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The rational assembly of quantum dots (QDs) in a geometrically well-defined fashion opens up the

possibility of accessing the full potential of the material and allows new functions of the assembled QDs

to be achieved. In this work, well-confined two-dimensional (2D) and 3D carbon quantum dot (CQD)

honeycomb structures have been assembled by electrodeposition of oxygen-rich functional CQDs

within the interstitial voids of assemblies of SiO2 nanospheres, followed by extraction of the SiO2 cores

with HF treatment. Although made from quantum sized carbon dots, the CQD assemblies present

a solid porous framework, which can be further used as a sacrificial template for the fabrication of new

nanostructures made from other functional materials. Based on the unique honeycomb architecture of

the CQDs, which allows the more efficient adsorption of molecules, the formed Au nanoparticles on the

CQD honeycomb exhibit 8–11 times stronger surface enhanced Raman scattering (SERS) effect than

the widely used Au nanoparticle SERS substrate for the highly sensitive detection of target molecules.

This work provides a new approach for the design and fabrication of ultrasensitive SERS platforms for

various applications.
Introduction

Monodisperse nanodots or nanocrystals have presented a wide

range of novel phenomena at the nanoscale that are distinct from

those of the bulk materials.1–3 Their unique applications in

electronic, magnetic and optical devices have attracted intense

attention.4 However, some of the promising potential of these

materials in applications such as field-effect transistors,5–7 light-

emitting devices,8 photodetectors,9 photoconductors,10 and solar

cells11 are directly related to the densely packed ensembles of

nanodots with multidimensionally ordered hierarchical archi-

tectures. As a consequence, the current scope of nanoscience is

moving forward from the fundamental synthesis of building

blocks to the study of the collective properties of nanodot

ensembles and their hierarchical architectures.12–14 There is

a broad range of examples of nanocrystal self-organization into

highly periodic two- (2D) and three-dimensional (3D) ordered

sturctures.2,15 Well-confined assemblies offer the opportunity to

control the collective functions associated with magnetic, optical
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and electronic coupling between the individual nanodots. As

such, development of the method which governs the controlled

assembly of these well-defined structures is of scientific and

industrial interest and is significant in creating new and high-

performance tunable materials with unique functions.16–19

Carbon quantum dots20,21 (CQDs) have attracted a great deal

of attention in recent years due to their promise in bioimag-

ing,22–25 optoelectronic devices,26,27 pollutant detection28 and

catalysis.29,30 Compared with conventional inorganic quantum

dots, CQDs have many advantages, including low toxicity,

chemical inertness and biocompatibility. In particular, their high

resistance to photobleaching makes them attractive materials for

optoelectronics31 and in vivo biosensing applications.32,33 In

addition, typical CQDs contain a large amount of carboxylic and

hydroxyl groups at their surfaces, thus endowing them with

excellent water solubility and the suitability for subsequent

functionalization with various organic, polymeric, inorganic or

biological species. It is well acknowledged that environmentally

benign CQDs with well-defined dimensions, tunable surface

functionalities and a simple, fast and cheap synthetic route

provide encouraging building blocks for the construction of

advanced functional architectures. However, to date, there have

been no reports on the rational assembly of CQDs into func-

tional configurations, and hence their collective properties

remain unknown.

Herein, we present one example where CQDs are used as the

basic building block for the controllable construction of

macroscopic honeycomb structures via the assistance of a pre-

assembled 2D or 3D silica colloid template. The resultant CQD
This journal is ª The Royal Society of Chemistry 2012
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honeycombs can not only be used as a sacrificial template for the

fabrication of new nanostructures made from other functional

materials, but also provide a new platform for the fabrication of

a more efficient SERS substrate than the widely used Au

nanofilm.
Experimental

Preparation of CQDs

CQDs were prepared by an electrochemical method similar to

our previous report.26 A graphite rod with a size of ca. 3.0 cm �
0.5 cm was used as a working electrode. Pt wire and Ag/AgCl

were used as counter and reference electrodes, respectively. The

electrolyte was 0.1 M phosphate buffer solution (PBS) at pH 7.0.

With the use of a CHI660D electrochemical workstation, a cyclic

voltammetric (CV) scan within the potential region of �3.0 V at

a scan rate of 0.1 V s�1 was applied for the preparation of CQDs.

After the electrochemical reaction was complete, the water

soluble CQDs were collected by filtration of the resulting solu-

tion through a 20 nm filter membrane, followed by dialysis of the

aqueous solution with a cellulose ester membrane bag (MD77

(8000-14000)) for several days. After fully removing the sup-

porting electrolyte (PBS), the purified CQDs were re-dispersed in

deionized water for further use.
Preparation of 2D and 3D CQD honeycomb structures

First, a monolayer of SiO2 nanospheres (200 nm in diameter) was

self-assembled onto a conductive N-doped Si substrate (5 mm by

5 mm) by following the previously reported procedure.34 The

formation of 3D colloidal crystals was accomplished by evapo-

ration-induced multilayer assembly. These Si supported SiO2

nanosphere assemblies were used as the anode for electrophoretic

deposition of CQDs in the aqueous CQD suspension with

a concentration of ca. 0.04 mg mL�1 under a voltage of 5 V for

3 h and 12 h for 2D and 3D CQD honeycomb structures,

respectively. The CQDs infiltrated the SiO2 nanosphere assem-

blies and were then annealed at 600 �C for 1 h under an argon

flow. Finally, SiO2 cores were removed by dilute HF acid (10%)

treatment, followed by rinsing with deionized water. 2D and 3D

CQD honeycomb structures were obtained after drying at room

temperature. X-Ray photoelectron spectroscopy (XPS) analysis

was utilized to verify the removal of SiO2 nanospheres (Fig. S1†).
Preparation of Au honeycomb structures

The as-formed CQD honeycomb was used as the sacrificial

template for the preparation of Au honeycomb structures. Au

was deposited on the CQD honeycomb by direct sputter coating

of a ca. 40 nm Au layer under a vacuum of 1.2 Pa and a sput-

tering current of 6 mA. Then, the CQDs were fully removed by

heat at ca. 450 �C in air for 1 h.
Fig. 1 A photo of functional CQDs dispersed in water (a), a TEM image

of the as-prepared CQDs (b), the XPS spectrum of the CQDs (c) and the

corresponding high resolution spectra of the C 1s peak (d). The scale bar

in (b) is 10 nm. The inset in (b) is a high magnification image of a CQD

and the scale bar is 5 nm.
Characterization

The morphologies of the samples were examined by scanning

(SEM, JEOL) and transmission (TEM, JEM-2010) electron

microscopy. TEM observations were performed with lacey

support films coating the TEM grid and operating at 200 kV. The
This journal is ª The Royal Society of Chemistry 2012
elemental analyses of the samples were deduced by X-ray energy

dispersive spectroscopy (EDS, equipped on the SEM). Fourier

transform infra-red (FT-IR) spectra were recorded on a Bruker

spectrometer (Equinox 55/S) using KBr pellets. X-Ray photo-

electron spectroscopy (XPS) data were obtained with an

ESCALab220i-XL electron spectrometer from VG Scientific

using 300 W Al Ka radiation. The base pressure was about

3 � 10�9 mbar. The binding energies were referenced to the C 1s

line at 284.8 eV from adventitious carbon.

To investigate the SERS effect, ca. 15 nm thick Au was

simultaneously sputtered onto the Si and CQD assembled

honeycomb structures under the same conditions. Rhodamine

6G (R6G) molecules were adsorbed on the Au-coated and Au-

free CQD honeycombs or on a Au nanoparticle film by simply

soaking them in the aqueous solution of 4 � 10�6 M R6G. The

soaking time was 1 h and the free molecules were removed by

a stream of N2 gas. One droplet of the corresponding R6G

solution was also dropped on to the Si substrate and used as

a reference for the Raman characterizations after drying. The

Raman spectra were measured under ambient conditions using

a Renishaw MicroRaman spectroscopy system with a 632.8 nm

HeNe laser. The laser beam was focused by a 50� (NA ¼ 0.75)

objective lens resulting in a spot size of around 2 mm in diameter.

The laser power on the samples was ca. 4.7 mW and the acqui-

sition time was 30 s for the collection of each spectrum.
Results and discussion

The electrochemical preparation of CQDs was performed in

0.1 M PBS. The as-prepared CQD solution was found to exhibit

a long-term homogeneous phase without any noticeable precip-

itation at room temperature (Fig. 1a). The TEM image shows the

collected CQDs are fairly monodisperse and have a uniform size

of ca. 3–6 nm (Fig. 1b), which is similar to electrochemically

synthesized graphene-based nanodots.26,35 The high resolution

TEM image reveals a layer-by-layer structure with a ca. 0.35 nm

spacing, consistent with the graphite interlayer distance. XPS

measurements were performed to probe the composition of the
Nanoscale, 2012, 4, 1776–1781 | 1777

http://dx.doi.org/10.1039/C2NR12015A


Fig. 3 Top (a, b) and tilted (c, d) SEM images of the as-prepared

CQD honeycomb structures with different magnifications. Scale bars:

a ¼ 1 mm, and b–d ¼ 100 nm.

Pu
bl

is
he

d 
on

 1
6 

Ja
nu

ar
y 

20
12

. D
ow

nl
oa

de
d 

by
 C

A
SE

 W
E

ST
E

R
N

 R
E

SE
R

V
E

 U
N

IV
E

R
SI

T
Y

 o
n 

04
/0

6/
20

13
 1

6:
21

:3
2.

 

View Article Online
as-produced CQDs. As can be seen in Fig. 1c, the XPS survey

shows a predominant graphitic C 1s peak at ca. 284 eV and an O

1s peak at ca. 532 eV. The O/C atomic ratio is ca. 40%, which

indicates an enrichment of the oxygen-related functional groups

along the CQDs. The high resolution spectrum of C 1s (Fig. 1d)

revealed the presence of C–C (284.8 eV), C–O (286.8 eV), C]O

(287.8 eV) and COOH (289 eV) bonds,26,36 indicating the

as-prepared CQDs are rich in hydroxyl, carbonyl and carboxylic

acid groups on their surfaces. Consistent with the XPS results,

the FT-IR spectrum presented strong bands centered at ca.

3500 cm�1 and 1650 cm�1, confirming the existence of hydroxyl

and carbonyl groups once more.

The as-prepared CQDs are rich in negatively-charged carboxyl

groups, thus imparting them with excellent water solubility and

providing the opportunity for direct electrophoresis deposition

for the formation of template-dependent complex structures. A

schematic illustration of the preparation procedure adopted to

form 2D CQD honeycombs is shown in Fig. 2. First, a single

layer of monodisperse colloidal SiO2 nanospheres was assembled

on the flat conductive silicon wafer (Fig. 2a and b) using the so-

called Langmuir–Blodgett (LB)-like technique,34 which then

serves as a template for the electrodeposition of CQDs under an

applied voltage of 5 V (Fig. 2c). The relatively high electric field

provides the driving force for the CQDs’ motion and deposition

despite a concomitant electrostatic repulsion being present. The

formed core/shell structure of the CQDs enwrapping the SiO2

nanospheres was annealed at 600 �C for 1 h to reinforce the

binding among the CQDs (Fig. 2d). Finally, the SiO2 cores were

removed by dilute HF etching and the CQD honeycomb was

thus obtained (Fig. 2e).

As shown in Fig. 3a and b, a large area of the CQD honeycomb

structure can be formed on a Si substrate by virtue of the assem-

bled SiO2 nanosphere template (Fig. 2). The top views (Fig. 3a and

b) show the circularmicropores, which are consistent with the size

of the SiO2 microspheres. The tilted top views of the sample

further verify the honeycomb microporous structure and clearly

show the open mouths of the honeycomb (Fig. 3c and d). The

almost transparent honeycomb structures are observed in Fig. 3d,

which shows that the walls formed by the CQDs are quite thin.
Fig. 2 A scheme of the fabrication process for the formation of a 2D

honeycomb structure of CQDs.

1778 | Nanoscale, 2012, 4, 1776–1781
The 3D honeycomb structures of the CQDs can also be

obtained by use of a 3D colloidal nanosphere template (Fig. 4a).

In this case, the multi-layer stacking of SiO2 nanospheres was

first formed on the conductive Si substrate, followed by elec-

trodeposition of functional CQDs under similar conditions to

those used in the formation of the 2D CQD honeycomb structure

mentioned above. The low-magnification SEM image shown in

Fig. 4b clearly shows the 3D structure at the fracture section of

the formed honeycomb. The top views displayed in Fig. 4c and

d reveal that the honeycombmorphology is similar to that shown

in Fig. 3a and b. The side view (Fig. 4e and f) shows the run-

through porosity and multi-layer stacking of the CQD hollow

structure, which replicates the size of the SiO2 nanospheres. As
Fig. 4 3D CQD honeycomb structures. (a) A scheme of the fabrication

process for the 3D CQD honeycomb structure, (b) a fracture region, (c–f)

top and side views of the 3D CQD honeycomb structure with different

magnifications. Scale bars: b, c and e are 1 mm; d and f are 100 nm.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 SEM images of the as-prepared Au honeycomb structure with

different magnifications (a, b), and the corresponding EDS spectrum (c).

Scale bars: a ¼ 1 mm and b ¼ 100 nm.
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a matter of fact, both the pore size and the wall thickness of the

formed CQD honeycomb can be simply controlled by adjusting

the size of the SiO2 nanospheres and the deposition duration.

Fig. 5 shows the TEM images of the 2D and 3D assembled

honeycomb structures of the CQDs. The walls of the CQD

honeycomb are ca. 10 nm thick and, thus, are transparent under

electron irradiation, which is consistent with the SEM observa-

tions shown in Fig. 3d. The area-selected electron diffraction

pattern of the honeycomb wall shows bright rings with spots,

indicating that the CQDs within the honeycomb structure still

remain crystalline in nature after electrodeposition.

The formed CQD honeycomb can also be used as a sacrificial

template to fabricate nanostructures composed of other mate-

rials. As demonstrated in Fig. 6a and b, we have prepared a Au

honeycomb structure by simply sputtering Au on the CQD

assembly. By doing so, the CQD honeycomb was fully covered

with a Au film. Then, the CQDs were fully removed by heating at

ca. 450 �C in air for a certain time. The thickness of the deposited

Au layer is ca. 40 nm in the current case. The formed Au

honeycomb has a relatively smaller mouth than that of the

original CQD counterpart, but the honeycomb structure remains

intact after the thermal treatment to remove the CQDs. Energy-

dispersive X-ray spectroscopy (EDS) (Fig. 6c) clearly shows

a dominant Au peak, accompanied by Si from the substrate and

a small O peak, which is probably due to physical adsorption of

oxygen or other contaminants. The C peak is negligibly low.

These results indicate that the CQDs have been almost

completely removed during the thermal treatment and the Au

honeycomb can be formed without significant deformation.

Au nanoparticles have been widely used as efficient enhancers

for Raman scattering and this phenomenon is known as the

surface-enhanced Raman scattering (SERS) effect.37 This

enhancement effect is believed to be due to the excitation of the

surface plasmon resonance (SPR) on the metal surface, which

greatly strengthens the local E-field near the surface. Important

applications of SERS can be found in chemistry, biology and

material science as an ultra-sensitive detection technique capable

of identifying tracemolecules.38–40Conventional SERS substrates

are constructed byplacingmetal nanoparticles on planar surfaces,

which thereby have a limited surface area. The replacement of

these planar surfaces by spatially-defined nanoporous surfaces

with large surface areas will absorb more molecules for SERS

signals and further improve the Raman detection sensitivity.

Indeed, Jiang and coworkers41 have demonstrated that the

Raman enhancement effect can be dramatically improved by

replacing the planar surface with a unique nanoporous super-

aligned carbon nanotube film with cross stacking.
Fig. 5 TEM images of the CQD honeycomb structures in a 2D (a) and

3D (b) assembled fashion, and a typical electron diffraction pattern (c).

Scale bars in a and b are 100 nm.

This journal is ª The Royal Society of Chemistry 2012
Based on the hierarchical porous structure of the assembled

CQD honeycombs, we also expect that the deposition of Au

nanoparticles on the CQD honeycombs could achieve further

enhanced Raman signals, which are better than that of the

conventional SERS substrates. The SERS substrates were

prepared by sputtering Au nanoparticles on to CQD honey-

combs and flat Si surfaces under the same conditions. After Au

deposition, the Au nanoparticles, with a size of ca. 15–25 nm,

were formed on the Si surface (Fig. 7a). However, the deposited

Au nanoparticles were spatially distributed on the walls of CQD
Fig. 7 SEM images of Au deposited on Si (a) and on the CQD honey-

comb structure (b), and (c) the Raman spectra of 4 � 10�6 M R6G drop-

cast on to a Si wafer (,), absorbed on Au coated Si (>), the CQD

honeycomb on Si (O), the Au-deposited CQD honeycomb on Si (B) and

the Raman spectrum of the CQD honeycomb on Si (*). The inset in (b) is

a TEM image of the Au nanoparticles deposited on the wall of the CQD

honeycomb. Scale bars in a and b are 100 nm.

Nanoscale, 2012, 4, 1776–1781 | 1779
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honeycomb skeleton, and have a tiny size of less than of 10 nm

(Fig. 7b). Except for the exposed edges, the observed small size of

the Au nanoparticles on the walls of CQD honeycomb, in

comparison with the size of the particles on the Si surface, is

mainly attributed to the accessible large surface areas of the

CQD honeycomb for Au nanoparticle deposition, which effec-

tively avoids the accumulation and aggregation of Au

nanoparticles.

To test the Raman enhancing capabilities of the honeycomb

structure, an aqueous solution of Rhodamine 6G (R6G)

(4 � 10�6 M) was applied to the SERS substrates. As shown in

Fig. 7c, highly enhanced Raman peaks can be observed for R6G

adsorbed on the Au-deposited CQD honeycomb, and the peak

positions are similar to the previous reports,42–44 while very weak

Raman peaks for R6G can be observed on the pure CQD

honeycomb. We also compared the Raman enhancement of the

Au-deposited CQD honeycomb with a planar SERS substrate

prepared by depositing Au onto a Si wafer under the same

conditions. The Au-deposited CQD honeycomb substrate

provides a much higher SERS signal than the Au/Si wafer,

although the Au/Si substrate has already presented a strong

SERS effect compared with a common Si wafer. Taking

the Raman signal of R6G on the Au/Si SERS substrate as

the reference, the Raman enhancement factor (EF) for the

Au-deposited CQD honeycomb was estimated to be ca. 8–11

(Table 1). These results indicate that the Au-deposited CQD

honeycomb is a more efficient SERS substrate than the widely

used planar Au SERS substrate. Since the pure CQD honeycomb

only shows typical carbon-related Raman peaks, and no Raman

peaks associated to R6G were observed on the flat Si substrate,

the observed Raman peaks of R6G, although very weak, on the

CQD honeycomb structure indicate that the CQD assembly

plays an essential role in enriching the R6Gmolecules for Raman

scattering. On the other hand, the small Au particle size (<10 nm)

and fairly uniform distribution along the CQD assembly may

also further improve the Raman response.41
Conclusions

We have demonstrated the well-confined 2D and 3D assembly of

CQDs into honeycomb frameworks by the simple electrodepo-

sition of functional CQDs within pre-formed SiO2 nanosphere

templates. The assembly of the CQDs presents a hierarchical

porous structure and can be further used as a sacrificial template

for the fabrication of new nanostructures formed from other

functional materials. Based on the unique honeycomb architec-

ture of the CQDs, with a more efficient adsorption of molecules,

the Au nanoparticles deposited on the CQD honeycombs exhibit
Table 1 The calculated SERS EF for the different R6G bands based on
the Au/Si substrate

Band position (cm�1) EF

1648 8.2
1509 8.1
1360 8.8
1311 10.8
1185 7.9

1780 | Nanoscale, 2012, 4, 1776–1781
an 8–11 times stronger SERS effect than the widely used Au

nanoparticle SERS substrate for the highly sensitive detection of

molecules. This work provides a new approach for the design and

fabrication of ultra-sensitive SERS platforms for various

applications.
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