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Copper nanoparticles with sizes between 10 nm and 50 nm were grown by condensation in hydrogen
at pressures from 10 Pa to 1200 Pa. The crystallite size ranged from 10 nm to 25 nm using the Scherrer
method. X-ray diffraction showed the reflections of metallic copper occasionally mixed with an oxidized
phase (CuO or Cu,0). As shown by TEM examination, the smaller particles that did not exceed 25 nm
exhibited faceted morphologies whereas the bigger ones had ovaled-spherical forms sometimes con-

taining twins. X-ray photoelectron spectroscopy revealed that the nanoparticles consist of a copper core,
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completely surrounded by a Cu,O shell, which is oxidized to CuO at the surface layer.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Copper nanoparticles have attracted attention because of their
catalytic [1], optical [2] and electrical properties [3], as well as for
their antimicrobial applications [4-6] and industrial uses as addi-
tives in lubricants [7] and inks [8]. Nanoparticles possess a large
fraction of surface atoms per unit volume that leads to increasing
the total surface energy and hence the reactivity with atoms or
molecules of the surrounding environment. Copper nanoparticles
are highly reactive to air, generating copper oxide on the surface
when exposed. The oxide layer formed can be of Cu, 0, CuO or a mix-
ture. Cu,0 and CuO are p-type semiconductors with a direct band
gap of about 2.2 eV and 1.2 eV, respectively [9,10], which have been
studied as materials for the manufacture of photovoltaic and pho-
toelectrochemical cells[11,12]. Semiconductor oxide nanoparticles
are used as a base for gas sensors where the existence of the metallic
core, within the oxide shell, can improve the sensor sensitivity and
selectivity [13]. The identification of the surface oxidation states of
the copper nanoparticles as well as the structural characteristics of
the oxide layer and the morphology of the particles are critical to
understanding their physical properties and chemical behavior.

Copper nanoparticles have been synthesized through different
methods such as the polyol method [14], solvothermal method
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[15], copper salt reduction [16], electro-reduction in an ionic liquid
[17], thermal decomposition [18],laser ablation[19], electron beam
irradiation [20] and microwave heating [21]. Another method for
fabricating copper nanoparticles is the inert gas condensation (IGC)
method. This method consists of a resistive source that evaporates
the material at a low pressure (typically ~600 Pa) of a non-reactive
carrier gas [22,23]. In this pressure the mean free path in the gas is
in the submillimeter range and transport is dominated by collisions,
which are diffusive and convective but not ballistic. Therefore, the
atoms or molecules of the evaporated material collide with the
molecules of the carrier gas, thereby cooling them down. Collisions
among the material molecules lead to homogeneous nucleation and
growth of nanoparticles, which can be collected onto a cold surface.
Empirically, the size of the particles can be diminished decreasing
the evaporation rate, the temperature of the collected surface and
the pressure of the carrier gas as well as using carrier gases of lower
molecular mass. Lighter inert gases lead to smaller particles [22,24].

Grangvist and Buhrman were the pioneers in using this tech-
nique for the growth of metal nanoparticles in He, Ar or Xe
atmospheres at different pressures [22]. Other researchers have
used the IGC method for fabricating Ag [24], Au [25], SnO [26],
Mn-oxides [27] and ZrO,_, [28] nanoparticles. In these cases He
or Ar were used as a carrier gas, sometimes mixed with oxygen for
growing metal oxide particles. There are few works that use H; as
the carrier gas for the growth of metal nanoparticles by means of
the gas condensation method [30]. Hydrogen is lighter than helium
and has more degrees of freedom; therefore, it has a lower confine-
ment capacity and a higher cooling rate [29], which could lead to the
growth of smaller particles using the IGC process. However, Pfau et
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al. grew nanoclusters of Pb and Bi with the IGC method using He
carrier gas, but they could not obtain these nanoclusters using H,
since the particles became too large [30].

The present work reports on the synthesis, structural and mor-
phological characterization of copper nanoparticles. They were
grown by means of the IGC method using H, instead of an inert
gas, at pressures between 10 and 1200 Pa. The aim of this research
is twofold. The first goal is determining if nano-sized copper par-
ticles can be grown under H, at the defined pressure range and
the second one is to study the surface oxide characteristics of these
nanoparticles.

2. Experimental procedure
2.1. Preparation of copper nanoparticles in hydrogen

The preparation consisted in evaporating 1g of copper (OFHC:
oxygen free high conductivity) from a resistive source (tungsten
boat) under H, (AGA, 99.995%, O, <5 ppm and H,0 <4 ppm) atmo-
spheres at pressures from 10 to 1200 Pa. The procedure and the
experimental setup for the growth of nanoparticles using this tech-
nique have already been described elsewhere [23,31].

The tungsten boat is placed inside a high vacuum chamber that
was evacuated up to a pressure around 10~4Pa. A mass spec-
trometer was used to monitor the partial pressure of the active
gases, mainly oxygen (10~ Pa), nitrogen (10~ Pa) and water vapor
(1073 Pa). Then hydrogen was injected to reach the operating
pressure (10-1200Pa). The pressure was measured with absolute
(capacitive) pressure gauges.

The tungsten boat was resistively heated until the working tem-
perature was achieved. The temperatures used ranged from 1320 °C
to 1500°C and were measured with an optical pyrometer through
a sapphire window. The material was collected on the surface of
a copper semi cylinder cooled with liquid nitrogen and located
75mm above the tungsten boat. After the evaporation was fin-
ished, the high vacuum chamber was left overnight to allow it to
reach room temperature and ventilated with air before opening it
to remove the nanoparticles from the surface of the collector.

2.2. Characterization

The surface chemical information of the samples was obtained
from X-ray photoelectron spectroscopy (XPS, Physical Electronics
system model 1257), using either Al or Mg Ko emission. Binding
energy and oxidation states were obtained from high resolution
scans. The energy scale was calibrated by assigning 284.8 eV to
the C 1s adventitious peak. Structural information of the samples
was obtained by X-ray diffraction in 2-80° scans (Siemens D5000
powder diffractometer) using a graphite monochromator and Cu
Ka radiation, A =0.15406 nm. The morphology of the samples was
examined using a TEM/HRTEM JEOL 2010 microscope operating at
200 kV and under diffraction and phase contrast modes. This instru-
mentis also equipped with selected area electron diffraction (SAED)
for the crystallographic information of the samples.

3. Results
3.1. Preparation conditions, yields and crystals size

The preparation conditions determined by the partial pressure
of hydrogen and the maximum temperature of the evaporation
source, as well as the yield of each evaporation, are listed in Table 1.
The amounts obtained in all the evaporations were below 0.45 g on
each occasion, with variable yields that did not exceed 42%.

Table 1
Preparation conditions and evaporation yield of copper under hydrogen
atmosphere.

Condition Partial pressure Sourer Yield' (%) Crystalline size
(Pa) temperature (°C) (111)(nm)
1 10 1726 + 4 13 25
2 50 1494 £ 5 13 11
3 100 1420 £5 11 21
4 200 1350 £ 6 37 15
5 400 1499 + 5 25 18
6 600 1322+ 8 11 10
7 800 1337 £7 12 14
8 1000 1429 £ 5 26 15
9 1200 1427 +£ 5 42 16

" The yields were calculated as the mass percentage of the powder deposited on
the collecting substrate with respect to the Cu mass used in the evaporation.

3.2. Characterization of the samples: structural and
morphological

3.2.1. X-ray diffraction (XRD)

Fig. 1 shows X-ray diffraction patterns of copper nanoparti-
cles grown under different preparation conditions. The XRD results
revealed the reflections of metallic copper sometimes mixed with
an oxidized phase (CuxO, x=1, 2). Diffractgrams (a), (b), (c), (f)
and (g), corresponding to the samples grown under conditions 1,
2, 3, 6 and 7, respectively, exhibit the reflections of the Cu cubic
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Fig. 1. XRD patterns of nanoparticles grown under different preparation conditions.
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crystal structure with lattice constant a=0.3615 nm, in agreement
with the standard published data (PDF card no. 04-0836). Diffract-
grams (d), (h) and (i), which correspond to the samples grown
under conditions 4, 8 and 9, respectively, displayed reflections that
can be indexed to Cu cubic structure (PDF card no. 04-0836) and
to CuO monoclinic crystal structure. The oxide lattice constants
are a=0.4683 nm, b=0.3421nm, c=0.5129 nm, and f=99.567°, in
agreement with the published data (PDF card no. 80-1266). Pat-
tern (e) from the sample grown under condition 5 was the only one
revealing the presence of cuprous oxide. These reflections came
from Cu crystal structure (PDF card no. 04-0836) and Cu,0O cubic
crystal structure with lattice constant a=0.4258 nm, in agreement
with the standard data (PDF card no. 77-0199). In some cases, the
diffractograms had broader and less defined reflections due to the
different average sizes of the nanoparticles.

3.2.2. Crystallite size by XRD
The determination of the crystallite size (L) of the copper
nanoparticles was performed using Scherrer’s equation [32]:

kA
Le= B cosh

where k is the shape coefficient (between 0.9 and 1.0), A is the
X-ray wave length, g is the full width at half maximum (FWHM)
of each peak and 6 is the diffraction angle. For this purpose, we
chose the peak of the (11 1) plane near 43.32° in the pattern of the
copper nanoparticles. A silicon wafer was used pattern to deter-
mine the instrumental width (wj,s =0.022) and then to calculate
the crystallite size using Eq. (1).

The 8 parameter must be corrected using the following equation
[33]:

B= \/ WgXP - Wiznst (2)

where wexp is the experimental FWHM obtained for each sample.
The crystal sizes for all samples, assuming k=0.9, are presented in
Table 1. From these values it is not possible to establish a correlation
between the partial pressure of hydrogen and the preparation con-
ditions with the crystallite size measured by XRD. Nevertheless, the
XRD patterns indicate that the grain size for the samples prepared
under different conditions is within the range of 10-25 nm.

(1)

3.2.3. Transmission electron microscopy (TEM)

Fig. 2 shows a cumulus of agglomerated nanoparticles prepared
under a partial pressure of hydrogen of 400 Pa (condition 5). The
couple of bright field (BF) and dark field (DF) images allow a particle
diameter estimation of 12 nm for this condition. The inset image
shows the diffraction pattern (DP) of the cumulus of particles in
which the diffraction rings identify the copper structure.

Fig. 3 shows dispersed rounded copper nanoparticles prepared
in hydrogen under a pressure of 200 Pa (condition 4). Fig. 3(a) shows
an average diameter of 9.1 £+ 0.3 nm, while Fig. 3(b) displays faceted
particles not exceeding 25 nm.

Most of the copper nanoparticles grown at the different con-
ditions under hydrogen were single crystals with some of them
containing a twin boundary. Fig. 4 shows a BF image of parti-
cles prepared under condition 4. The inset is a DP taken from the
framed particle revealing its single crystal character with well-
defined diffraction spots. Particles about 10 nm indicated by the
arrows also can be detected in Fig. 4

Fig. 5 shows a couple of BF/DF images of a twinned particle of
80 nm in diameter grown under condition 4. Particles containing
twin boundaries appeared often under the different preparation
conditions. The generation of twins is a typical defect in cop-
per, formed during the coalescence process of the copper clusters
[14,34].

Fig. 2. Bright and dark field images of copper nanoparticles prepared under 400 Pa
of hydrogen partial pressure (condition 5).

In general, the TEM examination of the samples grown under
the different conditions determined that the size of the nanoparti-
cles is within the 10-50 nm range, which is in agreement with the
crystallite values obtained by XRD.

3.3. Characterization of the surface oxide by X-ray photoelectron
spectroscopy (XPS)

3.3.1. Characterization of as-received samples

XPS spectrarevealed that the samples grown under the different
conditions only contain copper and oxygen, and allowed the iden-
tification of the surface oxide on the nanoparticles. Fig. 6 depicts
XPS spectra revealing the chemical composition and the oxidation
state of an as-prepared sample grown under condition 4 (200 Pa,
1350°C). The survey spectrum shows the copper photoelectron
peaks (Cu3s, Cu2pyp,, Cu2psp, Cudp and its CuLMM Auger), the
oxygen peaks (O1s and its OKLL Auger) and the photoelectron peak
of the adventitious carbon (C1s). No impurities on the surface of the
particles were detected. The inset of Fig. 6 is the narrow range of
the Cu2p spectral zone (framed rectangle) showing the character-
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Fig. 3. Copper nanoparticles prepared under 200 Pa of hydrogen partial pressure
(condition 4).

istic shake-up satellites of CuO (s1: 2p123d® and s3: 2p3»3d®). This
analysis corroborates the XRD result of this sample which displayed
some reflections of the CuO phase along with a weak reflection of
Cu(111), as shown in diffractogram (d) of Fig. 1. The formation of
oxide on the copper nanoparticles surface is due to the air exposure
when the samples are removed from the collecting substrate of the
preparation chamber.

3.3.2. Ar*-sputtered samples

Studies on the CuL3M4s5Mys5 Auger peaks and the Cu2psj, pho-
toelectron peaks from the samples revealed that the composition
of the oxide from the surface of the nanoparticles consisted of a
CuO layer over one of Cu,0. The CuL3My5My5 Auger peak in the
XPS spectra was studied to distinguish between Cu and Cu,0, since
they cannot be resolved only by measuring the binding energy of
the Cu2ps, peak, because their binding energies are too close (they

Fig. 4. Copper nanoparticles prepared under 200 Pa of hydrogen partial pressure
(condition 4). The Inset is a DP pattern of the framed particle.

o0 nm

Fig. 5. BF/DF image of a twinned particle prepared under 200 Pa of hydrogen partial
pressure (under condition 4).
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Fig. 6. XPS spectra of an as-prepared sample grown under condition 4 (200 Pa,
1350°C).

differ by only 0.1 eV), whereas the position of the Auger peak for Cu
and Cu, O are located at 568.0eV and 570.0 eV, respectively [35].

Fig. 7 shows high resolution spectra of the same sample of
Fig. 6 made using condition 4 (200 Pa, 1350 °C). These spectra were
recorded after eroding the copper nanoparticles surface with Ar*
for 4 min at 1 A with a beam voltage of 2 kV.

The CuL3Mys5My5 Auger peak is located at 569.9eV, close to
reported value of 570.0 eV for Cu,0 [35]. The Auger parameter (A.P.)
plus the photon energy was 1849.3 eV, which corresponds to Cu,O
[36] and corroborates our previous result.

The inset of Fig. 7 shows that the best fit of the Cu2p3, photo-
electron peak was obtained resolving it into two peaks. The binding
energy (BE) of the highest intensity was observed at 932.6eV
(FWHM ~1.8) corresponding to copper in Cu,0, whereas the BE
of the lower intensity observed at 934.3eV (FWHM ~2.2) cor-
responded to copper in CuO. This last BE value is higher than
the reported values of the CuO, which are between 933.6eV and
933.9eV [37-42]. It has been reported that when the content of
surface CuO is low, the BE shifts to a higher value 0f934.4 eV [37,43]
which is close to the value measured here (934.3 eV). On the other
hand, the BE of Cu(I), which was the dominant signal after Ar*-
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Fig. 7. High resolution spectra from the same sample studied in Fig. 6 (condition 4).
Cul3MysMys Auger signal and fitting of its Cu2psj, peak (inset). These spectra were
recorded after Ar*-erosion.
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Fig. 8. Highresolution spectra of a sample grown under condition 2 (50 Pa, 1494 °C).
The CuL3M45M45 Auger signal and fitting of its Cu2p3/2 peak (inset). These spectra
were recorded after Ar* erosion.

sputtering, was slightly higher than the reported values of 932.4 eV
or 932.5eV [44].

In conclusion, the XPS analysis (Figs. 6 and 7) revealed the pres-
ence of Cu(I) below a thin Cu(II) shell on the copper nanoparticles.

Fig. 8 shows the high resolution XPS spectra of a sample
grown under condition 2 (50 Pa, 1494 °C). These spectra were also
recorded after eroding the exposed surface of the nanoparticles
with Ar* under the same conditions (4 min at 1 pwA with a beam
voltage of 2 kV).

The CuL3My5My5 Auger peak located at 569.3 eV is close to the
reported value for Cu,0(570.0eV)[35]. The A.P. plus photon energy
was of 1849.6 eV, also corresponding to Cu, 0 [36], as in the previous
case (Fig. 7).

The inset of Fig. 8 shows that the Cu2ps, photoelectron peak
is broader and more asymmetric than the Cu2psj, peak analyzed
previously (Fig. 7). This peak also can be fitted with two curves by
assigning 932.3 eV to Cu(l) and 934.0 to Cu(Il), with a FWHM of 1.8
and 4.4 eV, respectively. The FWHM of the Cu(Il) peakis broader and
more distorted than the one for Cu(I). This may be used indirectly
to indicate that the photoelectrons responsible of the Cu(Il) peak
come from a very thin CuO layer that is coating the Cu, 0 shell [45].
The BE of Cu(l) is slightly lower than the reported values for Cu,0
at 932.4eVor 932.5eV [44].

The layer of CuO and Cu,0 on the nanoparticles is very thin.
Therefore, the low oxide content in this sample (as inferred from
XPS) is consistent with its XRD analyses that did not detect oxi-
dized phases and only exhibited the copper reflections, as shown
in Fig. 1b).

4. Discussion
4.1. Stable oxide in copper nanoparticles

The standard formation enthalpy of CuO and Cu,O are
—-168,6 kJ/mol and —157,3kJ/mol, respectively, and the corre-
sponding Gibbs energies are —146 kJ/mol and —129,7 k]/mol [46].
In an oxidizing atmosphere such as air, Cu, O oxidizes to CuO. These
thermodynamic considerations hold for macroscopic samples. Our
own XPS studies on copper nanoparticles with sizes from 10 nm to
50 nm revealed a CuO layer over a Cu,O0 shell that covers the cop-
per core, with Cu(I) being the main oxidation state after Ar* erosion
(as shown by the Auger peaks and fitting of the Cu2psj, spectra),
suggesting that Cu, O is the most stable phase on the nanoparticles
or that the oxidation kinetics to CuO is particularly slow.

Our observationis in line with reports of Teo [43] and Balamuru-
gan [47] that report that a small fraction of surface Cu,0 is oxidized
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to CuO during sample drying and handling under normal ambient
conditions. The phase of Cu,0 in nanoparticles of different sizes
has been the subject of several studies. Balamurugan et al. showed
that at smaller particle size the more symmetric cubic Cu,0 phase
should be more stable than the monoclinic CuO phase [47]. Palkar
et al. studied the effect of reducing sizes on the stability of Cu,O
and CuO [48]. They postulated that smaller particle sizes should
enhance the ionic character of the Cu-0 system and the tendency
towards structures of comparatively higher symmetry (CuO is a
covalent oxide with a low symmetry structure whereas Cu,0 has
a high-symmetry structure and a lower anion/cation ratio, which
is more stable at a small particle size). Huang et al. prepared Cu,0
particles using liquid phase chemical synthesis and found that Cu(I)
was the main oxidation state present on the surface of the smaller
particles (~90 nm), whereas Cu(Il) was the main state on the sur-
face of the microparticles (~1.5 wm) [49]. Ghodselahi et al. reported
on XPS measurements of copper nanoparticles grown using sput-
tering on a supporting substrate. Despite the different preparation
conditions, they had the same observation: after exposure to air,
the shell of the nanoparticles was mainly Cu,0 coated with a thin
CuO layer [45]. Salavati-Niasari and Davar also showed that a Cu,0
shell was formed when copper nanoparticles (~10 nm) synthesized
by thermal decomposition of [Cu(sal),]-oleylamine complex were
exposed to air [18]. These observations indicate that the Cu, O shell
with ata thin CuO layer is a size dependent property of the nanopar-
ticles and not a consequence of a particular preparation method.

5. Conclusions

Copper nanoparticles of diameters between 10 and 50 nm were
grown using the gas condensation method with hydrogen at pres-
sures from 10 to 1200Pa as carrier gas. The TEM examination
showed single crystal particles with well-faceted shapes some-
times containing twin boundaries. No correlation between the gas
pressure and the crystallite size was found. XPS analyses revealed
that the copper nanoparticles were covered by a Cu,0 shell sur-
rounding the copper core and a with a CuO external layer. The stable
oxide and the main oxidation state around the nanoparticles was
Cu, 0 with only a thin surface layer of CuO. It seems that this behav-
ior does not depend on the preparation method and is a property
of the nanoparticles.
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