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ABSTRACT: A simple, high-concentration (up to 0.6 M Cu salt) synthesis of sub-10-nm copper
nanoparticles (Cu NPs) was developed in ethylene glycol at room temperature under ambient air
conditions using 1-amino-2-propanol (AmIP) as the stabilizer. Monodispersed AmIP-Cu NPs of 3.5
+ 1.0 nm were synthesized in a high yield of ~90%. Thus, nearly 1 g of sub-10-nm Cu NP powder
was obtained using a one-step synthesis for the first time. It is proposed that metallacyclic
coordination stability of a five-membered ring type between the Cu and AmIP causes the high binding
force of Am IP onto the Cu surface, resulting in the superior stability of the AmIP-Cu NPs in a
solution. The purified powder of AmIP-Cu NPs can be redispersed in alcohol-based solvents up to
high Cu contents of 45 wt % for the preparation of Cu nanoink. The resistivity of the conductive Cu
film obtained from the Cu nanoink was 30 €2 cm after thermal heating at 150 °C for 15 min under a
nitrogen flow. The long-term resistance stability of the Cu film under an air atmosphere was also

demonstrated.
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1. INTRODUCTION

Owing to their outstanding thermal conductivity, electrical
conductivity, and chemical and optical properties, copper
nanoparticles (Cu NPs) have been used for many purposes
such as conductive nanoink,’ optical nanodevices,” catalysts,3
and antibacterial agents." Among such applications, Cu NP
conductive nanoinks have received growing interest in relation
to printable electronics on plastic substrates.” Most of the
recent studies on conductive nanoinks have focused on silver
nanoparticles because of their high conductivity and oxidation
resistance.””” However, silver metals are too expensive to be
used in large quantities. Furthermore, silver electrical circuits
often suffer the problem of electro-migration. Therefore, Cu
NPs are considered an alternative for conductive nanoinks
because of their high conductivity, low cost, and reduced
electro-migration effect.'~*° At present, the major problem
associated with Cu NPs is their low oxidation resistance in
ambient air conditions;”' >’ the presence of copper oxide not
only raises the sintering temperature but also dramatically
reduces the electrical conductivity of Cu NPs (i.e, 5.1 X 107 Q
cm for CuO and 1.7 X 107° Q cm for Cu).

Since the melting temperature of Cu NPs decreases with
their size reduction, notably in the single nanosized sub-10-nm
Cu NPs, several approaches for the fabrication of Cu nanoink
have been developed for the solution-based synthesis of sub-10
nm Cu NPs via the chemical reduction of copper(Il) salts in
the presence of organic stabilizers.””**~** However, two major
issues are encountered in the solution synthesis of sub-10 nm
Cu NPs. One issue is that the use of strongly bonded organic
stabilizers, such as surfactants and polymers, is essential during
the sgrnthesis to avoid the oxidation and aggregation of the Cu
NPs.*>**=3* However, the organic stabilizers act as insulating

-4 ACS Publications  © 2015 American Chemical Society

organic shells around each particle surface after the thermal
sintering of Cu nanoink at heating temperatures of less than
150 °C; this prevents electrical conductivity in the Cu film. The
other issue is the use of a low concentration of Cu(Il) salts
(typically <50 mM) during the solution synthesis of sub-10-nm
Cu NPs to avoid the aggregation of small particles or their
growth into larger particles, since high-concentration synthesis
of Cu NPs is desirable for the preparation of high-
concentration Cu nanoink (typically more than 20 wt % Cu)
in large quantities. Usually, to achieve high-concentration
synthesis (>100 mM) of Cu NPs, strongly bonded organic
stabilizers are needed to avoid the aggregation.lo’24 However,
the organic stabilizers prevent electrical conductivity in the Cu
film. Therefore, the use of strongly bonded organic stabilizers is
a trade-off between high-concentration synthesis of stable sub-
10-nm Cu NPs and the undesirable presence of insulating
organic stabilizers after thermal sintering of Cu nanoink. Due to
this trade-off issue, the high-concentration (>300 mM) solution
synthesis of sub-10-nm Cu NPs and its application to the
production of conductive Cu nanoink have not yet been
reported.

In this study, we first demonstrated the high-concentration
(up to 0.6 M) solution synthesis of Cu NPs with a narrow size
distribution of 3.5 + 1.0 nm in ethylene glycol under ambient
air conditions using 1-amino-2-propanol (AmIP) as a capping
agent of low molecular weight, M = 75.1. The AmIP-protected
Cu NP (AmIP-Cu NP) powders could be separated by adding
poor solvent from the as-prepared colloidal Cu solution, and
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Scheme 1. Schematic Illustrating the Synthesis of AmIP-Cu NPs and the Preparation of AmIP-Cu NP-Based Ink
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nearly 1 g of sub-10-nm Cu NP powder was obtained in this
one-step synthesis. The AmIP-Cu NP powders had very high
Cu content (~90 wt %), and they were well-dispersed in an
alcohol-based ink up to 45 wt %. The antioxidative conductive
copper films were obtained from the AmIP-Cu NP-based
nanoink after thermal sintering at 150 °C for a short period of
15 min under a N, atmosphere, resulting in low electrical
resistivity of 30 u€2 cm. In relation to the potential application
of the AmIP-Cu NP-based nanoink in the printed electronics
industry, the long-term resistance stability of Cu film under an
air atmosphere was determined, and an adhesion test on
polyethyleneterephthalate (PET) film was also conducted.

2. EXPERIMENTAL SECTION

2.1. Materials. All the chemicals were used as received without
further purification. The 1-amino-2-propanol (AmIP, 98.0%), 3-
amino-1-propanol (AmNP, 98.0%), copper(II) acetate anhydrate
(97.0%), copper(Il) formate (98%), copper(I) oxide powder,
propylene glycol (99.0%), ethylene glycol (99.5%), ethanol (99.5%),
hydrazine monohydrate (98.0%), N,N-dimethylacetamide (98.0%),
toluene (98.0%), and hexane (96.0%) were purchased from Wako
Chemicals, Japan.

2.2. Synthesis of AmIP-Cu NPs and Preparation of AmIP-Cu
NP-Based Ink. The solution synthesis of AmIP-Cu NPs and the
preparation of AmIP-Cu NP-based ink are summarized in Scheme 1.

Synthesis. The AmIP-Cu NPs were synthesized in ethylene glycol
with a high concentration of copper(Il) acetate under ambient air
conditions at room temperature using AmIP as the stabilizer and
hydrazine monohydrate as the reducing agent (molar ratio of Cu salt/
AmIP/hydrazine = 1:10:10). Typically, 11 mL of AmIP was added to
30 mL of ethylene glycol. Solid copper(II) acetate (2.73 g) was added
into the AmIP solution in an ice bath, producing a blue solution due to
the formation of an AmIP-Cu complex. This solution had a
concentration of 300 mM Cu salt. Then, hydrazine monohydrate
(7.3 mL) was added all at once, under stirring at 1100 rpm and at
room temperature (~23 °C), to the blue solution. The color of the
resulting solution rapidly changed from blue to a blackish deep red. It
was then stirred at 1100 rpm at room temperature under an air
atmosphere for about 24 h. Note that the high-concentration synthesis
(up to 0.6 M Cu salt) of AmIP Cu NPs was possible using the above
synthetic method with no change to the mole ratio (Cu salt/AmIP/
hydrazine = 1:10:10).

Purification. After the above reaction for around 24 h, the AmIP-Cu
NPs were precipitated by adding excess N,N-dimethylacetamide into
the colloidal dispersion of the Cu NPs, and the precipitates were
washed with toluene and then hexane. Typically, 12 mL of the as-
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prepared colloidal dispersion of AmIP-Cu NPs was slowly added
dropwise into 36 mL of N,N-dimethylacetamide solution, and the
mixture became turbid due to the aggregation of AmIP-Cu NPs. The
precipitates of AmIP-Cu NPs were obtained by centrifugation of the
turbid solution for S min at 6000 rpm, as shown in Scheme 1. After the
removal of the supernatant, the precipitate was washed again with 7
mL of N,N-dimethylacetamide, and then 10 mL of toluene and 10 mL
hexane. In the washing process, the excess AmIP and hydrazine
reagents were removed. After washing with hexane, the precipitates
were at once used for the preparation of Cu nanoink for the analysis.
Finally, purified AmIP-Cu NPs, with approximately 0.85 g of Cu
content, were obtained from 2.73 g of copper acetate source. This
corresponded to a reaction yield of about 90% and indicated the high
recovery rate of Cu NPs from the synthesis and purification process.

Note that the selection of solvents in the above precipitation/
washing process was very important to obtain a purified AmIP-Cu NP
powder with high Cu content. If acetone was used as the precipitating/
washing agent to form the colloidal dispersion of Cu NPs, the resulting
powder was unstable; the powder could not be redispersed in solvents,
and the oxidation of Cu NPs immediately occurred under an air
atmosphere because of the removal of protecting AmIP layers from the
surface of the AmIP-Cu NPs.

Cu Nanoink. Purified powders of AmIP-Cu NPs thus obtained were
well-redispersed in propylene glycol/glycerol solvent (1:1 vol %) as
Cu nanoink (~45 wt % Cu). The resultant Cu nanoink was kept in a
freezer before use, and was stable for at least two months; no change in
the resistivity of Cu conductive film made from the Cu nanoink was
seen even after two months from the preparation of the nanoink.
Actually, the oxidation of Cu NPs was minor even after the prolonged
time of four months from the preparation of the nanoink, as shown in
the XRD pattern of Cu nanoink (Figure S1 in Supporting Information,
SI). The resistivity of the Cu film from the preparation of the nanoink
at the heating of 150 °C after four months was about 80 p£2 cm, which
had tripled compared to the case (~30 p Q cm) just after the
preparation.

The Cu nanoink was applied to a polyimide film with a bar coater,
and was dried at 80 °C for 60 min under a N, gas flow of 1.1 L/min.
Then, the Cu film was sintered at various heating temperatures for 15
min in an electric furnace (FT-6000, FuLL-TECH, Osaka, Japan)
under the N, gas flow. The thickness of the Cu film after heating was
determined by surface roughness measurement instruments (SJ 310
Mitutoyo, Kanagawa, Japan) and the average thickness of the film
calculated (~3 um). The electrical resistivity of the Cu conductive film
was analyzed using a four point probe (Loresta AX MCP-T370,
Mitsubishi Chemical Analytech Co., Japan). To enhance the adhesion
strength between the Cu film and the PET film, ultraviolet-ozone
(UVO) oxidation (SSP16-110 Sen Lights Corp. Osaka, Japan) was
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Figure 1. (a) TEM image of AmIP-Cu NPs. The high-magnification image is shown as the inset and illustrates that the crystal lattice fringes are 0.2
nm apart, which agrees with the d value of the (111) planes of the metallic Cu crystal. (b) XRD pattern for purified AmIP-Cu NPs.

performed on the PET film for 20 min. The luminous power of a low-
pressure UV lamp was 15 mW/cm® at 254 nm under the UV
irradiance at the distance of 30 mm.

2.3. Characterization. Fourier transform infrared spectroscopy
(FT-IR) spectroscopy was performed using a Jasco FT-IR 4200
spectrometer coupled with an attenuated total reflection (ATR)
instrument with a ZnSe crystal. X-ray photoelectron spectroscopy
(XPS) spectra were recorded with a Quantera SXM spectrometer
(Physical Electronics, Inc.) using the monochromatic Al Ko line at
1486.7 eV. The base pressure was approximately 2 X 10~® Torr. To
compensate for the charging effect, binding energies were referenced
to C 1s at 284.7 eV of hydrocarbon. Transmission electron microscopy
(TEM) images were recorded with a JEOL JEM-2010F at an
acceleration voltage of 200 kV. Field emission scanning electron
microscope (FE-SEM) images were collected on a JEOL model JSM-
6700 FE-SEM operating at an accelerating voltage of 5.0 kV. X-ray
diffraction (XRD) patterns were obtained on a Bruker D2 Phaser X-
ray diffractometer (Cu Ka, 4 = 1.5406 A). Thermogravimetric analysis
(TGA) was performed using a Thermo plus EVO device (Rigaku,
_]apan) at a heating rate of 10 °C/min under nitrogen flow. The initial
viscosity of Cu nanoink (40 wt % Cu) was measured using a RST Plus
Controlled Stress Rheometer (RST-CPS, Brookfield). The viscosity of
Cu nanoink was 1350 mPa.

3. RESULTS AND DISCUSSION

3.1. Characterization of AmIP-Cu NPs. Figure la shows
TEM images of AmIP-Cu NPs, which were obtained by the
redispersion of purified AmIP-Cu NP powder in ethanol. The
AmIP-Cu NPs had a narrow size distribution of 3.5 + 1.0 nm,
and they were well-dispersed. The size distribution diagram of
Cu NPs is shown in Figure S2 in SL The high-resolution (HR)-
TEM image of the Cu NPs displays a periodic arrangement of
stripes with a lattice spacing of 0.21 nm, which agrees with the
(111) lattice spacing of fcc copper (Figure 1a, inset). The TEM
observation proves that as-prepared AmIP-Cu NPs mainly
comprise metallic Cu. Figure 1b shows the XRD pattern of
AmIP-Cu NPs. A main diffraction peak emerges at 20 angles of
40°—50°, which can be assigned to copper metal, Cu(0). The
weak shoulder peak at 20 angles around 35° may be attributed
to Cu,O obtained from Cu surface oxidation, Cu(I). The width
of the diffraction peak is very large, which made it infeasible to
estimate the particle size based on the Scherrer equation. The
extreme width also indicates that as-prepared AmIP-stabilized
Cu NPs have a very small particle size, which is consistent with

the size estimation of approximately 3 nm in the corresponding
TEM images.

Figure 2a shows an XPS spectrum of the Cu 2p region of the
AmIP-Cu NPs. The characteristic peak of Cu 2p emerges at
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Figure 2. (a) XPS spectrum of AmIP-Cu NPs. (b) Cu-LMM AES
spectrum for AmIP-Cu NPs.

931.9 eV, which is predominantly attributed to zero-valence
copper, and is consistent with the peak obtained in a previous
report which was attributed to zero-valence Cu crystals of
approximately 2 nm in size.””*° A peak (~934 eV) associated
with CuO obtained from surface oxidation was not observed in
the AmIP-Cu NPs. The Auger electron spectroscopy (AES) of
the AmIP-Cu NPs indicated the presence of zero-valence
copper but the Cu-LMM peak lacked symmetry (Figure 2b),
suggesting a mixture of Cu(0) and Cu(I) on the surface of
AmIP-Cu NPs. From the above results of XRD and XPS
spectra, we conclude that AmIP-Cu NPs comprise a main
component of Cu(0) in the metallic core, and a minor
component of Cu(I) on the surface. The results of XRD and
XPS spectra showing the partial surface oxidation were different
from the TEM image with the lattice spacing of fcc copper.
This difference can be the different preparation sample method.
The powder sample for XRD and XPS was obtained by drying
under aerially exposed condition, while that for TEM was
obtained by drying under high vacuum of the TEM instrument.
Thus, we consider that the partial surface oxidation of Cu NPs
occurred at the aerially exposed process in XRD and XPS. Note
that the diffraction peak of Cu,O in partially oxidized AmIP-Cu
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NPs, which is observed in the AmIP-Cu NPs before heat
treatment, disappeared after heat treatment at 150 °C under a
N, atmosphere. The reason for this reduction of Cu(I) to
Cu(0) is the intrinsic reducing capacity of AmIP ligands, as
discussed in detail later.

The IR spectra of free AmIP and AmIP-Cu NPs were
acquired to clarify the presence of AmIP protective layers on
the surface of the Cu NPs. Figure 3a shows the ATR-IR spectra
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Figure 3. (a) ATR-IR spectra of AmIP-Cu NPs and Am-IP. A
schematic of the metallacyclic coordination stability of a five-
membered ring type between Cu and AmIP is shown as the inset.
(b) TGA curve of Am-IP Cu NPs at a heating rate of 10 °C/min under
a N, flow.

of free AmIP and AmIP-Cu NPs in the range 800—4000 cm ™.
Similar to the IR spectrum of free AmIP, the IR spectrum of
AmIP-Cu NPs also covers an absorption band at 2850—2950
cm™ from C—H stretch vibration of CH; and CH,, and O—H
and N—H stretch vibration in the range 3100—3400 cm".
These IR spectra of AmIP-Cu NPs confirm that Cu NPs are
protected by AmIP molecules. The difference in N—H stretch
vibration (3100—3400 cm™") and N—H vending (1550—1650
cm™') bands between the AmIP-Cu NPs and the free AmIP
suggests the coordination of the amino groups of the AmIP to
the surface of the Cu NPs.

In general, the use of strongly bonded organic stabilizers is a
trade-off between the high-concentration synthesis of sub-10-
nm Cu NPs and the undesirable presence of insulating organic
stabilizers in the Cu film after thermal sintering of Cu nanoink,
as mentioned above. Previously, we reported the synthesis of 2
nm Cu NPs via a microwave-assisted polyol method.” In this
study, we conducted TGA analysis of the 2 nm Cu NPs,
showing that the large amount of strongly bonded organic
layers remained on the surface of the Cu NPs and were not
removed even at high temperatures of ~300 °C (Figure S3 in
SI). These residual insulating materials displayed a high
electrical resistivity (~10* Q cm) in the Cu film on the glass
plate after heating at 200 °C for 60 min under a N, atmosphere
(not shown). In contrast, we found that the AmIP ligands can
be easily removed from the AmIP-Cu NPs at lower
temperatures. The TGA analysis of purified AmIP-Cu NP
powder demonstrated that elimination of the AmIP ligands
from the Cu NPs was completed at low temperature (120 °C),
as shown in Figure 3b. The amount of AmIP ligands on the Cu
NPs can be estimated, from the TGA analysis, as 12.8%,
indicating a very high Cu content of the purified AmIP-Cu NP
powder. The elimination of the AmIP stabilizers from the Cu
NPs at low temperature was also supported by the ATR-IR
spectrum of the Cu film after heating at 150 °C, where there
was no observation of IR peaks from the residual materials such

as AmIP molecules and other organic molecules on the Cu
surface (Figure S4 in SI).

Note that the gradual increase in the TGA curve above 200
°C is attributed to the oxidation of the Cu NPs, where the
AmIP molecules are removed from the particle surface at the
high temperatures, resulting in the enhancement of oxidation of
the Cu NPs. The result demonstrates the importance of low
heating temperatures (less than 200 °C) for producing
conductive Cu film to avoid the oxidation of Cu NPs.

3.2. Optimization of the High-Concentration Syn-
thesis of sub-10-nm AmIP-Cu NPs. In the high-concen-
tration synthesis of sub-10-nm AmIP-Cu NPs developed in this
study, the synthetic conditions were optimized for the
stabilizers, solvent, reducing agents, and copper salt.

The AmIP stabilizer was selected to aid dissolution of a high
concentration of copper(II) salt in ethylene glycol by complex
formation of Cu(II)-AmIP, and to reduce the aggregation of Cu
NPs by the adsorption of AmIP onto the nanoparticle surface.
The amino group could coordinate with the copper ion or Cu
NDPs.

The combined use of hydrazine, copper(Il) acetate, and
ethylene glycol were important to achieve the high-concen-
tration synthesis of sub-10-nm Cu NPs in this synthesis. For
example, large aggregates of Cu NPs were formed when we
used copper(I) formate as the replacement for copper(Il)
acetate in the synthesis (not shown), although copper(Il)
formate has been often used for the synthesis of Cu NPs due to
the volatile and self-reducing properties of formate anions.”” >
Propylene glycol is well-known as a typical polyol solvent,* but
large aggregates of Cu NPs were formed when we used
propylene glycol as the replacement for ethylene glycol in the
synthesis (not shown).

In the colloid chemistry, it is known that fast nucleation
relative to growth results in small particle size, depending on
the concentration of reducing agents. Actually, the addition rate
of hydrazine in the synthesis dramatically affected the resulting
size of AmIP-Cu NPs. In synthesis A, hydrazine was added on
only one occasion to the precursor Cu salt solution, producing
very small AmIP-Cu NPs, as shown in Figure la. Synthesis B
was conducted by the slow dropwise addition of hydrazine at a
rate of ~8 uL/s into the Cu salt solution, while maintaining the
overall concentration and total volume of the reaction mixture
constant. In synthesis B, larger Cu NPs of 5.5 + 1.5 nm were
obtained (Figure SSb in SI). The slow addition protocol likely
enabled seed formation, followed by the controlled growth of
the seeds into larger Cu NPs. Synthesis C was conducted using
an even slower hydrazine addition rate of ~24 uL/s to the Cu
salt solution. In synthesis C, large and polydispersed AmIP-Cu
NPs were precipitated (Figure SSc in SI). Therefore, the fast
reduction of Cu salt by a one-time addition of hydrazine is
necessary for the production of very small Cu NPs.

The most important factor in the synthesis of the Cu NPs
was the use of 1-amino-2-propanol (AmIP) as the stabilizer.
For comparison, 3-amino-1-propanol (AmNP) was also used in
place of AmIP in the synthesis of Cu NPs. The AmNP is an
isomer of Am IP: AmNP has a primary OH group, whereas
AmIP has a secondary OH group. Interestingly, the use of
AmNP produced larger, polydispersed Cu NPs with sizes 10—
200 nm (Figure S6 in SI), in spite of synthetic conditions
identical to those of AmIP-Cu NPs. This difference is probably
due to the higher binding force of AmIP (when compared to
that of Am NP) to the Cu nanoparticle surface, resulting in
superior stability of the AmIP-Cu NPs. From the viewpoint of
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Figure 4. (a) Electrical resistivity of Cu film after the thermal sintering of Cu nanoink (45 wt % Cu, propylene glycol/glycerol solvent [1:1 vol %])
on polyimide film for 15 min at 120, 150, 180, and 200 °C. (b) XRD pattern for Cu film after the thermal sintering of Cu nanoink (45 wt % Cu,
propylene glycol/glycerol solvent [1:1 vol %]) on polyimide film for 15 min at 150 °C.

geometric factors, the metallacyclic coordination stability of a
five-membered ring type between Cu and AmIP is proposed for
this higher binding force of AmIP onto the Cu surface (Figure
3a insert). The metallacyclic coordination stability of a five-
membered ring type between the metal ion and the organic
ligand is known in the coordination chemistry field.*"** Such
metallacyclic coordination stability is not possible for the
AmNP-Cu NPs due to the linear chemical structure of AmNP,
resulting in larger, poly dispersed Cu NPs.

3.3. Thermal and Electrical Resistivity of Copper
Conductive film. We measured the electrical resistivity of
the Cu films prepared from the AmIP-Cu ink (45 wt % Cu) as a
function of heating temperature from 85 to 200 °C for a short
heating time of 15 min under a N, gas flow of 1.1 L/min.

The electrical resistivity of the Cu films at 85 °C was to be
~200 €, but it dramatically decreased to be ~170 u€2 at 120
°C (Figure 4a), most likely because of the removal of AmIP
molecules from the particle surface and the sintering of the Cu
NPs. The significant decrease in the electrical resistivity of the
Cu film above 120 °C is consistent with the removal of AmIP
molecules from the particle surface above 120 °C in the TGA
curve (Figure 3b). A gradual decrease in electrical resistivity
continued as the heating temperatures increased up to 200 °C.
In a comparison with other reported Cu conductive inks, a low
resistivity (~30 yQ cm) occurred at a low temperature (150
°C). Figure Sa—f shows FE-SEM images of the morphology of
the Cu films. Above a heating temperature of 120 °C, the Cu
film showed sintering of the Cu NPs and particle size growth
from about 3 nm to 50—100 nm, where the electrical resistivity
of the Cu films dramatically decreased, as shown in Figure 4a.
Furthermore, a gradual variation in the film morphology was
observed as the heating temperature increased from 120 to 200
°C.

Note that a further decrease in the resistivity of the Cu films
was observed when the thermal sintering period was prolonged
from 15 to 60 min at a heating temperature of 120 °C, reducing
the resistivity from 170 to 45 u€ cm. A low heating
temperature (120 °C) of Cu nanoink has the advantage for
the production of conductive Cu film on flexible (polymeric)
substrates with a low softening point (Tg) since the Tg of
typical polymeric substrates, such as PET or polycarbonate
(PC), is below 150 °C.

In contrast to the broad diffraction peaks observed before
heating (Figure 1b), the XRD pattern of the Cu film after
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Figure S. FE-SEM images of Cu film after the thermal sintering of Cu
nanoink (45 wt % Cu, propylene glycol/glycerol solvent [1:1 vol %])
on polyimide film for 15 min at (a and d) 120, (b and e) 150, and (c
and f) 200 °C at (a—c) x30000 and (d—f) X100 000.

heating to 150 °C showed sharp diffraction peaks due to the
growth size of the Cu NPs (Figure 4b). Interestingly, the
diffraction peak of Cu,O in partially oxidized AmIP-Cu NPs,
which is observed in the AmIP-Cu NPs before the heat
treatment (Figure 1b), disappeared after heat treatment at 150
°C under a N, atmosphere despite the absence of a reducing
character gas such as hydrogen or formic acid. We consider that
the secondary OH group of AmIP has the ability to reduce the
Cu(I) to Cu(0) during the thermal sintering process of Cu
NPs. In fact, we confirmed that the AmIP can in part reduce
Cu,O powder to metallic copper after heat treatment at 150 °C
for 30 min under a N, atmosphere (Figure S7 in SI). Such a
reduction of Cu,O powder to metallic Cu was not observed for
the use of AmNP or propylene glycol (not shown).
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Note that secondary alcohol from AmIP is also important in
the low-heat removal of AmIP ligands from Cu NPs, resulting
in the low electrical resistivity of Cu film because the secondary
alcohols are oxidized to ketones during the heating, and the
ketone products can be easily removed by heating due to their
low boiling points. This is in contrast to the primary alcohol of
Am NP, which is oxidized to either aldehydes or carboxylic
acids with higher boiling points. The side reaction of aldehydes
or carboxylic acids during heating may produce flameproof
products of low electrical conductivity.

To confirm how the difference between the secondary
alcohol of AmIP and primary alcohol of AmNP influences
thermal elimination properties, AmMNP-Cu NPs of size 5.8 =+
1.0 nm were newly synthesized in this study (Figure S8a in SI).
Note that the same synthetic conditions as those of the AmIP
Cu NPs produced AmNP-Cu NPs with large size, as described
before (Figure S6 in SI). Therefore, we modified the synthetic
procedure to obtain single nanosized AmIP Cu NPs (detailed
synthetic method shown in Figure S8 in SI). The TGA analysis
of purified AmIP Cu NPs showed the amount of AmNP to be
about 13.5%, which is almost the same as that of AmIP-Cu
NPs. However, TGA analysis showed that high-temperature
heating (~250 °C) above the boiling point (~185 °C) of Am
NP was necessary to eliminate the AmIP ligands from the Cu
NPs (TG-DTA, Figure S8b in SI), and organic compounds
remained in the higher heat conditions (~150 °C) (ATR-IR,
Figure S8c in SI), in contrast to the lower heat (~120 °C)
removal of AmIP from the Cu NPs. As a result, the Cu film
from the AmNP-Cu conductive ink (40 wt % Cu, propylene
glycol/glycerol solvent [1:1 vol %]) showed very high resistivity
(~10* Q cm) due to the presence of flameproof products,
although metallic Cu without oxidation was observed in the
XRD spectrum (Figure 8d in SI). This is because the organic
stabilizers remain as insulating organic shells around each Cu
particle surface after the thermal sintering of Cu nanoink at a
low temperature (180 °C), leading to the prevention of
electrical conductivity in the Cu film.

Long-term low resistance of Cu film under air exposure is
necessary for practical applications. Figure 6 shows the time-
dependent resistance of Cu film after heating at 150, 180, and
200 °C as a function of air exposure time at room temperature
and humidity (23 + 2 °C and 30% + 5%, respectively). The
values of resistivity were normalized to the resistivity value
immediately after the heat treatment. The resistance gradually
increased with time. This is probably because of the formation
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Figure 6. Time-dependent resistance of Cu film on polyimide film
after different heat treatments at 150, 180, and 200 °C as a function of
air exposure time at 23 °C and 30 + 5% humidity.

of Cu oxide on the Cu film surface under air exposure. The
resistance showed a rapid increase within the first day of air
exposure, and then increased by slow degrees. After around 4
months, the resistance increased by 1.7, 1.4, and 1.2 times
(relative to that of the as-prepared Cu film) for the heating
temperatures 150, 180, and 200 °C, respectively. Nevertheless,
the resistance of the Cu film remained around 107> Q cm even
after air exposure of about 4 months, indicating the long-term
low resistance of Cu film under air exposure.

Note that the increase of Cu film resistance with time was
smaller for the film heated at higher temperature. This
difference is likely due to the larger growth size and sintering
of Cu NPs at higher temperature. The insufficient sintering of
Cu NPs at 150 °C facilitates the formation of Cu oxides
resulting in the fast increase of Cu film resistance with time,
while the sufficient sintering of Cu NPs at 200 °C suppresses
the formation of Cu oxides under air exposure. At the
intermediate sintering temperature of 180 °C, the formation
of Cu oxides proceeds slowly (i.e., slow increase of resistance
with time) compared to the case at 150 °C.

A further concern for the manufactures of printed circuitry is
to ensure adhesion to a chosen substrate. Once the ink loses its
adhesion, it can fail in its intended purpose to transmit
electrical current. A cross cut test (i.e., a measure of adhesion
strength) is one method for determining the resistance of
paints and coatings to their separation from substrates.”’ This
test uses a tool to cut a right angle lattice pattern into the
coating. In this study, triple cross cut tests were conducted for
the Cu film on PET film. The Cu film on PET film was
prepared by the thermal sintering of Cu nanoink (45 wt % Cu,
propylene glycol/glycerol solvent [1:1 vol %]) at 150 °C. In
general, the Cu nanoink contains binder polymers, such as
epoxy resin and ethylcellulose, to increase the adhesion
strength on the substrate. However, there is fear that the use
of such binders increases the resistivity of Cu film due to the
flameproof binder products, notably in low-heat sintering below
150 °C. In place of binder polymers, therefore, UVO oxidation
of PET surfaces was utilized to increase the adhesion strength
of Cu film on the PET film in this study.

As shown in Figure 7a, the Cu film on nontreated PET film
showed very poor adhesion to the substrate in the cross cut

(a) (b)
1st E 3st 1st
2st : 2st
e,
3st 3st

Figure 7. Adhesion strength tests of the Cu film on (a) nontreated
PET and (b) UVO-treated PET prepared by the thermal sintering of
Cu nanoink (45 wt % Cu, propylene glycol/glycerol solvent [1:1 vol
%]) for 1S5 min at the temperature of 150 °C. The triple cross cut test
was conducted for the Cu film on these PET films.

test, despite a low resistance of 25 ¢€ cm. Most of the Cu film
on the PET flaked in the first cross cut test. This is because the
Cu nanoink contains no binder polymers. In contrast, adhesion
strength dramatically increased in the case of Cu film on UVO-
treated PET film. Even after the third cross cut test, the Cu film
flaked only along the edges and/or at the intersections of the
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cuts, indicating greater adhesion strength (Figure 7b). In
addition, the electrical resistivity of the Cu film did not change
appreciably for both the PET and oxidized PET substrates. It
has been reported that UVO treatment on a PET film produces
oxidized surfaces rich in COOH/COOR.** It is most likely that
these polar species on oxidized PET increased the adhesion
strength between AmIP-Cu NPs and the PET via the
interaction with amino (—NH,) and hydroxyl (—OH) groups
of AmIP ligands. We did not notice any alteration of
mechanical properties such as flexibility and fragility of PET
film. On the other hand, the oxidized surfaces after UVO
treatment provided a substantial improvement in the wettability
of PET film for the ink solvent of propylene glycol/glycerol
solvent (1:1 vol %). In addition, slightly yellow PET film was
observed. The UVO treatment on the PET not only enhanced
the adhesion strength but also maintained the low electrical
resistance for AmIP-based Cu nanoinks.

Bl CONCLUSION

A simple, high-concentration (up to 0.6 M Cu salt) synthesis of
sub-10-nm Cu NPs was developed in ethylene glycol at room
temperature under ambient air conditions, using AmIP as the
stabilizer and hydrazine monohydrate as the reducing agent.
Monodispersed spherical AmIP-Cu NPs of 3.5 + 1.0 nm were
synthesized in about 90% yield. Thus, nearly 1 g of sub-10-nm
Cu NP powder was obtained by one-step synthesis for the first
time. It was proposed that metallacyclic coordination stability
of a five-membered ring type between Cu and AmIP
contributed to this higher binding force of AmIP onto the
Cu surface, resulting in the superior stability and single
nanosize of the AmIP-Cu NPs.

The purified AmIP-Cu NP powder could be redispersed in
alcohol-based solvents such as ethanol and propylene glycol up
to high Cu contents of 45 wt %. Conductive copper films were
obtained by depositing the Cu nanoink on polyimide film, and
the resistivity of the conductive copper film was 30 € cm after
thermal heating at 150 °C for 15 min under a nitrogen flow. We
experimentally proved that AmIP can be effective as the
reducing agent for Cu,O to metallic copper in the thermal
annealing process.

In relation to the potential application in the printed
electronics industry, the long-term resistance stability of Cu
film under an air atmosphere was determined, and an adhesion
test on PET film was conducted. A low resistance of the Cu
film (107> Q cm) was observed even after air exposure of
around 4 months, and the air stability of the Cu film was better
for the high-temperature treated film because of sufficient
growth size and sintering of Cu NPs at higher sintering
temperatures. The Cu film on PET film showed poor adhesion
to the substrate in the cross cut test. In contrast, the adhesion
strength dramatically increased in the case of Cu film on PET
film oxidized by UVO treatment. The UVO treatment on the
PET not only enhances the adhesion strength but also
maintains low electrical resistance for AmIP-based Cu nano-
inks.
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