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A B S T R A C T

Copper nanoparticles encapsulated by multi-layer graphene have been produced in large

quantity (in grams) by metal-organic chemical vapor deposition at 600 �C with copper(II)

acetylacetonate powders as precursor. The obtained graphene/copper shell/core nanopar-

ticles were found to be formed by a novel coalescence mechanism that is quite different

from the well-known dissolution–precipitation mechanism for some other graphene/metal

(such as nickel, iron or cobalt) shell/core nanoparticles. Differential scanning calorimetry

and thermogravimetric analyses showed that the copper nanoparticles encapsulated by

multi-layer graphene with a thickness of 1–2 nm were thermally stable up to 165 �C in air

atmosphere. Moreover, high-resolution transmission electron microscopy showed that

the single-crystal copper nanoparticles, after exposure to air for 60 days, did not exhibit

any sign of oxidation.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Metal nanomaterials have received tremendous scientific and

practical interest due to their unique properties and novel

applications compared to their bulk counterparts [1–5]. A typ-

ical example is the potential applications of metal nanoparti-

cles in ink-jet printing technology. Ink-jet printing technology

is considered as a promising alternative to the traditional

time-consuming, expensive and environment-unfriendly

lithography technology for the fabrication of circuit boards

in the electronic industry [6,7]. In this novel technology, con-

ductive inks have now been widely considered as the most

critical factor, and the suspensions of metal nanoparticles

seem to be the most likely candidates for the preparation of

conductive inks [8,9]. Owing to their high conductivity and

excellent non-oxidizing properties, noble metal nanoparti-
er Ltd. All rights reserved

4.
(Y. He).
cles, such as silver and gold, have so far been the most active

research objects in the past years [8–10]. However, their high

cost prevents them from widespread practical applications.

As a result, the synthesis of non-noble metal nanoparticles

with decent thermal stability and oxidation resistivity has

now become of great interest from a scientific and industrial

point of view.

Copper (Cu) nanoparticles, due to their relatively low cost

and high electrical conductivity, exhibit high potential for

replacing the noble metal nanoparticles used in conductive

inks [11,12]. However, bare Cu nanoparticles exposed to air

at room temperature will be oxidized to form Cu2O within

several hours [13,14]. Therefore, the problem of their poor oxi-

dation resistance must be resolved before they can be applied

into practice. Recently, Cu nanoparticles encapsulated by car-

bon (C) shells, i.e., C/Cu shell/core nanoparticles, have
.
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attracted intense interest, because the C shells can serve as

the shields to protect the Cu nanocores from oxidation

[15–21]. Nevertheless, as these C shells are usually amorphous

and/or too thick, their conductivity is typically quite poor [20].

As a result, these C/Cu nanoparticles are not suitable for pro-

ducing conductive inks.

It is well-known that multi-layer graphene has high con-

ductivity [22] and can be used as excellent conducting elec-

trodes [23,24]. Therefore, a shell of multi-layer graphene can

serve as the dual role of protecting the metal nanocore from

oxidation [25–27] and conductively connecting the neighbor

metal nanocores [28]. This suggests that Cu nanoparticles

encapsulated by multi-layer graphene, i.e. graphene/Cu

shell/core nanoparticles, should be an ideal material for fabri-

cating conductive inks. For example, Luechinger et al. have

successfully fabricated ink-printed electrical circuits using

self-manufactured copper/carbon particles [29]. However, the

graphene formed on the surface of Cu is usually single-layer,

rather than multi-layer; because its formation process is based

on the adsorption–diffusion mechanism instead of the disso-

lution–precipitation mechanism [30]. According to the adsorp-

tion–diffusion mechanism, the pre-formed single-layer C

atoms can passivate the Cu surface, and dramatically hinder

the formation of multi-layer graphene on Cu [30,31].

Furthermore, the growth temperature of graphene on Cu is

typically about 1000 �C, which has been above the melting

point of Cu nanoparticles [32]. Therefore, it has been very chal-

lenging to synthesize graphene/Cu shell/core nanoparticles.

In this paper, we report the large-scale fabrication of Cu

nanoparticles encapsulated by multi-layer graphene by using

a one-step metal-organic CVD at 600 �C. A novel coalescence

mechanism was proposed to explain the formation of the

graphene/Cu shell/core nanoparticles at the relatively low

temperature. Both differential scanning calorimetry and

thermogravimetric (DSC–TG) and high-resolution transmis-

sion electron microscopy (HRTEM) analyses showed that the

graphene/Cu shell/core nanoparticles exhibited excellent

thermal stability.

2. Experimental

The graphene-encapsulated Cu nanoparticles were synthe-

sized in a horizontal tube furnace with a vacuum pump sys-

tem, as shown in Fig. 1. Analytical copper(II) acetylacetonate

(Cu(acac)2, Aldrich Chemical Co., 97%) powder was loaded
Fig. 1 – Schematic of the experimental setup and the grow
into a quartz boat installed in the evaporating region with a

temperature of 150 �C (upstream) in the furnace. The gaseous

Cu(acac)2, formed in the evaporating region, was then trans-

ported to the reaction region of 600 �C (midstream) by the car-

rier gas H2 (flow: 200 standard cubic centimeters per minute;

pressure: 50 Pa). The resultant nanoparticles were then

deposited on/in the stainless-steel wool located at the deposi-

tion region (downstream). In addition, two parallel experi-

ments were carried out by changing the temperature of the

reaction region to 500 and 700 �C, respectively, in order to

investigate the effects of the reaction temperature on the for-

mation of nanoparticles.

The synthesized nanoparticles were analyzed by X-ray

diffraction (XRD, Rigaku D max 2500 VB), Raman Spectrometer

(LabRAM HR 800), field emission scanning electron microscopy

(FE-SEM; FEI Nova NanoSEM 230) and transmission electron

microscopy (TEM; FEI Tecnai F30 and F20 operated at 200 kV).

The thermal stability of the nanoparticles was tested in a flow-

ing air atmosphere at a heating rate of 10 �C/min in a thermo-

gravimetric differential analyzer (Model Netzsch Sta 449C,

Germany). The samples, after exposure to the air for 60 days

at ambient condition, were re-examined by HRTEM to observe

the possible morphological and structural changes due to

oxidation. In addition, the samples were re-examined by XRD

to check whether there is a fraction of nanoparticles that was

oxidized during this period of air exposure.

3. Results and discussion

3.1. Morphological and structural characteristics of the
graphene/Cu shell/core nanoparticles

The stainless-steel wool, after taken out from the furnace

tube, was found to be fully covered with black powder. Typi-

cally, several grams of this black powder could be produced

in one test run. Fig. 2a presents the typical SEM image of

the black powder synthesized at 600 �C, showing that the

powder consists of nanosized particles. The inset in Fig. 2a

shows the optical photo of the powder in black after shaken

off from the stainless-steel wool. High-magnification SEM

imaging (Fig. 2b) further reveals that these nanoparticles have

a uniform diameter of about 20 nm. Fig. 3a is the XRD

diffractograms of the resultant nanoparticles (the black line)

and the commercial Cu powder with an average diameter of

75 lm (the red line). Three diffraction peaks with high
th model for the graphene/Cu shell/core nanoparticles.



Fig. 2 – (a) Low-magnification and (b) high-magnification

SEM images of the nanoparticles obtained at 600 �C. Inset in

(a) shows the optical image of the nanoparticles shaken off

from the steel wool.
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intensity located at 43.20�, 50.30� and 73.96� correspond to the

three crystalline planes of (111), (200) and (220) of the face

centered cubic (fcc) Cu (JCPDS 4-836, a = 0.3615 nm), respec-

tively. The obviously broadened diffraction peaks suggest that

the resultant nanoparticles should have a very small crystal-

lite size. An average crystallite size of about 17 nm for the Cu

nanoparticles was calculated by using the Scherrer’s relation.

In the Raman spectrum of these nanoparticles (Fig. 3b), the

first-order region of the Raman spectrum of the nanoparticles

shows a G band at 1588 cm�1 and a D band at 1347 cm�1. The

G band originates from the stretching motion of sp2 carbon

pairs in both rings and chains [33], while the D band arises

from defects in the hexagonal sp2 carbon network or the finite

particle-size effect [33,34]. In addition to the first-order bands,

several combination bands located at 2694, 2937 and 3150 cm�1

can also be observed in the Raman spectra. These bands are

consistent with those of the non-planar graphene, and can

been assigned to 2D, D + G and 2D, respectively [35].

The morphological and structural characteristics of the

nanoparticles formed at 600 �C were further characterized

using TEM. TEM images and the corresponding selected-area

electron diffraction (SAED) pattern, shown in Fig. 4a and b, re-

vealed that most of the synthesized nanoparticles are spher-

ical single-crystal Cu particles completely encapsulated by

multi-layer graphene with a thickness of 1–2 nm. In addition,

a quite small quantity of Cu nanoparticles, composed of two

hemispheres with high contrast, can also be observed by

TEM (as indicated by the arrows in Fig. 4a). HRTEM analysis

(Fig. 4c) revealed that these nanoparticles were {111} twin

crystals that usually appearing in fcc crystals [36]. During
Fig. 3 – (a) XRD diffractograms of the synthesized nanoparticles (t

average diameter of 75 lm (the below red line). (b) Raman spect

the references to color in this figure legend, the reader is referre
the TEM examination, we have measured more than 400

nanoparticles and found that the diameters of the particles

varied from 6 to 40 nm (Fig. 4d), leading to an average diame-

ter of 21 nm for the shell/core nanoparticles and a thickness

of 1–2 nm for the graphene shells. Therefore, the average

diameter of the Cu cores, 18 nm, obtained directly TEM agrees

well with the calculated value of 17 nm using the Scherrer’s

equation.

Fig. 5 shows the TEM results of the nanoparticles formed

in the parallel experiments with different reaction tempera-

tures. It can be found that the nanoparticles generated at

500 �C also have a shell/core nanostructure (see Fig. 5a and

b). However, the surface contours of these nanoparticles ap-

pear to be rougher than those fabricated at 600 �C, and it is

quite common to see that an individual nanoparticle consists

of several regions with different contrast. HRTEM analysis fur-

ther revealed that these regions with different contrast

corresponded to the nanocrystallites with different orienta-

tions (Fig. 5b). TEM images also revealed that the spherical

nanoparticles fabricated at 700 �C have relatively thick carbon

shells of �10 nm (Fig. 5c). Fig. 5d is a typical HRTEM image of

an individual nanoparticle, showing that it has a single-

crystalline Cu nanocore, a graphene-like inner shell, and an

amorphous outer carbon shell. These results strongly suggest

that the Cu nanocores should be likely formed by the

coalescence of smaller nanocrystallites, and the high temper-

ature should favor the coalescence of the nanocrystallites

[37].
3.2. Formation mechanism of the graphene/Cu shell/core
nanoparticles

It is well-documented that at a suitable temperature the C

atoms can continually dissolve into and then precipitate from

Ni, Fe or Co nanoparticles to form carbon filaments [38], multi-

wall carbon nanotubes [39], or multi-layer graphene [40]. How-

ever, the quite low solubility of C in Cu could limit the process

of dissolution–precipitation of C atoms in Cu, and the C atoms

usually adsorb onto and then move along the Cu surface,

and finally lead to the growth of single-wall carbon nanotubes

[41] or single-layer graphene [42]. Moreover, it has been well-

demonstrated that the single-layer C atoms can passivate

the Cu surface, and dramatically hinder the formation of
he up black line) and the commercial copper powder with an

rum of the synthesized nanoparticles. (For interpretation of

d to the web version of this article.)



Fig. 4 – (a) Low-magnification TEM image and the corresponding SAED pattern of the synthesized nanoparticles. (b) HRTEM

image of the synthesized Cu nanoparticles encapsulated by multi-layer graphene. (c) HRTEM image of the {111} twining

within a single Cu core. (d) Particle-size distribution of the synthesized nanoparticles.

Fig. 5 – (a) Low-magnification TEM image and SEAD pattern of the nanoparticles obtained at 500 �C. (b) HRTEM image of the

nanocrystallites within a single nanoparticle. (c) Low-magnification TEM image and SEAD pattern of the nanoparticles

obtained at 700 �C. (d) HRTEM image of a single nanoparticle with a Cu core, an inner graphene shell and an outer amorphous

carbon shell.
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Fig. 6 – (a) DSC–TG curve of the graphene/Cu shell/core

nanoparticles. (b) TEM image and SEAD pattern of the

graphene/Cu shell/core nanoparticles after exposure to air

for 60 days. (c) Typical HRTEM image of a graphene/Cu shell/

core nanoparticle shown in (b).
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multi-layer graphene on Cu [30]. Therefore, a new mechanism

must be proposed to explain the formation of multi-layer

graphene on Cu nanoparticles in our experiments.

Here, we propose a novel coalescence model to explain the

formation of the graphene/Cu shell/core nanoparticles, which

includes four stages: (1) formation and transport of gaseous

Cu(acac)2, (2) decomposition of Cu(acac)2 and formation of

small C/Cu nanoclusters, (3) formation of C/Cu nanoagglomer-

ates and (4) formation of the graphene/Cu shell/core nanopar-

ticles (also see Fig. 1). In the first stage, Cu(acac)2 evaporates at

the evaporating region of 150 �C and then transport to the

reaction region of 600 �C by the carrier gas H2. Previous studies

have demonstrated that Cu(acac)2 possesses a relatively high

vapor pressure at temperatures over 100 �C (e.g., �40 Pa at

150 �C) and decomposes at temperatures over 190 �C in H2

[42,43]. In the second stage, gaseous Cu(acac)2 in H2 is decom-

posed, which involves a radical mechanism [42,43], as

expressed by the following reactions:

CuðacacÞ2ðgÞ ! ðacacÞCu�ðadsÞ þ ðacacÞ�ðadsÞ;
ðacacÞCuðadsÞ ! CuðgÞ þ ðacacÞ�ðadsÞ:

ð1Þ

The resulting Cu vapor then condenses to form stable cop-

per nanoclusters, Cun, with n 6 13 [44,45]. The generated Cun

nanoclusters, floating in the reaction atmosphere, act as the

catalysts to accelerate the decomposition of the acetyl-

acetone radical, ðacacÞ� [43]. The resultant C atoms are then

expected to be adsorbed on the Cun surface and thus form

the C/Cun nanoclusters [30,31]. In the third stage, the C/Cun

nanoclusters aggregate together to form larger C/Cu nanoag-

glomerates during the collision process in the reaction atmo-

sphere, due to their high surface activity and high surface

adsorption [46]. In the final stage, the Cu atoms within an indi-

vidual C/Cu nanoagglomerates coalesces into a Cu nanocore,

while the carbon atoms diffuse out onto the surface and form

a graphene shell, due to the rapid interdiffusion of Cu and C

atoms at the given temperatures and the quite low solubility

of C in Cu [47].

Obviously, the coalescence mechanism is somehow differ-

ent from those involved in the dissolution and the subsequent

precipitation process of C atoms in Ni, Fe or Co, to form the cor-

responding graphene/metal shell/core nanoparticles [38]. As

the coalescence of Cu nanoclusters need extra energy [37],

the high reaction temperature will favor the coalescence pro-

cess. This is why the Cu cores formed at high temperatures

have much less or no defects (Figs. 4b and 5d). In addition, as

a high reaction temperature can also lead to a more rapid

non-catalytic decomposition of acetyl-acetone radical [42,43];

the resulting C atoms then deposit or adsorb on the surfaces

of the pre-formed graphene/Cu shell/core nanoparticles. These

additive carbon atoms will form the amorphous shells on the

pre-formed graphene shells (Fig. 5d), because the graphitiza-

tion temperature of the deposited carbon films is far higher

than 700 �C used in our experiments [34].

3.3. Thermal stability of the graphene/Cu shell/core
nanoparticles

The thermal stability of the graphene/Cu shell/core nanoparti-

cles was measured by a thermogravimetric differential

analyzer. As shown in Fig. 6a, the TG curve shows that after
a slight weight loss of 0.8% at the initial stage due to the evap-

oration of the physisorbed water [29,48], the nanoparticles

gain a weight raise of 10.2% at 234 �C. After a weight loss of

1.3% at 262 �C and a weight gain of 1.6% at 296 �C, the

nanoparticles finally hold with a total weight ratio of 10.0%

at about 400 �C. The DSC curve indicates that the nanoparti-

cles have the first exothermic peak at 215 �C that begins at

165 �C, and the second higher exothermic peak at 255 �C that

begins at 234 �C. The DSC–TG results clearly suggest that the
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oxidation of Cu nanocores by the reaction, i.e. Cu(s)! Cu2O(s),

should commence at about 165 �C and finish at about 230 �C,

which results in a weight gain of 10.2% (theoretically 11.1%).

The further oxidation of cuprous oxide, Cu2O(s)! CuO(s),

and the oxidation of the graphene shells, C(s)! CO2(g), begin

at about 234 �C. The oxidation process may result in a slight

weight loss at 262 �C and a subsequently slight weight gain

at 296 �C, due to the rapid combustion of the graphene shells

at about 255 �C and the relatively slow oxidation rate of

Cu2O. The total mass gain of 10.0% of the nanoparticles during

the oxidation process suggests that the weight content of the

graphene shells in the nanoparticles should be approximately

12.1%, based on the assumption that all Cu has transferred to

CuO and all C has been burnt out. Using the average particle

diameter of 21 nm and the density of 2.3 g/cm3 for graphite

and 8.9 g/cm3 for Cu, the thickness of the graphene shell is

calculated to be 1.7 nm, which agrees well with the TEM

measurement.

The excellent oxidation resistance of the graphene/Cu

shell/core nanoparticles can also be characterized by direct

TEM observation and XRD examination. Fig. 6b represents

the TEM image and the corresponding SAED pattern of the

nanoparticles after exposure to air atmosphere at room tem-

perature for 60 days. No visible evidence of Cu2O or CuO, and

morphological changes can be detected from these shell/core

nanoparticles. Fig. 6c shows a typical HRTEM image of a nano-

particle, showing that under the protection of the graphene

shell with a thickness of 2 nm, the Cu nanocore with a diam-

eter of 20 nm still has a perfect single-crystalline structure.

These results directly demonstrate that the graphene shells

can effectively protect the Cu nanocores from oxidation. In

addition, to check the oxidation resistance of the whole sam-

ple, we re-checked the nanoparticles exposure to air under

ambient conditions for more than two months, and obtained

the identical XRD diffractogram (not shown here) as that

showed in Fig. 3a. This result further revealed that the copper

nanoparticles encapsulated by multi-layer graphene, on a

whole, are also stable against oxidation at least at X-ray

detection level.

4. Conclusions

We have developed a low-cost, high-yield and one-step

metal-organic CVD to fabricate Cu nanoparticles encapsu-

lated by multi-layer graphene at 600 �C. The synthesized

graphene/Cu shell/core nanoparticles have single-crystalline

Cu nanocores with an average diameter of 18 nm and

multi-layer graphene shells with a thickness of 1–2 nm. The

obtained shell/core nanoparticles were formed by the coales-

cence of Cu and C atoms within the C/Cu nanoagglomerates,

which originated from the agglomeration of C/Cu nanoclus-

ters suspended in the reaction atmosphere during a collision

process. The graphene/Cu shell/core nanoparticles demon-

strated excellent oxidation resistance, and have high poten-

tial for replacing the expensive noble metal nanoparticles

utilized in the conductive inks.
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[44] Vilar-Vidal N, Blanco MC, López-Quintela MA, Rivas J, Serra C.
Electrochemical synthesis of very stable photoluminescent
copper clusters. J Phys Chem C 2010;114(38):15924–30.

[45] Wei W, Lu Y, Chen W, Chen S. One-pot synthesis,
photoluminescence, and electrocatalytic properties of
subnanometer-sized copper clusters. J Am Chem Soc
2011;133(7):2060–3.

[46] Ayyappan S, Gopalan RS, Subbanna GN, Rao CNR.
Nanoparticles of Ag, Au, Pd, and Cu produced by alcohol
reduction of the salts. J Mater Res 1997;12(2):398–401.
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