic media has been restricted to spherical Ag
nanoparticles, mainly due to the limitations in the synthesis of
shape controlled Ag nanoparticles in these solvents.*>** We
evaluated the application of the galvanic replacement reaction
to our Ag nanocubes in a non-polar environment, at different
reaction temperatures. Shown in Fig. 4 are representative TEM
images of the Ag nanocubes before and after titrating with
different amounts of HAuCl, solution in toluene 0.1, 0.2, 0.25
and 0.35 mL, so that the final Au: Ag molar ratios were 6%,
12%, 15% and 21%, respectively. The reaction was carried out at
100 °C. It is clear from the images that the initial single crys-
talline Ag nanocubes (edge length ca. 24 nm) readily display
signs of galvanic replacement reaction (through a hole on one of
their faces) upon addition of a small amount (6 mol%) of
HAuCl, (Fig. 4b), resembling the usual galvanic replacement
reactions in aqueous solution.*® For larger amounts of HAuCl,,
the void size gradually increased, while the corners became
further truncated, likely because of dealloying, until ultimately

View Article Online

the particles were converted into cage like structures (Fig. 4d).
From the TEM images, the particles appear to have different
morphology, which is due to the orientation of NPs on either
(100) or (111) facets, depending on their degree of corner
truncation,* and HRTEM characterization indicates that the
nanocages retained the monocrystallinity of the original cubes
(Fig. 4; see also Fig. S117 for a larger image). The composition of
the nanocages was confirmed by EDS on a single particle, to
contain Au and Ag, probably as an alloy (Fig. S12f). Interest-
ingly, upon further addition of HAuCl,, well defined voids were
observed at the corners, so that most of the particles appeared
to display a nanoframe morphology. The average size of the
nanoparticles slightly increased up to 28 nm, indicating the
deposition of gold atoms on the exterior surfaces as Ag was
depleted from the interior, but the monodispersity was
preserved (see Fig. S13T). The stability of the obtained nanoc-
ages in nonpolar solvents, as well as their high surface-to-
volume ratio are expected to render them very useful as catalysts
for organic reactions. It is important to note however that excess
addition of HAuCl, ([Au] : [Ag] = 50 mol%) leads to the frag-
mentation of Au nanostructures (Fig. S14T). We additionally
found that when the galvanic replacement reaction was carried
out at room temperature, rather different morphologies were
obtained, where small protuberances formed from the initial
stages, finally leading to irregular Au nanoframes (Fig. S157).
We speculate that the reason behind this different reshaping
process is the decrease of interdiffusion rate of Au and Ag atoms
at room temperature.

The morphological and composition changes involved in the
galvanic replacement reaction lead to changes in the LSPR of the
particles, so that the reaction could be monitored by UV-visible
spectroscopy. Fig. 5 shows a photograph of the dispersions of Ag
nanoparticles in toluene, before and after galvanic replacement

Fig.4 Synthesis of Au—-Ag hollow nanostructures in an organic medium by the galvanic replacement reaction between Ag nanocubes and HAuCl,. TEM images of the
Ag nanocubes before (a) and after titration with different volumes of HAuCl, solution: 0.1 (b), 0.2 (c), 0.25 (d) and 0.35 (e) mL, with final Au : Ag molar ratios of ~6%,
12%, 15%, and 21%, respectively. (f) HRTEM image of one Au-Ag nanocage from (d), see Fig. S11 for a large size image.t

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 Photograph and normalized extinction spectra of nanocube dispersions
before (I) and after (II-VIIl) galvanic replacement with different volumes of
HAuCl4:0.1,0.15,0.2,0.25, 0.3, 0.35 and 0.8 mL, with final Ag : Au molar ratios of
~6%, 9%, 12%, 15%, 18%, 21%, 50%, respectively. The spectra prior to
normalization are shown in Fig. S16.1

with different amounts of HAuCl,, along with their normalized
extinction spectra. The colour of the dispersions changes
as yellow-orange-red-violet-blue-green-pink with increasing
amounts of HAuCl, and such colour changes are reflected in the
significant LSPR redshifts (Fig. 5; see also the extinction spectra
prior to normalization in the ESI, Fig. S16T). However, the
extinction spectra are rather narrow, indicating that the obtained
particles are quasi-monodisperse, as evidenced by TEM (Fig. 4).
Again, excess addition of HAuCl, leads to a blue shift due to
fragmentation of the hollow nanostructures.

Conclusion

We have developed a simplified method for the preparation of
single-crystalline Ag nanocubes in organic solvents by using
oleylamine as a reducing and capping agent. The growth mech-
anism was studied by means of time-dependent TEM and UV-
visible spectroscopy characterization. It was found that twinned
seed particles are formed at early stages, which eventually
transform into single crystalline Ag nanocubes by preferential
oxidative etching of twinned particles. Furthermore, galvanic
replacement reaction between Ag nanocubes and HAuCl, in an
organic medium was successfully accomplished, leading to the
formation of hollow alloy nanostructures (nanocages and nano-
frames) with distinct LSPR peaks, in agreement with similar
studies in polar solvents. We expect that the high quality of these
hydrophobic Ag nanocubes and AgAu hollow nanostructures will
be very useful for a number of applications such as catalysis,
photonics, nonlinear optics and sensing.
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