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Abstract Graphene decorated with Ag nanoparticles
can cross the defect and bridge the adjacent graphene
sheets to enhance its conductivity, making the composite
more suitable for conductive ink preparation rather than
pure graphene. In this study, a facile one-pot method to
prepare Ag NPs@ graphene nanocomposite is proposed.
Graphite is exfoliated by low-speed mechanical agitation
and low-power ultrasonic to obtain pristine graphene,
which has fewer structural defects and intrinsic defects
than RGO. Then, Ag nanoparticles are in situ loaded on
graphene with AgNO; as the precursor, PVP as the dis-
persant, and glucose as the reducing agent, solving the
negative effect of grain boundaries and overlap defects.
Uniformly dispersed Ag nanoparticles are obtained
anchored on or between the multi-layer graphene sheets.
The average size of Ag nanoparticles is 56 nm. Finally,
the prepared Ag NPs@graphene nanocomposite is used
as conductive filler to prepare water-based conductive
ink. At the optimal sintering temperature and time (150
°C for 20 min), the square resistance of the conductive
patterns printed by screen printing is 21.6 mQ sq~,
indicating that the conductive ink has great potential
applications in printed electronics.
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Introduction

As a new technology, printed electronic technology
has developed rapidly in recent years, which is an
important innovation in the field of microelectron-
ics. It is widely used in sensors, paper batteries, film
switches, solar cells, radio frequency identification
(RFID) smart tags, and other fields [1-6]. The core
of printed electronics is to transfer the functional
conductive ink to the substrate by printing, so that
the printed patterns have conductivity to realize the
production of electronic components [7, 8]. The key
technology of printed electronics is the preparation
of conductive ink, which contains functional conduc-
tive materials, so it can realize conductive function
[9-11].

According to the different types of conductive
fillers, conductive ink can be divided into inorganic
conductive ink, organic conductive ink, and compos-
ite conductive ink. The conductive fillers of inorganic
conductive inks are mainly Au, Ag, Cu, Ni, and other
metal powders or metal nano-powders, as well as car-
bon black, graphite, and other non-metallic powders
or particles. Muhammad Rizwan et al. [12] reported
successful fabrication of RFID tag antennas by inkjet
printing of copper nanoparticle ink on a Kapton
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substrate and by thermal printing of copper material
on a polyester-based substrate material (referred to as
THERML film). A peak read range of 7-10 m for the
thermal-printed tags on THERML film was obtained
due to their excellent conductivity. The conductive
fillers of organic conductive ink are conductive poly-
mers with conjugated structure such as polyaniline;
they are usually lighter, more flexible, and less expen-
sive, compared to inorganic conductors. However,
conductive organics usually exhibit low carrier mobil-
ity and inferior stability, compared with inorganic
materials such as silicon or copper. Das et al. [13]
obtained poly(3,4-ethylenedioxythiophene) (PEDOT)
by oxidative polymerization of monomer and anhy-
drous ferric chloride in acetonitrile. After washing
and ultrasonic treatment in water, a conductive ink
based on PEDOT aqueous dispersion was obtained. It
is printed on a glass substrate by air-brush technique
to form a thin conductive film with a sheet resistance
of 1~20 kQ/sq. However, there is still a big gap of the
conductivity between this ink and that of the metal
filler ink. Composite conductive ink is prepared by
compounding two or more different kinds of conduc-
tive fillers. Combined with the properties of different
kinds of conductive fillers, different kinds of conduc-
tive materials can complement each other, so the per-
formance of conductive ink can be greatly improved.
Composite conductive ink is suitable for integrated
circuits, electronic film switches, flexible electronic
products, and other fields because of its high con-
ductivity and excellent mechanical properties. It is
a research hotspot in the field of conductive ink. Xu
et al. [14] used N, N-dimethylformamide as a reduc-
ing agent to reduce Ag nanoparticles from AgNO;
solution and uniformly adhere to the graphene sheet.
Then, the composite was used as a conductive filler,
and a certain proportion of ethanol, ethylene glycol,
and glycerol mixture were used as a matrix to prepare
a pen for direct writing. When the printed conductive
track was solidified at 100 °C for 60 min, a typical
resistivity value measured was 1.9 x 107 Qem.

As a one-atom-thick planer sheet of sp>-hybridized
carbon atoms, graphene is an ideal carbon material for
preparation of conductive ink because of its superior
carrier mobility (15,000 cm?V~'.s7!), high specific
surface area (2630 m?eg~!) and mechanical strength
(1.0 TPa) [15-17]. Besides the eco-friendliness, using
graphene as conductive filler of conductive ink has
many other advantages, such as light weight, low
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processing temperature, and especially low, cost com-
pared to metallic materials. However, due to the grain
boundaries and overlap defects between graphene
flakes, the specific conductivity of the conductive ink
made by pure graphene is two or three orders of mag-
nitude smaller than that of pure metal materials. With
outstanding conductivity, heat conduction, and flex-
ibility, Ag nanoparticles were usually considered as
good potential candidates for conductive fillers. Nev-
ertheless, Ag nanoparticles or nanowires exhibit large
specific surface areas, and result in the exacerbation
of oxidation process [18] due to a large area explo-
sion to the surrounding. When Ag nanomaterials
and graphene are combined, the former can cross the
defect and bridge the adjacent graphene sheets, solv-
ing the negative effect of grain boundaries and over-
lap defects. In the meanwhile, graphene sheets are
tiled between Ag conductive network and patched it
up, thereby increasing the carrier concentration. With
excellent gas blocking performances, graphene can
also form a passive layer to prevent oxidation [19].

Most of the reported methods for the preparation
of Ag NPs@graphene nanocomposite are based on
the attachment of Ag nanoparticles on the graphene
oxide (GO) and reduced GO (rGO) [20-26], and rGO
is prepared by laser-induced, chemical reduction, or
thermal reduction method from GO [27, 28]. How-
ever, rGO contains a large number of oxygen-contain-
ing functional groups, resulting in structural defects
and inherent defects, thus its conductivity is much
lower than that of the pristine graphene.

Herein, we proposed a simple and mild in situ
growth of Ag nanoparticles on pristine graphene
to prepare Ag NPs@graphene nanocomposite and
then prepared the conductive inks. Natural graph-
ite was chosen as initial materials and after pristine
graphene was obtained by exfoliation in N-meth-
ylprolinodone (NMP) by mechanical agitation, the
silver ammonia solution was directly added into the
graphene-NMP solution after filtration and removal
of the unexfoliated graphite. Then polyvinylpyr-
rolidone (PVP) was added as a dispersant for Ag
nanoparticles, and glucose was added as a reduc-
ing agent to reduce Ag nanoparticles. PVP can also
act as the dispersant of graphene. Ag nanoparticles
were anchored on the surface of graphene or inter-
calated between the graphene sheets, avoiding the
aggregation of the exfoliated graphene. Scanning
electron microscope (SEM), UV-vis spectrometry,
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and XRD (X-ray diffraction) were used to character-
ize the morphology and the size of the composite.
Raman characterization was used to prove that Ag
nanoparticles were loaded on the graphene sheets.
The influence of the mass ratio of graphite powder
to AgNQO;, the molar ratio of PVP to AgNO;, the
concentration of glucose, and the reaction temper-
ature on Ag nanoparticle dispersion and size were
investigated. Then, the prepared Ag NPs@graphene
nanocomposite was used as conducting filler to pre-
pare conductive ink.

Materials and methods
Materials

Natural graphite flakes (1000 mesh) with carbon con-
tent of 99.9% were obtained from QingDao Risheng
Graphite Ltd. Prior to using them, they were dried
overnight in the oven at 120 °C. AgNO;, glucose,
and polyvinyl pyrrolidone (PVP) of analytical grade
were purchased from Sinopharm. Deionized water
(H,O) was obtained by reverse osmosis followed by
ion exchange and filtration. Ethanol (EtOH, analyti-
cally pure, > 99.7%), N-methyl pyrrolidone (NMP),
and aqueous ammonia (AR, 25%) were commercially
provided by Tianjin Kemiou Chemical Reagent Co.,
Ltd. Watercraft acrylic resin was supplied by Shang-
hai Wenhua Chemical Co., Ltd. Leveling agent, ph
regulator, defoaming agent, and thickening agent
were supplied by Guangzhou Runhong Chemical
Co., Ltd. All the materials were used without further
purification.

Brief introduction of leveling agent, ph regulator,
defoaming agent, and thickening agent:

The leveling agent is an organic modified poly-
dimethylsiloxane solution, which is a highly active
water-soluble additive. It can promote the ink to form
a flat, smooth, and uniform coating film during the
drying process.

The pH regulator is 95% aqueous solution of
2-amino-2-methyl-1-propanol. It is used to change
the pH of ink.

The defoaming agent is polyether-modified polydi-
methylsiloxane. It is an additive for eliminating foam.

The thickening agent is an acrylate polymer. It is
used to increase the viscosity of ink.

Preparation of Ag NPs@ graphene nanocomposite
and water-based conductive ink

As shown in Fig. 1 a, 0.5 g of natural graphite flake
and 50 mL of NMP were initially put in a stainless
steel reactor. The reactor was sealed, and the materi-
als were agitated by a three-blade type propeller with
a speed of 3000 rpm at the room temperature for 3
h. Then, the mixture of NMP and the semi-exfoliated
graphite was subject to bath sonication (KQ2200DB,
100 W, and 40 kHz) for 100 W for 1 h. The disper-
sion was subject to natural sedimentation for 20 min,
and 60% of the middle fraction was taken for fur-
ther use. A certain amount of AgNO; (0.25-2g) was
weighed and put into a beaker, and a certain amount
of water was added to prepare a certain concentra-
tion of AgNO; solution. Then, ammonia water was
added drop by drop, and the solution was stirred
while dropping until the initial precipitation was dis-
solved. The preparation of silver ammonia solution
was completed. Then, the graphene dispersion and
ammoniacal silver solution were added into the reac-
tor, and then a certain amount of PVP was added too
(The molar ratio of PVP to AgNO; was 1~3). When
the temperature reached 30~70 °C, the glucose solu-
tion (0.3~2 mol/L) was added dropwise in the reac-
tor. After 1-h reaction, the mixture was centrifuged
(10,000 r/min, 10 min) and washed for several times,
and then it was air-dried for 4 h at 50 °C. Finally, Ag
NPs@graphene nanocomposite was obtained. For the
Ag NPs@ graphene nanocomposite, the dispersed gra-
phene sheets acted as the bridge to connect Ag nano-
particles, so they form a conductive network together
(Fig. 1b). Watercraft acrylic resin (12 wt%), ethylene
glycol (3 wt%), flow agent (0.7 wt%), ph regulator
(0.3 wt%), Ag NPs@graphene nanocomposite (50
wt%), defoaming agent (0.5 wt%), thickening agent
(1.5 wt%), and deionized water (32 wt%) were mixed
and stirred to prepare conductive ink. The preparation
process is shown in Fig. 2 a, and the prepared con-
ductive ink photo is shown in Fig. 2 b.

Printing conductive patterns

Conductive patterns were obtained by screen
printing the as-prepared conductive ink on the PI
substrates using a screen mesh (200 mesh). The
printing process was performed with a printing
speed of ~40 mm s~!, a printing force of ~30 N,
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Fig. 1 Schematic of preparation of Ag NPs@graphene nanocomposite. a Exfoliation of graphite and formation of Ag nanoparticles.
b Demonstration of Ag nanoparticles anchored on and interaction in the graphene sheets
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Fig. 2 a Preparation schematic of Ag NPs@graphene nanocomposite conductive Ink. b Photographs of Ag NPs@graphene nano-
composite conductive ink prepared. ¢ Patterns were printed on PI film by screen printing. d The schematic of screen printing
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and a printing angle of ~45°, as shown in Fig. 2
d. Finally, the printed patterns were annealed at
80~250 °C for 5 to 30 min to make the printed pat-
terns form conductive networks. The printed pat-
terns are shown in Fig. 2 c.

Characteristics and electrical properties of Ag NPs@
graphene nanocomposite and conductive ink

The size and morphology of the Ag NPs@graphene
nanocomposite were characterized by scanning elec-
tron microscopy (SEM) on a SU 5000 instrument at
15 kV. Ag nanoparticles were monitored by Lambda
750S UV-vis spectrometry in the range of 300~800
nm. An X-Pert Pro X-ray diffractometer was used
to obtain the composition of the Ag NPs@graphene
nanocomposite. XRD patterns were collected with
a D/Max-fb diffractometer equipped with a Cu Ka
radiation source (4 = 0.15432 nm) and operated at
40 kV and 30 mA. A continuous mode was used for
collecting data from 10° to 90° of 26 at a scanning
speed of 5°/min. The Raman spectroscopy measure-
ments were carried out using a DXR Microscope
Raman spectrometer with 532 nm excitation. The
square resistance of the ink-printed films and com-
posite were measured using a HPS 2662 four-point
probe analyzer. The square resistance of the compos-
ite was measured after the powder was pressed into
tablets (taking 20 mg powder and then using YP-24 T
powder tabletting machine produced by Tianjin Jinfu-
lun Technology Co., Ltd. to tablet under 20 Mpa for 1
min). The thickness of ink-printed films and compos-
ites after tableting was measured using a micrometer.

Results and discussions

As shown in Fig. 3 a, the XRD pattern of the pre-
pared Ag NPs@ graphene nanocomposite was shown.
By comparing with the PDF card in Jade software,
it could be known that the position and intensity of
the five diffraction peaks (111), (200), (220), (311),
and (222) of the synthesized Ag nanoparticles were
consistent with the diffraction peaks of silver JCPDS
No0.04-0783)[29]. The characteristic diffraction peaks
of graphene may be clearly seen, and no other impu-
rity diffraction peaks were generated, which could be
concluded that the Ag NPs@ graphene nanocompos-
ite was successfully prepared [30, 31].

Raman spectroscopy of fully dried graphene and
Ag NPs@graphene nanocomposite at 50 °C is shown
in Fig. 3 b and c. In the Raman spectrum of graphene,
the G peak was caused by the E,, vibration of the
ordered sp* carbon atom, representing the degree of
graphitization, while the D peak was caused by the sp*
carbon atom and edge defects caused by the oxygen-
containing functional group, representing the degree
of oxidation [32]. It was reported [33] that the experi-
mental intensity ratio In/I; can be used to evaluate the
defect nature of graphene. The D peak and G peak of
graphene obtained by mechanical stripping and ultra-
sonic cavitation appeared at 1342.4 and 1567.9 cm’!
(Fig. 3c, I}, =59.4, 1; =430.0, and R = I,y/I; = 0.14),
far lower than the R-value in the literature (0.9-1.4)
[32], indicating that the graphene prepared by our
method had few defects, compared with rGO. The D
and G peaks of the Ag NPs@graphene nanocompos-
ite appeared at 1352.0 and 1578.6 cm™' (Fig. 3b, I, =
8539.2, I = 11874.6, and R = I}/I; = 0.72). It could
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Fig. 3 a XRD pattern of the Ag NPs@graphene nanocomposite. b The Raman spectra of Ag NPs@graphene nanocomposite. ¢ The
Raman spectra of graphene (enlargement of the shaded portion of (b))
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be seen from Fig. 3 b that the Raman signal intensity
of the Ag NP-loaded graphene is much higher than
that of the original graphene (Fig. 3c), indicating that
Ag NPs were adsorbed on the graphene and enhanced
the strength of the graphene.

Effect of different reaction conditions on properties
of Ag NPs@graphene nanocomposite

Molar ratio of PVP to AgNO;

The structure of PVP-contained hydrophilic groups
(lactam groups) and hydrophobic groups (methylene
groups), so it had good surface activity and could
be used as a dispersant to prepare Ag nanoparticles.
Due to the intramolecular and intermolecular forces
between PVP and Ag*, changing the molar ratio of
PVP to AgNO; would affect the ion concentration
in the solution, which would affect the thickness of
PVP bounding to the silver seed and the position of
PVP bounding to the seed, thus affecting the growth
resistance of Ag nanoparticles in different directions
[34-37].

To explore the effect of the amount of PVP on the
microstructure of the prepared Ag NPs@graphene
nanocomposite and the size of Ag nanoparticles, a
set of comparative experiments of Ag NPs@gra-
phene nanocomposite prepared with various molar
ratios of PVP to AgNO; were characterized by SEM
(Fig. 4a—d). In this set of experiments, the molar
ratios of PVP to AgNO; were set to 1:1, 1.5:1, 2:1,
2.5:1, and 3:1, respectively. The other conditions were
fixed as the mass ratio of AgNO; to graphite was 2:1;

the concentration of glucose solution was 0.3 mol/L,
and the reaction temperature was 60 °C.

When the molar ratio of PVP to AgNO; was 1:1
(Fig. 4a), the average size of the prepared Ag nano-
particles was 202 nm. This large size of the particles
was attributed to the minor suppressed effect of PVP
on the growth of Ag nanoparticles. When the mass
ratio of PVP to AgNO; was 1.5:1 (Fig. 4b), the Ag
nanoparticles and graphene were sufficiently dis-
persed, and the average size of Ag nanoparticles was
56 nm. When the molar ratio of PVP to AgNO; con-
tinuously increased to 2.5:1, the size of Ag nanopar-
ticles gradually increased (239 nm). When the molar
ratio of PVP to AgNO; increased to 3:1 (Fig. 4d),
irregular shapes such as triangles and rods appeared,
and the average particle size of Ag nanoparticles
continued to increase to 345 nm. It showed that PVP
inhibited the growth of some crystal planes resulting
in uncontrollable shape [34-37].

According to Mie’s theory [38], the position and
shape of the absorption peak caused by surface plas-
mon resonance depend largely on the properties of
metal nanoparticles, such as particle size, shape, and
aggregation state. The effects of different molar ratios
of PVP to AgNO; on the UV-vis absorption spectra
of Ag NPs@graphene nanocomposite were demon-
strated, as shown in Fig. 4 e. When the molar ratio of
PVP to AgNO; was 1:1, the position of the absorp-
tion peak was near 500 nm, and the peak intensity
in the long wavelength region was higher. When the
molar ratio of PVP to AgNO; increased to 1.5:1, the
position of the absorption peak moved to 428 nm
approximately; the peak shape became symmetrical
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Fig. 4 SEM images of Ag NPs@graphene nanocomposite prepared by a PVP:AgNO; = 1:1, b PVP:AgNO; = 1.5:1, ¢ PVP:AgNO,
=2:1, and d PVP:AgNO; = 3:1. e Corresponding to UV-vis absorption spectra. f Corresponding to statistics of Ag nanoparticle size
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and sharp; and the intensity in the long wavelength
region decreased, indicating that the size of Ag nano-
particles decreased; and the size distribution became
narrow [39]. When the molar ratio of PVP to AgNO;
increased from 1.5:1 to 3:1, it could be seen that the
absorption peak moved to the long wavelength region
and the absorbance in the long wavelength region
showed a gradually increasing trend, indicating that
the average size of the Ag nanoparticles was increas-
ing, and the size distribution was becoming wider.

As shown in Fig. 4 f, with the increase of the PVP
added before the reaction, the size of the Ag nano-
particles decreased first and then increased. When
PVP interacted with Ag nanoparticles, PVP mol-
ecules would selectively adsorb on specific crystal
planes, so the growth rate of this crystal plane was
different from that of other crystal planes because
of steric hindrance, thus controlling the morphol-
ogy of Ag nanoparticles [40]. Appropriate amount
of PVP could effectively prevent the agglomera-
tion of Ag nanoparticles, enhance the stability of
the particles, and obtain spherical Ag nanoparticles
with narrow particle size distribution, good disper-
sion, and pure phase cubic crystal system [41-43].
When the concentration of PVP was low, the surface
of the particles cannot be completely covered. Under
the combined action of thermal motion and Brown-
ian motion, the particles were prone to collision and
agglomeration. At the same time, the polymer chain
adsorbed on one surface would adhere to the surface
of another uncovered particle and pull two or more
particles together by bridging, causing flocculation.
When PVP was excessive, supersaturated adsorption

was achieved, and the surfactant would associate
into micelles through the hydrophobic effect of the
hydrocarbon chain, causing the particles to agglom-
erate and poor dispersion. At the same time, the
viscosity of the solution increased, making it diffi-
cult to separate the particles, which brought trouble
to the subsequent treatment. Therefore, the amount
of PVP had an optimal value to ensure the prepara-
tion of Ag nanoparticles with smaller particle size
and full dispersion. According to the experimental
results, when the molar ratio of PVP to AgNO; was
1.5:1, the average size of Ag nanoparticles was the
smallest (56 nm), the particle size distribution was
uniform that can be seen from the SEM image and
UV-vis absorption spectra. Therefore, the molar
ratio of PVP to AgNO; of 1.5:1 was selected as the
best reaction condition.

Mass ratio of graphite to AgNO;

According to the previous research on graphene strip-
ping by the research group, the optimal conditions
for the mechanical stripping process of graphene had
been determined [44]. Therefore, to explore the influ-
ence of the mass ratio of graphite to AgNO; on the
properties of the Ag NPs@graphene nanocompos-
ite, the amount of graphite was set to 0.5 g, and the
mass ratios of graphite to AgNO; in this experiment
were set to 2:1, 1:1,1:2, 1:3, and 1:4, respectively. The
other conditions were fixed as the molar ratio of PVP
to AgNO; was 1.5:1; the concentration of glucose
solution was 0.3 mol/L; and the reaction temperature
was 60 °C.

(e) ~ Il size

1: 1

Fig.5 SEM images of Ag NPs@graphene nanocomposite prepared
by a m(graphite):m(AgNO;) = 2:1, b m(graphite):m(AgNO;) = 1:1, ¢
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It can be seen from the SEM images (Fig. 5a—d)
that when the mass ratio of graphite to AgNO; was
2:1 (Fig. 5a), the large Ag nanoparticle size (156
nm) and resistivity (4.666 X 10~ Q-cm) were found
in Fig. 5 e. With the increase of the amount of
AgNO;, the average size of Ag nanoparticles began to
decrease. When the mass ratio of graphite to AgNO;
was 1:2, the size of Ag nanoparticles loaded on the
prepared graphene was the smallest (56 nm, Fig. 5e)
and distributed. The same conclusion could be drawn
from UV-vis absorption spectra of Ag NPs@gra-
phene nanocomposite (Fig. 5f). The symmetrical
and sharp absorption peak appeared at the smallest
position (426 nm). Moreover, the resistivity of the
Ag NPs@graphene nanocomposite was relatively
smaller (9.96 X 107 Q-cm, Fig. 5e), which indicated
that a large number of Ag nanoparticles and graphene
formed a more complete conductive network. When
the amount of AgNO; continued to increase, the aver-
age size of Ag nanoparticles began to increase (from
56 to 221 nm ), and the dispersion of the composites
became worse.

According to Weimarn’s rule [45], the particle size
of the precipitated particles depended on the nucleation
rate and growth rate of the crystal nucleus, both of which
were related to the concentration of the reactants. When
the concentration of Ag* was low, and the supersaturation
was slightly greater than the minimum supersaturation
concentration of its nucleation (m(graphite):m(AgNO;)
= 2:1-1:1), the growth rate of the nucleus was greater
than the nucleation rate, and the silver atoms consumed
by the growth per unit time were more than consumed
by the nucleation of the nucleus. The nucleation of the
nucleus was inhibited, resulting in a larger average parti-
cle size of Ag nanoparticles. Only when the growth rate
and nucleation rate of the crystal nucleus were balanced,
the Ag nanoparticles with smaller size and full dispersion
could be obtained. With the increase of Ag" concentra-
tion (m(graphite):m(AgNO;) = 1:3-1:4), the growth rate
of the crystal nucleus once again exceeded the nucleation
rate, and a large number of crystal nuclei generated rap-
idly at the beginning of the reaction. Subsequently, most
of the reduced silver atoms were consumed by the growth
of the silver crystal nucleus, and the filling density of the
crystal nucleus was very large, resulting in coagulation
and growth between crystal nuclei [46], so the average
particle size increased and the dispersion became worse.

Compared with mass ratio of graphite to AgNO;
was 1:4, the condition of m(graphite):m(AgNO;) =

@ Springer

1:2 used less AgNO;, but achieved almost similar
resistivity, which was beneficial to reduce produc-
tion costs. In addition, due to the size effect of Ag
nanoparticles, silver nanoparticles with small particle
size had a lower melting point [47-49], which was
beneficial to reduce the sintering temperature of ink.
Therefore, based on the above analysis, the mass ratio
of AgNO; to graphite of 2:1 was selected as the best
reaction condition.

Reductant concentration

To explore the effect of the concentration of reduc-
ing agent on the properties of the prepared Ag NPs@
graphene nanocomposite, a set of comparative experi-
ments of the concentration of reducing agent (glucose
aqueous solution) of 0.3, 0.5, 1, 1.5, and 2 mol/L
were designed. The other conditions were fixed as
the molar ratio of PVP to AgNO; was 1.5:1; the mass
ratio of AgNO; to graphite was 2:1; and the reaction
temperature was 60 °C.

From the characterization results of SEM (Fig. 6a—d)
and the statistical results of the average size of Ag nano-
particles (Fig. 6e), it could be seen that with the increase of
the concentration of the glucose, the average size of the Ag
nanoparticles and the resistivity of the Ag NPs@graphene
nanocomposite showed a gradually increasing trend.
When the concentration of glucose aqueous solution was
0.3~1 mol/L, the average size of the Ag nanoparticles was
relatively small (56~58 nm). When the concentration of
glucose increased to 2 mol/L, the average size of Ag nano-
particles increased to 113 nm. Similarly, the characteriza-
tion results of UV-vis absorption spectra (Fig. 6f) showed
that with the increase of the concentration of glucose, the
UV-vis absorption peak of Ag nanoparticles shifted to the
long wavelength region, and the absorbance in the long
wavelength region showed an increasing trend, indicating
that the average size of Ag nanoparticles increased, and the
size distribution became wider. When the concentration of
glucose was 0.3 mol/L, the average size of Ag nanoparti-
cles was the smallest (56 nm, in Fig. 6€) and the conduc-
tivity of the Ag NPs@graphene nanocomposite was the
best (1.243 x 107 Q-cm, in Fig. 6e).

Controlling the concentration of the reduc-
ing agent was actually to control the reduction rate.
When the concentration of the reducing agent was
large, the reducing agent would reduce a large num-
ber of Ag nanoparticles nuclei in a short time, so PVP
could not adsorb on the surface of Ag nanoparticles
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Fig. 6 SEM images of Ag NPs@graphene nanocomposite
prepared by the glucose concentration of a 0.3 b 0.5 ¢ 1, and
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in time, causing the agglomeration of Ag nanoparti-
cles and making the size of Ag nanoparticles larger
[50]. Therefore, based on the above analysis of the
prepared Ag NPs@ graphene nanocomposite, the con-
centration of glucose of 0.3 mol/L was selected as the
optimal reaction condition.

Reaction temperature

To explore the effect of reaction temperature on the
properties of the prepared Ag NPs@graphene nano-
composite, a set of comparative experiments were
designed with the reaction temperature of 30, 40, 50,
60, and 70 °C. The other conditions were fixed as the
molar ratio of PVP to AgNO; was 1.5:1; the mass
ratio of AgNO; to graphite was 2:1; and the concen-
tration of the reducing agent was 0.3 mol/L.
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It can be seen from the SEM images (Fig. 7a—d)
and the average size statistics that when the reac-
tion temperature was between 30 and 50 °C
(Fig. 7a-b), the average size of Ag nanoparticles
was larger (241~291 nm, Fig. 7e). When the reac-
tion temperature rose to 60 °C (Fig. 7c¢), it could be
clearly seen from the SEM image that Ag nanopar-
ticles had dispersed sufficiently. The statistics data
showed that the average size of Ag nanoparticles
was the smallest (56 nm, Fig. 7e), and the resis-
tivity was at the lowest level (9.45 X 107 Q-cm,
Fig. 7e). After increasing the reaction temperature
to 70 °C (Fig. 7d), the average size of Ag nanopar-
ticles began to increase again (150 nm), and the
dispersion became worse. Similarly, the charac-
terization results of UV-vis absorption spectra also
confirmed above conclusions (Fig. 7f).

Fig.7 SEM images of Ag NPs@graphene nanocomposite
prepared by the reaction temperature a 30 °C, b 50 °C, ¢ 60
°C, and d 70 °C. e Corresponding to statistics of Ag nanopar-
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When the reaction temperature was low (30~50 °C),
the reduction ability of glucose was weak. As a result, the
initial nucleation particles would consume most of the
reduced silver atoms, and the time of interaction between
particles was prolonged, so the particle size of Ag nano-
particles was larger. When the temperature reached to 60
°C, the reduction of silver ions was faster. A large num-
ber of silver atoms were generated in a short time, and
the nucleation rate was greatly improved. The nucleation
process consumed most of the silver supply, which inhib-
ited the growth of newly formed particles. Therefore,
increasing the reaction temperature within a certain range
was beneficial to the formation of silver nanoparticles
with smaller particle size. This result was supported by
Ref. [51, 52]. If the reaction temperature continued to
rise (70 °C), the Brownian motion of the particles in the
solution would increase, and the collision between the
generated silver nanoparticles would continue to occur,
resulting in the agglomeration of nanoparticles [53]. So
the particle size began to increase again. Therefore, based
on the above analysis of the prepared Ag NPs@ graphene
nanocomposite, the reaction temperature of 60 °C was
selected as the best reaction condition.

Electrical properties of prepared inks

The conductive filler was dispersed in the binder to form
a conductive ink, and the resin in the binder mainly
played a bonding role between the conductive filler and
the substrate material. To make the printed ink after
sintering could have ideal electrical conductivity, it was
necessary to make the printed ink track closely arranged
together to form a path. Sintering was a necessary
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0.064 0,022 0.0207 0.02
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80100 150 200 250
Temperature (C)

process to convert relatively independent Ag nanoparti-
cles into continuous patterns [54, 55]. Sintering can be
divided into high temperature sintering, chemical sinter-
ing, electrical sintering, plasma sintering, photonic sin-
tering, and microwave sintering [56]. This paper used
high temperature sintering treatment. The sintering time
was also an important factor affecting the conductivity
of the printed patterns. Appropriate sintering tempera-
ture and time could make Ag nanoparticles and graphene
building tighter conductive networks [57].

After the printed patterns were sintered by a muf-
fle furnace at suitable sintering temperature and
time, the organic solvents and additives in the ink
were volatilized successively, and the Ag nanopar-
ticles and graphene were interconnected to form a
conductive path. To explore the best sintering tem-
perature and sintering time so that the printed pat-
terns obtained the best electrical conductivity, two
groups of experiments were designed to verify the
relationship between sintering time and sintering
temperature to the square resistance of the printed
patterns.

Figure 8 a shows the square resistance of the printed
patterns with sintering temperature of 80, 100, 150,
200, and 250 °C for 10 min. As the sintering tempera-
ture increased, the square resistance of the printed pat-
terns decreased. It could be seen that the printed pat-
terns were conductive at a low sintering temperature
of 80 °C, but the square resistance was relatively high
(2.1 Q sq~!). When the sintering temperature further
increased, the square resistance of the printed pat-
terns decreased significantly at 100 °C (64 mQ sq~}).
It showed that the solvent and additive were effectively
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Fig. 8 a Effect of sintering temperature on square resistance. b Effect of sintering time on square resistance
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Table 1 A comparative

Conductive filler ~ Conductivity Substrate Sintering conditions  Ref.

study of the present work

with previous.ly reported rGO/Ag NWs 1.5kQ sq”! R ) [65]

graphene/Ag ink papers AgtGO 147 x 107 Qem  PI 230°Cfor 1 h [66]
Ag nanotriangle 170 Q sq~! Glass wafers Reduced in hydrazine [67]

platelet-rGO vapor at 110 °C

Graphene-silver 0.08-4.74 Q sq~! PEL paper 150 °Cfor 1 h [68]
Graphene/Ag 5% 107 Qm Art paper 150 °Cfor3 h [58]
Graphene-silver <107 Qm PET/photo paper 100 °C for 20 min [59]
Graphene/Ag 20+ 1Qsq”! PI 400 °C for 30 min [69]
Graphene/Ag 6.6 x 1077 Qem PI 150 °C for 20 min This work

evaporated at this time. As the sintering tempera-
ture continued to increase, the square resistance of
the printed patterns further reduced, which reached a
minimum of 20 mQ sq~! at 250 °C, indicating that the
increase of the sintering temperature could effectively
remove the non-conductive components and success-
fully melted the Ag nanoparticles to form a conductive
path with graphene [58-63]. However, considering the
temperature that the substrates could withstand and the
square resistance of the printed patterns had reached a
relatively low level (22 mQ sq~') at 150 °C. Therefore,
150 °C was selected as the best sintering temperature.

To further study the effect of sintering time on the
square resistance of the printed patterns, the printed pat-
terns were sintered at 150 °C for 5 min, 10 min, 15 min,
20 min, and 30 min, respectively. As shown in °. 8 b, the
square resistance of the printed patterns decreased sig-
nificantly at first and then kept stable with the increase of
the sintering time. When the sintering time was 10 min,
the square resistance of the printed patterns decreased
to 22 mQ sq~'. This was because as the sintering time
increased, the Ag nanoparticles melted further and grow
sintering necks [64]. The sintering necks were connected
with the graphene, which made the conductive network
denser, improving the conductivity of the printed pat-
terns. After extending the sintering time to 20 min, the
square resistance of the printed patterns was reduced to
the minimum (21.6 mQ sq'l). Therefore, 20 min was
selected as the best sintering time. The average coating
thickness of the printed patterns (sintered at 150 °C for
20 min) measured by a micrometer was 0.06 mm. Then
the resistivity p of the coating could be calculated accord-
ing to Formula (1).

Ry =— (1)

where R, is square resistance, €; w is the thick-
ness, .

The resistivity of the printed patterns was calcu-
lated to be 6.6 X 1077 Qem. A comparative study of
previously reported graphene/Ag ink based literature
is listed in Table 1.

Conclusion

In the present study, a facile and effective in situ
growth of Ag nanoparticles on pristine graphene to
prepare Ag NPs@graphene nanocomposite was suc-
cessfully proposed. The low-speed mechanical agita-
tion and low-power sonication were combined to exfo-
liate the graphite, then glucose was used to reduce Ag*
to obtain Ag nanoparticles in situ loaded on graphene.
In the process of preparation of Ag NPs@graphene
nanocomposite, the effects of the molar ratio of PVP to
AgNO;, the mass ratio of AgNO; to graphite, the con-
centration of glucose, and the reaction temperature on
the properties of the Ag NPs@graphene nanocompos-
ite were investigated. Finally, the optimum conditions
for the preparation of Ag NPs@graphene nanocom-
posite were determined, as the molar ratio of PVP to
AgNO; was 1.5:1; the mass ratio of AgNO; to graphite
was 2:1; the concentration of reducing agent was 0.3
mol/L; and the reaction temperature was 60 °C. At the
optimal conditions, the average size of the Ag nano-
particles was 56 nm, the Ag nanoparticles were uni-
formly attached to the graphene, and the two compo-
nents make a good combination with each other. When
sintered at 150 °C for 20 min, the square resistance of
the patterns printed on the flexible PI substrates was
21.6 mQ sq~', and the patterns were firmly attached

@ Springer
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to the substrates. The results proved that the prepared
Ag NPs@graphene nanocomposite water-based con-
ductive ink had broad application prospects in printing
flexible electronic products.
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