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Abstract

Highly conductive ink with low sintering temperature is important for printed electronics on paper substrate. Silver
nanoparticles (Ag NPs) of different average radii ranging from 48 to 176 nm were synthesized by adjusting the Ag+

concentration in the reaction process. The electric resistivity of the Ag NP-based ink film in relation to Ag NP size,
sintering temperature, amount of PVP capping agent on Ag NP surface, and morphology evolution of the film
during heating process was investigated. It was found that the resistivity of the films reduced very rapidly with
increasing particle size due above all to reduced amount of protective agent capping on the Ag NPs. A semi-
empirical relationship between the resistivity and the particle size was proposed. With the help of this mathematical
expression, one gains both systematic and detailed insight to the resistivity evaluation with regard to the Ag
particle size. The optimal electric resistivity of 4.6 μΩ cm was achieved at 140 °C for 10 min which was very close to
the resistivity value of bulk Ag (1.58 μΩ cm). Mechanical flexibility of the printed electronics with the Ag NP-based
ink on paper substrates was investigated. The prints on the art coated paper exhibited better flexibility compared to
that on the photopaper. This might be attributed to the surface coating composition, surface morphology of the
paper, and their corresponding ink absorption property.
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Introduction
Paper-based electronics has attracted great interests of
research as it offers many irreplaceable superiorities [1–6].
Not only is paper widely available and inexpensive, it is
also lightweight, biodegradable, and super flexible, which
makes it a promising substrate for various electronics
including flexible solar cells, displays, radio frequency
identification (RFID) tags, thin film transistors, touch
pads, and energy-storage devices [7–16]. Printed electro-
nics on paper substrates has been considered as the major
enabler of intelligent packaging functionalities, e.g., in
tracing and tracking, gods and storage management, logis-
tics and transport, and anti-counterfeiting. According to

IDTechEx, the market demands were projected to be over
$1.45 billion in year 2024 [17].
Requirements on high sintering temperature of metal-

lic nanoparticle-based ink have been a limiting factor for
paper-based printed electronics, as paper substrate may
undergo dimensional changes during sintering process
which cause de-laminations, cracking, etc. [18, 19]. Thus,
the high conductivity and low sintering temperature have
been the focus of the research. Magdassi et al. [20],
Grouchko et al. [21], and Tang et al. [22] realized room
temperature sintering of the Ag NPs by adding the desta-
bilizing agents, oppositely charged polyelectrolytes, and
Cl− containing electrolyte, respectively, into the ink to
promote the NP aggregation and coalescence in the drying
processes. The optimized electric conductivities achieved
were 20%, 41%, and 16%, respectively, of that of bulk
silver. Both Xu et al. [23] and Wang et al. [24] introduced
pressure into the Ag NP hot sintering process to decrease
the heating temperature. It was found that the pressure
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could facilitate a more uniform and denser film micro-
structure, resulting in higher conductivity at relative low
temperature. The electric resistivities obtained at 120 °C
was 14.3 μΩ cm while with pressure of 25MPa it reduced
to 3.92 μΩ cm. In addition, some other sintering methods
[25] have been involved to improve the metallic NP sinter-
ing at mild heating conditions such as photonic sintering
[26–32], plasma [33–35], and microwaves [36, 37]. How-
ever, these methods either required electrolyte addition
into the ink formulation which might deteriorate the sta-
bility of the metallic NP-based ink or expansive equipment
and high energy consumption. Therefore, there is an
unmet need for the metallic conductive ink that possesses
high electric conductivity at relative low sintering
temperature without involving either complex treatment
or expensive equipment. An alternative approach is a
chemical reaction, wherein the metallic source is either a
molecular precursor or cation [38, 39]. By optimizing the
molecular structure and the ink components, it was
possible to deposit and to form conductive metal film
at low temperature. However, the relatively low metal
content and low viscosity limited its application in
paper-based electronics.
We propose a new approach for obtaining Ag

NP-based inks of high conductivity and low sintering
temperature. The relationship between the electric
conductivity of the ink film and the major influencing
factors, e.g., Ag NP size, sintering temperature, amount
of PVP protective agent, and film morphology, was
studied. The mechanical flexibility of the printed electro-
nics on paper substrates was also investigated.

Methods
Materials
Polyvinyl pyrrolidone (PVP, K30, MW= 58,000), ethylene
glycol (EG), silver nitrate (AgNO3), and hydrazine hydrate
(N2H4·H2O) were purchased from Aldrich (St. Louis, MO,
USA). Acetone, isopropanol, and 2-butoxy ethanol were
obtained from Beijing Chemical Works (Beijing, China).
All chemical reagents were analytically pure, and no
further purification was made.

Synthesis and Characterization of the Ag NPs and Coated
Films
The Ag NPs were synthesized by phase reduction
method. In brief, 100 mL AgNO3 solution (1 g/mL) and
60mL N2H4·H2O solution (0.8 g/mL, as reductant) were
added drop-wise into 600 mL PVP solution (0.03 g/mL)
that served as a protective agent at 10 °C. After 0.5 h
reaction, Ag NPs were obtained by adding sufficient
amount of acetone into the yellow-brownish Ag NP
suspension so that Ag NPs were precipitated. Then, the
Ag NP paste was re-dispersed into D.I. water again
followed by acetone sedimentation. Such a process noted

as washing in the upcoming sections was repeated a
number of times to reduce the absorbed PVP on the
surface of Ag NPs and to get desired concentration. The
Ag NPs in different sizes and distributions, marked as S1
to S4 hereafter, were obtained by adjusting the reaction
concentrations of the Ag+ with 0.385mol L−1, 0.770
mol L−1, 1.540mol L−1, and 1.925mol L−1, respectively.
The X-ray diffraction (XRD) patterns of the Ag NPs

with different reaction concentrations of Ag+ were
characterized on the X-ray diffractometer (Rigaku Miniflex
600) with Cu Kα radiation operated at 40 kV, 15mA, and a
scanning rate of 5° min−1. The morphology and size distri-
bution of the Ag NPs were obtained by scanning electron
microscopy (SEM, Nanosem 430). Thermogravimetric
analysis (TGA) profiles of the Ag NP concentrations with
respect to different particle sizes and washing times were
obtained by TA Instrument TGA-Q500 under N2 atmos-
phere in a heating rate of 10 °C/min. The Ag NPs were then
spin-coated onto the glass slides, followed by heating on a
hot plate in ambient environment at different temperatures
from 30 to 140 °C for 10min. The electrical resistivity of
the coated film (Ag NP film) was calculated from sheet
resistance and film’s thickness, measured with RTS-9
four-point probe station and the SEM, respectively.

Preparation of the Ag NP-Based Inks and Characterization
of Their Mechanical Flexibility on Paper Substrates
The Ag NP-based conductive inks for direct writing and
screen printing were formulated by adding the con-
centrated Ag NP paste into a certain amount of EG,
isopropanol, and 2-butoxy ethanol mixture (2:1:1 in
volume) with the load of 20 wt.% and 70 wt.%, respec-
tively. The direct writing Ag NP-based ink was filled into
the ordinary commercial mark pen to make a conductive
mark pen.
The mechanical flexibility of the Ag NP-based ink on

paper was investigated. First, the linear arrays of 5 silver
electrodes were drawn by the conductive mark pen on
art coated paper and photopaper respectively following
by 120 °C heating for 10 min. The dimensions of the
silver electrode arrays were 60 mm in length, 7 mm in
width, and 10 mm in spacing. Then, the testing samples
on different paper were folded to the following bend
radii, 2.5 mm, 1.0 mm, and 0.5 mm respectively, in 1000
cycles. We measured the electrical resistance change rate,
(R − R0)/R0, as a function of bend radius and number of
bend cycles, wherein the average electrical resistance
values were obtained from the 5 silver electrodes.

Applications of the Ag NP-Based Ink for Paper Electronics
A 7-segment digital display circuit was directly hand
drawn using the conductive mark pen on art coated
paper. Meanwhile, a high-frequency RFID antenna
was screen printed on the art coated paper. Both of
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the paper-based electric devices were treated at 120 °C
for 10min.

Results and Discussion
Characteristics of the Synthesized Ag NPs Using Various
Ag+ Concentrations
Figure 1 shows the XRD patterns of the Ag NPs synthe-
sized using various Ag+ concentrations in the reaction.
These XRD patterns exhibited only the peaks of metallic
silver (JCPDS 04-0783) without any other signals, indi-
cating that the synthesized samples are highly purified
and face-centered cubic (fcc)-phased Ag NPs. The fact
that no surface oxide observed in Ag NPs is important,
because silver oxides have much lower electric conduc-
tivity and might prevent the sintering of Ag NPs at
relatively low temperature. The SEM images of the
synthesized Ag NPs using different Ag+ concentrations
in the reaction solutions are shown in Fig. 2a–d. The Ag
NPs with diameters of 48 ± 12 nm, 76 ± 33 nm, 158 ± 65
nm, and 176 ± 85 nm were obtained from the Ag+ con-
centrations of 0.385 mol L−1, 0.770 mol L−1, 1.540
mol L−1, and 1.925 mol L−1, respectively, denoted as S1,
S2, S3, and S4. The change in the average diameters of
the synthesized Ag NPs in relation to the Ag+ concen-
tration used is shown in Fig. 2e. The average size of Ag
NPs increased from 48 to 176 nm, and their size distri-
butions also became broader with the increasing Ag+

concentrations. This was attributed to two reasons. First,
a higher Ag+ concentration means longer feeding time
of the AgNO3 solution in the reaction solution, hence
extended growth time of the Ag NPs. On the other
hand, the relative small amount of the protective agent
PVP compared to the increasing Ag+ concentration

could not prevent the growth and aggregation of Ag
NPs more effectively, leading to formation of Ag NPs of
bigger sizes. This result suggested that adjusting the Ag+

concentration helped control the size of Ag NPs over a
relatively wide range.

The Amount of PVP Capping on the Surface of Ag NPs
It is well known that the insulating PVP capping on the
surfaces of the silver nanoparticles reduced the electron
mobility within the Ag NP film, leading to significantly
decreased conductivity. Thus, the amount of PVP cap-
ping on the surface of silver nanoparticles has to be re-
duced in order to enhance its conductivity at relatively
low temperature. This can be achieved by the washing
process described in the “Methods” section.

The Effect of Wash Times on the Amount of PVP
Figure 3 shows the TGA curves of the Ag NP suspen-
sions of S1 after being washed for two to five times.
These four TGA curves exhibit a similar temperature
dependence profile. In each of the wash processes, the
continuous loss of weight from the initial temperature to
about 300 °C can be attributed to the evaporation of the
solvents. Another significant weight loss was observed in
the temperature range between 300 and 500 °C, marked
by the dashed-line rectangle box. This temperature
range overlaps with the decomposition temperature
range of PVP, causing desorption and decomposition of
the PVP from the surface of the Ag NPs. The residual
mass at relatively high temperature of 600 °C represents
the silver solid content of the suspension. Thus, the
PVP-to-Ag weight ratio of the Ag NPs could be calcu-
lated, shown in Table 1. It is obvious that the PVP-to-Ag
weight ratio decreases as the wash times increase. After
the fourth washing times, the ratio becomes 0.0490 or
the PVP is only 4.9% of the solid Ag NPs. As the amount
of PVP approaches a stable value, four times wash is
used in this paper to reduce the capping PVP on the
surface of Ag NPs. The PVP amount of other Ag NP
suspensions (S2 to S4) shows the same decrease
tendency as the wash time increases.

The Effect of Particle Size of Ag NPs on the Amount of PVP
The Ag NP suspensions of different sizes, S1 through
S4, are all being washed for four times to achieved de-
sirable amount of PVP on the surface of Ag NPs (these
corresponding TGA curves are shown in Additional file 2:
Figure S1.). Using the method mentioned above, the
PVP-to-Ag weight ratio for S1 to S4 after four times
washing are shown in Table 2. It is obvious that the
PVP-to-Ag weight ratio decreases as the average size of
Ag NPs increases. Furthermore, the relationship between
the specific surface area of the Ag NPs, which was calcu-
lated from the particle size and the input amount of

Fig. 1 XRD patterns of Ag NPs synthesized using different Ag+

concentrations. The corresponding Ag+ concentrations of 0.385
mol L−1, 0.770 mol L−1, 1.540 mol L−1, and 1.925mol L−1 were
indicated in the figure. The reference patterns of silver (JCPDS 04-
0783) was also shown
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precursor, and the PVP-to-Ag weight ratio is shown in
Fig. 4. The amount of PVP is likely directly proportional
to the specific surface area of Ag NPs. This implies that
the protective agent PVP capped on the surface of Ag
NPs had similar thickness for each sample or independ-
ent of the size of Ag NPs.

Electrical Resistivity of the Ag NP-Based Film
The electrical resistivity evolution of the Ag NP-based
films with respect to particle size (S1 to S4) at various
temperatures from 30 to 140 °C for 10 min is shown in
Additional file 2: Figure S2. The electrical resistivity of
all the four Ag NP-based films decreases as the
temperature increases. To further highlight the relation-
ship between the electrical resistivity of the Ag
NP-based film and the NP size, the film resistivity at
treatment temperature 140 °C for 10 min vs the mean

diameter of the Ag NPs is plotted in Fig. 5. As shown,
the resistivities of the conductive films decrease mono-
tonically with the particle sizes from 48 ± 12 nm to
158 ± 65 nm. With a smaller size of Ag NPs (48 ± 12
nm), the conductive film exhibited high resistivity,
92.05 μΩ cm. While with a particle size of 158 ± 65 nm,
the resistivity decreased to the minimum value of
4.60 μΩ cm, which is only 2.89 times of that of bulk Ag.
The resistivity bounced back a little bit when the particle
size became even bigger. The explanation why S4 had
higher resistivity than S3 is given at the end of this
subsection.
For an easier comparison with the existing results,

published resistivity values and the corresponding sinter-
ing conditions are collected in Table 3. As one can see
that the electric resistivities of the Ag NPs obtained in
the present work are comparable with those of the re-
ported metallic nanoparticles conductive inks obtained
by heat treatment and other kinds of sintering methods
including chemical sintering, photonic sintering, IR,
plasma, and microwave, considering neither additive
agents nor extra equipment was needed in this work, the
approach presented in this work is obviously advanta-
geous, which enables to obtain extraordinarily low resist-
ivity at rather low sintering temperature.

Fig. 2 SEM images of the synthesized Ag NPs with different size distributions by adjusting the Ag+ concentration in reaction. a Ag+ 0.385
mol L−1. b Ag+ 0.770 mol L−1. c Ag+ 1.540 mol L−1. d Ag+ 1.925 mol L−1. e Average diameter of Ag NPs with respect to the Ag+ concentration

Fig. 3 TGA curves of the Ag NP suspensions of S1 with respect to
washing times

Table. 1 Analysis data according to TGA curves of Ag NP
suspension of S1

Washing
times

Weight loss for PVP
(300 to 500 °C) (%)

Residual mass of
silver (600 °C) (%)

PVP-to-Ag
weight ratio

2 times 5.07 92.06 0.0551

3 times 4.81 93.41 0.0515

4 times 4.60 93.92 0.0490

5 times 4.56 93.71 0.0487
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The fact that the resistivity of the conductive film
decreased with the increasing size of Ag NPs in the
range 48 ± 12 nm to 158 ± 65 nm can probably be attri-
buted to three factors. First, the amounts of PVP capping
on the surface of Ag NPs decreased with increasing par-
ticle sizes, from 5.42 to 2.75% (see Table 2), which reduced
the contact resistance and electron scattering between Ag
NPs. Yet, one should be aware of that this reduction is
mainly because of reduced surface areas (or specific areas)
of the Ag NPs rather than thinner capping thickness of
the PVP agent on individual Ag NPs. This is in line with
the observation shown in Fig. 3b where the amount of
PVP capped on the particle surface was reversely propor-
tional to the size of the obtained Ag NPs. The thickness of
the capping layer decreased with the number of washing
times and sintering operations. The second is packing
density of Ag NPs inside the conductive film. As shown in
Table 2, the distributions of the particle sizes are 25, 43,
and 41% of the average sizes for S1, S2, and S3 respec-
tively. According to Sohn and Moreland, packing density
of a multi particle system increases with extended particle
size distribution [40]. A higher packing density may be in
favor of improved conductivity in the present study. Third,
the relatively deeper sintering level of the bigger Ag NPs

compared to that of smaller ones at the same temperature
may also be contributed to the decreased resistivity.
The detailed investigation was given by the morphology
observation of SEM in Fig. 6.
As shown in Fig. 6, with the increasing of the Ag NP

size from 48 ± 12 nm to 176 ± 85 nm, the sintering
phenomenon of the Ag NP-based film tended to occur
at relatively low temperature. For instance, when the Ag
NPs of 48 ± 12 nm were chosen, no obvious sintering
was observed, and the Ag NPs remained as individuals
in the NP-based film at 140 °C (Fig. 6 a3). When the Ag
NP size increased to 76 ± 33 nm, the inter-particle neck-
ing and initial sintering of the Ag NPs were observed at
140 °C as shown in Fig. 6 b3. We use the dashed-line
circles to highlight such phenomenon in the figure.
Furthermore, deep level sintering could clearly be ob-
served at 100 °C (Fig. 6 c2) and 80 °C (Fig. 6 d1) for the Ag
NP-based film with the sizes of 158 ± 65 nm and 176 ± 85
nm, respectively. As a result, lower resistivity was obtained
for the film having relatively larger size of Ag NPs at the
same sintering temperature. While this phenomenon
seems to be contradictory to the classic theory that the
melting point of the metal particles decreases when the
size is reduced to the nanoscale [38], it could be attributed
to a large amount of PVP capping on the surface of Ag
NPs in the case of small particle size, which prevents the
inter-particle necking and sintering of the Ag NPs in the
film seriously. Therefore, the increase in NP size, the
decrease in PVP amount, and the deeper sintering level
with dense film morphology, all positivity contributed to a
low resistivity of the Ag NP-based film with the NP size
ranging from 48 ± 12 nm to 158 ± 65 nm.
The resistivity (6.71 μΩ cm) of the S4 film made of Ag

NPs with the average size of 176 ± 85 nm followed the
general trend observed from S1, S2, and S3, despite an
abnormal increase compared to that of S3 (4.60 μΩ cm).

Table 2 Analysis data according to TGA curves of different sizes
of Ag NP suspension (S1 to S4)

Sample Size (nm) Weight loss for PVP
(300 to 500 °C) (%)

Residual mass of
silver (600 °C) (%)

PVP-to-Ag
weight
ratio

S1 48 ± 12 5.04 92.92 0.0542

S2 76 ± 33 4.26 94.40 0.0451

S3 158 ± 65 2.64 96.04 0.0275

S4 176 ± 85 1.74 96.90 0.0180

Fig. 4 The relationship between the specific area of Ag NPs in
different sizes (S1 to S4) and the PVP-to-Ag weight ratio

Fig. 5 The relationship between the resistivities of the Ag NP-based
films and the mean diameter of the Ag NPs at heat temperature of
140 °C. The dashed line is the curve of numerical fitting using Eq. (1)
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Through careful investigation of the morphology of the Ag
NP-based film, we found that the sintered Ag aggregated
at 140 °C (Fig. 6 d3) were separated by holes and cracks.
This indicates that the further increase in the NP size
might have resulted in a certain degree of deterioration in
density and conductivity of the Ag NP-based films.

Relation of the Resistivity with Respect to the Size of
Ag NPs
In order to grasp a full picture of how the resistivity of
the film changes with the Ag particle size, the measure-
ment values were fitted to the following mathematical
expressions:

Table 3 Comparison of sintering condition and electric resistivity of this work with those of in reported literatures

Type of ink Sintering condition Electric resistivity (μΩ cm) Times of the bulk metal
resistivity

Ref.

Ag NPs Chemical sintering at R.T. 7.95 × 5 [20]

Ag NPs Chemical sintering at R.T. 3.88 × 2.44 [21]

Ag NPs Chemical sintering at R.T. 9.94 × 6.25 [22]

Ag NPs Hot pressure sintering 120 °C/25 MPa/15 min 14.3 × 8.99 [23]

Ag NPs Hot pressure sintering 120 °C/25 MPa/ 20min 3.92 × 2.47 [24]

Cu NPs Photonic sintering combining flash light,
deep UV and NIR

7.62 × 4.5 [27]

Cu NWs/NPs Flash light 22.77 × 13.55 [28]

Ag NPs IR/1 s 10.61 × 6.67 [31]

Ag NPs IR/15 s 7.95~15.9 × 5~10 [32]

Ag NPs Plasma 15.9 × 10 [33]

Ag NPs Plasma combining microwave 2.66 × 1.67 [34]

Reactive Ag ink 120 °C 4.05 × 2.55 [39]

Ag NPs R.T. for 24 h ~ 8.0 × 5.03 [41]

140 °C/15 min ~ 5.0 × 3.15

180 °C/15 min ~ 3.7 × 2.33

Ag NPs 140 °C/75 min 10.29 × 6.47 [42]

160 °C/75 min 3.83 × 2.41

Ag NPs 60 °C/10 min 13.10 × 8.24 This work

100 °C/10 min 7.40 × 4.65

120 °C/10 min 5.10 × 3.21

140 °C/10 min 4.60 × 2.89

Fig. 6 The morphological evolution of the Ag NP-based films at various temperatures with different sizes; the NP size and heating temperature
are marked in the coordinate axis
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R ¼ R0 þ C
rm

ð1Þ

In the expression, R0 = 1.59 is the resistivity of the
bulk silver, r is the relative particle size normalized to
the average particle size of S2 (hence, r2 = 1), and the
constant C fulfills the relation, R2 = R0 + C, where R2 is
the resistivity of S2. The parameter m is the fitting
parameter determined by fitting to the measured values,
i.e., the resistivity values and the average particle dia-
meters of the Ag NPs, S1 through S4.
The underlying considerations of the proposed expres-

sion can be summarized into two. First, the resistivity is
approaching the intrinsic resistivity of silver bulk when r
tends to infinity. It is obvious that this constraint is
automatically fulfilled by the proposed mathematical
expression. Second, the conductivity of the Ag NP films
depends solely on the radius of the Ag NPs. The latter
can be justified by theoretical reasonings. Provided that
the Ag NPs are mono-sized spheres, in addition to the
intrinsic resistivity through the silver particles, the resis-
tivity of the film comes mainly from the contact resist-
ance between Ag NPs capped by the PVP protective
agent. Hence, one may assume that the resistivity of the
film is proportional to PVP-to-Ag weight ratio. The ratio
is in turn proportional to the total specific area within a
unit volume (unit area of cross section × unit length).
As a consequence, we obtain the following relationship,

R−R0∝N
S
V

ð2Þ

where S and V stand for the surface area and volume of
a sphere particle, respectively. Hence,

S
V
∝
1
r

ð3Þ

The number of the spherical particle within the unit
volume can be estimated by

N ¼ 1
V
∝
1
r3

ð4Þ

Thus, in the case of mono-sized spherical particles,
the resistivity of the conductive film R is

R−R0∝
1
r4

ð5Þ

Considering that the Ag NPs are neither spherical nor
mono-sized, the parameter m is thus introduced in the
proposed relationship shown in Eq. 1.
Employing the non-linear fitting routine in Matlab and

using R0 = 1.59 μΩ cm and the measured value R2 = 12.33
μΩ cm as the inputs, we obtained the parameter, m = 4.64.
The plot based on the proposed expression is shown in
Fig. 5. Obviously, the calculated resistivity values based on
the proposed expression are nearly identical to those of S1
and S2 and very close to those of S3 and S4. Considering
the broad ranges of the resistivity and particle diameter and
there was only one parameter (m) involved in the date
fitting, the agreement between the calculated values
and the measured ones is truly satisfactory.

Mechanical Flexibility of the Ag NP-Based Ink on Paper
To investigate the mechanical flexibility of the Ag
NP-based ink on paper, bending tests of the printed elec-
tronics on art coated paper and photopaper were carried
out. Figure 7a shows the bending test results of the silver
electrodes on art coated paper. As seen, the samples of
bending radii 2.5 mm and 1.0mm exhibited a robust
response over 1000 bending cycles with a slight increase
in their electrical resistance. The change rates are 8.01%
and 18.55%, respectively. At a closer observation, it was
found that such electrical resistance change occurred
mainly in the first 10 bending cycles and remained nearly
constant in the subsequent testing process. While for the
most extreme bend radius of 0.5 mm, the electric resis-
tance evolution of the silver electrodes was rather dif-
ferent. The resistance increases gradually throughout the

Fig. 7 Electrical resistance change rate, (R − R0)/R0, as a function of bend radius (r) and number of bend cycles on a art coated paper and
b photopaper
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testing process and increased 56.90% after 1000 bending
cycles. To understand the reason of the electric resistance
evolution during the bending test, microscopic structure
of the silver electrodes on art coated paper was examined
by SEM technique. As shown in Fig. 8, cracks with the
width of 0.05 μm on Ag NP coating surface were observed
after 10 bending cycles in the case of bending radii of
2.5 mm (Fig. 8a). Such cracks remained relatively intact
or only slightly propagate into 0.08 μm approximately in
the subsequent 1000 bending cycles (Fig. 8d). Con-
sequently, the resistance of the silver electrodes only
increased slightly in the very beginning of the bending test
then remained constant after that. On the contrary, when
tested with a much smaller bend radii 0.5 mm, the cracks
on the Ag NP coating surface were up to 0.20 μm wide
after 10 initial bending cycles (Fig. 8b). After 1000 bending
cycles, the width of the cracks extended to 0.80 μm
(Fig. 8e). In the meantime, the orientations of the cracks
also changed from initially parallel (Fig. 8c) to all possible
directions (Fig. 8f), when the number of bending cycles
increased from 10 to 1000. Naturally, the electric resist-
ance of the silver electrodes increased. This suggested that
the cracks on Ag NP coating caused by the initial bending
cycles could accommodate a large portion of strain ap-
plied to the silver array when the bend radius was 2.5mm
or 1.0 mm, resulting in relatively good mechanical flexi-
bility. But when the bending radii decreased to 0.5 mm,
the cracks formed in the initial bending cycle cannot
accommodate the strain in the following bending cycles
resulting in new and larger cracks.
For the silver electrodes drawn on photopaper (Fig. 7b),

the tendencies of the resistance evolutions were similar
to those on the art coated paper when the bending radii
were 2.5 mm and 1.0 mm. Yet the resistance stabilized

after about 100 initial bending cycles and the cor-
responding resistance reached a higher level. While for
the radii of 0.5 mm, the resistance change rate was even
more pronounced. After the initial 100 bending cycles,
the resistance increased by 148%. The SEM images
shown in Fig. 9 revealed the reason of the sharp in-
crease in the resistance change rate with bending radii
of 0.5 mm. As seen from Fig. 9a, cracks of the width of
0.3 μm are clearly observed after only 10 bending
cycles. The cracks were deteriorated further when the
bending test continued. After 100 initial bending cycles
(Fig. 9b), the width of the cracks became 1.8 μm
approximately and parts of the Ag NP coating on were
even delaminated.
The difference in mechanical flexibility between the

Ag NP ink patterns might be attributed to the surface
morphology of the paper substrates and their correspon-
ding ink absorption property. As shown in Fig. 10a, the
surface of the photopaper was made of tightly packed
nanoscale particles (probably silica-based) which formed
massive nanoscale pores, while the surface of the art
coated paper was covered by flake shape coating pigments
(probably clay in micron-scale) (Fig. 10b). The obser-
vations imply that the art coated paper with coating layer
composed of planner and flake-shaped pigments (in
micron-scale) may offer better mechanical flexibility
compared to that of photopaper. It is well known that
ink absorption rate of the substrates (capillary-driven
absorption) is inversely proportional to the radii of
the pores. Thus, the Ag NP coating on the surface of
the photopaper (Fig. 10c) showed an obviously denser
microstructure both in the plane and cross section (the
crack location is chosen on purpose) compared to that of
on the surface of the art paper (Fig. 10d). The dense and

Fig. 8 SEM images of the silver electrodes on art coated paper in various bending test conditions. a Bending radii of 2.5 mm in 10 cycles.
b, c Bending radii of 0.5 mm in 10 cycles with different magnifications. d Bending radii of 2.5mm in 1000 cycles. e, f Bending radii of 0.5 mm in 1000
cycles with different magnifications
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compact Ag NP-based coating on the surface of the
photopaper might have resulted in a rigid structure, which
might also have contributed to the relatively poorer mech-
anical flexibility compared to that of art coated paper.

Paper-Based Electronics Applications
To demonstrate the device fabrication capabilities of the
low sintering temperature Ag NP-based ink on paper, a
7-segment digital display circuit and a RFID antenna
were produced by direct writing and screen printing on
the paper substrates, respectively.
As shown in Fig. 11a to c, a 7-segment digital display

circuit was drawn on art coated paper using the Ag NP
ink-filled mark pen followed by 120 °C heating for 10
min. Then, a 7-segment LED was surface mounted onto
the circuit. To form close electrical contact, the copper
foils were used as conductive adhesive to connect the
LED and the circuit. We also used copper foils as the
switches to control the circuit. The device powered by a
3-V battery worked well when it was bended and crum-
pled in different shapes, showing excellent mechanical

flexibility. A video of the direct drawing 7-segment
digital display circuit is shown in the Additional file 1.
The high-frequency RFID antenna was screen printed

on art coated paper using the Ag NP-based conductive
ink (Fig. 11d). The antenna with the conductive Ag line
of 132 cm in length, 1 mm in width, and 7 μm in thick-
ness has a very low resistance of 12.5Ω after heating at
120 °C for 10 min, which is significantly lower compared
to the resistance of the commercial available screen-
printed HF RFID antenna of 70Ω approximately. The
printed RFID antenna also shows a good resistance
stability changing from 12.5 to 13.4Ω after face to face
folding shown in Fig. 11e.

Conclusions
High conductive inks demanding for low sintering
temperature have been synthesized, using AgNO3 and
N2H4·H2O as the reactants and PVP as the protective
agent. Ag NPs of different size distributions, having the
mean radii ranging from 48 to 176 nm, were obtained by

Fig. 10 a, b Surface morphologies of the photopaper and art coated paper. c, d The microstructure of the Ag NP coating on photopaper and
coated paper respectively

Fig. 9 SEM images of the silver electrodes on photopaper with bending radii of 0.5 mm in different cycles. a 10 cycles. b 100 cycles
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adjusting the Ag+ concentration in the reaction process.
It was observed that the amount of PVP capping agent
on the surface of Ag NPs decreased with increasing Ag
NP size. There are probably a few factors that influenced
the electric resistivity and sintering temperature of the
Ag NP-based film. Average size of the Ag NPs is the
number one factor affecting the resistivity of the Ag NP
film, because the contact resistance amid to interfaces
between adjacent Ag NPs played a dominant role. The
other factors may be packability of the Ag NPs and the
microscopic structure (voids and cracks) of the sintered
Ag NP-based film. An empirical expression suggested
that the contact resistance decreases with the average ra-
dius of the Ag NPs in the form of 1/r4.63.
The optimal electric resistivity of Ag NP-based

film was 4.60 μΩ cm which is only 2.89 times of
bulk silver, after 140 °C sintering. This result is gen-
erally better than previously reported values obtained
with similar sintering method and heating condition.
The mechanical flexibility of the Ag NP-based ink
on paper substrates was also investigated. The in-
vestigation shows that the surface morphology (shape
of coating pigments) of the paper substrates and
their corresponding ink absorption may be the main
factors affecting the mechanical flexibility of the Ag
NP conductive ink on the paper substrates. As the
demonstrators, two paper-based electric devices were pre-
pared. Their resistances were comparable or eventually
better than the commercial product. Thus, the results
presented in this study may contribute to the development
of low sintering temperature and high conductive inks
suitable for paper-based printed electronics.

Additional files

Additional file 1: A video of direct drawing 7-segment digital display
circuit. (MP4 16143 kb)

Additional file 2: Figure S1. The TGA curves of the four times
washed Ag NP suspensions with different average particle sizes (S1 to S4).
Figure S2. The electrical resistivity evolution of the Ag NP-based films with
different sizes (S1 to S4) during heat treatment. (DOCX 101 kb)
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