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B
etween the two extremes of a single
atom and the bulk, metallic nanopar-
ticles (NPs) have many unique size-

dependent properties, including quantum
size effects, large surface area to volume ra-
tios, and novel chemistry. As one of the
best conductors of both heat and electric-
ity, copper is used as a low-cost, versatile
metal in many applications, including ca-
talysis (e.g., for methanol synthesis from CO2

and H2)1 and microelectronics (e.g., printed
circuit boards and wiring).2 In addition, the
oxides of copper (i.e., Cu2O and CuO), which
normally form on the outer shell of Cu NPs,
also have numerous useful properties for
catalysis,1,3 fuel cells,4 solar cells,5 gas
sensing,6�8 and selective biofiltering for
neutralizing and deactivating viruses.9,10 To
synthesize Cu and/or Cu2O NPs with well-
defined morphology and chemical compo-
sition, both physical methods (including
chemical vapor deposition and laser
ablation)11,12 and chemical methods (includ-
ing sol�gel, hydrothermal, and electro-
chemical deposition)13�16 have been used.
Of these, the solution-based route is quite
attractive because it requires a lower syn-
thesis temperature and has potential for
large-scale production of NPs. In the
solution-based route, two typical ap-
proaches are used to prepare NPs of differ-
ent shapes and sizes.17 In one approach,
normally a template (soft or hard) is em-
ployed to physically confine the shape and
size of NPs.18�20 In the other approach, a
capping agent is often used to control the
growth direction and dimension of
NPs.16,21,22 As it is not always easy to com-

pletely remove the template materials and
other additives used in the synthesis, prepa-
ration of purely single-phase NPs of well-
defined shapes is limited. Similarly, the cap-
ping agents used to form a particular shape
of Cu and/or Cu2O NPs may play an undesir-
able role in the needed application. It is
therefore highly beneficial to develop an al-
ternative method to produce Cu and/or
Cu2O NPs of different shapes without the
use of templates or capping agents. Here,
we demonstrate, for the first time, a simple,
one-step, templateless, and capping-agent-
free method of synthesizing Cu�Cu2O
core�shell NPs with well-defined shapes
and size distributions.

In the solution-based route, NPs can be
either synthesized in powder form or de-
posited on a substrate. There are several re-
ports on the synthesis of powder Cu and/or
Cu2O NPs, particularly with spherical or rod
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ABSTRACT Cu�Cu2O core�shell nanoparticles (NPs) of different shapes over an extended nanosize regime

of 5�400 nm have been deposited on a H-terminated Si(100) substrate by using a simple, one-step, templateless,

and capping-agent-free electrochemical method. By precisely controlling the electrolyte concentration

[CuSO4 · 5H2O] below their respective critical values, we can obtain cubic, cuboctahedral, and octahedral NPs of

different average size and number density by varying the deposition time under a few seconds (<6 s). Combined

glancing-incidence X-ray diffraction and depth-profiling X-ray photoelectron spectroscopy studies show that

these NPs have a crystalline core�shell structure, with a face-centered cubic metallic Cu core and a simple cubic

Cu2O shell with a CuO outerlayer. The shape control of Cu�Cu2O core�shell NPs can be understood in terms of a

diffusion-limited progressive growth model under different kinetic conditions as dictated by different

[CuSO4 · 5H2O] concentration regimes.

KEYWORDS: Cu�Cu2O core�shell nanoparticles · cubic · cuboctahedral ·
octahedral · shape and size control · electrodeposition · X-ray photoelectron
spectroscopy
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shape, by using a solution-based method.15,23�25 In-
deed, the formation of Cu NPs and clusters on differ-
ent substrates using a variety of different methods has
been reported extensively in the literature, and these
substrates include organic and polymer surfaces,26�34

metallic surfaces,35,36 and Si(100)37�39 and Si(111)40�42

surfaces. However, the number of reports about Cu or
Cu�Cu2O core�shell NPs on Si substrates is limited and
largely to the nucleation and growth of Cu NP clusters
without any attempt to control the shape.37�42 Another
novelty of the present work therefore lies in the shape
control of NPs (with different exposed facets) specifi-
cally on the industrially relevant Si substrate. As Cu2O
NPs with different exposed facets can behave differ-
ently and exhibit different catalytic properties,43 it is of
fundamental and commercial interest to grow different
shapes of Cu2O NPs on a Si substrate. Among the sev-
eral solution-based techniques used to grow NPs, elec-
trochemical deposition represents a low-cost, flexible,
scalable method extensively used for growing NPs with
definite morphology and chemical composition on a
variety of substrates, including low-heat-tolerant mate-
rials (e.g., plastics and polymers).44 For example, Oskam
et al. studied the nucleation and growth mechanism of
Cu on n-type Si from sulfate solution, and they found
that Cu undergoes progressive nucleation growth on
the Si surface, forming islands according to the
Wolmer�Weber model.45 Grujicic and Pesic studied
the nucleation of Cu on a glassy carbon substrate also
in a sulfate solution, and they found that the pH, con-
centration of the copper electrolyte, deposition poten-
tial, temperature, and supporting electrolyte all influ-
ence the nucleation and growth of the NPs differently.46

Ko et al. produced triangular pyramidal Cu NPs on gold
by using an organic capping reagent that limits the
growth of the (111) plane,36 while Tang et al. produced
octahedral particles on the gold surface.35 In our previ-
ous studies, we studied the deposition of cubic Cu NPs
on polypyrrole films electrochemically deposited on ei-
ther a gold electrode32,33 or a gold film sputter-coated
on p-type Si(100).34 In these experiments, we found that
the thickness of the polypyrrole film can be used to con-
trol the size and number density of the cubic Cu NPs.
Additional advantage in electrodeposition lies in the
“fast” synthesis of NPs on the substrate. While all other
synthesis techniques take minutes to hours, we show
here that the growth of Cu�Cu2O core�shell NPs can
be completed in just a few seconds (�6 s).

For supported NPs, the morphology, number den-
sity, and chemical composition all play important roles
in their reactivity and selectivity. Depending on the in-
tended application of these NPs, a number of physical
and chemical techniques have been developed to con-
trol different aspects of their properties.33,34,36,42,45�47

One particularly important property is the NP shape be-
cause the shape of the NP determines how many fac-
ets of specific orientation are exposed and therefore

available for surface reactions. Given that some planes
are more active than the others toward specific chemi-
cal reactions,43 the shape of the NP can have a signifi-
cant effect on its reactivity and selectivity. Cu and Cu2O
NPs are found to exhibit several different shapes,48 in-
cluding asymmetric triangular pyramidal shape with
four (111) facets,36 cubic with six (100) facets,17,32 cuboc-
tahedral with eight (111) and six (100) facets,49 and oc-
tahedral with eight (111) facets.35 Since the surface en-
ergy of a solid is anisotropic, the shape of a NP is
derived by exposing the limiting planes with the low-
est free energies at specific concentration and temper-
ature, while the other nonlimiting planes grow faster
and are not exposed.50 Controlling factors that affect
the growth kinetics of specific planes will therefore al-
low us to control the shape of the NP.

In the present work, we investigate fast growth of
Cu�Cu2O core�shell NPs on a H-terminated p-type
Si(100) substrate using a one-step, templateless, and
capping-agent-free electrodeposition technique. The
chemical composition and the crystal structure of these
Cu�Cu2O core�shell NPs have been characterized by
depth-profiling X-ray photoelectron spectroscopy (XPS)
and glancing-incidence X-ray diffraction (GIXRD). By
varying the Cu electrolyte concentration and deposi-
tion time, we could control Cu�Cu2O NPs with three
well-defined shapes, an average size range of 5�400
nm, and a range of number densities. The shape evolu-
tion as a function of electrolyte concentration can be
qualitatively understood in terms of the interplay be-
tween the growth kinetics along different facet planes
of Cu and the supersaturation factor.50 The present
demonstration work could be extended to the develop-
ment of better catalysts, selective functionalization on
different metal facets, hybrid metallic alloys, and other
important application areas discussed above.

RESULTS AND DISCUSSION
Shape Control of Cu�Cu2O Core�Shell NPs Electrodeposited

on H-Si(100). The shape of a Cu�Cu2O core�shell NP is
primarily determined by the initial shape of the Cu core
that nucleates on the silicon surface during the deposi-
tion process. The deposition of metal NPs onto a sup-
port from a solution involves nucleation, followed by
diffusion-limited growth, both of which affect the par-
ticle size distribution and number density.45 The nature
of both the metal and the support determines not only
whether nucleation will be progressive or instanta-
neous but also whether the growth will follow the
Frank�van der Merwe (layer-by-layer) or Volmer�
Weber (island) or Stranski�Krastanov (mixed layer and
island) growth mode.40 It is well-known that the nucle-
ation of Cu on Si single crystals (both n-type and p-type)
is progressive,45 which is reflected by the increasing
number density with deposition time.44,45 Cu NPs fol-
low the Volmer�Weber growth mode due to the weak
interaction between Cu and Si,45 which results in in-
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creasing average particle size with deposition time. Dur-

ing the deposition process, the shape of the NP is

known to be determined by the limiting planes with

the slower growth rates, which are the (100) and (111)

planes for Cu.50 The difference in the growth rates be-

tween the limiting planes causes specific facets to be

exposed, producing the shape of the NP.50 By choos-

ing appropriate kinetic conditions that affect the

growth rates of these limiting planes, it is possible to

control the shape of the Cu NPs. Subsequently, the

outer layers of Cu NPs are converted to Cu2O in the

presence of the aqueous electrolyte used during the

electrodeposition, resulting in Cu�Cu2O core�shell

NPs.

Figure 1 shows the scanning electron microscopy

(SEM) images of Cu�Cu2O core�shell NPs of specific

shapes, obtained by electrodeposition at three differ-

ent CuSO4 · 5H2O concentrations with appropriately

chosen deposition times. At 10 mM [CuSO4 · 5H2O],

well-defined cubic NPs with an average size (edge

length) of 90 nm were obtained (Figure 1a), while the

shape of the NPs becomes cuboctahedral with an aver-

age size [face diagonal of the (100) facet] of 150 nm at

100 mM (Figure 1b) and octahedral with an average size

(equatorial edge length) of 200 nm at 200 mM (Figure

1c). It should be noted that the deposition time does

not affect the shape of the resulting NPs and is chosen

here to provide better illustration of the homogeneous

deposition at a selected [CuSO4 · 5H2O] concentration.

Furthermore, a continuous evolution in the shape of the

NPs among these three observed shapes occurs among

the key [CuSO4 · 5H2O] concentrations at which the

NPs of particular shapes are formed. For example, be-

tween 10 and 50 mM [CuSO4 · 5H2O], NPs of truncated

cuboctahedral shapes evolve from a primarily cubic

shape at 10 mM to a largely cuboctahedral shape at 50

mM, resulting in a mixture of truncated cubic and cub-

octahedral shaped NPs at different stages of growth.

The formation of different shapes of Cu NPs is previ-

ously attributed to the role of capping agents. The

mechanism proposed by Pileni and co-workers in-

volves initial formation of a decahedral, cuboctahedral,

or tetrahedral precursor, followed by preferential ad-

sorption of the capping agents on the nanocrystal fac-

ets in order to control the respective growth rates ki-

netically.51 Similar growth has recently been observed

by Mott et al.,22 supporting the proposed mechanism.

However, in their study of cubic NP growth,
Gou et al. suggested that the capping groups
on the Cu2O surface are not particularly selec-
tive to adsorption on different crystal faces.16

The present result illustrates that, even in the
absence of any capping agents, it is possible
to grow Cu�Cu2O core�shell NPs with differ-
ent shapes. The deposition and growth kinet-
ics during electrodeposition from electro-

lytes of different concentrations are believed

to play an especially important role in forming differ-

ent shapes of the NPs. In general, particles tend to grow

in the directions of planes with a high surface free en-

ergy, in order to reduce the surface free energy for the

NP by eliminating these planes.50 The growth rate in the

[110] direction of a NP is usually fast because the (110)

plane has the highest free energy.50 The change in

shape at different [CuSO4 · 5H2O] concentrations is the

result of changes in the growth rates in the [111] and

[100] directions. At a low concentration (5�10 mM

[CuSO4 · 5H2O]), the growth rate of the emerging par-

ticle in the [111] direction is faster than that in the [100]

direction, resulting in the exposure of the (100) facets.

Since a face-centered cubic crystal has six (100) facets,

the Cu NPs therefore appear cubic on average in this

concentration range. By increasing the concentration

to 50 mM, the growth rate in the [100] direction in-

creases and becomes comparable with that in the [111]

direction. In this case, the (111) facets start to appear,

along with the (100) facets. The cubic shape, with six

(100) facets, first changes to truncated octahedron with

six octagonal (100) facets and eight triangular (111) fac-

ets, and then to cuboctahedron with six square (100)

facets and eight triangular (111) facets. At still higher

concentrations to 200 mM, the growth rate of the NPs

in the [100] direction exceeds that in the [111] direction,

and the (111) facets become dominant. The particles

become first truncated octahedral with (100) facets at

the corners and (111) facets at the edges, then change

to octahedral with eight (111) facets. Figure 2 summa-

Figure 1. SEM images of Cu�Cu2O core�shell nanoparticles electrode-
posited on H-Si(100) at �1.0 V in an aqueous solution of 10 mM [NaC-
lO4] and [CuSO4 · 5H2O] of (a) 10 mM for 4 s, (b) 100 mM for 1 s, and (c)
200 mM for 3 s, illustrating their cubic, cuboctahedral, and octahedral
shapes.

Figure 2. Schematic diagram of the shape evolution of Cu
nanoparticles at different relative growth rates along the
[100] and [111] directions.
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rizes the growth evolution of different shapes of NPs

depending on the relative growth rates along the [100]

and [111] directions.

Size and Number Density of Cu�Cu2O Core�Shell

Nanoparticles of Specific Shapes. For NPs of a particular

shape obtained in a specific [CuSO4 · 5H2O] range, it is

possible to control the size distribution and number

density by varying the deposition time. Figure 3 shows

that both the average size (edge length) and the num-

ber density of the cubic NPs obtained at 5 mM

[CuSO4 · 5H2O] increase with increasing deposition time.

From 0.1 to 0.5 s deposition time, the NPs increase in av-

erage size from 20 nm with a size range of 0�40 nm

(Figure 3a) to 30 nm with a range of 10�50 nm (Fig-

ure 3b). Increasing the deposition time to 1.0 and 2.0 s

causes the average size to increase to 30 and 40 nm, re-

spectively, with respective size ranges of 5�60 and

10�70 nm (Figure 3c,d). Above 2.0 s deposition time

(Figure 3e,f), the average size remains effectively un-

changed as the particle approaches the optimum aver-

age size of 40�45 nm. The corresponding size distribu-

tion evidently becomes narrower; that is, the particles

become more uniform in size (from 15�65 nm for 3.0 s

to 25�65 nm for 4.0 s). Further increase in the deposi-

tion time causes the particles to cluster and coalesce,

producing a thin film (not shown). As shown in Figure

4, similar dependence of the particle size on the depo-

sition time can also be observed for NPs with different

shapes obtained at different [CuSO4 · 5H2O] concentra-

tions, that is, among NPs of cubic (10 mM), cuboctahe-

dral (50 mM), and octahedral shapes (200 mM). In addi-

tion, the number density of NPs is also found to increase

with increasing deposition time, as shown for cubic

NPs in Figure 3. For a longer deposition time, the num-

ber density increases until the NPs start to coalesce to

bigger NPs, as found in Ostwald ripening (and eventu-

ally forming a film). These changes are illustrated for

cuboctahedral NPs in Figure 5, and they are consistent

with progressive nucleation of the Cu NP growth on

H-Si(100).

The dependence of the NP size can be understood

in terms of the supersaturation factor, which is defined

as the ratio of the actual pressure experienced by the

growing particle at a particular size to that at the opti-

mum size at specific concentration and temperature.50

If the supersaturation factor is greater than 1, the NP will

continue to grow until it reaches the optimum size

with a unity factor, at which point the particle growth

stops. By increasing the deposition time, the amount of

charge transfer increases, increasing the particle size,

which in turn causes the surface area to increase and

the pressure to decrease. As a result, the supersatura-

tion factor decreases and becomes closer to 1, with the

particle size approaching the optimum size at that con-

centration. Because the nucleation process of Cu NPs

on the Si surface is progressive, new nucleation sites are

created continuously (as long as there is open space

on the substrate), increasing the number density, dur-

ing the electrodeposition process. The NPs that nucle-

ate first will therefore have the largest size, and they will

reach the optimum size first and stop growing. As the

Figure 3. SEM images and size distributions (insets) of Cu�Cu2O
core�shell cubic nanoparticles electrodeposited on H-Si(100) at �1.0 V
in an aqueous solution of 5 mM [CuSO4 · 5H2O] (and 10 mM [NaClO4]) for
deposition times of (a) 0.1 s, (b) 0.5 s, (c) 1 s, (d) 2 s, (e) 3 s, and (f) 4 s.

Figure 4. SEM images of cubic, cuboctahedral, and octahe-
dral Cu�Cu2O core�shell nanoparticles electrodeposited on
H-Si(100) at �1.0 V in respective aqueous solutions of (a)
10 mM, (b) 50 mM, and (c) 200 mM [CuSO4 · 5H2O] (and 10
mM [NaClO4]), each for two different deposition times.
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deposition continues, nucleation of the NPs will eventu-

ally cover the entire surface, saturating the number

density and further limiting creation of new particles.

The size distribution will become narrower if a sufficient

amount of deposition time is provided for all the nucle-

ated particles to grow bigger and reach the optimum

size, as illustrated in Figure 3. When most of the par-

ticles reach the optimum size at a specific concentra-

tion, further deposition will cause the particles to coa-

lesce, producing Oswald ripening and/or film

formation, as shown in Figure 5.

Crystal Structure and Chemical Composition. Figure 6 shows

the GIXRD spectra for cubic, cuboctahedral, and octahe-

dral Cu�Cu2O core�shell NPs electrodeposited on

H-Si(100) at �1.0 V. The prominent peaks at 43.30,

50.43, and 74.24° correspond, respectively, to the (111),

(200), and (220) of face-centered cubic Cu (with space

group Fm3m̄, JCPDS 01-070-3039), and the weaker fea-

tures at 36.42, 42.30, 61.35, and 73.53° can be assigned

to the (111), (200), (220), and (311) of simple cubic Cu2O

(with space group Pn3m̄, JCPDS 00-077-0199).52 The

overall diffraction intensity from the Cu phase is found

to be higher than that from the Cu2O phase for octahe-

dral and cuboctahedral NPs, indicating a higher quan-

tity of Cu in these individual NPs. For cubic NPs, the

Cu2O intensity is higher than that of Cu, consistent with

the larger Cu2O (shell) relative composition in this small-

est NP. The similar GIXRD patterns observed for NPs of

different shapes suggest the same crystal structure with

major crystal planes diffracting at essentially the same

2� angles. Moreover, there is a marked difference in the

relative intensities of the (111) features for both the

Cu2O and Cu phases. As discussed in the mechanism

of NP shape evolution, increasing the CuSO4 · 5H2O con-

centration (from 10 to 100 to 200 mM) would decrease

the growth rate of the (111) plane of the Cu core,

thereby reducing the amount of (111) facets. This is

clearly reflected by the observed decrease in the

Cu(111) diffraction intensity from octahedral to cuboc-

tahedral to cubic NPs.

Figure 7 shows typical XPS spectra for the Cu 2p3/2

and O 1s regions at different sputtering times for cubic

Cu�Cu2O core�shell NPs obtained at 10 mM

[CuSO4 · 5H2O] for 4 s (Figure 4a). For the as-deposited

sample, the peak at 932.6 eV can be attributed to Cu2O,

in accord with the literature data.53,54 The presence of

a very weak but discernible Cu 2p3/2 peak at 934.0 eV

(Figure 7) and its satellite peak at 942.0 eV (not shown)

can be assigned to CuO.55 This overlayer is evidently re-

moved after a short sputtering of 30�60 s, which indi-

cates that the CuO overlayer is quite thin (�2 nm). The

marked increase in the intensity of the Cu2O feature at

932.6 eV after 30 s of sputtering could be due to the re-

moval of a carbonaceous layer often found in sample

handling under ambient conditions. The Cu 2p3/2 spec-

trum appears essentially unchanged after further sput-

tering for 240 s, above which peak broadening and in-

tensity reduction are observed. After 500 s of

Figure 5. SEM images of Cu�Cu2O core�shell cuboctahe-
dral nanoparticles electrodeposited on H-Si(100) at �1.0 V
in an aqueous solution of 100 mM [CuSO4 · 5H2O] (and 10
mM [NaClO4]) for deposition times of (a) 1 s, (b) 2 s, (c) 4 s,
and (d) 5 s.

Figure 6. Glancing-incidence XRD pattern of Cu�Cu2O
core�shell (a) cubic, (b) cuboctahedral, and (c) octahedral
nanoparticles electrodeposited on H-Si(100) at �1.0 V in an
aqueous solution of 10, 100, and 200 mM [CuSO4 · 5H2O]
(and 10 mM [NaClO4]) for 30, 30, and 15 s deposition time,
respectively.

Figure 7. XPS spectra of Cu 2p3/2 and O 1s regions of
Cu�Cu2O core�shell cubic nanoparticles electrodeposited
on H-Si(100) at �1.0 V in an aqueous solution of 10 mM
[CuSO4 · 5H2O] (and 10 mM [NaClO4]) for 4 s deposition time
and upon sputtering for selected times. The insets show the
corresponding Cu LMM Auger features and a schematic
model of the core�shell nanoparticle.
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sputtering, we observe the emergence of additional in-

tensity at 932.9 eV (i.e., 0.3 eV higher in binding energy

than the Cu2O feature) by peak deconvolution, corre-

sponding to metallic Cu.53,54 The presence of the metal-

lic Cu feature is better illustrated in the corresponding

Cu LMM Auger spectra (Figure 7, inset). In particular, the

metallic Cu Auger feature at 918.0 eV kinetic energy53,54

is clearly evident after sputtering for just 60 s, and this

metallic feature becomes more intense with further

sputtering while the corresponding Cu2O Auger fea-

ture at 916.0 eV kinetic energy53,54 weakens. The Cu Au-

ger spectra therefore confirm that the Cu NP consists

of a metallic Cu core and a Cu2O shell with a thin outer-

layer of CuO as indicated in the XPS spectra.

The corresponding O 1s spectrum for the as-

deposited sample shows two peaks at 532.4 and 530.3

eV, attributed to amorphous silicon oxide (SiOx) and Cu

oxides (Cu2O/CuO), respectively.56�58 The presence of

the strong SiOx O 1s feature is due to in-solution oxida-

tion of the Si surface not covered by the Cu NPs dur-

ing the electrodeposition process. After 30 s of sputter-

ing, the SiOx feature is significantly reduced, making

the Cu oxide feature at 530.3 eV more evident. Further

sputtering reduces the intensities of both features, with

complete removal of the Cu oxide features after 500 s.

The remaining intensity at 532.4 eV corresponds to oxy-

gen inside the bulk Si. It should be noted that, after

the complete removal of the Cu oxide O 1s feature at

530.3 eV, considerable intensity for the Cu 2p3/2 feature

at 932.9 eV is clearly observed. This marks the com-

plete removal of the Cu2O shell and the presence of

Cu NPs with just the metallic Cu core. It should also be

noted that the small shift in Cu 2p3/2 binding energy

found for the metallic Cu core could also indicate a

quantum size effect. In particular, the depth-profiling

XPS measurement for a Cu film on Si(100) by Paszti et

al.37 showed that the Cu 2p3/2 peak broadens and shifts

by 0.4 eV, which they attributed to a quantum size ef-

fect. Finally, we also find similar depth profiles for cub-

octahedral and octahedral Cu NPs obtained with differ-

ent deposition conditions, which confirms the

“universal” core�shell nature of these electrochemi-

cally deposited Cu NPs.

On the basis of the GIXRD and depth-profiling XPS

data, we propose a general core�shell model, shown

in Figure 8, for the Cu NPs of different shapes and crys-

tal structures electrodeposited on H-Si(100). The forma-

tion of Cu2O shell on the Cu core is attributed to the

use of aqueous electrolyte solution, while a thin CuO

outerlayer could also be formed when samples were
taken to ambient conditions.

CONCLUSIONS
The present work shows that Cu�Cu2O core�shell

NPs of cubic, cuboctahedral, octahedral shapes can be
obtained by a fast, one-step, templateless, capping-
agent-free electrochemical method using the
[CuSO4 · 5H2O] concentration as the control parameter.
In particular, cubic NPs with six (100) facets, cuboctahe-
dral NPs with six (100) facets and eight (111) facets,
and octahedral NPs with eight (111) facets can be pro-
duced with 5�10, 50�100, and 200 mM [CuSO4 · 5H2O],
respectively, in just a few seconds (0.1 to 6 s). A continu-
ous evolution in the shape with truncated crystal struc-
tures among these three primary shapes can also be ob-
served at intermediate [CuSO4 · 5H2O] concentrations.
Furthermore, the size and number density of these NPs
with specific shapes can also be easily controlled by
the deposition time at selected [CuSO4 · 5H2O] concen-
trations. Evolution of the average size and distribution,
up to a critical dimension, can be understood in terms
of the supersaturation factor in the diffusion-limited
progressive growth model. Using GIXRD and depth-
profiling XPS, we also determine that these NPs, regard-
less of shapes, consist of a crystalline metallic Cu core
and a Cu2O shell with a thin CuO outerlayer. The abil-
ity to control the relative amounts of different (100) and
(111) facets over a full range of Cu NPs of different
shapes supported on Si(100) provides new opportu-
nity to develop site-specific surface chemistry in emerg-
ing applications. Our future work will focus on selec-
tive functionalization by organic molecules and hybrid
metallic alloy deposition using these NPs as a template
substrate.

EXPERIMENTAL DETAILS
Single-side polished B-doped Si(100) wafers (0.40 mm thick)

with a resistivity of 1.0�1.5 m� · cm were cut into 15 � 2.5 mm2

rectangular chips. The Si chips were cleaned and H-terminated
by using a standard RCA method.63 A potentio/galvanostat elec-

trochemical workstation (CHI Instrument 660A) with a three-
electrode cell (with a Ag/AgCl reference electrode, a platinum
wire counter electrode, and the Si chip as the working electrode)
was used for the electrodeposition experiments. Cu�Cu2O
core�shell nanocrystals were deposited on the H-terminated

Figure 8. Schematic model for Cu nanoparticles electrode-
posited on Si(100), depicting the metallic Cu core and Cu2O
shell with a CuO outerlayer. This model is based on the crys-
tallographic data of refs 59�62.
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Si(100) chips at room temperature in an aqueous Cu electrolyte
solution (without stirring) for a preselected deposition time by
amperometry potentiostatically at a constant potential of �1.0
V (with respect to the Ag/AgCl reference electrode). The Cu elec-
trolyte solution consisted of a preselected concentration of
CuSO4 · 5H2O and a fixed concentration [10 mM] of NaClO4 used
as a supporting electrolyte. The electrolyte solution was appro-
priately deoxygenated by nitrogen bubbling for at least 20 min
prior to use.47 Two deposition parameters were used to produce
NPs with different shapes, sizes, and number density. In particu-
lar, Cu electrolyte concentrations [CuSO4 · 5H2O] of 5, 10, 50, 100,
200, and 500 mM and deposition times of 0.1, 0.5, 1, 2, 3, 4, 5,
10, and 20 s were varied in a systematic fashion. The resulting
NP-deposited Si substrates were thoroughly rinsed with Millipore
water (with a resistively of 18.2 M� · cm) and dried for at least
24 h in a nitrogen-purged drying box prior to characterization.

SEM with a LEO FESEM 1530 microscope was used to deter-
mine the shape, size, and number density of the Cu�Cu2O
core�shell NPs electrodeposited on the Si(100) chip. The crystal
structure of the Cu�Cu2O core�shell NPs was further character-
ized with GIXRD using a PANalytical X’Pert Pro MRD diffractome-
ter with Cu K� radiation (1.54 Å) at an incidence angle of 0.3°.
The chemical composition of the Cu�Cu2O core�shell NPs was
analyzed by XPS as a function of sputtering depth (depth profil-
ing) using a Thermo-VG Scientific ESCALab 250 Microprobe with
a monochromatic Al K� source (1486.6 eV), capable of an over-
all energy resolution of 0.4�0.5 eV full width at half-maximum.
Sputtering was performed by rasterring a 3.0 keV Ar� ion beam
over a 3 � 3 mm2 area of the sample at a typical sample current
density of 102 nA/mm2.
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