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Abstract Transformation of metallic or bimetallic (BM)

nanoparticles (NPs) from one shape to another desired

shape is of importance to nanoscience and nanotechnology,

where new morphologies of NPs lead to enhancement of

their exploitable properties. In this report, we present the

shape transformation of Au octahedral NPs to Au–Pd core–

shell nanocubes, followed by their transformation to

nanostars and finally to multilayered Au–Pd–Au core–shell

hexagonal platelets in the presence of T30 DNA. The

weaker binding affinity of T30 DNA directs the growth to

favor the formation of lower energy {111} facets, changing

the morphology from nanocubes to nanostar. The nanos-

tars, exhibiting unusual intermediate morphologies, are

comprised two sets of shell layers and have Au core, Pd

intermediate shell, and Au outer shell. Similarly, the

hexagonal platelets, which also have Au core and inner Pd

shell, are encased in an external gold shell. The formation

of multilayered Au–Pd–Au core–shell hexagonal platelets

from Au–Pd core–shell nanocubes via the multilayered

nanostars is monitored using scanning/transmission elec-

tron microscopy analysis.

Keywords Core–shell nanoparticles � Bimetallic �
Multilayered � Au–Pd � DNA-mediated growth

Introduction

The properties and applications of nanoparticles (NPs)

strongly depend on their shape, size, and crystalline

structure, and the fabrication of NPs with well-controlled

shape, size, and crystallinity with sufficient yield is one of

the main challenges of the nanoscience and nanotechnol-

ogy. Bimetallic (BM) NPs comprised two different metals,

shown to yield completely new optical, electrical, and

catalytic properties compared to their monometallic coun-

terparts, can find applications in optoelectronics, catalysis,

drug delivery, solar energy conversions, semiconductors,

electronic materials, and numerous other uses [1–5]. Au–

Pd core–shell BM NPs are widely used as supported cat-

alysts in several industrial processes [6–9]. Some reactions

are catalytically enhanced by utilizing the NPs with

specific morphology, corresponding to the prevalence of

certain crystallographic faces; hence the synthesis of

nanocrystals having definite morphology and crystallo-

graphic faces is of importance for practical applications

[10–12].

Despite the tremendous interest in the shape- and size-

specific synthesis of BM NPs, the rational engineering of

heterometallic shells and morphologies remains largely

unexplored [13, 14]. The ability to design and fabricate

multiple-layered core–shell nanostructures with various

metals of interest in controllable manner is ought bring

about the enhanced synergetic effects changing the overall

properties of the original nanomaterials, and there is always

high possibility of getting interesting properties from the

synergetic combination of present metals and their crys-

talline structures. Moreover, the formation of new shapes

can be tailored for wider range applications in comparison

to the original shape. One facile strategy of controlling the

NP morphology employs various DNA molecules in the
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reaction [15–18]. It is believed that the DNA hybridization

to the surface of the original NPs provides scaffolds or

templates for the shell growth and directly affects the

morphology and the exploitable properties of the resultant

NPs [19–22], as evidenced by the growing number of

reports on shape-specific synthesis of NPs utilizing various

DNA molecules [23, 24]. We focused on the well-charac-

terized synthesis of Au–Pd NPs in the presence of T30

DNA molecules based on reported the distinct morphology

of the particles with star-like shapes [22].

In this report, we present the morphology transformation

of Au–Pd core–shell nanocube to Au–Pd–Au multiple-

layered core–shell six (6)-cornered nanostar to hexagonal

nanometer-sized platelets by introducing the T30 DNA

molecules to the synthesis process. While the use of T30

DNA in the synthesis has been reported in the literature, it

was not utilized for the synthesis of multilayered nanos-

tructures [23]. The Au NPs were synthesized via the seed-

mediated growth process and converted to Au–Pd core–

shell nanocubes, which were then transformed into Au–

Pd–Au core–shell multilayered nanostars, and finally

to hexagonal platelets, in the presence of T30 DNA

molecules. We monitored each step of the NP morphology

transformation using scanning transmission electron

microscopy (STEM) analysis and discussed a possible

reaction pathway. The morphologies of NPs grown in the

presence of T30 DNA are compared to those obtained

without DNA.

Experimental Details

Potassium tetrachloropalladate (K2PdCl4), gold(III) chlo-

ride trihydrate (HAuCl4�3H2O), hexadecyltrimethylammo-

nium bromide (CTAB), sodium borohydride (NaBH4), and

L-ascorbic acid (AA, 99%) were purchased from Sigma-

Aldrich and used as received. T30 DNA oligodeoxyri-

bonucleotides were purchased from Integrated DNA

Technologies (Coralville, IA) and used as it is received. All

aqueous solutions were prepared with deionized water

passed through a Millipore Milli-Q Plus water purification

system (q = 18.2 MX cm).

Nanoparticle Synthesis

The NPs were fabricated via the seed-mediated growth

process in four steps by modifying the reported experi-

mental protocols [25, 26]. In brief, 3–5 nm single-crystal

Au seeds were synthesized and grown to *12 nm octa-

hedral Au NPs, and then it transformed to Au–Pd core–

shell nanocubes via the addition of Pd precursor and sub-

sequent reduction by ascorbic acid (AA). The obtained

core–shell NPs were incubated with DNA molecules,

mixed with additional Au precursor, and reduced by AA

forming multilayered Au–Pd core–shell nanostars with 6

corners.

Step 1: Synthesis of Au Seeds

Au seeds were synthesized by combining 75 mM of CTAB

with 9 mL of nanopure water and adding 1 mL of 2.5 mM

HAuCl4 to maintain that the volume of 10 mL. The Au-

CTAB solution was reduced by adding freshly prepared

NaBH4 (10 mM, 0.6 mL) while stirring vigorously. The

reaction was allowed to continue under slow stirring for

3 h, after which time the reaction volume color changed

from yellow to brown. The formation of Au seeds was

verified via the TEM examination.

Step 2: Synthesis of Octahedral Au NPs

The Au seeds obtained in step 1 were grown to 12 nm

octahedral Au NPs as follows. Solution 1 was prepared by

diluting 1 mL of solution containing Au seeds with 25 mL of

water. In a separate flask, solution 2 was prepared by adding

0.1457 g of CTAB in 10 mL water. The solution was heated

to *40 �C until it became transparent, mixed with 0.1 mL

Au precursor (10 mM HAuCl4), and was further diluted to

25.5 mL. The solution turned to colorless upon addition

of AA (0.1 M, 1.5 mL) into the reaction flask. Finally, 1 mL

of the seed solution 1 was added to solution 2 and stirred for

8 h to obtain a pink-colored solution. Growth of Au seeds

into larger Au particles was confirmed by STEM.

Step 3: Synthesis of Au–Pd Core–Shell NPs

Au–Pd core–shell NPs were obtained by adding Pd pre-

cursor (K2PdCl4 (10 mM)) to the solution containing Au

octahedral NPs prepared in step 2 using the AA as a

reducing agent. In this study, the core–shell Au–Pd nano-

cubes were prepared by adding 0.1 mL of 10 mM K2-

PdCl4 to 5 mL of Au NPs prepared in the previous step and

reduced using 0.5 mL of 0.1 M AA. The size of the formed

shell was controlled by the amount of Pd precursor added.

The formation of core–shell structures was confirmed by

HAADF-STEM imaging utilizing Z-contrast difference

between Au and Pd.

Step 4: Synthesis of Au–Pd–Au Multilayered Core–Shell

Nanostars and Hexagonal Platelets

Following the pioneering work by Lu and coworkers [23],

the Au–Pd core–shell nanocubes were transformed into

multilayered core–shell Au–Pd–Au nanostars by conse-

quent incubation of Au–Pd core–shell nanocubes obtained

in step 3 with the T30 DNA, followed by introduction of
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additional Au precursor, and reduction by AA. In this

study, 2 mL of solution containing AuPd nanocubes were

centrifuged, diluted to remove the excess CTAB, and

incubated with 4 lL (0.2 mM) of T30 DNA for 30 min to

allow for the DNA hybridization to the NP surface.

HAuCl4 precursor (0.5 mM, 500 lL) was then added to the

solution of AuPd nanocubes hybridized with the T30 DNA

and incubated for 30 min, after which AA (0.1 M, 0.5 mL)

was added as the reducing agent. The reaction was allowed

to proceed for 5 h under slow stirring. The obtained col-

loidal solution was centrifuged 4 times at 5000 rpm for

5 min and subjected to the STEM analysis.

Step 5: Synthesis of Au–Pd–Au Multilayered Core–Shell

Without DNA Molecules (Control Experiment)

In a control experiment, AuPdAu multilayered core–shell

NPs were synthesized in the manner similar to described in

step 4 without using T30 DNA. Typically, 1 mL of AuPd

core–shell NPs are mixed with HAuCl4 precursor (10 mM,

20 lL) and then reduced by AA (0.1 M, 0.5 mL), and the

reaction was allowed to continue for 4 h. Formation of the

resultant well-developed multilayered core–shell NPs with

Au core, Pd intermediate shell, and Au outer shell NPs was

monitored by the STEM analysis.

STEM Characterization

Preparation of specimen for the STEM analysis consisted

of placing a drop of colloidal NPs on the QuantiFoilTM

carbon grids and allowing them to dry at room temperature.

The STEM images of the specimen were acquired for each

preparatory step using the FEI Tecnai G2 F20 (S)TEM

operating at 200 kV in bright-field TEM mode (BF-TEM)

and high angle annular dark field-STEM (HAADF-STEM)

modes, equipped with energy dispersive x-ray spec-

troscopy (EDS) detector and Tridium Gatan image filter.

Results and Discussion

The reduction of Au precursors with strong reducing agent,

such as NaBH4, produces mostly single-crystal Au seed as

reported by several research groups [3, 27, 28]. Figure 1

shows 3–5 nm-sized single-crystalline Au NP seeds

obtained from the first reaction step. The inset in Fig. 1

shows the atomistic model of single-crystal Au NP [26].

The formation of these Au nanocrystal seeds constitutes the

most important step during NP synthesis, as the structure of

these seeds directly affects the shape of final NPs.

Larger Au NPs shown in Fig. 2 were formed via the

heterogeneous seed-mediated nucleation and growth during

the second step of reaction. Here the NPs appear to have

uniform shapes with the majority of them being of

*12 ± 1 nm in size and exhibiting octahedral morphology

bounded by (100) and (111) faces, with the occasional for-

mation of triangle-shaped NPs [3, 27]. The higher-magni-

fication STEM micrograph, along with the atomistic model

for Au octahedral NP, is shown in the inset of Fig. 2.

Fig. 1 TEM micrograph of single-crystal Au seed with the sizes

ranging 3–5 nm. Inset shows the atomistic model for the single-

crystal Au seed. Scale bar 20 nm

Fig. 2 STEM micrograph of Au octahedral NPs *12 nm grown

from single-crystal Au seeds as presented in Fig. 1. Figure inset

shows the magnified Au nanocrystals along with the atomistic model

for octahedral Au NPs. Scale bar 100 nm; inset scale bar 20 nm
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During the next step of the reaction, where the octahe-

dral Au NPs are incubated with the Pd precursor and

reduced by AA, the epitaxial growth of Pd takes place on

the surface of Au NPs and core–shell structures are formed.

Figure 3 shows the low magnification STEM micrograph

of the prepared Au–Pd core–shell NPs. The majority of

these particles are nanocubes, with occasionally observed

triangular particles. The majority of these particles are

nanocubes of *20 ± 1 nm in size, with occasionally

observed triangular particles of *30 ± 3 nm in size.

Working with the HAADF-STEM utilizes the so-called

Z-contrast and allows facile differentiation between the NP

core (Au) and shell (Pd) of the produced Au–Pd nanos-

tructures. It is clearly seen from the HAADF-STEM image

in Fig. 3 that the strongly scattering core contains the

element with a higher atomic number (Au), while the shell

is comprised the element with a lower atomic number (Pd).

The lattice constant for Au is 4.08 Å and for Pd is 3.89 Å,

with lattice mismatch 4.8%, inferring the likelihood of the

epitaxial growth of Pd over Au forming core–shell NPs

[27, 29, 30]. According to Tsuji et al., the lattice mismatch

between Au and Pd is below 5%, facilitating the epitaxial

growth along all directions [31]. Upon adding Pd precursor,

the nanocubes form from octahedral Au NPs via a more

rapid growth of Pd along h111i direction as compared to

that along h100i direction from the epitaxial growth of Pd

over Au [26, 27, 32]. This can be explained by the presence

of the CTAB bilayer bound to the (100) surfaces of the

octahedral Au NPs and inhibiting the growth along those

directions, as reported by Rodriguez-Fernandez et al. [32].

The schematics of the reaction pathway to the formation

of multilayered core–shell Au–Pd–Au NP are presented in

Fig. 4. The single-crystal Au seeds are grown into the

octahedral Au NPs. Addition of the Pd precursor followed

by the reduction with a mild reducing agent AA leads to the

epitaxial growth of Pd onto Au core, to form the initial

core–shell structures, mainly nanocubes. On the other

hand, the singly twinned Au seeds grow into triangular-like

structures, and the reduction of added Pd precursor with

AA leads to the formation of core–shell triangular NPs, as

described by Jose-Yacaman and coworkers [26]. Following

the previous reports on DNA-mediated NP growth [23, 24,

33], upon the addition of T30 DNA to the reaction flask,

the DNA molecules undergo hybridization on the surface

of Pd nanocubes. The growth is determined by the binding

affinity of DNA to the Pd surface as reported by Song et al.

The binding affinity of T30 DNA is weaker [34] and will

bind to lower energy facets in AuPd core–shell nanocube.

The growth is initiated along {100} facets for the formation

of {111} facets, resulting the changes in morphology from

nanocube to nanostar-like morphology [35]. The zeta

potential measurements, reported by Pallares et al. [36],

imply the binding affinity of T30 DNA to AuPd core–shell

NPs. Upon the final reduction of gold precursor, the outer

layer Au is formed on the top of Pd shell. The use of DNA

leads to the formation of the nanostar-like shape, and the

presence of excess Au results in a hexagonal platelet

comprised Au core, intermediate Pd shell, and Au outer

shell. It is worth noting, that by the ultimate morphology,

size, and thickness of the resultant NPs can be controlled

by adjusting the concentration of the reagents. A control

experiment carried out in the absence of DNA, Au layers

were formed on the shell of Au–Pd core–shell nanocube

without affecting the initial morphology of Au–Pd parti-

cles. Evidently, the distinct difference in the morphology of

the resultant NPs obtained in the synthesis is associated

solely with the presence of DNA.

The HAADF-STEM micrograph of three-layered Au–

Pd–Au core–shell NPs obtained from the Au–Pd core–shell

nanocubes in the presence of T30 DNA is presented in

Fig. 5(a). Here the STEM micrograph reveals the presence

of hexagonal platelets, apparently forming from the inter-

mediate 6-cornered nanostars. The nanostars are repre-

sented by dotted white circles in Fig. 5(a), while the

hexagonal platelets are represented by solid red circles.

The reduction of excess Au precursor and deposition into

the nanostars led to the formation of hexagonal platelets.

Although the morphology of the resultant hexagonal pla-

telets is homologous with the intermediate pointed star-like

shape, the size of the particles ranges from *24 to

*52 nm. The size distribution of synthesized NP is inset in

Fig. 3 STEM micrograph of Au–Pd core–shell nanocubes *20 nm

size with Au in the core and Pd in the shell. The typical Au–Pd core–

shell nanocube in the inset shows that the core is made from Au

(higher contrast) and the shell is made from Pd (lower contrast). Scale

bar 100 nm; inset scale bar 20 nm
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Fig. 5(a) for more than 200 particles. The inset shows that

90% of the particle size range from 30 to 45 nm, with 10%

of the particles being smaller than 30 nm or larger than

45 nm sizes. The introduction to the reaction of T30 DNA

leads to formation of substantially thicker hexagonal mul-

tilayered nanostructures with preferential growth along

some directions forming the asymmetrical shapes. The

growth mechanisms of anisotropic NPs using DNA remain

a focus of intense research. Recently, Song et al. showed

that the growth in such a reaction is determined by the

binding affinity of DNA with the corresponding facets [35].

The stronger binding affinity of DNA results in lesser

growth of particles along that direction, while the weaker

binding affinity of DNA leads to a more pronounced

growth along that direction. Since the T30 DNA used in

this work has, reportedly, weaker binding affinity and

facilitates the formation of lower energy {111} facets [34,

35], leading to the formation of anisotropic nanostars. The

Fig. 4 Shape modification using DNA. AuPd core–shell nanocube is transformed into star-like AuPdAu core–shell particles using T30 DNA,

while the shape remains unchanged in the absence of DNA, scale bar 20 nm

Fig. 5 (a) HAADF-STEM micrograph of Au–Pd–Au multilayered

core–shell nanostructures obtained using T30 DNA molecules with

the size distribution shown in the inset. The most interesting feature is

the shape change from cubic to this structure. The majority of

nanoparticles are nanostars, as highlighted by white dotted circles,

with some of them well-developed hexagonal platelet-like structures

denoted by red solid circles. During the growth process, the presence

of excess amount of Au leads to the formation of hexagonal platelets

structures. Lower-left inset in (a) shows typical nanostar with Au

core, Pd intermediate shell, and outer Au shell regions. (b) Position of

the line profile scan and (c) drift-corrected EDS line profile acquired

from (b). EDS line profile analysis confirms the presence of Au in

outer shell, Pd in intermediate shell, and Au in the inner core, thus

proving the presence of multilayered AuPdAu core–shell structures.

Scale bar: 200 nm; inset scale bar and (b): 20 nm
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resultant three-layered particles clearly exhibit 6-pointed

corners, pointing to a prevalent specific growth mecha-

nism. Notably, while the bimetallic Au–Pd NPs show a

minor fraction of triangular particles, the three-la Au–Pd–

Au NPs exhibit 6-pointed star-like morphology almost

exclusively. It is worth noting that the effect of the DNA

appears to be more pronounced in nanocubes, as compared

to that observed in triangular particles, as seen from the

shape transformation. One possible reason for this might be

associated with the presence of a higher number of corners

in nanocubes as compared to the triangular NPs. From the

higher-magnification HAADF-STEM image of magnified

NP (inset in Fig. 5a), the presence of three layers can be

inferred: these are the inner region (core) Au with a strong

contrast, the middle region (intermediate shell) with the

weaker-scattering Pd, and the outer shell layer comprised

the stronger-contrast Au. These unusual structures provide

the insight into the morphology transformation in NPs with

multilayered structures. The localized chemical informa-

tion of the multilayered core–shell NP is investigated using

energy dispersive x-ray spectroscopy (EDS) line profile

scan. The EDS line profile of a nanostar in Fig. 5(b) is

presented in Fig. 5(c). This line profile (Fig. 5c) reveals the

local mapping along the scanned line, confirming the

presence of Au in outermost shell region, Pd in interme-

diate shell region, and Au in the core region.

The HAADF-STEM micrographs for Au–Pd–Au mul-

tilayered core–shell NPs obtained without DNA are pre-

sented in Fig. 6. As in the previous case, the Z-contrast

images show that the core is made from Au, intermediate

layer is made from Pd, and outer shell is again made from

Au. The size of the particles ranges from 35 to 45 nm, with

very thin layers (*3 ± 1 nm) of outer Au shell. It should

be noted that in the absence of DNA, formation of outer

gold shell occurs in a symmetric, isotropic manner,

whereas in the presence of DNA gold shell exhibits some

direction-specific, preferential growth. The shape of core–

shell nanocube, unaltered by the addition of outer Au shell

region, is distinctly different from that of the Au–Pd–Au

NP obtained in the presence of DNA presented in Fig. 5.

The formation of multi-shell core–shell structures in the

absence of DNA is in good agreement with the previous

reports by Li et al. and Wang et al. [37, 38].

Conclusions

In this report, we presented the modification in morphology

of Au–Pd bimetallic core–shell nanocubes into multilayered

core–shell nanostars with 6 corners and finally into hexag-

onal platelets-like structures, using T30 DNA molecules,

effectively controlling the morphology and size of the

bimetallic NPs. It was hypothesized that the T30 DNA

molecules hybridize to the surface of Au–Pd core–shell

nanocubes, and the growth is directed by the binding affinity

of T30 DNA. The weaker binding affinity of T30 DNA

directs the growth to favor the formation of lower energy

{111} facets resulting the changes in morphology from

nanocubes to nanostar. During the reduction with AA, the

growth of the particle shell proceeds along the selected

directions dictated by the template, in this case leading to

formation of star-like nanostructures with 6 corners. The

growth might also be from the uneven growth of particles

resulting from the hybridization of DNA molecules onto the

Pd surface. In the absence of DNA molecules, multiple-

layered core–shell Au–Pd–Au nanocubes were formed

without altering the morphology of the Au–Pd nanocubes,

similar to reports by Li et al. and Wang et al. [37, 38]. The

local chemical environment in the multi-shell NPs was

probed using EDS line scan. The ability to tune different

shapes, size, and crystalline structure will broaden the

application of such NPs. Hence, the ability to synthesize the

core–shell bimetallic NPs with desired shape and controlled

deposition of different metals with multi-shells will be an

important step toward designing the heterometallic NPs with

novel properties arising from the synergetic combination of

presence of multiple shells with different layers and metals.
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