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Molecule bridged graphene/Ag for highly conductive ink
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ABSTRACT Printing is a method of additive manufacturing
that can reduce material costs and environmental con-
tamination during the fabrication process. Ag ink is com-
monly used in printed electronics, such as interconnects,
inductors, and antennas. However, the high cost of noble Ag
restricts its massive applications. To reduce the cost of the
state-of-the-art Ag ink and realize large-scale manufacturing,
we develop a molecule-bridged graphene/Ag (MB-G/A) com-
posite to produce highly conductive and cost-effective paper-
based electronics. Graphene can be used to substitute part of
Ag nanoparticles to reduce costs, form a conducive percola-
tion network, and retain a reasonable level of conductivity. We
adopt cysteamine as a molecular linker, because it anchors on
the surface of graphene via the diazonium reaction. Ad-
ditionally, the thiol functional group on the other end of cy-
steamine can bond to a Ag atom, forming a molecular bridge
between graphene and Ag and promoting electron transport
between Ag and graphene. As a result, the maximum con-
ductivity of MB-G/A inks can reach 2.0 x 10° S m™’, enabling
their successful application in various printable electronics. In
addition, the optimum MB-G/A ink costs less than half as
much as pure Ag inks, showing the great potential of MB-G/A
ink in commercial electronic devices.

Keywords: graphene, Ag, molecule modification, conductivity,
flexible electronics

INTRODUCTION

The continuous development of flexible electronics requires the
direct fabrication of a large number of electronic devices and
components on flexible substrates [1-3]. The conventional
manufacturing process usually employs subtractive methods,
which result in substantial material costs and environmental
issues and are incompatible with the fabrication processes on
flexible substrates [4]. The use of additive fabrication methods
has become a dominant trend. Printing technology has been
used for large-scale manufacturing of interconnects, inductors,
and antennas [5-7]. The exploration of highly conductive inks
with good uniformity, environmentally friendly fabrication
techniques, and low cost is a crucial challenge for printed elec-
tronics. Generally, conductive inks are composed of conductive

fillers and an organic matrix [8]. Conductive fillers, including
metal nanoparticles, carbon nanomaterials, and conductive
polymer, are a core element of electrically conductive inks.
Rational regulation of the composition, morphology, and
distribution of the conductive fillers is essential to constructing
an effective conductive path for achieving highly conductive
inks. For example, Cui et al. [8] demonstrated the use of Ag
micro-dendrites as fillers to form a conductive network with a
low Ag filler loading. Considering the distribution of Ag fillers,
Someya’s group [9] described mixing micrometer-sized Ag flake
with fluorine rubbers to in-situ form Ag nanoparticles. In
addition, by designing core-shell structural particles (Ag@liquid
metal micro/nanoparticles), real-time self-repair can be realized
in the presence of external destruction [10]. Although Ag-based
inks show excellent performance in various electronic devices,
the high cost of Ag prevents their wide applications, particularly
in certain scenarios with abundant materials consumption.
Alternatively, researchers have adopted some low-cost metals,
e.g., copper [11], nickel [12], and aluminum [13], as conductive
fillers to prepare high-performance inks. However, oxidation is
an unavoidable issue [12,14]. To balance the cost and perfor-
mance/stability, graphene stands out as a promising candidate
for conductive fillers that possess desirable electrical properties
and excellent stability [15-18]. Previously, our group demon-
strated that the graphene coating on the Ag thin film exhibits
high stability [19]. Researchers have devoted a lot of effort to
acquiring graphene inks with superior conductivity [20]. For
instance, Hu’s group [21] reported high-quality and stable gra-
phene flakes using non-toxic cyrene as the solvent, thus
obtaining a highly concentrated graphene ink (7.13 x 10* S m™).
Ma’s group [22] adopted graphene powders produced by jet
cavitation and carbon black jointly as conductive fillers to obtain
printed patterns with a conductivity of 2.1 x 10* S m™". Chen’s
group [23] investigated the conductive inks made of single-
layered graphene oxide (GO) and few-layered GO. However, the
conductivity of carbon materials is still inferior to that of metal
fillers. To enhance the electrical conductivity of inks, Baik’s
group [24] adopted hybrid fillers, such as Ag/carbon nanotube
(CNT). However, the high junction resistance between the CNT
and the agglomeration may lead to low conductivity. In addi-
tion, the m-m interaction between Ag and CNT is ineffective for
electrical transport. Graphene-based hybrid fillers, usually pre-
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pared by physical mixing, are used to increase the electro-
conductivity as well [25]. For instance, Sun’s group [26] reported
a printed GO/Ag composite film with good bend stability. Deng
et al. [27] reported a Ag nanoparticle-decorated graphene con-
ductive ink for flexible electronics. Although the unique two-
dimensional (2D) basal plane structure and high specific surface
area of graphene provide sufficient sites for loading Ag nano-
particles, the interaction between graphene and Ag is still
ambiguous. The related study based on graphene/Ag hybrid inks
rarely investigates the charge transport mechanism. Most of the
work focuses on the dispersion issue of graphene in solvent to
realize highly concentrated printable graphene ink, such as using
solvent exchange, evaporation, and stabilizers [20,28,29]. Hence,
revealing the mechanism of conductivity at a molecular scale is
pivotal for realizing highly conductive graphene ink. The con-
trollable modulation of conductive paths is a fundamental task
for improving electrical performance of the printed flexible
electronics.

In this study, we demonstrate a molecular bridge method for
optimizing the charge transport process. The organic cysteamine
molecule acts as a bridge between graphene and Ag nano-
particles, thus reinforcing the interaction between them at the
molecular level. Cysteamine anchors on the surface of graphene
via the diazonium reaction. At the same time, the thiol func-
tional group on the other end of cysteamine can form a bond
with a Ag atom, forming a molecular bridge between graphene
and Ag. As a result, the conductive network is formed by gra-
phene-Ag-graphene in the molecule-bridged graphene/Ag (MB-
G/A), thus enhancing the charge transport between layered
graphene flakes. The maximum conductivity patterns based on
MB-G/A inks can reach 2.0 x 10°S m™" by adjusting the mass
ratio of Ag and conductive fillers. As a result, the MB-G/A inks
exhibit better electrical conductivity than those of graphene/Ag
(without molecular bridge) inks and graphene inks. The suc-
cessful application of MB-G/A inks to printed conductive cir-
cuits shows their future potential for various printable
electronics.

EXPERIMENTAL SECTION

Preparation of the MB-G

Continuous ultrasonication was used to disperse 0.6 g of gra-
phene (supplied by XFNANO) in 150 mL of deionized water (DI
water) to form a homogeneous dispersion. Meanwhile, 1 mL of
concentrated hydrochloric acid (HCI) solution was added to
5 mL of cysteamine (15 mmol) aqueous solution under ice bath
condition, followed by 5 mL of sodium nitrite (15 mmol) aqu-
eous solution. The as-prepared graphene dispersion solution was
then added to the above solution and kept in an ice bath for 2 h.
The resulting solution was then centrifuged and rinsed multiple
times with DI water to obtain cysteamine-bridged graphene.

Preparation of the MB-G/A

MB-G/A was synthesized via an in-situ reduction technique.
Typically, the cysteamine-bridged graphene was dispersed in a
mixed solution containing 25.0 mmol of glucose and 1.5 mmol
of potassium sodium tartrate tetrahydrate (Vp;water/ Vethonat = 9:1)
and ultra-sonicated for 30 min. Meanwhile, a certain amount of
silver nitrate (9.0, 13.0, and 17.0 mmol) was dissolved in DI
water, accompanied by the addition of an ammonia solution to
obtain silver ammonia solution. Then a sodium hydroxide
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aqueous solution (12.5 mmol) was added to stabilize the silver
ammonia solution. Subsequently, the silver ammonia solution
was dropped into the previously mixed solution (containing
graphene and glucose) at the rate of 4 s/drop under constant
magnetic stirring for 2 h. The obtained solution was centrifuged
and washed with DI water several times and dried at 60°C under
a vacuum to get MB-G/A. The MB-G/A obtained with different
concentrations of silver nitrate possessed three kinds of mass
ratios of Ag/C (1.4/1, 2.1/1, and 3/1), denoted as MB-G/A (1.4/
1), MB-G/A (2.1/1), and MB-G/A (3/1), respectively. For com-
parison, graphene/Ag (G/A) (without cysteamine) was also
prepared using the same process.

Preparation of Ag nanoparticles

After dissolving 6.0 mmol of AgNO; in 50 mL of DI water,
0.5 mmol of sodium citrate dihydrate was added. Then, 50 mL of
DI water containing 0.16 mol FeSO,-7H,O was continuously
added to the above solution while stirring continuously until the
color changed to grayish black. The products were centrifuged
and rinsed numerous times with DI water to obtain Ag nano-
particles.

Preparation of the conductive patterns

Art paper was employed as a flexible substrate for conductive
patterns. First, the ethyl cellulose (2.5 wt%) was dissolved in the
mixed organic solution (Veganot: Vethylene glycol: Velycerol = 50:40:10).
The above solution was then mixed with MB-G/A powder and
ball milled for 12 h to produce MB-G/A ink. Graphene, G/A,
and pure Ag conductive inks can be prepared by the same
method but using graphene, G/A powder, and Ag powder
instead of MB-G/A. The conductive patterns can be fabricated
by direct printing with a designed mask on the art paper. After
the printing, the patterns were heated at 150°C for 3 h to remove
excess solvent and compression for further characterization.

Computational details

To calculate the charge density difference between graphene and
Ag, first-principle calculations were performed with the Vienna
ab initio simulation packages (VASP) [30]. We adopted the
Perdew-Burke-Ernzerhof (PBE) [31] parametrization of the
generalized gradient approximation for the exchange-correlation
energy. The force and the energy tolerance on each atom were
less than 0.02eV A™' and 107 eV, respectively. The cut-off
energy of the plane wave basis was 500 eV. A gamma centered
10 x 10 x 1 Monkhorst-Pack k-point mesh was applied to the k-
point samples in the Brillouin zone.

Characterizations

The morphologies of MB-G/A powder and conductive patterns
were characterized by field-emission scanning electron micro-
scopy (SEM, TESCAN VEGA3). The composition and crystal
structure were investigated by X-ray diffraction (XRD, Rigaku
SmartLab 9kW). A WITEC confocal Raman system was adopted
to record Raman spectra. Fourier transform infrared (FT-IR)
spectra were performed with a Shimadzu Spectrum One FT-IR
spectrophotometer. The X-ray photoelectron spectroscopy
(XPS) measurements were collected by Thermo Fisher Nexsa.
The thickness of the patterns was detected via the DektakXT
Surface Profiler. The electrical property of the conductive pat-
terns was measured using the four-probe resistivity/square
resistance tester (CXT2665). Electrochemical impedance spec-
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troscopy (EIS) measurements were performed on an electro-
chemical work station (Biologic vmp3) over a frequency range
from 0.1 Hz to 100 kHz.

RESULTS AND DISCUSSION

The schematic diagram of the fabrication process of MB-G/A is
shown in Fig. la. As expected, diazonium salts (HS-C,H,-
NN*CI") are in-situ reduced on the surface of graphene through
the C-C bond, as displayed in equations (1) and (2) [32].
Meanwhile, the -SH groups of cysteamine can react with Ag
nanoparticles to form Ag-S bonds because of their strong affi-
nity for metal atoms [24,33]. The whole reaction for the
synthesis of MB-G/A follows the equations (1-3) [32].
HS—CHz—CHz—NHz + NaN02 + 2HCl - HS—CHz—CHz—N+E

NCI™ + NaCl + 2H,0, 1)
HS-CH,-CH,-N*=NCl +graphene — HS-CH,-CH,-graphene
+ Nz, (2)

HS-CH,-CH,-graphene+Ag — Ag-S-CH,-CH,-graphene. (3)

In this way, we can obtain an MB-G/A composite. The
morphologies of the MB-G/A with different mass ratios of Ag/C
(1.4/1, 2.1/1, and 3/1) are shown in Fig. 1b-d. For comparison,
the morphologies of the pristine graphene and G/A without
molecular modification are shown in Fig. Sla, b. The average
size of the graphene flake is approximately 5 um, and its average
thickness is approximately 5nm (Fig. Sla). Many Ag nano-
particles are anchored on the surface of graphene, as shown in
Fig. 1b. The majority of Ag nanoparticles are between 50 and
150 nm in size (Fig. S1d). The coverage of Ag nanoparticles on
graphene improves, as the Ag/C mass ratio increases. Some of
the Ag nanoparticles aggregate with each other due to the high
concentration of AgNO;. As for the G/A, severe aggregation
appears on the surface of graphene. The size distribution of Ag
nanoparticles is mainly in the range of 200-300 nm (Fig. Slc).
The larger Ag nanoparticles and aggregate can be attributed to
the lack of cysteamine molecules, thus leading to random dis-
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persion of Ag nanoparticles on the graphene. The subsequently
reduced Ag nanoparticles tend to grow on the pre-reduced Ag
nanoparticles, resulting in worse uniformity and higher aggre-
gation probability. As a result, the presence of cysteamine
molecules can serve as anchor sites for Ag nanoparticles, thus
promoting the dispersion of Ag nanoparticles homogenously
with less aggregation. The uniform distribution of Ag nano-
particles is beneficial for better conductivity.

The XRD pattern (Fig. S2a) shows the crystal structures of the
G/A and MB-G/A. The diffraction peaks match well with those
of Ag (cubic, JCPDS 01-087-0717). The diffraction peaks at
38.1°, 44.3° 64.4°, and 77.4° are indexed to the (111), (200),
(220), and (311) planes of Ag crystals, respectively. The dif-
fraction peaks at 26.5° and 54.6°, corresponding to the (002) and
(004) planes, reflect a hexagonal graphite structure, which ori-
ginate from the restacked graphene. The absence of other peaks
confirms the successful fabrication of pure Ag crystalline on
graphene without the introduction of impurities or oxidation in
the MB-G/A.

To investigate the successful formation of MB-G/A, we
characterized the sample using FT-IR spectroscopy (Fig. 2a). In
both G/A and MB-G/A, a band at 1578 cm™" is associated with
the C-C skeleton vibration of the carbon ring in graphene [34].
Two new peaks appear at around 2974 and 2886 cm™ after the
modification by cysteamine molecules, which can be attributed
to the symmetric and asymmetric vibrations of CH, [35]. In
addition, the peak at 1046 cm™" arises due to the C-C stretching
vibrations from cysteamine molecules [36]. The signals of CH,
and C-C absorption peaks indicate the existence of cysteamine
molecules. Additionally, the peak at 875 cm™, which is absent in
G/A, belongs to the S-metal related bond, showing the presence
of the Ag-S bond on the MB-G/A [37,38]. Furthermore, the FT-
IR spectra of MB-G and pristine graphene were recorded to
show the formation of the molecule bridge more clearly
(Fig. S3a). The symmetric and asymmetric vibrations of CH, and

Ag ‘I\g
S
® . H HcHz—(I:Hi ; ; ;
.:?. }r‘)‘l)/‘zrfi:jkx o =

) i A'i g
Molecule-bridged graphene/Ag i

—(/)—

Ag*

Figure 1
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(a) Schematic flow for fabricating MB-G/A. SEM images of (b) MB-G/A (1.4/1), (c) MB-G/A (2.1/1), and (d) MB-G/A (3/1).
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Figure 2 (a) FT-IR spectra, (b) Raman spectra, (c) C 1s XPS spectra, and (d) Ag 3d XPS spectra of G/A and MB-A/G, respectively, (e) EDX mapping images
of MB-G/A. (f) Charge density difference of MB-G/A. The yellow region implies electron gain, while the blue region shows electron depletion. (g) Conductive

network diagram of MB-G/A.

the C-C stretching vibrations from cysteamine molecules can be
detected in MB-G as well, which are absent in the pristine
graphene. Additionally, these results show that cysteamine
molecules are covalently bridged on the surface of graphene and
Ag nanoparticles via C-C bonds and thiol groups, respectively.

Raman spectroscopy was used to further investigate the
structure of MB-G/A. As shown in Fig. 2b, the peak at 1354 cm™!
corresponds to the D band, which is associated with graphene’s
disorder and defects caused by the sp® hybridized carbon. The
characteristic peak of the G band at 1587 cm™ is caused by the
Es, phonon of sp*>-bonded carbon atoms [39]. The intensity ratio
of D and G bands (Ip/Ig) of MB-G/A is approximately 0.15,
which is greater than that of G/A (0.09). Additionally, the Ip/Ig
value of MB-G (0.13) is greater than that of the pristine gra-
phene (0.09) (Fig. S3b). Apart from the increased Ip/I value, the
G band and 2D bands of MB-G show a positive shift (about
8 cm™) compared with pristine graphene due to the strain
caused by the grafted molecule [40]. The increased Ip/Ig value
combined with the shift of Raman peaks of cysteamine mole-
cules indicates a partially changed sp? structure and structural
disorder in the lattice of pristine graphene due to the covalent
modification of cysteamine molecules on graphene.

We investigated the chemical states of G/A and MB-G/A by
XPS. The deconvoluted C 1s spectrum of MB-G/A can be
resolved into three peaks at 284.3, 285.3, and 286.5 eV, as shown
in Fig. 2c. The primary peak at 284.3 eV belongs to the sp?
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hybridized C-C bond in a graphitic lattice [41]. The peak at
285.3 eV is associated with a C-O bond, which originates from
the air oxidation and liquid reduction processes, resulting in the
oxidation of C atoms next to the bonding site of cysteamine
molecules [32]. The peak at 286.5 eV shows the presence of C-S
species. C 1s spectra for MB-G and pristine graphene are similar
(Fig. S3c), showing that the cysteamine molecules have been
successfully bridged on the graphene [42,43]. In addition, the
Ag 3d peaks in G/A from 367.9 eV (3ds;;) and 373.9 eV (3ds),)
shift to higher binding energies of 368.1 and 374.1 eV in MB-G/
A (Fig. 2d) [33], implying the formation of Ag-S bonds, which is
consistent with the results of FT-IR. The peaks of S 2p at 163.1
and 168.4 eV can be detected in MB-G/A, as shown in survey
XPS spectra (Fig. S2), showing the presence of C-S and Ag-S
species on the surface of graphene [44-46]. In addition, energy
dispersive X-ray spectroscopy (EDX) mapping of MB-G/A was
recorded to clarify the element distribution, which showed Ag,
C, and S (Fig. 2e).

Density functional theory (DFT) calculation of the charge
density distribution was performed to show the charge transfer
between Ag and graphene, in which the blue and yellow colors
represent the electron depletion and accumulation, respectively.
As shown in Fig. 2f, the charge accumulation appears around the
C atom in graphene, and the C atoms in cysteamine show an
electron depletion phenomenon, demonstrating the establish-
ment of an electronic channel in the interface of graphene and

October 2022 | Vol.65 No.10
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cysteamine molecules. The covalent bonds between graphene
and cysteamine are stronger interactions than those of electro-
static interactions, hydrogen bonds, and van der Waals forces,
thus indicating efficient interfacial interaction between graphene
and cysteamine [47,48]. The electrons can be transferred from
cysteamine molecules to graphene. According to the Ag-S bond
theory, the 5s-orbital lone electron of Ag atoms can easily
migrate to the electron hybrid orbitals of S atoms and form a
strong Ag-S bond [49]. Thus, the overlapping of electron clouds
between the S atom in cysteamine molecules and the Ag atom
shows that charges from the Ag atoms are transferred to the
cysteamine molecules, which is consistent with the XPS results.
As a result, the DFT results verify that the molecule at the
interface between graphene and Ag nanoparticle accelerates
electron transfer kinetics. The conductive network of MB-G/A is
schematically shown in Fig. 2g. In MB-G/A, cysteamine mole-
cules, which serve as charge transport channels, promote the
charge transfer process in both vertical and horizontal direc-
tions. However, charge transfer in the vertical direction faces a
high barrier in G/A due to the lack of an effective transport
channel. As a result, MB-G/A will show superior electro-
conductivity.

The prepared MB-G/A powder was used as a conductive filler
and homogenously dispersed in organic solvent to obtain MB-
G/A ink for further electrical conductivity characterization. The
mass ratio of conductive filler was adjusted to evaluate the effects
of the concentration of conductive filler on the electrical con-
ductivity of the printed patterns. For reference, the pristine
graphene and G/A were adopted as conductive fillers by the
same fabrication process. Due to the high specific surface area of
graphene, the maximum mass ratio of graphene ink can only
reach 16%. The graphene ink will become sticky and hard to
print due to the low fluidity and high density caused by the
further increase in graphene mass ratio. The electrical con-
ductivity of graphene ink increases along with the mass ratio,
with the highest conductivity reaching 3.3 x 10* S m™" (Fig. $4).
By comparison, 16, 20, 24, 28, and 32 wt% of MB-G/A were used
as alternatives to pristine graphene. As expected, the con-
ductivity of patterns shows dramatic improvement with the
increase of Ag loading in graphene nanosheets (Fig. 3a-c). As
shown in Fig. 3a, 16 wt% MB-G/A ink shows a conductivity of
4.1 x 10*Sm™, and the conductivity of 32 wt% MB-G/A ink
exceeds 1.0 x 10° S m™!, demonstrating the increased trend of
conductivity along with the mass ratio of conductive fillers. With
the increase of conductive fillers, the amount of Ag loading will
be increased as well. Additionally, the increased concentration of
conductive fillers facilitates the contact between conductive fil-
lers, thus forming more conductive paths [22,50].

The mass ratio of Ag/C in MB-G/A was adjusted by con-
trolling the molar ratio of silver nitrate to demonstrate the
impacts of Ag nanoparticles. As shown in Fig. 3a—c, we prepared
three different mass ratios of Ag/C (1.4/1, 2.1/1, and 3/1), all of
which show similar behavior when the mass ratio of conductive
fillers is changed. The 32 wt% MB-G/A (2.1/1) achieves a con-
ductivity of 1.7 x 10° S m™', which is about 1.7 times that of the
32 wt% MB-G/A (1.4/1). Further increasing the Ag/C mass ratio
results in a relatively small enhancement of conductivity (2.0 x
10°S m™) for the 32 wt% MB-G/A (3/1). According to the
results of SEM morphology characterization (Fig. 1), Ag nano-
particles are primarily distributed on the surface of graphene
flakes, with a small amount of Ag nanoparticles located on the
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edge of graphene flakes for MB-G/A (1.4/1). However, when the
concentration of silver nitrate increases, Ag nanoparticles
anchor on not only the surface but also the edges of graphene
flakes in the MB-G/A (2.1/1). The well-covered edges of gra-
phene flakes by Ag nanoparticles promote the interaction of
graphene flakes, resulting in the formation of more graphene-
Ag-graphene conductive paths and improved electrical con-
ductivity. After increasing the silver nitrate concentration (MB-
G/A (3/1)), the established conductive network shows little
change, with only more Ag nanoparticles agglomerating on the
surface and edges of graphene flakes. On the one hand,
increasing the concentration of Ag nanoparticles improves
electrical conductivity due to the superior electrical property of
Ag. On the other hand, the agglomeration of Ag nanoparticles
can increase the gap between graphene flakes, resulting in a
discontinuous conductive network. SEM images of patterns
printed with three different types of ink (Fig. S4b-d) show that
the distribution of Ag nanoparticles continuously increases with
the molar ratio of silver nitrate. The agglomeration of Ag
nanoparticles is visible in the MB-G/A (3/1) pattern. Conse-
quently, MB-G/A (2.1/1) ink shows a significant increase in
conductivity while the enhancement of MB-G/A (3/1) ink is
plain. To demonstrate the effect of cysteamine molecules on
electrical conductivity, a series of G/A (3/1) conductive filler-
based inks were prepared with the electrical conductivity, and
the results are shown in Fig. S4f. The conductivity of patterns
printed with 32% G/A (3/1) ink is 1.5 x 10° S m™!, which is less
than that of their counterparts (32% MB-G/A (3/1)). The SEM
images (Fig. 1d and Fig. S1b) show that the morphology dif-
ferences between MB-G/A (3/1) and G/A (3/1) are primarily due
to the size distribution of Ag nanoparticles. Hence, the inferior
electrical conductivity of G/A (3/1) can be attributed to the
increased aggregation of Ag nanoparticles and the absence of a
charge transport channel, as corroborated by the DFT results. To
explore the potential application of the MB-G/A ink, the
material cost is determined using the commercial price. Pure Ag
inks (mass ratio of Ag nanoparticles is 60 wt%) are prepared for
comparison. The conductivity of pure Ag inks is over 12 times
that of the optimum MB-G/A ink (Fig. 3d). However, the cost of
the optimum MB-G/A ink is less than half as much as the pure
Ag inks (Fig. S4g). As a result, the MB-G/A ink possesses great
potential in commercial electronic devices.

The MB-G/A ink was printed as the electrodes to evaluate
their electrical performance in the conductivity experiment. The
electrode patterns include two 1 cm x 1 cm squares separated by
a 2-mm gap. The EIS measurements were performed using a
phosphate-buffered saline (PBS; pH 7.4) buffer solution as the
electrolyte [51]. The EIS spectra are shown in Fig. 3e, with an
inset showing the change of impedance along with frequency. At
low frequencies, the impedance is associated with the ion dif-
fusion resistance. At high frequencies, the impedance is related
to both charge transport and electrical resistance [52-54]. As
expected, MB-G/A (3/1) has the lowest charge transport resis-
tance in the high-frequency range. And the inset of Fig. 3e shows
that the electrode patterns based on MB-G/A (3/1) have the
lowest electrical impedance values across the whole frequency
range, showing the lowest resistance, which is consistent with
the conductivity results previously stated. Bending tests were
performed to determine the flexibility of MB-G/A printed on art
paper. The change in electrical resistance corresponding to the
original resistance (AR/R;) of the printed pattern during 100
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Figure 3 Conductivity of patterns based on (a) MB-G/A (1.4/1) ink, (b) MB-G/A (2.1/1) ink, and (c) MB-G/A (3/1) ink, (d) conductivity comparison of
patterns based on different inks, (e) EIS spectra of different printed electrodes in the frequency range from 0.1 Hz to 10 kHz, and (f) bending test of patterns

based on MB-G/A (3/1) ink.

bending cycles is shown in Fig. 3f. It is acceptable for the elec-
trical resistance of the printed pattern to increase slightly as the
number of bending cycles increases, as this can be caused by
bending cracks. Although graphene is intrinsically flexible,
numerous bends in both directions will result in cracks at the
interface, such as graphene or Ag nanoparticles. A mismatch in
the elastic constant between the substrate (art paper) and the
patterns can also result in cracks after the bending. However, the
variation in resistance is less than 6%, showing its prospective
application in flexible devices.

Furthermore, we printed the MB-G/A ink on the art paper to
show how it might be applied in flexible electronics. Two con-
ductive lines were printed onto the art paper with MB-G/A ink
to assemble a light-emitting diode (LED). As shown in Fig. 4a,
LEDs on the printed lines are lighting. The treatment of 180°
bending and twisting of two circles of the pattern will not affect
the light illuminating of the LED, showing the promising
potential application of more complicated flexible conductive
patterns. When immersing the assembled LED on two con-
ductive lines printed on the art paper in water, the LED can
maintain illumination, as shown in Fig. 4b. The wet-dry cycle
test was conducted to illustrate the stability of the printed pat-
terns when exposed to water. Specifically, the printed patterns
on art papers were immersed in water for 5 s and then dried on
the hot plate at 80°C for one cycle. The change of electrical
resistance relative to the original resistance (AR/Ry) of the
printed pattern after ten cycles is less than 20%, demonstrating
the stability of the printed patterns.

In addition, we fabricated inductors by printing rectangular
spiral inductors on the art paper with line widths and spacing of
3 and 3 mm. An LED was connected to the printed rectangular
spiral inductors. The power source was connected with a small
motor and a copper coil (Fig. 4c). When we place the printed
rectangular spiral inductors on top of the copper coil, the LED
lights up, showing that the printed rectangular spiral pattern can
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Wet-dry cyclic times

O

Figure 4 (a) Illumination of an LED with flexible MB-G/A ink printed
lines on the art paper. (b) Wet stability of patterns based on the MB-G/A ink
(inset is the printed pattern with an LED in water). Printed inductance test:
(c) printed rectangular spiral inductors put aside the copper coil, and
(d) printed rectangular spiral inductors put on the copper coil.

work as inductors for near-field power transmission, as shown in
Fig. 4d (video S1). These results show that the MB-G/A ink can
meet the requirements of flexible and printable electronics
applications.

CONCLUSIONS

In summary, we demonstrate a molecular bridge method to
prepare a Ag-anchored graphene ink. Cysteamine anchors on
the surface of graphene via the diazonium reaction, while the
thiol functional group on the other end of cysteamine can bond
with a Ag atom, resulting in an effective graphene-Ag-graphene
conductive channel in MB-G/A. The spectroscopic character-
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ization results demonstrate the presence of cysteamine mole-
cules in MB-G/A. The conductivity performance of patterns
based on the MB-G/A inks is 2.0 x 10° S m™', which is higher
than the patterns made with the G/A inks. The DFT results
combined with electrical characterization show the effective
electron transport via the molecule bridge, accompanied by the
promoted charge transport process between layered graphene
flakes. Although the conductivity of the pure Ag inks is almost
12 times the conductivity of the optimum MB-G/A ink, the
optimum MB-G/A ink costs less than half as much as pure Ag
inks. The successful application of the acquired MB-G/A inks in
flexible electron circuits and inductors shows that the MB-G/A
inks can meet the requirements of low-temperature, flexible, and
printable electronics.
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