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� Gold nanobipyramids  with  a purity
of  over  90%  were  firstly  reported.

� The nano-mixtures  subjected  to
shape-selective  aggregation  after
adding  salt.

� The  aggregation  of nanobipyramids
was  reversible  and  the  reason  was
discussed.
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a  b  s  t  r  a  c  t

Gold  nanobipyramids  (NBPs)  have  attracted  intensive  attentions  because  they  exhibit  more  advanta-
geous  plasmonic  properties  than  comparable  gold  nanorods.  However,  unlike  that  short  gold  nanorods
can be  synthesized  routinely  in  a high  yield  (around  99%  of  the  total  particles),  current  syntheses  of
gold  NBPs  generally  receive  a  low  yield  (around  30%  of  the  total  particles)  and  co-produce  spheri-
cal  impurities  difficult  to separate.  Thus  an  effective  purification  route  of gold  NBPs  is desirable  for
optimizing  their  performances.  In  this  study,  we  demonstrated  that  the  spherical  nanoparticles  with
smaller  inter-particle  contact  area  can  be  separated  from  the  NBPs  that  undergo  gradual  precipitation  by
electrolyte-induced  electrostatic  screening.  During  this  procedure,  no  special  surface-functionalization
of  the  NBPs  was  needed.  As  a  result  of  this  simple  separation  strategy,  NBPs  at a  level  of  purity  to  above
90%  is achieved  in a single  purification  round.  In particularly,  the  precipitates  of  cetyltrimethylammo-
nium bromide  (CTAB)-capped  NBPs  can  be  easily  converted  into  colloidal  state  due  to  the  strong  steric
constraint  of CTA+ bilayer,  facilitating  further  investigations.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Control over the shape of noble metal nanocrystals has received
growing interests because their plasmonic properties are highly
shape-dependent [1–3]. Among numerous solution-based syn-
thetic methods, preformed-seed-mediated growth has proven to
be extremely powerful for the synthesis of a wide variety of
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multiply shaped nanocrystals with narrow size distribution [4,5].
For a case of seeding growth, shape-directing agent such as sur-
factant, polymer and foreign ion, is indispensable for breaking the
symmetry of face-centered cubic noble metal to induce nonspheri-
cal structures [6–9]. On the other hand, the crystal type of the seeds
is also important for shape evolution. An example can be given
for the growth of elongated gold nanocrystals in the presence of
cetyltrimethylammonium bromide (CTAB) and silver ions. When
single-crystal seeds are used, the well-known short nanorods with
a spectacular yield are obtained [10,11]. Interestingly, when the
multiply-twinned seeds are exploited, bipyramid-shaped nanopar-
ticles (NBPs) with twinned boundaries around the long axis are
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produced [12]. Theoretical calculations indicated that both the
extinction cross-sections and local electric-field enhancements of
gold NBPs are much larger than gold nanorods with compara-
ble longitudinal surface plasmon resonance (LSPR) wavelengths
[13,14]. Moreover, experimental studies revealed that gold NBPs
own much higher refractive index sensitivity than short nanorods
and spherical nanocrystals, which is beneficial to the improvement
of LSPR-based immunoassay sensitivity [15–17].  In particularly,
the LSPR properties of gold NBPs can also be tuned from visible
to near infrared region by varying their aspect ratios (AR, defined
as length/width), enabling them a promising candidate for pho-
tothermal therapy of cancer and in vivo surface-enhanced Raman
spectroscopic detection [14,18].  While gold NBPs exhibit advanta-
geous plasmonic properties, their low yield (around 30% of the total
particles) by current synthetic methods remains a significant lim-
itation for fully utilizing them. As an effort, Wang and co-workers
[14] have modified the surfactants by using cetyltributylammo-
nium bromide (CTBAB) instead to produce NBPs with a yield up to
50–60%. However, CTBAB is commercially unavailable and such a
yield is still not ideal for practical applications. Very recently, Burgin
et al. [19] revisited the crystal structure of gold NBPs using electron
tomography. The 3D reconstruction reveals that NBPs have an irreg-
ular six-fold twinning structure with highly stepped facets, which is
far from the generally described pentatwinned NBPs model formed
from common pentatwinned seeds. This important observation
indicates that the yield of gold NBPs is hard to be as high as that
of gold nanorods due to the complex issue of the crystal nucle-
ation and growth of gold NBPs. Therefore, purification of gold NPBs
is necessary for optimizing their shape-dependent properties and
expanding the applications. To date, most of studies on gold NBPs
have to employ their mixtures and little attention has yet been
devoted to achieve high-purity gold NBPs by a convenient post-
preparative separation route.

In this work, we report that shape separation of gold NBPs
from in-situ produced spherical impurities can be achieved by par-
tially electrostatic screening through adding strong, nonreactive
electrolyte such as NaCl. By doing this operation, NBPs subject to
aggregation due to the relatively larger side contact area arising
from their anisotropic shape, leaving most of the spherical ones
in the supernatant. This simple while efficient strategy allows for
the separated NBPs to above 90% purity after only a single purifi-
cation round. Moreover, the as-separated CTA+-capped NBPs show
reversible aggregation due to the steric constraint by CTA+ bilayer
and thus can be easily converted into colloid by brief ultrasonica-
tion.

2. Materials and methods

2.1. Materials

CTAB was purchased from Sigma. Hydrogen tetrachloroaurate
tetrahydrate (HAuCl4·4H2O), silver nitrate (AgNO3), sodium boro-
hydride (NaBH4), trisodium citrate dihydrate (C6H5Na3O7·2H2O),
l-ascorbic acid (C6H8O6), hydrochloric acid (HCl) and sodium chlo-
ride (NaCl) were all purchased from Shanghai Sinopharm Chemical
Reagent Co. Ltd. (China). All the chemicals and reagents were used
as received. Deionized water with resistance of 18 M� cm was used
in all the experiments. All the glassware was cleaned by aqua regia
(HCl:HNO3 in a 3:1, v/v) and rinsed with deionized water prior to
the experiments.

2.2. Synthesis of citrate-capped gold seeds

Tiny gold nanocrystals were synthesized as the seeds for the
growth of gold NBPs by reducing HAuCl4 with NaBH4 in presence

of trisodium citrate [20]. To a 40 mL  solution containing 0.25 mM
HAuCl4 and 0.25 mM trisodium citrate under vigorous stirring,
1.0 mL  of 100 mM freshly prepared NaBH4 solution was added
quickly at room temperature. The orange–red seed solution was
aged at room temperature for at least 2 h before use in order to
allow the complete hydrolysis of unreacted NaBH4. UV–vis spectra
showed that the characteristic plasmon resonance of the seed solu-
tion is at 500 nm (see Supporting information, Fig. S1), indicating
that the sizes of as-produced gold nanocrytals were smaller than
10 nm.

2.3. Growth of gold NBPs

The crude gold NBPs solution grown from citrate-capped seeds
was  prepared by a one-step seed-mediated, silver ion and CTAB-
assisted approach developed by Liu and Guyot-Sionnest [12].
Typically, a 100 mL  of growth solution containing 0.5 mM HAuCl4
and 0.1 M CTAB was  prepared. To this solution was added 1 mL of
10 mM  AgNO3, 2 mL  of 1.0 M HCl and 0.8 mL of 0.1 M l-ascorbic acid
in turn and the resulting solution as growth solution was stirred
gently. The orange color of the gold salt in the CTAB solution dis-
appeared when l-ascorbic acid was added, due to the reduction
of Au3+ to Au+. The growth of gold NBPs was  initiated by adding
0.8 mL  of the seed solution to the growth solution. After the addi-
tion, the color of the growth solution changed from clear to violet
red. The mixture solution was  kept at 30 ◦C in water bath and left
undisturbed overnight.

2.4. Procedure of shape separation

For a typical purification procedure of gold NBPs, the crude gold
NBPs solution was  firstly centrifuged at 11,000 g/min for 10 min  to
get rid of the extra CTAB. This treatment is necessary because that
CTAB at a high concentration (0.1 M or more) is very easy to crys-
tallize at room temperature. After centrifugation, the precipitates
contained most of gold NBPs and byproducts were re-dispersed by
the same volume of deionized water. The total concentration of
the residual CTAB is ∼5 mM.  Next, a 20 mL  of the NBPs dispersion
was  placed in a 50 mL  plastic centrifuge tube followed the addition
of 17.5 mL  of 3.44 M NaCl aqueous solution and 2.5 mL  deionized
water. The mixture solution was then kept at ambient tempera-
ture without disturbance. After 24 h, the supernatant was  taken
and deionized water was added to the tube to disperse the precip-
itates. The precipitates were further converted into colloidal state
by brief ultrasonication for optical characterization.

The effects of salt concentrations on the separation of NBPs were
investigated as following: eight different sets of experiments were
performed in eight 10 mL  plastic centrifuge tubes. Each tube con-
tained 4.0 mL  of the NBPs dispersion and varying amounts (0.75, 1.0,
1.5, 2.5, 3.5, and 4.0 mL)  of 3.44 M NaCl solution and (3.0, 3.5 and
4.0 mL)  of 5.16 M NaCl solution. Proper amount of water was  also
added to these tubes for getting a total solution volume of 8.0 mL
of each tube. Control experiment was  conduced by mixing 4.0 mL
of the NBPs dispersion with 4.0 mL  water. These mixture solutions
were kept at ambient temperature for 24 h without disturbance.
After that, UV–vis spectra of the supernatant were recorded in
a wavelength range of 300–900 nm using a quartz cuvette with
10 mm path length.

2.5. Characterization

Scanning electron microscopy (SEM) images were obtained by a
Carl Zeiss ULTRA Plus Field Emission Scanning Electron Microscope
with an accelerating voltage of 20.0 kV. The yields and average
sizes of different gold nanocrystals were recorded by counting each
nanocrystal in several SEM images and by measuring the sizes
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Fig. 1. (a) TEM image of the as-synthesized gold seeds, scale bar is 10 nm;  (b) SEM
and  (c) TEM images of the gold products grown from the seeds, the twinned bound-
aries in the NBPs are labeled by arrows, scale bare is 200 nm in panel b and 20 nm
in  panel c, respectively; (d) UV–vis spectrum and photograph (inset) of the gold
products.

using the Carl Zeiss software (Smart SEM). Transmission electron
microscopy (TEM) images were taken with a JEM-2100EX (JEOL)
transmission electron microscope operated at 200 kV. The UV–vis
spectra were recorded by a Shimadzu UV-3600 spectrophotometer.

3. Results and discussion

Fig. 1a shows a TEM image of the citrate-capped gold seeds. It
can be observed that these seeds are spherical in shape and have
an average diameter of less than 5.0 nm.  Fig. 1b present a typical
SEM image of the as-obtained product grown form the above seeds.
Three components are yielded, including faceted nanospheres
(average 25 nm in diameter), monodisperse NBPs (average 50 nm in
length and 21 nm in width) and a minute amount of nanorods (aver-
age 40 nm in length and 10 nm in width). While the previous report
considered that citrate-capped seeds consist of multiply twinned
nanocrytals, the generation of short nanorods strongly indicates
that seeds also contain a few single crystals. The yield of NBPs was
39.6% and that of spherical ones was as high as 59.2% (Table S1).
Corresponding TEM image of the product is shown in Fig. 1c. It
can be seen that a clear twin boundary exists along the growth
axis of a NBP, indicating that the NBPs are not in single-crystalline

Fig. 2. Schematics of the shape-selective separation process induced by salt. The left
upper inset shows the geometric models of a faceted nanosphere and a nanobipyra-
mid.

nature. The colloidal solution of the NBPs mixture was  violet–red, as
shown in the inset of Fig. 1d. The corresponding UV–vis spectrum in
Fig. 1d presents two  SPR peaks (694 and 518 nm). Because the pre-
dicted LSPR wavelength of the presented nanorods using discrete
dipole approximation (DDA) method (that is, �max = 96AR + 418,
where AR ≈ 4.0) is located at 802 nm, thus the strong and sharp
peak at 694 nm could be ascribed to the LSPR of the NBPs. The short-
wavelength peak at 530 nm primarily corresponds to the presence
of a mass of spherical byproducts.

A simple calculation can reveal that the mass of a NBP with
50 nm length and 21 nm width is equivalent to that of a sphere
with a diameter of 21 nm.  Therefore, the above-produced NBPs
and spherical ones (average 25 nm in diameter) are not suitable
for either simple centrifugal separation or filter operation. In a
recent study [21], we have observed that, under higher salt con-
centration, gold nanorods or nanoprisms can be separated from the
isotropic nanocrystals due to their sharp shape-dependent colloidal
stability. Hence, we believe that this purification strategy could also
be applied in the present NBPs–nanoshperes system. According to
classic DLVO theory, the stability of a colloidal particle is dependent
upon its total potential energy function VT, which is the sum of van
der Waals attractive (VA) and electrical double layer repulsive (VR)
forces that exist between particles as they approach each other due
to the Brownian motion (Eq. (1))  [22].

VT = VA + VR (1)

VA = A

12�D2
(2)

VR = 2�εOεRa�2 exp(−�D) (3)

where A is the Hamaker constant, D is the center-to-center distance
of neighboring nanoparticles, a is the particle radius, εo is the dielec-
tric constant of vacuum, εR is the relative dielectric constant of the
solvent, � is a function of the ionic composition and � is the zeta
potential. As shown in Eqs. (2) and (3),  the van der Waal attractive
force is independent of the electrical state of the colloidal particles
and thus the aggregation of gold nanocrystals is driven by decrease
of the electrostatic repulsion. This could be achieved by increasing
the ionic strength (i.e. electrolyte concentration) to decrease the
zeta potential as well as the thickness of the electrical double layer.
Based on above theoretical analysis, the present shape-selective
separation process begins with the incubation of strong, neutral
electrolyte NaCl solution with original colloidal products. Fig. 2
presents a schematic of the proposed mechanism for shape sep-
aration: the surfaces of CTA+-capped (in an energetically favored
bilayer form [23]) gold nanocrystals are partially bind by Cl− ions,
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Fig. 3. UV–vis spectra of the supernatants of as-grown gold mixtures after the treat-
ment with varied concentrations of NaCl for 24 h.

which breaks the balance between the electrostatic repulsion force
and the short-range van der Walls attraction force and the distance
between the nanocrystals is shorten. Therefore, the aggregation and
precipitation of the nanocrystals would occur. Because the aqueous
NBPs and spherical ones are both in a colloidal level, their grav-
itational force is insignificant as compared to Brownian motion.
Thus the magnitude of the aggregation potential of the nanocrystals
mainly depends on the maximal inter-particle contact area. More-
over, the produced nanocrystals with a certain shape commonly
have a narrow size distribution in a case of seeding growth. That
means each kind of nanocrystals owns a relatively constant contact
area, facilitating the purification process. As a result, NBPs with a
lager contact area at each side, rather than spherical nanocrystals
with a larger mass, would go through aggregation and subsequent
precipitation.

Fig. 3 summarizes UV–vis spectra from the supernatants of gold
mixtures after treatment under varied NaCl concentrations for 24 h.
In contrast with citrate-capped gold nanocrystals undergoing dra-
matic aggregation at a low NaCl concentration around 50 mM [24],
these gold mixtures, either NBPs or spherical ones, hold excellent
solution stability at concentrated NaCl concentrations due to the
strong electrostatic repulsion forces offered by charge-rich CTA+

bilayer. Furthermore, it is found that the NBPs exhibit an appar-
ent solution stability threshold when the NaCl concentration is
increased to 1.50 M (blue curve in Fig. 3). At this point, the peak
intensity of NBPs (at LSPR wavelength) decreased dramatically
while that of the spherical ones dropped slightly, indicating that
a large amount of gold NBPs are separated from the solution. Note
that the LSPR peak intensity decreases from 1.42 before salt treat-
ment (control experiment) to 0.51 after salt treatment (at 1.50 M),
indicating that 65% of NBPs were separated in a single purification
round at the given incubation time. Furthermore, when the con-
centration of NaCl is increased to 1.72 M or more, the aggregative
tendency of NBPs was not enhanced but reduced instead by judg-
ing from the increased LSPR peak intensity (red curve in Fig. 4). This
phenomenon has been explained to arise from the neutralizing the
surface charges and producing an electronic double layer on the
gold surfaces by an excess number of anions [25]. Consequently, it
should pay attention to the concentration of post-adding salt for
avoiding the occurrence of disaggregation effect.

The as-obtained gold precipitates after NaCl treatment at a con-
centration of 1.50 M were observed by SEM. As shown in Fig. 4a and

Fig. 4. SEM images of the as-separated gold NBPs at (a) low magnification and
(b)  high magnification, respectively. scale bar is 200 nm;  (c) UV–vis spectrum of
separated NBPs re-dispersion (blue curve) and DDA orientedly averaged calculated
extinction spectrum for a NBP (red curve). The photograph (inset) shows the color
of  the solution of re-dispersed NBPs. (For interpretation of the references to color in
this  figure legend, the reader is referred to the web version of the article.)

b, the precipitates consisted of uniform NBPs with purity above
90% and no nanorods were found (Table S2). It is worth noting
that, in contrast with the reports that common citrate-capped gold
nanocrystals undergo irreversible aggregation after NaCl treatment
[24,26], these NBPs precipitates can be easily converted into col-
loid by brief ultrasonic treatment. As for the reason, it is believed
that the ordered and dense CTA+ bilayer on the longitudinal surface
(side facets) of gold NBPs plays a key role. Very recently, Gomez-
Grana et al. [27] reported the direct measure of the thickness of the
CTA+ bilayer on gold nanorods synthesized by the seeded growth
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Fig. 5. Typical SEM image of the diluted gold NBPs. The as-formed NBPs oligomers
are marked by red boxes, revealing that the NBPs prefer to contact in a side-by-side
mode when approaching each other. Sale bar is 200 nm.  (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the  article.)

method using small angle scattering of either X-rays or neutrons.
Their work revealed that the thickness of a CTA+ bilayer is about
3.2 nm,  which is much higher of the citrate layer with a thick-
ness of less than 0.5 nm [28]. Such thick surface coverage provides
effective steric constraint to prevent the direct interaction between
bare gold surfaces when the NBPs approach each other, enabling a
reversible aggregation of the NBPs and avoiding the preformed sur-
face functionalization. Therefore, when the desalting procedure is
done by transferring the precipitated NBPs into deionized water,
these NBPs can be converted into colloidal form by brief ultrasoni-
cation. Thanks for this result, the purity of the separated NBPs can
thus allow for further examination by UV–vis spectroscopy. The
short-wavelength peak of the re-dispersed NBPs decreased notably
in intensity by comparison with that of the unpurified NBPs (see
Fig. 1d) and had a 13 nm blue shift due to the removal of spheres
(blue curve in Fig. 4c).

Correspondingly, the re-dispersed NBPs display a gray–blue
color instead of the initial violet red. Note that the intensity ratio of
longitudinal/short-wavelength peak significantly arises from 1.7 to
3.2 after purification, indicating a very high percentage of NBPs in
the purified sample. Indeed, simulated spectrum obtained by DDA
calculations is also in good agreement with the above measured
spectrum (red curve in Fig. 4c and Fig. S2). Moreover, it is found
a weak peak centered at 830 nm appears in the spectrum, which
could be ascribed to the presence of a small amount aggregations
of NBPs [29].

In a further study, we observed the naturally dried sample of
the diluted gold NBPs by SEM in order to gain an insight into the
aggregation mode of the NBPs. Fig. 5 presents a representative
SEM image of the NPB oligomers. The observed results qualitatively
revealed that NBPs, upon approaching each other, prefer to contact
in a side-by-side mode but not an end-to-end fashion in order to
reach a maximal contact area, consistent with the above-proposed
mechanism.

4. Conclusion

In summary, we have demonstrated that the intrinsic shape dis-
crepancy between NBPs and faceted spheres is the key element
which allows for their separation through partially electrostatic
screening by post-adding strong electrolyte. Importantly, the steric
constraint by CTA+ bilayer on the surfaces renders a reversible
aggregation of these NBPs, facilitating down-stream investigations.

Since CTAB as well as its homologues has become the most exten-
sively applied capping agent in the syntheses of metal nanocrystals
with numerous shapes, we envision that the separation method
demonstrated here provides a simple avenue to purify a wide
range of nanoscale mixtures toward their fundamental and practi-
cal applications.
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