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A simple method of carbonaceous films coating onto copper (Cu) nanopowder is investigated with solid
carbon source. Copper nanopowder was coated with carbonaceous films using chemical vapor deposition
(CVD) using polyvinylpyrrolidone (PVP) as a solid carbon source via a polyol method. The process time
and concentration of PVP solution during the CVD process were controlled to optimize the carbonaceous
films coating while preventing nanoparticles agglomeration. From TEM and FESEM, it was found that the
necking among copper particles was minimum with 3 min processing time at 900 °C using 30 wt% PVP
solution. TG-DTA, XPS, FT-IR and Raman analysis confirmed the successful conversion of PVP into few
nanometer-thick carbonaceous films layer coating on the surface of copper nanopowder without
necking. Therefore, carbonaceous films coated copper nanopowder could be applied in copper ink
application for better dispersion and high stability.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

of conductive ink, the conductivity of the ink, low production
costs, low sintering temperature, and durability, are the key fac-

Studies on the printed electronics have been growing with
increasing interests in flexible device. Compared to photolithog-
raphy, it is possible to pattern electronic circuit simultaneously
without going through series of steps, such as deposition,
patterning and etching. In particular, development of conductive
ink for the application of printed electronics process is crucial. To
make device using printed electronics process, dispersion stability
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tors to consider [1,2]. Especially, durability is one of the most
important things necessary for commercialization because its
initial properties of inks have to be maintained throughout its
usage. The materials used for conductive ink have been silver,
gold, and copper nano particles, which are mostly metal [3—5].
However, due to its high cost using noble metals, such as silver,
and gold, copper inks have been studied extensively to replace
them [2].

Copper is inexpensive and has good electrical and thermal
properties, but it is easily oxidized in air. Therefore, studies have
examined how to minimize this oxidation by reducing the
exposure of the copper surface to oxygen for a wide range of
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Fig. 1. (a) TEM image of PVP-coated copper nanoparticles and (b) the chemical structure of PVP.
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Fig. 2. Schematic of the experimental process.

applications. Various coatings can be used to protect against
oxidation: metallic coatings [6—10], polymers [6,11-15], and
coatings with thiol groups [7,16,17]. However, these coatings are
limited by their properties. The noble metals used as coating
materials are very expensive compared to that of copper. Pro-
tective coatings of conductive polymers and thiol groups can be
used only on a limited number of materials, including copper, and
the coating thickness can influence the properties of the core
materials [18]. Moreover, the applicability of low-temperature
sintering is limited because it is necessary to remove the poly-
mer coating in inkjet printing applications through thermal and
chemical treatment [18—20]. Therefore, studies have examined
graphene as a protective coating to overcome the limitations of
these other methods. Graphene has a higher electrical current
density and higher thermal mobility than copper, and it is
chemically stable because of its inert surface [21—23]. Recently,
this inert material has been applied as a coating to protect
against oxidation. In addition to preventing oxidation, graphene
has excellent conductivity [6,18,24]. Studies have shown the

Table 1

Experimental conditions.
No. Condition Temp. Time Heating rate PVP solution
1 Air 500 °C 5 min 50 °C/min -
2 Air 500 °C 5 min 50 °C/min 30 wt%
3 Air 600 °C 5 min 50 °C/min 30 wt%
4 Air 700 °C 5 min 50 °C/min 30 wt%
5 Air 800 °C 5 min 50 °C/min 30 wt%
6 Air 900 °C 5 min 50 °C/min 30 wt%
7 Ar/H; 900 °C 5 min 60 °C/min 30 wt%
8 Ar[H, 900 °C 3 min 60 °C/min 30 wt%
9 Ar/H, 900 °C 2 min 60 °C/min 30 wt%
10 Ar/H, 900 °C 1 min 60 °C/min 30 wt%
11 Ar/H; 900 °C 0 min 60 °C/min 30 wt%
12 Ar/H, 900 °C 3 min 60 °C/min 50 wt%
13 Ar/H, 900 °C 3 min 60 °C/min 70 wt%
14 Ar/H; 900 °C 3 min 60 °C/min 90 wt%

(2)

(b)

()

Intensity (a.u.)

W

(d)

(e)

Raman shift (cm™?)

Fig. 3. Raman spectra of PVP-coated copper nanopowders after CVD at temperatures
of (a) 900, (b) 800, (c) 700, (d) 600, and (e) 500 °C (Table 1, No. 2 through 6).
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long-term oxidation prevention properties of graphene films
grown on Cu films using chemical vapor deposition (CVD) [18,24].
CVD can be used to synthesize relatively high-quality graphene
with a large area using a gas source at a relatively high temper-
ature, to grow a graphene film on a surface using transition
metals such as Ni, Cu, and Pd as catalysts [25—32]. However,
because using a gas source for graphene synthesis involves
temperatures over 1000 °C, the choice of transition metal cata-
lysts is limited. By contrast, graphene film can be coated on a Cu
surface using a polymer as a solid carbon source instead of using
a gas source. It has been reported that carbonaceous film could be
prepared using a variety of polymers which consist of carbon
chains, such as amorphous carbon, PMMA, PS and PAN [33—37].
This method has the advantage of also blocking heat transfer to
the Cu surface, which minimizes necking of the Cu powder while
forming the carbonaceous film coating. Moreover, the process
temperature can be reduced by using a solid carbon source
[36—38].

In the present work, authors have explored a simple method
of forming carbonaceous films coating onto copper nanopowder
using PVP as a solid carbon source. Since PVP was formed on the
surface of Cu nano powder during Cu powder synthesis as a part
of polyol process, it is very simple to transform PVP coating to
carbonaceous film. PVP coated copper nanoparticles via polyol
process can prevent Cu nanoparticles from oxidation during its
synthesis. Additionally, particle size distribution of copper
nanopowders was well controlled using polyol process [39,40].
At low temperature, it is possible to convert PVP into

carbonaceous films because PVP coating layer formed on the
copper particles, also has a relatively low decomposition tem-
perature (140—500 °C) and vinly based polymer may be applied
to the solid carbon source of carbonaceous films [36,41—43]. The
PVP layer on the copper nano powders was converted into
carbonaceous films using CVD, without any gas source, and
oxidation rate of copper nanopowder is minimized. Ink or paste
for electrical materials in this research would be the possible
application since carbonaceous films, considered to be one of the
ideal materials with chemical stability, are formed directly on the
spherical copper particle [24].

Process parameters, such as the CVD process time and concen-
tration of PVP solution, were optimized to allow formation of
carbonaceous films coating and preventing the agglomeration of
nano powders.

2. Experimental details

Copper nano powders (~100 nm in diameter) were synthesized
using the polyol method and coated with PVP as shown in Fig. 1
[44]. After its synthesis, solution of copper nano powders was
centrifuged two times in methanol to remove remained diethylene
glycol in polyol method. Then, nano powders were dispersed in
PVP solution for coating (PVP, chloroform, and dimethylformamide
in a 1:5:5 weight ratio) at different concentrations varied from 30
to 90 wt%. Finally, PVP solution with dispersed nano powders was
deposited on a 1.5 x 1.5-cm? SiO, substrate. Whole process
mentioned above was conducted under Ar in a glove box to

Fig. 4. TEM images of copper nanopowders after CVD for process times of (a) 0, (b) 1, (c) 2, (d) 3, and (e) 5 min (Table 1, No. 7—11).
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prevent oxidation. After this, the conversion of PVP into a carbo-
naceous films layer made in CVD by varying the temperature, time,
and concentration of extra PVP solution. During this process, Ar
and Hy gases were maintained at 50 sccm each. Fig. 2 shows a
schematic of the experimental process, and the process variables
during the CVD process are summarized in Table 1. TEM was used
to observe the crystallinity and the thickness of the layers coating
on the copper nano powders after the CVD process, and necking of
the powders was examined using SEM. Finally, TG-DTA, XPS, FT-IR
and Raman analysis were used to determine whether the PVP
coating on the Cu powder had been converted into carbonaceous
films.

3. Results and discussion
3.1. Effect of process temperature

PVP coated Cu nano powders were processed at a temperature
from 500 to 900 °C in air atmosphere and subjected to Raman
analysis to determine PVP conversion into carbonaceous films
(Fig. 3). The process conditions are listed in Table 1. All of Raman
spectra showed copper oxide peaks at 296, 343, and 634 cm™!, due
to the exposure of copper to air [45,46]. The spectrum of the
sample processed at 500 °C showed peaks similar to those of
amorphous carbon, while a peak for polymeric amorphous carbon
was found for the temperature higher than 800 °C [48]. Finally, the

500 nm

Raman spectrum at 900 °C showed the G band (~1580 cm™') and
2D band (around ~2680 cm~!) corresponding to carbonaceous
films. Additionally, it exhibits a high-intensity D band at
1356 cm~!, indicated the presence of many defects in formed
carbonaceous films, possibly due to formation of carbonaceous
films from PVP [26]. Therefore, it is optimized that 900 °C is the
suitable temperature for conversion of PVP into carbonaceous
films.

3.2. Effect of process time

After optimization of temperature further we studied the CVD
process time because it can affect on amount of necking among
copper nano powders. Here, the term “necking” refers to
agglomeration among Cu nano powders, leading to coarsening
and sintering. Since carbonaceous film coating on individual Cu
nano powder is a key process, minimizing necking among Cu
nano powders, is crucial in this process. Fig. 4 show TEM images
of copper nanopowder using CVD process times from O to 5 min
at 900 °C. It is clearly seen that the thicknesses of coating layer did
not vary noticeably with the processing time. However, the con-
version to carbonaceous films is completed at processing times
from 2 to 5 min. Initially, PVP remained as it is (Fig. 4(a)) and then
it starts to convert into carbonaceous films slowly (Fig. 4(b)),
leaving behind small amount of PVP. The different coating struc-
tures shown in the inset of Fig. 4(b) confirm the presence of

Fig. 5. SEM images of copper nanopowders after CVD for process times of (a) 0, (b) 1, (c) 2, (d) 3, and (e) 5 min (Table 1, No. 7 through 11).
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Fig. 6. TEM images of copper nanopowders after CVD using the process specified in No. 1 and 2 (Table 1) (a) without and (b) with extra PVP solution.

residual PVP. Therefore, the minimum process time required to
convert the PVP into carbonaceous films was 2 min. A 5-min.
process resulted in necking among the copper nanopowder par-
ticles (Fig. 5 (e)). Hence, the optimum CVD process time to
minimize the necking of the copper nanopowder and allow the
complete conversion of PVP into carbonaceous films was
2—3 min.

3.3. Effect of extra PVP solution

Fig. 1(a) shows a TEM image of a 10-nm-thick PVP layer on the
copper nanopowder that formed as a result of the polyol process.
Fig. 1(b) shows the chemical structure of PVP. Upon increasing the
temperature, PVP dissociates into carbonaceous films via bond
breakage. However, increasing the temperature to promote con-
version into carbonaceous films also increased the probability of Cu
nanopowder agglomeration before the PVP turns into carbona-
ceous films. Therefore, extra 30 wt% PVP solution was added to
minimize agglomeration of the copper nanopowders before the
PVP was converted to carbonaceous films. Fig. 6 shows TEM images
of copper powders with and without extra PVP solution. Without
the extra PVP solution (Fig. 6(a)), the copper nanopowders oxidized
and agglomerated. With the extra PVP solution (Fig. 6(a)), the

copper nano powders were not oxidized and the particles remained
separated. Therefore, additional PVP solution can protect the cop-
per nano powders from oxidation and agglomeration at high
temperature and in air. Due to its low processing temperature
(500 °C), however, not all of the PVP on the copper nano powders
was converted into carbonaceous films, leaving residual organic
PVP.

Therefore, we examined the effect of varying the PVP concen-
tration from 30 to 90 wt% (Fig. 7). In general, the thickness of the
carbonaceous films layer on the copper nano powders increased
with PVP concentration. With 30 wt% PVP (Fig. 7(a)), the average
thickness of the carbonaceous films layer was less than 3 nm. The
thinnest part of the carbonaceous films coating was roughly
0.83 nm thick. Because a single layer of carbonaceous films is about
0.35 nm thick, there were only two layers of carbonaceous films. In
comparison, when 90 wt% PVP was added, the average thickness of
the carbonaceous films layer was approximately 7.5 nm and there
were traces of carbonaceous films sheets around the copper nano
powders.

SEM was used to determine necking behavior among the pow-
der particles (Fig. 8). Without extra PVP solution, extensive coars-
ening of Cu nano powders was observed, as shown in Fig. 8(a). With
30 and 50 wt% of PVP solutions (Fig. 8(b) and (c)), the copper nano

Fig. 7. TEM images of copper nanopowders after CVD with extra PVP (Table 1, No. 8, 12, 13 and 14): (a) 30, (b) 50, (c) 70, and (d) 90 wt% PVP solution added.
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Fig. 8. SEM images of copper nanopowders after CVD (a) without PVP solution and with (b) 30, (c) 50, (d) 70, and (e) 90 wt% PVP solution added (Table 1, No. 8, 12, 13, and 14).

powders were not connected to each other. With 70 and 90 wt%
PVP solutions (Fig. 8(d) and (e)), most of the copper nano powders
were surrounded by a thick carbonaceous films coating with no
particle agglomeration. Therefore, increasing the PVP concentra-
tion leads to a thick PVP coating.

Intensity ( a.u)

0 500 1000 1500 2000 2500 3000
Raman Shift (cm)

Fig. 9. Raman spectra of copper nanopowders after CVD with the extra PVP solution
specified (Table 1, No. 8, 12, 13 and 14).

Raman spectroscopy was used to show that all of the PVP was
successfully converted into carbonaceous films (Fig. 9). The spectra
showed major Raman peaks for carbonaceous films: a G band at
~1580 cm™, 2D band at ~2670 cm~}, and D band at ~1350 cm ™!
[22,47—51]. However, the peak for the D band indicates defects in
the carbonaceous films [46]. Moreover, as the amount of PVP was
increased to 90 wt%, the Raman peak showed features of
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Fig. 10. TG-DTA analysis of PVP-coated copper nanopowders (Table 1. No. 8).
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Fig. 11. XPS analysis of PVP-coated copper nanopowders with 30 wt% PVP solution:

amorphous carbon [52], indicating that not all of the PVP coating
was converted into carbonaceous films. While increasing the PVP
concentration reduced agglomeration or necking among copper
nano powders due to its thick coating formed, not all of the PVP
was converted into carbonaceous films. Adding 30 wt% PVP solu-
tion was the optimum amount for forming a thin carbonaceous
films coating on the copper nano powders, while minimizing
necking among the Cu nanopowder particles during the CVD
process.

3.4. Confirmation of the conversion of PVP into carbonaceous films
To determine exact amount of carbon present on the Cu nano

particle during PVP conversion into carbonaceous films, TG-DTA
analysis of PVP coated Cu nano powders was performed as

Fig. 12. The C—N bond in PVP.
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(a) and (b) before CVD process, (c) and (d) after CVD process (Table 1. No. 8).

shown in Fig. 10. It is observed that the first change in slope of the
curve during temperature interval between 25 and 164 °C is rapid
due to its evaporation of chloroform and dimethylformamide. In
their second reducing slope, the mass of sample decreased about 5%
between 164 and 407 °C, indicating decomposition of PVP [41—43].
Finally, the mass of the sample decreased by 10% until 468 °C.
Therefore, TG-DTA analysis showed that the polymer chains in PVP
decomposed successfully to amorphous carbon chain during CVD
process.

To ensure that the PVP on the surface of the Cu nanopowder
was successfully reduced to carbonaceous films during the CVD
process, XPS was used to analyze the PVP-coated copper nano-
powders and the copper nanopowders after CVD process (Table 1,
sample no. 8) (Fig. 11). The XPS N1s and O1s peak intensities of the
Cu nanopowders tended to decrease after the CVD process
(Fig. 11(a) and (c)). This means that the CVD process broke the
carbon—nitrogen (C—N) bonds in the PVP structure (Fig. 1(b)).
Fig. 11(b) and (d), specifically shows the ratios of the peak in-
tensities between C—C and C—N bonds, which were used to
monitor the conversion of PVP to carbonaceous films. The peak
intensity ratio for the PVP-coated Cu nanopowder increased from
3.78 (Fig. 11(b)) to 4.15 (Fig. 11(d)) before and after the CVD pro-
cess, confirming that the C—N bonds in PVP were broken, leaving
only the C—C bonds of PVP to be converted into hybridized sp?
carbon bonds (Fig. 12) [53].

FT-IR analysis was used to prove the composition of those
samples. For FT-IR analysis, 4 samples (Table 1, No. 1, 6, 8, 14) were
selected for comparison as shown in Fig. 13. The basic hydroxyl
group OH™ at 3420—3440 cm ™! [54] and CH stretching vibrations
at 2852—2973 cm~! [55,56]. were observed for all samples. The
spectrum of PVP has the peak of CN bonding at 1384 cm™! [57]
and C—N bonding at 1030—1045 cm™~! [58]. All the samples
showed those peaks for PVP and these results matched XPS
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Fig. 13. FT-IR analysis of PVP-coated copper nanopowders under the following CVD
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No. 14.

analysis where various amount of C—N bonding was present
before and after CVD process. Moreover, all samples had C—C
bonding at 1628—1640 cm~!, proving transformation of carbo-
naceous film [59]. Among those samples, Figure (c) shows the
strongest intensity at 1635 cm™!, indicating successful conversion
to carbonaceous film. Samples no.1 and no.6 shown in Fig. 13(a)
and (b), which were processed in air, showed the copper oxida-
tion (CuO) peak around 500 cm~! [60]. However, two samples

D. Cho et al. / Materials Chemistry and Physics 148 (2014) 859—867

(no.6 and no.8) processed under almost the same condition but
different atmospheres (Fig. 13(b) and (c)), showed C—0 bonding at
1088 cm ! [59] but the sample processed (Table 1, No. 6) in air,
had higher intensity of C—O peak than that of the sample pro-
cessed under Ar/H; (Table 1, No. 8) atmosphere. Moreover, sample
No. 14 (Fig. 13(d)) with excessive amount of PVP solution showed
its high intensity peaks for CN or C—N bonding peak. This
excessive PVP solution reduced the oxidation of copper particle
where copper oxidation (CuO) peak around 500 cm~! and C—O
bonding at 1088 cm~! were not observed. However, the intensity
of C—C bonding at 1628—1640 cm~! was relatively low compared
to that of sample no.8 (Fig. 13(c)). Based on these comparisons,
sample no. 8 (Fig. 13(c) shows the most successful conversion of
carbonaceous film from PVP with relatively small amount of PVP
left.

Raman spectra for copper nano powders with the PVP coating
before and after the CVD process were provided in Fig. 14. It is seen
that the peak for copper powder were observed at ~565, 624, and
~1092 cm~!, and there is no peak related to carbonaceous films
(Fig. 14(a)) [46]. However, after the CVD process (Fig. 14(b)), peaks
corresponding to carbonaceous films at ~1580 and 1680 cm ™', were
observed [47—51]. Therefore, the reduction of PVP to carbonaceous
films after the CVD process was confirmed using XPS, FTIR and
Raman analysis. However, the peak intensity of the D band was
reasonably high, indicating a high defect density. Therefore, the
quality of the carbonaceous films coating needs to be improved in
the future.

4. Conclusion

An easy method of coating Cu nano powders with carbona-
ceous films using a solid carbon source was discussed. Using the
polyol method, the copper nanopowder was coated with 10-nm-
thick PVP during the synthesis of the copper nanoparticles. With
CVD, the PVP is reduced to carbonaceous films via C—N bond
breakage. The optimum process temperature and time were
900 °C and 2—3 min, respectively. Moreover, adding extra PVP
solution blocked necking among the Cu nanoparticles during the
conversion to carbonaceous films because the 10-nm-thick PVP
layer alone is not thick enough to block necking. Adding extra PVP
solution protected the copper nanopowder from agglomeration
and oxidation in air. The optimum amount to reduce the
agglomeration of Cu nanopowder, while minimizing the thickness
of the coating, was 30 wt% PVP. TG-DTA, XPS, FT-IR and Raman
analyses were used to confirm the conversion of PVP to carbona-
ceous films.
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Fig. 14. Raman spectra of PVP-coated copper nanopowders with 30 wt% PVP solution (a) before and (b) after the CVD process (Table 1, sample No. 8).
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