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Abstract Self-seeding polyol synthesis method, without

additives, was employed for the fabrication of different

copper nanostructures. The pertinent parameters including

temperature, copper concentration and molar ratio of

poly(vinylpyrrolidone) (PVP) to copper were assessed for

achieving different size and morphology of copper nanos-

tructures, i.e., nanowire, nanosphere and nanocube. It was

found that PVP-to-copper molar ratio has the most signif-

icant effect on the geometry of the copper nanostructures.

Graphical Abstract

1 Introduction

Copper, the second most consumed non-ferrous metal, is a

ductile metal with very high thermal and electrical conduc-

tivity. Copper nanostructures are widely employed in

nanoelectronics and catalysts [1–3] as well as transparent

conductive electrodes [4–7]. Several methods have been

introduced for the synthesis/production of nanostructured

copper, including chemical/sonochemical techniques [8, 9],

metal vapor [10] and microemulsion techniques [11]. It is

worthy of note that the chemical reduction techniques such

as hydrothermal [12–14] and solvothermal methods [15, 16]

are the most widely used ones due to the simplicity, low cost

and controllability of copper nanostructure morphologies. In

hydrothermal methods, the copper ions are reduced in an

aqueous medium via a reducing agent in the presence of a

capping agent. The most important difficulty of this process

is the use of toxic reducing agents such as hydrazine, sodium

borohydride and formaldehyde [4, 6, 12]. However,

solvothermal reduction of copper ions in an organic medium,

in the presence of a capping agent (such as PVP and EDA),

eliminates the use of the above-mentioned toxic reducing

agents. When ethylene glycol (an alcohol containing mul-

tiple hydroxyl functional groups) is used as the medium, the

solvothermal technique is known as the polyol method [15,

17–21]. Ethylene glycol, in polyol synthesis method, serves

as both solvent (medium) and reducing agent. Furthermore,

using organic medium minimizes the partial oxidation and

agglomeration of the final products [22–24].

Regarding the synthesis of copper nanostructures via

polyol method, Park et al. [20] successfully controlled the
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size and the size distribution of copper nanoparticles by

adjusting the reducing agent concentration, reaction tem-

perature and precursor injection rate in the polyol synthesis

system. They also reported that precursor injection rate is

the most influential factor in the system. Moreover, Zhang

et al. [25] synthesized ultrafine copper nanoparticles using

polyol method. The most distinctive point in their work is

the use of NaBH4 as the reducing agent. Besides, Blosi

et al. [26] employed the microwave-assisted polyol method

for the production and optimization of copper nanoparti-

cles. A literature survey shows that despite the works on

the polyol synthesis of copper nanoparticles, there are only

very limited studies on the production of other copper

nanostructures (nanowire/nanorod and nanocube) via this

method. For instance, Wang et al. [27] synthesized copper

nanocubes via polyol method with the aid of ascorbic acid

as a reducing agent. Additionally, Zhao et al. [15] com-

pared the polyol-synthesized copper nanowires with those

from other synthesis methods including vapor infiltration

and hydrothermal reduction. They also evaluated the effect

of synthesis temperature and PVP concentration on the

formation of copper nanowires.

The aim of the present work was to identify the effect of

important parameters—i.e., temperature, initial copper

concentration and molar ratio of PVP to copper—in a self-

seeding polyol synthesis system. The level of each

parameter is varied to see whether different copper

nanostructures are achievable. The possible outcome of this

study has important implications regarding the use of the

polyol synthesis method for obtaining different mor-

phologies and sizes.

2 Materials and methods

The ethylene glycol (EG) (C2H6O2, Daejung, 99 %), based

solutions of copper nitrate (Cu(NO3)2�3H2O, Merck, 99 %)

with concentration of 0.09 M and poly(vinylpyrrolidone)

(PVP) (K30, (C6H9NO)n, Daejung, 99.8 %) were prepared.

Equal volumes of the solution (6 mL) were injected

dropwise at a rate of 30 mL/h into a flask and stirred for

2 h under ambient conditions. Then, the mixture was

transferred into a Teflon-lined stainless steel autoclave and

heated at 155 �C for 30 h. Ethylene glycol was used as

both solvent and reducing agent, while PVP was used as

surfactant. Thereafter, the obtained suspension was water-

cooled to room temperature. The reddish brown suspen-

sions were diluted with DI water (in a ratio of 1:5) and

centrifuged three times at 4500 rpm for 10 min. The final

products were dispersed in ethanol before SEM, XRD and

UV–visible spectrophotometry examinations. A schematic

representation of the experimental procedure is shown in

Fig. 1. The effect of temperature, copper concentration and

molar ratio of PVP to Cu on the morphology/size of final

products were assessed in the range of 145–175 �C,

0.03–0.12 M and 0.5–5, respectively.

3 Results and discussion

3.1 Copper nanowires

In order to monitor the products of polyol process, con-

ducted at 155 �C with MR of 1 and copper concentration of

0.09 M, SEM imaging was carried out at different time

intervals in an overall time of 30 h (Fig. 2). As it can be

seen in Fig. 2a, at the initial times of the process, copper

nanoparticles are formed. By increasing the reaction time

to 14 h (Fig. 2b), some short nanorods appear and after

18 h, the length of nanorods increases (Fig. 2c). However,

Cu nanowires are observed after 24 h (Fig. 2d) with

diameter and length of 80–100 nm and 2–5 lm, respec-

tively. After 30 h, the length of nanowires reaches

10–15 lm without any significant change in the diameter.

Hereafter, some short, thick rods are observed (42 h) which

can be very likely attributed to the expansion of nanopar-

ticles at the expense of the nanowires’ re-dissolution. The

obtained results indicate that the adequate time for

Fig. 1 Schematic representation of experimental procedure
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achieving the nanowires with a relatively high length is

around 30 h.

The crystallographic structure of the initial seeds in the

nucleation process plays an important role in nanowire

formation. It has been reported [5, 19, 28] that multiple-

twined decahedrons serve as the seeds for nanowires, while

spherical seeds would result in nanoparticles. These deca-

hedrons have high energy in the binding of different (111)

facets and can serve as the main host for the precipitation

of Cu reduced atoms. Moreover, PVP has been known to

have strong binding with (100) facets of decahedrons.

Thus, for minimizing the energy and due to the stronger

interaction of PVP with (100), compared to that of (111)

facets, reduced copper atoms are preferentially absorbed on

(100) facets resulting in the growth along the 100h i
direction. In the following step, copper nanorods are grown

through the well-known Ostwald ripening mechanisms in

the presence of PVP chains and finally, copper nanowires

are grown at the expense of short nanorods and nanowires.

It should be pointed out that PVP continuingly acts as a

capping agent for preferential growth along the 100h i
direction. After that, PVP enables the two ends of the

nanorods to grow and form nanowires while tightly pas-

sivating the side surfaces of (110) [29].

Fig. 2 SEM images of Cu nanostructures with different reaction times of a 5, b 14, c 18, d 24, e 30 and f 42 h
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In order to evaluate the probability of the presence of

copper nanowires under different conditions, the concen-

tration of copper, molar ratio of PVP to copper and tem-

perature are varied in a range around the one resulted in the

production of nanowires, i.e., 0.09 M Cu(NO3)2 with

MR = 1 at 155 �C.

3.2 Effect of copper concentration

Figure 3 shows SEM images of the copper nanostructures

at copper concentrations of 0.03, 0.06, 0.09 and 0.12 M

(MR = 1, temperature = 155 �C and the synthesis

time = 30 h). At the lowest level of copper concentration

(0.03 M), microparticles are produced (Fig. 3a). Under

these conditions, it seems that after a slight nucleation of

copper atoms, the metal concentration drops below the

nucleation concentration. However, the copper concentra-

tion is still high enough for the growth of particles without

any specific geometry. By an increase in copper concen-

tration to 0.06 M, as can be seen in Fig. 3b, a mixture of

microparticles and nanoparticles are formed. In this case,

more seeds are available and consequently, smaller aniso-

tropic particles are formed. The higher anisotropy is

observed when the copper concentration increases to

0.09 M (Fig. 3c). Close observation of Fig. 3c reveals that

the favorable concentration of copper for attaining copper

nanowires is 0.09 M; at this concentration, highly crys-

talline and anisotropic structures of copper nanowires are

achieved. However, further increase in the copper con-

centration to 0.12 M leads to the formation of Cu

nanoparticles, as shown in the Fig. 3d.

3.3 Effect of PVP-to-Cu molar ratio

Figure 4 shows the SEM images of the copper nanostruc-

tures synthesized using different molar ratios of PVP to Cu

(0.5, 1, 1.5, 3 and 5). At the lowest molar ratio (0.5),

clusters of nanoparticles are observed (Fig. 4a), which is

due to inadequate level of PVP for preventing colloid

sintering of formed copper nanoparticles. In fact a critical

level of PVP is essential for covering the particles and

inhibiting the metal–metal bond formation [30]. In molar

ratio of 1, high-aspect-ratio nanowires are obtained as

shown in Fig. 4b. Since multiple-twinned decahedrons

have the highest energy in their boundaries, copper atoms

would preferentially crystallize on these sites. Furthermore,

in the metals with FCC structure, (110) facets are the least

stable planes which provide the opportunity for the higher

Fig. 3 SEM images of Cu nanostructures with initial concentrations of Cu at a 0.03, b 0.06, c 0.09 and d 0.12 M
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growth rate in the absence of PVP [15]. The necessity for

energy minimization and faster growth, together with the

stronger surface interaction of PVP with (100) planes,

results in the reaction of PVP chains only with (100) faces

of multiple-twinned particles, i.e., longitudinal growth in

the 100h i direction occurs and five-twinned nanowires are

formed. By increasing the molar ratio to 1.5, thicker

nanowires together with higher number of microparticles

are produced as can be observed in Fig. 4c.

When molar ratio increases to 3, a new morphology of

nanocubes appears (Fig. 4d). Under these conditions,

single-twinned seeds serve as the favorable seeds to grow

on both {111} and {100} faces and cubic nanoparticles

are formed. At the molar ratio of 3, the high coverage of

PVP over all the surfaces of initial seeds results in the

isotropic growth. It is clearly observed that the surfaces

of nanocubes are smooth with edge lengths of

100–200 nm. As shown in Fig. 4e, at the molar ratio of

5, the PVP molecules completely cover the entire sur-

faces including the twin boundaries of initial copper

seeds of MTPs; this complete coverage prevents the

interaction between PVP and various crystallographic

planes and hinders the anisotropic growth. As a result, Cu

nanoparticles are formed.

Fig. 4 SEM images of Cu nanostructures synthesized at different molar ratios of PVP to Cu(NO3)2 as a 0.5, b 1, c 1.5, d 3 and e 5
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3.4 Effect of temperature

The SEM images corresponding to Cu nanostructures

obtained at 145, 155, 165 and 175 �C are shown in Fig. 5.

As a matter of knowledge, the reduction of metal ions via

ethylene glycol proceeds as [15]:

2HOCH2-CH2OH ! 2CH3CHO þ 2H2O ð1Þ

2CH3CHO þ Cu2þ ! CH3CO-OCCH3 þ 2Hþ þ Cu ð2Þ

At the first step, EG converts to acetaldehyde (CH3-

CHO) and then CH3CHO acts as the reducing agent.

The pivotal point in the reduction capability of EG, i.e.,

EG conversion to acetaldehyde, is temperature which must

be higher than 145 �C [12, 31]. As it can be observed in

Fig. 5a, copper microparticles are produced at 145 �C,

indicating that the specific faces are not formed at this

temperature. On the other hand, it is very likely that required

energy for the diffusion of PVP molecules on the surface of

copper seeds for anisotropic growth [15] is not acquired at

145 �C. However, by increasing the temperature to 155 �C,

multiple-twined particles can be formed, resulting in the

appearance of Cu nanowires (Fig. 5b). Increasing the tem-

perature to higher than 155 �C leads to the formation of

copper nanoparticle clusters (Fig. 5c, d). Moreover, high

temperatures may lead to hyperactive behavior of PVP,

which results in covering the whole surface of initial seeds

by PVP. To sum up, the suitable temperature for the pro-

duction of copper nanowires is proposed as 155 �C.

3.5 X-ray diffraction and UV–visible

spectrophotometry

The XRD patterns of Cu nanostructures are presented in

Fig. 6. Regarding the detection limit of XRD analysis which

is *5 %, there are no peaks corresponding to the CuO and

Cu2O impurities. Furthermore, the peaks appear at 43�, 50�
and 74�, which are assigned to (111), (200) and (220) planes

of Cu, confirming the presence of pure copper [12].

Another important point is the stability of the obtained

nanostructures. The XRD patterns of Cu nanowires which

were kept in ethanol for 2 months together with the pattern

corresponding to Cu nanowires which were kept in air (no

protection) are also shown in Fig. 6d, e, respectively. A

minor peak ascribed to (111) crystal plane of Cu2O is found

at 36.5� for the latter (Fig. 6e), which indicates the oxida-

tion of copper nanowires in air.

The UV–visible spectra of copper nanocube, nanowire

and nanoparticle are presented in Fig. 7. The appearance of

surface plasmon resonance (SPR) at 610, 700 and 720 nm

Fig. 5 SEM images of Cu nanowires produced via the polyol process at a 145, b 155, c 165 and d 175 �C
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confirms the presence of nanocubes in the final products.

Moreover, the peaks at 600 and 570 nm corroborate the

existence of nanowires and nanoparticles, respectively.

4 Conclusion

The polyol method was successfully applied for the syn-

thesis of different copper nanostructures by adjusting the

process parameters including temperature, copper

concentration, molar ratio of PVP to Cu and reaction

time. Based on the obtained results, the favorable condi-

tions for the synthesis of Cu nanowires with the length

and diameter ranges of 10–15 lm and 80–100 nm were

copper concentration of 0.09 M, PVP-to-Cu molar ratio of

1, temperature of 155 �C and time of 30 h. Moreover,

copper nanocubes were obtained under same conditions

except for the PVP-to-copper molar ratio which should be

set at 3.

Fig. 6 XRD patterns of copper a nanoparticles, b nanocubes, c nanowires, d nanowires in ethanol after 2 months and e nanowires in air after

2 months

Fig. 7 UV–visible spectra of

copper nanostructures
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