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A B S T R A C T

We describe a simple method for decorating graphene (1–5 layers) with Au and Ag nano-

structures (nanoparticles, nanorods, and nanoplates). We deposit graphene electrostati-

cally from highly-oriented pyrolytic graphite onto Si/SiO2 surfaces functionalized with

(aminopropyl)trimethoxysilane and grow the metal nanostructures by a seed-mediated

growth method from hexanethiolate-coated Au monolayer-protected cluster ‘‘seeds’’ that

are attached to graphene by hydrophobic interactions. Scanning electron microscopy

reveals the selective growth of Au or Ag nanostructures on the graphene surface. In the

case of Au, the low pH 2.8 growth solution causes etching of the graphene and formation

of scroll-like structures. For Ag, the high pH 9.3 solution does not seem to affect the graph-

ene. Raman spectroscopy is consistent with the graphene morphology and reveals that the

presence of Au and Ag nanostructures increases the Raman scattering from the graphene

by a factor of about 45 and 150, respectively. This work demonstrates a simple method for

decorating graphene with noble metal nanostructures that may have interesting optical,

electronic, and chemical properties for applications in nanoelectronics, sensing, and

catalysis.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Chemical functionalization of graphene offers the means of

modifying its already existing fascinating electronic proper-

ties leading to useful applications such as (i) opening up of

a band gap for electronics devices [1–3], (ii) enhanced adsorp-

tion for hydrogen storage [4], and (iii) edge functionalization

in nanoribbons for spintronics [5]. Functionalization of graph-

ene can result in the formation of covalent and ionic bonds as

well as non-covalent van der Waals interactions [6].
er Ltd. All rights reserved
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Heterostructures consisting of carbon materials and metals

are of great interest due to the potential influence of their

fundamental properties on each other. For example, noble

metals have been observed to enhance the Raman scattering

of carbon materials due to their localized surface plasmon

resonance properties [7]. These types of heterostructures

may find applications in chemical/biological sensing, cataly-

sis, and optoelectronics [7]. While there are numerous reports

based on heterostructures of carbon and metal nanoparticles,

heterostructures of carbon and high aspect ratio metal
.
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nanorods are limited. We previously described the fabrication

of 1-D heterojunctions between Au nanorods and single-

walled carbon nanotubes (SWCNTs) by combining chemical

assembly and seed-mediated growth directly on a silicon sub-

strate. An intimate contact between the Au nanostructures

and SWCNTs resulted from our procedure as evidenced by

the surface-enhanced Raman spectroscopy (SERS) signal for

the SWCNTs by 50-fold [8].

Recently, few layer and single layer graphene has been a

subject of great interest, not only due its interesting physical

and chemical properties, but also as a potential material for

future electronic and optoelectronic devices [9]. The charge

carriers in graphene have zero effective mass and the trans-

port is governed by relativistic Dirac equation rather than

Schrodinger equation. Graphene posseses excellent transport

properties such as high carrier mobility, room temperature

quantum hall effect, and ballistic transport [10–12]. Metal

nanoparticles dispersed on graphene have already shown

enhanced catalytic activity as well as novel optoelectronic

properties [13]. Recently, Au nanoparticles anchored on octa-

decylamine functionalized graphene have been suspended in

THF to prepare graphene sheets coated with well-dispersed

Au nanoparticles [14]. More recently, Kim et al. synthesized

Au nanorods on a reduced graphene oxide (RGO) surface by

seedless and seed-mediated methods using an amine-termi-

nated pyrene linker to attach negatively-charged Au seeds

and subsequently grow nanorods. They reported a 34-fold

enhancement of the Raman scattering [15,16].

Here we report the synthesis of Au and Ag nanorods on

graphene layers attached to Si/SiO2 substrates using a similar

approach that we described for the synthesis of Au nanorods

on SWCNTs previously [8]. There are several differences be-

tween our work and that recently published by Kim et al.

[15,16]. First, we deposited the graphene on Si/SiO2 by an elec-

trostatic method. Second, we synthesize the nanorods by the

seed-mediated growth of hydrophobic hexanethiolate-coated

Au seed nanoparticles that are attached to the graphene by

van der Waals interactions. These weak interactions are ben-

eficial as they should not alter the properties of the graphene.

Third, we demonstrate the synthesis of both Au and Ag nano-

rods, where the latter has a 3-fold stronger Raman enhance-

ment than that reported for Au previously and in this paper.

Finally, we describe the effect of pH on the graphene since

the solution pH is different when synthesizing Au and Ag

nanorods by seed-mediated growth. A low pH causes some

structural damage that is observed in the Raman spectrum.

This work is important as heterojunctions between one-

dimensional nanoscale metals and graphene may find appli-

cations in catalysis, sensing, and optoelectronics.
2. Experimental

2.1. Chemicals

Silver nitrate (AgNO3, 99+%) and L-ascorbic acid (99+%) were

purchased from Sigma–Aldrich. Cetyltrimethylammonium

bromide (CTAB, P99.0%) was purchased from Fluka. Tetra-n-

octylammonium bromide (TOABr, 98+%) was purchased from
Alfa Aesar. Sodium borohydride (98%), 3-aminopropyltrieth-

oxysilane (APTES, 99%), and 1-hexanethiol (95%) were

purchased from Aldrich. Citric acid, trisodium salt was pur-

chased from Bio-Rad Laboratories. Toluene (>99.99%) and

hydrogen peroxide (H2O2, 30% solution) were purchased from

EMD. Acetonitrile (99.9+%) was purchased from Burdick&Jack-

son. Isopropyl alcohol (99.8%) was purchased from Pharmco-

AAPER. Sodium phosphate dibasic (Na2HPO4) was purchased

from Fisher Scientific Company. Sodium phosphate tribasic

(Na3PO4) was purchased from Mallinckrodt. Hydrogen tetra-

chloroaurate trihydrate (HAuCl4Æ3H2O) was synthesized from

metallic Au. NANOpure ultrapure water (resistivity of

18 MO-cm) was used for all aqueous solutions.

2.2. Graphene deposition

Si substrates with a native oxide layer (Si/SiO2) were cut from

a 600 dia. wafer. The substrates were cleaned in piranha solu-

tion (3:1 H2SO4:H2O2) for 10–15 min, rinsed thoroughly with

water, rinsed with isopropanol, and dried under N2. The sub-

strates were then functionalized with APTES by placing them

in a solution containing 10 mL isopropanol, 100 lL of APTES,

and a few drops of water and heating just below boiling. After

30 min, the samples were removed, rinsed thoroughly with

isopropanol, and dried under N2. Graphene was deposited

from freshly cleaved highly oriented pyrolytic graphite (HOPG)

onto the APTES-functionalized Si/SiO2 substrate by an elec-

trostatic technique [17].

We cleaved a piece of HOPG and connected it to the posi-

tive terminal of a voltage source via a copper plate. A second

copper electrode was connected to a grounded terminal of the

source. A mica sheet was placed on top of the grounded elec-

trode. The Si/SiO2 substrate functionalized with APTES was

placed over the mica sheet. Next, an electric field between

the terminals was applied, resulting in the electrostatic depo-

sition of graphene sheets on the Si/SiO2/APTES surfaces. Most

of the sheets were found to have the lateral dimension of �4–

15 lm along the long axis and 1–5 layers in thickness [17].

2.3. Au monolayer-protected cluster (MPC) seeds

Hexanethiolate (C6S)-coated Au MPCs were synthesized

according to the Brust reaction [18]. Briefly, 2.40 g of HAuCl4
were dissolved in 25 mL of water, and 4.89 g of tetra-n-octy-

lammonium bromide were dissolved in 150 mL of toluene.

The solutions were mixed and stirred until all of the AuCl4
�

transferred into the toluene phase. The two phases were sep-

arated and 2.60 mL of hexanethiolate in a 3:1 ratio to Au were

added to the toluene phase and stirred until the solution be-

came colorless. The solution was then cooled to �0 �C, and a

10-fold excess of NaBH4 (2.30 g in 10 mL of water) was added

to the solution and stirred. The solution turned black indicat-

ing the formation of Au MPCs. An additional 10 mL of water

was added and the solution stirred overnight. The toluene

was removed by rotary evaporation and the solid powder

was collected on a Buchner funnel and washed thoroughly

with acetonitrile to remove side products and other impuri-

ties [19]. These Au MPCs have an average diameter of

1.6 nm according to literature [20].
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2.4. Seed-mediated growth of Au and Ag nanorods on
graphene

For the synthesis of Au or Ag nanostructures on the Si/SiO2/

APTES/graphene substrate, the first step in both cases was to

place the substrate into a 2.5 mg/mL (0.005 g in 20 mL) solution

of the 1.6 nm average diameter C6S Au MPCs for 10–15 min.

For Au, the substrate was then placed into a growth solution

containing 4.5 · 10�4 M HAuCl4, 0.1 M CTAB, and 5.0 · 10�4 M

ascorbic acid for one hour at 25 �C. This led to the seed-medi-

ated growth of the graphene-bound Au MPCs into Au nanopar-

ticles (NPs), nanorods (NRs), and other shapes [20–23]. For Ag,

the substrate was placed into a growth solution containing

2.5 · 10�4 M AgNO3, 0.08 M CTAB, and 5.0 · 10�3 M ascorbic

acid at 28 �C for 30 min. The AgNO3, CTAB, and ascorbic acid

were dissolved in a 0.2 M ionic strength pH 10.6 phosphate

buffer. The high pH was necessary to increase the reducing

strength of ascorbic acid, which allows reduction of the Ag+

in the presence of CTAB. This leads to the seed-mediated

growth of the graphene-bound Au MPCs into Ag nanoparticles,

NRs, and other shapes [20–23].
Fig. 1 – Procedure for the synthesis of Au and Ag nanorods

on graphene, involving (1) modification of the Si/SiO2

surface with APTES, (2) electrostatic deposition of the

graphene on the Si/SiO2/APTES substrate, (3) chemisorption

of the C6S Au MPCs (‘‘seeds’’) onto graphene, and (4) seed-

mediated growth of the Au MPC seeds into larger

nanostructures.
2.5. Characterization

Electron microscopy images were obtained at different mag-

nifications using a Carl Zeiss SMT AG Supra 35VP field-emis-

sion scanning electron microscope (FESEM) operating at an

accelerating voltage of 15.00 kV and using an in-lens ion

annular secondary electron detector. The Raman spectra of

graphene with and without Au or Ag nanostructures attached

were obtained at room temperature with a Renishaw Invia

Micro-Raman spectrometer in back-scattering geometry with

the laser excitation of 632.8 nm at a power level of 1.7 mW.

The Raman spectra were taken at 10%, 50% and 100% of the

laser power.
3. Results

Au and Ag nanostructures were synthesized directly on Si/

SiO2/APTES/graphene substrates by the four steps sequen-

tially shown in Fig. 1. First, APTES was deposited onto Si/

SiO2. Second, graphene sheets were deposited onto the Si/

SiO2/APTES by employing the electrostatic deposition method

[17]. Third, Au MPCs were deposited onto the graphene sheets

by weak hydrophobic interactions. Finally, Au or Ag nano-

structures were synthesized directly on the Si/SiO2/APTES/

graphene/Au MPCs surface by seed-mediated growth. Each

step has been described in detail in Section 2.

Fig. 2 shows SEM images of (a) bare graphene on Si/SiO2/

APTES (b) Si/SiO2/APTES/graphene/Au nanostructures, and

(c) Si/SiO2/APTES/graphene/Ag nanostructures. Typically, the

presence of graphene on the substrate is confirmed using

scanning electron microscopy. It is possible to estimate the

approximate thickness of the graphene sheets by the color

contrast that can be seen in SEM. The Raman spectrum can

also be used to identify the number of layers as described la-

ter. The dense growth of Au and Ag nanostructures on and

underneath graphene is evident in Fig. 2(b) and (c). There is

usually a gap between the graphene and the substrate that
can allow chemical species to reach under the graphene.

Interestingly, the 1.6 nm diameter hydrophobic Au MPCs

apparently attach to the underside of the graphene sheets

and subsequently grow by seed-mediated growth. There are

a large number of metal nanostructures that grew on the Si/

SiO2/APTES substrate as well. We performed a control exper-

iment where we placed a Si/SiO2/APTES substrate (no graph-

ene) into C6S Au MPCs and Au growth solution, but

observed no deposition on the surface, showing that the Au

MPCs do not adsorb onto the APTES surface [8]. We therefore

conclude that there are small graphene pieces on the surface

that are not observable in the SEM images in Fig. 2 which ac-

count for the growth of Au and Ag nanostructures all over the

Si/SiO2/APTES surface.

Fig. 3 shows SEM images of different regions of a Si/SiO2/

APTES/graphene substrate that was placed into a 9 mg/mL

solution of 1.6 nm average diameter hexanethiolate Au

monolayer-protected clusters (MPCs) for 10–15 min followed

by placing into an Au growth solution. As seen in the SEM

images this leads to the seed-mediated growth of the graph-

ene-bound Au MPCs into Au nanoparticles, nanorods, and

other shapes. Au nanorods (NRs) have the average length of

605 ± 298 nm with a yield of �8% and the average diameter

of the Au nanoparticles is 30–40 nm. Interestingly, the graph-

ene underwent an etching process, resulting in wrinkles and

scroll-like structures. We attribute the formation of such

structures to the acidity of the growth solution, which has a

pH of �2.8.



Fig. 3 – SEM images of a sample of Au nanoparticles and nanorods grown on few layer graphene sheets. We regularly

observed wrinkles and the formation of scroll-like structures for these graphene structures.

Fig. 2 – SEM images of (a) Si/SiO2/APTES/graphene, (b) Si/SiO2/APTES/graphene/Au nanostructures, and (c) Si/SiO2/APTES/

graphene/Ag nanostructures.
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Fig. 4 shows SEM images of graphene layers deposited on

APTES-functionalized Si/SiO2 substrates after being placed

in Au growth solution without first exposing the substrate

to C6S Au MPC seeds. The gold growth solution had a final

pH of 2.8. Without exposure to the C6S Au MPC ‘‘seeds’’, no

growth of Au nanostructures occurred on the graphene. This

confirms that the Au nanostructures formed by seed-
Fig. 4 – SEM images of acid treated graphe
mediated growth. In addition, the images reveal etching of

the graphene sheets to form scroll-like structures. This sug-

gests that the low pH is responsible for the etching and scroll

formation and not the deposition of the Au nanostructures on

the graphene surface. We note that Kim et al. observed the

growth of Au nanostructures directly on graphene without

the presence of Au seed nanoparticles under similar growth
ne with no gold seeds in the solution.
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conditions. We currently do not know the reason for our dif-

ferent observation, but suspect that it is due to the different

methods for preparing the graphene. In our case, we electro-

statically deposited graphene onto the surface from HOPG.

Kim et al. reduced graphene oxide to graphene. These two

forms of graphene may exhibit different chemistry.

Fig. 5 shows SEM images of a Si/SiO2/APTES/graphene sub-

strate that was placed into a 9 mg/mL solution of 1.6 nm aver-

age diameter C6S Au MPCs for 10–15 min followed by placing

into an Ag growth solution. This leads to the seed-mediated

growth of the graphene-bound Au MPCs into Ag nanoparti-

cles, NRs, and other shapes. The yield of grown Ag nano-

rods/nanowires (NRs/NWs) is lower than those of gold

(�3%). The length dispersity in Ag NRs/NWs is also larger

leading to growth of NRs/NWs as short as �50 nm and as long

as a few lm. The average particle size was in the 30–40 nm

range. Interestingly, no wrinkles or scroll-like structures ap-

peared on these graphene sheets as was the case for Au nano-

structure growth. The main difference between the Ag and Au

growth solutions is the pH, which is �9.3 for the former. This

is likely the reason for the difference in the graphene

morphology.

Fig. 6 shows SEM images of graphene layers deposited on

APTES-functionalized Si/SiO2 substrates after being subjected

to the Ag growth solution without previous exposure to the

C6S Au MPC ‘‘seeds’’. As with Au, no growth of Ag nanostruc-

tures occurred on graphene in this case, confirming that the

Ag nanostructures also grow by the seed-mediated growth

process. Interestingly, the graphene layers do not appear to

undergo any etching process as observed for graphene ex-

posed to the acidic Au growth solution. This shows that the

graphene is stable at high pH, but susceptible to etching at
Fig. 5 – SEM images of a Si/SiO2/APTES/graphene substrate coat

contrast to those coated with Au, these graphene sheets usuall
lower pH. It’s not clear whether the CTAB or metal salt plays

an important role in the etching process.

Fig. 7 shows the Raman spectrum of as-deposited graph-

ene in the absence of Au nanostructures (top) with a 45· mag-

nification in comparison to the spectrum of graphene

decorated with Au nanostructures (bottom). Both spectra

consist of Raman peaks corresponding to the G band

(�1583 cm�1), D band (�1330 cm�1), and G 0 band (2600 cm�1).

The appearance of a single band for the G 0 band is evidence

of the presence of a monolayer of graphene [10,24–27]. The

strong D band compared to the G band along with the pres-

ence of a shoulder peak at �1620 cm�1 also confirms the pres-

ence of monolayer graphene deposited by the electrostatic

technique. This band has been observed previously for mono-

layer graphene and has been attributed to the maximum in

the phonon density of states associated with mid-zone pho-

nons [28]. For multilayer graphene the G 0 band is known to

split into multiple bands while the peak at 1620 cm�1 disap-

pears. Fig. 8 shows an enhancement in the Raman signal of

�45-fold by decorating the monolayer graphene with the Au

nanostructures, which is slightly larger than the 34-fold

enhancement observed by Kim et al. [15,16] and similar to

the 50-fold enhancement observed for SWCNTs [8]. A similar

enhancement was observed at almost all locations of the

sample. The enhancement of the localized electric field at

the surface of the Au nanostructures in intimate contact with

the graphene is responsible for this Raman enhancement.

The intensity of the D-band relative to the G-band for the

graphene decorated with Au nanoparticles samples is consis-

tent with the infliction of defects due to the etching of the

graphene during exposure to the Au growth solution. The

monolayer graphene without Au shows a less intense D-band
ed with Ag nanostructures by seed-mediated growth. In

y appeared in tact and smooth.



Fig. 6 – SEM images of a Si/SiO2/APTES/graphene substrate exposed to Ag growth solution without any exposure to C6S Au

MPC seeds. No nanostructures grow in the absence of seed and the graphene sheets are stable at high pH.

Fig. 8 – Raman spectra of the graphene monolayer with and

without silver nanostructures.

Fig. 7 – Raman spectra of the graphene monolayer with and

without Au nanostructures.

704 C A R B O N 5 0 ( 2 0 1 2 ) 6 9 9 – 7 0 5
compared to the G-band since it was not exposed to the low

pH growth solution and did not incur any etching.

Fig. 8 shows the Raman spectra of a pristine graphene layer

(top) (with 147· magnification) and a graphene layer decorated
with Ag nanostructures (bottom). Again, the graphene layer

under study proves to be a monolayer as evidenced by the pres-

ence of a single G 0 band and shoulder peak at 1620 cm�1. Inter-

estingly, the Raman enhancement was �147-fold on average

for the monolayergraphene decoratedwith Ag nanostructures.

This increased enhancement by a factor of�3 compared to the

Au nanostructures can be attributed to the different plasmonic

properties of Ag compared to Au. The large enhancement sug-

gests that an intimate contact formed be between graphene

and the Ag nanostructures. In contrast to Au nanostructures

on graphene, the intensity of the D band for Ag-coated graph-

ene remained well below that of G band. This is consistent with

the minimal effect of the high pH Ag growth solution on graph-

ene surface (i.e. no etching).

4. Summary

We developed a simple chemical method to attach Au and

Ag nanostructures onto monolayer graphene deposited on

arbitrary substrates. The useful features of the procedure

are: (1) direct growth of metallic nanostructures on sur-

face-attached graphene, eliminating the need for suspending

the graphene in various solvents, performing chemical pro-

cedures and separations in solution, and assembling the

graphene from solution after synthesis, (2) attachment of

metal nanostructures without perturbing the chemical prop-

erties of the graphene (other than introduction of etching for

Au), (3) attachment of two different conductive, stable noble

metals with interesting optical properties, (4) Raman

enhancement of up to 150-fold for Ag nanostructures at-

tached to graphene. In addition, this work shows that the

etching of graphene and formation of scroll-like structures

can occur at low pH under these conditions, but that they

are stable at high pH. The Raman spectra were consistent

with monolayer graphene structures and absence or pres-

ence of defects. These metal/carbon heterostructures are ex-

pected to have interesting fundamental properties, which

may lead to promising applications in chemical/biosensing,

catalysis, nanoelectronics, and optoelectronics. The sur-

face-enhanced Raman (SER) effect [27,28] may lead to their

use as an enhanced Raman scattering platform involving

optical fiber integrated waveguides. In Raman scattering

spectra of few layer graphene, the 2D band characteristics
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have been found to provide useful information in relation to

the stacking geometry, number of layers, and the folding of

the layers [29]. The Raman signal enhancement for such dif-

ferent thicknesses of graphene layers when decorated with

Au or Ag nanoparticles can be extremely interesting and

informative.

The main drawback of our method is the large size and

shape dispersity of the metal nanostructures and low yield

of nanorods. More work is needed to improve the size and

shape control, which is a common problem in metal nanopar-

ticle research. This will improve as metal nanoparticle syn-

thesis methods improve. Our work represents a positive first

step towards the synthesis of metal nanoparticle/graphene

heterostructures with interesting optical, electronic, and

chemical properties.
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