
I
a

K
a

b

a

A
R
R
A
A

K
C
A
N
P
H

1

t
[
t
r
f
o
n
c
a
t
o

b
A
t

I
S

1
d

Journal of Molecular Catalysis A: Chemical 347 (2011) 28– 33

Contents lists available at ScienceDirect

Journal  of  Molecular  Catalysis A:  Chemical

jou rn al h om epa ge: www.elsev ier .com/ locate /molcata

n  situ  preparation  and  catalytic  activation  of  copper  nanoparticles  from
cetylide  molecules

en  Judaia,b,∗,  Shigenori  Numaoa, Junichi  Nishijoa,  Nobuyuki  Nishia

Institute for Molecular Science, National Institutes of Natural Sciences and The Graduate University for Advanced Studies, Myodaiji, Nishigo-naka 38, Okazaki 444-8585, Japan
College of Humanities and Sciences, Department of Integrated Sciences in Physics and Biology, Nihon University, Sakurajosui 3-25-40, Setagaya-ku, Tokyo 156-8550, Japan

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 16 May 2011
eceived in revised form 8 July 2011
ccepted 8 July 2011
vailable online 21 July 2011

eywords:
opper
cetylide

a  b  s  t  r  a  c  t

Because  metal  nanoparticles  have  a  high  surface  area  to volume  ratio,  they  can  be  highly  reactive,  cost-
effective  catalysts.  However,  metallic  surfaces  are  usually  too  reactive  to  maintain  their  metallic  character
in  the  presence  of  oxygen  and/or  water  vapor.  Metal  nanoparticle  catalysts  must  be handled  carefully  to
avoid oxidation  and  inactivation.  Here,  we  suggest  a facile  in  situ  preparation  method  for  metal  nanopar-
ticle  catalysts.  Copper  acetylide  and  copper  methyl-acetylide  molecules  are  based  on  ionic  bonding,  and
are relatively  stable  in  air.  They  can  be  used  as  a precursor  of copper  nanoparticles.  Due  to  their  insta-
bility  at  increased  temperatures,  subsequent  annealing  promotes  a  segregation  reaction  into  elemental
copper  and carbon.  Transmission  electron  microscopy  and  powder  X-ray  diffraction  revealed  that  the
anoparticle
rotecting layers
ydrogen storage

average  diameters  of  the  Cu  nanoparticles  thus  formed  were  13.3 and  4.4  nm  for  C2Cu2 and  CuCC–CH3

precursors,  respectively.  This  suggests  that  the  substitution  of  acetylide  molecules  can  control  the  size of
the  resulting  copper  nanoparticles.  The  primary  advantage  of  this  preparation  method  is  that  the  func-
tional  acetylide  group  can  reduce  copper  cations.  No  additional  reducing  agent  is  required,  so no further
separation  process  is  necessary.  This  presents  in  situ  preparation  process.  The  catalytic  activity  of the
resulting  Cu  nanoparticles  was  confirmed  for a  hydrogen  storage  system.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Metallic nanoparticles have attracted widespread attention due
o their fascinating optical, electronic, and catalytic properties
1–3]. For many applications, small nanoparticles are preferable
o larger ones, because of their higher surface area to volume
atio. However, as the size of the nanoparticles decreases, the sur-
ace energy increases, favoring the aggregation of small particles
r their growth into larger particles. It is difficult to keep small
anoparticles separated. In addition to their surface energy, the
hemical reactivity of nanoparticles also depends upon their sizes,
nd smaller particles are generally much more chemically reactive
han larger particles. This tendency interferes with the preparation
f small metallic nanoparticles.

Over the past two decades, a substantial body of research has

een directed toward the synthesis and application of small Au and
g nanoparticles [1,4,5].  Brilliant achievements have been reported

oward the successful control of nanoparticle size and shape [4,6,7],
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as well as broad applications in sensors [8],  catalysis [9],  and sub-
strates for surface-enhanced Raman scattering [10]. Copper is a
highly conductive, cheap, and widely-used industrial material, with
a valence electron structure similar to the other coinage metals,
Au and Ag. Nevertheless, over the years, the fabrication of Cu
nanoparticles has attracted less attention than that of Au and Ag
nanoparticles, and remains open for more intensive investigation.

The reason for the reduced attention to the fabrication of Cu
nanoparticles is that Cu is much more reactive than Au or Ag. For
example, the standard electrode potential of Cu2+/Cu is +0.34 V,
and the potentials of Ag+/Ag and Au+/Au are +0.80 V and +1.69 V,
respectively. Therefore, Cu nanoparticles are much more easily
oxidized than Au or Ag nanoparticles. However, the higher reac-
tivity of Cu nanoparticles gives them a tremendous potential for
applications in catalysis [11–14].  Several methods have been devel-
oped for the preparation of Cu nanoparticles, including the reverse
micelle method [15], polyol reduction [16], microwave-assisted
synthesis [17], thermal reduction [18–20],  a sputtering aggregation
source in the gas phase [21], and capping ligand protection tech-
niques [22,23]. Very recently, Barron et al. reported ultra-small Cu

nanoparticle production, controlled by a surfactant template and
carbon nanotubes [24]. Elemental analysis by powder X-ray diffrac-
tion (XRD) [25] and X-ray photoelectron spectroscopy (XPS) [24] in
those studies showed oxide contamination peaks caused by partial

dx.doi.org/10.1016/j.molcata.2011.07.006
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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 Catalysis A: Chemical 347 (2011) 28– 33 29

o
i
i
c
[

n
m
b
a
r
t
a
4
i
u
p
r
n
p
r
r

2

2

d
C
p
5
t
l
i
(
c
3
o
s
a
o
q
∼
t
a

2

a
e
h
1
A
f
m

2

e
a
s
3
a

K. Judai et al. / Journal of Molecular

xidation of the Cu nanoparticles. In most of the above methods,
t was quite difficult to prevent the Cu nanoparticles from oxidiz-
ng. Yang et al. made use of this oxidation tendency to produce
ore–shell and hollow nanostructures of copper and copper oxide
26].

In this study, we suggest a facile method of preparing metallic Cu
anoparticles for application in catalysis. Copper acetylide (C2Cu2)
olecules and copper methyl-acetylide (CuCC–CH3) molecules can

e used as precursors of Cu nanoparticles. Due to their instability
t higher temperatures, annealing at 200 ◦C causes a segregation
eaction into copper and amorphous carbon. Transmission elec-
ron microscopy (TEM) and XRD measurements revealed that the
verage diameter of the Cu nanoparticles produced were 13.3 and
.4 nm from C2Cu2 and CuCC–CH3 precursors, respectively. This

ndicates that the substituent of the acetylide molecules can be
sed to control the size of the nanoparticles. An advantage of this
reparation method is that the acetylide functional groups can
educe copper cations. Therefore, an additional reducing agent is
ot required, removing the necessity of an additional separation
rocess, making in situ preparation possible. The preparation of
eactive Cu nanoparticles promises new applications for chemical
eactions such as catalysis.

. Experimental

.1. Preparation of precursors

Copper(I) chloride (CuCl, 1 g, >95%, Kanto Chemical Co. Inc.) was
issolved in 5% aqueous ammonia (NH3, 100 mL,  Kanto Chemical
o. Inc.) solution in a separable flask of 500 mL  inner volume. First,
ure Ar gas was bubbled through the solution at a flow rate of
0 mL/min for 30 min  in order to reduce the residual oxygen in
he solution and in the gaseous space of the flask. Then, 1% acety-
ene (C2H2) gas or 10% methyl-acetylene, propyne (HCC-CH3) gas
n Ar was introduced into the reactor at an extremely slow flow rate
5 mL/min). The gas flow was controlled using a digital mass flow
ontroller (CMQ9200, Yamatake Corp.). The solution was stirred at
00 rpm continuously during gas injection. A dark-brown (C2Cu2)
r light-yellow (CuCC–CH3) precipitate was produced after 3 h. The
olid product was suction-filtered and washed with distilled water
nd methanol. The obtained precipitate was suspended in 50 mL
f methanol in an ultrasonic bath, and was filtered again. Subse-
uently the precipitate was dried in a vacuum desiccator (yields
50 mg). Caution: the C2Cu2 product is highly explosive. On drying,

he sample becomes much more dangerous. Do not handle large
mounts of C2Cu2.

.2. Conversion to Cu nanoparticles

The acetylide product (C2Cu2 or CuCC–CH3) was placed in
 quartz glass tube (inner diameter 30 mm),  and the tube was
vacuated by a turbo molecular pump (TSU 071, Pfeiffer). Under
igh vacuum (below 10−4 Pa), the acetylides were annealed at
00–200 ◦C for 12–24 h in an electric tube furnace (FUT552FA,
DVANTEC Toyo Corp.). The segregation reaction during annealing

ormed Cu nanoparticles covered with amorphous carbon poly-
ers.

.3. Characterization

The obtained Cu nanoparticles were examined by transmission
lectron microscopy (TEM), X-ray diffraction (XRD), and UV–visible

bsorption spectroscopy. TEM imaging and electron energy loss
pectroscopy (EELS) were carried out using a TEM apparatus with a
00 kV electron beam (JEM-3200FS, JEOL). XRD was performed with

 Mo  K� line irradiated upon a glass capillary containing a powder
Fig. 1. TEM image of annealed C2Cu2. The annealing of acetylide molecules in a
vacuum causes a segregation reaction to form copper and carbon. The resulting Cu
nanoparticles were observed to have a spherical shape.

sample (Mercury CCD-1 R-AXIS IV, Rigaku). UV–visible absorption
spectra were obtained using an integrating sphere with a sample
suspended in chloroform (UV-3600, Shimazu).

2.4. Catalytic activity

The Cu nanoparticles were evaluated as a catalyst for hydrogen
storage materials. Magnesium hydride (MgH2) and 10 wt.% of the
Cu nanoparticles were mixed by milling with stainless steel balls
for 24 h. Hydrogen absorption and desorption rates were measured
using a PCT measurement system (PCT-2SDWIN, Suzuki Shokan). A
reference measurement was  made for a sample of only MgH2 with-
out Cu nanoparticles, in order to extract the catalytic enhancement
from the particle size dependence of the absorption and desorption
rates.

3. Results and discussion

Fig. 1 shows a TEM image of annealed C2Cu2 product. Our pre-
vious study revealed that C2Cu2 molecules self-assemble into a
nanowire morphology, and annealing at 80–100 ◦C promotes a seg-
regation reaction into copper and carbon elements [27–30].  The
morphology of homogenous C2Cu2 nanowires was converted to
inhomogeneous nanocables, which were metallic Cu nanowires
covered with amorphous carbon [27]. In this study, C2Cu2 acetylide
nanowires were heated to 200 ◦C, at which the shape of the metallic
Cu nanowires could not be maintained. Spherical Cu nanoparti-
cles were observed as dark spots, as shown in Fig. 1. The initial
structure of the nanowires remained in the TEM image as brighter
regions, which can be considered as carbon fibers. Because the cova-
lent carbon bond has a binding direction, this morphology could be
maintained at the annealing temperature.

The substituent effect of acetylide molecules was examined for
the nanofabrication by changing the substituent from acetylene to

methyl-acetylene. Fig. 2 shows a TEM image of annealed CuCC–CH3
product. Because some of the Cu nanoparticles could migrate on
the surface of the TEM grid, the image shown in Fig. 2 contained
no carbon fibers like those shown in Fig. 1. The diameters of the
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Fig. 2. TEM image of annealed CuCC–CH3. The Cu nanoparticles converted from
CuCC–CH3 were much smaller than those converted from C2Cu2.

Fig. 3. Size distribution of Cu nanoparticles converted from C2Cu2 (bottom) and
CuCC–CH3 (top). The diameters of the nanoparticles were counted in the TEM
images. The mean diameter of the Cu nanoparticles were 4.1 nm and 13.3 nm for
CuCC–CH3 and C2Cu2, respectively.

Fig. 4. X-ray diffraction patterns of C2Cu2 as a function of annealing temperature.
Each sample was heated by an electric furnace in a vacuum for 12 h. A metallic

copper fcc diffraction pattern appeared after heating above 100 ◦C. The segregation
reaction of C2Cu2 should occur around that temperature.

Cu nanoparticles were measured and counted. Fig. 3 shows the size
distribution of Cu nanoparticles formed from C2Cu2 and CuCC–CH3.
The numerical average diameters of the Cu nanoparticles were
4.1 nm and 13.3 nm for CuCC–CH3 and C2Cu2, respectively. The
methyl functional group substitution on the acetylide significantly
decreased the size of the Cu nanoparticles formed by the segrega-
tion reaction. Furthermore, the size dispersion of the nano-particles
was  improved by the methyl substitution. The size distribution of
C2Cu2, shown at the bottom of Fig. 3, included far larger particles of
around 40 nm,  3 times the average size of 13.3 nm.  There were no
such large particles from CuCC–CH3. Therefore, the substitution of
acetylide can be used to control the size of the metal nanoparticles
formed in the segregation reaction.

In order to examine the detailed segregation reaction of
acetylide molecules during annealing, an XRD experiment was
performed with a powder sample. Fig. 4 shows X-ray diffraction
patterns of C2Cu2 as a function of annealing temperature. The sam-
ples were heated in an electric furnace under vacuum for 12 h at a
constant temperature. The diameter of the C2Cu2 nanowires before
annealing, in an as-grown sample, was determined to be about
5 nm in the previous study [27]. The peaks of the as-grown sample
were broad due to the small nanowire diameter. The diffraction pat-
tern began changing after increasing the temperature to 90 ◦C. At
120 ◦C, the diffraction pattern indicated an almost entirely metal-
lic copper fcc crystal. Scherrer’s equation can be used to calculate
the average size of the nanoparticles from the peak width in X-
ray diffraction [27]. The volume-weighted averaged diameter of
the Cu nanoparticles after C2Cu2 annealing was calculated to be
13.3 nm from the peak width of the diffraction results. This value
is in good agreement with the average diameter according to the
TEM image, even though the volume weighted average calculated
from Scherrer’s equation usually differs by a factor of 0.9 from
simple numerical averaging by TEM measurement. Furthermore,
the peak widths were the same after annealing at temperatures

between 120 ◦C and 200 ◦C. Therefore, the size of the Cu nanoparti-
cles was constant in this temperature range. Usually, the annealing
of nanoparticles causes an increase in their average size due to par-
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Fig. 5. X-ray diffraction patterns of annealed CuCC–CH3. The segregating tempera-
ture from CuCC–CH3 to metallic copper was slightly higher than that of C2Cu2. This
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Fig. 6. Lattice resolved HRTEM image. This nanoparticle was  observed after anneal-
ing CuCC–CH3. In the center of the nanoparticle, an atomically-resolved lattice
eaction began around 175 ◦C. The peak widths of CuCC–CH3 were also broader than
hose of C2Cu2. The peak widths in X-ray diffraction depend on the average size of
he  nanoparticles. The broader peak indicates smaller nanoparticles.

icle growth and aggregation. Surprisingly, the Cu nanoparticles
repared by the present method did not grow during anneal-

ng.
Fig. 5 shows XRD patterns recorded from CuCC–CH3 sam-

les at various temperatures. The segregation temperature from
uCC–CH3 acetylide to metallic copper was higher than that of
2Cu2. The reaction began around 175 ◦C, and the peak widths
f CuCC–CH3 samples were different from those of C2Cu2. The
eak widths of as-grown CuCC–CH3 samples were narrower than
hose of segregated copper fcc diffraction. This differed from the
2Cu2 diffraction peak widths. For C2Cu2, the peak widths of the
s-grown samples were broader than those of the copper fcc
anoparticles. The size of the particles produced by the segregation
eaction was unaffected by the initial size of the acetylide particles.
he only effect of the substituted acetylide was to determine the
ize of the resulting metal nanoparticles. The average diameter of
u nanoparticles converted from CuCC–CH3 was  calculated using
cherrer’s equation to be 4.4 nm.  This calculated average diameter,
ased on the peak width, was consistent with the TEM measure-
ents. In the diffraction observations at 175 ◦C, the peaks for both

s-grown acetylide and metallic copper co-existed. The metallic
opper diffraction at 175 ◦C had the same peak widths as those mea-
ured at higher temperatures of 200 ◦C and 225 ◦C. The size of the
u nanoparticles was determined at the temperature of the segre-
ation reaction, and subsequent annealing did not result in particle
rowth. It is advantageous that the substitution of acetylide can
ontrol the size of the Cu nanoparticles, regardless of temperature.
herefore, nanoparticles of a given size can be used at whatever
emperature their application demands. For example, nanoparti-
les can be created with a size appropriate for a specific catalytic
eaction, and then used at the optimal temperature for that reac-
ion.
High resolution transmission electron microscopy (HRTEM)
as performed for copper nanoparticles in order to reveal their
anostructure in detail. Fig. 6 is a lattice resolved HRTEM image
f a copper nanoparticle, which was observed after annealing
pattern was clearly observed. The space fringes detected in the HRTEM images
matched the d value (0.208 nm)  of Cu.

CuCC–CH3. The HRTEM measurement of annealed Cu2C2 resulted
in a similar image. In the center of the nanoparticle, an atomically-
resolved lattice pattern was  clearly observed. The space fringes
detected in the HRTEM images were consistent with the d value
(0.208 nm) of Cu. The diameter of the lattice-resolved metallic Cu
region was 7.5 nm,  slightly larger than the average particle diam-
eter, and the Cu nanoparticle was covered with an amorphous
layer. Because these nanoparticles were produced by a segregation
reaction of CuCC–CH3, the amorphous outer layers must consist of
the organic portions of the acetylide. Acetylide contains a carbon
triple bond, and the segregation reaction during annealing involves
a polymerization reaction of this bond. The Cu nanoparticle was
covered with the resulting amorphous carbon polymers.

Metallic copper nanoparticles are usually very reactive, and it
is difficult to prevent them from oxidizing. Adding a protective
layer to metallic nanoparticles, such as the amorphous carbon lay-
ers shown in the HRTEM image in Fig. 6, is one possible solution to
this problem [31]. Although the TEM specimen was  exposed to air
during its transfer from the vacuum annealing chamber used for
the segregation reaction to the TEM apparatus, the metallic copper
lattice could still be observed. Furthermore, EELS measurements
using the TEM apparatus detected copper and carbon signals, but
not oxygen. Therefore, the amorphous carbon layers formed by the
segregation of acetylide provided sufficient protection against air
oxidation of the metallic copper nanoparticles.

However, strong protective layers can become an inconve-
nience in certain applications. For catalytic application, reactant
molecules must have access to the metallic copper surface to enable
catalytically activated absorption. An amorphous carbon coating
may  prevent contact between the copper nanoparticles and reac-
tant molecules. The protective layer must achieve a good balance
between oxidation prevention and reactant molecule access. A
spectroscopic study was  performed to investigate the permeability
of the protective carbon layers. Fig. 7 shows UV–visible absorption
spectra of Cu nanoparticles covered with amorphous carbon. The
absorption spectra did change gradually because of air oxidation.

The first measurement was  made as soon as possible after the initial
exposure to air (0 h). The initial EELS measurement after the initial
exposure to air detected no oxygen, and the UV–visible absorp-
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smaller particle size (4.1 nm)  and a narrower dispersion. One of the
ig. 7. UV–visible absorption spectra of Cu nanoparticles covered with amorphous
arbon. The absorption spectra changed gradually because of air oxidation.

ion spectrum had a metallic copper plasmon absorption peak at
85 nm.  This is a typical value for Cu nanoparticles [21,26,31].  While
he Cu nanoparticles were kept in air, this plasmon peak shifted
nd broadened. If the surface of a metallic particle is oxidized, the
etallic particle becomes surrounded by oxide layers. The per-
ittivity of a metallic oxide layer differs from that of a protective

arbon layer, because of a peak shift of the plasmon absorption by
ir oxidation [26]. Powder XRD measurements indicated that Cu2O
iffraction patterns overlapped with metallic copper fcc diffrac-
ion patterns after 24 h of air exposure. Elemental analysis by EELS

easurements using the TEM apparatus also revealed the exis-
ence of oxygen atoms in samples with longer exposures to air. The
ombined results of these UV–visible absorption and EELS mea-
urements indicate that the amorphous carbon layers can protect
gainst the air oxidation of Cu nanoparticles, but not completely.

A hydrogen storage reaction was examined as a representative
atalytic reaction [32], using Cu nanoparticles covered with amor-
hous carbon layers converted from acetylide molecules. There
ave been discrepant reports of the use of copper as a hydro-
en absorption and desorption catalyst. Some reports indicated
ignificant enhancement of the catalytic reaction [33,34], and oth-
rs did not [35]. Because copper surfaces are easily oxidized, the
xperimental conditions may  have been different. The use of Cu
anoparticles with protective carbon layers is a promising method
f observing the catalytic activity without the influence of oxida-
ion. Cu nanoparticles were mixed with a fine powder of MgH2,
nd the hydrogen absorption and desorption rates were observed.
ig. 8 shows the catalytic enhancement of the hydrogen storage
eactions. We  then performed sets of reference experiments under
dentical conditions. One sample was mixture of the hydrogen stor-
ge material MgH2 and the Cu nanoparticle catalyst. The reference
as a sample of only MgH2. The MgH2 and Cu nanoparticles were
ixed by stainless steel ball milling, and the MgH2 sample was
ixed by ball milling for the same period. Since hydrogen absorp-

ion and desorption rates depend upon the MgH2 particle size, all
eference experiments were performed with the same size of MgH2

articles. Fig. 8 indicates that the rates of both hydrogen absorption
nd desorption were enhanced by the addition of Cu nanoparticles.
t 280 ◦C, the Cu nanoparticles increased the hydrogen absorption
Fig. 8. Kinetics of hydrogen storage reactions. The catalytic enhancement of the
chemical reactions for both hydrogen absorption (a) and desorption (c) were con-
firmed at the temperature of 280 ◦C with H2 pressure changes in the PCT apparatus.

rate by a factor of 4, and the desorption rate was  40 times that
observed for the catalyst-free reference sample. In these measure-
ments, the Cu nanoparticles were coated with amorphous carbon
layers. Therefore, the protective layer was permeable enough to
allow hydrogen molecules to access the Cu nanoparticle surface
and participate in the catalytic reaction. Therefore, the prepara-
tion of protected copper nanoparticles by acetylide segregation
during annealing is a promising method for preparing small cop-
per nanoparticle catalysts. The protective carbon layer can impede
oxidation for several hours, which is sufficient time to allow for
limited handing. However, reactant molecules for catalytic reaction
can access the Cu nanoparticles through the protective layers.

4. Conclusions

In summary, we have demonstrated the in situ preparation of
copper nanoparticles for catalytic applications. Copper acetylide
and copper methyl-acetylide can be used as precursors of these
copper nanoparticles. The average size and the size dispersion of
the copper nanoparticles can be controlled by the substitution of
acetylene. The product converted from methyl-acetylene had a
most important advantages of using an acetylide precursor is the
automatic generation of amorphous carbon outer layers during the
segregation reaction. These layers protect the copper nanoparticles
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