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Abstract A facile chemical reduction method has been

developed to fabricate ultrafine copper nanoparticles whose

sizes can be controlled down to ca. 1 nm by using poly

(N-vinylpyrrolidone) (PVP) as the stabilizer and sodium

borohyrdride as the reducing agent in an alkaline ethylene

glycol (EG) solvent. Transmission electron microscopy

(TEM) results and UV–vis absorption spectra demonstrated

that the as-prepared particles were well monodispersed,

mostly composed of pure metallic Cu nanocrystals and

extremely stable over extended period of simply sealed

storage.

Keywords Copper nanoparticles � Ultrafine

nanoparticles � Chemical reduction � Polyol method

Introduction

Nanoparticles of the coinage metals have raised great

attention due to their fascinating optical, electronic, and

catalytic properties [1–3]. In the last two decades, a sub-

stantial body of research has been directed toward the

synthesis and application of Au and Ag nanoparticles.

Brilliant achievements have been made toward the suc-

cessful control of the nanoparticle sizes and shapes [4],

and the broad applications in optical waveguides [1],

catalysis [2], surface-enhanced Raman scattering (SERS)

[3], and surface-enhanced IR absorption spectroscopy

(SEIRAS) [5, 6]. Copper is a highly conductive, much

cheaper, and industrially widely used material, possessing

a valence shell electron structure similar to the other two

coinage metals. Furthermore, it is unique with the chem-

ical reactivity capable of serving as precursors for the

fabrication of conductive structures by ink-jet printing [7]

or forming CuInSe2 or CuInxGa1-xSe2 semiconducting

nanomaterials for photodetectors and photovoltaics [8].

Nevertheless, over the years, fabrication of Cu nanopar-

ticles has received less attention as compared to that of Au

and Ag ones [7, 9–17], and is still open for more intensive

investigations.

Several methods have been developed for the prepara-

tion of copper nanoparticles, including thermal reduction

[9], sonochemical reduction [13], metal vapor synthesis

[10], chemical reduction [7, 11, 14, 15], vacuum vapor

deposition [12], radiation methods [16], and microemulsion

techniques [17]. Among all these methods as mentioned,

chemical reduction in aqueous or organic solvents exhibits

the greatest feasibility to be extended to further applica-

tions in terms of its simplicity and low cost. However, Cu

nanoparticles so far obtained via the chemical reduction

tactics are mostly located in the range of 10–50 nm, and
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well dispersed Cu nanoparticles with a mean diameter of

5.1 nm could only be synthesized in a CTAB solution [14].

As is well known, the chemical and physical properties

including catalytic activities and melting points of the

metal nanoparticles are significantly influenced by the

particle size [7]. Along this line, synthesis of copper

nanoparticles with smaller sizes based on simple chemical

reduction is highly demanded.

Here, we present a facile fabrication of ultrafine and

monodispersed copper nanoparticles in an organic solvent

with average diameters down to 1.4 ± 0.6 nm. The whole

synthesis was just taken at room temperature under nitro-

gen atmosphere. Poly(N-vinylpyrrolidone) (PVP) was used

as the stabilizer and sodium borohyrdride as the main

reducing agent in the alkaline solvent. Ethylene glycol

(EG) was chosen as the solvent for better preventing the

oxidation and aggregation of the nanoparticles. The char-

acterization of the Cu colloids was accomplished by using

transmission electron microscopy (TEM) as well as

UV–vis spectroscopy.

Experimental Section

Preparation of Copper Nanoparticles

Synthesis of ultrafine copper nanoparticles in organic sol-

vent was typically processed as follows. A certain amount

of poly(N-vinylpyrrolidone) (PVP, MW = 55,000), acting

as the capping molecule, was dissolved in ethylene glycol

(EG) in a flask. Afterward, at room temperature, copper(II)

sulfate (1.5 ml of a 0.1 M solution in EG) was added under

strong magnetic stirring followed by adjusting the solution

pH up to 11 with dropwise addition of 1 M NaOH EG

solution. After stirring for an additional 10 min, 4 ml of

0.5 M NaBH4 EG solution was quickly added into the

flask. In the first few minutes, the deep blue solution

gradually became colorless, and then it turned burgundy,

suggestive of the formation of a copper colloid. All

procedures were carried out with nitrogen gas bubbling to

prevent the reoxidation of reduced copper.

Characterization

The ultrafine copper nanoparticles were characterized

using transmission electron microscopy (TEM) (JEOL

JEM-2010) with an accelerating voltage of 100 kV. TEM

samples were prepared by placing a drop of a dilute dis-

persion of Cu nanoparticles on the surface of a 400-mesh

copper grid backed with Formvar and were dried in a

vacuum chamber for 20 min. The UV–vis absorbance was

measured on a PerkinElmer LAMBDA 40 spectrometer.

Results and Discussion

During synthesis, the dropwise addition of NaOH-EG

solution to the pale blue CuSO4-EG bulk solution resulted

initially in the formation of a white blue precipitate

attributable likely to Cu(OH)2. Then, this precipitate

gradually dissolved and turned to a deep blue clear solution

with further addition of NaOH to reach pH 11, as clearly

demonstrated by the significant blueshift of ca. 214 nm in

absorption peak of the relevant solutions (see curves a and

b in the left panel of Fig. 1). In considering that hydroxide

ions and ethylene glycol may coordinate with copper ions,

we assume that an intermediate Cu(II)-hydroxyl-EG com-

plex may form at this stage before it is reduced by NaBH4.

Addition of NaBH4-EG solution first turned the deep blue

solution to a nearly colorless one (see curve c in the left

panel of Fig. 1), and eventually to a burgundy one (see

curves in the right panel of Fig. 1). The above colorless

solution can be explained if we assume that Cu(I) species is

formed at this stage, since the d–d transitions would be

forbidden due to a full electronic structure in the 3d orbital

of Cu(I) species. The final burgundy solution can be

assigned to the Cu colloid (vide infra). Along this line, we

may conclude that the reduction proceeds through

Fig. 1 Left panel: UV–vis

absorption spectra of (a) CuSO4

EG solution, (b) pH 11solution,

and (c) transitional colorless

solution. Right panel: UV–vis

absorption spectra of copper

colloids A, B, and C, which are

synthesized under different

molecular ratios of PVP and

CuSO4, viz., (a) 2:1, (b) 10:1,

and (c) 20:1, respectively
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Cu(II) ? Cu(I) ? Cu(0). The flow chart of color changes

during the synthesis depicted in Chart 1, for a better visual

understanding.

The right panel of Fig. 1 shows the UV–vis absorption

spectra of three colloidal solutions synthesized under

otherwise the same conditions except differences in

molecular ratios of PVP (counted as the repeat union) and

CuSO4, viz. 2:1, 10:1, and 20:1 (designated as colloids A,

B, and C). A band centered at ca. 560 nm for each solution

can be seen, characteristic of surface plasmon absorption of

copper colloids. In addition, no enhanced background

absorption around 800 nm can be observed implicating that

the colloidal particles are nominally reduced copper in

nature without being oxidized to copper oxide on surface

[17–19]. The as-prepared Cu colloids exhibit a blueshift of

ca. 10 nm in absorption peak as compared to the previously

reported Cu colloid [14], suggestive of much smaller par-

ticle sizes [20]. The peak position in curve a is redshifted

by ca. 2 nm with respect to curves b and c, while the

corresponding peak intensity decreases apparently from

colloid A to C, revealing that the particle size decreases

with increasing molecular ratio of PVP and CuSO4 as

predicted by the Mie’s theory [19]. Notably, no precipita-

tion was observed and the UV–vis absorption profile

remained virtually unchanged even after 2 months storage

in a simply sealed container, suggestive of long-term sta-

bility of the as-prepared Cu colloids.

Figure 2 are the TEM images for Cu nanoparticles from

colloids A, B, and C together with the histograms of par-

ticle size distributions, indicating that Cu nanoparticles are

rather monodispersed in nearly sphere shape. Careful sta-

tistical examination of the nanoparticles revealed that

average sizes of 3.1 ± 0.5 nm, 2.6 ± 0.6 nm, and

1.4 ± 0.6 nm were for colloids A, B, and C, respectively,

in agreement with the UV–vis results. As PVP molecules

strongly adsorb on as-prepared metal nanoparticles, they

effectively prevent the aggregation in reducing metal ions

[21–23]. Consequently, at a higher molecular ratio of PVP

and CuSO4, more PVP molecules are adsorbed on Cu

nanoparticle surfaces, keeping them from the excessive

growth, and leading to the formation of smaller

nanoparticles.

Chart 1 The flow chart

showing the synthesis procedure

and related color variations

Fig. 2 TEM images and corresponding histograms of copper colloid

(a) A, (b) B, and (c) C, respectively
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It should be pointed out that in a traditional polyol

process to obtain metal nanoparticles, EG acts not only as

an organic solvent but also as a reducing agent [24]. The

use of EG to reduce Cu(II) species at a relative high tem-

perature would produce Cu nanoparticles [30 nm due to

its inherently mild reducing ability [7]. At room tempera-

ture, EG is unlikely involved in the reduction of Cu(II)

species, and the introduction of a much stronger reducing

agent is believed to be a crucial factor for achieving much

smaller particle sizes, given that the nucleation and growth

processes are greatly dependent on the power of reducing

agent [15]. Briefly, weaker reducing agents benefit further

growth of the existing nuclei leading to larger particles.

With stronger reducing agent, the larger nucleation prob-

ability would be expected, in favor of the formation of

more ultrafine nanoparticles.

Along this line, the use of stronger reducing agent

NaBH4 played an important role as well in the controlled

synthesis of ultrafine copper nanoparticles in this study.

The reduction ability of NaBH4 is related to its concen-

tration and the solution pH. For a given concentration, the

solution pH should be properly regulated to attain a satis-

factory size control. We found that for 0.5 M NaBH4,

pH 11 was optimized for the fabrication of ultrafine copper

nanoparticles. At too low pH, rapid release of strong

hydrogen bubbles produces large amount of Cu nuclei,

which tend to aggregate into large agglomerates; at too

high pH, newly reduced Cu atoms prefer to deposit onto the

nuclei already formed, eventually causing larger Cu

nanoparticles.

Conclusions

In summary, nominally reduced Cu nanoparticles was syn-

thesized by a modified polyol method, leading to ultrafine

nanoparticles ranging from 1.4 ± 0.6 nm to 3.1 ± 0.5 nm

in average with narrow size distribution, uniform shape, and

great stability. The size of the nanoparticles decreases with

increasing the ratio of PVP and Cu(II) concentrations in the

precursor solution by using NaBH4 as the reducing agent.

The organic solution EG, stabilizer PVP, and the pH value

showed a co-effect to ensure the formation of the desired

particles, and the reduction process may go through

Cu(II) ? Cu(I) ? Cu(0).
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