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Abstract A sunlight irradiation strategy was devel-

oped for the synthesis of concave gold nanoplates in

the presence of polydiallyldimethylammonium chlo-

ride (PDDA) as the capping agent. Apart from the role

of stabilizer, PDDA plays the role of a shape directing

agent as well as an oxidative etchant in conjunction

with dissolved oxygen. The edge length of the

nanoplates was determined to be about 15 lm, and

atomic force microscopy investigations proved that

the nanoplates are concave, with thickness at the

centre being about 10 nm. X-ray diffraction studies

and selected area electron diffraction investigations

confirmed that the nanoplates are bound by the {111}

plane. The nanoplates were also characterized by

energy-dispersive X-ray analysis and X-ray photo-

electron spectroscopy.

Keywords Gold � Nanoplates � Sunlight �
Polydiallyldimethylammonium chloride � Concave

Introduction

Shape controlled synthesis of metal nanocrystals is of

great interest because of fundamental importance,

challenges involved and most importantly, due to the

shape dependent properties. The synthesis of nanocrys-

tals of different shapes like cubes, plates, rods, wires

octahedron, tetrahedron, and their potential applications

have been documented in the literature (Andrea et al.

2008; Millstone et al. 2009). Under normal conditions,

most of these of nanostructures are bound by a convex

surface involving low energy facets like {111}, {110},

and {100}, thereby lowering the overall surface energy

of the nanocrystals. On the contrary, concave (curving

inwards from the surface) nanocrystals are bound by

high energy facets comprising large number of atomic

steps and kinks. These nanocrystals reveal fascinating

properties and show immense potential for applications,

especially in the field of catalysis (Tian et al. 2008; Lee

et al. 2009). Recently, core–shell concave nanocubes

(Au–Pd) were also synthesized which showed excellent

catalytic activity for a range of Suzuki coupling
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reactions (Yang et al. 2011). However, concave nano-

crystals are energetically less favored than convex

nanocrystals, and, therefore, it is a challenge to develop

new methods for their synthesis.

In general, there are two ways of producing a

concave surface: (i) oxidative etching of metal from

specific sites and (ii) controlled overgrowth on selec-

tive facets (Zhang et al. 2012). From a thermodynamic

point of view, it is difficult to produce a concave

surface by overgrowth, because even if a concave

surface is generated during the initial stage, further

growth would take place on the concave region due to

the lower chemical potential of an atom on the

concave surface, resulting in the disappearance of the

newly formed concave surface. On the other hand,

oxidative etching is relatively straightforward and

effective strategy for the generation of concave

surfaces on nanocrystals and etchants like Cl-/O2,

Fe2?/Fe3?, and Cu?/Cu2? has been commonly used

for generating concave surfaces on nanocrystals

(Wiley et al. 2004; Xiong et al. 2005; Im et al.

2009). This strategy is particularly effective for

generating single crystal polyhedrons because the

precursor single crystal seeds are resistant to etching in

the oxidative environment.

Nanoplates are two-dimensional nanostructures

that have high surface area to volume ratio and the

entire surface is essentially composed of {111} crystal

facet. Due to these features, they find applications in

diverse areas like catalysis, biosensors, biodiagnos-

tics, photoluminescence, surface enhanced Raman

spectroscopy, and imaging (Haes and Van Duyne

2002; Imura et al. 2006; Shankar et al. 2005).

Although there are number of methods reported in

the literature for the synthesis of gold nanoplates with

good control over the edge length and thickness

(Shankar et al. 2004; Sun et al. 2004; Xiong et al.

2006; Chu et al. 2006; Huang et al. 2007), the

synthesis of nanoplates having concave surface is

extremely rare. In fact, there is only one study (Wang

et al. 2010) reported for the synthesis of nanoplates

having concave surface. The synthesis was carried out

in the presence of sodium dodecyl sulfate using

glycine as a reducing agent and the authors proposed

an oxidative etching process to explain the formation

of concavities on the surface of the nanoplates. But, it

is difficult to produce nanoplates in an oxidative

environment because the twinned seeds or seeds with

stacking faults, considered crucial for the formation of

nanoplates, have lower stability and undergo oxidative

dissolution very easily in the solution. In this report,

we demonstrate how this limitation can be circum-

vented using a suitable capping agent that selectively

protects the twinned seeds and facilitates its aniso-

tropic growth. Care should also be exercised while

selecting the etchant, because a strong etchant may

result in isotropic etching while a weak etchant may

not attack the exposed surface of the nanocrystals.

Sunlight is non-polluting and renewable source of

energy which has been harnessed for the synthesis of

isotropic and anisotropic nanocrystals (Luo 2007; Patil

et al. 2012; Chien et al. 2011; Pienpinijtham et al.

2012). Using sunlight as a reducing agent, and thereby

eliminating the use of chemical reducing agents, we

are at least one step closer to a green synthetic

procedure for preparing nanoparticles. Polydiallyldi-

methylammonium chloride (PDDA) is an important

cationic polyelectrolyte which finds applications in

various fields like biology, medicine, cosmetic-care,

membrane technology, and water treatment (Wandrey

et al. 1999). Recently, PDDA has been used as a shape

directing capping agent for the synthesis of gold

nanocrystals of different morphologies (Jiang et al.

2011; Chen et al. 2007; Li et al. 2008). In this paper,

we report a simple sunlight irradiation strategy for the

synthesis of concave gold nanoplates by employing

PDDA as the capping agent. PDDA selectively binds

to the {111} facet of the twinned seeds and directs or

controls the growth anisotropically, while the Cl-

released from PDDA, along with the dissolved oxygen

present in the solution, aids oxidative etching resulting

in the formation of nanoplates with concave surfaces.

Experimental

Gold (III) chloride hydrate (Purity 99.999 %)

and Polydiallyldimethylammonium chloride (PDDA,

Mv = 100,000–200,000) were purchased from Aldrich.

Water used in all the experiments was purified by SG

water system and the conductivity was less than

0.055 lS/cm. All glasswares were washed with chromic

acid and thoroughly rinsed with deionized water. For the

synthesis of optically transparent concave nanoplates,

200 ll of 10 mM HAuCl4 solution and 200 ll of 0.1 M

PDDA solution were added to 29.6 ml water. The

concentration of Au3? in the solution was 67 lM and

the ratio of Au3?: PDDA was fixed at 1:10. The solution

Page 2 of 9 J Nanopart Res (2013) 15:1482
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was vortexed and exposed to sunlight for 6 h. After

irradiation, the faint yellow color of the solution

disappears and shiny particles start to appear in the

solution. The particles sediment at the bottom of the

glass bottle due to their large size and were easily

separated from the solution.

UV–Visible spectra of the solution were recorded

using Thermo, Evolution 300 spectrophotometer. Trans-

mission electron microscopy (TEM) imaging was done

using Zeiss Libra 120 electron microscope at an accel-

erating voltage of 120 keV, and selected area electron

diffraction (SAED) pattern was recorded using JEOL

(Model: 200 FX) electron microscope. Scanning electron

microscopy (SEM) images were recorded using SERON

Technologies Inc. (Model: AIS 2100) operating at an

accelerating voltage of 20 keV, and energy-dispersive

X-ray (EDX) analysis was performed with Oxford

Instruments (Model: INCA E350) coupled to the SEM.

AFM (Model: NT-MDT Solver Next) images were

recorded at a scanning rate of 0.5 Hz in semicontact

mode. The optical microscope images were captured

using Motic BA 400 optical microscope. X-ray powder

diffraction studies were carried out with Philips X-ray

diffractometer (Model PW 1729) using Cu Ka radiation

and X-ray photoelectron spectroscopy (XPS) investiga-

tions were carried with VG (CLAM-2) spectrometer,

using Mg Ka radiation.

Results and discussion

At the outset, in order to ascertain if the reduction of

Au3? occurs via photolytic route or by direct chemical

means mediated by PDDA, the spectra of Au3? under

different experimental conditions were monitored by

UV–Visible spectroscopy. PDDA being positively

charged forms a stable complex with AuCl4
- through

strong electrostatic interaction (Li et al. 2008) which is

evidenced by the shift in absorption band from 295 nm

(in absence of PDDA) to 324 nm. Fig. 1a is the

spectrum of the freshly prepared solution showing the

absorption band at 324 nm attributed to Au3? com-

plex. On exposure to sunlight for 6 h, the solution

becomes colorless and the band at 324 nm disappears

(Fig. 1b) confirming the reduction of Au3?. The

spectrum shows continuous non-zero absorption in

the entire UV–Visible range which further extend into

near-infrared region. The absence of absorption peak

around 520 nm or any other specific peaks proves that

small nanoparticles are absent in the solution after

irradiation (Link and El-Sayed 1999). Similar spec-

trum has been reported for large nanoplates (Kan et al.

2010) and such absorption characteristic in the near-

infrared region is useful for biomedical applications

like hyperthermia treatment of tumors (Shankar et al.

2004; Shankar et al. 2005). Under identical conditions,

when the solution is kept in dark for the same duration,

no significant change in color or UV–Visible spectrum

(Fig. 1c) is observed, proving that sunlight is essential

for the reduction to take place and the mechanism is

photolytic in nature. It may be noted that when Au3?

solution was exposed to sunlight without the addition

of PDDA, agglomeration occurs and lumps were

formed which could not be dispersed either by shaking

or ultrasonication. This means that sunlight can reduce

Au3? to Au0, but the presence of PDDA is required for

the stability of the colloid.

Optical microscopy investigations were carried out

after drying a drop of the nanoplate solution on a glass

slide. On the slide (and also on Si wafer used for SEM)

the nanoplates exhibit the typical golden yellow color

and metallic luster of bulk gold. Fig. 2a shows the

optical microscope images of the nanoplates captured

using a 1009 objective lens. Very high yield of gold

nanoplates comprising hexagonal, triangular, and

truncated triangular shapes is obtained, and the size

distribution is relatively narrow. The nanoplates

appeared greenish-yellow in color under white light

illumination of the microscope. The average edge
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Fig. 1 a Spectrum of the freshly prepared solution. b Spectrum

of the solution exposed to sunlight for 6 h. c Spectrum of the

solution kept in dark for 6 h
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length of the nanoplates is 15 lm and the plates seem

to be very thin because visible light could pass through

them and plates lying below were clearly visible. On

closer inspection, it was found that most of the

nanoplates have darker edges (shown by arrows) and

appear lighter toward the centre, indicating that the

central part of the plate is thinner than the edges. The

nanoplates were further characterized by SEM

(Fig. 2b) and TEM (Fig. 2c, d) techniques. The

images show very low contrast characteristic, indicat-

ing that the nanoplates are thin and transparent to

electrons. The contrast difference between the edge

and the centre of the plates is also apparent, suggesting

a thickness gradient across the nanoplate.

In order to confirm the three-dimensional struc-

ture of the nanoplates, AFM imaging was carried

out. Fig. 3a shows the 3D AFM image of a truncated

nanotriangle. The section analyses were carried out

to determine the thickness profile of the nanoplates.

Some particles were found to be sticking to the

nanoplates inspite of repeated washing with deion-

ized water; therefore, the sections were carefully

chosen to avoid interference from these particles.

The section analysis across the particle (Fig. 3b),

from one side to the other, clearly confirms the

concavity of the nanoplates, which is consistent with

the observation made by microscopy. Although the

overall height profile is concave in nature, small

height variation or fluctuation is observed which

may probably be due to the presence of atomic steps

or kinks on the surface of the nanoplate. The

thickness at the edge is about 40 nm, which

progressively decreases toward the centre where

the thickness is about 10 nm and this low thickness

could be the reason for good transmission of visible

light (Carmichael and Gruebele 2009).

Fig. 2 a Optical microscope images of the concave nanoplates using 9100 objective lens. b SEM image of the nanoplates. c and

d TEM image the nanoplates
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The crystal structure of the nanoplates was deter-

mined by powder XRD and SAED. XRD gives

information about the overall quality and purity of

the sample while SAED pattern gives information

about a few nanoparticles or individual nanoparticle.

The XRD pattern of the nanoplates (Fig. 4a) shows an

extremely strong diffraction peak at 38.2 degrees. No

other peaks are observed in the entire scanning range

implying that the sample predominantly consists of

gold nanoplates bound by {111} lattice planes (Kan

et al. 2009) The SAED pattern (Fig. 4b) obtained by

aligning the electron beam perpendicular to the plane

of a hexagonal nanoplate shows bright hexagonal

pattern of spots indicating that the nanoplates are

bound by {111} lattice planes. From the above

observations we can confirm that the nanoplates are

bound by the {111} plane on the top and bottom

surfaces.

The elemental composition of the nanoplates was

determined by EDX after drying a drop of the

nanoparticle solution on a silicon wafer (Fig. 5). Most

of the peaks observed are due to Au, but peaks due to

Si and Cl are also seen which originate from the

background (Si wafer) and from PDDA. This reveals

that the nanoplates are entirely composed of Au and

are stabilized by PDDA. The nanoplates were also

characterized by XPS (Fig. 6). The XPS of the gold

nanoplates shows two peaks located at 83.3 and

87.6 eV which could be assigned to 4f7/2 and 4f5/2 of

Au0 oxidation state (Miranda et al. 2010). No peaks

corresponding to Au? or Au3? could be detected,

indicating the complete reduction of gold.

Probable mechanism

From thermodynamic consideration, the surface energy

of different crystallographic planes of a nanocrystal are

different and the general sequence is c{111} \

c{100} \ c{110} (Porter and Easterling 1981). Although

nanoplates are bound by the lowest energy {111} plane,

their formation is less favored compared to polyhedrons

because of the relatively large surface area. According
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0
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40

n
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Fig. 3 a 3D AFM image of a truncated nanotriangle. b Section

analysis across the nanoplate from one edge to the opposite edge

Fig. 4 a XRD pattern of the nanoplates. b SAED pattern

recorded from a single hexagonal nanoplate
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to Wulff theorem (Wulff 1901; Herring 1951), for fcc

metals like gold, the predicted thermodynamic equilib-

rium shape is the truncated octahedron bound by low

energy {111} and {100} planes. To account for the

formation of anisotropic gold nanoplates various mech-

anisms have been proposed in the literature. Some of the

researchers (Shankar et al. 2004; Huang et al. 2007)

have proposed an aggregation mechanism, wherein

small nanoparticles are initially formed which later

aggregates into quasi nanostructures. These quasi

structures are finally transformed into crystalline nano-

plates, although it is not clear as to why or how these

intermediate structures get converted into nanoplates.

Also, the role of the capping agent in directing the shape

of the nanocrystals is not clear in this mechanism. The

most widely proposed mechanism to account for the

formation of highly anisotropic nanostructures like

nanoplates is the facet blocking mechanism (Lee et al.

2008; Kawasaki et al. 2007). Here, the capping agent is

believed to play a key role in the asymmetric formation

of nanoplates due to preferential or selective adsorption

on the {111} plane, thereby retarding the growth on this

plane. However, there are many equivalent {111}

planes and introduction of selective capping agents

need not necessarily result in anisotropic formation of

nanoplates; instead, may result in the formation of

polyhedrons. An alternative mechanism, proposed by

other researchers, emphasizes on the crystal structure of

the seeds, and considers the formation of twins or

stacking faults in the seeds during the nucleation stage,

as the key factor responsible for anisotropic growth of

nanoplates (Lofton and Sigmund 2005; Elechiguerra

et al. 2006; Lim et al. 2008). As a result of twinning,

plate-like seeds bound by the {111} planes on the top

and bottom are formed. The plate-like seeds facilitate

the lateral growth of nanocrystals, and are considered

crucial for the formation of nanoplates. But, recent

studies (Zhang et al. 2011, 2012) suggest that both the

crystal structure of the seeds as well as selective binding

of ligands is important for the formation of anisotropic

nanoplates.

In the present study, when the concentration of Au

atoms produced by photolytic reduction reaches the

supersaturation value, they will start to nucleate and

form seeds of different crystalline nature like single

crystal seeds, twinned seeds, and multiply twinned

seeds. As mentioned before, to obtain a good yield of

nanoplates, it is essential to have a large population of

twinned seeds compared to single crystal seeds in the

solution. In our system, the Cl- released from PDDA

along with the dissolved oxygen present in the solution

can form O2/Cl- pair, which is a potent oxidative

etchant for gold (Au0?Au? or Au3?) (Wang et al.

2010; Guo et al. 2008). The twinned seeds, due to their

lower stability, are susceptible to oxidation and

dissolution, but if the capping agent has strong affinity

for the twinned seeds, the stability order may be

reversed and the single crystal seeds may be selec-

tively removed by oxidative dissolution (Xiong et al.

2005). PDDA with its quaternary ammonium head

group is reported to preferentially adsorb on the {111}

surface (Jiang et al. 2011; Chen et al. 2007; Li et al.

2008), hence twinned seeds having {111} plane are

stabilized more compared to the single crystal seeds

having a combination of {111} and {100}. This results

in the oxidative dissolution of the single crystal seeds

Fig. 5 EDX spectra of the nanoplates deposited on a silicon

wafer
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Fig. 6 XPS spectrum of gold nanoplates
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and once the desired twinned seeds survive, PDDA

can bind to the {111} surface of the seeds and form a

layer on this surface. This layer hinders or retards

growth on the {111} surface and, therefore, further

reduction of Au3? or growth takes place faster along

other directions, mainly \110[, resulting in the

formation of large microplates.

Recently, concave gold nanoplates were synthe-

sized in the presence of sodium dodecyl sulfate

employing glycine as the reducing agent (Wang

et al. 2010) and an oxidative etching mechanism,

mediated by O2/Cl-, was proposed by the researchers

to explain the formation of concavities. In our system,

with the availability of Cl- and O2, the oxidative

atmosphere generated is conducive for the formation

of nanoplates with concave surface. However, it is

important to realize that there exists a dynamic

equilibrium between oxidation and reduction

(Au3?
� Au0), and the final shape or morphology of

the nanoplates is determined by the relative rates of

these processes. At relatively low concentration of

Au3? (67 uM), oxidation and reduction seems to

proceed at comparable rates resulting in the formation

of nanoplates with concave surface. To investigate the

effect of Au3? concentration on the morphology of

nanoplates, the concentration of Au3? was increased

to 100 and 200 uM (Fig. 7) while maintaining

Au:PDDA ratio at 1:10. Under these conditions,

smaller nanoplates with average edge length of 10

and 5 um are formed, respectively, but, importantly,

these nanoplates did not exhibit the concave structure

or optical transparency observed earlier (see S1).

When the concentration of Au3? is increased to 100

and 200 uM, the equilibrium shifts toward the right

and reduction proceeds at a much faster rate than

oxidative etching, resulting in the formation of normal

nanoplates. It may be noted that when the concentra-

tion of Au3? is increased we are also increasing the

concentration of PDDA, which should, in principle,

increase the rate of backward oxidation reaction. But,

it has been reported that the presence of O2 is

important for the oxidation process in addition to the

availability of Cl- (Xiong et al. 2005). The concen-

tration of dissolved O2 in the solution remains more or

less the same even when the concentration of Au3?

and PDDA is varied; therefore, the rate of backward

reaction is limited by the amount of O2 available in the

solution and does not increase by the introduction

of more Cl- through PDDA. Hence, the forward

reduction proceeds faster than the reverse oxidation

and normal nanoplates are obtained. Although, it is

difficult to quantify the rates of oxidation and reduc-

tion at this point of time, the delicate balance between

the two processes decides the final structure of the

nanoplates.

Conclusion

In summary, we have demonstrated the efficient

utilization of sunlight, for synthesis of concave gold

nanoplates in the presence of PDDA. In this method,

sunlight plays the role of reducing agent, obviating the

need of any chemical reducing agent, while PDDA

acts as a shape directing stabilizing agent as well as an

etchant in the presence of oxygen. Since there is a

competition between oxidation and reduction, it is

imperative to choose the right concentration of Au3?

Fig. 7 SEM images of the nanoplates synthesized at different

concentrations of Au and PDDA. a 100 uM Au and 1 mM

PDDA. b 200 uM Au and 2 mM PDDA
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that facilitates oxidative etching, resulting in the

formation of concave nanoplates and our observations

suggest that lower concentration favor oxidative

etching. It is anticipated that the synthesized nano-

plates with concave surface may find novel applica-

tions in the future.
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