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Copper Nanoparticles: Aqueous Phase Synthesis and Conductive
Films Fabrication at Low Sintering Temperature
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ABSTRACT: Conductive copper nanoinks can be used as a
low-cost replacement for silver and gold nanoinks that are used
in inkjet printing of conductive patterns. We describe a high-
throughput, simple, and convenient method for the prepara-
tion of copper nanoparticles in aqueous solution at room
temperature. Copper acetate is used as the precursor,
hydrazine as the reducing agent, and short chain carboxylic
acids as capping agents. The concentration of the carboxylic
acid plays a key role in the preparation of such copper
nanoparticles. Stable copper nanoparticles with a diameter of
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less than 10 nm and a narrow size distribution were prepared when high concentrations of lactic acid, citric acid, or alanine were
used. Thermogravimetric analysis results showed that any lactic acid or glycolic acid adsorbed on the surface of the copper
nanoparticles can be removed at a relatively low temperature, especially, glycolic acid, which can be removed from the surface at
about 125 °C. Highly conductive copper films prepared using lactic acid and glycolic acid as capping agents were obtained by
drop coating a copper nanoparticle paste onto a glass slide followed by low temperature sintering. The electrical resistivity of the
copper film using glycolic acid as the capping agent was 25.5 + 8.0 and 34.8 + 9.0 ;Q-cm after annealing at 150 and 200 °C for
60 min under nitrogen, respectively. When lactic acid was used as the capping agent, the electrical resistivity of the copper films
was 21.0 & 7.0 and 9.1 + 2.0 pQ-cm after annealing at 150 and 200 °C for 60 min under nitrogen, respectively, with the latter
being about five times greater than the resistivity of bulk copper (1.7 Q-cm).
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1. INTRODUCTION

The unique properties of metallic nanoparticles offer the
possibility of developing new products and have paved the way
for new applications. The electronics industry has exploited the
surface effects and small size effects of such particles for this
purpose. Recently, considerable interest has been directed to
developing conductive metal nanoinks for printable electronics
on plastic substrates.'~* However, the surfaces of nanometer-
sized metal particles are highly active making them liable to
aggregate during synthesis unless their surfaces are coated with
an organic protective layer. The small size effect of such
metallic nanoparticles has been exploited to reduce the melting
point and facilitate the sintering of such particles at low
temperatures. For example, the melting temperature of gold
nanoparticles of less than 5 nm in diameter is around 300 °C,
whereas bulk gold melts at over 1000 °C.°

The basic requirements for the successful synthesis of metal
nanoparticle inks include good dispersing stability and
resistance to oxidation.”” The ability to deposit a well dispersed
silver nanoparticle ink on substrates using inkjet printing has
been known for years.* '® However, the electrochemical
migration of silver, often resulting in short circuit failure
under high humidity conditions, and the high cost of this metal,
limit the industrial application of silver-bearing inks.'" Since
copper is much cheaper than silver and possesses high
conductivity, copper nanoparticles are suitable substitutes for
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silver nanoparticles. Copper nanoparticles for use in conductive
inks have been primarily synthesized in organic solvent under
an inert atmosphere using capping agents to prevent
aggregation and oxidation of the nanoparticles.">”'® However,
most of the known synthesis methods are not economically
feasible because of their low throughput. Furthermore, the
reported capping agents (PVP, CTAB, oleic acids, alkanethiols,
PPY, PEL and TEPA),'® which form a nonconductive shell
around the surface of the copper nanoparticles, have a negative
effect on the conductivity of the inkjet-printed pattern because
of the high decomposition temperature of the capping agent.
Conducting capping agents, such as polyaniline, exhibit not
only limited conductivity compared with the metals, but are
also insoluble in common organic solvents."” Inkjet-printed
materials need to be processed at low temperatures to be used
in combination with inexpensive plastic substrates which melt
at low temperature. To reap the economic benefits of inkjet-
printed electronics, economically feasible processes for the
preparation of nanoparticles with low sintering temperature on
a large scale are required.

Choi et al. have previously reported that the electrical
resistivity of sintered copper nanoparticles (9 nm diameter)
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Figure 1. Photographs and the UV—vis absorption spectra as the color changed at different reaction periods: (a) copper acetate solution, (b)
addition of lactic acid, (c) addition of ammonia—water, and after addition of hydrazine hydrate: (d) 2 min, (¢) 10 min, (f) 30 min, (g) 60 min.

capped by PVP at 150 °C decreased to 24 u€2-cm because of
the effect of the particle size on the recrystallization of the
strained metal nanoparticles. However, PVP does not
decompose at this temperature and remains as a shell on the
surface of the copper nanoparticles.'® Researchers have
reported that oleic acid and lauric acid can both act as a
particle protector on account of their carboxyl end groups
coordinating to the surface of the newly generated copper
nanoparticles, thereby playing an important role in preventing
the copper particles from undergoing oxidation.'”~>" However,
organic solvents, such as acetone and toluene, have to be used
because of the low solubility of oleic acid and lauric acid in
water. Dieste et al. reported that oleic acid-protected Co and Ni
nanocrystals showed complete thermal desorption at ca. 200 °C
and dehydrogenation at ca. 400 °C, leaving a graphitic surface
with alkane fragments underneath.”” Xiong et al. synthesized
copper nanoparticles in aqueous medium by means of utilizing
L-ascorbic acid as both reducing agent and capping agent, which
prevented the generated copper nanoparticles from undergoing
oxidation and aggregation.2 However, the sintering of such
copper nanoparticles was not reported by Xiong et al. It is
widely understood that sintering of copper particles takes place
at high temperatures when all the organic material has been
burnt off and necks begin to form between the remaining
particles. The lowest temperature at which printed features
become conductive is mainly determined by the organic
capping agent in the ink.>*">” We believe that r-ascorbic acid-
stabilized copper nanoparticles are not easily sintered at low
temperature because of the relatively high decomposition
temperature of L-ascorbic acid (221 °C).*®

We recently reported that lactic acid-stabilized copper
nanoparticles are antioxidative and can be easily sintered at
low temperature.29 In this paper, we report a simple and high-
throughput method for the preparation of copper nanoparticles
in aqueous solution. The desirable antioxidation property and
the low decomposition temperature of short chain carboxylic
acids are applied in the synthesis and sintering of copper
nanoparticles.

2. EXPERIMENTAL SECTION

Materials. Copper(II) acetate monohydrate, hydrazine hydrate
solution (50%), lactic acid, glycolic acid, acetic acid, citric acid, glycine,
alanine, and ammonia—water were purchased from Sinopharma
Chemical Reagent Co., Ltd. All chemicals were used as received
without further purification.

Characterization. The sizes and distributions of copper nano-
particles were analyzed using a Hitachi H600 transmission electron
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microscope (TEM). UV—vis absorption spectra were recorded on a
Hitachi U-4100 spectrophotometer. Crystal structures were deter-
mined by X-ray diffraction (XRD) using a Rigaku D/max-rB advanced
X-ray diffractometer with CuKa radiation. Fourier transform infrared
(FT-IR) spectra were recorded on a Nicolet Nexus 470 FT-IR
spectrophotometer operating at a resolution of 4 cm™. X-ray
photoelectron spectroscopy (XPS) spectra were recorded on a Kratos
Axis Ultra DLD photoelectron spectrometer using an AlKa X-ray
excitation source. Thermogravimetric analysis (TGA) was carried out
using a Shimazu DTG-60H thermal gravimetric analyzer with a
heating rate of 10 °C min~" under nitrogen. The microstructure of the
sintered copper film was analyzed using a field emission scanning
electron microscope (JEOL, JEM-6701F). The thickness of the film
was measured using a surface profiler (Tencor Instruments, Alpha-
Step 200). The resistivity of the copper film was measured using a
Shanghai Qianfeng SB100A/2 four-point probe meter and calculated
according to the literature.>

Synthesis of Copper Nanoparticles. Copper nanoparticles were
synthesized by chemical reduction of copper ions in aqueous solution
at room temperature in air. In a typical procedure, 0.05 mol of copper
acetate monohydrate was dissolved in 50 mL of water, and 0.70 mol of
carboxylic acid was injected under constant stirring with a magnetic
stirrer. Ammonia—water was added to the solution until the pH
reached 10. Then, 0.1 mol of hydrazine hydrate was added, and the
mixture was stirred vigorously for 1 h. The conversion of the copper
salt to copper nanoparticles was monitored by the color change over
different reaction periods. Along with the progression of the reaction,
the color changed from light blue to deep blue, yellow, then brown,
and finally henna. The solution was centrifuged at 11 000 rpm for 15
min. A small amount of henna-colored copper nanoparticles
precipitated at the bottom of the centrifuge tube, which was easily
dispersed in the solution again upon slight shaking. To obtain a
sufficient quantity of copper nanoparticles, the solution was aged at 40
°C for 3 h in an inert atmosphere. The settled henna-colored copper
nanoparticles were washed with ethanol to remove any unreacted
reactants, and then dried in vacuum.

Preparation of Copper Films. The copper nanoparticles
synthesized above were redispersed in ethanol forming a paste with
a concentration of 10 wt %. Copper films were prepared by depositing
the paste onto glass slides and drying the coated slides under vacaum
for 1 h. The copper film thickness was controlled by depositing a fixed
amount of the copper paste onto the glass slide within a fixed area.
The copper films were annealed at 100, 150, 200, and 250 °C for 60
min under nitrogen. The thickness of the sintered film was 9.2 + 1.5

pm.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of Copper
Nanoparticles. Copper nanoparticles were synthesized by
reduction of copper acetate with hydrazine using functionalized
short chain carboxylic acids as capping agents. The process was
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Figure 2. UV—vis absorption spectra of dispersed copper nano-
particles synthesized using different carboxylic acids as capping agents:
(a) acetic acid, (b) glycolic acid, (c) alanine, (d) lactic acid, and (e)

citric acid.

conducted on a large scale (1.0 mol/L) in aqueous solution at
room temperature in a short time. The reaction mixture
changed with the progression of the reaction, from light blue to
deep blue, yellow then brown, and finally henna. To follow the
reaction process, the color change of the reaction mixture was
monitored by taking photographs and UV—vis absorption
spectra at different reaction periods, as shown in Figure 1.
Samples of the solution were taken at seven typical phases:
initial copper acetate solution, after addition of lactic acid, after
addition of ammonia—water, and 2, 10, 30, and 60 min after
addition of hydrazine hydrate. As the lactic acid and ammonia—
water were added, the Cu?* peak at about 800 nm shifted to a
shorter wavelength in the UV—vis absorption spectra. After the
addition of the hydrazine hydrate, the Cu®* peak disappeared
and no new characteristic peak related to copper nanoparticles
appeared as the reaction progressed, even when the solution
turned henna color. After addition of hydrazine hydrate for 30
and 60 min, the color of the solution and the UV—vis
absorption spectra did not change any more.

The absorption bands of copper nanoparticles are in the
range 550—600 nm.’® The surface plasmon resonance
phenomena of copper nanoparticles could not be detected
from the original reaction mixture, probably due to the
nanoparticles being coated by a large amount of lactic acid in
the solution. After the synthesized nanoparticles were
separated, washed, and redispersed in ethanol, the copper
nanoparticles exhibited surface plasmon resonance character-
istics. Figure 2d shows the UV—vis absorption spectrum of the

redispersed copper nanoparticles. The absorption peak for the
copper nanoparticles occurs at 600 nm. We believe that the
color changes are related to the reaction that takes place in
solution: copper ions are first coordinated with lactic acid and
ammonia, which are then reduced to zerovalent copper.*!
However, a more detailed analysis is needed to illustrate the
mechanism of reaction.

The pH of the reaction medium, which is adjusted by the
addition of ammonia—water, plays an important role in the
synthesis of copper nanoparticles. Copper films were
immediately generated on the wall of the flask following the
addition of hydrazine hydrate if the pH was less than 10. It has
been reported that the pH affects the progress of copper
reduction in aqueous media.’*”>* At too low a pH, a rapid
release of hydrogen bubbles produces a large amount of Cu
nuclei, which aggregate into large agglomerates. Gorup et al.
reported that silver(I) diammonia complexes play an important
role in the synthesis and stabilization of small sized metallic
silver nanoparticles.”® We think that the formation of
copper(I)—ammonia complexes plays a similar role by
decreasing the reduction rate and thus stabilizing the growth
of copper nanoparticles.

The concentration of lactic acid influences the size and
uniformity of the copper nanoparticles. Figure 3 shows TEM
images of the copper nanoparticles formed using different
concentrations of lactic acid as capping agent. As the
concentration of lactic acid increases, the size of the copper
nanoparticles gradually decreases and becomes more uniform.
When the concentration of lactic acid is 14.0 mol/L, the size of
the copper nanoparticles is less than 10 nm. When the
concentration of lactic acid is 2.8 mol/L, the copper film takes 3
h to deposit on the wall of the flask. The deposition rate of the
copper film also depends on the concentration of lactic acid.
The deposition rate decreases with increasing lactic acid
concentration. When the concentration of lactic acid increases
to 14.0 mol/L, no copper film is deposited on the wall of the
flask, even after 1 month of storage.

It is believed that the size of the copper nanoparticles can be
effectively controlled by changing the concentration of the
capping agent. The growth of the copper nanoparticles is
influenced by the strength of adsorption of the encapsulating
ligands and the competition between the interparticle
aggregation for the growth of particles and the molecular
encapsulation for the stabilization of the nanoparticles.”" Schadt
et al. have demonstrated that monolayer-protected gold
nanoparticles can be tuned by manipulating the concentration
and the chain length of alkanethiols in the processing
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Figure 3. TEM images and particle size distribution of copper nanoparticles stabilized with lactic acid in different concentrations: (a) 0 mol/L, (b)
2.8 mol/L, (c) 5.6 mol/L, (d) 8.4 mol/L, (e) 11.2 mol/L, and (f) 14 mol/L.
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Figure 4. TEM images and particle size distribution of copper nanoparticles synthesized using different carboxylic acids as capping agents (14 mol/
L): (a) acetic acid, (b) glycolic acid, (c) glycine, (d) alanine, and (e) citric acid.
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Figure 5. FT-IR spectra of copper nanoparticles synthesized using
different carboxylic acids as capping agents: (a) acetic acid, (b) glycolic
acid, (c) glycine, (d) alanine, (e) lactic acid, and (f) citric acid.
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Figure 6. XRD patterns of copper nanoparticles synthesized using
different carboxylic acids as capping agents: (a) acetic acid, (b) glycolic
acid, (c) glycine, (d) alanine, (e) lactic acid, and (f) citric acid.

solution.®® The change in alkanethiol concentration shifts the
evolution equilibrium in terms of shell desorption and re-
encapsulation, and the increase in alkanethiol chain length leads
to a gain in stabilization energy due to additional interchain
cohesive interactions.

Compared with the commonly used capping agents
containing long alkyl chains, the short chain carboxylic acids
have the advantage of low decomposition temperature,
antioxidation, and reductive capability. To further confirm the
use of short chain carboxylic acids as capping agents to
synthesize copper nanoparticles with controlled size, acetic acid,
glycolic acid, glycine, alanine, and citric acid were used. When
the concentration of these capping agents was 2.8 mol/L, the
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copper film appeared on the wall of the flask in about 3 h.
When the concentration of these capping agents increased to
14.0 mol/L, no copper nanoparticles precipitated from
solution. This trend is similar to that observed with lactic acid.

Figure 4 shows TEM images of copper nanoparticles
synthesized using acetic acid, glycolic acid, glycine, alanine,
and citric acid as capping agents (14 mol/L). The size and
dispersibility of the copper nanoparticles increases in the order
of citric acid, lactic acid, alanine, glycolic acid, glycine, and
acetic acid. The particle sizes and particle distributions are
comparable for citric acid and lactic acid capped copper
nanoparticles, as shown in Figure 4e and Figure 3f. The alanine
capped copper nanoparticles are slightly larger when compared
to the citric acid and lactic acid capped particles, as shown in
Figure 4d. The size of the particles is larger when acetic acid,
glycolic acid, or glycine are used as capping agents. In the case
of glycine, the particles agglomerate (Figure 4c). It is clear that
the size, distribution, and dispersibility of the copper nano-
particles are influenced by the chain length and the functional
group of the acids. For smaller particle size and Dbetter
dispersibility of the copper nanoparticles, a carboxylic capping
agent with at least three carbons is preferred. The greater the
number of functional groups on the capping agent, the smaller
the size and better dispersibility of the nanoparticles. These can
be explained by the cohesive interactions in regulating the
interfacial reactivity of the preformed nanoparticles. The longer
the chain length of the capping agent, the larger the cohesive
energy resulting from the van der Waals interaction. The
difference in the cohesive energy thus regulates the degree of
coalescence and re-encapsulation and ultimately results in the
size difference of the particles.®

Similarly, the surface plasmon resonance of the copper
nanoparticles using other carboxylic acids as capping agents
could not be detected in the original reaction mixture. After the
synthesized nanoparticles were separated, washed, and
redispersed in ethanol, the UV—vis spectra of the dispersed
copper nanoparticles with acetic acid, glycolic acid, alanine,
lactic acid, or citric acid were obtained (Figure 2). Because of
the fast sedimentation, the UV—vis spectrum of the copper
nanoparticles synthesized with glycine as the capping agent
could not be measured. The UV—vis absorption peaks for
copper nanoparticles prepared with acetic acid, glycolic acid,
alanine, lactic acid, and citric acid occur at 616, 610, 601, 600,
and 582 nm, respectively. The changes in peak wavelength are
in accordance with the size of the nanoparticles observed in the
TEM images, indicating that the redispersibility of the copper
nanoparticles is influenced by the carbon chain length and the
functional groups of the carboxylic acid. Citric acid with the
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Figure 7. Peak fitting of the Cu2p3/2 spectra of copper nanoparticles synthesized using different carboxylic acids as capping agents: (a) acetic acid,
(b) glycolic acid, (c) glycine, (d) alanine, (e) lactic acid, and (f) citric acid. (g) XPS based semiquantitative analysis.

longer carbon chain shows an obvious advantage in the
redispersibility of copper nanoparticles.

The FT-IR spectra of the ethanol-washed copper nano-
particles synthesized using different carboxylic acids as capping
agents are shown in Figure 5. The peaks at 1608—1561 and
1395—1375 cm™' are attributed to the asymmetric and
symmetric stretching of the conjugate carboxylates, respec-
tively. The amine peaks of the copper nanoparticles capped by
glycine and alanine occur around 3400—3200 cm™" (Figure Sc
and d). The strong absorption at 3400 cm™" is probably from
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the adsorbed water. The peaks around 3400 cm™ in Figure Sb
and e are attributed to the hydroxyl groups of glycolic acid and
lactic acid, respectively. It is clear that the carboxylates are
adsorbed on the surface of the copper nanoparticles after most
of the capping agents are washed off by ethanol.

Figure 6 shows the XRD patterns of the ethanol-washed
copper nanoparticles, synthesized with different carboxylic acids
as capping agents. In the case of acetic acid, glycolic acid,
glycine, alanine, and lactic acid, the XRD pattern shows three
characteristic peaks at 43.2° 50.3° and 74.1° for the marked

dx.doi.org/10.1021/am400480k | ACS Appl. Mater. Interfaces 2013, 5, 3839—3846
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Figure 10. XRD pattern of the copper films formed using different
capping agents after sintering at 200 °C: (a) lactic acid, (b) glycolic
acid, and (c) acetic acid.

indices of (111), (200), and (220), respectively. These
characteristic peaks confirm the formation of a face-centered
cubic (FCC) copper phase without significant oxides or other
impurity phases. When citric acid was used as the capping
agent, the minor Cu,O phase was detected at 36.6° in addition
to the main phase of copper.

Because the surface oxide layer is amorphous and small in
volume, XRD may not be suitable for analyzing the trace
surface oxide. To probe the extent of surface oxidation of
copper nanoparticles, XPS analysis was performed. Figure 7
shows the peak fitting of the Cu2p3/2 spectra of copper
nanoparticles with different carboxylic acids as capping agents.
The peaks at 932.1 and 934.6 eV are attributed to Cu and CuO,
respectively.***” Based on the semiquantitative analysis, the
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atomic fraction of the surface oxide layer of copper nano-
particles is influenced by the capping agent. When acetic acid,
glycolic acid, and lactic acid are used as capping agents, the
surface oxide layer on the copper nanoparticles is less than 7%
because the longer chain lengths and additional hydroxyl
groups are densely packed on the copper surface. The copper
nanoparticles synthesized using lactic acid as the capping agent
had the lowest surface oxide. The densely packed layer of
adsorbed capping agent on the Cu surface blocks oxygen atoms
to the metal during particle synthesis, resulting in reduced
surface oxidation and thus a thinner oxide layer.*® The atomic
faction of the surface oxide layer is more than 10% when
glycine and alanine are used as capping agents. In the case of
citric acid, the atomic fraction of the surface oxide layer reached
20%. It is possible that the formation of the strong chelate
complex of glycine, alanine, and citric acid with cupric salt
decreases the rate of reduction. Thus, a minor cuprous
compound, which has not been completely reduced, may
adhere on the surface of the copper nanoparticles forming
cuprous oxide. Cu,O is not stable in air and easily oxidizes to
CuO on the surface. Therefore, the XRD and XPS results of the
copper nanoparticles using citric acid as capping agent show a
copper oxide phase.

3.2. Characterization of Copper Films. Figure 8 shows
the thermogravimetric analysis (TGA) and differential thermal
analysis curves (DTA) of copper films formed using lactic acid,
glycolic acid, and acetic acid as capping agents under a nitrogen
atmosphere. An endothermic peak observed in the DTA curves
at 50 °C is attributed to the evaporation of residual solvent
corresponding to a weight loss of less than 0.5%. Another
endothermic peak, related to a weight loss of 4%, is observed at
about 156 and 125 °C for the lactic acid and glycolic acid
capped copper films, respectively. For the acetic acid capped
copper film, the endothermic peak at 91 °C is very weak and
the corresponding weight loss is only about 1%. The complete
decomposition finishes at about 200 °C with a weight loss of
4%. Thus, the capped acetic acid is hardly decomposed around
the endothermic peak compared with the other two capping
agents. It is noted that the weight gain after 300 °C was
observed in the TGA curve of the acetic acid capped copper
film, which is due to the oxidation of copper.

Mott et al. confirmed that the melting point of 6-nm-
diameter copper nanoparticles began at around 450 °C with a
maximum near 550 °C. However, the size dependence of the
melting temperature of the copper nanoparticles, especially for
surface melting, plays an important role in interparticle
coalescence.”’ As the temperature increases, the desorption of
the capping agent from the nanoparticle surface is favored,
thereby increasing the opportunities for interparticle coales-
cence. Based on the TGA and DTA results using lactic acid,
glycolic acid, and acetic acid as capping agents, we believe most
of the carboxylates adsorbed on the copper nanoparticle’s
surface can be removed at a relatively low temperature, which
may facilitate the interparticle coalescence.

The electrical resistivity of the films was measured using a
four-point probe technique. Before sintering all films were
nonconducting. The resistivity of the film using lactic acid as
capping agent is 21.0 + 7.0 and 9.1 + 2.0 ¢Q-cm after sintering
at 150 and 200 °C for 60 min under nitrogen, respectively
(Figure 9). The latter reaches about 19% of the conductivity of
bulk copper, and is comparable with previously reported values
of 11°**” and 17 uQ-cm.*® The resistivity of the film sintered at
higher temperature (250 °C) increases slightly. The resistivity
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Figure 12. SEM images of microstructure of the films annealed at different temperatures. Lactic acid as the capping agent: (a) 100, (b) 150, (c) 200,
and (d) 250 °C; glycolic acid as the capping agent: (e)100, (f) 150, (g) 200, (h) 250 °C.

of the film using glycolic acid as capping agent is 25.5 + 8.0 and
348 + 80 uf:-cm after sintering at 150 and 200 °C,
respectively. The resistivity of the film increases slightly as
the sintering temperature increases. In the case of using acetic
acid as capping agent, the resistivity of the film is poor after
sintering at different temperatures. The high resistivity is
probably due to the difficult decomposition of the capping
agent and the oxidation of the copper film as observed in the
TGA curve.

Figure 10 shows XRD patterns of these films after sintering
at 200 °C under nitrogen. The XRD pattern of the copper films
formed using lactic acid and glycolic acid as capping agents
show three characteristic peaks at 43.2°, 50.3°, and 74.1° for the
marked indices of (111), (200), and (220), respectively. These
characteristic peaks confirm that the copper films are not
oxidized after sintering. However, using acetic acid as a capping
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agent, a tiny peak indexed as the (111) diffraction of Cu,O
appeared, which is associated with the oxidation of the metallic
copper. We believe that lactic acid and glycolic acid, with an
additional hydroxyl functional group, can better protect the
copper from oxidation.

The XPS study was performed to elaborate the oxidation
state of the sintered copper film. Figure 11 shows the peak
fitting of the Cu2p3/2 spectra of the copper films using lactic
acid as capping agent before and after sintering. After sintering
at 200 °C, the fraction of the oxide layer increases from 5% to
10% (Figure 10d), which confirms the formation of an
additional oxide after the capping agent decomposition. As
the sintering temperature increases to 250 °C, the oxide
content on the surface increases slightly.

SEM images of the microstructure of the copper films
formed using lactic acid and glycolic acid as capping agents after
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sintering from 100 to 250 °C are shown in Figure 12. The
microstructure of the films shows the trend of interparticle
coalescence as the sintering temperature increased. It can be
seen that most nanoparticles are still isolated after sintering at
100 °C. However, as the sintering temperature increases to 150
°C, the removal of the previously adsorbed carboxylate groups
allows the fresh copper nanoparticle surface to coalesce and
form a continuous layer. When the sintering temperature
reaches 200 °C, most of the nanoparticles have fused together
to form a network throughout the entire copper film.

B CONCLUSIONS

The present study illustrates a high-throughput, simple, and
convenient method for the synthesis of copper nanoparticles
through the reduction of copper salts in aqueous medium. We
have successfully demonstrated that short chain carboxylic acids
can be used as capping agents to obtain copper nanoparticles.
When citric acid, alanine, or lactic acid are used in high
concentrations stable copper nanoparticles with a narrow size
distribution and an average diameter of less than 10 nm are
obtained. When glycolic acid is used as the capping agent,
highly conductive copper films with electrical resistivity of 25.5
+ 8.0 and 34.8 + 9.0 u€2-cm after annealing at 150 and 200 °C
for 60 min under nitrogen, respectively, are obtained. When
lactic acid is used as the capping agent, the electrical resistivity
of the copper films is 21.0 + 7.0 and 9.1 + 2.0 uQ-cm after
annealing at 150 and 200 °C for 60 min under nitrogen,
respectively. We believe that the simple synthesis of copper
nanoparticles with low sintering temperature allows the
fabrication of printed copper patterns on plastic substrates.
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