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To facilitate sintering of copper particles at low temperatures and achieve excellent electrical 

conductivity of copper films, reducing particle size is a common method. However, strong 

reducing agents which are usually used for reducing the size of particles limit their application. 

Here we report a novel approach to obtain highly conductive copper films. Firstly, copper fine 

particles were prepared by a one-pot reduction reaction utilizing D-isoascorbic acid as the mild 

reductant. Secondly, tight connection facilitating the sintering of particles was formed by 

generating convex surfaces, nanorods or nanoparticles during the oxidation procedure. The 

mechanism of oxidative preheating process and its effects on the conductivity were clarified. 

High conductivity of copper films at low temperatures can be achieved due to the critical role 

of the oxidative preheating process.  

 

Introduction 

Printed electronics have attracted increasing attention due to its 

great potential in daily use.1-4 As one of the printing techniques, 

inkjet printing4 becomes a particularly attractive method due to 

its simplicity, cost-efficiency, and on-demand performance. 

Metallic silver inks, which have the lowest resistivity and 

anti-oxidation property in air,5 have been widely used recently 

for printed electronics such as plastic electroluminescent 

devices and RFID tags.6-8 However, silver inks cannot be used 

on a large scale because of their high cost and the low 

electromigration resistance of silver5 which can result in circuit 

failure under high humidity conditions. 

Copper inks, owing to the higher electromigration resistance 

of metallic copper,9,10 much lower cost and low resistivity, 

become a promising candidate for future conductive inks. In 

order to achieve high conductivity of copper films prepared 

from the copper inks, a well-known approach is to decrease the 

size of copper particles, which can facilitate the sintering of 

copper particles.10-12 Generally speaking, strong reductants can 

produce nanoparticles because of their high nucleation rate and 

high density of nuclei.13-15 Thus far, strong reductants such as 

hydrazine and sodium borohydride, are frequently utilized in 

the preparation of copper nanoparticles.2,12,15-19 However, 

hydrazine is extremely dangerous and sodium borohydride can 

bring in impurities which are difficult to be removed by a 

simple washing procedure using solvent.20  

Instead of decreasing the size of nanoparticles to facilitate the 

sintering of copper particles, a facile thermal oxidation process 

which can increase the contact between particles might be 

another solution. Nanorod or nanowire-like coppper oxides 

prepared via thermal oxidation process21-24 has been extensively 

studied because of their wide application in gas sensors,25 

heterogeneous catalysts,26 etc. To our best knowledge, they 

have not been used for facilitating the coalescence of copper 

particles. Some reports have used an oxidative preheating 

process in air to remove the coated layers on copper 

nanoparticles27 and demonstrated its crucial role in obtaining 

conductive films with a low resistivity.28 However, the 

mechanism of oxidative preheating process remains unclear. 

In-situ TEM observation of copper fine particles with and 

without air can reveal the structural changes, but the complete 

understanding is still difficult.29,30 

Herein, we propose a new route towards improving the 

conductivity using mild reducing agent. This route can be 

achieved via a two-step process. Firstly, we synthesized copper 

fine particles by using D-isoascorbic acid31-33 as the reductant 

and octylamine34-37 as the capping agent. Then we successfully 
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generated convex surfaces, nanorods or nanoparticles by an 

oxidative preheating process to facilitate the sintering of 

particles, resulting in excellent conductivity of copper films 

after sintering. To our best knowledge, the oxidative preheating 

process is demonstrated, for the first time, that it can facilitate 

the sintering of particles by generating nanorods or 

nanoparticles. The mechanism of oxidative preheating process 

and its effects on conductivity of copper films was studied. The 

results show that prepared copper films have high electrical 

conductivity due to the effects of oxidative preheating process.  

 

Experimental section  

Synthesis of copper fine particles 

 

 
Fig. 1 Schematic illustration of the synthetic procedure of 

copper fine particles by one-pot strategy. 

 

The synthetic procedure used here is illustrated in Fig. 1. To 

prepare copper fine particles, we used copper oxide (CuO, 

agglomerates with size ranging from a few hundred nanometers 

to several micro-meters, Nissin Chemco, Kyoto Japan) as the 

copper precursor, D-isoascorbic acid (C6H8O6, 98%, Acros) as 

the reducing agent and octylamine (98%, Wako or Lion Corp., 

Japan) as the capping agent . The mixture of CuO (2.5 g, 31 

mmol) and C6H8O6 (5.5 g, 31 mmol), which was grinded for 6 

h by using a mortar, was dissolved in octylamine (52 cm3, 310 

mmol) in a two-neck round-bottom flask equipped with a 

magnetic stirring bar and a condenser. After 4 h stirring using a 

magnetic stirrer, the dispersing mixture was heated in an oil 

bath at 100 °C for 3 h at an agitation rate of 400 rpm. Then, the 

mixture was centrifuged and washed with ethylacetate at 10,000 

rpm for 30 min. The resulting precipitate was dispersed again 

into ethylacetate by using sonication followed by centrifugation 

again. After carrying out centrifugation process several times, 

sample (copper A) was dried with a nitrogen flow. In addtion, 

due to the low solubility of protonated octylamine38 (some 

octylamine changed to protonated octylamine with the proton 

derived from ascorbic acid) in methanol, copper particles 

containing much protonated octylamine (copper B, detailed 

discussion in Fig. S2) were also obtained with the same 

preparation method, followed by carrying out centrifugation 

procedure using methanol three times and being dried with a 

nitrogen flow.  

 

Preparation of copper fine particle inks and films 

 

For the preparation of copper A inks, synthesized copper A fine 

particles (30 wt%), which was grinded by an automatic mortar 

for 30 min and pulverized by a blender for 4 min, was firstly 

dispersed into 70 wt% of α-terpineol (95%, Kanto, Japan). 

Ethanol, which was used for assisting redispersion of copper A 

fine particles and can be removed under reduced pressure, was 

added into the dispersion. Then, the α-terpineol dispersion of 

copper A fine particles was dispersed by a mixer for 32 min and 

by an emulsifier for 5 times. At last, the copper A fine-particle 

inks were obtained by removing ethanol from the dispersion by 

evaporation under reduced pressure. The obtained copper A 

inks were deposited on aluminum oxide (Al2O3) (used for 

resistivity measurements) or on glass slides (used for X-ray 

diffraction (XRD) measurements) by a drop-coating method 

using a doctor blade, respectively. The thicknesses of sintered 

films at 200 °C, 250 °C and 300 °C were 4.4, 4.6, and 3.4 µm 

as shown in Fig. S3, respectively. After drying in nitrogen at 60 

°C for 1 h, Al2O3 and glass slide substrates were cut into 2 cm × 

2 cm pieces and annealed through a two-step process. In this 

two-step process, the substrates with copper A fine particle 

layers were heated under a flow rate of 2 dm3 min-1 of air for 4 

h and then sintered under a flow rate of 2 dm3 min-1 of 3 % 

hydrogen-containing nitrogen gas for 3 h (Fig. S1). The 

temperature during the annealing was kept at 200 °C, 250 °C or 

300 °C. In addition, in order to investigate the morphological 

changes of the copper A fine particles during the oxidative 

preheating process, copper A films were heated at 200 °C and 

250 °C under a flow rate of 2 dm3 min-1 of air for various 

periods (5 min, 30 min, 2 h and 4 h) without sintering 

procedure.  

Prepared copper B fine particles were also used for preparing 

the inks and films with the same method. Then, the prepared 

films were heated at 250 °C in air under the same flow rate for 

various oxidative preheating periods (5 min, 30 min, 2 h and 4 

h).  

 

Characterizations 

 

The crystal structures of facile synthesized copper A fine 

particles and prepared copper A films were analyzed using 

XRD (Rigaku Mini Flex II, Cu Kα). The morphologies of the 

copper A fine particles and the copper A films were observed 

by using a field emission scanning electron microscope 

(FE-SEM, JEOL JSM-6701F) at an accelerated voltage of 15 

kV. The thicknesses of the copper A films which were used for 

calculating the volume resistivity of films, were also measured 

with cross-sectional SEM images of the obtained films. The 

sheet resistances of copper films were obtained using a four 

point probe method (Loresta-GP, MCP-T610, Mitsubishi 

Chemical Analytech, Japan).  

For the copper B particles, the thermal property was 

measured by thermogravimetric analysis (TGA, Shimadzu 

DTG-60H). The films prepared with copper B particles were 

also characterized by XRD, SEM and resistivity measurements.  

Results and discussion 

Copper fine particles were obtained by a one-pot process in the 

presence of octylamine (Fig. 1). SEM images and XRD pattern 

of copper A fine particles are displayed in Fig. 2. The size 

distribution of copper fine particles ranges from 130 nm to 330 

nm with an average diameter of 280 nm, which was measured 

by calculating 100 particles statistically. The XRD pattern (Fig. 

2b) shows five characteristic peaks at 43.3°, 50.4°, 74.1°, 89.9°, 

and 95.1°, which represent (111), (200), (220), (311), and (222) 

planes of copper crystallites, respectively. No peaks 

corresponding to copper oxides were detected. These can be 

attributed to the anti-oxidation role of octylamine. Amine is 

conducive to maintaining a reducing atmosphere during the 

reaction and preventing the oxidation of the particles by 

absorbing onto the surfaces of particles to form protective 

layers.39,40 Currently, an inert atmosphere and strong reductants 

(i.e., hydrazine,2,15-19,27 sodium borohydride,41 etc.) have been 
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Fig. 2 (a) SEM images and (b) XRD pattern of copper A fine 

particles.  
 
used for the preparation of copper fine particles and 

nanoparticles. In contrast, we synthesized copper fine particles 

using a mild reductant and ambient atmosphere.  

Fig. 3 shows SEM images and XRD of copper A films 

oxidatively preheated at 200 °C for various heating periods. 

Before the preheating process, copper A fine particles are 

separated by the organic layers. The surfaces of copper A fine 

particles are smooth (Fig. 3a), which indicates that no obvious 

oxidation of the particle surfaces occurred, which can be 

confirmed also by XRD pattern. At the preheating time of 5 

min, convex surfaces and coalescence of particles can be 

obviously observed (Fig. 3b). With the increase of preheating 

time, coalescence of particles leads to tight connections 

between particles (Figs. 3b-3e). According to the XRD analysis 

shown in Fig. 3f, there are apparent diffraction peaks of 

cuprous oxide (Cu2O) besides that of metallic copper after 

oxidative preheating process, indicating the convex surfaces are 

related to the generating of Cu2O. 

 

 
 

Fig. 3 SEM images of copper A films oxidatively preheated at 

200 °C for various periods: (a) 0 min, (b) 5 min, (c) 30 min, (d) 

2 h, and (e) 4 h. (f) Corresponding X-ray diffraction patterns. 

 

 

  

  

 
 

Fig. 4 SEM images of copper A films oxidatively preheated at 

250 °C for various periods: (a) 5 min, (b) 30 min, (c) 2 h, and (d) 

4 h.  

 

 Figs. 4a-4d exhibit SEM images of copper A films 

oxidatively preheated at 250 °C for various heating period. 

With the increase of preheating time, convex surfaces and 

coalescence of some fine particles, which are same as the result 

of copper A films oxidatively preheated at 200 °C, can also be 

observed (Figs. 4a-4d). It should be noted that nanorods 

appeared besides the convex surfaces. The generated nanorods 

lead to the formation of denser films (Figs. 4b-4d). XRD 

analysis of copper A films oxidatively preheated at 250 °C for 

various heating period is shown in Fig. S4. Similar to the case 

of oxidative preheating at 200 °C shown in Fig. 3, copper fine 

particles started to be oxidized mainly to Cu2O and small 

amounts of CuO at the preheating time of 5 min. With the 

increase of preheating time, the oxidation process continued 

with the decrease of intensity of metallic copper peaks. In 

combination with the results of SEM images (Figs. 4a-4d), it 

can be concluded that the formation of copper oxides (Cu2O or 

CuO) lead to the generation of convex surfaces at the beginning 

of preheating process and nanorods as the oxidation procedure 

proceeds.  

The other study in which copper B films were oxidatively 

preheated at 250 °C, was also carried out. By contrast, their 

SEM and XRD results (Figs. 5a-5f) show different results. 

Interestingly, what appeared on the convex surfaces in 

morphology was not nanorods but smaller nanoparticles (Figs. 

5c-5e). The XRD results exhibit that peaks representing 

metallic copper, Cu2O and Cu8O were detected at the 

preheating time of 5 and 30 min. Cu8O, Cu2O and CuO 

coexisted in the films oxidatively preheated for 2 and 4 h. 

Copper oxides has many forms, including well-known Cu2O 

and CuO and other metastable phases (Cu8O,42 Cu64O,43 etc.). 

These metastable phases can be formed in copper phase in 

certain depth during the atomic diffusion process. 

 The mechanism of the oxidative preheating process can be 

illustrated in Fig. 6. The main reactions during the oxidative 

preheating process can be explained by the following equations.  

 

4Cu + O2      2Cu2O     (1)                        

2Cu2O + O2      4CuO                (2) 
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Fig. 5 SEM images of copper B films oxidatively preheated at 

250 °C for various periods: (a) 0 min, (b) 5 min, (c) 30 min, (d) 

2 h, and (e) 4 h. (f) Corresponding X-ray diffraction patterns. 

  

The oxidation process involves copper ion diffusing from the 

copper matrix to the surface22,44 and oxygen diffusion.45 It can 

be divided into two stages. During the first stage, the diffusion 

of copper ion and oxygen results in the formation of convex 

surfaces (Figs. 3b-e, 4a and 5b). When the oxidative 

temperature is low, copper fine particles can only be oxidized to 

Cu2O (eq. 1). When the oxidative temperature is high enough, 

small amounts of formed Cu2O as a catalyst can transform to a 

more stable CuO (eq. 2).23,46 If copper particles are surrounded 

by lots of protonated octylamine, the protonated octylamine 

may limit effective contact between copper ion and oxygen, 

that leads to the formation of Cu8O which was found in XRD 

(Fig. 5f), and inhibits the generation of CuO. During the second 

stage, the growth of nanorods (Figs. 4b-4d) or formation of 

nanoparticles (Figs. 5c-5e) happens. About the mechanism of 

 

  
 

Fig. 6 Schematic illustration of oxidation preheating process 

which can be used for generating convex surfaces, nanorods or 

nanoparticles and finally promote the sintering of particles. 

nanorods or nanowires, it is often explained by 

vapour-liquid-solid (VLS)47, vapour-solid (VS)48, or diffusion 

mechanism.24,44 For the VLS mechanism, catalyst is needed and 

droplet on the top of nanorods or nanowires is left. For VS 

mechanism, our oxidative preheating process runs at low 

temperatures which are much lower than the melting point of 

copper and copper oxides.22 The plausible reason for growth of 

nanorods might be that the local electric field established by the 

oxygen ions at the solid/gas interface enhances the diffusion of 

the copper ions23 and reactions between copper ion and oxygen 

ions happen. This process during which eqs. 1 and 2 take place 

simultaneously can only happen at a high oxidative 

temperature. If the copper particles are surrounded by plenty of 

protonated octylamine, the electrostatic force will interfere with 

the electric field. This interference may affect the diffusion of 

copper ion from the initial nuclear site to the tip of nanorods, 

resulting in the small nanoparticles. In addition, metastalble 

Cu8O, Cu2O and CuO coexist in the films as a result of 

protonated octylamine.  

 Fig. 7 shows SEM images of copper A films preheated in 

air for 4 h (Figs. 7a, 7c and 7e) and copper A films annealed 

through a two-step process (Figs. 7b, 7d and 7f) at 200 °C, 

250 °C and 300 °C, respectively. The morphologies of copper 

films oxidatively preheated at 200 °C, 250 °C and 300 °C for 4 

h present that coalescence between particles took place 

significantly, leading to the formation of compact films. 

Moreover, the higher the preheating temperature was, the 

denser the obtained oxidative film was (Figs. 7a, 7c and 7e). 

After the reductive sintering process at various temperatures, 

 

 
 

Fig. 7 SEM images of copper A films oxidatively preheated in 

air for 4 h (a, c and e) and copper films annealed through a 

two-step process which includes oxidative preheating process 

in air for 4 h and reductive sintering in 3 % 

hydrogen-containing nitrogen gas for 3 h at 200 °C, 250 °C and 

300 °C, respectively (b, d and f).  
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the oxidative films were completely reduced to copper films 

(Fig. S5) and highly dense copper films without obvious cracks 

were formed (Figs. 7b, 7d and 7f). And the copper film 

obtained at higher temperature became denser. Fig. 8 exhibits 

the resistivities of copper A films annealed through the 

two-step annealing process. The copper A films annealed at 200 

°C, 250 °C and 300 °C exhibit excellent low resistivities of 

12.2, 7.8 and 5.6 µΩ·cm, respectively. The resistivity decreases 

as the annealing temperature increases, which are consistent 

with the SEM results in Fig. 7b, 7d and 7f. The resistivity of 

copper film annealed at 200 °C is only 7 times of that of bulk 

copper (1.7 µΩ·cm). The outstanding electrical conductivity of 

annealed copper films can be attributed to the critical role of 

oxidative preheating process. During the preheating process, 

generated convex surfaces are conducive to the tight 

connections between particles. Nanorods grow toward various 

directions, causing further connection of adjacent particles and 

formation of more compact network structures. Hence the 

sintering of particles was greatly facilitated. For copper B films, 

owing to the effects of small nanoparticles in oxidative 

preheating process, these films which contain plenty of 

organics can also achieve relatively low resistivities of 82 and 

86 µΩ·cm at 250 °C and 300 °C, respectively (Fig. S6). It is 

widely understood that small particles can facilitate the 

sintering of particles.11,12 Furthermore, in our experiment, the 

produced nanoparticles lead to close contacts between particles 

and formation of films with closely packed structure, which can 

promote the sintering of particles. Finally, after reductive 

sintering process, sintered copper films with high conductivities 

can be obtained with assistance of convex surfaces, nanorods or 

nanoparticles (Fig. 6). 

 

 
 

Fig. 8 Resistivity as a function of the annealing temperature of 

copper A films annealed through a two-step process.   

 

It is generally recognized that the sintering process of copper 

particles takes place when the organic layers have been 

removed and the necks start to form between the particles.11 

Currently, most of the reports use the sintering process directly 

to remove the organic layers without carrying out the oxidative 

preheating process.2,12,35 However, it is worth noting that the 

role of oxidative preheating is not only to remove the organic 

layers, but also to build close connections between particles and 

form highly compact films by the role of convex surfaces, 

nanorods or nanoparticles. Importantly, there are two 

advantages for using our method. Firstly, our method which 

uses copper fine particles can avoid or mitigate the problems 

caused by copper nanoparticles. The utilization of strong 

reductants can be avoided and copper fine particles are much 

easier to be stored than copper nanoparticles. As we know, the 

oxidation of copper nanoparticles at ambient conditions is 

severe, especially their size gets smaller. Secondly, in contrast 

with the method which needs to control the size of copper or 

copper/silver core-shell nanoparticles49 precisely and 

complicatedly, our thermal oxidation process is more facile and 

can also lead to excellent conductivity at low temperature. 

 

Conclusion 
In summary, a new route towards improving the electrical 

conductivity of copper film has been developed. This route, 

achieved through a two-step process, provides an effective 

method to form tight connections between particles by 

generating convex surfaces, nanorods or nanoparticles. Firstly, 

copper fine particles were synthesized using D-isoascorbic acid 

as the mild reductant and octylamine as the capping agent. 

Secondly, an oxidative preheating process in air was used for 

generating convex surfaces, nanorods or nanoparticles. The 

generation of convex surfaces, nanorods or nanoparticles during 

the oxidative preheating process is due to diffusion of copper 

ion from the copper matrix to the surface and oxygen diffusion. 

The low resistivities of copper films can be ascribed to the role 

of oxidative preheating process which promotes particle 

sintering. We except that, this facile route which overcomes 

some limitations of using copper nanoparticles would open new 

possibilities for improving conductivity of conductive films 

used for printed electronics. 
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A facile oxidation process was demonstrated, for the first time, it can facilitate particle 

sintering by generating nanostructures.  
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