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Synthesis of low-temperature-processable and highly
conductive Ag ink by a simple ligand modification: the
role of adsorption energy

Inyu Jung, Kihyun Shin, Na Rae Kim and Hyuck Mo Lee*

Acetic acid (AA) has been employed to reduce the surface capping ligands of Ag nanoparticles (NPs) for the

fabrication of low-temperature-processable and highly conductive Ag ink. The ligand reduction of the Ag

NPswas achieved using a one-stepmethod, in which oleylamine (OA)-capped AgNPs were immersed in AA

for different durations (1, 2, 3, 5 and 10 h). The weight of the total capping ligand was reduced from 12.1

wt% to 2.3 wt% by 10 h AA immersion. According to in situ transmission electron microscopy (TEM) and

electrical resistivity, the ligand-reduced Ag NPs were cured at a much lower temperature (approximately

100 �C) and showed better electrical performance than OA-capped NPs under the same conditions. To

investigate the reason for this enhancement of the electrical properties, we characterized the surface

chemistry of the Ag NPs by Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron

spectroscopy (XPS), which revealed that the surface capping ligand was exchanged from the OA to the

acetate ion. In addition, the adsorption energy of the ligand was increased by the ligand exchange,

which was studied using density functional theory (DFT) calculations. DFT was effective in explaining the

adsorption of each ligand on Ag NPs and indicated that the ligand can be exchanged by AA immersion.
Introduction

Traditionally, vacuum deposition and photolithography have
presented the disadvantages of multiple steps, high processing
temperature, and high cost, as well as the production of toxic
waste. Printed electronics have recently become an attractive
alternative to the conventional patterning technique because
the new processes are fast, simple and inexpensive and even
provide processability at low temperatures.1–4 The drivers of the
current printed electronics market are organic photovoltaic
devices,5,6 exible batteries,7–9 electro-optic devices,10,11 exible
displays,12 thin lm transistors,13,14 sensor arrays15 and radio
frequency identication tags.16 All of these devices require
electrical contact and conductive structures, and metals are the
main system because of their superior conductivity, although
several candidates have been studied as conductive materials,
including molten metals, conductive polymers and a metallic
nanoparticle (NP) suspension.17–19 Ink made of metal NPs and
an appropriate solvent can be used at room temperature and
has better direct current conductivity (typically 104 to 105 S
cm�1) than conductive polymers (typically 10 to 102 S cm�1).20

However, the curing process is still conducted near 250 �C,21

which is not compatible with plastic substrates, such as poly-
ethylene terephthalate or polycarbonate, which have relatively
ering, KAIST, 291 Daehak-Ro, Yusung-Gu,
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low glass transition temperatures (Tg). Therefore, low-temper-
ature-processable and highly conductive ink is necessary for use
with plastic substrates.

Capping ligand modication (reduction, addition and
exchange) presents promising opportunities and challenges
because the capping ligand is fully covered on the NPs during
chemical synthesis. Ligand modication is a well-known
method for tuning the surface properties of NPs that involves
adding an excess of ligand to the NP solution, which results in
the displacement of the original ligand from the NP surface. In
particular, ligand exchange reactions on noble metal NPs
through the self-assembly of thiols have been studied for many
years.22,23 Most ligands discussed in the previous reports
contain a carboxylate ion (COO�)24–26 or an alcohol (OH)27

endgroup that is chemically adsorbed to the surface of the NPs
and forms a stable ligand layer. Recently, several groups have
reported the percolation transformation and noted the rela-
tionship between the curing temperature and the loss of ligand
shells.20,28,29 Although the capping ligand is necessary for the
chemical synthesis of NPs, it is not required for electrical
contact or conductive patterns. Based on these requirements,
the reduction of the capping ligand has also been studied in an
effort to improve the electrical properties over the last few
years.30,31

However, it is difficult to analyze ligand modication
experimentally because it is too small to observe, and it is
difficult to capture the moment of ligand modication. Using
density functional theory (DFT) calculations, we canmanipulate
J. Mater. Chem. C, 2013, 1, 1855–1862 | 1855
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atoms one by one, compare the adsorption energy of various
ligands, and predict the reaction pathway of the ligand modi-
cation. In practice, many researchers use DFT calculations to
investigate adsorption energy and structural stability and to
provide helpful explanations of experimental results.32–37

To the best of our knowledge, there has been no previous
report on the enhancement of electrical properties by a simple
ligand modication. In this study, we achieved ligand exchange
and ligand reduction using an acetic acid (AA) immersion
treatment. The enhancement of the electrical properties was
analyzed by a four-point probe station and in situ transmission
electron microscopy (TEM), and the ligand exchange was
characterized by Fourier transform infrared spectroscopy (FTIR)
and X-ray photoelectron spectroscopy (XPS) analyses of the NP
surface. In addition, we used the DFT calculation of adsorption
energy for a theoretical study of ligand exchange.
Experimental
Materials and evaluation

The mono-dispersed Ag NPs were prepared following the
procedure reported in our previous study.30 Briey, 2.5 g of silver
nitrate (AgNO3, Sigma-Aldrich) was added to 100 mL of oleyl-
amine (OA, C18H37N, Sigma-Aldrich) while being stirred. Next,
OA-capped Ag NPs with a diameter of 12.2 nm (s # 7.7%) were
synthesized at 180 �C (high-temperature ripening stage) for 1 h
and then at 150 �C (low-temperature incubation stage) for 5 h.
The product was puried using a dispersion–centrifugation
process several times, and an additional methanol (CH3OH,
Sigma-Aldrich) dipping treatment was conducted to reduce the
additional surface-capping OA.31,38,39 The Ag NPs were then
immersed in 99.9% acetic acid (CH3COOH, Sigma-Aldrich) for
different time periods (1, 2, 3, 5 and 10 h) to reduce the OA from
the Ag NPs.40,41 Aer the AA immersion treatment, ethanol
(C2H5OH, Sigma-Aldrich)waspoured into the suspension,which
was then centrifuged at 10 000 rpm for 30min. The resultingNPs
were dispersed again with ethanol in a homogenizer bath (Sonic
Dismembrator) and centrifugedagain. Finally, 30wt%AgNPwas
dispersed in ethanol-based solvents to fabricate the conductive
ink. To measure the decrease in the residual surface ligand, we
employed a thermogravimetry analyzer (TGA).30,42 The tempera-
ture was increased from50 �C to 1000 �Cat a heating rate of 20 �C
min�1. To investigate the agglomeration of Ag NPs with different
ligands and increasing temperature from 25 �C to 300 �C, we
used in situ TEM operated at 300 kV.43 The curing process was
conducted aer spin-coating at temperatures of 100 �C, 150 �C,
200 �C and 250 �C for different durations, and the sheet resis-
tance was measured using a four-point probe station. Moreover,
eld emission scanning electron microscopy (FE-SEM) was
employed to analyze the surface morphology and the vertical
section of the conductive lms.
Characterization of ligand exchange

FTIR and XPS analyses were conducted to characterize the
ligand. To collect the FTIR spectra of the ligand-capped Ag NPs,
samples were dried at 30 �C in a vacuum oven prior to pellet
1856 | J. Mater. Chem. C, 2013, 1, 1855–1862
fabrication. KBr (300 mg) was mixed and crushed with 3 mg of
Ag NPs, and 200 mg of the mixture was used for pellet fabri-
cation.25 Each FTIR spectrum was recorded between 4000 and
500 cm�1. For the FTIR spectra of the OA and AA solvent,
we used an attenuated total reectance FTIR cell. In addition,
OA-capped and ligand-reduced NPs were placed on a wafer
substrate for XPS analysis, which was used to determine the
binding energy between the ligand and the surface. The values
of the binding energy were calibrated using the C1s peak, which
was set at 284.6 eV.44–48

Computational details

We performed GGA-level spin-polarized Kohn–Sham DFT
calculations with the atomic orbital-based DMol3 soware
package.49,50 The exchange-correlation energy was functional-
ized using the PW91 functional.51,52 The Kohn–Sham equation
was expanded in a double-numeric quality basis set with
polarization functions. The orbital cutoff range was 5.0 Å. The
DFT semicore pseudopotential53 was used to treat the core
electrons of the heavy Ag atoms. A Fermi smearing of 0.003 Ha
(1 Ha ¼ 27.2114 eV) was used in all calculations. The conver-
gence tolerances of energy, force, and displacement were set at
2 � 10�5 Ha, 0.004 Ha Å�1, and 0.005 Å, respectively.

To describe the surface of the 12.2 nm Ag NPs, we used an Ag
(211) surface with 8 atomic layers (approximately 5.8 Å), a
vacuum thickness of 20 Å, and a (2 � 4) supercell because the
size of the Ag NPs in this study was approximately 12 nm. The
atomic positions in all layers were allowed to relax during
the geometry optimization and ligand adsorption calculation.
The energy was calculated only at the G-point because of the
large size of the supercell.

We adsorbed ligands such as methylamine (CH3NH2) and
acetate ion (CH3COO

�) to many adsorption sites on the Ag (211)
surface to verify the ligand exchange reaction. In practice,
ligands with long alkyl chains (such as OA) are used to
synthesize Ag NPs. However, in this study, we considered the
shortest alkyl chain (methyl [–CH3]) as an equivalent to an OA to
limit the computational cost.54 In the case of the acetate ion, we
used the acetate ion as is. For reliable results, we considered the
net charge of the total system55 by inserting or removing an
electron from the total system because the net charge is altered
by ligand adsorption during the chemical reaction. We
addressed almost every possible condition to nd strong
adsorption sites and calculated the adsorption energy of the
ligand (Ead) given by following equation:56–58

Ead ¼ EAg+lig � EAg � Elig (1)

here, in eqn (1), EAg+lig is the total energy of the systemwhere the
ligand is adsorbed on the Ag surface, EAg is the total energy of the
bare Ag (211) surface, and Elig is the energy of the each ligand.

Results and discussion
Electrical properties and low-temperature processability

OA-capped 12.2 nm Ag NPs were satisfactorily synthesized by
the procedure reported in our previous study.30 Generally, it is
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 (a) Electrical resistivity of the conductive Ag ink as a function of curing
time and temperature. Surface morphology of conductive Ag ink cured at 100 �C
for (b) 30 min, (c) 1 h and (d) 2 h. (e) Vertical section of the conductive film cured
at 100 �C for 2 h.
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well known that electrical properties are closely related to the
removal of the ligand shell because the curing temperature is
dened as the temperature where particles lose their ligand
shell and elicit conductance through physical contact with each
other.28,29,59 According to our previous study, approximately
12 wt% OA remained on the Ag NPs, although the residual OA
was reduced by the methanol dipping treatment.30 Mazumder
and Sun have reported the use of a 10 h AA immersion treat-
ment to remove OA from the NPs.40 Therefore, we conducted an
AA immersion treatment to enhance the electrical properties by
additionally reducing the organic ligand layer. Fig. 1 shows the
TGA results for the residual ligand at the surface with different
AA immersion times. For samples that underwent the AA
immersion treatment, the residual ligand was reduced with
increasing immersion time: 4.49 wt% when immersed for 1 h,
4.23 wt% when immersed for 2 h, 3.89 wt% when immersed for
3 h, 3.11 wt% when immersed for 5 h and 2.36 wt% when
immersed for 10 h. Thus, when the Ag NPs were immersed in
AA, the capping ligand was dramatically reduced by approxi-
mately 10 wt% aer 10 h and approximately 8 wt% even aer
only 1 h.

Recently, the percolation transformation has received
attention as a possible means of curing metal NPs.20,28,29

According to this concept, full melting and solidication are not
required. Rather, the continuous structure and electrical prop-
erties can be found at a much lower temperature than the
melting temperature because of the elimination of the ligand
shells surrounding the metal NPs and the subsequent
agglomeration induced by the physical contact and coalescence
of the NPs.8,30 According to the theory behind the percolation
transformation, the reduction of the ligand layer is important
for the agglomeration of NPs, which creates conductive paths or
patterns. Thus, we could expect that the reduced ligand layer
would elicit superior electrical performance from the TGA
results. To investigate the electrical properties, we fabricated
conductive ink with 30 wt% of Ag NPs, and the resistivity of the
ligand-reduced Ag ink was compared with the resistivity of the
OA-capped Ag ink, which was 5.63 mU cm at 250 �C for 20 min.30

For the ligand-reduced Ag ink, as shown in Fig. 2(a), a similar
Fig. 1 TGA results for OA-capped Ag NPs and ligand-reduced Ag NPs after AA
immersion treatments conducted for different durations. The weight loss was
4.49% for 1 h, 4.23% for 2 h, 3.89% for 3 h, 3.11% for 5 h and 2.36% for 10 h.

This journal is ª The Royal Society of Chemistry 2013
resistivity (7.13 mU cm) was achieved at 250 �C for only 5 min,
and less than 4.54 mU cm was achieved for more than 10 min of
curing time. This value is close to the value for the bulk Ag (1.59
mU cm)29 and better than the value for the OA-capped ink with
the same conditions. In addition, the ligand-reduced Ag ink
offered low-temperature-processability. In contrast to the OA-
capped Ag ink, the ligand-reduced Ag ink showed excellent
electrical properties at 200 �C, and resistivity of less than 10 mU

cm was achieved at 100 �C and 150 �C with 1 h of curing time. It
is important that 100 and 150 �C are sufficiently low tempera-
tures to permit the use of plastic substrates for printed elec-
tronics. Fig. 2(b)–(d) shows the well-agglomerated surface
morphology of the conductive lm cured at 100 �C for 30 min,
1 h and 2 h. All values of resistivity were calculated by sheet
resistance and measured thickness of the conductive lms
(200 � 10 nm). According to the percolation transformation
concept, such outstanding electrical performance is derived
from the lower number of ligand shells produced by the AA
immersion treatment, which makes it easy to remove the
ligands and agglomerate the Ag NPs in the curing process.
Furthermore, the AA immersion treatment results in not only a
reduction but also an exchange of ligands, as discussed below.
The thermally stable OA, which has a higher boiling point
(approximately 350 �C), was exchanged with the acetate ion,
which is a less stable ion with a shorter chain than OA. There-
fore, we can expect the thermal elimination of the ligand to
occur easily in the ligand-reduced and ligand-exchanged Ag
NPs. Thus, ligand exchange as a result of AA immersion treat-
ment can reduce the curing time and temperature. The elec-
trical properties are dramatically improved and acceptable for
application on plastic substrates.
J. Mater. Chem. C, 2013, 1, 1855–1862 | 1857
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Fig. 4 FTIR spectra for (a) OA-capped Ag NPs and pure solvent and (b) ligand-
reduced Ag NPs and pure AA.
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To further investigate the particle agglomeration process, as
shown in Fig. 3, in situ TEM was used to observe the ligand-
dependent growth of individual particles with increasing
temperature. Fig. 3(a)–(f) shows the behavior of the ligand-
reduced Ag NPs with increasing temperature. Although the
12.2 nm particles were arranged well at room temperature,
agglomeration began at 100 �C, as shown in Fig. 3(b), and the
agglomerations grew larger with increasing temperature. In
contrast, OA-capped Ag NPs that were not immersed in AA are
shown in Fig. 3(g)–(l). The NPs were barely in contact below
150 �C and showed low agglomeration at 200 �C, as shown in
Fig. 3(j). These results are almost in agreement with our
previous results, in which curing at 150 �C almost produced an
insulator effect, and electrical contact was observed at 200 �C.30

Compared with the OA-capped Ag NPs, the ligand-reduced Ag
NPs began to agglomerate at a much lower temperature
(approximately 100 �C). Thus, ligand-reduced Ag NPs can form
conductive pathways even at 100 �C.

Chemiadsorption of the ligand on the Ag NPs

Although the organic capping ligand on the surface was reduced
and the electrical properties were enhanced by the AA immer-
sion treatment, the surface chemistry was not identied by the
surface analysis. Therefore, FTIR spectra were used to charac-
terize the surface chemistry of the OA-capped (as-synthesized)
and ligand-reduced (AA immersion processed) Ag NPs. Fig. 4(a)
shows the typical FTIR spectra of pure OA and of OA-capped Ag
NPs. The spectrum of the OA-capped Ag NPs is similar to the OA
spectrum. In both curves, two sharp peaks at 2921 and 2852
cm�1 were attributed to the characteristics of the asymmetric
and symmetric CH2 stretching modes, respectively. The peak at
2952 cm�1 represented the C–H stretching mode of the OA
carbon chain, and the bands at 1330–1650 cm�1 were attributed
to the –NH2 bending mode.60,61 The surfactant ligands in the
adsorbed state were strongly combined with the surface of the
Ag NPs. As a result, the characteristic bands were shied to a
lower-frequency region by the deformation vibration of the
primary amine.62,63

The FTIR spectra of pure AA and ligand-reduced Ag NPs are
shown in Fig. 4(b). There were no peaks related to AA in the
Fig. 3 In situ TEM results for Ag NPs capped with different ligands: (a)–(f) ligand-red
from 25 �C to 300 �C. In the case of ligand-reduced Ag NPs, agglomeration began a
(j) 200 �C.

1858 | J. Mater. Chem. C, 2013, 1, 1855–1862
ligand-reduced Ag NPs, even though they were immersed in AA
for 10 h. In AA, the intense peak at 1710 cm�1 originated from
the C]O stretching mode, and the band at 1263 cm�1 was
attributed to the C–O stretching mode.63–65 In the case of the
ligand-reduced Ag NPs, the characteristic stretching frequen-
cies indicated the symmetric and asymmetric stretching modes
of the carboxylate ion (COO�) at 1405 and 1562 cm�1, respec-
tively.62,66 Based on our ndings and previous studies of
carboxylates, the interaction between the carboxylate ion and
the metal atom was categorized as three types: unidentate,
bridging bidentate and chelating bidentate.67–69 The wave-
number separation, D, between the nas(COO

�) and ns(COO
�)

FTIR bands, can be used to distinguish the type of the inter-
action between the carboxylate head and the metal atom. The
highest D (200–320 cm�1) corresponded to the unidentate
interaction, and the lowest D (below 110 cm�1) was for the
chelating bidentate interaction. The medium range of D (140–
190 cm�1) was for the bridging bidentate interaction. In this
study, the D (1562 � 1405 ¼ 157 cm�1) was attributed to the
bridging bidentate, which is consistent with the following
results of the DFT calculation.

To further investigate the variation in the chemical structure
of the Ag NPs using the AA immersion treatment, we deter-
mined the high-resolution XPS spectra of C1s. In the case of the
OA-capped Ag NPs, as shown in Fig. 5(a), two C1s peaks were
observed at 284.6 and 286.7 eV. Generally, the main peak at
284.6 eV is attributed to the carbon atoms in the alkane chain
(C–C), and the peak at 286.7 eV is assigned to the superposition
uced Ag NPs, (g)–(l) original OA-capped Ag NPs, shown at increasing temperatures
t (b) 100 �C, in contrast to the OA-capped Ag NPs, where agglomeration began at

This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 XPS spectra of the C1s subregion for (a) OA-capped Ag NPs and (b)
ligand-reduced Ag NPs. The measured spectra are represented by black lines, and
the simulated individual peaks are indicated by colored lines. For clarification, an
offset has been added to the simulated curves to permit comparison with the
measured curves.
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of different contributions (C–N and C–O).70 There were some
differences in the ligand-reduced Ag NPs. As shown in Fig. 5(b),
we were able to t three types of peaks in the curve. The peaks at
284.6 eV and 286.5 eV were similar to those for the OA-capped
NPs; however, the other peak observed at 287.6 eV belonged to
the carboxylate (–COO�) carbon.25,63,71 The C1s peak corre-
sponded to carboxylic carbon (–COOH), located at 290.0 eV,
which did not appear in the spectrum.72 Both surface analyses
helped to identify the ligand exchange from OA to the
carboxylate (–COO�) ion. Furthermore, we expect the carboxy-
late ion on the Ag NPs to be the acetate ion (CH3COO

�) because
it can be generated by the ionization of AA. Therefore, it is likely
that ligand exchange was successfully achieved by the AA
immersion treatment.
Adsorption energy of the ligand

As mentioned previously, we performed DFT calculations to
evaluate the ligand exchange reaction on the surface of the Ag
NPs. Thus, we calculated the adsorption energy of methylamine
and acetate ions following a simple scheme to describe the
ligand exchange reaction.

In Scheme 1, six simple states in the ligand modication
reaction are shown, and they are composed of ligand adsorption
and desorption. Through the process, the methylamine is being
adsorbed on the surface of Ag NPs (1st and 2nd pictures of
Scheme 1) because the amine was identied by surface chem-
istry analyses in Fig. 4 and 5. The surface chemistry also
conrmed that only the acetate ions remained on the surface of
Ag NPs (6th picture of Scheme 1) aer the AA immersion treat-
ment. Generally, the acetate ion (CH3COO

�) can be generated
Scheme 1 The simple reaction scheme for the adsorption and desorption of the
ligand (methylamine and acetate ion) throughout the process. The asterisk (*) on
the right side represents the adsorbed ligand on the Ag NPs.

This journal is ª The Royal Society of Chemistry 2013
by ionization of AA in an aqueous solution. And thus, we
assumed the co-adsorbed state with amine and acetate ions
(4th picture of Scheme 1) as an intermediate state because it was
hard to nd the other molecules or byproducts by means of
experimental analyses. The 3rd and 5th pictures in Scheme 1
describe the adsorption of acetate ion and desorption of amine
for better understanding of intermediate and nal states,
respectively. Although this scheme is oversimplied, we can
suggest the reason for the ligand exchange reaction because the
DFT calculation is based on the experimental results described
above. Before we calculate the adsorption energy of the ligand
following this scheme, we have to verify which adsorption site is
the most stable site for each ligand and consider the charge
transition in the whole system arising from the ligand adsorp-
tion on the Ag NPs.

Firstly, we address the adsorption site of each ligand. There
were many possible adsorption sites when themethylamine and
acetate ions were adsorbed on the Ag NP surface, so we
considered almost every adsorption site to obtain reliable
results. As shown in Scheme 2, there are ve stable adsorption
sites, as follows: t1 (top site on the edge), t2 (top site on the face),
b1 (bridge site on the edge), b2 (bridge site on the face) and b3
(bridge site between the edge and face). In these stable
adsorption sites, the t1 and t2 sites belong to methylamine, and
the b1, b2 and b3 sites belong to the acetate ion. We calculated 7
to 9 adsorption sites for each ligand to verify their stability, but
all of the adsorbed methylamines were eventually drawn to the
top (t1 or t2) sites; in particular, t1 was the strongest adsorption
site, �0.587 eV.54 Similarly, acetate ions were drawn to the
bridge (b1, b2 or b3) sites even though they were initially
attached on the top site. These results are consistent with the
experimental FTIR analysis, which indicated that the carboxy-
late ion in this study was in the bridging bidentate mode and
not the unidentate or chelating bidentate modes.67–69 The
bridging bidentate mode is equivalent to adsorption at a bridge
site in the DFT calculation. For the acetate ion, the b1 site was
the strongest adsorption site (�2.566 eV) among the three types
of bridge sites. The adsorption energy of the acetate ion is four
times stronger than that of amine. Then, an edge site is more
Scheme 2 The most stable site of each ligand: t1 and t2 are adsorption sites for
methylamine; b1, b2 and b3 are adsorption sites for acetate ion (t1: top site on the
edge, t2: top site on the face, b1: bridge site on the edge, b2: bridge site on the
face, b3: bridge site between the edge and the face).

J. Mater. Chem. C, 2013, 1, 1855–1862 | 1859
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Fig. 6 The relative energy diagram along the reaction procedure (adsorption
and desorption of the ligand on the Ag NPs). After NH2 was adsorbed on the Ag
NPs (chemical synthesis), the adsorption energy was increased by 1.98 eV upon
ligand exchange (AA immersion treatment), i.e., the adsorption of COO� and
desorption of NH2 from the Ag NPs. The asterisk (*) on the right side represents
the adsorbed ligand on the Ag NPs.
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stable than a face site for both methylamine and acetate ions.
Accordingly, the edge site on the surface of the Ag NPs is more
active in the ligand adsorption than the face site because the
edge site has many dangling bonding sites that can be affected
by adsorption strength.54 The Mulliken charge of the ligand
represents the amount of charge transfer during the ligand
adsorption, so a large amount of charge transfer means a strong
interaction between Ag and the ligand. As shown in Table 1, the
amount of charge transfer in acetate ion adsorption was about
four times larger than that in amine adsorption. Therefore, the
charge transfer was strongly related to adsorption energy of the
ligand. The co-adsorbed intermediate state with amine and
acetate ions is also represented in Table 1. In the case of the
ligand co-adsorbed state, the amount of charge transfer with
amine was similar or slightly reduced in comparison with the
adsorption of amine alone, while that with acetate ions was
similar or slightly increased. In other words, adsorption of
acetate ions weakens the binding of amine from Ag NPs. Finally,
the weakly bound amines are easily desorbed and only the
acetate ions remain on the surface of Ag NPs.

The whole reaction procedure is shown in Fig. 6 which is
drawn based on Table 1, and the red line in each stage refers to
adsorption on the most stable edge sites. In contrast to Scheme
1, the reaction in Fig. 6 has a small difference in charge tran-
sition by ligand adsorption and desorption. Firstly, the amine is
adsorbed on the neutral Ag NPs during the chemical synthesis.
There are two states corresponding to t1 and t2 sites. The acetate
ion is then adsorbed on the neutral Ag NPs and converts the net
charge of the total system to negative, and these states corre-
spond to six co-adsorbed sites: t1-b1, t1-b2, t1-b3, t2-b1, t2-b2 and
t2-b3. Thus, we carefully considered the net charge of the system
during all the DFT calculations in this study. In the three-step
reaction in Fig. 6, the rst step corresponds to the chemical
Table 1 The stable adsorption site, adsorption energy and the Mulliken charge
of each ligand adsorption. Amine has two stable adsorption sites, and the acetate
ion has three stable adsorption sites. There are six intermediate adsorption states
because six combinations are possible with two stable amine sites and three
acetate ion sites. The Mulliken charge of the ligand represents the amount of
partial charge change in the ligand during the adsorption procedure

System Site Ead [eV]
Amount of Mulliken
charge

Amine t1 �0.587 0.157
t2 �0.490 0.156

Acetate ion b1 �2.566 0.505
b2 �2.346 0.503
b3 �2.214 0.495

System Site Ead [eV]

Amount of Mulliken
charge

Amine Acetate ion

Amine + acetate ion t1-b1 �3.260 0.137 0.535
t1-b2 �2.825 0.157 0.524
t1-b3 �3.016 0.134 0.490
t2-b1 �3.058 0.154 0.606
t2-b2 �2.758 0.158 0.524
t2-b3 �2.929 0.125 0.496

1860 | J. Mater. Chem. C, 2013, 1, 1855–1862
synthesis of the Ag NPs and the remaining two steps take place
in the AA immersion treatment. These two steps represent
acetate ion adsorption followed by methyl amine desorption, so
the acetate ions remain alone (b1, b2, and b3 sites) on the
surface of Ag NPs. Here, the relative energy difference between
the state of methylamine being adsorbed and the state of
acetate ion being adsorbed is approximately �1.98 eV. Thus,
acetate ion adsorption is energetically much more favourable
than the methylamine adsorption. Though the amine desorp-
tion process increases the relative energy, it can take place
because it occurs at room temperature (approximately 300 K). In
addition, adsorption of acetate ions weakens the binding of
amine followed by reduced charge transfer, and thus the amine
desorption becomes easy. Therefore, the ligand exchange reac-
tion from amine to acetate ion occurs spontaneously because of
the stability of the NPs with a large energy difference.
Conclusions

Ligand-reduced Ag NPs were successfully obtained by a simple
AA immersion treatment. In the case of ligand-reduced Ag NPs,
superior electrical performance was observed even at low
temperatures (100–150 �C) because of the reduction by 10 wt%
of the residual OA, which was thermally stable. Experimentally,
the AA immersion treatment resulted in not only ligand
reduction but also ligand exchange from OA to the acetate ion,
as indicated by FTIR and XPS analyses. The ligand exchange was
explained by the difference in adsorption energy of the two
ligands, as estimated by the DFT calculation. We have thus
effectively overcome the drawback of conductive Ag ink related
to its higher curing temperature, which is essential to permit its
use on plastic substrates. Therefore, our process is a simple
chemical treatment that can be used to create conductive Ag ink
for printed electronics.
This journal is ª The Royal Society of Chemistry 2013
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A. Daccà and R. Parodi, Colloids Surf., A, 2000, 175, 121.
71 A. L. Willis, N. J. Turro and S. O'Brien, Chem. Mater., 2005,

17, 5970.
72 E. Frydman, H. Cohen, R. Maoz and J. Sagiv, Langmuir, 1997,

13, 5089.
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/C2TC00450J

	Synthesis of low-temperature-processable and highly conductive Ag ink by a simple ligand modification: the role of adsorption energy
	Synthesis of low-temperature-processable and highly conductive Ag ink by a simple ligand modification: the role of adsorption energy
	Synthesis of low-temperature-processable and highly conductive Ag ink by a simple ligand modification: the role of adsorption energy
	Synthesis of low-temperature-processable and highly conductive Ag ink by a simple ligand modification: the role of adsorption energy
	Synthesis of low-temperature-processable and highly conductive Ag ink by a simple ligand modification: the role of adsorption energy
	Synthesis of low-temperature-processable and highly conductive Ag ink by a simple ligand modification: the role of adsorption energy

	Synthesis of low-temperature-processable and highly conductive Ag ink by a simple ligand modification: the role of adsorption energy
	Synthesis of low-temperature-processable and highly conductive Ag ink by a simple ligand modification: the role of adsorption energy
	Synthesis of low-temperature-processable and highly conductive Ag ink by a simple ligand modification: the role of adsorption energy
	Synthesis of low-temperature-processable and highly conductive Ag ink by a simple ligand modification: the role of adsorption energy

	Synthesis of low-temperature-processable and highly conductive Ag ink by a simple ligand modification: the role of adsorption energy
	Synthesis of low-temperature-processable and highly conductive Ag ink by a simple ligand modification: the role of adsorption energy


